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Ionic Liquid Interface as a Cell Scaffold

Takeshi Ueki,* Koichiro Uto, Shota Yamamoto, Ryota Tamate, Yuji Kamiyama,
Xiaofang Jia, Hidenori Noguchi, Kosuke Minami, Katsuhiko Ariga, Hongxin Wang,
and Jun Nakanishi*

In sharp contrast to conventional solid/hydrogel platforms, water-immiscible
liquids, such as perfluorocarbons and silicones, allow the adhesion of
mammalian cells via protein nanolayers (PNLs) formed at the interface.
However, fluorocarbons and silicones, which are typically used for liquid cell
culture, possess only narrow ranges of physicochemical parameters and have
not allowed for a wide variety of cell culturing environments. In this paper, it is
proposed that water-immiscible ionic liquids (ILs) are a new family of liquid
substrates with tunable physicochemical properties and high solvation
capabilities. Tetraalkylphosphonium-based ILs are identified as non-cytotoxic
ILs, whereon human mesenchymal stem cells are successfully cultured. By
reducing the cation charge distribution, or ionicity, via alkyl chain elongation,
the interface allows cell spreading with matured focal contacts. High-speed
atomic force microscopy observations of the PNL formation process suggest
that the cation charge distribution significantly altered the protein adsorption
dynamics, which are associated with the degree of protein denaturation and
the PNL mechanics. Moreover, by exploiting dissolution capability of ILs, an
ion-gel cell scaffold is fabricated. This enables to further identify the
significant contribution of bulk subphase mechanics to cellular
mechanosensing in liquid-based culture scaffolds.
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1. Introduction

Mammalian cells are mostly cultured in
plastic dishes or chemically cross-linked hy-
drogels that do not normally relax the stress
derived from cell contractility. This is be-
cause cells apply physical forces to the sub-
strate and need to obtain sufficient me-
chanical feedback (stress or strain) for their
survival.[1] Moreover, mesenchymal stem
cells utilize this mechanical information to
determine their own lineage of differen-
tiation, among neurons, muscles, and os-
teoblasts, depending on the substrate elas-
ticity. Rather surprisingly, cells can adhere
and spread on the interfaces between wa-
ter and water-immiscible liquids, such as
fluorocarbons.[2] Hence, cells can engage
mechanosensing machinery even at the liq-
uid | liquid interface. From a practical view-
point, cell culture on a deformable liquid
scaffold may lead to emulsion 3D biore-
actors with high culturing efficiency.[2c,3]

The cell adhesion at the fluid interfaces is
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Figure 1. a) A photograph and image of cell culture at a hydrophobic ionic liquid (IL) and culture medium interfaces. b) hMSCs viability cultured at
glass substrate in the presence of phosphonium IL cultured after 24 h. The cell viability was estimated by dividing the total live cell area in the presence
and absence of ILs. c) Chemical structure of alkylphosphonium cation and hydrophobic sulfonylimide anion appeared in (b). Microscopic observation
of human mesenchymal stem cells (hMSCs) at d) [P2,2,2,5][TFSI], e) [P4,4,4,1][TFSI], f) [P6,6,6,14][TFSI], and g) glass substrate interfaces cultured after
24 h. Scale bars represent 100 μm. h) Cell area and i) circularity of hMSCs at IL interfaces and glass substrate as control after 24 h from cell seeding.
*** P < 0.05 (Student’s t-test).

mediated by the culture medium-derived jammed protein
nanolayers (PNLs) formed at the interface, which are robust
enough to sustain cellular traction forces.[4] Previously, we
successfully manipulate the fate of human mesenchymal stem
cells (hMSCs) to differentiate into the neuronal lineage or
maintain the undifferentiated state by appropriately selecting
the hydrophobic liquids and/or molecules to be adsorbed at the
interface.[5] To further expand the differentiation spectrum of
the hMSCs using liquid-based substrates for tissue engineering
and therapeutic applications, it is straightforward to broaden
the range of physicochemical properties of hydrophobic liquids
because the mechanical strength of PNLs is highly dependent

on interfacial tension and polarity.[6] However, there are only
limited choices of hydrophobic liquids, such as fluorocarbons
and silicones, since most exert severe cytotoxicity and are lighter
than water. In addition, cells can sense the mechanical properties
of their underneath at a depth of more than 65 μm from the
interface.[7] Therefore, cellular fate can be determined not only
by the mechanical properties of the PNL at the interface but also
by the bulk mechanics.

In view of this situation, we herein developed a liquid inter-
face culturing technology using a hydrophobic ionic liquid (IL)
as a substrate (Figure 1a). ILs are often called “designer sol-
vents” because there is an infinite number of possible chemical
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structures and combinations of ions for IL components.[8] There-
fore, by customizing the structure of ILs, the ranges of their
physicochemical parameters, including polarity, viscosity, sur-
face tension, and ionicity, can be greatly expanded compared
with those of conventional liquids.[9] Moreover, unlike fluorocar-
bons, ILs can dissolve various substrates,[10] which is suitable
for changing the bulk mechanics of the hydrophobic phases, as
well. In this study, we sought ILs with negligible cytotoxicity and
found that alkylphosphonium-type ILs are promising candidates.
By taking advantage of the designer nature of ILs, we manip-
ulated the van der Waals interactions of the constituted ions of
ILs and the charge distribution of cations to investigate their ef-
fects on PNL formation and cell adhesion. High-speed atomic
force microscopy (AFM) allowed us to visualize single-molecule
protein dynamics upon adsorption at the IL interfaces and high-
lighted the significant differences in their kinetics depending on
the cation structures. Furthermore, by utilizing the good solvent
capability of ILs, we fabricated an ion gel,[11] in which a polymer
network is swollen by an IL, and demonstrated the controllabil-
ity of bulk mechanics and interfaces, both of which influence cell
adhesion behavior.

2. Results and Discussion

First, the cytotoxicity of ILs was examined. Although there are
many reports on cell cytotoxicity, dose-dependency of their phar-
macological efficacy such as EC50 and IC50 is often used. Since
the ILs used in this study should be water-immiscible to form
liquid | liquid interface, such dose-dependent cytotoxicity is not
useful. Therefore, we used LIVE/DEAD analysis to estimate the
cytotoxicity of typical hydrophobic onium ILs (Figure S1, Sup-
porting Information). Briefly, the cell viability ratio was esti-
mated for the cells cultured at glass substrate in the presence
of a droplet of each hydrophobic IL. Note that the ammonium-
based ILs resulted in cell death within 24 h, whereas the some
phosphonium-based ILs exhibit less or no cytotoxicity in any of
the mammalian cell lines tested, that is, hMSCs, HeLa (human
cell line derived from cervical cancer), MDCK (canine kidney
epithelial), and A549 (human cell line derived from lung can-
cer) (Figures S2–S6, and S9–S14 Supporting Information) and
Figure 1b,c highlight the results of cytotoxicity and chemical
structure of alkyl-phosphonium ILs used in this study. A detailed
discussion of the results of cytotoxicity tests can be found in the
Supporting Information. Among the low-cytotoxic phosphonium
ILs, we selected three representative ILs for the following study,
namely [P2,2,2,5][TFSI], [P4,4,4,1][TFSI], and [P6,6,6,14][TFSI].
These ILs exhibit different levels of cation charge distribution,
or ionicity, depending on the length of alkyl chain lengths.[12]

More specifically, [P2,2,2,5][TFSI] possessing relatively short alkyl
chains is categorized a “good IL” exhibiting more ion-dissociated,
while [P6,6,6,14][TFSI] possessing long alkyl group is catego-
rized a “poor IL” exhibiting more ion-paired or ion-associated
and is close to molecular liquids.[12,13] We expected that the dif-
ference significantly impacts the protein adsorption behaviors at
the IL interfaces similarly to that observed on the different crystal
planes of solid ionic crystals,[14] and eventually altering cell adhe-
sion behaviors. Furthermore, in addition to ionicity, which is a
property specific to ILs, typical polarity parameters vary depend-
ing on the structure of the ILs. Table S1 (Supporting Information)

summarizes the polarity parameters of the typical ILs, molecu-
lar liquids, and fluorocarbons. Unlike fluorocarbons, the polar-
ity of ILs ranges from 2-propanol and water in terms of ET(30),
which is a typical indicator of solvent polarity.[15] We have exam-
ined how the liquid properties of ILs, which can vary widely in liq-
uid parameters specific to these ILs and also common to molec-
ular liquids, affect the cellular behavior at the liquid interface. In
addition, ILs are generally thermally, (electro)chemically stable.
In particular, the sulfonylimide anions selected for this study are
highly resistant to hydrolysis and will not decompose in water
even when used for long-term culture.[8,9]

With this set of ILs, we demonstrated the cell-spreading be-
haviors of hMSCs at the water-IL interfaces. (Figure 1d–f) Most
cells exhibited spherical morphologies at the [P2,2,2,5][TFSI]
interface, with only a few cells spreading. Conversely, at the
[P6,6,6,14][TFSI] interface, large populations of the cells spread
well at the interface (Figure 1f; Figure S15, Supporting In-
formation) at a comparable level to those on glass substrates
(Figure 1g) with Young’s moduli on the order of GPa. The cells
on [P4,4,4,1][TFSI] were spread at the interface with a statis-
tically low circularity, while the cell area was not as large as
that on [P6,6,6,14][TFSI] (Figure 1h,i). Figure 2a–h show the im-
munofluorescence results of the cytoskeletal structures and fo-
cal adhesions (vinculin) of hMSCs adhered to the IL and glass
substrate interfaces. As expected from their spherical morpholo-
gies (Figure 1d), weak actin stress fibers and poor focal adhe-
sion maturation were observed on [P2,2,2,5][TFSI] as shown in
Figure 2a. Whereas for the cells attached at the [P4,4,4,1][TFSI]
and [P6,6,6,14][TFSI] interfaces, in similar to the cells at the
glass substrate, strong vinculin staining was detected at the
edge of F-actin, supporting the formation of strong focal adhe-
sions (Figure 2b–h). Among the two well-adhesive ILs, vinculin
was mainly located at cellular edges on [P4,4,4,1][TFSI], whereas
on [P6,6,6,14][TFSI], it was found throughout the cell base-
ment membrane, suggesting that cells adhered more strongly
to the latter interface. Further analysis of cell populations pos-
itive for stress fibers and vinculin patches confirmed a grad-
ual increase in cell adhesion strength upon changing the PNLs
from [P2,2,2,5][TFSI] to [P6,6,6,14][TFSI] (Figure 2i,j). Moreover,
for each IL, we investigated the intracellular distribution of Yes-
Associated Protein (YAP) for each IL, whose nuclear localization
is increased in cells attached to stiff 2D substrates.[16] In good
agreement with the cell morphology results, [P4,4,4,1][TFSI]
and [P6,6,6,14][TFSI] showed clear nuclear localization of YAP,
whereas [P2,2,2,5][TFSI] did not (Figure 2k–n). Particularly in the
case of [P6,6,6,14][TFSI] interface, YAP localization of the nu-
cleus was observed, comparable to that of hMSCs at the glass
substrate interface (Figure 2o). This finding indicates that the
mechanical properties of the PNL formed at the IL interface vary
depending on the chemical structure of the IL.

Given that cell adhesion to the IL interfaces was highly de-
pendent on the IL species, we investigated the PNLs formed at
the IL interfaces. In the following study, we characterize PNL
at each IL interface using the globular protein bovine serum al-
bumin (BSA). BSA is the main protein component of the cul-
ture medium and has been widely studied as a model com-
pound for analyzing the protein adsorption phenomena against
various interface.[6,17] Therefore, we decided to use BSA as a
suitable model protein for studying biological phenomena in
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Figure 2. Fluorescence-stained image of F-actin (red), vinculin (green), nuclear (blue) of hMSCs cultured at a) [P2,2,2,5][TFSI], b) [P4,4,4,1][TFSI], c)
[P6,6,6,14][TFSI], and d) glass substrate for 24 h. Magnified view of merged images e) [P2,2,2,5][TFSI], f) [P4,4,4,1][TFSI], g) [P6,6,6,14][TFSI], and h)
glass substrate. Their fluorescence intensity of vinculin and F-actin along with the blue line in the photograph is also indicated. i) Percentage of hMSCs
with stress fibers and j) the percentage of hMSCs with vinculin patches cultured on [P2,2,2,5][TFSI], [P4,4,4,1][TFSI], [P6,6,6,14][TFSI], and glass substrate
interfaces. n = 36 ([P2,2,2,5][TFSI]), n = 30 ([P4,4,4,1][TFSI]), n = 28 ([P6,6,6,14][TFSI]), and n = 40 (glass substrate). Fluorescence-stained images of
Yes-associated protein (YAP) for k) [P2,2,2,5][TFSI], l) [P4,4,4,1][TFSI], m) [P6,6,6,14][TFSI], and n) glass substrate. o) Quantification of the ratio of nuclear
YAP to cytoplasmic YAP for cells cultured on IL interfaces and glass substrate. n= 13 ([P2,2,2,5][TFSI]), n= 11 ([P4,4,4,1][TFSI]), n= 12 ([P6,6,6,14][TFSI]),
and n = 11 (glass substrate). *** P < 0.05 (Student’s t-test).

unidentified environments, such as ILs interface. Even though
the interfacial tension of the three ILs against phosphate buffer
saline was significantly lower than that of perfluorocarbons (16–
20 vs 53 mN m−1, Figure S16, Supporting Information), ap-
parently similar PNL formation was observed at the interfaces
upon the assembly of fluorescence-isothiocyanate (FITC)-labeled
BSA as a model protein (Figure S17, Supporting Information).
Quantification revealed that the highest BSA adsorption occurred
at the [P6,6,6,14][TFSI] interface (Figure S18, Supporting In-
formation); however, the difference was modest compared to
the drastic changes in cell morphology (Figures 1,2). Moreover,

the fluorescence intensity is greatly affected by the surround-
ing environment of the fluorophore, thereby it does not repre-
sent the amount of the adsorbed protein in a straightforward
fashion. Therefore, we analyzed the amount of protein adsorp-
tion by ELISA using anti-BSA antibodies (Figure S19, Supporting
Information). The results clearly indicated that the amount of ad-
sorbed BSA increased as the subphase IL became less polar. It is
reasonable to see stronger protein adsorption observed for the
less polar [P6,6,6,14][TFSI] compared to the polar counterparts.
Fischer et al. reported the relationship between the subphase
hydrophobicity and the stiffness/thickness of the PNLs at the
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Figure 3. a) A 3D image of PNL formed at [P2,2,2,5][TFSI] interface after scratching by an AFM cantilever, b) an AFM observation image, and c) a height
profile. d) A 3D image of PNL formed at [P4,4,4,1][TFSI] interface after scratching by an AFM cantilever, e) an AFM observation image, and f) a height
profile. g) A 3D image of PNL formed at [P2,2,2,5][TFSI] interface after scratching by an AFM cantilever, h) an AFM observation image, and i) a height
profile. j) Comparison of apparent modulus of PNL formed at IL interfaces measured by nanoindentation. *** P < 0.05 (Student’s t-test).

interface of conventional molecular hydrophobic liquids. Com-
pared to these nonionic hydrophobic liquids, the study of the pro-
tein adsorption behaviors to the “ionic” hydrophobic liquids is
rare. Therefore, we investigated much more detail in the protein
adsorption behaviors to the three ILs, in terms of the thickness

and stiffness of PNLs, using in situ liquid AFM observations and
nanoindentation.

Figure 3a–i and Figures S20,S21 (Supporting Information)
show BSA PNLs covering the three ILs. To estimate the height
of the PNLs, they were scratched off by increasing the contact
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force between the AFM cantilever and the membrane. The thick-
ness of the PNL gradually decreased from 4 to 1.5 nm by chang-
ing the subphase from [P2,2,2,5][TFSI] to [P6,6,6,14][TFSI]. This
range corresponds to the short-axis diameter of the BSA molecule
(3 nm);[17] therefore it is expected that the PNLs formed at the
IL interfaces are composed of monolayer proteins. On the other
hand, the AFM nanoindentation analysis of the PNLs showed the
apparent moduli of 15.0, 30.6, and 45.9 kPa for [P2,2,2,5][TFSI],
[P4,4,4,1][TFSI], and [P6,6,6,14][TFSI], respectively (Figure 3j;
Figure S22, Supporting Information).[5a] In this study, we used
the Hertz model to roughly estimate the apparent modulus of
PNL including other factor than the pure elastic modulus of PNL
itself. If accurate mechanical characterization of this system is to
be performed, the more sophisticated model should be consid-
ered taking into account various effects such as interfacial ten-
sion, and adhesion. In addition, Megone et al. recently reported
that indentation mechanics is sensitive to various changes at the
interface, such as probe-interface interactions.[18] Note that quan-

titative discussions based on the absolute values of the apparent
moduli discussed here may therefore be risky.

PNL nanoindentation was also applied for interfaces that
deposited fibronectin, a protein used for conditioning before
cell culturing. The apparent moduli of fibronectin PNL were
27.5, 44.8, and 56.2 kPa for [P2,2,2,5][TFSI], [P4,4,4,1][TFSI]
and [P6,6,6,14][TFSI], respectively (Figure S23, Supporting In-
formation). The order of stiffness depending on the IL struc-
ture was the same as that obtained from BSA. This further
indicates possible common trends of the mechanics of PNLs
at the IL interfaces. Moreover, the observed inverse relation-
ship between the thickness and mechanical properties was con-
sistent with that reported for PNLs formed at the interface
between water and octane derivatives.[6a,c] In that study, Fis-
cher et al. concluded that the polarity of the subphase altered
the degree of protein denaturation at the interface, thereby
changing the PNLs thicker/thinner and softer/stiffer. By recall-
ing the ELISA results, we could say that more hydrophobic

Figure 4. Snapshots of a) 0 s, b) 100 s, c) 200 s, and d) 300 s during the BSA adsorption process on the interface for [P2,2,2,5][TFSI], e) 0 s, f) 100 s,
g) 200 s, and h) 400 s for [P4,4,4,1][TFSI], and i) 0 s, j) 100 s, k) 200 s, and l) 400 s for [P6,6,6,14][TFSI]. m) Brownian motion of BSA particle on the
surface of [P2,2,2,5][TFSI]. n) Brownian motion of BSA particle on the surface of [P4,4,4,1][TFSI]. o) Brownian motion of BSA particle on the surface
of [P6,6,6,14][TFSI]. p) A box plot of the diffusion coefficient of BSA particles at the interface of [P2,2,2,5][TFSI], [P4,4,4,1][TFSI], and [P6,6,6,14][TFSI]
estimated from the relationship between the mean square displacement of particles from high-speed AFM and time. *** P < 0.05 (Student’s t-test).
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[P6,6,6,14][TFSI] allowed protein adsorption in more denatured
structures. Therefore, the amount of protein adsorption as well
as the stiffness of the PNLs is supposed to be the major rea-
son for the different cell adhesion behaviors. Furthermore, the
FT-IR ATR measurements of PNL formed at the IL interfaces
confirmed that the peak intensity ratio of amide I appeared at
≈1650 cm−1 and amide II ≈1575 cm−1, a typical indicator of
the degree of protein denaturation,[19] increased in the order
of [P2,2,2,5][TFSI] < [P4,4,4,1][TFSI] < [P6,6,6,14][TFSI] (Figure
S24, Supporting Information). However, the difference in ET(30)
for the three ILs does exist but was by far smaller (47.4 kcal mol−1

for [P2,2,2,5][TFSI], 46.6 kcal mol−1 for [P4,4,4,1][TFSI], and
[P6,6,6,14][TFSI] for 45.5 kcal mol−1) to that discussed in their
study (31.1 kcal mol−1 for n-octane,[20] and 48.1 kcal mol−1 for
1-octanol). This indicates unique protein adsorption behaviors at
the interfaces of “ionic” “liquids”, which differ from those of well-
studied ionic crystals,[14] like calcium phosphate, and non-ionic
apolar liquids, such as perfluorocarbons and silicones. Thus, the
adsorption state (structure and amount) of proteins at the ILs in-
terface is highly dependent on the chemical structure of the ILs
themselves. This changes biochemical and mechanical cues ex-
posed to the cells, resulting in different cell adhesion behaviors
at the three IL interfaces. Future studies with a wide variety of ILs
will be helpful to further optimize PNLs for cell culture scaffolds
and to identify dominant factors that regulate protein adsorption
behavior at the IL interfaces.

To further address the origin of the different characteristics of
PNLs formed at the interfaces of the three ILs, we investigated
the dynamic protein adsorption process at molecular resolution
using high-speed AFM. Movies S1–S3 (Supporting Information)
show the initial stage of BSA adsorption at the [P2,2,2,5][TFSI],
[P4,4,4,1][TFSI] and [P6,6,6,14][TFSI] interfaces, respectively. In

all ILs, BSA adsorption increased over time and eventually cov-
ered the entire surface within 300–500 s. Figure 4a–l shows
snapshots of the initial adsorption of BSA protein at the inter-
face of the ILs. Interfacial adsorption at the [P6,6,6,14][TFSI]
interface started immediately after the earliest stage, whereas
BSA adsorption started after an induction period of ≈100 s at
the [P2,2,2,5][TFSI], and at the [P4,4,4,1][TFSI] interfaces (Figure
S25, Supporting Information). The trajectories of each particle of
BSA at the interfaces of [P2,2,2,5][TFSI] (Figure 4m; Figure S26a,
Supporting Information) exhibit a large displacement, whereas
[P6,6,6,14][TFSI] (Figure 4o; Figure S26c, Supporting Informa-
tion) exhibit a small displacement. In contrast to these two ex-
treme cases, BSA on [P4,4,4,1][TFSI] appears to have a small
number of stagnant species mixed in with most particles moving
around frequently (Figure 4n; Figure S26b, Supporting Informa-
tion). The 2D diffusion coefficient (D) of BSA at [P2,2,2,5][TFSI],
[P4,4,4,1][TFSI] and [P6,6,6,14][TFSI] interfaces were 1.71× 10−10

(cm2 s−1), 6.18 × 10−11 (cm2 s−1) and 3.73 × 10−12 (cm2 s−1),
respectively (Figure 4p), with approximately two orders differ-
ence among them. This indicated a stronger protein interaction
with the [P6,6,6,14][TFSI] interface. At the [P6,6,6,14][TFSI] in-
terface, BSA denatures immediatery at the liquid interface and is
adsorbed with hydrophobic interaction when the protein comes
into contact with the interface. This attractive interaction acts
as a resistance against diffusion on the protein particles, which
suppresses Brownian motion. In contrast, in [P2,2,2,5][TFSI] or
[P4,4,4,1][TFSI], BSA frequently moves across the interface, dif-
fuses and is gradually adsorbed; hence, such a resistance against
diffusion does not work effectively, resulting in a higher D than
that at the [P6,6,6,14][TFSI] interface. This diffusion behavior of
BSA at each IL interface may be partially affected by the orien-
tational direction of cations at the IL | water interface reflecting

Table 1. Summary of solubility tests for poly(meth)acrylates, polystyrenes, and polyacrylamides toward [P2,2,2,5][TFSI], [P4,4,4,1][TFSI], and
[P6,6,6,14][TFSI] as a solvent. Each polymer (2 wt.%) is mixed with ILs by the co-solvent evaporation method. Transparency was judged by the naked
eyes. Yes: Transparent, homogeneous mixture with a range from 4 to 100 °C. No: Turbid phase separation within a range from 4 to 100 °C.

1. PMMA 2. PEMA 3. P(iso-Pro)MA 4. P(n-Bu)MA 5. P(iso-Bu)MA 6. P(n-Hex)MA 7. P(c-Hex)MA

[P2,2,2,5][TFSI] Yes Yes Yes Yes Yes No No

[P4,4,4,1][TFSI] Yes Yes Yes Yes Yes No No

[P6,6,6,14][TFSI] Yes Yes Yes Yes Yes No No

8. P(n-Dod)MA 9. PBnMA 10. PMA 11. PEA 12. P(iso-Pro)A 13. P(n-Bu)A 14. P(iso-Bu)A

[P2,2,2,5][TFSI] No No Yes Yes Yes Yes Yes

[P4,4,4,1][TFSI] No No Yes Yes Yes Yes Yes

[P6,6,6,14][TFSI] No No Yes Yes Yes Yes Yes

15. P(n-Hex)A 16. P(n-Dec)A 17. P(n-Dod)A 18. PSt 19. P(𝛼-Me)St 20. PVnTol 21. P(tert-Bu)St

[P2,2,2,5][TFSI] No No No No No No No

[P4,4,4,1][TFSI] No No No No No No No

[P6,6,6,14][TFSI] No No No No No No No

22. PVnBn-Cl 23. P(tri-Br)St 24. PAAm 25. PDMAm 26. PDEAm 27. PNIPAm 28. PACMO

[P2,2,2,5][TFSI] No No No Yes Yes UCST(40–50 °C) No

[P4,4,4,1][TFSI] No No No Yes Yes UCST(50–60 °C) No

[P6,6,6,14][TFSI] No No No No Yes No No

Adv. Mater. 2024, 2310105 © 2024 Wiley-VCH GmbH2310105 (7 of 10)
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Figure 5. a) A photograph of an ion gel obtained by in situ radical polymerization of n-butylmethacrylate (nBuMA) as a monomer, ethylene glycol
dimethacrylate (EGDMA) as a cross-linker and azobis(isobutyronitrile) (AIBN) as an initiator in [P2,2,2,5][TFSI] as a solvent. The contents of the pre-gel
solution are as follows: [n-BuMA] = 2 m, [EGDMA] = 5 mol% versus n-BuMA, and [AIBN] = 1 mol% versus n-BuMA. b) Fluorescence microscopic
observation of hMSCs transiently expressing LifeAct-GFP attached hMSCs at the interface of a [P2,2,2,5][TFSI] ion gel. Comparison of the c) cell area
and d) circularity of hMSCs cultured at [P2,2,2,5][TFSI] liquid interface and [P2,2,2,5][TFSI]-PnBuMA ion gel. *** P < 0.05 (Student’s t-test).

interfacial tension.[21] The difference in membrane mechanics is
likely attributed to the interfacial phenomena of the initial ad-
sorption process rather than bulk polarity such as ET(30). We have
tried to observe the BSA adsorption process at the interface of per-
fluorooctane (PFO) which is used for liquid cell culture, as a con-
trol. However, the adsorption process of BSA was completed too
quickly to be monitored by high-speed AFM. It is noteworthy that
protein adsorption dynamics bacame detactable speed and ma-
nipulatable only when we use ILs as the subphase. Note that zwit-
terionic materials, such as poly(2-methacryloyloxyethyl phospho-
rylcholine) (PMPC),[22] and polysulfobetaines (PSB),[23] are resis-
tant against protein adsorption due to two closely charged cations
and anions. The major expected differences among the ILs tested
in this study are ion-pairing depending on the length of the alkyl
chains conjugated to the phosphonium cations; therefore, it is
reasonable to observe different protein adsorption behaviors. Fur-
ther systematic studies are needed to understand the relationship
between protein adsorption kinetics and the mechanical matu-
ration of the PNLs on ILs and are underway to take advantage
of the designers’ nature of ILs. High-speed AFM observations
also suggested that the PNL was formed as a monolayer and ex-
hibited self-healing properties (Movies S4,S5, Supporting Infor-
mation). This suggests that an IL interface can be used for the
2D protein concentration process without significant conforma-
tional changes in the tertiary structure of the protein.[6c]

Finally, we developed the unique capacity of the IL-based scaf-
folds to manipulate the physicochemical properties of the liq-
uid phases. The fracturing of PNLs by an accidental mechanical
perturbation is supposed to be one disadvantage of liquid-based
scaffolds. The conventional perfluorocarbon- and silicone-based
scaffolds can only be reinforced by engineering PNLs, either by
crosslinking with perfluorobenzoyl chloride,[2b,c,3a,24] or deposit-
ing denatured protein.[25] Unlike fluorocarbons, which are poor
solvents for conventional polymers (Table S2, Supporting Infor-
mation), ILs can dissolve various conventional polymers;[10b,c]

therefore, we were able to manipulate the mechanical proper-
ties of the liquid bulk (Table 1, Figure S27, Supporting Informa-
tion). Here, we transformed the IL [P2,2,2,5][TFSI] into a free-
standing “ion gel” by in situ radical polymerization of n-(butyl
methacrylate) (nBuMA) monomer in the presence of bifunctional
ethylene glycol dimethacrylate (EGDMA) (Figure 5a; Figure S28,
Supporting Information). Figure 5b shows the adhesion mor-
phology of hMSCs attached to the interface [P2,2,2,5][TFSI] ion
gel. In sharp contrast to the poorly adhesive nature of the orig-
inal [P2,2,2,5][TFSI] (Figure 1d,h,i), hMSCs exhibit spreading
morphology with enhanced spreading area and lower circular-
ity, indicating improved adhesion on the [P2,2,2,5][TFSI] ion gel
(Figure 5c,d). Since both the IL and the [P2,2,2,5][TFSI] ion gel
were subjected to the same interface modification treatment, the
difference in cell adhesion reflects the bulk properties of the
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substrate. In other words, the mechanically less robust PNLs
formed at the [P2,2,2,5][TFSI] interface were complemented by
the bulk mechanics of the ion gels to support cell adhesion. This
feature will be useful not only for decoupling the contribution of
the interface and bulk properties to cell adhesion behaviors from
the mechanobiology viewpoints but also for endowing the liquid
phase with a stimulus-responsive nature (See, UCST behaviors of
poly(N-isopropylacrylamide (PNIPAm) in Table 1), which high-
lights high-polar but water-immiscible ion gel as a versatile plat-
forms for cell cultures. Studies on the changes in cellular behav-
ior on mechanical property controllable ion gels are currently in
progress and will be reported elsewhere in the future.

3. Conclusion

We described the culture of cells at the IL interface. Although
hydrophobic ILs do not mix with water because ILs are com-
posed only of ions, they provide an interface that differs from
that of fluorocarbons, a common liquid-cell culturing scaffold.
Emulsion culturing using a hydrophobic liquid as the dispersed
phase and a cell culture medium as the continuous phase has
been proposed as a promising developmental application of cell
culturing at the liquid interface.[2b,3,26] If this culturing technol-
ogy can be established, its culturing efficiency can be remarkably
enhanced compared to the conventional 2D culture method us-
ing plastic dishes. By exploiting the deformability of liquids, it is
possible to recover cell resources through a filtration process that
does not require trypsin enzyme treatment, thereby facilitating
full automation of the cell culture process. If the nonflammable
and nonvolatile “green” hydrophobic ILs can be utilized for this
purpose, water washable (recyclable) and dry-heat-sterilized avail-
able dispersion phase will be realized. Currently, in addition to
gaining deep insight into the basic science of cell culturing at the
interface of ILs, studies on emulsion cell culturing using ILs are
ongoing.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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