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Abstract: This study evaluated the potential of gelatin methacryloyl (GeIMA) for single-cell screening
compared to polyethylene glycol diacrylate (PEGDA). GelMA photopolymerized at 1000-2000 m]/ cm?
produced consistent patterns and supported HeLa cell viability. GeIMA (5%w/v) facilitated better
cell collection within 2 days due to its shape retention. GelMA demonstrated biocompatibility
with HeLa cells exhibiting exponential proliferation and biodegradation over 5 days. The average
cell displacement over 2 days was 16 um. Two targeted cell recovery strategies using trypsin
were developed: one for adherent cells encapsulated at 800 mJ/ cm?, and another for floating cells
encapsulated at 800 mJ /cm?, enabling the selective removal of unwanted cells. These findings suggest
GelMA as a promising biomaterial for single-cell screening applications, offering advantages over
PEGDA in cell encapsulation and targeted recovery.
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1. Introduction

Single-cell screening is a crucial technique for collecting specific cells based on the
desired characteristics [1-3]. A major method for obtaining target cell populations is flow
cytometric cell sorting [4,5], which is based on the optical and fluorescent characteristics of
individual cells [6,7]. During flow cytometry, suspended cells pass through a detector in
a short period of time. It is important to note that flow cytometry has inherently limited
measurement quality.

Image-based single-cell screening systems overcome these limitations by utilizing
high-resolution imaging and temporal analysis, allowing for the detection of weak signals
and transient events [8]. This approach offers flexible cell collection methods, including
single-pipette [9,10] and laser-based techniques [11]. Collected cells, both of interest [12-14]
or not [15], can be encapsulated in photopolymerizable hydrogels like polyethylene glycol
diacrylate (PEGDA) using light irradiation. Although the number of target cells is often
greater than unwanted cells, and encapsulating cells of interest in PEGDA hydrogels is
relatively straightforward, encapsulating negative cells is less efficient. While PEGDA
hydrogels are suitable for DNA extraction, they have limitations such as slow degrada-
tion [16] and cytotoxicity at lower molecular weights [17,18]. For viable cell recovery and
subsequent analysis, the surrounding hydrogel needs to degrade.

Gelatin methacrylate (GelMA) offers distinct advantages. This biocompatible material
degrades by both cells and enzymes [19-21], making it more suitable for cell screening
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via encapsulation than PEGDA. The long-term viability of cells encapsulated in GelMA
micromodules [22] and microspheres [23,24] has been established. Cells were acoustically
patterned into diverse arrangements and encapsulated in GelMA for applications such as
studying stem cell differentiation [25], constructing heterogeneous tissue models [26], and
high-throughput drug testing [27]. GelMA hydrogels can be degraded using readily avail-
able enzymes like trypsin [28] and collagenase [29,30], facilitating efficient cell collection.
While we have developed an automated single-cell encapsulation system [31], the specific
properties of GeIMA in the context of single-cell screening and the efficient collection of
target cells after encapsulation remain unexplored.

To address this gap, we investigated the effects of GeIMA hydrogels on cell prolifera-
tion, biodegradation, and cell motility within the gels for target single-cell collection. We
tested both suspended and adherent cells for collecting cells encapsulated in GeIMA. Our
study successfully demonstrates the recovery of single floating and adherent cells through
gel lysis using a time-controlled trypsin treatment.

2. Materials and Methods
2.1. Bioink and Cells

GelMA bioink was prepared by filling a centrifuge tube with 2 mL of phosphate-
buffered saline (PBS(-), Gibco Ltd., pH 7.4, 1x, Newington, NH, USA). Cytotoxicity de-
pends on the concentration of photopolymerized hydrogel during encapsulation [32,33]. We
reduced the concentration of GelMA to 5%w/v. Of the GelMA (Sigma Aldrich, Saint Louis,
MO, USA, gelatin methacryloyl, 900628, with a gel strength of 90-110 g Bloom and a
degree of substitution of 60%), 0.1 g was added to the same tube, creating a 5%w/v
GelMA solution in PBS(-). The GelMA solution was mixed with 10 mg of LAP (Lithium
Phenyl(2,4,6-trimetheybenzoyl)phosphinate, LAP, L0290, Tokyo Kasei Kogyo Co., Ltd.,
Tokyo, Japan). The final concentration of LAP was 0.5%w/v in PBS(-).

HeLa cells (RCB0007, RIKEN BRC, Wako, Japan) were cultured in minimum essen-
tial media (MEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin—
streptomycin (Pen/Strep). The culture medium was removed, and cells were washed with
3 mL of PBS. Subsequently, 3 mL of 0.25% trypsin-EDTA 1X (Gibco™., 25200072, USA) was
added to the dish and incubated for 4 min in a CO, incubator. Following incubation, 3 mL
of the medium was added to the trypsinized cells, and the suspension was centrifuged for
3 min to remove the supernatant. Finally, the cells were resuspended for subsequent use in
either a culture medium or bioink.

2.2. Irradiation Setup

Cuvettes were constructed using four glass substrates (Figure 1a,d,h). The bottom sub-
strate consistently used a glass slide measuring 26 x 76 mm (either 52226 with 1.2-1.5 mm
thickness or S1111 with 0.8-1.0 mm thickness, both from Matsunami Glass Co., Ltd.
(Osaka, Japan). The top substrate varied between a simple coverslip (2-176-01, 18 x 18 mm,
0.13-0.17 mm thickness) and a coverslip with grid lines (GC1300, 13 mm diameter,
0.16-0.19 mm thickness, both from Matsunami Glass Co., Ltd.). Two additional coverslips
were used as spacers in all cases. The bioink was then injected into the assembled cuvette.

The GelMA bioink was photopolymerized using our DMD-based photoirradiation
system, as described previously [31,34]. For cell encapsulation, the GelMA hydrogel and
cells were exposed to 405 nm light at 100-300 mW /cm? for an integrated light dose of
600-2000 m]J /cm?. The irradiation time ranged from 2 s to 8 s. The light pattern consisted
of an arrangement of four squares, each measuring 98 pm. The ambient temperature was
maintained at 23 °C throughout the process.
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Figure 1. Setup for encapsulating cells in GeIMA hydrogels. Green and blue dots are respectively

target and unwanted cells. (a,b) Procedure for observing cells in a hydrogel after light irradiation.
Blue region is a GeIMA hydrogel. (c-g) Selection of target single attached cells encapsulated in
GelMA by lysis with trypsin-EDTA. The principle of cell recovery is based on the susceptibility to
trypsin. (h-1) Selection of target single suspended cells. The principle of cell selection is based on the
susceptibility to flow.

2.3. Live/Dead Assay

Calcein-AM (C396, Dojindo, Tokyo, Japan) (2.0 puM) and 4.0 uM propidium iodide (PI,
341-07881, Dojindo) were prepared in PBS(-). Cell viability was assessed immediately after
gel polymerization through light irradiation. Cells were washed with PBS(-) and transferred
to a 50 mm Falcon petri dish. Subsequently, 100 uL of the cell staining solution was added
to the cells in the dish. To allow for stain diffusion through the gel, the dish was incubated
for 35 min at 37 °C and 5% CO; in an incubator. For comparison, a cell suspension without
photopolymerized gel was also incubated for 15 min as the negative control.

After incubation, the cells were examined under a microscope (Eclipse Ti-U, Nikon,
Tokyo, Japan) equipped with a cooled camera (Nikon, DIGITAL SIGHT, DS-Qi1Mc, Tokyo,
Japan) using fluorescent filters (B2A: 150 ms, C-FL-C TRITC: 150 ms). Live cells displayed
green fluorescence, while dead cells emitted red fluorescence. Cell viability was calculated
using the following equation: Cell viability (%) = Npive/(NLive + NDead), Where Nijye is
number of live cells and Npeaq is number of dead cells.

2.4. Observation of Cells Encapsualted in GelMA

Hela cells were encapsulated in GeIMA at 1000 m]J/ cm? and were washed with PBS
and cultured in a 50 mm petri dish containing the conditioned medium (MEM supple-
mented with 10% FBS and 1% Pen/Strep). The dish was kept in an incubator at 37 °C and
5% CO,, and observed every day. The encapsulated cells were characterized to observe
the cell proliferation, biodegradation of the gel, and cell motility over time. The biodegrad-
ability of GelMA was investigated by comparing the gel area after encapsulation by light
irradiation. Gels with and without cells were measured for 5 days.

2.5. Encapsulation of Attached and Suspended Cells in GelMA

HelLa cells were encapsulated in GelMA using two strategies: attachment to a coverslip
or suspension in a cuvette. Both methods utilized a 40 um x 40 um square pattern for
encapsulation. Cells were (1) attached to a coverslip (Figure 1c) or (2) suspended in a
cuvette (Figure 1h). These cells were encapsulated in GelMA with a 40 pum x 40 pm square
pattern. We needed more time to detach adherent cells as the GeIMA hydrogels were
more crosslinked, making degradation take longer. To collect floating cells encapsulated in
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GelMA hydrogels, we can ignore cell dissociation and focus on the rapid degradation of
GelMA hydrogels with a lower light integral dose of 600 m]/cm?.

(1) A suspension of HeLa cells was incubated for 2 h in a CO; incubator at 37 °C to
promote attachment (Figure 1c). A cuvette was made and 20 pL of bioink was injected
(Figure 1d). The cuvette with the bioink was placed on the stage of an inverted microscope
(Nikon ECLIPSE Ti-U, Tokyo, Japan). HeLa cells were encapsulated on the coverslip within
the bioink using 405 nm light with an integral dose of 800 mJ/cm? (Figure 1e). (2) HeLa
cells were suspended in 2 mL of bioink (Figure 1h). The final concentration of cells was
4 x 10° cells/mL. Single HeLa cells were encapsulated on the coverslip by irradiating the
bioink with 405 nm at a light integral of 600 mJ/cm? (Figure 1i).

2.6. Collection of Cells with Trypsin

The time-controlled application of trypsin facilitated the selective recovery of en-
capsulated cells (Figure 1f,g, or Figure 1k,1). The coverslip with encapsulated cells was
transferred to a 50 mm Petri dish and rinsed with PBS(-) to remove non-encapsulated cells.
Next, trypsin (Gibco Ltd., 0.25% Trypsin-EDTA (1X)) was added to detach adherent cells
and degrade the GelMA hydrogel. The exposed cells were detached first, followed by the
collection of encapsulated cells after the dissolution of the gel. The dissolution and cell
release were monitored using an inverted microscope and a cooled camera.

3. Results and Discussion
3.1. Basic Characterization with GelMA

Figure 2a—e presents the top view of a GelMA hydrogel containing HeLa cells which
were irradiated at 1070 m]/cm? to 1920 m]/cm?. The gel was transparent after polymer-
ization of GeIMA at a concentration of 5%w/v, and the cells encapsulated in the gel were
visible. Encapsulating the cells in a thin layer of gel helped maintain their immobilization
and viability. Figure 2f depicts the individual gel units, each measuring approximately
92-94 pm after photopolymerization with 98 um square light patterns. In single cell screen-
ing, the size of photocured hydrogel is important to determine the limits of the inter space
between two patterns. If the size of the pattern is too large or too small compared to the
designed values, some margins need to be considered. The data show that within the range
of this light integral, the size of the formed hydrogel does not change significantly.
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Figure 2. Microscopic images of cured gel at 5%w/v GelMA: (a) 1070, (b) 1280, (c) 1490, (d) 1700,
(e) 1920 mJ/cm?. Scale bars: 100 um. (f) Height and width of cured hydrogel at different light integral.

Photopolymerized 5%w/v GelMA with encapsulated cells showed high viability of
96% (43/45 cells). Ten sites were encapsulated with 1200 m]/cm? light irradiation, and
viability was assessed immediately after fluorescence microscopy using Calcein-AM and PI
staining. The negative control reached 98% (173/177 cells). Figure 3 shows the microscopic
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views of cells under different conditions. Figure 3a—c depict cells encapsulated in a 5%w /v
GelMA hydrogel that were photopolymerized at 1200 mJ/cm?. Figure 3a is a bright field
image showing the overall cell population. Figure 3b shows the green fluorescence of live-
cell stained with Calcein-AM, indicating viable cells. Figure 3c looks black, suggesting that
no dead cells were detected with red fluorescence, stained with PI. Figure 3d—f represents
the negative control conditions without any treatment.

Figure 3. Microscopic images of HeLa cells stained with Calcein-AM and PI. (a—c) GelMA 5%w /v

gel cured at 1200 mJ/ cm?. (d-f) Negative control. (a,d) Bright field images. (b,e) Green fluorescent
images. (c,f) Red fluorescent images. Scale bars: 100 pum.

3.2. Biodegradability of GelMA

Figure 4a,b demonstrates the biodegradation of GelMA hydrogels with and without
encapsulated cells after 5 days. The gel containing cells exhibited significant degradation,

while the cell-free gel remained largely intact. While the cell-free gel showed a slight
decrease in the area, it was not statistically significant.
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Figure 4. GeMA degradation and proliferation. Proliferation of cells in 5%w/v GelMA hydrogel
with a size of 100 um x 100 um. (a) Images of cells on Day 5. The arrows in the figure indicate that
HelLa cells and cell division were observed. Three cells were encapsulated in the gel on Day 0. (b) Gel
degradation without cells on Day 5. (c) Time series gel area with/without cells. A square pattern of
100 um x 100 um was used for this experiment. (d) Increase in cell number from Day 0 to Day 5.
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The change in the gel area over time was quantified to assess cell biodegradability
(Figure 4c). A 100 um x 100 um square pattern was used for light irradiation. The initial
cell count, and the initial area of the cell-free gel are shown in the graph. The graph
highlights a significant difference in the area between the initial cell-embedded gels and
the cell-free gel. The rate of decrease in the area is related to time and is not strongly related
to the initial cell count. This reason is explained by the fact that the number of cells in the
hydrogels is comparable on Day 5. A significant decrease in the gel area occurred after
Day 3, suggesting cell-mediated degradation. The area of the cell-free gel stabilized at
approximately 10 x 103 um? by Day 5, while the area of the initial cell-embedded gels,
averaged across four hydrogels, decreased to approximately 3.4 4+ 0.2 x 103 pm?.

Figure 4d examines cell proliferation within 100 pm x 100 pum GelMA hydrogels after
immobilization. Series 2-5 in the graph represent the initial number of encapsulated cells
on Day 0. The cells within the gel continued to proliferate throughout the 5 days, reaching
several dozen cells under all conditions by Day 5. The exponential growth curve observed
resembles normal cell proliferation patterns [35].

3.3. Behavior of Cells Encapsulated in the GelMA Hydrogel

Figure 5a,b, respectively, presents observations of HeLa cells encapsulated in the
GelMA hydrogel over 2 days with initial cell number of 3 and 5. In Figure 5a, a cell in the
upper left corner exemplifies cell division occurring between Day 0 and Day 1, while the
lower right corner shows cell division from Day 1 to Day 2. The hydrogel appears slightly
deformed 2 days after cell division, suggesting some biodegradation by the cells.

DAY 0 DAY 1 DAY 2

—
)
S

3 Cells

5 Cells

100 pm

Figure 5. Time-lapse images of HeLa cells encapsulated in the GeIMA hydrogel from Day 0 to Day 2.
(a) Three cells and (b) five cells on Day 0, with single cells circled in black dashed lines.

Figure 6a—d depicts a graph tracing the coordinates of the hydrogel corners and
encapsulated cells, with the origin at a grid intersection. Cells remained confined within
the gel, even when encountering the edge, and tended to move inward. Figure 6e shows
the measured displacement of cells from their initial positions. The average cell migration
was 12.2 pym £+ 7.6 um (N = 14) on Day 1 and 16.1 £ 9.6 um (N = 14) on Day 2. A stiffer
GelMA hydrogel might potentially reduce cell displacement, as reported in [36].
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Figure 6. Motility analysis of HeLa cells encapsulated in GeIMA hydrogel for 2 days. (a-d) Trajectories
of cells with initial cell numbers ranging from 2 to 5. Gray areas indicate GeIMA hydrogel. (e) Average
cellular displacement on Day 1 and Day 2.

3.4. Recovery of Cells Encapsulated in GelMA

This study presents a novel technique for recovering adherent cells using a blue laser
and DMD to photopolymerize a gel around individual cells. Patterned irradiation at
800 m]J/cm? selectively encapsulated HeLa cells in the GelMA hydrogel on a coverslip
(Figure 7a). A subsequent 4 min trypsin treatment effectively removed unwanted cells,
leaving only the encapsulated HeLa cells (Figure 7b). While longer trypsin exposure
(10 min) did not fully degrade the gel, the desired cells remained encapsulated (Figure 7c).
This method allows for the detachment of unwanted cells while specifically collecting the
targeted cells.

Figure 7. Collection of cells encapsulated in GeI]MA photocured at 800 mJ/cm? by trypsin treatment.
(a) Immediately after irradiation. (b) Four min and (c) ten min after the addition of trypsin. The four
cells remained trapped in the GelMA hydrogel.

For suspended cells, irradiation at 600 mJ/ cm? resulted in Hela cell encapsulation,
but these cells were not readily detached by rinsing (Figure 8). Rinsing removed unwanted
cells, and the encapsulated cells were subsequently collected by degrading the GeIMA with
trypsin. Video S1 further illustrates the gel dissolution process with trypsin and the release
of cells from the GeIMA hydrogels after 5 min of treatment.
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Figure 8. Dissolution of GeIMA photocured at 600 mJ/cm? in trypsin and collection of the cells after
the trypsin-induced degradation. (a) Immediately after the photopolymerization of GelMA. Trypsin
treatment after (b) 2 min 30 s, (¢) 3 min 15 s, (d) 4 min, (e) 4 min 45 s, and (f) 5 min 37 s.

This study chose GeIMA over PEGDA due to its superior degradability with trypsin,
as the degradation of PEGDA is more difficult [12-14]. PEGDA hydrogels primarily
degrade via hydrolysis of the ester bonds, with degradation occurring more rapidly at
an acidic or alkaline pH [37]. This property of PEGDA has made it challenging to collect
live cells. In contrast, GeIMA hydrogels degraded more readily than PEGDA hydrogels
under mild enzymatic conditions. The hydrolytic degradation of PEGDA is a slow process
compared to the enzymatic degradation of GeIMA. Our approach takes advantage of the
different properties inside and outside the GelMA hydrogels for targeted cell collection.
Our results confirm that prolonged exposure to light increases the dissolution time of
GelMA hydrogels, which is consistent with previous reports on the proteolytic degradation
of GeIMA hydrogels [28,29].

4. Conclusions

This study highlights the suitability of GeIMA over PEGDA for cell encapsulation. The
dimension and viability evaluations of GeIMA photopolymerized with an integrated light
intensity of 1000-2000 mJ/cm? showed similar pattern formation. Interestingly, HeLa cells
encapsulated in 5%w/v GelMA were better collected within a 2-day culture period due
to GelMA's shape stability. Further demonstrating the biocompatibility of GeIMA, HeLa
cells within the gel exhibited exponential proliferation over 5 days. The gel area where cells
were encapsulated significantly decreased after 5 days, suggesting biodegradation by the
cells. The averaged cell displacement remained less than 20 um from the initial position.

We demonstrated two targeted cell recovery strategies. (1) Adherent cells: Targeted
adherent cells were fixed on the coverslip using 800 mJ/cm? light irradiation. Most un-
wanted cells detached within 4 min of trypsin treatment. After 10 min, only encapsulated
cells remained, achieving the selective removal of unnecessary cells. (2) Floating cells: Only
targeted floating cells were exposed to light and immobilized on a coverslip. After photoen-
capsulation, PBS(-) washes removed unwanted cells. Trypsin treatment (6 min) dissolved
the polymerized gel at 600 mJ/cm?, allowing for the collection of only the targeted cells.
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This efficient cell recovery method can be integrated with the existing automated irradiation
setup [31] and cell detection method [38] to further enhance targeted cell collection.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /micro4020018/s1; Video S1: Dissolution of GelMA hydrogels
containing single cells with trypsin and the release of the cells from the hydrogels.
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