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SUMMARY:  25 
We present a protocol for determining multicellular chirality in vitro, using the micropatterning 26 
technique. This assay allows for automatic quantification of the left-right biases of various types 27 
of cells and can be used for screening purposes. 28 
 29 
ABSTRACT:  30 
Chirality is an intrinsic cellular property, which depicts the asymmetry in terms of polarization 31 
along the left-right axis of the cell. As this unique property attracts increasing attention due to its 32 
important roles in both development and disease, a standardized quantification method for 33 
characterizing cell chirality would advance research and potential applications. In this protocol, 34 
we describe a multicellular chirality characterization assay that utilizes micropatterned arrays of 35 
cells. Cellular micropatterns are fabricated on titanium/gold-coated glass slides via microcontact 36 
printing. After seeding on the geometrically defined (e.g., ring-shaped), protein-coated islands, 37 
cells directionally migrate and form a biased alignment toward either the clockwise or the 38 
counterclockwise direction, which can be automatically analyzed and quantified by a custom-39 
written MATLAB program. Here we describe in detail the fabrication of micropatterned 40 
substrates, cell seeding, image collection, and data analysis and show representative results 41 
obtained using the NIH/3T3 cells. This protocol has previously been validated in multiple 42 
published studies and is an efficient and reliable tool for studying cell chirality in vitro.  43 
 44 
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INTRODUCTION:  45 
Left-right (LR) asymmetry of the cell, also known as cellular handedness or chirality, describes the 46 
cell polarity in the LR axis and is recognized to be a fundamental, conserved, biophysical 47 
property1–5. Cell chirality has been observed both in vivo and in vitro at multiple scales. Previous 48 
findings revealed chiral swirling of actin cytoskeleton in single cells seeded on circular islands6, 49 
biased migration and alignment of cells within confined boundaries7–11, and asymmetrical looping 50 
of chicken heat tube12. 51 
 52 
At the multicellular level, cell chirality can be determined from directional migration or alignment, 53 
cellular rotation, cytoskeletal dynamics, and cell organelle positioning7–13. We have established a 54 
micropatterning-based14 assay to efficiently characterize the chiral bias of adherent cells7–10. 55 
With the ring-shaped micropatterns geometrically confining cell clusters, the cells collectively 56 
exhibit directional migration and biased alignment. A MATLAB program was developed to 57 
automatically detect and measure cell alignment in phase-contrast images of the ring. The 58 
direction of local cell alignment is quantified with a biased angle, depending on its deviation from 59 
the circumferential direction. Following statistical analysis, the ring pattern of cells is designated 60 
either as counterclockwise (CCW) biases or clockwise (CW) biases.  61 
 62 
This assay has been used to characterize the chirality of multiple cell phenotypes (Table 1), and 63 
the LR asymmetry of cells has been found to be phenotype-specific7,11,15. Moreover, disruption 64 
to actin dynamics and morphology can result in a reversal of chiral bias7,8, and oxidative stress 65 
can alter cell chirality as well9. Because of the simplicity of the procedure and the robustness of 66 
the approach7–10, this 2D chirality assay provides an efficient and reliable tool for determining 67 
and studying multicellular chirality in vitro.  68 
 69 
The purpose of this protocol is to demonstrate the use of this method to characterize cell chirality. 70 
This protocol describes how to fabricate patterned cellular arrays via microcontact printing 71 
technique and conduct chirality analysis in an automated fashion using the MATLAB program.  72 
 73 
PROTOCOL: 74 
 75 
1. Fabrication of polydimethylsiloxane (PDMS) stamps16 76 
 77 
1.1. Draw an array of microscale rings using CAD software, with an inner diameter of 250 µm 78 
and an outer diameter of 450 µm. The pattern used in this protocol is a 10 x 10 array with an 850 79 
µm distance between rings.  80 
 81 
1.2. Print a transparency mask of the pattern at the desired resolution using a 82 
microfabrication company’s mask printing service (see Table of Materials).  83 
 84 
NOTE: The provided dimensions of the ring have been proven to work for many cell types7. 85 
 86 
1.3. Conduct ultraviolet (UV) photolithography using the mask containing desired features to 87 
make a negative photoresist mold (such as SU-8)8.  88 



   

1.3.1. Cover a silicon wafer spin-coated with photoresist by the transparency mask fabricated in 89 
steps 1.1–1.2.  90 
 91 
1.3.2. On a UV contact aligner, polymerize the photoresist under transparent regions of the 92 
mask by UV light.  93 
 94 
NOTE: After further wash and development, the master mold with desired features is fabricated8. 95 
Operational details depend on the specific equipment used.  96 
 97 
1.4. Prepare PDMS elastomeric prepolymers by mixing with its curing agent at a 10:1 ratio and 98 
then cast the mixture onto the mold in a Petri dish.  99 
 100 
1.5. Place the dish in a vacuum chamber for 30 min to remove air bubbles in PDMS and bake 101 
in an oven at 60 ˚C for at least 2 h. 102 
 103 
1.6. After complete curing of PDMS, cut the pattern arrays into stamps.  104 
 105 
NOTE: Thicker stamps (about 1 cm) may be preferred due to the ease of handling at the later 106 
steps of microcontact printing. 107 
 108 
2. Coating of glass slides 109 
 110 
2.1. Clean the glass slides. Soak the slides in a 100% ethanol bath, sonicate for 5 min, and then 111 
rinse with water.  112 
 113 
2.2. Repeat this step first with acetone, then with isopropanol, followed by drying in a nitrogen 114 
stream. 115 
 116 
2.3. Use an electron beam (E-beam) evaporation equipment to coat titanium and gold layers 117 
on glass slides.  118 
 119 
NOTE: For the titanium layer, the desired thickness is 15 Å (1 Å = 10-10 m). For the gold layer, the 120 
desired thickness is 150 Å. Coat titanium first and then gold, as the titanium layer serves as an 121 
adhesive between gold and the glass slide.  122 
 123 
2.4. Place the cleaned slides into the evaporation chamber and insert gold and titanium 124 
crucibles under the shutters.  125 
 126 
2.5. Pump down the chamber to create a vacuum lower than 10-5 Pa before melting metals. 127 
Focus the electron beam onto the metal and adjust the power so that the depositing rate is 128 
appropriate for controlling the deposition thickness.  129 
 130 
2.6. Open the shutter to start the metal deposition. Close the shutter when the desired 131 
thickness is reached.  132 



   

 133 
2.7. Switch crucibles between sequential evaporation of two metals.  134 
 135 
2.8. Wait for the crucibles to cool down as required by the equipment, vent the chamber, and 136 
take the gold-coated glass slides out.  137 
 138 
2.9. Pump down the chamber again for equipment maintenance.  139 
 140 
NOTE: Operational details may depend on a specific E-beam evaporator. Having a well-141 
controlled, low depositing rate of titanium is important. A thick titanium layer often leads to poor 142 
visibility, especially for fluorescence imaging of the cells. After coating, the titanium/gold-coated 143 
glass slides can be stored in a dry vacuum chamber at room temperature for at least 1 month. 144 
 145 
3. Microcontact printing 146 
 147 
3.1. Cut the titanium/gold-coated slide into smaller pieces, if desired. A square shape of 12 148 
mm x 12 mm is recommended for a typical application (Figure 1B).  149 
 150 
3.2. Use a glass cutter to slide across the surface to leave a dented track, then hold the glass 151 
slide at both sides and bend at the dent to break into small quarters. Avoid touching the surface 152 
coated with gold.  153 
 154 
NOTE: To visually determine which side of the glass is the coated surface in case of accidental 155 
tipping over, compare the reflection of light on both sides. The gold-covered surface will show a 156 
brighter reflection, whereas the non-coated side will have a dimmer reflection (from the titanium 157 
layer on the other side of the glass). An alternative way is to observe the edges of the slide, and 158 
the coating side can be determined from the vertical cutting surface. 159 
 160 
3.3. Clean the slides by soaking in 100% ethanol in a Petri dish with the gold side up on an 161 
orbital shaker for at least 10 min. Aspirate out the ethanol, then dry each slide by blowing with a 162 
nitrogen stream.  163 
 164 
3.4. Clean the PDMS stamps with soapy water and then 100% ethanol. Dry the stamps with 165 
nitrogen gas.  166 
 167 
3.5. Prepare 2 mM octadecanethiol (C18) solution by dissolving 5.74 mg of C18 powder in 10 168 
mL of 100% ethanol.  169 
 170 
NOTE: Seal and store C18 solution at room temperature. Printing patterns with C18 creates an 171 
adhesive self-assembled monolayer for which the fibronectin and cells will preferentially attach. 172 
 173 
3.6. Soak the PDMS stamps in C18 solution with the patterned surface facing down for 10 s 174 
and gently dry with nitrogen gas for 60 s.  175 
 176 



   

NOTE: When drying, place the stream away from the stamp first (about 1 m) until most liquid is 177 
evaporated and then slowly move the stream closer to fully dry the stamp. This is to avoid C18 178 
solution being blown away instead of drying on the stamp. 179 
 180 
3.7. Lay the stamp face down onto the gold slides for 60 s before removal.  181 
 182 
3.8. To ensure proper stamping, gently tap the tweezers onto the stamps to properly transfer 183 
the patterns. Do not push down too hard, and the weight of tweezers is typically sufficient.  184 
 185 
NOTE: Visual inspection of the stamp during tapping will ensure that the stamp and glass slide 186 
have made contact uniformly.  187 
 188 
3.9. Prepare humidity chambers.  189 
 190 
3.9.1. Pipette 1 mL of 70% ethanol into an inverted Petri dish lid and lay down a piece of parafilm 191 
to cover the surface (covered face up).  192 
 193 
3.9.2. Use tweezers to lift, lay down parafilm to ensure no air bubbles, and remove excess 194 
ethanol if needed.  195 
 196 
3.10. Prepare 2 mM HS-(CH2)11-EG3-OH (EG3) solution: Dilute 5 µL stock solution in 5 mL of 197 
100% ethanol.  198 
 199 
NOTE: The diluted EG3 solution can be sealed and stored at 4 °C, and undiluted EG3 stock should 200 
be stored at -20 °C. The EG3 treatment is used to make the glass region without C18 non-adhesive 201 
to cells. 202 
 203 
3.11. Micropipette 40 µL droplets of EG3 for each quarter glass slide onto the parafilm in the 204 
humidity chamber, leaving enough space between droplets to account for the spacing of the gold 205 
slides. 206 
 207 
3.12. Use tweezers to place C18-printed gold slides face down onto the droplets and ensure no 208 
bubbles under the slides. Gently push the slides together without lifting them to minimize 209 
evaporation.  210 
 211 
NOTE: Place one edge of the glass slides down near the droplet, and then slowly lowering the 212 
other end of the glass slide down. If a bubble is present, push the gold slide without lifting it until 213 
the bubble is no longer present.  214 
 215 
3.13. Seal the Petri dish tightly with parafilm and leave it at room temperature for at least 3 h.  216 
 217 
NOTE: If extensive incubation is desired, double seal the Petri dish and leave it for up to 24 h. 218 
 219 
3.14. In a biosafety cabinet, place gold slides face up in a Petri dish, soak and rinse 3 times in 220 



   

70% ethanol to remove EG3, then leave in ethanol for 10 min for sterilization.  221 
 222 
3.15. Aspirate out the ethanol and replace it with sterile PBS. 223 
 224 
3.16. Prepare another humidity chamber as described in step 3.9, with PBS instead of ethanol.  225 
 226 
NOTE: Due to the difference in surface tension, it is easier to first add 4–5 mL of PBS to lay down 227 
parafilm and remove bubbles, then aspirate out the excess.  228 
 229 
3.17. Prepare the 50 µg/mL fibronectin solution (other proteins, if desired) in sterile PBS and 230 
micropipette 50 µL droplets of fibronectin solution for each quarter slide onto the parafilm, 231 
leaving some space between droplets.  232 
 233 
NOTE: Fibronectin coating facilitates cell adhesion to patterned surfaces. 234 
 235 
3.18. Use wafer tweezers to place slides face down onto the droplets and ensure no bubbles 236 
under the slides. Gently push the slides together without lifting them.  237 
 238 
NOTE: Glass slide tweezers or wafer tweezers with straight wide tips are recommended for 239 
handling the slides. 240 
 241 
3.19. Leave the Petri dish in the biosafety cabinet for 30 min. 242 
 243 
3.20. After 30 min, place the gold slides face up in PBS after rinsing for 3 times.  244 
 245 
NOTE: Fibronectin-patterned slides can be stored in PBS at 4 ˚C for about a month.  246 
 247 
4. Seeding cells onto micropatterned slides 248 
 249 
4.1. Warm up the cell culture media and trypsin in a 37 ˚C water bath.  250 
 251 
NOTE: The following description of subculture is for NIH/3T3 cells. Culture conditions may vary 252 
depending on cell types. 253 
 254 
4.2. (Optional) Soak patterned slides in culture media in a 12-well plate, warm up to 37 ˚C in 255 
an incubator prior to trypsinization of cells for better cell attachment.  256 
 257 
4.3. Trypsinize the cells, neutralize with FBS-containing media, centrifuge down at 100 x g for 258 
3 min, and then resuspend by mixing well with fresh media.  259 
 260 
NOTE: Make sure that the cells are fully dissociated from each other.  261 
 262 
4.4. Count the cells, dilute to 200,000 cells/mL and add 0.5 mL of the cell suspension to each 263 
well containing one gold slide.  264 



   

 265 
4.5. Gently shake the well plate a few times for uniform cell seeding and store it in an 266 
incubator for 15 min to allow for cell attachment. 267 
 268 
4.6. After 15 min, check cell attachment under a microscope. Allow additional time, if needed.  269 
 270 
NOTE: The attached cells will spread out on the surface with visible filopodium or flattening and 271 
will not move from the surface when the well plate is gently tapped or moved.   272 
 273 
4.7. Aspirate out the media containing unattached cells from each well and add 1 mL of culture 274 
media. For drug treatment, supplement additional reagents to culture media at this step. 275 
 276 
4.8. Culture the cells in the incubator for 24 h and check confluency to determine if chirality 277 
has formed.  278 
 279 
NOTE: Above 75% confluency is recommended for most cell types, and over-confluency may 280 
affect chirality characterization. 281 
 282 
5. Image collection  283 
 284 
5.1. Fix the cells upon confluency.  285 
 286 
5.1.1. Remove culture media from the well plate and rinse once with PBS. 287 
 288 
5.1.2. Add 4% paraformaldehyde solution, incubate at room temperature for 15 min, and then 289 
rinse 3 times with PBS.  290 
 291 
NOTE: If the fixation significantly changes cell morphology, imaging before fixation is 292 
recommended  293 
 294 
5.2. Use a phase-contrast microscope with camera functionality, image each ring on the slides 295 
at high resolution (10x object lens is sufficient for analysis). 296 
 297 
6. Cell chirality characterization (Figure 2)   298 
 299 
6.1. Download MATLAB code files for chirality characterization from the supplementary files 300 
(Supplementary File 1).  301 
 302 
NOTE: The code has been tested to work with MATLAB_R2015b and later versions on both 303 
Windows and macOS systems. The circular statistics toolbox is also required to run the files, 304 
which can be found in reference17.   305 
 306 
6.2. Add the code folder and sub-folders (with circular statistics toolbox inside) to the MATLAB 307 
path and open the “ROI_selection.m” file. In line 4, change the directory to the desired data 308 



   

folder (For window users, switch “/” into “\” in lines 4 and 5). 309 
 310 
6.3. Change the image size in line 14, with the first two figures representing the inner circle 311 
size of the ring while the other two representing the outer.  312 
 313 
NOTE: Make sure that the sizes of all images in a folder to be analyzed are identical. 314 
 315 
6.4. Click on the Run button to execute the MATLAB code “ROI_selection.m” to determine the 316 
region of interest (ROI) in phase-contrast images.  317 
 318 
6.5. Manually drag the selection square to fit the ring, then double click on the image to 319 
confirm the selection.  320 

 321 
6.6. Repeat this step for every image in the folder (the next image will automatically pop up 322 
after confirming the ROI selection of a previous image); a “.mat” file will be generated to store 323 
the ROI information for each image. 324 
 325 
6.7. Open “Analysis_batch.m” file and change the directory of the folder same as step 6.2. (For 326 
window users, for the first-time use, switch “/” into “\” in lines 5, 6, 124, and 130) 327 
 328 
6.8. Click on the Run button to execute the code “Analysis_batch.m” to determine the chirality 329 
of multiple cellular ring patterns. A “datatoexcel.txt” file will be generated, containing circular 330 
statistics for each ring as well as the numbers of clockwise, non-chiral, and anti-clockwise rings. 331 
 332 
REPRESENTATIVE RESULTS:  333 
Fifteen minutes after the seeding of NIH/3T3 cells, cell adhesion on the ring pattern was visually 334 
confirmed by phase-contrast imaging. After subsequent culture of 24 h, cells on the patterns 335 
became confluent and elongated with clearly asymmetrical alignments, biased towards the 336 
clockwise direction (Figure 2). Directional migration of attached cells is recorded by time-lapse 337 
imaging, cell motility and morphogenesis can be quantified with further analyses of the video. To 338 
conduct chirality analysis, high-resolution phase-contrast images are taken after fixation (Figure 339 
2A–C) and fed into the MATLAB program. The program detects intensity gradients and calculates 340 
corresponding cell alignment directions on the ring. Then cell chirality is determined based on 341 
the circular statistics of cell alignment deviating from the circumferential direction of the rings. 342 
The cells can, therefore, be designated as clockwise (CW), counterclockwise (CCW), or non-chiral 343 
(NC) (Figure 2D). After processing, the analysis showed that the majority of rings have a dominant 344 
CW bias, indicating 3T3 cells have a strong CW chirality. Circular statistics generated also provide 345 
additional information of biased angles for further analyses if needed (Figure 2E). 346 
 347 
Cell chirality depends on its phenotype. The ring chirality assay has been verified to be compatible 348 
with multiple cell-types7–10, including both cell lines and primary cells, such as fibroblasts, 349 
myoblast, endothelial cells, and stem cells (Table 1). Interestingly, because cell chirality is 350 
originated from the functionalities of actin cytoskeleton, alterations in actin dynamics may 351 
impact the chiral bias of cells.  With mouse myoblast C2C12 cells, we found that by disrupting 352 



   

actin polymerization with 50 nM Latrunculin A treatment, the cells exhibited an alteration of CCW 353 
chiral bias into CW (Figure 3A). In addition, human umbilical vascular endothelial cells (hUVECs) 354 
treated with a small-molecule drug, 12-o-tetradecanoylphorbol-13-acetate (TPA), to activate the 355 
protein kinase c displayed a dose-dependent shift of cell chirality from CW to CCW (Figure 3B). 356 
These findings demonstrate the utility of the developed ring pattern chirality assay 357 
experimentally as well as the sensitivity of this assay to alterations in the cytoskeleton. 358 
 359 
FIGURE AND TABLE CAPTIONS 360 
Figure 1. Schematic of cellular micropatterning. (A) Procedure of microfabrication and 361 
microcontact printing for cell patterning. A negative photoresist mold was made by ultraviolet 362 
(UV) crosslinking of photoresist via a mask containing micropatterning features (1–2). 363 
Polydimethylsiloxane (PDMS) elastomeric prepolymers were cast onto the mold to create stamps 364 
(3–4). Then, an adhesive self-assembly monolayer (SAM), octa-decanethiol (C18), was coated 365 
onto the stamp and transferred onto gold-coated glass slides via microcontact printing (5–7), 366 
followed by coating of non-adhesive ethylene glycol-terminated SAM, HS-(CH2)11-EG3 (EG3) (8), 367 
and fibronectin (9). Cells were then seeded to attach to the patterns (10). (B) Photos demonstrate 368 
the key steps of cell micropatterning. 369 
 370 
Figure 2. Workflow of imaging analyses. (A) Image collection. Acquire phase-contrast images of 371 
each ring. (B) Input data into the MATLAB program by running “ROI_Selection.m” file setting 372 
directory and image size. (C) Select regions of interest (ROIs) by dragging the selection square to 373 
fit the cellular ring and double click to confirm. (D) Determine cell alignment and chiral biases by 374 
running the “Analysis_Batch.m” file. (E) Example outputs with a summary of biased ring numbers 375 
and circular statistics for each ring. 376 
 377 
Figure 3. Representative results of the chirality of cells under drug treatment. (A) Phase-378 
contrast images and chirality characterization results of mouse myoblast C2C12 cells: Control 379 
(left) and 50 nM Latrunculin A treated groups (right). Bold red font indicates dominant chirality 380 
at p < 0.05 by rank test. Scale bars: 100 µm. (B) Phase-contrast images and chirality 381 
characterization results of human umbilical vascular endothelial cells (hUVECs) on micro-382 
patterned rings: Control (left) and 30 nM TPA treated groups (right). Bold red font indicates 383 
dominant chirality at p < 0.05 by rank test. Scale bars: 100 µm. 384 
 385 
Table 1. Chiral biases of different cell types characterized by the micropatterning assay. CW: 386 
clockwise; CCW: counter-clockwise. 387 
 388 
Supplementary File 1: MATLAB code files for chirality characterization. 389 
 390 
DISCUSSION:  391 
The ring-shaped patterning assay described here provides an easy-to-use tool for quantitative 392 
characterization of multicellular chirality, capable of producing highly reliable and repeatable 393 
results. Rapid generation of identical defined microenvironments and unbiased analysis enables 394 
automated high-throughput processing of large size of samples. This protocol discusses the 395 
fabrication of the ring micropatterns, cell patterning, and automatic analysis of the biased cell 396 



   

alignment and directional motion. This method is compatible with live-imaging techniques to 397 
study cell motility and chiral morphogenesis and can be potentially integrated into other 398 
planforms for toxicity detection9 or drug screening applications. 399 
 400 
There are a few additional tips to share. First, in the microcontact printing step, the stamp needs 401 
to be made on the gold side of the glass (it might be difficult to distinguish after the substrate is 402 
cut into pieces), and double print should be avoided. Second, for the cells that require other 403 
proteins for proper attachment, the preferred proteins can be used at step 3.17. Third, for cell 404 
culture, cell density should not be too high, and the cells should not be grown over-confluence 405 
on the patterns. Otherwise, cells might breach the inner boundary and fill the ring into a solid 406 
circle. Fourth, if cell patterns are broken or incomplete after seeding, it may be due to an 407 
incomplete transfer of pattern of C18 during contact printing (steps 3.7–3.8). The PDMS stamps 408 
should be examined for flaws. Applying slightly higher force when stamping onto slides can also 409 
be helpful. Finally, if cells attach to the entire surface of the glass slide without visible patterns, 410 
the force applied at step 3.8 may be too high, resulting in the entire surface being stamped with 411 
C18. It is also possible that the slides are defective or have been stored in PBS for too long. 412 
Patterns of self-assembly monolayers (i.e., C18 and EG3) should be used within a month after 413 
printing. 414 
 415 
Although the proposed assay provides a convenient tool for robust chirality characterization, 416 
there are some limitations. First, the patterning assay is only compatible with adherent cells. The 417 
chirality of non-adherent cells, such as circulating tumor cells, adipocytes, or non-mammalian 418 
cells, could be possibly analyzed using the 3D Matrigel bilayer method18,19. Second, for cell types 419 
that have a natural cobble shape and do not show significant elongation, the analysis accuracy 420 
might be decreased. However, the chirality of these cell types can be characterized by conducting 421 
live imaging and tracking the migration bias7. Finally, the micropatterning assay is an endpoint 422 
analysis method, not intended for long-term cell culture. Experiments such as drug treatment 423 
should not exceed 72 h after seeding onto patterns. For applications that require prolonged 424 
treatment time, consider pretreating cells prior to seeding.  425 
 426 
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CW Biased

     NIH/3T3 cells (ATCC CRL-1658)

     MC3T3-E1 cells (ATCC CRL-2593)

     Rat cardiac fibroblasts 

     Human primary skin fibroblasts (ATCC PCS-201-012)

     Human adipose-derived stem cells

     Human mesenchymal stem cells 

     Human umbilical vascular endothelial cells (Lonza CC-2935)

     Human brain microvascular endothelial cells (Cell systems

ACBRI-376)
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CCW Biased

     C2C12 (ATCC CRL-1772)

     Human skeletal muscle cells (Lonza CC-2661)

     A human skin cancer fibroblast line (ATCC CRL-7762) 

     Madin-Darby canine kidney epithelial cells (ATCC CCL-34)
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Response to comments 
 
We would first like to thank the editor and reviewers for their detailed, constructive, and 

insightful comments that have led to further improvements of this manuscript. Please find below 

our point-by-point response to each of the comments and concerns and note that each change 

to the last submission is marked using a blue font color for easy tracking throughout the 

manuscript. 

 
Editorial comments: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 
no spelling or grammar issues.  
All spelling and grammar errors have been corrected. 
 
2. Please revise the lines to avoid previously published works: 207-210. Please refer to the 
iThenticate report attached. 
The corresponding line has been revised.  
 
3. JoVE cannot publish manuscripts containing commercial language. This includes trademark 
symbols (TM), registered symbols (®), and company names before an instrument or reagent. 
Please remove all commercial language from your manuscript and use generic terms instead. 
All commercial products should be sufficiently referenced in the Table of Materials. For 
example: Sylgard, Sigma, etc. 
All commercial language is removed. 
 
4. Please note that your protocol will be used to generate the script for the video and must 
contain everything that you would like shown in the video. Please add more details to your 
protocol steps. 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. Please add more specific details (e.g. button clicks for software actions, numerical 
values for settings, etc) to your protocol steps. There should be enough detail in each step to 
supplement the actions seen in the video so that viewers can easily replicate the protocol 
More details of steps are added. 
 
5. Line 76: How is UV photolithography performed? A citation would suffice. 
More detailed description as well as a citation is added to the UV photolithography section. 
 
6. Line 105: Please specify how is the slide dried using nitrogen gas. 
The description regarding drying slides is revised. 
 
7. Line 182-183: Please remove the link and include it in the reference. 
The link is removed.  
 
8. Please ensure there is a single line spacing between each step of the protocol section and 
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then highlight up to 3 pages of the Protocol (including headings and spacing) that identifies the 
essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the 
most cohesive story of the Protocol. Remember that non-highlighted Protocol steps will remain 
in the manuscript, and therefore will still be available to the reader. 
Formatting is revised with single line spacing between steps. 
 
9. Please move the Figure legends to the end of the Representative Results section. 
The legends are moved as suggested.  
 
10. For in-text formatting, corresponding reference numbers should appear as numbered 
superscripts after the appropriate statement(s). 
Reference formatting has been adjusted.  
 
11. Please do not use the &-sign or the word “and” when listing authors in the references. 
Authors should be listed as last name author 1, initials author 1, last name author 2, initials 
author 2, etc. Title case and italicize journal titles and book titles. Do not use any abbreviations. 
Article titles should start with a capital letter and end with a period and should appear exactly 
as they were published in the original work, without any abbreviations or truncations. 
Reference formatting has been revised, as suggested. 
 
12. Please revise the table of the essential supplies, reagents, and equipment. The table should 
include the name, company, and catalog number of all relevant materials in separate columns 
in an xls/xlsx file. Please sort the Materials Table alphabetically by the name of the material.  
The table is revised. For certain service such as transparency mask, catalog number is not 
available, marked with N/A. 
 
Reviewers’ comments: 
 
Reviewer #1:  
Manuscript Summary: 
This is an excellent manuscript to describe step-by-step protocols of a micropattern assay for 
measuring cell chirality. In addition to the very detailed procedures, tips that should be helpful 
to conduct experiments, are also mentioned. The manuscript is clearly written and well 
organized. 
In conclusion, this manuscript should be extremely helpful for researchers in this field. It should 
be published promptly in the current form.  
 
Thank you for the comment. 
 
Reviewer #2:  
Manuscript Summary: 
In this manuscript, Zhang et al. displayed methods for measuring cell chirality by 
micropatterning analysis. Since there is a limited method to analyze cell chirality, the present 
established method is useful to analyze cell chirality and thus current manuscript would greatly 



contribute to the field. However, I strongly recommend describing the gold/titanium coating 
step in detail with additional illustration. I would recommend publishing the manuscript with 
some modifications described below.  
Minor Concerns: 
I would strongly recommend describing the gold/titanium coating step in detail with additional 
illustration in order that can be reproduced by readers.  
 
Thank you for the comment. We have included detailed description of the evaporation 
procedures as suggested and highlighted some important tips on getting desirable slides for the 
protocol. We also note that more detailed procedure than described may depend on a specific 
E-beam equipment. Thanks again! 
 



Instruction – Ring Chirality Analysis 
 

1. Open “ROI_selection.m”, change the directory of data folder to be analyzed. # (Switch “/” 
into “\” for windows system)  

 
2. Change image size.  

 
 

3. Run code. Manually drag the selection square to fit the ring, then double click to confirm, 
repeat for every image in the folder, a “.mat” file should be generated for each image.  

 
 

4. Open “Analysis_batch.m”, change directory of folder, same as step 1. # (For windows 
users, go to line 124 and 130 to change “/” into “\”) 

 
 

5. Run code. A txt file “datatoexcel.txt” will be generated, containing circular stats for each 
ring as well as numbers of clockwise, non-chiral and anti-clockwise rings. 

Supplementary File 1

NOTE: the circular statistic toolbox is required to run this code. Download here: 

https://www.mathworks.com/matlabcentral/fileexchange/10676-circular-statistics-toolbox-directional-statistics
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