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With tremendous research advances in biomedical application, liquid metals (LM) also offer fantastic chemistry
for synthesis of novel nano-composites. Herein, as a pioneering trial, litchi-shaped heterogeneous eutectic gal-
lium indium-Au nanoparticles (EGaln-Au NPs), served as effective radiosensitizer and photothermal agent for
radio-photothermal cancer therapy, have been successfully prepared using in situ interfacial galvanic replace-
ment reaction. The enhanced photothermal conversion efficiency and boosted radio-sensitization effect could be
achieved with the reduction of Au nanodots onto the eutectic gallium indium (EGaln) NPs surface. Most im-

portantly, the growth of tumor could be effectively inhibited under the combined radio-photothermal therapy
mediated by EGaln-Au NPs. Inspired by this approach, in situ interfacial galvanic replacement reaction may open
a novel strategy to fabricate LM-based nano-composite with advanced multi-functionalities.

1. Introduction

Rapid progress on the biomedical application of liquid metals (LM)
has witnessed the tremendous research advance of these novel func-
tional materials [1-5]. Simultaneously owning multi-properties such as
high fluidity, excellent thermal and electrical conductivities, ideal
biocompatibility, good radiopacity, controllable behaviors and con-
formability associated with reversible liquid-solid phase transition, fa-
cile manufacture and along with affordable cost, LM biomaterials have
been widely applied in biological imaging [6,7], bone repair [8], drug
delivery [9-11], magnetic hyperthermia [12,13], photothermal therapy
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[14-16], tumor embolotherapy [17], microwave dynamic therapy and
microwave thermal therapy [18]. Such ‘One material, Multi-function-
alities’ is rather unusual among many existing top materials and
therefore it is noteworthy to recognize that a new direction of biome-
dical category: the LM biomaterials have formed [2].

Except for the diverse biomedical applications related to the unique
properties of LM having been explored, meanwhile, extraordinary
phenomena and characteristics with LM also attain unusual interests.
Such novel findings may further offer platform as chemical reaction
media to facilitate the synthesis of new functional materials. In 2016,
for the first trial, the galvanic replacement reaction has been achieved
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on LM Galinstan [19]. Anthony Mullane et al. successfully extended the
galvanic replacement on Galinstan both on the bulk scale to generate
LM core/solid metal shell marbles, and on the nanoscale to form na-
norice particles for catalytic purpose [19]. Furthermore, it has been
revealed that LM would normally undergo self-limiting Cabrera-Mott
oxidation in the air and easily form atomically thin planar metallic
compounds with minimum grain boundaries [20,21]. Such phenom-
enon has been recently exploited for the fabrication of a variety of novel
2D materials based on interfacial reactions for the application in mi-
crofluidics [22], wearable devices [23] and self-repairing flexible
electronics [24,25], etc. More importantly, by sonication, micro-
channels or grinding protocols [26-28], LM nanoparticles (NPs), which
possessing own advantages as compared with bulky form, could be
prepared and have found such diverse applications in antitumor
therapy [29,30], antibacterial [31], soft electronics [32] and thermal
management field [33]. Putting the above-mentioned properties to-
gether, i.e. interfacial reactions by surface oxidation combined with
galvanic replacement reactions with oxidation skin coating on each LM
NPs, in situ fabrications of nano-heterogeneous core-shell structure
could be achieved. Therefore, rather than a novel kind of functional
materials with fundamental interest, the unprecedented chemistry of-
fered by LM may also provide facile manner that has significant im-
plications for many applications as well. Most recently, the growth of
MnO, and Ag nanosheets on the LM NPs had been achieved by the
reduction of the permanganate ions and AgNOs solution [34,35]. The
as-prepared nano-heterogeneous structures could be successfully ap-
plied as efficient photocatalysis or real-time self-repairing flexible cir-
cuit materials. However, to date, no attempt has been made to apply
such protocol in LM based nano-composite for biomedical application,
given the rapid progress of LM composite for diverse applications in
biomedicine. In this work, envisaged by the interfacial galvanic re-
placement reaction on the nano-LM for the synthesis of hybrid struc-
ture, as the first trial, we successfully fabricated the litchi-shaped het-
erogeneous eutectic gallium indium-Au (EGaln-Au) nano-composite for
anti-tumor treatment.

With high-atomic number and chemical inertness, Au has showed a
great potential as radiosensitizer and photothermal agent due to its
advantages with large photoelectric absorption coefficient and near-
infrared (NIR) absorption ability [36-38]. Nano-formulations of EGaln
LM also have been proved to be effective in cancer theranostics.
Therefore, it would be wise to combine these two components into one
nano-hybrid platform by virtue of the interfacial galvanic replacement
reactions offered by LM. In our previous demonstration, the EGaln alloy
displays magnetic field-driven thermochemotherapy and dual stimuli-
responsive drug for cancer theranostics [13]. Here, we discovered that
the EGaln-Au nano-composite could effectively response to X-ray and
NIR laser irradiation, which endowed the nano-composite with photo-
thermal conversion ability and radiosensitization effect to kill cancer
cells and achieve excellent therapeutic effect. Most importantly, the
negligible tissues damage and significant limitation on growth of tumor
tissues after NIR laser and X-ray treatment revealed the potential bio-
medical application of combined photothermal therapy and radio-
therapy based on litchi-shaped heterogeneous EGaln-Au nano-compo-
sites for cancer disease (Scheme 1).

2. Materials and methods

2.1. Materials

Eutectic gallium indium (Ga:In = 75 : 25 wt %, 6.35 g/cm®) bulk
liquid metal was purchased from Wochang Metal Products Co., Ltd
(Dongguan, China). Xanthan gum, gelatin and HAuCl,4-3H,0 (=99.9%)
powder were provided by Aladdin Biochemical Technology (Shanghai,
China) and Sinopharm Chemical Reagent Co., Ltd (Shanghai, China),
respectively. High-glucose dulbecco's modified eagle's medium (H-
DMEM), RPMI 1640 medium (RPMI 1640), penicillinstreptomycin (PS),
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Scheme 1. Illustration of litchi-shaped heterogeneous EGaln-Au nano-compo-
sites in preparation and application for radio-photothermal tumor therapy.

fetal bovine serum (FBS), trypsin, bovine serum albumin (BSA), Cell
Counting Kit-8 (CCK-8), Calcein-AM and propidium iodide (PI) were
supplied by Biotopped Life Sciences (Beijing, China).

2.2. Instruments

The morphology of the samples was measured by transmission elec-
tron microscopy (HT-7700, Hitachi, Japan) and scanning electron mi-
croscope (S-4800, Hitachi, Japan). Energy-dispersive X-ray spectroscopy
elemental mapping was collected by high-resolution transmission electron
microscopy (JEM, JEOL, Japan). Photothermal effect was tested via an
irradiation of 808 nm laser (GSCLS-05-7W00, Daheng Group Inc., China)
and monitored by an ultrafine thermocouple fiber (ThermAgile-RD, Xi'an
Heqi Opto-Electronic Technology Co., Ltd., China) and thermal imaging
camera (F226S/B3S, FOTRIC, USA). Absorbance curve was measured by
microplate reader (Varioskan LUX, Thermo Fisher Scientific Inc.
Waltham, Massachusetts, USA). Element concentration was obtained from
inductively coupled plasma-optical emission spectroscopy (Thermo Icap
6300, USA). Live/dead staining was obtained from the confocal laser
scanning microscope (CLSM, Zeiss LSM 780, Germany) equipped with the
Fluoview FV300 imaging software. The T-weighted MR images were
collected by Philips 3.0 T whole-body MRI scanner (Achieva TX, Philips
Medical System, Best, Netherlands).

2.3. Preparation and characterization of EGaln-Au NPs

Before the preparation of EGaln-Au nano-composite, the EGaln NPs
were synthesized via a typical probe-sonicating method. 200 L of bulk
EGaln liquid metal was added into glass vial including 5 mL xanthan
gum solution with 0.5% concentration. After ultra-sonication treatment
for 5 min, the slurry was collected via centrifugation at 2000 rmp for
3 min and then re-suspended in DI water. The resulting spherical EGaln
NPs were washed to remove redundant xanthan gum and re-suspended
in DI water. Afterward, 10 mL HAuCl, solution (20 mM) was added into
EGaln NPs suspension to trigger the in situ growth of Au NPs through
interfacial galvanic replacement reactions. Finally the EGaln-Au nano-
composites were collected via a centrifugation and washed with DI
water. For transmission electron microscopy characterization, the
EGaln-Au suspension was dropped on the lacey carbon transmission
electron microscopy copper grid for observation.

2.4. Photothermal performance test

The photothermal heating effect of EGaln NPs and EGaln-Au nano-
composite was investigated via 808 nm laser exposure of 0.5 mL of each
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sample in 48-well plate with a continuous wave mode. In order to
evaluate the effect of NPs concentration, samples with various con-
centrations including 500 pg/mL, 200 pg/mL, 100 pg/mL, 50 pg/mL
were prepared and subject to NIR for 10 min at 1.5 W/cm?. Meanwhile,
the temperature-rise activity of EGaln and EGaln-Au composite with
0.5 W/cm?, 1.0 W/em?, 1.5 W/cm?, 2.0 W/cm? power densities at
200 pg/mL were also measured. In addition, the photothermal stability
was tested via a cycling test in a 500 pg/mL concentration. Finally, the
enhanced photothermal conversion efficiency was assessed by referring
previous calculation method [14,39,40]. Details are as follows:

— hS(Tmax - Tsur) - Qs
I(1-104)

K §
where, h represents the heat transfer coefficient and S is the surface
area of the container, Ty, and T, mean the maximum temperature of
samples (EGaln NPs: 49.7 °C, EGaln-Au NPs: 65.3 °C) under continuous
laser irradiation (808 nm) and ambient temperature of surrounding
(EGaln NPs: 27.1 °C, EGaln-Au NPs: 25.4 °C) respectively. Qs represents
the heat dissipation from the light absorbance by the solvent and the
quartz sample cell which was calculated to be 0.0211 W. I means the
laser irradiation power (1.5 W/cm?) and A represents the absorbance of
the sample under the excitation of laser which was recorded by mi-
croplate reader to be 0.517 for EGaln NPs and 0.679 for EGaln-Au NPs
respectively.
H and s can be calculated via following equation:

m;Cy

Ts

hS =
(2)

M; and C; mean the mass and heat capacity of solvent which was
0.5 g and 4.2 J/g respectively. 75 represents the sample system time
constant that can be calculated from the linear curve fitting of tem-
perature cooling time which was 317.24 for EGaln NPs and 211.09 for
EGaln-Au NPs. The formula for calculation is as follows:

t

Ty = ———
In6

3

where t means the change of temperature cooling time and the formula

for 6 is as follows:
T- T:vur

Tmax - T;ur

6=
4
where T-Ty, represents the change of temperature following the
cooling time and Tpgx-Tsur represents the maximum change of tem-
perature for surrounding temperature under continuous laser irradia-
tion.

2.5. Cell culture

Mouse Fibroblast cells (1929 cell line) and mouse breast cells (4T1
cell line) were obtained from the American type culture collection and
cultured in RPMI 1640 and H-DMEM complete medium including 89%
basic medium, 10% FBS and 1% penicillin-streptomycin in an incubator
at 37 °C under an atmosphere of 5% CO, and 90% relative humidity
respectively. The cell passage was carried out using 0.25% (w: v)
trypsin to digest adherent cells at a split ratio of 1:5 and then passages
were cultured in new medium.

2.6. Gel dosimetry

According to a typical method [41,42], the gelatin (2.08 g) was
added into DI water (19.57 mL) under stirring at 50 °C, and hydro-
quinone solution (0.04 g/mL, 1 mL) was then dropped into gelatin
solution when the gelatin dissolved completely. Afterward, the me-
thacrylic acid (1.5 mL), ascorbic acid (0.0075 g), and copper sulphate
powder (0.005 g) were added into above mixture solution and stirred
for 10 min. The obtained gel was used to disperse the EGaln and EGaln-
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Au nano-composite with 100 pg/mL concentration. Subsequently, the
gel with different treatments was irradiated by X-ray and stored in no
light environment for 2 days. Finally the gel was scanned by MRI to
obtain the T,-weighted MRI signal.

2.7. Clonogenic assay

The clonogenic assay was investigated to assess the radiosensitizer
efficiency of EGaln NPs and EGaln-Au nano-composite by analyzing the
survival fraction, a function of radiation dose. Mouse breast cells (4T1
cell line) were seeded in the 6-well at a density 2 x 10* per well and
cultured for 24 h. Afterward, the medium was replaced with fresh H-
DMEM completed medium with a 50 pg/mL concentration of EGaln or
EGaln-Au composite respectively. When incubation for another 24 h,
the 6-well plated was irradiated by X-ray at a dose of 0, 2, 4 Gy. After
incubation for 10 days, the irradiated cells were washed with PBS so-
lution and fixed by polyformaldehyde (4%). Subsequently, the cells
were stained with trypan blue (0.4%) and then counted.

2.8. In vitro biocompatibility

For in vitro experiment, mouse fibroblast cells (L929 cell line) were
seeded in the 96-well at a density 5000 per well for 24 h. Afterward, the
original medium was replaced by RPMI 1640 complete medium con-
taining EGaln and EGaln-Au composite with various concentrations
12.5 pg/mL, 25 pg/mL, 50 ug/mL, 100 pg/mL, 200 ug/mL. After 24 h
and 48 h of in-culture, the CCK8 assay was used to assess the cell via-
bility.

2.9. In vitro cytotoxicity

Mouse breast cells (4T1 cell line) were seeded in the 96-well at a
density 5000 per well. After 24 h, the original medium was removed
and the cells were cultured with EGaln and EGaln-Au composite solu-
tion with concentration of 100 pug/mL. Afterward, the 96-well plate was
irradiated by 808 nm laser with different power density 1.0 W/cm?,
1.5 W/cm?, 2.0 W/cm?. Finally, the cell viability was assessed via CCK8
assay.

2.10. In vivo long-term toxicity study

All animal experiments were performed according to the guidelines
by the Institutional Animal Care and Use Committee (IACUC) of
Tsinghua University. The 6-week female BALB/c mice were divided into
four groups (5 mice at each) randomly. And then the mice were injected
with EGaln-Au NPs with different dose (100 pL, 30 mg kg *,
60 mg kg™', 90 mg kg~' and 120 mg kg~ !). The survival state and
body weight of mice was recorded every day.

2.11. In vivo anticancer efficiency

BALB/c mice of 5 weeks were implanted with 4T1 tumor tissue to
build tumor model in vivo. When the tumor volume reached about
50 mm>, the mice were divided into five groups with various treat-
ments: (1) intravenously injected with PBS (2) intravenously injected
with EGaln-Au composite only (3) intravenously injected with EGaln-
Au nano-composite + NIR treatment (4) intravenously injected with
EGaln-Au nano-composite + X-ray irradiation treatment (5) in-
travenously injected with EGaln-Au nano-composite + X-ray
irradiation + NIR treatment. After administration for 24 h, the mice
were irradiated with 808 nm laser at 1.5 W/cm? for 10 min or X-ray
alone. For EGaln-Au composite + X-ray irradiation + NIR group, the
mice were firstly irradiated by X-ray and then 808 nm laser. The tumor
size and body weight were recorded every 2 days. The relative body
weight was calculated as W/W, (W, was body weight when the injec-
tion was initiated) and the relative volume was calculated as V/Vg (Vg
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A

Fig. 1. (A) Schematic illustration of synthetic procedure of EGaln NPs and EGaln-Au nano-composite. (B) Photographs of as-synthesized EGaln NPs suspension. (C)
Representative scanning electron microscope (SEM) images of EGaln NPs. Scale bars: 200 nm. (D) TEM images of as-synthesized spherical EGaln NPs. Scale bar:
200 nm. (E) Photographs of EGaln-Au nano-composite suspension. (F) Representative SEM images of EGaln-Au NPs. Scale bars: 200 nm (G) TEM images of litchi-
shaped heterogeneous EGaln-Au nano-composite. Scale bar: 200 nm. (H) High-angle annular dark-field-scanning TEM and (I-K) element distribution of Au, Ga, In on
EGaln-Au composite surface.

was tumor volume when the injection was initiated). After 19 days, the 2.12. Statistical analysis
mice were sacrificed and the major organs including heart, liver, spleen,
lung, kidney and tumor tissue were collected to HE staining. Statistical analysis was carried out using one-way ANOVA followed

by a Newman — Keuls post hoc t-test with the SPSS (IBM7 SPSS Version
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23) for windows. ** indicates P-values of < 0.01, *** indicates P-values
of < 0.001. Both of them were considered to be statistically sig-
nificantly.

3. Results and discussion
3.1. Synthesis and characterization of EGaln-Au nano-composites

Before the preparation of EGaln-Au NPs, the EGaln NPs were pre-
pared by ultra-sonication with xanthan gum as surfactant or stabilizer
(Fig. 1A). After sonication treatment for bulk EGaln, the EGaln colloids
with a grey color could be observed (Fig. 1B). As shown in scanning
electron microscope (SEM) images (Fig. 1C) and transmission electron
microscope (TEM) images (Fig. 1D), the as-prepared EGaln NPs ap-
peared as core-shell structured nanospheres which evenly coated with
xanthan gum, a water-soluble natural exo-polysaccharide generated by
gram-negative bacterium Xanthomonas campestris and widely applied as
a suspending and thickening agent in food industry [43,44]. Herein, as
the pioneering trial, we employed it as the surfactant in the preparation
of LM NPs and its ideal stabilization effect for NPs formulation had been
confirmed. After addition of HAuCl, solution, it could be noticed that
the grey color gradually turned into violet (Fig. 1E), which indicating a
reduction of Au ions and presence of Au NPs. This phenomenon was
benefited from the interfacial galvanic replacement reaction con-
tributed by Ga and Au ions [45-47]. SEM images (Fig. 1F) and TEM
observations (Fig. 1G) depicted that EGaln-Au nano-composite pre-
sented a litchi-shaped heterogeneous structure with diameter approxi-
mately 200 nm. Furthermore, high resolution transmission electron
microscopy (HRTEM) images combined with energy dispersion spec-
trum (EDS) showed that Ga, In and Au were uniformly presented on the
surface of EGaln-Au nano-composite (Fig. S1 and Fig. 1H-K). In addi-
tion, HRTEM images combined with selected area electron diffraction
(SAED) patterns obviously presented the presence of Au NPs on the
surface of EGaln-Au NPs (Fig. S2).

3.2. Photothermal performance of EGaln-Au nano-composites

As a novel photothermal agent candidate in metal family, LMs have
attracted a lot of significant attentions due to the ideal photothermal
conversion efficiency [8,48]. With the reduction of Au NPs on the
surface of EGaln NPs, the comparison of photothermal conversion
performance of pure EGaln NPs and EGaln-Au NPs was performed.
Firstly, the UV-vis absorbance spectra of both samples were measured
(Fig. S3A), in which the increased absorbance value of EGaln-Au NPs
suspension at NIR 808 nm indicated the contribution of reduced Au
layer onto EGaln NPs. Next, both samples with different concentrations
were exposed under 808 nm laser for 10 min. As revealed by Fig. 2A
and Fig. S3C, the temperature elevation curves monitored by optical
fiber showed that both samples could rapidly and efficiently generate
heat while under NIR exposure. Moreover, EGaln-Au NPs presented an
obvious enhancement for temperature increase under the same con-
centration as compared with that of pure EGaln NPs. Furthermore, the
photothermal effect was positively relevant to the irradiation power
intensity (Fig. 2B and Fig. S3E), and Fig. S3B and Fig. S3D also de-
monstrated the observation by infrared thermal images. In addition, a
reproducible temperature change patterns were observed for two cycles
and the excellent thermal-stability of the two samples could be con-
firmed (Fig. S3F). The detailed information of photothermal perfor-
mance was supplied in Fig. 2C-D and Figs. S3G-H, and on the basis of
quantification method developed by Roper [40] the calculated photo-
thermal conversion efficiency is 7% and 22.58% for EGaln NPs and
EGaln-Au NPs respectively, which is comparable to some common
photothermal agents such as metal material, semiconductor material,
carbon material, organic material and enough for effective photo-
thermal therapy [49,50]. In addition, TEM observation also suggested
that the morphology of both samples would keep integrity after NIR
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exposure (Fig. 2E and Fig. S4). Currently, the disappointing stability
(including the colloid, chemical and thermal stability) of the LM NPs
has been noticed, which would impede the further application in cancer
treatment [51,52]. In the current study, the application of xanthan
gumas surfactant when preparing the EGaln NPs would provide help to
control the morphological and thermal stabilization.

3.3. Biocompatibility and cytotoxicity of EGaln-Au nano-composites

Except for high photothermal conversion performance and superior
photothermal stability, the ideal biocompatibility is also a critical cri-
terion for being an excellent photothermal therapy agent. Murine fi-
broblast cell line L929 was employed for the in vitro cytotoxicity eva-
luation. Fig. 3A and Fig. 3B demonstrated that after co-incubation the
cells with the both samples containing cultural medium, the cell via-
bility remained above 80% at all NPs concentration (200 pg/mL,
100 pg/mL, 50 pg/mL, 25 pug/mL, 12.5 pg/mL), indicating the negli-
gible cytotoxicity and ideal in vitro biocompatibility. Next, 4T1 murine
breast cancer cell line was adopted to evaluate the photothermal per-
formance mediated by both samples. After co-incubation for 24 h under
100 pg/mL concentration, the cells were treated with 808 nm laser ir-
radiation at various power densities (2.0 W/cm?, 1.5 W/cm?, 1.0 W/
cm?, 0 W/cm?) for 5 min. Cell activity without treatment kept healthy
and the cell viability treated with EGaln or EGaln-Au NPs significantly
declined after laser irradiation according to different power densities
(Fig. 3C). It could be clearly noticed that EGaln-Au NPs could induce a
great photothermal effect and present a superior cancer cells killing
ability to EGaln NPs. Meanwhile, there was an obvious positive asso-
ciation between photothermal ablation ability and power density for
two samples. Moreover, the calcein-AM and propidium iodide-
fluorescent probe were used to stain cells, in which the living cells
could be stained with green fluorescence and dead cells with red
fluorescence (Fig. 3D). These results showed that the EGaln-Au NPs
could be used as a more effective heat mediator to convert light energy
into heat energy for hyperthermia treatment of cancer cells.

3.4. Gel dosimetry and clonogenic assay

It is generally recognized that materials with high atomic numbers
can effectively convert the X-ray radiation energy by means of excellent
X-ray absorption coefficient to produce secondary electrons for radio-
sensitization [53,54]. The dose enhancement ability of radiosensitizer is
a significant parameters to evaluate radiotherapy effect, which can be
tested by gel dosimetry protocol [42]. In this study, the modified
MAGIC gel dosimetry developed by Fong [55] was used to evaluate the
dose enhancement contributed by both samples under different radia-
tion densities. After irradiation, the gel containing 100 pg/mL EGaln
NPs or EGaln-Au composite exhibited a different polymerization re-
sponse, in which a negative Ty-weighted MRI signal enhancement
(Fig. 4A) after MRI scanner could be clearly observed accompanied
with a color change from transparent to white (Fig. 4B). Further on, the
clonogenic assay was conducted to assess the radiosensitizer efficiency
by testing the survival fraction of 4T1 cells at different radiation dose.
As results shown in (Fig. 4C and D), the EGaln-Au NPs presented an
obvious chronic cytotoxicity than control group with X-ray alone and
enhanced radiotherapy efficiency than EGaln NPs group. So it can be
confirmed that the radio-sensitization ability of EGaln NPs could be
obviously improved after in situ growth of Au NPs on surface via in-
terfacial galvanic replacement reaction.

3.5. In vivo antitumor treatment

Inspired by the excellent photothermal conversion efficiency, high
biocompatibility, effective tumor cells killing ability and in-vitro radio
sensitivity property, we further investigated the in vivo radio-photo-
thermal therapy for anti-cancer treatment mediated by the EGaln-Au
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Fig. 2. (A) Temperature curves of EGaln-Au NPs solution under different concentrations exposed to the 808 nm laser irradiation (1.5 W/cm?). (B) Photothermal
temperature curves of EGaln-Au NPs at different power densities (0.5 W/cm?, 1.0 W/em?, 1.5 W/em?, 2.0 W/em?) under 808 nm laser irradiation with the
concentration of 200 pg/mL for 10 min. (C) The time constant of EGaln-Au NPs for heat transfer of system. (D) Curves of cooling time of EGaln-Au NPs versus
negative natural logarithm of the temperature driving force obtained from the cooling stage. (E) TEM images of EGaln-Au NPs after photothermal heating cycle. Scale

bars: 200 nm.

NPs. Five groups of BALB/c mice bearing 4T1 tumor were received
different treatment including: (a) i.v. injection of PBS solution (PBS
group) (b) i.v. injection of EGaln-Au NPs solution (EGaln-Au group,
200 pL, 3 mg/mL) (c) i.v. injection of EGaln-Au NPs solution +808 nm
laser irradiation (EGaln-Au + NIR group) (d) i.v. injection of EGaln-Au
NPs solution + X-ray (EGaln-Au + Ray group) (e) i.v. injection of
EGaln-Au NPs solution + X-ray + 808 nm laser irradiation (EGaln-
Au + Ray + NIR group). In EGaln-Au + Ray + NIR group, 24 h post-
injection, the mice were first treated with 6 Gy X-ray irradiation and
subsequently processed by 808 nm laser exposure for 10 min. As shown
in Fig. 5A, the local temperature of tumor tissue upon NIR exposure
could increase about 24.2 °C, much higher than that of control group.

The in vivo investigation lasted for 19 days and during this process the
relative body weight in all groups were not obviously affected, de-
monstrating its excellent biocompatibility and low toxicity without
acute side effects (Fig. 5B). In order to investigate the in vivo biodis-
tribution features of EGaln-Au NPs on the BALB/c mice and study the
body clearance of NPs, the amounts of the EGaln-Au NPs accumulated
in the vital organs (liver and kidney) were tested by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) measurements at var-
ious time points (0, 1, 3, 7 day). Fig. 5C revealed that the EGaln-Au NPs
had a high concentration of Ga in liver and kidney at 24 h post-injec-
tion, and then were cleared from body on day 3. The tumor size mea-
surement was performed every 2 days using avernier caliper. Tumor
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Fig. 3. (A) Invitro cell viability of L929 cells

incubated with different concentrations of
EGaln NPs and (B) EGaln-Au NPs for 24,
48 h respectively. (C) Cell viability of 4T1
cells under different treatments. (D)
Fluorescence images of 4T1 cells stained
with Calcein-AM/PI for live/dead test with
and without the addition of EGaln and
EGaln-Au NPs (100 pg/mL) after 808 nm
laser irradiation with 1.0, 1.5, 2.0 W/cm?
power density for 5 min.
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volume was calculated according to the formulation:

V = width® x length/2, and the relative volume was also calculated. It
could be noticed in Fig. 5D-F, single treatment by either photothermal
therapy or X-ray irradiation therapy could only inhibit the growth of
tumor as compared with the control group. However, a significant
therapeutic effect could be observed in EGaln-Au + Ray + NIR group,
indicating the combination of X-ray irradiation therapy and photo-
thermal therapy mediated by EGaln-Au NPs could greatly enhance the
antitumor effect. After 19 days, the mice were sacrificed. Meanwhile,
tumor tissues and major organs (heart, liver, spleen, lung, kidney) were
collected for preparation of histological section. It could be noticed that
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the combination of photothermal therapy and radiotherapy induced by
EGaln-Au NPs could effectively lead to the severe necrosis phenomenon
for tumor cells (Fig. 5G-K). More importantly, there were no obvious
tissue damage could be found in major organs (Fig. 6). Finally, the in
vivo long-term toxicity/safety of EGaln-Au NPs was investigated in
healthy BALB/c mice. The mice were divided into four groups (N = 5)
and administered intravenously with EGaln-Au NPs at different dose
30 mg kg™ !, 60 mg kg™, 90 mg kg~ ! and 120 mg kg~ ’. During the
treatment of 2 weeks, the mice in all groups were at stable growth
without obvious difference in treatment groups (Fig. S5), indicating
that the EGaln-Au NPs possessed high biocompatibility and biosafety.

Fig. 4. Gel dosimetry and clonogenic assay
(A) T, MR image of gels with different
treatments under 0 Gy, 8 Gy, 16 Gy X-ray
radiation dose. (B) The color change of gel
under 8 Gy with 100 ug/mL material: con-
trol group (left), EGaln group (middle) and
EGaln-Au group (right). (C, D) Photographs
of colony formation assay of 4T1 cells in
control group (left), Galn NPs group
(middle) and EGaln-Au NPs group under
0 Gy, 2 Gy, 4 Gy X-ray radiation dose and
corresponding survival fraction.
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Fig. 5. (A) IR thermal images of tumor-bearing mice for showing the rising temperature of tumor tissue region against the 808 nm laser irradiation at 1.5 W/cm? for
5 min after PBS, EGaln + NIR, EGaln-Au + Ray + NIR treatment. (B, D) Quantitative measurement and calculation of tumor volume and body weight of mice after
various treatment including PBS group (cyan), EGaln-Au group (green), EGaln-Au + NIR group (black), EGaln-Au + Ray group (blue), EGaln-Au + Ray + NIR
group (red). (C) Biodistribution of Ga accumulation in liver and kidney organs of BALB/c mice after treatment with EGaln-Au NPs at 0, 1, 3, 7 day postinjection
measured by inductively coupled plasma-optical emission spectroscopy, Error bars indicate standard deviations, N = 3. (100 uL, 3 mg kg~!) (**P < 0.01,
***pP < (0.001) (E) Typical tumor tissue under different treatments after 19 days. (F) Typical mice under PBS and EGaln-Au + Ray + NIR treatment after 19 days.
(G-K) Histology staining of tumor tissue slices obtained from mice with various treatments (PBS, EGaln-Au, EGaln-Au + NIR, EGaln-Au + Ray, EGaln-

Au + Ray + NIR) after 19 days. Scale bar: 20 pm.

4. Conclusions

In current work, we have successfully fabricated the litchi-shaped
EGaln-Au nano-composite based on in situ interfacial galvanic re-
placement reaction between EGaln NPs and Au ions. The uniform dis-
tribution of Ga, In, Au element on the surface of EGaln-Au NPs can be
obviously presented by EDS spectrum. Moreover, benefiting from the
increase in surface area and the excellent stabilization effect of xanthan
gum, the EGaln NPs showed ideal photo-induced heat ability. The
embedding of Au NPs onto the surface of EGaln NPs could significantly
enhance the photothermal conversion ability to amplify hyperthermia
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ablation against tumor cells. Furthermore, Au NPs could also increase
the radiation sensitivity of EGaln NPs, which was confirmed by gel
dosimetry and clonogenic assay test. In term of these multifunctional
properties, the EGaln-Au nano-composite exhibited an obviously im-
proved tumor growth inhibition under the combination of photo-
thermal therapy and irradiation therapy, indicating its potential ap-
plication for tumor therapy as functional agent. Finally, we thus
believed that the construction of composites via in situ interfacial gal-
vanic replacement reaction based on nano-LM can be potentially ex-
tended to the systems of other materials so as to obtain new materials
with advanced multi-functionalities.
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