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Note S1. DEP Induced Nanoparticle Speed 

For a spherical particle, the time-averaged dielectrophoretic force acting on the 

nanoparticles can be expressed as 

( ) 23 CMRe2 EF = rfDEP                         (1) 

where εf is the dielectric constant of water (78ε0, ε0 = 8.85 × 10-12 F/m). The Clausius–Mosotti 

factor depends on the frequency and can be given as 
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where ( ) /~
iii j−=  is the complex permittivity of a lossy dielectric. Subscript p 

represents the particle. εi and σi are the permittivity and conductivity of the particles and 

fluids, respectively. The Re(CM) is hence given by 
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In this work, the σf was measured by a conductivity analyzer (σf ≈ 0.001 S/m, DDS-11(A) Inesa 

Scientific Instrument Co. Ltd). The permittivity of the PS particles was 2.55. Due to the surface 

conductance, the equivalent conductivity was associated with the radius of PS particles (σp = 

σb + 2Ks/r, σb ≈ 0, Ks = 1 nS)1. Based on Equations (1)–(3), the FDEP on nanoparticles can be 

obtained by numerical simulation. The relative motion between spherical nanoparticles and 

fluid can be given by2 
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therefore, the total particle speed can be given by  

FluidDEPTotal uuu +=                             (5) 

 

Note S2. ACEO and ACET Flow 

 

When an AC voltage is applied to electrodes, the time-averaged slip velocity at the 

surface of the electrodes driven by an electric field is3 
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where nnEEE −=t  is the tangential of the electric field component of the electric 

field; η is the dynamic viscosity of water (0.001Pa·s); ( )

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V  is the zeta 



potential of the electrical double layer; 
s

d

C
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=  is the capacitance ratio of the diffuse 

layer to the stern layer; 
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double-layer thickness; D is the diffusion coefficient of the ions (assumed to be 2×10-9 

m2/s); Cs is the capacitance of stern layer (assumed to be 0.8 F/m2); V0 is the transient 

potential value of the electrodes; ϕ is the bulk potential outside the electrical double layer; 

tilde mark is the complex function of sine signal (  ie0A
~
= , A0 is the amplitude, and φ is 

the phase angle); the asterisk is a complex conjugate operator. In this simulation, the bulk 

potential ϕ is obtained by the frequency domain model built into COMSOL Multiphysics. 

A contact impedance layer was set on the surface of the electrodes with a surface 

capacitance of 
sd

sd

CC

CC
C

+
=0 .  

The ACET flow in the microchannel induced the interaction between the electric field and 

variation in the conductivity and permittivity due to the Joule heating. The temperature 

distribution around the nanogap can be calculated by the following equations 4, 5 
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where 
2

2
E

f
 represents the Joule heating generated by electric fields; σf is the conductivity 

of water; k, ρ, and Cp is the thermal conductivity, density, and thermal capacity of water, 

respectively; T is the temperature; u is the velocity of the fluid in microchannel.  

Due to the temperature variation in the microchannel, the local charge density ρe can be 

estimated by6 
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where ω is the applied voltage angular frequency; j is the imaginary number; τ= εf /σf is the 

charge relaxation time. In aqueous solutions, the temperature dependence of the permittivity 

and conductivity can be estimated as 1K004.0
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With Equations (7)–(9), the FET is hence given by 
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The two terms in Equation (10) represent the Coulomb part and the dielectric part of FET, 

respectively. In low frequency, 
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, the coulomb part is the dominant factor. 

When the frequency is much higher than τ-1, FET appears as a reversed variation.  

 

In the COMSOL Multiphysics simulation, the entrance and exit were set as the 

ambient temperature (293.15 K). The thermal conductivity of water, PDMS, and epoxy 

were set as 0.6, 0.2, and 0.9 W/(m·K), respectively. The thermal conductivities of Cr and 

Au were obtained from COMSOL Multiphysics. The nonslip boundary condition was 

applied to the surface of the microchannel. 



 
Figure S1. The setup of the system for performing and recording the nanogap electrode-enabled 

dielectrophoretic manipulation of nanoparticles. 

 
Figure S2. Illustration of the PDMS microchannel preparation process. (a) An EPG 535-based mold 

was photolithographically patterned, and then PDMS was cast on the mold to produce microchannels. 

Reservoirs were made at the end of each channel by punching, and the punched PDMS slab was then 

aligned and bonded to the epoxy substrate containing nanogap electrodes. (b) The SEM cross-sectional 

image of a microchannel. The microchannel was measured as 8.9 μm in width and 2.75 μm in depth. 

Due to the repeated mold transfer process, the microchannel had rounded corners. The thin electrode 

layer (100 nm) was invisible in this image. 

 

Figure S3. The electric field around nanogap. (a) The electric field strength around the nanogap. (b) 

The ∇E2 around the nanogap. The gap width and Vpp were set as 200 nm and 5 V, respectively. 



 

Figure S4. The flow rate in a microchannel. (a) The side view of the ACEO and ACET flow (2 V, 100 

kHz). The color map and arrows represent the rate and direction of the flow. Two vortexes were 

observed around the nanogap. (b) The comparison between the flow rate of the fluid and the DEP 

manipulation of 200 nm PS particles. The flow rate of the fluid was lower than the DEP-induced particle 

speed around the nanogaps. 

 

Figure S5. Theoretical analysis and experimental investigation of the effect of the applied voltage 

value on DEP manipulation in a 4.1 μm deep channel. (a) The velocity vectors and streamlines of PS 

nanoparticles (0.01 mg/mL dispersed in water) in a microchannel. The frequency, fluid velocity, and the 

AC voltage applied on the nanogap were 10 MHz, 29 μm/s, and 2–5 V., respectively. (b) The 

experimental results of the nanoparticles manipulated by N-DEP in a 4.1 μm deep channel. Both the 

simulation and experiment showed limited obstruction at the bottom of the microchannel. 



 

Figure S6. Theoretical analysis and experimental investigation of the effect of the applied voltage 

value on DEP manipulation in a 2.75 μm deep channel. (a) Diagrams of the velocity vectors and 

streamlines of the PS nanoparticles (0.01 mg/mL dispersed in water) of 200 nm in diameter. The AC 

voltage applied on the nanogap is in the range of 2 V to 5 V. The frequency and fluid velocities were 10 

MHz and 29 μm/s. Voltage lower than 4 V was unable to prevent the nanoparticles from getting through. 

(b) The experimental results of the green fluorescence-labeled nanoparticles manipulated by N-DEP.  

 

 

Figure S7. The potential well generated by DEP manipulation. (a) The potential change around the 

nanogap in the nanoparticle trapping process (5 V, 1 MHz). (b) The potential change along the dashed 

line in Figure S3a.  

 

Figure S8. The potential barrier generated by DEP manipulation. (a) The energy barrier of N-DEP 

around the nanogap (5 V, 10 MHz). (b) Potential energy versus position y along the symmetry of the 

nanogap. The lowest barrier was located at the top of the microchannel (46 kBT). 

 



 

Figure S9. Blocked microchannel after the N-DEP (10 V, 10 MHz) process and continuously flowing 

nanoparticle solution from left to right (29 μm/s) for 30 min. The initial concentration of the 

nanoparticles was 1 mg/mL. Nanoparticles were confined to the left of the nanogap and blocked the 

microchannel. The subsequent nanoparticles were squeezed by the flow and resulted in a long blocked 

microchannel (106 μm). 

 

 
Figure S10. The simulation of the nanoparticle movement around the nanogaps with different 

particle sizes. (a) The movement of nanoparticles (200, 100, 50, 20 nm) when the AC voltage was applied 

on the nanogap was 20 MHz, 5 V. (b) The movement of the nanoparticles (200 nm) when the AC voltage 

was applied on the nanogap was 20 MHz, 20 V. 
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