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Precise electrokinetic position and 
three-dimensional orientation control  
of a nanowire bioprobe in solution

Huaizhi Li    1, Daniel Teal    2, Zexi Liang1, Hyunah Kwon    3,4, David Huo5, 
Alison Jin6, Peer Fischer3,4 & Donglei Emma Fan    1,2 

Owing to Brownian-motion effects, the precise manipulation of 
individual micro- and nanoparticles in solution is challenging. Therefore, 
scanning-probe-based techniques, such as atomic force microscopy, 
attach particles to cantilevers to enable their use as nanoprobes. Here we 
demonstrate a versatile electrokinetic trap that simultaneously controls 
the two-dimensional position with a precision of 20 nm and 0.5° in the 
three-dimensional orientation of an untethered nanowire, as small as 
300 nm in length, under an optical microscope. The method permits the 
active transport of nanowires with a speed-dependent accuracy reaching 
90 nm at 2.7 μm s–1. It also allows for their synchronous three-dimensional 
alignment and rotation during translocation along complex trajectories. 
We use the electrokinetic trap to accurately move a nanoprobe and stably 
position it on the surface of a single bacterial cell for sensing secreted 
metabolites for extended periods. The precision-controlled manipulation 
underpins developing nanorobotic tools for assembly, micromanipulation 
and biological measurements with subcellular resolution.

Recent advances in the understanding and exploration of active matter,  
micro-/nanomachines and microrobots suggest their potential  
biomedical applications1–7. One promising direction is to use micro- 
and nanostructures as probes or to locally exert forces. To manipulate 
and control individual nanostructures with subcellular precision is 
challenging due to the presence of strong Brownian forces. Schemes 
that can manipulate untethered probes are largely restricted to two 
dimensions and cannot be used to freely orient an untethered micro-/
nanoprobe. Therefore, most probes are attached to a cantilever8,9.

Optical10–14, magnetic15–20, hydrodynamic21–24, acoustic25,26 and 
thermophoretic27 tweezers permit the two-dimensional (2D) position-
ing of micro-/nanoscale particles, cells and micro-objects. This enables 
a wide range of applications ranging from non-invasive spectroscopic 

observations to force measurements15,28,29. Electric fields30–35 have also 
been used for trapping and manipulation, and they are currently able 
to trap some of the smallest particles, including molecules36. This is 
achieved by the judicious application of electric fields that control fluid 
flows under feedback to counter any Brownian motion of the trapped 
particle/molecule. The technique is known as an anti-Brownian elec-
trophoretic trap36,37. Although the aforementioned traps can be used 
to position objects, very few techniques can be used to simultaneously 
control the position of an object and its orientation in space (Supple-
mentary Table 1)14,18,22,24,33,38,39.

Here we report a versatile method to simultaneously control 
the 2D position and three-dimensional (3D) orientation of micro-/
nanoscale wires, rods and complex anisotropic structures in solution 
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The low-Reynolds-number conditions ensure that the particles 
respond instantaneously, even when the fields are switched within 
microseconds. Importantly, electric forces and torques generated via 
different mechanisms can be readily superimposed by generating suit-
able electric driving signals (Supplementary Fig. 1). This is exploited 
in this work, where we achieve combined programmed 3D orientation, 
continuous rotation and 2D position control of a nanowire (Supple-
mentary Fig. 2). Independent feedback loops further counter the 
particle’s translational and rotational Brownian motion at the same 
time (Fig. 1c).

Figure 1a shows that d.c. voltages cause the transport of nano
particles suspended in the polydimethylsiloxane (PDMS) well via 
electro-osmosis/electrophoresis, which is described by the Helmholtz–
Smoluchowski equation under the assumption of a thin double layer42, 

given by u = − ϵζsE
η

 and U = ϵζpE
η

, respectively, where u is the velocity 

of the electro-osmotic flow; U is the velocity of the particle; ε is the 
permittivity of the medium; ζs and ζp are the zeta potentials of the 
substrate and particle, respectively; η is the viscosity of the medium; 
and E is the electric-field strength.

Electrorotation (τR), expressed as τR = − E2

2
Im[αa + αb], is achieved 

by applying a.c. voltages with 90° sequential phase shift that rotate 
particles40,43, where αa and αb are the complex polarizabilities along the  
long axis (a) and short axis (b) of the particle, respectively; both  
Maxwell–Wagner interfacial polarization and the presence of an  
electric double layer can contribute to the complex polarizabilities43. 

with high precision and countering both translational and rotational 
Brownian motion. Electric fields are applied to utilize electro-osmotic 
and electrophoretic effects, as well as electrorotation and electroalign-
ment to simultaneously achieve 2D transport, rotation and 3D align-
ment of the particle with complete position and orientation control.

Figure 1a shows the scheme of the electrokinetic trap to control 
a free nanowire in solution (Methods). We would like to stress that 
the surfaces of the observation chamber are not needed to orient 
the nanowire probe. The trap is formed by four in-plane electrodes 
and a pair of electrodes orthogonal to the plane to ensure that their 
combined electric-field vector can point in all three spatial directions, 
namely, X, Y and Z (Fig. 1a,b). The application of d.c. fields gives rise 
to electro-osmosis and electrophoresis that causes a nanowire or 
rod-shaped particle to translate, whereas the application of an a.c. field 
induces electrorotation or electroalignment, which can be used for 
the orientation (Fig. 1b). Incorporating a visual feedback mechanism 
permits anti-Brownian-motion control in all these discussed manipula-
tions (Fig. 1c). Figure 1a (inset) shows a nanowire probe that is steered 
along a bacterial cell for chemical sensing.

Working principle and experimental design
Several electrokinetic effects have been explored for manipulating 
micro-/nanoparticles40. The applied electric force and torque can be 
substantial. For instance, electro-osmotic flows can reach velocities 
of a few millimetres per second and can propel a particle37. The torque 
can be used to spin a nanowire at 18,000 revolutions per minute41.  
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Fig. 1 | Design and working principle of the electrokinetic trap. a, Schematic 
of the electrokinetic trap and the experimental setup to control the position 
and 3D orientation of a nanoprobe. The inset shows the precise positioning of a 
plasmonic nanoprobe for the localized detection of metabolites released by a 

single bacterial cell. b, Electrokinetic effects, including electrophoresis/electro-
osmosis and in-plane and out-of-plane electroalignment for transport and 
orientation. c, Anti-Brownian-motion manipulation based on a PI algorithm.
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As an asynchronous effect, electrorotation supports high-speed spin-
ning and rapid orientation41.

Electroalignment (τA) can be obtained from torques generated 
due to interactions between the high-frequency a.c. electric fields and 

a polarized particle40,44, as calculated by τA =
E2

2
Re[αa − αb]cosθsinθ, 

where θ is the angle between the electric field and the particle’s long 
axis. In-plane alignment of a nanowire can be readily achieved by apply-
ing a simple a.c. electric field in the desired X–Y direction. However, 
the controlled alignment of nanowires along any desired angle in 3D 
space, which is essential for nanowire probes, has not yet been real-
ized with electric manipulation. It is because the orientation in space 
also requires control of the vertical electric field that passes through 
two dielectric media, which alters the electric-field distribution in 
the Z direction. Here we apply an equivalent circuit that accounts for 
the different dielectric layers with a virtual ground voltage set at the 
nanomanipulation plane to compute the required voltages on the Z 
electrodes. Although a simple a.c. field in the Z direction can align 
the nanowires vertically45, this alignment is affected by the in-plane 
electrodes in all the regions but the very centre of the trap. Thus, such 
a simple design cannot be used to orient a nanowire in three dimen-
sions, and the driving scheme developed here becomes necessary 
(Supplementary Note 1 and Supplementary Video 1 show examples). 
The fields can, thus, be applied either simultaneously or sequentially 
to achieve the respective transport, 3D alignment and rotation, as well 
as their combinations.

According to Earnshaw’s theorem, it is not possible to achieve 
a stable electric potential trap for a charged particle46. It, thus, 
becomes necessary to constantly counter the passive Brownian 
motion by inducing active motion and hence the term electrokinetic 
trap. We, therefore, apply a vision-based voltage-feedback algorithm 
for simultaneously countering the particle’s translational and rota-
tional Brownian motion. Specifically, the location and orientation of 
a particle obtained from a camera with image processing based on a 
minimized rectangular contour are fed to a proportional–integral 
(PI) control algorithm (Methods and Supplementary Note 2). The 
necessary electric fields (voltages) are computed and applied to 
generate force and torque for anti-Brownian-motion control with 
the same mechanisms for propulsion and rotation (Supplementary 
Note 3). Here we optimize the PI control algorithm by tuning Kp and 
Ki, which are the gains of the proportional (P) and integral (I) terms, 
respectively. For angle control, the P algorithm is also utilized. Both 
optimizations follow the Ziegler–Nichols method (Supplementary 
Note 4).

Position control
As shown in Fig. 2a–c, a nanowire is stably trapped at the designated 
target position (Fig. 2c), with PI control countering the Brownian 
motion. The random displacement from the target follows a Gaussian 
distribution (Fig. 2b, inset), with a precision (σ) of 70 nm for a 4-µm-long 
nanowire (170 nm in diameter) and the averaged position coinciding 
with the target. With further simultaneous orientation control, the 
precision in position reaches 56 ± 6 nm for 6.4-µm-long nanowires 
aligned transversely. The precision increases with the length of the 
nanowire from 151 ± 22 nm (length, 0.8 µm) to 75 ± 13 nm (6.4 µm), and 
from 133 ± 22 nm (0.8 µm) to 56 ± 6 nm (6.4 µm) in the parallel and 
transverse directions, respectively (Fig. 2d). The observed increase in 
control precision with length (L) can be understood from a particle’s 

Brownian-motion displacement given by d =√
2D
f

 in a frame of the 

camera recording (1/f), which determines the limit in the precision of 
a feedback-controlled position. Here D is the translational diffusion 
coefficient and f is the camera’s operation frequency. For anisotropic 
cylindrical nanoparticles, Brownian motion is described by the diffu-
sion coefficients Da and Db (Supplementary Note 5)35,36:

Da =
kBT
2πηL (δ − γa), (1)

Db =
kBT
4πηL (δ − γb), (2)

which are along the long (a) and short (b) axes, respectively, where 
kB, T and (δ−γa) and (δ−γb) are the Boltzmann constant, temperature  
in Kelvin, and shape factors that depend only on the aspect ratio, 
respectively; also, δ = ln ( 2L

d
) . Here Da is always greater than Db from 

the above equations (Supplementary Fig. 3a). Correspondingly, the 
positioning along the transverse direction is more accurate as it shows 
less Brownian motion, as Db < Da (Fig. 2d). The orientation effect is 
clearly shown in Fig. 2e, where the precision along the X axis (σx) (blue) 
steadily improves when a nanowire orients its long axis from parallel 
(0°) to transverse (90°) to the X axis and vice versa for σy (orange).

We find that when the length of a wire is reduced to 2 μm, the 
positioning becomes less angle dependent (Fig. 2d). At this length, the 
out-of-plane motion of a nanowire increases substantially compared 
with that of a long nanowire, which makes the video-based feedback 
more difficult. We overcome this by applying a linear a.c. electric field 
(50 Vpp). The precision still reaches 133 ± 22 nm and 151 ± 22 nm in the 
transverse and parallel orientations, respectively, for a 0.8-µm-long 
wire (Fig. 2d). Indeed, in deionized water, the designed electric trap 
can successfully trap and align nanowires as small as 0.8 μm in length.

In-plane orientation control
A nanowire’s rotational Brownian motion follows 〈∆θ2(t)〉 = 2DRt  
(ref. 47). We use PI control based on either electrorotation or 45°  
electroalignment, which successfully controls the angular position 
(Fig. 3a,b). Similar to the manipulation of position, the histogram of 
angular displacement follows a Gaussian distribution with the standard 
deviation (s.d.) denoted by σ, and the averaged position coinciding 
with the target angle (Fig. 3b (inset) shows the electrorotation). Similar 
to translational diffusivity, rotational diffusivity reduces for a longer 
nanowire following the Broersma relation48 (Fig. 3c). The precision 
increases with the length and reaches 1.75 ± 0.06° and 1.78 ± 0.13° with 
electroalignment and electrorotation PI algorithms for 6.4-µm-long 
nanowires, respectively (Fig. 3d).

Although the application of a linear a.c. field can align a nanowire, 
the torque approaches zero as the target angle is approached. The 
rotation is, thus, correspondingly slow and liable to Brownian-motion 
deviations. For instance, it takes 52 ms for a linear a.c. electric field at 
40 Vpp (500 kHz) to orient a rod (4 μm in length and 170 nm in diameter) 
by 75°. Moreover, the feedback-controlled electrorotation or electro
alignment field at only 10 Vpp just takes 25 and 38 ms, respectively  
(Supplementary Note 4). Feedback indeed makes for faster reorien
tation and requires a much lower voltage (Fig. 3e).

Out-of-plane orientation control is achieved with an a.c. field 
along the Z direction. The angle can be set between 0 to 90° by tuning 
the ratio of the in-plane and vertical in-phase electric fields (Fig. 3f). 
Experimentally, we obtain a series of altitude angles (φ; Fig. 1) guided 
by theoretical predictions (Supplementary Video 2 and Supplemen-
tary Note 6). This capability is necessary for high-resolution tip-based  
pattern writing, biomanipulation and sensing operations.

The manipulation precisions are statistically determined  
(Methods). The results measured at 25 locations across a 117 μm ×  
117 μm area, 62% of the field of view of a 40× objective, are consistent. 
The s.d. values are 6 nm, 3 nm and 0.1° for σa, σb and σθ, respectively 
(Supplementary Note 7).

Strength of the electrokinetic trap
The precisions in both positioning and orientation can be improved 
by increasing the video-tracking frame rate (we use up to 850 frames 
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per second (fps)) (Fig. 3g) or by increasing the viscosity (Fig. 3i). Inter-
estingly, the particle’s surface charge also influences the precision of the 
in-plane manipulation. Native Au nanowires and a glass substrate are 
both negatively charged in deionized water. As a result, the propulsion 
forces due to electro-osmosis and electrophoresis point in opposite 
directions. It is, thus, advantageous to modify the surface of the Au 
nanowires with positively charged polyelectrolytes (Methods). This 
charge reversal ensures that the electrophoretic and electro-osmotic 
forces point in the same direction as that of the electric field. This 
enhances the propulsion force and thus boosts the average speed of 
the Au nanowires. For our experimental conditions, we find an increase 
in speed from 6.2 to 15.2 μm s–1 (Supplementary Fig. 4) coupled with an 
increase in the positioning precision from 152 ± 7 to 137 ± 9 nm (Fig. 3h). 
Similarly, the surface charge of the substrate affects the flow speeds 
(Supplementary Fig. 4). The PI control performance is positively cor-
related with the restoring force of the trap; the higher the strength of 
the trap, the better is the precision. However, surface treatment had 
little effect on the torques of electroalignment or electrorotation and 
thus the angular precision, which can be attributed to their governance 
by electric polarizability.

We determine the spring constants of the trap given by k = kBT
o2 , 

for the long (L) and short (S) directions of an in-plane nanowire,  
and along an in-plane direction for a vertically aligned nanowire (V)  

in a glycerol:water mixture (3:1) (Fig. 3i) as kL = 3.2 × 10–6 N m–1, 
kS = 9.3 × 10–6 N m–1 and kV = 4.3 × 10–6 N m–1, as well as the corresponding 
precision in the spatial dimensions of 36 ± 6, 21 ± 3 and 31 ± 5 nm, 
respectively. The nanowires can also be oriented with a high preci-
sion of 0.51 ± 0.04° in plane with a corresponding torsional trap  
constant kR = 5.2 × 10−17 N m rad–1.

Evidently, the in-plane manipulation of a vertical nanowire 
is statistically more precise than along the long axis of an in-plane 
nanowire (Fig. 3i and Supplementary Note 8), which suggests that 
the fine tip of a rod-like particle can be used as a vertical ‘pen’ for 
high-spatial-resolution probing, sensing and operation.

We further evaluate how small nanoparticles can be manipulated 
and successfully realize full control of a 300-nm-long Au nanowire 
(125 nm in diameter) in a glycerol–water mixture (Supplementary 
Video 3 and Supplementary Notes 9 and 10). The positioning precision 
reaches 52 ± 10 and 44 ± 6 nm along the long and short axes, respec-
tively. The overall performance is summarized in Table 1.

Active propulsion along complex trajectories
Examples of the combined effect of a.c. and d.c. electric fields on 
nanowires are shown in Fig. 4a (Supplementary Video 4). Along the 
entire track, the nanoparticle is positioned with an accuracy of 136 nm 
(s.d., 110 nm) during transport, and the orientation of the nanowire is 
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controlled by aligning it in the transverse or parallel direction to the 
tangent of its trajectory, and by rotating it clockwise and anticlockwise 
at selected points along the trajectory (Supplementary Video 4). The 
orientation of the nanowire can be maintained at an arbitrary relative 
angle during the translation, such as at 45° and 135° to the transport 
direction (47–50 s; Supplementary Video 4). A second trajectory dem-
onstrates in-plane control (large cat in black) and out-of-plane control 

(small cat in blue), where the latter is achieved with a vertically aligned 
nanowire (Supplementary Fig. 5 and Supplementary Video 5). The 
angular control is further examined for a nanowire in active transport 
(Supplementary Note 11).

The electrokinetic trap can also manipulate complex functional 
nanostructures such as a nanopen made of a 50 nm Au tip (diameter,  
50.9 ± 23.4 nm) and an Al2O3/SiO2 body shaft with an integrated  
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The vertical error bars in d–i represent the s.d. values of precision measured for 
multiple nanowires. The horizontal error bars in d and e represent the s.d. values 
of lengths and voltages measured for multiple nanowires, respectively. All data 
are presented as mean values ± s.d. Five nanowires are measured to derive the 
statistics in d and e (rotation PI, alignment PI and a.c. electric field at 20, 30 and 
40 Vpp, respectively), f and g (angular precision) and h and i (long/short axis/
angle in water medium, vertically aligned in a glycerol:water (G:W) = 3:1 medium). 
In e, seven nanowires are measured for 13 Vpp and eight nanowires are measured 
for 50 Vpp. In g, for position control, there are two directions (X and Y) for one 
nanowire. For 160 fps, the sample size is ten for five nanowires. For 850 fps, the 
sample size is 12 (for 6 nanowires). In i, six nanowires are measured for vertically 
aligned position precision in the water medium and for position along the short 
and long axes in a glycerol:water = 3:1 medium. Eight nanowires are measured for 
angle control in the glycerol:water = 3:1 medium. Three nanowires are measured 
for the glycerol:water = 1:1 medium.
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Table 1 | Overall performance of the 3D electrokinetic trap

Length (μm) Medium σa (nm) σb (nm) σv (nm) σθ (°)

6.4 3:1 glycerol:water 36 ± 6 21 ± 3 (best precision, 17) 31 ± 5 0.51

6.4 Deionized water 75 ± 13 56 ± 6 70 ± 9 1.75

0.8 Deionized water 151 ± 22 133 ± 22 – 22.7

0.3 3:1 glycerol:water 52 ± 10 44 ± 6 – Confirmed alignment

Summary of the achieved precision in the control of nanowires for different experimental conditions. Here σa and σb are the precisions along the long and short axes, respectively, and σv and 
σθ are the precision values when the wire is aligned vertically and with angular precision, respectively. The orientation control of the 300-nm-long nanowires is confirmed from the directional 
anisotropic control precision (Supplementary Note 9).
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Fig. 4 | High-precision trajectories with in-plane and out-of-plane control. 
a, A nanowire ‘writes’ the image and translates, rotates and aligns under full 
computer control. b, SEM image and schematic of a nanopen with a 50 nm Au  
tip and integrated magnetic Ni. c, Angular precision versus velocity (single wire). 
Average of the measurements controlled at 0°, 45° and 90°, each angle for  
six times; when a wire’s long axis is tangential to the trajectory, the angle is 
defined as 0°. The linear trajectory has a total length of 116 μm. d, Manipulation 
accuracy versus velocity of the propelled vertically oriented nanopen in  
b. The error bar represents the s.d. values of position accuracy for a given speed.  
e, Writing nanopen at 2.7 to 35.6 μm s–1, and the sampling interval is 1/30 s. 

f,g, Overlaps of targeted and actual positions versus time at 2.67 μm s–1 (f) and 
35.6 μm s–1 (g). Data are represented as a single measurement. Supplementary 
Fig. 8 shows the enlarged images. In c, data are represented as mean values ± s.d. 
Six measurements from the same nanowire are used to derive the statistics. In 
d, the accuracy is defined by the distance of the attained position/angle from 
the targeted position/angle during transport, and its mean value is represented 
by ‘error’ in the Y axis. The error bar at a speed represents the s.d. value of the 
position accuracy during the transport of the wire. The sample size depends on 
the duration of trapping. There are 10,678 data points at the speed of 2.7 μm s–1 
and 803 data points at the speed of 35.6 μm s–1.
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Ni magnet (Fig. 4b). The plasmonic Au tip can be heated with light 
and then penetrates a cell49. The Ni segment (Fig. 4b) permits addi-
tional magnetic control and is used to ensure that the nanopen always  
stands up vertically with its Au tip pointing down (Fig. 4e and Supple
mentary Video 6). The nanopen can transport along complex patterns  
with an accuracy of 90 nm (s.d., 68 nm) at 2.7 μm s–1 and 650 nm  
(s.d., 390 nm) at 35.6 μm s–1 (Fig. 4d); Supplementary Fig. 6 shows the 
time-dependent plots. The accuracy of the trace is, however, essentially 
unaffected (Fig. 4f,g).

Assembly of 3D-oriented nanoparticles
Our technique can also assemble nanostructures with 3D orientation 
at chosen locations on a substrate, which is useful for electrical or 
optical applications. As shown in Fig. 5 and Supplementary Video 2, 
we first move a nanowire (Au) and orient it in a series of programmed 
altitude angles with a fixed azimuth direction followed by rotating its 
azimuth angle at a given altitude angle. Next, the nanowire is rapidly 
moved along a star trajectory (45° in altitude and 90° in azimuth angle), 
before finally fixing at a target position to the substrate, maintaining 
its 3D orientation. The assembly is via ultraviolet (UV)-light-triggered 
click chemistry between its tip and the substrate (Methods). With this 
approach, 50 Au segments encapsulated in silica are positioned in an 
array (Supplementary Note 12 and Supplementary Video 7), demon-
strating the applicability in the 3D-oriented assembly of nanoparticles.

Nanowire probe scanned across a single bacterial cell
Finally, the electrokinetic trap is used to move a nanowire probe across 
a bacterial cell and it maintains the position for spectral measurements 
(Supplementary Note 13). Its plasmonically sensitive body enables 
the detection of metabolites released by a single bacterial cell. The 
surface-enhanced Raman scattering (SERS) sensor is an ~800-nm thick 
SiO2-coated Au nanorod decorated with ~20 nm Ag nanoparticles. The 
Ag nanoparticles provide plasmonic signal enhancement for Raman 
sensing50,51; the diameter of the tip has the approximate width of an 
Escherichia coli cell52. We operate the nanosensors in two modes, that 
is, actively transport to an E. coli cell without mechanical moving parts 
in the system, and by passive trapping the sensor with electric fields 
and mechanically moving a fixed E. coli cell to the sensor’s tip. Both 
approaches allow the contact of the tip of the plasmonic sensor with 
the bacterial cell (Supplementary Video 8). As shown in Supplementary 
Video 9, no Raman signals can be detected at a distance of 20 µm from 
an E. coli cell. However, on contact, a Raman spectrum is recorded. 
When the sensor moves 15 µm away from the E. coli cell, the Raman 
signal disappears in time (Fig. 6). The observation agrees with the bio-
chemical release from single live cells, which is known to be localized 

within a few cell diameters53. The Raman signals are observed to corres
pond to metabolites released from a single E. coli cell, and the spectra 
suggest that uric acid, xanthine, hypoxanthine, guanine, adenine and 
adenosine monophosphate are detected (Supplementary Note 14)54.  
The E. coli cells are shown not to be affected by the electric fields  
(Supplementary Note 15).

Conclusions
In summary, we report an electrokinetic trap that permits the simul-
taneous control of the 3D orientation and 2D position of anisotropic 
nanoparticles. It can be used to counter translational and rotational 
Brownian motion and simultaneously steer and orient nanowires 
actively with exceptional temporal, positional and angular accuracy 
along complex trajectories. The system can easily operate in two modes, 
that is, trapping of a particle and active transport. We demonstrate 
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Fig. 5 | 3D-oriented precision manipulation and assembling. A series of snapshots of nanowires aligned at different altitudes and azimuth angles. A titled nanowire 
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position control to within 21 ± 3 nm and absolute angles of 0.51 ± 0.04° 
in suspension, corresponding to a trap stiffness of 4.3 × 10−6 N m–1 and 
5.2 × 10−17 N m rad–1. The system is close to the theoretically predicted pre-
cision due to Brownian-motion fluctuations (Supplementary Note 10).  
The technique controls nanowires as small as 300 nm in length. We 
successfully propel a nanoprobe such that its plasmonic tip moves in 
solution across the surface of a bacterial cell and stably positions at a 
designated location on the bacterium for detection. The nanosensor, 
thus, provides the means to obtain the location-specific SERS signals 
of metabolites released from a single E. coli cell. The electrokinetic trap 
requires a 3D microelectrode arrangement and is suitable for on-chip 
and in vitro applications. It works in ionic (1 mM potassium chloride) 
and cell culture solutions (Supplementary Note 15).

The performance of the electrokinetic trap reported here favourably 
compares with other state-of-the-art techniques (Supplementary Table 1) 
and enables its use as an untethered tool for biospectroscopy. A clear dif-
ference to anti-Brownian-motion positioning, for instance, is the achieved 
precision. The precision we obtain for an untethered micrometre-sized 
wire with a 50 nm tip is higher than what can be obtained for a 50 nm 
spherical particle in an anti-Brownian-motion trap. Orientation control 
has not been shown previously to the level that we have demonstrated 
here, namely, 0.5° for 6 μm nanowires. When oriented in three dimensions 
with 2D positioning control, the nanotip (50 nm) and micrometre-long 
body provide nanoscale resolution together with an enhanced preci-
sion due to the micrometre-scale body that reduces Brownian motion.  
Supplementary Table 2 shows a quantitative comparison.

Finally, the underlying principles of our electrokinetic trap are 
generic, and therefore, we expect these results to stimulate further 
work in micro-/nanorobotics, assembly and micromanipulation,  
as well as biological measurements with subcellular resolution.
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Methods
Electrokinetic trap and experimental procedure
The experimental realization involves a manipulation system consist-
ing of electrodes made on three layers, that is, an indium tin oxide (ITO) 
glass and in-plane Au quadruple microelectrodes separated by a PDMS 
well in the Z direction with another ITO layer deposited at the opposite 
side of the in-plane microelectrodes (Fig. 1a).

The quadruple microelectrodes are fabricated by standard 
photolithography using the MICROPOSIT S1811 photoresist (Kay-
aku Advanced Materials) on the backside of ITO-coated coverslips 
(22 × 22 mm, thickness #1.5 (0.16–0.19 mm thick), 8–12 Ω; Structure 
Probe). A PDMS well with a diameter of 4 mm and a thickness of 1 mm is 
used to confine the nanoparticle suspension. Another ITO-coated cov-
erslip is placed on top of the PDMS well with the ITO side in contact with 
the suspension. The entire chip is placed on an inverted microscope 
(IX71, Olympus) with a 100× oil-immersion objective (numerical aper-
ture, NA = 1.3). In the pattern-tracking demonstration, a 50× objective 
(NA = 0.80) is used; in the Raman sensing experiment, a 20× objective 
(NA = 0.45) is used; in the assembly experiment, a 40× UV objective 
(LMU-40X-UVB, NA = 0.49; Thorlabs) is used.

In a typical experiment, 13 μl of the nanoparticle suspension in 
deionized water is dispersed in the PDMS well. The nanoparticles (for 
example, Au nanowires, multifunctional nanopens and SERS nanosen-
sors) are well diluted such that particle–particle interactions are not 
observed.

A complementary metal–oxide–semiconductor camera (acA1300-
200um, Basler) with frame rates of 160 and 850 fps was used for 
large-area and high-speed imaging, respectively. A customized pro-
gram based on OpenCV is developed to analyse the images and deter-
mine both centre of mass and orientation of a longitudinal nanoparticle 
by finding a rectangle with the minimum area that bounds the contour 
of the nanowire followed by executing the PI control algorithm for elec-
tric manipulation. A customized function generator provides electric 
voltages to the chip (Supplementary Note 16). Two function generators 
(33250A, Agilent) and an amplifier (9200, Tabor Electronics) provide 
voltages in the Z direction.

PI control algorithm
The program compares the real position/angle and set position/angle 
for each video frame captured by the complementary metal–oxide–
semiconductor camera and calculates the deviation (real value – set 
value = deviation). A feedback voltage is applied based on the deviation 
in the form of superimposed d.c. and a.c. voltages. Here the d.c. volt-
age is used to correct the position deviation based on the combined 
electro-osmotic and electrophoretic effects. The a.c. voltage orients a 
long nanostructure by electric torque, either through electroalignment 
or electrorotation. For small nanoparticles with high diffusivities in the 
Z direction, we use direct electroalignment by applying a constant a.c. 
voltage along a chosen direction. The torque due to electrorotation is 
independent of the nanowire angle with respect to the field. Although 
the torque due to electroalignment is a function of the angle between 
a particle’s long axis and electric-field direction, it is the maximum at 
45°. To achieve the highest control efficiency, when using the alignment 
field, we always apply it along a direction that is 45° from a nanowire’s 
instantaneous angle until it rotates to the desired orientation. The con-
trol is based on the PI algorithm. Here the integral term is included to 
eliminate any steady-state errors. We find that if adding the derivative 
term, the control becomes unstable, and therefore, it is not included in 
this work. The coefficients for the proportional term (Kp) and integral 
term (Ki) are optimized with the Ziegler–Nichols method. The coef-
ficients differ for different particles and experimental conditions.

Fabrication
Fabrication of Au nanowires. The Au nanowires are synthesized by 
electrodeposition into nanoporous templates (110605 Nuclepore 

Track-Etched Membranes with a pore size of 0.1 μm (polycarbonate); 
Whatman) in a three-electrode electrochemical cell. Specifically, we 
deposit 500 nm Cu by electron-beam evaporation on the backside 
of a nanopore template, which serves as the working electrode. A Pt 
wire and a Ag/AgCl (3 M KCl) electrode serve as the counter and refer-
ence electrodes, respectively. A constant voltage of −0.9 V (versus Ag/
AgCl) is applied to reduce the Au ions in the electrolyte (434 HS RTU, 
Technic) to metallic Au in the nanopores. The length of the nanowires 
is controlled by the reaction time and the diameter is determined by 
the pore size. Etching the Cu film and dissolving the polycarbonate 
template with chloroform release the nanowires. The Au nanowires 
are centrifuged and washed three times and stored in deionized water.

Fabrication of nanocapsules. Multisegmented (Au/Ni)4 nanocap-
sules are fabricated by electrodeposition into an anodized aluminium 
oxide template (Anodisc 47, Whatman) using the same three-electrode 
electrodeposition method discussed above, where Au is deposited at 
−0.9 V and Ni is deposited at −0.8 V (versus Ag/AgCl). The Au and Ni seg-
ments are 1.04 ± 0.09 µm and 83 ± 8 nm long, respectively. The average 
diameter is 296 ± 47 nm. The nanowires are suspended in 0.8 ml deion-
ized water; then, 3 ml ethanol (200 proof, Fisher Chemical), 200 µl 
tetraethyl orthosilicate (reagent grade, 98%; Sigma-Aldrich) and 50 µl 
ammonium hydroxide (28–30% solution in water, Fisher Chemical) are 
mixed in the suspension. After 1 h of sonication, tetraethyl orthosilicate 
hydrolyses and forms uniform silica shells on the nanowire surface. 
After washing with deionized water and ethanol alternatively for three 
times, the Ni segments are etched with nitric acid (Fisher Chemical; 
diluted three times with deionized water before use) followed by wash-
ing and resuspension in deionized water.

Fabrication of SERS-active nanocapsule sensors. The SERS-active 
nanocapsule sensors made of SiO2-coated Au nanowires with 
surface-distributed Ag nanoparticles are fabricated following the pro-
cedure reported elsewhere50,51,55. In brief, Au nanowires are fabricated 
by electrodeposition into an anodized aluminium oxide template (pore 
size, 300 nm (diameter)) (the ‘Fabrication of Au nanowires’ section). 
Then, a SiO2 layer is coated on each Au nanowire by tetraethyl ortho-
silicate hydrolysis under sonication (the ‘Fabrication of nanocapsules’ 
section). Finally, high-density Ag nanoparticles are synthesized on the 
silica surface by polyvinylpyrrolidone (MW, 40,000, CAS 9003-39-B; 
Sigma-Aldrich)-assisted Ag ion reduction, which provide hot spots for 
sensitive SERS detection.

Fabrication of nanopens with 50 nm Au tips. The nanopens are fabri
cated by glancing-angle deposition of SiO2, Al2O3 and Ni on a packed 
monolayer of 50 nm Au particles covering a Si substrate. The Au par-
ticles are prepared by block copolymer micelle nanolithography fol-
lowed by electroless growth of Au. The block copolymer was dissolved 
in toluene at a concentration of 4 mg ml–1, and HAuCl4•3H2O powder 
is added to yield self-assembled micelles loaded with HAuCl4 in their 
cores. The micelles are then spin coated as a uniform monolayer onto 
a piranha-cleaned silicon wafer. The wafer is then treated under W10 
plasma (350 W, 0.4 mbar) for 45 min to remove the polymer and reduce 
the metal such that a regular quasi-hexagonal array of 10 nm Au par-
ticles forms. The substrate is subsequently immersed in an aqueous 
solution of 0.1% gold chloride trihydrate and 1 mM hydroxylamine 
hydrochloride for 30 s, followed by washing with deionized water 
and drying with nitrogen gas. This step enlarges the diameter of the 
Au nanoparticles to 50 nm. Another plasma treatment removes the 
residual polymers. The wafer is transferred to the deposition setup 
for electron-beam evaporation at a glancing angle of 85°. A 10 nm TiO2 
layer is first deposited on the Au particles as an adhesion layer, followed 
by 4 μm Al2O3, then by 2 μm SiO2 and 200 nm Ni and finally by 200 nm 
SiO2. After the substrate is rotated by 180°, 400 nm SiO2 is deposited to 
allow the ends of the nanopen (Fig. 4b) to be distinguished in an optical 
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microscope. To increase electric polarizability for vertical alignment, 
the nanopens are dispersed on the Si wafer and coated with 5 nm Cr 
and 10 nm Au by electron-beam evaporation.

Surface functionalization with click chemistry. The substrates 
(glass with quadruple electrodes) are immersed in 10 mg ml–1 
trimethoxysilane-PEG alkyne (MW, 10,000; Rapp Polymere) solution 
(95% v/v ethanol and 5% v/v deionized water) with 1% v/v ammonium 
hydroxide added as a reaction catalyst. After incubating overnight 
and rinsing with deionized water, they are stored at 4 °C before use.

The silica surface of the multisegment Au capsules (Au@SiO2) is 
functionalized following a previously reported procedure56. In brief, 
the Au@SiO2 nanocapsules (2 × 107 in 50 μl) are first functionalized in 
(3-aminopropyl)triethoxysilane (≥98.0%, CAS 919-30-2; Sigma-Aldrich), 
aqueous ammonia and ethanol mixture (at a volume ratio of 10:1:90). 
After shaking overnight, the nanocapsules are washed with ethanol 
multiple times and dried in a vacuum under 50 °C for 1 h. Then, 100 µl 
of 20 mg ml–1 HS-PEG-COOH (MW, 5,000; Rapp Polymere), 50 µl of 
20 mg ml–1 N,N′-dicyclohexylcarbodiimide (99%, Sigma-Aldrich) and 
50 µl of 12 mg ml–1 N-hydroxysuccinimide (98%, Sigma-Aldrich) are dis-
solved and reacted in dimethyl sulfoxide (anhydrous, Sigma-Aldrich) 
for 5 h in a glovebox with a nitrogen atmosphere. The mixture is added 
to the functionalized nanostructures and left to react overnight. The 
Au capsules are washed with deionized water multiple times and stored 
in deionized water at 4 °C for future experiments.

For the assembly with UV-triggered click chemistry, a con-
centration of 2 mg ml–1 of 2-hydroxy-4′-(2-hydroxyethoxy)-
2-methylpropiophenone photoinitiator (98%, CAS 106797-53-9; 
Sigma-Aldrich) is added to the functionalized multisegment Au@
SiO2 suspension. UV light at 6 mW cm–2 is directed through a beam 
collimator (made of a convex lens (LA4464-UV, Thorlabs), a diaphragm 
(CP20S, Thorlabs) and a second convex lens (LA4538-UV, Thorlabs)) 
to the microscope objective (LMU-40X-UVB, NA = 0.49; Thorlabs). The 
size of the light spot (~10 μm) projected via the objective is set with the 
diaphragm. When a functionalized multisegment Au@SiO2 has been 
moved into position and oriented with the electrokinetic trap, the UV 
light is switched on for 10 s to initiate the click reaction that immobilizes 
the multisegment Au@SiO2 to the substrate.

Raman measurements. Details of E. coli are as follows: K-12 strain, living,  
nutrient broth, catalogue no. 155068, Carolina Biological Supply 
Company. The E. coli cells are washed by repeated centrifugation and 
resuspension in deionized water. The Raman signals are detected with 
a Raman microscope (Acton SP2500 spectrometer, Princeton Instru-
ments) excited by a 532 nm laser at 360 µW after passing through a 20× 
objective. The exposure time is 1 s and 20 averages have been recorded.

Statistics and reproducibility. The characterizations of position-
ing and angular precision (Figs. 2 and 3) are statistically obtained by 
measuring five to eight wires for each data point with the method of s.d. 
(three nanowires are measured in a glycerol:water = 1:1 mixture; Fig. 3i).  
Owing to PI control, the averaged position/angle coincides with the 
targeted position/angle for the non-transporting wires. The position-
ing/angular precision for each individual nanowire is obtained from 
more than 6,000 instantaneous position/angle data points collected 
during its trapping. The control precision of the 0.8 μm nanowires 
is obtained from the trapped wires for 1.5–5.0 s with a frame rate of 
850 fps. Supplementary Fig. 9 shows the noise spectra for the PI and P 
control of the position and angle with electroalignment and electroro-
tation, which reflect the oscillatory nature of PI control, beneficial for 
the coincidence of the averaged position/angle with the targeted posi-
tion/angle (Figs. 2b and 3b, insets). Multiwire measurements exhibit 
greater errors compared with single-wire measurement, which can 
be attributed to their dimensional variation (Supplementary Notes 17  

and 18). For single-wire control measurements, additional noise can 
arise from the instantaneous Brownian motion, changes in local envi-
ronment and finite observational times limited by the frame rate and 
pixel size. The imaging measurement method achieves the precisions as 
shown by the statistical analysis (Supplementary Note 17). No statistical 
method was used to predetermine the sample size. The sample size was 
chosen so that it is sufficiently large to ensure statistical significance 
(Supplementary Notes 8, 9 and 17).

Data availability
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Code availability
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https://doi.org/10.5281/zenodo.7765045.
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Extended Data Fig. 1 | Electric voltage signals for different control modes. Voltage signals for different control modes.

http://www.nature.com/naturenanotechnology


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-023-01439-7

Extended Data Fig. 2 | Schematic shows the synchronous control of position, orientation, and rotation of a nanowire along a sophisticated trajectory with 
prescribed temporal control. A schematic showing the synchronously executed controls for position, orientation, and rotation of the nanowire along a sophisticated 
trajectory with precise temporal control.
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Extended Data Fig. 3 | Diffusion coefficients of nanowires (170 nm in 
diameter, ~2–7 µm in lengths) in deionized water along the a, b and x, y 
orthogonal directions in the body and lab frames, respectively. (a) Diffusion 
coefficients of nanowires (170 nm in diameter, ~2–7 µm in lengths) in deionized 

water along the orthogonal a, b and x, y directions in the body and lab frames, 
respectively, in (b). Theoretical fit (solid lines) with the Broersma relation 
agrees well with experiments; the correction factors (ξ) are 0.883 and 0.801 for 
translational diffusivities along the long (Da) and short axis (Db), respectively.
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Extended Data Fig. 4 | Translational velocity of Au nanowires on different 
surfaces. Translational velocity of Au nanowires with different surface treatment 
when 1 V is applied across a 500-μm electrode gap (Natively negatively charged 
NWs, zeta potential: −40.7 ± 8.8 mV; positively charged NWs, zeta potential: 

40.5 ± 4.4 mV.). Data are presented as mean values ± SD. 20 measurements are 
made for natively negatively charged NWs, 12 measurements are made for PEG 
substrate, 20 measurements are made for positively charged NWs.
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Extended Data Fig. 5 | Precision manipulation can be readily realized for a wire either in-plane or oriented vertically when it traces a cat pattern. The precision 
manipulation can be readily realized in both in-plane tracing and vertical drawing of cat.
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Extended Data Fig. 6 | Position error versus time during the tracing of ‘Nanopen’ at (a) 2.67 μm/s and (b) 35.6 μm/s. Position error versus time as the nanopen 
traces ‘Nanopen’ at (a) 2.67 μm/s and (b) 35.6 μm/s.
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Extended Data Fig. 7 | Positioning manipulation precision of Au nanowires 
(4-μm in length) along x (σx) and y axis (σy), aligned at different angles with a 
rotational P control (with error bars). Translocation manipulation precision 

of Au nanowires (4-μm in length) along x (σx) and y axis (σy), aligned at different 
angles with a rotational P control (with error bars). Data are presented as mean 
values ± SD. 5 nanowires are measured to derive statistics.
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Extended Data Fig. 8 | Zoom-in images of Fig. 4f and g. The targeted and actual positions of the first letter ‘N’ in the ‘Nanopen’ trajectories when the velocity is (a) 2.67 
and (b) 35.6 µm/s.
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Extended Data Fig. 9 | Power spectra when particles experience Brownian 
motion, P control, and PI control for (a) position control, (b) electro-
alignment angle control, and (c) electro-rotation angle control. The wire 
length is 4 μm, the frame rate is 160 FPS. The power spectra of the PI control 

(yellow and orange dotted curves) exhibit peaks at around a few Hz, indicating 
an oscillation. The results agree with the working mechanism of the PI control 
algorithm, the oscillation of which is intrinsic and benefits the obtained 
agreement of the average position of the particles with the targeted position.
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Extended Data Table 1 | Summary of the performance of the 3D electrokinetic trap

Summary of the achieved precision in the control of nanowires for different experimental conditions. σa, σb are the precisions along the long and short axis, respectively, σv, and σƟ are the 
precision when the wire is aligned vertically and the angular precision, respectively. The orientation control of the 300-nm-long nanowires is confirmed from the directional anisotropic  
control precision (Supplementary Note 9).
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