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1. Thermal and microfluidic simulation

The power dissipation density in the gold film on glass substrate is modeled using equation (1) shown 
below in COMSOL Multiphysics. Model takes into account the Gaussian distribution of the incident laser 
beam and exponential decay of light in the gold film. 
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,where  is incident laser power,  is the absorption of the nanohole array. The attenuation coefficient 𝑃0 𝐴

in the nanohole array at the illumination wavelength is given by , where  is 
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the imaginary part of the refractive index of gold. 

The temperature distribution under laser is obtained by solving the heat conduction equation given by:

                                                       (2)‒ 𝑘∇2𝑇 + 𝜌𝐶𝑝𝑢 ∙ ∇𝑇 = 𝑄

is the thermal conductivity of the materials (glass, sapphire, gold, or water).  is the temperature in 𝑘  𝑇

Kelvin, and  is the temperature gradient. The second term is the convection term, which depends on , ∇𝑇 𝑢

the velocity of the fluid. For the chamber height in our case, 120 μm, the convection term can be neglected 
1,2.  is the density of the fluid and  is the specific heat capacity at constant pressure.  is the heat source 𝜌 𝐶𝑝 𝑄

density, which is calculated from equation (1). The outer temperature on the outer surface of the 
boundaries was set to . 𝑇 = 293.15 𝐾

After the thermal simulation, we solved the Poisson equation below to calculate the electric field applied: 

, with                                                         (3)
∇ ∙ 𝐸 =  

𝜌
𝜀0 𝐸 =  ‒ ∇𝑉

The calculated electric field distribution is imported into the microfluidic model for ETP and ACEO 
simulation. 
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Firstly, the ACEO flow is obtained by simulating laminar flow module by defining a slip boundary condition 
given by the Smoluchowski slip velocity around the nanohole array.

The Smoluchowski slip velocity   is given by: , where  is the electroosmotic mobility,  �⃑� �⃑� = 𝜇𝑒𝑜𝐸𝑡
𝜇𝑒𝑜 =‒

𝜀𝑟𝜀0𝜁

𝜇

 is the relative permittivity,  is the permittivity of free-space,  is the zeta potential of the electrical 𝜀𝑟 𝜀0 𝜁

double layer at the nanohole array and fluid interface, and  is the dynamic viscosity of the liquid. 𝜇

 is the tangential component of the electric field, where  is calculated by solving equation 𝐸𝑡 = �⃑� ‒ (�⃑� ∙ �⃑�)�⃑� �⃑�

3.

The zeta potential here is considered increasing as a.c. frequency drops. Hence, the ACEO flow is stronger 
as lower a.c. frequency so that it boosts the trapping stability. A more detailed description on the analysis 
of ACEO flow versus a.c. frequency can be found in our previously reported document 1,3.

Secondly, the ETP flow arise from the localized heating of the fluid to establish a gradient in the 
permittivity and electrical conductivity in an applied a.c. electric field. The volumetric body force induced 
in the fluid known as the electrothermal force density,  is given by 4:𝑓𝐸𝑇

                                                         (4).
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After perturbative expansion in the limit of small temperature gradient, the force density is derived into 
5:
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,where   and .  and  stands for the permittivity and 
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conductivity of the fluid, respectively.  is the a.c. field frequency, while  is the temperature gradient 𝜔  ∇𝑇

calculated from solving the heat equation stated in equation (2).

Lastly, we solved the Navier-Stokes equation using laminar flow module in COMSOL Multiphysics to find 
out the velocity: 

                                             (6),𝜌0[𝑢(𝑟) ∙ ∇]𝑢(𝑟) + ∇𝑝(𝑟) ‒ 𝜂∇2𝑢(𝑟) = 𝐹



Figure S1: the colormap shows the two stagnations zones created by the electrohydrodynamic flows, where the in-plane velocity drops to zero. 

2. Trapping stability under various experimental conditions

As a supplementary of Fig 3. (d) and (e) in the main manuscript, the azimuthal direction stability of trapped 
smaller exosomes in site I or II and the azimuthal stability of different sizes exosomes are provided in Fig 
S2 (a) and (b), respectively. The azimuthal angle is defined as the angle θ as shown in Fig S2 (c), where the 
two dotted lines indicate the particle trajectory. It shows for either site I or II, as well as small or large 
exosomes, the angle where the trapped exosomes sweep along azimuthal direction does not differ 
significantly. However, as the exosome is closer to the center of pattern, which is at site II, the absolute 
distance exosomes cover is shorter. Hence, site I does provide a better spatial confinement along 
azimuthal direction.

Figure S2: (a) Histograms of azimuthal angle shifts from the same small size exosome on site I or II. (b) Histograms of azimuthal angle shifts from 
exosomes of different sizes on site II. (c) Definition of azimuthal angle θ.

Additionally, we investigate the trapping stability versus a.c. frequency or the gap size in site II. Results 
are provided below in Fig S3 and S4. Fig S3 plots out the radial position shift (left column) and azimuthal 
angle distribution (right column), respectively, under various a.c. frequency from the same small exosome 



at site II. It clearly shows the trapping stability is enhanced as a.c. frequency is tuned down from 3.5 kHz 
to 1.5 kHz. We ascribe this enhancement to the stronger ACEO flow from nanohole arrays from both sides 
in site II. Fig S4 depicts the trapping stability with various gap size in site II. As gap size is tuned down from 
20 μm to 6 μm, under 3 kHz a.c. frequency, we found the trapping stability is strengthened along radial 
direction but weakened along azimuthal direction. This discovery can be utilized to further optimize our 
CNA system.

Figure S3: Histograms of radial displacement and azimuthal angle shifts from the same small size exosome under various a.c. frequency, on site 
I.

Figure S4: Histograms of radial displacement and azimuthal angle shifts of trapped single exosome in site I of different gap sizes. Insets are 
images capture by camera to illustrate the size of pattern and gap width. Scalebar represents 20 μm.



3. Fabrication process

In this fabrication, we adapted the template strip method mentioned in ref 6. Starting from a bare silicon 
wafer, a 10 nm Cr mask was thermally evaporated serving as hard mask. We then spincoated PMMA A4 
and patterned the nanohole array through e-beam lithography. After exposure and development, an 
oxygen descum step followed up immediately before Cr wet etch. The sample was soaked in Cr etchant 
for 10 seconds and rinsed thoroughly by deionized water. The pattern was thus transferred to Cr hard 
mask. A one minute reactive ion etch was subsequently carried out to open holes into Si wafer as deep as 
500 nm, at least. To finalize the Si template, we cleaned the sample surface by oxygen plasma for 5 
minutes and stripped off Cr hard mask using Cr etchant. The gold film of 120 nm was then directly 
evaporated on the Si template, without adhesion layer. Since the depth of hole, ~500 nm, is much greater 
than the thickness of gold film, the gold falling onto nanoholes would finally sit at the bottom of them, 
disconnected from the main gold film on the top of Si template. Therefore, we have the CNA patterned 
into gold film. The final step was to use UV epoxy to transfer the gold film onto a glass substrate. 

Figure S5: fabrication flow graph showing the steps to make silicon template and template-strip.

Supplementary Movies:

Movie1: trap and sort of exosomes. Beginning with low a.c. frequency, individual exosomes are rapidly 
transported by ETP and trapped in site II. The a.c. frequency is tuned up to 3.5 kHz and we observe the 
two smaller exosomes hop into site I, while larger exosomes stay outside. Then, a.c. frequency is tuned 
down to 2 kHz to stabilize all trapped exosome and no further relocation is observed. 

Movie2: dynamic manipulation of trapped exosome in site I using laser motion. The laser was moving in a 
circle across the center nanohole array with the trapped small exosome moving following the motion of 
laser. The trapped large exosome on site II stay to the right-top corner of the CNA pattern during the laser 
motion.
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