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bottom-up approach which is familiar to natural systems and 
introduced magnetic metallic nickel in situ with the catalytic 
platinum nanoparticles (PtNP). In this way the geometric asym-
metry of the system was not compromised and the co-presence 
of both nickel and platinum in stomatocytes was ensured. The 
movement of our original supramolecular nanomotors was 
powered by catalytic decomposition of hydrogen peroxide, 
which is an interesting biologically relevant signaling com-
pound related with tumor cell metastasis and invasion.[20] After 
incorporating the magnetic nickel component, the synthetic 
motor was able to function in dual mode (catalytically powered 
by PtNP or magnetically powered by magnetized nickel). Fur-
thermore, this design also provided the possibility for simulta-
neous guiding and steering of catalytically powered motors with 
additional magnetic fields. A collagen gel matrix laden with 
human cervical cancer HeLa cells was used as a tumor tissue 
model to demonstrate the guided motion of nickel incorporated 
nanomotors. Being in the nanometer scale regime, the nano-
motors were readily guided into the micrometer-sized gel mesh. 
In addition, like other self-assembled motors,[21] the supra-
molecular motors can be easily fabricated and easily loaded 
with drugs and have good biocompatibility in biomedical fields. 
Able to operate with multiple energy sources, nanomotors pre-
sented in the paper promise to expand the applicability of the 
motors and address comprehensive biomedical challenges.

Bowl-shaped polymersomes or stomatocytes were assem-
bled from diblock polymer poly(ethylene glycol)44-block-
polystyrene190 via a controlled shape transformation.[22] The 
poly(ethylene glycol) segment allows the vesicles to be bio-
logically stealthy and reduces the possibilities of immune 
attack and clearance. By adding preformed dendritic platinum 
nanoparticles into the polymer organic solution during self-
assembly, nanoparticles were entrapped into the outer cavity of 
the stomatocytes (Figure 1). The loaded platinum nanoparticles 
serve as catalyst to decompose hydrogen peroxide into oxygen 
and are responsible for the propulsion of the entire system. The 
fluorescent anticancer drug doxorubicin (Dox), as a model drug, 
was mixed with the organic solvent containing the polymer, and 
was enclosed in the original lumen of the stomatocyte. After 
self-assembly and shape transformation into doxorubicin- and 
PtNP-loaded stomatocytes, metallic nickel was grown in situ 
directly onto the platinum nanoparticles, serving both as catalyst 
and substrate.[23] Figure 1 summarizes the experimental proce-
dure for preparing the platinum–nickel-loaded stomatocytes. In 
the presence of reducing agent hydrazine, a nickel-ion–hydra-
zine complex was first formed, followed by the reduction to 
metallic nickel by the platinum catalyst. No additives or stabi-
lizers were needed. The reduction reaction was allowed to run 
at 40 °C for 2 h. After 2 h, the reaction was stopped. Ultrafiltra-
tion was used to remove unreacted hydrazine and nickel ion 

Synthetic nano- and micromotors have become a central 
research topic since the report of their first prototype, centi-
meter-sized motor.[1] In mimicking natural molecular motors[2] 
or moving micro-organisms,[3] these motors convert locally 
supplied chemical energy into motion, showing prospects in 
revolutionizing various fields such as microsurgery,[4] targeted 
drug delivery,[5] sensing,[6] imaging,[7] and environmental reme-
diation.[8] However, motors in general and especially nanoscale 
motors, are susceptible to random fluctuations,[9] therefore 
navigation of autonomous motors remains challenging. Com-
pared to natural motors, synthetic motors are insufficient to 
perform complex functions. To tackle this challenge, recent 
efforts have been dedicated to develop motors able to respond 
to environmental clues such as temperature,[10] external field,[11] 
and light.[12] Only a few recent reports[13] have shown that 
motors can navigate themselves according to local stimuli and 
the stimulatory gradients. Among these, magnetic-field gradi-
ents and magnetic fields provide a wireless, non-invasive way 
to gain control over the motion of these motors. In nature, 
magnetotactic bacteria (Magnetospirillum magnetotacticum), 
which possess iron oxide crystals in their body,[14] can sense the 
external magnetic field and reorient themselves to the direc-
tion of Earth’s magnetic field. Inspired by this, we set out to 
explore the possibility of gaining directional control by inte-
grating magnetic segments into our supramolecular motors[5c] 
(Figure 1) and steer the motor using both gradient magnetic 
field as well as by changing the direction of a homogeneous 
magnetic field. Due to their minimal invasive nature, external 
magnetic fields are compatible with most living systems and 
widely used for drug delivery[15] and imaging.[16] When com-
pared with optical, electrical, or acoustic fields, magnetic fields 
offer the highest flexibility concerning achievable forces.[17] 
Using magnetic fields to remotely manipulate nanomotors in 
a biological medium allows safe maneuvering.[18] However it 
remains a question whether dynamic motors could be precisely 
manipulated at nanometer scale and move within a micron-
sized confined space such as tumor tissue-related environment.

Here, we demonstrate the design of magnetically actuated 
stomatocyte nanomotors, which could achieve guided auto-
nomous motion. Going beyond the conventional top-down 
method to incorporate a magnetic component,[19] we adopted a 
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before the energy-dispersive X-ray spectroscopy (EDX) analysis. 
EDX was used to show the element distribution of the structure 
(platinum, yellow color and nickel, green color) (Figure 2a–c). 
ImageJ 3D surface plot plugin was used to analyze EDX map-
ping data, allowing the imaging of the elements distribution 
in all directions. At a rotation angle of 0°, it was shown that 
nickel (green color) covered the surface of this side (Figure 2d) 

and increased the surface thickness. When changing the rota-
tion angle to 120°, it could still be observed that nickel (green) 
deposited on surface (Figure S1a, Supporting Information, indi-
cated by the red arrow), while in certain area platinum (yellow) 
was still present on surface (Figure S1a, Supporting Informa-
tion, indicated by the blue arrow). Inductively coupled plasma 
emission–mass spectrometry (ICP-MS) further confirmed the 
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Figure 1. Preparation scheme of doxorubicin-incorporated, platinum–nickel-loaded stomatocytes.

Figure 2. a–b) EDX mapping of platinum, yellow (a); nickel, green (b). c) Corresponding scanning transmission electron microscopy (STEM) image of 
the assembled nanomotors, scale bar is 100 nm. d) 3D surface plot profile over the cross section of a doxorubicin/platinum–nickel-loaded stomatocyte, 
indicated by the red square in (a) and (b), giving intensity (z axis) with distance over the cross section (x, y axis). e) Confocal fluorescence micro-
scopy image of doxorubicin/platinum–nickel-loaded stomatocytes; the scale bar represents 1 µm. f) Concentration of platinum and nickel by ICP-MS.  
g) Comparison of reaction rate of platinum-catalyzed tetramethylbenzidine–H2O2 reaction for doxorubicin/platinum-loaded stomatocytes (before nickel 
growth or nickel-growth time 0 h, blue) and doxorubicin/platinum–nickel-loaded stomatocytes with different nickel-growth times of 1 h (green), 2 h 
(red), 3 h (purple), and 5 h (cyan).
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presence of nickel (Figure 2f). High-magnification transmis-
sion electron microscopy (TEM) in the selected area of one 
platinum–nickel-loaded stomatocyte showed the diffraction pat-
tern typical of crystalline metallic nickel (selected area electron 
diffraction (SAED)), demonstrating again the presence of nickel 
(Figure S2, Supporting Information). As mild conditions were 
used for the reaction, the in situ growth of nickel did not induce 
a change of the stomatocyte morphology or encapsulation effi-
ciency, as was observed from representative TEM images of 
stomatocytes loaded only with platinum and platinum–nickel-
loaded stomatocytes (Figure S3, Supporting Information). For 
platinum-loaded stomatocytes, the positioning of the platinum 
nanoparticles in the cavity of stomatocytes has been dem-
onstrated with TEM tomography in a previous report by our 
group.[24] In the case of doxorubicin/platinum–nickel-loaded 
stomatocytes, TEM at different rotation angles along the x-axis 
was performed, showing as expected the entrapment of the 
particles inside the cavity of the stomatocytes (Figure S4, Sup-
porting Information). The fluorescence signal present inside 
the stomatocytes demonstrated the successful loading of the 
fluorescent antitumor model drug Dox (Figure 2e). The fluo-
rescence of Dox facilitates the tracking of motion with confocal 
fluorescence microscopy.

After growing nickel in situ, the catalytic activity of the plat-
inum was examined to assess whether the hydrogen peroxide 
decomposing capability was maintained. Adding a solution of 
platinum–nickel-loaded stomatocytes to concentrated hydrogen 
peroxide (0.5% v/v) led to bubble formation, indicating the 
preserved catalytic activity. To quantitatively determine the 
catalytic activity, 3,3′,5,5′-tetramethylbenzidine–H2O2 assay 
was used.[25] 3,3′,5,5′-Tetramethylbenzidine was oxidized by 
hydrogen peroxide in the presence of platinum nanoparticles 
to blue 3,3′,5,5′-tetramethylbenzidine diimine and the reac-
tion speed was quantitatively related with the catalytic activity 
of platinum. As demonstrated in Figure 2g, catalytic activi-
ties experienced a decrease after nickel growth for 2 h, yet a 
clear residual activity was still present. We speculate that the 
preservation of Pt catalytic activity is caused by a partial sur-
face covering of the platinum nanoparticles by the nickel layer 
and the high branching and porosity of the dendritic platinum 
nanoparticles. It was speculated that the catalytic activity can be 
therefore preserved as long as the grown nickel does not form 
a complete shell over the particle, which can block all the cata-
lytic branches. To verify this, we have followed the reduction 
process of the nickel precursor in time and explored different 
nickel growth times of 1, 2, 3, and 5 h. A decrease in the cata-
lytic activity was observed with increasing the reduction time/
nickel growth time (Figure 2g). However, the catalytic activity of 
platinum was preserved with nickel growth time shorter than 5 
h, indicating a partial covering of the platinum surface (Figure 
S5, Supporting Information). After growing nickel for 5 h, plat-
inum catalytic activity was finally hindered, indicating that 5 h 
is the time point for complete coverage and formation of a thick 
nickel shell.

After confirming the structure of doxorubicin/platinum–
nickel-loaded stomatocytes, we next tested the magnetic 
response of nickel-containing stomatocytes. A NdFeB magnet 
(12 mm × 12 mm × 12 mm) was used to generate a magnetic 
field gradient. With a hand-held gaussmeter, the decay of field 

strength with increasing distance from the magnetic pole was 
verified and measured (Figure S6, Supporting Information). 
The gradient field resulted in movement of the doxorubicin/
platinum–nickel-loaded stomatocytes to the vicinity of the 
magnet, which was clearly visible as demonstrated by the inho-
mogeneous distribution of the particles in the bulk solution 
(Figure S7, Supporting Information).

To remotely control the motion, magnetized-nickel-con-
taining stomatocytes (see the Section 3 in the Supporting Infor-
mation for the magnetization procedure) were exposed to the 
gradient magnetic field and visualized with confocal micro-
scopy. When the magnet was placed in the left, collective motion 
of stomatocytes toward areas of higher field strength (left area) 
was observed (Figure 3a, scheme). At a distance of 3.5 cm away 
(maximum distance used) from the magnet, the magnetic force 
of magnetized nickel was still sufficient to direct the motion 
of the stomatocytes. The field strength applied approximately 
a magnetic torque of 6.0 × 10−19 J on the stomatocytes nano-
motors. This was calculated from the formula τ = µ × B (where 
µ is the magnetic dipole moment µ = M × mNi = 12 emu g−1 ×  
1.1 × 10−14 g; M, the saturation magnetization is the refer-
ence value,[26] while mNi or mass of nickel assuming a thick-
ness of nickel layer of 25 nm (from EDX data); B is the field 
strength 50 Gauss), exceeding the value of rotational thermal 
energy (2.06 × 10−21 J) by two orders of magnitude. The nickel-
containing stomatocytes navigated toward the magnet in the 
left as indicated by the trajectory path (Figure 3b–d). Three 
parameters: average velocity, directionality, and displacement 
of center of mass were used to quantitatively evaluate the 
directed motion. Directionality, averaged value of Euclidean 
distance divided by accumulated distance, is a measure of the 
straightness of motion. The displacement of center of mass 
describes the average spatial distance between the starting and 
end points of the stomatocytes, which indicates the migration 
length. The applied magnetic field could provide a driving 
force as well as a guiding force to stomatocytes, as illustrated 
in Figure 3b,c, at both position 0 and position 1, respec-
tively 1.0 ± 0.1 cm and 3.5 ± 0.1 cm away from the magnet. 
From Figure S6 in the Supporting Information, the exerted 
field strengths at the two positions were estimated to be 
732 ± 28 Gauss and 50 ± 1 Gauss, respectively (corresponding 
to a gradient of 1576 and 67 Gauss cm−1). By moving toward 
the magnet, the stomatocyte motors experienced an increase in 
average velocity from 10.4 (position 1) to 15.0 µm s–1 (position 
0) as well as a change in directionality from 0.64 to 0.85 (for 
velocity distribution of stomatocytes motors at both positions, 
see Figure S8a,b in the Supporting Information). The driving 
force increases with a decreased distance from the magnet, due 
to both higher gradient force and torque (Figure 3b,c).

When both a magnetic field and a hydrogen peroxide solu-
tion (1.5% v/v) were present (Figure 3d), at position 1 the 
translation velocity and displacement of center of mass experi-
enced were increased to 13.1 µm s–1 and 8.0 µm (compared to 
10.4 µm s–1 and 5.2 µm for the magnet-only system, Figure 3c). 
Therefore, the combination of hydrogen peroxide fuel and mag-
netic attraction led to a directional motion toward the magnetic 
pole, yet at a higher velocity compared to applying the magnetic 
field alone. In the presence of the magnet and at position 1, 
the influence of different hydrogen peroxide concentrations 
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over the movement was investigated. The stomatocytes motors 
moved faster with increasing levels of hydrogen peroxide 
(Figure S8c–e, Supporting Information). Hydrogen peroxide 
is a biorelevant chemical overproduced by human tumor cell 
lines[20] (at rates of up to 0.5 nmol/104 cells/h, which is signifi-
cant when related to the size of a tumor). Nevertheless there 
are also reports regarding its potential harm to healthy cells 
including DNA lesions, which is concentration-dependent.[27] 
Here, we used it as a proof of concept to use biorelevant chemi-
cals found in biological systems for propulsion. Attraction 
toward the magnet was not disturbed at all these hydrogen 

peroxide levels. In the absence of both fuel 
and magnetic field, typical Brownian motion 
was observed (Figure S9a, Supporting Infor-
mation). The displacement of the center of 
mass was 2.0 µm. No favored moving direc-
tion was observed. The directionality was 
0.45, significantly lower than in the presence 
of magnetic field/hydrogen peroxide. The 
average mean square displacement versus 
time interval curve (Supporting Information 
Figure S9b) showed a linear dependence, 
which fits the Brownian motion, demon-
strating that the stomatocytes move under 
random walking when without fuel and mag-
netic field.

In addition to velocity as discussed above, 
moving direction can be governed by the 
profile of the applied field. Nickel-containing 
stomatocytes could readily sense the posi-
tion change of the magnet and reorient their 
motion accordingly (Figure S11, Supporting 
Information). The reorientation could be 
achieved repeatedly.

Besides the gradient field, we can also 
apply a homogeneous magnetic field by 
sandwiching the magnetized doxorubicin/
platinum–nickel-loaded stomatocytes solu-
tion between two parallel magnets (NdFeB 
magnet, 12 mm × 12 mm × 12 mm) 
(Figure 3f). By changing only the direc-
tion of the magnetic field (Figure 3g–j, and 
Figure S12a–g, Supporting Information) not 
the positions of the magnets, we could pre-
cisely control the moving direction of the 
motors. After removing the external homo-
geneous field, dispersive movement with no 
favored direction was observed (Supporting 
Information Figure S12h–l).

To test the transportation abilities of 
the stomatocyte motors in tissue, a tissue 
model was established by using microflu-
idic technology (illustrated in Figure 4). The 
microslide consists of two chambers, which 
are connected through a narrow channel 
in the middle. In mimicking tissue,[28] first 
collagen (1 mg mL–1) was used to form a 
gel network (mesh size ≈ 10 µm, in agree-
ment with previous report[29]) (Figure 4a,c, 

scanning electron microscopy image and bright-field image) 
in the left chamber and middle channel. After the gel forma-
tion, diluted motor solution was added to the right channel. 
A low concentration of motors was used to avoid instant for-
mation of bundles and hindered entrance into gel (2.8 × 109 
particles per mL). The motors demonstrated Brownian motion 
(Figure S13, Supporting Information). Then, a magnet 
(NdFeB, 12 mm × 12 mm × 12 mm) was placed on the left. 
Figure 4f–k show the gel boundary area. Stomatocyte motors 
could sense the magnetic field and be readily guided toward 
the gel mesh on the left. Upon entering the gel matrix (the blue 
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Figure 3. a) Schematic illustration of the doxorubicin/platinum–nickel-loaded stomatocytes 
movement to the left toward higher-gradient magnetic field generated by a NdFeB magnet. 
b–d) Moving paths over five consecutive frames (time intervals = 268 ms) of the doxorubicin/
platinum–nickel-loaded stomatocytes at position 0 (1 ± 0.1 cm away from the magnet) magnet-
induced (b); at position 1 (3.5 ± 0.1 cm away from the magnet) magnet-induced (c); at position 
1, magnet/hydrogen-peroxide-induced (d). The starting points were normalized to the point of 
origin. e) Summary table of translation velocity, directionality, and displacement of center of 
mass for doxorubicin/platinum–nickel-loaded stomatocytes at position 0 with magnet in the 
left (25 stomatocytes analyzed), at position 1 with magnet in the left (26 stomatocytes ana-
lyzed), or at position 1 with both magnet and hydrogen peroxide (24 stomatocytes analyzed).  
f) Schematic illustration of the experimental set-up for homogeneous magnetic field generated 
by two parallel magnets. g–j) Confocal fluorescence images of the doxorubicin/platinum–nickel-
loaded stomatocyte movement in hydrogen peroxide solution (1.5% v/v) and their sequential 
steering by changing the direction of the field; time interval between video snapshots = 2304 ms;  
scale bar is 10 µm.
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arrows in Figure 4 point to the fibrils in a triangular gel mesh), 
the nanomotors demonstrated a guided motion through the 
gel mesh (Figure 4 and Figure S14 in the Supporting Infor-
mation). The velocity of motors was 12.4 µm s–1. The tracking 
path of motors was shown in Figure S15 in the Supporting 
Information. Tuning the collagen concentration can vary the 
gel mesh density/crosslinking density of the collagen gel. By 
increasing the concentration to 1.5 mg mL–1 from 1 mg mL–1, 

we obtained a gel with a decreased mesh size of 6 µm, which 
is in agreement with the literature data.[29] At this gel pore 
size, the movement of the stomatocytes remained unhindered, 
in their guided motion toward the magnetic pole (Figure S16, 
Supporting Information). After demonstrating the possibility 
of achieving guided motion in the pure gel, we replaced the 
gel with a gel laden with human cervical cancer HeLa cells 
as a mimic of a tumor tissue. Figure 5a shows schematically 
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Figure 4. a) Cryo-scanning electron microscopy (cryo-SEM) image of gel matrix, scale bar = 10 µm. b) Scanning electron microscopy (SEM) image of 
doxorubicin/platinum–nickel-loaded stomatocytes, scale bar = 100 nm. c) Confocal bright field image of gel matrix, scale bar = 10 µm. d) Fluorescent 
image of doxorubicin and platinum–nickel-loaded stomatocytes, scale bar represents 1 µm. e) Scheme of the magnetic guidance of doxorubicin/
platinum–nickel-loaded stomatocytes toward gel matrix. f–k) Doxorubicin/platinum–nickel-loaded stomatocytes could be guided through a collagen 
gel matrix by applying an external magnetic field (particle in red circle), video snapshots, time intervals 1.34 s, scale bar = 10 µm.

Figure 5. a) Schematic representation of the magnetic guidance of doxorubicin/platinum–nickel-loaded stomatocytes through HeLa-cell-laden gel 
matrix. b) Confocal bright-field image of HeLa-cell-laden gel; the scale bar represents 10 µm; c–e) Doxorubicin/platinum–nickel-loaded stomatocytes 
could be guided toward a cell in the collagen gel mesh by applying an external magnetic field (particle indicated by the red arrow), left: bright field; 
right: fluorescent field; tracking trajectories over three frames; time intervals 268 ms; scale bar = 10 µm.
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the experimental design of magnetic-guided motion of nickel-
containing stomatocytes toward cell-laden gel. After placing 
the magnet to the left, stomatocytes loaded with doxorubicin 
and platinum–nickel moved forward toward the magnet and 
traveled through the HeLa-cell-laden gel matrix (Figure 5c–e). 
Collective motion toward the left where the magnetic field 
strength was stronger is demonstrated in Figure S17 in the 
Supporting Information.

In summary, we fabricated magnetic nanomotors by using a 
convenient and mild bottom-up approach and have presented 
a method to achieve directional control over nanometer-scale 
stomatocyte motors. Stomacytes with incorporated nickel–
platinum particles allowed both hydrogen peroxide/magnetic 
locomotion and remote magnetic guidance. Finally, we have 
also shown that the nanomotors can be guided through a tissue 
model formed from a collagen gel. Capable of steerable motion 
at a relatively high speed, the motors could transport drug mol-
ecules in a targeted specific way and hold promise for precise 
localized tissue drug delivery.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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