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SUMMARY:  23 
Chip-based super-resolution optical microscopy is a novel approach to fluorescence microscopy 24 
and offers advantages in cost effectiveness and throughput. Here, the protocols for chip 25 
preparation and imaging are shown for TIRF microscopy and localization-based super-resolution 26 
microscopy.  27 
 28 
ABSTRACT:  29 
Total internal reflection fluorescence (TIRF) is commonly used in single molecule localization 30 
based super-resolution microscopy as it gives enhanced contrast due to optical sectioning. The 31 
conventional approach is to use high numerical aperture microscope TIRF objectives for both 32 
excitation and collection, severely limiting the field of view and throughput. We present a novel 33 
approach to generating TIRF excitation for imaging with optical waveguides, called chip-based 34 
nanoscopy. The aim of this protocol is to demonstrate how chip-based imaging is performed in 35 
an already built setup. The main advantage of chip-based nanoscopy is that the excitation and 36 
collection pathways are decoupled. Imaging can then be done with a low magnification lens, 37 
resulting in large field of view TIRF images, at the price of a small reduction in resolution. Liver 38 
sinusoidal endothelial cells (LSECs) were imaged using direct stochastic optical reconstruction 39 
microscopy (dSTORM), showing a resolution comparable to traditional super-resolution 40 
microscopes. In addition, we demonstrate the high-throughput capabilities by imaging a 500 μm 41 
x 500 μm region with a low magnification lens, providing a resolution of 76 nm. Through its 42 
compact character, chip-based imaging can be retrofitted into most common microscopes and 43 
can be combined with other on-chip optical techniques, such as on-chip sensing, spectroscopy, 44 
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optical trapping, etc. The technique is thus ideally suited for high throughput 2D super-resolution 45 
imaging, but also offers great opportunities for multi-modal analysis. 46 
 47 
INTRODUCTION:  48 
Since the initial demonstration of single molecule localization microscopy, many variations have 49 
been developed to solve different challenges1–3. One challenge that has remained, however, is 50 
large field of view dSTORM imaging. Many dSTORM setups use the same objective lens to both 51 
excite the sample and to image it. In order to increase the field of view, a low magnification lens 52 
is needed. Low magnification and low numerical aperture (NA) objective lenses typically have a 53 
large depth of field, resulting in an increased out-of-plane signal that will reduce the localization 54 
precision. TIRF objectives are commonly used to increase the image contrast by reducing out-of-55 
plane fluorescence. Through TIRF, the excitation is limited to an optical thickness of 56 
approximately 150 nm from the surface by means of an evanescent field4. TIRF objective lenses 57 
require a large NA resulting in a small field-of-view (FOV) (e.g., 50 x 50 µm2), which limits the 58 
throughput significantly. There are, however, alternative ways to generate an evanescent field. 59 
 60 
An optical waveguide is a structure that will confine and guide light if it is coupled into the 61 
structure. Most commonly, waveguides are used in fiber-based telecommunication. Great effort 62 
has been made in order to develop 2D integrated waveguides as a main component of photonic 63 
integrated circuits. The technology has advanced to a point where fabricating low-loss nano-64 
structured optical waveguides can be routinely done5. Today, several foundries around the world 65 
can be used to develop photonic integrated circuits. Waveguides guide light through total 66 
internal reflectance also exhibiting an evanescent field at the surface. By careful design of the 67 
waveguide structure, a high intensity can be achieved in the evanescent field. A sample placed 68 
directly on top of the waveguide surface can thus also be illuminated by the evanescent field for 69 
imaging applications. The evanescent field will be generated along the entire length and width of 70 
the waveguide, and thus it can be made arbitrarily large6.  71 
 72 
We present a novel approach to TIRF dSTORM that offers an arbitrarily large field of view. Instead 73 
of using a TIRF lens for both excitation and collection, we excite using the evanescent field from 74 
optical waveguides. This decouples the excitation and collection light pathway, allowing for total 75 
freedom along the collection light path without compromising the optical sectioning for a given 76 
wavelength provided by the waveguide chip illumination. Low magnification lenses can thus be 77 
used to image very large regions in TIRF mode, although a smaller NA will reduce the lateral 78 
resolution. Furthermore, multicolor imaging is also greatly simplified using waveguides7, as 79 
several wavelengths can be guided and detected without readjusting the system. This is 80 
advantageous for dSTORM, as low wavelengths can be used to enhance fluorophore blinking and 81 
for multicolor imaging. It is worth noting that the penetration depth of the evanescent field will 82 
change as a function of wavelength, although it does not affect how the imaging procedure is 83 
performed. The chip is compatible with live cell imaging8 and is ideal for applications such as the 84 
integration of microfluidics. Each chip can contain tens of waveguides, which can allow the user 85 
to image under different conditions or apply optical trapping9 and Raman spectroscopy10. 86 
 87 
The chip-based system works equally well for both diffraction-limited and super-resolution 88 



  

imaging. A similar approach was introduced in 2005 using a prism to generate evanescent field 89 
excitation4. The photonic chip also excites through the evanescent field, but with modern 90 
waveguide fabrication techniques, one can generate exotic light patterns with waveguides. The 91 
present chip-based nanoscopy implementation is limited to 2D imaging only, as the excitation 92 
field is locked inside the waveguide surface. Future development will aim for 3D applications. 93 
Additionally, other super-resolution techniques such as structured illumination microscopy are 94 
being developed using the same chip-based microscope11.  95 
 96 
PROTOCOL:  97 
 98 
1. Preparation of the polydimethylsiloxane (PDMS) layer 99 
 100 
1.1. Prepare a 10:1 mix of Sylgard 184 monomer and curing agent. 101 
 102 
1.2. Place the mixture in a vacuum chamber until air bubbles are gone. 103 

 104 
1.3. Pour 1.7 g of PDMS mixture in the center of a 3.5 inch (diameter) Petri dish. 105 

 106 
1.4. Place the Petri dish on the vacuum chuck of a spin coater. 107 
 108 
1.5. Spin coat the Petri dish for 20 s at 900 rpm, with an acceleration of 75 rpm/s. 109 
 110 
1.6. Cure the dish on a hotplate at 50 °C for at least 2 h. 111 
 112 
2. Sample preparation 113 
 114 
2.1. Waveguide cleaning  115 

 116 
2.1.1. Prepare 100 mL of a 1% dilution of cleaning detergent concentrate (Table of Materials) in 117 
deionized (DI) water.  118 
 119 
2.1.2. Place the chip in a glass Petri dish using a wafer tweezer and cover completely with the 120 
detergent solution. 121 
 122 
2.1.3. Place the Petri dish on a hot plate at 70 °C for 10 min. 123 
 124 
2.1.4. While still on the hot plate, rub the surface with a cleanroom tissue swab. 125 
 126 
2.1.5. Remove the chip from the Petri dish. Rinse with at least 100 mL of DI water. 127 
 128 
2.1.6. Rinse with at least 100 mL of isopropanol, taking care that solvent does not dry on the 129 
surface to prevent evaporation stains.  130 
 131 
2.1.7. Rinse with at least 100 mL of DI water. Blow the chip dry with a nitrogen gun.  132 



  

 133 
2.2. Chamber preparation 134 
 135 
2.2.1. Prepare a layer of 150 µm polydimethylsiloxane (PDMS) in a Petri dish (section 1). 136 
 137 
2.2.2. Use a scalpel to cut a 1.5 cm x 1.5 cm frame from the PDMS layer. 138 
 139 
2.2.3. Lift the frame from the Petri dish with a tweezer. Deposit it flat on a clean and polished 140 
chip. The sample is now ready for cell seeding.  141 
 142 
2.3.  Fluorescent labeling 143 
 144 
2.3.1. Prepare the following chemicals: phosphate-buffered saline solution, dye solution(s), 145 
dSTORM imaging buffer. 146 
 147 
2.3.2. After cell seeding, remove the chip from the media.  148 
 149 
2.3.3. Use a pipette to remove any excess fluid from outside the PDMS chamber.  150 
 151 
2.3.4. Remove the current fluid from inside the PDMS chamber with a pipette while adding 152 
approximately 60 μL of clean PBS at the same time. 153 

 154 
NOTE: The amount added to the chamber will have to be changed according to the chamber size. 155 
Be careful not to remove all media from the cell surface.  156 

 157 
2.3.5. Replace the PBS with 60 μL of clean PBS and let it incubate for 1 min.  158 
 159 
2.3.6. Repeat the previous step, letting it incubate for 5 min this time.  160 
 161 
2.3.7. Remove the PBS and replace it with 60 μL of the dye solution. Leave the sample to incubate 162 
for around 15 minutes, shielding it from light.  163 

 164 
NOTE: This step might have to change significantly, depending on the fluorescent dye used. We 165 
use CellMask Deep Red to label the cell membrane for this experiment 166 
 167 
2.3.8. Wash the sample with PBS as in steps 2.3.3–2.3.5. 168 
 169 
2.3.9. Remove the PBS and replace it with 40 μL of the imaging buffer at the same time.  170 

 171 
NOTE: There are several different imaging buffers for different fluorescent dyes.  172 
 173 
2.3.10. Place a coverslip on top, preventing air bubbles from forming underneath. Gently press 174 
the coverslip against the imaging chamber to remove any excess media.  175 
 176 



  

2.3.11. Use a pipette to remove any excess media outside the coverslip. Clean the area outside 177 
the coverslip with a water moist swab to avoid crystals formed by dried immersion media 178 
residues.  179 
 180 
3. Imaging procedure 181 

 182 
3.1. Component setup 183 

 184 
NOTE: This version of the setup consists of three main components: the microscope, coupling 185 
stage, and sample stage. See the Table of Materials. 186 
 187 
3.1.1. Use a microscope with a filter holder, white light source, camera, and objective revolver.  188 
 189 
3.1.2. Use a 3-axis piezo coupling stage with a fiber-coupled laser and a coupling lens.  190 
 191 
3.1.3. Use a one-axis manual sample stage with tip and tilt and a vacuum holder.  192 
 193 
3.1.4. Mount both the coupling and the sample stage on a 2-axis motorized stage for sample 194 
translation.  195 
 196 
3.2. Waveguide coupling 197 

 198 
3.2.1. Place the chip on the vacuum chuck with the coupling facet towards the coupling objective. 199 
Make sure the chip is approximately one focal length away from the coupling objective. 200 
 201 
3.2.2. Turn on the vacuum pump. 202 
 203 
3.2.3. Turn on the laser to 1 mW. Roughly adjust the chip height so that the beam hits the edge 204 
of it. Turn off the laser. 205 
 206 
3.2.4. Turn on the white light source. Choose a low magnification objective lens (e.g. 10x). Focus 207 
the microscope on a waveguide.  208 
 209 
3.2.5. Translate the microscope along the waveguide to see if it is well aligned with the optical 210 
path. Move the microscope to the coupling edge. 211 
 212 
3.2.6. Turn on the laser at 1 mW or less. Translate the microscope along the coupling edge to find 213 
the laser light. Focus the beam on the chip edge.  214 
 215 
3.2.7. Adjust the coupling stage along the optical path in the direction that reduces the laser 216 
beam spot size until it disappears. The beam is now either above or below the chip surface.  217 
 218 
3.2.8. Adjust the coupling stage height until the beam spot reappears and is maximized.  219 
 220 



  

3.2.9. Repeat the two previous steps until the laser forms a focused spot.  221 
 222 
3.2.10. Move the focused spot to the waveguide of interest. 223 
 224 
3.2.11. Translate the microscope a short distance away from the edge so that the focused beam 225 
spot is no longer visible. Turn off the white light. 226 
 227 
3.2.12. Adjust the contrast. If the waveguide is guiding, the scattered light along the waveguide 228 
should be clearly visible.  229 

 230 
3.2.13. Adjust the axes of the coupling stage to maximize the scattered light intensity. Turn off 231 
the laser. 232 
 233 
3.2.14. Turn on the white light. Adjust the contrast if necessary. 234 
 235 
3.2.15. Navigate to the imaging region.  236 

 237 
3.3. Diffraction limited imaging 238 

 239 
3.3.1. Focus with the desired imaging objective. Turn the white light off. 240 
 241 
3.3.2. Insert the fluorescence filter and turn the laser power to 1 mW. 242 
 243 
3.3.3. Set the camera exposure time to approximately 100 ms. Adjust the contrast as needed. 244 
Ensure that the coupling is still optimized. 245 
 246 
3.3.4. Locate a region of interest for imaging. Turn on the piezo stage looping to average out 247 
modes.  248 
 249 
NOTE: 20 µm scan range with a step size of 50 nm is suitable for most waveguide structures. 250 
 251 
3.3.5. Capture at least 300 images. 252 
 253 
3.3.6. Load the captured image stack to Fiji using a virtual stack. From the image menu in Fiji, 254 
choose Stacks and z-project. 255 
 256 
3.3.7. Calculate the TIRF image by choosing projection type average intensity. 257 

 258 
3.4. dSTORM imaging 259 
 260 
3.4.1. Turn on the laser to 1 mW and set the camera exposure time to 30 ms. 261 
 262 
3.4.2. Adjust the contrast and focus. 263 
 264 



  

3.4.3. Increase the laser power until blinking is observed. 265 
 266 
NOTE: This might take a while, depending on evanescent field intensity. 267 
 268 
3.4.4. Zoom in on a small region of the sample. 269 
 270 
3.4.5. Adjust the contrast.  271 
 272 
3.4.6. Capture a few images to see if the blinks are well separated. 273 
 274 
3.4.7. Adjust the camera exposure time for optimal blinking. 275 
 276 
NOTE: Optimizing blinking is a complex task, but a lot of suitable literature is available12. 277 
 278 
3.4.8. Turn on the piezo stage looping. 279 
 280 
3.4.9. Record an image stack of at least 30,000 frames, depending on the blinking density. 281 
 282 
3.5. dSTORM image reconstruction 283 

 284 
3.5.1. Open Fiji and load the dSTORM stack as virtual images.  285 
 286 
3.5.2. Adjust the contrast, if necessary. 287 
 288 
3.5.3. Use the rectangle tool to select the area to reconstruct. 289 
 290 
3.5.4. Open Run analysis in the Thunderstorm13 plugin in Fiji. 291 
 292 
3.5.5. Set the basic camera settings in Thunderstorm corresponding to the device. The remaining 293 
default parameters are usually satisfactory. 294 
 295 
3.5.6. Start the reconstruction.  296 
 297 
NOTE: For the full field of view, the data might need to be divided in substacks, due to the large 298 
file size. 299 
 300 
3.5.7. Filter the localization list provided by the reconstruction software to remove unspecific 301 
localizations. Apple an additional drift-correction if necessary. 302 

 303 
REPRESENTATIVE RESULTS:  304 
TIRF microscopy is a popular technique as it removes out-of-plane fluorescence, increases 305 
contrast and thus improves image quality, and is less phototoxic compared to other fluorescence 306 
based microscopy techniques. Compared to the traditional objective-based approach, chip-based 307 
microscopy offers TIRF excitation without the limited throughput that is usually accompanied 308 



  

with a TIRF lens. An overview of the presented setup can be found in Figure 1A. We present 309 
diffraction-limited as well as dSTORM images of liver sinusoidal endothelial cells (LSEC) extracted 310 
from mice. A large field of view image of LSECs with labelled microtubulin is also presented, 311 
demonstrating the capabilities of high throughput imaging. A conventional dSTORM setup using 312 
an oil immersion TIRF lens (either 60x or 100x magnification) typically images an area of 50 µm x 313 
50 µm, which is 100 times smaller than the chip-based image in Figure 2, imaged with a 25x, 0.8 314 
NA objective.  315 
 316 
In this method, we use multi-moded Si3N4 waveguides for excitation. The utilized chips consist of 317 
a strip-etched guiding layer of 150 nm Si3N4 deposited over a 2 µm oxidized layer of a silicon chip. 318 
A schematic of the chip can be found in Figure 1B. Waveguide widths can vary between 200 and 319 
1000 µm. Fabrication details can be found elsewhere8. Through interference between the 320 
propagating modes the excitation light will not have a homogeneous intensity distribution, but 321 
rather a spatially varying pattern. Figure 2A presents an image with clearly visible mode patterns. 322 
This interference pattern will change with the position of the laser beam at the edge of the 323 
waveguide. In order to achieve homogeneous excitation in the final images, we use a piezo stage 324 
to oscillate along the coupled facet. Over the course of the imaging procedure, enough variation 325 
of the interference patterns exists so that they can be averaged, removing intensity fluctuations 326 
in the image. The image stack will consist of several images such as in Figure 2A, although with 327 
different patterns, but when averaged, the stack will yield an image with homogeneous excitation 328 
such as Figure 2B. An alternative approach is to use adiabatic tapering to achieve wide, single 329 
moded waveguides8,14, which removes the necessity of mode averaging. However, several 330 
millimeters of tapering length are necessary to maintain the single-mode condition to achieve a 331 
100 µm waveguide width. Multi-moded waveguides circumvent this tapering necessity and leave 332 
no limitations on the structure width. Beyond the illumination pattern, the highly effective 333 
refractive index of the modes allow for unprecedented possibilities towards structured 334 
illumination microscopy11 and fluctuation microscopy methods7. 335 
 336 
The first step in imaging is to collect a diffraction limited image. The experiment results in a stack 337 
of around 300 images and the final image is made by taking the average of the stack. In Figure 2, 338 
we present diffraction limited and dSTORM imaging of LSECs labelled with CellMask Deep Red 339 
using a 60x, 1.2 NA water immersion objective. Figure 2A shows inhomogeneous illumination 340 
caused by insufficient mode averaging. Successful mode averaging is displayed in Figure 2B. 341 
Figure 2C is a dSTORM image of the same region, with the marked region shown in Figure 2D. 342 
Liver sinusoidal endothelial cells have nano-sized pores in the plasma membrane15, which can be 343 
seen here. A Fourier Ring Correlation analysis provided a resolution of 46 nm. 344 
 345 
Figure 3 presents a dSTORM image of a 500 μm x 500 μm region, demonstrating the high 346 
throughput capabilities of the technique. A zoomed image of Figure 3A, corresponding to a 347 
typical dSTORM field-of-view, is presented together with the diffraction limited image in Figure 348 
3B. A Fourier ring correlation to estimate the resolution was performed, yielding a value of 76 349 
nm. 350 
 351 
FIGURE LEGENDS: 352 



  

Figure 1: Imaging system and waveguide. (A) Photograph of the imaging system. The sample is 353 
placed on a vacuum chuck on the sample stage, with the coupling facet of the waveguide towards 354 
the coupling objective. A fiber coupled laser and a coupling objective is placed on top of a 3D 355 
piezo stage. A lens turret with imaging lenses captures the image from above and relays it to a 356 
camera. (B) Schematic of the waveguide with coupling and imaging lenses. The coupling lens 357 
couples light into the waveguide. The samples (orange beads) are kept inside a sealed PDMS 358 
chamber. The evanescent field along the waveguide will excite the sample and the imaging 359 
objective will capture the emitted fluorescence. 360 
 361 
Figure 2: Diffraction-limited and dSTORM images. (A) Image of liver sinusoidal endothelial cells 362 
with insufficient mode averaging, resulting in a clearly visible excitation pattern. (B) The same 363 
region as in (A), but with sufficient mode averaging, resulting in homogeneous excitation. (C) 364 
Diffraction limited image of the inset in (B); (D) dSTORM image of the same region. (E) Inset of 365 
(D), clearly showing the fenestrations in the plasma membrane of the cell. 366 
 367 
Figure 3: dSTORM image of rat LSECs. (A) Large field of view dSTORM image of Alexa 647 stained 368 
tubulin in rat LSECs. Scale bar = 50 μm. (B) Larger marked region from (A) comparing diffraction-369 
limited (bottom left) and dSTORM image (top right). (C) Smaller marked region from (A). Scale 370 
bar = 1 μm. The image has a resolution of 76 nm. Adapted with permission from Helle et al. 20196. 371 
 372 
DISCUSSION:  373 
Chip-based imaging is similar to conventional dSTORM imaging. Image quality can thus be gauged 374 
using the same approaches as for traditional dSTORM imaging. The main difference for the user 375 
is that the transparent glass slide is exchanged with an opaque Si-wafer. Although they appear 376 
very different, the sample handling is practically analogous to a glass slide. The chips are quite 377 
sturdy and can easily be handled using wafer tweezers. The imaging procedure and image 378 
reconstruction is the same as in a regular dSTORM experiment. Setting up a functional chip-based 379 
microscope requires no special components, except for the photonic chips. Further details of the 380 
set-up can be found in previous work6,7. The chips used in this work have been fabricated using 381 
standard photolithography8. 382 
 383 
Sample preparation encompasses the preparation of the sample chamber. When attaching the 384 
PDMS frame to the chip, it is crucial to avoid any small folds or rips where air might enter. If the 385 
PDMS folds when attaching it, simply remove it carefully with a tweezer and reattach it. When 386 
the sample is ready inside the PDMS chamber, the coverglass must be pressed against it, sealing 387 
the region. It is important to avoid any air bubbles that might form when attaching the coverglass. 388 
If an air bubble is formed, gently remove the coverglass and add PBS to the sample chamber to 389 
ensure that the sample is covered. The preparation and attachment of the cover slip can then 390 
simply be redone. 391 
 392 
Coupling light into the waveguide is simplified using the protocol proposed in this paper. There 393 
are, however, a few common challenges that can limit coupling. Firstly, if the chip was not 394 
cleaned properly and any leftover PBS removed completely, there might be dirt or crystallized 395 
PBS on the waveguide. This can introduce major losses, resulting in very little power in the 396 



  

imaging region. Using a moist swab to clean the region outside the cover glass can improve the 397 
power significantly. Secondly, if the coupling facet of the waveguide is damaged (e.g., by 398 
improper handling), the coupling loss can increase drastically. Optical inspection of the edge will 399 
usually reveal any damages easily. The entire coupling facet of the chip can be polished carefully, 400 
much like an optical fiber, and will give a smooth coupling facet, which then increases the coupled 401 
power. 402 
 403 
After the light has been coupled, the imaging procedure is the same as in any conventional 404 
dSTORM setup. If the image has inhomogeneous excitation, as demonstrated in Figure 2A, then 405 
most likely the mode averaging did not work well. The two most common reasons for this are: 1) 406 
too few images captured in order to create an average stack and 2) too short of an oscillation 407 
distance/too big of a step size. Collecting too few images can leave out some excitation patterns 408 
and the average will thus be inhomogeneous. This can easily be resolved by increasing the 409 
number of images in the average stack. Too short of an oscillation distance can also result in an 410 
inhomogeneous image, as not enough mode patterns are excited. This can also easily be resolved 411 
by increasing the oscillation distance and/or decreasing the step size. In this work we have used 412 
a piezo stage to scan the input laser beam over 20 µm and acquire at least 300 images. Another 413 
approach could be to use high-speed galvo-mirrors to scan the light across the input waveguide 414 
facet within a single acquisition time, such as 10-30 ms. This option is suitable for live cell TIRF 415 
imaging, where sub-cellular organelles are in constant motion. 416 
 417 
Chip-based dSTORM offers an unprecedented large area TIRF excitation, which makes it ideally 418 
suited for high throughput imaging. The compact character allows for retrofitting to commercial 419 
systems, where the chip can be placed upside down for inverted setups or transparent substrates 420 
can be developed. The chips are mass fabricated and can be modified to suit many needs. 421 
Currently, the main restriction is that it is limited to 2D. The evanescent field is only available 422 
approximately 200 nm away from the waveguide surface, so only fluorophores within this region 423 
will be excited. Altogether, the field of integrated optics offers many opportunities for chip-based 424 
microscopy in the near future, by tackling new imaging questions as well as providing new 425 
possibilities to existing ones.  426 
 427 
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Name of Material/ Equipment Company Catalog Number Comments/Description

1-axis sample stage Standa 7T173-20

2-axis sample translation stage Mad City Labs Custom order

3-axis NanoMax stage Thorlabs MAX311D

BXFM microscope body Olympus OLY-LSM-037018

CellMask Deep Red, Life technologies ThermoFisher C10046

Cleanroom grade swabs MRC Technology MFS-758

Fiber-coupled laser Cobolt Flamenco

Filter Holder Homemade

Hellmanex III, Hellma Gmbh Sigma-Aldrich Z805939 Cleaning detergent concentrate

Isopropanol Sigma-Aldrich 563935-1L

KL 1600 LED Olympus OLY-LSM-E0433314

Olympus Coupling lens Olympus LMPLFLN 50x/0.5

Orca Flash 4.0 V2 Hamamatsu

PBS tablets Sigma-Aldrich P4417-50TAB Mix according to descriptions

SYLGARD 184 Silicone Elastomer 1.1 kg kit Dow 1673921

Tip-tilt stage Thorlabs APR001

Vacuum holder Thorlabs HWV001

Wafer Tweezers Type 2W Agar scientific AGT5051
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Title of Article:  
 
Author(s):  
 
 
Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access   Open Access
 
Item 2: Please select one of the following items: 

 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 LICENSE AGREEMENT 

 
1. Defined Terms. As used in this Article and Video 
License Agreement, the following terms shall have the 
following meanings: “Agreement” means this Article and 
Video License Agreement; “Article” means the article 
specified on the last page of this Agreement, including any 
associated materials such as texts, figures, tables, artwork, 
abstracts, or summaries contained therein; “Author” 
means the author who is a signatory to this Agreement; 
“Collective Work” means a work, such as a periodical issue, 
anthology 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 License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the 
terms and conditions of which can be found at: 
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based 
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement, 
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; “Institution” means 
the institution, listed on the last page of this Agreement, by 
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. 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. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (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, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, 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, extracts, Derivative 
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 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 

 

 

High-throughput total internal reflection fluorescence and direct 
stochastic optical reconstruction microscopy using a photonic chip
David Andre Coucheron, Øystein Ivar Helle, Cristina Ionica Øie, Jean-
Claude Tinguely, Balpreet Singh Ahluwalia
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article 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 Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, 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 JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In 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, including 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 languages, 
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, Derivative 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 devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights 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 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 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 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In 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. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right 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 and 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, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, 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. If 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 
Agreement with JoVE relating to the Materials, 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, 
infringe 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 government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the 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. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE 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 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting 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 injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE 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 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s 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, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication of 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 final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned 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 giving 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 agreement. A signed 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 original signed copy 
of this Agreement.
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Dr. Phillip Steindel, 
The Review Editor  
Journal of Visualized Experiments (JOVE)  

 

Subject: Submission of our revised manuscript “High-throughput total internal reflection 

fluorescence and direct stochastic optical reconstruction microscopy using a photonic chip", by 

David André Coucheron, Øystein Ivar Helle, Cristina Ionica Øie, Jean-Claude Tinguely, and 

Balpreet Singh Ahluwalia 

Article reference: JoVE60378 
 
 
Dear Sir  
We thank the reviewers for providing detailed and constructive feedback on our manuscript. 

Enclosed below is our point-by-point response to all the comments raised by the reviewers. This has 

helped us to further polish the paper.  

We have made major revisions in several sections of the paper to clarify the doubts raised by the 

reviewers. In addition, the video has been changed significantly, in particular by replacing the mock 

experiment with an actual experiment. We hope the changes made are found satisfactory. If further 

inputs are sought please don’t hesitate to contact us. 

 

 

Best regards, 

Associate Professor  Balpreet Singh Ahluwalia 
Group Leader, UMO 
Department of Physics and Technology,  
UiT, The Arctic University of Norway      

Balpreet.singh.ahluwalia@uit.no     
(0047-95861441)   
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Editorial and production comments: 
General: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. 

Corrected 

 

2. Please include email addresses for all authors within the manuscript itself. 

Corrected 

 

3. Please define all abbreviations before use. JoVE cannot publish manuscripts containing commercial 

language. This includes trademark symbols (™), registered symbols (®), and company names before an 

instrument or reagent. Please limit the use of commercial language from your manuscript and video and 

use generic terms instead. All commercial products should be sufficiently referenced in the Table of 

Materials and Reagents. 

For example: Hellmanex, Hellma Analytics 

Corrected 

Protocol: 

1. For each protocol step, please ensure you answer the “how” question, i.e., how is the step performed? 

Alternatively, add references to published material specifying how to perform the protocol action. If 

revisions cause a step to have more than 2-3 actions and 4 sentences per step, please split into separate 

steps or substeps. 

Corrected 

 

Specific Protocol steps: 

1. 1.2: Where does the chip come from? Please include a citation or include it in the Table of Materials, as 

applicable. Also, what is used to handle the chip? 

Authors Response: 

We have fabricated the chips together with collaborators and have added the following to the end of the 

first paragraph in the discussion to address this point: 

The waveguides used here have been fabricated using standard procedures13 
 
There are, however, many commercial foundries all over the world that offer fabrication and design 

assistance to users. We have added the following line in the second paragraph of the introduction: 

Today, photonic integrated circuits are made around the world in state of the art foundries. 

Your question regarding handling of the chips is very good one. Normal tweezers can be used, but it is 

much easier to use specialized wafer tweezers. With the correct tweezers, the chips are easy to work with 

and will not get damaged. We have added the following to the discussion to address this point: 

The chips are quite sturdy and can easily be handled using wafer tweezers. 

Additionally, we have added the tweezers to the list of materials. We have also changed protocol step 1.2. 

to reflect the use of wafer tweezers: 

1.1. Place the chip in a glass petri dish using a wafer tweezer and cover completely with the detergent  
solution. 
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Specific Protocol steps: 

1. Please remove the embedded figures from the manuscript. 

Corrected 

 

References: 

1. Please do not abbreviate journal titles. 

Corrected. 

 

2. Does reference 8 refer to your arXiv manuscript? If so, that is acceptable, but please make that clear. If 

this is instead an article that is in preparation or under review (i.e., not accepted yet), please remove this 

reference. 

Reference 8 is an arXiv manuscript from our group. We have changed the reference list to reflect that it is 
an arXiv paper. 
 
Table of Materials: 
1. Please ensure the Table of Materials has information on all materials and equipment used, especially  
those mentioned in the Protocol. 
 
Corrected. 
 
Video: 
1. Please ensure that the video and written protocol line up as much as possible; e.g.: 
a. 1.3-1.4: The heating and cleaning happen on a hot plate, which is not apparent in the protocol. 
 
Authors: 
We have changed the steps to clearly show that the cleaning happens on a hot plate. The protocol steps 
now read: 
1.2. Prepare 0.1 L of a 1% dilution of Hellmanex III (detergent from Hellma Analytics) in deionized water.  
1.3. Place the chip in a glass petri dish using a wafer tweezer and cover completely with the detergent  

solution. 
1.4. Place the petri dish on a hot plate at  70 oC for 10 minutes. 
1.5. While still on the hot plate, rub the surface with a cleanroom tissue swab. 
 
b. There is a description of the instrumentation between 3 and 4 (manuscript numbering) that isn’t 
present in the manuscript. 
 
Authors: 
The description of the instrumentation has now been added to the manuscript in the protocol section and 
the Table of Materials.  
 
c. 4.21: Adjusting contrast is not mentioned in the text. 
Corrected.  
 
2. The audio volume is significantly higher in the left audio channel than it is in the right audio channel. 
The audio should be equal volume in each channel and should be peaking between -6 and -12 dB. 
 
Corrected.  
 
3. There is no discrete Results section. 
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Authors: 
Our revised video now presents real samples instead of mock experiments and a results section has now 
been added.  
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Reviewer 1 – Minor concern 1: 

Note, the authors could perhaps add a line how users can get access to commercial wave-guides. 

Authors: 

Thanks to the reviewer for pointing this out. We fabricate our own waveguides in collaboration with the 

Institute of Microelectronics of Barcelona IMB-CNM. There are today many foundries that can assist with 

the entire process, from design to fabrication. To highlight this, we have added the following to the 

introduction: 

Today, several foundries around the world can be used to develop photonic integrated circuits. 

 We have also added the following to the discussion to address how we fabricate our waveguides: 

The chips used in this work have been fabricated using standard photolithography8. 
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Reviewer 2: 

Major concern 1: 
For a better understanding of their protocol the authors should present a scheme of their chip/waveguide 
as positioned in the microscope. 
 
Authors: 
We have included a new figure with a photograph of the imaging system, as well as a schematic showing 
the coupling objective, photonic chip and collection objective. This figure will serve as the new Figure 1. 
 
Minor concern 1: 
It would be worth mentioning that low magnification objective lenses can also be used in prism type 
TIRFM (see e.g. Schneckenburger, Curr. Opin. Biotechnol. 16, 2005, 13-18); 
 
Authors: 
We agree that the reader would benefit from adding prism type TIRFM to the introduction. Using prisms 
offers large area excitation, similar to our chip based system, but the real advantage of the chip based 
system is the endless possibilities for integration. The waveguides can e.g. easily be tailored to generate 
exotic light patterns. The following has been added to the introduction to include prism type TIRFM: 
 
A similar approach was introduced in 2005 using a prism to generate evanescent field excitation4. The 
photonic chip also excites through the evanescent field, but with modern waveguide fabrication techniques 
one can e.g. generate exotic light patterns with waveguides. 
 
Minor concern 2: 
Introduction, line 78: The authors describe multi-color imaging. However, they should mention that the 
depth of the evanescent field depends on the wavelength of light. 
 
Authors: 
This is a very good point by the reviewer. There certainly is a change in penetration depth with 
wavelength, although we have not experienced any challenges associated with that. We have added the 
following sentence to the end of the paragraph (line 83): 
 
It is worth noting that the penetration depth of evanescent field will change as a function of wavelength, 
although it does not affect how the imaging procedure is performed. 
 
Minor concern 3: 
Protocol / Chamber preparation: Define "PDMS" and "Spinning in a Petri dish" (how? how fast?) 
 
Authors: 
We have added all parameters needed to fabricate the PDMS frames we use to define the sample area. 
The entire protocol is under C) Additional protocols and reads: 
 
C) Additional protocol: 
9. Preparing a 150 µm polydimethylsiloxane (PDMS) layer 

 
9.1. Prepare a 10:1 mix of Sylgard 184 monomer and curing agent (Dow Corning). 
9.2. Place the mixture in a vacuum chamber until air bubbles are gone. 
9.3. Pour 1.7 g PDMS mixture in the center of a 3.5 inch (diameter) petri dish. 
9.4. Place the petri dish on the vacuum chuck of a spin coater. 
9.5. Spin coat the petri dish for 20 s at 900 rpm, with an acceleration of 75 rpm/s. 
9.6. Cure the dish on a hotplate at 50 oC for at least 2 h. 

 
 
Minor concern 4: 
In their Discussion the authors mention the use of a piezo stage for increasing the number of images. Can 
this step also be documented in the protocol? 
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Authors: 
The reviewer has a good point. We have added information about the piezo stage looping parameters in 
the protocol. Protocol step 5.8. now reads: 
 
Turn on the piezo stage looping to average out modes.  
NOTE: 20 µm scan range with a step size of 50 nm is suitable for most waveguide structures. 
 
Further information to the oscillation process of the piezo stage is present in the results section.  
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Reviewer 3: 

Minor concern 1: 

Line 84 - The authors need to clarify that in the diffraction limited case, the lateral resolution is traded off 

for FOV. But the axial resolution is un-compromised. 

Authors: 

The reviewer makes a great point. The chip based approach allows us to image very large regions with 

diffraction limited imaging and dSTORM, although the price for the increase in FOV is a loss of resolution. 

As the reviewer points out, the optical sectioning is unaffected by the increased FOV. This is one of the 

main advantages with the technique, and to clarify this we have added the following from line 77: 

This decouples the excitation and collection light pathway, allowing for total freedom along the collection 

light path without compromising the optical sectioning for a given wavelength provided by the waveguide 

chip illumination. Low magnification lenses can thus be used to image very large regions in TIRF mode, 

although a smaller NA will reduce the lateral resolution. 

Minor concern 2: 

Line 208 - Is "thunderstorm" a pre-installed add on to Fiji? if not mention that it's a prerequisite. 

Authors: 

The reviewer has an important remark: thunderstorm is not included in the base Fiji installation. We have 

changed protocol step 8.4 to add the following citation: 

- Ovesný, M., Křížek, P., Borkovec, J., Švindrych, Z. & Hagen, G. M. ThunderSTORM: a 

comprehensive ImageJ plug-in for PALM and STORM data analysis and super-resolution imaging. 

Bioinformatics 30, 2389–2390 (2014). 

The paper is where Thunderstorm was inroduced and it gives a great introduction to the plugin, as well as 

how to install it. Protocol step 8.4. now reads: 

8.4  Open “Run analysis” in the thunderstorm plugin13 in Fiji. 

 

Minor concern 3: 

Discussion - Practically, coupling light in to the waveguide can also be challenging. It's good to discuss this 

fact. 

 

Authors: 

We agree with the reviewer that although an experienced person can usually couple easily, it can be quite 

daunting to the readers that have never worked with waveguides before. Our future goal is, as we briefly 

state, to completely automate the coupling process, but this version requires manual coupling. To address 

this point, we have added a paragraph discussing common challenges and how to resolve them: 

Coupling light into the waveguide is simplified  using the protocol proposed in this paper. There are, 
however, a few common challenges that can limit coupling. Firstly, if the chip was not cleaned properly and 
any leftover PBS removed completely, there might be dirt or crystallized PBS on the waveguide. This can 
introduce major losses, resulting in very little power in the imaging region. Using a moist swab to clean the 
region outside the cover glass can improve the power significantly. Secondly, if the coupling facet of the 
waveguide is damaged (e.g. by improper handling), the coupling loss can increase drastically. Optical 
inspection of the edge will usually reveal any damages easily. The entire coupling facet of the chip can be 
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polished carefully, much like an optical fibre, and will give a smooth coupling facet, which then increases 
the coupled power. 
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Reviewer 4: 

Minor concern 1: 
Video - In the video, at 3:16 I'm just looking at a box top that says "Sample below" on it. I'm not sure what 
I'm supposed to get from this and it is quite distracting. Additionally, during the video there were no super 
resolution images shown and that was rather strange given that it is the point of the technique. Those 
should be added to give readers and idea of what they should get assuming they did everything right. 
 
Authors: 
We appreciate the reviewers comments about the video and have made a few changes that we believe 
will help the reader/watcher to better grasp the process. At 3:16 we have reedited the video to make it 
align better with the manuscript. The box is used for light protection when incubating and in the changed 
video, this should be much clearer. We have also added a separate results section in the video where we 
present the super-resolution images captured.  
 
Minor concern 2: 
Page 3: In general this was written quite well, however, I do have a few questions regarding the protocol. 
 
1. In many places throughout the protocol the authors state things such as "Record an image stack of up 
to tens of thousands of frames, depending on the blinking density", "Rinse with plenty of DI water", "Rinse 
with DI water", "Rinse with isopropanol,...", "Turn on the laser at minimum power" and similar 
statements. These are extremely vague instructions, particularly when comparing "Rinse with plenty of DI 
water vs. Rinse with DI water". These are distinct instructions but I'm not sure how they should be 
functionally different or even if they should be functionally different. Please inform the reader of the exact 
values used. (i.e. rinse with 274 ml of DI water, etc.) If an exact value isn't used because it doesn't matter 
that much as long as it is washed visually well then at least give a minimal value (rinse with at least 100 ml 
of DI water, etc.) so that this can be replicated by other groups. How much laser power is "minimum 
power"? Wouldn't that be different for each laser/group who tries this? As for the image stack that 
depends on the blinking density, the authors need to go back through the manuscript and make sure that 
someone who is skilled in the art of TIRF and/or waveguide technology would know how many images to 
take based upon the blinking density. I have a lot of background knowledge in this subject area but I do 
not know off the top of my head how many frames would be needed but this is a clearly important aspect 
of the protocol that needs explanation. 
 
Authors: 

The reviewer makes a great point and we have done the following changes to try to make the protocol 

more specific and clear: 

- Protocol step 1.1. has been changed to:  

Prepare 100 mL of a 1% dilution of Hellmanex III (detergent from Hellma Analytics) in deionized 

water 
- Protocol step 1.6. has been changed to: 

Rinse with at least 100 mL of DI water. 
- Protocol step 1.7. has been changed to: 

Rinse with at least 100 mL of isopropanol, taking care that solvent does not dry on the surface to 

avoid stains. 
- Protocol step 1.8. has been changed to: 

Rinse with at least 100 mL of DI-water. 
- Protocol step 3.6. has been changed to: 

Remove the current fluid from inside the PDMS chamber with a pipette while adding 

approximately 60 μL  clean PBS at the same time. 
NOTE: The amount added to the chamber will have to be changed according to the chamber size. 

- Protocol step 3.7. has been changed to: 

Gently aspirate the PBS while simultaneously adding  60 μL of the dye solution. Be careful not to 

remove all media from the cell surface. 
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- Protocol step 3.10. has been changed to: 

Now gently remove the PBS by replacing it with 40 μL the imaging buffer at the same time 
- Protocol step 5.4. has been changed to: 

Turn on the laser to 1 mW. 
- Protocol step 5.8. has been changed to: 

Choose a low magnification objective lens, for example a 10x. 
- Protocol step 4.12. has been changed to: 

Turn on the laser at 1 mW or less. 
- Protocol step 5.12. has been changed to: 

Insert the fluorescence filter and turn the laser power to 1 mW. 
- Protocol step 6.3. has been changed to: 

Insert the fluorescence filter and turn the laser power to 1 mW. 

- Protocol step 6.7. has been changed to: 

Capture at least 300 images. 

- Protocol step 7.1. has been changed to: 
Turn on the laser to 1 mW and set the camera exposure time to 30 ms. 

- Protocol step 7.9 has been changed to: 
Record an image stack of at least 30000 frames, depending on the blinking density. 

 
The final part of the comment is very well pointed out – there are not enough details for the reader to 

perform dSTORM imaging at a high level. We have rewritten protocol step 7 entirely to clarify the process 

to the reader. We have also added a reference to the following JoVE video, as it is very useful for imaging: 

9. Metcalf, D. J., Edwards, R., Kumarswami, N. & Knight, A. E. Test Samples for Optimizing STORM 

Super-Resolution Microscopy. JoVE (Journal of Visualized Experiments) e50579 (2013). 

doi:10.3791/50579 

The entire protocol step now reads: 

7.1. Turn on the laser to 1 mW and set the camera exposure time to 30 ms. 
7.2. Adjust the contrast and focus. 
7.3. Increase the laser power until blinking is observed. 

NOTE: This might take a while, depending on evanescent field intensity. 
7.4. Locate a region of interest. 
7.5. Adjust the contrast. 
7.6. Capture a few images to see if the blinks are well separated. 
7.7. Adjust the camera exposure time for optimal blinking. 

NOTE: Optimizing blinking is a complex task, but a lot of suitable literature is available9. 
7.8.  Turn on the piezo stage looping. 
7.9. Record an image stack of at least 30000 frames, depending on the blinking density. 
 
Finally, we have also added the following to the first paragraph of the discussion (line 317): 
 
Image quality can thus be gauged using the same approaches as for traditional dSTORM imaging. 
 
We hope that these changes have resulted in a manuscript that will be easy for the readers to understand 
and use in their own research. 
 
Minor concern 3: 
Instruction 3.11 "Place a coverslip on top, adding air bubbles which might form underneath.". I don't think 
I understand. I thought air bubbles were bad for this experiment. Why would you want to add air bubbles 
here? 
 
Authors: 
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The reviewer’s confusion is well grounded – there is a very unfortunate typing error, as it should be 

avoiding instead of adding. Any potential air bubbles can be detrimental to the sample, so it is crucial to 

avoid them.  We have changed the sentence in protocol step 3.11 to:  

“Place a coverslip on top, preventing air bubbles from forming underneath” 
 
Minor concern 4: 
3. Piezo stage loop: What "averaging" procedure was used here? Was it a simple moving average? 
Weighted average? This makes a difference and it is crucial for averaging out the signal. How many times 
is it averaged? 
 
Authors: 
The reviewer raises an important point. Since all our current waveguides are multi-moded, any single 
image captured will have a visible inhomogeneous excitation pattern. The excitation field can be changed 
simply by adjusting the coupling of the waveguides. Using a piezo stage to loop the coupling objective 
along the coupling facet while imaging will result in an image stack where each image has a different 
excitation pattern. For dSTORM, the data can simply be reconstructed as it is, since areas with no/low 
excitation power will have no blinks. It is, however, important that all the different patterns result in a 
homogeneous excitation, to ensure that the entire sample is imaged. In TIRF, this is simply done by 
averaging the captured stack using “z-project” with “average intensity” in FIJI. This entire procedure 
would, however, be superfluous if we had single moded waveguides, as they would give a homogeneous 
excitation pattern. We have added the following to clarify this point: 
 
The image stack will consist of several images such as the figure 2a, although with different patterns, but 

when averaged will yield an image with homogeneous excitation such as figure 2b. 

Additionally, we have added several steps to protocol 5 to clarify the averaging process performed in FIJI. 

The protocol steps now read: 

6.10 Load the captured image stack to Fiji (open source imaging software) using a virtual stack. 
6.11 From the image menu in Fiji, choose “Stacks” and “z-project”. 
6.12 Calculate the TIRF image by choosing projection type “average intensity”. 
 
Minor concern 5: 
In several areas the laser power is turned on and off again. In my experience and it is widely known that it 
takes a certain amount of time after a laser is turned on (regardless of the type) for it to thermally 
equalize with the surroundings. During this time the laser power and many other parameters can fluctuate 
until the laser obtains thermal equilibrium with the surroundings. Given how important keeping the laser 
power relatively constant is, why do the authors turn the laser on and off constantly during their protocol? 
Is there no way to simply block the laser instead of turning it on and off? Doesn't this alter things like 
coupling into the chip given that this can change the modes over time into the waveguide? 
 
Authors: 

The reviewer makes an excellent point regarding the laser stability. It is preferential to avoid powering the 
laser down. We have simply expressed us inaccurately, as most commonly, we use a beam stopper to 
block the beam when we write “turn off”. For our fibre coupled laser the beam stopper is integrated and 
the laser stopped by the press of the button. We therefore chose “turn off” to avoid confusion for the 
reader whether to insert a physical stop or not. Regarding the coupling stability, we have found that the 
laser can be powered down and left for a long time and the coupling will still be good when turning it back 
on since the entire system is very mechanically stable.  
 
Minor concern 6: 
Cleaning steps: The authors use a lot of cleaning methods to remove contaminants from the surface of the 
waveguide including hellmanex, DI water, etc. This isn't really an issue with the paper but, have you 
considered using this material instead? https://www.photoniccleaning.com/ I only ask because I have 
seen it used as a standard for not only cleaning optics but storing them as well and many companies ship 
their optics to customers using it as well. It seems like this would help a lot with this project and simplify 
the cleaning process quite a bit. 

https://www.photoniccleaning.com/
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Authors: 

We would like to thank the reviewer for this interesting suggestion. We do not have any experience with 

the suggested product, but it does seem promising and we are eager to test it out. The waveguide 

structures can be quite sensitive and we have found that the procedure we currently use cleans the 

surface very well, without being too destructive. It is, however, always interesting to test out new 

procedures that might both improve the result and perhaps limit the chip degradation further. In the 

future, we aim to make the chips single use as they can be fabricated cheaply in large quantities.  

 

 

  



 

UiT / PO Box 6050 Langnes, NO-9037 Tromsø / 77 64 40 00 /  postmottak@uit.no / uit.no 14 

Reviewer 5: 

Major concerns 

The protocol can be significantly improved if the authors include a few more schematics. To start with if 
the authors can reproduce something like Figure 1 from reference 2, it will be very helpful for the reader. I 
understand that there will eventually be a video, but a schematic helps the reader understand the system 
better. Likewise another schematic demonstrating the microscope setup will be helpful. Reading through 
imaging procedure (B), the reader is lost as to where the laser beam is being directed and how. Can the 
authors comment on the high throughput nature of the chip. How many wave-guides are possible on one 
chip and if different conditions can be imaged on each wave-guide, is it possible to make it a perfusion 
type chamber for live cell imaging? Also it would be important to mention where can users obtain such 
chips from? A materials section is missing in the protocol. 
 
Authors: 
We would like to thank the reviewer for many good points that certainly have helped us shape what we 
hope is a much clearer description of the technique. The changes we have made include: 
 

- Added a new figure containing both an image of the system, as well as a schematic of coupling 
lens, chip and collection lens. We believe this will clarify the process for the readers. 

- Made several changes to the entire protocol. In particular we have specified many vague 
expressions, as well as rewritten several steps for clarity. 

- We have added information on how we fabricated our chips, as well as how the user can obtain 
chips, in lines 67 and 324. 

 
We have also added an entire paragraph in the introduction to present how the chip based platform is 

ideal for high-throughput imaging. The paragraph reads as follows: 

We present a novel approach to TIRF dSTORM that offers an arbitrarily large field of view. Instead of using 

a TIRF lens for both excitation and collection, we excite using the evanescent field from optical waveguides. 

This decouples the excitation and collection light pathway, allowing for total freedom along the collection 

light path without compromising the optical sectioning for a given wavelength provided by the waveguide 

chip illumination. Low magnification lenses can thus be used to image very large regions in TIRF mode, 

although a smaller NA will reduce the lateral resolution. Furthermore, multi-colour imaging is also greatly 

simplified using waveguides7, as several wavelengths can be guided and detected without readjusting the 

system. This is advantageous for dSTORM, as low wavelengths can be used to enhance fluorophore 

blinking and for multi-colour imaging. It is, however, worth noting that the penetration depth of 

evanescent field will change as a function of wavelength. The chip is compatible with live cell imaging8 and 

is ideal for applications such as the integration of microfluidics. Each chip can contain tens of waveguides, 

which can, e.g., allow the user to image different under conditions or apply optical trapping9 and Raman 

spectroscopy10. 

Minor concern 1: 
Is Hellmanex III some kind of detergent? 
 
Authors: 
Hellmanex III is an optical cleaning agent mostly used for things such as cuvettes, but it works very well 
with waveguides as well. We have changed protocol step 1.1. to the following: 
“Prepare a 1% dilution of Hellmanex III (detergent from Hellma Analytics) in deionized water.” 
 
 
Minor concern 2: 
On line 3.11 it reads adding "air bubbles which might form underneath", are we trying to add or remove 
air bubbles? 
 
 
Authors: 
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This is a very unfortunate typing error, as it should be avoiding instead of adding. Any potential air 
bubbles can be detrimental to the sample, so it is crucial to avoid them.  We have corrected this is the 
text. 
 
Minor concern 3: 
Mention that Fiji is an imaging software 
 
Authors: 
We have added the specification that Fiji is an imaging software in protocol step 5.8, as not all readers 

might be familiar with it. We have changed the latter part of protocol 5 to give a better description of the 

TIRF image reconstruction. From step 6.10. it now reads: 

 

6.10. Load the captured image stack to Fiji (open source imaging software) using a virtual stack. 
6.11. From the image menu in Fiji, choose “Stacks” and “z-project”. 
6.12. Calculate the TIRF image by choosing projection type “average intensity”. 
 

 

 
 

 


