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Chapter 1

Abstract
Inspired by self-migration of microorganisms in nature, artificial micro and nanomotors can
mimic this fantastic behavior by converting chemical fuel or external energy into mechanical
motion. These self-propelled micro and nanomotors designed either by top-down or bottomup approaches are able to achieve different applications such as environmental remediation,
sensing, assisted fertilization, cargo transportation, drug delivery and even precision micro/
nanosurgery. For these various applications, especially biomedical applications, regulating
on-demand the motion of micro and nanomotors is quite essential. However, it remains a
continuing challenge to increase the controllability over motors themselves. In this chapter, we
will discuss recent progress upon manipulation of the motion by different approaches.
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1.1 Introduction
Inspired by mobile behavior of organisms in nature, scientists from multidisciplinary fields
have developed various types of artificial motor systems at different levels, namely macro,1,2
micro/nanometer3-6 and molecular levels7-9. Due to their pioneering efforts, the Nobel Prize in
Chemistry 2016 was awarded jointly to Jean-Pierre Sauvage, Sir J. Fraser Stoddart and Bernard
L. Feringa for the design and synthesis of molecular machines and motors. Apart from molecular
motors, the counterparts with micro and nanometer size have also been studied over the past
decade since the first centimeter motor developed by Whitesides and his coworkers.1 Artificial
micro and nanomotors are capable to convert chemical or external energy into mechanical
movement, showing tremendous potential applications in various fields such as environmental
remediation10-12, sensing13,14, assisted fertilization15-17, cargo transportation18,19, drug delivery20-22
and even precision micro/nanosurgery23-25.
In order to realize the diverse future applications of synthetic micro and nanomotors, controlled
motion of these miniaturized motor systems is essential. However, precise motion regulation
is still challenging because of the strong Brownian motion effect induced by the small size.
The movement behavior of motors is quite sensitive and can be affected by diverse factors,
which can also be used as triggers to induce speed alteration (movement control), direction
(directional control) or even cluster behavior (cluster control) of the motion.These three types
of motion control have an increasing level of complexity. For movement control, only the speed
of micro and nanomotors can be adjusted, resulting in on/off or fast/slow motion behavior. By
changing the environmental condition, for example temperature, the decomposition of hydrogen
peroxide fuel by commonly used catalytic platinum components from micro and nanomotors
can be regulated due to temperature-dependent catalytic efficiency.26 Therefore the catalytically
propelled motion behavior can be modulated accordingly by fluctuant temperature. For motor
systems powered by an external physical field, switching on/off the applied field leads to the
appearance/disappearance of torque as well, which is also one kind of motion control. For
directional control, external forces induced by applied physical fields also result in improved
spatial and temporal control over the motion of synthetic motors. Speed and direction of
motion can be achieved by tuning the intensity and also the direction of the applied field. For
instance, incorporation of magnetic metallic segments into a motor system allows for magnetic
propulsion, guidance and steering in the presence of an external magnetic field.27-31 Such a
remote response to the changes in the local environment holds great promise for controlling
the movement of artificial micro and nanomotors. While for cluster motion control, cluster
behavior of micro and nanomotors is quite important especially for biomedical applications. For
example, chemotaxis behavior of micro and nanomotors toward certain chemical gradient (can
be generated at disease site) shows huge potential for targeted drug delivery.
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In this chapter we present an overview and highlight the emerging approaches of manipulation
of the direction of artificial micro and nanomotors, regulation of their speed and modulation
of their cluster behavior as well.6,32,33 In the following sections, the migration of motor systems
regulated by light, magnetic field, ultrasound, electric field, temperature, pH, chemotaxis and
addition of chemicals is discussed. By summarizing the progress that has been made for the
motion modulation during the past decade, both advantages and disadvantages of the applied
approaches are discussed as well.

1.2 Motion Control
1.2.1 Light Control
The motion of micro and nanomotors either powered or modulated by different types of
light (visible light, ultraviolet and near-infrared) has been widely studied due to the safety, ease
of application and spatiotemporal control of light sources.34-38 Currently, there are three main
strategies that have been employed to achieve light-induced/regulated movement: 1. incorporating
micro and nanomotor systems with photocatalytic fuel decomposition or photo-induced
degradation reactions; 2. introducing changes in the motor system fluid for example by adding lightresponsive components such as azobenzene and spiropyran, which can undergo conformational
transformation in presence of light with a specific wavelength; 3. introducing components that can
achieve light-induced local hyperthermia such as noble metal nanostructures into a motor system.
Each approach will be discussed in the following parts.
Some photoactive semiconductors such as titanium dioxide (TiO2) and silver chloride (AgCl)
have been widely used for the design and fabrication of micro and nanomotors.37,39-42 As
one of the most basic materials, TiO2 possesses high photo-induced catalytic activity, good
biocompatibility and high stability, and is furthermore readily available. According to the following
chemical reactions, TiO2 can photocatalytically decompose hydrogen peroxide or water under
UV illumination. Therefore micro and nanomotor systems based on TiO2 can be propelled
accordingly in presence of hydrogen peroxide fuel or even without fuel after UV irradiation.
TiO2 + 2hv
2h+ +2e+
H2O2 + 2h
O2 + 2H+
H2O2 + 2e- + 2H+
2H20
TiO2 + 4hv
2H2O + 4h+
4H+ + 4e12

4h+ + 4eO2 + 4H+
2H2
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After the first example of a TiO2 micromotor from Sen’s group,39 many beautiful investigations
about TiO2 based micro and nanomotors have been reported recently. Among these micro
and nanomotors, there are three possible mechanisms resulting in motion: namely bubble
propulsion41,43, self-diffusiophoresis39,42 and self-electrophoresis37,42,44-46. For photoactive bubble
propulsion, normally high concentration of hydrogen peroxide fuel is need, which is not suitable
for biomedical applications. Nucleation, growth and subsequent detachment of oxygen bubbles
lead to fast speed of micro and nanomotors. For the self-diffusiophoresis mechanism, lightinduced asymmetric hydrogen peroxide/water oxidation and reduction reactions occur on
the surface of the micro and nanomotor systems, resulting in a net chemical gradient across
the motors. The formed chemical gradient induces osmotic flow of the fluid, thus propelling
the motor towards the area with lower decomposition product concentration. For the selfelectrophoresis mechanism, an asymmetric chemical reaction is also an essential factor for the
propulsion of the micro and nanomotors. For example, due to the asymmetric photoactive
reaction on an asymmetric conductive bimetallic motor structure, an electric gradient was
formed accordingly, leading to the autonomous motion in this self-generated electric field.
Due to high manipulability of the light source, the motion of motor systems based on
photocatalytic fuel decomposition reaction can be regulated easily by either reversible switching
on/off the light source or adjusting the intensity of applied light.41,43-45 For example singlecomponent TiO2 tubular micromotors were fabricated via a dry spinning approach followed by
a calcination and cutting process.41 These photoactive TiO2 microtubules showed fast speed up
to 325 μm/s in presence of 15 wt% hydrogen peroxide fuel together with 5 wt% Triton-X100
surfactant after UV illumination at 1 W/cm2. The frequency of oxygen bubbles (radius=10 μm)
was around 60 Hz during the UV light application. Once the UV light was switched off, the
generation of oxygen bubbles was stopped immediately, therefore the motion of these tubular
micromotors ceased. The micromotors were reactivated when the UV light was turned on
again. It took only 0.2 seconds to restart the motion, which showed ultrafast response of
TiO2 microtubule motors upon UV light irradiation. Due to the decomposition reaction of
hydrogen peroxide fuel induced by UV light, the catalytic efficiency of TiO2 can be affected by
the intensity of the applied UV light, thus affecting the frequency of the formed oxygen bubbles.
Therefore there is positive correlation between the speed of the TiO2 micromotor system
and the intensity of UV light. The speed of TiO2 microtubule motors increased from 62 to 264
μm/s when the UV intensity increased from 0.2 to 1 W/cm2. No motion was observed when
the intensity of the UV light was less than 0.1 W/cm2, probably because of the low catalytic
efficiency of the TiO2 component at such low intensities.
Besides stopping/restarting the motion behavior by switching off/on the UV source and motion
speed manipulation by adjusting the intensity of the applied UV light, cooperative behavior of
micro and nanomotors can also be achieved by the application of UV.40 Due to UV-induced
13
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dissolution of photosensitive AgCl microparticles, these particles can move in deionized
water without hydrogen peroxide by a self-diffusiophoresis mechanism. The asymmetric
photodecomposition leads to a localized electrolyte gradient around the particles because
of either particle surface heterogeneity or non-uniform photo-exposure of the particle, thus
inducing directed motion. Interestingly, positively charged amidine-functionalized polystyrene
microspheres tended to accumulate towards and adhere to AgCl microparticles in presence
of UV illumination when mixed with negatively charged AgCl microparticles, because of the
existing electrostatic interactions. For the addition of inert silica microparticles (negative charge,
instead of polystyrene microspheres), similar surrounding behavior was observed without the
attachment to AgCl particles, probably because of the negative zeta potential of both particles.
The collective behavior of these micro and nanomotors provides a possible artificial nonbiological model for intercellular communications.
Furthermore, illumination with an external light source can also be used to achieve guidance
and steering of the micro and nanomotors into the desired directions. Tree-like micromotors
developed by Tang and his coworkers were capable of exhibiting either positive or negative
phototaxis after certain chemical modifications on the surface of motor.37 These inorganic
Janus TiO2/Si nanotrees were fabricated via silicon wet etching followed by TiO2 nanowire
hydrothermal growth47 in which a silicon nanotrunk served as the photocathode and TiO2
nanowire branches served as the photoanode. Due to single crystalline properties of both silicon
trunk and TiO2 branches, high photo-induced electrochemical activity and electrical conductivity
were achieved. (Figure 1.1A) After UV irradiation, a photoelectrochemical reduction reaction
took place in a medium containing hydrogen peroxide or a benzoquinone/hydroquinone
mixture on the platinum nanoparticles adorned silicon nanotrunk, and the oxidization reaction
happened on the TiO2 head. Because of the big size of the TiO2 head, TiO2 nanowires on
the illuminated side produced more H+ compared to the shaded side. Therefore the formed
asymmetric distribution of charged catalytic products on the different parts of the structure
resulted in an electric force on the TiO2 branches by self-electrophoresis, thus propelling the
nanotree. The speed of these pristine nanotrees also showed positive correlation with the
applied UV intensity as expected. The direction of the nanotree motors under UV irradiation
was determined by the overall zeta potential while the alignment of the nanotrees depended
on the surface zeta potential of the TiO2 branches. In order to program the motion behavior,
orthogonal chemical modifications onto the surface of the structures were introduced to obtain
nanotrees with different zeta potentials. Nanotrees with positive overall zeta potential moved
in a silicon nanotrunk forward direction while nanotrees with negative charged moved with
a TiO2 branch forward direction. Positive phototaxis behavior (moving towards light source)
was observed for pristine nanotrees with the silicon nanotrunk forward direction (the overall
zeta potential of nanotree and the TiO2 branch were both positively charged). After chemical
modification of positively charged amines on the silicon surface, the overall zeta potential of
14
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the nanotree structure increased accordingly, leading to significantly higher speed compared
to the original nanotree motors. Negative phototaxis behavior (moving away from the light
source) was observed when benzenesulfonic acid was grafted onto the silicon nanowires (the
overall zeta potential of the nanotree became negatively charged while the TiO2 branch was
positively charged after grafting). (Figure 1.1A) By chemically controlling the zeta potential of
the different components in the system, both positive and negative phototaxis can be achieved,
which is promising for optical navigation of nanorobots in the future.
A

B

Figure 1.1 | Guidance of TiO2 based micromotors by UV light. A, The motion of Janus microswimmer can be
guided to achieve certain pathways. By modification of surface charge, positive and negative phototaxis can be realized.
Reproduced with permission.37 Copyright 2016, Nature Publishing Group. B, Isotropic spherical TiO2 micromotor has
phototactic behavior because of limited penetration depth of light. The micromotor can follow a predesigned pathway
by changing the direction of UV light irradiation. Reproduced with permission.42 Copyright 2016, Wiley-VCH.

In addition to the phototactic behavior of asymmetric micro and nanomotors, semiconductor
motors with isotropic structures can also realize light-induced motion, and even positive
or negative phototaxis.42 Because the penetration depth of applied light into micrometer
semiconductor motors is much smaller than the size of micromotors, asymmetric surface
chemical reactions induced by light occurred, resulting in the formation of a concentration
gradient of produced photocatalytic products, therefore providing the driving force needed for
the motion. (Figure 1.1B) By changing the irradiation angle of light towards motor systems,
the speed of isotropic micromotors can be manipulated accordingly. When the illumination
angle of light was 0 degree (parallel to the Z-axis), symmetric distribution of generated oxygen
15
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molecules was formed along the X/Y plane, while it was asymmetrically distributed along the
Z-axis. Due to the restriction from substrate, only enhanced Brownian motion was observed.
Furthermore, negative phototactic behavior was obtained for symmetric TiO2 (Figure 1.1B) or
Ag3PO4 micromotors while positive phototaxis was observed for ZnO or CdS micromotors.
These kinds of self-propelled micro and nanomotors with isotropic structures initiate a new
generation of intelligent artificial robots with simplified fabrication processes for various
applications.
Light-sensitive azobenzenes and spiropyran are commonly used for light-responsive systems.
Azobenzene for example can undergo light-induced isomerization from trans to cis by UV
irradiation at 300-380 nm, and from cis to trans reversibly under visible light. Due to various
surface modification approaches, azobenzene can be easily immobilized onto the surface of the
nanoparticles. During the conformational transformation in nonpolar solvent, nonpolar transazobenzene changed into polar cis-azobenzene when exposed to UV light. As a consequence,
the solvation layer of azobenzene-modified nanoparticles disappeared and dipole-dipole
interactions were formed between cis-azobenzene components from the different nanoparticles,
because of the poor solvation of the polar cis-azobenzenes by the nonpolar solvent, thus leading
to autonomous assembly of these immobile nanoparticles.48,49 (Figure 1.2A) The formed
nanoparticles cluster subsequently disassembled after visible light irradiation.This light-triggered
controlled self-assembly and disassembly behavior of photoresponsive nanoparticles was
reversible via switching between UV and visible light, which is also one kind of motion behavior
of immobile systems. During the assembly process, polar molecules from the system can be
trapped selectively into the cavity of the nanoparticle aggregate, which is coined a “nanoflask”.
The chemical reaction between trapped molecules in nanoflasks showed accelerated kinetics
compared to bulk solution.49 (Figure 1.2A) Furthermore, other than assembly and disassembly
behavior induced by light, UV light can be used to drive, steer and even guide the motion of
organic colloidal particles based on spiropyran-terminated hyperbranched polymers due to the
UV induced interfacial tension gradient on the surface of the colloidal particles.50
Apart from assembly and disassembly behavior of photoresponsive immobile systems, the
cluster motion of photosensitive motor systems was also studied recently.51 Light switchable
spiropyran derivatives were conjugated to the surface of silica microspheres, followed by
platinum sputtering on the hemispherical part of the structure. Formed spiropyran-decorated
Janus micromotors were powered autonomously by hydrogen peroxide due to the presence
of platinum. The self-propelled Janus micromotors formed multimotor assemblies under UV
light irradiation, showing different motion patterns such as Brownian motion, translational
motion, in situ rotation, big radius rotation and spatial rotation due to orientations with different
angles during the assembly process. (Figure 1.2B) The multimotor assemblies showed stable
collective behavior because of intermotor electrostatic attractions and π−π stacking between
16
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merocyanine moieties, while disassembled into single motor when the light source was switched
to the visible region.
Besides photo-responsive immobile and mobile systems (modified with photo-responsive units
by covalent bonds), even systems without light-sensitive components can achieve self-assembly/
disassembly behaviors and motion control just by addition of photochromic molecules into
solution.52-54 For immobile systems such as gold nanoparticles with terminal COOH groups,
strong interparticle interactions between these immobile nanoparticles based on hydrogen
bonds led to the controllable assembly of the nanoparticles. However, when exposed to blue
light, the added photoresponsive MCH+ can switch into spiropyran (SP) to release protons via
the MCH+
SP+H+ reaction, which affected the acidity of the surrounding solution.The lower
pH due to blue light irradiation resulted in decrease of interparticle interactions, therefore
disassembly of nanoparticle aggregates was induced.52 When photoswitchable spiropyran was
added into a Cu/Pt concentric bimetallic microtube motor system, the velocity of the tubular
micromotors in presence of hydrogen peroxide was also regulated by switching the light
source between UV and visible region.54 (Figure 1.2C) Spiropyran switched into merocyanine
after shining UV light. Due to easy formation of agglomeration in the planar merocyanine, the
concentration of free species of SDS in the solution was decreased accordingly. Therefore
the surface tension of the resulting solution increased after UV irradiation, which led to a
decrease in activity and velocity of the microtube motors. When the light was switched to the
visible region, the micromotors were reactivated and started to move again.The responsiveness
of these non-photoactive micromotors declined after several cycles due to aggregation of
merocyanine during the UV irradiation.
Another possibility is to regulate the velocity of non-photosensitive micromotor systems even
without addition of photochromic units by visible light.55 The regulation of a Ti/Cr/Pt tubular
micromotor took place on top of a platinum-patterned silicon surface. Illumination with visible
light on this setup induced a local decrease of the concentration of hydrogen peroxide fuel
and also the concentration of surfactant benzalkonium chloride, which resulted in the inhibition
of motion. The motor started to move when the light source was removed or dimmed. By
changing the wavelength and intensity of visible light, the motion of the motor could also be
controlled.

17
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A

B

C

Figure 1.2 | Motion control of the micro and nanomotors by light-responsive components. A, Illustration of
the reversible trapping of polar molecules during light-induced self-assembly of photo-responsive nanoparticles. During
the assembly process, the chemical reaction can be accelerated. Reproduced with permission.49 Copyright 2016, Nature
Publishing Group. B, Dynamic self-assembly/disassembly process of spiropyran-modified Janus motor. Reproduced
with permission.51 Copyright 2015, American Chemical Society. C, Tubular micromotor activity can be changed by
the alternation of UV and visible light irradiation. Reproduced with permission.54 Copyright 2016, American Chemical
Society.

As to motion control via light-induced local hyperthermia, noble metal nanostructures such as
gold can absorb light from the visible to the NIR region depending on their shape and size due
to strong surface plasmon resonance oscillations. For gold nanospheres, the maximal surface
plasmon absorption is located in the visible region. When they form assemblies or aggregates,
the wavelength of maximal absorption redshifts into the NIR region. Different from UV and
visible light, near-infrared (NIR) light is of great interest for biomedical applications due to its
maximum depth of penetration in tissue and minimal absorption through high scattering tissue
media. Unlike gold nanospheres, gold nanorods and nanoshells have strong absorption and
scattering in the NIR region. Due to the efficient conversion of absorbed light into thermal
energy, the combination of these gold nanorods and nanoshells with NIR light is promising in
biomedical applications.
By heating and cooling the whole system, catalytic efficiency of catalyst/enzyme of the micro and
nanomotor systems can be affected, resulting in velocity regulation of motors. Besides having
18
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effect on environmental conditions, gold nanostructures such as gold nanorods and nanoshells
can achieve local hyperthermia when exposed to NIR light, which is a more controlled way.
The control over motor systems via NIR exposure was effectuated when gold nanoshells were
incorporated as the major component of the motor.36 Gold nanoparticles assembled on the
tubes served as the seeds for the growth of gold nanoshells by the hydroxylamine seeding
procedure. At low concentration of hydrogen peroxide (0.1%, v/v), catalytic decomposition of
fuel was not enough to propel the multilayer tubular micromotor, while after NIR irradiation,
the temperature of the motor increased rapidly because of the photothermal effect, thus
resulting in accelerated kinetics of the platinum nanoparticles. (Figure 1.3A) Therefore, the
velocity of the motor increased accordingly. Via applying and removing the NIR source, the on/
off motion of the motors was regulated reversibly at the critical concentration of hydrogen
peroxide. Functionalization of the gold nanoshells with a peptide, which specifically binds to
the human transferrin receptor, was used to increase dynamic target recognition of cancer
cells. Furthermore, NIR was used as energy source for motors with gold nanostructures even
without hydrogen peroxide fuel.56,57 Thermal gradients were generated due to strong surface
plasmon resonance oscillations of asymmetric gold nanostructures, resulting in a driving force for
micromotors to move forwards. The velocity of the motor decreased gradually after switching
off the NIR light source because of the loss of the temperature gradient.Therefore, cycles of on/
off motion were achieved by switching the NIR source reversibly. (Figure 1.3B)
A

B

Figure 1.3 | Motion regulation and propulsion of micro and nanomotors under NIR source. A, NIR induced
motion under low concentration of H2O2 solution. Reproduced with permission.36 Copyright 2014, American Chemical
Society. B, NIR-controlled on/off motion of tubular micromotors. The speed decreased gradually after switching off the
NIR light source. Reproduced with permission.56 Copyright 2016, Wiley-VCH.
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1.2.2 Magnetic Control
As one of the most effective ways, magnetic fields have been widely used as a driving force for
the propulsion of micro and nanomotors due to the noninvasiveness, high penetration and strong
controllability.30,58,59 Normally, ferromagnetic components need to be incorporated into the motor
systems and magnetized under a magnetic field in order to respond accordingly to the external
magnetic field. Artificial motors powered by a magnetic field mainly include surface walkers, flexible
swimmers and helical swimmers.58,60 For surface walkers, it requires a boundary surface to break
the spatial symmetry to achieve movement.61,62 For flexible swimmers, asymmetric deformation
of elastic flexible filaments is needed for the propulsion.30,63,64 With helical swimmers, rotational
behavior of the structure in external magnetic field propels the motors forward.65-67 For these
three types of micro and nanomotors propelled by magnetic field, on/off motion can be realized
just by application and removal of the external field. Besides as a driving force, magnetic field is also
exploited to guide the motion direction of self-propelled micro and nanomotors.12,15,29,68 By applying
a homogeneous magnetic ﬁeld, magnetized micro and nanomotors can achieve controlled guidance
and be steered into a specific direction, which is important for many potential applications.
Wilson and her coworkers developed a nanometer scale supramolecular motor, which can
be steered with an external magnetic field.31 A partial layer of magnetic metallic nickel was
introduced in situ onto the surface of platinum nanoparticles (which served as catalyst and
substrate) in presence of reducing agent hydrazine.69 Although the catalytic activity of the
platinum nanoparticles was lowered due to the shielding effect of the nickel layer, as long as the
coverage was not complete, motion via hydrogen peroxide conversion was still possible. The
resulting nanomotors were capable to function in dual mode namely catalytically propelled by
platinum nanoparticles and magnetically powered by grown nickel. In order to steer the motors,
a homogeneous magnetic field was used by placing the motors in between two parallel magnets.
(Figure 1.4A) By adjusting the direction of the homogeneous magnetic field, the direction of the
nanomotor in presence of hydrogen peroxide was controlled precisely, while dispersive movement
was observed after removing the external magnetic field. Moreover, self-propelled nanomotors
loaded with anticancer drug doxorubicin could sense the magnetic field and be guided toward a
collagen gel matrix laden with HeLa cells, as a model for targeted drug delivery in tumor tissue.
(Figure 1.4A) Catalytic graphene oxide based tubular micromotors were developed recently for
environmental remediation.12 The structure of this micromotor consisted of three components:
graphene oxide nanosheets, a platinum and a nickel layer; the outer graphene oxide layer served
as lead sorbent, the platinum layer functioned as power source, while the nickel layer provided
magnetic control. The lead ions were reversibly bound to the abundant oxygen moieties from
the graphene oxide layer.70,71 The adsorbed heavy metal ions were released after acidic treatment,
showing the recycling possibilities of this micromotor. (Figure 1.4B)
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A

B

Figure 1.4 | Remote magnetic guidance and steering of micro and nanomotors. A, Magnetic steering of
stomatocyte nanomotor in presence of H2O2 solution by changing the direction of the ﬁeld. Stomatocyte nanomotor
can be guided toward cells in the collagen gel mesh by applying an external magnetic ﬁeld. Reproduced with permission.31
Copyright 2016, Wiley-VCH. B, The motion of graphene oxide based tubular micromotors was guided by magnet in
PDMS microchannel. Reproduced with permission.12 Copyright 2016, American Chemical Society.

1.2.3 Acoustic Control
Ultrasound is a sound wave with a frequency above the threshold value of normal human
hearing. Due to its high penetration, spatial and temporal control, ultrasound is widely used for
various applications including the remote ultrasonic propulsion of micro and nanomotors.72-75
The motion of micro and nanomotors propelled by an acoustic field is insensitive to the
components of the surrounding medium, and can thus be widely used in a biological environment
with high ionic strength. As an external energy source for the propulsion, the motion of motors
can be manipulated by either tuning the frequency/direction of ultrasound or switch on/off
the ultrasonic source repeatedly. In this section, we will discuss how ultrasound is used for the
regulation of motion behavior and also the recent progress on acoustically propelled micro and
nanomotors.
Acoustic propulsion of artificial motors was first reported by Mallouk and his coworkers in
2012.72 Using template electrodeposition, nanorods with different concave (Au) or convex ends
(Ru) were achieved. (Figure 1.5A) The formed asymmetric structure of nanorods resulted
21
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in uneven distribution of acoustic pressure, because the concave end could concentrate the
energy while the convex end scattered the energy quickly.Therefore, the induced local ultrasonic
pressure gradient propelled the nanorods to move with the Ru ends forward. Moreover, these
nanorods could align and assemble into long-spinning chains due to secondary radiation force
generated between nanorods. (Figure 1.5A) After internalization by HeLa cells, the nanorod
motors still functioned when applying resonant ultrasound.76 Bimetallic Au-Ru nanorods not
only exhibited ultrasound-triggered fast directional motion with the Ru end forward but also
moved oppositely in presence of hydrogen peroxide with the Au end leading.77 Therefore
cycling between on and off states of the acoustic source enabled controlled motion direction
of these nanorods. Furthermore, collective behavior of catalytic Au-Pt nanowire motors was
achieved by the usage of an acoustic field.78 This phenomenon was based on the generated
pressure gradients produced by the ultrasound, leading to the swarming of motors towards
lower pressure regions. The ultrasound-triggered assembly and redispersion of motors was
reversible and fast. (Figure 1.5B) Interestingly, the resulting motor assembly migrated in a
controlled manner by adjusting the frequency of ultrasound. The wavelength shift of ultrasound
caused the change in the location of the pressure node, which resulted in collective motion of
the entire motor assembly to the new location.
Bubble-propelled tubular micromotors based on hydrogen peroxide decomposition responded
differently to ultrasound. Ultrasound resulted in the aggregate formation of generated oxygen
bubbles from the larger opening of the tube and disrupted the normal bubble evolution and
ejection process, which was used for reversible control of the speed of motion.79 (Figure
1.5C) After applying ultrasound with a transducer voltage to 10 V, the speed of the tubular
micromotors in hydrogen peroxide decreased from 231 μm/s to negligible 6 μm/s within
0.1 second, while it returned back to original speed once ultrasound was switched off. The
velocity of the motors depended on the extent of bubble disruption caused by the application
of ultrasound. Therefore, by tuning the ultrasound transducer voltage, the speed of tubular
micromotors was modulated accordingly.
Wang and his colleagues fabricated a superfast tubular micromotor loaded with a
perfluorocarbon which they coined a microbullet.80 Perfluorocarbon droplets were bounded
electrostatically within the interior of microtube and vaporized by an ultrasound pulse81 to
provide the strong impulse for the motion. (Figure 1.5D) This acoustic droplet vaporization
effect offered a considerably high speed of the microbullet at 6.3 m/s, which has potential for
deep tissue penetration and deformation. By tuning the transducer pressure and pulse length of
the ultrasound, highly efficient and controlled firing of the microbullet was achieved. However,
this microbullet stopped functioning once it ran out perfluorocarbon droplets.
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Figure 1.5 | Ultrasound induced motion control. A, Scheme of the kinds of axial directional motion, in-plane rotation,
chain assembly and axial spinning and pattern formation of microrods under ultrasound. The motion was induced by
uneven distribution of acoustic pressure caused by the asymmetric structure of the microrods. Reproduced with
permission.72 Copyright 2012, American Chemical Society. B, Ultrasound-induced reversible swarming and dispersion
of nanowire motors. Reproduced with permission.78 Copyright 2015, American Chemical Society. C, Schematic and
microscope images of the ultrasound modulated motion of chemically powered micromotors. The motion can be
regulated because of disruption of the normal bubble evolution and ejection process. Reproduced with permission.79
Copyright 2014, American Chemical Society. D, Scheme of the preparation of tubular motors and propulsion through
droplet vaporization of PFC induced by ultrasound. Reproduced with permission.80 Copyright 2012, Wiley-VCH.

1.2.4 Electric Field Control
Micro and nanomotors with as main components electric and conducting materials can
be affected easily by remote electric fields. By tuning the surface charge of the motors or
adjusting the electrochemical reaction at the interface, the motion behavior can be regulated
accordingly.82,83 Although the low penetration ability toward bodies, the applied external electric
field can not only induce the propulsion of motors but also manipulate the motion, which was
already reviewed intensively.58,84 Therefore we only highlight the most current developments.
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Zettl et al. reported a fully synthetic nanometer-level rotational actuator based on a rotatable
metal plate with a multi-walled carbon nanotube as bearing.85 The rotational speed and the
final position of the metal plate of this actuator were controlled precisely by low-level external
voltage (direct current), which can be used for micro/nanoelectromechanical systems. (Figure
1.6A) In order to achieve precise drug delivery to specific cells, Levchenko and his coworkers
fabricated a cytokine conjugated gold nanowire motor that moved toward the desired site
using electrophoretic and dielectrophoretic forces and subsequent process cell stimulation.86 By
combined usage of both constant and alternating currents, this nanowire was propelled toward
the designated direction with speed up to 50 μm/s, in which the alternating field controlled
the orientation while the constant field controlled the translational direction. (Figure 1.6B)
Once the nanowire arrived at the desired cell, it could adhere tightly to the surface and not
migrate further even under electric field. This property can facilitate and control the amount of
nanowires attached to one single cell, which can be beneficial for personalized therapy.
Wang and his coworkers demonstrated that the motion of Au-Pt nanowire motors in hydrogen
peroxide could be regulated by an applied potential.87 The speed of the motors increased from
4 to 22 μm/s in 5% hydrogen peroxide when the applied electric field changed from +1.0
to -0.4 V, while the motors migrated at a speed of 9 μm/s without any potential. In addition,
precise speed manipulation was achieved by just tuning the applied potential. Furthermore,
the direction of motion of self-propelled micro and nanomotors in hydrogen peroxide can be
controlled by alternating current electric fields.88 Equipped with electrode device consisted of
perpendicularly aligned top and bottom electrodes, 2D controlled motion was achieved.
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Figure 1.6 | Motion regulation by external electric field. A, Schematic representation and SEM image of rotational
nanoactuator controlled by an electrical field. Reproduced with permission.85 Copyright 2003, Nature Publishing Group.
B, Schematic showing two pairs of parallel electrodes that control nanowire orientation and movement by means of
alternating and constant electric fields. The trajectory of the nanowires through precise rotations and translations is
also shown.The speed of nanowire is proportional to the applied constant electric field. Reproduced with permission.86
Copyright 2010, Nature Publishing Group.

1.2.5 Thermo Control
Currently, the motion of most self-propelled catalytic micro and nanomotors is dependent on the
decomposition reaction (commonly the decomposition of hydrogen peroxide into water and
oxygen).3,89-91 In general, the kinetics of these chemical reactions can be promoted by an increase
of the environmental temperature. In addition, the viscosity of the aqueous medium also tends to
decrease as the temperature increases92, which is another factor for regulation of the motion of motors.
Therefore by adjusting the temperature either on the whole environment or locally on motor itself,
the movement of micro and nanomotors can be regulated as well due to induced fluctuant catalytic
efficiency of the engine and the viscosity of solution.26,93,94 For enzyme-based micro and nanomotors,
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inactivation of enzymes should also be considered at elevated temperature. In this section, we will focus
on the recent progress on the use of the temperature effect on the motion of micro and nanomotors.
Wang et al. demonstrated that the motion of catalytic bisegment Pt/Au nanowires can be regulated
by applying short heat pulses.26 Enhanced motion (higher velocity) of the nanowire was observed
during the application of heat pulses, mainly because of thermo-induced activation of the hydrogen
peroxide reaction and lower solution viscosity at higher temperature. After precise heating the
whole environment by hot-wire electrochemistry from 25 to 65 ºC, the speed of the nanowire in
presence of hydrogen peroxide increased from 14 to 45 μm/s accordingly.The easy access of heat
pulses also allowed a rapid and reversible regulation of motion. Furthermore, the incorporation of
a ferromagnetic nickel segment into this thermal-regulated nanowire led to spatial and temporal
motion control and held promise for various applications. Certain motor systems with ingenious
design can also achieve motion at lower temperature while cease at higher temperature. Sanchez
and his coworkers fabricated flexible polymeric tubular micromotors based on a multilayer of
platinum, PCL and temperature-responsive polymer PNIPAM.95 Photo-crosslinked PNIPAM films
with high thickness (2 μm) were used on the outer surface of the microtube. Due to the lower
critical solution temperature of PNIPAM (LCST, around 28 ºC), the PNIPAM film swelled at a
temperature below LCST and bent into a microtubular structure with a diameter around 30
μm. A thin platinum film (0.5 nm) was coated on the inner surface of the microtube as catalyst
for the decomposition of hydrogen peroxide. The produced oxygen molecules in the confined
space of the microtubule could not diffuse out, leading to higher local concentration of oxygen to
form oxygen bubbles. The release of oxygen bubbles from the microtubule eventually propelled
the motion of this micromotor. Interestingly, this type of microtubular structure can unfold itself
instantaneously and become a multilayer film again due to shrinkage of PNIPAM at temperatures
above the LCST when the whole system was heated up. (Figure 1.7) No obvious oxygen
bubbles were observed from the unfolded polymeric film in hydrogen peroxide solution because
the diffusion rate of oxygen is apparently faster than its generation rate at this stage, thus stopping
the motion. This self-folding and unfolding behavior of this microtube is reversible, because of
the reversible LCST property of the PNIPAM film. In addition, the radius of curvature of the
microtube also played an important role in bubble nucleation. The larger radius the microtube
had, the lower frequency of oxygen bubble formation, resulting in lower speed of the micromotor.
Therefore the speed of the microtube continually decreased during the unfolding process when
increasing the temperature.This smart design allows the microtubular motor to achieve rapidly on
and off motion reversibly by controlling environmental temperature. (Figure 1.7) However, the
collapsing/swelling of the PNIPAM film in this system resulted in complete disassembly (unrolling)
of the micromotor, with subsequent change of the overall shape of the structures. In this case the
movement ceased because the motor completely disassembled and changed its shape, from an
anisotropic tubular structure to a symmetrical flat sheet. Micro and nanomotor systems would
be more versatile if equipped with a thermo-responsive switch, thus controlling and regulating
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the motion with temperature without changing the whole motor structure. Such property is
particularly desirable for applications in the biomedical field and nanorobotics.

Figure 1.7 | Motion manipulation by adjusting environmental temperature. Representation (a, b) and microscopy
images (c, d) of reversible rolling–unrolling of polymer-Pt films. Cycles of folding and unfolding of thermoresponsive
tubular micromotor in 5 wt % H2O2 solution with 0.1 % Triton X as surfactant by cooling below and heating above 28
°C. Reproduced with permission.95 Copyright 2014, Wiley-VCH.

1.2.6 pH Control
In human bodies, pH differences are commonly available at different levels, from the systemic96
and tissue97, to the cellular98 and even subcellular level99, to maintain the activity of different
enzymes and realize various functions. Scientists in the nanomotor field make full use of these
pH gradients to facilitate the motion of artificial motors. Recently, metal magnesium/zinc based
micro and nanomotors were used for acid-powered propulsion, by degradation in the digestive
tract.100-103 The main products after degradation were also important nutrients for the human
body. Besides propelling the motion under acidic conditions, manipulation of motion can further
be achieved, by adjusting the pH value of micro and nanomotor system; the decomposition
reaction will be affected accordingly, therefore regulating the motion behavior.2,104,105
pH-triggered round-way motion of a superhydrophobic miniboat104,106 (centimeter scale) was
achieved by integrating two different types of engines into one single device at opposite sides.2
One engine was based on the chemical reaction between magnesium and acid, which was
also a kind of pH-sensitive power supply, while another engine was platinum that decomposed
hydrogen peroxide into oxygen bubbles. In presence of acid, this miniboat started to move
because of the formation of hydrogen bubbles.When ammonium hydroxide was added to adjust
the pH value of the system to basic conditions, the magnesium-H+ chemical reaction stopped,
thus ceasing the miniboat. After the addition of hydrogen peroxide fuel, the miniboat started to
move backward due to the function of the platinum engine on the opposite end. By sequential
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addition of appropriate chemicals, on-off-on and round-way motion was achieved. Furthermore,
the motion of motors on the micrometer level was also controlled by pH transformation.
Semisphere-like micromotors were fabricated using the electrospray technique of a mixture
of photoresist and surfactant.105 The mixture was loaded into a syringe pump connected with
a high voltage and pumped to the collector. The resulting micromotor was collected and dried
in an oven. Due to good solubility of the photoresist in basic condition, addition of ammonium
hydroxide on one side resulted in the dissolution of photoresist and sequential release of
surfactant, thus decreasing the local surface tension. The formed surface tension gradient
propelled the motor toward the high surface tension direction. After hydrochloric acid was
added the system became neutral. The dissolution of photoresist and release of surfactant was
terminated, therefore the motion of motors stopped. In addition, UV light could also be used
for the degradation of photoresist and the release of surfactant, similarly to the addition of base.
Interestingly, a cooperative effect, namely higher speed, was observed when both ammonium
hydroxide and UV light were applied from the same direction of the motor, whereas the motor
stopped when these two stimuli were applied from opposite directions because of the similar
propulsion velocity provided by either UV or base. By changing the directions of the applied
stimuli, two different reconfigurable logic gates (OR and XOR gates) were observed, resulting
in more controllability over the motion of the micromotors.

1.2.7 Chemotaxis
Chemotactic behavior is a common phenomenon in nature. Normally, organisms can sense a
chemical concentration gradient and accordingly move toward or away from certain chemicals
in the surroundings, which is defined as positive chemotaxis or negative chemotaxis.107 This is a
very important mechanism for organisms to find food sources (in this case positive chemotaxis)
or escape from dangerous toxins by negative chemotaxis. Inspired by chemotaxis from nature,
scientists from the micro and nanomotor field have started to mimic this behavior to achieve
increased controllability over the directional motion of motors.
Sen and Velegol’s group described the first non-biological example of chemotactic behavior
of an artificial motor system.108 Bimetallic colloidal microrods with both platinum and gold
components were synthesized via electroplating in a porous template membrane.109 These
bimetallic microrods showed directed movement towards higher hydrogen peroxide fuel
concentration gradient induced by a 30% fuel-soaked agarose hydrogel. After 110 h, more
than 70% of the microrods were accumulated around the hydrogel compared to the less than
30% at 38 h. (Figure 1.8A) This was caused by the enhanced diffusion of microrods in higher
concentration of hydrogen peroxide, which was further confirmed by the accelerated speed
of microrods near the gel. Chemotactic behavior of Janus spherical and tubular micromotors
was also achieved in microfluidic channels.110 A ψ-shaped channel was used to demonstrate
that both types of motors oriented towards higher hydrogen peroxide concentration when
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injected into the microfluidic device. Interestingly, spherical motors had a larger deviation angle
than tubular motors probably because of different translational and rotational diffusion. (Figure
1.8B) In order to promote the chemotaxis concept for further biomedical applications, Wilson
and coworkers demonstrated that self-assembled stomatocyte nanomotors with a soft interface
could move to a higher hydrogen peroxide concentration gradient induced by model cells.111
Activated neutrophils were used as hydrogen peroxide source.112 Compared to Brownian
motion of stomatocytes without catalysts, directional movement towards activated neutrophils
was observed for stomatocyte nanomotors containing platinum nanoparticles in the outer
cavity. (Figure 1.8C) Due to the bilayer structure of the stomatocyte, both hydrophilic and
hydrophobic drugs can be loaded in either the aqueous lumen or the membrane, which can be
used for active drug delivery.
Besides hydrogen peroxide powered micro and nanomotors, similar chemotactic behavior
was observed for polymerization-powered gold-silica Janus micromotors.113 Grubbs’ catalyst
was conjugated onto the silica side of Janus micromotors, providing asymmetric ring opening
metathesis polymerization of norbornene monomers. The number of functionalized Janus
micromotors increased at the interface of a monomer-containing gel with time. Furthermore,
a pH gradient was also used for manipulating the motion behavior of the micromotors.114,115
Palladium nanoparticle coated polymer microspheres in presence of hydrogen peroxide tended
to migrate towards the region with the higher pH value.114 This is because of the increased
speed of micromotors with increasing pH of the medium.

Chemical gradients widely exist in human bodies, for example pH gradients. The pH values in
the digestive system are quite different in specific regions and they range from strongly acidic
to basic.116 Compared to normal tissue, pH values in pathological areas are also different.117 In
addition, different compartments in the cells have their own pH value as well.99 Furthermore,
hydrogen peroxide is found naturally in the body especially around tumor tissue. According to
the literature,118 tumor cell lines can produce hydrogen peroxide at rates of up to 0.5 nmol
per 104 cells per hour. Therefore micro and nanomotors loaded with anticancer drugs could be
able to actively move towards a hydrogen peroxide gradient as for example created by tumor
cells, facilitate uptake, release the drug and kill the tumor cells. However, due to the proposed
enhanced diffusion mechanism, the chemotactic behavior of micro and nanomotors towards
certain chemical gradients are based on the average movement of the motors themselves
and are quite different from biological chemotaxis from nature. The motor systems will need
to be made more versatile, for example by equipping them with a smart component that has
memory of the chemical concentration gradients.
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Figure 1.8 | Control over the motion by chemical gradients. A, The changing distribution of PtAu rods in a
H2O2 concentration gradient with time. The fraction of rods was evaluated by dividing the number of rods in a frame
at a certain distance by the total number of rods summed up from the frames at all the distances. Reproduced with
permission.108 Copyright 2007, American Physical Society. B, Chemotactic behavior of the catalytic motors under a
micro-fluidic device is quantified determining the opening angle β. Reproduced with permission.110 Copyright 2013,
Wiley-VCH. C, Experiment group set up for chemotaxis evaluation with neutrophils as hydrogen peroxide source and
Doxorubicin-PtNP loaded stomatocytes in the solution. Control group set up using either Doxorubicin-PtNP loaded
stomatocytes without cells, or neutrophils with Doxorubicin-only loaded stomatocytes. Reproduced with permission.111
Copyright 2015, Wiley-VCH.

1.2.8 Addition of Chemicals
As discussed previously in the thermo control section, decomposition efficiency of catalysts
for micro and nanomotor systems can be regulated by temperature, therefore the motion
behavior can be controlled accordingly. Besides fluctuation of catalytic efficiency caused by
changes in temperature, the activity of a catalyst can be affected by the addition of chemicals
as well.119 It is well known that some chemicals can bind to the active sites of catalysts, thereby
deactivating the catalyst.120-122 By adding these kinds of catalytic poisons into motor systems, the
regulation of motion can be achieved.
Sodium azide, as an example, is a small inhibitor to catalase.123 It can bind to the heme iron
center in the active site of the enzyme.124 It was used to deactivate catalase-loaded stomatocyte
nanomotors even in presence of hydrogen peroxide fuel.90 Due to narrow opening of the
stomatocyte nanomotor (less than 10 nm), sodium azide could diffuse into the cavity of
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the stomatocyte and inhibit subsequently the loaded catalase. (Figure 1.9A) However, no
significant effect on speed of the nanomotor was observed when the proteolytic enzyme
trypsin was added because it could not diffuse into the cavity of the stomatocyte, which
therefore functionalized as a protective shell for the loaded catalyst.
A

B

Figure 1.9 | Motion control by addition of chemicals. A, Schematic representation of supramolecular assembly of
the enzyme-driven nanomotor and the size-dependent inhibition and protecting effect of the stomatocytes in enzymedriven nanomotors. Reproduced with permission.90 Copyright 2016, American Chemical Society. B, Velocity control
of the Janus microcapsule motor based on urease by manipulating the enzymatic activity of urease. Real time on/off
motion control by addition of inhibitor (Ag+ or Hg2+) and DTT. And repeatability of on/off motion up to eight cycles
was showed. Reproduced with permission.125 Copyright 2016, American Chemical Society.

A recent study from Sanchez’s group demonstrated a reversible way of catalytic poisoning and
protection to manipulate the enzymatic activity of urease, therefore controlling the motion
behavior of urease-powered Janus mesoporous silica micromotors.125 Urease was covalently
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linked to the surface of Janus silica particles to achieve asymmetric decomposition of urea into
CO2 and NH3, leading to a self-diffusiophoresis mechanism. Heavy metal ions such as Ag+ and
Hg2+ are common inhibitors of urease due to the strong binding between these metal ions
and thiol groups from urease.126 After formation of the enzyme-Ag+/Hg2+ complex on the
micromotor system, the enzymatic activity of urease decreased, resulting in decreased velocity
of the Janus micromotor. (Figure 1.9B) A complete stop of the micromotor (only Brownian
motion) was observed when the concentration of Ag+/Hg2+ inhibitor reached 0.5 μM. Thiol
protecting agent dithiothreitol (DTT) is capable to extract Ag+/Hg2+ from the enzyme-Ag+/
Hg2+ complexes via nucleophilic competition and exchange since the formed complexes are
reversible. By adding 60 μM DTT into the micromotor system, the enzymatic efficiency of
urease was reactivated rapidly and the velocity of micromotor increased accordingly. Reversible
off (adding Ag+/Hg2+, switching off the motion) and on (adding DTT, reactivating the motion)
behavior of this Janus micromotor was achieved via addition of inhibitor and DTT, followed by
multiple washings and centrifugations. (Figure 1.9B)
Furthermore, the motion of micro and nanomotors can also be affected by the addition of
other chemicals which can decrease the liquid/vapor interfacial tension, especially for bubble
propulsion mechanism based motor systems.127,128 The propulsion source for bubble-propelled
motor systems was obtained from the detachment of formed bubbles. By adding surfactant, it
adsorbed onto the inner platinum surface of tubular micromotors, reducing the hydrophobic
properties of the interface and decreasing the surface tension, thus facilitating the formation
and detachment of bubbles.129 Normally the size of formed bubbles and the bubble frequency
is dependent on the concentration of added surfactants, which can affect the motion behavior
of micro and nanomotors. In addition, different surfactants also have different effects on the
motion. It was found that bubble-propelled motor systems are more active in the presence
of anionic surfactant than nonionic and cationic surfactants.128 It is thus possible to regulate
the motion by the addition of specific surfactants. However, the addition of chemicals into the
motor systems is not very practical and limits applications, for example in the biomedical field.

1.3 Content of the thesis
To summarize, recent strategies to precisely manipulate the motion of synthetic micro and
nanomotors are presented and discussed in this chapter. On-demand regulation over the
movement of miniaturized motors is essential for various applications. This is the first step to
achieve artificial intelligent nanomachines that can perform a wide range of complex missions.
Based on what is described until now, there are still some questions that remain: micro and
nanomotors should be constructed which can respond more effectively to external stimuli.
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Furthermore, they should be degradable when applied for biomedicine, which is regarded as
one of the most fruitful fields of application for micro and nanomotors.
In this thesis, several types of stimuli-sensitive nanomotors based on bowl-shaped stomatocyte
structure are studied. In Chapter 2, we investigate biodegradable hybrid stomatocyte
nanomotors based on the mixture of template polymer poly(ethylene glycol)-b-polystyrene
(PEG-b-PS) and biodegradable polymer poly(ethylene glycol)-b-poly(ε-caprolactone) (PEG-bPCL). PCL domains are formed in the polymersome bilayer upon blending with PEG-b-PS as a
result of the immiscibility of the hydrophobic blocks and the semi-crystalline nature of PCL. Due
to biodegradability of PCL, our hybrid stomatocyte nanomotors are able to release the loaded
drug, which is promising for drug delivery. Redox-responsive stomatocyte nanomotors are
reported in Chapter 3, in which disulfide bridges are incorporated between the hydrophilic
PEG part and the hydrophobic PS part. When incubating in vitro with endogenous reducing
agent glutathione at a comparable concentration as can be found within cells, the external
PEG shells of the nanomotors were cleaved, which resulted in aggregation. This led to the loss
of motion. In Chapter 4, a temperature-responsive poly(N-isopropyl acrylamide) (PNIPAM)
brush is grown onto the surface of a stomatocyte nanomotor by surface-initiated atom transfer
radical polymerization. Because of the lower critical solution temperature (LCST) behavior
of PNIPAM, it collapses and forms a hydrophobic layer on the surface of the stomatocyte
nanomotor when the temperature is increased above its transition temperature, which leads
to the prevention of hydrogen peroxide access. Therefore, the motion of the functionalized
stomatocyte nanomotors can be regulated. As the LCST behavior is reversible, by adjusting the
temperature, the collapse of the PNIPAM brush can be switched on and off, functioning thus as
a regulatory mechanism to control the speed of the nanomotors. Finally, in Chapter 5 a general
summary and perspective is given on the field of nanomotors.
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Chapter 2

Abstract
We report the self-assembly of a biodegradable platinum nanoparticles-loaded stomatocyte
nanomotor containing both PEG-b-PCL and PEG-b-PS as a potential candidate for anti-cancer
drug delivery. Well-defined stomatocyte structures could be formed even after incorporation
of 50% PEG-b-PCL polymer. De-mixing of the two polymers was expected at high percentage
of semi-crystalline PCL, resulting in PCL domain formation in the membrane due to the
immiscibility of the two hydrophobic blocks. The biodegradable motor system was further
shown to move directionally with speeds up to 39 μm/s by converting chemical fuel, hydrogen
peroxide, into mechanical motion as well as rapidly delivering the drug to the targeted cancer
cell. Uptake by cancer cells and fast doxorubicin drug release was demonstrated during the
degradation of the motor system. Such biodegradable nanomotors provide a convenient and
efficient platform for the delivery and controlled release of therapeutic drugs.
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2.1 Introduction
Inspired by fascinating molecular motors and movable organisms, scientists have used both
top-down and bottom-up strategies to fabricate self-propelled micro and nanomotors
over the past decade.1-9 Until now, many examples of different types of motors: micro and
nanotubes,10-12 wires,13,14 helices,15,16 rods,17-19 Janus motors20-23 and self-assembled polymeric
motors24-28 have been developed. These artificial motors are capable of converting chemical or
external energy into autonomous movement, and possess various potential applications such as
environmental remediation, sensing and drug delivery.29-34 Compared to normal drug delivery
systems (lacking self-driving force), the most important advantage of micro and nanomotor
system is independent impetus, which is necessary for tissue penetration and crossing cellular
barriers.34,35 For drug delivery applications, micro and nanomotor systems should be both
biocompatible and biodegradable.36,37 However, the design of current motor systems reported
so far are mostly based on heavy metal systems, which do not provide a suitable soft interface
for biological systems.14,38
While several examples of biocompatible motors have already been reported,21,39,40 only little
progress towards biodegradable motor systems was reported until now.41-45 For degradable
zinc (Zn)/magnesium (Mg) based micromotors, acid-powered propulsion was achieved only in
the gastrointestinal tract. The main degradation products were essential nutrients in the human
body.46,47 Protein-based biodegradable multilayer microtubular motors combined with drugloaded gelatin hydrogel have also been reported recently.42 However, the size of these Zn/Mg
or protein based motors is micron sized, which is far away from potential clinical applications
which target intravenous routes. Furthermore, the clearance of these micrometer motors will
be quite fast due to the lack of poly(ethylene glycol) (PEG) shells. In general, the introduction
of PEG shells, called PEGylation, onto the surface of micro and nanocarriers can prolong their
circulation in vivo by avoiding phagocytosis from macrophages.48 Hence, the development of
nanometer scale biodegradable motors capable of stealth transport and drug release remains
challenging.
In our previous work, polymeric stomatocyte nanomotors made of soft self-assembled blockcopolymers based on poly(ethylene glycol)-b-polystyrene (PEG-b-PS) was demonstrated not
only to move in presence of hydrogen peroxide49 and alternative fuels50,51 but also to show
chemotaxis behavior upon hydrogen peroxide gradients.24 Unlike the traditional motor systems,
both water-soluble and water-insoluble drugs can be loaded due to the presence of the bilayer
structure.52 However, as major component, glassy PS is unfortunately a non-biodegradable
and non-biocompatible polymer, which is not suitable for further biomedical applications. This
bottom-up nanomotor system would be more versatile if a biodegradable polymer was used
to build the structure of the stomatocyte.
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Here we demonstrate the successful design and fabrication of the first partial biodegradable
self-assembled nanomotor system for drug delivery based on a mixture of poly(ethylene
glycol)-b-poly(ε-caprolactone) (PEG-b-PCL) and well-documented vesicle former PEG-b-PS,
as illustrated in Figure 2.1. Biodegradable polymer PCL is one of the most commonly used
candidates and was already approved by FDA for medical applications.53,54 Stomatocyte bowl
shape morphology was obtained under osmotic folding of polymersomes and was observed
even when the percentage of PEG-b-PCL was increased to 50% (w/w, 67% in mol ratio).
The hydrophilic polymer PEG part in our system can prolong the circulation time in vivo.
Furthermore, water-soluble anti-cancer drug doxorubicin (DOX) was loaded into the lumen of
the structure and platinum nanoparticles (PtNPs, as model catalysts) were encapsulated in the
cavity of the stomatocytes as the engine. The self-assembled nanomotors showed autonomous
motion at low concentrations of hydrogen peroxide. Due to the different structural properties
of PCL, which is a semi-crystalline polymer and PS, a glassy polymer, it was anticipated that
upon mixing, the PCL would de-mix and form domains in the self-assembled bilayer when a
high percentage of PCL is blended into the membrane of stomatocytes. Large pores would
be formed onto the stomatocyte surface during the degradation of PCL, which could lead to
sustained drug release. After uptake by tumor cells, the biodegradable stomatocyte nanomotor
could subsequently release the loaded cargo, in this case Dox, in tumor cells (HeLa cells).
According to the literature, tumor cells can produce hydrogen peroxide at a rate of up to 0.5
nmol per 104 cells per hour.55 Therefore such a design enables our drug-loaded nanomotor
system to actively move towards tumor cells, facilitate uptake, release the drug and kill the
tumor cells.

Figure 2.1 | Self-assembly of Dox-loaded hybrid stomatocyte nanomotor. Polymersomes are formed by the
self-assembly of PEG-b-PS and PEG-b-PCL in organic solvent. PtNPs were added subsequently and then entrapped
during the shape transformation to form hybrid stomatocyte nanomotors.
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2.2 Results and discussion
Self-assembly of Hybrid Polymersomes or Stomatocytes. Hybrid polymersomes or
stomatocytes were prepared via mixing biodegradable polymer PEG-b-PCL with template
polymer PEG-b-PS (0/100, 25/75, 50/50, 75/25, 90/10 and 100/0, w/w), followed by the solvent
switch method and subsequent dialysis to induce osmotic shock and inward folding of the
membrane.56,57 Polymers with different ratios were dissolved in organic solvent (THF: dioxane=4:
1, v/v) respectively and MilliQ water was then slowly added into the polymer solution at a rate
of 1 mL/h. After vigorous dialysis to remove the organic solvent, hybrid polymeric vesicles
with different PCL percentages were obtained. No significant cloud point was observed in the
sample with 100% PCL. This indicates no vesicle formation, which was also confirmed by DLS
measurements. 30 nm size nanoparticles were formed instead. All self-assembled structures
showed narrow polydispersity (Table 2.1) until the PCL percentage was increased up to 90%.
In the 90% PCL sample, a small population of 30 nm size nanoparticles was observed in DLS
intensity data (Figure 2.2a) while the number size distribution DLS showed a much larger
percentage of 30 nm nanoparticles (Figure 2.2b).This suggested de-mixing between PEG-b-PS
and PEG-b-PCL polymers and the assembly of the PEG-b-PCL into micelles.
Table 2.1 | Size and PDI of hybrid stomatocytes with different ratios of PCL
Groups

Size/nm

PDI

0% PCL

376.1

0.076

25% PCL

410.2

0.084

50% PCL

401.1

0.149

75% PCL

402.3

0.224

90% PCL

369.9

0.542

TEM was further used to visualize the morphology of these samples. (Figure 2.3a-f) Vesicles
containing PEG-b-PCL of less than 75% formed well-defined stomatocyte structures. A clear
bilayer structure was observed with a thickness around 25 nm. Due to the bilayer structure,
hydrophilic drug Dox was loaded in the water-lumen of vesicles during the self-assembly.
Fluorescent Dox was observed in a confocal image as red dots, indicating a successful drug
encapsulation.
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Figure 2.2 | Intensity and number size of stomatocytes and hybrid stomatocytes.
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Figure 2.3 | Characterization of vesicles with different percentages of PEG-b-PCL. a, TEM measurements of
vesicles with 0% PEG-b-PCL; b, TEM measurements of vesicles with 25% PEG-b-PCL; c, TEM measurements of vesicles
with 50% PEG-b-PCL; d, TEM measurements of vesicles with 75% PEG-b-PCL; e, TEM measurements of vesicles with
90% PEG-b-PCL; f, TEM measurements of samples with 100% PEG-b-PCL; g, EDX of FITC-labeled vesicles with 50%
PEG-b-PCL-FITC; h, EDX of normal vesicles with 50% PEG-b-PCL. Scale bar is 500 nm.

Formation of PCL Domains. In order to confirm the mixing and the presence of PCL
in the membrane structure, Energy-dispersive X-ray spectroscopy (EDX) was used to map
certain elements on the vesicles. FITC was coupled onto the PEG-b-PCL polymer to introduce
sulfur (S) for visualization. Significant S enrichment was observed for the FITC-labeled vesicles
(mixed with 50% PEG-b-PCL-FITC) compared to normal vesicles without FITC labeling (mixed
with 50% PEG-b-PCL). (Figure 2.3g,h) Interestingly, the signal of S showed domain formation
on the structure of the hybrid vesicle, rather than homogeneous distribution over the whole
membrane. EDX line scans using STEM mode across the vesicles also revealed that S was not
evenly distributed on the membrane structure. (Figure 2.4)
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Figure 2.4 | EDX line scans of S element using STEM mode across the membrane (the green arrow). a,
EDX line scan of FITC-labeled vesicles with 50% PEG-b-PCL-FITC; b, EDX line scan of normal vesicles with 50% PEGb-PCL. The TEM images on the bottom are the structures of the measured vesicles. S is not distributed evenly on the
structure of vesicles with 50% PEG-b-PCL-FITC, which also indicates domain formation of hybrid stomatocytes when
50% PCL was mixed.

Differential scanning calorimetry (DSC) was further used to confirm the de-mixing behavior of
hybrid stomatocytes. The samples with different percentages of PCL (0%, 25%, 50%, 75%, 90%,
100% PCL) were prepared and freeze-dried for DSC measurements. From the DSC spectrum
(Figure 2.5), two polymers mixed well in the sample of hybrid stomatocytes with 25%
PCL blending due to the negligible signal of semi-crystalline PCL. When the PCL percentage
increased to 50%, a significant signal of PCL was observed, which suggests PCL demixing with
PS, indicating PCL domain formation.
Since one of the components of the hybrid stomatocytes (PEG-b-PCL polymer) is biodegradable,
our nanomotor systems can easily be degraded by either acid or lipases. Stomatocytes with
50% PCL were used to investigate the acid-induced degradation as well-defined stomatocyte
structures were still formed at this high percentage. Hybrid stomatocytes with 50% PCL were
incubated with citric acid-Na2HPO4 buffer (pH=1, the reason of using the buffer with such
low pH value is to speed up the degradation process of PCL) and SEM was used to image the
morphology change before and after acidic treatment.
From the SEM image and TEM image (inset of Figure 2.6a) shown in Figure 2.6a, smooth
bowl-shaped stomatocytes with narrow openings were observed before treatment. However
after incubation with acidic buffer, the PCL units from the stomatocyte started to degrade.
(Figure 2.6b) Large pores in the membrane of stomatocytes and even collapsed structures
were formed. This also indicates that a high percentage of PEG-b-PCL polymer induces domain
formation onto the membrane, which is responsible for the observation of the large pores by
SEM after acid treatment. This would not be possible if PEG-b-PCL is homogeneously mixed
with PEG-b-PS in the membrane.58 When loaded with drug, the drug can be released in a
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controlled manner once PCL starts to degrade at low pH. This feature makes these motors
attractive for practical drug delivery and release in the human body.

2

Figure 2.5 | DSC of hybrid stomatocytes with different percentage of PCL blending.

In order to investigate the release characteristics of our self-assembled system, release experiments
in vitro from stomatocyte nanomotors were performed at room temperature in two types of
medium, namely acidic buffer (citric acid-Na2HPO4, pH=5) and neutral buffer (citric acid-Na2HPO4,
pH=7). (Figure 2.6c) The release percentage of stomatocyte nanomotors with 50% PCL was
higher than that of samples without PCL or with only 25% PCL in both acidic and neutral conditions.
Moreover, for stomatocyte nanomotors without PCL blending, there was almost no release of Dox
in both two buffers at different pH, while hybrid nanomotors cumulatively release 20% Dox in acidic
buffer for 48h, which was significantly higher than 5% release in buffer at pH=7 in the same time
frame. Interestingly, the release curve of stomatocytes with 25% PCL and 50% PCL seemed to be
quite linear, probably because of pore formation after acidic treatment. From SEM images after acidic
incubation at pH=1 (Figure 2.6a,b), pores on the structure of hybrid stomatocyte and collapsed
structures were observed, which also explains the linear release profiles of Dox.
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Figure 2.6 | Pore formation of stomatocytes before and after degradation. a, SEM images of stomatocytes with
50% PEG-b-PCL before acidic degradation (inset is a TEM image of a single stomatocyte with small opening); b, SEM
images of stomatocytes with 50% PEG-b-PCL after acidic degradation. From SEM images, pores were observed on the
surface of stomatocyte; c, the release of Dox from stomatocyte with different percentage of PCL at different pH. All
scale bars were 400 nm.

Movement Analysis and Cell Uptake. PEG-b-PS and PEG-b-PCL at different ratios were
dissolved in THF and dioxane (4: 1, v/v) and MilliQ water was added at a rate of 1 mL/h
followed by the PtNPs solution. After dialysis to remove the organic solvent, hybrid stomatocyte
nanomotors with different PCL percentages were obtained (the structure of nanomotors can
be seen in Figure 2.7). Nanosight NS500 was used to investigate the motion behavior of these
hybrid stomatocyte nanomotors in the presence of hydrogen peroxide solution.The movement
was recorded for 90 seconds and each second consisted of 30 frames. Nanoparticle-tracking
analysis was used to track in real-time the movement of the stomatocyte motors. A 4.98 mM
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hydrogen peroxide solution was used for the motion analysis. An appropriate concentration
of motor solution (finally concentration is 108 particles per mL) was added, and the resulting
solution was measured at physiological temperature 37 ºC.

a

b

2

c

Figure 2.7 | TEM of hybrid stomatocytes with different percentage of PCL blending. a, TEM of stomatocyte
nanomotor without PCL; b, TEM of stomatocyte nanomotor with 25% PCL; c, TEM of stomatocyte nanomotor with
50% PCL. Scale bar: 100 nm.

Calculated mean-square displacements (MSDs) of the hybrid nanomotors in the presence
of hydrogen peroxide showed directional movement compared to that of the stomatocytes
without fuel. Fitting of the MSDs allows for calculation of the velocity of the nanomotors by
using the self-diffusiophoretic model proposed by Golestanian and coworkers.59 The velocity
of hybrid stomatocyte nanomotors in the presence of fuel (Figure 2.8a) at 37 ºC showed no
significant difference with that of normal nanomotors without PCL blending, which was also
comparable with our previous study. The velocity of stomatocyte nanomotors with 0% PCL,
25% PCL and 50% PCL was around 39 μm/s. Brownian motion and typical linear MSD curve
was observed when studying the movement of hybrid nanomotors without hydrogen peroxide
fuel.
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Figure 2.8 | Motion of hybrid stomatocyte nanomotors with different percentage of PCL. a, Velocity of
hybrid stomatocyte nanomotors in presence of H2O2 (final concentration was 4.98 mM) at 37 ºC. The motion of the
nanomotor was measured by Nanosight NS500. Velocities were calculated respectively. Directional motion was fitted
using the equation (4D)∆t+(v2)(∆t2); b, Representative tracking trajectories of hybrid stomatocyte nanomotors.

In addition, representative tracking trajectories of the hybrid nanomotors with and without
fuel were presented in Figure 2.8b. As predicted, the trajectory of the hybrid nanomotors
without fuel followed the random walk typical of a Brownian motion and did not show any
52
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directionality or increase in movement. For the mechanism of motion, self-diffusiophoresis
and bubble propulsion were possible mechanisms in our system. In our previous studies,27
decreased speed and MSDs were observed in PBS buffer compared to MilliQ water, indicating
a self-diffusiophoresis mechanism. However, speed and MSDs in PBS buffer were still higher
than those of motors without hydrogen peroxide fuel (Brownian motion), which also indicated
the possible existence of a bubble propulsion mechanism. After degradation of the PCL in
acidic condition, the motion behavior of biodegradable hybrid stomatocyte nanomotors was
studied. Almost Brownian motion was observed, indicating that the degradation of PCL affects
the motion behavior. (Figure 2.9) For our nanomotor design, the narrow opening of the
stomatocyte serves as the outlet for the formed oxygen, and it is crucial for the propulsion of
the nanomotor. After PCL degradation, large pores or even collapsed structures are formed
onto the membrane of the stomatocyte nanomotor. This results in complete collapse of the
structure or of the outlet into multiple pores leading to almost complete disruption of the
active motion towards Brownian motion.

Figure 2.9 | Velocity of hybrid nanomotor with 50% PCL before and after degradation in presence of
hydrogen peroxide. After degradation of PCL in acidic condition, the motion behavior of biodegradable hybrid
stomatocyte nanomotor was studied, which was almost Brownian motion. Directional motion was fitted using the
equation (4D)∆t+(v2)(∆t2).

HeLa cells were used to investigate cell internalization and subsequent release behavior of hybrid
stomatocyte nanomotors. The cells were incubated with Dox-loaded nanomotors together
with hydrogen peroxide. Confocal laser scanning microscopy (CLSM) images (Figure 2.10),
clearly shows that both normal stomatocyte nanomotors and hybrid stomatocyte nanomotors
were taken up by the HeLa cells (red fluorescence comes from Dox).
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Figure 2.10 | Cell uptake of Dox-loaded stomatocytes nanomotors. a, bright field images of cells after incubating
with Dox-loaded stomatocyte nanomotors (without PEG-b-PCL) under hydrogen peroxide; b, Confocal images of
cells after exposure to Dox-loaded stomatocyte nanomotors without PEG-b-PCL; c, bright field images of cells after
incubating with Dox-loaded stomatocyte nanomotors (50% PEG-b-PCL) under hydrogen peroxide; d, Confocal images
of cells after exposure to Dox-loaded stomatocyte nanomotors with 50% PEG-b-PCL. All scale bars were 20 μm.

In the case of biodegradable hybrid stomatocyte nanomotors, the fluorescence of Dox diffused
over the cell, indicating the release of drugs from vesicles into the cell due to degradation
(see the cross section in Figure 2.10d). However, stomatocytes without PCL still showed
dot-like fluorescent signal (see the cross section in Figure 2.10b), which meant no drug
release occurred. In addition, cell uptake experiments were also performed without hydrogen
peroxide. Similar results were shown in Figure 2.11. To further test the biodegradability of our
nanomotor, stomatocytes loaded with near-infrared fluorescent cyanine dye DiR were injected
in vivo. The fluorescence signal was no longer detectable at day 7 after injection, compared to
the strong signal at day 3, suggesting the clearance of DiR in the mouse. (Figure 2.12) Probably
because the degradation of PCL from stomatocytes led to the pore formation, DiR leaked out
and was removed by renal clearance.

54

Biodegradable Hybrid Stomatocyte Nanomotors for Drug Delivery

a

b

2
c

d

Figure 2.11 | Cell uptake of Dox from hybrid stomatocyte nanomotor without hydrogen peroxide. a,
bright field images of cells after incubating with Dox-loaded stomatocytes nanomotors (without PEG-b-PCL) without
hydrogen peroxide; b, Confocal images of cells after exposure to Dox-loaded stomatocytes nanomotors without PEGb-PCL; c, bright field images of cells after incubating with Dox-loaded stomatocyte nanomotors (50% PEG-b-PCL)
without hydrogen peroxide; d, Confocal images of cells after exposure to Dox-loaded stomatocyte nanomotors with
50% PEG-b-PCL. Red dots in figure d indicated the dead cells.

a

b

Figure 2.12 | In vivo images of the mouse injected with DiR-loaded hybrid stomatocyte with 50% PCL. a, in
vivo image of the mouse at day 3; b, in vivo image of the mouse at day 7, which shows that fluorescence is no longer
detectable by day 7.
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2.3 Conclusion
In summary, we have demonstrated the design of a hybrid stomatocyte nanomotor based on
biodegradable PCL for drug delivery. The bilayer membrane structure of the motors allows for
efficient loading of both hydrophilic and hydrophobic drugs. Due to a high percentage of PCL
blending, PCL domains were formed on the surface of nanomotors. During degradation, pores
are formed and the polymersomes collapse, leading to release of the anti-cancer drug under
acidic conditions in vitro. In addition, our nanomotor can also be taken up by HeLa cells and
subsequently release its cargo to kill them. Thus, we envision that our nanomotor system has
potential for drug delivery and controlled release in vivo.
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2.5 Experimental
2.5.1 Materials
Unless stated otherwise, all reagents and chemicals were used without further purification.
Styrene (Sigma-Aldrich) was distilled before polymerization to remove the inhibitor. CuBr
(Sigma-Aldrich) for ATRP was washed with acetic acid and followed by methanol (MeOH)
for three times and protected under Ar. Tetrahydrofuran (THF) for reaction was distilled under
Argon from sodium/benzophenone. Ultra pure MilliQ water obtained with a MilliQ QPOD
purification system (18.2 MΩ) was used for self-assembly and dialysis of polymersomes/
stomatocytes. Spectra/Por® Dialysis Membrane MWCO: 12-14,000 g/mol was used
for dialysis of polymersomes/stomatocytes. Poly(vinyl pyrrolidone) (PVP, Mn 10 kg/mol),
poly(ethylene glycol) methyl ether (Mn 2 kg/mol), L (+) ascorbic acid, magnesium sulfate,
sodium bicarbonate, potassium tetrachloroplatinate (II), chloroform-d (CDCl3), methanol-d4
(MeOD), ethylenediaminetetraacetic acid (EDTA), methyl sulfonic acid (MSA), ε-caprolactone,
1-phenyl-1-trimethylsiloxyethene, N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA),
α-bromoisobutyryl bromide, and dimethylformamide (DMF) were purchased from Sigma56
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Aldrich. THF and anisole were obtained from Acros. MeOH, triethylamine and hydrogen
peroxide were purchased from J.T. Baker. Diethyl ether (Carlo erba Reagents), 1,4-dioxane
(Biosolve BV), dichloromethane (CH2Cl2, Fisher Chemical), Doxorubicin (Dox, Bioconnect. BV)
and 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine iodide (DiR, Molecular Probes)
were also used.

2.5.2 Instruments
Routine NMR spectra were recorded on a Varian Inova 400 spectrometer with CDCl3 as a
solvent. Malvern Zetasizer Nano NS was used for Dynamic light scattering (DLS) analysis with
following settings: temperature 25 °C, He-Ne laser wavelength 633 nm and detector angle
173°. For transmission electron microscopy, a JEOL 1010 Transmission Electron Microscope
with MegaView Soft Imaging camera at an acceleration voltage of 60 kV was used. Energydispersive X-ray element mapping was done on a Bruker Quantax EDS system with an STEM
detector incorporated. DSC measurements were performed on Mettler DSC 822e (MettlerToledo AG, Greifensee, Switzerland). Nanoparticles tracking analysis (NTA) of stomatocytes
nanomotors was performed on a NanoSight NS500. In vivo imaging was performed on a
FluorVivo (INDEC BioSystems, Santa Clara, CA USA).

2.5.3 Synthetic procedures, self-assembly and characterizations

Scheme 2.1 | Synthetic route for the block copolymer poly(ethylene glycol)-b-polystyrene (PEG-b-PS) and
poly(ethylene glycol)-b-poly(ε-caprolactone).

Synthesis of α-methoxy-poly(ethylene glycol)44 ATRP macromolecular initiator (1)
Poly(ethylene glycol) methyl ether (5.00 g, 2.50 mmol) was dried by co-evaporation with
toluene. The polymer was dissolved in freshly distilled THF in a flamed-dried Schlenk flask. After
adding triethylamine (1.04 mL, 7.50 mmol), the mixture was cooled to 0 °C. α-bromoisobutyryl
bromide (616 μL, 5.00 mmol) was added dropwise. After addition, the resulting solution was
stirred for 24h while slowly warming to room temperature. After the reaction, the white
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precipitate was filtered off and the solution was concentrated. The polymer was precipitated in
ice-cold diethyl ether (3x). The product was obtained as a white solid (4.51 g, 84%). SEC (THF,
polystyrene calibration): Mn=2.2 × 103 g/mol, Mw/Mn=1.05. The polymer was characterized by
1
H-NMR in CDCl3.
H-NMR (400 MHZ, CDCl3) δ: 4.33 (t, CH2CH2OC(O)C(CH3)2Br), 3.76 (t, CH2CH2OC(O)
C(CH3)2Br), 3.65 (br. s, PEG backbone), 3.55 (m, CH3OCH2), 3.38 (s, CH3OCH2), 1.94 (s,
C(CH3)2Br) ppm.
1

Synthesis of poly(ethylene glycol)-b-polystyrene (2)
The Schlenk tube with CuBr (45 mg, 0.32 mmol) was evacuated for 15 min and refilled with
Ar for three times. PMDETA (66 μL, 0.32 mmol) in anisole (0.5 mL) was added, followed by
15 min vigorously stirring. Styrene (5 mL, 43.6 mmol) in anisole (0.5 mL) was added via a
syringe and degassed for 15 min. After cooling the mixture to 0 °C, PEG-initiator (215 mg, 0.1
mmol) dissolved in anisole (0.5 mL) was injected and the solution was degassed for another
15 min. The Schlenk tube was transferred into an oil bath at 90 °C. 1H-NMR was used for
monitoring the reaction process. Upon attainment of the required molecular weight, 1-phenyl1-trimethylsiloxyethene (1.91 mL, 9.28 mmol) was added to quench the polymerization. The
reaction was terminated by cooling to room temperature after stirring for 2h. The solution
was diluted with CH2Cl2 and extracted with an aqueous EDTA solution (65 mM). The organic
layer was collected and dried with MgSO4 and concentrated. The polymer was obtained after
precipitation in MeOH (3x) and dried under vacuum overnight. The product was obtained as a
white solid (2.1 g, 87%). SEC (THF, polystyrene calibration): Mn=2.3 × 104 g/mol, Mw/Mn=1.07.
The polymer was characterized by 1H-NMR in CDCl3.
H-NMR (400 MHZ, CDCl3) δ: 7.20-6.30 (br. s, PS arom.), 3.64 (br. s, PEG backbone), 3.38 (s, 3H,
CH3OCH2), 2.30-1.20 (br. s, PS backbone), 0.90 (br. m, 6H, C(O)C(CH3)2CH2) ppm.
1

Synthesis of poly(ethylene glycol)-b-poly(ε-caprolactone) (3)
A Schlenk tube was flame dried and 400 mg (0.2 mmol) of poly(ethylene glycol)-methyl ether
(MeO-PEG44-OH) was dissolved in freshly distilled toluene. Subsequently 1.845 mL (16.6 mmol,
83 eq.) ε-caprolactone was added.The mixture was heated to 30 °C and stirred for 30 minutes.
Then 13 μL MSA was added (0.2 mmol, 1 eq.) and the reaction stirred for two and a half
hours at 30 °C. Thereafter the reaction was cooled to room temperature and precipitated in
cold hexane. The precipitate was filtered and re-dissolved in THF and precipitated twice in cold
hexane. After filtering the mixture the obtained white solid was dried under vacuum overnight.
The product was obtained as a white solid (1.5 g, 69%). SEC (THF, polystyrene calibration):
Mn=9.9 × 103 g/mol, Mw/Mn=1.14.
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H-NMR (400 MHZ, CDCl3) δ: 4.06 (t, CH2O PCL backbone), 3.65 (bs, PEG backbone), 3.38
(s, CH3O), 2.31 (t, CH2CO PCL backbone), 1.65 (m, CH2(CH2)2 PCL backbone), 1.38 (m,
CH2(CH2)2) ppm.
1

Preparation of PtNPs with PVP coating
4 mL K2PtCl4 solution (20 mM) was added into 40 mg PVP, followed by 48 hours stirring. After
that, 35 mg L (+) ascorbic acid in 1 mL of MilliQ water was added into the solution.The resulting
solution was sonicated (VWR Ultrasonic Cleaner Model 75D) at room temperature for 1 h.
Self-assembly of stomatocyte or hybrid stomatocyte
10 mg polymer with different ratios between PEG-b-PS and PEG-b-PCL was fully dissolved in 1
mL mixture of THF/dioxane (4:1, v/v). 1 mL of MilliQ water was slowly added into the solution
by a syringe pump at a rate of 1 mL/h. After vigorous dialysis for at least 48 hours, stomatocytes
and hybrid stomatocytes with different percentages of PCL were obtained. The size of the
hybrid stomatocytes with different PCL blending percentages was measured by DLS.
Self-assembly of PtNPs loaded stomatocyte or hybrid PtNPs loaded stomatocyte
10 mg polymer with different ratios between PEG-b-PS and PEG-b-PCL was fully dissolved in
1 mL mixture of THF/dioxane (4:1, v/v). 0.35 mL of MilliQ water was slowly added by a syringe
pump at a rate of 1 mL/h, followed by addition of preformed PtNPs solution (0.65 mL) also at a
rate of 1 mL/h. After dialysis for at least 48 hours, PtNPs loaded stomatocytes and hybrid PtNPs
loaded stomatocytes with different percentages of PCL were obtained.
Self-assembly of PtNPs-Dox loaded stomatocyte or hybrid PtNPs-Dox loaded stomatocyte
10 mg polymer with different ratios between PEG-b-PS and PEG-b-PCL was fully dissolved in 1
mL mixture of THF/dioxane (4:1, v/v) before addition of 0.05 mg doxorubicin solution in DMF.
0.35 mL of MilliQ water was slowly added by a syringe pump at a rate of 1 mL/h, followed by
addition of preformed PtNPs solution (0.65 mL) also at a rate of 1 mL/h. After dialysis for at
least 48 hours, PtNPs-Dox loaded stomatocytes and hybrid PtNPs-Dox loaded stomatocytes
with different ratios of PCL were obtained. Confocal laser scanning microscopy was used to
image the incorporation of Dox.
EDX measurement of hybrid stomatocyte with 50% PEG-b-PCL-FITC
Energy-dispersive X-ray element mapping was performed on a Bruker Quantax EDS system
with a STEM detector incorporated. FITC was linked onto polymer PEG-b-PCL to introduce
S for visualization. Hybrid stomatocyte samples were diluted to the appropriate concentration.
Then 5 μL of diluted sample aliquot was dropped onto a carbon-coated copper grid and
the grid was dried overnight at room temperature. Both overview and line scans (across the
membrane) of EDX measurements were performed.
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DSC measurement of hybrid stomatocyte with different percentages of PCL
Hybrid stomatocyte samples with different percentages of PCL blending (0%, 25%, 50%, 75%,
90%, 100% PCL) were prepared by the solvent switch method. The samples were freezedried for DSC measurement. DSC thermograms were recorded using the Mettler DSC 822e
(Mettler-Toledo AG, Greifensee, Switzerland). Samples (10 mg) were crimped in aluminium
pans with pierced lids, equilibrated at 0 °C for 5 min and finally heated up to 100 °C at a heating
rate of 2 °C/min. The measurement cell was purged with dry nitrogen gas at a flow rate of 50
mL/min during the measurements.
SEM measurements of hybrid stomatocyte before and after degradation
Hybrid stomatocyte samples were incubated with pH=1 citric acid-disodium phosphate buffer.
On different time points, the sample was taken and dropped onto carbon-coated copper
grid and the grid was dried overnight under room temperature. SEM measurements were
performed to visualize the structure of hybrid stomatocyte before and after degradation.
Drug release from hybrid stomatocyte with 25% and 50% PCL
In vitro drug release experiments were performed under two buffer solutions containing citric
acid and disodium phosphate with different pH (pH=5 and pH=7).To a 1.5 mL Eppendorf tube,
100 μL buffer and 400 μL Dox-loaded hybrid nanomotor solution with 0% PCL, 25% PCL, 50%
PCl (6 mg/mL) were added respectively and shaken for 48 hours. On different time points, the
sample was centrifuged and 100 μL supernatant was taken for fluorescence measurements
and replaced by 100 μL of fresh buffer solution (to ensure sink condition). The fluorescence
was measured by using a black Greinder 96-well plate in a plate reader on ex/em 480/580 nm.
Movement analysis
Nanosight NS500 was used for the motion measurements of hybrid stomatocyte nanomotors.
4.98 mM hydrogen peroxide solution was used for the motion analysis. Hybrid nanomotor
solution with concentration around 108 particles/mL was added, and the resulting solution was
measured at physiological temperature 37 ºC. The motion of hybrid stomatocyte nanomotors
after acidic degradation was also measured. The fitting of the MSD allows for calculation of the
speed of the nanomotors by using the self-diffusiophoretic model proposed by Golestanian and
coworkers.59 While a purely diffusive system would show only a linear component according
to (4D)∆t equation from which an enhanced diffusion coefficient can be extracted, our MSD
curves are not linear and show a parabolic fit according to the equation (4D)∆t+(v2)(∆t2).
Cell uptake of hybrid stomatocyte with 50% PCL
To an Ibidi 8-well plate, 200 μL of cell solution in complemented DMEM (4-5 x 105 cells/
mL) was added, and incubated overnight at 37 ºC. 20 μL of hybrid nanomotor solution with
0% PCL and 50% PCL was mixed with/without 10 μL hydrogen peroxide (1.5 v/v%) with a
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total volume of 100 μL in DMEM. These solutions were added to the cells, and incubated for
6 hours at 37 ºC. Subsequently the cells were washed with PBS. To each well 200 μL fresh
DMEM (without FBS) was added and incubated for 30 minutes at 37 ºC before measuring with
confocal microscopy. Using live cell imaging, the cells were visualized and the diffusiveness of the
Dox signal was tracked.
In vivo experiment
5 mg PEG-b-PS and 5 mg PEG-b-PCL were fully dissolved in 1 mL mixture of THF/dioxane
(4:1, v/v). After addition of 20 μL DiR solution (1mg/mL in DMF), 1 mL of MilliQ water was
slowly added at a rate of 1 mL/h. After vigorous dialysis for at least 48 hours, DiR-loaded hybrid
stomatocytes with 50% PCL were obtained. The sample (300 μL) was injected intravenously
(caudal vein). In vivo images of the mouse respectively at day 3 and day 7 were obtained on a
FluorVivo 300 (INDEC BioSystems, Santa Clara, CA USA).
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Abstract
The development of artificial micro and nanomotor systems capable of stimuli responsiveness
is still posing many challenges. Here we demonstrate the self-assembly of a redox-responsive
stomatocyte nanomotor, which can be used for triggered drug release under biological reducing
conditions.The redox sensitivity was introduced via the disulfide bridge between the hydrophilic
poly(ethylene glycol) block and the hydrophobic polystyrene block. Platinum nanoparticles
(PtNPs), as model catalyst, were encapsulated into the cavity of the stomatocyte as engine
while anti-cancer drug doxorubicin (Dox) was loaded in the water lumen. When incubating in
vitro with endogenous reducing agent glutathione at a concentration comparable to the one
within cells, the external PEG shells of these stimuli-responsive nanomotors were confirmed to
be cleaved by different analytical techniques.The specific bowl-shaped stomatocytes aggregated
after the treatment with glutathione, leading to the loss of motion. These novel bio-redox
responsive nanomotors achieve not only remote transport but also triggered motionless
behavior, which is promising for future biomedical applications.
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3.1 Introduction
In nature, organisms are capable to perform complex motion behavior in response to
environmental changes to achieve different functions.1-3 Paramecium, for example, can move
itself and find a food source. Sperm cells can swim towards ovum to achieve fertilization.
In order to mimic this fantastic self-migrating behavior from nature, artificial centimeter-scale
motors (hemicylindrical plates) were firstly reported by Whitesides’ group with platinum on
one side of the surface.4 These plates were propelled by oxygen bubbles, which were generated
from platinum-catalyzed decomposition of hydrogen peroxide solution. After a decade’s effort,
rapid development of synthetic self-propelled motors with miniaturized size has been achieved
since this pioneering work.5-19 Due to small size, micro and nanomotors show huge potential in
different ranges of applications, such as environmental remediation, sensing, assisted fertilization
and drug delivery.20-26
Compared to normal drug delivery systems, the most important advantage of micro and
nanomotor systems is the impetus that is independent from the blood flow, which is necessary
for tissue penetration and crossing cellular barriers.23 Therefore, to develop the next generation
of drug delivery systems, both propulsion and in-site drug release are important aspects that
scientists need to consider for the design of active and directional delivery systems. Although
some studies on artificial self-propelled motors towards drug delivery applications have been
reported, most of them have either micron-sized dimensions, low loading efficiency or lack of
controlled release of loaded drugs, which is not very practical for drug delivery.27-32 Therefore,
nanomotor systems that can sense different stimuli produced by cells to control the properties
and achieve transport behavior are a promising and also important research field. However, the
development of nanomotors capable of controlled drug release is still challenging.
To achieve in-site drug release, the specific chemical environment and differences between the
desired and non-desired sites should be taken into account. For example the human body hosts
many gradients of chemical signaling molecules resulting in pH differences in inflamed, infected
or tumor tissue or even in different compartments of the cell; temperature fluctuations can
be observed in specific pathological sites; and redox potentials exist between extracellular and
intracellular microenvironments.33,34 With regard to the latter, the intracellular compartments
possess a much higher concentration of glutathione (2-10 mM) than the extracellular
microenvironment (2-10 μM), which can be used as a trigger to achieve controlled release of
encapsulated molecules from nanocarrier systems.35 Besides physiological oxidative conditions
between extracellular and intracellular compartments, pathophysiological oxidative aspects in
inflamed or tumor tissues can also be exploited to destabilize the drug delivery systems.
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In our previous work, bowl-shaped stomatocyte nanomotors self-assembled by the block
copolymer poly(ethylene glycol)-b-polystyrene (PEG-b-PS)36 were demonstrated not only to
achieve the controllability over the motion16 but also to be guided and steered37 to desired
directions in the presence of hydrogen peroxide and alternative biofuels38,39. However, due to
the glassy and compact PS bilayer structure, the stomatocyte nanomotor cannot be degraded
and therefore the loaded cargos such as drugs were blocked either in the hydrophobic
membrane or hydrophilic lumen, which is not suitable for further biomedical applications.
Here we demonstrate the successful design of a first redox-responsive nanomotor system
by incorporating disulfide bonds between the hydrophobic PS block and the hydrophilic PEG
block. After introduction of disulfide bonds, the morphology of the bowl-shaped stomatocyte
structure and the encapsulation of model catalysts platinum nanoparticles remain the same.
The multifunctional nanomotor systems are able to probe the environment by sensing the
change in the outside redox conditions, which leads to the cleavage of the hydrophilic PEG
part. The cleavage of PEG shell disables the motion function and leads to full collapse of the
structure.These multifunctional bioreducible nanomotor systems can potentially lead to a more
controlled way to deliver drugs in the future.

a

b

Figure 3.1 | Self-assembly of Dox-loaded redox-sensitive stomatocyte nanomotors. a, Chemical structure of
redox-responsive block copolymer PEG-SS-PS used for the stomatocyte assembly. The polymer was synthesized via
ATRP of styrene starting from a disulfide-functional PEG macroinitiator. b, Schematic representation of the formation
of a Dox-loaded redox-sensitive stomatocyte nanomotor. Polymersomes with flexible membrane are formed by the
self-assembly of PEG-SS-PS together with the anticancer drug Dox in organic solvent. PtNPs were added subsequently
and then entrapped during the shape transformation to form Dox-loaded redox-sensitive stomatocyte nanomotors.
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3.2 Results and discussion
Redox-sensitive block copolymer PEG-SS-PS (the chemical structure of the polymer can
be seen in Figure 3.1a) and normal polymer PEG-PS were synthesized by atom transfer
radical polymerization (ATRP) of styrene starting respectively from PEG-SS-Br and PEGBr macroinitiators (Scheme 3.1).40 After confirming the average molecular weight and
polydispersity (PDI) of PEG-SS-PS and PEG-PS by 1H-NMR spectroscopy and gel-permeation
chromatography (GPC), redox-sensitive poymersomes were then self-assembled via a bottomup solvent switch method. (Figure 3.1b) In the process of self-assembly, hydrophilic anti-cancer
drug Dox was loaded in the lumen of the polymersomes. In the presence of organic solvent,
formed polymersomes with flexible membrane underwent a morphology change into bowlshaped stomatocyte structures due to an introduced osmotic shock by dialysis.41,42 During the
shape transformation, model catalysts, platinum nanoparticles, were entrapped in the cavity of
the stomatocytes to serve as engine for the nanomotor. (Figure 3.1b) After dialysis to remove
organic solvent and freeze the bilayer membrane, Dox-loaded redox-responsive stomatocyte
nanomotors and non-sensitive stomatocyte nanomotors were obtained.

Scheme 3.1 | Synthetic route for the block copolymers PEG-b-PS and redox-sensitive PEG-SS-PS.

71

3

Chapter 3

From dynamic light scattering (DLS), the self-assembled structures showed similar size and also
narrow PDI, indicating the appropriate ratio between the hydrophilic part and hydrophobic
part of the block copolymer. (Table 3.1) Transmission electron microscopy (TEM) was further
used to visualize the structure of the stomatocyte nanomotors. Well-defined stomatocytes with
a clear bilayer structure and also platinum nanoparticles encapsulation were observed in both
redox-sensitive and non-sensitive nanomotor samples, (Figure 3.2a and Figure 3.3) indicating
that the introduction of the disulfide bond did not affect the formation of polymeric vesicles.

a

b

c

d

Figure 3.2 | Characterization of redox-sensitive stomatocyte nanomotors before and after incubation
with glutathione. a, TEM measurements of a stomatocyte nanomotor. b, TEM image of stomatocyte nanomotors
after incubating with glutathione. c, SEM image of stomatocyte nanomotors. d, SEM measurements of stomatocyte
nanomotors after treatment with glutathione. Scale bar: 200 nm.

The redox-sensitive nature of the disulfide bond between two blocks was exploited by addition
of the endogenous reducing agent glutathione. TEM and scanning electron microscopy (SEM)
were used to observe the morphology change of the nanomotor structures before and after
incubating with glutathione. Before adding glutathione, regular stomatocytes with small openings
were observed in both TEM and SEM images. (Figure 3.2a,c) while aggregation without a clear
72

Redox-sensitive Disassembly of Stomatocyte Nanomotors

bilayer membrane was found after overnight treatment with glutathione (Figure 3.2b,d). The
small glutathione can enter into the water soluble shell of the nanomotor and then break down
the redox-responsive disulfide bonds that covalently link the PEG and PS blocks, resulting in
cleavage of the outside PEG shell. The resulting structure became hydrophobic and unstable
due to the loss of hydrophilic PEG layer, which therefore led to the formation of aggregates,
as shown in TEM and SEM images. Similar behavior was also observed for redox-sensitive
polymersomes without PtNP encapsulation. (Figure 3.4)

a

b

Figure 3.3 | Structure of a non-sensitive stomatocyte and a stomatocyte nanomotor. a, TEM image of a nonsensitive stomatocyte. b, TEM image of a non-sensitive stomatocyte nanomotor. Scale bar: 200 nm.

Table 3.1 | Size and PDI of assembled structures
Group

Size/nm

PDI

Stomatocyte

357.1

0.069

Nanomotor

343.3

0.121

Redox Stomatocyte

349.3

0.099

Redox Nanomotor

327.4

0.110

In order to confirm the structural changes of redox-responsive stomatocytes induced by
glutathione, DLS was also used to measure the size before and after incubation with the
reducing agent for both sensitive stomatocytes and non-sensitive ones. For the non-sensitive
stomatocytes based on normal polymer PEG-b-PS, the sizes remained almost the same (around
345 nm) after treating with glutathione, even after the concentration of the reducing agent
was increased to 120 mM. (Figure 3.5a) The intensity size peak showed a narrow distribution,
which further confirmed the low PDI. (Table 3.2)
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a

b

Figure 3.4 | TEM images of redox-sensitive polymersomes before and after incubation with glutathione.
a, TEM image of redox-sensitive polymersomes. b, TEM image of redox-sensitive polymersomes after glutathione
incubation. Scale bar: 200 nm

a

b

Figure 3.5 | DLS measurements of stomatocytes and redox-sensitive stomatocytes before and after
incubating with different concentrations of glutathione. a, Size of stomatocytes before and after treating with
glutathione. b, Size of redox-sensitive stomatocytes before and after treating with glutathione.

For stomatocytes composed of the stimulus-responsive polymer PEG-SS-PS, the size distribution
underwent a significant shift. (Figure 3.5b) The particle size shifted from 349 nm to 1392 nm
(Table 3.2, Figure 3.5b), indicating the formation of aggregates, which was also confirmed
by TEM and SEM images (Figure 3.2b,d). Similar behavior was observed for glutathione with
concentrations of 40 mM and 120 mM.
The size and count rate of redox stomatocytes were also measured during the treatment of
glutathione. (Figure 3.6) The size increased gradually with the incubation time of reducing
agent while the count rate decreased accordingly. Furthermore, the zeta-potential of the redox
stomatocytes before and after incubating with glutathione was also measured (Table 3.3).
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After treating with glutathione overnight, the zeta-potential changed from -30.9 mV to -45.2
mV, indicating again PEG cleavage.
Table 3.2 | Size and PDI of assembled structures before and after adding glutathione
Group

Size/nm

PDI

Stomatocyte

347.2

0.047

Stomatocyte+20mM GSH

350.0

0.065

Stomatocyte+40mM GSH

344.6

0.086

Stomatocyte+120mM GSH

350.8

0.130

Redox Stomatocyte

349.3

0.099

Redox Stomatocyte+20mM GSH

1392.0

0.700

Redox Stomatocyte+40mM GSH

2148.0

0.721

Redox Stomatocyte+120mM GSH

3095.0

1.000

3

Figure 3.6 | Size and count rate of redox stomatocytes during the treatment with glutathione. The blue
curve is the size change with time after addition of glutathione. The red curve depicts the count rate with time during
the degradation.

Table 3.3 | Zeta-potential of assembled structures before and after adding glutathione
Group

Zeta/mV

Redox Stomatocyte

-30.9±0.12

Redox Stomatocyte+GSH*

-45.2±1.04

*after cleaving the PEG shell, GSH was washed away.
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To confirm the successful PEG cleavage from the redox-responsive polymeric stomatocyte system,
diffusion NMR spectroscopy was also used to measure the diffusion coefficient of cleaved PEG
after incubation of the redox-sensitive sample with glutathione compared with that of free polymer
PEG (2 kDa, the same molecular weight with hydrophilic block PEG from PEG-SS-PEG). After
glutathione-triggered PEG cleavage, the resulting sample was centrifuged to obtain the supernatant
containing cleaved PEG and glutathione. The supernatant was then freeze-dried and re-suspended
in deuterium oxide (D2O). Glutathione resonances at 3.88 (2H, NHCH2COOH) and 3.73 ppm
(1H, CH2CHNH2COOH) were observed in Figure 3.7a. From the NMR spectrum, specific PEG
signals around 3.63 ppm (br. s, PEG backbone) and 3.31 ppm (s, 3H, CH3OCH2) were observed
for both cleaved PEG and free PEG respectively in Figure 3.7a,c. After fitting the decay curve
of the NMR intensity, the diffusion coefficient of the cleaved PEG was determined to be 2.76 ×
10−6 cm2/s. (Figure 3.7b) For the free PEG sample, the diffusion coefficient obtained in D2O was
2.55 × 10−6 cm2/s after calculation. (Figure 3.7d) As the diffusion coefficient of PEG cleaved from
redox-responsive stomatocytes was almost the same as that of the free PEG control, this is a clear
indication that the external PEG shell was indeed cleaved by glutathione-triggered chemical reaction.

a

b

c

d

Figure 3.7 | Diffusion NMR measurements of cleaved PEG from redox-sensitive stomatocytes after
glutathione treatment and free PEG in D2O. a, Diffusion NMR spectrum of cleaved PEG from redox-sensitive
stomatocyte after glutathione treatment. b, Fitting curve of the diffusion coefficient (D) of cleaved PEG from redoxsensitive stomatocyte after glutathione treatment. c, Diffusion NMR spectrum of free PEG (2 kDa). d, Fitting curve of
the diffusion coefficient of free PEG (2 kDa). PEG signals at around 3.63 ppm and 3.31 ppm were observed from the
NMR spectrum. After fitting with the equation (mono-exponential fit, B+exp(–xF)), DY (diffusion coefficient from PEG
at 3.63 ppm) and DY1 (diffusion coefficient from PEG at 3.31 ppm) were obtained. DY,Y1 is the average of DY and DY1.
The diffusion coefficient of PEG cleaved by glutathione from the redox-sensitive stomatocyte was similar with that of
free PEG (2 kDa), which shows the successful cleavage of PEG.
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After confirming the redox-responsiveness of the stomatocyte nanomotors, nanoparticletracking analysis (NTA) was used to investigate the motion behavior of these redox sensitive
stomatocyte nanomotors in the presence of hydrogen peroxide fuel solution. Nanosight NS500
was applied to record in real time the movement of nanomotors by video. The movement of
the nanomotors was recorded for 90 seconds with 30 frames per second. Hydrogen peroxide
solution of the appropriate concentration was added to the nanomotors and the resulting
solution was measured respectively at 30 and 37 ºC. (final nanomotor concentration was 108
particles/mL and final concentration of hydrogen peroxide was 4.98 mM)
Mean square displacement (MSD) was extracted from the simultaneous recording of the x,y
coordinates of multiple particles (20 particles) via the NTA technique. Fitting of the MSD curves
allows for the calculation of the average speed of nanomotors by using the self-diffusiophoretic
model proposed by Golestanian and coworkers.43 The MSDs (Figure 3.8a) and speeds (Figure
3.8b) of redox-responsive stomatocyte nanomotors at both 30 and 37 ºC showed directional
autonomous movement as was demonstrated in our previous studies.36 Compared to 30 ºC,
higher MSD and speed values were observed at 37 ºC in presence of hydrogen peroxide fuel
due to the higher catalytic efficiency of platinum nanoparticles. However, almost Brownian
motion of the sensitive nanomotors after treatment with glutathione was observed. (the
nanomotor aggregates were suspended by sonication) The MSD curve showed a typical shape
(linear shape) and size for Brownian motion (Figure 3.8a), which was similar to the behavior of
nanomotors in the absence of hydrogen peroxide fuel. In the presence of glutathione reducing
agent, the PEG shell of the redox responsive nanomotor was cleaved, destabilizing the selfassembled structure. In addition, the hydrophobicity of the resulting system led to further
aggregation.
Furthermore, representative tracking trajectories of redox-responsive stomatocyte
nanomotors before and after the addition of glutathione were presented in Figure 3.8c.
The trajectory of sensitive nanomotors after degradation exhibited Brownian motion as
expected, while directional motion was observed before incubation of glutathione indicating
active self-propulsion. Directionality was also used for characterization of motion behavior
of our nanomotors.44 The directionality is calculated by comparing the Euclidian distance to
the accumulated distance in a certain time interval. Here the value of directionality over a
long time interval (around 1 second) was used to distinguish between non-Brownian and
Brownian motion. (Figure 3.8d) For sensitive nanomotors in hydrogen peroxide at 30 ºC, the
directionality was calculated to be 0.690, indicating directional non-Brownian motion. When the
system was heated up to 37 ºC the value increased further to 0.741. However, the directionality
calculated at 30 ºC decreased to 0.159 (demonstrated to be Brownian motion) when the
sensitive nanomotors were dismantled by the reducing agent glutathione, further confirming
that our sensitive nanomotor lost its motility after the cleavage of the PEG shell.
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Figure 3.8 | Motion evaluation of redox-sensitive stomatocyte nanomotors. a, Mean square displacement
(MSD) of redox-sensitive stomatocyte nanomotors before and after degradation at different temperatures in the
presence of hydrogen peroxide. Hydrogen peroxide (final concentration was 4.98 mM) was added to the 1 mL
motor solution, and Nanosight NS500 was used to measure the motion of the nanomotor at different temperatures
b, Velocity of redox-sensitive stomatocyte nanomotors before and after degradation at different temperatures in the
presence of hydrogen peroxide. The respective velocities were calculated via fitting with MSD. Directional motion
was fitted using the equation (4D)Δt + (v2)(Δt2), and Brownian motion was fitted using the equation (4D)Δt. Error
bars indicate the s.d. of the velocity of 20 motors. c, Trajectories of redox-sensitive stomatocyte nanomotors. d,
Directionality of redox-sensitive stomatocyte nanomotors. Directionality was averaged from 20 motors.

3.3 Conclusions
In summary, we have demonstrated the successful design of a multifunctional self-propelled
stomatocyte nanomotor with redox responsive behavior by introducing a disulfide bridge
between the hydrophobic and hydrophilic blocks of the block copolymer constituents. Due
to redox-sensitive property of the disulfide bond, reducing agent glutathione could be used
to degrade the nanomotor system at physiological concentrations. TEM, SEM, DLS and
diffusion NMR results confirmed the redox responsiveness. The system is able to sense its
local environment, in this case the presence of reducing agents, which cleaves the external PEG
shell, thereby disabling the nanomotor motion. As an endogenous reducing agent, glutathione
is commonly found in higher concentration in intracellular compartments compared to
extracellular compartments, which makes our redox-responsive nanomotor promising for drug
delivery applications in the future.
78

Redox-sensitive Disassembly of Stomatocyte Nanomotors

3.4 Acknowledgements
This work was supported by the European Research Council under the European Union’s
Seventh Framework Programme (FP7/2007-2012)/ERC-StG 307679 “StomaMotors”. We
acknowledge support from the Ministry of Education, Culture and Science (Gravitation program
024.001.035). D.A.W. acknowledges financial support from NWO Chemische Wetenschappen
VIDI grant 723.015.001. F. Peng acknowledges funding from the China scholarship council.

3.5 Experimental
3.5.1 Materials
Unless stated otherwise, all reagents and chemicals were used without further purification.
Styrene (Sigma-Aldrich) was distilled before polymerization to remove the inhibitor. CuBr
purchased from Sigma-Aldrich for Atom Transfer Radical Polymerization (ATRP) was washed
with acetic acid, followed by methanol for three times and subsequently stored under Ar.
Tetrahydrofuran (THF) for the ATRP reaction was freshly distilled under argon from sodium/
benzophenone. MilliQ water obtained with a MilliQ QPOD purification system (18.2 MΩ)
was used for self-assembly and dialysis of polymersomes/stomatocytes. Spectra/Por® Dialysis
Membrane (MWCO: 12-14,000 Da) was used for dialysis of polymersomes/stomatocytes.
Poly(vinyl pyrrolidone) (PVP, Mn 10 kg/mol), poly(ethylene glycol) methyl ether (Mn 2 kg/
mol), L (+) ascorbic acid, magnesium sulfate, sodium chloride, ethylenediaminetetraacetic
acid (EDTA), potassium tetrachloroplatinate (II) (K2PtCl4), 1-phenyl-1-trimethylsiloxyethene,
3,3’-dithiodipropionic acid (DTDP), α-bromoisobutyryl bromide, 4-(dimethylamino)pyridine
(DMAP), N,N’-dicyclohexylcarbodiimide (DCC), N,N,N’,N’’,N’’-pentamethyldiethylenetriamine
(PMDETA), chloroform-d (CDCl3) and 2-hydroxyethyl 2-bromoisobutyrate were purchased
from Sigma-Aldrich. THF and anisole were obtained from Acros. MeOH, triethylamine and
hydrogen peroxide were purchased from J.T. Baker. Diethyl ether (Carlo erba Reagents),
1,4-dioxane (Biosolve BV) and dichloromethane (CH2Cl2, Fisher Chemical) were used as
received.

3.5.2 Instruments
Routine NMR spectra were recorded on a Varian Inova 400 spectrometer with CDCl3 as
a solvent. Malvern Zetasizer Nano ZS was used for dynamic light scattering (DLS) analysis
with the following settings: temperature 25 °C, He-Ne laser wavelength 633 nm and detector
angle 173°. For transmission electron microscopy, a JEOL 1010 Transmission Electron
Microscope with MegaView Soft Imaging camera at an acceleration voltage of 60 kV was used.
JEOL 6330 Cryo Field Emission Scanning Electron Microscope was used for acquiring SEM
images. Diffusion measurements were performed at 298 K on a Bruker Avance III 500 MHz
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spectrometer equipped with a BBFO probe. The maximum z-gradient for the probe is 53.5 G/
cm. Diffusion measurements were calibrated to pure methanol and ethylene glycol. The pulse
sequence incorporated delays for eddy currents to dissipate and bipolar gradients for encoding
and decoding diffusion information. Nanoparticle tracking analysis (NTA) of stomatocyte
nanomotors was performed on a NanoSight NS500.

3.5.3 Synthetic procedures, self-assembly and characterizations
Synthesis of α-methoxy-poly(ethylene glycol)44 ATRP macromolecular initiator (1)
Poly(ethylene glycol) methyl ether (5.00 g, 2.50 mmol) was dried by co-evaporation with
toluene. The polymer was dissolved in freshly distilled THF in a flamed-dried Schlenk flask. After
adding triethylamine (1.04 mL, 7.50 mmol), the mixture was cooled to 0 °C. α-bromoisobutyryl
bromide (616 μL, 5.00 mmol) was added dropwise. After addition, the resulting solution was
stirred for 24 h while slowly warming to room temperature. After the reaction, the white
precipitate was filtered off and the solution was concentrated. The polymer was precipitated in
ice-cold diethyl ether (3x) and dried under vacuum overnight. The product was obtained as a
white solid (4.51 g, 84%). SEC (THF, polystyrene calibration): Mn=2.2 × 103 g/mol, Mw/Mn=1.05.
The polymer was characterized by 1H-NMR in CDCl3.
H-NMR (400 MHZ, CDCl3) δ: 4.33 (t, CH2CH2OC(O)C(CH3)2Br), 3.76 (t, CH2CH2OC(O)
C(CH3)2Br), 3.65 (br. s, PEG backbone), 3.55 (m, CH3OCH2), 3.38 (s, CH3OCH2), 1.94 (s,
C(CH3)2Br) ppm.
1

Synthesis of poly(ethylene glycol)-b-polystyrene (2)
The Schlenk tube with CuBr (45 mg, 0.32 mmol) was evacuated for 15 min and refilled with
Ar for three times. PMDETA (66 μL, 0.32 mmol) in anisole (0.5 mL) was added, followed by
15 min vigorously stirring. Styrene (5 mL, 43.6 mmol) in anisole (0.5 mL) was added via a
syringe and degassed for 15 min. After cooling the mixture to 0 °C, PEG-initiator (215 mg, 0.1
mmol) dissolved in anisole (0.5 mL) was injected and the solution was degassed for another
15 min. The Schlenk tube was transferred into an oil bath at 90 °C. 1H-NMR was used for
monitoring the reaction process. Upon attainment of the required molecular weight, 1-phenyl1-trimethylsiloxyethene (1.91 mL, 9.28 mmol) was added to quench the polymerization. The
reaction was terminated by cooling to room temperature after stirring for 2h. The solution
was diluted with CH2Cl2 and extracted with an aqueous EDTA solution (65 mM). The organic
layer was collected and dried with MgSO4 and concentrated. The polymer was obtained after
precipitation in MeOH (3x) and dried under vacuum overnight. The product was obtained as a
white solid (2.1 g, 87%). SEC (THF, polystyrene calibration): Mn=2.3 × 104 g/mol, Mw/Mn=1.07.
The polymer was characterized by 1H-NMR in CDCl3.
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H-NMR (400 MHZ, CDCl3) δ: 7.20-6.30 (br. s, PS arom.), 3.64 (br. s, PEG backbone), 3.38 (s,
CH3OCH2), 2.30-1.20 (br. s, PS backbone), 0.90 (br. m, C(O)C(CH3)2CH2) ppm.
1

Synthesis of PEG-SS-COOH (3)
PEG-SS-COOH was synthesized according to the literature.40 Poly(ethylene glycol) methyl
ether (8.00 g, 4 mmol) was dried by co-evaporation with toluene for three times. Then the
polymer, DTDP (1.57 g, 7.5 mmol), DCC (1.60 g, 8 mmol), DMAP (0.48 g, 4 mmol) and
triethylamine (0.41 g, 4 mmol) were dissolved in freshly distilled THF in a flamed-dried Schlenk
flask. The resulting solution was stirred for 2 days. After the reaction, the white precipitate
dicyclohexylurea (DCU) was filtered off and the solution was concentrated. The polymer was
precipitated in ice-cold diethyl ether (3x) and dried under vacuum overnight. The product was
obtained as a white solid (6.0 g, 64%). SEC (THF, polystyrene calibration): Mn=2.1 × 103 g/mol,
Mw/Mn=1.05. The polymer was characterized by 1H-NMR in CDCl3.
H-NMR (400 MHZ, CDCl3) δ: 3.66 (s, CH2CH2O), 3.40 (s, OCH3), 2.91-2.99 (m,
CH2CH2SSCH2CH2), 2.73-2.81 (m, CH2CH2SSCH2CH2) ppm.
1

Synthesis of PEG-SS-Br ATRP macroinitiator (4)
PEG-SS-Br macroinitiator was synthesized according to the literature.40 PEG-SS-COOH
(2.10 g, 1 mmol), DMAP (122 mg, 1 mmol), DCC (413 mg, 2 mmol) and 2-hydroxyethyl
2-bromoisobutyrate (422 mg, 2 mmol) were dissolved in freshly distilled CH2Cl2. The mixture
was stirred at room temperature for 2 days. Byproduct DCU was removed by filtration. The
filtrate was concentrated and precipitated in ice-cold diethyl ether (3x) and dried under vacuum
overnight. The product was obtained as a white solid (1.3 g, 56%). SEC (THF, polystyrene
calibration): Mn=2.3 × 103 g/mol, Mw/Mn=1.08. The polymer was characterized by 1H-NMR in
CDCl3.
H-NMR (400 MHZ, CDCl3) δ: 4.38 (d, COOCH2CH2COO), 3.65 (s, CH2CH2O), 3.38 (s,
OCH3), 2.91-2.94 (t, CH2CH2SSCH2CH2), 2.75-2.79 (t, CH2CH2SSCH2CH2), 1.94 (s, C(CH3)2Br)
1

Synthesis of PEG-SS-PS (5)
The Schlenk tube with CuBr (45 mg, 0.32 mmol) was evacuated for 15 min and refilled with
Ar for three times. PMDETA (66 μL, 0.32 mmol) in anisole (0.5 mL) was added, followed by 15
min vigorously stirring. Styrene (5 mL, 43.6 mmol) in anisole (0.5 mL) was added via a syringe
and degassed for 15 min. After cooling the mixture to 0 °C, PEG-SS-Br macroinitiator (230 mg,
0.1 mmol) dissolved in anisole (0.5 mL) was injected and the solution was degassed for another
15 min. The Schlenk tube was transferred into an oil bath at 90 °C. 1H-NMR was used for
monitoring the reaction process. Upon attainment of the required molecular weight, 1-phenyl1-trimethylsiloxyethene (1.91 mL, 9.28 mmol) was added to quench the polymerization. The
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reaction was terminated by cooling to room temperature after stirring for 2h. The solution
was diluted with CH2Cl2 and extracted with an aqueous EDTA solution (65 mM). The organic
layer was collected and dried with MgSO4 and concentrated. The polymer was obtained after
precipitation in MeOH (3x) and dried under vacuum overnight. The product was obtained as a
white solid (1.5 g, 58%). SEC (THF, polystyrene calibration): Mn=2.0 × 104 g/mol, Mw/Mn=1.10.
The polymer was characterized by 1H-NMR in CDCl3.
H-NMR (400 MHZ, CDCl3) δ: 7.20-6.30 (br. s, PS arom.), 3.64 (br. s, PEG backbone), 3.38 (s,
CH3OCH2), 2.30-1.20 (br. s, PS backbone), 0.90 (br. m, C(O)C(CH3)2CH2) ppm.
1

Preparation of PtNPs with PVP coating
4 mL K2PtCl4 solution (20 mM) was added into 40 mg PVP, followed by 48 hours stirring.
After that, 35 mg L (+) ascorbic acid in 1 mL of MilliQ water was added into the solution. The
resulting solution was sonicated at room temperature for 1 h.
Self-assembly of stomatocyte or redox-sensitive stomatocyte
10 mg PEG-b-PS (or 10 mg PEG-SS-PS) was fully dissolved in 1 mL mixture of THF/dioxane
(4:1, v/v). 1 mL of MilliQ water was slowly added into the solution by a syringe pump at a rate
of 1 mL/h. After vigorous dialysis for at least 48 hours, regular stomatocytes or redox-sensitive
stomatocytes were obtained.
Self-assembly of stomatocyte nanomotor or redox-sensitive stomatocyte nanomotor
10 mg PEG-b-PS (or 10 mg PEG-SS-PS) was fully dissolved in 1 mL mixture of THF/dioxane (4:1,
v/v). 0.35 mL of MilliQ water was slowly added by a syringe pump at a rate of 1 mL/h, followed
by addition of preformed PtNPs solution (0.65 mL) also at a rate of 1 mL/h. After dialysis for
at least 48 hours, stomatocyte nanomotors or redox-sensitive stomatocyte nanomotors were
obtained.
Diffusion NMR measurements
Bruker DMX 500 MHz NMR was used for Diffusion NMR measurements. Diffusion NMR
experiments resolve different compounds spectroscopically in a mixture based on their differing
diffusion coefficients, depending on the size and shape of the molecules. Redox-sensitive
stomatocytes after glutathione treatment were centrifuged and the resulting supernatant was
replaced by D2O. PEG cleaved from redox-sensitive stomatocytes after degradation and free
PEG in D2O were measured respectively and diffusion coefficients were calculated according
to the equation B+exp(-x*F) (Mono-exponential Fit).
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Movement analysis
Nanoparticle Tracking Analysis (NS 500) from Nanosight was used to record the movement of
the motors for 90 seconds (30 frames per second) at different temperatures, namely 30 and 37
ºC. Redox-sensitive stomatocyte nanomotors before and after the treatment of glutathione in
presence of H2O2 were measured respectively. The fitting of the MSD allows for calculation of
the speed of the nanomotors by using the self-diffusiophoretic model proposed by Golestanian
and coworkers. While a purely diffusive system would show only a linear component according
to (4D)∆t equation from which an enhanced diffusion coefficient can be extracted, our MSD
curves are not linear and show a parabolic fit according to the equation (4D)∆t +(v2)(∆t2) from
which we can extract the velocity of the particles. Chemotaxis and Migration Tool 2.0 from Ibidi
Company was used for directionality calculation.
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31. Wu, Y., Lin, X., Wu, Z., Möhwald, H. & He, Q. Self-Propelled Polymer Multilayer Janus Capsules for Effective Drug
Delivery and Light-Triggered Release. ACS Appl. Mater. Interfaces 6, 10476-10481 (2014).
32. Garcia‐Gradilla, V., et al. Ultrasound‐Propelled Nanoporous Gold Wire for Efficient Drug Loading and Release.
Small 10, 4154-4159 (2014).
33. Ganta, S., Devalapally, H., Shahiwala, A. & Amiji, M. A Review of Stimuli-Responsive Nanocarriers for Drug and
Gene Delivery. J. Controlled Release 126, 187-204 (2008).
34. Mura, S., Nicolas, J. & Couvreur, P. Stimuli-Responsive Nanocarriers for Drug Delivery. Nat. Mater. 12, 991-1003
(2013).
35. Saito, G., Swanson, J.A. & Lee, K.-D. Drug Delivery Strategy Utilizing Conjugation via Reversible Disulfide Linkages:
Role and Site of Cellular Reducing Activities. Adv. Drug Deliv. Rev. 55, 199-215 (2003).
36. Wilson, D.A., Nolte, R.J. & Van Hest, J.C. Autonomous Movement of Platinum-Loaded Stomatocytes. Nat. Chem. 4,
268-274 (2012).
37. Peng, F.,Tu,Y., Men,Y., van Hest, J. & Wilson, D.A. Supramolecular Adaptive Nanomotors with Magnetotaxis Behavior.
Adv. Mater. 29, 1604996 (2017).
38. Abdelmohsen, L.K., et al. Dynamic Loading and Unloading of Proteins in Polymeric Stomatocytes: Formation of an
Enzyme-Loaded Supramolecular Nanomotor. ACS Nano 10, 2652-2660 (2016).
39. Nijemeisland, M., Abdelmohsen, L.K., Huck, W.T., Wilson, D.A. & van Hest, J.C. A Compartmentalized Out-ofEquilibrium Enzymatic Reaction Network for Sustained Autonomous Movement. ACS Cent. Sci. 2, 843-849 (2016).
40. Yuan, W., Zou, H., Guo, W., Shen,T. & Ren, J. Supramolecular Micelles with Dual Temperature and Redox Responses
for Multi-Controlled Drug Release. Polym. Chem. 4, 2658-2661 (2013).
85

3

Chapter 3

41. Kim, K.T., et al. Polymersome Stomatocytes: Controlled Shape Transformation in Polymer Vesicles. J. Am. Chem. Soc.
132, 12522-12524 (2010).
42. Meeuwissen, S.A., Kim, K.T., Chen, Y., Pochan, D.J. & van Hest, J. Controlled Shape Transformation of Polymersome
Stomatocytes. Angew. Chem. Int. Ed. 50, 7070-7073 (2011).
43. Howse, J.R., et al. Self-Motile Colloidal Particles: From Directed Propulsion to Random Walk. Phys. Rev. Lett. 99,
048102 (2007).
44. Kline, T.R., Paxton, W.F., Mallouk, T.E. & Sen, A. Catalytic Nanomotors: Remote‐Controlled Autonomous Movement
of Striped Metallic Nanorods. Angew. Chem. Int. Ed. 44, 744-746 (2005).

86

Redox-sensitive Disassembly of Stomatocyte Nanomotors

3

87

Chapter 4
Self-propelled Supramolecular
Nanomotors with TemperatureResponsive Speed Regulation

This chapter has been published in:
Tu, Y.; Peng, F.; Sui, X.; Men, Y.; White, P. B.; van Hest, J. C. M.; Wilson, D. A. Self-propelled
supramolecular nanomotors with temperature-responsive speed regulation. Nat. Chem. 2017,
9, 480-486.

Chapter 4

Abstract
Self-propelled catalytic micro and nanomotor has been the subject of intense study over the
past few years, but it remains a continuing challenge to build in an effective speed-regulation
mechanism. Movement of these motors is generally fully dependent on the concentration of
accessible fuel, with propulsive movement only ceasing when the fuel consumption is complete.
In this chapter we report a demonstration of control over the movement of self-assembled
stomatocyte nanomotors via a molecularly built, stimulus-responsive regulatory mechanism.
A temperature-sensitive polymer brush is chemically grown onto the nanomotor, whereby
the opening of the stomatocytes is enlarged or narrowed on temperature change, which thus
controls the access of hydrogen peroxide fuel and, in turn, regulates movement. To the best of
our knowledge, this represents the first nanosized chemically driven motor for which motion can
be reversibly controlled by a thermally responsive valve/brake. We envision that such artificial
responsive nanosystems could have potential applications in controllable cargo transportation.
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4.1 Introduction
Recent advances in artificial micro and nanomotors1-3 have brought their potential applications
in the biomedical sciences closer.4-9 Starting from the first centimeter-scale motors,10 micro and
nanotubular engines,11-14 wires,15,16 helices,17,18 rods,19-21 Janus motors22-24 and self-assembled
polymeric motors8,25-27 scientists used both top-down or bottom-up approaches to design motors
with high speeds and improved efficiency. These classes of motors can convert chemical fuel
(such as hydrogen peroxide,21,28-30 hydrazine,31 acid,32,33 water,34 glucose27,35 and urea24) or external
energy such as magnetic fields,17,36,37 ultrasound,19,38 electricity,39,40 light41-43 or even organisms44 into
mechanical motion.45 Recently, new avenues to control the directionality of the nanomotors by
mimicking taxis behavior inspired by nature were shown. These types of systems are however still
based on external factors for the directional control of motion such as the presence of a gradient.8
One of the limitations of current micro and nanomotor systems is therefore still the limited control
over their speed.46-49 Some level of manipulation of the movement of micron-sized motors was
previously achieved either by disassembling the whole micromotor under a thermal stimulus47 or by
chemically inhibiting the catalytic enzymatic system.49 The latter required sequential steps of inhibition
and reactivation via addition of chemicals followed by multiple washings, which is not very practical
for biomedical applications. Motor systems would be more versatile if equipped with a molecularly
built stimuli-responsive valve or brake,50 thus controlling and regulating the motion under the stimuli
without changing the shape or assembly of the motor itself or by affecting its catalytic activity. Such
property is particularly desirable for applications in the biomedical field and nanorobotics.
In our previous work, we demonstrated the formation of self-assembled nanomotors, based on
bowl-shaped polymer vesicles, known as stomatocytes, in which catalytic platinum nanoparticles
were entrapped.25 The narrow opening of the bowl shape structures serves as an outlet for the
oxygen generated during the catalytic decomposition of the hydrogen peroxide fuel. Hydrogen
peroxide is found naturally in the human body, especially in diseased areas such as tumor tissue and
sites of inflammation. According to the literature,51 human tumor cell lines can produce hydrogen
peroxide at rates of up to 0.5 nmol per 104 cells per h which is significant when related to the size
of the tumor.Therefore nanomotor systems running on low concentrations of hydrogen peroxide
with further ability to sense changes in the environment and regulate their speed and behavior via
a stimuli-responsive valve or brake would be very attractive for biomedical applications.
In this chapter we demonstrate the first nanomotor system with complete control over its
speed by chemically attaching a stimulus-responsive valve system (polymer brush) to our engine
that allows control of the motion of the nanovesicles without changing the catalyst activity
or shape of the motor (Figure 4.1). This doesn’t require the addition of chemicals into the
system but instead the nanomotor is able to probe the environment and change its behavior
by sensing the change in the outside temperature. Stimulus-responsive polymer brushes52 made
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of surface-tethered macromolecules are commonly known and have been widely applied in
many areas, including the biomedical field.53-55 Changes in the external environment (e.g.,
temperature, pH, light or redox states) can generally trigger a sharp and large response in the
structure and properties of these grafted polymer layers.56 Various polymer brushes have been
synthesized via the SI-ATRP approach on different substrates using surface-attached initiators,57
which allows accurate control of the structure and properties of the polymer brushes.

a

b

c

d

Figure 4.1 | Fabrication of polymeric stomatocyte nanomotors with thermo-sensitive brakes. a, Chemical
structure of block copolymer PEG-b-PS and functionalized polymer Br-PEG-b-PS used for stomatocyte assembly. The
polymers were synthesized via ATRP of styrene starting from a PEG macroinitiator. b, Schematic representation of
the formation of PtNPs-loaded stomatocytes with ATRP initiator (PtNPs-Stoma-Br) and the subsequent growth of
PNIPAM brushes by SI-ATRP on the surface of the stomatocytes. Polymersomes are formed by the self-assembly of
PEG-b-PS and Br-PEG-b-PS in organic solvent. PtNPs were added subsequently and then entrapped during the shape
transformation to form PtNPs-Stoma-Br. PtNPs-Stoma-Brush were obtained after polymerization of PNIPAM brush in
10% methanol for 30 min. c and d, Schematic representation of reversible control over the speed of PNIPAM modified
stomatocyte motors by changing the temperature. Collapse of PNIPAM brushes takes place resulting in the covering of
the opening of stomatocytes when the temperature is increased above the LCST of PNIPAM.
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By functionalizing the surface of the stomatocytes with a poly(N-isopropyl acrylamide)
(PNIPAM) polymer brush via SI-ATRP a temperature-responsive polymer layer is introduced.
Due to PNIPAM’s well-known LCST behavior,58 increasing the temperature above its transition
temperature leads to the collapse of the brushes, producing a hydrophobic layer on top of the
small opening of the stomatocytes (less than 5 nm); this closes the aperture and prevents easy
access of the fuel (hydrogen peroxide) inside the nanomotor (Figure 4.1c,d). Due to the lack
of fuel, the propelling movement of the motor will cease. The long molecularly built brushes
function as a reversible brake system onto the nanomotors by controlling and regulating the
access of the fuel inside the catalytic bowl shape structures with temperature. As the LCST
behavior is reversible, by adjusting the temperature, the collapse of the PNIPAM brushes can
be switched on and off, functioning thus as a regulatory mechanism to control the speed of the
nanomotor (Figure 4.1). This is in our view an elegant example of a brake system that doesn’t
affect the catalytic activity or the shape of the motor but only its motion. It is also the closest
mimic of a brake as found in automated cars from the macroscopic world.

4.2 Results and discussion
Assembly of the Motor and Chemical Attachment of the Valve. Polymeric stomatocytes
with ATRP initiator moieties on the surface, were prepared by mixing poly(ethylene glycol)b-polystyrene (PEG44-b-PS212, PDI=1.07), prepared via standard ATRP procedures, with
a-bromo ester functional-poly(ethylene glycol)-b-polystyrene (Br-PEG44-b-PS238, PDI=1.20).
After confirming successful attachment of the ATRP initiator onto the polymer by 2D Nuclear
Magnetic Resonance Spectroscopy (2D-NMR, Heteronuclear Multiple Bond Correlation,
Figure 4.2), the block copolymers were dissolved in an organic solvent mixture (THF: dioxane
= 4: 1, V/V). MilliQ water was subsequently slowly added into the solution resulting in the
self-assembly into flexible polymersomes. PtNPs were then entrapped during the shape
transformation upon dialysis from thermodynamically stable spherical morphologies to the
kinetically bowl-shaped stomatocytes. After vigorous dialysis for at least 48 hours to remove
the organic solvent and vitrify the membrane, PtNPs-loaded stomatocytes (PtNPs-Stoma)
and PtNPs-loaded stomatocytes with ATRP initiators (PtNPs-Stoma-Br) on the surface were
obtained. From dynamic light scattering (DLS), no significant difference in the size of the
structures was observed after introducing the ATRP initiator. (See Table 4.1)
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Figure 4.2 | Characterization of functional polymer Br-PEG-b-PS. Comparison of Heteronuclear Multiple Bond
Correlation (HMBC) signal of Br-PEG-b-PS (red) with that of α-bromoisobutyryl bromide (green). The HMBC signal
of the methyl group (1) from Br-PEG-b-PS (red) correlated with the other methyl group (3, δ13C=32.50 ppm), the
quaternary carbon (2, δ13C=62.90 ppm) and the neighboring carbonyl group (4, δ13C=172.27 ppm). The significant shift
of the signals compared to that of non-conjugated α-bromoisobutyryl bromide (green, δ13C=30.95 ppm, 65.99 ppm
and 170.64 ppm respectively), confirmed the successful attachment of the ATRP initiator onto the polymer.

Table 4.1 | Size of stomatocytes and stomatocytes after growing brush
Before growing brush/nm

After growing brush/nm

0% PtNPs-Stoma-Br

337 (PDI=0.150)

434 (PDI=0.062)

10% PtNPs-Stoma-Br

341 (PDI=0.177)

689 (PDI=0.060)

Cryo-Transmission Electron Microscopy (Cryo-TEM) measurements at different angles
(Figure 4.3a) showed that PtNPs were indeed encapsulated in the cavity of the stomatocyte.
Transmission electron microscopy (TEM) analysis confirmed the formation of stomatocytes
with similar small openings for both stomatocytes (Figure 4.3b) and also the encapsulation of
PtNPs (Figure 4.3c).
In order to switch the motors on and off in a controllable fashion, thermo-sensitive PNIPAM
brushes were grown onto the surface of PtNPs-Stoma-Br by SI-ATRP, using 10 mol% of initiator
functional PEG-b-PS (PEG-b-PS: Br-PEG-b-PS=9:1).The polymerization of the PNIPAM brushes
took place in 10% methanol solution (v/v) with CuBr/PMDETA as catalyst/ligand under argon
pressure for 30 min. After dialysis for 2 days, PtNPs-loaded stomatocytes with PNIPAM brushes
(PtNPs-Stoma-Brush) were obtained.To confirm the successful growth of the polymer brushes,
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the structures were characterized by using several imaging techniques. Transmission electron
microscopy images showed the presence of stomatocyte motors with rough surfaces, most
probably due the growth of the PNIPAM brushes. (Figure 4.3d) The size of the stomatocyte
nanomotors, measured by DLS at room temperature (Table 4.1), also increased accordingly
after SI-ATRP from 341 nm to 689 nm, indicating again the presence of PNIPAM brushes. The
average length of the PNIPAM brushes was furthermore calculated using 1H-NMR spectroscopy.
Stomatocytes with PNIPAM brushes (Stoma-Brush) were freeze-dried after dialysis and the
resulting stomatocyte powder was dissolved and measured by 1H-NMR. After SI-ATRP for 30
min, the degree of polymerization of PNIPAM brushes was determined to be 769, while the
molecular weight was approximately 85 kDa (Molecular weight of PNIPAM was calculated
according to the ratio between PS and PNIPAM).
In order to obtain further confirmation of the presence of the PNIPAM brushes, Energydispersive X-ray spectroscopy (EDX) was used to map the presence of certain elements on
the stomatocytes. Significant Br enrichment was found for the mixed stomatocytes (StomaBr) (Figure 4.3f) compared to normal stomatocytes without ATRP initiator present (Stoma)
(Figure 4.3e). After the growth of PNIPAM brushes on the stomatocytes, N enrichment was
also observed due to the amide moieties in the NIPAM monomers (Figure 4.3g).
To fully confirm the covalent attachment of the PNIPAM to the stomatocytes we used diffusion
NMR to measure the diffusion coefficients of PNIPAM on the self-assembled Stoma-Brush
compared to free PNIPAM. Due to the high viscosity of deuterium oxide (D2O), Methanol-D4
(MeOD) was used for diffusion measurements, in which the stomatocytes also proved to be
stable. From Figure 4.4, resonances specific to PNIPAM in the sample of Stoma-Brush at around
1.20 ppm and 4.00 ppm were observed. The PEG-b-PS block copolymers were not visible due
to their self-assembled state and the coverage with PNIPAM. After fitting the decay curve of
the NMR intensity, the diffusion coefficient of the PNIPAM brushes on the stomatocytes was
determined to be 6.09*10-8 cm2/s (Figure 4.4d). The diffusion coefficient of free PNIPAM
(molecular weight: 23 kDa) obtained in MeOD was 9.93*10-7 cm2/s (Figure 4.4b).
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Figure 4.3 | Characterization of Stoma, Stoma-Br, PtNPs-Stoma and PtNPs-Stoma-Brush. a, Cryo-TEM
measurements of PtNPs-Stoma (same vesicle) at different angles, namely -45°, 0° and 45°, which demonstrated that
PtNPs were indeed loaded in the cavity of stomatocyte; b, TEM measurements of Stoma-Br; c, TEM image of PtNPsStoma-Br; d, TEM image of PtNPs-Stoma-Brush; e, EDX signals of Stoma with element of Br (red) and N (green); f,
EDX signals of Stoma-Br with element of Br (red) and N (green); g, EDX signals of PtNPs-Stoma-Brush with element
of Pt (purple) and N (green). Scale Bar: 200 nm.
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Figure 4.4 | Diffusion NMR measurements of free PNIPAM and Stoma-Brush in MeOD. a, Diffusion NMR
spectrum of free PNIPAM (23k Da) in MeOD; b, Fitting curve of the diffusion coefficient of free PNIPAM (23k Da);
c, Diffusion NMR spectrum of Stoma-Brush in MeOD; d, Fitting curve of the diffusion coefficient of Stoma-Brush.
PNIPAM peaks at around 1.2 ppm and 4.0 ppm were observed from the NMR spectrum. After fitting with the equation
(Mono-exponential Fit, B+exp(-x*F)), DY (diffusion coefficient from PNIPAM at 1.2 ppm) and DY1 (diffusion coefficient
from PNIPAM at 4.0 ppm) were obtained. DY,Y1 was the average of DY and DY1. DY2 was the diffusion coefficient from
MeOD at 3.3 ppm. The diffusion coefficient of free PNIPAM with 23k Da was 16 times higher than that of grown
PNIPAM brushes, showing the covalent linkage of PNIPAM layer on the surface of stomatocytes.

When a higher molecular weight of free PNIPAM (100 kDa) was used, the diffusion coefficient
of PNIPAM was lowered slightly, as expected, to 6.48*10-7 cm2/s (See Figure 4.5a,b). As the
diffusion coefficient of PNIPAM brushes attached to the stomatocyte is more than one order
of magnitude smaller compared to free PNIPAM, this is a clear indication that the PNIPAM
brushes are indeed chemically linked to the stomatocyte. To make sure this observation is not
caused by physical interaction of the brushes with the surface of the self-assembled structures,
we also performed diffusion NMR on a physical mixture of Stoma and free PNIPAM (23 kDa).
The diffusion coefficient obtained was around 7.77*10-7 cm2/s (See Figure 4.5c,d), which was
similar to free PNIPAM, confirming that free PNIPAM does not significantly interact with the
surface of stomatocytes.
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Figure 4.5 | Diffusion NMR measurements. a, Diffusion NMR of free PNIPAM (100 kDa) in MeOD; b, Fitting
curve of diffusion coefficient of free PNIPAM (100 kDa); c, Diffusion NMR of mixture of Stoma and free PNIPAM
(23 kDa) in MeOD; d, Fitting curve of diffusion coefficient of mixture of Stoma and free PNIPAM (23 kDa). PNIPAM
peaks at around 1.2 ppm and 4.0 ppm were observed from the NMR spectrum. After fitting with the equation (Monoexponential Fit, B+exp(-x*F)), DY (diffusion coefficient from PNIPAM at 1.2 ppm) and DY1 (diffusion coefficient from
PNIPAM at 4.0 ppm) were obtained. DY,Y1 was the average of DY and DY1(4.0 ppm). DY2 was the diffusion coefficient
from MeOD at 3.3 ppm. The diffusion coefficient of MeOD was much lower than that of PNIPAM as expected. The
diffusion coefficients of MeOD obtained from different measurements were almost the same, which indicated nice
repeatability of diffusion NMR.

The formation of PNIPAM brushes was further confirmed by Fourier Transform infrared
spectroscopy (FT-IR); specific peaks of PNIPAM around 3650-3120 cm-1 (OHstr, NHstr) and 17001400 cm-1 (C=Ostr, amide) appeared in the IR spectrum after SI-ATRP and were comparable
with the literature59. After establishing the chemical structure of the PtNPs-Stoma-Brush, the
particles were heated above the LCST of PNIPAM to experience a collapse of the polymer
brushes. Using DLS measurements, as expected the size of the stomatocytes decorated with
PNIPAM brushes decreased sharply from 689 nm to 453 nm after heating (from 25 ºC to 40
ºC, especially around 35 ºC, the LCST of PNIPAM) (Figure 4.6a)
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Figure 4.6 | Characterization of PNIPAM brushes on stomatocytes. a, Temperature effect on the sizes of PtNPsStoma and PtNPs-Stoma-Brush.The difference in sizes between PtNPs-Stoma and PtNPs-Stoma-Brush were compared
during heating from 25 ºC to 40 ºC. Error bars indicate the standard deviation of three replicating measurements; b,
Three heating cycles of PtNPs-Stoma-Brush from 25 ºC to 40 ºC. Size of PtNPs-Stoma-Brush was measured during
the heating cycle by DLS. Another heating cycle was operated after cooling to room temperature of the same sample.
Error bars indicate the standard deviation of three replicating measurements.

No obvious size change was observed for normal stomatocytes, the size only slightly decreased
from 412 nm to 403 nm during the temperature increase.The reversible temperature-responsive
behavior of the PNIPAM brushes was also confirmed by DLS measurements, showing three
identical heating and cooling cycles (from 25 ºC to 40 ºC) for the PtNPs-Stoma-Brush. (Figure
4.6b) The PtNPs-Stoma-Brush proved to be colloidally stable as long as they were kept at a
temperature below the LCST of PNIPAM. Strong aggregation and irreversible behavior was
observed only when the samples were kept above the LCST of PNIPAM for several days. This
is most probably due to interaction between the hydrophobic PNIPAM brushes.
To demonstrate the formation of a hydrophobic layer around the stomatocyte when the
particles were heated above the LCST of PNIPAM and the ability to regulate the access of
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the fuel, the hydrophobic Nile red was used as model dye. Nile red is almost non-fluorescent
in water but undergoes fluorescence enhancement and large absorption and emission blue
shifts in hydrophobic environments. Small amounts of Nile red in DMF were mixed with
Stoma-Brush (3.8 x 1011 particles/mL, measured by Nanosight) and also with normal Stoma
(3.9 x 1011 particles/mL, measured by Nanosight, similar concentration as for Stoma-Brush),
and the fluorescence intensities of both samples were measured at different temperatures.
We expected that the hydrophobic Nile Red would enter into hydrophobic layer formed by
the PNIPAM brush on the surface of the stomatocytes at higher temperatures (above LCST).
At 40 ºC, the fluorescence intensity of Stoma-Brush (mixing with Nile red) increased almost
70% because of the presence of the hydrophobic PNIPAM, while the intensity of normal Stoma
(with Nile red ) showed only 36% enhancement due to the increased solubility of Nile red at
higher temperature. (Figure 4.7) When the system was cooled back to 30 ºC, the intensity of
the Stoma-Brush decreased by 30% compared to that of normal Stoma (due to the release of
Nile red from the PNIPAM layer). Compared to the intensity at 30 ºC in the beginning, both
samples had higher fluorescence intensity most probably because the extra amount of Nile red
dissolved in the solution at 40 ºC did not diffuse out when the temperature went back to 30
ºC. Reversiblity in hydrophilic-hydrophobic properties of PNIPAM brushes was thus confirmed
during the Nile red experiment.

Stoma
Stoma-Brush

30 ˚C

40 ˚C

back to 30 ˚C

Figure 4.7 | Mixing Stoma and Stoma-Brush with hydrophobic Nile red at different temperatures.
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Testing the Functioning of the Valve/Brake on the Nanomotor. After confirming the
temperature responsiveness of the PNIPAM brushes on the stomatocyte nanomotors, we next
set out to investigate whether this behavior could be used to introduce a temperature-sensitive
regulatory mechanism for the movement of the nanomotors. Nanoparticle-tracking analysis
was used to record in real-time the movement of stomatocyte motors in hydrogen peroxide
solution by video recording the movement of the nanomotors for 90 seconds, each second
containing 30 frames. Furthermore, the NTA technique allows for the simultaneous recording
of the x,y coordinates of multiple particles which were further used in plotting the average
mean square displacement curves of 20 particles. A 4.98 mM hydrogen peroxide solution was
used, in which PtNPs-Stoma (non-functionalized) were dispersed, and the resulting solution
was measured at 30ºC. Fitting of the mean-square displacements (MSD) curves allows for
calculation of the average speed of the nanomotors by using the self-diffusiophoretic model
proposed by Golestanian and coworkers.60 The MSD (Figure 4.8c) and speed (Figure 4.10a)
of the nanomotors in the presence of hydrogen peroxide fuel showed directional autonomous
movement as was demonstrated in our previous studies.25 When the temperature was
increased to 40ºC, the velocity and MSDs increased due to higher catalytic efficiency of PtNPs
towards hydrogen peroxide (See Figure 4.10a and Figure 4.8c). In addition, no visible bubbles
were observed during the measurement under these conditions. When the same experiment
was repeated with PtNPs-Stoma-Brush, slightly lower speeds (Figure 4.10a and Figure 4.9)
were observed at 30 ºC when compared to the non-functionalized nanomotors. We think this
is due to the lower access and penetration of hydrogen peroxide through the PNIPAM brushes.
However, when PtNPs-Stoma-Brush was investigated at 40 ºC a complete hindrance of the
autonomous movement of the nanomotors was observed. The MSD curve showed a typical
shape and size for Brownian motion, which was similar to the behavior of non-functionalized
nanomotors at 40 ºC in the absence of fuel (Figure 4.8b).

We think this is because the collapsed PNIPAM brushes on the surface of the nanomotors
hinder diffusion of hydrogen peroxide into the cavity. When the temperature was lowered to 30
ºC (below the LCST), PNIPAM brushes re-swelled to be water soluble, and hydrogen peroxide
fuel could reenter into the cavity of stomatocytes motors. PtNPs started to decompose the
hydrogen peroxide again to propel the structures.
Interestingly, after one cycle of closing the valve, and returning to 30 ºC, the motors moved at
larger speeds compared to the starting point (Figure 4.10a). Possible reasons for this behavior
might be that during the first cycle a cleaning of the catalyst occurred and consequently the
efficiency of the PtNPs was improved, which was further confirmed by determination of the
catalytic efficiency of PtNPs (Figure 4.11).
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Figure 4.8 | MSD and directionality of stomatocyte nanomotors. a, MSD of PtNPs-Stoma-Brush without H2O2;
b, MSD of PtNPs-Stoma without H2O2; c, MSD of PtNPs-Stoma with H2O2; d, directionality of PtNPs-Stoma-Brush
without H2O2, PtNPs-Stoma with H2O2 and PtNPs-Stoma without H2O2.The directionality was calculated by comparing
the Euclidian distance to the accumulated distance, which represents a measurement of the directionality of trajectories.
Software Chemotaxis and Migration Tool 2.0 from Ibidi Company was used for directionality calculation.

a

b

Figure 4.9 | Average MSD and MSD fitting of PtNPs-Stoma-Brush in the presence of hydrogen peroxide fuel.
“∆t” is not the total time of the video recording and particle monitoring but instead the time difference used for measuring
the deviation over time between the position of the particle and the reference position, which is typically plotted in an
MSD graph. The velocity of a directed motion was extracted from the fitting of the MSD curve by using the equation
(4D)∆t+(v2)(∆t2) while for a Brownian motion, the MSD showed only a linear fitting according to the equation (4D)∆t.
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Figure 4.10 | Motion evaluation of PtNPs-Stoma-Brush and PtNPs-Stoma. a, Velocity of PtNPs-Stoma-Brush/
PtNPs-Stoma in presence of H2O2 at different temperatures and also in different media. 30 μL hydrogen peroxide
(final concentration was 4.98 mM) was added into 1 mL motor solution, and the motion of the nanomotors was
measured at different temperatures and in different media by Nanosight NS 500.Velocities were calculated respectively.
Directional motion was fitted using the equation (4D)∆t +(v2)(∆t2), and Brownian motion was fitted using equation
(4D)∆t. Error bars indicate the standard deviation of the velocity of 20 motors; b, Directionality of PtNPs-Stoma-Brush
at different temperatures. The directionality was calculated by comparing the Euclidian distance to the accumulated
distance, which represented a measurement of the directionality of trajectories. Software Chemotaxis and Migration
Tool 2.0 from Ibidi Company was used for directionality calculation; c, three on-off cycles of PtNPs-Stoma-Brush. Error
bars indicate the standard deviation of the velocity of 20 motors; d, the motion of PtNPs-Stoma-Brush in presence of
H2O2 at different temperatures. Error bars indicate the standard deviation of the velocity of 20 motors.

Figure 4.11 | Catalytic efficiency of PtNPs solution after cycles. The catalytic efficiency of PtNPs increased after cycles.
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According to the mechanism of motion studied, we think there are two different possible
mechanisms in our system, namely self-diffusiophoresis and bubble propulsion. In our previous
study,8,25,27,61 we have found that the motion is largely affected by the concentration of the
fuel and also depends on the type of the catalyst incorporated inside of the stomatocyte
structures. In addition, a recent study showed that both high catalytic activity and the rough
surface of platinum particles/film are necessary to change the propulsion mode from selfdiffusiophoresis to bubble propulsion62. In our case, the PtNPs are branched structures and
have rough surfaces, which also indicate the preference for the bubble propulsion mechanism
at higher fuel concentrations. Extra experiments were performed to investigate the mechanism
of motion for our nanomotor before and after attaching the valve system. It is well known
that electrolyte diffusiophoresis based on ionic gradients generated by hydrogen peroxide
decomposition can be suppressed in a highly concentrated electrolyte solution.7 Therefore the
movement of stomatocyte nanomotors with a valve in PBS was measured and MSD was also
calculated afterwards. After MSD fitting, the speed in the presence of H2O2 of the stomatocyte
nanomotors with a valve in PBS was lower than that of the motor in MilliQ water (Figure
4.10a). However, it was still higher than the speed of the motors without H2O2, which also
indicated the higher probability for the bubble propulsion mechanism, since visible bubbles
were seen at higher concentration of H2O2. Based on the previous evidence and the latest
studies we expect our system would form bubbles, however they should be nanobubbles.
Furthermore, the pinning and growth of the bubbles should start from the catalyst surface,
which in our case is hidden inside of the nanocavity of the stomatocyte. In addition it could be
that the slowing down effect observed in buffer is also due to the change in the conformation
of the brushes resulting from the interaction of the salts with the brush valve. This could result
in a partial closing of the valve system, which diminishes the transfer of the fuel through the
opening. We tested this by measuring the size of the valve motor in water and PBS with DLS.
Only a small difference of around 2 nm in size was observed suggesting a minimal change in the
availability of fuel (Table 4.2).

Table 4.2 | Size of PtNPs-Stoma-Brush in PBS and water
PtNPs-Stoma-Brush

PBS/nm

Water/nm

678.7 (PDI=0.074)

680.1 (PDI=0.107)

The directionality was also calculated to give more information about the motion of our
nanomotor system by comparing Euclidean and accumulated distances.28 A directionality of D=1
indicates a straight-line migration from start to endpoint (Figure 4.10b). The directionality of
the PtNPs-Stoma-Brush at 40 ºC in presence of H2O2 was 0.195 (final concentration was 4.98
mM, 20 particles tracking), which was much lower than that of PtNPs-Stoma-Brush at 30 ºC.
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Such small values indicate the occurrence of a Brownian motion, which was also confirmed by
the shape of the trajectories of the nanomotors. Due to reversible LCST behavior of PNIPAM
brush, the “on−off ” motion control cycle is repeatable and reproducible, as demonstrated in
Figure 4.10c. In order to figure out whether we can partially block the access of H2O2 fuel
to slow down the motion without completely stopping the motion with the temperature, the
motion of PtNPs-Stoma-Brush at 30, 32, 34, 35, 37 and 40 ºC respectively was measured. Below
the LCST of the PNIPAM brush (LCST of PNIPAM was between 34-35 ºC), the velocity and
MSDs of motors at 34 ºC increased because of the elevated efficiency of the encapsulated
catalyst compared to that at 30 ºC. However, PtNPs-Stoma-Brush stopped completely when
the system was heated up to 35 ºC. In our case, the polymer brush was synthesized via surfaceinitiated ATRP, which led to dense and high molecular weight PNIPAM. In addition, PNIPAM
brushes responded very fast to temperature changes, which also led to the inability to partially
slow down the speed of motors. To gain more insight into the movement mechanism we also
plotted the speed of PtNPs-Stoma-Brush vs time (Figure 4.12).

Figure 4.12 | The velocity of PtNPs-Stoma-Brush in time. The velocity of motors was calculated according to
MSDs fitting by the equation (4D)∆t+(v2)(∆t2).

The velocity of the motor remained similar at the beginning due to high enough surrounding
H2O2 fuel, while the speed started to drastically decrease after 16 min. The shape of the
speed/time curve also indicates the presence of two possible mechanisms of motion, bubble
propulsion at high H2O2 fuel concentration and self-diffusiophoresis at low H2O2 concentration.
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4.3 Conclusions
In summary, PtNPs-loaded supramolecular stomatocyte nanomotors with thermo-sensitive
valves based on PNIPAM brushes were prepared. DLS, IR, EDX, TEM and diffusion NMR results
confirmed that PNIPAM brushes were on the surface of the stomatocytes and that they could
reversibly respond to changes in temperature. Furthermore, the autonomous movement of our
PtNPs-Stoma-Brush system could reversibly be switched on and off by crossing the LCST of
PNIPAM in the presence of the hydrogen peroxide fuel. Our nanomotor system is molecularly
built and this is as far as we know the first example of a nanomotor with a molecular valve
that can control its speed. The system is in effect able to locally sense the environment (in this
case temperature) and regulate the accessibility of the fuel and accordingly adjust its speed and
behavior. Our system has wide implications not only from a fundamental point of view, which
is control of movement at the nanoscale but also from the perspective of applications, for
instance as potential locomotive drug carriers where size and control of movement are two
important aspects of a controllable cargo transportation. In addition, we believe that this type
of brake system can be applied not only to motion regulation but also to controlled release of
drugs from the cavity of stomatocytes. We envision that such artificial responsive nano-systems
could have potential applications in delivery applications.
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4.5 Experimental
4.5.1 Materials
Unless stated otherwise, all reagents and chemicals were used without further purification.
Styrene (Sigma-Aldrich) was distilled before polymerization to remove the inhibitor. N-isopropyl
acrylamide from Sigma-Aldrich was purified by repeated recrystallization in a mixture of
toluene/hexane (50:50, v/v). CuBr (Sigma-Aldrich) for ATRP was washed with acetic acid
and followed by methanol (MeOH) for three times and stored under Ar. Tetrahydrofuran
(THF) for reaction was distilled under Argon from sodium/benzophenone. Ultra pure
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MilliQ water obtained from a MilliQ QPOD purification system (18.2 MΩ) was used for
self-assembly and dialysis of polymersomes/stomatocytes. Spectra/Por® Dialysis Membrane
MWCO: 12-14,000 g/mol was used for dialysis of polymersomes/stomatocytes. Poly(vinyl
pyrrolidone) (PVP, Mn 10 kg/mol), poly(ethylene glycol) methyl ether (Mn 2 kg/mol), α-ω-aminopoly(ethylene glycol) (Mn 2 kg/mol), L (+) ascorbic acid, magnesium sulfate, sodium bicarbonate,
potassium tetrachloroplatinate (II), sodium chloride, ethylenediaminetetraacetic acid (EDTA),
1-phenyl-1-trimethylsiloxyethene, α-bromoisobutyryl bromide, (Benzotriazol-1-yloxy)
tripyrrolidinophosphonium hexafluorophosphate (PyBOP), chloroform-d (CDCl3), methanol-d4
(MeOD), tert-butyl α-bromoisobutyrate, N,N,N’,N’’,N’’-pentamethyldiethylenetriamine
(PMDETA), dimethylformamide (DMF) and 3,3’,5,5’-tetramethylbenzidine (TMB) were
purchased from Sigma-Aldrich. THF, anisole and N,N-diisopropylethylamine (DIPEA) were
obtained from Acros. MeOH, hydrochloric acid (37%), triethylamine and hydrogen peroxide
were purchased from J.T. Baker. Diethyl ether (Carlo Erba Reagents), 1,4-dioxane (Biosolve BV),
dichloromethane (CH2Cl2, Fisher Chemical) and Nile red (Chem Impex) were also used.

4.5.2 Instruments
Routine NMR spectra were recorded on a Varian Inova 400 spectrometer with CDCl3 as a
solvent. Diffusion measurements were performed at 298 K on a Bruker Avance III 500 MHz
spectrometer equipped with a BBFO probe. The maximum z-gradient for the probe is 53.5
G/cm. Diffusion measurements were calibrated to pure methanol and ethylene glycol. The
pulse sequence incorporated delays for eddy currents to dissipate and bipolar gradients for
encoding and decoding diffusion information. Malvern Zetasizer Nano S was used for dynamic
light scattering (DLS) analysis with the following settings: temperature 25 °C, He-Ne laser
wavelength 633 nm and detector angle 173°. For transmission electron microscopy, a JEOL
1010 Transmission Electron Microscope with MegaView Soft Imaging camera at an acceleration
voltage of 60 kV was used. Cryogenic transmission microscopy was performed on a JEOL
TEM 2100 with high-quality Gatan 895 ultrascan 4000 bottom mount camera (4080x4080
pixels). Energy-dispersive X-ray element mapping was done on a Bruker Quantax EDS system
with an STEM detector incorporated. Nanoparticle tracking analysis (NTA) of stomatocyte
nanomotors was performed on a NanoSight NS500.
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4.5.3 Synthetic procedures, self-assembly and characterizations

Scheme 4.1 Synthetic route for the block copolymer poly(ethylene glycol)-b-polystyrene (PEG-b-PS) and
α-bromo ester functional-poly(ethylene glycol)-b-polystyrene (Br-PEG-b-PS) via ATRP protocol.

Synthesis of α-methoxy-poly(ethylene glycol)44 ATRP macromolecular initiator (1)
Poly(ethylene glycol) methyl ether (5.00 g, 2.50 mmol) was dried by co-evaporation with
toluene. The polymer was dissolved in freshly distilled THF in a flamed-dried Schlenk flask. After
adding triethylamine (1.04 mL, 7.50 mmol), the mixture was cooled to 0 °C. α-bromoisobutyryl
bromide (616 μL, 5.00 mmol) was added dropwise. After addition, the resulting solution was
stirred for 24h while slowly warming to room temperature. After the reaction, the white
precipitate was filtered off and the solution was concentrated. The polymer was precipitated in
ice-cold diethyl ether (3x). The product was obtained as a white solid (4.51 g, 84%). SEC (THF,
polystyrene calibration): Mn=2.2 × 103 g/mol, Mw/Mn=1.05. The polymer was characterized by
1
H-NMR in CDCl3.
H-NMR (400 MHZ, CDCl3) δ: 4.33 (t, 2H, CH2CH2OC(O)C(CH3)2Br), 3.76 (t, 2H,
CH2CH2OC(O)C(CH3)2Br), 3.65 (br. s, PEG backbone), 3.55 (m, 2H, CH3OCH2), 3.38 (s, 3H,
CH3OCH2), 1.94 (s, 6H, C(CH3)2Br) ppm.
1
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Synthesis of poly(ethylene glycol)-b-polystyrene (2)
The Schlenk tube with CuBr (45 mg, 0.32 mmol) was evacuated for 15 min and refilled with
Ar for three times. PMDETA (66 μL, 0.32 mmol) in anisole (0.5 mL) was added, followed by
15 min vigorously stirring. Styrene (5 mL, 43.6 mmol) in anisole (0.5 mL) was added via a
syringe and degassed for 15 min. After cooling the mixture to 0 °C, PEG-initiator (215 mg, 0.1
mmol) dissolved in anisole (0.5 mL) was injected and the solution was degassed for another
15 min. The Schlenk tube was transferred into an oil bath at 90 °C. 1H-NMR was used for
monitoring the reaction process. Upon attainment of the required molecular weight, 1-phenyl1-trimethylsiloxyethene (1.91 mL, 9.28 mmol) was added to quench the polymerization. The
reaction was terminated by cooling to room temperature after stirring for 2h. The solution
was diluted with CH2Cl2 and extracted with an aqueous EDTA solution (65 mM). The organic
layer was collected and dried with MgSO4 and concentrated. The polymer was obtained after
precipitation in MeOH (3x) and dried under vacuum overnight. The product was obtained as a
white solid (2.1 g, 87%). SEC (THF, polystyrene calibration): Mn=2.3 × 104 g/mol, Mw/Mn=1.07.
The polymer was characterized by 1H-NMR in CDCl3.
H-NMR (400 MHZ, CDCl3) δ: 7.20-6.30 (br. s, PS arom.), 3.64 (br. s, PEG backbone), 3.38 (s, 3H,
CH3OCH2), 2.30-1.20 (br. s, PS backbone), 0.90 (br. m, 6H, C(O)C(CH3)2CH2) ppm.
1

Synthesis of α-tert-butyloxycarbonyl-polystyrene (3)
The Schlenk tube with CuBr (45 mg, 0.32 mmol) was evacuated for 15min and refilled with Ar
for three times. PMDETA (66 μL, 0.32 mmol) in anisole (0.5 mL) was added, followed by 15
min vigorously stirring. Styrene (5.74 mL, 50 mmol) in anisole (0.5 mL) was added via a syringe
and degassed for 15 min. After cooling the mixture to 0 °C, tert-butyl α-bromoisobutyrate
(27 μL, 0.14 mmol) in anisole was injected and the solution was degassed for another 15 min.
The Schlenk tube was transferred into an oil bath at 90 °C. 1H-NMR was used for monitoring
the reaction process. Upon attainment of the required molecular weight, the reaction was
terminated by adding 1-phenyl-1-trimethylsiloxyethene (1.91 mL, 9.28 mmol). The mixture was
stirred for 2h. The solution was diluted with CH2Cl2 and extracted with an aqueous solution of
EDTA (65 mM). The organic layer was collected and dried with MgSO4 and concentrated. The
polymer was obtained after precipitation in MeOH (3x) and dried under vacuum overnight.The
product was obtained as a white solid (3.2 g, 91%). SEC (THF, polystyrene calibration): Mn=2.3
× 104 g/mol, Mw/Mn=1.07. The polymer was characterized by 1H-NMR in CDCl3.
H-NMR (400 MHZ, CDCl3) δ: 7.20-6.30 (br. s, PS arom.), 2.30-1.20 (br. s, PS backbone), 1.25
(br. m, 9H, C(CH3)3), 0.92 (br. m, 6H, C(O)C(CH3)2CH2) ppm.
1
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Synthesis of α-carboxylic acid-polystyrene (4)
Polymer 3 (3 g) was dissolved in 1,4-dioxane (30 mL) and concentrated HCl (1.5 mL, 37%)
was added. The reaction was refluxed at 110 °C overnight. The mixture was dried using a
rotary evaporator and then dissolved in CH2Cl2. The polymer was obtained after precipitation
in MeOH (3x) and then dried under vacuum overnight. The product was obtained as a white
solid (2.3 g, 77%). SEC (THF, polystyrene calibration): Mn=2.1 × 104 g/mol, Mw/Mn=1.11. The
polymer was characterized by 1H-NMR in CDCl3.
H-NMR (400 MHZ, CDCl3) δ: 7.20-6.30 (br. s, PS arom.), 2.30-1.20 (br. s, PS backbone), 0.96
(br. m, 6H, C(O)C(CH3)2CH2) ppm.
1

Synthesis of α-amino-poly(ethylene glycol)-b-polystyrene (5)
Polymer 4 (1 g, 43.5 μmol), α-ω-amino-poly(ethylene glycol) (521.7 mg, 260 μmol) and DIPEA
(17.4 μL, 100 μmol) were dissolved in DMF (12 mL). The solution was cooled to 0 °C and
PyBOP (42 mg, 80 μmol) was added. The reaction was stirred overnight, while slowly warming
to room temperature. The progress of the coupling was monitored by GPC. After that, the
mixture was diluted with CH2Cl2 and extracted with NaHCO3 solution (4 wt%) and saturated
NaCl solution. The organic layer was collected and dried with MgSO4 and concentrated. The
polymer was obtained after precipitation in MeOH (3x) and dried under vacuum overnight.The
product was obtained as a white solid (0.9 g, 77%). SEC (THF, polystyrene calibration): Mn=2.4
× 104 g/mol, Mw/Mn=1.15. The final polymer was characterized by 1H-NMR in CDCl3.
H-NMR (400 MHZ, CDCl3) δ: 7.20-6.30 (br. s, PS arom.), 3.64 (br. s, PEG backbone), 2.30-1.20
(br. s, PS backbone), 0.88 (br. m, 6H, C(O)C(CH3)2CH2) ppm.
1

Synthesis of polystyrene-b-poly(ethylene glycol)-ω-bromoisobutyramide (6)
Polymer 5 (500 mg, 20 μmol) was dissolved in 15 mL freshly distilled THF in a flame-dried Schlenk
tube. After adding TEA (104 μL, 750 μmol), the mixture was cooled to 0 °C. α-bromoisobutyryl
bromide (61.6 μL, 500 μmol) was added dropwise. After addition, the resulting solution was
stirred for 24h while slowly warming to room temperature. After the reaction, the white
precipitate was filtered off and the solution was concentrated. The polymer was precipitated
in ice-cold MeOH (3x). The product was obtained as a white solid (0.4 g, 74%). SEC (THF,
polystyrene calibration): Mn=2.5 × 104 g/mol, Mw/Mn=1.20. The polymer was characterized by
1
H-NMR in CDCl3.
H-NMR (400 MHZ, CDCl3) δ: 7.20-6.30 (br. s, PS arom.), 3.64 (br. s, PEG backbone), 2.30-1.20
(br. s, PS backbone), 1.96 (s, 6H, C(CH3)2Br), 0.90 (br. m, 6H, C(O)C(CH3)2CH2) ppm.
1
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Heteronuclear Multiple Bond Correlation (HMBC) measurement
The HMBC experiment measured correlations between carbons and protons that are
separated by two, three, and, sometimes in conjugated systems, four bonds. In order to confirm
Br was covalently attached to polymer, 5 mg Br-PEG-b-PS/α-bromoisobutyryl bromide was fully
dissolved in 0.5 mL CDCl3 and measured by HMBC. The HMBC experiment was performed
with 2-fold J-filter set to 120 Hz and 170 Hz and optimized for a 10 Hz long-range C-H
coupling. The experiment was performed under constant time in order to minimize the effect
of relaxation. The size acquired was 2048x256 and then processed with zero-filling to 4096 x
512. After measurement, the difference between the HMBC signal of correlation from Br-PEGb-PS and that of α-bromoisobutyryl bromide was compared in Figure 4.2.
Preparation of PtNPs with PVP coating
4 mL K2PtCl4 solution (20 mM) was added into 40 mg PVP, followed by 48 hours stirring.
After that, 35 mg L (+) ascorbic acid in 1 mL of MilliQ water was added into the solution. The
resulting solution was sonicated (VWR Ultrasonic Cleaner Model 75D) at room temperature
for 1 h. The PtNPs were characterized by TEM.
Self-assembly of Stoma or Stoma-Br
10 mg PEG-b-PS (or 9 mg PEG-b-PS and 1 mg Br-PEG-b-PS) was fully dissolved in 1 mL mixture
of THF/dioxane (4:1, v/v). 1 mL of MilliQ water was slowly added into the solution by a syringe
pump at a rate of 1 mL/h. After vigorous dialysis for at least 48 hours, Stoma/Stoma-Br was
obtained.
Self-assembly of PtNPs-Stoma or PtNPs-Stoma-Br
10 mg PEG-b-PS (or 9 mg PEG-b-PS and 1 mg Br-PEG-b-PS) was fully dissolved in 1 mL mixture
of THF/dioxane (4:1, v/v). 0.35 mL of MilliQ water was slowly added by a syringe pump at a rate
of 1 mL/h, followed by addition of preformed PtNPs solution (0.65 mL) also at a rate of 1 mL/h.
After dialysis for at least 48 hours, PtNPs-Stoma or PtNPs-Stoma-Br was obtained.
Growing PNIPAM brushes on the surface of Stoma-Br or PtNPs-Stoma-Br
A Schlenk flask was charged with CuBr (14.32 mg) and a stirring bar and purged with Ar for 30
min to remove oxygen. NIPAM (1.152 g) was dissolved in 10% methanol/water solution (V/V,
4 mL in total) and 62.4 μL PMDETA was added. After 30 min degassing, the NIPAM solution
was transferred to the CuBr flask, followed by another 30 min degassing. 1 mL solution of the
above mixture was added to 1 mL Stoma-Br solution (or PtNPs-Stoma-Br solution, 5 mg/mL
polymer), which was degassed already for 30 min, and the resulting solution was stirred for 30
min at room temperature under Ar.The solution was transferred immediately into a dialysis bag
and dialyzed against water with the dialysis water changed after one hour, and further frequent
changes for 2 days to remove monomer.
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Size change after growing PNIPAM brushes
The sizes and size distributions of PtNPs-Stoma, PtNPs-Stoma-Br, PtNPs-Stoma and PtNPsStoma-Br after SI-ATRP (PtNPs-Stoma without Br after SI-ATRP as a control) were measured
respectively by a Malvern DLS-Zetasizer.
NMR calculation for molecular weight of PNIPAM brush
In order to calculate the length of PNIPAM brushes, a sample of Stoma-Brush was freeze-dried
and re-dissolved in CDCl3 for 1H-NMR measurements. The molecular weight of PNIPAM was
calculated according to the ratio between NMR integration of PNIPAM and PS.
H-NMR (400 MHZ, CDCl3) δ: 7.20-6.30 (br. s, PS arom.), 4.00 (br. s, PNIPAM, NHCH(CH3)2),
3.64 (br. s, PEG backbone), 2.30-1.20 (br. s, PS backbone), 1.14 (br. s, PNIPAM, NHCH(CH3)2)
ppm.
1

Stability of stomatocytes in methanol
In order to check the stability of stomatocytes in MeOH, the sample was suspended in MeOH.
TEM samples were made and analyzed.
Diffusion NMR measurements
A Bruker DMX 500 MHz NMR was used for Diffusion NMR measurements. Diffusion NMR
experiments resolve different compounds spectroscopically in a mixture based on their
differing diffusion coefficients, depending on the size and shape of the molecules. Free PNIPAM
with different molecular weight, Stoma mixed with PNIPAM and Stoma-Brush in MeOD were
measured respectively and diffusion coefficients were calculated according to the equation
B+exp(-x*F) (Mono-exponential Fit).
FT-IR measurements
Bruker TENSOR 27 was used for IR measurements. Empty Stoma, Stoma-Br, Stoma without Br
modification after SI-ATRP and Stoma-Brush solution were measured respectively.
Mixing Stoma and Stoma-Brush with Nile red
To demonstrate that a collapsed hydrophobic layer was formed around the stomatocyte when
the particles were heated above the LCST of PNIPAM the hydrophobic dye Nile red was used.
Nile red is almost non-fluorescent in water but undergoes fluorescence enhancement and
large absorption and emission blue shifts in hydrophobic environments.
5 μL Nile red in DMF (6 mg/mL) was mixed with 100 μL Stoma-Brush (3.8 x1011 particles/
mL, measured by Nanosight) and also with normal Stoma (3.9 x1011 particles/mL, measured
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by Nanosight) respectively, and the fluorescence intensities of both samples were measured at
30 °C by a fluorescence spectrometer (Perkin Elmer LS53).The intensities were also measured
when the whole system was heated to 40 °C (above the LCST of PNIPAM). After cooling the
system back to 30 °C, the intensities of both samples were measured again.
Movement analysis
Nanoparticle Tracking Analysis (NS 500) from Nanosight was used to record the movement
of the motors for 90 seconds (30 frames per second) at different temperatures. PtNPs-Stoma
without H2O2 fuel, PtNPs-Stoma with H2O2, PtNPs-Stoma-Brush without H2O2 and PtNPsStoma-Brush with H2O2 were measured respectively. Theoretical calculation of the rotational
diffusion of the particles via the equation Dr≈kBT/(8πηr3) gave a calculated value of 7.3 per
seconds, which is much smaller than the frame rate.The fitting of the MSD allows for calculation of
the speed of the nanomotors by using the self-diffusiophoretic model proposed by Golestanian
and coworkers. While a purely diffusive system would show only a linear component according
to (4D)∆t equation from which an enhanced diffusion coefficient can be extracted, our MSD
curves are not linear and show a parabolic fit according to the equation (4D)∆t +(v2)(∆t2) from
which we can extract the velocity of the particles. Chemotaxis and Migration Tool 2.0 from Ibidi
Company was used for directionality calculation.

Catalytic efficiency of PtNPs
In order to figure out the reason why PtNPs-Stoma-Brush move faster after one cycle, the
catalytic efficiency of PtNPs was measured via the 3,3’,5,5’-tetramethylbenzidine (TMB)-H2O2
reaction. PtNPs are shown to have activity that can be monitored colorimetrically by the color
change seen from the oxidation of TMB to its one-electron oxidation product. 50 μL TMB
(dissolved in DMSO, 4 mg/mL) and 50 μL H2O2 solution (5%) were added into 900 μL citric
buffer (pH=4.0) as working solution. 10 μL PtNPs solution, PtNPs solution after one cycle,
PtNPs solution after two cycles and PtNPs solution after three cycles were added respectively
into 240 μL working solution and UV absorbance was measured afterwards, which was related
to catalytic efficiency of PtNPs.
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5.1 Summary
Since the first self-propelled centimeter-sized platinum plates, capable of converting chemical
energy into autonomous movement were reported by Whitesides et al.,1 many groups
have focused on the design of faster artificial motors on smaller scales by using a top-down
approach, as well as on the study of the origin of the motor movement.2-4 Although these
chemically driven motors have reached high degrees of sophistication, their design is still based
on the same principle, namely the asymmetry of micron size bimetallic rods or spheres, which
makes it difficult to achieve control over the movement in particular for biological applications.
The construction of artificial motor systems with sizes in the nanometer range that have the
capacity to move autonomously and perform diverse tasks is still a challenge to achieve with
synthetic building blocks. A solution to the current drawback is the use of stimuli responsive
supramolecular systems, capable of changing their shape and function in response to changes
in the environment. This thesis encompasses the efforts to design, synthesize and study the
behavior of stimuli-responsive stomatocyte nanomotors and their potential applications.
In Chapter 1, we have highlighted and discussed the recent developments of emerging
approaches of motion manipulation of micro and nanomotors. On-demand regulation of the
motion behavior of artificial micro and nanomotors is essential for a wide range of applications
especially in the biomedical field. The movement behavior of synthetic miniaturized motors is
quite sensitive and can be affected by various factors, which can also be used as triggers to
induce either speed or direction alteration of the motion. By applying different triggers such as
light, magnetic field, ultrasound, electric field, temperature, pH, chemical gradient and addition
of chemicals, control over motion behavior can be achieved. There are three levels of motion
control, namely speed (movement control), direction (directional control) or even cluster
behavior (cluster control), which display in this order an increasing level of complexity. Full
understanding of the present approaches regarding motion modulation will inspire scientists
with new insights to achieve complete control of motor systems temporally and spatially.
Chapter 2 described the development of a biodegradable stomatocyte nanomotor containing
both well-documented vesicle former PEG-b-PS and biodegradable polymer PEG-b-PCL as a
potential candidate for drug delivery. Both hydrophilic and hydrophobic drug can be loaded into
stomatocyte because of self-assembled bilayer structure. PCL is one of the most commonly
used biodegradable polymers and was already approved by FDA for medical applications. By
mixing PCL with PS, the bowl-shaped stomatocyte structure was still formed even up to a
percentage of PCL of 50%. Due to high percentage of PCL blending, semi-crystalline PCL
demixed and formed domains in the bilayer membrane. Formation of large pores and collapsed
structures was observed during the degradation of PCL, leading to drug release. After uptake by
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tumor cells, the biodegradable stomatocyte nanomotor could subsequently release the loaded
drug in tumor cells (HeLa cells) and kill the cells accordingly.
In Chapter 3, we demonstrated the successful self-assembly of a redox-sensitive stomatocyte
nanomotor system, which can be disasembled under biological reducing conditions. Redox
responsiveness was introduced by the incorporation of a disulfide bridge between the
hydrophilic PEG part and the hydrophobic PS part. Applying the endogenous reducing agent
glutathione at comparable concentrations as what can be found within cells, the external PEG
shells of our stomatocyte nanomotors was cleaved, which was confirmed by several different
techniques. After removal of the hydrophilic PEG from the surface of the stomatocytes, the
resulting structures started to aggregate due to increasing hydrophobicity, leading to the loss
of motion behavior. Due to huge concentration difference of glutathione between intracellular
and extracellular compartments of cells, our redox-responsive stomatocyte nanomotors are
promising to move toward cells, taken up by cells and triggered to release the loaded drugs by
the intracellular glutathione.
Controlled motion behavior of stomatocyte nanomotors in presence of hydrogen peroxide fuel
could be achieved by introducing a stimulus-sensitive valve/brake system to the engine, which
is described in Chapter 4. In our system, temperature-responsive PNIPAM brush was grown
onto the surface of stomatocyte nanomotors via surface-initiated ATRP. Due to well-known
LCST behavior, the PNIPAM brush underwent a phase transition from a swollen hydrated state
to a shrunken dehydrated state. Therefore it formed a hydrophobic layer on the surface of
stomatocyte nanomotor when the environmental temperature was increased above the LCST
of PNIPAM.This closed the opening of stomatocyte and thus prevented the access of fuel inside
the nanomotor, which led to the off state of motion. Because of the reversible LCST behavior
of PNIPAM, the collapse of the grown brushes can be switched on and off, functioning as a
regulatory mechanism to control the speed of the nanomotor by adjusting the temperature.
This is a new versatile approach to regulate the speed of micro and nanomotor by a given
stimulus, which is promising for future biomedical applications.
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5.2 Perspective
As we mentioned in Chapter 1, on-demand regulation of the movement of miniaturized
motors is essential for various applications. This is the first step to achieve artificial intelligent
nanomachines that can perform a wide range of complex missions. Besides precise control over
motion, multifunctional micro and nanomotors that can sense environmental conditions and
respond accordingly are also promising in the future.
Although the field of micro and nanomotors has been developed rapidly in the past decade,
there are still some challenges that should be addressed. For the fabrication of micro and
nanomotors, most of current motor systems cannot be produced in bulk quantities. Artificial
motors fabricated by a bottom-up strategy such as self-assembly5 and layer-by-layer6 approaches
can fulfill the requirement of mass production. Moreover, different from metal-based micro
and nanomotors synthesized by the top-down method, the bottom-up approach is versatile
to make motor systems with soft interfaces and easy functionalization options. They can be
modified with various handles such as specific ligands, which could enable targeted transport
and cellular interactions. In order to cure diseases, drugs need to be loaded into the motors,
another challenge for metal-based motor systems, whereas high drug loading efficiency can be
achieved for motors designed by a bottom-up approach. Furthermore, the cluster behavior of
motors with controlled motion is one of the future aims. The motors can be aligned and move
smartly in a controlled manner, which will have huge potential for diverse applications such as
environmental remediation. In addition, fast responding motor systems to applied stimuli need
to be considered in the future; the motors sense rapidly a given signal and react accordingly
to realize the different tasks. Despite still in its infancy, we expect new breakthroughs from the
intelligent micro and nanomotors field in next decade.
Inspired by the studies presented in this thesis, we hope to continuously contribute to the existing
knowledge for the stimuli-responsive stomatocyte nanomotors with controlled manners. In
Chapter 2, we developed a partial biodegradable stomatocyte nanomotor containing both
polymer PEG-b-PS and biodegradable polymer PEG-b-PCL for drug delivery. However, fully
biodegradable nature of nanomotor system is needed for further biomedical applications. In
addition, toxic platinum nanoparticle should be replaced by more biocompatible biological
enzyme. Enzymes are capable of converting with remarkable efficiency and selectivity toward
different biological substrates. At the meantime, the corresponding substrate should be widely
present in human body, which also increases the possibility for active drug delivery in future.
Redox-sensitive stomatocyte nanomotor was established in Chapter 3 and it can be
disassembled under biological reducing conditions due to the incorporation of a disulfide
bridge between the hydrophilic PEG part and the hydrophobic PS part. Disulfide bond can
123

5

Chapter 5

also be introduced onto the end of PEG part from block copolymer PEG-b-PS, followed by
ATRP initiator attachment. Thus stomatocyte nanomotor with redox-sensitive handle and
ATRP initiator can be formed by the self-assembly of the mixture of resulting multifunctional
polymer Br-SS-PEG-b-PS and regular polymer PEG-b-PS. After surface-initiated ATRP of stimuliresponsive polymer onto the surface of nanomotor, the movement of nanomotors can be
controlled by specific stimulus. Furthermore, the formed stimuli-sensitive valve/brake can not
only be removed by the cleavage of disulfide bridges but also replaced by disulfide exchange,
which has huge potential applications.
Stomatocyte nanomotor with temperature-responsive valve was described in Chapter 4.
By heating the whole system above the LCST of grown PNIPAM, controlled motion can be
achieved. Gold nanoparticles can be subsequently grown in situ into thermo-sensitive PNIPAM
layer and served as light-responsive triggers. The photothermal effect of gold nanoparticles
under light irradiation enables local heating of PNIPAM layer. By increasing the local temperature
over the LCST of PNIPAM, PNIPAM layer collapsed together to regulate the access of hydrogen
peroxide thus controlling the motion.
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