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Abstract

Cell behaviors are highly sensitive to the surrounding environment. Therefore, in regulating cells, biomaterial substrates
should be designed so their properties are similar to the surrounding environments of the cells. For cell regulation, we
designed dual stimuli-responsive gels whose physical (elastic modulus) and chemical (hydrophilicity) properties can be
changed by varying the UV exposure time and temperature, respectively. A dual stimuli-responsive polymer with
photodimerizable groups and temperature-responsive moieties was prepared by copolymerizing 7-methacryloyloxycoumarin
(MAC) and methoxyoligoethylene glycol methacrylate (OEGMA). The resulting polymers (P(MAC-co-OEGMA)) had
lower critical solution temperatures (LCSTs), which depended on the compositions. A buffer solution containing P(IMAC-
co-OEGMA) was exposed to ultraviolet light (UV) for gelation, and the elastic modulus increased with increasing exposure
time. The cell behavior, including adhesion and spreading, on the surfaces of these gels was investigated. Most of the cells
adhered to PIMAC-co-OEGMA) gels with higher elastic moduli, and the cells were spread more effectively at temperatures
above the LCST. This was because cell adhesion and spreading were strongly influenced by the physical and chemical
properties of the P(IMAC-co-OEGMA) gels, which were regulated by varying the UV exposure time and temperature.

Introduction important roles in determining the cellular environment. In

mechanobiology, cell adhesion, spreading, migration,

Cells exist in cellular environments comprising poly-
saccharides, proteins, and proteoglycans. The biochem-
ical, physicochemical, and structural-dynamic factors of
the extracellular matrix (ECM) vary spatiotemporally [1].
Cells recognize the above factors in their environment and
change their behavior accordingly [2, 3]. Biochemical
factors [4], such as hormones and cytokines, and physi-
cochemical factors [5], such as pH and temperature, play
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proliferation, and differentiation are influenced by struc-
tural and mechanical factors, such as the shapes and
elastic moduli of the scaffolds [6-13]. Engler et al.
reported that when cultured on gel substrates with distinct
elastic moduli, stem cells [14] and cardiomyocytes [15]
perceived the elastic modulus and changed their differ-
entiation and extension behaviors accordingly. Since then,
many studies on mechanobiology have focused on the
physical forces and changes contributing to cell behaviors,
such as proliferation, spreading, and differentiation.
Additionally, many scientists have tried to manipulate cell
behavior by tuning the physical properties of the scaffolds,
such as the stiffness and viscoelasticity. Although many
studies were designed to control cell behaviors with
scaffolds with different elastic moduli, most of the scaf-
folds exhibited static physical properties. Moreover, as
cells are constantly exposed to dynamic environmental
changes in vivo, spatiotemporal control of the physical
and chemical properties of scaffolds is necessary to clarify
the environmental effects on cell behavior and to regulate
cell fates.
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Fig. 1 a Strategic design of dual stimuli-responsive polymer gels
exhibiting dynamic changes in their physical and chemical properties
in response to variations in UV exposure time and temperature.

Hydrogels composed of three-dimensional polymer
networks and abundant water exhibit unique properties,
such as elasticity and hydrophilicity, similar to biological
tissues. They have many potential applications in drug
delivery, diagnostics, and cell cultures [16, 17]. Among
hydrogels, some exhibit spontaneous changes in their
structures and properties in response to external stimuli,
such as temperature, pH, and light, and are called stimuli-
responsive hydrogels. Because stimuli-responsive hydro-
gels can sense environmental changes as external stimuli
and subsequently modify their intrinsic structures and
properties [18-20], they have been widely used as intelli-
gent materials for designing self-regulated drug delivery
systems, sensors, and cell scaffolds [21-29]. For example,
Okano et al. fabricated cell sheets by culturing cells
on a temperature-responsive poly(N-isopropylacrylamide)
(PNIPAAm) surface, which became hydrophobic with
increasing temperature around its lower critical solution
temperature (LCST) [30-32]. Furthermore, multistimuli-
responsive polymers with photoreactive groups have also
been studied intensively [33-38]. For example, photo-
crosslinked and photodegradable hydrogels that can change
their mechanical properties, such as stiffness, in response to
light exposure have been used as stimuli-responsive scaf-
folds to control cell behavior [39—45]. However, there have
been few reports on multistimuli-responsive hydrogels that
control their physical properties, such as elastic moduli,
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and their chemical properties, such as hydrophilicity/
hydrophobicity, with light exposure time and temperature
changes, respectively. Thus, most studies on mechan-
obiology have used hydrogels that exhibited changes in
their chemical or physical properties in response to only
one stimulus. To the best of our knowledge, there has been
no report on cell culture on such multistimuli-responsive
hydrogels with both changeable elastic moduli and
hydrophilicities in response to multiple stimuli. Designing
multistimuli-responsive hydrogels that can drastically
change their chemical and physical properties in response
to multiple stimuli, such as light and temperature, and
regulate cell behavior using spatiotemporal changes in their
properties is challenging.

Although most scientists have focused on temperature-
and pH-responsive hydrogels, we previously designed
molecularly stimuli-responsive hydrogels that changed their
volumes in response to specific biomolecules, such as an
antigen and a tumor marker [46—48]. These were designed
using molecular complexes as dynamic crosslinks in their
networks. Recently, we have also focused on photodimeriz-
able groups as dynamic crosslinks for photoresponsive
materials. For example, photoresponsive tetra-PEGs under-
going sol-gel phase transitions upon exposure to light were
prepared by introducing photodimerizable groups to their
chain ends [49]. In addition, we designed photocrosslinkable
polymer films, whose surfaces formed micropatterns upon
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Scheme 1 Syntheses of (a) 7-methacryloyloxycoumarin (MAC) and
(b) PAIMAC-co-OEGMA)

irradiation with a photomask, and observed the formation of
cell patterns on the micropatterned films [50, 51]. Therefore,
hydrogels that change their properties in response to external
stimuli are promising scaffolds for cell regulation, as they
realize dynamic control of their surrounding environment.
While dynamic crosslinks provide control of physical prop-
erties such as the elastic moduli of hydrogels, temperature-
responsive polymer chains enable us to change their hydro-
philicities/hydrophobicities. Thus, dual stimuli-responsive
hydrogels that change their physical and chemical properties
in response to two different stimuli can be synthesized
by introducing dynamic crosslinks into the temperature-
responsive polymer chains.

In this paper, we report dual stimuli-responsive polymers
that drastically changed their physical and chemical proper-
ties in response to light and temperature for spatiotemporal
control of cellular behavior. These polymers were synthe-
sized by copolymerization of 7-methacryloyloxycoumarin
(MAC) [52-54], which exhibited reversible photodimeriza-
tion, and methoxyoligoethylene glycol methacrylate
(OEGMA) [55], with an LCST. An aqueous solution of the
resulting polymer (P(MAC-co-OEGMA)) underwent distinct
gelation upon UV exposure because light-induced coumarin
photodimerization resulted in the formation of crosslinks in
the polymer chains. Furthermore, we investigated the effects
of the UV exposure time and temperature on the elastic
moduli and hydrophilicities’/hydrophobicities of the resulting
PMAC-co-OEGMA) hydrogels (Fig. 1a). Additionally, cell
behavior on hydrogel surfaces with varying elastic moduli
and hydrophilicities/hydrophobicities were examined as a
function of the UV exposure time and temperature (Fig. 1b).
Unlike previous studies on cell behavior, where stimuli-
responsive hydrogels exhibited changes in their physical or
chemical properties in response to only one stimulus, this
paper focuses on the physical and chemical properties of
dual stimuli-responsive hydrogels, which can be tuned
by varying the UV exposure time and temperature, to
realize spatiotemporal control of cells. Dual stimuli-
responsive hydrogels with changeable elastic moduli and

hydrophilicity/hydrophobicity have many potential applica-
tions because they are novel biomaterials that enable spa-
tiotemporal control of cell behavior, unlike standard studies
in the field of mechanobiology focusing on only mechanical
factors.

Experimental procedures
Materials

7-Hydroxycoumarin was purchased from Tokyo Chemical
Industry Co., Ltd (Tokyo, Japan). Chloroform, methanol,
tetrahydrofuran (THF), N ,N-dimethylformamide (DMF),
dichloromethane  (DCM),  2,2’-azobis(isobutyronitrile)
(AIBN), deuterated chloroform (CDCls-d), and tetra-
methylsilane (TMS) were procured from Fujifilm Wako
Pure Chemical Co. (Osaka, Japan). Oligo(ethylene glycol)
methyl ether methacrylate (OEGMA, M, = 300) was pur-
chased from Sigma-Aldrich (St. Louis, USA). The mouse
fibroblast line (LL929) used in cell culture experiments
was purchased from RIKEN BioResource Center (Ibaraki,
Japan). Eagle’s minimal essential medium (E-MEM),
glutamine, and Dulbecco’s phosphate-buffered saline (—)
(D-PBS(—)) were purchased from Shimadzu Diagnostics
Co. (Tokyo, Japan). Funakoshi Co., Ltd. (Tokyo, Japan)
supplied fetal bovine serum (FBS). Calcein-AM dye was
purchased from Dojindo Laboratories (Kumamoto, Japan).
Other solvents and reagents of analytical grade were
obtained from commercial sources and used without further
purification.

Synthesis of MAC

Scheme 1(a) presents the synthetic strategy for preparing
7-methacryloyloxycoumarin (MAC). 7-Hydroxycoumarin
(6.45¢g, 0.04 mol) and TEA (8.18 g, 0.08 mol) were dis-
solved in dehydrated DCM (100 mL). Methacryloy!l chlor-
ide (5.09g, 0.05mol) was then separately dissolved in
dehydrated DCM (100 mL) and added dropwise to the
7-hydroxycoumarin solution over 30 min in an ice bath. The
resulting mixture was then stirred at room temperature
overnight. After completion of the reaction, the excess
solvent was removed under reduced pressure; furthermore,
the desired product was dissolved in 160 mL of chloroform,
washed thrice with 160 mL of Milli-Q water (MQ), and
collected in an organic layer. The organic layer was dried
over anhydrous magnesium sulfate and filtered, and the
solvent was removed with a rotary evaporator to give a light
orange solid. The light orange solid obtained was dissolved
in a mixture of methanol and THF in a 2:1 (v/v) ratio,
amounting to 90 mL, and warmed at 50 °C. After leaving
this solution undisturbed overnight at 25 °C, the substance
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was recrystallized and filtered with suction, yielding MAC
(yield: 65%). Successful synthesis of MAC was confirmed
via proton nuclear magnetic resonance ('"H NMR, Fig. S1).
'"H NMR spectra were recorded on a JNM-AL400 spec-
trometer (JEOL Co., Ltd, Tokyo, Japan) operating at
400 MHz with CDCl3-d as the solvent and TMS as the
internal standard.

Syntheses of polymers

Poly(7-methacryloyloxycoumarin-co-oligo(ethylene glycol)
methyl ether methacrylate) (P(MAC-co-OEGMA)) and
poly(oligo(ethylene glycol) methyl ether methacrylate)
(POEGMA) were synthesized via free radical polymeriza-
tion (Scheme 1(b)). Table S1 summarizes the feed compo-
sitions for the syntheses of P(MAC-co-OEGMA) and
POEGMA. OEGMA (M, =295) was purified on an alu-
mina column and dissolved in DMF along with MAC
(M, =230.2). To this solution, 2.0mol% of AIBN,
recrystallized from methanol, was added. Furthermore,
freeze—pump—thaw cycles were used to remove the residual
oxygen, and subsequently, copolymerization was carried
out at 70°C for 8h under a nitrogen atmosphere. The
resulting polymer solution was introduced into a cellulose
dialysis membrane with a molecular weight cutoff of
3.5kDa and dialyzed against methanol (500 mL) for a
period of 3 days to remove any residual monomer and
initiator. The dialysate was replaced five times throughout
this process. Finally, the solvent was removed under
reduced pressure, yielding a clear, viscous liquid. Success-
ful synthesis of the polymer was confirmed by the 'H NMR
spectra (Figs. S2-S4).

Photodimerization of P(MAC-co-OEGMA)

P(MAC-co-OEGMA) was dissolved in chloroform at a
concentration of 0.2 mg/mL. Next, the resulting solutions
were exposed to UV light within the 300-400nm
range (20 mW/cm?) from a xenon light source (MAX-303:
Asahi Spectra Co., Ltd, Tokyo, Japan) for various times
with a heat absorption filter. A UV—Vis spectrophotometer
(UV-2550: Shimadzu Co., Kyoto, Japan) was used to
measure their UV-Vis spectra. Additionally, to measure
the dissociation behavior, the polymer solution was irra-
diated with a xenon light source (MAX-303: Asahi
Spectra Co., Ltd, Tokyo, Japan) and a 254 nm bandpass
filter (0.05 mW/cm?).

Rheological measurements of P(MAC-co-OEGMA)
The rheological measurements were performed under a
constant strain of 1% and frequency range of 0.015-15.9 Hz

at 25°C using a RheoStress 300 (Anton Paar, Japan,
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MCR102). The storage moduli (G’) and loss moduli (G”) of
the solutions or hydrogels were evaluated at a frequency of
1 Hz under constant strain.

Transmittance measurements

The temperature responses of PBS(—) solutions of P(MAC-
co-OEGMA) and POEGMA were evaluated by measuring
their transmittances as a function of temperature at 650 nm
with a UV-visible spectrometer (UV-2550: Shimadzu,
Kyoto, Japan). Hydrogels were prepared by placing P(IMAC-
co-OEGMA) solutions in quartz glass molds and irradiating
them with UV light (300400 nm).

Cell culture on P(MAC-co-OEGMA) gels

After PIMAC-co-OEGMA) was dissolved in PBS(—) at a
concentration of 28 wt%, the resulting pregel solution
was cast on a tissue culture polystyrene (TCPS) dish.
Subsequently, gels were formed by exposing the pregel
solution to UV light from a xenon light source (MAX-303)
equipped with a heat-absorbing filter (300-400 nm) for a
predetermined duration. The resulting gels were washed
three times with PBS(—) and subsequently incubated with
10% FBS/EMEM (1 mL) at 37 °C and 5% CO, overnight.
Afterward, 1929 cells suspended in 10% FBS/EMEM
were seeded onto the prepared gels at predetermined cell
densities and maintained in EMEM supplemented with
10% FBS at 37 °C under a humid atmosphere containing
5% CO,.

Once the gels were prepared by irradiating the pregel
solutions with the xenon light source (MAX-303) with a
heat-absorbing filter (300-400 nm) for 1h, micropatterns
were fabricated by exposing these gels to UV light through
a grid-shaped photomask (pitch = 250 mm, hole =
200 mm, and bar = 50 mm) for 1 h. L929 cells suspended in
10% FBS/EMEM were seeded onto these micropatterned
gels at predetermined cell densities and placed in EMEM
supplemented with 10% FBS at 37 °C under a humid
atmosphere with 5% CO,.

The behaviors of the L929 cells at various culture tem-
peratures were evaluated by changing the culture tempera-
ture after cell adhesion. 1.929 cells suspended in 10% FBS/
EMEM were seeded onto a TCPS dish and P(MAC-co-
OEGMA) gels at predetermined cell densities and placed in
EMEM supplemented with 10% FBS at 30 °C or 37 °C
under a humid atmosphere with 5% CO,. Furthermore, the
effect of culture temperature on cell behavior was investi-
gated by reducing the culture temperature from 37 °C to
30 °C at random times. The behavior of the L929 cells on
P(MAC-co-OEGMA) gels and TCPS dishes was monitored
with a fluorescence microscope (BZ-X710: KEYENCE Co.,
Osaka, Japan).
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Results and discussion
Synthesis of P(MAC-co-OEGMA)

MAC bearing a photodimerizable coumarin group was syn-
thesized according to Scheme 1a. The 'H NMR spectrum of
MAC exhibited characteristic peaks at 6.0 and 6.3 ppm,
which were attributed to the protons of the CH,=C double
bond, implying successful incorporation of the double bond
into coumarin (Fig. S1). The resulting MAC was copoly-
merized with OEGMA to synthesize P(MAC-co-OEGMA)
(Scheme 1b). The 'H NMR spectrum of P(MAC-co-
OEGMA) revealed the disappearance of peaks for the double
bonds of MAC and OEGMA (Figs. S2—S4). Furthermore, the
peaks derived from P(MAC-co-OEGMA) broadened, and
their integrated values matched the theoretical values, con-
firming successful synthesis of P(IMAC-co-OEGMA) as an
amphiphilic polymer with photodimerizable groups. The
molar ratio of MAC to OEGMA in P(MAC-co-OEGMA)
was determined from the peaks at 6.4 ppm for MAC and
4.2 ppm for OEGMA, yielding MAC:OEGMA = 20.2:79.8
(mol%).

Photodimerization of P(MAC-co-OEGMA)

Reversible photodimerization of P(IMAC-co-OEGMA) was
analyzed with UV-Vis spectroscopy. Figure 2a shows the
UV-Vis spectrum of P(MAC-co-OEGMA) in chloroform
irradiated with UV at wavelengths of 300—400 nm for var-
ious durations. The absorbances of the coumarin groups at
280 and 330 nm decreased with increasing UV exposure
time. After excitation of the coumarin groups by UV
exposure, they underwent photo[2 + 2] cyclizations with
the neighboring coumarin groups, followed by the forma-
tion of cyclobutane rings and generation of coumarin
dimers [56, 57]. This indicated that P(MAC-co-OEGMA)
underwent photodimerization upon exposure to UV light
with wavelengths of 300-400 nm. Subsequently, a solution

1.0
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— 1min — 1min
2 min 08l 2 min
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of PIMAC-co-OEGMA) in chloroform was exposed to UV
light with a wavelength of 254 nm for various durations.
Figure 2b shows that the UV—Vis spectra of the photo-
dimerized P(MAC-co-OEGMA) changed further with con-
tinuous exposure to 254 nm UV light, and the absorbance of
the coumarin groups increased with increasing exposure
time. This increased absorbance was attributed to photo-
cleavage of the cyclobutane rings within the coumarin
dimer upon exposure to high-energy 254nm UV light,
which led to the formation of coumarin monomers. The
slow recovery of coumarin monomer absorbance might
indicate that symmetrically and asymmetrically cleaved
coumarin derivatives were produced via cyclobutane ring
photocleavage [58]. Changes in the UV—Vis spectrum of
P(MAC-co-OEGMA) upon UV exposure revealed that the
coumarin groups in P(MAC-co-OEGMA) formed dimers
upon UV exposure at 300-400 nm, and photocleavage of
the coumarin dimers induced by UV exposure at 254 nm
produced coumarin monomers. This implied that the UV
wavelength determined reversible photodimerization of
P(MAC-co-OEGMA).

Viscoelasticities of P(MAC-co-OEGMA) gels

The previous section revealed that the coumarin groups of
P(MAC-co-OEGMA) underwent reversible photodimeriza-
tion during UV exposure. This means that P(MAC-co-
OEGMA) can be crosslinked to form gels upon exposure to
UV light. We investigated gelation of PBS(-) with P(IMAC-
co-OEGMA) with an MAC content of 20 mol% by exposing
the mixture to UV with wavelengths of 300-400 nm and
determined the physical properties of the resulting gels as a
function of the exposure time. An aqueous P(MAC-co-
OEGMA) solution underwent a phase transition from a sol
state to a gel state when exposed to UV light with wave-
lengths of 300400 nm (Fig. 3a). The viscoelasticity of an
aqueous P(IMAC-co-OEGMA) solution was also investigated
with a rheometer after UV exposure. Figure 3b demonstrates
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Fig. 3 a Photographs of water containing P(MAC-co-OEGMA) with
20 mol% MAC (i) before and (ii) after exposure to UV wavelengths of
300—400 nm for 1 h. The concentration of PIMAC-co-OEGMA) with
20mol% MAC was 33wt% in water. b Effect of the UV
(300-400 nm) exposure time on the storage modulus (G’, closed cir-
cle) and loss modulus (G”, open circle) of the P(IMAC-co-OEGMA)

the effect of the UV exposure time on the storage modulus
(G") and loss modulus (G”) of an aqueous P(MAC-co-
OEGMA) solution with a polymer concentration of 28 wt%
after exposure to UV at wavelengths of 300-400 nm. G’ and
G”" increased gradually with increasing UV exposure times.
Importantly, while G’ of the aqueous P(MAC-co-OEGMA)
solution was lower than G” when the UV exposure time was
<30 min, the former became greater than the latter upon
increasing the UV exposure time further. In addition, the
frequency dependence of G’ and G” indicated that G’ of the
aqueous P(MAC-co-OEGMA) solution after UV exposure
for more than 30 min was greater than G” for a wide range of
frequencies, unlike that seen after UV exposure for less than
30 min (Fig. S5). This means that UV exposure for more than
30min induced gelation of the aqueous P(MAC-co-
OEGMA) solution with a polymer concentration of 28 wt%.
The photoresponsive gelation of the aqueous P(MAC-co-
OEGMA) solution was attributed to formation of a cross-
linked network via coumarin photodimerization. Notably, the
increases in G’ for the resulting P(IMAC-co-OEGMA) gel
with prolonged UV exposure indicated that the stiffness
could be regulated by adjusting the UV exposure time. Fur-
thermore, the G’ and G” values for an aqueous P(IMAC-co-
OEGMA) solution after UV exposure strongly depended on
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gel with 20mol% MAC. The polymer concentration of P(MAC-co-
OEGMA) with 20 mol% MAC was 28 wt% in PBS(—). ¢ Effect of the
polymer concentration on the storage modulus (G, closed circle) and
loss modulus (G”, open circle) of the PIMAC-co-OEGMA) gel with
20mol% MAC. Aqueous P(MAC-co-OEGMA) solutions were
exposed to UV for 1 h before the rheological measurements

the polymer concentration (Fig. 3c). When aqueous P(IMAC-
co-OEGMA) solutions with various polymer concentrations
were exposed to UV wavelengths of 300400 nm for 1 h,
their G’ and G” values increased gradually with increasing
polymer concentration. The frequency dependence of G’
and G” demonstrated that the G’ value of the aqueous
P(MAC-co-OEGMA) solutions after UV exposure for 1h
was greater than G” over a wide range of frequencies
(Fig. S6). An aqueous P(MAC-co-OEGMA) solution with a
higher polymer concentration formed a crosslinked network
more easily than that with a lower polymer concentration.
Thus, the resulting PMIMAC-co-OEGMA) gel had phototun-
able physical properties such as an elastic modulus that was
regulated by the UV exposure time.

Temperature response of P(MAC-co-OEGMA)

The LCSTs of temperature-responsive polymers such as
PNIPAAm are the temperatures at which their solubilities in
water change dramatically. For example, PNIPAAm is
soluble in water at temperatures lower than 32 °C but
becomes insoluble at temperatures higher than 32 °C. Such
temperature-responsive changes in solubility are induced by
drastic changes in the nature of the polymer chains from
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hydrophilic to hydrophobic with increasing temperature.
Similar to PNIPAAm, POEGMA produced via poly-
merization of OEGMA had an LCST of 65 °C [55]. We
investigated the temperature-responsive behavior of
P(MAC-co-OEGMA) or POEGMA in PBS(—) by measur-
ing its transmittance at 650 nm at various temperatures
(Fig. 4a). The transmittance (100%) of an aqueous
POEGMA solution remained constant with increasing
temperature up to 60 °C, indicating that POEGMA is
soluble in PBS(—) over the temperature range 25-60 °C.
Meanwhile, the transmittance of PBS(—) containing
P(MAC-co-OEGMA) with MAC contents of 16 and 20 mol
% decreased dramatically from 100% to 0% at 37 °C and
33 °C, respectively. Notably, PBS(—) with P(MAC-co-
OEGMA) exhibited a sharp decline in transmittance near
body temperature. The LCST of POEGMA, the homo-
polymer of OEGMA used in this study, is approximately
65 °C [55]. These findings underscore the presence of
LCSTs for the synthesized polymers beyond which they
become insoluble in water. This is because the interactions
between the polymer chains and water molecules are stable
below the LCST, so the polymers are soluble in water [59].
However, above the LCST, this balanced interaction is
disrupted in favor of hydrophobic interactions, causing
dehydration and reduced polymer solubility in water [60].
Furthermore, the LCST can be regulated to a temperature
close to body temperature by varying the hydrophobic
MAC content. In OEGMA, the ether oxygens within the
OEG moieties are the hydrophilic components, as they form
stable hydrogen bonds with water molecules, while the
main chains, comprising nonpolar carbon—carbon back-
bones, are the competitive hydrophobic component. Intro-
duction of the hydrophobic MAC caused a shift in the
LCST to a lower temperature because the P(MAC-co-
OEGMA) became more hydrophobic than POEGMA [61,
62]. Therefore, the LCST of PIMAC-co-OEGMA) with a
MAC content of 20 mol% was lower than that with 16 mol
% MAC. This indicated that the LCST of P(MAC-co-
OEGMA) could be tuned by varying the MAC content. In
this study, P(MAC-co-OEGMA) with a MAC content of
20mol% was used as a photo/temperature-responsive
polymer because it became hydrophobic at 37 °C, at which
point cells could be cultured on the gel surface.

Figure 4b shows the effect of temperature on the
transmittance of the P(MAC-co-OEGMA) gel with an
MAC content of 20mol%, which was prepared by
exposing an aqueous solution to UV wavelengths of
300—400 nm for 1 h. As the temperature was increased, the
gel transmittance exhibited a steep decline at 33 °C,
similar to that of an aqueous P(MAC-co-OEGMA) solu-
tion. Movie S1 demonstrates the rapid changes occurring
in the PMMAC-co-OEGMA) gel from transparent to turbid
when it was immersed in water at 40 °C. These results

indicated that the PIMAC-co-OEGMA) gel maintained its
temperature responsiveness, even though the polymer chains
were photocrosslinked via photodimerization of the coumarin
groups. Furthermore, to evaluate the changes in hydro-
philicity/hydrophobicity in response to temperature, we
measured the contact angle of an air bubble on the P(IMAC-
co-OEGMA) gel in water (Fig. 4c). The contact angles on the
P(MMAC-co-OEGMA) gel were 142.3° at 25°C (lower
than the LCST) and 133.5° at 55 °C (higher than the LCST).
Generally, the contact angle of an air bubble on a hydrophilic
surface in water is higher than that on a hydrophobic
surface. Therefore, the contact angle measurements revealed
that the P(MAC-co-OEGMA) gel was hydrophilic
below the LCST of the polymer chain and became less
hydrophilic above the LCST. These results were consistent
with the temperature-dependent transmittances exhibited by
the P(IMAC-co-OEGMA) gel. However, even though the
P(MAC-co-OEGMA) chain became insoluble in water above
its LCST, the surface of the PIMAC-co-OEGMA) gel was
not very hydrophobic, unlike those of other temperature-
responsive polymers such as PNIPAAm. Thus, the POIMAC-
co-OEGMA) gel was swollen and transparent in water owing
to the hydrophilicity of its polymer chains below the LCST.
An increase in temperature above the LCST induced dehy-
dration and aggregation of the polymer chains, which
reduced the hydrophilicities of the gels. Therefore, the che-
mical properties, such as hydrophilicity/hydrophobicity, of
the PMMAC-co-OEGMA) gel were altered by small changes
in temperature because it had an LCST of 33 °C, implying
that the gel is a promising scaffold for cell regulation.

Cell behavior on P(MAC-co-OEGMA) gels with
different elastic moduli

Physical properties such as the elastic moduli of gels are
important in governing cell behavior such as adhesion,
spreading, and proliferation. We investigated the cell
behavior on PIMAC-co-OEGMA) gels with different elastic
moduli, which were formed by UV irradiation of aqueous
P(MAC-co-OEGMA) solutions for different durations. The
P(MAC-co-OEGMA) gels prepared by UV exposure for 30
and 60 min had elastic moduli of 0.4 and 1.6 kPa, respec-
tively (Fig. 3b). Figure 5a shows phase contrast and fluor-
escence microscopy images of 1929 cells cultured for 3
days on P(MAC-co-OEGMA) gels prepared by UV expo-
sure for 30 and 60 min. The images demonstrate that more
cells were adhered on the gel with an elastic modulus of 1.6
kPa than on the gel with an elastic modulus of 0.4 kPa.
Interestingly, the cells on gels with higher elastic moduli
spread more efficiently than those on gels with lower elastic
moduli. Additionally, the fluorescence microscopy images
exhibited green emission in the regions where cells were
adhered. This indicated that the cells proliferated on the
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Fig. 4 a Effect of temperature on (a)

the transmittance (at 650 nm) of 100
PBS(—) containing POEGMA
(@) and P(MAC-co-OEGMA)
with MAC concentrations of 16
(M) and 20 mol% (4p). The
polymer concentration was

5.0 mg/mL. b Effect of
temperature on the transmittance
(wavelength, 650 nm) of the
P(MAC-co-OEGMA) gel with
20 mol% MAC prepared via UV
(300—400 nm) exposure for 1 h.
¢ Contact angles of an air bubble 0

80

60

40

Transmittance (%)

20

(b)

100

P(MAC-co-OEGMA)

@®: POEGMA hydrogel

80
@: P(MACy-co-
OEGMAg)

M : P(MACs-co-
OEGMAg,)

60

40

Transmittance (%)

20

on the P(MAC-co-OEGMA) 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
hydrogel with 20 mol% MAC in Temperature (°C) Temperature (°C)

water at 25 °C and 37 °C. The
gel was prepared by UV
(300—400 nm) exposure for 2h

- J

(" Air
Water l

P(MMAC-co-OEGMA) gel and maintained their vitality
without cytotoxic effects. Importantly, the cells were cul-
tured on the PIMAC-co-OEGMA) gel at 37 °C, which was
higher than the LCST of the PMMAC-co-OEGMA) chain.
As the POIMAC-co-OEGMA) gel had a hydrophobic surface
at 37 °C, cells adhered easily. Moreover, Fig. 5b demon-
strates that the density of cells on the gel with an elastic
modulus of 0.4 kPa was 9.3 x 10°/cm?, whereas that on a
gel with an elastic modulus of 1.6 kPa was 15.1 x 10°/cm?.
Some tissues have high elastic moduli, and others have low
elastic moduli in vivo [63]. Therefore, cells should be cul-
tured in a suitable environment with a specific elastic
modulus [15, 64]. The 1929 cells used in this study were of
the fibroblast lineage. As fibroblasts typically have elastic
moduli in the range of 2-3 kPa, 929 cells might adhere,
spread, and proliferate on the P(MAC-co-OEGMA) gel
with an elastic modulus of 1.6 kPa more readily than on the
gel with an elastic modulus of 0.4 kPa. These results implies
that cell behaviors, such as adhesion, spreading, and pro-
liferation, were regulated with the phototunable elastic
modulus of the PIMAC-co-OEGMA) gel.

After the POIMAC-co-OEGMA) gel with a phototunable
elastic modulus was prepared by exposing the aqueous
solution of PIMAC-co-OEGMA) with an MAC content of
20 mol% to UV, a micropattern with regions of high and
low elastic moduli was formed on the gel after UV expo-
sure for 120 min through a photomask (Fig. S7). Figure 5c
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and Movie S2 show phase contrast microscopy images and
time-lapse videos of the 1929 cells, respectively, while
they were cultured on gels with a micropatterned surface
for 48 h. The cells congregated, adhered, and spread in
regions with high elastic moduli more preferentially than in
those with low elastic moduli. Furthermore, the cells that
adhered to the regions with high elastic moduli proliferated
considerably after 48 h. This result was supported by the
fact that the numbers of cells adhering to and proliferating
on the gel surface with a high elastic modulus were greater
than those adhering and proliferating on the gel surface
with a low elastic modulus (Fig. 5a). Hence, cell behaviors
such as adhesion, spreading, and proliferation can be
regulated by varying the elastic modulus of the PIMAC-co-
OEGMA) gel, which in turn can be optimized by varying
the UV exposure time.

Cell behavior on P(MAC-co-OEGMA) gels with
different hydrophobicities/hydrophilicities

Cell behavior is influenced by physical properties such as
the elastic moduli and chemical properties such as the
hydrophobicities/hydrophilicities of the scaffolds. For
example, cells adhere more readily to hydrophobic surfaces,
but they are less likely to adhere to hydrophilic surfaces.
Okano et al. developed a cell sheet technology in which cell
sheets were prepared by enabling drastic changes in the
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Fig. 5 a Phase contrast and fluorescence microscope images of 1929
cells on the surface of PIMAC-co-OEGMA) gels with 20 mol% MAC.
The gels were prepared by exposing PBS(—) containing P(MAC-co-
OEGMA) to UV wavelengths of 300—400nm for (i) 30 and (ii)
60 min. Cells were cultured on the gel surfaces for 3 days and stained
with calcein. b Relationship between the storage modulus of P(MAC-
co-OEGMA) gels with 20 mol% MAC and the number of cells that

hydrophobicities/hydrophilicities of PNIPAAm substrates
in response to temperature [27, 65]. This meant that the
temperature-responsive hydrophilic/hydrophobic changes
were useful tools for regulating cell behavior. In this study,
we investigated cell behavior on the P(MAC-co-OEGMA)
gel at temperatures lower and higher than the LCST of the
P(MAC-co-OEGMA) chains.

Figure 6a shows the behavior of L.929 cells on a PIMAC-co-
OEGMA) gel with an MAC content of 20 mol% and TCPS as
a reference at 30 °C and 37 °C. When cultured on the surfaces
of the PMMAC-co-OEGMA) gel and TCPS, the number of
1929 cells adhered at 37 °C was greater than that adhered at
30 °C. This was because the cells were more likely to proliferate
at 37 °C than at 30 °C. Interestingly, while the 1.929 cells spread
on the TCPS surface at 30 °C and 37 °C, they spread on the
P(MAC-co-OEGMA) gel only at 37 °C. This occurred because
the TCPS surface did not change its hydrophobicity in response
to temperature changes; however, the P(MAC-co-OEGMA)
gel had hydrophilic and hydrophobic surfaces at 30 and
37 °C, respectively. At 30 °C, the hydrophilic surface of the
P(MAC-co-OEGMA) gel prevented cell adhesion because the

(ii) UV irrad. time = 60 min

N
o

- -
o (3}
T T

Cell number (x 10°/cm®) T
(3]

100 um

G'(kPa)

adhered on their surfaces for 3 days. ¢ Optical microscopy images of
L1929 cells on a micropatterned surface of the P(MAC-co-OEGMA)
gel with 20 mol% MAC after culturing the cells for 0, 24, and 48 h.
The micropattern was prepared by exposing the P(MAC-co-OEGMA)
gel to UV (300-400 nm) for 2h through a photomask with a large
square mesh shape (pitch = 250 um, hole = 200 um, and bar = 50 um)

adsorption of adhesion proteins such as fibronectins was
inhibited by the exclusion volume effect of the oligo(ethylene
glycol) chains. However, as the P(MAC-co-OEGMA) gel
became hydrophobic at 37 °C, cells adhered and spread on its
surface.

Additionally, we investigated the behavior of cells on the
P(MAC-co-OEGMA) gel when the culture temperature was
reduced to 25 °C for 1 h after culture at 37 °C for 1 day. The
cells that spread on the P(IMAC-co-OEGMA) gel at 37 °C
transitioned into spherical shapes within 1 h after the culture
temperature was switched from 37°C to 25°C (Fig. 6b,
Movie S3). This indicated that cell detachments were induced
by drastic changes in the gel surface from hydrophobic to
hydrophilic in response to a change in temperature, similar to
the studies reported by Okano et al. [27, 65]. Thus, the
dynamic changes in the hydrophobicity/hydrophilicity of
the P(MAC-co-OEGMA) gel in response to temperature
were useful in regulating the cell behavior, such as adhesion
and spreading. The phototunable physical properties and
temperature-switchable chemical properties exhibited by the
dual stimuli-responsive PIMAC-co-OEGMA) gel implied that
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Fig. 6 a Phase contrast (a)
microscopy images of 1.929

Temp.

Gel TCPS

cells on the surfaces of
polystyrene dishes (TCPS) and
P(MAC-co-OEGMA) gels with
20 mol% MAC formed by UV
(300—400 nm) exposure for

180 min. Cells were cultured on
their surfaces at 30 °C and 37 °C
for 1 day. b Phase contrast
microscopy images of L929

100 um

cells on the surfaces of P(IMAC-
co-OEGMA) gels with 20 mol%
MAC when the temperature was
switched from 37 °C to 25 °C.
Scale bar: 20 um

it has many future applications as a scaffold for regulating cell
behavior.

Conclusion

We synthesized photo- and temperature-responsive P(MAC-
co-OEGMA) as a dual stimuli-responsive polymer featuring
photodimerizable coumarin groups and OEG with an LCST in
its side chain. An aqueous P(MAC-co-OEGMA) solution
underwent a phase transition from a sol to gel upon UV
exposure. The elastic modulus of the resulting P(MAC-co-
OEGMA) gel could be precisely regulated by varying the UV
exposure time. Additionally, PMMAC-co-OEGMA) dissolved
in aqueous solutions at temperatures lower than 33 °C became
insoluble at temperatures higher than 33 °C. The P(MAC-co-
OEGMA) gel changed its behavior from hydrophilic to
hydrophobic with increasing temperature. Exposure of the
P(MAC-co-OEGMA) gel to UV light through a photomask led
to micropattern formation, comprising two regions with dif-
ferent elastic moduli. The cell cultured on the micropatterned
surface demonstrated that more cells adhered and spread on the
surface with a high elastic modulus. Moreover, while the cells
retained their spherical shapes on the PIMAC-co-OEGMA)
gels at temperatures lower than the LCST of the P(MAC-co-
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OEGMA) chains, they were more likely to spread at tem-
peratures higher than the LCST. When the culture temperature
was reduced to 25°C after the cells were cultured on the
PMAC-co-OEGMA) gel at 37°C, cells that adhered and
spread on the gel surface were detached from its surface.
Therefore, because the elastic modulus and hydrophobicity/
hydrophilicity of the P(MAC-co-OEGMA) gel underwent
drastic changes in response to the UV exposure time and
temperature, respectively, it is a very promising scaffold for
regulating cell behaviors such as adhesion, spreading, and
proliferation. Furthermore, fundamental research on the cell
behavior on dual stimuli-responsive polymer gels is required
for a better understanding of the physical and chemical prop-
erties of the scaffolds and cell behaviors and could lead to
breakthroughs in cell manipulation for regenerative medicine,
tissue engineering, and drug discovery.
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