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Dyes exhibiting polarity-dependent color changes, known as solvatochromism, have great potential for
creating sensors, smart materials, and responsive coatings. However, full-range color shifts require a tech-
nique to disperse dyes across a wide range of solvent polarities, which remains a persistent challenge. For
example, hydrophobic dyes often aggregate in water, preventing effective color shifts. Although surfac-
tants can assist in dye dispersion, they can also prevent solvent molecules from accessing the dye. To
address this, we used a 60-mer protein nanocage, TIP60, with a densely pyrene-modified interior surface.
The modification did not induce protein denaturation, as monitored by small-angle X-ray scattering, and
greatly increased the aqueous solubility of a hydrophobic solvatochromic dye, Nile Red (NR), while pre-
serving its fluorescence. The NR-loaded solution appeared blue, reflecting the polar environment sur-
rounding NR. Cryogenic electron microscopy suggested that the pyrenes interacted with each other to
form a binding site for NR. This interaction also contributed to thermostability of TIP60 (65 °C to 86 °C)
and stability against sodium dodecyl sulfate, as observed by electrophoresis experiments. When brushed
onto plain copy paper, the NR-loaded nanocage appeared bluish-purple and shifted reversibly to purplish
red upon heating, returning on cooling—presumably via nanocage dissociation and reassembly. The color
change was also sensitive to humidity. We term this material "mistelNK", a protein-based ink with revers-
ible temperature- and humidity-dependent color changes. These findings demonstrate that a single-step
interior modification enables the rational design of protein materials for tuning dye photophysics, provid-
ing a powerful strategy for designing protein-based functional materials.

effective color changes.®* Thus, a technique for dispersing dye
molecules into layers with opposing properties could improve

Certain classes of dye molecules exhibit distinct colors depend-
ing on the solvent in which they are dissolved. This phenom-
enon, known as solvatochromism, primarily arises from differ-
ences in solvent polarity. Polar solvents stabilize the intra-
molecular charge-transfer (ICT) photoexcited state of solvato-
chromic dyes, which is formed by charge transfer from a donor
group to an acceptor group. As a result, absorption and emis-
sion are red-shifted in more polar solvents."”” Consequently, if
dye molecules are dissolved in a variety of solvents with a wide
range of polarities, large color changes should be possible.
However, hydrophobic dyes often aggregate in water, preventing
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the color changes. Although hydrophobic dyes can be dispersed
in aqueous media by using micelles and liposomes,”” the dye
molecules are often partitioned into hydrophobic domains
formed by the hydrophobic moieties of amphiphilic molecules,
thereby limiting the exposure of the dye to water. Consequently,
the dyes show a color similar to that observed in organic sol-
vents. Accordingly, a dye dispersion method that maintains
accessibility to solvent molecules is essential for observing the
color changes in solvatochromic molecules. In contrast to
micelles, which spontaneously form flexible enclosed hydro-
phobic cores and sequester dyes away from water, structural
rigidity in the dispersant is essential for keeping dyes accessible
to the surrounding solvent. In addition, if dye molecules bind
uniformly and specifically to identical binding sites, redesigning
the binding sites could alter the solvent accessibility, resulting
in further color changes.

Protein nanocages fulfill these criteria owing to their
uniform structure and rigidity.*'® Based on these properties,
protein nanocages have been widely studied as dispersants for
hydrophobic molecules, including dyes, drugs, and food
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additives.""'® Proteins also allow site-specific structural
design  through genetic mutations and chemical
modifications."”™*° A variant of the E2 nanocage, derived from
the E2 component of the pyruvate dehydrogenase multien-
zyme complex, has been used to encapsulate a hydrophobic
drug molecule."” The hydrophilic amino acid residues on the
interior surface were replaced with Phe residues.
Encapsulation of the solvatochromic molecule, Nile Red
(NR),?>?! has also been demonstrated in protein nanocages. In
engineered ferritin, phenylalanine clusters at twofold sym-
metry interfaces created an aromatic pocket that accommo-
dated NR and supported bright emission, although wavelength
shifts were not discussed.”” In the artificial nanocage 03-33,
the interior is filled with surfactants driven by electrostatic
interactions between the negatively charged head group and
the cationic amino acid residues introduced on the interior
surface.’® However, the fluorescence spectrum suggested that
the encapsulated NR molecules were partitioned into the
hydrophobic core of the micelles and were not exposed to
water molecules.

Previously, we designed a protein nanocage, TIP60, com-
posed of 60 identical fusion proteins.?*** The outer and inner
diameters of TIP60 are 22 and 15 nm, respectively, and the
molecular surface has 20 triangular pores with an inscribed
circle 2.3 nm in diameter. Furthermore, a chemically modifi-
able cysteine residue can be introduced on the interior surface
(S50C-TIP60). In our previous study, we modified the cysteine
with the polycyclic aromatic molecule, pyrene, enabling the
encapsulation of several aromatic fluorescent molecules,
including NR, through the surface pores.”” The absorption
and fluorescence spectra of NR in modified TIP60 showed a
similar pattern to that in the aqueous phase, suggesting that
pyrene-modified TIP60 provides a chemical environment in
which NR can bind while maintaining contact with water
molecules. However, the amount of encapsulated NR was only
0.6 molecules per TIP60 nanocage.

In this study, to improve the encapsulation efficiency, we
introduced an additional glycine-to-cysteine substitution at
residue number 12 (G12C) into the S50C mutant, thereby
increasing the number of modification sites to 120 per nanoc-
age. The double mutant (DM)-TIP60 modified with pyrene
achieved a 30-fold higher encapsulation capacity for NR com-
pared with pyrene-modified S50C-TIP60. Cryogenic electron
microscopy analysis suggested that the binding site of NR is
formed by pyrenes arranged in a pentagram configuration.
The pyrene modification improved the stability of the 60-mer
structure. Finally, we demonstrated that DM-TIP60-encapsu-
lated NR functions as a reversible, color-changing ink material
on cellulose-based paper in response to heating and cooling.

Results and discussion
Design and modification of DM-TIP60

We initially determined the location of the second modifi-
cation site in each monomer in addition to S50C, based on the

This journal is © The Royal Society of Chemistry 2025
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3D structure of TIP60 (PDB ID:7EQ9). The Ser50 residue was
on the outer edge of the pentameric LSm domain (Fig. 1a,
magenta sphere), with limited space available around the edge
for a second modification site. The structure suggested that
there might still be available space toward the central part of
the LSm domain for pyrene modification. To minimize the
effect on the original structure when introducing cysteine,
Gly12 at the loop was selected as the second modification site
(Fig. 1a, cyan sphere). We also used two single mutants
(S50C-TIP60 and G12C-TIP60) for control experiments.

The mutants were modified with N-(1-pyrenyl)maleimide
(Pyr-M) after expression and purification (Fig. 1b).*® The modi-
fication was confirmed by fluorescence measurements because
the pyrene group of Pyr-M only fluoresces after the maleimide
group reacts with the thiol group.”” The mixture of DM-TIP60
and Pyr-M showed typical pyrene emissions and an additional
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Fig.1 (a) 3D structure of TIP60. Close-up view shows the interior
surface of pentameric domain. One of the subunits is highlighted in
orange. The Ser50 and Gly12 residues are shown as magenta and cyan,
respectively. The values with dashed lines are distances. (b) Schematic of
interior surface modification of TIP60 mutants with Pyr-M. (c) Emission
spectra of TIP60 mutants modified with Pyr-M. The cysteine concen-
tration was adjusted to 30 pM. All samples were excited at 345 nm.
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longer-wavelength band around 460 nm, indicative of pyrene
excimer formation (Fig. 1c, cyan).”® A similar excimer band
slightly shifted to a longer wavelength was observed for
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cation efficiency, the efficiency was estimated based on UV-vis
absorbance measurements (see SI). For all mutants, the modi-
fication ratio was estimated to be around 75% (74.3%, 73.7%,

G12C-TIP60 (Fig. 1c, orange). In contrast, pyrene-modified
S50C-TIP60 showed almost no excimer band (Fig. 1c,
magenta). These data suggest that the pyrene molecules inter-
acted with each other in DM-TIP60 and the G12C-TIP60 due to
the proximity of the cysteine residues (Fig. 1a). Because the
excimer formation prevented quantitative analysis of modifi-

and 76.8% for S50C-TIP60, G12C-TIP60, and DM-TIP60,
respectively).

Encapsulation of NR

DM-TIP60 modified with Pyr-M was expected to have a higher
encapsulation capacity for hydrophobic molecules than modified
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Fig. 2 (a) Photographs of 0.1 mM NR solutions in various solvents: (1) buffer comprising 20 mM Tris-HCl and 1 mM EDTA, adjusted to pH 7.4 (TE
buffer), (2) 3 uM original TIP60 in TE buffer, (3) pyrene-modified S50C in TE buffer, (4) pyrene-modified G12C-TIP60 in TE buffer, (5) pyrene-
modified DM-TIP60 in TE buffer, (6) DMSO, (7) acetonitrile, (8) acetone, (9) tetrahydrofuran, and (10) n-hexane. NR was dissolved in DMSO and
added to the solvent at a final concentration of 0.1 mM. Photographs were taken 2 h after mixing (top), followed by centrifugation (bottom).
Dielectric constants of the solvents at 25 °C were taken from ref. 29 and are indicated on the photographs. The bar graph displays the encapsulation
amount of NR calculated from absorption spectra (see Sl). (b) Normalized absorption spectra of solutions containing 5 pM NR and 3 pM of pyrene-
modified DM-TIP60 (cyan), G12C-TIP60 (orange), and S50C-TIP60 (magenta). Black solid, dashed-dotted, and dotted lines show the NR absorption
spectra in hexane, toluene, and DMSO, respectively. Absorption and emission wavelengths in various solvents are summarized in Table S1. (c)
Absorption spectra of mixtures containing different ratios of modified DM-TIP60 and NR. The panel at the top of the spectra is a schematic of the
proposed states of encapsulated NR. (d) Changes in the absorbance ratio at 603/570 nm (black, left axis) and the maximum fluorescence intensity
(red, right axis) as a function of the number of NR molecules per nanocage for the modified DM-TIP60 solution with increasing NR concentration.
Error bars denote the standard deviation of three independent experiments. Control experimental data for panels ¢ and d using pyrene-modified
S50C-TIP60 and G12C-TIP60 are summarized in Fig. S2c.
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single mutants. To test this, the modified TIP60 variants were
used to encapsulate the solvatochromic compound, NR. Each
sample was mixed with excess NR and undissolved NR was
removed by centrifugation. Although NR is generally yellow to red
in hydrophobic solvents,* the mixture was bluish (Fig. 2a). This
long-wavelength shift was observed in all three modified
mutants, suggesting that encapsulated NR had contact with water
molecules, which have a higher dielectric constant (a parameter
reflecting solvent polarity) than organic solvents (Fig. 2b). A
gradual increase in color intensity in the order of S50C, G12C,
and DM-TIP60 was observed (Fig. 2a). The numbers of encapsu-
lated NR were 0.6, 4.3, and 17.4 for S50C, G12C, and DM-TIP60,
respectively, determined based on absorbance (Fig. 2a, bar
graph). Thus, modified DM-TIP60 had a much greater encapsula-
tion capacity than S50C and G12C-TIP60.

The spectra obtained from mixtures of modified DM-TIP60
and NR at various ratios revealed two peaks at 603 and 570 nm
(Fig. 2¢). Monomeric NR, which partially dissolves in aqueous
solution, shows an absorbance at 593 nm.*° Thus, the absor-
bance at 603 nm probably corresponded to monomeric NR in
a polar environment. In contrast, the increase in absorbance at
570 nm probably indicated the formation of aggregates.*> The
absorbance ratio of 603 to 570 nm increased linearly up to an
NR ratio of 7, remained constant until 12, and then decreased
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slightly (Fig. 2d, black). These results suggested that NR
initially bound to DM-TIP60 as a monomer, and that above the
binding capacity, excess NR formed aggregates at higher
ratios. Aggregation formation was supported by fluorescence
spectroscopy (Fig. 2d, red). At low concentrations, the fluo-
rescence intensity increased linearly with a good fluorescence
quantum yield of 0.08 (Fig. S2b), similar to quantum yields
observed in protic solvents (e.g., 0.12 in ethanol and 0.08 in
methanol),>' suggesting that the added NR was dissolved as
the monomer. However, consistent with the absorption
changes, once the NR-to-TIP60 ratio exceeded 7, no fluo-
rescence intensity change was observed.

Structural analysis of pyrene-modified TIP60s

Structural changes in TIP60 mutants after chemical modifi-
cation were analyzed using native polyacrylamide gel electro-
phoresis (native-PAGE) and small-angle X-ray scattering (SAXS).
The band pattern and scattering curves after mutation and
pyrene-modification were similar to those of the original TIP60
(Fig. 3a and b). The pair distance distribution (P(r)) of the
mutants showed a right-shifted peak, indicative of a hollow
spherical structure (Fig. 3c). Ab initio models (DAMMIF/
DAMMIN) indicated that the modified TIP60 variants retained
their original hollow structure (Fig. 3d). The radius of gyration
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(a) Native-PAGE results of the original TIP60 and unmodified (left lanes) and pyrene-modified TIP60 mutants (right lanes). (b) SAXS scattering

curves of original TIP60 (black dotted line), pyrene-modified S50C-TIP60 (magenta), G12C-TIP60 (orange), and DM-TIP60 (cyan), respectively. (c)
Pair-distance distribution (P(r)) calculated based on the data shown in panel b. (d) Dummy atom model of pyrene-modified DM-TIP60 (left panel)

and a cross-sectional view (right panel).

This journal is © The Royal Society of Chemistry 2025
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(Rg) and the maximum particle dimension (Dyax) Were consist-
ent with the values of the original TIP60 (Table S2). These
results indicate that the overall structure remained essentially
unchanged after modification with Pyr-M.

The three-dimensional (3D) structure of modified
DM-TIP60 was analyzed by cryogenic electron microscopy
(cryo-EM) in the presence of NR. Single-particle images were
selected using two-dimensional (2D) and 3D classifications in
RELION-4.0.2,*? resulting in four distinct 3D classes (Fig. S3a).
The reconstructed potential map of the dominant class, class
3 (22 050 particles), was refined to a resolution of 3.8 A with
icosahedral symmetry (Fig. 4a and Fig. S3a-d). The refined
cryo-EM map and model structure are shown in Fig. S3e. The
overall structures and the subunit structure were similar to
those of the original TIP60 (PDB ID: 7EQ9) (backbone root-
mean-square deviation (RMSD): 0.887 and 0.720 A). An
additional map was observed on the interior surface of the
pentameric domain (Fig. 4a, right panel). The additional map
was attributed to the pyrene groups; thus, we built an atomic
model by fitting pyrene molecules into the map (Fig. 4b). The
local resolution around the pyrene group models was slightly

?

Modified DM-TIP60

Fig. 4
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lower than that in the rigid pentamer region but higher than
that in the C-terminal region of the dimeric domain (Fig. S4).
The map was averaged with icosahedral symmetry and the het-
erogeneity of the pyrene modification may have affected the
local resolution around the pyrene groups and the mean corre-
lation coefficient between the model and corresponding
experimental maps for the ligands (pyrene groups) (Table S3).

The pyrene groups had spatially close arrangements
(Fig. 4c), suggesting that they interacted, consistent with the
spectroscopic analysis (Fig. 1c). Pyrenes on the G12C residues
(P1-P5) formed a sequentially stacked and tilted configuration
(interfacial angle: ~50°), with a single pyrene on S50C almost
equidistant (~7-9 A) between the two pyrenes on G12C (e.g.,
P1, P5, and P9). We designated the arrangement of these 10
pyrenes as a “pyrene pentagram”.

The reconstructed potential map of the minor class, class 1
(10 097 particles), was refined to a resolution of 4.0 A with ico-
sahedral symmetry (Fig. S3a and S5). The averaged structure
with a double-shell shape suggested that modified DM-TIP60
could incorporate molecules through hydrophobic interactions
with the pyrene pentagrams.

(a) Cryo-EM potential map of original TIP60 (PDB: 7EQ9, EMDB: EMD-31256) (cyan) and pyrene-modified DM-TIP60 (PDB: 9UOL, EMDB:

EMD-64381) (magenta). Full view of each map (left panel), superimposed view (center panel), and its cross-sectional view (right panel). (b) Refined
model structure of a subunit of modified DM-TIP60 (green cartoon model with side chains) overlaid with partial potential maps extending 2.5 A
around the subunit (original TIP60, cyan surface; modified DM-TIP60, magenta mesh). The pyrene groups bound to G12C and S50C are shown as
red sticks. (c) Pyrene pentagram observed on the pentameric subunits. Pyrene groups on the same monomer are highlighted in the same color. (d)
Refined model structure of modified DM-TIP60 and potential maps representing a range of 8 A from the pentamer center (original TIP60, cyan;

modified DM-TIP60, magenta).
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There was an additional map at the center of the pentamer
cavity, even after placement and refinement of the pyrene
groups (Fig. 4d and Fig. S6a). This map may correspond to the
encapsulated NR, although the map resolution was not high
enough to determine the binding site accurately. Possible
binding models were constructed manually (Fig. S6b). This
result explained the experimentally determined numbers of
bound NR (17.4 mol per cage), which was higher than the
number of pentamers of 12. The excess NR molecules were
probably encapsulated by nonspecific hydrophobic inter-
actions with the areas surrounding the pyrene pentagram.
These results suggest that the pyrene pentagram provided an
effective accommodation site for NR.

Evaluation of thermostability of pyrene-modified DM-TIP60

The 3D structure of modified DM-TIP60 suggested that pyrene
groups on different fusion proteins may interact closely
(Fig. 4c). We expected that these interactions among pyrenes
would increase the thermostability of the nanocage. Modified
DM-TIP60 exhibited a two-step dissociation pattern (Fig. 5a),
although other TIP60 samples showed a single-step dis-
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sociation pattern. The melting temperatures estimated from
the first and second dissociation processes of modified
DM-TIP60 were 65 and 86 °C, respectively. The melting temp-
erature of 65 °C was comparable to the melting points of other
samples (69 °C). We assumed that this two-step dissociation
was caused by the incomplete modification ratio of cysteine
residues (76.8%). Fully modified pentamers can form pyrene
pentagrams, whereas partially modified pentamers cannot.
When a sufficient proportion of the pentamers in the 60-mer
are fully modified and form the pyrene pentagrams, the
60-mer becomes stable. Sodium dodecyl sulfate (SDS)-PAGE
analysis of modified DM-TIP60 showed bands at positions
corresponding to the molecular weights of the pentamers and
monomers (Fig. 5b), suggesting that only fully modified penta-
mers had a conformation that was resistant to thermal dena-
turation and SDS treatment.

We used size-exclusion chromatography (SEC)-multiangle
light scattering (MALS) to measure the molecular weight of
modified DM-TIP60 heated at 75 °C. Two peaks appeared, and
the molecular weights were 1133 kDa (State 1) and 339 kDa
(State 2) (Fig. 5¢). The molecular weight of 1133 kDa was con-
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(a) Native-PAGE analysis of heat-treated original TIP60 and pyrene-modified TIP60 mutants (left panel) and correlation between the heated

temperature and the band intensities (right panel). Each sample was heated at 55-95 °C for 5 min in TE buffer. Two melting temperatures were
determined by fitting logistic functions within specific temperature ranges (50-75 °C and 70-100 °C). (b) SDS-PAGE analysis for original TIP60 and
pyrene-modified TIP60 mutants. All lanes are unheated unless otherwise indicated; the far-right lane shows modified DM-TIP60 heated at 95 °C for
5 min. (c) SEC-MALS analysis of modified DM-TIP60 heated at 75 °C for 5 min. Chromatogram traces are normalized to the monomer peak and
offset for clarity. Each line shows the refractive index (RI) signal (red), UV absorbance signal (blue), and light scattering (LS) signal (green). Black
squares represent the calculated molecular weight. (d) Analysis of DM-TIP60 modified with smaller aromatic molecules, Nap-M and Phe-M.
Experimental conditions are identical to those in Fig. 2a and (a).
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sistent with the theoretical molecular weight (1108 kDa) of
pyrene-modified DM-TIP60. SAXS analysis of the State 1 frac-
tion revealed oscillatory scattering typical of monodisperse
large spherical particles, indicating that the cage structure was
retained (Fig. S7a). The State 2 fraction with a molecular
weight of 339 kDa was probably composed of a trimer of penta-
mers (277 kDa) or a tetramer of pentamers (369 kDa). In con-
trast, heat-treated original TIP60 did not form such partially
stabilized structures (Fig. S7b). Accordingly, the pentamer-
trimer and/or pentamer-tetramer may be stabilized by pyrene
pentagrams unevenly distributed within the 60-mer.

In the control experiments, DM-TIP60 was modified with
smaller aromatic molecules, N-(2-naphthyl)maleimide (Nap-M) and
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g % Application &
P « K

Heating
_
—
Cooling
Tt - &
65—86°C o Yo
N <
(&)
290;'.oo°oo°'o.... e
280 90
g RIE22308 4
T 270 3880,00””
s 8 ° oCycle 1
260 » 8 ° 4 ©Cycle 2
o® oCycle 3
550 © Acetone
30 50 70 90 110

Temperature (°C)

Fig. 6

View Article Online

Biomaterials Science

N-phenyl maleimide (Phe-M). These modified proteins exhibited
neither improved nanocage thermostability nor effective NR encap-
sulation (Fig. 5d), probably because the sizes of Nap-M and Phe-M
were insufficient to allow intermolecular interactions, emphasizing
the critical role of pyrene-based aromatic interactions.

Application of NR-loaded TIP60 as protein-based ink
(misteINK)

We examined the suitability of NR solubilized by modified
DM-TIP60 as a protein-based ink material. The solution con-
taining NR-loaded, pyrene-modified DM-TIP60 (NR-PyDM, see
SI) was used to paint an illustration of TIP60 pentamers on
paper (Fig. 6a). Dried NR-PyDM on paper was bluish-purple,

+SDS
+SDS
(95°C)

-
-

Hue: 257.6 236.1 (-21.5)

Acetone

(a) Photographs of NR-PyDM applied directly to paper using a glass pen. A schematic model of the encapsulated NR is show above the

photograph, highlighting contact with water molecules. (b) Photographs of NR-PyDM applied to paper after an area was pre-treated with TE buffer
containing 10% SDS and dried. (c) Photographs of NR-PyrDM solution (left), NR-PyrDM solution with 0.1% SDS (middle), and NR-PyrDM solution
after heating at 95 °C for 5 min (right). The corresponding native-PAGE results are shown in the bottom panel. (d) Heat-responsive color transition of
NR-PyDM on paper during hot plate heating. Representative photographs (top panel, before and after heating) and hue values measured at various
temperatures (bottom panel). A schematic model showing the structural changes in pyrene-modified DM-TIP60 by heating is shown below the
photograph. The full set of photographs used for the hue analysis is shown in Fig. S8a. (e) Photographs of NR-PyDM-painted paper before (top left)
and after (top right) spraying with water. Corresponding control experiments with NR applied using acetone are shown in the bottom panels.
Average hue values were measured in Imaged, normalized to a 0°-360° scale, and are shown on each photograph.
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whereas NR dissolved in acetone was pink (Fig. 6a, right
panel), suggesting that NR remained encapsulated in the
DM-TIP60 cavity by maintaining contact with water molecules
even on paper. These results indicated that protein structure
was important for the color change of NR. Then, we applied
the NR-PyDM solution to paper pre-treated with SDS to induce
nanocage denaturation, resulting in a pink color (Fig. 6b). A
similar color change was observed when SDS was added
directly to the solution (Fig. 6¢), probably because NR transi-
tioned to a non-polar environment by being released from
DM-TIP60.

We investigated color changes associated with heat-induced
protein disassembly. The color changed from bluish-purple to
purplish red upon heating (Fig. 6d, top panel). Furthermore,
the temperature-dependent color change visually appeared
reversible. Analysis of color images based on hue values at
each temperature demonstrated that the color change was
reversible for at least three cycles (Fig. 6d, bottom panel),
although a slight baseline increase was shown after the second
cycle. In all cycles, the hue values stabilized at temperatures
above 65 °C, matching the melting temperature of modified
DM-TIP60. In contrast, NR applied using acetone showed only
minor color changes owing to the weak thermochromic pro-
perties of NR (Fig. 6d, black).>® These findings suggest that the
color changes were associated with the dissociation and re-
association of the 60-mer structure. In aqueous solution,
however, no such reversible color change was observed due to
the irreversible denaturation of TIP60 (Fig. S8b). Thus, the pro-
teins on paper presumably do not undergo complete denatura-
tion, likely because molecular mobility is restricted in the
solid state. As a control experiment, a solutions containing the
same weight concentration of bovine serum albumin (BSA)
was used to dissolve NR, but it did not dissolve NR effectively
and thus could not be used for comparison (Fig. S8c). We
further observed an increase in the overall hue value after the
second cycle of heat treatment. We hypothesize that the pro-
teins on the paper immediately after application contained
water molecules in excess of the equilibrium level. Thus, the
initial heat treatment released the water molecules from NR.
Upon cooling, NR was rehydrated under equilibrium con-
ditions determined by the experimental humidity. This
process may explain the baseline increase in hue values
observed after the second cycle. To test the effect of hydration,
we sprayed water onto NR-PyDM-painted paper. NR-PyDM
turned blue, resembling its solution state, and reverted to
bluish-purple upon drying (Fig. 6e). Heat treatment following
hydration resulted in a hue increase similar to that in Fig. 6d
(Fig. S8d, red), with a more distinct sigmoidal pattern. We
repeated the rehydration experiment before heat treatment for
an additional two cycles, and rehydration prevented the base-
line increases (Fig. S8d, orange and green). The midpoint
temperatures were 67, 73, and 85 °C for the first, second, and
third cycles, respectively, as determined from the fitting
curves. These values were between the two melting points of
modified DM-TIP60 (65 and 86 °C, Fig. 5a), suggesting that the
two-step disassembly of the nanocage was associated with the

This journal is © The Royal Society of Chemistry 2025
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color change. Overall, these results indicate that the protein
structure is essential for retaining water molecules around the
bound NR. Inspired by the unique color change in response to
local water content, we named this ink material “misteINK”,
derived from mist (humidity), protein, and ink.

Conclusions

We demonstrated that densely pyrene-modified DM-TIP60 dis-
persed the solvatochromic dye NR in a polar environment. The
loading capacity reached 17.4 NR molecules per cage—approxi-
mately 30-fold higher than in our previous pyrene-modified
S50C-TIP60. The well-ordered pyrene pentagram, unlikely to be
formed by modified S50C alone, may enhance the loading
capacity. Furthermore, this pentagram structure improved
thermostability of TIP60. These results suggest that chemical
modification remains a powerful approach for the functional
design of proteins. Although computational approaches are
becoming a standard tool, the structural and functional effects
of non-natural chemical groups in proteins provide valuable
insights for advancing future rational design strategies. We
monitored the color change of NR on cellulose-based paper,
presumably reflecting the dissociation and re-association of
TIP60. Although the structural evaluation of TIP60 on solid
phases remains insufficient, our findings suggested that the
color change was primarily driven by changes in the local
water content, which were influenced by the structural tran-
sitions of the nanocage. The protein created a dynamic micro-
environment that retained water molecules around the encap-
sulated dye. This hydration-sensitive response allows our
protein-based ink, misteINK, to function as a humidity-respon-
sive optical material that could serve as a useful model for clar-
ifying protein dynamics. We further anticipate that the pyrene
pentagram can be extended to other planar solvatochromic
dyes (e.g., Prodan, Reichardt’s Dye, Coumarin 153). Using such
probes in combination could broaden both spectral windows
and polarity readouts on paper-based systems, enabling multi-
plex sensing. Furthermore, this protein-based ink shows
promise for applications in smart printing technologies and
responsive biosensing systems. Integrating these findings with
previous studies on TIP60, including gelation®* and metal-
responsive reassembly,*® is expected to accelerate the develop-
ment of multifunctional materials with diverse applications.
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