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ABSTRACT 
The capping agents for liquid metal (LM) nanodroplets in aqueous solutions are restricted to thiol-containing and positively-charged molecules 
or macromolecules. However, both thiolate-metal complex and electrostatic interaction are liable to detachment upon strong mechanical 
forces such as sonication, leading to limited stability and applications. To address this, we utilized ultrasmall water soluble melanin nanoparticles 
(MNPs) as the capping agent, which exhibited strong metal binding capability with the oxide layer of gallium based LMs and resulted 
in enhanced stability. Interestingly, shape-controlled synthesis of LM nanodroplets can be achieved by the incorporation of MNPs. Various 
EGaIn nanostructures including nanorice, nanosphere and nanorod were obtained by simply tuning the feed ratio, sonication time, and 
suspension temperature. Among these shapes, EGaIn nanorice has the best photothermal conversion efficiency, which could be leveraged 
for photothermal therapy. 
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1 Introduction 
Metal or alloy nanoparticles with specific shapes are of interest in 
multiple applications including catalysis, imaging, sensing, data storage 
and biomedicine [1–6]. Current and primary strategies towards 
shape-controlled synthesis of metal or alloy nanoparticles basically 
consist of bottom-up and top-down approaches, through which 
particulates with a variety of shapes, sizes, and size distributions 
can be achieved [7]. Bottom-up approach typically involves the 
(bio)chemical reduction of metal salts, while the top-down method 
mainly processes a macroscopic metal into the desired size scale 
in physical manners (grilling, grinding, microfluidics, stretching, 
photolithography, imprint lithography, particle replication in non- 
wetting templates (PRINT), etc.) [8–11]. However, it remains 
challenging to control the shapes of nanoparticles from soft metals 
or alloys, especially liquid metals (LMs), whose melting points are 
near or below the room temperature. In the past decade, gallium 
based LMs (commercial sources include Ga, eutectic gallium indium 
(EGaIn), and eutectic gallium indium tin (Galinstan) have emerged 
as notable inorganic candidates in various fields, ranging from 
energy, catalysis, electronics to biomedical applications, primarily 
attributing to their superior fluidity and low toxicity compared to 
conventional metals [12–17]. Additionally, the sonication strategy  

with the utilization of surfactants has facilitated facile synthesis of 
LMs in the nanoscale with good solubility and stability in aqueous 
solutions, significantly extending their performances in biomedical 
theranostics [18–21]. 

Generally, large surface tension renders LMs with a spherical 
shape to minimize surface energy, yet both laser irradiation and 
heating could induce the transformation of LM nanodroplets and 
exhibit a capping agent (or a surfactant) dependent profile [22, 23]. 
Thiol-containing molecules are a primary category of capping agents 
for LM nanodroplets, which is based on the formation of a metal 
thiolate complex [24]. However, thiol groups are liable to coupling 
in oxidative conditions, such as a reactive oxygen species (ROS) 
microenvironment [25], whose formation has been confirmed in 
the process of sonication [22, 26]. Recently, Lin et al. demonstrated 
that positively-charged surfactants could also stabilize the suspension 
via the electrostatic interactions with the negatively-charged oxide 
layer of LM nanodroplets [23]. Aside from these two kinds of 
interactions, melanin or polydopamine can provide coordination or 
chelating interaction towards various materials, including metal 
ions and metal oxides [27, 28]. Moreover, processing melanins into 
ultrasmall nanoscale (< 10 nm) can significantly enhance their 
metal chelating capacity [29]. 

Photothermal therapy (PTT) has been leveraged as a promising 
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ablation approach for the treatment of various disease with the 
employment of photothermal agents, which can absorb light and 
enhance the tissue heating upon light irradiation. So far, various 
photothermal agents have been developed, mainly including original 
gold nanorods [30], gold nanoshells [31], organic nanoparticles [32], 
porphysomes [33], and naphthalocyanine micelles [34]. LMs have 
intrinsic thermal conductivity, but their significance in PTT has been 
seldomly studied. Herein, we leverage the ultrasmall water-soluble 
melanin nanoparticles (MNPs) as a capping agent for LM nanodroplets 
due to their excellent metal chelating ability and the unavoidable 
gallium oxide layer on the LM surface. Interestingly, by simply 
changing reaction parameters, such as the category of LMs, the 
concentration of MNPs, sonication period and temperature, LMs 
could be efficiently stabilized and generate various shapes including 
nanorice, nanosphere, and nanorod (Fig. 1(a)). This straightforward 
approach avoids the utilizations of complex additives, such as emulsifier, 
activator, and buffer, or harsh preparation procedure. The stability 
of these nanodroplets could be longer than two months. More 
significantly, among different shapes, LM nanorice presented the 
best photothermal efficiency (36.7%), which was higher than those 
of often reported gold nanorods [35], and thus performed as an 
excellent photothermal candidate for cancer ablation. 

2 Results and discussions 
Ultrasmall water-soluble MNPs were synthesized as our previous 
work [36, 37], with an average size of 3.1 ± 0.6 nm (Fig. S1 in  

the Electronic Supplementary Material (ESM)). Then, the aqueous 
mixture (12 mL) of EGaIn (80 μL) and MNPs (3 mg) were sonicated 
under an ice bath for a determined period. Interestingly, this for-
mulation produced uniform EGaIn nanodroplets with a nanorice 
shape after 15 min sonication. This unique nanostructure has 
been reported in several materials by diverse methods, such as the 
self-assembly of block copolymers, and hydrothermal synthesis of 
metal (gold, silver, iron) nanoparticles and carbon dots [38–43]. 
However, LMs with such unique shape has only been obtained in 
the case of Galinstan via galvanic replacement [44].  

As shown in Fig. 1(b), EGaIn nanorices have an aspect ratio (AR) 
of ~ 2.3 according to the transmission electron microscope (TEM). 
High resolution TEM and dark field scanning transmission electron 
microscopy (STEM) images show that EGaIn nanorices were, in fact, 
composed of small nanoparticles (Figs. 1(c) and 1(d)) [44]. Scanning 
electron microscope (SEM) and cryo-SEM images demonstrate the 
three-dimensional (3D) structure of the nanorice shape in both dry 
and liquid states (Figs. 1(e) and 1(f)). The structure and element 
analysis for the composition of EGaIn nanorices were explored by 
STEM-energy dispersive X-ray spectroscopy (STEM-EDS) elemental 
mapping and X-ray diffraction (XRD) patterns. Although the tem-
perature of the mixture could slowly increase up to 60 °C within  
20 min sonication, no obvious dealloying of indium (In) from 
EGaIn was observed (Figs. 1(g)–1(k)), which possibly resulted from 
insufficient temperature and heating period (typically 10 min around 
70 °C) [23]. Aside from the pristine Ga and In elements, oxygen 
was evenly distributed through the EGaIn nanorices, and XRD  

 
Figure 1 (a) Schematic of LM nanodroplets synthesis. (b)–(n) Characterizations of EGaIn nanorices. (b) TEM image, scale bar, 200 nm. (c) HRTEM image, scale bar,
50 nm. (d) Dark field STEM image of single EGaIn nanorice, scale bar, 50 nm. (e) SEM image, scale bar, 500 nm. (f) Cryo-SEM image, scale bar, 250 nm. (g)–(k) 
STEM image and EDS mapping, scale bar, 200 nm. (l) FTIR spectra. (m) XRD spectra. (n) XPS survey spectrum. 
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results verified their compositions of gallium oxide monohydroxide 
(GaO(OH)) and In (Fig. 1(m)), which was consistent with previous 
reports [22, 23].  

To figure out the details of interactions between MNPs and EGaIn 
nanodroplets, Fourier-transform infrared (FTIR) spectra were 
measured. The FTIR spectrum of MNPs consists of several main 
bands centered at 1,370, 1,593, 1,716 and 3,370 cm−1 (Fig. 1(l)) [45]. 
The absorbance at 1,370 cm−1 attributes to the bending modes of 
OH, NH, and various kinds of aromatic rings. The bands at 1,593 
and 3,370 cm−1 are due to the stretching modes of C=C and the OH 
bonds, respectively [46]. The signal at 1,716 cm−1 is assigned to C=O, 
revealing the presence of quinone group [47]. After interacting  
with EGaIn nanodroplets, the absorbance at 1,716 cm−1 decreased 
significantly. Meanwhile, two new absorbance at 1,023 and 1,261 cm−1 
appeared, which are the bending band of Ga–OH [48] and stretching 
band of C–OH from carboxyl or phenolic OH [49], respectively. 
These data indicate that a quinone intermediate probably switched 
to a catechol and coordinated with the gallium oxide on the surface of 
EGaIn. To prove our hypothesis, X-ray photoelectron spectroscopy 
(XPS) was further used to evaluate the surface property of EGaIn 
nanorice and provide additional information for the binding 
interactions between MNPs and EGaIn nanodroplets. In Fig. 1(n), 
the survey spectrum indicates that the surface of EGaIn nanorices 
mainly contain carbon, oxygen, nitrogen and gallium elements. The 
high resolution C 1s spectrum reveals four different types of carbon: 
CHx, C−NH2; C−O, C−N; C=O and π → π* species (Fig. S2 and Table S1 
in the ESM) [45, 47]. From high resolution O 1s spectrum, it shows 
a predominant band at 531.6 eV corresponding to the formation of 
O–Ga, and the peak assigning to O–C at 530.3 eV is much stronger 
than that of O=C at 534.5 eV. Additionally, the high resolution Ga 
3d spectrum demonstrates the presence of both Ga element and 
Ga3+. The overall XPS data confirm that MNPs were successfully 
anchored onto the surface of EGaIn nanodroplets through 
multidentate chelating bonding between the catechol groups and 
the gallium oxide [28, 50]. The binding interactions between LM 
nanodroplets and MNPs were so strong that no color of MNPs was 
observed in the supernatant when gravity-induced precipitation of 
LM nanodroplets occurred (Fig. S3 in the ESM). Compared to thiol- 
containing and positively-charged molecules, MNPs presented better 
stability for EGaIn nanodroplets in aqueous solution (Fig. S4 in the 
ESM).  

To probe the possible formation mechanism of EGaIn nanorice, 
we considered several factors on influencing the shapes of LM 

nanodroplets. First, we monitored the sonication mixture dynamically. 
UV–vis spectra represent that the absorbance at ~ 400 nm increased 
slowly as extending the sonication periods (Fig. 2(a)), and the color 
of the suspension gradually changed from dark grey to light grey. 
During the dynamic process, the corresponding sizes of EGaIn 
nanospheres did not show obvious change within 10 min by dynamic 
light scattering (DLS) and TEM (Figs. 2(b) and 2(d)), which possibly 
ascribed to the increased transmittance of the mixtures containing 
EGaIn nanodroplets. After 10 min, EGaIn nanospheres began to 
deform and merge, and subsequently formed nanorices with a 
polydispersity index (PDI) of 0.083 at 15 min. Prolonging sonication 
to 20 min increased the mixture temperature and led to slight 
aggregations of nanorices. However, further extending sonication 
periods to 30 and 40 min increased the mixture temperature more, 
but the sizes of EGaIn nanorices did not change significantly,   
and the shape of EGaIn nanorices was well retained (Fig. S5 in the 
ESM). Additionally, the zeta potential of EGaIn nanodroplets decreased 
throughout the sonication (Fig. 2(c)), suggesting that functional 
groups of MNPs including hydroxyl and carboxyl groups possibly 
participated in the capping process of EGaIn nanodroplets in addition 
to the catechol group. 

Next, different concentrations of MNPs were explored to stabilize 
EGaIn nanodroplets. As shown in Fig. 3(a), the mass below 3 mg 
(0.25 mg·mL−1) could not produce stable EGaIn nanodroplets, which 
precipitated quickly within 10 min after fresh preparation. 3 mg 
feed of MNPs generated EGaIn nanorices, while a higher mass (> 3 
mg) of MNPs produced EGaIn nanospheres (Fig. 3(d)). Notably, 
more addition of MNPs decreased the sizes of EGaIn nanospheres 
obviously, accompanying with more negative surface potentials 
(Figs. 3(b) and 3(c)). This could be explained that more MNPs provide 
more binding sites for EGaIn nanodroplets and thus decrease the 
possibility of their merging (or aggregation). However, other polymers 
such as hyaluronic acid (HA) with different concentrations did not 
present an obvious effect on the morphology of EGaIn nanodroplets 
(Fig. S6 in the ESM). Moreover, upon sonicating at room temperature 
or decreasing the volume (around 2/3) of the mixture, nanorod 
shape was achieved (Fig. S7 in the ESM).  

Then, various polymers with different surface groups and 
charges were explored as capping agents for EGaIn nanodroplets 
(Figs. S8–S11 in the ESM). All formulations (3 mg polymers, 80 μL 
EGaIn in 12 mL DI water) were sonicated under an ice bath for  
20 min. Briefly, positively-charged polyethylenimine (PEI) has good 
stabilizing ability and can disperse EGaIn into uniform nanospheres, 

 
Figure 2 Dynamic process of MNPs-stabilized EGaIn nanodroplets via sonication. (a) Absorbance spectra. (b) Hydrodynamic diameters and PDI. (c) Zeta
potentials. (d) TEM images with different sonication periods. Scale bar, 100 nm. 
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which is basically via the electrostatic interaction. Interestingly, 
HA could also stabilize EGaIn nanospheres via hydroxyl groups, 
but was with a relatively wide PDI. In the case of poly[2- 
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide 
(PDMAPS), a neutral polymer, only random-shaped EGaIn nano-
droplets could be produced. Collectively, polymers with reactive 
groups, including amino, thiol, and hydroxyl groups all can stabilize 
EGaIn nanodroplets, but their stabilizing efficacy and roles in 
controlling the shapes of LM nanodroplets differentiate significantly. 
Also, the influence of different LMs such as Galinstan and GaSn on 
the morphologies of final nanodroplets was investigated, utilizing 
MNPs as the capping agent. It was found that throughout the 
complete sonication periods (0–20 min), nanosphere was the only 
shape that was observed in both systems (Figs. S12 and S13 in the 
ESM).  

Based on these observations, we postulate a plausible formation 
mechanism of EGaIn nanorices as follows. At the beginning, sonication 
efficiently processed macroscopic EGaIn into small nanoparticles by 
strong shear force. Simultaneously, MNPs multidentately chelated 
to the surface of gallium oxide via catechol groups, significantly 
improving the solubility and stability of EGaIn nanodroplets in 
aqueous solution. Then, heat and ROS generation from sonication 
gradually induced the generation of GaO(OH) [22]. As previously 
reported, GaO(OH) with a nanorice morphology (spindle-like, 
ellipsoid-like) could be synthesized via laser ablation of Ga metal, 
followed with an aging process (~ 7 days) in the presence of 
cetyltrimethylammonium bromide (CTAB) as a surfactant [51]. In 
our case, sonication produced gallium-containing clusters in addition 
to EGaIn nanospheres, with the stabilization by MNPs. Subsequently, 
continuous sonication and increased solution temperature facilitated 
the further growth of gallium clusters and resulted in the formation 
of EGaIn nanorice.  

The same as conventional metals, LMs have excellent thermal 
conductivity and were once trialed as one kind of tumor ablation 
materials [52]. Chechetka et al. showed that LMs also had photothermal 
transduction capability upon near infrared (NIR) laser irradiation, 
despite its absorbance in the infrared region was not obvious as 
those of plasmonic materials or NIR dyes [19]. Processing LMs   
to nanodroplets with various shapes may potentially alter their 
photothermal properties, as in the case of gold nanoparticles [53]. 
Generally, the absorbance spectrum of LMs in the NIR region 
appears as a flat slope without typical absorbance peak, which is 

frequently observed in the circumstance of melanins and black 
phosphorus and good photothermal efficiency can still be achieved 
[54–56]. As shown in Fig. 4(a), the absorbance of EGaIn nanorods 
and nanorices were higher than that of EGaIn nanospheres, which 
possibly resulted from their larger sizes. Upon an 808 nm laser 
irradiation (2.0 W·cm−2), the temperature of EGaIn nanorices 
suspension (0.5 mg·mL−1) increased by 32.2 °C within 10 min, while 
the temperature increase of EGaIn nanorods and nanospheres 
suspensions were 28.8 and 23.7 °C respectively (Fig. 4(b)). In contrast, 
water exhibited only slight temperature increase (< 2 °C) under the 
same experimental conditions. Such photothermal heating effect 
was dependent on the concentration of EGaIn nanorices suspension 
and laser power (Figs. 4(c) and 4(d)). To further study the photostability 
of EGaIn nanorices, we also monitored the temperature variations 
for four heating-cooling cycles, no significant change of temperature 
elevation was found and the EGaIn nanorice suspension was still 
highly dispersed without precipitation (Fig. 4(e)). Such photostability 
was superior to many gold nanomaterials, whose nanostructures 
would often melt and lose typical absorbance upon repeated NIR 
laser irradiation [30, 57]. Additionally, according to Roper’s method, 
the photothermal conversion efficiencies (η) of EGaIn nanodroplets 
suspensions were also calculated (see the ESM), and η for nanorice, 
nanorod and nanosphere were 36.7%, 28.8%, and 33.3% respectively 
(Fig. 4(f)). It should be noted that such high photothermal conversion 
efficiencies result from the intrinsic photothermal properties of LMs, 
but not from the MNPs, since capping with PEI could accomplish 
comparable photothermal effect (Fig. S14 in the ESM). 

The excellent photothermal efficiency renders EGaIn nanorices a 
promising candidate for PTT [58]. To this end, we first tested the 
cytotoxicity of EGaIn nanorices (samples with 15 min sonication) 
against cancer cells by the cell counting kit-8 (CCK-8) assay. In  
Fig. 5(a), EGaIn nanorices presented negligible cytotoxicity towards 
4T1 cells in the absence of laser even when the concentration was 
high up to 500 μg·mL−1. In contrast, this concentration of EGaIn 
nanorices killed more than 90% of 4T1 cells upon continuous  
808 nm NIR laser irradiation (1.6 W·cm−2, 5 min), and this 
photothermal-induced cytotoxicity follows a concentration dependent 
manner. The in vitro cytotoxicity of EGaIn nanorices was also 
verified by Calcein AM/PI staining. Figure 5(b) reveals that cells 
treated with both EGaIn nanorices and laser irradiation suffer a 
significant cell death, while majority of 4T1 cells remain alive with 
treatment of EGaIn nanorices or laser irradiation separately. During 

 
Figure 3 Concentration dependent profile of MNPs capped EGaIn nanodroplets. (a) Daylight images of EGaIn nanodroplet aqueous suspensions. (b) Hydrodynamic
sizes and PDI. (c) Surface potentials. (d) TEM images, scale bar, 250 nm. 
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the continuous laser irradiation (5 min), the morphology of EGaIn 
nanorices was well retained without obvious shape transformation 
(Fig. S15 in the ESM). 

To further evaluate the in vivo photothermal efficacy of EGaIn 
nanorices, 4T1 breast tumor model was established in the female 
Balb/c mice. To achieve a high utilization of photothermal agents 
and retain the shape EGaIn nanorices, we used intratumoral injection 
rather than intravenous injection. Twenty-four mice were randomly 
divided into four groups: untreated mice, mice with only EGaIn 

nanorices intratumoral injection (0.25 mg·kg−1), mice with only laser 
irradiation, and mice with EGaIn nanorices injection and subsequent 
laser irradiation. Then, the mice were anaesthetized and the tumor 
was exposed to an 808 nm laser irradiation (1.6 W·cm−2, 5 min). 
The real-time infrared thermal images of mice and the temperature 
variations in the tumor region during PTT were recorded every 
minute (Fig. 5(c)). For mice injected with EGaIn nanorices, the 
temperature of irradiated area increased remarkably from 32.4 to 
~ 46.9 °C within 2 min and continuously increased to ~ 50.3 °C at   

 
Figure 4 (a) Absorbance of EGaIn nanodroplets with different shapes. (b) Photothermal responses of EGaIn nanodroplets with different shapes upon NIR laser
irradiation (808 nm, 2.0 W·cm−2, 10 min). DI water was used to as control. Photothermal responses of melanin-stabilized EGaIn nanodroplets with various (c) power 
intensities and (d) concentrations and (e) four circles upon NIR laser irradiation (808 nm, 2.0 W·cm−2, 500 μg·mL−1). (f) Linearity curves fitted from the temperature 
cooling time vs. −ln(ΔT/ΔTmax) of EGaIn nanodroplets with different shapes. The EGaIn nanodroplets concentration was 250 μg·mL−1. 

 
Figure 5 (a) Cytotoxicity of EGaIn nanorice with or without laser irradiation. (b) Calcein AM/PI staining of 4T1 cells with treatment using different formulations.
(c) Thermal images of mice under laser irradiation (1.6 W·cm−2, 5 min) at different time intervals. (d) In vivo bioluminescence imaging of the 4T1 tumor growth in mice 
treated (intratumoral injection, and the therapy started from the 5th day after tumor inoculation) with: PBS, PBS + Laser, EGaIn nanorice, and EGaIn nanorice + Laser 
(n = 6). (e) Average tumor volumes of treated mice (n = 6). Data are shown as the mean ± s.d. *** P < 0.001, two-way ANOVA with Tukey post-hoc test analyses. 
(f) Survival curves of mice receiving different treatments (n = 6). ***P < 0.001, by Log-Rank (Mantel-Cox) test. (g) Body weight curves of treated mice (n = 6). Data are 
shown as the mean ± s.d. 



 Nano Res. 2019, 12(6): 1313–1320 

 | www.editorialmanager.com/nare/default.asp 

1318 

5 min, and this temperature is high enough for effective tumor 
ablation [59]. In contrast, the control group with only laser irradiation 
obtained a slight temperature increase (~ 2.5 °C) under the same 
condition, suggesting that EGaIn nanorices can convert light energy 
to heat effectively, and the conditions of the laser irradiation 
employed here would not result in hyperthermia and cause no 
damage to normal tissues. After the PTT, tumors that were treated 
with both EGaIn nanorices and laser irradiation generated dark 
burned scars, leaving a negligible amount of bioluminescence at the 
third day post treatment (Fig. 5(d)). During the following 60 days, 
no tumor recurrence was observed. In contrast, for groups treated 
with only EGaIn nanorices injection or laser irradiation, corresponding 
tumor volumes increased rapidly and exhibited a similar trend to 
those of untreated mice, and all these mice died within 27 days post 
treatment (Figs. 5(e) and 5(f)). These results accompanied with 
the hematoxylin and eosin (H&E) section (Fig. S16 in the ESM) 
suggested that EGaIn nanorices as a PPT agent could efficiently ablate 
the tumors. Moreover, PTT did not lead to significant body weight 
loss, indicating good biocompatibility of EGaIn nanorices (Fig. 5(g)).  

3 Conclusions 

In summary, ultrasmall MNPs can be exploited as a capping agent 
for the shape-controlled synthesis of LMs nanodroplets. By simply 
tuning the parameters such as the concentration of MNPs, sonication 
period and temperature, LMs nanodroplets can be readily dispersed 
in aqueous solutions and spontaneously self-assembled into various 
nanostructures including nanorice, nanosphere and nanorod. Of 
note, the unique EGaIn nanorices exhibit the best photothermal 
conversion efficiency in comparison to the nanosphere and nanorod. 
Accompanied with excellent photostability and biocompatibility, 
EGaIn nanorices can be harnessed as a promising PTT candidate 
for tumor ablation. 

4 Methods 

4.1 Synthesis of water-soluble melanin nanoparticles 

(MNPs)  

Based on a previous method [29], melanin (50 mg) was dissolved in 
20 mL of 0.1 N NaOH aqueous solution, followed by HCl aqueous 
solution (0.1 N) addition until the pH was neutral. The solution 
was then purified using Amicon® ultra centrifugal filters (MWCO = 
30 kDa) and washed with deionized water to eliminate the salt. 
Freeze-drying gave the final black MNP powders with a yield of 
65.4%. 

4.2 Dynamic process of MNPs stabilized EGaIn/Galinstan/ 

GaSn nanodroplets  

MNPs (3.0 mg) and EGaIn (80 μL) were added into 12 mL deionized 
water and purged with argon for 10 min. During the sonication   
in an ice bath, every 2 mL aliquots of mixtures were dynamically (2, 
4, 6, 10, 15, 20, 30, and 40 min) taken out. After sonication, the 
precipitated particles were discarded, and the remaining suspension 
was further subject to mild centrifugation (1,000 rpm) to remove 
large particles, and the resultant solution was kept as a stock solution 
for further use and characterizations. Dynamic MNPs stabilized 
Galinstan and GaSn nanodroplets were synthesized using the similar 
method. 

4.3 Synthesis of methacrylated hyaluronic acid (m-HA) 

m-HA was synthesized according to our previous work [60]. 
Typically, HA (2.0 g) was dissolved in 60 mL of deionized water at  
4 °C, then methacrylic anhydride (MA, 1.6 mL) was slowly added 
into the solution. Through the reaction, the pH of the mixture was 

adjusted to 8–9 by the addition of 1 N NaOH and stirred at 4 °C  
for 30 h. Afterwards, the mixture was dialyzed against deionized 
water for 3 days. m-HA was achieved by lyophilization with a yield 
of 84.7%. 

4.4 Synthesis of PDMAPS 

PDMAPS was prepared using 4-cyano-4-(phenylcarbonothio-
ylthio)pentanoic acid as a RAFT agent and ACVA as an initiator  
in a Schlenk tube, respectively. A representative example is as 
follows [61]: DMAPS (279.4 mg, 1.0 mmol), PEG950 (850 mg, 
0.895 mmol), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid 
(18.6 mg, 0.067 mmol), ACVA (4.7 mg, 0.0168 mmol) were dissolved 
in 0.5 M sodium chloride solution with tuning pH to 7. Then,  
the solution was degassed by three freeze-evacuate-thaw cycles. 
The mixture was left at 70 °C preheated oil for 20 h. Later, the raw 
product was purified by dialysis against deionized water for 2 days 
and freeze-drying to give slight pink spongy powders. Yield: 87.6%. 

4.5 Preparation of polymer stabilized LM (EGaIn and 

Galinstan) nanoparticles  

Various polymers were employed as stabilizing reagents for the 
aqueous synthesis of liquid metal nanoparticles, including cationic, 
ionic and neutral polymers. In a typical procedure, 5 mg polymers 
(MNPs, PEI, HA and PDMAPS) were dissolved in 12 mL deionized 
water in a 50 mL filtration tube and purged with argon for 10 min. 
Then, the tube was subjected into the ice bath and added 80 μL  
LM (EGaIn and Galinstan). A Fisherbrand™ Model 505 Sonic 
dismembrator (Thermal Scientific) was used for sonication (frequency: 
20 kHz; power rating: 500 Watts; probe diameter is 3 mm). The 
amplitude of the dismembrator was adjusted to 35% and the sonication 
proceeded for demanded time. After sonication, the precipitated 
particles were discarded, and the remaining suspension was further 
subject to mild centrifugation (1,000 rpm) to remove large particles, 
and the resultant solution was kept as a stock solution for further use. 

4.6 In vitro photothermal cytotoxicity of EGaIn nanoparticles  

4T1 cells were seeded in a 96-well plate at a density of 104 cells/well 
and incubated for 24 h. Then, the cells were incubated with EGaIn 
nanorice solutions at different concentrations (0, 50, 100, 250, 500, 
1,000 μg·mL−1, 100 μL/well) for 4 h. After PBS washing, all groups 
were replaced with fresh RPMI 1640 (50 μL), and then irradiated 
with an 808 nm laser for 5 min at a power intensity of 1.6 W·cm−2. 
Similar procedure was performed in control groups while no laser 
irradiation was applied. Cell viability was examined following the 
standard procedure of CCK-8 assay. 

4.7 In vivo photothermal ablation of tumors  

All animals were treated in accordance with the Guide for Care and 
Use of Laboratory Animals, and was approved by the Institutional 
Animal Care and Use Committee (IACUC) of North Carolina 
State University. The tumor xenograft model was established on 
the female BALB/c mice (6 weeks, The Jackson Laboratory), with 
subcutaneous inoculation in the back with 1 × 106 4T1 cells. Five 
days after tumor inoculation, tumor volumes were around ~ 90 mm3. 
The mice were divided into four groups (G1: EGaIn nanorice + 
Laser; G2: EGaIn nanorice; G3: PBS + Laser; G4: PBS) (n = 6). Mice 
were intratumorally injected with EGaIn nanorice, and the therapy 
started from the fifth day after tumor inoculation. In a typical 
photothermal therapy procedure, 25 μg EGaIn nanorice in 50 μL PBS 
were intratumorally injected into the tumor of the mice. Afterwards, 
laser irradiation (1.6 W·cm−2) was employed for continuous irradiation 
on the tumor of mice for 5 min. The tumor burden was monitored 
via tumor bioluminescence and the images were captured on an 
IVIS Lumina imaging system (Perkin Elmer).  
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