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Graphical abstract 30 

 31 

We have developed an automated cell-isolation system based on fluorescence image analysis of cell aggregates cultured 32 

in a photodegradable hydrogel. Target cell aggregates selected by phase contrast and fluorescence image analysis were 33 

automatically collected through exposure to micropatterned ultraviolet light and transfer by robotic pipetting. 34 

 35 

 36 

Abstract 37 

We report an automated cell-isolation system based on fluorescence image analysis of cell aggregates cultured in 38 

a photodegradable hydrogel. The system incorporates cell culture in a humidified atmosphere with controlled CO2 39 

concentration and temperature, image acquisition and analysis, micropatterned light exposure, and cell collection by 40 

pipetting. Cell aggregates were cultured on hydrogels, and target cells were selected by phase contrast and fluorescence 41 

image analysis. After degradation of the hydrogel by exposure to micropatterned ultraviolet light, cell aggregates were 42 

transferred to a collection vessel by robotic pipetting. We assessed the system for hydrogel degradation, recovery of target 43 

cells, and contamination by off-target cells. We demonstrated two practical applications of our method: (i) in cell 44 

aggregates from MCF-7-RFP strains in which 18.8% of cells produced red fluorescent protein (RFP), we successfully 45 

obtained 14 proliferative fluorescence-positive cell aggregates from 31 wells, and all of the isolated strains produced a 46 

higher proportion of RFP than the original populations; (ii) after fluorescent immunostaining of human epidermal growth 47 

factor receptor 2 (HER2) in cancer cells, we successfully isolated HER2-positive cells from a mixed population of HER2-48 

positive and -negative cells, and gene sequence analysis confirmed that the isolated cells mainly contained the target cells. 49 

 50 

Keywords: automated cell isolation, fluorescence image analysis, photodegradable hydrogel, tumor heterogeneity, 51 
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Introduction 56 

Isolation of specific cells is a basic technique for analyzing heterogeneous cell populations (Dainiak et al., 2007). 57 

Fluorescence-assisted cell sorting (FACS) is a powerful research tool for enrichment and purification of cells suspended 58 

in liquid (Herzenberg et al., 2002; Jayasinghe, 2020). By FACS, specific cells can be identified and sorted in a flow of 59 

aerosol droplets by labeling the cells with fluorescent probes; however, in our experience, the use of aerosol droplets makes 60 

it challenging to isolate viable adhesive cells and to isolate large cell aggregates.  61 

 Recently, tumor heterogeneity is understood to have an important influence on making precise diagnostics and 62 

determining effective treatment for patients (Marusyk et al., 2012; Meacham & Morrison, 2013; Sun & Yu, 2015). For 63 

example, consideration of tumor heterogeneity is important for achieving a reliable drug response assay (Cirkel et al., 64 

2014). Tumor heterogeneity is currently analyzed by multi-region DNA sequencing (Gerlinger et al., 2012) and single-cell 65 

RNA sequencing (Levitin et al., 2018), but, as mentioned above, isolation of tumor cells by FACS while maintaining their 66 

viability is difficult. Therefore, a technique by which tumor cells can be isolated from a heterogeneous population without 67 

compromising their viability would extend our understanding of tumor heterogeneity and help in the effort to realize 68 

personalized cancer treatment (Donovan & Cordon-Cardo, 2014). 69 

We have developed photodegradable gelatin hydrogels that can be degraded by exposure to ultraviolet (UV) light 70 

(Tamura et al., 2015; Yanagawa et al., 2015). We have demonstrated cell manipulation and cell micropatterning by culturing 71 

cells in these photodegradable hydrogels and degrading the hydrogels by localized micropatterned light exposure, and 72 

further, we applied this photodegradable hydrogel to the process of isolating cells on the hydrogel and cells embedded in 73 

the hydrogel by degradation of the local hydrogel (Shibuta et al., 2018; Tamura et al., 2014). We have isolated tumor cells 74 

exhibiting different morphologies in the hydrogel and demonstrated that morphology-based image analysis was useful for 75 

classifying a heterogeneous tumor cell population into subpopulations with different phenotypic behavior (Tamura et al., 76 

2017). We have also developed an automated cell-isolation system by combining the photodegradable hydrogel with 77 

morphology-based image analysis (Shibuta et al., 2018). This automated system is capable of cell culture on the 78 

photodegradable hydrogel, image acquisition, image analysis to classify the cells into specific subpopulations, 79 

micropatterned light exposure to degrade the local hydrogel, and collection of target cells by robotic pipetting.  80 

 In this study, we incorporated fluorescence optics into the automated cell-isolation system to establish an 81 

automated cell-isolation system based on fluorescence image analysis. We developed a fluorescence image analysis 82 

algorithm to estimate fluorescence-positive cells in cell aggregates. We characterized the performance of the automated 83 

cell-isolation system in terms of hydrogel degradation and cell isolation efficiency. We demonstrated that fluorescence 84 
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image analysis could isolate cells that produce high levels of fluorescent proteins. We also demonstrated the isolation of 85 

human epidermal growth factor receptor 2 (HER2)–positive breast cancer cells from a mixture of two breast-cancer cell 86 

lines based on fluorescent immunostaining of HER2. 87 

 88 

Materials and Methods 89 

Automated cell-isolation system based on fluorescence image analysis  90 

Fig. 1a shows the process of cell isolation from a photodegradable hydrogel based on fluorescence image analysis. 91 

First, cells were cultured in the photodegradable gelatin hydrogel, which was formed through bioorthogonal click reaction 92 

between dibenzocyclooctyl-terminated photocleavable tetra-arm polyethylene glycol (DBCO-PC-4armPEG) and 93 

azide-modified gelatin (Tamura et al., 2015). After culturing the cells to form cell aggregates, phase contrast and 94 

fluorescence images of the cultured cells were acquired. The acquired images were analyzed to determine target cells for 95 

isolation and generate a light exposure pattern from the shape of the target cell aggregate. Then, by exposing the target cell 96 

aggregate to micropatterned UV light, the hydrogel around the target cells was degraded. The target cells were collected 97 

by robotic pipetting from the degraded hydrogel.  98 

We incorporated a fluorescence optic system (Fig. 1b) into the automated cell-isolation system that we developed 99 

previously (Shibuta et al., 2018). The fluorescence optic system for use with fluorescein isothiocyanate (FITC) and 100 

rhodamine B isothiocyanate (RITC) was composed of a xenon light source (LA-410UV-3, Hayashi-Repic Co., Ltd., Tokyo 101 

Japan), dichroic mirror (Nikon Engineering, Tokyo, Japan), excitation filters (ET490/20x and ET572/35x, Chroma 102 

Technology Corp, Bellows Falls, VT, USA), emission filters (ET535/50m and ET632/60m, Chroma Technology), and a 103 

×4 objective lens (CFI Plan Fluor DL4×, numerical aperture: 0.13, Nikon, Tokyo, Japan). The phase contrast optic system 104 

was composed of a transmitting light source, a half mirror, and the objective lens. Phase contrast and fluorescence images 105 

with 1044 × 835 (effective pixels) pixel resolution were acquired by a digital complementary metal oxide semiconductor 106 

camera (ORCA-Flash 4.0, Hamamatsu Photonics, Hamamatsu, Japan). Micropatterned UV light was generated using a 107 

digital mirror device from a UV light source, as described in our previous study (Shibuta et al., 2018).  108 

The schematic in Fig. 1c shows the image analysis procedure. The acquired phase contrast and fluorescence 109 

images were analyzed to obtain the coordinates for “object area” (Aobject) and “fluorescence area” (Afl) of each cell 110 

aggregate by using MorphIQ software ver. 3.10 (Ditect Co., Ltd., Tokyo, Japan). The coordinates and Aobject were obtained 111 

from the phase contrast image through a process of background adjustment, binarization, shape adjustment, and 112 

measurement, as described in our previous study (Shibuta et al., 2018). The Afl, which indicates the area where fluorescent 113 
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intensity was higher than an arbitrarily determined threshold, was obtained from the fluorescence image through a process 114 

of background adjustment, binarization, shape adjustment, and measurement by using MorphIQ software. “Fluorescence 115 

positive rate (Rfl)” of each cell aggregate was calculated by dividing Afl by Aobject. A light exposure pattern for each cell 116 

aggregate was generated by expanding the Aobject by 40 pixels in the x- and y-directions, corresponding to 65 m in the 117 

image of the exposed sample surface. After image analysis, the target cell aggregate was identified based on the Rfl for 118 

isolation, exposed to micropatterned light, and collected by robotic pipetting to a 48-well plate. The steps of the cell 119 

isolation process—cell culture, image acquisition and analysis, micropatterned light exposure, and cell collection—were 120 

carried out automatically by using predetermined operation parameters (Tables S1 to S3).  121 

 122 

Cell culture 123 

Human breast adenocarcinoma cell line MCF-7 and human breast carcinoma cell line MDA-MB-453 were 124 

obtained from Riken cell bank (Riken Bioresource Research Center, Tsukuba, Japan). The cells were cultured in 125 

Dulbecco’s modified Eagle medium/nutrient mixture F-12 containing 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic 126 

acid (Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (FBS, Cytiva, Marlborough, MA, USA) 127 

and 1% penicillin-streptomycin (Thermo Fisher Scientific). 128 

 129 

Establishment of MCF-7 cells that express fluorescent protein 130 

 A mammalian expression vector encoding red fluorescent protein (RFP), pTurboRFP-C vector, was obtained from 131 

Evrogen (Moscow, Russia). MCF-7 cells were transfected with pTurboRFP-C vector by using Lipofectamine 3000 132 

(Thermo Fisher Scientific); the MCF-7 cells were incubated with DNA-lipid complex at 37°C for 24 h in a CO2 incubator 133 

and then the transfected cells were passaged. After incubation for 72 h, the transfected cells were cultured in the culture 134 

medium containing G418 sulfate for a week (Thermo Fisher Scientific). The proportion of RFP-producing cells in the 135 

established RFP-expressing MCF-7 (MCF-7-RFP) strain was analyzed by FACS (FACS Aria III, Becton, Dickinson and 136 

Company, Franklin Lakes, NJ, USA). The cells that exhibited a signal in the PE-A channel higher than a designated 137 

threshold were counted as RFP-producing cells. The threshold was determined as that which covered 97.5% of the 138 

population of MCF-7 cells without transfection, which were used as a negative control strain. The proportion of RFP-139 

producing cells in the established MCF-7-RFP strain was 18.8%. 140 

 141 
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Preparation of photodegradable hydrogel 142 

DBCO-PC-4armPEG was synthesized as described in a previous study (Tamura et al., 2015). Azide-modified 143 

gelatin was also synthesized by the protocol for synthesizing “Azide gelatin (25)” written in the previous study (Tamura 144 

et al., 2015). The modification rate of the synthesized azide-modified gelatin, which was determined by fluorescamine 145 

assay (Tamura et al., 2015), was 45.4% and 46.9% in the two synthetic lots used in this study. 146 

We used a culture device with a 4 × 8 array of culture wells to prepare photodegradable hydrogels of a determined 147 

thickness (Fig. S1a). The culture device was composed of a polycarbonate through-hole plate, a polydimethylsiloxane well 148 

plate, and an aluminum holder (Fig. S1b). Each well in the well plate had inner and outer wells: an outer well of 8 mm 149 

diameter and 0.7 mm depth and an inner well of 6 mm diameter and 0.35 mm depth.  150 

Cell suspension in the culture media was prepared at the concentration of 6.0 × 104 cells/mL and kept at 37°C. 151 

The azide-modified gelatin was dissolved in the culture media at a concentration of 37.5 mg/mL and kept at 37°C. The 152 

DBCO-PC-4armPEG was dissolved in the culture media at a concentration of 24.2 mg/mL and kept at 4°C in the dark. 153 

The cell suspension, azide-modified gelatin solution, and DBCO-PC-4armPEG solution were mixed at 2:1:1 volume ratio, 154 

and 10 µL of the mixture was added to the inner well of the culture wells in the culture plate within 2 min, resulting in 300 155 

cells on average being embedded in the photodegradable hydrogel in each well. After keeping the culture plate in a 156 

humidified atmosphere in the dark for 5 min, the culture plate was turned upside down for 35 min to allow cells to settle 157 

at the surface of the mixture while the click reaction between DBCO-PC-4armPEG and azide-modified gelatin ran its 158 

course to make the photodegradable hydrogel. The culture plate with photodegradable hydrogel was assembled with the 159 

through-hole plate and holder, and then 500 µL culture media was added to each well. The culture device was incubated 160 

in a humidified atmosphere containing 5% of CO2 at 37°C for 7 days. For the cell isolation and hydrogel degradation steps 161 

of the experiment, the culture device with the photodegradable hydrogels was transferred to the culture chamber in the 162 

automated cell-isolation system, where the environment was kept at a humidified atmosphere containing 5% of CO2 at 163 

37°C (Fig. S1c). 164 

 165 

Examination of photo-induced degradation of the photodegradable hydrogels 166 

 Fluorescent nanoparticle suspension (Dyed Red Aqueous Fluorescent Particles, mean diameter 23 nm, Thermo 167 

Fisher Scientific) was diluted in the culture medium at a concentration of 20.8% v/v. We embedded the fluorescent 168 

nanoparticles in the photodegradable hydrogel by mixing the diluted nanoparticle suspension, azide-modified gelatin 169 

solution, and DBCO-PC-4armPEG solution at 2:1:1 volume ratio. An RITC fluorescence image was acquired before 170 
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exposure to UV light, then the hydrogel was exposed to UV light with 50-, 100-, 200-, or 400-µm square patterns for 15, 171 

30, 60, or 120 s. After keeping the hydrogel in the humidified atmosphere at 37°C for 60 min, the pipetting procedure for 172 

cell collection was executed by the automated cell-isolation system, and a fluorescence image was acquired. Background 173 

fluorescence images were acquired of a culture device containing culture media without hydrogel before and after exposure 174 

to UV light. To take into account any fluctuations in fluorescence intensity caused by leaching of fluorescent nanoparticles, 175 

fluorescence images of a reference hydrogel sample with fluorescent nanoparticles were acquired without UV light 176 

exposure before and after the hydrogel degradation experiment. 177 

The degradation depth and resolution were investigated by analyzing the acquired fluorescence images using 178 

ImageJ, ver. 1.53c (National Institutes of Health; http://rsb.info.nih.gov/nih-image/). The analyzed area was determined 179 

at a length of 1 mm containing the exposed area (x-direction) and a width of half the size of the square light pattern in the 180 

exposed area (y-direction) (Fig. S2). As an indicator of hydrogel degradation, relative fluorescence intensity (Ir, x) of each 181 

x-coordinate was calculated by the following equation: 182 

 183 

𝐼r,x =
(𝐹sample,after,x − 𝐹back,after,x)

(𝐹sample,before,x − 𝐹back,before,x)

(𝐹ref,before,x − 𝐹back,before,x)

(𝐹ref,after,x − 𝐹back,after,x)
    (1), 184 

 185 

where Fsample, after, x and Fsample, before, x are the fluorescence intensity of the hydrogel sample after and before degradation at 186 

each x-coordinate, Fback, after, x and Fback, before, x are the fluorescence intensity of the background sample after and before 187 

degradation at each x-coordinate, and Fref, after, x and Fref, before, x are the fluorescence intensity of the reference hydrogel 188 

sample after and before the degradation experiment at each x-coordinate.  189 

 190 

Examination of cell-isolation efficiency at different exposure times 191 

MCF-7-RFP cells were embedded in the photodegradable hydrogel as described above. After culture in the 192 

hydrogel for 7 days, phase contrast and RITC fluorescence images were acquired of the whole well area. The image 193 

analysis determined cell aggregate with the highest Rfl in each well. After the image analysis, we manually tried to exclude 194 

cell aggregates that had overlapping exposure patterns with other cells using a microscope. The target cell aggregates were 195 

exposed to UV light for 15, 30, 60, or 120 s. After incubation in a humidified atmosphere containing 5% CO2 at 37°C for 196 

60 min, the target cells were collected to a 48-well plate by robotic pipetting. The cell isolation experiment was carried out 197 

in triplicate with 8 wells for each exposure condition. We evaluated the collection yield of target cell aggregates and the 198 

contamination rate by off-target cell aggregates from the phase contrast images before and after the cell isolation process. 199 
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 200 

Isolation of cell aggregates that produce high levels of fluorescent protein by the automated cell-isolation 201 

system 202 

The MCF-7-RFP cells were embedded in the photodegradable hydrogel and cultured for 7 days as described above. 203 

Phase contrast and RITC fluorescence images were acquired at four positions around the center of each well. The cell 204 

aggregates with Rfl higher than 0.5 were categorized as fluorescence-positive cell aggregates. Then, a target cell aggregate 205 

with highest Rfl except for the cell aggregates that had overlapping exposure patterns with other cells was selected in each 206 

well through fluorescence image analysis. The target cell aggregates were isolated using the automated cell-isolation 207 

system as described above with exposure to UV light for 120 s. The isolated cell aggregates were cultured in a 48-well 208 

plate for further analysis. 209 

 As a comparison, the MCF-7-RFP cells were cloned by the limited dilution method, with the MCF-7-RFP cells 210 

inoculated in a 96-well plate at an average concentration of 0.7 cell/well. The MCF-7-RFP cells isolated by the automated 211 

cell-isolation system and those cloned by limited dilution were expanded to 6-well plates within 31 days of culture after 212 

hydrogel embedding and limited dilution. The expanded cells were suspended in ice-cold phosphate buffered saline without 213 

calcium and magnesium (PBS(-)) containing 2% FBS at a concentration of 1.0 × 106 cells/mL, and then the  proportion of 214 

RFP-producing MCF-7 cells was analyzed by FACS AriaIII (BD Biosciences, Franklin lakes, NJ, USA). 215 

 216 

Isolation of HER2-positive MDA-MB-453 cells from a mixed population by immunostaining in the hydrogel 217 

HER2-positive MDA-MB-453 cells and HER2-negative MCF-7 cells were mixed at ratios of 1:9 and 1:1 in the 218 

culture media at a total cell concentration of 6.0 × 104 cells/mL. Each mixture of cells was embedded in the 219 

photodegradable hydrogel as described above. We also embedded unmixed MDA-MB-453 and MCF-7 cells in the 220 

hydrogel for comparison. After culture for 7 days, the hydrogels were immersed in 500 L of washing buffer, PBS(-) 221 

containing 0.5% bovine serum albumin (Merck, Kenilworth, NJ, USA) and incubated at 37°C for 10 min. Human 222 

ErbB2/Her2 Alexa Fluor 488-conjugated antibody (R&D Systems, Minneapolis, MN, USA) was diluted at the ratio of 223 

1:50 in washing buffer containing 20 g/mL normal human IgG (Fujifilm Wako Pure Chemical Corporation, Osaka, 224 

Japan). The washing buffer on the hydrogel was replaced with 100 L of antibody solution, and the hydrogels were 225 

incubated at 37°C for 90 min. Then, the hydrogels were immersed in 500 L of washing buffer and incubated at 37°C for 226 

10 min. The washing buffer on the hydrogel was replaced with 500 L of culture media. 227 
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Phase contrast and FITC fluorescence images were acquired at four positions around the center of each well. The 228 

threshold of Rfl to categorize fluorescence-positive cell aggregates was determined by the mean plus three standard 229 

deviations of Rfl in MCF-7 cells. The cell aggregates with Rfl higher than the threshold were categorized as fluorescence-230 

positive cell aggregates. The target cell aggregates were selected and isolated using the automated cell-isolation system as 231 

described above with a UV light exposure time of 120 s. The isolated cell aggregates were cultured in a 48-well plate for 232 

expansion until cell density reached 1000 cells/well. The DNA of the expanded cells was extracted for gene sequencing as 233 

described below. 234 

 235 

Gene sequencing 236 

 Reported gene mutations in MCF-7 and MDA-MB-453 cells are shown in Table 1. We prepared mixtures of 237 

MDA-MB-453 cells and MCF-7 cells at ratios of 1:9 and 1:1. The DNA of the original cell lines (MDA-MB-453 and 238 

MCF-7), of the mixed cell populations of two cells at the ratio described above, and isolated cell aggregates using 239 

the automated cell-isolation system were extracted using Isogenome reagent (Nippon Gene Co., Ltd.). As for the 240 

DNA of isolated cell aggregates taken by the automated cell-isolation system, extracted DNA quantity was extremely 241 

small, so the DNA was purified and concentrated with a silica DNA binding column (EconoSpin, Ajinomoto Bio-242 

Pharma Services). DNA fragments containing the relevant regions shown in Table 1 were amplified using the primers 243 

shown in Table 2, and the sequences of fragments were deciphered with sequencing primers shown in Table 2, by 244 

the Sanger sequencing method using Applied Biosystems 3730xl DNA analyzer (Thermo Fisher Scientific). 245 

 246 

Results 247 

Photo-induced degradation of the photodegradable hydrogel 248 

 We investigated photo-induced degradation of photodegradable hydrogel containing fluorescent nanoparticles 249 

(Fig. 2). Representative fluorescence images of photo-induced degradation of hydrogels containing fluorescent 250 

nanoparticles are shown in Fig. S2. The fluorescence in the exposed area decreased after the fluorescent nanoparticle was 251 

removed by degradation of the hydrogel and pipetting. We investigated how four different exposure times from 15 to 120 252 

s affected hydrogel degradation by exposure to UV light with a 200-m square pattern (Fig. 2a). Exposure to the UV light 253 

longer than 30 s degraded most of the hydrogel, as indicated by the decreased fluorescence in the exposed area. Exposure 254 

to UV light longer than 60 s did not induce any further change in the fluorescence intensity. Fig. 2b shows the changes in 255 
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degradation of the hydrogel when different sizes of exposure pattern from 50 to 400 m were used. Exposure patterns 256 

smaller than 100 m did not release most of the fluorescent particles from the hydrogel in the exposed area, probably due 257 

to the limitations involved in focusing the image of a small pattern. We observed that fluorescence intensity decreased to 258 

lower than 0.2 in the exposed area when using the 200- and 400-m square patterns (at 60 s exposure) and when exposure 259 

was longer than 60 s (with a 200-m square pattern). Based on these results, we considered that exposure with patterns 260 

larger than 200 m and for times longer than 60 s was preferable for degradation of hydrogel in the cell isolation process.  261 

 262 

Efficiency of isolating cell aggregates using the automated cell-isolation system 263 

 We examined the efficiency of the cell isolation process in removing the target from the hydrogel after exposure 264 

to UV light and pipetting and in avoiding contamination by off-target cell aggregates (Figs. 3 and S3). Fig. 3 shows 265 

representative images of successful and unsuccessful removals of the target cell aggregate and when an off-target cell 266 

aggregate was removed in the cell isolation process after hydrogels had been exposed to UV light for 60 s. When a cell 267 

aggregate was successfully removed, only the target cell aggregate was released from the hydrogel (Fig. 3a, Fig. S3a shows 268 

whole-well image). When removal of the target cell aggregate failed, the target cell aggregate remained in the hydrogel 269 

after the isolation process (Fig. 3b, Fig. S3b shows whole-well image). When removal of the target cell aggregate was 270 

contaminated by an off-target cell aggregate, the off-target cell aggregate as well as the target cell aggregate were removed 271 

from the hydrogel after the isolation process (Fig. 3c, Fig. S3c shows whole-well image). 272 

 We investigated the effect of exposure time on the yield of removed target cell aggregates and the rate of 273 

contamination by off-target cell aggregates (Fig. 3d). The yield of target cell aggregates that were successfully removed 274 

increased as the exposure time increased and reached 100% at 120 s. As for contamination by off-target cell aggregates, 275 

12.5% of the cells removed after 60 s exposure included off-target cell aggregates, but there were no contaminated 276 

removals at other exposure times. Considering this result and the total processing time for cell isolation from the whole 277 

culture device, we determined the exposure time to UV light for the following experiment should be 120 s. 278 

 279 

Isolation of MCF-7-RFP cells producing high levels of fluorescent protein 280 

 We demonstrated isolation of MCF-7-RFP cell aggregates that produce high levels of fluorescent protein by using 281 

the automated cell-isolation system based on fluorescence image analysis (Fig. 4). Phase contrast and fluorescence images 282 

were analyzed from 31 wells out of 32 in the culture device after one well was excluded because the hydrogel preparation 283 

failed. The four images acquired of each well included 45.9 ± 5.7 (mean ± standard deviation) cell aggregates, of which 284 
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8.0 ± 2.7 were fluorescence-positive. The rate of fluorescence-positive cell aggregates was 17.4%, which was a similar 285 

value to the proportion of RFP-producing cells found by FACS analysis in the original MCF-7-RFP strain (18.8%). 286 

Fluorescence image analysis selected the cell aggregates with the highest Rfl in each of the 31 wells as the target cell 287 

aggregates. The 31 target cell aggregates exhibited 0.998 ± 0.007 (mean ± standard deviation) of Rfl. We tried to isolate 288 

the 31 cell aggregates using the automated cell-isolation system. Overall, we observed removal of target cell aggregates 289 

from 29 wells, removal of off-target cell aggregates from 5 wells out of those 29 wells, and successful transfer of cell 290 

aggregates removed from 17 wells out of 29 wells, including from wells where off-target cell aggregates had been removed. 291 

After the isolation process, we obtained adhesive cells in 17 wells, and proliferative cells in 14 wells. Images taken during 292 

the cell isolation process and of proliferated cells in the representative well A4 are shown in Fig. 4a, and all wells in which 293 

collected cells proliferated are shown in Fig. S4.  294 

 We investigated the proportion of RFP-producing MCF-7-PFP cells in the isolated cells by FACS (Fig. 4b). In 13 295 

out of 14 wells, there was a higher proportion of RFP-producing cells than in the original MCF-7-RFP strain, and in 10 296 

wells more than 90% of cells were RFP-producing cells. This proportion was much higher than that of the original MCF-297 

7-RFP strain (18.8%). 298 

 We also investigated the cloning of RFP-producing MCF-7-PFP cells by limited dilution in a 96-well plate as a 299 

comparison to the automated cell-isolation system (Fig. S5). We obtained 19 proliferative strains in the 96 wells. Eight out 300 

of 19 strains exhibited a higher proportion of RFP-producing cells than the original MCF-7-RFP strain, and two strains 301 

exhibited a proportion of RFP-producing cells higher than 90%. Compared to the result obtained by limited dilution, we 302 

could efficiently obtain strains that produced high levels of RFP in the automated cell-isolation system. 303 

 304 

Isolation of HER2-positive MDA-MB-453 cells from a mixed population by immunostaining in the hydrogel 305 

 To demonstrate immunostaining in the hydrogel, HER2-positive MDA-MB-453 cells and HER2-negative MCF-306 

7 cells were embedded in the hydrogel in the culture device and cultured for 7 days. After immunostaining, image 307 

acquisition, and fluorescence image analysis, 64.5 ± 5.7 (mean ± standard deviation, N = 4) and 37.5 ± 3.6 (mean ± standard 308 

deviation, N = 4) cell aggregates of MDA-MB-453 and MCF-7 cells were detected in the analyzed wells, respectively. The 309 

detected MDA-MB-453 and MCF-7 cell aggregates exhibited Rfl of 0.435 ± 0.304 and 0.003 ± 0.026 (mean ± standard 310 

deviation, N = 258 and 150), respectively. We determined the threshold Rfl for distinguishing fluorescence-positive cell 311 

aggregates as 0.08 by the mean plus three standard deviations of Rfl in MCF-7 cells; as a result, 81% of MDA-MB-453 312 

cell aggregates and 0.4% of MCF-7 cell aggregates exhibited higher Rfl than 0.08 and were classified as fluorescence-313 
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positive cell aggregates.  314 

To demonstrate isolation of HER2-positive MDA-MB-453 cells from the mixed population, mixtures of MDA-315 

MB-453 and MCF-7 cells in the ratios of 1:9 and 1:1 were embedded in the hydrogel and cultured for 7 days. After 316 

immunostaining, image acquisition, and fluorescence image analysis, 74.8 ± 13.3 (mean ± standard deviation, N = 4) and 317 

57.0 ± 7.8 (mean ± standard deviation, N = 4) cell aggregates were detected in the 1:9 and 1:1 mixtures of MDA-MB-453 318 

and MCF-7 cells, respectively, and of the cell aggregates detected, 5.7 ± 4.1% (mean ± standard deviation, N = 4) and 29.5 319 

± 12.3 (mean ± standard deviation, N = 4), respectively, were fluorescence positive. Target cell aggregates for isolation 320 

were selected from the wells of the 1:9 and 1:1 mixtures of MDA-MB-453 and MCF-7 cells; the selected target cell 321 

aggregates in the 1:9 and 1:1 mixtures exhibited Rfl of 0.439 ± 0.265 and 0.719 ± 0.091 (mean ± standard deviation, N = 322 

4), respectively. The automated cell-isolation system isolated the target cell aggregates and obtained proliferative cells in 323 

2 out of 4 wells for the 1:9 mixture and in 4 out of 4 wells for the 1:1 mixture (Figs. 5c and S6). We observed that one well 324 

from the 1:1 mixture included the removal of an off-target cell aggregate (Fig. S6e). The isolated cell aggregates were 325 

proliferated in a 48-well plate to reach 1000 cells/well within 13 to 22 days to analyze their DNA sequence. 326 

 To confirm the accuracy of the cell isolation process when targeting HER2-positive cells, we analyzed the DNA 327 

sequence of cancer-associated genes in which mutations are known in MDA-MB-453 and MCF-7 cells (Table 1). All of 328 

the isolated cell aggregates from the 1:9 and 1:1 mixtures exhibited theoretically almost pure profiles of the MDA-MB-329 

453 cell line in the three analyzed genes, and the correct gene sequences were called (Fig. 6), indicating that the isolated 330 

cell aggregates selected by immunostaining of HER2 contained almost pure MDA-MB-453 cells. We also analyzed the 331 

sequences of cancer-associated genes in MDA-MB-453 and MCF-7 cells separately and in model mixtures at the ratios of 332 

1:9 and 1:1. It was difficult to detect the signal of a small population of the MDA-MB-453 cells in the 1:9 mixture of 333 

MDA-MB-453 and MCF-7 cells. This result indicates that the detection sensitivity of gene mutation in specific cells in a 334 

heterogeneous population could be increased by isolating the specific cells after the immunostaining of their surface marker. 335 

 336 

Discussion 337 

 The automated cell-isolation system was capable of isolating fluorescence-positive cell aggregates based on 338 

fluorescence image analysis. We could isolate cell aggregates with limited cell damage, as evidenced by the isolation of 339 

14 proliferative MCF-7-RFP cells from 31 wells (Fig. S4) and 6 proliferative MDA-MB-453 cells from 8 wells (Figs. 5 340 

and S6). The yield of collected proliferative cells, 14/31 and 6/8, was affected by the many steps in the isolation and 341 

proliferation process, which includes hydrogel degradation, transfer of target cell aggregates, cell adhesion, and cell 342 
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proliferation. Hydrogel degradation significantly affects the collection yield. We optimized the hydrogel degradation 343 

condition after experimenting with different exposure pattern sizes (Fig. 2) and exposure times (Figs. 2 and 3). When the 344 

hydrogel was 0.35 mm thick and at the UV wavelength of 365 nm with the numerical aperture of the objective lens at 0.13, 345 

the theoretical focal depth was calculated as 10.8 m. Therefore, degradation of the hydrogel in a small size pattern was 346 

difficult in the developed optical system (Fig. 2). To address this issue, we tried exposing the hydrogel to micropatterned 347 

light at a size large enough that the degraded area fully contained the target object. We generated the exposure pattern by 348 

expanding the object area by 65 m in the x- and y-directions (Fig. 1c) and achieved 100% yield in removing the target 349 

cell aggregates (at the 120-s exposure in Fig. 3d). Transfer of the target cell aggregates also affects the collection yield. We 350 

examined the effects on transfer yield by adjusting the operation parameters for cell collection (Table S3). However, it was 351 

difficult to transfer the bulk of liquid in the culture well to the collection well because suction by the pipette tip close to 352 

the soft hydrogel might have caused unwanted destruction of the hydrogel. Because some medium remained in the well, 353 

it reduced the collection yield for target cell aggregates. In addition, cell adhesion and cell proliferation also affected the 354 

collection yield of proliferative cell aggregates. The cell adhesion and proliferation depended on the property of the cells. 355 

The differences in adhesion and proliferation were possibly the reason for the different collection yield of proliferative 356 

cells, which was 14/31 for MCF-7-RFP cells and 6/8 for MDA-MB-453 cells. 357 

We also isolated cell aggregates with limited contamination by off-target cell aggregates. In the experiment to 358 

examine exposure times, none of the cell aggregates taken from the 24 wells were contaminated (120 s in Fig. 3d); in the 359 

isolation of MCF-7-RFP cells, those taken from 5 out of 31 wells were contaminated; and in the isolation of MDA-MB-360 

453 cells, those taken from 1 out of 8 wells were contaminated. This limited rate of contamination by off-target cell 361 

aggregates was achieved by embedding the cells into a photodegradable hydrogel and locally degrading the hydrogel by 362 

micropatterned light exposure. However, the removed cells became contaminated when the target cell aggregate was 363 

located close to other cells (Figs. S3c and S6e). The issue of contamination can be addressed by modifying the automated 364 

selection algorithm to exclude target cell aggregates close to other cell aggregates. 365 

 We compared isolation of fluorescent protein–producing MCF-7-RFP cells from the original MCF-7-RFP strain 366 

by the automated cell-isolation system with that achieved by using the limited dilution method in a 96-well plate. The 367 

proportion of RFP-producing cells in the original MCF-7-RFP strain was 18.8%, which was difficult to increase by 368 

selection with G418. Using the automated cell-isolation system, we could isolate a proportion of RFP-producing cells 369 

higher than 90% from 31 wells. In contrast, we could isolate a proportion of RFP-producing cells higher than 90% in 2 370 

strains from the 96-well plate. These results indicate that the automated cell-isolation system can efficiently isolate and 371 
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enrich fluorescent protein–producing cells.  372 

We also demonstrated the isolation of cancer cells that express specific surface markers from the heterogeneous 373 

population; we isolated HER2-positive MDA-MB-453 cells from a mixed population of MDA-MB-453 cells and HER2-374 

negative MCF-7 cells (Figs. 5 and S6). After isolating the HER2-positive cell aggregates and subsequent gene sequence 375 

analysis, we confirmed that the isolated cells mainly contained MDA-MB-453 cells and we did not detect a signal related 376 

to MCF-7 cells (Fig. 6). This result indicates that the automated cell-isolation system with immunostaining for cells in 377 

hydrogels successfully isolated pure MDA-MB-453 cells from a mixed cell population. 378 

In terms of the sensitivity of DNA sequence analysis, it was difficult to find the DNA mutation signal from the 379 

MDA-MB-453 cells in the 1:9 mixture of MDA-MB-453 cells and MCF-7 cells (Fig. 6). This signal from the MDA-MB-380 

453 was clearly detected after the HER2-positive cells had been isolated from the mixed population by immunostaining. 381 

The excellent isolation performance was also confirmed by sensitive gene sequence analysis. 382 

As stated in the introduction, tumor heterogeneity has been analyzed by multi-region DNA sequencing (Gerlinger 383 

et al., 2012) and single-cell RNA sequencing (Levitin et al., 2018). Compared to these methods, our method can isolate 384 

viable cells from a heterogeneous population. Therefore, the isolated cells can be used in further studies that require a 385 

living cell response, e.g. a drug response assay. As an example, we have already demonstrated that cells isolated from 386 

heterogeneous breast-cancer cell lines exhibited different drug responses depending on their morphology (Tamura et al., 387 

2017). We hope our method and the automated cell-isolation system will be used to understand tumor heterogeneity and 388 

contribute to personalized cancer treatment in the future. 389 

 390 

Conclusions 391 

In this study, we have developed an automated cell-isolation system incorporating fluorescence image analysis of 392 

cell aggregates cultured in a photodegradable hydrogel. We have investigated the hydrogel degradation conditions to 393 

optimize the collection yield of the target cell aggregate. We have successfully collected a proliferative cell aggregate in 394 

14 out of 31 wells when isolating RFP-producing MCF-7-RFP cells and 6 out of 8 wells when isolating MDA-MB-453 395 

cells from a mixed population with MCF-7 cells. We have demonstrated our automated cell-isolation system was useful 396 

for isolating specific cells that produced high levels of fluorescent protein and cells labeled with fluorescent dye in the 397 

hydrogel. It was possible to detect the gene mutations in MDA-MB-453 cells after isolation from a mixed population of 398 

MDA-MB-453 and MCF-7 cells in the ratio of 1:9, whereas it was difficult to find the signals from MDA-MB-453 cells 399 

when directly analyzing the mixed population. 400 
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Table 1 Oncogenes and anti-oncogenes analyzed in MDA-MB-453 cells and MCF-7 cells  459 

Cell line HER2 Gene Zygosity of mutation Nucleotide alteration 

MDA-MB-453 +a CDH1 LOH (Loss of 

Heterozygosity ~ 

Mutation/Loss） 

c.1913G>Ab, e 

PIK3CA Heterozygous 

(Mutation) 

c.3140A>Gc, e 

MCF-7 −a DNM2 Heterozygous 

(Mutation) 

c.2399C>Td, e 

a Described in a previous study (Kenny et al., 2007 #5011) 460 

b https://www.ncbi.nlm.nih.gov/nuccore/NM_004360.4/ 461 

c https://www.ncbi.nlm.nih.gov/nuccore/NM_006218.3/ 462 

d https://www.ncbi.nlm.nih.gov/nuccore/NM_001005360.2/ 463 

e Information on mutation is available (Klijn et al., 2015) 464 

 465 

 466 

Table 2 Primers used for amplification and sequences deciphered by the Sanger sequencing 467 

Gene Forward primer Reverse primer Sequencing primer 

CDH1 AGGAATCCAAAGCCTCAG

GT 

TTGGGTTGGGTCGTTGTAC

T  

CTCCCAATACATCTCCCT 

PIK3C

A 

ATGATGCTTGGCTCTGGAA

T 

GGTCTTTGCCTGCTGAGAG

T 

GACATTGCATACATTCG 

DNM2 GACCGGTGTCCAGCATACA

C 

GAACTGGCCGAGATGGGA

TC 

GGTCACTGTTGGCAAACA

CG 

 468 

  469 
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Figure legends 470 

 471 

Fig. 1 Process of cell isolation from photodegradable hydrogel based on fluorescence image analysis. (a) Schematic of the 472 

cell isolation procedure. (b) Optical system of fluorescence and phase contrast microscopy, and micropatterned ultra-violet 473 

(UV) light exposure for image acquisition and cell isolation. Fluorescence and phase contrast images were acquired by 474 

complementary metal oxide semiconductor (CMOS) camera-mounted microscope. Micropatterned UV light was generated 475 

using a digital mirror device (DMD) from a UV LED. (c) Image analysis procedure to estimate the fluorescence-positive 476 

rate (Rfl) and to generate an exposure pattern. 477 

 478 
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 479 

Fig. 2 Photo-induced degradation of the photodegradable hydrogel containing fluorescent nanoparticles. (a) Fluorescence 480 

intensity after hydrogel degradation by exposure to UV light with a 200-m square pattern at different exposure times 481 

from 15 to 120 s. Grey shaded area in the range of 400 to 600 m distance indicates the exposed area. (b) Fluorescence 482 

intensity after hydrogel degradation by exposure to UV light with different exposure patterns from 50- to 400-m square 483 

for 120 s.  484 

 485 
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 486 

Fig. 3 Isolation of cell aggregates from the photodegradable hydrogel. Representative phase contrast images, taken before 487 

and after cell aggregates were isolated by exposing hydrogels to UV light for 60 s, show (a) successful and (b) unsuccessful 488 

removal of the target cell aggregate and (c) removal of an off-target cell aggregate. White arrowheads in (a), (b), and (c) 489 

indicate target cell aggregates. Black arrowheads in (c) indicate where an off-target cell aggregate was removed. Scale 490 

bars: 500 m. (d) Effect of exposure time on the removal of target cell aggregates from the photodegradable hydrogels and 491 

on contamination by off-target cell aggregates. Error bars indicate standard deviation of triplicate experiment. 492 

 493 
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 494 

Fig. 4 Isolation of fluorescent protein–producing MCF-7-RFP cell aggregates using the automated cell-isolation system. 495 

(a) Representative images of well A4 in the culture device showing embedded cells after preculture, image analysis, cell 496 

separation, and proliferation culture in the cell isolation process. White arrowheads indicate the target cell aggregate, and 497 

orange-shaded squares in the analyzed image indicates the exposure pattern for the target cell aggregate. Scale bars: 500 498 

m. (b) Proportion of red fluorescent protein (RFP)–producing cells in the isolated and expanded cell aggregate and in the 499 

original MCF-7-RFP strain, as evaluated by fluorescence-activated cell sorting. The red- and blue colored population 500 

indicates the cells exhibiting a signal in the PE-A channel higher and lower than the threshold, respectively. In all wells 501 

shown other than D4, a higher proportion of cells produced RFP than in the original MCF-7-RFP strain. 502 

 503 

 504 
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Fig. 5 Representative images of human epidermal growth factor receptor 2 (HER2)–positive MDA-MB-453 cells isolated 505 

from a mixed population by immunostaining in the photodegradable hydrogel. (a) HER2-positive MDA-MB-453 cells and 506 

(b) HER2-negative MCF-7 cells were stained for anti-HER2 antibody labeled with fluorescent dye in the hydrogel. (c) 507 

MDA-MB-453 cells were separated from the 1:9 mixture of MDA-MB-453 and MCF-7 cells after in-gel immunostaining. 508 

Orange dashed squares surround the target cell aggregate for isolation. Scale bars: 500 m. 509 

 510 

 511 

Fig. 6 Gene sequence analysis of cancer-associated genes in MDA-MB-453 cells isolated using the automated cell-isolation 512 

system and in model cell mixtures of HER2–positive MDA-MB-453 and –negative MCF-7 cells. Read out of the Sanger 513 
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sequences and theoretical peak ratios in the altered nucleotide in the analyzed genes (a) CDH1 (c.1913), (b) PIK3CA 514 

(c.3140), and (c) DNM2 (c.2399). A1 and D1 are the MDA-MB-453 cells isolated from the 1:9 mixture of MDA-MB-453 515 

and MCF7 cells; A2, B2, C2, and D2 are the MDA-MB-453 cells isolated from the 1:1 mixture of MDA-MB-453 and 516 

MCF7 cells. Black arrowheads indicate the altered nucleotide in CDH1 (c.1913) and PIK3CA (c.3140) in MDA-MB-453 517 

and DNM2 (c.2399) in MCF-7. 518 

 519 


