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ABSTRACT: Protein nanolayers (PNLs) formed at an electrochemical liquidlliquid interface between water (W) and a fluorous
solvent (F) were examined by using interfacial rheological measurement (IRM) and neutron reflectometry (NR) under the
externally controlled condition of the phase boundary potential differences EY(= ¢ — ¢" + const.), where F contained a
hydrophobic ionic liquid (IL) as a supporting electrolyte and W, whose pH was 7.4, contained a protein, bovine serum albumin
(BSA). The IRM and NR results illuminated that both static and dynamic properties of the PNL at the electrochemical FIW
interface were varied by applying EY. NR found minimal E}¥ dependence on the adsorption amount of BSA in the PNL. In contrast,
IRM revealed that although the interfacial shear loss moduli G” of the PNL was constant regardless of E}', the interfacial shear
storage G’ of the PNL increased dramatically at more negative E}, showing a more elastic response. This difference between static
and dynamic properties results from the increase in intermolecular and intramolecular interactions between BSA molecules in the
PNL at more negative E' due to the accelerated denaturation of negatively charged BSA that formed complexes with IL cations
accumulated on the F side of the FIW interface. The G’ and G” reversibly responded to switching between different potentials (a
positive and a negative Ey' ). These IRM results unveiled that the viscoelasticity of the PNL at the electrochemical FIW interface is
reversibly potential-switchable. The present interface-specific method using the potential control is a new promising method to
diversify and switch the PNL structure reversibly. The reversible structural control of the PNL would enable us to perform real-time
observation of cells reacting to environmental changes at liquidlliquid interfaces.

1. INTRODUCTION at liquid interfaces, including selective neuronal differentiation”

Mechanobiology is a research field that focuses on how cells of human mesenchymal stem cells (hMSCs) and the

sense and respond to mechanical cues such as substrate
viscoelasticity. In this context, cell culture platforms with well-
defined and tunable mechanical properties have become
indispensable tools for studying cellular phenotypes such as
adhesion, migration, and differentiation. Against this back-
ground, hydrophobic liquid interfaces have recently emerged
as a novel platform for mechanobiology. The liquid phase used
as a cell scaffold must form a clear biphasic system with water,

maintenance of their undifferentiated state.'’ At these liquid
interfaces, proteins from the culture medium spontaneously
accumulate to form a protein layer with a thickness of several
"% so-called protein nanolayer (PNL), which acts as a
mechanically robust, solid-like scaffold for cell adhesion and
spreading. However, PNLs formed via spontaneous protein
self-assembly are often mechanically fragile, sometimes failing

nm,

be noncytotoxic, and have a density higher than water. Since Received: April 12, 2025
Rosenberg reported in 1964," that cells adhere to and spread Revised:  June 15, 2025
on fluorinated liquids such as FC-70, numerous studies have Accepted:  June 20, 2025
explored cell dynamics at the interfaces of various molecular Published: July 1, 2025

liquids, including silicone oils™* and fluorinated liquids.*™® In
recent years, notable biological phenomena have been reported
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to adequately support cell adhesion. To address this problem,
Keese and Geaver reported a method to enhance the
mechanical robustness of PNLs by anchoring them to
fluorinated liquid interfaces using reactive surfactants.”~'
Other strategies have also been proposed, including pretreat-
ment with certain proteins that support cell adhesion'® and
actively denaturing proteins at the interface'” to reinforce the
mechanical properties of PNLs.

Recently, we introduced hydrophobic ionic liquid (IL)
interfaces as a new class of liquid scaffolds for cell culture.'®
We demonstrated that certain alkylphosphonium-based ILs
(and some alkylammonium-based ILs'”) exhibit low cytotox-
icity and can support cell culture at their interfaces. Similar to
conventional liquid scaffolds, PNLs also form at IL interfaces,
and their mechanical robustness plays a key role in cell
adhesion. The apparent Young’s modulus of PNLs in the
vertical direction at IL interfaces is lower than that at
fluorinated liquid interfaces. Nevertheless, cell adhesion
occurred at the IL interface, and it was found that the degree
of cell spreading at the interface varied deg)ending on subtle
differences in the IL chemical structure.'® Furthermore, by
leveraging the high miscibility of ILs with various (macro)
molecules, we successfully modified IL-based PNLs by
incorporating a cross-linked polymer to enhance the bulk
mechanical properties, thereby modulating cell spreading and
morphology.

In the present study, to diversify cell culture on liquidlliquid
interfaces, the PNL structure at the electrochemical fluorinated
liquidlwater (FIW) interface was controlled by modulating the
interfacial ionic composition through phase boundary potential
difference switching. Given the high solubility of ILs with a
fluorinated anion in fluorinated liquids,”® we employed an IL
as a supporting electrolyte in the subphase. Interfacial
rheological measurements (IRM), which have been extensively
used to investigate the rheological properties of PNLs at
nonelectrochemical liquidlliquid interfaces,”*' =" were applied
here to the electrochemical liquidlliquid interface. Neutron
reflectometry (NR) was utilized to characterize the PNL at the
electrochemical FIW interface. While NR has been previously
used to investigate PNLs at electrodelW interfaces™* and
those at nonelectrochemical oil (O)IW interfaces,******! as
well as electric double layers at electrochemical OIW*> and Fl
W*® interfaces, to the best of our knowledge, NR has never
been applied to examine the potential-dependent structure of
PNLs at electrochemical liquidlliquid interfaces. In this study,
we demonstrate that IRM and NR are powerful tools for
probing the static and dynamic properties of PNLs under
electrochemical conditions. Unlike chemical modifications
used in previous studies”'*'*** to enhance the mechanical
properties of PNLs, our approach enables interfacial-specific
reinforcement of PNLs via physical (electrochemical)
methods. Because IL interfaces have higher polarity compared
to conventional subphases such as silicone oils and some
fluorinated liquids, PNLs formed via interfacial tension-driven
assembly tend to be mechanically weaker. However, we show
that electrochemical modulation can improve the mechanical
robustness of PNLs, potentially overcoming this limitation.
Furthermore, by utilizing a highly switchable electrochemical
stimulus, we achieve a reversible modulation of interfacial
elasticity across an order of magnitude, with high temporal
resolution. The creation of cell scaffolds capable of delivering
reversible mechanical stimuli and enabling real-time observa-
tion of cell dynamics at interfaces represents a growing trend in

mechanobiology.>™** Our system offers a qualitatively new

approach to liquid-based cell scaffolds, providing a means to
apply localized mechanical stimuli to cells at liquid interfaces in
a manner distinct from conventional methods.

2. EXPERIMENTAL SECTION

2.1. Materials. The fluorinated liquid (F) used was
1,1,1,2,2,3,4,5,5,5-decafluoro-3-methoxy-4-(trifluoromethyl) pentane
(DMTMP, TCI, Figure 1). As the supporting electrolyte in F,
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Figure 1. Structures of DMTMP and [THTDP*][C,C,N"].

trihexyltetradecylphosphonium bis(nonafluorobutanesulfonyl)amide
([THTDP*][C,C,N"]), which is a hydrophobic IL, was dissolved
at 2.5 mM, as was in our previous study on the electric double layer at
the FIW interface.”> [THTDP*][C,C,N~] (Figure 1) was prepared
from [THTDP*]CIl™ (Sigma-Aldrich) and Li*[C,C,N~] (Mitsubishi
Materials Electronic Chemicals) and g)uriﬁed by using the same
methods as those described elsewhere.*

For IRM, a phosphate buffer (PB, pH 7.4) was prepared by
dissolving 0.2 mM Na,HPO,-2H,0 and 0.2 mM NaH,PO,-12H,0
(Wako) in H,0 (Milli-Q). With this PB, a bovine serum albumin
(BSA) solution for IRM was prepared which contained 1 mg/mL BSA
(Wako, first grade, pH 5.2) and 1 mM NaCl (Kishida). The final
concentration of BSA in W, (the pH 7.4 buffered W phase) for IRM
was 0.5 mg/mL, half of that in the above BSA solution because the
two-phase system was constructed with a 1 mM NaCl solution
without BSA first and then an equal amount of the BSA solution was
added to start the BSA adsorption (see Section 2.3 for the detail).

For NR, a PB (pH 7.4) was prepared by dissolving 0.2 mM
Na,HPO, and 0.2 mM NaH,PO, (Wako) in D,O (Silanes, >99.9%).
A tartaric acid buffer (pH 2.6) was also prepared by dissolving 0.8
mM C,H,Na,O4 (Wako) and 1 mM NaCl in D,0. With the PB and
the tartaric acid buffer, two BSA solutions with pH 7.4 and 2.6, were
prepared, both containing 1 mg/mL BSA (Wako, Crystallized) and 1
mM NaCl (Kishida). The final concentration of BSA both in W, and
W, ¢ was 0.5 mg/mL, because of the dilution similar to the IRM case
(see above and Section 2.2). It is noted that the isoelectric point of
BSA in a 1 mM NaCl solution is pH 4.8,*" indicating that BSA is
negatively and positively charged at pH > 4.8 and pH < 4.8,
respectively.

2.2. Neutron Reflectometry. NR was performed using a
horizontal-type neutron reflectometer, SOFIA, at BL16 of the
Materials and Life Science Experimental Facility (MLF) of the
Japan Proton Accelerator Research Complex (J-PARC).*"** The g
range was 0.02—0.08 A™' (the incident angles were 0.4/1.0°). The
NR cell used was the same as our previous NR study for the
electrochemical FIW interface.’® The FIW interface was formed in the
following way. First, 15 mL of 1 mM NaCl D,O solution (upper
phase) was gently placed in a quartz cell, and then 8 mL of F (lower
phase) was slowly injected into the cell from the bottom using a
syringe pump to form the FIW interface. Then, 1S mL of the BSA
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solution (pH 7.4 or 2.6) was added to W to start the BSA adsorption
at the FIW interface. NR was performed 1 h after the addition of the
BSA solution when the BSA adsorption was saturated, judging from
interfacial tension measurements (Figure S1-2). The bulk concen-
tration of BSA in the W was 0.5 mg/mL, which is among the
concentration range used in previous studies on the PNL formation of
BSA at liquid/liquid interfaces.'>*

The reflectivity data were analyzed using a one-slab model taking
into account the interface layer (L) on the W side of the FIW
interface, which corresponds to the PNL on the interface and does
not take into account the molecules/ions in F: THTDP*, C,C,N~,
and DMTMP. The scattering length density (SLD) changes on the F
side of the interface are regarded as negligible, from the fact that the
number density of THTDP*, C,C,N~, and DMTMP at the interface
was not so high (<3 X 107 A™* from our previous NR study on the
electric double layer at the FIW interface)*® compared with that of
BSA (2 x 107" A™* roughly estimated from a reported adsorption
amount of BSA at the OIW interface, 2 mg/ m2)30 while their
scattering lengths (THTDP*: —36.5, C,C,N": 193.2, and DMTMP:
114.6 fm)** are 2 orders of magnitude smaller than that of BSA (bggy
= 26000 fm, calculated from the structure of BSA taken from NCBI
data sets"* by using a calculator provided by MULCh*). This
indicates that THTDP®, C,C,N~, and DMTMP do not substantially
affect the SLD in the PNL. The following conditions were used for
fitting. The SLD of F and W (pg = 3.13, py = 6.16 X 107 A™%) were
set to the values obtained from the NR at the Flair and Wlair
interfaces (see S2 in Supporting Information). The surface roughness
between L-F (namely, the FIW interface), oy was fixed to the values
of o, estimated from the capillary wave theory*®* (see $3). To
determine the surface roughness between W-L 6y, we evaluated two
models: one with oy fixed at the same value as oy ; and the other
with nonfixed oy;. The corrected Akaike Information Criterion
(AICc),*® a measure of the model likelihood, showed that the fixed
o model was more likely (Table S4—1). In the following, we discuss
the NR results obtained employing a one-slab model with the fixed
ow.. even though both fitted results were similar. The fitted results
without fixed oy, are shown in Figure S4—2 and Table S4—2.

The value of Aggs (= d(bggs X ngsa—pr)), with the number density
of BSA in L nyg, and thickness of L d, reflects the adsorption amount
of BSA and was extracted by using a code made by ourselves used in
our previous papers.””***° In the following section, Apgs was used as
a parameter of the accumulated BSA to the interface.

2.3. Interfacial Rheological Measurements. The viscoelasticity
of the PNL at the electrochemical FIW interface was measured by
using a rheometer (HR20, TA Instruments) equipped with a Pt-Ir
ring wire in a double wall-ring geometry (Figure 2). The cross-section
of the ring wire was square with a diagonal of 1 mm. A Pt coil and Ag/
AgCl wire were placed in F as the counter and quasi-reference
electrode, respectively, which were covered with PTFE tubes not to
contact with W. An Ag/AgCl coil was placed in W as the counter/

RE; : Ag/AgCl wire

PTFE tube ~_ CE,/RE, : Ag/AgCl coil
CE; : Pt coil PY/Ir ring J
W ] 1 mm
F
PTFE cell

Figure 2. Schematic cross-section of IRM cell in a double wall-ring
geometry. The electrodes for the F side are covered with PTFE tubes
in W. The Pt-Ir ring wire was placed at the FIW interface. The cross-
section of the ring was square with a vertical diagonal length of 1 mm.

reference electrode. The potential difference between the Ag/AgCl
wire in F and the Ag/AgCl coil in W EfY(= ¢V — ¢" + const.) was
controlled by using a potentiostat (CompactStat, Ivium). The PNL at
the FIW interface was prepared as follows. The F (1S mL) was
injected into the cell. The Pt-Ir ring was slowly lowered until ripples
were observed on the surface of F, which indicated that the lower
edge of the ring had touched the F surface. The ring was lowered a
further 460—500 pm to position the height of the midplane of the ring
diagonal to the surface. Then, 1 mM NaCl H,O solution (15 mL) was
gently added on F to form the FIW interface. In the following
experiments, the interfacial shear storage moduli G" and loss moduli
G" did not change when the ring height was shifted by + 300 pm.
After the FIW interface was formed, Ef = —0.6, —0.3, 0, +0.3, and
+0.6 V were applied and then the BSA solution (pH 7.4, 1S mL) was
slowly added to the W to start the formation of the PNL on the
interface. The bulk concentration of BSA in the W, was 0.5 mg/mL.
The time dependence of G', G”, and tan § ( = G”/G’) of the PNL at
the FIW interface was measured at a strain of y = 1% and an angular
frequency of @ = 1 Hz for 1 h, which is the saturation time of the BSA
adsorption estimated from the interfacial tension measurements (See
S1, Figure S1—2). 100% strain corresponds to the ring rotation over
the same distance as that between the ring and outer wall in the radial
direction.’’ After 1 h, an amplitude sweep at 1 Hz was performed with
a strain y range of 0.1-200% (at Ef = 0, +0.3, +0.6 V) and
0.1-1000% (EY = —0.3 V) to verify the strain resistance of the PNL
at each EY.

3. RESULTS AND DISCUSSION

3.1. Neutron Reflectometry. To analyze the amount of
BSA adsorbed on the electrochemical FIW,, interface, Agg, at
the FIW,, interface was measured at each EY’ (Figure 3, red
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Figure 3. Potential dependence of Agg, of the PNL at the interface
between W, and F with IL (red). The data for the neat F case
without IL, and therefore without external potential control, is shown
at Ef = 0V (black) for comparison. The error bars are the standard
errors of fitting results. The red dotted line is from the least-squares
fitting for the data with IL.

solid circles). The reflectivity data are shown in Figure S4—1.
EY = 0 V should be close to the uncharged condition judging
from the potential of zero charge (pzc) for the case without
BSA, +0.05 V. The Agg, at EfY = 0 V was the same within the
errors as the case using F without IL (Figure 3, a black plot
shown at E}Y = 0 V). This illustrates that Ay, is not affected
with or without IL on the F side of the interface when the
interface is not charged. With some degree of variability
present in the data, the Aggy with W, slightly increased with
decreasing E}, suggesting that the BSA amount at the FIW
interface increases at more negative potentials. This tendency
was also observed in the interfacial tension measurements
shown in Figure S1—2. At the BSA-free FIW interface, Ef =
0.05 V is the pzc.”® Considering the composition of the electric
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double layer at the FIW interface,”> THTDP* (C,C,N~) ions
are more accumulated on the F side of the interface at Ef < 0
V (EY > 0 V). At EYY < 0 V, the electrostatic interaction
between THTDP* and BSA, which is negatively charged at pH
7.4, could increase the adsorption of BSA at the interface. This
is similar to the electrodeposition of lysozyme at an OIW
interface accelerated by the electrostatic interaction of
positively charged lysozyme and anions in O.>* At E} > 0V,
although the electrostatic repulsion between C,C,N~ and BSA
could decrease the adsorption of BSA at the interface, BSA was
still adsorbed to the negatively charged interface to form the
PNL as in a previous study where the positively charged part of
BSA was adsorbed on a negatively charged silica surface.”® To
further investigate the electrostatic interaction between BSA
and the IL ions on the F side of the interface, we also
performed NR at the FIW, 4 interface, using a pH 2.6 buffer
where BSA is positively charged. The NR results at the FIW, ¢
interface (Figure S5—3) were analyzed similarly to those at pH
7.4. The Aggs of the PNL at the F (with IL)IW, interface is
shown in Figure S5—4. Opposite to the W, case, with
increasing E}', the Agg, values weakly increased, and therefore
the BSA amount at the interface increased. This means that the
Coulombic interaction behavior between IL ions and BSA at
the FIW interface observed at pH 7.4 still holds at pH 2.6; the
electrostatic repulsion (attraction) from THTDP* (C,C,N")
at Ef <0V (> 0V) could decrease (increase) the adsorption
of positively charged BSA at the interface. The slope sign
change in the Agg, vs EY plots at pH 2.6 indicates that the BSA
amount in the PNL is controllable either by applying E}’ or by
changing pH. It should be noted, however, that the E}¥
dependence of the BSA adsorption amount, revealed using
NR and interfacial tension measurements, was minimal, which
is in stark contrast to a dramatic change in the viscoelasticity
shown below.

3.2. Interfacial Rheological Measurements. To analyze
how the phase boundary potential affects the viscoelasticity of
the PNL, we performed the IRM at the electrochemical FIW,,
interface. The G’ (storage modulus) and G” (loss modulus)
obtained from IRM provide insight into the mechanical
characteristics of the PNL at the interface. G’ reflects the
elastic nature, likely originating from reversible intermolecular
interactions between BSA molecules, such as hydrogen
bonding, hydrophobic association, or electrostatically mediated
clustering. G”, in contrast, is associated with dissipative
processes, including rearrangement of protein molecules or
partial unfolding of loosely bound protein dangling ends or
interfacial viscosity. These mechanical parameters are highly
relevant to cell culture applications. Recent studies in
mechanobiology have revealed that not only G’ but also G”
plays a critical role in regulating cell behavior on viscoelastic
substrates. For instance, the “molecular clutch model” suggests
that viscous dissipation influences focal adhesion dynamics and
actin flow in addition to stiffness.””>> Cooper et al. also
reported that changes in G”, with constant G’, modulate cell
spreading and cytoskeletal organization. Therefore, the ability
to electrochemically and reversibly tune both G’ and G” at a
liquidlliquid interface offers a promising ap7proach to
investigating dynamic mechanosensing in cells.”*”

We first examined the effect of IL addition to F on the
viscoelasticity of PNL at the FIW interface. The time evolution
of interfacial shear storage and loss moduli G’ and G’
respectively, for 1 h is shown in Figure S5—1. For both the
cases in the presence and absence of IL, one can see that G’

and G” increase with increasing time, keeping G’ > G”, which
means the formed PNL has a gel-like nature. The difference
between the two cases is clearly discernible in Figure SS5—1.
The two moduli steeply rise for the case without IL on the
order of 100 s, contrasting with a 10 times slower PNL
formation when F contained IL. The slowdown in the presence
of IL can be explained by the fact that the F side of the FIW
interface is covered by an IL ion-rich layer when F contains IL,
even without applying external potential, which was unveiled in
our previous NR study.*® Such accumulation of IL ions leads
to the slow formation of the interfacial structure,*® resulting in
the slow rise in the two moduli in the presence of IL, as shown
in Figure S5—1. This indicates that the IL, even though it is
seemingly an additive in F with a low concentration (2.5 mM),
has a strong impact not only on the interfacial structure but
also on the viscoelasticity of PNL on the interface. Then we
investigated the time evolution of the two moduli in the IL-
added case for a longer time (>10 h), the results of which are
shown in Figure S5—2. Note that in this case, we applied E} =
0 V, which is close to the uncharged condition without
potential control. Figure S5—2 shows both G’ and G” evolve
on the order of 10° with a steeper increase in the G', indicating
that the PNL gradually exhibits a more elastic-dominant
response on this time scale (11 h). In the following, we
examine the effect of the phase boundary potential on the
PNL. It is noted that G’ and G” did not reach equilibrium at 1
h. Figure 4 shows the time evolution of G’ and G” during 1 h
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Figure 4. Time evolution of interfacial shear storage and loss modulus
G’ (solid lines) and G” (dashed lines) at Ef = — 0.6 (blue), 0 (black),
+ 0.6 V (red) at the FIW interface after t = 0 when the BSA solution
was injected. G’ and G” were measured with a strain of y = 1% and an
angular frequency of @ = 1 Hz. Those at E} = —0.3 and +0.3 V are
shown in Figure S5—4 and 6, respectively.

after the BSA solution was injected at EY =—0.6,0,+0.6 V. As
EYY decreased, G’ and G” increased more steeply. Considering
that the time evolution of the surface pressure (Figure S1—2)
was not significantly different regardless of E}Y, IRM indicated
that at lower EY BSA was more denatured and formed more
intermolecular bonds. Figure Sa shows the G’ and G” 1 h after
the injection of the BSA solution at EY = —0.6, —0.3, 0, +0.3,
+0.6 V. As E} decreased, G’ significantly increased, whereas
G” slightly increased, which shows that the PNL was more
elastic (lower tan §) at Ef = —0.6 V (on the positively charged
F surface), and was more viscoelastic (higher tan §) at EY’ = 0.6
V (on the negatively charged F surface). Controlling Ey had a
significant effect on the viscoelasticity of the PNL at the FIW,,
interface (Figure Sa) unlike that in the amount of BSA in the
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P at EY = 0.6 V. These results show that E}¥ can switch the
T J (a) viscoelasticity of the PNL at the FIW interface. Figure 6 shows
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Figure 6. Strain y sweep of interfacial shear storage G’ (solid lines)
and loss modulus G” (dashed lines) at E} = — 0.3 (blue), 0 (black),
oo . +0.6 V (red) at the FIW interface at 1 h after the BSA solution was
-0.6 -0.3 0.0 0.3 0.6 injected. The points are the yield point where G’ and G” profiles cross

EY/V

Figure 5. Potential dependence of (a) interfacial shear storage and
loss modulus, G’ (red) and G” (blue), and (b) tan § (= G”/G’, black)
at the FIW interface 1 h after the BSA solution was injected. G’ and
G" were measured with a strain of y = 1% and an angular frequency of
® = 1 Hz. The error bars are the standard errors from three
experiments at each EY’ shown in Figure S5—3—7.

PNL (Figures 3, S1—2b, S4—4). At Ef < 0V, IL cations are
more accumulated at the F side of the interface.”” Charged
proteins at the electrochemical OIW interface were reported to
form complexes with organic ions in O that have the counter
charge.”” 76> Similarly, in the present study, the complex
formation of BSA, which is negatively charged, with IL cations
is likely to accelerate the denaturation of BSA depending on
EY', which strengthened the intermolecular and intramolecular
bonds of BSA in the PNL. In addition to the denaturation of
BSA, the viscosity of ILs at the interface,”>”"* including at the
liquidlliquid interface,”®’””> was reported to be much higher
than that in the IL bulk because of spontaneously formed well-
ordered ionic multilayers at the interface. Our previous study
on the ionic compositions at the FIW interface revealed that IL
ions are accumulated at the interface, especially at EfY < 0 V up
to 400 times higher concentrations than those in the bulk,*?
forming an IL-like environment at the interface. This implies
that at Ef’ < 0 V, well-ordered IL-rich layers are formed at the
interface, contributing to increased stiffness and more elastic
interfacial behavior of the PNL.

At EY > 0V, PNL showed less elasticity than that at Ey < 0
V. BSA at the interface is likely to be less denatured because
the F side of the interface was covered by relatively hydrophilic
sulfonyl groups of C,C,N~ that orient their perfluorobutyl
groups to the F bulk, according to the compositional analysis
of the FIW interface® and the orientational one of the IL ions
at the ILIW interface.’® These factors could inhibit the
formation of intermolecular bonds between neighboring BSA
and make the PNL less elastic at Ef' > 0 V. Figure 5b shows
the loss tangent of the PNL, tan § (= G”/G’), at each E}. As
EY increased, tan § increased from 0.4 at Ef = —0.6 V to 0.8 at
EY = 0.6 V, which also indicated that the PNL is more elastic
(lower tan §) at E}Y = —0.6 V and more viscous (higher tan &)

over (G' = G”), yyp- These profiles are the ones whose yyp are the
closest to the average of yyp out of the three profiles at Ef = —0.3, 0,
and +0.6 V shown in Figure S5—9, 10, and 12, respectively. Those at
EY = —0.6 and +0.3 V are shown in Figure S5—8 and 11, respectively.

G’ and G” profiles as a function of strain y which were
measured at 1 h after the BSA solution was injected. The
points in Figure 6 are the yield points where G" and G” profiles
cross over (G' = G”), yyp, which is a measure of how resistant
the PNL is to strain. As Ey decreased from EY = +0.6 to —0.6
V, the yyp increased, indicating that the structure of PNL at Ey
< 0 is much more strain-resistant. Figure 7 shows the EY’
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Figure 7. yyp of the PNL at the FIW interface.

dependence of yyp. In Figure 7, yyp at Ef' = —0.6 V reached
347%, which came from a peculiar behavior in the decaying
parts of G’ and G” profiles, where the former showed plateaus
around 100% strain and then crossed over at greater strain
(Figure S5—8ab). These peculiar behaviors in the decaying
parts were observed in all experiments (3 out of 3 times) at E}’
= —0.6 V (Figure S5—8), sometimes observed (2 out of §
times) at Ey = —0.3 V (Figure S5—9b). Similar behavior was
also observed in Figure S5—9c, with the decay in G’ being
smaller at 100%. In contrast, those behaviors were not
observed (0 out of 3 times) at EY = 0, +0.3, and +0.6 V
(Figures S5—10—12). In Figure 7, the yyp at EY = —0.3 V was
not taken into account when the peculiar behavior was
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observed. The peculiar behavior of the G’ and G” at E}’ = —0.6
and —0.3 V might be because the reduction in G" decreased
due to the reformation of the PNL structure and new
interactions between BSA molecules at large strains around y =
100%. At E = 0, +0.3, and +0.6 V, the plateau was not
observed probably because the number of BSA in PNL was
smaller and BSA was less denatured, making it harder to
reform the PNL structure and new interactions between BSA
molecules. The results in Figures 5—7 indicate that PNLs at Ef’
< 0 V have both the high elasticity and the high strain
resistance without any chemical treatments to PNL.

The PNL at the liquidlliquid interface was reported to
recover after cracking the PNL.'"® The following experiments
were carried out to investigate the potential dependence of the
recovery speed of the cracked PNL. After the PNL had been
formed for 1 h, it was cracked by applying a 1000%
deformation at Ey = —0.6, 0, +0.6 V and then the time
sweep was performed to measure the recovery time for
reaching the values of G’ and G” before cracking (Figure
S5—13). The recovery time was 10 s at EY = —0.6V, 3505 at
EY =0V, and 600 s at EY = 0.6 V; as EY decreased, the
recovery time was shortened. The electrostatic attraction is
likely to accelerate the adsorption of BSA and recovery of the
PNL at the FIW interface. This tendency agrees with the case
at the silicalW interface where the adsorption of positively
charged BSA at pH > § is faster than that of negatively charged
BSA at pH < 5.7 The recovery time at EfY = 0 V, 350 s, is
comparable to that at the ILIW interface measured by using
high-speed AFM, 300—500 s.'® Although F is a diluted
solution of IL, the recovery time at the FIW and ILIW
interfaces without externally controlling the phase boundary
potential difference was close. This also supports that the
composition of the F side of the FIW interface is IL-like.”

The switching effect of EfY on G’ and G” of the PNL was
investigated to control the structure and mechanical property
of PNL. Figure 8 shows the profiles of G’ and G” when the E}¥
was switched between E} = +0.3 V and E}Y = —0.6 V. G’ and
G” were reversible against the E} switch, implying that the
mechanical interaction of PNL and cells on the electrochemical
FIW interface is actively switchable. The transition of G" and
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Figure 8. Time courses of G’ (blue) and G” (green) of the PNL
against multiple potential switches between at Ef' = +0.3 (gray) and
—0.6 V (yellow) at every 3600 s.
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G” is different between E}Y = +0.3 to —0.6 V and EY = —0.6 to
+0.3 V. This indicates that the structural changes of the PNL
induced by switching E}¥ have various processes such as the
adsorption and desorption of BSA, and the rearrangement of
the adsorption part and the inter and intramolecular bonds of
BSA. The fact that G” responds more rapidly to potential
switching than G’ may suggest that dissipative processes such
as rearrangement of protein molecules or partial unfolding of
loosely bound protein dangling ends occur quickly, whereas
the development of a more elastic network (reflected in G’)
involves slower maturation of intermolecular interactions. This
difference implies that multiple, time scale-dependent
processes contribute to the viscoelastic modulation of the
PNL.

4. CONCLUSIONS

We successfully analyzed the PNL structure at the FIW
interface under the condition of EY’ by using NR and IRM.
Although the NR results showed that Ey’ has minimal effect on
the adsorption amount of BSA in the PNL at the electro-
chemical FIW interface, IRM wunveiled that the in-plane
structure was strengthened at EfY < 0 V, and was reversibly
switchable by applying E}. The present proof-of-concept study
demonstrates that the potential control is an interface-specific
method to diversify and switch the PNL structure reversibly.
This method with interface-specificity and reversibility is in
stark contrast to previously reported ones that change the
hydrophobic liquids®'*'®?*>7%7% or add reagents in
W.>!131%263% The reversible structural control of the PNL
would enable us to perform real-time observation of cells
reacting to environmental changes at liquidlliquid interfaces.
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