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ABSTRACT: Effective endosomal escape remains as the
“holy grail” for endocytosis-based intracellular drug delivery.
To date, most of the endosomal escape strategies rely on small
molecules, cationic polymers, or pore-forming proteins, which
are often limited by the systemic toxicity and lack of specificity.
We describe here a light-fueled liquid-metal transformer for
effective endosomal escape-facilitated cargo delivery via a
chemical-mechanical process. The nanoscale transformer can
be prepared by a simple approach of sonicating a low-toxicity
liquid-metal. When coated with graphene quantum dots
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(GQDs), the resulting nanospheres demonstrate the ability to absorb and convert photoenergy to drive the simultaneous
phase separation and morphological transformation of the inner liquid-metal core. The morphological transformation from
nanospheres to hollow nanorods with a remarkable change of aspect ratio can physically disrupt the endosomal membrane to
promote endosomal escape of payloads. This metal-based nanotransformer equipped with GQDs provides a new strategy for
facilitating effective endosomal escape to achieve spatiotemporally controlled drug delivery with enhanced efficacy.

KEYWORDS: Drug delivery, liquid metal, stimuli-responsive, morphological transformation, endosomal escape

Limited endosomal escape of cargo molecules during
intracellular drug delivery remains as a major challenge
in both research and clinical practices.'™ To date, most
strategies involve small molecules such as chloroquine, cationic
polymers such as polyethylenimine (PEI), and bacteria and
virus derived pore-forming proteins.”"® Despite their efficiency,
the broad application and clinical translation of cationic
polymer based approaches and protein/peptide dependent
strategies are limited due to their systemic toxicity and lack of
specificity. More recently, researchers have taken advantage of
the photothermal therapy (PTT) and/or photodynamic
therapy (PDT) to achieve light-triggered spatialtemporal
control over endosome disruption and cargo escape.””'' In
these strategies, light-generated heat or reactive oxygen species
(ROS) could facilitate endosomal escape of cargo molecules.
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Compared with traditional molecule-based approaches, such
external-stimulus controlled systems have several advantages,
including the capability of remotely controlling drug release and
enhancing spatial precision for minimizing off-target drug
release and systemic toxicity.'”'” Nevertheless, PTT based
strategies often suffer from relatively low efficacy due to the
limited efficiency of light—heat conversion and the heat loss
during the energy transport. In addition, the large thermal
excursions make them unsuitable for thermosensitive cargos,
including a wide range of protein therapeutics.'” The
effectiveness of PDT based strategies is also restricted by the
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short lifetime (below 0.1 ms) and the short action range
(usually within 10 to 20 nm) of the ROS." In addition, the
ROS generated during PDT could cause oxidation damages to
cargo molecules.'®"”

Herein, we report a light-responsive liquid-metal “nanotrans-
former” to physically achieve efficient endosomal escape. In our
previous demonstration, the eutectic alloy of gallium indium
(EGaln, 75% Ga and 25% In by weight) displays low toxicity
and good biocompatibility in vivo."® Here, we discover that
EGaln-based nanostructures can undergo dramatic morpho-
logical transformation in an aqueous environment with
appropriate external stimulation, such as heating. To this end,
a sonication-based approach is simply applied to bulk EGaln in
an aqueous solution of graphene quantum dots (GQDs) to
generate transformable liquid-metal nanoparticles (tNPs)."*™'
The resulting particles appear as uniform nanospheres coated
with GQDs. In this formulation, the GQDs not only help
control particle size during nanosphere formation but also serve
as energy collectors and converters to absorb ghotoenergy and
generate local heat and ROS (Figure lab).””~** The locally
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Figure 1. Schematic design of light-fueled liquid-metal transformer.
(a) Preparation route of tNPs. (b) GQDs generate localized heating
effect and ROS upon light irradiation, enabling the transition of Ga to
(GaO)OH, which leads to the morphological transformation from
nanospheres to nanorods. (c) GQD-coated tNPs can be used for light-
triggered endosomal escape. (i) tNPs enter the cell via endocytosis.
(i) tNPs undergo intracellular morphological transformation to
physically disrupt endosomal membrane upon light irradiation.

generated heat and ROS can be consumed by the liquid-metal
core to drive the phase separation of the alloy due to the
transition of Ga into (GaO)OH, which leads to the subsequent
morphological transformation from nanospheres into hollow
rods (Figure 1b).”**° Such a remarkable transition of aspect
ratio can physically disrupt the endosomal membrane to
achieve efficient intracellular delivery of cargo molecules
(Figure 1c). Additionally, the efficient consumption and
elimination of heat and ROS mediated by GQDs can avoid
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potential and undesired damage to payloads. Collectively, this
liquid-metal nanocarrier is transformable in terms of both
energy conversion and morphological change. It can efliciently
absorb photoenergy and convert the absorbed energy to heat
and ROS, which can be consumed by the liquid-metal core to
achieve morphological transformation, leading to the physical
disruption of cellular structures. This unique energy conversion
mechanism could minimize potential photo, thermo, and
oxidation damages to cargo molecules. Moreover, with
incorporation of fluorescent GQDs, this delivery vehicle can
simultaneously serve as imaging agents for spatiotemporal
theranostics.”’

To prepare the tNPs, a small amount of EGaln (80 uL) was
added to a centrifuge tube filled with aqueous solution of GQD.
After sonication, the largest particles precipitated within
seconds, and the nanoscale colloids were collected from the
tube. The resulting tNPs appeared as core—shell structured
nanospheres evenly coated with GQDs (Figure S1). These
nanoparticles displayed good stability in PBS buffer with no
significant change in hydrodynamic diameters for up to 2 weeks
(Figure S2). To be noted, GQDs behaved like a surfactant
during the sonication to help control the particle size (Figure
S3). Like the GQDs, the tNPs also exhibited the excitation-
dependent emission behavior (Figure S4).

To study the light-triggered morphological transformation,
we irradiated tNPs with light at a power density of 100 mW
cm™2, Considering the efficiency of tissue penetration depth, we
chose 635 nm as the irradiation wavelength.”® Transmission
electron microscopy (TEM) imaging helped to visualize the
morphological change of tNP with up to 20 min of light
(Figure 2b). We classified the different morphologies observed
during this process into four stages (designated M1, M2, M3,
and M4). Conversion of M1 stage to M2 stage appeared within
the first S min of light irradiation. We spotted the initial sign of
phase separation at this stage in which nanofragments grew
from the spherical nanoparticles (M1). During the following 10
min, these nanofragments gradually assembled into oval-shaped
nanosheets (M3). The nanosheets then transformed into the
rod-like nanostructures (M4) with the continuous light
irradiation. The calculation and statistical analysis of large
quantities of TEM data also revealed a remarkable increase in
the aspect ratio of nanostructures (Figure 2a).

To reveal the nature behind this light-induced morphological
change, we monitored the whole transformation process using
energy dispersive X-ray spectroscopy (EDS) mapping (Figures
SS and 2c). Previous to the light irradiation, the tNPs appeared
as core—shell structured nanospheres with alloy cores and
surface coating of GQDs. The colocalization of Ga and O
within the nanostructures observed in stages M2 to M4
indicated that the shape transformation of tNPs could be a
result of the oxidation of Ga. More importantly, higher GQD
signals were found associated with the nanofragments and
nanosheets composed of metal oxides, suggesting a GQD-
mediated morphological transformation mechanism. Of note, a
dramatic structure shift from nanosheets (M3) into nanorods
(M4) was observed. A closer examination revealed that the
nanosheets could rapidly roll up to form nanorods with light
irradiation (Figure 2d). The architecture of the formed rod-
shaped structures was further validated via electron tomography
based 3D reconstruction (Figure 2e). The reconstructed model
clearly shows the hollow tubular structures, while the remaining
ultrasmall spheres were proven to be indium by EDS (Figure
2e,c). To further identify the role of GQDs in the shape
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Figure 2. Light-induced morphological transformation. (a) Schematic changes of aspect ratio of the tNPs over light irradiation time. Gray spheres in
M2 and M3 represent remaining nanospheres. Error bars indicate SD (n = 100). (b) Representative TEM images of tNPs after different light
irradiation time. Scale bars: 100 nm. (c) EDS mapping of tNPs after different irradiation duration. Scale bars: 200 nm (2, 5, and 10 min); S00 nm (20
min). (d) Crystalline nanosheets rolled-up into nanorods. Scale bar: 500 nm. (e) Three-dimensional reconstruction of nanostructures formed after
phase separation using electron tomography. Red arrows show hollow nanorods, and green arrows show the remaining nanosphere.

transformation, we irradiated EGaln nanoparticles with light at
the same intensity, but without GQD coating, subsequently no
sign of morphological change was observed (Figure S6).
Evidenced by the X-ray powder diffraction (XRD) analysis,
the nanorods were composed of (GaO)OH, which is a
preferred form of gallium oxide in water,” while the existence
of an amorphous bump agreed well with the formation of
intermediate nanofragments observed during TEM imaging
(Figures 3a and 2b,c). We hypothesized that the light-induced
phase separation and the simultaneous formation of (GaO)OH
nanorods could be attributed to the reaction between gallium
and the surrounding water powered by the photothermal and
photodynamic effects of GQDs. With the continuous
consumption of gallium into (GaO)OH nanorods, the
remaining metal is no longer at the eutectic composition, and
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therefore, the indium precipitates, forming spherical nano-
particles to minimize the surface energy (Figure 2¢). In other
words, dealloying occurs during the shape transformation of the
liquid metal nanoparticles. In this system, GQD serves as an
energy convertor and effectively converted photoenergy to local
heating and ROS generation, providing the necessary
conditions for oxidizing gallium. It is suggested that the
GQDs here not only provide a stimulus for the transformation
but also facilitate the reaction without affecting the surrounding
environments significantly.

To test our hypothesis that heating induces the trans-
formation and dealloying of liquid metal NPs, we first sonicated
liquid metal alloy while controlling temperature (Figure 3b).
Nanorods formed at elevated temperature (near boiling) and
proved to be (GaO)OH crystals according to the XRD
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Figure 3. Mechanism of light-driven phase separation. (a) XRD spectrum of light-irradiated tNPs. (b) EDS mapping of EGaln nanoparticles
sonicated under different temperatures. Scale bars: S0 nm. (c) FLIR image of GDQ_solution, tNP suspension, and PBS buffer after light irradiation
for 1 h. (d) Temperature increases of GQD solution, tNP suspension, and PBS buffer upon light irradiation. (e) Changes of ROS concentrations

over light irradiation time.

spectrum (Figure S7). However, when the sonication was
performed in an ice bath to prevent the temperature increase,
the alloy broke into NPs due to the acoustic cavitation.'” EDS
clearly showed that the gallium and indium maps overlap in
these particles, and thus, there was no dealloying. In both cases,
ultrasonication generated sufficient ROS to guarantee a supply
of oxidizer, suggesting that heating is a necessary condition for
phase separation and (GaO)OH formation. We then
monitored the temperature change of tNP solution during
light irradiation. As displayed in Figure 3c,d, an obvious
temperature increase occurred in the GQD buffer upon light
irradiation. Interestingly, no significant difference in temper-
ature increase was observed between tNP solution and DI
water, suggesting efficient heat transfer and consumption within
the tNPs. Similar trends were observed with GQD and tNP
solutions irradiated by light in a 37 °C environment (Figure
S8).

Next, we investigated the light-triggered ROS generation
capability of tNPs utilizing 2’,7’-dichlorofluorescin diacetate
(DCFH-DA), a sensitive ROS indicator that could be rapidly
oxidized by ROS into fluorescent dichlorofluorescein (DCF).*
As displayed in Figure 3e, both GQD and tNP efficiently
generate ROS with exposure to light. The significantly lower
ROS level generated by tNP relative to GQD (at the same
GQD concentration as the GQD solution) could be attributed

2141

to the ROS consumption during the oxidation of gallium.
Additionally, the ROS generation of tNP could be effectively
quenched by the ROS scavenger vitamin C (VC).*® Taken
together, upon exposure to light, GQDs could generate local
heating and ROS to power the reaction between gallium and
water and to propel the phase separation, thus achieving remote
and precise control over the morphological transformation of
tNDPs.

We hypothesized that if the morphological transformation
occurred intracellularly, it could physically disrupt the endo-
somal membrane to facilitate endosomal escape. The cellular
uptake of tNP displayed an energy-dependent manner, and tNP
mainly entered HeLa cells via caveolin-mediated endocytosis
and macropinocytosis (Figure S9). To assess the detailed
intracellular behaviors of tNPs, we quantified their intracellular
ROS production upon light exposure. As shown in Figure 4a,
tNPs could efficiently generate ROS intracellularly with light
irradiation, and this photodynamic process could be easily
inhibited by preincubating cells with VC. Next, the cytotoxicity
of both GQDs and tNPs toward HeLa cells was evaluated by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (Figure 4b).”’ GQDs displayed significant
cytotoxicity with light irradiation, as expected, while tNPs
only showed moderate cytotoxicity at the same GQD dose. In
other words, the heat and ROS produced by the GQDs could
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Figure 4. Intracellular behavior. (a) Quantification of intracellular ROS concentration. Error bars indicate SD (n = 4). (b) MTT results suggested
that LM core effectively consumed heat and ROS generated by GQD to avoid potential cytotoxicity. Error bars indicate SD (n = 4). **P < 0.01
(two-tailed Student’s t-test). (c) Intracellular ROS generation (visualized by the fluorescence signal of ROS indicator DCF-DA) and physically driven
DOX release. Scale bar: 20 um. (d) Typical fluorescence intensity of Dox at the nuclei and statistical analysis. Error bars indicate SD (n = 20). (e)
Promoted intracellular protein delivery. Model protein BSA was labeled with Rhodamine. Scale bar: 10 ym. (f) Colocalization of Rho-BSA and
endosome quantified by the overlap coefficient. Error bars indicate SD (n = 4). (g) tNP for live cell imaging. Scale bar: 10 M. (h) Representative
TEM images that show the intracellular behavior of tNPs without and with light irradiation. Green arrows show intact endosome membrane, while
red arrows show disrupted membrane. Scale bars: 200 nm (Light—, Light+/VC+, and Light+/VC—, upper) and 500 nm (Light+/VC—, lower). (i)
Representative EDS mapping of intracellular phase separation and morphological transformation. Scale bar: 2 ym.

be readily consumed by the LM core for morphological
transformation, which could be appealing for delivering cargo
molecules that are vulnerable to heat or oxidation.

Next, we chose two model molecules to test the light-
triggered endosomal escape: small molecule doxorubicin

2142

(Dox),” a broad-spectrum chemotherapeutic, and bovine
serum albumin (BSA). Dox was loaded onto GQDs via 7—7
stack interaction (designated Dox/tNP),** while rhodamine-
labeled BSA (Rho-BSA) was directly anchored onto the surface
of LM core through a polyethylene glycol (PEG)-based linker
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Figure S. Liquid-metal transformer for light-controlled in vivo drug release. (a) Scheme of antitumor efficacy evaluation: HeLa tumor-bearing nude
mice were first intravenously injected with saline, free Dox solution, and Dox/tNP, respectively. For light treatment groups, the tumor sites were
irradiated with light after each intravenous injection. tNP can also be used for live imaging of diseased tissue (circled in red). (b) Time-dependent
biodistribution of Dox/tNP in HeLa tumor-bearing nude mice at 6, 24, and 48 h after intravenous injection of Dox/tNP determined by gallium
concentration. Error bars indicate SD (n = 4). (c) The HeLa tumor growth curves after intravenous injection of different formulations of Dox at a
dose of 2 mg kg™". Error bars indicate SD (n = 4). **P < 0.01 (two-tailed Student’s t-test). (d) The body weight variation of HeLa tumor-bearing

mice during treatment. Error bars indicate SD (n = 4).

(designated BSA/tNP). Promoted endosomal escape of both
molecules were observed with light irradiation (Figure 4c—f).
To verify the enhanced Dox release, we monitored the
fluorescence signal of Dox at the nuclei site, and remarkable
stronger Dox signal was found in cells irradiated with light
(Figure 4d). The promoted endosomal escape of Rho-BSA was
quantified by the overlap coefficient of the fluorescence signals
of thodamine and Lysotracker Green. A significant decrease of
the overlap coefficient in the cells with light treatment
suggested a tNP-facilitated endosomal escape (Figure 4f). To
validate that the enhanced endosomal escape was a result of the
tNP transformation, HeLa cells were preincubated with ROS
scavenger VC. With VC treatment, lower fluorescence signals
for both molecules were observed in the cytosol. Moreover,
tNP was fluorescent and thus can simultaneously serve as
imaging agents (Figure 4g). We also evaluated the anticancer
capability of Dox/tNP toward HeLa cells using the MTT assay
(Figure S10). Although Dox/tNP without light treatment only
displayed a moderate cell killing effect after 24 h incubation
(ICs = 1.25 mg L™!, Dox concentration), the combination of
Dox/tNP and photoirradiation generated a 2.6-fold higher
cytotoxicity (ICs, = 0.35 mg L™!, Dox concentration).

To further confirm the physical disruption of endosomal
membrane caused by the light-fueled transformation of tNPs,
we visualized the intracellular behaviors of tNPs by TEM
imaging (Figures 4h and S11). Without light exposure, tNPs
fused with each other within the endosome, a process that was
established and described in our previous work.'"® The
endosomal membrane remained intact during the fusion
process. With light treatment, a clear shape transformation
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was also observed intracellularly. At some sites, remaining
membrane fragments were observed together with nanorods
breaking out of the endosomes, while in other locations, the
endosomal membrane was fully disrupted by the noticeable
morphological change and volume increase of tNP. The
disruption of the endosomal membrane was directly related
with the shape transformation sites, instead of “isotropic
disruption”. VC was once again employed as a transformation
inhibitor, and in this group, no significant morphological
change was observed, and the endosome membrane remained
intact. EDS results further confirmed the morphological
transition happened intracellularly (Figure 4i).

Next, we evaluated the anticancer efficacy of our system in
vivo utilizing the female J:NU nude mice bearing with cervical
cancer tumor. First, the single-dose, acute toxicity of tNP to
mice was investigated by identifying the maximum tolerated
dose (MTD).** The estimated MTD of tNP was determined to
be 750 mg kg™, suggesting low acute toxicity, which highly
favored its in vivo applications. To evaluate the tumor targeting
capability of Dox/tNP, HeLa tumor-bearing nude mice were
sacrificed at 6, 24, and 48 h after intravenous injection of Dox/
tNP for tissue collection, and the time-dependent biodistribu-
tion of Dox/tNP was further quantified by ICP—MS.
Significant tumor accumulations were observed within a short
time period (Figure Sb). The antitumor efficacy of Dox/tNP
was then assessed. After successive intravenous administration
of different formulations including saline, free Dox solution,
and Dox/tNP, the tumor sites were irradiated with red light
(wavelength 635 nm) with a power density of 100 mW cm™>
(Figure Sa). Among these formulations, Dox/tNP accompanied
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by the phototreatment showed the most potent inhibition
efficacy toward HeLa tumor growth with tumors completely
eliminated at day 14 (Figure Sc). More importantly, a
significant difference in tumor growth inhibition between the
group that received Dox/tNP together with light irradiation
and the control group with mice that received Dox/tNP
injection at the same dose but without light irradiation was
observed. Moreover, no significant change of mice body
weights was observed during the treatment of Dox/tNP
injection and photoirradiation, and no noticeable sign of side
effects was revealed (Figure Sd).

In summary, we have developed a light-fueled liquid-metal
transformer for enhanced endosomal escape. The formulation
can be easily formed in an environmental-friendly aqueous
solution via facile sonication with the presence of GQDs. The
resulting GQD-coated nanospheres are capable of absorbing
and converting the photoenergy to drive the phase separation
and the simultaneous morphological transformation of their
metallic cores. This light-fueled dramatic shape change and
volume increase lead to the physical disruption of the
endosomal membrane, facilitating the endosomal escape of
cargo molecules to realize controlled drug release. Considering
the unique energy-conversion feature of this system, it could
potentially serve as a promising tool for delivery of thermo or
oxidization sensitive cargoes such as protein therapeutics. The
light-controlled effective disruption of cellular structure
achieved by this liquid-metal transformer provide new
opportunities for precisely controlled spatiotemporal release
of cargo molecules or complexes that require additional
assistance for endosomal escape, for example, nucleic acids
for gene delivery and genome editing.”*>™*" Moreover,
considering the photophysical properties of GQDs and the
energy transfer between GQD and liquid-metal, new
applications of this platform are expected to be exploited for
bioimaging and optical devices.”*™*'
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