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SUMMARY: 23 
We present a procedure for controlling the initial cell cluster shape in a 3D extracellular matrix 24 
to obtain a repeatable pattern formation. A cubic device containing two different hydrogels is 25 
employed to achieve multi-directional imaging for tissue pattern formation.  26 
 27 
ABSTRACT: 28 
The importance of in vitro 3D cultures is considerably emphasized in cell/tissue culture. However, 29 
the lack of experimental repeatability is one of its restrictions. Producing few repeatable results 30 
of pattern formation deteriorates the analysis of the mechanisms underlying the self-31 
organization. Reducing variation in initial culture conditions, such as the cell density and 32 
distribution in the extracellular matrix (ECM), is crucial to enhance the repeatability of a 3D 33 
culture. In this article, we demonstrate a simple but robust procedure for controlling the initial 34 
cell cluster shape in a 3D extracellular matrix to obtain highly repeatable pattern formations. A 35 
micromold with a desired shape was fabricated by using photolithography or a machining 36 
process, and it formed a 3D pocket in the ECM contained in a hybrid gel cube (HGC). Highly 37 
concentrated cells were then injected in the pocket so that the cell cluster shape matched with 38 
the fabricated mold shape. The employed HGC allowed multi-directional scanning by its rotation, 39 
which enabled high-resolution imaging and the capture of the entire tissue structure even though 40 
a low-magnification lens was used. Normal human bronchial epithelial cells were used to 41 
demonstrate the methodology.  42 
 43 
INTRODUCTION: 44 

Manuscript Click here to
access/download;Manuscript;59214_R2_121418.docx

mailto:m-hagiwara@21c.osakafu-u.ac.jp
mailto:sxc04074@edu.osakafu-u.ac.jp
https://www.editorialmanager.com/jove/download.aspx?id=947018&guid=fda13f4c-d283-460a-8008-1f58274c987b&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=947018&guid=fda13f4c-d283-460a-8008-1f58274c987b&scheme=1


   

The importance of a 3D culture, which better mimics biological environments than does a 2D 45 
culture, is considerably emphasized in cell/tissue culture1–3. The interaction between the cells 46 
and extracellular matrix (ECM) provides important cues regarding morphogenesis4,5. Many tissue 47 
formations can emerge only under 3D environments, such as the folding process6,7, invagination8, 48 
and tubular formation9,10. However, numerous difficulties prevent researchers from shifting to 49 
3D experiments from 2D experiments on a dish. One of the major difficulties in 3D experiments 50 
is the issue of imaging 3D samples. Compared with planar experiments, acquisition of appropriate 51 
3D images is still challenging in many cases. In particular, obtaining an appropriate 3D image is a 52 
difficult task when the sample size reaches the millimeter range owing to the large focal depth 53 
of low-magnification lenses. For example, the focal depth reaches more than 50 µm when a 10x 54 
magnification lens is used while the size of the single cell is normally less than 10 µm. To enhance 55 
the imaging quality, high-technology microscopy systems are being developed (e.g., two-photon 56 
microscopy11 and light-sheet microscopy system12), but their availability is limited owing to their 57 
expensive price. As an alternative, we have previously developed a hybrid gel cube (HGC) 58 
device13. The device consists of two types of hydrogels: agarose as a support gel and an ECM such 59 
as collagen or Matrigel as a culture gel. The HGC allows us to collect the sample during culturing 60 
and rotate the cube to achieve multi-directional imaging, which addresses the focal depth 61 
problem14.  62 
 63 
Another difficulty in 3D experiments is their low repeatability owing to the poor controllability of 64 
the 3D environments. Unlike a planar culture on a plastic dish, variations in the initial culture 65 
conditions easily occur in a 3D space surrounded by a soft material. A significant variation in the 66 
experimental results deteriorates the following analysis and masks the underlying mechanisms. 67 
Many engineering technologies have been developed to spatially align single cells, such as 68 
bioprinting15,16, fiber weaving17, and scaffolding18, but they require complex preprocessing or 69 
specifically designed equipment. In contrast, we have developed a methodology for achieving 3D 70 
cell alignment in an HGC19.  71 
 72 
In this protocol, we illustrated a simple procedure with commonly used equipment for controlling 73 
the 3D initial cell cluster shape in an HGC. First, the fabrication process of the HGC was 74 
demonstrated. Then, micromolds fabricated by photolithography or a machining process were 75 
placed in the HGC to produce a pocket with an arbitrary shape in an ECM. Subsequently, highly 76 
dense cells after centrifugation were injected into the pocket to control the initial cell cluster 77 
shape in the HGC. The precisely controlled cell cluster could be imaged from many directions 78 
because of the HGC. Normal human bronchial epithelial (NHBE) cells were used to demonstrate 79 
the control of the initial cell cluster shape and imaging of the branches from multiple directions 80 
for enhancing the imaging quality. 81 
 82 
PROTOCOL: 83 
 84 
1. Fabrication of hybrid gel cube device 85 
 86 
1.1. Prepare a polycarbonate (PC) cubic frame either by using a machining process or a 3D printer. 87 
The size of the PC frame depends on the sample size. In this study, we used a frame of 5 mm on 88 



   

each side so that the branches had sufficient space to elongate during culturing.  89 
 90 
1.2. Place the PC frame on a pre-cooled glass slide or another smooth surface in an ice box (<0 °C) 91 
(Figure 1A). 92 
 93 
1.3. Add 12 µL of pre-heated 1.5% agarose (w/v) from the top face of the cubic frame to the 94 
bottom surface with a pipette. Stroke the pipette so that the agarose spreads to create a flat 95 
surface (Figure 1B). 96 
 97 
1.4. Within minutes, the agarose will be cured. Pick up the PC frame by sliding it to the edge of 98 
the glass slide using tweezers. Note that vertically picking up the frame from the glass slide may 99 
result in detaching of the agarose from the cubic frame owing to the adhesive force between the 100 
agarose and the glass slide (Figure 1C). 101 
 102 
1.5. Rotate the cubic frame to make the open face down, and then place on the glass slide again 103 
(Figure 1D). 104 
 105 
1.6. Repeat steps 1.3–1.5 until three surfaces are filled with agarose (Figure 1E). 106 
 107 
1.7. To form an agarose wall on the fourth and fifth faces, drop the agarose in from an open face 108 
(Figure 1F). Once an agarose wall is formed on the fifth face, the preparation of the HGC is 109 
completed.  110 
 111 
2. Fabrication of micromolds by photolithography or a machining process 112 
 113 
2.1. Fabrication by photolithography 114 
 115 
2.1.1. Clean a silicon (Si) wafer via ultrasonic cleaning with acetone, isopropyl alcohol (IPA), then 116 
distilled (DI) water for 5 min each. After nitrogen blowing the Si wafer with nitrogen, dehydrate 117 
in an oven at 140 °C for 20 min (Figure 2A(i)). 118 
 119 
2.1.2. Spin-coat a sacrificial layer such as LOR and Az resists on the Si wafer (2,000 rpm, 30 s) by 120 
using a spin-coater under yellow light. Immediately after spin-coating, heat the wafer on a hot 121 
plate at 90 °C for 3 min (Figure 2A(ii)). The desired thickness of the sacrificial layer is more than 122 
1 µm so that the lift off process can be carried out easily, but an accurate thickness is not 123 
necessary.  124 
 125 
2.1.3. Place the wafer on a hot plate at 70 °C, and then laminate a thick negative photoresist 126 
sheet with the desired thickness on the sacrificial layer using a hand roller (Figure 2A(iii)) 127 
 128 
2.1.4. Five minutes after lamination, place the wafer on a mask aligner for UV exposure. Set a 129 
photomask with the desired pattern on the sheet resist and expose with UV light for an 130 
appropriate time duration. The exposure time is determined by the thickness of photoresist and 131 
the intensity of the UV light. Subsequently, place the wafer on a hot plate for a post-exposure 132 



   

bake at 60 °C for 5 min, followed by baking at 90 °C for 10 min. (Figure 2A(iv)) 133 
 134 
2.1.5. Develop a negative photoresist by immersing the wafer in propylene glycol monomethyl 135 
ether acetate (PGMEA) until the unexposed area is completely dissolved (approximately 20 min) 136 
(Figure 2A(v)). 137 
 138 
2.1.6. Dissolve the sacrificial layer by using IPA for ultrasonic cleaning to lift off the microstructure. 139 
Once the microstructure is peeled off from the wafer, rinse with DI water by ultrasonic cleaning 140 
for 10 min (Figure 2A(vi)). 141 
 142 
2.1.7. Immerse the mold in 30 µL of the MPC polymer for 30 min at room temperature 143 
(approximately 20 °C) to completely dry it out. Figure 2B shows the fabricated prism mold.  144 
 145 
2.2. Fabrication of a cylinder mold 146 
 147 
2.2.1. Fabricate a steel cylinder mold with desired size by a machining process. Alternatively, use 148 
commercially available stainless steel. (In this study, a φ 600 µm cylinder is used.) 149 
 150 
2.2.2. Immerse the cylinder steel in 30 µL of the MPC polymer for 30 min at room temperature 151 
(approximately 20 °C) to completely dry it out. 152 
 153 
2.2.3. Prepare liquid polydimethylsiloxane (PDMS) by mixing base resin and its catalyst (see Table 154 
of Materials) in a 10:1 ratio followed by degassing with a vacuum degassing system for 20 min. 155 
Then pour the PDMS in a 12-well-plate. 156 
 157 
2.2.4. Set the steel cylinder perpendicular to the datum surface and fixed to a linear z-stage so 158 
that it can be perpendicularly inserted in the uncured PDMS surface in a 12-well-plate placed on 159 
the same datum surface by moving the z-stage. Incubate the PDMS with the cylinder steel in an 160 
oven for 20 min at 90 °C for curing. Cut the PDMS to form a flank surface so that the pipet can be 161 
inserted in the following process (Figure 2C).  162 
 163 
3. Controlling initial cell cluster shape in a hydrogel 164 
 165 
3.1. Inject an appropriate ECM for the desired cell culture, such as collagen and artificial 166 
basement membrane, into the HGC to fill the culture space (Figure 3A).  167 
 168 
3.2. Set the fabricated micromold on the HGC directly or indirectly with an appropriate holder, 169 
as shown in Figure 3B. Subsequently, place the HGC in a CO2 incubator for 25 min at 37 °C for 170 
curing it.  171 
 172 
3.3. Carefully lift out the micromold so that the ECM does not deteriorate (Figure 3C). The pocket, 173 
as the desired mold shape, will be fabricated in the ECM. 174 
 175 
3.4. Harvest cells from the cultured dish by trypsin–EDTA or its equivalent depending on the cell 176 



   

types. Subsequently, centrifuge the cells to obtain highly concentrated cells (for NHBE culture, 177 
apply 0.25% trypsin-EDTA and incubate cells for 3 min, then neutralize with FBS-containing 178 
medium and centrifuging at 300 x g for 4 min). 179 
 180 
3.5. After centrifuging, remove the supernatant medium to condense the cells, and inject highly 181 
concentrated cells (3.0 × 104 cells/µL for NHBE cells) into the pocket in the ECM (Figure 3D). 182 
 183 
3.6. Incubate the HGC with cells in a CO2 incubator for 20 min at 37 °C so that the cells fall into 184 
the ECM pocket to fill the space created by the micromolds. If excessive medium or cells are 185 
present on the top surface, carefully remove using a pipette.  186 
 187 
3.7. Place the HGC on a 24-well-plate and add 100 µL of appropriate medium (Figure 3E). For 188 
NHBE cells, use a 1:1 mixture of commercially available specialized medium for NHBE and 189 
endothelial cells (see Table of Materials).  190 
 191 
3.8. Inject additional ECM to close the pocket in the ECM, and then incubate at 37 °C for 25 min. 192 
 193 
3.9. Cool down preheated 1.5% agarose to room temperature (approximately 20 °C). Drop 194 
approximately 10 µL of the agarose onto the top surface of the HGC to close the surface and 195 
prevent the ECM from falling out of the HGC during culturing and imaging (Figure 3F). Then, 196 
incubate the HGC for another 20 min at 37 °C to cure the agarose. 197 
 198 
3.10. Add medium to cover the entire HGC so that the osmotic pressure can help in providing 199 
nutrition to the cells inside the HGC. 200 
 201 
4. Multi-directional imaging 202 
 203 
4.1. Non-invasive 3D shape recognition by multi-directional observation 204 
 205 
4.1.1. Place the culture dish or well plate containing the HGC on a microscope and orient the HGC 206 
to the camera frame. Then, obtain a sample image by bright field or phase contrast. 207 
 208 
4.1.2. Pick up and rotate the HGC to place a different surface down.  209 

 210 
4.1.3. Repeat steps 4.1.1 and 4.1.2 until images from all six sides are obtained.  211 
 212 
4.2. Immuno-fluorescent imaging by multi-directional observation 213 
 214 
4.2.1. For fixation, apply 4% paraformaldehyde to the sample over the HGC at room temperature 215 
(approximately 20 °C) for 20 min, followed by two rinses of PBS for 10 min each.  216 
 217 
4.2.2. Permeabilize the HGC with PBS containing 0.5% Triton X-100 for 10 min at 4 °C, then wash 218 
3x for 10 min with PBS.  219 
 220 



   

4.2.3. Incubate the HGC with 10% goat serum in IF-buffer (0.2% Triton X-100, 0.1% bovine serum 221 
albumin, and 0.05% Tween-20 in PBS) for 60 min at room temperature for a primary blocking 222 
step.  223 
 224 
4.2.4. For staining of a specific molecule, use the appropriate antibody. To observe the collective 225 
cell geometry, Alexa Fluor 488 Phalloidin can be used to stain actin. 226 
 227 
4.2.5. Place the HGC on a glass bottom dish under a laser or fluorescent microscope and perform 228 
scanning from six sides to obtain the entire sample image. 229 
 230 
REPRESENTATIVE RESULTS: 231 
Normal human bronchial epithelial (NHBE) cells were used to demonstrate the illustrated 232 
methodology and control the initial collective cell geometry to achieve a cylinder shape and a 233 
prism shape, respectively in an ECM environment. The multi-directional imaging results obtained 234 
by phase contrast as well as phalloidin staining of a cylinder shape (Figure 4A,B) and the prism 235 
shape (Figure 4C,D) are presented. The cells are suitably aligned to yield the desired 3D shape in 236 
the ECM environment. Subsequently, the cells were cultured for four days to form a specific 237 
shape and then were analyzed by multi-directional imaging. The large sample size makes it quite 238 
difficult to capture the entire tissue image from one direction; however, the HGC allowed imaging 239 
from up to six sides, revealing the whole tissue shape. Figure 5 shows the immunostaining results 240 
of the bronchial tree developed from the NHBE cells. The NHBE cells were initially controlled to 241 
a cylindrical shape in the HGC. Then, most of the branches were directed perpendicular to the 242 
cylindrical axis. 243 
 244 
FIGURE AND TABLE LEGENDS: 245 
Figure 1: Fabrication process of hybrid gel cube device. (A) The polycarbonate cubic frame is set 246 
on a precooled ice box. (B) Agarose (1.5%) is injected to cover the bottom surface. (C) The cube 247 
is slid to be collected. (D) The cube is rotated to make another surface down. (E) Agarose (1.5%) 248 
is injected to form another agarose wall. (F) After an agarose wall is produced for three faces, 249 
agarose is injected through an open face. Scale bar: 5 mm. 250 
 251 
Figure 2: Fabrication process of micromolds. (A) Fabrication process of a micromold by 252 
photolithography. (B) Complete form of a fabricated prism shape micromold by 253 
photolithography. (C) Fabricated micromold with cylinder steel. Scale bar: (B) 2 mm, (C) 10 mm. 254 
 255 
Figure 3: Fabrication process of initial cell cluster control. (A) ECM (e.g., collagen and Matrigel) 256 
is injected into the HGC. (B) The micromold is set on the cubic frame with or without a holder. 257 
(C) After the ECM is cured, the micromold is removed. (D) After centrifuging, highly dense cells 258 
are injected and incubated. (E) Medium is applied. (F) Additional ECM followed by agarose are 259 
injected to cover the top surface of the HGC. Scale bar: 5 mm. 260 
 261 
Figure 4: Results of initial cell control with NHBE cells. (A) Phase-contrast images of the 262 
cylindrically controlled NHBE cells taken for the bottom and lateral surface. The entire shape 263 
could be recognized by multi-directional observation without requiring fluorescent imaging. (B) 264 



   

Fluorescence images of the cylindrically controlled NHBE cells staining F-actin. (C) Phase-contrast 265 
images of the NHBE cells controlled in a triangular prism shape captured from the bottom and 266 
lateral surfaces. (D) Fluorescence images of the NHBE cells controlled in a triangular prism shape. 267 
Scale bar: 100 µm. 10x magnification lens (0.3 numerical aperture) was used. 268 
 269 
Figure 5: Projected fluorescent images captured by multi-directional scanning. The NHBE cells 270 
were initially controlled to produce a cylindrical shape and cultured in the HGC for 4 days. 271 
Subsequently, actin was stained by phalloidin. The branches were elongated from the initial 272 
cylinder along the x axis, and the length, size, and angle from the axis were equally developed. 273 
Lower right image shows the schematic of the x-y-z axis and the sample shape. Scale bar: 100 274 
µm. A 10x magnification lens (0.3 numerical aperture) was used. 275 
 276 
DISCUSSION:  277 
The method presented in this paper is simple and can be performed without high-technology 278 
equipment. Concurrently, a precise cell cluster shape control result in the 3D space of hydrogel 279 
can be obtained. After the initial control, the cells can grow in the HGC as much as they are 280 
cultured on a dish. The multi-directional imaging is performed by rotating the sample with the 281 
HGC using any microscopy system, and it significantly enhances the imaging quality. The choice 282 
of the materials for the HGC frame and micromold is flexible as long as they are biocompatible. 283 
A 3D printer may be used to produce the HGC frame or micromold if the accuracy of the 3D 284 
printer is sufficient for their applications. The proposed method is compatible with many image 285 
enhancing technologies such as transparency reagents20,21 and light-sheet microscopy systems. 286 
By employing these technologies, the image quality can be improved.  287 
 288 
The volume of the agarose, ECM, and highly dense cells to be injected depends on the HGC and 289 
mold size. A careful manual operation that does not inject air bubbles is required, otherwise the 290 
bubbles formed will deteriorate the accuracy of the control, cell growth, and imaging quality. 291 
 292 
The fabrication process of the micromolds will be determined by the desired shape to control. 293 
Photolithography enables fabrication of precise 2D shapes with a certain depth, such as a prism 294 
shape on the order of micrometers; however, it is not effective with 3D shapes, such as a cylinder. 295 
The machining process allows us to fabricate the 3D shape, but in general, the dimensional 296 
accuracy is lower than photolithography. After the fabrication of the micromolds, coating of the 297 
2-methacryloyloxyethyl phosphorylcholine (MPC) polymer on the molds is required to prevent 298 
adhesion on the ECM.  299 
 300 
By taking advantage of an HGC, microscopic imaging with or without laser exposure can be 301 
performed in multiple directions. A 3D sample shape can be approximately recognized by multi-302 
directional observation without fluorescent labeling; this method does not cause any cell 303 
invasiveness during observation. In contrast, fluorescent imaging is required for obtaining a more 304 
accurate 3D sample shape and molecular expression. 305 
 306 
The constraint of the presented method for initial cell control is that it cannot be applied to a 307 
mold with a complex 3D shape. The mold has to be removed by picking up without deteriorating 308 



   

the ECM. Thus, the mold is limited to a simple straight or tapered shape. To obtain more complex 309 
shape control, further development of the protocol is needed.  310 
 311 
The proposed methodology has broad utility and can be easily conducted in most of the 312 
laboratory environments. This simple procedure can overcome the limitations of 3D culture, 313 
imaging, and repeatability, and contribute to the further development required for 3D culture. 314 
 315 
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Name of Reagent/ Equipment Company Catalog Number Comments/Description

12-well-plate Corning  Inc. 3513

2-Methoxy-1-methylethyl Acetate

FUJIFILM Wako 

Pure Chemical Co. 130-10505 PGMEA, CAS: 108-65-6 

4% paraformaldehyde

FUJIFILM Wako 

Pure Chemical Co. 161-20141 CAS: 30525-89-4
Agarose, low gelling temperature  

BioReagent Sigma-Aldrich A9414

Alexa fluor 488 phalloidin

Thermo Fisher 

Scientific A12379

AZ1512 Merck

BEGM bullet kit Lonza CC-3170 Specialized medium for NHBE cells

Bovine Serum Albumin solution (10 %) Sigma-Aldrich A1595

EGM-2 bullet kit Lonza CC-3162 Specialized medium for endothelial cells

Lipidure NOF co. MPC polymer
Matrigel growth factor reduced 

basement membrane matrix Corning  Inc. 354230

Normal Goat Serum (10%)

Thermo Fisher 

Scientific 50197Z

Normal human bronchial epithelial cells Lonza CC-2541

SILPOT 184 W/C Dow Corning Co. 3255981 Base resin and catalyst for PDMS

SUEX D300

DJ MicroLaminates, 

Inc Thick negative photoresist (thichness: 300 mm)

Triton X-100 (1%)

Thermo Fisher 

Scientific HFH10

Trypsin-EDTA (0.25%)

Thermo Fisher 

Scientific 25200056

TWEEN 20 Sigma-Aldrich P9416
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Initial 3D cell cluster control in a hybrid gel cube device for repeatable pattern formations 

by Masaya Hagiwara, Rina Nobata, Tomohiro Kawahara 

Manuscript: JoVE59214 

 

On behalf of all the authors, I would like to thank the editors for taking the time to carefully review our paper 

and for their insightful comments. The submitted manuscript (JoVE59214) has been revised based on the 

editor’s comments.  

The point-by-point responses are as follows: 

Responses to Editorial comments 

 

1. There are still some spelling and grammatical errors (e.g., “planer” should be “planar”); please proofread further. 

Response 1: Professional editorial service was used to correct all grammatical errors and tracked all changes in the 

document. 

 

2. Please rewrite the protocol in the imperative tense; e.g., “1.1. Prepare a polycarbonate (PC) cubic frame either by a 

machining process or using a 3D printer.” 

Response 2: Corrected. 

 

3. There are still some details that need to be further explained in the Protocol; see comments in the manuscript. 

Response 3: The detailed were added individually to address the comments in the manuscript. 

 

4. Formatted per JoVE guidelines (US letter-sized pages, spaces between each step, all text aligned to the left margin; see 

attached manuscript), the protocol is currently over 3 pages long (~3.5). There is a 2.75 page limit for filmable content; 

please highlight 2.75 pages or less of the Protocol (including headers 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. 

Response 4: The essential steps of the protocol were highlighted in the manuscript and currently the length is less than 

2.5 page. 

 

5. Figure 1: “μL”, not “μl”. Also, it appears that “°C” is of different font from the rest of the Figure; can you correct that? 

Lastly, what is the thickness of the cubic frame? 

Response 5: Corrected 

 

6. Figure 2B: Can you provide schematics for the micromolds seen here? 

Response 6: We do not consider that schematics is required for this micromolds. Besides, those are the examples of 

the mold. 

 

7. Figure 3A: There appears to already be a micromold in the frame, in contrast to the protocol and legend which indicates 
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it is added later. 

Response 7: Corrected. 

 

8. Figure 3E: “Apply medium with lower than top surface” is unclear; perhaps “Add medium to a level lower that that of 

the top surface” or similar.’ 

Response 8: Corrected. 

 

9. Figure 4/5: Please explain the cameras/lenses in the Legends. 

Response 9: The objective lens information was added in the Legends. 

 

10. Figure 5: What is the image in the lower right-a 3d reconstruction of what is seen in the other panels, or just a schematic? 

Also, what are the scale bars? 

Response 10: It is just schematic which reviewer requested previously. The explanation and scale bar was added in the 

legend. 

 

11. Please ensure that all items used in the protocol are in the Table of Materials.  

Response 11: Done. 

 


