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Cell spheroid formation is necessary to develop three-dimensional (3D) cellular environments that provide
appropriate cell-cell and cell-matrix interactions similar to in vivo environments without additional substrates.
Although some methods including stirring culture, low adhesion plate culture, hanging drop, and microfluidics
are used to construct cell spheroids, there is no method to fulfill all of the mass production of uniform spheroids,
simple media change, and easy retrievability. Here, bulk poly(N-isopropylacrylamide) (PNIPAAm) hydrogel
substrate (PHS) was used to fabricate, culture, and retrieve cell spheroids. Adipose-derived stem cells (ASCs)
were cultured on bulk PHS to form spheroids. ASCs formed cell spheroids directly on substrates without addi-
tional manipulation. These spheroids adhered to the semi-adhesive substrate, while the spheroids fabricated
using the nonadhesive surface method floated without getting fixed to the surface. Bulk PHS stiffness was
evaluated using the compressive test (compressive modulus: 153 + 11 kPa). A poly(ethylene glycol) (PEG)
hydrogel microwell pattern was created on PHS to control the spheroid size, forming uniform ASC spheroids
between 100 and 150 pm in diameter on 200 and 300 um well-patterned substrates. Cell-cell interactions in the
resulting ASC spheroids were evaluated based on fibronectin and laminin expression; fluorescence intensities of
fibronectin- and laminin-immunostained images of ASC spheroids were 10.9 and 7.3 times higher than those of
ASCs cultured on the tissue culture plate, respectively. ASC spheroids were detached following incubation at 4 °C
for 10 min (retrieval efficiency: 74 + 19%). Retrieved spheroid cell viability was over 97.5%. The PEG hydrogel
microwell-patterned PHS is a convenient spheroid fabrication and retrieval platform that can increase cell
spheroid usage.

1. Introduction systems compared to that in conventional 2D culture systems [6-8].

Some methods such as stirring culture, low adhesion plate culture,

Over the last few decades, two-dimensional (2D) culture systems
have been used for a wide range of fundamental cell studies due to
simple culturing conditions and facilitation of microscopic analysis [1].
However, it has been demonstrated that many cell types lose their
original properties such as proliferation, differentiation, and function in
2D culture conditions, and thus, many efforts have been made to de-
velop three-dimensional (3D) culture conditions [2,3]. Cell-cell inter-
action is a crucial element in 3D cell culture conditions, and it is a factor
that distinguishes it from 2D cultures. Cell spheroid formation is a 3D
cell culture method to increase cell-cell interaction, and it replicates in
vivo cell-cell and cell-extracellular matrix (ECM) interactions without
additional substrates [4,5]. It was recently demonstrated that the dif-
ferentiation efficiency of MSCs was successfully increased in 3D culture
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hanging drop, and microfluidics can be used to construct cell spheroids,
but they do not satisfy all of the formations of uniform-sized spheroids,
media exchange, and easy retrieval of spheroids [3-5,9-11]. Another
method is a microwell platform system, which is a simple way to
generate uniform-sized spheroids in large quantities [12-17]. However,
it was not easy to retrieve the spheroids from conventional microwell
platforms because the substrates provide only cell-adhesive surfaces.
The retrieval of cell spheroids is essential for increasing clinical and
biomedical usability for disease pathophysiology, tissue engineering,
and regeneration [18]. Therefore, a new cell spheroid formation system
with easy retrievability is required.

Here, we present a new thermoresponsive microwell platform
system to achieve retrieval and mass production of uniform-sized
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spheroids. Poly(N-isopropylacrylamide) (PNIPAAm) hydrogel, which is
a widely used thermoresponsive polymer, was used as a substrate. The
cell attachment and detachment using the temperature-sensitive prop-
erty of PNIPAAm have been elaborated in previous studies [19-22].
However, there was no direct spheroid formation and retrieval on the
thermoresponsive surface, and some studies tried to generate spheroids
from cell sheet engineering [23-25]. We applied bulk PNIPAAm hy-
drogel substrate (PHS) to form and retrieve cell spheroids directly on
the substrate. The polymerization process from N-isopropylacrylamide
(NIPAAm) monomer to PNIPAAm hydrogel was modified so that the
substrate had an appropriate property for the construction of cell
spheroids at the temperature above the lower critical solution tem-
perature (LCST), and the spheroids were disassembled from the sub-
strate when the temperature was below LCST.

The stiffness of fabricated PHS was evaluated by a compressive
modulus. The fabricated bulk PHS provides a semi-adhesive surface
that permits cells to form spheroids while cells adhere and spread as a
monolayer in the general PNIPAAm surface [22,26,27]. The thermo-
responsive property of adjusted PHS was evaluated by transparency,
volume changes, and water contact angles. The uniform size control of
spheroids was accomplished using the poly(ethylene glycol) (PEG)
hydrogel microwell pattern. Adipose-derived stem cells (ASCs), which
are mesenchymal stem cells (MSCs) derived from adipose tissue, were
used in this study as a cell material for spheroid formation. The uni-
formity of ASC spheroid size was evaluated via microwell pattern size,
and fibronectin and laminin expressions were observed to examine the
effect on ECM proteins. ASC spheroids were detached and retrieved
from the thermoresponsive substrate using temperature change, and the
retrieval efficiency was evaluated using cell viability.

2. Experimental section
2.1. Materials

Unless indicated otherwise, all chemicals and solvents were of
analytical grade and used as provided by the manufacturers. N-iso-
propylacrylamide (NIPAAm), N,N’-methylenebis(acrylamide) (MBA),
ammonium persulfate (APS), N,N,N’,N’-tetramethylethylenediamine
(TMEDA), benzophenone, poly(ethylene glycol) diacrylate (PEG-DA;
MW 575 Da), 2-hydroxy-2-methylpropiophenone (HOMPP), benzyl al-
cohol, sodium periodate, dimethyl sulfoxide (DMSO), ethanol (99.9 v/v
%), collagenase, bovine serum albumin (BSA), and triton X-100 were
purchased from Sigma-Aldrich (Milwaukee, WI, USA). Silicone rubber
sheets (3 mm) were purchased from Sungjin (Seoul, KOR).
Photolithography photomasks were designed using AutoCAD software
and printed on transparencies using a standard laser jet printer
(LaserWriter 16/600 PS, Apple Inc., Cupertino, CA, USA). Trypsin-
EDTA, penicillin/streptomycin, and phosphate-buffered saline (PBS,
pH 7.4, 1 x) were purchased from Gibco BRL Life Technologies (Grand
Island, NY, USA). Fetal bovine serum (FBS) was purchased from
Cellsera (Rutherford, NSW, AUS). Dulbecco's-modified Eagle's medium
(DMEM/low glucose) and DPBS (modified, 1 X) were purchased from
HyClone Laboratories Inc. (South Logan, UT, USA). LIVE/DEAD viabi-
lity/cytotoxicity  kit,  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolum bromide (MTT), paraformaldehyde, and 4’,6-diamidino-2-
phenylindole (DAPI) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Mouse anti-fibronectin antibody-Alexa Fluor 488
conjugate and mouse anti-laminin a-1 antibody-Alexa Fluor 488 con-
jugate were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA).

2.2. Micropatterned thermoresponsive hydrogel fabrication
PNIPAAm hydrogel substrate (PHS) was prepared using free radical

polymerization. NIPAAm monomer solution was prepared by dissolving
100 mg of NIPAAm, 2 mg of MBA, and 30 mg of APS in 1 mL of
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deionized water as the monomer, crosslinker, and initiator, respec-
tively. To prepare molds for polymerization, squares (18-mm squares)
were punched out from silicone rubber sheets, and the punched sheets
were attached to slide glasses. After the mold was filled with 600 pL of
NIPAAm monomer solution, 15 pL of TMEDA was dropped onto the
solution in the mold. Polymerization was done at 4 °C for 24 h. PHS was
taken from the mold and washed extensively with deionized water.

Compressive tests were performed using an Instron 3340 at RT. A
swollen disc was clamped between the parallel plates, and the com-
pressive strain was applied at a rate of 10 mm/min until the disc
fractured. The modulus was obtained from the slope of the linear region
of the stress-strain curve.

Photoinduced graft polymerization of PEG-DA was utilized to
modify the PHS surface. The prepared PHS was immersed in 10 wt%
benzophenone in ethanol for 3 min and dried in a fume hood to eva-
porate ethanol. PEG hydrogel precursor solution was prepared by dis-
solving PEG-DA (50 wt%), HOMPP (2 v/v%), benzyl alcohol (0.5 wt%),
and sodium periodate (0.5 mM) in deionized water. The benzophenone
immobilized PHS was coated with 200 pL of precursor solution and
covered with a photomask containing the microwell pattern (squares of
200, 300, or 500 um, and gap distances of 200 pm between squares).
The PHS was exposed to 365 nm, 300 mW/cm? UV light (EFOS
Ultracure 100ss Plus, UV spot lamp, Mississauga, ON, Canada) for 5 s to
crosslink, and the PEG microwell-pattern was grafted onto the PHS. The
microwell-patterned PHS with pattern sizes of 200, 300, and 500 pm
were named 200-PHS, 300-PHS, and 500-PHS, respectively. After the
photomask was removed, the fabricated microwell-patterned PHS was
rinsed with deionized water for 5 min to remove unreacted PEG hy-
drogel precursor solution. Next, it was washed extensively with ethanol
to remove unreacted benzophenone and to sterilize for subsequent cell
culture. The fabricated hydrogel with removed residuals was kept in
PBS for cell culture experiments, or it was stored in deionized water for
other experiments.

The images of non-patterned PHS and microwell-patterned PHS
(200-PHS, 300-PHS, and 500-PHS) were obtained using a fluorescence
microscope (IX 51, Olympus, Tokyo, Japan). The images of PHS at
swollen state in PBS below the LCST were observed using the fluores-
cence microscope.

To demonstrate that thermoresponsive PHS was intact after pat-
terning, quantum dots (QDs, 1 v/v%) were mixed with PEG hydrogel
precursor. The patterning process was done in the same manner. The
images of the QD-entrapped region were obtained using a laser scan-
ning confocal microscope (LSM 880, Carl Zeiss, Oberkochen, Germany).
PHS before and after patterning and PEG hydrogel after patterning were
analyzed using X-ray photoelectron spectroscopy (XPS) (K-alpha,
Thermo VG, U.K.) with monochromated Al X-ray sources (Al Ka line:
1486.6 eV). The samples were kept in deionized water before freeze-

drying.

2.3. Characterization of the thermoresponsive property of PHS

To evaluate the thermoresponsive property of PEG hydrogel pat-
terned PHS, the transparency and volume of substrates depending on
temperature were observed. The water temperature was altered after
immersing 200-PHS in deionized water. The transparency and volume
of 200-PHS were observed at 4, 25, 28, 31, 34, and 37 °C. Photographs
of 200-PHS at different temperatures were obtained, and length, width,
and thickness were measured using ImageJ software. The volume ratio
of the sample was calculated as follows:

_ (volume at a certain temperature)

Volume ratio (%) = ol 14°0) X 100
volume ai

The water contact angle (DSA100, Kruss, Hamburg, Germany) was
measured to confirm changes in PHS hydrophobicity at Smart Materials
Research Center for IoT at Gachon University.
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Fig. 1. Schematic illustrations of micropatterned thermoresponsive hydrogel fabrication. (a) PNIPAAm hydrogel substrate (PHS) synthesis. (b) Chemical structure
scheme of PNIPAAm hydrogel formation. (c) PEG microwell patterning and grafting PHS.

2.4. Adipose-derived stem cell (ASC) culture and spheroid formation

Human ASCs were purchased from the American Type Culture
Collection (ATCC, Rockville, MD, USA). The ASCs, cryopreserved in the
second passage, were cultured in culture medium (DMEM/low glucose,
10 v/v% FBS, and 1 v/v% penicillin/streptomycin) and used at passage
5 for all experiments.

Before cell seeding, microwell-patterned PHS was cut into circles
15 mm in diameter, placed in 24-well plates, and sterilized under UV
light for 30 min. The PHS in the well plate was incubated at 37 °C until
they turned opaque and adhered to the bottom of the plate, and 1 mL of
culture medium per well was added.

ASCs were trypsinized by treating with trypsin-EDTA for 3 min and
centrifuged at 1200 rpm for 5 min. After the supernatant was removed,
ASCs were resuspended in the culture medium. Approximately
2.0 x 10° cells/cm? (about 3.5 x 10° cells/well of 24-well plate) were
seeded onto the PHS. ASCs were cultured for 5 days after seeding, and
the culture medium was changed every 2 days.

On days 1, 3, and 5, ASC spheroids formed in the microwells were
stained with the LIVE/DEAD viability/cytotoxicity assay kit. The cul-
ture medium was removed and rinsed with PBS. The spheroids were
incubated in the assay solution, which was prepared by adding 10 pL of
Calcein-AM and 10 pL of EthD-1 in 10 mL of PBS, for 1 h at 37 °C. The
prepared samples were observed using a fluorescence microscope. To
analyze the spheroid size distribution, ASC spheroids formed in the
microwells on days 1, 3, and 5 were photographed. One hundred ASC
spheroids were selected from five photos each day, and their sizes were
measured using ImageJ software. The average size and standard de-
viation of spheroid sizes were calculated, and the size distributions on
each day were presented in distribution graphs.

2.5. ASC spheroid immunostaining

For immunofluorescence (IF) staining, ASC spheroids were fixed in
4 v/v% paraformaldehyde for 15 min, and the fixed spheroids were
washed with PBS several times. Triton X-100 (0.2 v/v%) was applied to
the spheroids to increase permeability for 20 min. The resulting

spheroids were blocked in blocking buffer (1 w/v% BSA in PBS) for 1 h
and incubated with Alexa Fluor 488-conjugated antibody solution (fi-
bronectin and laminin diluted 1:100 in blocking buffer) for 1 h at room
temperature. After washing with PBS, IF-stained spheroids were
mounted in DAPI solution (1:1000 dilution in blocking buffer).
Subsequently, the stained spheroids were washed with PBS and ob-
served by using a fluorescence microscope. The fluorescence image
intensity was measured using ImageJ software.

2.6. ASC spheroid retrieval

To measure the percentage of ASC spheroids retrieved from mi-
crowell-patterned PHS by decreasing the temperature below the LCST
on days 1, 3, and 5, the culture medium was removed, and ASCs were
subjected to LIVE/DEAD viability/cytotoxicity assay as described
above. The total number of spheroids in each sample was counted be-
fore decreasing the temperature. After incubating the sample con-
taining spheroids at 4 °C for 10 min, the number of spheroids remaining
in the microwells was counted. The percentage of cell spheroids re-
trieved from microwell-patterned PHS was calculated as follows:

(Retrieved cell spheroids (%))

{1_

To count the number of cells per spheroids on 200- and 300-PHS,
the retrieved ASC spheroids were collected, and the numbers of
spheroids were counted firstly. The spheroids were trypsinized to iso-
late each cell, and the total cell number was counted. Then, the total
cell number was divided by the spheroids number, and it was repeated
three times.

(number of spheroids on PHS after incubation) % 100
(number of spheroids on PHS before incubation)

2.7. Statistical analysis

All data are expressed as the mean = standard deviation (SD). Each
experiment was repeated at least 3 times unless otherwise indicated.
Statistical evaluation was performed using one-way ANOVA. A value of
p < 0.05 was considered statistically significant. Statistical analysis
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was performed using the statistical software GraphPad Prism 7.

3. Results
3.1. Micropatterned thermoresponsive hydrogel fabrication

We designed a platform that consisted of a thermoresponsive sub-
strate and microwell patterns to form and retrieve cell spheroids. The
thermoresponsive hydrogel substrate was fabricated using redox in-
itiation polymerization of N-isopropylacrylamide (NIPAAm) (Fig. la
and b). NIPAAm monomer solution containing N,N’-methylenebis(ac-
rylamide) (MBA) as a crosslinker and ammonium persulfate (APS) as an
initiator were added to a silicon mold, and polymerization was initiated
by adding N,N,N’,N’-tetramethylethylenediamine (TMEDA) to the
PNIPAAm hydrogel precursor solution. The resulting polymer pre-
cipitated when the temperature was higher than the lower critical so-
lution temperature (LCST) of PNIPAAm; therefore, the polymerization
was performed at 4 °C for 24 h. The fully crosslinked PNIPAAm hy-
drogel was removed from the glass substrate and used as a thermo-
responsive PNIPAAm hydrogel substrate (PHS).

The mechanical property of PHS was evaluated using a compressive
test. The compressive modulus of PHS was 153 = 11 kPa from the
linear region of the compressive stress curve (Table 1). Our increased
monomer concentration and crosslinker ratio led to higher stiffness
compared to that with the same free radical polymerization method
[28]. Fei et al. applied a higher concentration of monomer and cross-
linker with UV photocuring polymerization, but the compressive
modulus was lower than that of our PHS [29].

The poly(ethylene glycol) (PEG) hydrogel was micropatterned on
the PNIPAAm hydrogel with photoinduced grafting to anchor the PEG
hydrogel on the substrate (Fig. 1¢). Benzophenone was used as a surface
grafting initiator, and the PEG diacrylate (PEG-DA) molecules linked
onto the surface [30]. Benzophenone bounds and generates surface
initiator by UV irradiation, and it was adsorbed onto the PNIPAAm
surface followed by applying PEG precursor solution to enhance the
efficiency of links between PNIPAAm and PEG hydrogel. The residual
acrylate group participated in the crosslinking reaction with other ac-
rylate groups of PEG-DA, and the photomask photolithography gener-
ated the microwell pattern. PEG hydrogel microwell size was controlled
using the photomask dimensions, and 200, 300, and 500 pm well pat-
terns were fabricated on the PHS.

PEG hydrogel microwell-patterned PHS was named 200-PHS, 300-
PHS, and 500-PHS depending on the microwell pattern size. The surface
morphologies of PNIPAAm substrates and PHS were observed using
microscopy (Fig. 2a). PEG hydrogel patterns were fabricated and firmly
grafted to PHS, and there was no tangible border between PNIPAAm
and PEG hydrogels. PHS heights were about 200 um, and previous
studies showed that it was a proper height to form cell spheroids
[31,32].

Quantum dots (QDs) were added to the PEG hydrogel precursor
solution, and they were entrapped in the hydrogel matrix after UV
exposure. The residual PEG hydrogel precursor solution blocked from
UV by the photomask was entirely washed out; therefore, the QD
fluorescence was not detectable at the PNIPAAm substrate-exposed area
(Fig. 2b). The atomic composition of PNIPAAm was quantified before
and after PEG hydrogel patterning to chemically confirm that unreacted

Table 1
Mechanical properties of PNIPAAm hydrogel at room temperature.
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PEG hydrogel precursor solution was removed (Fig. 3 and Table 2). The
N1s peak was found from the PHS sample, which was derived from the
amide group, and the N1s peak was maintained after the patterning
process at the PNIPAAm substrate-exposed region. The atomic compo-
sition of the PNIPAAm surface did not change markedly compared to
the PEG hydrogel region composition. It was confirmed from fluores-
cence images of patterned substrate and surface atomic composition
that the thermoresponsive substrate was exposed to the surface at the
desired parts after PEG hydrogel patterning.

3.2. Thermoresponsive property of PHS

The thermoresponsive property of the substrate is required to de-
tach following the formation of cell spheroids. The thermoresponsive
property of PHS was evaluated by the transparency and volumetric
changes (Fig. 4).

The molecular structure folding of PNIPAAm hydrogel affects hy-
drophobic/hydrophilic states depending on the temperature, and the
interaction between water molecules and PNIPAAm hydrogel is
changed by hydrogen bonding strength between PNIPAAm hydrogel
amide groups and water molecules [33,34]. The patterned PNIPAAm
hydrogel (200-PHS) showed transparencies to discriminate against the
logo under the PHS below LCST, but 200-PHS became opaque when the
temperature was higher than LCST (Fig. 4a). The transparency of pat-
terned PHS was changed from 31 to 34 °C, and it corresponds with the
PNIPAAm LCST. The volume of 200-PHS was calculated after mea-
suring length, width, and thickness, and the volume at 4 °C was set to
100%. From 4 to 31 °C, the volume was maintained between 99 and
100% without a significant decline. Like with transparency, there was a
significant volumetric change between 31 and 34 °C from 99.4 + 0.7
to 93.2 + 1.2% (Fig. 4b). The volumetric changes of 200-PHS had the
same tendency as transparency, showing that physical property changes
were maintained at the LCST boundary.

The contact angle was measured to evaluate the thermoresponsive
surface property (Fig. 4c). The contact angle of water on PHS was
measured immediately after incubating at 37 °C for 30 min, and it was
89.00°. The incubated substrate was placed at 20 °C. The water contact
angle was measured when the surface temperature was 34 °C, and the
contact angle was 84.46°. After reaching the temperature to 20 °C, the
contact angle changed to 73.18°. At 4 °C, the water contact angle was
72.95°. The contact angle was reduced when the temperature changed
from 20 to 4 °C, but there was no drastic decrease. The PHS showed
physical property changes with temperature, and the hydrophilicity
was increased when the temperature was decreased below LCST.

3.3. Adipose-derived stem cell (ASC) culture and spheroid formation

Adipose-derived stem cells (ASCs) were cultured to form cell
spheroids on the PHS, and the cell viability was evaluated (Fig. 5a).
ASCs aggregated on the PHS without PEG hydrogel microwell-patterns
and tended to increase in size, but the size distribution ranged from a
few microns to a few hundred microns. On day 5, the cells in the center
of some spheroids with a diameter > 300 pm died. The control of
spheroid size was impossible without the PEG hydrogel pattern. When
the 200 and 300 pm PEG hydrogel well patterns were introduced on the
PHS, single spheroids were formed in each microwell pattern. Dead

Monomer concentration (M) Crosslinker ratio®

Polymerization method

Compressive modulus (kPa) Reference

0.87 1.47E—02 Free radical (4 °C, 24 h) 153 + 11 PHS in this study
0.21 1.20E—02 Free radical (20 °C, 24 h) 12.2 Puleo et al.?”
1.07 2.97E—02 Photocuring (UV, 30 min) 81 + 14 Fei et al.?®

2 Crosslinker ratio = mol of crosslinker/mol of monomer.
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Fig. 2. Morphologies of PEG hydrogel microwell-patterned PHS. (a) Optical images of PHS and microwell-patterned PHS with different pattern sizes. The upper and
lower images represent side views and top views, respectively. (b) Fluorescence and optical images of QD-entrapped PEG hydrogel grafted on PHS. Scale bars:

200 pm.

cells were not observed on the 200- and 300-PHS. Additionally, no dead
cells were found on the 500-PHS, but several spheroids formed in one
well instead of a single spheroid.

The sizes of the ASC spheroids were 133 + 24 and 160 = 30 um
on 200- and 300-PHS on day 1, respectively, and they gradually de-
creased until day 5. The spheroids on 300-PHS were approximately
30 um larger than those on 200-PHS, and the size differences were
maintained during the culture period. On 500-PHS, the size of the ASC
spheroids was 115 = 38 pum on day 1, and it was smaller than the
spheroids on 200-PHS. The size of spheroids was slightly increased on
day 3 but decreased again on day 5; 200- and 300-PHS were suitable for
controlling the size of the spheroids.

The numbers of cells per spheroids on PHS were counted, and they
were 142 *= 52 and 222 = 10 for 200- and 300-PHS, respectively.
The number of cells per spheroids on 500-PHS was not evaluated since
more than two spheroids were formed in a well with a wide size

distribution of spheroids.

3.4. Fibronectin and laminin expression by ASC spheroids

To evaluate whether the spheroids produce extracellular matrix
(ECM) proteins, ASCs were cultured on 200- and 300-PHS to obtain
spheroids of uniform size, and immunostaining was performed on day 5
(Fig. 6). When ASCs were cultured on tissue culture plate (TCP), the
cells grew by spreading into a monolayer without forming spheroids,
and fibronectin and laminin were rarely expressed. On the other hand,
the two ECM proteins were highly expressed from ASC spheroids
formed on 200- and 300-PHS. The intensity of the green fluorescence
region, except for the background region, was measured to quantify
ECM protein expression (Fig. 6¢ and d). Relatively high intensities were
observed for both fibronectin and laminin expression when ASCs
formed spheroids. The spheroids on 200-PHS showed statistical
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Fig. 3. XPS spectra of PNIPAAm substrate (a) before and (b) after patterning
and (c) PEG region after patterning.

Table 2
The relative atomic composition of PHS before and after PEG hydrogel micro-
pattern.

Relative atomic composition (%)

Cls Ni1s Ols
PNIPAAm substrate before patterning 77.07 11.55 11.38
PNIPAAm region after patterning 74.25 7.86 17.89
PEG region after patterning 81.69 0.00 18.31

difference compare to the cells on TCP for fibronectin expression, but
there was no statistical difference between the spheroids on 300-PHS
and cells on TCP. Also, there were no statistical differences in the ex-
pression level of fibronectin and laminin between 200- and 300-PHS
(Fig. 6¢ and d).
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3.5. ASC spheroid retrieval

The retrievability of spheroids of the appropriate size and function
after formation is necessary to utilize them. The PHS was incubated at
20 or 4 °C for 10 min to detach spheroids from the substrate using
physical property changes of the surface, and the spheroids were dis-
assembled from substrates by gentle pipetting without additional me-
chanical forces. The shape of spheroids detached by temperature
change was maintained without superficial damage (Fig. 7a). The
number of undetached spheroids from the substrate was counted, and
the retrieval ratio was calculated (Fig. 7b). The percentage of retrieved
cell spheroids was about 45 + 12 and 74 * 19% on day 5 at 20 and
4 °C, respectively. The lower temperature was effective for detaching
ASC spheroids. Viability was assessed using LIVE/DEAD staining to
investigate damage to the cells during the detachment process. It was
confirmed that the number of dead cells increased compared to
spheroids before reducing the temperature (Fig. 7c). It was difficult to
count the live and dead cells because the aggregated cells were very
dense, and therefore, the green and red fluorescence areas were mea-
sured (Fig. 7d). The average ratio of red area/green area was
2.4 + 1.2% for the spheroids from 200-PHS and suggesting that ap-
proximately 97.5% of cells remained viable after the retrieval proce-
dure.

4. Discussion

Adipose-derived stem cells (ASCs) are mesenchymal stem cells
(MSCs) derived from adipose tissue [35]. Bone marrow-derived MSCs
(BM-MSCs) have been widely used in MSC studies. However, adipose
tissue is an abundant MSC source because 1% of adipose cells are es-
timated to be MSCs, which is 500 to 1000 times higher value than bone
marrow cells [36]. ASCs can be promising MSCs for a wide range of
stem cell applications; thus, they were used in this study as a cell ma-
terial for spheroid formation.

Here, thermoresponsive poly(N-isopropylacrylamide) (PNIPAAm)
was utilized to form and detach ASC spheroids, and a poly(ethylene
glycol) (PEG) hydrogel microwell pattern was introduced for spheroid
size uniformity. The fabrication process of the microwell patterned
thermoresponsive substrate consisted of two steps (Fig. 1). The first step
was a PNIPAAm hydrogel substrate (PHS) synthesis, and the second
step was PEG hydrogel patterning on the PHS. In the first step, the
thermoresponsive substrate was synthesized by redox initiation poly-
merization. N,N’-methylenebis(acrylamide) (MBA)-crosslinked PNI-
PAAm hydrogel was manufactured. Moreover, the thermoresponsive
property of the resulting substrate could be controlled via the compo-
sition of MBA/NIPAAm monomers, incubation temperature, and tem-
perature [37-39].

We found that ASCs could not fully adhere to PHS that we fabricated
(Fig. 5a), but the cells fully adhere and spread on the general PNIPAAm
surface [22,26,27]. It is known that the cells could not adhere stably on
a bulk PHS [40]. Our bulk PHS was fabricated with higher compositions
of crosslinker and initiator than in other studies, and the high stiffness
increased cell adhesion stability, as observed in another study [41]. The
compressive modulus of PHS was 153 + 11 kPa, and this high mod-
ulus compared to the general PNIPAAm hydrogel allowed the cells to
adhere over LCST on the bulk PHS. In contrast, the cells do not adhere
to the surface of the general bulk PNIPAAm [40]. Thus, cell spheroids
can be formed while attached to the semi-adhesive surface.

The second step was introduced for spheroid size control. PEG mi-
crowell pattern was fabricated on PHS, and the cells were separated by
the cell non-adhesive properties of PEG to form cell spheroids of a
uniform size. PEG hydrogel has no thermoresponsive feature, while
PNIPAAm hydrogel changed volume depending on the temperature.
The grafting of the two hydrogels was performed by benzophenone to
avoid disassembly of hydrogels.

The thermoresponsive surface should be exposed after PEG
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temperatures of 200-PHS (n = 5). (c) Contact angles of water on the PHS at 37, 34, 20, and 4 °C.

microwell patterning to retrieve cell spheroids, and thus it was eval-
uated using fluorescence (Fig. 2b) and XPS (Fig. 3). When we assessed
the atomic composition of the PNIPAAm region after patterning, the
oxygen composition was slightly increased compared to the composi-
tion before patterning. However, the atomic compositions of the PNI-
PAAm region before and after patterning did not deviate significantly

(a) PHS (b)

200-PHS

from PNIPAAm's theoretical atomic composition (75% C, 12.5% N,
12.5% O) [27].

The physical property changes with temperature were transparency
and hydrogel substrate volume change, which are intuitive observa-
tions to detect the transition of the thermoresponsive property of the
substrate (Fig. 4a and b). The transparent substrate below 31 °C became
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Fig. 5. Morphology and viability of ASCs cultured on the (a) PHS, (b) 200-PHS, (c) 300-PHS, and (d) 500-PHS. Scale bars: 200 um. Spheroid sizes of ASCs on the (e)

200-PHS, (f) 300-PHS, and (g) 500-PHS (n = 100).
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opaque between 31 and 34 °C, and it indicates the phase separation by
the hydrophilic/hydrophobic transition of the PNIPAAm hydrogel ma-
trix above LCST. Water was gradually absorbed into the PNIPAAm
hydrogel matrix when the temperature was below 31 °C, reducing the
light scattering and making the substrate transparent. The hydro-
philicity of the PNIPAAm matrix was attenuated with a temperature
increase over 34 °C, and the water molecules got out from the PNIPAAm
network. Thus, the substrate became opaque due to the loss of water
that could reduce light scattering, which is directly related to PHS
hydrophilicity. The volume changes also confirmed the decrease in the
capacity of the substrate to absorb water as the temperature increased.
PHS volume was maintained between 4 and 31 °C but decreased to
about 93% when the temperature passed the LCST. Generally, the vo-
lume of PNIPAAm hydrogels decreased by 60% when the temperature
rose above the LCST [42].

The surface property based on the contact angle showed the ther-
moresponsive property (Fig. 4c). The contact angle of water was 89.00°
at 37 °C, and it decreased to 73.18° at 20 °C. The contact angle of water
was 84.46° at 34 °C, and the hydrophilic/hydrophobic transition was
progressing at the temperature. At the below LCST, there was no sig-
nificant difference in water contact angle when the temperature
changed from 20 to 4 °C, which is consistent with the results of trans-
parency and volume change. Also, The contact angle of water on a
typical PNIPAAm hydrogel was about 90 and 50° above and below
LCST, respectively [43]. The contact angle above LCST was similar, but
the difference in the contact angle below LCST was about 20° on our
surface. It represents the degree of conversion from hydrophobic to
hydrophilic was relatively small when the crosslinking density was
high. As we mentioned, our PNIPAAm hydrogel was fabricated using a
high composition of crosslinker and initiator, and therefore, the degree
of hydrophilic/hydrophobic transition was lesser than that of general
PNIPAAm molecules. However, we confirmed that the LCST was
maintained regardless of the crosslinking density and degree of hy-
drophilic/hydrophobic transition.

300-PHS

300-PHS

Fig. 6. Immunostaining images of (a) fibronectin and (b) laminin expressed from ASCs cultured on tissue culture plate (TCP), 200-PHS, and 300-PHS. Scale bars:
200 pm. Relative fluorescence intensity per cell of (c) fibronectin and (d) laminin expressed from ASCs cultured on TCP, 200-PHS, and 300-PHS. Statistical analysis
was performed with the TCP intensity. Significant differences are represented by p < 0.01 (**).
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The effect on cell behaviors of the fabrication process that contained
high compositions of crosslinker and initiator was observed when ASCs
were cultured on PHS without patterns (Fig. 5a). The cells formed ag-
gregates like cultured cells on a nonadhesive surface, but the cell ag-
gregates adhered to the substrate and did not float. It demonstrated that
our fabricated substrate provided a semi-adhesive surface, which is an
appropriate device to form cell spheroids in general cell culture con-
ditions. However, it was difficult to control the spheroid size uniformly
like other nonadhesive surface cell culture methods, and some cell
aggregates over 300 pum showed dead cells at the spheroid center due to
limited transfer of nutrients, oxygen, or wastes.

The size of the ASC spheroids became uniform when PEG hydrogel
micropatterns were introduced to PHS (Fig. 5b-g). In particular, one
spheroid was formed in each well in 200-PHS and 300-PHS, while there
were several spheroids in one well in 500-PHS. In 200-PHS and 300-
PHS, the ASC spheroids sizes slightly decreased until day 5 after
spheroid formation on day 1. Generally, the spheroids in the microwell
tend to be dense due to size maintenance rather than growth when the
PEG microwell is applied [44]. The uniform sizes of spheroids, under
200 pm, showed high cell viability for 5 days, and dead cells were
rarely observed in PHS. Based on the morphology and viability of ASC
spheroids on PHS, it was shown that the PEG hydrogel microwell-pat-
terned PHS was a simple platform to generate uniform ASC spheroids
under 200 pm.

The proper action of the 3D cellular environmental effect is im-
portant after spheroid formation; therefore, the cell-cell interactions in
the cell spheroids were evaluated using fibronectin and laminin ex-
pression. The extracellular matrix (ECM) proteins, including fibronectin
and laminin, have critical roles in connecting to surrounding tissues
when ASCs are transplanted, and this is related to enhancing the via-
bility of the transplanted cells with microenvironment construction
[45]. ASC spheroids formed in 200-PHS and 300-PHS highly expressed
fibronectin and laminin compared to conventional monolayer cultured
ASCs (Fig. 6). The high expression of ECM proteins suggests that
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spheroid formation enhances cell-cell and cell-matrix interactions. The
spheroid diameter would be a parameter to control the cell-cell inter-
action, but the effect of spheroid size depending on the microwell
pattern size was not tested in this study. There were no significant size
differences of ASC spheroids on 200- and 300-PHS; the diameters of
resulting spheroids were 102 + 21 and 125 * 27 pm on 200- and
300-PHS on day 5, respectively. The fibronectin expression result re-
presented that the spheroid on 200-PHS showed higher expression level
than spheroid on 300-PHS, but there were no statistical differences in
the expression level of fibronectin and laminin for 200- and 300-PHS
(Fig. 6¢ and d). The spheroid size in the 100 to 150 pm region did not
affect protein expression. Since ASC fibronectin- and laminin-expres-
sing spheroids promoted therapeutic effects for ischemic kidney [46]
and angiogenesis [47], our uniform spheroids would be a promising
tool for therapeutic ASC applications.

Spheroid retrieval is necessary for the application and formation of
uniform spheroids. The thermoresponsive semi-adhesive surface al-
lowed spheroids to detach from the substrate when the temperature
decreased below LCST, and the sphere morphologies were maintained
after separation from PHS (Fig. 7a). We expected that ASCs formed
spheroids on the semi-adhesive surface above 34 °C, and they were
readily detached from PHS if the temperature decreased below 31 °C. In
previous studies that used physical changes of PNIPAAm according to
temperature, 20 °C or room temperature was applied as the temperature
below LCST for the  hydrophobic/hydrophilic  transition
[21,22,26,38,39]. We applied 20 °C as the temperature to detach ASC
spheroids, but the number of detached spheroids from 200-PHS was less

than half (Fig. 7b). In another study, cells were maintained at 4 °C for
detachment from the substrate using geometric expansion [23]; there-
fore, we also applied the low temperature to detach ASC spheroids by
the surface physical property change. About three-quarters of ASC
spheroids were dissembled from the substrate after incubation for
10 min at 4 °C.

Our substrate was the weak hydrophobic/hydrophilic transition
compared to conventional PNIPAAm hydrogel and required a much
lower temperature than LCST for enough surface property change to
remove the spheroids. Our PHS was designed to have a semi-adhesive
property, and the extent of physical property change was smaller than
general PNIPAAm hydrogel based on the volume change results ac-
cording to temperature. Thus, the incubation at 20 °C for 10 min
achieved about 50% retrieval efficiency, and it was improved to about
75% at 4 °C. Although there was no significant volume difference be-
tween 4 and 20 °C in Fig. 4b, the rapid temperature descent would be
beneficial for retrieval during the same period. The hydrophilic tran-
sition was smaller than the general PNIPAAm hydrogel, but high-effi-
ciency spheroid retrieval was achieved at 4 °C. There was an additional
effect of bulk PNIPAAm hydrogel property to detach the ASC spheroids
from the surface. The surface roughness of the bulk PNIPAAm hydrogel
surface varies in the micrometer range, while the roughness change of
the grafting surface is only in the nanometer range [41]. The increase of
surface roughness of bulk hydrogel supported ASC spheroid detachment
from the surface along with the hydrophilic transition of the surface.

The cell viability after retrieval was evaluated using LIVE/DEAD
staining, and there were few dead cells after the detaching process
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(Fig. 7¢). Counting the number of live cells from the cell spheroids was
not possible, and thus, the green and red fluorescence areas were
measured. The ratio of red/green fluorescence area was evaluated,
which indirectly represents cell viability. The percentage of dead cells
was estimated to be approximately 2.5%, and this is higher viability
than about 8 to 9% from another study that used the same 4 °C and
10 min incubation conditions [23]. The diameter of spheroids com-
monly determines cell viability because nutrients, wastes, and gas
transfer are limited, and the favorable size is 50 to 200 um [15,48,49].
Some dead cells distributed in the outer shell, but most of the dead cells
were generally observed at the center of the sphere because of the
limited transfer. The outer cells could be exposed to cold damage by
instantaneous low temperature or physical damage like pipetting
during the detaching process.

Here, we designed a simple platform device that can form ASC
spheroids of uniform size and retrieve the spheroids using a tempera-
ture stimulus. The modified composition of PHS with high compositions
of crosslinker and initiator provided a semi-adhesive surface to form
ASC spheroids, and PEG hydrogel microwell-patterns contributed to the
uniform spheroid size. The resulting spheroids had an optimal diameter
of about 100-150 um, and the availability of ASC spheroids was de-
monstrated by cell viability and ECM protein expression. The mass-
produced uniform spheroids were retrieved by incubating at 4 °C for
10 min for the next utilization. This substrate is a device that can assist
the formation and retrieval of uniform spheroids depending on the
temperature, and it will be beneficial for creating spheroids for future
therapeutic applications.

5. Conclusion

Although the thermoresponsive PNIPAAm surface was utilized for
many applications in the cell sheet engineering field, there was no di-
rect spheroid formation on the PNIPAAm surface. Here, ASC spheroids
of uniform size were cultured directly on the PEG hydrogel microwell-
patterned PNIPAAm surface, and the resulting spheroids were retrieved
while maintaining cell viability for the first time. The bulk PNIPAAm
hydrogel suggested a different application direction for the thermo-
responsive PNIPAAm material, and the morphological change could be
combined with a hydrophobic/hydrophilic transition. We believe that
further studies of bulk PNIPAAm hydrogel with adjusted compositions
and mechanical properties will expand the utilization for many cell
types. Our proposed PEG hydrogel patterned bulk PHS provides a new
cell spheroid formation system that is convenient to retrieve. It will be a
promising spheroid fabrication method for the clinical and biomedical
fields.
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