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A primary interest in cell membrane and shape fluctuations is
establishing experimental models reflecting only nonthermal active
contributions. Here we report a millimeter-scaled capsule self-
oscillating gel model mirroring the active contribution effect on
cell fluctuations. In the capsule self-oscillating gels, the propagat-
ing chemical signals during a Belousov—-Zhabotinsky (BZ) reaction
induce simultaneous local deformations in the various regions,
showing cell-like shape fluctuations. The capsule self-oscillating
gels do not fluctuate without the BZ reaction, implying that only the
active chemical parameter induces the gel fluctuations. The period
and amplitude depend on the gel layer thickness and the concen-
tration of the chemical substrate for the BZ reaction. Our results
allow for a solid experimental platform showing actively driven cell-
like fluctuations, which can potentially contribute to investigating
the active parameter effect on cell fluctuations.

Introduction

Cells show various dynamic behaviors. In a thermodynamic
sense, cells constantly exchange both energy and matter with
their exterior through cell membranes to maintain dynamic
steady states." Cell membrane fluctuations (CMFs) are neces-
sary byproducts of the dynamic states. CMFs induce essential
features for life, such as the diffusion of membrane proteins,>
cell motility® and vesicle trafficking.® The driving forces of
CMFs are derived from two components: (1) thermal fluctua-
tions of phospholipids in the cell membrane® and (2) nonther-
mal active components such as conformational changes of
glycoproteins or ATP-induced cytoskeleton dissociation.®”
Until now, the thermal fluctuation component has been used
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New concepts

Here, we showcase a new concept of an experimental model for cell
membrane fluctuations (CMFs) composed of millimeter-sized self-
oscillating gels (SOGs). Cell membranes constantly fluctuate, affecting
the essential functions of life. The current significant technological
lacuna in the related discipline is to realize experimental models that
can only reflect the active nonthermal contribution of CMFs. This study
highlights a material-based new approach to realize experimental models
for CMFs that can mirror only the influence of the nonthermal
contribution: a millimeter-sized capsule SOG system showing cell-like
membrane/shape fluctuations by Belousov-Zhabotinsky (BZ) reaction.
The found mechanism of the gel fluctuations in this study shares a
functional mechanism with cell fluctuations: the thickness fluctuations,
only driven by the BZ reaction in the case of our study, induce shape
fluctuations. Furthermore, the controllable gel fluctuations by manipu-
lating the layer thickness give our system robustness as a model platform
for realizing desirable cell-like fluctuations. The knowledge we found and
demonstrated can open a new applicable field of soft materials to cover
the unsolved issues in the biological field. Furthermore, since our study
features an experimental base platform, various material-related
technologies could be added to our system, promoting the birth of new
advanced material-based systems.

to classically explain CMFs; however, the contribution of the
active factors has attracted a lot of attention in recent years.®™?

There has been growing interest in constructing experi-
mental models for realizing CMFs driven by active contribu-
tions. For example, S. C. Takatori et al. reported a model
encapsulating motile micron-sized Bacillus subtilis PY79 into
giant unilamellar vesicles (GUVs)."> In GUVs, the bacteria can
travel and hit the membrane of the GUV. In other words, the
bacteria-membrane collision drove the active force-induced
shape fluctuation. H. R. Vutukuri et al. reported giant lipid
vesicles containing self-propelling Janus colloidal particles as a
microswimmer.'* The polystyrene particles half coated with Pt
got propulsion by supplying hydrogen peroxide (H,O,) as a fuel.
As a result, the propelling particles inside gave localized active
internal forces when they touched the membrane, which can
largely deform the lipid membranes. However, despite these
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efforts, developing experimental models exhibiting non-
equilibrium CMFs by active factors is still challenging in the
current field.

In this study, we report millimeter-scaled capsule self-
oscillating gel (C-SOG)-based model systems exhibiting cell-
like membrane/shape fluctuations reflecting the nonthermal
contributions. Our approach has started from the viewpoint of
materials; self-oscillating gels (SOGs) developed by our group.
The SOGs feature autonomous and repetitive swelling/deswel-
ling volume oscillations triggered by a Belousov-Zhabotinsky
(BZ) reaction.'* The SOGs can be fabricated by introducing a
tris(2,2'-bipyridine)ruthenium (Ru(bpy);>*, a catalyst for the BZ
reaction) into a gel network.""® During the BZ reaction, by
adding chemical substances to an acidic external solution,
Ru(bpy);>* in the gel exhibits cyclic redox change between its
reduced Ru(bpy);>" and oxidized Ru(bpy);>* states. The repeti-
tive redox change leads to the redox state-dependent migration
of water molecules, resulting in out-of-equilibrium volumetric
oscillations during the BZ reaction.

We built our C-SOG model system showing cell-like surface
fluctuation by harmonizing (1) an intrinsic functional property
in the volume oscillation of the SOGs and (2) structural design.
The volumetric self-oscillatory behavior during the BZ reaction
depends on the gel size. Specifically, the SOGs exhibit isotropic
volume oscillation if the gels are smaller than approximately
1 mm (i.e., the wavelength of the BZ reaction), and BZ chemical
wave-dependent volume oscillation if larger than 1 mm.'®
HBrO,, which acts as an activator for the BZ reaction, could
be periodically generated and randomly diffused through the
matrix; a BZ chemical wave. Note that the diffused HBrO, can
induce oxidation, followed by gel swelling. If the gel size is
significantly large than the wavelength of the BZ reaction,
HBrO, generated later could spread again before the previously
propagated HBrO, is completely diffused throughout the
matrix. From these backgrounds, we hypothesized that
if we design the SOGs as a millimeter-sized capsule, the
propagating BZ chemical wave along the gel surface could
induce multiple and simultaneous local deformations in the
various gel sites causing cell-like fluctuation behavior
(Fig. 1(a)). As a platform design, C-SOGs were fabricated by
synthesizing a  poly(N-isopropylacrylamide-co-N-3-aminopropyl-
methacrylamide) (poly(NIPAAm-co-NAPMAm)) layer on spherical
alginate—calcium (Alg/Ca) beads, followed by liquifying the Alg/Ca
core part and sequentially conjugating bis(2,2’-bipyridine) (1-(4'-
methyl-2,2-bipyridine-4-carbonyloxy)-2,5-pyrrolidinedione)  ruthe-
nium(u) (Ru(bpy);-NHS) to the primary amine NAPMAm.

Here we fabricated millimeter-scaled C-SOGs with various
gel layer thicknesses. The bulk scale of this model could imply
the definitive separation of thermal fluctuation.'”'® We
demonstrated that the randomly generated BZ chemical waves
travel along the surface of the C-SOGs, inducing layer thickness
and shape fluctuations. The gel fluctuations did not occur
without BZ reactions, implying that gel fluctuations were only
attributed to the nonthermal active volume oscillations caused
by the BZ reaction. The shape fluctuations caused by the local
thickness deformations of the C-SOGs by the BZ reaction can
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Fig. 1 (a) Schematic illustration of the capsule self-oscillating gels show-
ing cell-like membrane and shape fluctuation during the BZ reaction and
(b) their fabrication process.

mirror the effect of nonthermal active contributions to CMFs.
As previously described, the nonthermal active contribution to
the CMFs includes ATP-dependent conformational changes of
transmembrane proteins (ion pumps)®®'"* and ATP-dependent
cytoskeletal dissociation.”'® The local deformation induced by
the mechanical swelling/deswelling can randomly occur on the
various sites in the cells by consuming ATP, resulting in cell
membrane and shape fluctuations. Back to the C-SOGs, the
quantitatively analyzed results indicated that the period and
amplitude of the fluctuation behavior during the BZ reaction
depended on the gel layer thickness. The thickened layer
caused a more significant local deformation (i.e., micrometer-
scaled amplitude) induced by the BZ reaction, inducing sig-
nificant shape fluctuations. We also found that the gel fluctua-
tions depended on the concentration of the chemical
substrates of the BZ reaction. The influence of the chemical
substrate concentration could correspond to the ATP depen-
dency of the active contribution.” Therefore, our results can be
exploited as an experimental platform that only reflects active
factors on CMFs, which can contribute to finding the specific
effect of active factors on CMFs. Furthermore, we strongly
believe that each developing process of our model system can
give meaningful insight as a platform.

Results and discussion
Fabrication of the capsule self-oscillating gels

The C-SOGs were fabricated in four processes, as schematically
shown in Fig. 1(b) (see Fig. S1 in ESI 2.1t for the detailed
process). First, spherical Alg/Ca beads were fabricated from
aqueous alginate solution and CaCl, aqueous solution using a
syringe. The fabricated spherical Alg/Ca beads were immersed
in the APS (initiator) solution to allow the APS molecules to be
loaded into the Alg/Ca beads by diffusion, as described in a
previous report.>® Then, the APS-loaded Alg/Ca beads were
transferred to a monomer solution containing NIPAAm, NAP-
MAm, N,N’-methylenebis(acrylamide) (BIS), and N,N,N’,N’-
tetramethylethylenediamine (TEMED). During this immersion,
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Fig. 2 (a) The images of the gels in each fabrication process, including the
Alg/Ca beads, the capsule gels composed of the solidified and the liquified
Alg/Ca beads, and the capsule self-oscillating gels. The scale bars are
1 mm. (b) The growth kinetics of the poly(NIPAAM-co-NAPMAm) layer
thickness according to the various immersion conditions in APS solutions.
The number following the character (APS) in the legends signifies the
immersion times in the APS initiator solutions, while the x-axis indicates
the immersion time in the monomer solutions.

the APS can be diffused from the Alg/Ca beads,” synthesizing
the poly(NIPAAm-co-NAPMAm) layer on the Alg/Ca beads. After
this, 0.1 M sodium citrate treatment for the capsule gels (CGs)
was performed, resulting in liquifying of the core Alg/Ca beads.
The Alg/Ca beads are physically crosslinked by ionic interaction
between Ca®" and carboxyl groups in the alginate structure,
forming egg and box junctions.”’ When the Alg/Ca beads are
treated with solutions of chelators such as sodium citrate, an
ionic exchange between Ca®>" and Na* in the chelator solution
occurs. Since Na' cannot significantly play a role as a cross-
linker to maintain the physical gelation, the Alg/Ca beads can
be dissolved.”® To trace the liquified alginate after chelator
treatment, we prepared CGs made of 5-aminofluorescein-
labeled alginate (AF-Alg) (see Experimental Procedure 1.7. in
the ESIT). We verified that the liquified AF-Alg remained in the
capsular gel structure after chelator treatment (Fig. S2 in ESI
2.2%). The C-SOGs were fabricated by conjugating Ru(bpy);-
NHS with a primary amine in NAPMAm in the poly(NIPAAm-co-
NAPMAm) gel layer. The cross-sectional images in Fig. 2(a)
reveal that each process was successfully conducted.

Fig. 2(b) displays the growth kinetics of the poly(NIPAAm-co-
NAPMAm) gel layer thickness controlled by the immersion
times in the APS and monomer solutions. Each condition is
referred to as “APS#” (the legend in Fig. 2(b)), where # repre-
sents the immersion time (min) of the Alg/Ca beads in the APS
solutions. The immersion time in the monomer solutions is
expressed as the x-axis. The respective graphs in Fig. 2(b) show
similar trends, showing a rapid increase at the initial stage
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(~5 min) followed by a steady state. The layer thicknesses after
immersion for 30 min were as follows: 265 + 44.0 um for
APS10, 341 £+ 15.5 um for APS20, and 400 + 18.4 um for APS60.
Specifically, the varied immersion time in the APS solutions
could lead to different amounts of APS molecules being dif-
fused into the Alg/Ca beads.” The different immersion times in
the monomer solution could indicate the different gelation
times. Therefore, the immersion times can generate different
gelation rates and layer thicknesses during the radical poly-
merization. These results offer a clear strategy for fabricating
CGs and C-SOGs with the desired layer thickness.

Geometric changes of the gels in each redox state

Fig. 3 displays the temperature dependence of the geometries
of the C-SOGs in each redox state. The evaluated geometries
were the layer thickness (7)-to-whole size (diameter, S) ratio (7/

S, eqn (1)) (Fig. 3(a)).

Layer thickness of C — SOGs

T/S = 1
/s Whole size (diameter) of C — SOGs ()

All volumetric changes depended on the temperature
change in both the redox states (Fig. 3(b-d)). To classify the
samples more clearly, we focused on the three samples accord-
ing to the measured 7/S values in the reduced state at 20 °C.
The three C-SOGs are marked as follows: C-SOGs (0.043)
(Fig. 3(b)), C-SOGs (0.027) (Fig. 3(c)), and C-SOGs (0.013)
(Fig. 3(d)), where the numerical value in parentheses indicates
the calculated 7/S value in the reduced state at 20 °C. The layer
thickness profiles as a function of temperature in each redox
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Fig. 3 (a) The schematic illustration describing the analyzed geometrical
changes (T/S value) in each redox state. (b—d) The T/S values and the fitted
curves as a function of the temperature in each redox state. The gels were
classified according to the T/S values in the reduced state at 20 °C;
(b) C-SOGs (0.043), (c) C-SOGs (0.027), and (d) C-SOGs (0.013). The gels
were immersed in the BZ substrate solution containing [HNOs] = 894 mM
and [NaBrOz] = 84 mM for the oxidized state, and [HNO3] = 894 mM,
[NaCl] = 84 mM, and [MA] = 64 mM for the reduced state. NaCl was added
to maintain the ionic strength.
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state are shown in Fig. S3 (ESI 2.3t). Considering the similar
trend of each graph between Fig. 3 and Fig. S3 (ESIf), we
verified that the ratio of the change in the whole size and layer
thickness was similar. In other words, T/S can reflect the
information on capsule layer thickness as a geometric
indicator.

We mathematically fitted the measured data from the three
groups to the Boltzmann sigmoidal equation (eqn. (S1), ESIY),
which can model the phase transition of thermoresponsive
gels.”® The purpose was to calculate the difference in the
numerical values of the geometries between the redox states
by modeling. The mathematical modeling and the adjusted
parameters are detailed in Tables S1 and S2 (ESIf). In all cases,
the R*> values were greater than 0.980, and the adjusted R*
values were greater than 0.970. These results imply that the
Boltzmann sigmoidal equation successfully fitted the experi-
mental results. Fig. S4 (ESIt) shows the difference in the fitted
values of 7/S and the layer thickness between the redox states
from 10 °C to 35 °C. The differences were maximized at around
20 °C, and the maximum values increased with the 7/S values in
the reduced state at 20 °C. For instance, the differences in 7/S
in each redox state at 20 °C were 2.16 x 10> for C-SOGs (0.043),
1.06 x 10> for C-SOGs (0.027), and 5.08 x 10> for C-SOGs
(0.013). On the other hand, the differences in capsule layer
thickness in each redox state at 20 °C were 30.9 pm for C-SOGs
(0.043), 22.9 pm for C-SOGs (0.027), and 14.5 pm for C-SOGs
(0.013). Considering all results, we set the observation tempera-
ture of volumetric self-oscillatory behavior during the BZ reac-
tion to 20 °C.

The non-capsule solid spherical SOGs (referred to as “‘solid
SOGs”) were fabricated as schematically illustrated in Fig. S5(a)
(ESI 2.4.17). The geometrical change of the solid SOGs in each
redox state was characterized as an equilibrium swelling ratio
(Fig. S6 in ESI 2.4.2t) by eqn. (S2) (ESIt). We also mathemati-
cally fitted the measured data of the solid SOGs by eqn. (S1)
(ESIt). The fitting parameters are listed in Table S3 (ESIt). We
determined the observation temperature for the BZ reaction to
be 20 °C because the difference in equilibrium swelling ratio
was the largest at 20 °C (0.331).

The SOGs are based on the thermo-responsive poly(NIPAAm)
gel, which exhibits a volume phase transition temperature
(VPTT)."* The poly(NIPAAm)-based gels swell below the VPTT
and shrink above it because the degree of swelling changes
drastically at the VPTT.>* In the SOGs, when the conjugated
Ru(bpy); is oxidized (Ru(bpy);**), the hydrophilicity and the
VPTT of the gel network increase, leading to the water diffusing
into the gel: swollen gels. On the contrary, in the reduced state
(Ru(bpy)s>), the decreased hydrophilicity and VPTT of the gel
network induce the outward diffusion of water from the gel
network: shrunken gels. From this viewpoint, the volume
transitions by the redox state changes can depend on the
amount of Ru(bpy); in the gel network because the amount of
immobilized Ru(bpy); could affect the volume of diffused
water.>>*” Since the current Ru(bpy);-NHS concentration
(i.e., 70 mM) could lead all primary amine groups to saturatedly
react with Ru(bpy);-NHS molecules,**”?® the C-SOGs with a
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thicker layer can imply that more Ru(bpy); might be conjugated
than the C-SOGs with a thinner layer. Therefore, the equili-
brated thickness difference between the redox states could
depend on the gel layer thickness. From a geometrical perspec-
tive, the redox-state-dependent layer thickness transition could
exert contractile pressure on the capsular gels. In this regard,
we postulate that the whole gel size transition trend was
dependent on layer thickness changes.

Note that the SOGs repetitively undergo swelling in the
oxidized Ru(bpy);>" and deswelling in the reduced Ru(bpy)s>*
during the BZ reaction. Thus, the equilibrated volume differ-
ence (ie., equilibrium swelling ratio) between the redox states
can play a crucial role in inducing the actual volumetric self-
oscillation behavior of the gel.** Thus, it would be reasonable to
express the equilibrated volume difference as a potential for the
volumetric self-oscillations during the BZ reaction.

The BZ reaction can induce simultaneous gel layer thickness
oscillation in various regions

We analyzed the volumetric oscillation behavior of the C-SOGs
(0.043), C-SOGs (0.027), and C-SOGs (0.013) during the BZ
reaction at 20 °C. Movies S1-S3 (ESIt) display the dynamic
oscillation behaviors of the C-SOGs during the BZ reaction at
20 °C. As shown in Movie S1 (ESIt) for the C-SOGs (0.043)), the
BZ chemical waves simultaneously spread along the surface of
the C-SOGs, causing local gel layer deformation by oxidation.
We visually checked that the local layer deformation change
caused by the BZ reaction induced gel shape fluctuation, which
was similar to the other movies (Movie S2 for C-SOGs (0.027)
and Movie S3 for C-SOGs (0.013), ESIt). In detail, C-SOGs
(0.043) and C-SOGs (0.027) display gel shape fluctuations dur-
ing the BZ reaction exhibiting a relatively slow BZ chemical
wave propagation. C-SOGs (0.013) exhibit gel shape flickering
(i.e., faster oscillation) showing a relatively faster BZ chemical
wave spreading. In contrast, the solid SOGs (Movie S4, ESIT) do
not show volumetric and shape deformation during the BZ
reaction.

We quantitatively characterized the gel layer deformation
and shape fluctuations based on these results. We firstly
evaluated the volumetric oscillation behaviors of the layer
thickness with a time-lapse optical microscope. Considering
the capsular structure of the gels, we regard that the gel layer
deformation during the BZ reaction would correspond to the
gel layer thickness fluctuation. Fig. 4(al) visually shows the
images of C-SOGs (0.043) taken at regular time intervals, while
Fig. 4(a2) exhibits the gray-scale images (red channel) at the
same time intervals as Fig. 4(al1). The regions pointed to with
red arrows in Fig. 4(a2) indicate the local and simultaneous
oxidation of the gel (dark; oxidized region, light; reduced
region) during the BZ reaction in various areas. We named this
phenomenon the multiple simultaneous layer thickness
fluctuations (TFs).

We quantitatively analyzed the TFs of the fabricated gels
during the BZ reaction in three regions: Region 1 with a black
line, Region 2 with a blue line, and Region 3 with a red line
(Fig. 4(b1, c1 and d1) for C-SOGs (0.043), (0.027), and (0.013),

Mater. Horiz., 2023, 10, 1332-1341 | 1335
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Fig. 4 The thickness fluctuations (TFs) of the fabricated C-SOGs (0.043) during the BZ reaction at 20 °C. The concentrations of the BZ substrates were
as follows: [HNO3] = 894 mM, [NaBrOs] = 84 mM, and [MA] = 64 mM. (al) The images of the C-SOGs (0.043) taken at regular time intervals, and (a2) the

gray-scale images (red channel) at the same time intervals. The red arrows

indicated the oxidized point caused by the propagating BZ chemical wave.

Analysis of TFs of (b) C-SOGs (0.043), (c) C-SOGs (0.027) and (d) C-SOGs (0.013). The representative image of (b1) C-SOGs (0.043), (c1) C-SOGs (0.027)

and (d1) C-SOGs (0.013), which also exhibits the analyzed regions; Region

1 (black line), Region 2 (blue line), and Region 3 (red line). The overlapped

oscillation profiles for (b2, c2, and d2) the thickness and (b2, c3, and d3) the gray value in all regions. The scale bars in (a, b1, c1 and d1) are 1 mm, while the
scale bars in (b2 and b3), (c2 and b3) and (d2 and b3) are 500 s. (e) The calculated (el) periods and (e2) amplitudes of the thickness oscillation in all regions.
The periods and the amplitudes were calculated from the thickness profiles during the BZ reaction, i.e., from (b2, c2 and d2).

respectively). As displayed in Fig. 4(b2, c2 and d2), the time
profiles of the thickness change in each region were not
synchronized. Likewise, each local color change caused by the
spreading BZ chemical waves in the designated regions was not
coupled (Fig. 4(b3, c3 and d3)). The color changes (high gray
value; oxidized state) induced by the BZ reaction were expressed
as the gray value (green channel)."® Then, we calculated the
periods (Fig. 4(e1)) and the amplitudes (Fig. 4(e2)) of all
prepared gels in each region during the TFs. The calculation
methods are described in Fig. S7 (ESI 2.5F), where eqn. (S3)
(ESIY) is for the period and eqn. (S4) (ESIT) is for the amplitude.
The detailed profiles exhibiting thickness and gray value oscil-
lation in each region are displayed in ESI 2.61; C-SOGs (0.043)
(Fig. S8, ESIt), C-SOGs (0.027) (Fig. $9, ESIt) and C-SOGs (0.013)
(Fig. S10, ESIT). The profiles of the three regions confirmed that
the mechanical responses, such as thickness changes, followed
the gray value (green) change, which was consistent with the
previous work.>® As shown in Fig. 4(e1 and e2), the periods and
the amplitudes were similar in the three regions in the C-SOGs
with the same 7/S values. Moreover, the higher 7/S values
resulted in a longer period and a larger amplitude. Note that
the average periods and amplitudes of the TFs are sorted in
Table 1.
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The BZ reaction can induce gel-shape fluctuations

We also evaluated the shape fluctuations (SFs) of the C-SOGs
induced by the volumetric oscillation of the layer thickness
during the BZ reaction at 20 °C. The SFs of the solid SOGs
during the BZ reaction at 20 °C were also analyzed. We applied
two shape descriptors to characterize the SFs quantitatively
(Fig. 5(a)): (1) We analyzed the aspect ratio by dividing the
maximum Feret diameter (D,,,x) by the minimum (D) (eqn.
(2))- (2) We also analyzed the fluctuation deviation inspired by
the variance equation. The fluctuation deviation was calculated
by eqn. (3), where AD refers to the difference between D,,.x and
Dpin of each time point, and AD indicates the average of all AD;
values in the entire measurement time. The D ., and D ;, were
calculated by using Image ] software (NIH, USA).

The quantitatively analyzed results support that the struc-
ture and the layer thickness can affect the SFs. Fig. 5(b and c)
display the time profiles of the aspect ratio and the fluctuation
deviation of the prepared C-SOGs, respectively, at 20 °C. In
particular, in C-SOGs (0.043), the time profiles of the shape
descriptors did not show fluctuating behaviors when the BZ
reaction did not occur (Fig. 5(b1 and c1)). In contrast, all
fabricated C-SOGs showed fluctuating behaviors when the BZ

This journal is © The Royal Society of Chemistry 2023
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Table 1 The calculated periods and amplitudes of the layer thickness fluctuations (TFs) and gel shape fluctuations (SFs) of the prepared C-SOGs during

the BZ reaction at 20 °C

Fluctuation mode

C-SOGs (0.043)  C-SOGs (0.027)  C-SOGs (0.013)

Layer thickness fluctuation (TFs) Region 1 Period (s) 217 + 40.8 159 + 37.5 120 + 31.6
Region 2 236 + 24.4 145 + 56.8 129 + 42.6
Region 3 233 £ 25.8 145 + 27.0 119 + 31.0
Region 1 Amplitude (um) 12.3 + 3.62 8.21 + 1.99 3.46 £ 1.04
Region 2 11.3+ 3.32 8.23 £ 2.65 3.83 £1.13
Region 3 12.6 £ 1.79 8.05 + 2.82 3.23 £ 1.58
Shape fluctuation (SFs) Aspect ratio Mean period (s) 280 163 112
Mean amplitude (—) 0.70 x 107> 0.65 x 10> 0.25 x 107>
Fluctuation deviation Mean period (s) 300 165 103
Mean amplitude (um) 22.7 19.2 7.10

reaction occurred (Fig. 5(b2-b4 and c2-c4)). This result sig-
nifies that the BZ reaction significantly contributed to the
fluctuation of the capsular gels. Furthermore, the profiles of
the C-SOGs showed large fluctuation as the layer thickness
increased (Fig. 5(b3 and ¢3) for C-SOGs (0.027) and Fig. 5(b4
and c4) for C-SOGs (0.013)). In the solid SOGs, both shape
descriptors do not exhibit volumetric changes (Fig. S11 in ESI
2.77). Fig. 5(d and e) signify box-and-whisker plots with jitter
plots, in which the data points correspond to the calculated
periods or amplitudes from Fig. 5(b2-4 and c2-4). The median
period and amplitude increased in both shape descriptors
when the layer was thickened (Table 1). All detailed statistics
from the diagrams are listed in Tables S4-S7 (ESI 2.8%). All
periods between the three prepared C-SOGs are statistically
significant in all analyses. All amplitudes are statistically sig-
nificant except in only one case: between C-SOGs (0.043) and
(0.027).

In this study, the size of all analyzed C-SOGs during the BZ
reaction was approximately 2.5 mm. Therefore, as previously
described, the BZ chemical wave propagated along the C-SOG
surface and caused gel fluctuation during the BZ reaction,
which can be regarded as functionally similar to the CMFs.

As shown in Fig. 4(d and e), the C-SOGs with a thicker layer
exhibited a longer period and a larger amplitude. The increased
amount of Ru(bpy); in the gel network can induce a longer
oscillation period and a larger volumetric amplitude during the
BZ reaction.?® In the C-SOGs, as previously mentioned, it could
be considered that the thicker the layer, the more absolute
amount of Ru(bpy); the gel contains. The results from Fig. 3(b-
d) supported the mentioned speculation, which indicated that
the thicker layer brings about a more considerable layer thick-
ness difference between the redox states. Therefore, we can
control the TFs by varying the layer thickness.

We assert that the SFs originated from the volumetric
deformation of the SOG layer (i.e., TFs) caused by the BZ
reaction (Movies S1-S3, ESIf). Suppose a region of the
C-SOGs layer swelled by the oxidation of Ru(bpy); during the
BZ reaction. Since the corresponding layer could be locally
thickened following the swelling, the peripheral area (i.e., the
non-swollen layer region) could be stretched, resulting in the
local shape-deformation by the BZ reaction. Note that
the C-SOGs in this study are millimeter-scaled; therefore, the
BZ reaction waves are spreading out randomly. Therefore, the

This journal is © The Royal Society of Chemistry 2023

local shape-deformation can simultaneously appear in different
locations, resulting in global shape-deformation (i.e., SFs) like a
biological cell (e.g., red blood cells). Based on the results, we
postulate that the thicker layer could induce large local shape-
deformation affecting the global shape changes during the BZ
reaction. Similarly, the specific and consistent trend of fluctua-
tion behaviors on the layer thickness (Fig. 4 and 5) implies that
layer thickness can determine the behaviors of TFs and SFs
during the BZ reaction.

The capsular structure led to the whole system being capable
of showing cell-like fluctuation behaviors even on the milli-
meter scale. For the volumetric swelling/deswelling, the water
should be sufficiently diffused in or out of the SOGs to induce
the volumetric oscillation following the redox change of
Ru(bpy); during the BZ reaction.>®*” Note that the diffusion
of water is relatively slower than the redox change of Ru(bpy)s,
which could cause insufficient diffusion of water throughout
the gel network in the millimeter-scaled gels. From a similar
perspective, we explain that solid SOGs in Fig. S11 and Movie S4
(ESIT) could not exhibit volumetric fluctuations and oscilla-
tions during the BZ reaction. On the other hand, in the C-SOGs,
the regions for volumetric oscillation were relatively thinner
(the micrometer-scale) than in the solid SOGs. Therefore, in the
C-SOGs, the water molecules could move sufficiently before the
change of Ru(bpy); redox state and display volumetric oscilla-
tion despite the bulk scale of the whole system.

In this study, we have embodied the nonthermally-driven
cell-like membrane and shape fluctuations in the C-SOGs
induced by the propagating BZ chemical waves during the BZ
reaction. Poly(NIPAAm-co-NAPMAm) layers with various thick-
nesses were synthesized on the millimeter-sized spherical Alg/
Ca core bead, followed by dissolving the core part with sodium
citrate. The fabricated C-SOGs, fabricated by Ru(bpy);-NHS
conjugation, featured layer fluctuation behaviors like CMFs,
driven by only the BZ reaction. In addition, the C-SOGs with
thicker layer displayed more definite fluctuations with a longer
period and a larger amplitude.

Here we discuss the developed C-SOG systems in this study
to be an experimental model platform of CMFs. First, from a
perspective of materials science, the chemomechanical volu-
metric oscillation of the SOGs is under a non-equilibrium
state.’® The biological phenomena are also far from the equili-
brium state: for instance, the cell membrane fluctuates by

Mater. Horiz., 2023, 10,1332-1341 | 1337
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(a) The schematic illustration for analyzing the shape fluctuations (SFs) during the BZ reaction at 20 °C. The definitions of the aspect ratio and the

fluctuation deviation are also described. (b) The time profiles of the aspect ratio for C-SOGs (0.043) (b1) without and (b2) with the BZ reaction, (b3) C-
SOGs (0.027), and (b4) C-SOGs (0.013). (c) The time profiles of fluctuation deviation for C-SOGs (0.043) (c1) without and (c2) with the BZ reaction, (c3) C-
SOGs (0.027), and (c4) C-SOGs (0.013). Note that Fig. 5(b2—b4 and c2-c4) are the results with the BZ reaction. The external solution without the BZ
reaction is [HNOz] = 894 mM. The BZ substrate concentration was [HNOz] = 894 mM, [NaBrO=] = 84 mM, and [MA] = 64 mM. (d) The box and whisker
plot displaying the (d1) periods and (d2) amplitudes of the aspect ratio of the prepared C-SOGs. The jittered dot plots in each plot were analyzed from the
corresponding graphs in Fig. 5(b2—-b4). (e) The box and whisker plot showing the (el) periods and (e2) amplitudes of the fluctuation deviation of the
prepared C-SOGs. The jittered dot plots in each plot were calculated from the respective graphs in Fig. 5(c2-c4). “n.s.” indicates not statistically
significant (p > 0.05). (**, p < 0.005) The sample numbers are as follows; for the periods, C-SOGs (0.043) (n = 18), C-SOGs (0.027) (n = 29), and C-SOGs
(0.027) (n = 44); for the amplitude, C-SOGs (0.043) (n = 16), C-SOGs (0.027) (n = 29), and C-SOGs (0.027) (n = 48).

receiving energy or nutrients from the exterior. Similarly, the
SOGs can volumetrically oscillate by receiving chemical sub-
strates from the surrounding solution. From this viewpoint,
we assert that the SOGs are promising materials for realizing

1338 | Mater. Horiz., 2023, 10, 1332-1341

non-equilibrium biological functions, including CMFs. In this
study, we implemented the cell-like shape deformation phe-
nomenon using the SOGs, which can reduce the gap between
the soft materials and the biological cells. Furthermore, we

This journal is © The Royal Society of Chemistry 2023
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believe that our unique approach with soft materials (particu-
larly gels) gives a definite conceptual advance in the current
field of CMF model systems. Specifically, our study features
CMF-like fluctuations realized in the gel-based platform, which
can be easily observed as well as controlled. Second, from a
structural view, the capsule shape in this study offers a struc-
tural similarity to cells. The biological cells are enclosed by
elastic membranes and filled with protoplasm. The C-SOGs
were also composed of the elastic gel capsular layer and filled
with liquified alginate.

Here, we debate the SOGs that compose the C-SOG system
and induce gel fluctuations in more detail. We firstly consider
the mechanism of the SOG system that the volumetrical swel-
ling/deswelling behavior is subordinate to the nonlinear BZ
reaction. That is, the nonlinearity of the BZ reaction and the
responsiveness of SOGs to the BZ reaction will be major
parameters that could ultimately determine the gel fluctuations
in this study.®® The former can mean how the BZ reaction
changes according to the possible reaction conditions, includ-
ing the BZ substrate concentration, temperature, and light
intensity.>’ The latter can indicate how the gel network can
sensitively follow the BZ reaction kinetics, which can mainly be
affected by the properties of the polymer structure.?”**> We note
that manipulating each parameter dominates the volumetric
oscillatory behavior of the SOGs during the BZ reaction. There-
fore, it will be reasonable that the introduced parameters can
determine the gel fluctuation behavior of C-SOGs. We actually
confirmed that the reduced BZ substrate concentration could
slow the BZ chemical reaction, ultimately suppressing the gel
fluctuation amplitude (Fig. S12 and Movies S5, S6) (see ESI 2.9+
for detail). This phenomenon will be discussed later from a
different perspective. Furthermore, we also emphasize that the
degree of chemomechanical coupling between the parameters
can significantly influence gel fluctuation in this study. This
perspective can grant various insights to realize desirable
fluctuation behavior in the current system toward a more
practical experimental platform of CMFs.

From a functional view, we address additional important
aspects of our experimental model in this study. Similar to the
volumetric deformation noise of SFs (related to the widely
distributed amplitude) (Fig. 5(b and c)), the fluctuation noise
can be induced during ATP-dependent nonthermal CMFs.*3%3*
We postulate that the degree of noise could affect the deforma-
tion mode during fluctuation in a cell as well as our gel system.
Here we discuss the fluctuation noise in the C-SOG system from
two perspectives; the possible origins and strategies for manip-
ulating the noise. One possible reason is a non-homogeneity of
the gel microstructure highly influenced by a gelation process.
The current gelation would bring out microscopically nonho-
mogeneous structures such as dangling chains, loops, and
trapped entanglement.*>*® In the SOG system, the nonhomo-
geneous gel network can lead the BZ substrate to diffuse
differently according to the gel regions. Therefore the rate of
the BZ reaction could be varied with the gel regions, which
could affect the volumetric oscillation behavior as well as the
BZ chemical wave. Moreover, the structurally nonideal network

This journal is © The Royal Society of Chemistry 2023
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can also induce a discriminated volume deformation ratio
(i.e., amplitude). Another possible reason could be from the
structural property (i.e., capsule design). As previously
described, the regional layer deformation by the BZ chemical
wave could affect the local deformation in another region. For
example, a local swelling of a certain region might cause stress
which could partially prevent the deformation of the adjacent
layer because layer-swelling can pull the peripherical section.
This could affect the fluctuation behavior of the gel shape,
inducing noise in the profiles of the shape descriptors. We note
that every mentioned parameter could ultimately contribute to
the volumetric deformation noise during SFs. We assert that
securing strategies for both increasing and decreasing the noise
of SFs could benefit our study as an experimental model for
CMFs. For that purpose, here we consider manipulating the
homogeneity of the gel microstructure. This is because the cell
membrane is naturally inhomogeneous, and that degree of
inhomogeneity can affect CMFs.>” One possible strategy is to
realize a more homogeneous gel network, which could be
achieved by decreasing the gelation temperature or adopting
technologies for ideal polymer networks like tetra-polyethylene
glycol (Tetra-Peg) prepolymers.*® The other is to intentionally
realize a relatively non-homogenous gel network, which might
mimic the effect of cell membrane nonhomogeneity on CMFs.
Upregulating the gelation temperature and downregulating the
concentration of the crosslinker could help to control the
homogeneity of the gel layer. The additional option is to locally
control the amount of conjugated Ru(bpy); in the C-SOGs,
which can critically impact the propagating behavior of the
BZ chemical wave.?®2'° In every case, we strongly believe that
the C-SOG system in this study has definite potential as an
experimental model for CMFs.

Our system design of the C-SOGs can reflect the separation
of thermal and nonthermal active contributions to CMFs.
Several studies have been proposed to understand the influence
of the active contribution during CMFs.>*”124%41 However,
the superposition of those contributions during CMFs is still
the primary difficulty in building active parameter-driven
models, as the strength and effect of the thermal and active
energies are similar on the small nanometer or micrometer-
scales.”>** In this study, the thermal fluctuation can be
neglected because of the enlarged millimeter-scale and
increased amplitude, compared to CMFs as well as previous
results from the references. Moreover, the C-SOGs without the
BZ reaction did not exhibit gel fluctuations, implying that the
effect of thermal contributions was not reflected in our model
(Fig. 5(b1, b2 and c1, c2).

Our model also exhibited BZ reaction substrate-dependent
fluctuations, which can mimic the feature of the nonthermal
active contribution (Fig. S12, Movies S5 and S6) (see ESI 2.97 for
the detailed description). The depletion of ATP leads to
decreased CMFs.” Similarly, the volumetric oscillation caused
by the BZ reaction relies on the concentration of the substrates,
including the oxidants (e.g., sodium bromate) or the reductants (e.g,
MA).***> In C-SOGs (0.027) as a representative sample, the dimin-
ished substrate amounts brought about relatively unapparent
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fluctuation behavior during the BZ reaction (Fig. S12 and Movies S5,
S6, ESIt), compared to Movie S2 (ESIT). These features in our model
system suggest an insightful guideline to build a model for under-
standing the influence of the nonthermal active contribution on
membrane fluctuation more clearly.

Conclusions

In this study, we realized nonthermally operated gel layer and
shape fluctuations in millimeter-sized capsule self-oscillating
gels caused by the BZ reaction, which can be utilized as a model
for cell membrane fluctuations. The millimeter-sized capsular
structure with distinguished layer thickness was fabricated by
synthesizing a gel layer on the spherical core Alg/Ca bead. Our
study features the following two distinguishing factors com-
pared to the previous models. (1) The millimeter scale of the gel
system provided a definite division between the thermal and
the nonthermal effects on the gel fluctuations. (2) The capsule
self-oscillating gels without the BZ reaction did not exhibit the
fluctuation behavior, indicating that the nonthermal active
factor only drove the gel fluctuations. We also found that the
capsule self-oscillating gels with thicker layer exhibit fluctua-
tions with a longer period and a larger amplitude, indicating a
strategy to control the fluctuation behavior. Furthermore, the
concentration of the chemical substrates for the BZ reaction
also affected the gel shape fluctuations, similar to the ATP
effect on cell membrane fluctuations. As an experimental plat-
form mimicking cell membrane fluctuations, our study can
contribute to seeking the actual effect of the active parameters
on cell membrane fluctuations.

The items below could be researched to create a practical
cell-like fluctuating gel model close to life. One is to evaluate
how the gel layer elasticity affects the fluctuations with an
experimental approach as well as theoretical backgrounds.
Since the bending and stretching elasticities of the biological
membrane are important parameters for cell membrane
fluctuations,””'® we postulate that layer elasticity can signifi-
cantly affect the gel fluctuation. We anticipate that the amount
of crosslinker is also a primary factor for the layer elastic
properties. Our following study will report the relationship
between elastic properties and gel fluctuations. Another is
establishing the acid-free operating conditions for the volu-
metric self-oscillation behavior. From a biomimetic sense,
realizing volumetric oscillation without externally adding acid
would be a definite advancement from the current system.
Finally, a third topic could be controlling the propagation of
the BZ chemical wave, which could be realized by introducing a
Ru(bpy); concentration gradient to the C-SOGs. The propagat-
ing BZ chemical wave with a fixed direction might provide
controlled layer/shape fluctuating behavior during the BZ reac-
tion. The regulated layer/shape fluctuations could offer a more
convenient platform to check the cause-and-effect relationship
of the active contribution. Through the suggested efforts, we
believe that a meaningful clue sharing the same principle with
life may reveal its appearance from our model.
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