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Cell sorting is an essential and efficient experimental tool for the isolation and characterization of target
cells. A three-dimensional environment is crucial in determining cell behavior and cell fate in biological
analysis. Herein, we have applied photodegradable hydrogels to optical cell separation from a 3D
environment using a computer-controlled light irradiation system. The hydrogel is composed of
photocleavable tetra-arm polyethylene glycol and gelatin, which optimized cytocompatibility to adjust a
composition of crosslinker and gelatin. Local light irradiation could degrade the hydrogel corresponding to
the micropattern image designed on a laptop; minimum resolution of photodegradation was estimated at
20 pm. Light irradiation separated an encapsulated fluorescent microbead without any contamination of
neighbor beads, even at multiple targets. Upon selective separation of target cells in the hydrogels, the
separated cells have grown on another dish, resulting in pure culture. Cell encapsulation, light irradiation
and degradation products exhibited negligible cytotoxicity in overall process.

ell sorting is an essential and an efficient experimental tool for the isolation and characterization of a target

cell populationy; it is widely used in basic cell biology and medical applications. Fluorescence-activated cell

sorting (FACS) and magnetic cell sorting (MACS) have been commonly used to analyze large populations
of suspended cells with biochemical characteristics of cell surface markers'*. Microfabrication technology?,
microfluidic devices**, and optical trapping® allow to manipulate small numbers of floating cells in suspension
and to attach cells onto micropatterned two-dimensional (2D) surfaces. In biological analysis, a three-dimen-
sional (3D) cultural environment is crucial in determining cell behavior and cell fate in tissue morphogenesis,
stem cell differentiation, and cancer progression’, because the 3D culture environment with soluble factors and
extracellular matrix regulates cellular function and phenotype®. Thus, an efficient method to analyze and
separate cellular populations in a 3D culture environment is requisite in biological studies.

Optical techniques are promising approach for cell micropatterning and micromanipulations. Light irra-
diation can control the object locally and instantly in a non-contact manner. For use this, synthetic
photoresponsive materials have achieved cell micropatterning on the 2D surface coated with the modified
arginine-glycine-aspartate cell-adhesive peptide'® ", cell-adhesive proteins'>'®, and 2-methacryloyloxyethyl
phosphorylcholine polymer'®'®. For these cell micropatterning techniques, special equipment such as a photo-
mask and mask aligner is required to irradiate micropatterned light. Such expensive or large pieces of equipment
are not available in general biology laboratories. To address this issue, we developed a computer-controlled light
irradiation system, in which a micropattern projection unit is equipped on a commercially available inverted
microscope, and demonstrated step-wise micropatterning of multiple cells without using a photomask'’.

Photodegradable hydrogels have recently been developed to create 3D microstructures and to control the 3D
microenvironment®**'. Such photodegradable hydrogels have garnered substantial attention from the biomater-
ials and tissue engineering research fields*>. Degradation depth can be controlled by irradiated light energy®**,
meanwhile, complicated 3D micropatterned degradation was demonstrated by two-photon light irradiation®.
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Physical and chemical properties of photodegradable hydrogels are
temporally and spatially controllable by light exposure***. Of note,
photodegradation is compatible with living cells***.

We developed a photoresponsive culture surface with poly(N-iso-
propylacrylamide), which can control cell adhesion by light irra-
diation®. Light irradiation on these photoresponsive materials
induced cleavage or isomerization of the photoresponsive materials,
resulting in control of cell adhesion on the micrometer scale corres-
ponding to the irradiated light pattern. Most recently, we synthesized
a novel class of photocleavable crosslinker, which can form photo-
degradable hydrogels through a two-component mixing reaction
with polymers containing amino moieties (e.g. gelatin) and demon-
strated micropatterned degradation of hydrogels*. We used the
photodegradable hydrogels as a scaffold, the cells can attach on the
hydrogels and the hydrogels were successfully micropatterned®. In
this study, we have applied this photodegradable hydrogel to optical
cell separation from a 3D culture environment using a computer-
controlled light irradiation system. We also optimized the encap-
sulation conditions, such as crosslinking density, and obtained a
harmless condition for encapsulation and obtaining cells without
any cell damage in terms of cell growth.

Results

Formation of photodegradable hydrogels and micropatterned
degradation. Strategies of this study are shown in figure 1. The syn-
thesized N-hydroxysuccinimide (NHS)-terminated photocleavable
tetra-arm PEG (NHS-PC-4armPEG) crosslinker is composed of
tetra-arm PEG with photocleavable o-nitrobenzyl groups and
amine-reactive NHS-activated ester groups (Figure 1A)*. The
photodegradable hydrogels were prepared by performing a cross-
linking reaction between NHS moieties in the NHS-PC-4armPEG
and amino moieties in gelatin, and degraded by light irradiation
(Figure 1B). We encapsulated cells into photodegradable hydrogels
composed of NHS-PC-4armPEG and gelatin, and picked the target
cells by local degradation of the hydrogel induced by micropatterned
light irradiation (Figure 1C).

Micropatterned degradation of the photodegradable hydrogel was
performed using the computer-controlled light irradiation system
for determining the resolution of photo-induced degradation
(Figure 1D). The minimum resolution of degradation was estimated
at 20 pm by the smallest circles formed in the hydrogel (Figure 1D,
right). Degradation of the hydrogel was further proved, after staining
with CBB, by the observation that the hydrogels encapsulated fluor-
escent microbeads (supporting information Figure S1). The CBB-
stained hydrogel, indicated as blue color in the phase-contrast image,
contained fluorescent microbeads, and no microbead was observed
outside the hydrogels, showing complete degradation of the hydrogel
in the irradiated area.

Optical microbeads separation. To evaluate preconditions for cell
separation, we demonstrated optical microbeads separation in the
photodegradable hydrogels. As shown in Figure 2 (supporting infor-
mation Figure S7), the encapsulated microbeads were separated by
micropatterned light irradiation using a computer-controlled light
irradiation system. Upon using a large circular pattern of irradiation,
the microbeads in the irradiated area were completely removed from
the hydrogels (Figure 2A). Single microbeads of about 20 pm size
were picked from the light irradiation area (Figure 2B). The selective
choice of microbeads was performed by irradiating micropatterned
light to the location of the target microbeads (Figure 2C). Multiple
target microbeads (green) were selectively picked away, leaving most
of non-target microbeads (red) intact in the hydrogel. These results
indicated that the resolution met a requirement for cell separation.

Optical cell selection from 3D environment for pure culture. To
establish pure culture from 3D environment, a target cell need to be

separated from several kinds of cells in hydrogel. We demonstrated
optical cell separation from the model co-culture system. For the
easily identification of isolated cells, we targeted RGK-KO cells to
demonstrate selective cell separation from the co-culture (Figure 3A
and supporting information Figure S8). The target cells were
identified by their red fluorescent image, and local light was
irradiated on the target RGK-KO cells by the computer-controlled
light irradiation system (365 nm, 263 mW/cm?, 20 s). The isolated
RGK-KO cells were retrieved from the photodegradable hydrogel
and cultured in another culture dish. The retrieved RGK-KO grew
well and no contamination was observed in the RGM cells in the
collection dish (Figure 3A, right). The cell separation processes
including light irradiation had not caused cell death.

The cytotoxic effect of the cell separation process. For an improve-
ment of cytocompatibility of cell separation process, the cytotoxic
effect of the cell encapsulation process was investigated in various
conditions. We evaluated cell viability in hydrogels composed of
different NHS-PC-4armPEG/gelatin weight ratios and gelatin
concentrations (Figure 3B and Table 1). Cell viability was more
than 70% in the hydrogels composed of 0.43, 0.87, and 1.30 NHS-
PC-4armPEG/gelatin weight ratios and 1.25% (w/v) gelatin, and 0.43
NHS-PC-4armPEG/gelatin weight ratio and 2.5% (w/v) gelatin. Cells
did not survive in the hydrogel with NHS-PC-4armPEG/gelatin
weight ratios greater than 0.43 and 2.5% (w/v) gelatin, and all
NHS-PC-4armPEG/gelatin weight ratio and 5.0% (w/v) gelatin.
For clarifying the cytotoxic effect of NHS-PC-4armPEG, NHS-PC-
4armPEG was added to the cell co-culture medium in the adhesion
culture on the culture dishes (Figure 4). The cell viability after 30 min
incubation in the medium containing 1.0% (w/v) NHS-PC-4arm-
PEG was 48.6%.

We also investigated the potential cytotoxic effect induced by the
degradation products of the photodegradable hydrogel. The
retrieved photodegradation products of the hydrogel were added to
the co-culture medium in the adhesion culture on the culture dishes
(Figure 5). The degradation products exhibited a cytotoxic effect in a
concentration-dependent manner at concentrations greater than
0.3% (v/v). Finally, we examined that potential cytotoxic effects
induced by light irradiation (Figure 6). Light irradiation at less than
42 J/cm? did not cause cytotoxicity.

Discussion

Our strategy to separate the target cells in photodegradable cells
includes; (1) encapsulation of cells in photodegradable hydrogels
and (2) cell separation by light irradiation (Figure 1C). In this study,
we have performed these processes with low cytotoxicity.

In the cell encapsulation process, cell viability decreased with
increasing concentrations of NHS-PC-4armPEG (Figure 3B). The
photodegradable hydrogels that exhibited cell viability greater than
70% (Figure 3B) contained up to 1.63% (w/v) of NHS-PC-4armPEG
(Table 1). The increase in cell viability was indicated in the hydrogel
rather than in the solution, although both systems contained a sim-
ilar amount of NHS-PC-4armPEG. According to these results, the
hydrogel with a composition of 0.43 NHS-PC-4armPEG/gelatin
weight ratio of 1.25% (w/v) gelatin was found to be appropriate for
cell selection studies. These results indicate that cytotoxicity caused
by NHS moieties can be reduced by gelatin, which contains many
amino moieties that may react with NHS moieties, while the cell
viability in photodegradable hydrogels decreased even with an
increasing concentration of NHS-PC-4armPEG. Although we found
cell encapsulation condition to maintain as high cell viability as 70%,
it should be difficult to completely avoid the toxic effect of the NHS
moiety in the strategy presented in this study. The previous study
reported the cupper-free click reaction®, which could resolve the
problem of the NHS moiety.
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Figure 1| Optical cell selection in photodegradable hydrogels. (A) Crosslinking and photocleavage reactions of N-hydroxysuccinimide (NHS)-
terminated photocleavable tetra-arm polyethylene glycol (NHS-PC-4armPEG). (B) Formation and photo-induced degradation of the photodegradable
hydrogels. (C) Cell encapsulation in photodegradable hydrogel and optical cell selection. (D) Micropatterned degradation of the photodegradable
hydrogel. Scale bar: 250 pm.

SCIENTIFIC REPORTS | 4: 4793 | DOI: 10.1038/srep04793 3



Before
Light irradiation

After incubation
for 30 min at 37°C

Light irradiation

(A)

»

(B)

©)

Figure 2 | Optical microbeads selection in the photodegradable
hydrogels. Selective picking of microbeads was demonstrated by light
irradiation on (A) a large circle area, (B) a single microbead, and (C)
multiple microbeads. Scale bars: 250 pm.

Cancer cells exhibit different properties compared to normal cells.
For example, RGM cannot invade into matrigel, however, RGK cells
can”. This difference can be used to distinguish cancer cells from
normal cells in the hydrogels composed of the biomimetic material
capable of reproducing this property. The hydrogel with a composi-
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Figure 3 | Optical cell selection in photodegradable hydrogels. (A)
Selective cell separating from co-culture and cultivation of the isolated
cells. The isolated RGK-KO cells were cultured on another dish for 2 weeks.
Scale bars: 100 pm. (B) Cell viability test by LIVE DEAD assay. Statistically
significant differences are denoted as *p < 0.05 and **p < 0.01 (n = 4).
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Figure 4 | Cytotoxicity of NHS-PC-4armPEG in adhesion culture
evaluated by WST assay. RGK and RGM cells were inoculated in a 96-well
plate at the total cell density of 1 X 10* cells/well [mixing ratio of RGK and
RGM was 1:1 (n/n)]. After adhesion culture for 24 h, NHS-PC-4armPEG
was added to the medium and the cells were incubated at 37°C for 30 min.
Cell viability was calculated relative to the untreated cells. Error bars
indicate standard deviation (n = 6).

tion of 0.43 NHS-PC-4armPEG/gelatin weight ratio and 1.25% (w/v)
gelatin showed this property; RGM could not invade within the
hydrogel after incubation for 96 h, however RGK could (supporting
information Figure S2). Of course, both of the cells were alive in the
hydrogel after 96 h (supporting information Figure S3). These
results indicate that the hydrogels mimic the condition of matrigel
in cellular invasion.

In the cell separation process, exposure of the degradation pro-
ducts and light irradiation were considered to be the cause of
cytotoxicity. In fact, degradation products induced a completely
cell death at the concentration range higher than 1.2% (v/v) of
degradation products (Figure 5). However, we believe that the
cytotoxic effect induced by degradation products does not cause
any problem during optical cell picking process because the
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Figure 5 | Cytotoxicity of the degradation products of photodegradable
hydrogel evaluated by the WST assay. The degradation products were
generated from 30 pL of the photodegradable hydrogels composed of
1.09% (w/v) NHS-PC-4armPEG and 2.5% (w/v) gelatin (0.43 weight ratio
of NHS-PC-4armPEG/gelatin). Cell viability was determined by the WST
assay after incubation with the degradation products for 12 h. Error bars
indicate standard deviation (n = 5).
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Figure 6 | Cytotoxicity of light irradiation evaluated by LIVE DEAD
assay. The cell viability was determined by LIVE DEAD assay following
light irradiation (365 nm, 29.9 mW/cm?, 20 s). The number of counted
cells for each data point was more than 100. Error bars indicate standard
deviation (n = 3).

volume of the degraded hydrogel was little. The actual volume of
the degraded hydrogel was estimated to be between 7.85 pL to
20 nL for the degradation of hydrogels with 20 pm to 1 mm
diameters and 25-pm thickness. This volume was less than
0.001% of the medium in the culture dish. From these considera-
tions, we concluded that the cytotoxic effect induced by degrada-
tion products could be negligible in our separation condition. We
also investigated potential cytotoxic effects induced by light irra-
diation (Figure 6). We did not observe any effect on the cell
viability of RGK and RGM by light irradiation by 8-times stronger
exposure (42 J/cm?®) than that we used in the optical cell picking
process (5.2 J/cm?). It is reported that a high dose of UV light
irradiation (more than 500 J/cm®) induced DNA damage in cells
and inhibited cell growth®®, whereas the UV sensitivity depends on
the cell line type®. Further investigation on the effect of light
irradiation is necessary for the specific application of optical cell
picking; for example, a colony-forming assay can be performed to
determine DNA damages. Despite the potential cytotoxic effect
induced by degradation products and light irradiation, the opti-
mized conditions demonstrated in Figure 3A did not induce
severe cell damage by NHS-PC-4armPEG, degradation products,
or light irradiation, as evidenced in Figures 3B and Figure 4,
Figure 5, and Figure 6, respectively.

Cell separation and sorting are essential steps in cell biology
research to reduce heterogeneity in studies on cell samples such as
stem cells, circulating tumor cells, and cancer stem cells. Living cells
exhibit their function in a 3D environment. In hydrogels, cells
respond to chemical composition as well as to the stiffness of hydro-
gels, and these parameters then affect cell viability and pheno-
types®**. Therefore, tuning the physicochemical properties of the
hydrogel is important for versatile application of optical cell selec-
tion. The crosslinker used in this study can form photodegradable
hydrogels through a reaction with a variety of polymers containing
amino moieties®®. The chemical composition and stiffness of the
hydrogels can also be controlled by changing the composition of
the crosslinker and polymers. For practical application of our optical
cell separation to a specific cell type, further optimization is necessary
to determine the appropriate chemical composition and stiffness of
hydrogels in order to allow encapsulated cells exhibiting preferable
function and phenotype in a 3D culture environment with maintain-
ing the ability of photodegradation.

Methods

Materials. N-hydroxysuccinimide (NHS)-terminated photocleavable tetra-arm PEG
(NHS-PC-4armPEG) crosslinker, which is composed of 4-arm PEG with
photocleavable o-nitrobenzyl groups and amine-reactive NHS-activated ester groups,
was synthesized according to previously described method (Supporting information
Figure $4)**. 3-(1-Piperazino)-propyl-functionalized silica gel was washed with
dimethyl sulfoxide (DMSO) before use. 4-[4-[1-(Fmoc)ethyl]-2-methoxy-5-
nitrophenoxy]butanoic acid (2.7 g; Advanced Chemtech, Louisville, KY, USA) was
added to 3-(1-piperazino)propyl functionalized silica gels in DMSO (66 g/130 mL)
for 24 h. After the insoluble silica gel was removed by filtration, the volume of the
resulting unprotected amino compound in DMSO was decreased to about 130 mL by
reduced-pressure distillation. Purified reactants were added to pentaerythritol tetra
succinimidyl carboxypentyl polyoxyethylene (9.6 g; NOF Co., Tokyo, Japan)
solutions in tetrahydrofuran (THF), and then stirred at room temperature for about
24 h. To the THEF solution of the carboxylic acid compound, N-hydroxysuccinimide
(NHS, Tokyo Chemical Ind. Co., Tokyo, Japan) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC, Tokyo Chemical Ind. Co.)
were added, and the mixture was stirred for about 24 h, followed by purifications by
ether precipitation, drop-wise addition into ether at 0°C, and collection by filtration.
After two more precipitations by ether, the precipitate was purified with Shephadex
LH-20 in methanol. The solvents were replaced to dichloromethane and the
dichloromethanephase was washed by mixing 5% hydrochloric acid solution and
brine. The phase was dried over magnesium sulfate anhydride, filtered, and
concentrated. After three further purifications by ether precipitation, 9.8 g of NHS-
PC-4armPEG was obtained (Supporting information Figure S5). Gelatin (Sigma-
Aldrich Co. LLC,, St. Louis, MO), Quick-CBB PLUS (Wako Pure Chemical Ind.,
Ltd.), fluorescent microbeads (green fluorescent microbead, 10 um, Duke Scientific
Co., Palo Alto, CA; red fluorescent microbead, 3 um, Duke Scientific Co.), LIVE
DEAD reagent (Life technologies) and WST reagent (Dojindo, Kumamoto, Japan)
were purchased and used without further purification.

Cell culture. RGK* and RGM* were established in our previous studies. RGK and
RGM were cultured in Dulbecco’s modified eagle’s medium nutrient mixture F-12
HAM (Life technologies, Carlsbad, CA) and DMEM/F12 (Life technologies),
respectively, in a 5% CO2 humidified atmosphere at 37°C. This medium contained
10% inactivated fetal bovine serum (FBS, Life technologies), 1% penicillin/
streptomycin, and 0.2 mg/mL G418 sulfate (Life technologies), for inhibition the
growth from Kusabira orange (red fluorescence)-expressing RGK (RGK-KO)
without fluorescence protein-expressing vector. In the cell-selection study, separated
cells were cultured in the co-culture medium, the half-volume mixture medium
contained both the medium for RGK and RGM without G418 sulfate.

Formation of photodegradable hydrogels and encapsulation of microbeads and
cells. The crosslinker solution was prepared by dissolving NHS-PC-4armPEG in

10 mM phthalic acid (Wako Pure Chemical Ind., Osaka, Japan) and 140 mM sodium
chloride aqueous solution (pH 4.0). Gelatin solution was prepared by dissolving
gelatin in a mixture solution of equal volume of 300 mM HEPES (pH 7.0) and culture
medium without FBS and penicillin/streptomycin at 37°C for 10 min. After mixing
15 pL of the crosslinker solution with an equal volume of the gelatin solution, the
mixture was casted on a 35-mm lysine-coated culture dish (AGC Techno Glass Co.,
Ltd., Shizuoka, Japan) and was covered with poly(dimethylsiloxane) block (0.5 cm X
1 cm X 1 cm) using 25-pm-thick polytetrafluoroethylene films as spacers. After
incubation at 37°C for 30 min, the hydrogel was washed twice with the co-culture
medium. For microbeads encapsulation, the gelatin solution was prepared with
fluorescent microbeads (green fluorescent microbead, 10 pm; red fluorescent
microbead, 3 pm) at the density of 2 X 10° microbeads/mL, containing an equal
number of green and red fluorescent microbeads. For cell encapsulation, the gelatin
solution was prepared with RGK-KO and RGM cells at the total cell density of 2 X
10° cells/mL, containing an equal number of each cell. To encapsulate the cells in the
gelatin solution, the cells were harvested using 1% trypsin solution and resuspended
in the gelatin solution. The hydrogels containing microbeads and stained cells were
formed according to the abovementioned protocol.

Micropatterned degradation studies. A photodegradable hydrogel composed of
0.54% (w/v) NHS-PC-4armPEG and 1.25% (w/v) gelatin (0.43 weight ratio of NHS-
PC-4armPEG/gelatin) was used for all degradation studies. Micropatterned images
were designed as bitmap images on a laptop. To degrade the hydrogels,
micropatterned light was irradiated on the hydrogels (365 nm, 263 mW/cm?, 20 s)
using a computer-controlled light irradiation system, which is capable of maskless
light irradiation of the designed micropatterned images". The irradiated hydrogels
were immersed in the co-culture medium and incubated at 37°C for 1 h to allow the
degraded polymers to erode. Hydrogel micropatterning and cell selection studies
were performed with the same procedure. In the hydrogel micropatterning study, the
hydrogel micropatterns were visualized by CBB staining. After washing the hydrogels
with PBS twice, the hydrogels were immersed in the Quick-CBB PLUS and incubated
at room temperature for 1 h. In microbeads or cell picking studies, the irradiated
hydrogels were immersed in the co-culture medium and incubated at 37°C for

30 min. These hydrogels were observed after washing with PBS. The isolated cells
were transferred to another culture dish and incubated in a 5% CO2 humidified
atmosphere at 37°C for 2 weeks.
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Cell viability test by LIVE DEAD assay. The 1 : 1 mixture of RGK and RGM cells was
used for cell viability test. LIVE DEAD assay was performed according to the
manufacture’s instruction. Briefly, the hydrogel containing cells was incubated with
LIVE DEAD reagent, 1 pL of calcein AM (live) with 4 pL of ethidium homodimer-1
(dead) in 5 mL PBS at 37°C for 30 min. After washing the hydrogel twice with PBS,
pictures were taken with a confocal laser microscopy (LSM 700, Zeiss, Thornwood,
NY). Cell viability was determined from the live/dead images. More than 100 cells
were counted for each data point. During quantification, the green fluorescent cells
were ascribed to live cells and cells with both green and red fluorescent were ascribed
to dead cells. Cell viability in each experimental condition was normalized by that in
the gelatin solution without NHS-PC-4armPEG.

Cell viability test by WST assay. WST assay was performed according to the
manufacture’s instruction and previous report”. Briefly, RGK and RGM cells were
inoculated in a 96-well plate at the total cell density of 1 X 10* cells/well [mixing ratio
of RGK and RGM was 1:1 (n/n)]. After adhesion culture for 24 h, chemicals were
added to the medium and the cells were incubated at 37°C for 30 min. Cell viability
was determined by the WST assay. The medium was replaced to 10 v% WST reagent-
contained medium and incubated at 37°C for 1 h. Then, the absorbance at 450 nm of
the formazan produced by living cells was measured using a microplate reader
(Varioskan, Thermo Electron Co., Waltham, MA). Cell viability was calculated
relative to the untreated cells.

Statistical analysis. Data were statistically analyzed using two-way analysis of
variance (ANOVA) and Bonferroni’s post-hoc test by using the Kaleida Graph
software (Hulinks Inc., Tokyo, Japan).
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