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SHORT ABSTRACT: 
A microchip fabrication process that incorporates plasmonic tweezers is presented here. The 
microchip enables the imaging of a trapped particle to measure maximal trapping forces. 
 
LONG ABSTRACT: 
Plasmonic tweezers use surface plasmon polaritons to confine polarizable nanoscale objects. 
Among the various designs of plasmonic tweezers, only a few can observe immobilized 
particles. Moreover, a limited number of studies have experimentally measured the exertable 
forces on the particles. The designs can be classified as the protruding nanodisk type or the 
suppressed nanohole type. For the latter, microscopic observation is extremely challenging. In 
this paper, a new plasmonic tweezer system is introduced to monitor particles, both in 
directions parallel and orthogonal to the symmetric axis of a plasmonic nanohole structure. This 
feature enables us to observe the movement of each particle near the rim of the nanohole. 
Furthermore, we can quantitatively estimate the maximal trapping forces using a new fluidic 
channel. 
 
INTRODUCTION: 
The ability to manipulate microscale objects is an indispensable feature for many micro/nano 
experiments. Direct contact manipulations can damage the manipulated objects. Releasing the 
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previously held objects is also challenging because of stiction problems. To overcome these 
issues, several indirect methods using fluidic1, electric2, magnetic3, or photonic forces4-8 have 
been proposed. Plasmonic tweezers that use photonic forces are based on the physics of 
extraordinary field enhancement several orders larger than the incident intensity9. This 
extremely strong field enhancement enables the trapping of extremely small nanoparticles. For 
example, it has been shown to immobilize and manipulate nanoscale objects, such as 
polystyrene particles7,10-14, polymer chains15, proteins16, quantum dots17, and DNA 
molecules8,18. Without plasmonic tweezers, it is difficult to trap nanoparticles because they 
quickly disappear before they are effectively examined or because they are damaged due to the 
high intensity of the laser. 
 
Many plasmonic studies have used various nanoscale gold structures. We can categorize the 
gold structures as protruding nanodisk types12-15,19-21 or suppressed nanohole types7,8,10,11,22,23. 
In terms of imaging convenience, the nanodisk types are more suitable than the nanohole types 
because, for the latter, the gold substrates can obstruct the observation view. Moreover, the 
plasmonic trapping occurs near the plasmonic structure and makes observation even more 
challenging. To the best of our knowledge, plasmonic trapping on nanohole types was only 
verified using indirect scattering signals. However, no successful direct observations, such as 
microscopic images, have been reported. Few studies have described the position of trapped 
particles. One such result was presented by Wang et al. They created a gold pillar on a gold 
substrate and observed the particle motion using a fluorescent microscope24. However, this is 
only effective for monitoring lateral movements not in the direction parallel to the beam axis. 
 
In this paper, we introduce new fluidic microchip design and fabrication procedures. Using this 
chip, we demonstrate the monitoring of plasmonically trapped particles, both in directions 
parallel and orthogonal to the plasmonic nanostructure. Furthermore, we measure the maximal 
force of the immobilized particle by increasing the fluid velocity to find the tipping velocity in 
the microchip. This study is unique because most studies on plasmonic tweezers cannot 
quantitatively show the maximal trapping forces used in their experimental setups. 
 
PROTOCOL: 
Caution: Please refer to all relevant material safety regulations before use. Several of the 
chemicals used in microchip fabrication are acutely toxic and carcinogenic. Please use all 
appropriate safety practices when performing the photolithography and etching processes, 
including the use of engineering controls (fume hood, hot plate, and aligner) and personal 
protective equipment (safety glasses, gloves, lab coat, full-length pants, and closed-toe shoes). 
 
1. Fabrication of the PDMS microchannel 
1.1. Fabrication of the microchannel mold by the photolithograph process 
1.1.1. Completely remove foreign substances on the 4-inch Si wafer surface with piranha 
cleaning (Figure 1a). Mix sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) at a ratio of 3:1 to 
make the piranha solution in the dish. Mix by gradually adding small amounts of the strong acid 
(H2O2) to the weak acid (H2SO4); reversing this order may cause an explosion because of the 
highly reactive strong acid. 



   

 
1.1.2. Immerse the wafer in the piranha solution for 10 min. Subsequently, immerse the wafer 
in deionized (DI) water for 3 min to remove the remaining piranha solution. Rinse the wafer 
with flowing DI water for 10 s. Repeat the rinsing procedure 3 times and dry with N2 gas to 
remove the remaining DI. 
 
1.1.3. Place the wafer on a hot plate for 20 min at 180 °C to further dehydrate the wafer. 
 
1.1.4. Pour 5 mL of the negative photoresist on top of the wafer and spin coat for 45 s at 1,500 
rpm (Figure 1b); after spin coating, a photoresist bead is created at the wafer edge because of 
the relatively high viscosity of the photoresist. 
 
1.1.5. Balance the photoresist-coated wafer by planarization on a leveling stand for 5 h. 
 
1.1.6. Place the photoresist-coated wafer on a hot plate for 12 min at 65 °C, 35 min at 95 °C, 
and 12 min at 65 °C (soft baking). 
 
1.1.7. Fix the film mask on the mask holder and the soft-baked wafer on the substrate stage of 
the aligner. Expose to ultraviolet (UV) light for 43 s at 650 mJ/cm2 to solidify the photoresist. 
 
1.1.8. Place the wafer on the hot plate for 5 min at 65 °C, 15 min at 95 °C, and 5 min at 65 °C 
(post-exposure baking). 
 
1.1.9. Immerse the wafer in the photoresist developer for 30 min to remove unsolidified 
photoresist. 
 
1.1.10. Rinse the wafer with isopropyl alcohol (IPA) and dry with N2 gas to remove the 
remaining IPA. 
 
1.2. Manufacture of the PDMS microchannel 
1.2.1. Treat the surface of the wafer and the photoresist mold for 1 min at a power of 200 W 
using an atmospheric plasma machine25; the gas flows of CH4 and He should be 6 and 30 sccm, 
respectively. Perform this hydrophobic treatment to easily detach the polydimethylsiloxane 
(PDMS) microchannel from the surface of the wafer and photoresist mold (Figure 1c). 
 
1.2.2. Prepare the PDMS solution by mixing the PDMS base and curing agent at a ratio of 10:1. 
Stir the mixture for 2 min. 
 
1.2.3. Place the wafer inside a Petri dish (150 mm x 15 mm) and add 100 mL of the PDMS 
solution. Remove the bubbles that were created from stirring using a desiccator. 
 
1.2.4. Place the Petri dish in the oven for 2 h at 80 °C to solidify the PDMS solution (Figure 1d 
and h). 
 



   

1.2.5. Cut along the contours of the PDMS microchannel with a razor blade and detach it from 
the wafer; the fabricated PDMS microchannel should have the following dimensions: 13 mm 
long, 300 μm wide, and 150 μm high (Figures 1e, f, and i). 
 
Note: Two types of holes are produced by a micropuncture to insert the single-mode fiber 
(SMF) cable and the tubes (inlet and outlet) on the PDMS microchannel (Figure 1g). The SMF 
cable is used to emit the laser beam to the nanohole milled on the gold plate. The tube is used 
to insert/extract the particle solution to/from the PDMS microchannel. 
 
1.2.6. Puncture 1.5-mm inlet and outlet holes at each end of the PDMS microchannel. 
Puncture a 0.3-mm SMF cable hole at the center of the PDMS microchannel. 
 
2. Etching process of the gold plate 
2.1. Prepare a commercially available gold plate with the dimensions of 25 x 6.25 mm2 

(Figure 2a). 
 
2.2. Remove any foreign substances on the gold plate with the following cleaning procedures. 
Clean in the following order by immersing in acetone, methanol, and DI water for 5 min each. 
 
2.3. Rinse the gold plate 3 times with DI water for 10 s and dry the plate with N2 gas to remove 
the remaining DI water. 
 
2.4. Place the gold plate on a hot plate for 20 min at 180 °C to completely remove any 
remaining moisture. 
 
2.5. Pour 0.5 mL of hexamethyldisilazane (HMDS) on the gold plate and spin coat for 40 s at 
3,000 rpm. 
 
2.6. Pour 0.5 mL of positive photoresist on top of the spin-coated HMDS and spin coat for 40 
s at 3,000 rpm (Figure 2b). 
 
2.7. Place the photoresist-coated gold plate on the hot plate for 90 s at 110 °C (soft baking). 
 
2.8. Fix the film mask on the glass wafer and place the soft-baked gold plate on the substrate 
stage. Expose to UV light for 4.5 s at 64 mJ/cm2 to dissolve the photoresist. 
 
2.9. Immerse the gold plate in the photoresist developer for 1 min to remove the dissolved 
photoresist (Figure 2c). Rinse the gold plate with DI water and dry with N2 gas.  
 
2.10. Immerse the gold plate in the Au etchant for 45 s at an etching rate of 28 Å/s to remove 
the exposed Au (Figure 2d). Rinse the gold plate with DI water and dry with N2 gas. 
 
2.11. Immerse the gold plate in the Ti etchant for 5 s at an etching rate of 25 Å/s to remove the 
exposed Ti (Figure 2e). Rinse the gold plate with DI water and dry with N2 gas. 



   

 
2.12. Remove the remaining photoresist on the gold plate by immersing it in acetone, methanol, 
and DI water for 3 min each (Figure 2f); immerse the plate in the written order. 
 
2.13. Rinse the gold plate 3 times with DI water for 10 s. Dry with N2 gas to remove the DI water. 
 
2.14. Place the gold plate on the hot plate for 3 min at 120 °C to completely remove the 
moisture; the produced gold block should be 400 x 150 µm2 (Figure 2h). 
 
2.15. Mill a 400-nm nanohole using a focused ion beam (FIB) at the center of the gold block 
that was fabricated after etching (Figures 2g and i). Create a 370-nm circle pattern to focus on 
the gold block with an ion accelerating voltage of 30 kV at 28 pA for 3 s. 
 
3. Assembly of the microchip 
3.1. Treat the two surfaces of the PDMS microchannel and gold plate for 1 min with O2 plasma 
to attach them together with a plasma system at a power of 80 W and a pressure of 825 mTorr25. 
 
Note: It is notably difficult to attach them with precision because the gold block and PDMS 
microchannel are on the micrometer level. Hence, use an aligner with a camera and a manual 
stage. 
 
3.2. Fix the glass wafer that is used to attach the film mask to the mask holder of the aligner 
(Figure 3a). 
 
3.3. Attach the O2-plasma-treated PDMS microchannel to the glass wafer; because the PDMS 
is hydrophilic, it will easily attach to the glass wafer without any adhesion solution. Fix the gold 
plate on the substrate stage of the aligner (Figure 3a). 
 
3.4. Locate the centers of the SMF cable hole and gold block, which are aligned on the same 
axis, using the camera on the aligner. Lift the manual stage to combine the two parts (Figures 3b 
and c). 
 
4. Improvement of the microchip side surface roughness by PDMS coating 
Note: The gold plate with fixed dimensions of 400 x 150 µm2 is relatively more difficult to cut 
out than the PDMS material. Therefore, to detach the PDMS microchannel from the wafer, a 
razor blade is used to cut out a larger piece than the gold plate. After combining the two parts, 
the excess parts of the PDMS relative to the gold plate must then be cut so that the inside of 
the channel can be observed from the side using a microscope (Figure 4a). However, the cut 
surface, which is used as a window, has a high surface roughness and consequently produces 
cloudy images of the particles that flow in the channel (Figure 4b). Coating with the PDMS 
solution is performed again to resolve this problem. 
 
4.1. Prepare the PDMS solution by mixing the PDMS base and curing agent at a 10:1 ratio and 
stir for 2 min. 



   

 
4.2. Pour 2 mL of the PDMS solution into the Petri dish and perform the spin coating for 30 s 
at 1,000 rpm (Figure 4c). 
 
4.3. Place the microchip surface that is going to be located on the microscope on the Petri dish 
(Figure 4d). Place the Petri dish in the oven for 1 h at 80 °C to solidify the PDMS solution. 
 
4.4. Cut the border of the microchip and PDMS using a razor blade and subsequently detach 
it from the Petri dish (Figures 4e, f). 
 
5. Laser coupling to insert the SMF cable to the microchip 
Note: For the plasmonic tweezer system, an optical fiber incident laser with a 1,064-nm 
wavelength is used. The SMF cable is used because the diameter of the incident laser (5 mm) is 
too immense to emit the laser beam at the nanohole milled on the gold block (400 x 150 μm2) 
in the microchip. The cladding diameter of the SMF cable is 125 μm. Thus, the incident laser 
and SMF cable must be coupled. 
 
5.1. Connect a 40X objective lens to the microscope objective mount on the SMF coupler. Fix 
the SMF cable on the fiber clamp of the SMF coupler. Align the incident laser beam to fill in the 
back aperture of the objective lens. 
 
5.2. Focus the laser beam to the core of the SMF cable by adjusting the three-axis manual 
stage equipped on the SMF coupler. 
 
5.3. Insert the opposite end of the SMF cable into the SMF cable hole of the microchip. 
Measure the laser power prior to the insertion at the edge of the fiber cable, because the fixed 
fiber cable at the microchip cannot be detached. 
 
5.4. Seal the SMF cable hole using epoxy glue to block the leakage of the flowing particle 
solution from the gap between the SMF cable hole (300 μm) and the cladding of the SMF cable 
(125 μm); the end of the inserted fiber cable should not enter the microchannel to avoid the fluid 
flow. Manually align the fiber cable using visual feedback so that it is perpendicular to the gold 
block that hosts the nanohole. 
 
6. Plasmonic trapping of single fluorescent polystyrene particle in the microchip 
6.1. Attach the syringe, which is filled with the particle solution, to a syringe micropump. 
Place the cover glass on the sample stage of the fluorescent microscope. Connect tubes to the 
inlet/outlet holes of the microchip. Place the PDMS-coated microchip surface on top of the 
cover glass. 
 
6.2. Position the microchip orthogonally to the 60X water immersion objective lens by 
observing the inside of the channel with the camera installed on the fluorescent microscope. Use 
transparent tape to fix the microchip in place. Connect the inlet tube of the microchip with the 
syringe needle. 



   

 
6.3. Insert the particle solution to the microchip by controlling the micropump at 20 μm/s. At 
this moment, confirm that the fluorescent particle can be observed well in the channel when the 
fluorescent lamp is turned on. 
 
6.4. Wait until the particle solution exits from the outlet of the microchip. Set the speed to 3.4 
μm/s. 
 
6.5. Turn the laser source device so that it emits the laser into the nanohole; the fluorescent 
particle will be trapped at the rim of the nanohole. 
 
6.6. Ramp the fluid speed in increments of 0.4 μm/s by controlling the micropump until the 
trapped particle escapes. Measure the fluid speed when the trapped particles escape. Obtain the 
maximal trapping force for each laser intensity using this measured fluid speed. 
 
REPRESENTATIVE RESULTS: 
The fabrication process of the PDMS microchannel and nanohole gold plate is shown in Figures 
1 and 2. The method to combine the two parts and the actual microchip is shown in Figure 3. 
The PDMS was cut to reveal the inside of the channel from the side of the microchip. However, 
it was difficult to observe the particles flowing in the channel because of the surface roughness 
of the cutting plane. Therefore, we introduced the PDMS coating method to solve this problem, 
as shown in Figure 4. 
 
We observed 5-µm, flowing polystyrene particles in the microchip to confirm the effect of the 
PDMS coating. Figure 5 shows the actual fabricated microchip and particles observed in the 
microchip using the microscope. Figure 5a and c are the before and after appearances of the 
microchip. Figure 5b and d are the magnified surfaces of each. Figure 5e shows blurred 
particles flowing, whereas Figure 5f shows that the edges of the particles are notably clear and 
that movements can be monitored. As above, the PDMS coating of the microchip surface is 
essential to the monitoring of trapped particles. 
 
Figure 6 shows the 100-nm polystyrene particle undergoing plasmonic optical trapping by the 
plasmonic tweezer system. An SMF cable with a 0.14 numerical aperture (NA) was used. A tube 
was inserted at the inlet/outlet holes of the microchip channel. A micropump was used to insert 
and collect the 100-nm fluorescent polystyrene particle solution. To emphasize the interior 
appearance of the trapped particle by the plasmonic phenomenon, the dotted parts of Figure 
6a have been enlarged as an inset, Figure 6b. The laser delivered by the SMF cable inserted in 
the microchip was emitted to the nanohole of the gold block, and the particle flowed from left 
to right. Movement was detected at the nanohole rim, where the field enhancement was the 
strongest. 
 
Figure 7 shows consecutive images where a 100-nm fluorescent polystyrene particle that 
flowed in the microchannel was trapped and released at the nanohole at the intensity of 0.42 
mW/μm2. The particles flowed at a constant speed of 3.4 μm/s in the fluid direction, as shown 



   

in Figure 7a. After the laser was turned on, one of the particles was trapped at the nanohole, as 
shown in Figure 7b. On the contrary, another particle flowed into the stream, as shown in 
Figure 7c. Then, the flow speed was increased until the trapped particle escaped. Figure 7d 
shows the particle escaping from the trap. At this moment, we can estimate the trapping force 
with direct observation by measuring the fluid velocity when the particle escaped. We also 
worked in the opposite direction. Instead of increasing the fluid velocity, we gradually 
decreased the laser power in decrements of 1 mW and recorded the intensity when the particle 
escaped. This laser intensity is defined as the minimum trapping laser intensity and was 
measured to be 0.24 mW/μm2. 
 
Figure 1. Fabrication of the PDMS microchannel. 
(a) Preparation of the Si wafer. (b) Photoresist spin coating of the wafer. (c) Fabricated 
microchannel mold by the photolithography process. (d) PDMS solidification using an oven after 
pouring the PDMS solution on the wafer. (e) PDMS microchannel cutting. (f) PDMS 
microchannel detachment from the wafer. (g) Inlet/outlet and SMF cable holes punctured on 
the PDMS microchannel. (h) Actual solidified PDMS on the wafer. (i) Actual detached PDMS 
microchannel. 
 
Figure 2. Fabrication of the nanohole on the gold plate after the etching process. 
(a) Deposition of Au and Ti on the glass. (b) Photoresist spin coating of the gold plate. (c) 
Dissolved photoresist removal after UV light exposure. (d) Au etching. (e) Ti etching. (f) 
Remaining photoresist removal. (g) Nanohole milling by a focused ion beam on the gold block. 
(h) Actual fabricated gold block. (i) Actual milled nanohole on the gold block. 
 
Figure 3. Assembly process of the microchip. 
(a) Fix the PDMS microchannel and gold plate on the mask holder and substrate stage, 
respectively, equipped on the aligner. (b) Combination of the PDMS microchannel part and the 
gold plate after surface treatment with O2 plasma. (c, d) Assembled microchip after 
combination. (e) Removal of excess amount of the PDMS microchannel. 
 
Figure 4. Process of surface roughness improvement by PDMS coating. 
(a) Remove excess amount using a razor blade after combining the two parts. (b) High surface 
roughness of the microchip after cutting. (c) PDMS solution spin coating in a Petri dish. (d) 
Dipping the window surface of the microchip into the spin-coated PDMS solution. (e) PDMS-
coated microchip detachment from the Petri dish. (f) Improvement of surface roughness by 
PDMS coating. 
 
Figure 5. Assembled microchip and observation of 5-μm polystyrene particles in the 
microchannel before and after PDMS coating. 
(a, b) Microchip before PDMS coating and magnified view. (c, d) Microchip after PDMS coating 
and magnified view. (e, f) Observation of particles in the microchannel before and after PDMS 
coating. 
 
Figure 6. Designed plasmonic tweezer system. 



   

(a) Schematic of the plasmonic tweezer system. (b) Trapping of a 100-nm fluorescent 
polystyrene particle at the rim of the nanohole in the microchip. 
 
Figure 7. Trapping and releasing of a 100-nm fluorescent polystyrene particle in the 
microchannel.  
(a) The microchannel with a particle flowing into the stream. (b, c) Trapped particle at the 
nanohole compared to another particle. (d) Particle that escaped from the trap due to the 
increased fluid force. 
 
DISCUSSION: 
The SMF cable was inserted in the SMF cable hole on the microchip, as shown in the 
rectangular dot of Figure 6a. Because the SMF cable hole is larger than the cable diameter, 
epoxy glue was used to seal the gap to block the leakage of the flowing particle solution. Before 
the application of epoxy glue, the gold block and cable edge should be coaxially aligned by hand 
using a microscope. Although it is ideal for the inserted cable edge and the nanohole to be 
coaxially aligned, a slight misalignment can be tolerated because the laser beam diverges once 
it is emitted from the end of the 0.14 NA SMF cable edge, and the beam affects a much larger 
region. Because the microchip was configured to be perpendicular to the optical axis of the 
microscope, we could not directly observe the location of the nanohole. The location of the 
nanohole can only be indirectly determined by observing the location of the plasmonically 
trapped particle at the nanohole. A solution can be provided by installing a camera at the fiber 
cable and using it to monitor the gold block. 
 
The distinctive feature of the microchip is its ability to monitor particle motion near the 
plasmonic nanohole in real time. The motion of the particle follows the scenario described 
below. When the fluid streams the particles forward, some particles move toward the gold 
block. In some cases, a particle gets notably close to the rim of the nanohole due to attraction 
to the nanohole and eventually becomes immobilized. At this moment, the optical force 
exerted on the particle exceeds the fluid force. Subsequently, the immobilized particle escapes 
from the nanohole rim when the fluid velocity increases; thus, the fluid force becomes stronger 
than the optical force. The maximal trapping force can be measured from this terminal fluid 
velocity. However, the conventional drag force equation cannot be used because the particle is 
in physical contact with the gold wall at the nanohole. To consider the surface effect of the gold 
wall, we used the finite-element method, which considers the fluid motion near the surface, 
and obtained the fluid force. 
 
We have introduced a new plasmonic tweezer setup that enables the monitoring of particle 
dynamics along the laser beam axis. In contrast, previous studies have only introduced particle 
movement in the plane perpendicular to the laser beam axis, such as with the nanoblock12, 
nanodisk13,14,19,21, nanostick20, and nanopyramid18. Furthermore, in the case of nanohole types, 
trapping can only be witnessed by monitoring the scattering signal, and not by visual 
monitoring10,11,23. However, we could not precisely measure the particle position because of the 
limited capabilities of current imaging techniques. The imaging quality should be further 
improved to confirm the exact dislocation measurements. This technique can be applied in the 



   

characterization and biosensing of a single molecule. 
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objective lens 
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Item 1 (check one box): The Author elects,to have the Materials be made available (as described at

http://www..iove.com/publish )via: Standard Access :,1 Open Access

Item 2 (check one box):

v 
The Author is NOT a United States government employee,

The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

. The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO TICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License

ABreement, the following terms shall have the followinB
meanings: "Atreement" means this Article and Video License
A8reement; "Artlcle" means the article specifled on the last
page of this A8reement, including any associated materials
such as texts, figures, tables, aatwork, abstracts, or summa es

contained therein; "Author" means the author who is a

signatory to this Agreement; "Collective Work" means a work,
such as a periodical issue, antholo8y or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a

number of other contributions, constituting separate and
independent works in themselves, are assembled into a

collective whole; "CRC Llcense" means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 unported
Agreement, the terms and conditions of which can be found
a t: http://creativecom m o ns.or&/licenses/by-nc-
nd/3.0/leSalcode; "Derivative Work" means a work based

upon the Materials or upon the Materials and other pre-

existing works, such as a translation, musical arran8ement,
dramatization, fictionalization, motion picture version, sound

recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; "lnstitutlon" means the institution, listed on the
last paSe of this ASreemenl by which the Author was

employed at the time of the creation of the Materials; "JoVE"
means My.love Corporation, a Massachusetts corporation and

the publisher ot The Jounol ol Visuolized Expe ments;
"Materlals" means the Article and / or the Video; "Parties"
means the Author and JoVE; 'Mdeo" means any video(s) made

by the Author, alone or in coniunction with any other parties,

or by JovE or its afflliates or agents, individually or in

collaboration with the Author or any other parties,
incorporatinS all or any portion ofthe Article, and in which the
Author may or may not appear.

2, g!SISI9!!C. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. ln furtherance ot
such Boals, the Parties desire to memorialize in this Agreement
the respective ri8hts ofeach Party in and to th€ Article and the
Video.

3. Grant of Riehts in Article. ln consideration ofJoVE agreeinS
to publish the Article, the Author hereby grants to JoVE,

subject to Sectlons 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyri8ht in the Article,
including any extensions thereto) llcense (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, diSital and

electronic form) throughout the world, (b) to translate the
Article into other lanBuages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extaacts, Dedvative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing ri8hts may be exerc;sed ln all media and formats,
whether now known or hereafter devised, and include the
right to make such modiflcations as are technically necessary
to exercise the rights in other media and formats. lfthe "Open
Access" box has been checked in ltem l above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limltations and requirement5
set forth in, the CRC License.
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4. Retention of RiBhts in Article. Notwithstandin I the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive ri8ht to use all or part of the Article for the non-
commercial purpose of Siving lectures, presentations or
teachinS classes, and to post a copy of the Article on the
lnstitution's website or the Autho/s personal website, in each

case provided that a link to the Anicle on the lovE website is

provided and notice of JoVE's copyright in the Anicle is

included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Riqhts in Video - standard Access. This section 5
applies if the "Standard Access" box has been checked in ltem
1 above or if no box has been checked in ltem 1 above. ln

consideration of .JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and aerees that, Subject to Section 7 below,
JoVt is and shall be the sole and exclusive owner of all rights of
any nature, includinS, without limitation, all copyriEhts, in and

to the video. To the extent that, by law, the Author is

deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to loVE.

6. Grant of Rirhts in Video - Open Access. This sectlon 5

applies only if the "Open Access" box has been checked in

Item l above. ln consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JovE, subject to section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, includinS any extensions thereto) license (a)to publish,

reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and

electronic form) throughout the world. (b) to translate the
Video into other lan8ua8es, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, oerivative works or
Collective works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter d€vised, and

include the ri8ht to make such modifications as are technically
necessary to exercise the riBhts in other media and formats.
For any video to which this Section 6 is applicable, JoVE and

the Author hereby grant to the public all such rights in the
video as provided in, but subject to all limitations and

requkements set forth in, the CRC License.

7. Government tmolovees. lf the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a lJnited States government

employee, as indicated in ltem 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 u.s.c. 403, then the r;ghts Sranted hereunder
shall be limited to the maximum rights permitted under such

ARTICLE AND VIDEO LICENSE AGREEMENT

statute. ln such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness. Prjvacv. Personalitv. The Author hereby grants
,oVE the ri8ht to use the Author's name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials ahd the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, ljkeness, personality or similar laws.

9. 4lllq-!ryAlEllE!. The Author represents and warrants
that the Article is original. that it has not been published, that
the copyriSht interest is owned by the Author (or, if more than
one author is listed at the beginning of this A8reemenl by
such authors collectively) and has not been assigned, licensed,

or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. lf more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License A8reement with JoVE relating to the Material5,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infrinSe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all Sovernment, institutional and other
reSulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, lawt procedures or
guidelines, applicable to the Materials, and that all research
involvine human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. lfthe Author requests the assistance of
JoVE in producing the Video in the Author's facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. lf more than one
author is listed at the beginning of this Agreement JoVE may,
in its sole discretion, elect not take any actlon with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each

such author. loVE resetues the dght, in its absolute and sole
discretion and without Bivjng any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Autho/s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of makinS and publishinS the Materials, including,
without limitation, to all decisions regardinS editin& li8htin8,
filming, timing of publication, if any, lenSth, quality, content
and the like.

11. lnde mniflcation- The Author agrees to indemnify loVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney's fees, ariSing

out of any breach of any warranty or other representations
contained herein, The Author further agrees to indemnify and
hold harmless JoVE from and aSainst any and all claims, costs,

and expenses, including attorney's fees, resultin8 from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author's or the
Author's institution's facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injLrry, violations of institutional, laboratory, hospital, ethical,
human and animal treatment. privacy or other rulet
re8ulations, laws, procedures or Buidelines, llabilities and

other losses or damages related in any way to the submission
of work to loVE, making of videos by JoVE, or publication in
JoyE or elsewhere by JoVE. The Author shall be responsible
for. and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Autho/s

ARTICLE AND VIDEO LICENSE AGREEMENT

expense. All indemnifications provided herein shall include
JoVE's anorneys fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, act5 or omissions of JoVE, its employees, agents or
independent contractors.

12. Igg!. To cover the cost incurred for publication, JoVE

must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production

decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
flnal peer review approval will result in a USS1,200 fee to
cover pre-production expenses incurred by JoVE. lf payment is

not received by the completion of filming, production and
publication of the Materials will be suspended until payment is

received.
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13. Transfer. Governinq Law. This Agreement may be
assiSned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without Biving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an

original, but all of which together shall be deemed to me one
and the same aBreement. A si8ned copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an origlnal signed copy of this A8reement.

Please submit a 9igled and dqlgd copy of this licens€ by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;
2) Fax the document to +1.865.381.2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center fl200 / Cambridge, MA 02139
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Reply to the Reviewer’s comments 
 

We would like to express our thanks to the Topical Editor and reviewers for their interest in our manuscript and 

constructive suggestions, and we are more than happy to satisfy the conditions and queries marked in the 

comments. In what follows, we elaborate in detail on how the manuscript has been revised to fully address the 

issues raised in the reviews. In the following, the reviewers’ comments are given in italics and our responses to 

the comments are provided in a different font. The modified contents in the manuscript are showed here with a 

red color font with corresponding page and line numbers. 

 

 

Editorial comments: 

The manuscript has been modified by the Science Editor to comply with the JoVE formatting standard. Please 

maintain the current formatting throughout the manuscript. The updated manuscript (55258_R2_RE.docx) is 

located in your Editorial Manager account. In the revised PDF submission, there is a hyperlink for downloading 

the .docx file. Please download the .docx file and use this updated version for any future revisions. 

 

Comment 1) Please use professional copy-editing services as the language still is not publication grade. There 

continues to be awkward phrases throughout the manuscript. 

 A native English speaker has edited the manuscript. 

 

 

Comment 2) For Figure 7, please process the image by windowing and leveling the images for higher quality. It 

is not clear what is being shown. 

 We have improved images of Fig. 7 as the editor has suggested. 

 

 
 

 

 

 

 

 

 

Rebuttal Comments Click here to download Rebuttal Comments 20161124
Rebuttals.pdf

http://www.editorialmanager.com/jove/download.aspx?id=574245&guid=38a09d85-9b45-49a1-9cda-fd3517b736e6&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=574245&guid=38a09d85-9b45-49a1-9cda-fd3517b736e6&scheme=1


Comment 3) For Figure 1b and 1c, please rename the SU-8 as the photoresist to be consistent with the protocol 

text in the manuscript. 

 We have changed all occurrences of “SU-8” to “photoresist (PR)”. 

 

 
 

 

Comment 4) Some additional details are required: 

 We have provided additional details as follows. 

 

 

Comment 4a) 1.1.1: Please provide the piranha solution composition. Clean by immersion? 

 We have added the composition of the piranha solution. The cleaning was done by immersing and this is 

explained explicitly. 

 

“Page 2, line 40” ~ “Page 3, line 5” 

1.1.1. Completely remove the foreign substances on the 4-inch Si wafer surface by piranha cleaning (Figure 1a). 

Mix sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) at a ratio of 3:1 to make the piranha solution in the dish. 

Mix by gradually adding small amounts of the strong acid (H2O2) to the weak acid (H2SO4). The reverse order of 

adding may cause sudden an explosion because of the highly reactive strong acid. 

 

1.1.2. Immerse the wafer in the piranha solution for 10 min. Subsequently, immerse the wafer in a deionized (DI) 

water for 3 min to remove the remaining piranha solution on the wafer. Rinse the wafer with flowing DI water for 

10 s. Repeat the rinsing procedure 3 times and dry with N2 gas to remove the remaining DI. 

 

 

Comment 4b) 1.1.8: Expose for how long? 

 We have inserted an exposure time at each step. 



 

“Page 3, line 21” 

1.1.8. Expose to ultraviolet (UV) light for 43 s at 650 mJ/cm2 to solidify the photoresist. 

 

“Page 4, line 40” 

2.9. Expose them to UV light for 4.5 s at 64 mJ/cm2 to dissolve the photoresist. 

 

 

Comment 4c) 1.2.1: Please provide a citation here for the atmospheric plasma machine. 

 We have added the citation for the atmospheric plasma machine. 

 

“Page 3, line 33” ~ “Page 3, line 37” 

1.2.1 Treat the surface of the wafer and the photoresist mold for 1 min at a power of 200 W using an atmospheric 

plasma machine25. Here, gas flows of CH4 and He are 6 and 30 sccm, respectively. This hydrophobic treatment is 

performed to easily detach the polydimethylsiloxane (PDMS) microchannel from the surface of the wafer and 

photoresist mold (Figure 1c). 

 

 

Comment 4d) 2.1: How is the sputter coater used? What are the parameters used here? 

 In this paper, we have only used a commercially available gold plate to fabricate the microchip. Therefore, we 

have removed the descriptions related to the sputter to avoid any possible confusions. Furthermore, we have 

modified the caption of Fig. 2(a). 

 

“Page 4, line 17” ~ “Page 4, line 18” 

2.1. Prepare a commercially available gold plate with the dimensions of 25 x 6.25 mm2 (Figure 2a). 

 

 
 

 



Comment 4e) 2.2: What are the general cleaning procedures used here? Is it the immersion in acetone, methanol, 

and DI water? 

 We have modified the sentences to avoid the confusion. 

 

“Page 4, line 20” ~ “Page 4, line 21” 

2.2. Remove any foreign substances on the gold plate with the following cleaning procedures. Clean in the 

following order by immersing in acetone, methanol, and DI water for 5 min each. 

 

 

Comment 4f) 3.1: Treat with O2 plasma how? What settings are used? For how long? 

 We have added a citation and additional explanations in the manuscript. 

 

“Page 5, line 27” ~ “Page 5, line 29” 

3.1. Treat the two surfaces of the PDMS microchannel and gold plate for 1 min with O2 plasma to attach them 

together by a plasma system at a power of 80 W and a pressure of 825 mTorr25.  

 

 

Comment 4g) 4.2: How much PDMS solution is used here? 

 We have modified the sentence. 

 

“Page 6, line 15” ~ “Page 6, line 16” 

4.2. Pour 2 mL of the PDMS solution in the Petri dish and perform the spin coating for 30 s at 1000 rpm (Figure 

4c). 

 

 

Comment 5) What is Figure 9? Did you mean Figure 7? 

 We are very sorry for our mistake. We have changed “Figure 9” to “Figure 7”. 

 

“Page 8, line 11” ~ “Page 8, line 22” 

Figure 7 shows consecutive images where a 100 nm fluorescent polystyrene particle that flowed in the 

microchannel was trapped and released at the nanohole at the intensity of 0.42 mW/μm2. The particles flowed at 

a constant speed of 3.4 μm/s in the fluid direction, as shown in Figure 7a. After the laser was turned on, one of 

the particles was trapped at the nanohole, as shown in Figure 7b. On the contrary, another particle flowed into the 

stream, as shown in Figure 7c. Then, the flow speed was increased until the trapped particle escaped. Figure 7d 

shows the particle escaping from the trap. At this moment, we can estimate the trapping force by measuring the 

fluid velocity when the particle escaped with direct observation. We also worked in the opposite direction. Instead 

of increasing the fluid velocity, we gradually decreased the laser power in decrements of 1 mW and recorded the 

intensity when the particle escaped. This laser intensity is defined as the minimum trapping laser intensity and 

was measured to be 0.24 mW/μm2. 


