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Abstract: A spheroid culture is a useful tool for understanding cellular behavior in that it provides
an in vivo-like three-dimensional environment. Various spheroid production methods
such as non-adhesive surfaces, spinner flasks, hanging drops, and microwells have
been used in studies of cell-to-cell interaction, immune-activation, drug screening, stem
cell differentiation, and organoid generation. Among these methods, microwells with a
three-dimensional concave geometry have gained the attention of scientists and
engineers, given their advantages of uniform-sized spheroid generation and the ease
with which the responses of individual spheroids can be monitored. Even though cost-
effective methods such as the use of flexible membranes and ice lithography have
been proposed, these techniques incur serious drawbacks such as difficulty in
controlling the pattern sizes, achievement of high aspect ratios, and production of
larger areas of microwells. To overcome these problems, we propose a robust method
for fabricating concave microwells without the need for complex high-cost facilities.
This method utilizes a 30 x 30 through-hole array, several hundred micrometer-order
steel beads, and magnetic force to fabricate 900 microwells in a 3 x 3 cm
polydimethylsiloxane (PDMS) substrate. To demonstrate the applicability of our method
to cell biological applications, we cultured adipose stem cells for 3 days and
successfully produced spheroids using our microwell platform. In addition, we
performed a magnetostatic simulation to investigate the mechanism, whereby
magnetic force was used to trap the steel beads in the through-holes. We believe that
the proposed microwell fabrication method could be applied to many spheroid-based
cellular studies such as drug screening, tissue regeneration, stem cell differentiation,
and cancer metastasis.

Author Comments: 9 August 2017

Dear Editor,

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Thank you for your email of July 20, 2017 in which you requested modifications of our
manuscript entitled "A paired bead and magnet array for molding microwells with
variable concave geometries" (manuscript ID: JoVE55548R2). Please find below our
point-by-point response to the editorial and production comments and the reviewers'
comments. We believe that after addressing the questions and concerns the revised
manuscript is much stronger.

We thank the reviewers for the constructive feedback and look forward to hearing from
you regarding the status of our manuscript for publication in JoVe.

Sincerely,

Joong Yull Park, Ph.D., Associate Professor
School of Mechanical Engineering
College of Engineering
Chung-Ang University
Seoul 06974, Republic of Korea
Tel.: +82-2-820-5888, Fax.: +82-2-814-9476, E-mail: jrpark@cau.ac.kr

Additional Information:

Question Response

If this article needs to be "in-press" by a
certain date, please indicate the date
below and explain in your cover letter.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Page 1 of 10             
 

TITLE: 1 
A paired bead and magnet array for molding microwells with variable concave geometries 2 
 3 
AUTHORS & AFFILIATIONS: 4 
Gi-Hun Lee1, Youngjoon Suh1, Joong Yull Park1  5 
 6 
1School of Mechanical Engineering, College of Engineering, Chung-Ang University, Seoul, Republic 7 
of Korea 8 
 9 
E-MAIL ADDRESSES: 10 
Gi-Hun Lee (coppermine@cau.ac.kr) 11 
Youngjoon Suh (yjoonsuh@hotmail.com) 12 
Joong Yull Park (jrpark@cau.ac.kr) 13 
 14 
CORRESPONDING AUTHOR:  15 
Joong Yull Park (jrpark@cau.ac.kr) 16 
 17 
KEYWORDS:  18 
Concave microwell; Spheroid; Magnetic force; Bead; Through-hole array; Microwell array; 19 
Magnet array 20 
 21 
SHORT ABSTRACT: 22 
This manuscript introduces a robust method of fabricating concave microwells without the need 23 
for complex high-cost facilities. Using magnetic force, steel beads, and a through-hole array, 24 
several hundred microwells were formed in a 3 cm x 3 cm polydimethylsiloxane (PDMS) 25 
substrate. 26 
 27 
LONG ABSTRACT: 28 
A spheroid culture is a useful tool for understanding cellular behavior in that it provides an in 29 
vivo-like three-dimensional environment. Various spheroid production methods such as non-30 
adhesive surfaces, spinner flasks, hanging drops, and microwells have been used in studies of 31 
cell-to-cell interaction, immune-activation, drug screening, stem cell differentiation, and 32 
organoid generation. Among these methods, microwells with a three-dimensional concave 33 
geometry have gained the attention of scientists and engineers, given their advantages of 34 
uniform-sized spheroid generation and the ease with which the responses of individual spheroids 35 
can be monitored. Even though cost-effective methods such as the use of flexible membranes 36 
and ice lithography have been proposed, these techniques incur serious drawbacks such as 37 
difficulty in controlling the pattern sizes, achievement of high aspect ratios, and production of 38 
larger areas of microwells. To overcome these problems, we propose a robust method for 39 
fabricating concave microwells without the need for complex high-cost facilities. This method 40 
utilizes a 30 x 30 through-hole array, several hundred micrometer-order steel beads, and 41 
magnetic force to fabricate 900 microwells in a 3 cm x 3 cm polydimethylsiloxane (PDMS) 42 
substrate. To demonstrate the applicability of our method to cell biological applications, we 43 
cultured adipose stem cells for 3 days and successfully produced spheroids using our microwell 44 
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platform. In addition, we performed a magnetostatic simulation to investigate the mechanism, 45 
whereby magnetic force was used to trap the steel beads in the through-holes. We believe that 46 
the proposed microwell fabrication method could be applied to many spheroid-based cellular 47 
studies such as drug screening, tissue regeneration, stem cell differentiation, and cancer 48 
metastasis. 49 
 50 
INTRODUCTION: 51 
Cells grown into a spheroid form are more similar to real tissue in the body than a two-52 
dimensional planar culture.1 Given this advantage, the use of spheroids has been adopted to 53 
improve the study of cell to cell interaction2,3, immune-activation4, drug screening5, and 54 
differentiation6. In addition, spheroids incorporating multiple cell types have recently been 55 
applied to organoids (near-physiological three-dimensional (3D) tissue), which are very useful for 56 
studying human development and disease.7 Several methods have been used to produce 57 
spheroids. The simplest method involves the utilization of a non-adhesive surface, such that the 58 
cells aggregate with each other and form spheroids. A Petri dish can be treated with bovine serum 59 
albumin, pluronic f-127, or a hydrophobic polymer (e.g. poly 2-hydroxyethl methacrylate) to 60 
make its surface non-adhesive.8,9 The spinner-flask method is another well-known means of 61 
producing large amounts of spheroids.10,11 In this method, cells are held in suspension by stirring 62 
to prevent them from becoming attached to the substrate. Instead, the floating cells aggregate 63 
to form spheroids. Both the non-adhesive surface method and spinner flask method can produce 64 
large amounts of spheroids. However, they are subject to limitations including difficulties in 65 
controlling the spheroid size, as well as the tracking and monitoring of each spheroid. As a 66 
remedy for such problems, another spheroid production method, namely, the hanging drop 67 
method can be employed. This involves depositing cell suspension drops onto the underside of 68 
the lid of a culture dish. These drops are usually 15 to 30 μL in size and contain approximately 69 
300 to 3000 cells13. When the lid is inverted, the drops are held in place by surface tension. The 70 
microgravity environment in each drop concentrates the cells, which then form single spheroids 71 
at the free liquid–air interface. The benefits of the hanging drop method are that it offers a well-72 
controlled size distribution, while it is easy to trace and monitor each spheroid, relative to the 73 
non-adhesive surface and spinner flask methods. However, this method incurs one disadvantage 74 
in that the massive production of spheroids and the production process itself is excessively labor 75 
intensive. 76 
 77 
A microwell array is a flat plate with many micro-size wells, each having a diameter ranging from 78 
100 to 1000 μm. The spheroid production principle when using microwells is similar to that of 79 
the non-adhesive surface method. Benefits include the fact that microwells provide spaces 80 
between the microwells for separating the cells or spheroids, such that it is easy to control the 81 
spheroid size, while also making it easy to monitor each single spheroid. With a large number of 82 
microwells, high-throughput spheroid production is also possible. Another advantage of 83 
microwells is the option to form wells of different shapes (hexahedral, cylindrical, trigonal 84 
prismatic) depending on the users’ unique experimental purposes. Generally, however, a three-85 
dimensional (3D) concave (or hemispherical) shape is regarded as being the most suitable for 86 
producing uniform-sized single spheroids. Flat-bottomed microwells may be used to contain 87 
multiple spheroids. Therefore, the usefulness of concave microwells has been reported for many 88 
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cell biology studies such as those examining the cardiomyocyte differentiation of embryonic stem 89 
cells14, the insulin secretion of islet cell clusters15, the enzymatic activity of hepatocytes16, and 90 
the drug resistance of tumor spheroids17.  91 
 92 
Unfortunately, the fabrication of microwells often requires specialized micropatterning facilities; 93 
conventional photolithography-based methods require exposure and developing facilities while 94 
reactive ion-etching-based methods need plasma and ion-beam equipment. Such equipment is 95 
costly which, together with the complicated fabrication process, presents a high barrier to entry 96 
for biologists who do not have access to microtechnology. To overcome these problems, other 97 
cost-effective methods such as ice lithography18 (using frozen water droplets) and the flexible 98 
membrane method14 (using a membrane, through-hole substrate, and a vacuum) have been 99 
suggested. However, these methods also incur serious drawbacks such as it being difficult to 100 
control the pattern sizes, the attainment of high aspect ratios, and the production of larger-area 101 
microwells.  102 
 103 
To overcome the above issues, we are proposing a novel concave microwell fabrication method 104 
utilizing a through-hole substrate, steel beads, and a magnet array. Using this method, hundreds 105 
of concave spherical microwells can be fabricated by taking advantage of the mechanism of 106 
magnetic-force-assisted self-locking metallic beads (Figure 1). The fabrication process involves 107 
the use of very few expensive and complicated facilities and does not demand many advanced 108 
skills. As such, even unskilled persons can easily undertake this fabrication method. To 109 
demonstrate the proposed method, human-adipose-derived stem cells were cultured in the 110 
concave microwells to produce spheroids. 111 
 112 
PROTOCOL: 113 
 114 
1. Preparation of through-hole array aluminum plate and magnet array 115 
 116 
1.1) Prepare two 50 mm x 50 mm (or larger) aluminum plates. The thickness of each plate was 117 
300 μm that is half of the bead diameter. 118 
 119 
1.2) Form a 30 x 30 through-hole array on one of the aluminum plates by using a CNC rotary 120 
engraver with a Φ550-μm micro drill bit with 30 mm/s of plunge rate and 8000 RPM of spindle 121 
speed. The distance between each hole (center to center) was 1 mm (Figure 1a and Figure 2a, 122 
2i). 123 
 124 
1.3) Form a 30 x 30 array of Φ750-μm through-holes on the other aluminum plate, using the 125 
same procedure as that described in 1.2 (Figure 1a and Figure 2a, 2ii). 126 
 127 
1.4) Attach the two plates each other by using a sticky tape and form Φ3 mm alignment holes at 128 
each of the four corners of both aluminum plates.  129 
 130 
1.5) Soak the aluminum plates in 15% sulfuric acid for 12 h to clean their surfaces. Since the thin 131 
layer of aluminum oxide on the surface of the aluminum make it corrosion resistant, the hole 132 
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diameter and thickness of the plate are not changed by this acid treatment. 133 
 134 
1.6) Form a 30 × 30 array of 1 x 1 x 1 mm neodymium magnets (with a magnetic strength of 0.363 135 
N). Ensure that each magnet is the opposite polarity to its neighbor. To prevent the breaking or 136 
scattering of the magnet array, attach a 30 x 30 mm aluminum plate to the bottom of the magnet 137 
array using double-sided tape (Figure 2a, 2iii and inset in Figure 2). 138 
 139 
2. Bead trapping process 140 
2.1) Align and stack the two aluminum plates (top plate: 750-μm-hole plate, bottom plate: 550-141 
μm-hole plate) using the prepared alignment holes at the four corners of each plate (Figure 1b). 142 
 143 
2.2) Lock the two plates together by inserting M3 bolts into the alignment holes, and then secure 144 
the bolts with nuts (Figure 1b). 145 
 146 
2.3) Stack the aluminum plate assembly on the prepared magnet array (Figures 1b, 2b, and 2c). 147 
Align the array of magnets and the array of through holes in the aluminum plate during the 148 
stacking process. Then use a sticky tape to fix the position of the magnet array. 149 
 150 
2.4) Place a sufficient number of Φ600 mm SUJ2 steel beads on the plate assembly and 151 
manipulate the beads using an acryl (or non-metallic) plate such that a bead becomes trapped in 152 
each hole (Figure 1c, 1d, and 1e) while simultaneously removing the excess beads which have 153 
not lodged in the holes. 154 
 155 
2.5) Carefully remove the top plate to avoid unwanted scattering and dislocation of the trapped 156 
beads (Figure 1f). 157 
 158 
3. Concave microwell fabrication 159 
 160 
3.1) Move the concave microwell mold, produced in steps 2.1 to 2.5, above, to a Petri dish. 161 
 162 
3.2) Mix polydimethylsiloxane (PDMS) monomer and curing agent according to the 163 
manufacturer’s instructions19 with a PDMS monomer:curing agent ratio of 10:1. 164 
 165 
3.3) De-gas the PDMS mixture by using a desiccator and vacuum pump to remove any bubbles 166 
trapped in the PDMS mixture. 167 
 168 
3.4) Pour the PDMS mixture into the concave microwell mold and de-gas again using the same 169 
procedure as that described in 3.3 (Figure 1f). 170 
 171 
3.5) Bake the PDMS mixture on a hotplate at 80 °C for 2 h to form a bead-embedded PDMS 172 
substrate (Figure 1g). 173 
 174 
3.6) Remove the cured PDMS substrate from the mold (Figure 1g). In the removing process, spray 175 
methanol using washing bottle to detach PDMS substrate from the mold. 176 
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 177 
3.7) Using a Φ15 mm x 2 mm magnet, remove the trapped steel beads from the PDMS substrate 178 
(Figure 1h). For this process, any magnet that is sufficiently strong to extract the beads from the 179 
PDMS substrate can be used. 180 
 181 
4. Spheroid culture 182 
 183 
4.1) Cut the concave microwell-patterned PDMS substrate by using a Φ14 mm biopsy punch to 184 
be fitted in 24-well plate in this study.  185 
 186 
4.2) Sterilize the resulting Φ14 mm PDMS substrate in an autoclave sterilizer at 121 °C and 15 psi. 187 
 188 
4.3) Place the sterilized PDMS substrate into a 24 well plate. 189 
 190 
4.4) Coat the entire PDMS substrate with 4% (w/v) pluronic F-127 solution overnight to prevent 191 
cell attachment to the microwell surface. During the coating process, remove any air bubbles 192 
entrapped in the concave microwells by pipetting or by using an ultrasonic cleaner. 193 
 194 
4.5) Flush the F-solution three times by using phosphate-buffered saline (PBS). 195 
 196 
4.6) Seed 1 mL of cell-medium (Dulbecco's Modified Eagle Medium) solution (which contains 2 x 197 
106 cells) on the PDMS substrate. Note that the seeding density can be changed according to the 198 
target spheroid size and/or target cell type. Here, use adipose-derived stem cells (ASC). 199 
 200 
4.7) Aspirate the 1 mL of medium using a 1000 μL pipette to remove any excess cells that were 201 
not trapped in the microwells (Figure 3). 202 
 203 
4.8) Incubate the cells at 36.5 °C, humidity of >95%, and 5% CO2 condition. In the case of the ASCs 204 
used in our study, the cells aggregate to a spheroid in 48 h. 205 
 206 
REPRESENTATIVE RESULTS:  207 
A convex mold and microwell pattern were successfully fabricated by following steps 2.1 to 3.7. 208 
(Figure 4). The commercial steel beads were trapped in the 30 x 30 through-hole array. The beads 209 
were held tightly without any gaps between the beads and the corresponding through-holes 210 
(Figure 4a). The shape of fabricated concave microwell is concave hemispherical, with a diameter 211 
of 600 μm, which is the same as that of the steel bead (Figure 4b). A cross-section of a concave 212 
microwell (Figure 4c) shows that the distance from the neighboring microwell was 1 mm (center 213 
to center), which was the same as that of the through-holes. The Φ14 mm concave microwell 214 
substrate, which was placed in the 24 well plate, contained over 120 microwells (Figure 4d). 215 
 216 
Adipose-derived stem cells were cultured in the concave microwells. We seeded 2 x 106 cells on 217 
the Φ14 mm concave microwell array. After 24 h, the cells had aggregated into spheroids, as 218 
shown in Figure 4. The average diameter of the spheroids formed in our microwell array was 219 
185.68 ± 22.82 μm (day 1, Figure 5a, 5c). At day 3, the cells had become more aggregated, with 220 
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the average diameter of the spheroids falling to 147.00 ± 17.11 μm (Figure 5b, 5d). 221 
 222 
Figure 1: Schematic of fabrication process. (a) Making 30 x 30 Φ550 and 750 μm through-hole 223 
array in aluminum plates using CNC engraver. (b) Aligning the two through plates by using the 224 
alignment holes. Subsequently, the aligned plates were stacked on the magnet array. (c) Seeding 225 
a sufficient amount of steel beads onto the plates. (d) Scraping the beads using an acryl plate to 226 
trap the beads in the through-hole array. (e) Beads were trapped in the through-hole array. (f) 227 
The top plate (Φ750-μm through-hole array) was removed and uncured PDMS mixture was 228 
poured into the mold. (g) After the PDMS was baked at 80 ˚C for 2 h, the cured PDMS was 229 
unmolded. (h) The cured PDMS grabs the steel beads. The beads are then removed using a 230 
neodymium magnet (Φ15 mm with a thickness of 2 mm). 231 
 232 
Figure 2: Fabrication process. (a) Preparing two through-hole plates and magnet array. i) 233 
Aluminum plate having 750 μm through-hole array. ii) Aluminum plate having 550 μm through-234 
hole array. iii) 30 x 30 array of 1 mm x 1 mm x 1 mm magnets. (b) Top view of stacked and aligned 235 
plates. (c) Bottom view of stacked and aligned plates and magnet array. 236 
 237 
Figure 3: Removing excessive cells by receding meniscus. By aspiring the medium, the surface 238 
tension was caused by air-liquid interface, then the surface tension scrapped excessive cells on 239 
surface of microwell substrate. 240 
 241 
Figure 4: Convex mold and fabricated microwell array. (a) Trapped beads in through-hole array 242 
aluminum plate. The trapped beads act as a mold to fabricate the concave microwells. The bead 243 
size was 600 μm. The scale bar is 1 mm. (b) and (c) SEM images of fabricated microwells. Each 244 
fabricated microwell has a hemispherical shape, 600 μm in diameter. (d) Φ14-mm microwell 245 
array in 24-well plate. The array contains over 120 concave microwells. 246 
 247 
Figure 5: Culture spheroids in concave microwell array. The Φ14-mm microwell array was 248 
seeded with 2 x 106 ASCs and cultured for 3 days. (a) Cultured spheroids at Day 1; the cells have 249 
started to form spheroids. The scale bar is 2 mm. (b) Cultured spheroids at Day 3; the formed 250 
spheroids are more tightly structured, while their average diameter has fallen from 185.68 ± 251 
22.82 μm at Day 1 to 147.00 ± 17.11 μm at Day 3. The scale bar is 2 mm. (c) Magnification images 252 
of spheroid at Day 1. The scale bar is 500 μm. (d) Magnification images of spheroid at Day 3. The 253 
scale bar is 500 μm. 254 
 255 
Figure 6: Simulation result for vector of magnetic flux density. The density of the magnetic flux 256 
on the magnet array was computed using the magnetostatic module. The simulation result shows 257 
that the strongest magnetic flux density is at center of each magnet, causing the beads to be 258 
trapped in the center of the through-holes where they became securely fixed. The scale bar is 2 259 
mm. 260 
 261 
Figure 7: Magnetic field distribution of magnet array. Each magnet is of the opposite polarity 262 
to its neighbor. The horizontal magnetic field is dominant at the interface between neighboring 263 
magnets, while the vertical magnetic field is strongest at the center of each magnet. These 264 
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directional forces guide a bead to the center of a magnet. (a) Magnetic field of magnet array. 265 
(b) Vector of magnetic field as determined by magnetostatic simulation. 266 
 267 
Figure 8: Limitation using single big magnet and of bead size. (a) Unlike the case of using an 268 
array of small magnets, when one large magnet is used, almost all of the beads tend to move to 269 
the edge or center of the magnet where the high density magnetic field is formed. Further, the 270 
beads are connected to form a chain shape. The scale bar is 10 mm. (b) SEM image of linked 271 
microwell which was fabricated by using Φ800 μm beads with 1 mm x 1 mm x 1 mm magnet 272 
array. Using a bead that is too large in size relative to the size of the magnet can create a small 273 
hole in the wall between adjacent microwells. The scale bar is 100 μm. 274 
 275 
Figure 9: The importance of choosing the appropriate top plate thickness and hole size in the 276 
bead trapping process. (a) If the top plate is too thick, a double trap will occur. (b) Conversely, if 277 
the top plate is too thin, there is a tendency for the beads to come off. (c) If the size of the 278 
through-hole is larger than the bead diameter, both double trap and bead dislocation may occur. 279 
 280 
DISCUSSION: 281 
The major challenge facing this fabrication method was the secure fixing of the beads in the 282 
through-hole array in the aluminum plate. To solve this challenge, magnetic force in the form of 283 
a 30 x 30 magnet array was used to fix the beads securely, as shown in Figures 6 and 7. The 284 
magnetic flux density of the magnet array, which has the opposite polarity, is strongest at the 285 
center of each magnet surface. Because the strength of the magnetic force depends on the flux 286 
density, the beads were guided to the center of the top surface of each magnet where they were 287 
held in position. If a single large-sized magnet (5 cm × 5 cm × 1 cm) was used, the beads, especially 288 
the ones located in the extreme outside holes, tend to be attracted to the higher intensity 289 
magnetic field created at the magnet edge. Another problem with using large magnets is that the 290 
beads stick together spontaneously to create small bead chains (Figure 8a). 291 
 292 
The role of top plate (750 μm hole) was to serve the pit geometry to trap beads. Due to this pit 293 
structure, it is possible to scratch the beads with an acrylic plate to create a large number of 294 
trapped bead arrays at once (protocol 2.4 and Figure 1c and 1d). If not using the top plate, each 295 
bead must be manually inserted into the base (550 μm hole) one at a time. 296 
 297 
The limitations of our method include the need for a CNC engraver that is the most expensive 298 
device used in the method. Such CNC machines are priced from around $3000. This, however, is 299 
still much cheaper than conventional soft lithography facilities. Another inherent limitation of 300 
our method is the need for small magnets, and the gap between the microwells is dependent on 301 
the magnet size, which was 1 mm in the demonstration described in this paper. It would be 302 
difficult to reduce this gap much more since magnets smaller than 500 μm are not readily 303 
available. In addition, maximum size of bead was also limited. The trapped beads were 304 
magnetized by magnets. If the gap between magnetic beads were too narrow, the probability of 305 
sticking together is higher than some of the microwells were connected by holes as shown in 306 
Figure 8b. Therefore, when 1 mm x 1 mm x 1 mm magnets are used, beads with a diameter of 307 
700 μm or more are not recommended 308 
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 309 
Compared with other fabrication methods such as flexible membrane14, ice lithography18 and 310 
deep reactive ion etching20, this fabrication method does not require special lithography facilities, 311 
allows the microwell position to be easily controlled, and can produce a standardized concave 312 
microwell shape. In addition, wet etching of PDMS21, grayscale lithography22, and backside 313 
diffused light lithography23 have been proposed for the production of concave geometries. 314 
However, wet etching of PDMS requires a rectangular structure first to make a concave and 315 
round microwell, and is not suitable for making an open microwell. The greyscale lithography 316 
method has the advantage of utilizing existing photo lithography facilities, but the need of high 317 
priced facilities and greyscale photo mask is a disadvantage. Backside diffused light lithography 318 
was another recently reported method useful to fabricate concave microwells with various 319 
aspect ratios, but only at the low resolution of pattern density. 320 
 321 
The critical step in the concave microwell fabrication is the selection of the thickness of the and 322 
the through-hole size of top plate (step 1.1 and 1.3). If the through-hole plate is too thick, multiple 323 
beads can be trapped in each through-hole (Figure 9a); if it is too thin, the beads will not be fixed 324 
in step 2.4 and thus dislocated from the through-holes (Figure 9b). In case of the larger through-325 
hole, both multiple trap and dislocation can occur (Figure 9c).  326 
 327 
As a guideline for selecting the size of the magnet and the thickness of the through-hole plate, it 328 
is recommended that the size of the magnet and the thickness of the "through-hole plate" be 329 
based on the size of the bead. The size of the magnet must be larger than the diameter of the 330 
bead, and the thickness of the through-hole plate should not exceed the diameter of the bead. 331 
However, since the choice of magnets and plate thickness is empirical, more detailed 332 
optimization and parametric studies will be included in future studies. 333 
 334 
Future goals of our method include the fabrication of stem cell niche-like microwells for 335 
biomimetic in vitro hair follicles24, customized microwells for organoid generation26, and diverse 336 
arrays of different-sized microwells for studying the dependence of cancer cells and immune cells 337 
on spheroid size, and .  338 
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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
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JoVE is and shall be the sole and exclusive owner of all rights of 
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deemed, now or at any time in the future, to have any rights 
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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 
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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. 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. 

9. 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. 

10. 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 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 
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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. 

11. 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. 

12. Fees.  To cover the cost incurred for publication, JoVE
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
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. 

13. 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.   

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 
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Dear Editor, 

 

Thank you for your email of July 20, 2017 in which you requested modifications of our manuscript entitled 

“A paired bead and magnet array for molding microwells with variable concave geometries” (manuscript 

ID: JoVE55548R2). Please find below our point-by-point response to the editorial and production comments 

and the reviewers’ comments. We believe that after addressing the questions and concerns the revised 

manuscript is much stronger. 

 

We thank the reviewers for the constructive feedback and look forward to hearing from you regarding the 

status of our manuscript for publication in JoVe. 

 

Sincerely, 

 

Joong Yull Park, Ph.D., Associate Professor 

School of Mechanical Engineering 
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Chung-Ang University 

Seoul 06974, Republic of Korea 

Tel.: +82-2-820-5888, Fax.: +82-2-814-9476, E-mail: jrpark@cau.ac.kr 
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Editorial and production comments: 

•  JoVE is unable to publish manuscripts containing commercial sounding language, 

including trademark or registered trademark symbols (TM/R) and the mention of company 
brand names before an instrument or reagent. Please remove all commercial sounding 
language from your manuscript. All commercial products should be sufficiently referenced 
in the table of materials/reagents. Examples of commercial sounding language in your 
manuscript are CNC, EGX-350, Roland DGA, HAM Präzision, Schwendi etc. 

• Names of manufacturers/suppliers should be removed from the Protocol text (e.g. (EGX-

350, Roland DGA, Parkway Irvine, CA, USA) in step 1.2). This information should be confined 
to the Table of Materials. 

Answer: We removed all commercial sounding language and manufacturers/suppliers at protocol 1.2 and 1.6 

in the manuscript. 

 

• Please ensure that all items mentioned have been included in the Materials/Equipment list, 

and are accompanied by a catalog number. 

• Please define all abbreviations before use. 

• Please use h for hour(s), min for minute(s) and s for seconds throughout the manuscript 

(including figures and tables). 

• Please include spaces between all numbers and units. 

• Please include at least six keywords. 

Answer: We checked the material/equipment list, abbreviations, unit of times, spaces between all numbers 

and units and six keywords. 

 

• In the Short Abstract (10-50 words) and Long Abstract (150-300 words), please include a 

statement that clearly states the goal of the protocol. For example, “This protocol/manuscript 
describes…” 

Answer: We modified the short abstract following editorial comments. 

 

• Please adjust the numbering of your protocol section to follow JoVE’s instructions for 

authors, 1. should be followed by 1.1) and then 1.1.1) if necessary and all steps should be 
lined up at the left margin with no indentations. There must also be a one line space between 
each protocol step. 

• Please ensure that all text in the protocol section is written in the imperative tense as if you 

are telling someone how to do the technique (i.e. “Do this”, “Measure that” etc.). Avoid usage 
of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any 
text that cannot be written in the imperative tense may be added as a “Note”, however, notes 
should be used sparingly and actions should be described in the imperative tense wherever 
possible. 

Answer: We checked and modified the protocol section following the instruction. 

 



• Please add more details to your protocol steps. Please ensure you answer the “how” 

question, i.e. how is the step performed? There should be enough detail in each step to 
supplement the actions seen in the video so that viewers can easily replicate the protocol. 

Answer: We added more details to step 1.1, 1.2, 1.4, 2.3, 2.5, 3.6, 4.1. 

 

• Step 4.6: Please mention the medium used in your studies. 

• 4.8: Please mention the cell culture conditions (temperature, CO2, humidity, etc.) used in 

your studies. 

Answer: We added the information of medium and culture conditions to step 4.6 and 4.8. 

 

• Results: Please expand the results text that explains your representative results in the 

context of the technique you describe; i.e. how do these results show the technique, 
suggestions about how to analyze the outcome etc. This text should refer to all of the results 
figures. 

Answer: Instead of adding explanation in the results section, we expanded the discussion significantly to 

include more important information. 

 

• Please expand the figure legends to adequately describe the figures. Each figure or table 

must have an accompanying legend including a short title, followed by a short description of 
each panel and/or a general description. 

Answer: We expanded the figure legend of figure 5 and added figure legend 8 and 9 

 

• For all microscope images in the figures, please include scale bars and define their sizes 

in the associated legends. 

Answer: We checked and added missing scale bars in figure 5. 

 

• Please expand your discussion to cover the following in detail and in paragraph form: 

modifications and troubleshooting, limitations of the technique, significance with respect to 
existing methods, future applications and critical steps within the protocol. 

Answer: We expanded the discussion section significantly to include these issues; modifications and 

troubleshooting, limitations of the technique, significance with respect to existing methods, future applications 

and critical steps within the protocol. 

 

• Please make sure that your references comply with JoVE instructions for authors. In-text 

formatting: corresponding reference numbers should appear as superscripts after the 
appropriate statement(s) in the text of the manuscript. Citation formatting should appear as 
follows: (For 6 authors or less list all authors. For more than 6 authors, list only the first 
author then et al.): [Lastname, F.I., LastName, F.I., LastName, F.I. Article Title. Source. Volume 
(Issue), FirstPage – LastPage, doi:DOI (YEAR).] 

Answer: We corrected the references form following JoVE instruction for authors. 



 

• Please take this opportunity to thoroughly proofread your manuscript to ensure that there 

are no spelling or grammatical errors. 

Answer: We have thoroughly read through the manuscript and corrected the language errors. 

 

Production (video) comments: 

Editing issues 

• 2:52, 3:53, 3:55, 4:50, 5:14, 5:31, 5:35, 6:02, 6:26, 6:30, 7:37, 8:22, 8:53, 9:33, 9:42, 10:13 - 

These edits are jump cuts, which have a jarring effect on the viewer. Fades should be added 
to reduce the jarring effect. 

Answer: We amended the video accordingly. 

 

 

Text/formatting issues 

• A title card listing the authors' names and affiliations should be placed at the end of the 

video. 

Answer: We amended the video accordingly. 

 

  



Reviewer #1: 

Major Concerns: 

1. The unique point is to utilize the magnet array for producing the magnetic flux array (Fig. 
4(e)). In contrast, another group utilized a pin holder steel device and single magnet to 
produce magnetic flux array (Lab Chip, 2008, 8, 134-142). The authors should compare the 
research and describe the usefulness of the magnet array.  

 

Answer: We thank the reviewer for this comment. The role of 750 um Through-hole-plate was that serving 

the pit geometry to trap beads. Due to this pit trap structure, it is possible to scratch the bead with an acrylic 

plate to create a large number of trapped bead arrays at once (protocol 2.4 and figure 1c and d). Without 

“750um through-hole plate”, each bead should be placed in a 550um hole, one at a time. Therefore, unless a 

"750um through-hole plate" is used, the time and labour used to make the bead array will be much larger. 

 

To address the above-mentioned issues, some corrections were made (in red) in the manuscript, as shown in 

the box below. 

 

DISCUSSION: 

… 

The role of top plate (750 μm hole) was to serve the pit geometry to trap beads. Due to this pit 

structure, it is possible to scratch the beads with an acrylic plate to create a large number of 

trapped bead arrays at once (protocol 2.4 and Figure 1c and d). If not using the top plate, each 

bead must be manually inserted into the base (550 μm hole) one at a time. 

… 

 

2. Have the authors tried this with different size stencils and beads? Limitations related to 

size of the magnets are discussed, but are there any potential issues that users should be 

aware of if they wish to adapt the technique to different size templates? 

Answer: fabrication of microwell using 800 mm diameter beads in 1 x 1 x 1 mm magnet array was tested. The 

results show that some of the microwells were connected together by holes. The trapped beads were 

magnetized by magnets. If the gap between magnetic beads were too narrow, the probability of sticking 

together is higher. Therefore, when "1 x 1 x 1 mm" magnets are used, beads with a diameter of 700 μm or 

more are not recommended. 

 

To address the above-mentioned issues, some corrections were made (in red) in the manuscript, as shown in 

the box below. 

 

DISCUSSION: 

… 
… 
… 

The limitations of our method include the need for a CNC engraver that is the most expensive 

device used in our method. Such CNC machines are priced from around $3000. This, however, is 

still much cheaper than conventional soft lithography facilities. Another inherent limitation of our 

method is the need for small magnets, and the gap between the microwells is dependent on the 

magnet size, which was 1 mm in the demonstration described in this paper. It would be difficult 

to reduce this gap much more since magnets smaller than 500 μm are not readily available. In 

addition, maximum size of bead was also limited. The trapped beads were magnetized by 



magnets. If the gap between magnetic beads were too narrow, the probability of sticking together 

is higher than some of the microwells were connected by holes as shown in Figure 8b. Therefore, 

when 1 x 1 x 1 mm magnets are used, beads with a diameter of 700 μm or more are not 

recommended. 

… 

 

3. It would be useful for the authors to explain the choice of magnets in greater detail. This is 

addressed somewhat in Figure 7, but more detailed guidelines in the text about how to select 

magnetic material, strength, size, etc. would be helpful for non-experts. Would the technique 

work at all with a single large magnet? What could users expect in terms of results if they 

decided to forgo use of the magnet array?  

 
Answer: It is recommended that the size of the magnet and the thickness of the "through-hole plate" be based 

on the size of the bead. The size of the magnet is larger than the diameter of the bead, and the thickness of the 

"through-hole plate" should not exceed the diameter of the bead. The choice of magnets and plate thicknesses 

is empirical and a more detailed optimization and parametric study will be included in the future study. 

 

When a single large-sized magnet (5 × 5 × 1 cm) was used, the beads, especially the ones located in the extreme 

outside holes, tend to be attracted to the stronger magnetic force of the magnet edge. Another problem of using 

a large magnet is that the beads stick to one another and create spontaneous small chains of beads. 

 

To address the above-mentioned issues, some corrections were made (in red) in the manuscript, as shown in 

the box below. 

 

DISCUSSION: 

The major challenge facing this fabrication method was the secure fixing of the beads in the 

through-hole array in the aluminum plate. To solve this challenge, magnetic force in the form of 

a 30 x 30 magnet array was used to fix the beads securely, as shown in Figures 6 and 7. The 

magnetic flux density of the magnet array, which has the opposite polarity, is strongest at the 

center of each magnet surface. Because the strength of the magnetic force depends on the flux 

density, the beads were guided to the center of the top surface of each magnet where they 

were held in position. If a single large-sized magnet (5 × 5 × 1 cm) was used, the beads, 

especially the ones located in the extreme outside holes, tend to be attracted to the higher 

intensity magnetic field created at the magnet edge. Another problem with using large magnets 

is that the beads stick together spontaneously to create small bead chains (Figure 8a). 

… 
As a guideline for selecting the size of the magnet and the thickness of the through-hole plate, it 

is recommended that the size of the magnet and the thickness of the "through-hole plate" be 

based on the size of the bead. The size of the magnet must be larger than the diameter of the 

bead, and the thickness of the through-hole plate should not exceed the diameter of the bead. 

However, since the choice of magnets and plate thickness is empirical, more detailed 

optimization and parametric studies will be included in future studies. 

… 

 

  



Minor Concerns: 

-It appears there are some details missing from the article that are present in the video, e.g., 
adding methanol during PDMS removal and other details about bead removal. 
 
Answer: We appreciate the reviewer for this information. We added the missing details in protocol section. 

 

To address the above-mentioned issues, some corrections were made (in red) in the manuscript, as shown in 

the box below. 

 

PROTOCOL: 

… 
2.3) Stack the aluminum plate assembly on the prepared magnet array (Figure 1b, Figure 
2b, and 2c). Align the array of magnets and the array of through holes in the aluminum 
plate during the stacking process. Then use a sticky tape to fix the position of the magnet 
array. 
… 
3.6) Remove the cured PDMS substrate from the mold (Figure 1g). In the removing 
process, spray methanol using washing bottle to detach PDMS substrate from the mold. 
… 

 
 
-It would be nice to have more detailed descriptions in the text and video of how cells are 
loaded into the micro-wells, i.e., the step shown in Figure 3. 
 

Answer: Cell loading in a concave microwell is gravity-induced falling and there is no other special 

principle. 
 
-Higher magnification images of aggregates should be presented, and if possible, authors 
should show comparison to conventional hanging drop procedure. 
 
Answer: We added the higher magnification images in result section. 

 

To address the above-mentioned issues, some corrections were made (in red) in the manuscript, as shown in 

the box below. 

 

REPRESENTATIVE RESULTS: 

… 
Adipose-derived stem cells were cultured in the concave microwells. We seeded 2 x 106 cells on 

the Φ14 mm concave microwell array. After 24 h, the cells had aggregated into spheroids, as 

shown in Figure 4. The average diameter of the spheroids formed in our microwell array was 

185.68 ± 22.82 μm (day 1, Figure 5a, c). At day 3, the cells had become more aggregated, with 

the average diameter of the spheroids falling to 147.00 ± 17.11 μm (Figure 5b, d). 



 

Figure 5: Culture spheroids in concave microwell array. The Φ14-mm microwell array was 

seeded with 2 x 106 ASCs and cultured for 3 days. (a) Cultured spheroids at Day 1; the cells have 

started to form spheroids. The scale bar is 2 mm. (b) Cultured spheroids at Day 3; the formed 

spheroids are more tightly structured, while their average diameter has fallen from 185.68 ± 

22.82 μm at Day 1 to 147.00 ± 17.11 μm at Day 3. The scale bar is 2 mm. (c) Magnification 

images of spheroid at Day 1. The scale bar is 500 μm. (d) Magnification images of spheroid at 

Day 3. The scale bar is 500 μm. 

 

Additional Comments to Authors: 
The conclusion statement in the video is difficult to hear. 
 
Answer: We are very sorry for this error. We re-recoded the conclusion statement in the video. 

  



Reviewer #2: 

Minor Concerns: 

Suggest a bit more discussion on other alternatives that can produce rounded bottoms. 
Such alternatives include wet etch of PDMS, but this requires first making a square channel 
rounding the edges with etchant and are not as effective at producing open top wells. One 
may still use photolithography to achieve this by greyscale lithography. However this is 
method still requires a more niche access to a photolithography-capable cleanroom and 
greyscale photo masks are relatively expensive. Takayama has used backside diffused light 
lithography to overcome the need for specialized equipment and published on making 
rounded bottom channels, but this can still apply to open-top wells. Additionally, they have 
combined the later two methods and used backside pseudo-greyscale diffused light 
lithography to create features of different heights in a single UV exposure. That too should 
be capable of producing rounded wells although not the scope of their published work. 
When compared to the diffused light lithography, the described technique by Park and 
group has higher aspect ratios (well depth to diameter) which are better for spheroid culture 
while the diffused light lithography will have more densely patterned wells. 
 
Answer: We thank the reviewer for suggesting a useful discussion. We included the discussion regarding 

this issue. 

 

To address the above-mentioned issues, some corrections were made (in red) in the manuscript, as shown in 

the box below. 

 

REPRESENTATIVE RESULTS: 

… 
Compared with other fabrication methods such as flexible membrane14, ice lithography18 and 

deep reactive ion etching20, this fabrication method does not require special lithography 

facilities, allows the microwell position to be easily controlled, and can produce a standardized 

concave microwell shape. In addition, wet etching of PDMS21, grayscale lithography22, and 

backside diffused light lithography23 have been proposed for the production of concave 

geometries. However, wet etching of PDMS requires a rectangular structure first to make a 

concave and round microwell, and is not suitable for making an open microwell. The greyscale 

lithography method has the advantage of utilizing existing photo lithography facilities, but the 

need of high priced facilities and greyscale photo mask is a disadvantage. Backside diffused light 

lithography was another recently reported method useful to fabricate concave microwells with 

various aspect ratios, but only at the low resolution of pattern density. 

… 
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