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Micro- and nanorobots are promising candidates for targeted therapeutic interventions and 

controlled drug delivery.[1] The primary advantage of these micro- and nanodevices over other 

small-scale therapeutic delivery systems is their controlled locomotion and thus accurate targeting 

ability.[2] Examples of such robots include surface-functionalized magnetic helical 

microswimmers and stimuli-responsive robots, which are able to target single cells and tissue 

locations for drug, gene or cell delivery.[1b, 3] The cargo release process in these small robots is 

usually triggered passively by localized changes in physiological conditions (e.g. pH, temperature) 

at the target site. However, possible off-target therapy delivery can be caused by complicated 

physiological conditions or unexpected changes of the local environment. Therefore, developing 

an integrated mobile micro- or nanorobot, which can be externally triggered will provide an 

alternative delivery strategy that is more controllable and favorable. Ideally, a therapeutic delivery 

platform should utilize the same external power source independently both for locomotion and for 

on-demand triggered therapeutics. However, to avoid interference between these two tasks is 

challenging using the same energy source. 

In this work, we designed and fabricated wire-shaped magnetoelectric nanorobots to 

demonstrate a proof-of-concept integrated device, which is featured by wireless locomotion and 

on-site triggered therapeutic release using a single external power source (i.e. magnetic field). 

Among various techniques available to date for the wireless actuation of micro- and nanorobots,[2a, 

2b, 4] the use of magnetic fields has been widely adopted due to their versatility and precision in 

controlling the locomotion of magnetic structures, and their excellent biocompatibility.[5] 

Magnetoelectric materials change their electric polarization when subject to appropriate magnetic 

stimulation, and it has been previously demonstrated that changes in the electric polarization can 

induce redistribution of surface charges, which is able to trigger chemical and/or biochemical 
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processes.[6] Here, we show that the integration of magnetoelectric materials in nanororobotic 

platforms not only enables the device to be precisely steered towards a targeted location by means 

of wireless magnetic fields, but also allows the device to perform on-demand magnetoelectrically-

assisted drug release to cells. 

We have designed a hybrid magnetoelectric core-shell composite nanowire with a 

magnetostrictive core and a piezoelectric shell. Poly(vinylidene fluoride-trifluoroethylene) 

P(VDF-TrFE), a piezoelectric polymer, is first fabricated into nanotube arrays through a template-

based wetting technique.[7] In the second step, FeGa, an alloy with a large magnetostrictive 

coefficient, is electrodeposited inside the tubes to form the core-shell nanowire (Figure 1). Energy 

dispersive X-ray (EDX) analysis indicates a compositional ratio of Fe80Ga20 (Figure S1), which is 

reported to have the highest magnetostrictive coefficient (~400 ppm).[8] Upon magnetic 

stimulation, the magnetostrictive FeGa core deforms, and the strain is transferred onto the 

piezoelectric P(VDF-TrFE) shell, inducing changes in its surface polarization. Compared with 

single-phase magnetoelectric materials, this biphasic core-shell configuration provides more 

flexibility in design and fabrication of the device, ranging from material selection to morphology 

control of individual phases (e.g. thickness, length, etc.). Finally, FeGa@P(VDF-TrFE) core-shell 

nanowires are released by dissolving the template in NaOH solution and the gold plug layer in 

gold etchant. 

The surface morphology of the hybrid nanowires is investigated by atomic force 

microscopy (AFM) in semi-contact mode (Figure 1b). Two distinct regions are clearly observed 

on each nanowire, as indicated by the dashed lines. While the upper parts reveal the smooth surface 

of FeGa grown out of the P(VDF-TrFE) nanotubes, the lower regions show random striped patterns, 

indicating the crystalline lamella of the polymer. Transmission electron microscopy (TEM) 
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(Figure 1c) reveals the conformal growth of FeGa nanowire inside the polymer tube, which 

replicates its inner rough surface. The FeGa core has a diameter of ~250 nm and the P(VDF-TrFE) 

shell has a thickness of ~35 nm (Figure 1c inset shows a cross-sectional thickness profile), which 

corresponds well to the pore diameter of the AAO template (300~350 nm). The rough stripe 

patterns of the outer shell are indications of crystal lamellar structures of P(VDF-TrFE). The 

crystalline nature is a prerequisite for nanoscale ferroelectricity in P(VDF-TrFE) [9]. The conformal 

growth of FeGa core and the absence of voids between the core and P(VDF-TrFE) shell ensures a 

solid interface junction, which is crucial for effective strain transfer from the magnetostrictive 

phase to the piezoelectric phase, thus, ensuring a large magnetoelectric effect.[10] 

The infrared (IR) spectrum and X-Ray diffraction (XRD) patterns reveal the crystalline 

structure of the two phases. The IR spectrum (Figure 1d) shows characteristic absorption bands of 

ferroelectric crystalline phase in P(VDF-TrFE) (i.e., 1287 and 846 cm-1, assigned to the zigzag 

chain conformations with three or more trans-isomer unit sequences, denoted as Tm≥3).
[11] The 

XRD pattern further corroborates the existence of ferroelectric crystals (Figure 1e), as evidenced 

by the diffraction peak at 20.3° which reflects the (110, 200) crystallographic plane with an 

interchain lattice space of 4.37 Å in ferroelectric β phase.[9b, 11b] The diffraction peaks located at 

44.7°, 64.0° and 81.7°, corresponding to lattice constants of 2.03 Å, 1.45 Å and 1.18 Å, represent 

the (110), (211) and (200) crystallographic planes of FeGa, respectively. The lattice constants are 

slightly larger than that of disordered body-centered-cubic α-Fe (JCPDS 06-0696), which has 

lattice constants of 2.02 Å 1.43 Å 1.17 Å for (110), (211) and (200) crystalline plane. The 

incorporation of Ga atoms expands the lattice.[12] Selected area electron diffraction (SAED) pattern 

of a single nanowire also shows similar results. The multiple smeared diffraction rings 

corresponding to the same phase as determined from XRD are observed, indicating its 
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polycrystalline nature. However, some bright spots are also observed on the (110) ring, which 

proves that the FeGa nanowire has a preferred orientation along the  <110> direction.  

The ferroelectricity and magnetoelectricity of the core-shell nanowire can be directly 

probed using piezoresponse force microscopy (PFM) under an external magnetic field. An 

alternating voltage is applied to the sample using a conductive cantilever tip in contact mode to 

induce piezoelectric surface oscillations in the sample, which is sensed through the resulting 

cantilever deflection. Figure 2 shows the PFM phase (a, c) and amplitude (b, d) images before and 

after applying an external magnetic field. The PFM phase image (Figure 2a) shows clear phase 

contrast between different regions, indicating anti-parallel domains with opposite out-of-plane 

polarization orientation, although the spatial distribution of the domains on the polymer shell is 

random. The amplitude image (Figure 2b) also shows distinct and randomly distributed 

piezoresponse on the shell. The random distribution of ferroelectric domains corresponds to the 

polycrystalline nature of the polymer. Upon application of an external magnetic field (1000 Oe, 

which is much larger than the coercive field of FeGa, Figure S2), no morphology change is 

observed (Figure S3). However, changes in ferroelectric domains are clearly observed in the PFM 

phase image and amplitude image. As can be seen from phase images (Figure 2a, c), while some 

of the bright regions grow at the expense of the dark regions (denoted by horizontal blue arrows), 

some of the dark areas turn bright (denoted by vertical yellow arrows). These changes are 

indicative of polarization reversal induced by magnetic field in certain ferroelectric domains. The 

effect of the magnetic field on the piezoresponse amplitude is clearly visible. While some domains 

with low initial amplitudes exhibit high amplitudes upon application of a magnetic field (denoted 

by the dashed square), others with high amplitudes show the opposite trend (denoted by the dashed 

circle). When an external magnetic field is applied, the magnetostrictive FeGa is strained. The 
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strain is then transferred to the piezoelectric P(VDF-TrFE) shell through interfacial coupling, 

which induce changes in the polarization state of P(VDF-TrFE). The polarization reversal and 

changes in piezoresponse caused by magnetic field induced strain are direct evidence of strong 

magnetoelectric coupling between the ferromagnetic and ferroelectric materials.[13] 

To further investigate the ferroelectricity and the magnetoelectric coupling effect in the 

core-shell nanowire, local piezoresponse hysteresis loops are acquired at random locations on the 

wire (Figure 2e and f). The programmed excitation voltage waveform is a stepwise increasing, 

pulsed DC field superimposed with a small AC voltage. To minimize the possible interference of 

electrostatic forces, the AC piezoresponse signal was acquired during the off-phase of the bias 

pulse sequence.[14] The P(VDF-TrFE) shell exhibits polarization reversibility both with and 

without the application of a magnetic field, i.e., the polarization directions can be switched at both 

polarities of tip DC-bias voltages. The average phase contrast is close to 180°, confirming that the 

response is contributed by electromechanical response instead of electrostatic force.[15] Both 

piezoresponse phase loops are horizontally shifted, as also observed from the amplitude curves 

with asymmetric butterfly shape. The asymmetry of the loops can originate from different reasons, 

such as the imprint effect, internal bias fields inside the materials, and/or a work function 

difference between the top electrode (Pt-coated silicon probe) and the bottom electrode (FeGa).[9a, 

9b, 13b, 16] The coercive voltages for the shell measured without magnetic field are −5.18 V and 1.56 

V, respectively. Assuming that the electric field generated by the probe tip is uniform, and a 35 

nm thickness of the P(VDF–TrFE) shell, the apparent average coercive field is about 96 MV m-1, 

which is larger than, but still comparable to that of the copolymer bulk counterpart (50 MV m-1). 

One possible reason could be that the interfacial interaction between the copolymer and FeGa 

changes the ferroelectric switching behavior when the shell thickness is scaled down to the 
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nanometer range.[17] Another important fact is that, in PFM measurements the switching bias field 

is applied via a sharp tip, and thus the field is inhomogeneous as opposed to conventional 

ferroelectric tests. Nevertheless, since the tip is fixed at the same point, the values obtained with 

or without the magnetic field are still comparable. Under magnetic field, the coercive voltages 

become -4.56 V and 0.28 V, respectively, corresponding to an average coercive field of 69 MV m-

1. The smaller coercive field obtained under magnetic field indicates that the strain generated in 

the magnetostrictive FeGa core is effectively transferred onto the shell, facilitating the polarization 

reversal process in P(VDF-TrFE). This is direct evidence of strain mediated magnetoelectric effect 

in the composite nanowire.  

We note that the positive coercive voltage change (1.28 V) is larger than the negative 

coercive voltage change (0.62 V). The asymmetric change means that there is an offset of the 

center of the piezoresponse loop under magnetic field, which is supposed to be caused by an 

electric field generated by the ME effect.[18] As is known, the ME coupling coefficient is defined 

as  

αE=∆E/∆H     (1) 

where ∆H is the increment in the external magnetic field and ∆E is the increment in the 

electric field caused by the external magnetic field.[18] In our case, the electric field change ∆E, i.e. 

the offset of the center of the loop upon application of magnetic field, is estimated to be (1.28 V-

0.62 V)/2/35 nm= 9.4 MV m-1. Then, the local ME coefficient can be estimated as 9.4×104 mV 

cm-1 Oe-1. This is the first report of a direct magnetoelectric effect in the composite of FeGa/PVDF 

ferroelectric polymer. This value is in the same order as those reported for some other one 

dimensional core-shell nanostructures (e.g., CoFe2O4@PbZr0.52Ti0.48O3, CoFe2O4@BaTiO3, 

CoFe2O4@BiFeO3) evaluated by similar methods.[13a, 19] However, it should be noted that such 
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local measurements cannot be compared directly to the macroscopic ME coefficient, although 

some recent theoretical analysis indicates that composite multiferroic nanowires could potentially 

exhibit a ME response orders of magnitude higher than that of thin films with similar 

compositions.[20] 

For effective site-specific drug delivery, especially for chemotherapeutics with severe side 

effects, an ideal administration method employs non-cytotoxic nano-carriers to carry drugs to the 

lesion, and then releases the drugs on demand by an externally controlled triggering mechanism. 

Here, we demonstrate this concept using magnetoelectric nanowires under the application of 

various forms of magnetic fields. First, to realize targeted therapeutics, precise control of 

locomotion and maneuvering of the nanowire robot is essential. Nanowire propulsion falls under 

the low Reynolds number Stoke’s flow regime, where viscous forces dominate over inertial forces, 

rendering conventional macroscopic locomotion schemes inappropriate.[21] Here, we demonstrate 

two strategies that can actuate a single nanowire at low Reynolds number using the torque 

generated on the magnetic nanowire by low amplitude (< 10mT) rotating magnetic fields. The first 

motion strategy is based on a near surface-effect which we call a tumbling or surface-walking 

motion,[22] where the nanowire is propelled forward and steered i.e., it executes rotation along with 

translation on a surface. The second strategy endows the nanowire with the ability to swim in three 

dimensions (3D). This is the first report showing that a rigid nanowire can be manipulated to swim 

in 3D.  

Manipulation experiments were conducted in a specially designed set-up with three 

orthogonal electromagnetic coil pairs. [4a] Surface-walking tests were performed near a flat Si 

surface in deionized water, shown schematically in Figure 3a. It is known that the magnetic 

nanowire can follow the rotating magnetic field with their long axis. To rotate the nanowire on the 
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surface, one needs to set the rotating plane perpendicular to the surface. In this configuration, the 

hydrodynamic interaction of the nanowire with the surface is stronger on one end than on the other, 

leading to a velocity difference between the two ends of the nanowire. The asymmetric boundary 

condition breaks the time reversibility of the motion, resulting in a “surface-walker” motion. The 

parameter α in Figure 3a controls the orientation of “surface-walker” motion. In order to steer the 

tumbling motion, only the input parameter α has to be changed. Figure 3b shows the optical top-

view of the precise steering of the nanowire along a predefined trajectory (also see Supplementary 

Video S1). The dependence of the average translational velocity of the nanowire on the rotation 

frequency was characterized, as shown in Figure 3c. The results shows a linear relationship 

between the input field frequency and the velocity when the nanowire rotates in sync with the input 

field. Using the same technique, the nanowire can climb up and down a vertical wall (Figure 3d 

and Supplementary Video S2). A micro channel with width of 20 µm and depth of 6 μm is 

fabricated through photolithography. The nanowire is first propelled toward the wall of the 

microchannel, where it overcomes its weight and tumbles upward along the vertical wall of the 

channel. After climbing out of the channel, the nanowire “walks” around the surface and then 

down into the channel again. The climbing test demonstrates the feasibility of propelling the 

nanowire near a complex surface. 

Next we present a novel 3D propulsion mode for the nanowires, actuated by a conical 

rotating magnetic field. In sync with the conical field, the magnetic nanowire rotates on a conical 

surface around the axis of rotation. The upper and lower part of the conical surface is asymmetric, 

and this asymmetry results in a translational force on the nanowire (Figure 3e). Figure 3f and 

Supplementary Video S3 show that a rigid nanowire can be driven by this method until it “lifts off” 

from the surface. At t=2 s, the nanowire speed up to rotate on the surface. After applying a conical 
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field, the nanowire gradually swims up until it goes out of focus (t=7 s). To change the swimming 

direction, we can control the direction of the axis of rotation by adjusting the pitch angle θ (Figure 

3g). We demonstrate the precise three-dimensional swimming of the nanowire along a predefined 

trajectory (Figure 3h and Supplementary Video S4). The nanowire swims over a micropillar 

(height of 6 μm), which is clear evidence of motion in 3D. However, it is worth noting that in 

biological fluids such as serum, the viscosity, temperature and components of the fluid may 

dramatically influence the swimming behavior of the nanorobots.[23] 

Besides targeted motion, on-site controlled drug release is another important factor for 

effective therapeutics. First, we verified the biocompatibility of the nanowires to make sure that 

they can be used as drug delivery vehicles. We observed that up to a concentration of 100 ppm cell 

viability is not affected (Figure S4). To facilitate drug loading, the nanowires were pretreated with 

polydopamine (PDA), which introduced a large amount of amine and hydroxyl groups on their 

surface. [24] Paclitaxel, a drug widely used to treat ovarian, breast, lung, pancreatic and other 

cancers, is adsorbed onto the surface of the core-shell nanorobots. The adsorption occurs most 

probably through the interaction (e.g. hydrogen bond, Van der Waals, etc.) between amine, 

hydroxyl and carbonyl groups in paclitaxel and polydopamine. When the drug delivery system is 

exposed to an alternating magnetic field, the transient changes of polarization state brought by the 

magnetoelectric effect breaks the interaction between the drug molecules and polydopamine, and 

thereby releases the drug (Figure 4a). The results confirm our hypothesis. Figure 4b shows that 

the viability of the cells cultured with the drug-loaded nanowires under an AC magnetic field  

(Figure 4b (i)) is decreased by ~40% compared with that of the control sample (Figure 4b (ii)). 

Multiple control experiments were carried out to confirm that the cancer cells were not killed by 

magnetic hyperthermia (Figure 4b (iii)) and diffusion of the drug molecule (Figure 4b (iv)). 
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Therefore, we can conclude that the drug release is mostly due to the magnetoelectric effect of the 

nanowires. Note that the application of a DC magnetic field did not cause any significant cell death 

as compared to the control sample (Figure 4b (v)). The phenomena may be due to the fact that the 

transient changes in polarization states on the surface are immediately compensated by adsorbed 

charges, and no further changes can be induced to release the drugs due to the invariant magnetic 

field. The unique feature (i.e. drug molecules released largely by AC fields but not much by DC 

fields) indicates that side effects to the healthy tissue can be minimized during the drug 

transportation process, where the nanowire is maneuvered to the targeted lesion using a rotating 

magnetic field with invariant magnitude. 

In summary, we have fabricated FeGa@P(VDF-TrFE) core-shell magnetoelectric 

nanowires and demonstrated that they can be actuated and triggered using different magnetic fields 

for targeted drug delivery. Ferroelectric P(VDF-TrFE) nanotubes are first obtained by melt-

wetting of AAO templates. Subsequent electrodeposition of FeGa allows conformal growth of the 

magnetostrictive core. The fabrication strategy allows facile tuning of geometric parameters (i.e. 

length and diameter) of the nanowire, and more importantly, superior interfacial coupling between 

piezoelectric and magnetostrictive phases. Structural characterization (IR, XRD, and EDX) 

confirms that P(VDF-TrFE) and FeGa is in the proper piezoelectric and magnetostrictive phase, 

respectively. Ferroelectricity in the nanotube is further confirmed using piezoresponse force 

microscopy. Distinct domain switching characteristics in the nanowire with or without external 

magnetic field are observed, indicating prominent magnetoelectric coupling. The nanowires are 

able to load the anti-cancer drug paclitaxel after surface functionalization using polydopamine, 

and release the drug upon the application of alternating magnetic fields due to the magnetoelectric 

effect. Therefore, cancer cells are killed by the released drug. We demonstrate precise magnetic 
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maneuvering capabilities on a patterned surface and 3D swimming using low amplitude rotating 

magnetic fields. The precise control strategy provides the nanowires with superior targeting ability. 

Distinct magnetic stimuli resulting from the same energy source – alternating magnetic fields for 

drug release, and rotating magnetic fields for nanowire steering – enables these devices to carry 

and deliver drugs effectively to the targeted site while minimizing side effects of drugs 

administered systemically. The proposed nanomachines represent a further step in the 

development of miniaturized magnetoelectric platforms for biomedical applications. 
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Figure 1. (a) Fabrication scheme of FeGa@P(VDF-TrFE) core-shell nanowires. (b) AFM 

image of two nanowires with FeGa grown out of P(VDF-TrFE) nanotubes. The arrow indicates 

the growth direction of FeGa. (c) TEM image of a core-shell nanowire. The inset shows the 

cross-sectional grayscale profile along the dashed line. (d) FTIR spectrum of P(VDF-TrFE) 

nanotubes. (e) XRD pattern showing crystalline structure of FeGa@P(VDF-TrFE) core-shell 

nanowires. The inset shows the SAED pattern of a single nanowire. 
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Figure 2. PFM phase (a, c) and amplitude (b, d) images of FeGa@P(VDF-TrFE) core-shell 

nanowires without (first row) and with (second row) magnetic field. All the scale bars in the 

images are 200 nm. Piezoresponse amplitude (e) and phase (f) loops obtained from the 

FeGa@P(VDF-TrFE) core-shell nanowires without (solid blue triangle) and with (hollow 

orange circle) magnetic field. 
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Figure 3. (a) Schematic illustration of the nanowire rotating vertically with respect to the x-y 

plane. (b) The nanowire is manipulated to follow the shape of a heart. (c) Average translational 

velocity with respect to the magnetic field frequency. (d) Demonstration of nanowire climbing 

up a step of 6 µm high. (e) Schematic illustration of the motion of a core-shell nanowire in a 

conical rotating magnetic field. (f) A core-shell nanowire moving away from the surface under 

the manipulation of a conical rotating magnetic field. (g) Schematic illustration of steering the 

nanowire by changing the translational motion direction. (h) The nanowire is steered to swim 

following a U-shaped trajectory. Scale bars in figure 3(f) and (h) represent 5 µm. 
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Figure 4. (a) Scheme showing on-demand drug delivery experiment. The anti-cancer drug is 

loaded onto a PDA treated FeGa@P(VDF-TrFE) core-shell nanowire and then released by 

applying an alternating magnetic field. PDA: polydopamine. PTX: Paclitaxel. (b) The efficacy 

of AC field triggered on demand drug delivery experiment in comparison to several control 

experiments.  
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