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ABSTRACT: Liquid-liquid phase-separated (LLPS) droplets play key roles in regulating protein behaviors, such as enzyme
compartmentalization, stress response, and disease pathogenesis, in living cells. The manipulation of the droplet for-
mation/deformation dynamics is the next target of nano-biotechnology, although the required nanodevices for controlling
the dynamics of liquid-liquid phase separation, LLPS, have not been invented. Here, we propose a butterfly-shaped gold nano-
butterfly (GNB) as a nanodevice for manipulating the droplet-formation/deformation dynamics of LLPS. GNBs are moderate,
symmetrical gold nanomaterials (average diameter = ~30 nm) bearing two concaves and resembling a butterfly. Their growth
process is analyzed via their time-lapse electroscopic images and time-lapse ultraviolet/visible/near-infrared (NIR) spectros-
copy, as well as the application of solution additives in protein science. These nanomaterials are synthesized via the seed-
mediated method with an efficiency of ~70%. Interestingly, the GNBs stabilized the LLPS droplet of adenosine triphosphate
(ATP)/poly-L-lysine, whereas other two gold nanoparticles with different shapes (spherical and rod-shaped) did not, indicat-
ing that the concave of the GNBs interacts with the precursor of the droplets. The NIR-laser irradiation of the GNBs facilitates
the on-demand deformation of the droplets via the localized-heat effect. This butterfly-shaped nanodevice represents a future
strategy for manipulating the dynamics of LLPS.

Introduction phase-separated (LLPS) droplets would be profitable for
next-generation targeting in cell engineering.

The control of small structures in living cells is among the

most attractive methodologies in life science and nanotech-
nology®-2. For example, recent progress in cellular biology
reveals that the small droplet structures that are formed by
liquid-liquid phase separation (LLPS) determine cell be-
haviors3-5. The dynamic LLPS of biomacromolecules gener-
ates temporal compartmentalized space®, as well as accu-
mulated substrates and enzymes in the droplet, to ensure
the effectiveness of the tandem reaction process’-® and/or
increase the enzyme activity®. LLPS droplets are greatly ob-
served in transcription, as well as in the stress responses of
mammals?0-11 and plants2 Droplet formation is also related
to the pathological role of proteins related to neurodegen-
erative diseases, such as Alzheimer’s disease3-14, Thus, the
manipulation of the formation/deformation of liquid-liquid

The extant theoretical and experimental studies have ad-
vanced the fundamental knowledge of the dynamics of the
droplet-assembly process. Several studies have indicated
that immature droplets or a protein assembly accumulate
and dissociate in the cytosol and that these dynamic behav-
iors cause the formation and deformation of mature drop-
lets15-19, Those studies revealed that interfering with small,
immature droplets is an essential part of manipulating the
LLPS dynamics. Since the precursor of droplets is very small,
utilizing a small nanomaterial-produced manipulator
would be among the best methodologies for manipulating
the LLPS dynamics.



The surface engineering of nanomaterials benefits target-
selective delivery by engineering the “nano-bio interface”
where will be the contact point between a nanomaterial and
target?0. Classically, targets, such as a specific cell surface or
cytosol, are considerably larger (>1 um) than nanomaterials
(several tens of nm). Under such conditions, the dominant
property of the nano-bio interface is determined by the en-
tire properties of the nanomaterial surface, including its to-
tal surface charge, hydrophilicity/hydrophobicity, and/or
total radius. Conversely, if the target is as small as the nano-
material, the detailed surface shape, e.g., the numbers of
convexes/concaves or radius of the material surface, cannot
be neglected?'-25. Therefore, imparting skillfully developed
characteristics is key to designing manipulators for small
structures.

Nanotechnology-driven cell engineering has contributed
various kinds of nanomaterials, such as gold?¢-?7, and sil-
ver?8 nanomaterials, as cellular control manipulators. Par-
ticularly, gold nanomaterials are the most widely utilized
because of their high stability?°-30, their low side effects, the
ease of handling their synthesis process31-32, and their
shape-dependent optical properties 33. For example, gold
nanorods (GNRs), which are anisotropic rod-shaped gold
nanomaterials, absorb near-infrared (NIR) light and con-
vertitinto local heat. Since NIR lasers penetrate cell compo-
nents and water, they are utilized for heat-induced gene
regulation, in drug-delivery systems, and for cancer ther-
apy33-34,

Gold nanoparticles are generally synthesized via the seed-
mediated growth method?. Typically, very small gold nano-
material (seed) that is prepared separately or in situ3® are
mixed with surfactants, Au3* ions, and reductants, after
which they are kept for hours. Subsequently, the Au3* ions
are reduced into Au* in the solution, and the colliding Au*
ions with the seed or growing nanomaterial reduces into Au
atoms on the surface3¢. Owing to the randomized collision
process, almost all the previous gold nanomaterials exhibit
symmetry, such as spherical, rod-like, and triangular shapes,
or no symmetry, such as nanourchin?’. As far as we know,
only a few types of moderately symmetrical non-rod-like
gold nanomaterials with high efficiency are known; they in-
clude gold nanoflowers, gold nanostar, and DNA-
programable overgrowth of GNRs38-41,

The mechanistic insights into synthesizing anisotropic
gold nanomaterials have been explored for decades. Recent
progress indicated that surfactants and silver ions inhibited
the typical crystal facet of growing gold nanomaterial, alt-
hough the detailed mechanisms are still controversial*2-44.
Thus, improving the methodology for fabricating
nanodevices with moderate symmetries has not been suffi-
ciently investigated because of the limited mechanistic in-
sights, and this represents a hurdle to the development of
biocompatible nanodevices for controlling small nanostruc-
tures in a cell.

Herein, we report the synthesis and utilization of a new na-
nomaterial (gold nanobutterflies, GNBs). GNBs exhibit a
butterfly-like shape including two concaves in the opposite

sites of the NPs without a larger convex at the top and bot-
tom. The complex shape was formed by combining solution
additives that have been used in the field of protein science
for the semi-quantified analysis of weak interactions in very
complicated systems+s. Concave GNBs exhibit a similar size
to those of immature droplets. The adoption of additive ef-
fects represents a universal methodology for discussing the
formation pathways of other anisotropic gold nanomateri-
als. We also demonstrated the GNBs in the regulation of the
formation/deformation dynamics of model LLPS droplets.

Experimental Section
Results and Discussions

Synthesis of GNBs
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Figure 1. Structure of the synthesized GNBs. (A) Sche-
matics of the nanoparticles: GNBs (left), GNRs (middle)
and sphere-shaped gold nanoparticles (right). Scale bar
=10 nm (B) Typical ultraviolet/visible (UV/VIS)/NIR spec-
tra of the synthesized nanoparticles. Each sample number
indicates the final concentration of L-ascorbic acid (L-AA),
ie,1.6 mM, 3.2 mM, 6.4 mM, 12.8 mM, 25.6 mM, 51.2 mM,
91.6 mM, and 164 mM, respectively. (C) Representative
transmission electron microscopy (TEM) image of each na-
noparticle. No. 2 indicates the synthesis of gold nano-
butterflies (GNBs). Scale bar = 50 nm.

The GNBs were synthesized via the seed-mediated growth
approach, which has been used for various gold nanoparti-
cles including GNRs3>. Briefly, a gold seed solution was first
prepared via rapid reductions by NaBHa. Thereafter, the
freshly prepared seed solution was added to the growth so-
lution for crystal growth. The solution contained HAuCls as
the gold source, AgNOs as an additive to modulate the crys-
tal growth, L-AA as a reductant, and surfactants. We ob-
served that the surfactant solution containing benzyldime-
thyldodecylammonium chloride (BDAC) and hexadecyltri-
methylammonium bromide (CTAB) in a 2:1 ratio, as well as
0.1 M total surfactant, was suitable for the highly efficient
synthesis of GNBs. Similar compositions have been applied
to the synthesis of rod-shaped GNRs, but this one has never



been established because of its high sensitivity to the shape
(vide infra). However, we observed that this unsteady con-
dition was key to modulating asymmetry if adequately im-
proved.

HAuCls(aq), AgNOs(aq), the freshly prepared L-ascorbic
acid (L-AA)(aq), and the seed solution were added to the
surfactant mixture (Experimental Section). Figure 1A
shows the structure of the GNB. By changing the amount of
L-AA, the UV/VIS/NIR spectra (Figure 1B) and TEM images
of the nanomaterials also changed (Figure 1C). At a lower
concentration of L-AA, the UV/VIS/NIR spectrum exhibited
a strong absorbance peak (at the NIR region) and another
relatively weak peak at the visible area derived from the
plasmon on nanomaterial surfaces. This is a typical charac-
teristic of the GNR spectrum. At an appropriate concentra-
tion of L-AA, the UV/VIS/NIR peaks displayed two distin-
guished peaks at around 550 nm and 650 nm. Both peaks
exhibited the same intensity, and this represents a charac-
teristic of GNBs.
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Figure 2. Effects of the silver ions and surfactants on
GNB synthesis. (A)Typical UV/VIS/NIR spectra of the NPs
with silver ions. Relative concentration of the silver ions is
shown on the right side of the graph: x1 indicates that 0.04
mM silver ions is the final concentration. (B) Typical
UV/VIS/NIR spectra of the NPs that were synthesized with
various surfactant ratios. Final total concentration of the
surfactants is 0.1 M. Each surfactant ratio is shown on the
right side of the graph. (C) Typical UV/VIS/NIR spectra of
the NPs with various concentrations of the BDAC:CTAB =
2:1 mixture. The relative concentration of the mixture is
shown on the right side of the graph. x1 indicates that 0.1
M is the final concentration. (D)-(F) Typical TEM images
of the NPs synthesized in Figure (A),(B), and (C), respec-
tively. Scale bar = 50 nm

The ceiling of the GNBs was relatively plane (Figure S1).
The comparison of the scanning electron microscopy (SEM)
images of gold nanourchins and the GNBs indicated that the
ceiling of GNB did not exhibit a large convex. This is dissim-
ilar to the convex NRs or nanocubes*¢-47, We observed that
80 pL of 400 mM L-AA(aq) was ideal for the synthesis of
GNBs. The concentration of L-AA(aq) represented a rela-
tively higher condition than the usual experimental condi-
tion for synthesizing GNRs, although the GNBs exhibited a
uniform shape3% 48. The counting of the NPs in the TEM im-
ages revealed that the GNB ratio was ~70% under our con-
dition (Figure S2). Under low concentrations of L-AA, the
GNBs could not be synthesized as the main product; rather,
the GNRs were generated (Figures 1 and S2). A higher con-
centration of L-AA increased and decreased the ratios of the

sphere-shaped-gold-nanoparticles (refered to as GNPs in

this paper) and GNB, respectively (Figures 1 and S2).
Based on the experiments discussed above, the amount of
L-AA(aq) was fixed at 80 pL. The typical morphological
characteristic of each kind of nanomaterial is also shown in
Figure S2.

Mechanism of GNB Synthesis

We separately investigated the amount of Ag* ions, surfac-
tant composition, and total surfactant condition (Figure 2).
The UV/VIS/NIR spectra (Figures 2A-2C) and TEM images
(Figures 2D-2F) were obtained with variable amounts of
Ag* ions, two surfactant ratios, and surfactant mixture con-
centrations. For the Ag*ion, any conditions without first op-
timizing the concentrations demonstrated reduced effi-
ciency of GNB synthesis (Figures 2A and 2D). The 0.25-fold-
ratio condition only produced GNPs, while the 0.5-fold and
2-fold conditions yielded GNB with <55% efficiency (Figure
S3). The synthesized nanomaterials did not exhibit a uni-
form shape under these conditions. The surfactant compo-
sitions significantly changed the shape of the nanomaterial
(Figures 2B, 2E, and S3). Without BDAC, a few GNBs were
synthesized under our condition. When the BDAC:CTAB =
1:2 ratio was used, cross-shaped nanomaterials were ob-
served at ~25% (Figure S3). Notably, the synthesis of con-
cave nanoparticles with rotational symmetry, such as
nanostar synthesis, was still challenging*’. These data indi-
cated the high potential of our system for synthesizing mod-
erately symmetrical gold nanomaterial. Without CTAB,
large and small percentages of GNPs and nanotriangles were
observed (Figures 2B and S3). A suitable amount of Ag* ion
was essential for shape uniformity, and the ratio of BDAC
determined the modest symmetrical shape of the nano-
materials, such as a cross or butterfly shape.

Further, we changed the molar concentration of the surfac-
tant mixtures from 0.5-fold to 2-fold in stages and moni-
tored the changes in the UV/VIS/NIR spectra and morphol-
ogy of the nanoparticles (Figures 2C and 2F). The 1-fold
sample represents the original concentration for GNB syn-
thesis. By increasing the concentration, the short-wave-
length peak of the spectra reduced and shifted to the longer
side. The characteristic long-wavelength peak was turned
for observation at the surfactant concentration of over 0.8-
fold; it shifted toward a longer wavelength as the concentra-
tion increased. The peak ratio of the short and long wave-
lengths was >1 until the surfactant concentration reached 1,
and the peak intensity reversed under higher concentration
conditions. The changes in the nanomaterial shape also cor-
responded to the spectra changes (Figures 2C and 2F). The
GNB shapes were observed well under the one-fold condi-
tions; higher and lower concentrations exhibited lower effi-
ciencies for producing GNBs (Figure S3). These data indi-
cated that the concentration of BDAC would affect the mor-
phology of nanomaterials.

To gain insight into the mechanism of GNBs formation,
we first performed time-lapse TEM imaging and time-re-
solved UV /VIS/NIR absorption analysis in the GNBs synthe-
sis (Figures 3A and 3B). Figure 3A shows that the rod-like
nanomaterial was formed within 1 h, and the wing part of
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Figure 3. Analysis of the GNB-growth process in the presence of additives. (A) Time-lapse observation of the formation
of GNB via TEM imaging. Scale bar = 20 nm. (B) Time-lapse measurement of the UV/VIS/NIR spectra during GNB formation.
(C)-(E) Chemical structures of the additives: guanidine (C), urea (D), and 1,6 hexanediol (E). (F)-(H) Time-lapse measurement
of the UV/VIS/NIR spectra in the nanoparticle-formation processes with 125 mM guanidine (F), urea (G), and 1,6 hexanediol

(H)

the GNB matured over the subsequent several hours. The
UV/VIS/NIR spectral change corresponded to the results of
the TEM images (Figure 3B). Concretely, one strong NIR
peak, which was typical of GNR, followed by another rela-
tively weak one in the visible area, emerged. Afterward,
both peaks shifted gradually toward the peak location of
GNBs within ~10 h. These data indicate that the GNB-
formation process comprised two steps, namely the rapid
formation of the anisotropic shape and the gradual matur-
ing into the butterfly shape.

Next, we tried to determine the origin of anisotropic for-
mation of GNBs. We considered the following three hypoth-
eses for GNB synthesis: (i) The interaction between the ar-
omatic ring of BDAC and the cationic ions, such as Ag*

and/or Au*, would be essential. (ii) The hydrophobic inter-
action between the surfactant molecules modified the mi-
celle shape that affected the growth of the nanomaterial.
(iii) The hydrogen bonding from the surrounding water was
essential to the shapes of the growing nanomaterial, and the
surrounding ions, such as Ag* and surfactants, would mod-
ify the interaction of water and the reaction field or nano-
material surface. To test these hypotheses, we strived to
gain insight by using additives to inhibit one or two of the
specific, weak interactions. Notably, small molecular-
weight additives are widely used in the field of protein sci-
ence or colloidal chemistry, where various kinds of weak in-
teractions exist simultaneously in a target system, and they
determine the behavior of such systems#*> 49,



We utilized the three representative additives for this
analysis (Figures 3C, 3D, and 3E). Guanidine is a protein de-
naturant that can mainly inhibit cation-m and hydrophobic
interactions*-51. Urea is another protein denaturant that
can mainly inhibit hydrogen bonding and hydrophobic in-
teraction®2. Further, 1,6-hexanediol is a popular additive for
demixing LLPS droplets; it can mainly inhibit hydrophobic
interactions®3. The interactions can be identified by growing
gold particles in a solution containing these additives (Fig-
ure S4). We dissolved these additives consecutively ina 125
mM concentration in advance and conducted the GNB syn-
thesis before measuring the time-lapse spectra to gain in-
sight into the growth process of GNBs (Figures 3F, 3G, and
3H). The synthesis experiments with additives obtained a
clear result. For the guanidine batch, both peaks exhibited
rapidly changing long-wavelength ranges (Figure 3F). The
decrease with time followed the same trend as that of the
control experiment. The shape of the final UV/VIS/NIR
spectra indicated the rod-like shape of the nanoparticles.
Strong and weak peaks were observed in the NIR and Vis
regions, respectively. For the urea samples, the peak largely
reflected the synthesis of GNBs (Figure 3G). The cave be-
tween every two peaks was relatively shallow in the final
UV/VIS/NIR spectra, although this change was not as rapid
as that observed for the guanidine sample. For the 1,6-hex-
anediol samples, the time-lapse and final spectra did not
change essentially compared with those of the control ex-
periment (Figure 3H). These data indicated that the cation-
T interaction between Ag* or Au* and the aromatic ring of
BDAC was key to synthesizing the GNBs formation, and this
interaction was key to the initial step of the synthesis.

Detailed Observation of the Effects of the Additives

To reveal additional information on the effects of the addi-
tives on the morphology of the nanomaterial, we changed
the concentrations of the additives and analyzed their
UV/VIS/NIR spectra (Figures 4A-4C) and TEM images (Fig-
ures 4D-4F) under each condition. The guanidine-contain-
ing samples did not exhibit the characteristic of the GNBs:
the two peaks with almost the same intensities around 550
nm and 650 nm (Figure 4A). The UV/VIS/NIR spectra of the
sample containing guanidine were the same as those of
GNRs, with a strong and weak peak at around 750 nm and
570 nm, respectively. The TEM images indicated that a large
part of the nanomaterial was longer and exhibited a rela-
tively high aspect ratio (Figure 4D). The peak shift was rea-
sonable as the GNRs were generated from the surface plas-
mon of the GNRs35 even though some small horns existed on
the edges38. The shape of the nanomaterial exhibited low
uniformity in the 62.5 mM guanidine and high uniformity in
the 250 mM and 125 mM guanidine. The maturing toward
butterfly-like shapes was depicted in the urea and 1,6-hex-
anediol samples. Their UV/VIS/NIR sample did not change
significantly at any concentration (Figures 4B and 4C). The
caves of both peaks were shallow and deep in the urea and
1,6-hexanediol samples, respectively, but their peak posi-
tions and intensities did not change significantly compared
with the case of the control samples. Dissimilar to the guan-
idine samples, a large part of the nanomaterials exhibited a
GNB shape in the remaining two additive samples at all the
concentrations (Figures 4E and 4F). Notably, in the 250 mM
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Figure 4. Detailed observation of effects of the addi-
tives. (A)-(C) UV/VIS/NIR spectra of the nanoparticles
synthesized with various concentrations of guanidine (A),
urea (B), and 1,6-hexanediol (C). Concentrations are
shown in the upper right of the graphs. (D)-(F) TEM im-
ages of the NPs synthesized under the same conditions as
those of Figures (A), (B), and (C), respectively. Scale bar =
50 nm

1,6-hexanediol samples, some of the GNBs exhibited rela-
tively round-shaped edges. The hydrophobic interaction of
the reagents determined the crystal growth direction of the
gold nanomaterials at the late stage, and the inhibition of
this interaction weakened the sharpness of the crystal
edges of the GNBs.

These data revealed that the cation-m interactions played
a major role in the growth of the butterfly-shaped NPs. Ad-
ditionally, the hydrophobic interaction of the reagents, a
large part of which was probably surfactants near the gold
nanomaterial, was the minor determinant to accelerate the
crystal growth of GNBs owing to the slight difference in the
time-lapse spectrum with 125 mM urea (Figure 3G), as well
as the morphological changes of the nanomaterials in 250
mM 1,6-hexanediol (Figure 4F and S5).

Based on the discussed data, we proposed the growth
mechanism (Figure 5). The seed functioned as a core, as ob-
tainable in other seed-mediated growth syntheses. The Ag*
ions enabled the anisotropic growth of the gold nanomateri-
als, and the cation-m interaction between the metal ion and
aromatic ring of BDAC determined the length of nano-
materials at the early stage. Afterward, the nanomaterials
matured into GNBs in dozens of hours. This process is also
related to the cation-m interactions between the metal ion
and BDAC. We have a hypothesis that BDAC moderates the
silver ion capping in the early stage to limit the anisorotopic
rod-growth#? 54 and in the late stage it somehow ss the GNBs
wing formation, e.g., via accumulation of surfactants on the
sides of nanomaterials. Silver ions induced rod shape as
well known. BDAC would attract on the outer sides of ma-
turing GNBs and prepend Ag*- Au surface interaction via
cation-m interaction. Larger silver ion concentration condi-
tion and larger surfactant concentration condition, where
surface micelle did not form well, resulted in relatively
larger ratio of GNRs due to the lack of well obstacle of Ag+-



Au interaction(Figure S3) BDAC:CTAB=2:1 condition have
enough amount of BDAC in first step but it was no enough
to block the side of growth nanomaterial well so that some
of nanomatrials had cross shapes(Figure 2 and Figure S3)
The detail investigation of the GNB-formation mechanism is
beneficial to the optimization of the GNB shapes for control-
ling the formation of LLPS droplets.
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Figure 5. Schematic of the proposed mechanism of
GNB formation and key noncovalent interactions. In
the first step (left), the cation-m interaction between Ag*
or Au* and BDAC determine the anisotropic one-direction
growth. Inhibition of cation- = interaction caused an ex-
cessive increase in the aspect ratio. In the second step
(right), the Au* ions accumulated on the typical facet of
the nanoparticles via the cation-m interaction between
BDAC and Au*. The location of BDAC was affected by the
hydrophobic interaction between the surfactants as
shown in figure S3, as well as the effect on the crystal
growth of the nanoparticles into GNB

Controlling the Formation of Model LLPS Droplets

The unique shape of GNBs allowed us to come up with an
idea to apply them to control the formation/deformation
dynamics of LLPS droplets (Figures 6, S7, and S8). The LLPS
droplets are small, sphere structures that were derived
from the phase separation of biomacromolecules, such as
proteins, DNA, and RNA with other biomacromolecules
and/or small molecules. We investigated the interference of
GNBs in the formation of the LLPS droplets. As a model sys-
tem, we selected the adenosine triphosphate (ATP)/poly-I1-
lysine droplets, which is a widely utilized model to study the
LLPS between protein and nucleic acid>>-%7. First, we pre-
pared three types of nanomaterials with the same reagents
with different concentrations, namely, GNBs, GNPs, and
GNRs, to determine the local-size effect of the nanomateri-
als on droplet formation. Each nanoparticle was first
washed with and dispersed in 100 mg/mL poly-L-lysine
aqueous solution at a ca. 1 mg/mL concentration of the na-
nomaterial. Each dispersion and 1 M ATP solution were
mixed to obtain a 1:4 molar ratio of the lysine structure and
ATP molecule. Notably, this condition did not yield any
droplets without the nanomaterials (Figure S7).

A black aggregation of the GNPs deposited, but the GNRs
and GNBs did not aggregate in the solution (Figure 6A). The
GNR samples exhibited small, visible droplets, and GNRs
were not included in the droplets. Conversely, the GNBs
produced mature droplets, which were larger than those of
the other samples. The microscopic images indicated that
some parts of the GNBs were incorporated in the droplets

(Figures 6B and S7). To check the droplet likeness of the
condensates under each condition, we applied the effects of
the additive ions to dissolve them. The driving force of the
poly-L-lysine droplets was the electrostatic interaction;
thus, the addition of NaCl, an inhibitor of electrostatic inter-
action, can drive the dissolution of the droplets>®.

We mixed the condensate dispersants and NaCl solution at
each concentration in a 1:1 volume ratio (Figure S8). The
droplets, induced by GNBs (GNB droplets), were dissolved
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Figure.6. Incorporation of GNBs into LLPS droplets. (A)
Colloidal stability and instability of nanoparticles with
ATP/Poly-L-lysine droplets (B) Typical microscopic images of
the droplets with nanoparticles. GNPs were aggregated in the
picture. (C) Experimental scheme of droplet deformation as-
say by using laser irradiation (D) Typical microscopic image of
the droplets with GNBs. Laser irradiation time were shown
above each picture. Incubation times on silicon chamber were
shown in left side of picture. Scale bar = 10 pm
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at >0.63 M final concentration of NaCl. Contrarily, the GNR
condensates remained a little, and the GNP condensates still
maintained a large aggregation even ata 2.5 M final concen-
tration of NaCl. These data indicated that the GNB conden-
sates exhibited droplet tendencies, while the GNP conden-
sates tended toward aggregation.

We also attempted the on-demand control of the reverse
droplet deformation process with the photothermal effects
of the gold nanomaterial®8. We previously reported a gold-
nanomaterial-driven system for facilitating the photother-
mal control of structure formation®°. We adopted a similar
photothermal system to manipulate droplet deformation
(Figure 6C). We dropped 50 uL of the GNB condensate dis-
persant in 96-well plates and irradiated them with a 660-
nm laser. After cooling down, the irradiated dispersant was
dropped on a silicon chamber and kept for 1 h or 4 h to al-
lowthe droplets settled onto the bottom of each cham-
ber(Figure6D). NIR-laser irradiation for 1 min kept the
droplets; however, 22 min irradiation significantly dis-
persed the droplet structures. After 4 h of incubation in the
chamber, the 1 min- and 2 min-irradiated samples appeared



to recover their condensate structures to some extent. This
result indicated two things. First, the condensate exhibited
a droplet tendency. The slow movement of the macromole-
cule at a high concentration induced LLPS after the incuba-
tion. Second, the required laser power for driving droplet
deformation would be lower than the power for decompo-
sition of poly-L-lysine, which would occur in the 3 min-irra-
diated samples. Although the local heating of phase-sepa-
rated structures was performed using the photothermal ef-
fect derived from the usual surface plasmon of gold nano-
material®8-69, this study is the first demonstration of photo-
control of the LLPS formation. Recently, LLPS droplets as
well as other phase separated structures were considered
as a target of drug discovery (ref), however, their targeting
and modulation have been still challenging. Thus, GNBs are
the first nanomaterial capable of them.

We assumed that the modest size and number of concaves
on the GNB surface would play critical roles in visible drop-
let formation. The stabilized, invisible small droplets from
the GNB surface enabled the aggregation and growth to
form the droplets. Contrarily, the convex shape of the GNRs

and GNPs did not contribute to the formation of the droplets.

The NIR-laser irradiation drove the dissolution of the visi-
ble droplet, although it might have driven its reformation
(Figure 6). These observations indicated the significance of
the local convex/concave in the occurrence/dispersion of
LLPS in high concentration solutions, such as cytosol.

Conclusion

In summary, we report the synthesis of butterfly-shaped na-
noparticles (GNBs) and discuss their synthesis mechanism
via an additive-effect approach. The GNBs demonstrated the
possibility of designing a nanodevice for interfering with
the early stage of droplet formation and on-demand photo-
dispersion of droplets via NIR-laser irradiation. The de-
tailed investigation of the formation of moderately symmet-
rical nanoparticles represents an essential insight for other
appropriate nanodevices for controlling small biological
nanostructures, as well as the facet control of nanomaterial

syntheses to produce additional sophisticated structures*®
61

Gold nanomaterials exhibit great possibilities in nanotech-
nology owing to their high stability, low toxicity, and optical
properties. In this research, we revealed the first step for in-
corporating gold nanomaterial into droplets through a
droplet formation mechanism using the local-size effect of
GNBs. In the future, the formation/deformation, property,
maturing, and inner enzymic reactions may be controlled
with gold nanodevices.
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