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synthetic nanomotors is largely insuffi -
cient to achieve complex functions that 
natural organisms possess. Therefore, 
more advanced biomimetic motors are 
highly desirable but remain elusive to 
materials and biomedical researchers. An 
ideal biomimetic nanomotor is expected 
to operate effectively in biological environ-
ment over extended periods to accomplish 
comprehensive biological tasks. 

 As a long-circulating delivery vehicle 
in nature, red blood cells (RBCs) pos-
sess attractive biological properties and 
continue to inspire the design and engi-
neering of various types of man-made 
biomimetic delivery systems. [ 24–26 ]  The 
pursuit of RBC-mimicking nanostructures 
has recently led to the development of an 
intriguing approach of functionalizing 
synthetic nanoparticles with natural RBC 
membranes. [ 27 ]  In this approach, cellular 

membranes are directly collected from RBCs and then coated 
onto polymeric nanoparticle cores, resulting in RBC mem-
brane-coated nanoparticles. These biomimetic nanoparticles 
have shown unprecedented capability to harness natural func-
tionalities of the native cells that would otherwise be diffi cult to 
replicate, including evading the immune system for prolonged 
circulation in the bloodstream. More interestingly, such RBC 
membrane-coated particles have also shown excellent capa-
bility to function as a toxin nanosponge to cleanse the body 
of various virulence factors such as those caused by bacterial 
infections, venomous injuries, and biological weaponry. [ 28–30 ]  
While considerable progress has been made on using natural 
RBC membranes to coat and thus camoufl age inert synthetic 
nanoparticles for biomedical uses, [ 31–35 ]  there are no reports 
coupling such cell membrane coating technology with powered 
nanomotors to create biomimetic motors for more dynamic 
and versatile applications. 

 This article reports the development and characterization of 
a biomimetic nanomotor prepared by fusing ultrasmall RBC 
membrane-derived vesicles onto the surface of an ultrasound-
propelled artifi cial gold nanowire motor. The high surface ten-
sion of RBC vesicles and their electrostatic repulsion with the 
citrate-modifi ed gold nanowires result in effective fusion and 
coverage of RBC vesicles onto the nanowires with a right-side-
out orientation, similar to what has been observed on the RBC 
membrane-coated polymeric nanoparticle system. [ 36 ]  Bridging 
such groundbreaking RBC-based sponges and state-of-the-art 
fuel-free artifi cial nanomotors results in a powerful biomimetic 
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  1.     Introduction 

 Inspired by the motor-like properties of a myriad of biomol-
ecules and organisms, considerable efforts have been devoted 
to the development of artifi cial nanomotors powered by dif-
ferent propulsion mechanisms owing to their great promise for 
diverse applications. [ 1–15 ]  To better mimic the functions of nat-
ural motors, recent efforts have shifted to modifying artifi cial 
nanomotors with biological entities, particularly bioreceptors, 
toward more versatile and robust biomedical and sensing appli-
cations. [ 16–19 ]  As a result, various types of biomolecules such 
as enzymes, antibodies, nucleic acids, lectins, and aptamers 
have been utilized to functionalize nanomotors for performing 
demanding tasks ranging from bioisolation to targeted drug 
delivery. [ 20–23 ]  While effective in performing certain tasks, the 
strategy of integrating a single type of biological molecules onto 
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platform for diverse applications. Owing to 
the unique RBC membrane coating, these 
biomimetic nanomotors represent the fi rst 
example of synthetic motors that act as 
decoys to attract and absorb ‘‘ on-the-fl y ” dif-
ferent types of membrane-damaging toxins 
and offer remarkable biocompatibility and 
propulsion in various biological fl uids. Sig-
nifi cantly, imparting dynamic movement 
onto nanosponges greatly enhances the 
toxin–sponge interactions and dramati-
cally accelerates their toxin neutralization 
ability, compared to regular toxin sponges 
whose mobility is solely relying on Brownian 
motion. Such biomimetic nanomotors rep-
resent a new class of hybrid motors, which 
combine the attractive properties of synthetic 
nanomotors with those of biological mem-
branes. These cell-membrane camoufl aged 
nanowire motors are expected to open the 
door to the design and development of bioin-
spired motors with robust functionalities and 
diverse applications.  

  2.     Results and Discussion 

  Figure    1  A illustrates the fabrication process 
of the RBC membrane-coated gold nano-
motors (denoted ‘‘motor sponges”), con-
sisting of the preparation of gold nanowires 
and coating with a functional layer of RBC 
membranes. The bare gold nanomotors were 
fabricated through a common membrane 
template electrodeposition protocol. [ 37 ]  Such 
template-assisted method enables a rapid 
large-scale production of gold nanowires 
having concave structure on one end (cor-
responding to the growth side), instead of 
a fl at one, as required for effi cient acoustic 
energy harvesting and propulsion. [ 37 ]  Fur-
ther details of the preparation process can 
be found in the Supporting Information. 
The resulting bare nanomotors undergo an 
ex situ stabilization (which will also play an 
important role in the incorporation of the 
RBC membranes) by incubating overnight 
with citric acid to introduce negative change 
onto the gold surface. [ 38,39 ]  The negatively 
charged gold nanomotors were subsequently 
incubated with RBC membrane-derived 
vesicles (diameter 50–100 nm) under ultra-
sonication. The small RBC vesicles with high 
surface tension were not stable and prone to 
fuse onto the solid gold surface to minimize the free energy of 
the system. The ultrasonic agitation enhanced the absorption 
of RBC vesicles onto the gold nanomotors. The fusion process 
retained the inherent bilayer structure of the RBC membrane 
and preserved the function of the membrane proteins. More 

importantly, due to the asymmetric negative charge between 
the exoplasmic and cytoplasmic sides of RBC membranes, 
the outer surface of the RBC membrane is much more nega-
tively charged than the inner surface. Therefore, the fusion of 
RBC vesicles onto the negatively charged motors resulted in a 
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 Figure 1.    Synthesis and characterization of RBC membrane-coated gold nanomotors (denoted 
“motor sponges”). A) Schematic preparation of motor sponges consisting of an ultrasound-
propelled gold nanowire motor coated with RBC membranes. B) Scanning electron microscope 
(SEM) image of a fabricated motor sponge. C) Fluorescent image of a motor sponge, of which 
the RBC membranes were stained with Rhodamine B. D) Determination of the membrane 
coverage on the motor sponges using a fl uorescence quenching assay. Fluorescence spectra of 
a) FITC-thiol alone, b) FITC-thiol and motor sponge mixture, and c) FITC-thiol and bare motor 
mixture. (E) Evaluation of the orientation of RBC membranes on the motors by comparing the 
relative glycoprotein content of the RBC vesicles, motor sponges, and bare motors.
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right-side-out orientation of the membranes due to electrostatic 
repulsion. [ 40 ]  In this case, the resulting motor sponges carried 
the functional proteins on the extracellular surfaces of RBCs.  

 Figure  1 B shows the scanning electron microscope (SEM) 
image of a motor sponge (400 nm in diameter and 3 µm in 
length) with a concave on one end. This image indicates that 
the characteristic nanowire shape of the motor, with its concave 
end, is not affected by the RBC coating, as expected from the 
6–8 nm thick fl uid-like lipid bilayer, compared to the 400 nm 
diameter gold motors. The template deposition method, used 
in the presence work, ensures such formation of a concave 
structure on one end of the gold nanowire. [ 37,41 ]  To confi rm the 
presence of RBC membranes on the motor surface, Rhodamine 
B (RhB) stained RBC vesicles were fused with the nanomotors. 
The fl uorescent image in Figure  1 C illustrates the full coverage 
of the motor sponge, indicating the successful incorporation 
of RhB-stained RBC vesicles onto the citrate-stabilized nano-
motors. The coverage of RBC membranes on the surface of 
motor sponges was also evaluated using the interaction of the 
motor sponges with a thiolated fl uorescent ligand. [ 31 ]  A fl uo-
rescein isothiocyanate (FITC)–thiol conjugate probe was syn-
thesized by conjugating FITC to cysteamine 4-methoxytrityl 
through  N -hydroxysuccinimide (NHS)-mediated amine cou-
pling, and subsequently cleaning the conjugate from the resin 
using trifl uoroacetic acid. The FITC–thiol strongly binds to the 
uncoated surface of gold nanomotor owing to gold–thiol inter-
action, after which the gold nanomotor can quench the fl uo-
rescence emission of FITC in a distance-dependent manner. In 
contrast, when the gold surface is covered by RBC membranes, 
the FITC–thiol will not bind. Therefore, the coverage of RBC 
membranes can be determined by measuring the quenching 
effect of FITC–thiol by the gold motor. Figure  1 D shows the 

fl uorescence emission spectra of free FITC–thiol, FITC–thiol 
with motor sponges, and FITC–thiol with bare motors (without 
RBC membrane coating). Compared to free FITC–thiol, the 
greatly reduced fl uorescence intensity of FITC–thiol incubated 
with bare motors at its emission peak of 520 nm refl ects the 
effect of fl uorescence quenching. In contrast, the quenching 
effect is not obvious when FITC–thiol was incubated with the 
motor sponges. The results clearly indicate the high coverage of 
RBC membranes on the surface of gold nanomotors that shield 
the binding between the nanomotors and the FITC–thiol. 

 Most functionalities of RBCs, including immune evasion 
and toxin-binding abilities, rely on the right orientation (right-
side-out) of the RBC membrane. This is because the membrane 
itself is highly asymmetric. Its two (outside and inside) sur-
faces differ signifi cantly in their membrane composition and 
distribution. Therefore, it is critical to ensure that the mem-
brane coated on the nanomotor adapts a right-side-out func-
tion orientation. Subsequently, we assessed the orientation 
of RBC membranes in a right-side-out manner on the motor 
sponge surface by the quantifi cation of glycanprotein on the 
RBC membranes, which exclusively distributed on the extracel-
lular side of the membranes. To this end, trypsin was fi rst incu-
bated with motor sponges to cleave the glycoprotein from the 
RBC membranes. Considering the impermeability of trypsin 
to the RBC membranes on the motor sponges, the enzymati-
cally removed glycoprotein can be used to assess the membrane 
sidedness. The content of detached glycoprotein was quantifi ed 
using a periodate-based glycoprotein detection assay following 
a published protocol. [ 36 ]  As shown in Figure  1 E, the glycopro-
tein content of motor sponges is near 90% to the equivalent 
amount of free RBC vesicles. This suggests that the majority 
of the glycoproteins on the motor sponges present on the outer 
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 Figure 2.    Ultrasound propulsion of motor sponges. A) Schematic illustration of ultrasound-propelled motor sponges. B) Time-lapse images (taken 
from Video 1, Supporting Information) illustrating random motion and moving distances of three motor sponges in deionized water with a transducer 
voltage of 5 V and a frequency of 2.83 MHz. C) A large population of moving motor sponges under the ultrasound fi eld. D) Fluorescence spectra 
illustrating the stability of RBC membrane coating on the motor sponges under ultrasound fi elds with transducer voltage over the range 0–6 V. 
E) Dependence of the average speed of motor sponges (dash line) and bare motors (solid line) upon the ultrasound voltage. F) Speed modulation of 
ultrasound-propelled motor sponges in response to a low/high/low (1/3/1 V) 6 s potential steps using a frequency of 2.83 MHz. Dash and solid track 
lines showing the motor trajectories at applied potentials of 1 and 3 V, respectively.
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surface, which corresponds to a right-side-
out orientation of the RBC membrane on 
the motor sponges. Such orientation of RBC 
membrane facilitates the selective uptake of 
pore-forming toxins and protects the motor 
sponge from the nonspecifi c adsorption of 
proteins (biofouling) in biological media, i.e., 
the biomimetic motor acting as a decoy of 
natural RBCs. 

 The presence of the concave end, obtained 
by the template deposition, ensures effi cient 
motion triggered by the external ultrasound 
fi eld. Such fast acoustic propulsion of the 
nanowire motor sponges within the levitation 
plane derives from acoustically driven fl uid 
streaming around their axially asymmetric 
concave ends that lead to effi cient energy 
harvesting ( Figure    2  A). [ 41–44 ]  The trajectories 
in the time-lapse image of Figure  2 B, taken 
from Video 1 in the Supporting Informa-
tion, illustrate the travel distance of three 
motor sponges with an average speed of 
32 µm s −1  over a 1 s period in distilled water 
using an ultrasound frequency of 2.83 MHz 
and transducer voltage of 5 V. Application of 
the acoustic fi eld results in a planar standing 
wave that leads to the formation of nodes and 
antinodes and results in pressure gradients, 
which drive the nanomotors toward low-
pressure regions due to the primary radiation 
force from acoustic fi eld. [ 42,44 ]  These motor 
sponges display a rapid random motion in 
the node plane, characteristic of ultrasound-
powered movement of metallic nanowire 
motors. [ 41 ]  In addition, an effective popula-
tion of effi ciently propelled motor sponges is observed using a 
high concentration of motor sponges under similar ultrasound 
conditions (Figure  2 C). Such effi cient propulsion and fl uid 
stream toward the pressure node result in a greatly improved 
fl uid transport.  

 To evaluate the stability of the motor sponges, RhB-stained 
RBC vesicles were employed to prepare fl uorescently labeled 
motor sponges. Figure  2 D illustrates the fl uorescence intensi-
ties of the RhB-labeled motor sponges during 1 h acoustic pro-
pulsion under different ultrasound transducer voltages ranging 
from 1 to 6 V. The negligible change of the fl uorescence inten-
sity during this operation refl ects the remarkably high stability 
of RBC membranes on the gold motor surface. The infl uence 
of the RBC membrane coating on the propulsion performance 
of motor sponges was also investigated. Figure  2 E shows the 
dependence of the speed of motor sponges and bare motors 
upon the ultrasound transducer voltage. The average speed of 
bare motors increases from 5 µm s −1  at 1 V to 43 µm s −1  at 
6 V. The motor sponges exhibit a similar trend, with slightly 
lower speeds ranging from 4 to 41 µm s −1  over the same 1–6 V 
range. These data imply that the coverage of RBC membranes 
has a minimal effect on the propulsion behavior of the motor 
sponges. Such dependence on the ultrasound transducer poten-
tial can be exploited for real-time speed modulation of the 

motor sponges. For example, Figure  2 F (taken from Video 3, 
Supporting Information) illustrates the on-demand accelera-
tion or deceleration of motor sponges by modulating the trans-
ducer potential. The speed of the motor sponges increases rap-
idly from 4 to 13 µm s −1  upon increasing the voltage from 1 to 
3 V, and decreases rapidly back to 4 µm s −1  upon decreasing the 
voltage to 1 V again. Such precise and rapid speed control holds 
promise for a variety of practical applications of the motor 
sponges. 

 Since the motor sponges are covered by natural RBC mem-
branes, they are expected to be biocompatible in whole blood 
and unaffected by blood-induced biofouling effects that may 
hinder their movement. Such biomimetic nanomotors are thus 
expected to operate effectively in biological environment over 
extended periods. The time-lapse images in  Figure    3   and the 
corresponding Videos 4 and 5 (Supporting Information) illus-
trate the movement of motor sponges in undiluted whole blood 
using an ultrasound voltage of 5 V and a frequency of 2.83 MHz. 
Effi cient propulsion at a speed of 14 µm s −1  is observed. As 
compared to the 27 µm s −1  speed in distilled water, the lower 
speed in whole blood refl ects the high viscosity of the blood 
medium, as was reported for other ultrasound motors. [ 37 ]  The 
motor sponge displays a long-term effi cient ultrasound propul-
sion in whole blood. The time-lapse images in Figure  3 A,B, 
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 Figure 3.    Propulsion of motor sponges in whole blood. A,B) Time-lapse images showing the 
propulsion of motor sponges in the whole blood over 40 min. C,D) Time lapse images (taken 
from Video 4, Supporting Information) showing the propulsion of motor sponges in whole 
blood before and after 48 h incubation in the whole blood, respectively. Scale bars, 10 µm. 
Ultrasound fi eld conditions: 5 V and 2.83 MHz.
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taken from Video 4 (Supporting Information), show the ultra-
sound-powered propulsion of motor sponges in the whole 
blood at 0 and 40 min, respectively. No change in the speed 
of the motors is observed over this prolonged operation in the 
blood medium (14 µm s −1  in 0 min, and 14 µm s −1  in 40 min). 
To further investigate the antibiofouling of the motor sponges 
in whole blood, the motors were incubated in undiluted blood 
for 48 h prior to monitoring their propulsion. The time-lapse 
images of Figure  3 C,D, taken from Video 5 (Supporting Infor-
mation), illustrate the ultrasound-powered movement of motor 
sponges before and after the 48 h incubation in whole blood, 
respectively. The motor sponges display effi cient propulsion, 
with similar speeds before and after the incubation, indicating 
that the prolonged incubation in whole blood has negligible 
impact upon their propulsion behavior and that fouling effects 
are negligible. Similarly, Video 6 (Supporting Information) dis-
plays the effi cient propulsion of multiple nanomotors in whole 
blood. Comparing the ultrasound-powered movement of motor 
sponges and bare motors in whole blood (shown in Figure S1 
and Video 6, Supporting Information) further demonstrates 
the blood-induced biofouling and greatly hindered movement 
of the bare motors, compared to the absence of fouling effects 
using the motor sponges.  

 After having characterized the preparation and properties of 
the motor sponges, we next tested their application as a pow-
ered toxin nanosponge to effectively absorb and neutralize pore-
forming toxins—a family of toxins that target RBCs by punching 
holes to the cell membranes. As illustrated in  Figure    4  A, the 

large-scale collective motion can greatly enhance the interaction 
between the toxins and the motor sponges, thereby accelerating 
the toxin neutralization process as compared to the regular 
toxin sponges without motor functions. To investigate such 
neutralization action of the motor sponges, melittin (a mem-
brane pore-forming peptide from bee venom) was employed 
as a model membrane-damaging toxin. By wrapping RBC ves-
icles on the surface of the nanomotors, the sponge nanomo-
tors can serve as a decoy to attract toxins and thus divert the 
toxins away from natural cells. Experiments were performed by 
mixing fi xed amounts of the toxin with equivalent amounts of 
phosphate buffered saline (PBS) buffer, bare motors (without 
RBC coating), motor sponges without ultrasound propul-
sion, or motor sponges with ultrasound propulsion for 2 min. 
Subsequently, the four formulations were added to 1.6 mL of 
1 vol% purifi ed mouse RBCs in PBS, respectively. Comparison 
of the different treatments, shown in Figure  4 B, illustrates 
that the motor sponges are capable of protecting RBCs from 
lysing by melittin, and the propulsion of the motor sponges 
further enhanced the clean effi ciency of melittin. To further 
confi rm these observations, the relative hemolysis was quanti-
fi ed by measuring the absorption of the released hemoglobin at 
540 nm. Figure  4 C shows the percentage of hemolysis of the 
different treatments as a function of time. In samples treated 
with PBS buffer or bare motors, the relative hemolysis increases 
considerably to 71% within the fi rst 10 min, and more slowly to 
78% in the subsequent 30 min. In contrast, in samples treated 
with motor sponges under the ultrasound fi eld, the increase in 
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 Figure 4.    In vitro neutralization of pore-forming toxins by motor sponges. A) Schematic mechanism for the neutralization of mellitin toxin using 
ultrasound-propelled motor sponges. B) Centrifuged RBCs after incubation with melittin mixed in PBS, bare motors, motor sponges without ultrasound 
propulsion, and motor sponges with ultrasound propulsion. C) Hemolysis analysis of samples in (B) as the function of time (0–30 min). D) Percentage 
of hemolysis of samples in (B) after 10 min incubation. Ultrasound fi eld conditions: 5 V and 2.83 MHz.
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relative hemolysis is less than 20% within 30 min. During the 
same time window, motor sponges without ultrasound fi eld led 
to relative hemolysis of about 50%. Figure  4 D shows the quan-
titative hemolysis of the four samples after 10 min of incuba-
tion with RBCs and melittin. These results clearly demonstrate 
the advantage of using ultrasound-propelled motor sponges 
to absorb and neutralize toxins, which are about 60% more 
effective than PBS and bare motors and about 30% better than 
regular motor sponges without the ultrasound fi eld. Appar-
ently, imparting fast movement onto nanosponges results in a 
dramatically accelerated neutralization of membrane-damaging 
toxins, as compared to regular nanosponges that rely solely on 
Brownian motion. Such motion-based accelerated neutraliza-
tion refl ects the greatly increased fl uid transport and enhanced 
likelihood of toxin contact with the moving sponge.   

  3.     Conclusions 

 We described the fi rst example of RBC membrane-coated arti-
fi cial nanomotors, namely motor sponges, which combine the 
attractive properties of synthetic nanomotors and natural cell 
membranes toward effi cient movement in body fl uids and 
rapid neutralization of membrane-damaging toxins. The syn-
ergy of combining the nanosponges with artifi cial nanomotors 
leads to powerful platform for various biomedical applica-
tions. This new class of biomimetic nanomotors is prepared 
by fusing small RBC membrane-derived vesicles onto the 
surface of ultrasound-powered gold nanowire motors, thus 
displaying remarkable biocompatibility in biological fl uids. 
The concave end of the motor sponges allows for high speed 
propulsion and precise directional control. Coated by natural 
RBC membranes, these ultrasound-propelled motor sponges 
can effectively and rapidly remove membrane-damaging 
toxins from biological fl uids through a combination of toxin 
absorption and enhanced fl uid transport. The development 
of the ultrasound-propelled motor sponges represents a novel 
biomimetic generation of synthetic motors that bridges the 
longstanding gap between synthetic motors and biological sys-
tems. If needed, membranes from other types of cells, such as 
cancer cells and stem cells, can also be employed to prepare 
cancer-targeting motor sponges. [ 45 ]  These cell-membrane cam-
oufl aged nanowire motors represent a new class of small-scale 
motors that hold great potential for a wide range of practical 
biomedical and biodefense applications.  
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