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microscopy. Moreover, a significant decrease in cell viability was achieved via the release of a cytotoxic protein in response to
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Abbreviations: PCND, phase-change nano-droplet;EREG, epiregulin; PEG, poly(ethylene gly-
col);DPPC, dipalmitoyl phosphatydylcholine; DPPE,dipalmitoyl phosphatydylethanolamine; PFH, per-
fluorohexane;β-Γαλ, β-galactosidase; FDG,fluorescein-di-(β-D-galactopyranoside); GSH, reduced glu-
tathione; TAMRA, tetramethyl rhodamine; Sap,Saporin; PBS, phosphate-buffered saline; ME,2-
mercaptoethanol; Ex, excitation wavelength; Em,emission wavelength; Biotin-NHS, Biotin N-succinimidyl
ester;DMEM, Dulbecco’s modified Eagle’s medium.

Abstract

Ultrasound-guided protein delivery is promising for site-specific control of cellular functions in the deep
interior of the body in a noninvasive manner. Herein, we propose a method for cytosolic protein delivery
based on ultrasound-guided intracellular vaporization of perfluorocarbon nano-droplets. The nano-droplets
were conjugated with cargo proteins through a bio-reductively cleavable linker and introduced into living
cells via antibody-mediated binding to a cell-surface receptor, which gets internalized through endocytosis.
After the cells were exposed to ultrasound for endosomal escape of proteins, the ultrasound-responsive
cytosolic release of a cargo enzyme was confirmed by visualizing the hydrolysis of the fluorogenic substrate
using confocal microscopy. Moreover, a significant decrease in cell viability was achieved via the release
of a cytotoxic protein in response to ultrasound treatment. The results of this study provide the proof
of a principle that protein-conjugated nano-droplets can be used as carriers in ultrasound-guided cytosolic
delivery of proteins.

1 | INTRODUCTION

Cytosolic protein delivery promisingly expands therapeutic possibilities[1,2]. The delivery of active proteins
replaces disease-causing deficient or dysfunctional proteins that are important for essential cellular events[3].
Recently, the delivery of engineered proteins, such as CRISPR/Cas9, has been reported to artificially mod-
ulate genomic information, thereby opening a new window for therapeutic applications[4]. However, the
development of precise and efficient technologies for cytosolic protein delivery remains challenging. As pro-
teins are generally membrane-impermeable owing to their macromolecular nature and hydrophilic properties,
most proteins cannot spontaneously enter the cells through cell membranes. Cell-permeable carriers con-
sisting of peptides[5], polymers[4,6-8], liposomes[9,10], and nanoparticles[11] have been actively employed to
transport proteins inside cells. Although a few carriers have achieved direct cytosolic delivery of proteins
by fusion with cellular plasma membranes[10,11], most conventional carriers are usually taken up via endo-
cytosis. Without being released from endosomes, cargo proteins are degraded in lysosomal compartments
before being functional in the cytosol[2]. Therefore, technologies for endosomal escape have been developed
by utilizing the proton sponge effect of pH-buffering agents, such as poly(ethyleneimine)[12] and a charge
conversion block polymer[6], by fusion of a carrier with the endosomal membrane[13] and by destabilization
of the endosomal membrane with endosome-disruptive peptides[14,15], polymers[7,16], nanoparticles[11,17],
and photosensitizers[18-21]. Among these technologies, photochemical approaches offer photo-triggered spa-
tiotemporal delivery of cargo proteins into the cytosol[19-22]. Selective cytosolic protein delivery at the desired
timing and sites holds promise for safer and more effective therapies[1,22]. However, the light used during
most photochemical reactions generally does not penetrate through the deeper areas of the body because of
its low permeability in living tissues[23].

Ultrasound readily penetrates deep into the interior of the body in a noninvasive manner [24]. Using focusing
techniques, ultrasound exposure can be limited to a localized region, leading to selective exposure at the tar-
get site. Accordingly, ultrasound-responsive carriers for protein delivery have been reported to be promising
non-invasive tools for spatiotemporal administration of proteins in deeper areas of the body[25-27]. However,
no ultrasound-responsive carriers for cytosolic protein delivery have been reported till date. A method for
ultrasound-induced drug release from endosomes has recently been reported[28]. In a pioneering study, lipo-
somes containing fluorescent dyes and perfluorocarbon nano-droplets (phase-change nano-droplets, PCNDs)
were introduced into living cells by folate-mediated endocytosis, and subsequent ultrasound-induced vapor-
ization of PCNDs led to endosome rupture, thereby achieving escape of the dyes from the endosomes. In this
study, we envisioned that endosomal rupture through vaporization of PCNDs could be applied to ultrasound-
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induced cytosolic protein delivery. In our previous reports, PCNDs conjugated with an anti-epiregulin
(EREG) antibody (named as 9E5) were taken up by high-EREG-expressing cancer cells via endocytosis[29]

and were confirmed to vaporize inside the cells by exposure to ultrasound[30,31]. Therefore, 9E5-conjugated
PCNDs were used as carriers for cytosolic protein delivery. Cargo proteins were conjugated with PCNDs
via a bio-reductively cleavable disulfide linker. Protein-conjugated PCNDs were introduced into living cells
via 9E5-mediated endocytosis, and after exposure to ultrasound, the cytosolic delivery of an enzyme and a
cytotoxic protein was examined (Figure 1).

2 | RESULTS

2.1 | Design and synthesis of functionalized PEG-lipids

We designed and prepared PCNDs conjugated with cargo proteins and 9E5 using end-functionalized
poly(ethylene glycol)(PEG)-lipids (Figure 1A and 1B). The PCNDs used in this study consisted of an outer
lipid coating and an inner perfluorocarbon core. As previously reported[30,31], dipalmitoyl phosphatidyl-
choline (DPPC) and its PEGylated analog (DPPE-PEG-OMe) were used as the basic lipid components
(Figure 1B). Perfluorohexane (PFH) was employed as the perfluorocarbon based on a pioneering report on
PCND-mediated endosomal rupture[28]. The lifetime of microbubbles generated from PCNDs with the PFH
core was on the order of microseconds, and after ultrasound-induced vaporization, the bubbles were reported
to disappear within 10 μs by re-condensation[32]. Accordingly, in the reported endosomal rupture system,
PCNDs were assumed to vaporize only for a moment inside the cells, thereby avoiding significant cell damage
(Figure 1C)[28]. In our previous studies[30,31], biotinylated antibody 9E5 was conjugated with biotinylated
PEG-lipid (DPPE-PEG-biotin) by crosslinking with a streptavidin analog, NeutrAvidin, on the lipid coating
of PCNDs (Figure 1B). Additionally, in this study, cargo proteins were designed to conjugate onto the PCND
surface via a disulfide linker because they were required to be released in the reductive intracellular envi-
ronment. Therefore, a PEG-lipid functionalized with 3-[(2-pyridyl) dithio] propionyl (DPPE-PEG-PyDTP)
moiety was synthesized (see Supporting Information, Figure S1 and S2) and incorporated into the lipid
coating of the PCNDs (Figure 1A). In the present design, the thiol group of the proteins reacted with
DPPE-PEG-PyDTP, resulting in conjugation via thiol-disulfide exchange (Figure 1A).

2.2 | Conjugation and release of cargo proteins

To demonstrate the conjugation and reductive release of cargo proteins, a model enzyme, namely β-
galactosidase (β-Gal), was conjugated with lipid-coated PFH droplets. After cleavage of the disulfide bond
under a strong reductive condition and successive centrifugation, the amount of β-Gal released into the su-
pernatant was detected by measuring the enzymatic activity with a fluorogenic substrate, namely fluorescein-
di-(β-D-galactopyranoside) (FDG). The enzymatic activity of the supernatants increased in response to the
composition ratio of DPPE-PEG-PyDTP in the lipid coating of the droplets (see Supporting Information,
Figure S3). This result suggested that β-Gal was conjugated with the droplets via disulfide bond formation
with DPPE-PEG-PyDTP. Furthermore, the reductive release of β-Gal from the droplet surface was induced
upon treatment with reduced glutathione (GSH), which results in a bio-reductive environment inside living
cells. Reductive release of β-Gal was enhanced when using one to ten millimolar concentration of GSH
(Figure 2A). A similar dependency on GSH concentration has been reported for conventional bio-reductive
molecular tools that work in living cells[33]. From these results, the present conjugation method using
DPPE-PEG-PyDTP was confirmed to be potentially suitable for intracellular protein release.

2.3 | Miniaturization and intracellular accumulation of droplets

Next, the lipid-coated PFH droplets were miniaturized and examined for uptake into living cells through
endocytosis. The diameter of endosomes has been reported to be less than 120 nm[5], and we wanted the
droplets to be smaller than this. Therefore, the droplets were extruded through 30 nm pore filters, and
their average diameter was determined to be 66.8 nm using dynamic light scattering (Figure 2B). The
present PCNDs were modified with biotinylated and fluorescently labeled 9E5 through cross-linking with
NeutrAvidin. Alexa Fluor 647 (AF647) was used for labeling 9E5. In addition, a fluorescently labeled
PEG-lipid (tetramethyl rhodamine (TAMRA)-labeled PEG-lipid, DPPE-PEG-TAMRA) (Figure 1; also see
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Supporting Information, Figure S1) was incorporated into the lipid coating of the droplets to visualize the
PCNDs. In this study, human colon carcinoma DLD1 cells were used as the model EREG-expressing cancer
cells. After the treatment of DLD1 cells with 9E5-conjugated PCNDs for 2 h at 37 ?C, the fluorescence of
both TAMRA and AF647 was observed using confocal fluorescence microscopy at almost the same location
inside the cells (Figure 2C). In the case of non-conjugated PCNDs, no fluorescence was observed inside the
cells (Figure 2D). These results indicate that the present PCNDs were taken up into living cells due to 9E5
conjugation, as previously reported[30,31].

2.4 | Υλτρασουνδ-ινδυςεδ ςψτοσολις δελιvερψ οφ β-Γαλ

To demonstrate ultrasound-induced cytosolic delivery of proteins, β-Gal was carried into DLD1 cells by
conjugation with 9E5-conjugated PCNDs. After the intracellular accumulation of PCNDs carrying β-Gal,
the cells were exposed to ultrasound using previously reported experimental setup[30]. The cytosolic release
of β-Gal was visualized using a fluorogenic substrate, namely TokyoGreen-βGal (TG-βGal)[34]. In addition,
to visualize endosomes and lysosomes in the endocytosis pathway, the cells were stained with Lysotracker®

Blue, which helps in visualizing acidic organelles. In ultrasound-exposed cells, green fluorescence derived
from the hydrolysis of TG-βGal was observed throughout the intracellular area (Figure 3A), as previously
reported in β-Gal-expressing cells[34]. This result clearly showed that β-Gal was released into the cytosol.
In contrast, in non-ultrasound-exposed cells, fluorescence was observed only in endosomes and lysosomes
(Figure 3B). Similarly, cytosolic fluorescence was not observed in the control cells, which were treated with
PCNDs without β-Gal after the ultrasound treatment (Figure 3C); the fluorescence was also not observed in
the untreated cells (Figure 3D). This result clearly indicated that β-Gal was released from the endocytosis
pathway into the cytosol in response to ultrasound treatment.

2.5 | Ultrasound-induced cytosolic delivery of Saporin

Finally, we demonstrated a control over cells in an ultrasound-induced manner using the current cytosolic pro-
tein delivery system. Saporin (Sap) was used as a cargo protein. Sap is a plant-derived ribosome-inactivating
protein that leads to cell death through its introduction into the cytosol[35,36]. Sap has no free thiol group;
therefore, the amine group of the lysine residues was thiolated with 2-iminothiolane hydrochloride[37,38].
Thiolated Sap was conjugated with PCNDs via disulfide bond formation in the same manner as that used
for β-Gal. After intracellular accumulation of PCNDs carrying Sap, the cells were exposed to ultrasound,
followed by incubation for 2 days. Alive cells were stained with calcein-AM, and all cells were subsequently
analyzed for the presence of green fluorescence of calcein using flow cytometry. The cell viability drastically
decreased to below 30% after the treatment with both Sap-carrying PCNDs and ultrasound, while the treat-
ment with Sap-carrying PCNDs without exposure to ultrasound barely reduced the cell viability (Figure 4).
Although the cell viability decreased to 66% even in the control experiment wherein PCNDs without Sap
were used, there was a significant difference in the cell viability between PCNDs with and without Sap after
an exposure to ultrasound. These results indicated that Sap was released into the cytosol upon exposure to
ultrasound, resulting in a significant contribution to decreased cell viability.

3 | DISCUSSION

For ultrasound-induced endosomal escape, both destabilization of the endosomal membrane and protein
release from the carriers are required. In this study, to meet the former requirement, PCNDs were employed as
an ultrasonically endosome-disruptive carrier based on a pioneering study[28]. To meet the later requirement,
a disulfide-linked material for the bio-reductive release of proteins was developed in this study. This material
was confirmed to conjugate with a model protein with the lipid coating of droplets and to release it in
response to reductive conditions in vitro (Figure 2A). Even in living cells, the bio-reductive release of β-Gal
and Sap was strongly suggested by the hydrolysis of the fluorogenic substrate in the cytosol (Figure 3) and
enhancement in cytotoxicity (Figure 4), respectively. Furthermore, cytosolic delivery of these two model
proteins was observed in an ultrasound-responsive manner (Figure 3 and 4). This result indicates that
endosomal escape of cargo proteins was achieved by vaporization of PCNDs.

In our previous works, intracellular vaporization of antibody-conjugated PCNDs was utilized for ultrasound-
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dependent induction of cell death to targeted cells[30,31]. Different from the present study, the PCNDs which
included the equal mixture of PFH (boiling point = 57 °C) and perfluoropentane (PFP, boiling point = 29
°C) was employed. Here, employment of inner perfluorocarbons with a low boiling point increases the size and
the lifetime of bubbles after vaporization, leading to remaining and coalescence of bubbles[28]. Such properties
of PCNDs with a lower boiling point are desirable in intracellular vaporization for enhancing cytotoxicity,
and therefore, the PCNDs including the PFH-PFP mixture was employed in the previous works[30,31]. In the
present study for cytosolic protein delivery, the PCNDs including PFH only was employed for suppressing
cytotoxicity of their vaporization. Actually, in β-Gal delivery, no significant cell damage was observed in
the microscopic images one hour after ultrasound exposure (Fig. 3), as observed in the pioneering study in
which the PCNDs including PFH only were used[28]. This result is quite different from the images in our
previous works in which cells were disrupted and detached from the dish surface by PCND vaporization[30].
However, in Sap delivery, the vaporization of PCNDs without carrying Sap caused non-negligible cytotoxicity
after incubation for 48 h (Figure 4). In our previous work, the cell viability after vaporization of PCNDs
was influenced by the PCND concentration during cellular uptake and the experimental setup for ultrasound
exposure[31]. Further optimization of these conditions is required to manipulate cell functions without causing
cell damage. Thus, although there is a room for improvement, we have demonstrated a proof-of-principle
that ultrasound-dependent cytosolic protein delivery is possible using chemically functionalized PCNDs.

In conclusion, the protein-conjugated PCNDs could be used for ultrasound-induced cytosolic protein delivery.
Through the development of a thiol-reactive lipid coating, cargo proteins were carried on the droplets through
a bio-reductive disulfide linkage. When the cargo protein had no thiol group, it was conjugated with the
droplets through reversible thiolation of the amine groups. In principle, the proposed method can be applied
to any protein. These protein-conjugated PCNDs were taken up into living cells, and after ultrasound
exposure, the cargo proteins functioned in the cytosol in an ultrasound-induced manner, probably because
of endosomal escape by the vaporization of the droplets in the endosomal pathway. In this study, by utilizing
an anti-cancer antibody as the molecular device for intracellular delivery, protein-conjugated PCNDs were
accumulated in cancer cells. Similarly, according to the objectives, proteins can be selectively delivered
into the cytosol of various targeted cells by employing the desired targeting ligands. Furthermore, based on
the double targeting effect of both ultrasound and the ligands, the current method of cytosolic delivery is
expected to meet a wide variety of demands in fundamental studies and therapeutic uses.

4 | EXPERIMENTAL SECTION

4.1 | Synthesis of PEG-lipid derivatives

End-functionalized PEG-lipids, such as DPPE-PEG-OMe, DPPE-PEG-TAMRA, DPPE-PEG-biotin, and
DPPE-PEG-PyDTP, were synthesized from commercially available bifunctionalized PEGs and DPPE (Fig-
ure 1A and 1B; also see Supporting Information Figure S1 and S2). Details of the synthesis are provided in
the Supporting Information. All products were identified using 1H-NMR spectroscopy.

4.2 | Preparation of perfluorocarbon droplets

DPPC and PEG-lipid derivatives of various compositions (8 μmol in total) were dissolved in CH2Cl2. The
solvent was evaporated to form a lipid film, which was then suspended in PBS (1 ml) using a bath sonicator to
prepare liposomes. After three cycles of freezing in liquid nitrogen and thawing in a water bath (55 °C), 17 μl
of PFH was added to the liposome suspension, and the mixture was sonicated on ice using a probe sonicator
(UD-200; TOMY Digital Biology Co., Ltd., Tokyo, Japan) to form PFH droplets. After centrifugation (3000
× g ) at 4 °C for 5 min, the supernatant was removed, and the precipitates were resuspended in 20% glycerol
PBS solution. This droplet suspension was frozen and stored in a freezer (- 20 degC) until further use.

4.3 | ὃνθυγατιον ανδ ρελεασε οφ β-Γαλ ωιτη/φρομ δροπλετς

Droplets with various DPPE-PEG-PyDTP concentrations were prepared as described above (see Supporting
Information Table S1). After centrifugation, the precipitate containing the droplets in a microtube was
suspended in β-Gal solution (1 μM in 1 mM MgCl2-PBS solution) and mechanically rotated in a refrigerator
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(4 °C) for 1 h. After centrifugation, the supernatant was removed, and the precipitate was resuspended in
PBS. The process of centrifugation followed by the removal of supernatant and resuspension in PBS was
repeated four times to remove the free β-Gal. For the reductive release assay, β-Gal-conjugated droplets were
suspended in 200 μl of GSH solution (various concentrations from 0.010 mM to 10 mM in PBS) followed
by incubation for 2 h. After centrifugation, the supernatant was recovered, desalted, freeze-dried, and
rehydrated in 10 μl of 1.0 mM MgCl2-PBS solution. Subsequently, 4 μl of the solution was added to 116 μl
of fluorogenic substrate solution (0.10 mM FDG, 1.0 mM MgCl2, and 112 mM ME in PBS), and then, the
time-course of fluorescent intensity (Ex: 490 nm, Em: 514 nm) was assessed using a plate reader (CytationTM

5, Biotek Instruments, Vermont, USA). β-Gal concentration was determined based on the rate of increase in
fluorescence.

4.4 | Droplet extrusion

The droplet suspension was extruded 30 times through 30 nm pore filters (Nuclepore Track-Etch Membrane,
Whatman Inc., NY, USA) using an extruder ( Avestin Inc., Mannheim, Germany) to prepare PCNDs. The
mean droplet diameter was measured using a Zetasizer Nano-ZS (Malvern Instruments Ltd., Malvern, UK).

4.5 | Cell culture

Human colon carcinoma DLD1 cells were purchased from JCRB Cell Bank (National Institutes of Biomedical
Innovation, Health and Nutrition, Osaka, Japan) and cultured in a culture medium (RPMI1640 supplemented
with 10% FBS and 0.1% penicillin/streptomycin) at 37 °C in a humidified atmosphere containing 5% CO2.

4.6 | Introduction of fluorescence-labeled PCNDs into cells

To microscopically observe the intracellular accumulation of PCNDs, PCNDs were modified with
fluorescence-labeled 9E5 and fluorescence-labeled PEG-lipid. 9E5 was prepared using 9E5-expressing hybri-
doma cells[31,32] and biotinylated by reacting with biotin-NHS (13 eq), which was synthesized as previously
reported[39]. After purification with a gel filtration column, biotinylated 9E5 was fluorescently labeled by
allowing it to react with Alexa647-NHS (10 eq). Biotinylated and fluorescently labeled 9E5 was purified
by gel filtration and then was conjugated with PCNDs, as previously reported[30,31]. Here, PCNDs were
prepared using DPPC, DPPE-PEG-OMe, DPPE-PEG-biotin, and DPPE-PEG-TAMRA. Biotinylated and
fluorescently labeled 9E5 was mixed with NeutrAvidin for 15 min at room temperature to prepare the 9E5-
NeutrAvidin conjugate. PCNDs were suspended in 9E5-NeutrAvidin solution and incubated for 30 min on
ice for modification with 9E5. After centrifugation at 3000 × g for 5 min, the PCND pellet was washed with
cold PBS and suspended in RPMI-based culture medium. DLD1 cells were treated with 9E5-conjugated
PCND suspension for 3 h under culture conditions. After washing the dish surface, the cells were observed
using a confocal laser-scanning microscope (LSM 510 META; Carl Zeiss, Germany) equipped with a 20×
objective lens. The fluorescence of TAMRA (Em: 560/610 nm) and AF647 (Em:650/680 nm) was observed
using excitation lasers at wavelengths of 552 and 633 nm, respectively.

4.7 | Ιντραςελλυλαρ δελιvερψ οφ β-Γαλ

PCNDs were prepared using DPPC, DPPE-PEG-OMe, DPPE-PEG-biotin, and DPPE-PEG-PyDTP as the
lipid coating and suspended in 1 μM β-Gal solution, followed by mechanical rotation in a refrigerator (4 °C)
for 1 h. After centrifugation and washing, 9E5-conjugation for the PCNDs was performed as described above.
After centrifugation and washing, β-Gal- and 9E5-conjugated PCNDs were suspended in RPMI1640-based
culture medium. DLD1 cells were treated with β-Gal- and 9E5-conjugated PCND suspension for 3 h under
culture conditions. After washing the dish surface, the cells were exposed to ultrasound (5 MHz) using
a previously reported method[30,31]. After ultrasound exposure, the cells were stained with TG-βGal and
LysoTracker Blue for 1 h under culture conditions. After washing the dish surface, the cells were observed
under a confocal microscope, as described above. The fluorescence of TG-βGal (Em: 505/525 nm) and
LysoTracker Blue (Em: 410/460 nm) was observed using excitation lasers at wavelengths of 488 and 405
nm, respectively.

4.8 | Intracellular delivery of Sap

6



P
os

te
d

on
10

J
an

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
67

33
58

81
.1

64
34

04
8/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Sap was thiolated by reacting it with 2-iminothiolane hydrochloride (25 eq) for 1.5 h on ice[37,38]. PCNDs were
suspended in thiolated Sap solution (2 μM), followed by mechanical rotation in a refrigerator (4 °C) overnight.
After washing, Sap-conjugated PCNDs were modified with 9E5-NeutrAvidin conjugates, as described above.
DLD1 cells were treated with Sap- and 9E5-conjugated PCND suspension for 3 h. PCND-treated cells were
exposed to ultrasound, as described above. After ultrasound exposure, the cells were cultured for 48 h
and then stained with calcein-AM. The cells were harvested from the dish using 0.25% trypsin-EDTA and
analyzed using a flow cytometer (Guava easyCyte 8; Luminex Japan Co. Ltd., Tokyo, Japan).

NOVELTY STATEMENT

We have demonstrated that PCNDs carrying cargo proteins achieve cytosolic protein delivery in an
ultrasound-guided manner. To achieve enhanced therapeutic effects and reduced side effects in protein drug
treatment, an ultrasound-responsive carrier is promising because focused ultrasound readily penetrates deep
into the body in a non-invasive manner and only a limited region is exposed to ultrasound. For endoso-
mal escape of cargo proteins, we employed PCNDs as carriers to destabilize the endosomal membrane via
ultrasound-induced vaporization of PCNDs in endosomes. To date, no protein has been reported to be relea-
sed from endosomes by utilizing PCND vaporization. Here, we designed and synthesized a novel PEG-lipid
that can conjugate with any cargo protein on the lipid coating of the droplets through disulfide bond for-
mation because it is required that cargo proteins be released from the carrier in the reductive cytosol. In
this study, both cargo proteins with and without free thiols in their wild type forms were released in the
cytosol in response to ultrasound by utilizing reversible protein thiolation in the absence of thiol. Thus, our
study clearly shows the proof of a principle that PCNDs are versatile carriers for ultrasound-guided cytosolic
protein delivery.
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Figure captions

Figure 1. Schematic illustration depicting cytosolic protein delivery using ultrasound-guided vaporization
of phase-change nano-droplets. (A) The chemical structure of the protein anchoring reagent that anchors
the protein onto the nano-droplets (DPPE-PEG-PyDTP) and the corresponding anchoring reaction. (B)
Chemical structures of the nano-droplet modifiers for antibody modification (DPPE-PEG-Biotin), stabi-
lization (DPPE-PEG-OMe), and labeling (DPPE-PEG-TAMRA). (C) Schematic of cellular uptake and
ultrasound-guided intracellular vaporization of the droplets carrying cargo proteins for cytosolic delivery
through endosomal escape.

Figure 2. Characterization of droplets for cytoplasmic protein delivery. (A) The concentration of the
released β-galactosidase from the droplets after incubation with various concentrations of reduced glutathione
(GSH). (B) Dynamic light scattering intensity of the droplets after down-sizing using an extruder. (C)
Confocal microscopic images of DLD1 cells treated with nano-droplets modified with anti-epiregulin antibody
and (D) without anti-epiregulin antibody. The antibody was labeled with a fluorescent dye (Alexa Fluor
647: AF647) (pink). The nano-droplets were labeled with DPPE-PEG-TAMRA (orange). Scale bar: 10 μm.

Figure 3. Fluorescence confocal microscopic images of cells after ultrasound-induced cytosolic delivery of
β-galactosidase (β-Gal). (A) DLD1 cells treated with phase-change nano-droplets (PCNDs) carrying β-Gal
and ultrasound, (B) those treated with β-Gal-carrying PCNDs without ultrasound, and (C) those treated
with PCNDs not carrying β-Gal and ultrasound were observed after staining with a fluorescent substrate for
β-Gal (TokyoGreen-βGal) and a endosomal and lysosomal staining dye (Lysotracker). (D) Intact cells were
also observed as the control in the same way. The fluorescence images for TokyoGreen-βGal (green) and
Lysotracker (cyan) were merged along with the differential interference contrast images. Scale bar: 25 μm.

Figure 4. Viabilities of cells after ultrasound (US)-induced cytosolic delivery of saporin (Sap). DLD1 cells
were treated with the nano-droplets (PCNDs) with or without Sap and then were exposed to ultrasound
(US) or not. In the same way, the viability of intact cells was examined. The viability was normalized to
that of the intact cells. Each bar represents the mean ± S.E. (n = 3). *p < 0.01 and **p < 0.05 versus the
cells treated with both PCNDs carrying Sap and US (t-test).
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Figure 1. Schematic illustration depicting cytosolic protein delivery using ultrasound-guided vaporization
of phase-change nano-droplets. (A) The chemical structure of the protein anchoring reagent that anchors
the protein onto the nano-droplets (DPPE-PEG-PyDTP) and the corresponding anchoring reaction. (B)
Chemical structures of the nano-droplet modifiers for antibody modification (DPPE-PEG-Biotin), stabi-
lization (DPPE-PEG-OMe), and labeling (DPPE-PEG-TAMRA). (C) Schematic of cellular uptake and
ultrasound-guided intracellular vaporization of the droplets carrying cargo proteins for cytosolic delivery
through endosomal escape.
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Figure 2. Characterization of droplets for cytoplasmic protein delivery. (A) The concentration of the
released β-galactosidase from the droplets after incubation with various concentrations of reduced glutathione
(GSH). (B) Dynamic light scattering intensity of the droplets after down-sizing using an extruder. (C)
Confocal microscopic images of DLD1 cells treated with nano-droplets modified with anti-epiregulin antibody
and (D) without anti-epiregulin antibody. The antibody was labeled with a fluorescent dye (Alexa Fluor
647: AF647) (pink). The nano-droplets were labeled with DPPE-PEG-TAMRA (orange). Scale bar: 10 μm.

Figure 3. Fluorescence confocal microscopic images of cells after ultrasound-induced cytosolic delivery of
β-galactosidase (β-Gal). (A) DLD1 cells treated with phase-change nano-droplets (PCNDs) carrying β-Gal
and ultrasound, (B) those treated with β-Gal-carrying PCNDs without ultrasound, and (C) those treated
with PCNDs not carrying β-Gal and ultrasound were observed after staining with a fluorescent substrate for
β-Gal (TokyoGreen-βGal) and a endosomal and lysosomal staining dye (Lysotracker). (D) Intact cells were
also observed as the control in the same way. The fluorescence images for TokyoGreen-βGal (green) and
Lysotracker (cyan) were merged along with the differential interference contrast images. Scale bar: 25 μm.
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Figure 4. Viabilities of cells after ultrasound (US)-induced cytosolic delivery of saporin (Sap). DLD1 cells
were treated with the nano-droplets (PCNDs) with or without Sap and then were exposed to ultrasound
(US) or not. In the same way, the viability of intact cells was examined. The viability was normalized to
that of the intact cells. Each bar represents the mean ± S.E. (n = 3). *p < 0.01 and **p < 0.05 versus the
cells treated with both PCNDs carrying Sap and US (t-test).
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