
Theranostics 2025, Vol. 15, Issue 17 
 

 
https://www.thno.org 

8795 

 

Theranostics 
2025; 15(17): 8795-8821. doi: 10.7150/thno.116184 

Review 

Liquid Metal Gallium Pharmaceuticals 
Dawei Wang1,2#, Wei Xu1,2#, Yuxin Liu1,2, Luying Chen1,2, Ting He1,2, Hong Tan1,2, Shuting He1,2, Jie Zhu1,2, 
Caiting Wang1,2, Zhongyang Yu3,4, Chong Li5,6, Weidong Pan1,2, Wei Rao7,8, and Jing Liu7,8 

1. Key Laboratory of Plant Resource Conservation and Germplasm Innovation in Mountainous Region (Ministry of Education), School of Pharmaceutical 
Sciences, Guizhou University, Guiyang 550025. Guizhou Province, China. 

2. Guizhou Provincial Key Laboratory of Innovation and Manufacturing for Pharmaceuticals/Guizhou Engineering Laboratory for Synthetic Drugs, School of 
Pharmaceutical Sciences, Guizhou University, Guiyang 550025. Guizhou Province, China. 

3. Oncology Department, Dongfang Hospital, Beijing University of Chinese Medicine, Beijing, 100078, China.  
4. Graduate School, Beijing University of Chinese Medicine, Beijing, 100029, China. 
5. School of Pharmaceutical Sciences, Southern Medical University, Guangzhou 510515, China. 
6. College of Pharmaceutical Sciences, Southwest University, Chongqing 400716, China.  
7. State Key Laboratory of Cryogenic Science and Technology, Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, Beijing 100190, 

China. 
8. School of Future Technology, University of Chinese Academy of Sciences, Beijing 100049, China. 

# D.W. and W.X. contributed equally to this work.  

 Corresponding authors: Dawei Wang (Email: dwwang@gzu.edu.cn), Wei Rao (Email: weirao@mail.ipc.ac.cn) and Jing Liu (Email: jliubme@tsinghua.edu.cn). 

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 
See https://ivyspring.com/terms for full terms and conditions. 

Received: 2025.04.21; Accepted: 2025.05.29; Published: 2025.08.11 

Abstract 

The room temperature liquid metal gallium, as a multi-targeted pharmacologically active metallic element with long historical 
investigation, has shown great potential in the field of medicine, especially in antibacterial, anti-inflammatory, anticancer, 
osteogenesis, radio-pharmacology, molecular imaging and more emerging drug categories. However, diverse structures and 
physical/chemical compositions, complex interactions with living organisms, and insufficient mechanism interpretation, pose 
serious challenges for the clinical translation of gallium-based pharmaceuticals. This review systematically identified and described 
promising gallium-based pharmaceuticals, with emphasis on typical features, fundamental pharmaceutical activities, representative 
pharmaceutical formulations, and practical implementations, aiming to inspire innovative concepts for drug discovery and further 
investigation. Meaningfully, new insights into gallium-based liquid metals for screening pharmaceutical formulations are presented, 
which promise to bring broader strategies for enhancing the bioavailability, targetability, biocompatibility and pharmacological 
efficacy of active pharmaceutical ingredients (Ga(0)/Ga(III)). Besides, the unresolved challenges and future perspectives of these 
emerging gallium-based pharmaceuticals were also outlined, aiming to aid for future academic explorations and translational 
medicine of gallium-based pharmaceuticals. Overall, gallium-based pharmaceuticals with tremendous pharmaceutical formulations 
and pharmaceutical activities open up a huge scope great potential for future pharmaceutical engineering, which are promising to 
usher epochal metallodrug development with a series of breakthrough discoveries and pioneering technologies. 
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Introduction 
In the last decades, the concept of 

“metallodrugs” has gradually been emphasized, since 
the success of cisplatin, auranofin and their 
derivatives [1, 2]. The room temperature liquid metal 
gallium, a rare metallic element, occupies an 
important role in the electronics industry, which is 
predominantly used in semiconductors, light-emitting 
diodes and solar energy applications. However, as 
seldomly recognized, gallium is also important in 
medical and pharmaceutical sciences, mainly because 
of their specific physicochemical properties, favorable 

biosafety and unique pharmaceutical activities [3-7]. 
In the biomedical field, gallium has been 

regarded as the second metal after platinum with long 
historical investigation [8], since gallium and its 
related derivatives are widely used for malignancy- 
associated hypercalcemia, radio-pharmacology and 
molecular imaging [3, 4, 6-10]. As early as 1931, 
Levaditi et al. revealed that gallium tartrate could 
eradicate syphilis in rabbits and trypanosomes in mice 
[11]. Subsequently, further evaluation of gallium as a 
potential therapeutic agent appears to have stalled 
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[12]. Until the late 1970s, the gallium nitrate entered 
clinical trials as a National Cancer Institute 
(NCI)-designated investigational drug (NSC 15200), 
since its antineoplastic activity was demonstrated in 
rodents [8]. In 1991, the gallium nitrate became the 
first gallium (III) compound that received Food and 
Drug Administration (FDA) approval, for the clinical 
treatment of malignancy-associated hypercalcemia 
[8], with superior efficacy and safety compared to 
traditional drugs (e.g., glucocorticoids, pamidronate, 
calcitonin, and bisphosphonates) [13-15]. Since then, 
the preclinical and clinical progress continues 
unabated, ranging from simple gallium salts to more 
structurally complex gallium complexes, with more 
diverse therapeutic activities being explored against 
cancer, infection, and inflammation, etc [4, 6, 7, 9, 12, 
16, 17]. Apart from the therapeutic activities, the 
diagnostic activities of gallium radioisotopes are also 
impressive. In the 1950s, gallium's applications in 
medical imaging were initiated, since researchers 
discovered that the radioisotope 67Ga would 
concentrate within implanted tumors in rodents [18]. 
Subsequently, 68Ga-labelled pharmaceuticals are 
emerging for target-specific molecular imaging, 
which have been approved as positron emission 
computed tomography (PET) agents in clinical trials 
[19-22]. In addition, more innovative gallium-based 
pharmaceutical formulations are constantly being 
developed, such as nanomedicines, nano-sensitizers 

and nano carriers, which provide strong support for 
more precise and personalized diagnostic and 
therapeutic treatments (overview in Figure 1) [23-28]. 

In recent years, liquid metal gallium and its alloy 
are receiving ever explosive investigations with many 
of their physical or chemical properties increasingly 
disclosed. It is time to revisit, clarify and significantly 
expend the pharmaceutic roles of gallium. This 
review is dedicated to systematically identify and 
describe diverse gallium-based pharmaceuticals, with 
emphasis on typical features, fundamental pharma-
ceutical activities, representative pharmaceutical 
formulations, and practical applications, hoping to 
inspire innovative concepts for further investigation. 
The content began with a relatively elaborate 
description of the basic physicochemical properties, 
followed by a detailed introduction of the 
fundamental pharmaceutical activities (e.g., 
antibacterial, anti-inflammatory, antineoplastic and 
osteogenic activities). Then, the vision was expanded 
to representative pharmaceutical formulations, such 
as compounds, complexes, nanomedicines, sensitizers 
and bioactive materials, in terms of practical 
applications for therapeutic agents, diagnostic agents, 
and drug carriers. Meaningfully, new insights into 
gallium-based liquid metals (LMs, commonly defined 
as metals or alloys with melting points below or near 
room temperature) for innovative pharmaceutical 
formulations are presented, which are expected to 

 

 
Figure 1. The timeline for the development of gallium-based pharmaceuticals. 
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bring broader implications for enhancing the 
bioavailability, targetability, biocompatibility and 
pharmacological efficacy of active pharmaceutical 
ingredients (Ga(0)/Ga(III)). Finally, the unresolved 
challenges and future outlooks of these emerging 
gallium-based pharmaceuticals were also 
summarized. Overall, gallium-based pharmaceuticals 
with diverse pharmaceutical formulations and 
pharmaceutical activities hold great potential for 
biomedicine applications, which are promising to 
usher epochal metallodrug development with 
in-depth mechanism exploration and technological 
innovation. 

Typical Physicochemical Properties 
Gallium (Ga, group IIIa metal, atomic number 

31, atomic weight 69.72, electron arrangement 
[Ar]3d104s24p1) was the first element in chemical 
history to be theoretically predicted and then 
discovered and verified in nature. Since the 
mid-1940s, gallium and its derivatives (radioisotopes, 
gallium compounds, gallium complexes, gallium- 
based LMs, gallium-based bioactive materials, etc.) 
have attracted a wide range of interest in the 
biomedical field [10]. Meanwhile many specific 
physicochemical properties and pharmaceutical 
activities are gradually being explored. 

Gallium: Gallium is available in the earth's crust 
in contents of only 0.0015%, and is usually associated 
with bauxite and lead-zinc ores without forming a 
separate mineral. In the molten state, gallium appears 
silver-white in color and turns light blue upon 
solidification, with a volume expansion of 
approximately 3.2% [29]. Notably, gallium exhibits a 
pronounced supercooling phenomenon (markedly 
below its melting temperature), with an even more 
intensified effect at the micro- and nanoscale levels 
[17]. Compared to the few low melting point metallic 
elements (below 40 °C), such as mercury (Hg), 
rubidium (Rb), cesium (Cs), and francium (Fr), 
elemental gallium is more suitable for biomedical 
applications due to its non-toxicity (up to 500 mg in 
healthy humans), non-radioactivity (69Ga), and 
extremely low vapor pressure (~10-35 Pa at 30 °C) [5, 
30].  

Gallium (III) ion: The metallic element gallium 
possesses similar amphoteric chemical properties as 
aluminum, which makes it soluble in acids and bases 
accompanied by hydrogen generation [17]. While 
gallium's strong electronegativity and electrochemical 
potential window may offer remarkable possibilities 
for potential therapeutic activity, since the in vivo 
electrochemical reactions may disturb ionic 
equilibrium (reduction potential E0: Zn (-0.763V) < Ga 
(-0.56 V) < Fe (-0.41 V) < Cu (+0.34 V)) and the redox 

reactions may help to maintain intracellular redox 
homeostasis [17, 26, 27]. In its prevalent cationic state, 
the gallium ion (Ga³⁺) exhibits analogous chemical 
behaviors to that of the iron ion (Fe³⁺), notably in their 
respective octahedral (Ga³⁺: 0.62 Å versus high-spin 
Fe³⁺: 0.645 Å) and tetrahedral (Ga³⁺: 0.47 Å versus 
high-spin Fe³⁺: 0.49 Å) ionic radii dimensions. 
Additionally, their ionization energies (Ga³⁺: 64 eV, as 
opposed to high-spin Fe³⁺: 54.8 eV) and electron 
attractions (Ga³⁺: 30.71 eV, akin to high-spin Fe³⁺: 
30.65 eV) also display close proximity. However, a 
significant difference between gallium and iron is that 
iron is redox-active and can switch between the 
steady state divalent Fe (II) and trivalent Fe (III). In 
contrast, the stable valence state of gallium exists only 
as gallium (III) [12]. Consequently, Ga³⁺ possesses the 
potential to mimic Fe³⁺ in diverse biological 
frameworks, fostering prospects for therapeutic 
applications [3, 4, 12]. 

Gallium based liquid metals: Gallium-based 
LMs (represented by gallium and gallium-indium 
alloys) can be regarded as amorphous solids in the 
molten state, and exhibit mobility and metallicity that 
are fundamentally different from solid metals and 
other liquids [17, 30]. As an emerging class of 
bioactive materials, gallium-based LMs possess 
diverse intrinsic characteristics, such as metallic 
properties (high thermal conductivity, electrical 
conductivity, and surface tension), amorphous 
properties (excellent fluidity, flexibility, 
deformability, and self-healing ability), as well as 
other favorable properties (biocompatibility, 
biodegradability, facile functionalization accessibility, 
solid-liquid phase transition, catalytic properties, and 
stimuli-responsiveness) [5, 17, 31-37]. In recent years, 
gallium-based LMs have received sustained attention, 
spawning various groundbreaking frontiers and 
breakthrough technologies in the biomedical field, 
including diagnostic agents, nanomedicines, drug 
delivery carriers, and bioactive materials, etc [5, 6, 32, 
34, 38-42]. 

Pharmaceutical Activity  
Gallium and related derivatives have received 

much attention due to their excellent biosafety and 
distinctive pharmacological activities [7]. 
Fundamentally, gallium is a classic multi-target drug 
that may interfere with iron metabolism/iron 
homeostasis, dysregulate cellular redox homeostasis 
and modulate the immune response, thus showing 
promising antimicrobial, anti-inflammatory, and 
antineoplastic activity [6, 9, 17, 43]. Besides, gallium 
radioisotopes (67Ga, 68Ga) and gallium-based LMs are 
also promising diagnostic agents due to their inherent 
high density, electromagnetic properties and 
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radioactivity. Moreover, owing to the unique stimulus 
sensitivity and transformability, gallium-based 
nanomedicines can not only provide therapeutic 
activities through heat accumulation, ROS generation, 
and galvanic replacement, but also serve as 
innovative responsive drug carriers for 
spatiotemporally controlled intracellular drug 
delivery. Hence, gallium and related derivatives have 
exhibited exceptional pharmaceutical activities in 
various fields, which deserve intensive research. 

Biosafety 
With the increased attention devoted to gallium 

in the biomedical field, toxicological studies are 
emerging as an essential issue. Early clinical 
applications and recent preclinical studies have 
substantially confirmed that various gallium 
derivatives, e.g., compounds complexed with nitrate, 
arsenide, thiosemicarbazone, or maltol, micro/ 
nanoparticles conjugated with drugs, ligands, 
polysaccharides, or inorganic compounds, as well as 
macroscopic forms of gallium-based LMs, can be 
considered with low toxicity in terms of cytotoxicity, 
hepatotoxicity, hemotoxicity, and histotoxicity [6, 17, 
44, 45]. In particular, despite the fact that gallium is 
not an essential element for living organisms, it is 
generally considered biocompatible and non-toxic at 
low doses due to its inability to enter erythrocytes 
(avoiding interference with oxygen transportation), 
biodegradability in the physiological environment 
(e.g., Ga0 degradation or dissolution via redox 
reactions or oxidative enzymatic reactions, with 
release of Ga³⁺ ions [37]), coupled with efficient 
excretion through metabolic processes in the form of 
feces and urine [5, 7, 46]. Thus, the virtually non-toxic 
and biodegradable characteristics of gallium lays the 
foundation for the safe biomedical applications of 
related derivatives. However, despite the exponential 
growth of relevant research, the investigation of the 
toxicological effects and possible hazards of gallium 
and related derivatives on living organisms is still in 
their infancy (for details, see Ref [46]).  

Antimicrobial Activity 
The emergence of antibiotic resistance and 

drug-resistant "superbugs" poses a major threat to 
global public health [47]. In response to the growing 
threat of antimicrobial drug resistance, metallic 
antimicrobials are flourishing with potent 
antimicrobial efficacy and favorable safety profile, 
such as Au, Ag, Cu, Zn, Al, Ga, Sn, and Bi-based 
metallic antimicrobials. These metallic antimicrobials 
can be toxic to pathogenic bacteria through various 
antimicrobial mechanisms, such as disrupting redox 
metabolic chains, disrupting cell membranes and 

inducing protein dysfunction [48]. 
Among them, gallium and related derivatives (in 

the form of nanomedicines, compounds, complexes, 
etc.) are the most promising candidates as 
antimicrobial agents, which may promise impactful 
and innovative strategies against antimicrobial 
resistance [48]. Iron ions are one of the most essential 
metal ions required for bacterial survival, involving 
bacterial cellular respiration, DNA synthesis and 
reactive oxygen species (ROS) defence [49]. Bacteria 
require access to iron ions to combat iron deficiency, 
while the major strategies include (Figure 2A): (i) 
secreting various ferric complexes (e.g., ferric 
chelating siderophores or hemophores) that bind to 
Fe(III) for active intracellular transport [50]; (ii) 
acquiring Fe from iron-binding proteins via specific 
transport systems contain specific surface receptors 
[51]; and (iii) direct uptaking Fe(II) via the bacterial 
ferrous iron (Feo) transport systems on the 
cytoplasmic membrane [52]. Thus, a new generation 
of antimicrobial agents can be developed targeting Fe 
uptake and metabolism, since iron ions play a crucial 
role in microbial physiology and pathogenicity. In this 
regard, gallium and its derivatives as antimicrobial 
therapeutics can inhibit the growth of common 
pathogenic bacteria (including E. coli, P. aeruginosa, H. 
influenzae, S. aureus and A. baumannii), mainly 
attributed to the competitive binding between gallium 
and iron [48]. As the most well-known antimicrobial 
mechanism, Ga3+ tend to compete with Fe3+ owing to 
their high degree of similarity [53], in terms of 
tetrahedral and octahedral ionic radii, ionization 
potentials, electron affinities, and chemical properties 
(called "Trojan horse" strategy [7]) [6, 49]. Unlike iron, 
gallium cannot toggle between oxidation states once 
bound to siderophores, since gallium has only one 
stable oxidation state (Ga3+) [48]. Therefore, 
gallium-based antimicrobials are considered to be 
redox-inert Fe(III) competitive inhibitors, which could 
effectively interrupt Fe(III) metabolism and lead to 
pathogenic bacteria death (Figure 2B). In addition to 
inhibition of iron metabolism [53], the gallium-based 
antimicrobials can also achieve antimicrobial effects 
through other mechanisms, e.g., generation of ROS 
[54], accumulation of heat [55], envelope stress and 
generation of mechanical disruptions [56] in response 
to external stimulus (Figure 2C-D). 

Anti-inflammatory Activity 
Inflammation is one of the main defensive 

responses when the immune system against harmful 
stimuli, but prolonged or chronic inflammatory 
processes may trigger serious side effects, such as 
causing tissue damage and destruction, promoting 
the progression of specific diseases (e.g., cancer, 
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cardiovascular disease, diabetes, etc.), and inducing 
organ dysfunction or even failure [7]. Invasion of 
pathogens (e.g., bacteria, viruses, fungi, etc.) is one of 
the main factors triggering the inflammatory 
response, since the pathogens may cause infection 
and activate immune cells (e.g. macrophages, 

neutrophils, etc.) to release a variety of inflammatory 
mediators (e.g. cytokines, chemokines, etc.) [57].  
Additionally, pathogens may also stimulate host 
inflammation utilizing virulence factors and 
pathogen-associated molecular patterns (PAMPs) 
[58]. 

 
 

 
Figure 2. Representative antimicrobial mechanisms of gallium and its derivatives: (A) The main iron acquisition mechanisms of bacteria: i) 
Hemophore/siderophore-dependent uptake systems, ii) Iron uptake systems contain specific surface receptors, iii) Ferrous iron transport systems. Created with 
Smart.Servier.com. (B) "Trojan horse" strategy, i.e., Ga3+ as non-functional Fe3+ mimic to effectively interfere with iron metabolism/iron homeostasis, and subsequently triggering 
downstream effects; (C) Stimulus-response strategy, i.e., inducing ROS generation, heat accumulation, and shape transformation via physicochemical stimulus; (D) Mechanical 
damage strategy, i.e., inducing destructive forces through physical deformation of gallium-based LMs, including envelope stress, membrane disruption, biofilm disruption. 
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Gallium-based anti-inflammatory drugs are a 

new class of drugs with unique anti-inflammatory 
mechanisms, which can exert anti-inflammatory 
activity through various pathways such as interfering 
with iron metabolism, generating oxidative stress and 
modulating the immune response. Gallium 
compounds, as a source of Ga3+ ions, have historically 
been employed as anti-inflammatory agents in related 
diseases, such as inflammatory arthritis [59], 
autoimmune encephalomyelitis [60], and systemic 
lupus erythematosus [61]. It has been demonstrated 
that Ga3+ ions may exert anti-inflammatory effects via 
modulating the production of pro-inflammatory 
cytokines and nitric oxide (NO) from activated 
immune cells [59, 62, 63]. While, the current rational 
anti-inflammatory mechanism of Ga3+ ions is still a 
"Trojan horse" strategy, whereby the substitution of 
Fe3+ binding to iron-binding proteins (e.g. transferrin 
Tf) may impede the native protein functions and 
further disrupt the iron homeostasis in immune cells 
[3, 4, 64]. 

Although this mechanism is effective in 
suppressing the inflammatory response, it may also 
disrupt the iron homeostasis of non-targeted cells, 
thereby affecting normal cell proliferation and 
differentiation, and inducing adverse downstream 
effects [4]. Recently, nanomedicines constructed from 
gallium-based LMs have emerged as new 
pharmaceutical formulations, which not only retain 
the anti-inflammatory activity of gallium ions, but 
also significantly improve the biocompatibility and 
targetability. In contrast to gallium compounds, 
gallium-based nanomedicines could alleviate 
inflammation via selectively inhibiting NO production 
without interfering with Fe homeostasis or affecting 
the accumulation of other pro-inflammatory 
mediators (e.g. IL-6, TNF-α) [48, 64]. Typically, 
Kalantar-Zadeh, K. et al. found that gallium 
nanodroplets (GNDs) may inhibit NO production by 
interfering with the mRNA translation of inducible 
nitric oxide synthase (iNOS) through the up- 
regulation of the phosphorylation level of eukaryotic 
initiation factor-2α (eIF-2α) [64]. While the anti- 
inflammatory activity of GNDs without interfering 
with normal cellular iron metabolism is closely 
correlated with the intracellular dissemination route, 
i.e., gallium-based nanomedicines are uptaken by 
cells via endocytosis rather than relying on the iron 
transferrin receptor (TfR). In addition, the 
gallium-based nanomedicines may enable more 
precise targeted enrichment within inflammatory 
tissues, leading to more effective alleviation of the 
local inflammatory response and further reducing 
potential systemic side effects.  

In summary, gallium-based anti-inflammatory 
drugs with unique anti-inflammatory mechanisms 
have exhibited great potential for application and will 
play a more important role in future anti- 
inflammatory therapy as research progresses. 

Antineoplastic Activity 
In light of the rapid metabolic and proliferative 

characteristics of cancer cells, their physiological 
processes require significantly more iron than healthy 
cells [65]. Based on this biological difference, scholars 
have also explored the antineoplastic activity of 
gallium-based pharmaceuticals mainly relying on the 
"Trojan horse" strategy (Figure 3A) [16]. This strategy 
precisely targets the weaknesses of cancer cells, laying 
a solid biochemical foundation for the development of 
gallium-based anti-cancer drugs. With the deepening 
of research, the field of gallium-based anticancer 
drugs is developing rapidly, and is expected to bring 
revolutionary breakthroughs in cancer treatment. 

Although the "Trojan horse" strategy provided 
an initial insight into gallium's antineoplastic activity, 
as scientific research has progressed, researchers have 
come to realize that gallium-induced antineoplastic 
effects may be far more complex than a simple "iron 
competition" mechanism [66, 67]. Previous studies 
revealed that gallium (in the form of compounds or 
complexes) can trigger the production of 
mitochondrial ROS, which in turn up-regulates the 
expression of metallothionein and heme oxygenase-1 
(HMOX-1) [68, 69]. However, the researchers have not 
directly associated these biological phenomena 
(consistent with redox homeostasis dysregulation) 
with "ferroptosis", since they were discovered before 
the concept of "ferroptosis" was introduced. 
Subsequently, the pioneering studies carried out by 
Kasparkova J. et al. [70] and Pettinari R. et al. [71] 
have revealed that the gallium complexes can induce 
ferroptosis via iron metabolism disruption or cellular 
redox homeostasis dysregulation. In addition, several 
studies have revealed the mechanism of gallium 
complex-induced ferroptosis. Particularly 
noteworthy, Zhang J. et al. reported a gallium 
complex (Ga3+ complex with planar salen ligands) 
that targets protein disulfide isomerase (PDI), which 
may induce endoplasmic reticulum (ER) stress- 
mediated cell death (Figure 3B) [66]. While the 
subsequent mechanistic studies have shown that this 
gallium complex can act as an effective anion 
transporter, which may disrupt membrane integrity 
and trigger an overload of cellular iron ions, leading 
to the accumulation of lipid peroxides and ultimately 
ferroptosis (Figure 3C) [16]. More importantly, they 
also found that this gallium complex may also target 
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PDI located in the ER membrane, thus enforcing 
ferroptosis via preventing the repair of the antioxidant 
glutathione (GSH, which may inhibit ferroptosis) 
system (Figure 3B). Unlike the classical "iron 
competition" hypothesis, this mechanism of 
synergistically induced ferroptosis may provide 
important clues for elucidating the antineoplastic 
activity of gallium-based pharmaceuticals. 
Furthermore, previous studies have also 
demonstrated that gallium and its derivatives possess 
significant immunostimulatory capabilities in cancer 
immunotherapy, which promises to be another 
representative anticancer mechanis [43, 72, 73]. For 
example, our group has revealed that gallium 
nanoplatform may not only effectively destroy 
orthotopic tumors (upon external energy stimulation) 
to generate multifarious autologous antigens, but may 
also enable precise modulation of antigen-presenting 
cells (APCs, primarily dendritic cells) functionality via 
immunoadjuvant capacity, which ultimately awaken 
robust and durable antineoplastic immune responses 
(Figure 3D) [43]. The potential immunoadjuvant 
capacity of gallium nanoplatform may benefit from 
the unique adsorbability of the spontaneously formed 
gallium oxide surface layer ("depot effect" 
mechanism, enable sustained antigen release to 
prolong the bioavailability of immunogens) and 
intrinsic immunostimulatory properties of gallium 
(metallicity, to induce cytokines secretion, and 
enhance maturation/activation of APCs). While the 
antineoplastic immune responses may ascribe to 
enhanced differentiation and recruitment of T 
lymphocytes (e.g., tumor-specific cytotoxic T 
lymphocytes, central memory T cells and effector 
memory T cells), upregulated secretion of pro- 
inflammatory cytokines and chemokines cytokines 
secretion (e.g., interleukin 6 (IL-6), interleukin 12 
(IL-12), tumor necrosis factor α (TNF-α), and 
interferon gamma (IFN-γ)) and remodeling of the 
immunosuppressive tumor microenvironment (e.g., 
immunosuppressive cells reduction). However, the 
interactions between gallium-based pharmaceuticals 
and organism and the antineoplastic mechanisms still 
deserve more in-depth elucidation, which is crucial 
for the design and development of novel 
gallium-based anticancer drugs.  

Osteogenic Activity 

Gallium, as a unique metallic pharmaceutical 
element, has attracted widespread attention in the 
field of orthopedics, while its remarkable osteogenic 
activity provides a new perspective for the treatment 
of a variety of bone-related diseases [13, 74-78].  

The osteogenic activity of gallium is primarily 

derived from a dose-dependent anti-osteoclastic 
effect, which may reduce the resorption, 
differentiation and formation of osteoclasts without 
negatively affecting osteoblasts [79]. Since osteoclasts 
as multinuclear giant cells play an important role in 
releasing minerals and other molecules stored in the 
bone matrix, which are responsible for the 
decomposition and resorption of bone tissue. While 
osteoblasts are responsible for bone tissue 
remodelling (Figure 4) [80]. The osteogenic 
mechanisms of gallium-based drugs are complex and 
subtle, mainly including the following aspects [79, 81, 
82]: 1) Regulation of gene expression: Gallium can 
regulate the expression of genes closely related to 
bone metabolism, thus contributing to maintaining 
bone stability (Figure 4A). For example, Ga can 
significantly downregulate the expression of specific 
osteoclast differentiation early marker genes, 
including NFATc1, FRA-2, JDP-2 and JUND, thereby 
inhibiting osteoclast differentiation [79, 82]. And may 
also inhibit the osteocalcin gene expression and 
subsequently impede bone resorption, since the 
osteocalcin as osteoblast-specific bone matrix protein 
can trigger osteoclast resorption [81]. 2) Reducing 
enzyme secretion: Gallium exhibits significant 
inhibitory effects on enzymes responsible for bone 
matrix degradation and bone resorption, such as 
matrix metalloproteinases (MMP13), which helps to 
maintain the integrity of the bone tissue (Figure 4B). 3) 
Influencing calcium homeostasis: Gallium may 
reduce bone destruction via affecting calcium 
homeostasis, e.g., blocking Ca²⁺ entry through 
TRPV-5A channels (a calcium channel highly 
expressed in osteoclasts) to interfere with the normal 
physiological function of osteoclasts [82]. 
Additionally, gallium may also increase bone calcium 
content and hydroxyapatite crystallite perfection of 
bone tissue by affecting dissolution behavior (e.g., 
reducing acid secretion from osteoclasts) (Figure 4C) 
[75]. 4) Enhancing osteoblast differentiation: It is 
noteworthy that gallium can preferentially 
accumulate in active bone-forming areas [83] and 
enhance the early differentiation of osteoblasts 
phenotype [78, 84], which further confirms its 
potential to promote bone regeneration (Figure 4D). 

Overall, gallium-based pharmaceuticals hold 
great potential as novel orthopedic drugs in light of 
gallium's dual role in inhibiting bone resorption and 
promoting bone regeneration, which may bring about 
new therapeutic hope in the fields of osteoporosis, 
bone destructive diseases, and dental/orthopedic 
implants [7, 76, 80, 84-86]. In the future, the 
application prospect of gallium-based orthopedic 
drugs will be more extensive. 
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Figure 3. The antineoplastic activity of gallium. (A) "Iron competition" mechanism; (B) ER stress-mediated cell death, and enforced ferroptosis via preventing GSH repair; 
(C) Disruption of membrane integrity, triggering lipid peroxides and ultimately ferroptosis. (D) Antigen-capturing and immunostimulatory gallium nanoplatform for 
reconstructing the positive tumoricidal-immunity feedback loop. Created with Smart.Servier.com. 

 

Gallium based Pharmaceuticals  
Building on the foundational pharmaceutical 

activities of gallium, this section systematically 
explored the representative pharmaceutical 
formulations, such as compounds, complexes, 
nanomedicines, sensitizers and bioactive materials, in 
terms of practical applications for therapeutic agents, 
diagnostic agents, and drug carriers. In order to 
provide a quick and clear overview of the topic, the 
composition, structure, properties, applications, 
administration routes, in vivo dosage of representative 
pharmaceutical formulations are summarized in 
Table 1. 

Therapeutic agents 

Gallium (III) compounds  

Due to the chemical reactivity, gallium tends to 
form trivalent ions (Ga3+) in compounds such as 
gallium nitrate (Ga(NO3)3) and gallium chloride 
(GaCl3), which have great potential for therapeutic 

applications (e.g., antibacterial, antitumor, and bone 
regeneration) [7, 10]. Gallium nitrate was the first 
FDA-sanctioned gallium compound for the treatment 
of cancer-related hypercalcemia since the 1990s [13], 
and has subsequently been demonstrated to possess 
antineoplastic activity against human non-Hodgkin's 
lymphoma and advanced bladder cancer [106]. While 
gallium chloride has also shown selective anticancer 
activity with an action mode similar to that of gallium 
nitrate (IC50, 100 μM ~ 1 mM) [16]. Both gallium 
nitrate and gallium chloride may completely ionize in 
aqueous solution due to the weak coordination ability 
of nitrates and chlorides (Figure 5A), suggesting that 
the pharmacological activity of gallium compounds is 
derived from free Ga3+ ions and their hydrolysates 
[16]. Current studies have shown that the therapeutic 
mechanisms of Ga3+ ions are thought to be closely 
related to the similarity with Fe3+ ions [6]. Therefore, 
Ga3+ as a mimic of Fe3+ may disrupt fundamental 
biological processes that require the involvement of 
Fe3+, such as iron-catalyzed reactions, extracellular 
transport and cellular uptake in various biological 
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systems, offering therapeutic opportunities [6, 17]. It 
is worth mentioning that iron-dependent 
physiological processes are necessary for various 
types of living organisms, therefore gallium-based 

pharmaceuticals are less susceptible to drug 
resistance caused by target mutations, altered 
metabolic processes, signaling pathway 
reorganization, drug effect diminution, etc. [107, 108]. 

 

Table 1. Summary of various gallium-based pharmaceuticals. 

Classification Types Chemicals/ 
Polymer 

Other Substance 
added/formed (and 
their Purpose/Role) 

Administratio
n routes 

Particle 
size Properties 

Specific 
application 
types 

In Vivo 
dosage Year Ref. 

Therapeutic 
agents 

Gallium (III) compounds 
Gallium nitrate None 

None (In Vitro) None Bone regeneration 
Osteoblast and 
Osteoclast 
cells 

0.1-100 
μg/mL 1990 [13] 

Intravenous 
administration None Antibacterial NHL 200–300mg/ 

m2/d 2004 [87] 

Intravenous 
administration None Antibacterial P. aeruginosa IC90=10μM 2007 [88] 

Gallium chloride None Intravenous 
administration None Antitumor Lung cancer IC50=100 μM ~ 

1 mM 1989 [89] 

Gallium (III) complexes 

Gallium maltolate  None Intravenous 
administration None Antitumor HCC IC50=10 ~ 40 

μM  2006 [90] 

KP46 None 

Oral 
administration 
(In vivo 
preclinical 
studies) 

None Antitumor Breast cancer  IC50=1 ~ 3 μM 2009 [91] 

Gallium-based 
nanomedicine 

ICG-Ga NPs  None Intravenous 
administration 5~15 nm 

Antibacterial; 
Anti-inflammator
y 

ESBL E. coli 
(Pyogenic 
liver abscess 
and keratitis) 

25 μg/mL 2021 [23] 

GaTa-CP NPs 
Tannin (assits Ga3+ 
in antibacterial 
action) 

Inhalation ~250 nm Antibacterial; 
Antitumor 

E. coli, S. 
aureus, S. 
Intermedius, 
and P. 
intermedia in 
Lung cancer 

Ga3+ :10 
μg/mL 2023 [25] 

LMNDs DOX (stabilization) 
Multisite 
intra-tumoral 
administration 

~20 nm Antitumor Breast cancer 
(BCap-37) cells 

IC50= 30.4 
µg/mL 2023 [26] 

LM-EGCG mPEG-SH 
(stabilization) 

Oral 
administration ~250 nm 

Antibacterial; 
Anti-inflammator
y 

Escherichia_Shi
gella 
(Inflammatory 
bowel disease) 

Ga= 5mg/kg  2024 [27] 

DPMG 
DSPE-PEG2000-Ma
l (enhance antigen 
adsorption) 

 Intravenous 
administration ~130 nm Antitumor 4T1 cells 1 mg/mL, 50 

μL 2023 [43] 

Gallium- 
based LMs 
sensitizers 

Photo 

LM@GOX 
mPEG-SH 
(stabilization); 
GOX: (catalysis) 

Intravenous 
administration 98.21nm Antitumor 4T1 cells 

300 μg LM 
and 30 μg 
GOX 

2019 [92] 

LM@MSN/DOX@
HA 

HA (targeting); 
DOX (antitumor); 
MSN (delivery 
carrier) 

Intravenous 
administration 160.4nm Antitumor 4T1 cells 

Ga 
concentration 
at 150μg/mL, 
100μL 

2019 [93] 

Magnetic GLM-Fe Fe (magnetic iron 
particle) None (In Vitro) ∼200 nm to 

∼2 μm Antibacterial P. aeruginosa, 
S. aureus 100 μg/mL 2020 [56] 

Microwave PEG-IL-LM-ZrO2 
SNPs 

PEG (stabilization);  
IL (MW sensitive 
effect) 

Tail vein 
injection 

 210 ± 60 
nm 

Antitumor; CT 
imaging 

H22 tumor 
cells;  
Hepa 1-6 
tumor cells 

Maximum 
dose= 20 
mg/mL (50, 
100, 150 mg 
kg-1 In Vivo) 

2019 [94] 

Thermal  Ga/M/PPs 

C8161 cell 
membrane 
(targeting); 
Paclitaxel 
(antitumor) 

Intratumoral 
injection  1 μm Antitumor; CT 

imaging C8161 cells 500 mg/kg 2022 [95] 

Chemical  LM-Pd 

LM (modulating 
biorthogonal 
catalysis); 
Pd (catalyst) 

 Intravenous 
administration ~ 210 nm Antitumor CT26 cells 16 mg/kg, 200 

μL 2023 [96] 

Therapeutic 
agents 

Gallium- 
containing 
bioactive 
materials 

Bone 
regeneration 
scaffolds 

Gallium-doped 
hydroxyapatite 

(NH4)2HPO4 
(preparing sample) 

None (only the 
material 
preparation 
part is 
involved) 

2 μm 
Osteosynthesis 
and calcium 
retention in loco. 

None 11.0 mass% 
Gallium ions 2009 [97] 
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Dental/Ortho
paedic 
implants 

EGaIn None None (In Vitro) None Antibacterial E. coli, S. 
aureus 

Ga: 0.377 ± 
0.015, 0.390 ± 
0.026, and 
0.483 ± 0.025 
μmol/mL for 
4, 8, and 24 h 

2020 [54] 

 Ga-Ti-Al-Zr-Si  None None (In Vitro) None Antibacterial MRSA Ga: 1, 2, 20, 
and 23 wt%  2019 [98] 

Hemostatic 
composites 

Ga-MBG/CHT 
scaffolds 

Chitosan 
(hemostat) None (In Vitro) 

Average 
pore 
diameter: 
6~12 nm 

Hemostatic 
function; 
Antibacterial 

Human blood; 
E. coli, S. 
aureus 

molarratio: 
Si/Ca/P/ 
Ga=79:15:5:1 

2017 [99] 

Diagnostic 
agents 

Gallium radioisotopes 
68Ga-FAPI-2 and 
68Ga-FAPI-4  

FAPI-2/FAPI-4 
(targeting) 

Intravenous 
injection None 

CT and PET 
imaging; 
Antitumor 

Breast cancer, 
Colorectal 
cancer,etc. 

 The effective 
dose of 
68Ga-FAPI-2 
and 
68Ga-FAPI-4 
PET (1.4–1.8 
mSv/100 
MBq)  

2019 [22] 

New generation of 
Gallium-based diagnostic 
agents 

Ga  None 
Interventional 
local drug 
administration 

~100 µm X-ray images Pig hearts and 
kidneys 0.8-1mL 2014 [100] 

Fe@EGaIn/CA 

CA (embolization 
and drug-loading); 
DOX · HCl 
(antitumor) 

Interventional 
local drug 
administration 

~500 µm CT imaging and 
MRI; Antitumor 

VX2 cancer 
cells 

100 μL saline 
suspension 
containing 
about 50 μL 
microspheres  

2021 [44] 

GMs Chitosan Intratumor 
injection ~200 µm CT imaging and 

MRI; Antitumor 
C8161 tumor 
cells 

200μL 
GMs-CS 
mixture (40μL 
Gallium) 

2020 [101] 

GaNP/Si Si wafers 
(depositing Ga) None (In Vitro) < 50 nm DNA sensing 

Peripheral 
blood 
leukocytes 
from cystic 
fibrosis 
patients 

None 2016 [102] 

DSPE-PEG2000- 
Amine-DC(8,9)PC
-LM 

DSPE-PEG2000- 
Amine (Surfactant);  
 DC(8,9)PC 
(Surfactant) 

Intratumor 
injection  ∼150 nm PA imaging; 

Antitumor 

EGFR-positive 
human colon 
adenocarcino
ma HT29 cells 

 10 mg/mL  2017 [33] 

 
Gallium-based 
drug carrier 

Gallium (III)-based  
drug carrier ADR-Ga-Tf Tf; DOX 

(Antitumor) None (In Vitro) None Antitumor MCF-7/ADR 
cells 

 IC50= 9.52 x 
10-2 μM 2000 [103] 

Gallium-based LM drug 
carrier 

LMGNS 

Leukocyte 
Membrane (active 
targeting); 
DOX·HCl 
(Antitumor) 

None (In Vitro) 

~7 μm in 
length; 
diameters 
of ~800 nm 
and 
~150 nm at 
each end 
(needle-lik
e shape) 

Antitumor HeLa cells  10 μg/mL  2020 [104] 

tNPs 

Graphene quantum 
dots (control 
particle size; absorb 
photoenergy and 
generate local heat 
and ROS) and DOX 
(antitumor) 

Intravenous 
injection ~100 nm Antitumor Cervical 

cancer tumor 

Dox/tNP: IC50 
= 0.35 mg/L 
(Dox 
concentration) 

2017 [105] 

Note: NHL, Non-Hodgkin’s Lymphoma; P. aeruginosa, Pseudomonas aeruginosa; HCC, Hepatocellular carcinoma; Gallium maltolate, Tris(3-hydroxy-2-methyl-4H-pyran-4- 
onato)Gallium; KP46,Tris (8-quinolinolato) gallium); ICG, Indocyanine Green; ESBL E. coli, Extended Spectrum Beta Lactamase Escherichia coli; CP, capsular polysaccharide; Ta, Tannin; 
E. coli, Escherichia coli; S. aureus, Staphylococcus aureus; S. Intermedius, Streptococcus. Intermedius; P. intermedia, Prevotella intermedia; LMNDs, liquid metal nanodroplets; DOX, 
Doxorubicin; LM, liquid metal; EGCG, Epigallocatechin gallate; DSPE-PEG2000-Mal, 1,2-Distearoyl-snglycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]; PEG, 
Polyethylene Glycol; GOX, glucose oxidase; MSN, mesoporous silica nanoparticle; HA, Hyaluronic acid; GLM, Galinstan-based liquid-metal; IL, Ionic liquid; SNPs, supernanoparticles; 
MW, microwave; Ga/M/PPs, Membrane coated Ga particles with paclitaxel; MRSA, multidrug resistant Staphylococcus aureus; MBG, mesoporous bioactive glass; CHT, chitosan 
composite scaffolds; FAPI, Fibroblast activation protein inhibitors; CT, computed tomography; PET, positron emission tomography; CA, calcium alginate; MRI, magnetic resonance imaging; 
GMs, Gallium microparticles; CS, Chitosan; DSPE-PEG2000-Amine, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2,000]; DC(8,9)PC, 
1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine; PA, photoacoustic; EGFR, epidermal growth factor receptor; MDR, multidrug resistance; Tf, Tfansferrin; LMGNs, leukocyte 
membrane-coated gallium nanoswimmer; tNPs, transformable liquid-metal nanoparticles; GQDs, graphene quantum dots; ROS, reactive oxygen species. 

 

Gallium (III) complexes  

The therapeutic effect of Ga (III) is significantly 
affected by its speciation, since the Ga (III) 
compounds may undergo hydrolysis when dissolved 
in water or saline (Figure 5A) [16]. For example, the 
Ga3+ ion may hydrolyze to a hydroxide mixture of 
Ga(OH)118- and Ga(OH)3 at pH ~ 4; and Ga(III) 
hydroxides mixture of Ga(OH)3 and Ga(OH)4- at 

physiological pH ~ 7.4 [109]. With the hydrolysis of 
Ga3+ ions, the drug solutions become highly acidic 
accompanied by a decrease in bioavailability and 
pharmacological efficacy, thereby affecting its 
therapeutic application [16]. Hence, the Ga(III) 
complexes with ligand protection have emerged as 2nd 
generation Ga(III) therapeutic agents, with the 
rationale of preventing hydrolysis through chelation 
of organic ligands, thereby enhancing bioavailability 
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and reducing adverse effects (Figure 5B-C). As a 
prime example, gallium maltolate (GaM, 
tris(3-hydroxy-2-methyl-4H-pyran-4-onato)gallium 
[110, 111]) and tris(8-quinolinolato)gallium(III) (KP46) 
[91] are the most representative candidates (Figure 
5B). Through the complexation of organic ligands, the 
Ga3+ speciation in the physiological environment can 
be effectively regulated, thereby changing the cellular 
uptake mechanism and action mode, which largely 
overcomes the unfavorable pharmacokinetic and 
toxicological properties specific to gallium 
compounds [16, 91]. Specifically, the antineoplastic 
activity of GaM and KP46 is greatly enhanced against 
different cell lines (IC50 10 ~ 40 μM for GaM[90], and 1 
~ 3 μM for KP46 [91], respectively), while the 
biosafety is also greatly improved. In addition, 
gallium complexes possess better kinetic stability and 
gastrointestinal absorption, thus allowing for oral 
administration in smaller doses, whereas gallium 

compounds are only suitable for intravenous 
administration [112]. Encouraged by the clinical trial 
results of GaM and KP46, novel Ga(III) complexes 
with different coordination configurations are 
emerging and show great potential for further 
medicine development (Figure 5C) [16, 66, 67, 71, 113, 
114]. Since Ga(III) may bind to virtually any complex 
that can bind Fe(III), simple iron chelators as well as 
more complex siderophores and hemes are potential 
carriers to increase bioavailability of Ga(III) [115]. For 
example, 1) iron chelators, including quinolinolato, 
naphthoquinone, desferrioxamine B, protoporphyrin 
IX, deuteroporphyrin, chlorin e6, mesoporphyrin, 
hematoporphyrin, octaethylporphyrin and porphine; 
2) siderophores and heme, including acinetoferrin, 
staphyloferrin A, cepacianchelin, and dihydroxy-
benzoyl-serine; all of which can form therapeutic 
complexes with Ga(III) [7, 115]. 

 

 
Figure 4. The osteogenic activity of gallium. (A) Regulation of gene expression: gallium may inhibit osteoclast differentiation and hence impede bone resorption; (B) 
Reducing enzyme secretion: gallium possesses inhibitory effects on enzymes responsible for bone matrix degradation and bone resorption; (C) Influencing calcium homeostasis: 
gallium may reduce bone destruction via affecting calcium homeostasis, and increase bone calcium content and hydroxyapatite crystallite perfection; (D) Enhancing osteoblast 
differentiation: gallium may promote bone regeneration via enhancing the early differentiation of osteoblasts phenotype. Created with Smart.Servier.com. 
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Gallium-based nanomedicine  

In addition to restricting the hydrolysis of the 
active pharmaceutical ingredient (Ga3+ ions) by 
chelation or coordination, it is also possible to 
enhance bioavailability and impart additional 
therapeutic functionality by constructing Ga(0)/ 
Ga(III)-based nanomedicines.  

Fundamentally, it is a facile and efficient 
approach to form nanomedicines by self-assembly of 
Ga3+ ions with ligands (e.g., polyphenols (gallic acid, 
tannin acid, alginic acid), flavone (chrysin, quercetin, 
epigallocatechin gallate), aldehyde acid (alginic acid), 
and indoles) (Figure 6A-B) [23-25, 73, 116]. The 
morphology and dimensions of Ga3+ based 
nanomedicines can be designed by modulating buffer 
type, pH, reaction time, precursor concentration and 
coordination mode. While the additional therapeutic 
functionality can be enhanced or endowed utilizing 
the natural functionality of the organics (e.g., 
antibacterial, anti-inflammatory, and anticancer 
effects) as well as the functional components (e.g., 
enzymes, drugs) loaded on the Ga3+ based 
nanomedicines, thus realizing the potential for a 
variety of biomedical applications. For example, Min 
Zhou et al. synthesized ultrasmall non-antibiotic 
gallium-based nanomedicine by a facile one-step 
process using Ga3+ ions and hepatic-targeted 
indocyanine green molecules, which may eradicate 
multi-drug-resistant (MDR) bacteria and disrupt 
biofilm via the synergistic effect of photodynamic 
therapy and iron metabolism blockade, therefore 
significantly improved the treatment outcomes of 
infected liver abscesses and keratitis [23]. In another 
noteworthy cutting-edge advancement, Xian-Zheng 
Zhang's group designed an inhalable microbial 
capsular polysaccharide-camouflaged gallium- 
polyphenol metal-organic network, which can be 
used as a dual-acting nanomedicine to overcome 
microbial-induced chemoresistance by eliminating 
local microbial in lung cancer [25]. 

Additionally, researchers have also begun to 
explore the intrinsic therapeutic activity of Ga-based 
liquid metals, to avoid the delicate and cumbersome 
process of screening and synthesizing pre-drugs, 
simplify the therapeutic strategy and enhance the 
selective therapeutic effect. As early as 2018, 
Hyung-Jun Koo's group has demonstrated that under 
aqueous conditions, only Ga³⁺ ions are dominantly 
released from Ga-based liquid metals (e.g., 
gallium-indium eutectic alloy), laying the critical 
mechanism for the sustained release of the active 
pharmaceutical ingredient (Ga³⁺ ions) while avoiding 
hydrolysis and enhancing bioavailability [37]. 
Building on this foundation, Zhen Gu's group recently 

discovered that small-sized (~20 nm) gallium-based 
liquid metal nanodroplets (LMNDs) can be used as a 
nanomedicine with excellent tumor permeability and 
biocompatibility, which can achieve the conversion of 
0-valent Ga to Ga3+ ions by electrochemical 
substitution depletion of Cu2+ ions in cancer cells, 
accompanied by a large amount of reactive oxygen 
species (ROS) generation, thus leading to selective 
apoptosis and anti-angiogenesis in breast cancer cells 
(Figure 6C (i)) [26]. This in vivo nanocarrier-to- 
nanomedicine conversion strategy not only directly 
and effectively avoids hydrolysis of the active 
pharmaceutical ingredient (Ga3+ ions), but also 
explores a novel pharmaceutical formulation. As 
another representative research advance, Lin Wang 
and Zheng Wang's team co-proposed an orally 
administered gallium-based liquid metal nanodrugs, 
i.e. epigallocatechin gallate (EGCG) encapsulated 
gallium-indium eutectic alloy with nano-sized 
formulations (LM-EGCG) [27]. After oral 
administration and degradation, the dissociative 
EGCG with favorable adhesion activity and 
coordination ability, could not only adhere to 
electropositive inflamed tissue for effective 
elimination of reactive oxygen and nitrogen species 
(RONS), but also capture dissociated Ga3+ ions to form 
metal-polyphenol complex for modulation of the 
dysregulated microbiome (Figure 6C (ii)). Based on 
the amplification-targeting strategy, this nano-sized 
formulation can effectively alleviate inflammatory 
bowel disease while avoiding low bioavailability and 
systemic adverse effects caused by rapid clearance 
and off-target effects. 

Gallium-based liquid metal sensitizers 

In the biomedical domains, the intrinsic 
energy-responsive properties of gallium-based LMs 
can be used to achieve external-field energy 
conversion with accompanying changes in physical 
and chemical properties, implying that gallium-based 
LMs can be applied as energy sensitizers for 
physicochemical therapies [117]. 

The photosensitive conversion property is one of 
the most widely studied. The photo-response 
mechanism studies have shown that part of the light 
is absorbed by gallium-based liquid metal 
nanoparticles (LMNPs), while the remaining part is 
reflected or re-emitted at the same/shifted frequency 
[118-122]. The plasma frequency (i.e., electron cloud 
oscillation frequency) of LMNPs lies in the energy 
range comparable to that of ultraviolet (UV) light [123, 
124] and can be manipulated by dimensional, 
structural, and morphological adjustments to achieve 
a shift of the resonance peak from the UV region to 
the visible region [124, 125]. When the oscillation 
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frequency of the LMNPs matches the frequency of the 
incident photons, the localized surface plasmon 
resonance (LSPR) phenomenon may arise due to the 
strong absorption effect (Figure 7A (i)) [124, 126]. 
Thus, the LMNPs show similar capabilities to absorb 
UV, visible and near-infrared light, as 
photosensitizers such as carbon-based materials [92] 
and melanin [127]. Benefiting from the LSPR effect 
and chemical activity, the LMNPs may generate a 
large amount of heat and reactive oxygen species 
(ROS) (Figure 7A (ii)), and may undergo 
photo-triggered deformation under light irradiation 
at specific wavelengths (Figure 7A (iii)) [33]. Basically, 
the photothermal phenomenon is caused by the 

dissipation of the absorbed light energy into heat 
(with the calculated photothermal conversion 
efficiency ranges from 25.3 % to 53.0 %) [117]. While 
the ROS generation and photo-triggered deformation 
are attributed to electrochemical reactions triggered 
by thermal energy and the ambient environment. 
Specifically, the ROS generation is driven by electron 
transfer from Ga to the water and oxygen: Ga - 3e = 
Ga3+, O2 + e = ·O2, ·O2 + 2H2O + 3e = 4·OH; And the 
photo-triggered deformation is induced by the 
heat-induced oxidation of Ga into the intermediate 
crystal product (GaOOH): 4Ga + 3 O2 + 2H2O → 
4GaOOH, 2Ga + 2H2O → 2GaOOH + 3H2 ↑.  

 

 
Figure 5. Gallium (III) compounds and Gallium (III) complexes. (A) Ga(III) compounds, e.g., gallium nitrate and gallium chloride, may completely ionize in aqueous 
solution and undergo hydrolysis, therefore posing challenges in terms of decreased bioavailability and pharmacological effects. The 2nd generation Ga(III) therapeutic agents: (B) 
Clinical Ga(III) complexes, e.g., gallium maltolate (GaM) and tris(8-quinolinolato)gallium(III) (KP46); (C) Preclinical Ga(III) complexes with diverse coordination configurations. 
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Figure 6. Gallium-based nanomedicine. (A) Gallium (III) based nanomedicines synthesized by self-assembly of Ga3+ ions with ligands. (B) Potential ligands including 
polyphenols, flavone, aldehyde acid, and indoles. (C) Gallium (0) based nanomedicine utilizing the intrinsic therapeutic activity of gallium-based LMs and released active 
pharmaceutical ingredients (Ga3+ ions). 

 
After the photosensitive properties were 

uncovered, researchers have also explored a variety of 
energy-responsive properties of gallium-based LMs 
with applications in disease treatment (for details, see 
Ref [117]). For example, under alternating magnetic 
fields (AMF), the gallium-based LMs may undergo 
remarkable magnetocaloric phenomenon and 
magnetics-induced deformation, positioning them as 
promising candidates for magnetic-mediated 
hyperthermia and controlled drug release (Figure 7B) 
[128-132]. Unlike conventional ferromagnetic 
materials (e.g., Fe₃O₄ nanoparticles), which rely on 
Néel and Brownian relaxation mechanisms requiring 
high-power AMF, the magnetocaloric effect of 

gallium-based LMs primarily arises from eddy 
currents (lead to substantial Joule heating) induced by 
electromagnetic induction (Faraday’s law, due to 
favorable electrical conductivity, e.g., GaIn24.5, EGaIn 
3.4×106 S/m) [128-133]. Notably, the magnetocaloric 
effect of gallium-based LMs is closely correlated with 
oxidation degree and dimensions, since the surface 
oxide layers and corroded holes may degrade 
electrical conductivity while reduced dimensions may 
impair eddy current-induced thermal effect (Figure 
7B (i) [131]. Meanwhile, as conductive fluids, the 
gallium-based LMs may also be manipulated by the 
Lorentz force under AMF [128], while the 
magnetics-induced deformation may be significantly 
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enhanced (with sharper morphological edges) when 
doped with magnetic particles (Figure 7B (ii)) [56]. 
Besides, under microwave (MW) radiation, LMNPs 
can also effectively utilize the hot spots triggered by 
MW energy to achieve free radical generation (ROS) 
(Figure 7C) [94, 134]. In addition, phase transition 
solidification can also promote dramatic shape 
transformation of gallium-based LMs, mainly due to 
solidification induced volume expansion (Figure 7D) 
[95, 101, 135]. For example, a spherical to cactus-like 
structure transformation of gallium particles can be 
achieved upon freeze-solidification, since liquid 
gallium with a density of 6.095 g/mL solidifies into an 
α-Ga phase with a density of 5.904 g/mL [95]. More 
importantly, beneficial from the fluidic nature and 
electron-rich environment, gallium-based LMs may 
also facilitate catalytic reactions (e.g., bioorthogonal 
catalysis or Fenton-like catalysis) to achieve external 
stimuli enhanced catalytic therapy (Figure 7E) [41, 
136]. Fundamentally, the inherent capability of 
monophasic gallium-based LMs (molten state) to 
accommodate additional trace metallic elements (e.g., 

Pt, Au, Ag, Ni, Fe, Mn and Cu) [123], enables the 
design of highly efficient liquid catalyst systems [96, 
137-143]. For instance, Kourosh Kalantar-Zadeh’s 
group reported that trace amounts of Pt (exist in 
liquid form) can spontaneously dissolve in liquid Ga 
without atomic segregation, effectively activating 
adjacent Ga atoms for catalysis [137]. Under 
physiological conditions, these liquid catalyst systems 
may actuate catalytic reactions with superior catalytic 
performance, such as converting tumor endogenous 
H₂O₂ into ROS [142] and activating prodrugs (Figure 
7E) [96]. While the generation of hot electrons and 
thermal energy under external stimuli (e.g., light), 
may further synergistically amplify catalytic 
efficiency, ultimately achieving exceptional 
therapeutic efficacy (Figure 7E) [96, 142-144].  

Briefly, upon the interaction with external 
energy sources and ambient environment, the 
gallium-based LMs act as energy sensitizers can 
convert the external energy (e.g., optical, magnetic, 
electrical, acoustic, chemical, etc.) into orther forms 
(e.g., localized hyperthermia, ROS generation, 

 

 
Figure 7. The gallium-based liquid metals act as energy sensitizers for physicochemical therapies: (A) Photosensitizer; (B) Magnetic sensitizer; (C) Microwave 
sensitizer; (D) Thermal sensitizer; (E) Chemical sensitizer. 
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chemical reactions or sharp physical deformations, 
etc.) within the lesion area [30, 117]. Therefore, it is 
expected to achieve a variety of therapeutic modes, 
such as targeted thermotherapy, dynamic therapy, 
mechanical therapy, chemotherapy or catalytic 
therapy, which is promising in biomedical fields (e.g., 
antimicrobial and antineoplastic therapy). 

Gallium-containing bioactive materials 

Although gallium has exhibited significant 
therapeutic activities, including antibacterial, anti- 
inflammatory, anticancer, and osteogenic activities, its 
ideal administration modality still needs to be further 
optimized. Currently, gallium-based pharmaceuticals 
can be administered by a variety of routes, such as 
oral administration, transdermal administration, 
inhalation administration, gastrointestinal adminis-
tration, and injection administration. However, 
conventional gallium-based pharmaceuticals in the 
form of salts or complexes have a low effective 
gallium dose within the target lesion when 
administered orally, and require prolonged and 
continuous infusion when administered 
intravenously, which poses an inconvenience in 
practical applications. As an innovative alternative, 
gallium-containing bioactive materials that deliver 
active pharmaceutical ingredient Ga(0)/Ga(III), 
exhibit great potential for widespread clinial 
applications. However, this area has not yet been 
extensively explored.[80] Wherein, the incorporation 
of Ga(0)/Ga(III) as a dopant into various bioactive 
material types, such as scaffolds [145], hydrogel [146], 
fibers [147], bioactive glasses [84], bioceramics [148], 
and composites [149], may induce multiple 
therapeutic effects and provide unique properties 
(Figure 8). 

1) Bone regeneration scaffolds: Bioactive glasses 
possess favorable biocompatibility, bioactivity, and 
biodegradability, which can rapidly form a bioactive 
layer with bone growth and regeneration ability after 
contacting with biological tissues and can also be 
gradually degraded and absorbed in vivo [80]. The 
gallium incorporation within glass structures, may act 
both as network former and network modifier 
(similarly to Al3+) [150], since gallium may 
incorporate into tetrahedral (GaO4) and octahedral 
(GaO6) structural units (Figure 8A (i)) [84]. Therefore, 
gallium incorporation may exert a significant 
influence on both structural and thermal 
performances of bioactive glasses. Bioceramics are a 
class of microcrystalline ceramic materials composed 
of dense hydroxyapatite, alumina, zirconia, or 
calcium phosphate, which may offer superior 
biocompatibility, mechanical compatibility, 
antithrombotic, sterilizability, and physicochemical 

stability [148]. Studies have indicated that gallium 
may exist as an interstitial solid solution in 
hydroxyapatite crystals, without displacing calcium 
within crystals or causing matrix framework 
distortion (Figure 8A (ii)) [97]. It is worth noting that 
gallium incorporation acts not only as a structural 
modifier, but also as an active pharmaceutical 
ingredient (e.g., antibacterial, antifungal, anti- 
inflammatory, antineoplastic or osteogenic agents). 
Meanwhile, the bioactive materials as matrix enable 
the controlled and precise delivery of gallium to the 
desired site, thereby increasing therapeutic efficacy 
and minimizing side effects [76, 84, 86, 148, 151]. For 
instance, when gallium containing bioactive glass or 
bioceramics (as bone regeneration scaffolds) are filled 
in cavities formed after bone tumor surgical 
procedures, the gallium release may not only prevent 
the further growth and proliferation of cancerous cells 
(anticancer activity), but also enhance bone 
reconstruction (osteogenic activity) involving the 
inhibition of osteoblast differentiation, the 
enhancement of early differentiation of osteoclasts, 
and an increase in calcium and phosphorus content of 
the bone (Figure 8D (i)) [80]. 

2) Dental/Orthopaedic implants: Metals and 
alloys are widely used as dental/orthopaedic 
implants in clinical practice (Figure 8D (ii)), but 
sometimes may suffer the risk of complications due to 
bacterial infections [152]. One of the feasible strategies 
for preventing bacterial infections is the formation of 
alloy biomaterials with antimicrobial metals, such as 
Ag, Cu and Zn [153]. Previous comparative studies 
have shown that gallium-based liquid metal 
(gallium-indium eutectic alloy) could exhibit 
enhanced antimicrobial activity compared to gallium 
nitrate, owing to the synergistic antimicrobial effect 
originating from sustained gallium ions release [37] 
(avoiding hydrolysis, higher bioavailability) 
accompanied by ROS generation [54]. In addition, the 
incorporation of small amounts of gallium (0.1-2 
wt %) into titanium or magnesium alloys can also be 
effective in inducing antimicrobial effects against 
bacterial and fungal strains without affecting 
biocompatibility and mechanical properties [98, 154]. 
More importantly, gallium-based LMs, as low melting 
point alloys, offer a wide imaginative scope for 
injectable/3D printing dental/orthopedic implants, 
due to the liquid-solid phase transition that can be 
conveniently achieved near body temperature (Figure 
8B) [30, 32, 76, 86, 155]. 

3) Hemostatic composites: Hemostatic 
biomaterials are crucial in promoting wound healing, 
as they create favorable conditions for wound repair 
via rapid bleeding control. However, one of the major 
challenges is how to effectively prevent and control 
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bacterial infections at the wound site, which may 
interfere with the healing process or even cause 
serious complications [156]. Gallium-containing 
bioactive materials also show potential for wound 
healing, not only in the later stages via alleviating the 
inflammatory response (antimicrobial and anti- 
inflammatory activity), but also in the early stages via 
activating intrinsic coagulation pathways to trigger 
haemostasis (coagulation, platelet activation or 
thrombosis) (Figure 8C) [157, 158]. For example, 
Pourshahrestani et al. reported a gallium-containing 
mesoporous bioactive glass/chitosan composite 
scaffold, where gallium participation effectively 
improved the hemostatic properties of matrix 
materials, showing higher thrombosis, coagulant 
activity and increased platelet adhesion (Figure 8D 
(iii)) [99]. 

Hence, gallium can be used to improve the 
properties of a wide range of bioactive materials and 
to confer additional therapeutic activities, which are 
attractive in typical medical applications such as 
cancer treatment, bone defect repair, soft tissue 
wound healing, and so on. 

Diagnostic agents 
The visualization of metallic pharmaceuticals is 

of great significance for modern medical science, since 
they can assist diagnosis of diseases, assessment of 
physiological conditions, supervision of in vivo drug 
distribution, evaluation of metabolism, and 
judgement of therapeutic prognosis. Owing to the 
intrinsic high density, electromagnetic properties, and 
radioactivity, the gallium radioisotopes (67Ga3+, 
68Ga3+) and gallium-based LMs can be used as 
effective diagnostic agents in conventional medical 
imaging techniques (Figure 9), including X-rays [100], 
computed tomography (CT) [100], magnetic 
resonance imaging (MRI) [159], diagnostic 
radiography [160], positron emission tomography 
(PET) [20], and photoacoustic (PA) imaging [33], etc. 

As a typical clinical radiographic agent, the 
gallium radioisotope 67Ga3+ can accumulate at the 
tumor site and trap electrons during the decay process 
to release gamma (γ) rays, thus has been permitted for 
the staging and diagnosis of clinical lymphomas [160].  
While another gallium radioisotope 68Ga3+ possesses a 
shorter half-life (68 min) and higher positron decay 
rate (89%), which has been applied as PET imaging 
contrast agents [20]. In recent years, various 
diagnostic agents with diverse functions have been 
developed based on 68Ga(III)-DOTA and targeting 
small molecules or peptides (Figure 9A (i)), such as 
68Ga(III)-DOTATOC, 68Ga(III)-DOTATE (targeting 
growth inhibitory receptor), 68Ga(III)-PSMA 
(targeting prostate-specific membrane antigen), and 

68Ga-FAPIs (targeting fibroblast activating proteins), 
which can selectively target to the positive lesions for 
more efficient targeted diagnosis, thus have been 
widely used in the early diagnosis and preoperative 
staging of various types of malignant cancer (Figure 
9A (ii)) [21, 22]. 

However, these gallium radiographic agents 
may separate from the chelating agents, and will be 
free within the body's circulatory system, thereby 
exhibiting varying degrees of acute toxicity to organs 
such as the kidney, liver and brain [5]. To this end, 
researchers have attempted to develop a new 
generation of diagnostic agents utilizing gallium- 
based LMs with better biocompatibility and 
degradability than traditional gallium compounds/ 
complexes (Figure 9B). For example, when 
radiopaque gallium-based LMs are injected into blood 
vessels, multi-scale vascular X-ray images can be 
obtained with very high contrast and enhanced 
penetration depth (Figure 9B (i)), suggesting that 
macroscopic gallium-based LMs can be used for 
high-definition X-ray imaging of capillaries (~100 µm) 
[100]. Besides, gallium-based LMs also displayed 
favorable CT contrast enhancement when the size 
decreased to the micro-nanometer scale (Figure 9B 
(ii)) [44]. In addition, gallium-based LMs also show 
promising T2-weighted MRI contrast-negative 
enhancement due to excellent electromagnetic 
properties (Figure 9B (ii)) [101]. Moreover, nanosized 
gallium-based LMs are capable of strongly absorbing 
photon energy and undergoing localized surface 
plasmon resonance (LSPR) under light irradiation at a 
certain frequency [124, 126], which allows for specific 
optical applications. For example, gallium-based LMs 
can hybridize to produce strong hot spots and 
simultaneous fluorescence relying on the robust LSPR 
effect, providing an accurate and sensitive technique 
for biomolecules detection [102, 161]. While the 
gallium-based LMs have also been recognized as 
promising photoacoustic couplers benefiting from the 
low attenuation and high acoustic impedance (17.4 
MRayl, conferred by the liquid nature), thus can 
effectively enhance photoacoustic (PA) signals at the 
lesion site for clear PA imaging (Figure 9B (iii)) [33, 
162]. 

Therefore, we can conclude that gallium 
radioisotopes and gallium-based LMs hold great 
promise for various diagnostic agents. As the research 
progresses, they will bring remarkable breakthrough 
in multi-mode medical imaging technology. 

Gallium-based drug carrier 
Targeted drug delivery technology has attracted 

a lot of attention, which enables site-specific targeted 
drug delivery, showing the great potential for 
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multimodal therapy. Gallium-based drug carriers are 
a promising class of drug carriers that can offer not 
only basic drug delivery functions, but also 
therapeutic activities in the form of hyperthermia, 
ROS generation, galvanic replacement etc [163]. 

As a typical example, gallium nitrate coupled to 
transferrin (Tf) and doxorubicin (DOX) (Tf-Ga-DOX 
conjugates, Figure 10A) can effectively reverse drug 
resistance after administration [9, 103, 164, 165]. 
Specifically, after treating the multidrug-resistant 
MCF-7 cell line with Tf-Ga-DOX conjugates, the drug 
resistance has been overcome since multidrug 
resistance protein expression was decreased and the 
IC50 was reduced by approximately 100-fold 

compared to free DOX [103]. The remarkable 
resistance reversal is attributed to the penetration of 
Tf-Ga-DOX conjugates into the cell via 
Tf-receptor-mediated transmembrane transport 
mechanisms (Figure 10B (i)) and inhibition of MRP 
gene expression. The conjugation of Tf with gallium 
shields the cell from recognizing DOX, thereby 
promoting drug accumulation in resistant cell nucleus 
and inducing cell death [165]. While the Ga3+ 
self-assembled nanomedicines described in the 
previous section (Gallium-based nanomedicine) 
could also enable effective drug loading, thus 
enriching therapeutic modalities and effectiveness. 

 

 
Figure 8. Gallium-containing bioactive materials. (A) Bone regeneration scaffolds, the gallium incorporation within i) bioactive glasses and ii) bioceramics may act not only 
as network former/modifier, but also as active pharmaceutical ingredients; (B) Dental/Orthopaedic implants, the gallium incorporation may induce antimicrobial effects without 
affecting biocompatibility and mechanical properties, and also offer imaginative scope for injectable/3D printing implants; (C) Hemostatic composites, gallium-containing bioactive 
composites may alleviate inflammatory response (antimicrobial and anti-inflammatory activity) and trigger haemostasis; (D) Schematic diagram of typical applications. Created 
with Smart.Servier.com. 
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Figure 9. Medical imaging of gallium radioisotopes and gallium-based liquid metals. (A) Gallium radioisotopes as PET imaging contrast agents: i) Molecular structure 
of 68Ga-DOTA derivatives; ii) Intraindividual comparison of 18F-FDG PET and 68Ga-FAPI PET imaging in six patients with different tumor entities, conducted within less than 9 
days. Reproduced with permission [22]. Copyright 2019, Society of Nuclear Medicine and Molecular Imaging. (B) Gallium-based LMs for developing diagnostic agents: i) X-ray 
images of macroscopic liquid metals infused pig kidney; Reproduced with permission [22, 100]. Copyright 2014, IEEE. ii) CT and MRI images of liquid metal particles within tumors; 
Reproduced with permission [101]. Copyright 2020, Wiley-VCH; iii) Liquid metal nanocapsules for targeted tumor PA imaging; Reproduced with permission [33]. Copyright 
2017, Springer Nature. 

 
In addition, the additional scope could be 

provided for the targeted drug delivery by creating 
gallium-based LMs nanocarriers with highly tunable 
properties (Figure 10C) [17, 30, 117]. Typically, the 
atomic Ga oxide layer (Ga2O3, thickness 0.7~3 nm 
[166, 167]) may form at the gallium-based 
LMs-ambient environment interface [17, 168], which 
is partially passivating (similar to protective 
aluminum oxide) and may offer a barrier to prevent 
further oxidation of the gallium-based LMs (Figure 
10C (i)) [17]. However, the surface oxide layer could 
be reversed in response to external excitations (e.g., 
chemical, electrical, mechanical, temperature and 
pressure, etc.), leading to density, compositional, and 
structural changes (e.g., sustained oxidation, oxide 
rupture, dealloying and coalescence, etc.), which in 
turn may cause irreversible deterioration in properties 

and stability of the gallium-based LMs (Figure 10C (i)) 
[17]. Currently, the additional surface modification is 
the most feasible strategy to improve the stability of 
gallium-based LMs nanocarriers, which could also 
endow them with diverse structures (e.g., microgel, 
capsule, heterophase, and core-shell) and preferable 
functionalities (e.g., drug-loading capacity, aqueous 
solubility, colloidal stability, biosafety, and 
stimulus-response properties) (Figure 10C (ii-iv)) [30]. 
The surface modification of gallium-based LMs 
nanocarriers can be achieved by chemisorption, 
physical adhesion, electrostatic adsorption, ligand 
assembly, polymerization, bioconjugation and 
galvanic replacement [40]. While the substrates that 
have been employed for the construction of 
surface-modified gallium-based LMs nanocarriers 
include inorganic and organic materials, such as 
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organic ligands [169], polysaccharides [170], 
biomolecules [72, 95], and metal/non-metal materials 
[93, 171, 172], etc. 

Basically, these surface modifiers as 
drug-carrying substrates can enhance the 
drug-carrying capacity of gallium-based LMs 
nanocarriers through physical/chemical adsorption, 
including hydrogels with three-dimensional network 
structure (Figure 10C (iii)) [44, 45], silica with porous 
structure (Figure 10C (iv)) [93], ligands with 
polycyclic structure (Figure 10C (vi)) [173], etc. 
Meanwhile, unlike conventional “static’’ or “rigid” 
inorganic nanocarriers, gallium-based LMs 
nanocarriers possess distinctive transformability and 
stimuli-sensitive properties, which may effectively 
enhance bioavailability through coordinated drug 
delivery and controlled release. Compared to 
conventional nanocarriers that rely on passive 
targeting (EPR effect and endocytosis, Figure 10B (ii)) 
or active targeting (antibody-receptor specific 
binding, Figure 10B (i)), gallium-based LMs 
nanocarriers are distinguished by their ability to 
achieve flexible drug transport (via both intracellular 
and intercellular routes) and active targeting through 
adaptive deformability and controlled actuation 
driven by external stimulus (Figure 10B (iii) and 
Figure 10D). For example, Wang et, al reported a 
leukocyte membrane-coated gallium nanocarrier that 
is capable actively of seeking, penetrating, and 
internalizing into cancer cells through acoustically 
propelled motion (Figure 10B (iii) and Figure 10D) 
[104]. Besides, the physical/chemical changes under 
external stimulus may also promote the drug release 
from gallium-based LMs nanocarriers, such as 
thermal-induced drug release, ion exchange-enabled 
drug release, mutual fusion-induced drug release and 
deformation-induced drug leakage, which represents 
effective strategies for controlled drug release (Figure 
10E) [45, 93, 104, 128, 129, 173]. For instance, after 
intracellular internalization into the mildly acidic 
endosomal/lysosomal microenvironments, gallium- 
based LMs nanocarriers will undergo mutual fusion 
due to the dissolution of the surface oxide layer, thus 
promoting drug release (Figure 10E (iii)) [104, 173]. 
While the external stimulus-triggered heat 
accumulation (e.g., magnetocaloric effect), chemical 
reactions (e.g., redox reactions) and shape 
transformations (e.g., magnetics-induced 
deformation) may also synergistically contribute to 
controlled drug release, by either disrupting 
drug-carrier linkages, modifying local chemical 
microenvironments or restructuring carrier 
architectures to modulate payload release kinetics 
(Figure 10E (i, ii, iv)) [44, 128, 129]. Notably, the 
external stimulus-triggered shape transformations 

(due to oxidation changes) could also enable effective 
lysosomal escape, e.g., spherical-rod transformation 
under light irradiation, which can mechanically 
disrupt endosomal membrane to facilitate the 
endosomal escape of payloads (Figure 10E (iv)) [105]. 
Moreover, the heat accumulation and ROS generation 
under external stimulus complement the limitations 
of solely chemotherapy, providing synergistic and 
complementary effects for various therapeutic 
modalities (detailed in the previous section: 
Gallium-based liquid metal sensitizers). 

Overall, gallium-based drug carriers provide a 
novel approach to achieve spatiotemporally 
controlled intracellular drug delivery, offering broad 
application potential for multimodal therapeutic 
regimens. 

Summary and Future Perspectives  
Gallium, as a multi-targeted pharmacologically 

active metallic element, has shown great potential in 
the field of medicine, especially in antibacterial, 
anti-inflammatory, anticancer, osteogenesis, 
radio-pharmacology and molecular imaging. With the 
emergence of various pharmaceutical formulations, 
including gallium compounds, gallium complexes, 
gallium radioisotopes, gallium-based nanomedicines, 
and gallium-based liquid metals, gallium-based 
pharmaceuticals may witness a series of breakthrough 
discoveries and groundbreaking technologies in 
terms of novel pharmaceuticals development and 
comprehensive applications. This review presents the 
basic concepts of gallium-based pharmaceuticals, 
with an emphasis on a systematic description of 
typical physicochemical properties, pharmaceutical 
activities, pharmaceutical formulations and practical 
applications. 

Herein, we provide the following key challenges 
and perspective outlooks derived from the current 
trend analysis, aiming to aid future academic 
endeavors and clinical translation of gallium-based 
pharmaceuticals. 

Biosafety requires systematic exploration 
Investigations into the toxicological effects and 

possible hazards of gallium and related derivatives 
are growing exponentially, with substantial evidence 
confirming that gallium compounds, gallium 
complexes, micro/nanoparticles, and gallium-based 
LMs are considered to be nontoxic or slightly toxic in 
terms of cytotoxicity, hepatotoxicity, hemotoxicity, 
and histotoxicity. However, the toxicological 
mechanisms, metabolic routes and potential hazards 
of gallium and related derivatives on living organisms 
have not yet been fully elucidated, particularly given 
the scarcity of clinical trials involving human patients. 
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A comprehensive biocompatibility assessment is a 
prerequisite, since biosafety is related to a complex 
and diverse set of influencing factors, including 
composition, pharmaceutical formulations, dosage, 
and administration environment. Considering that 
gallium is not an essential element for living 
organisms, intensive research on the in vivo 
distribution, biochemical mechanisms, bioavailability 
and metabolic routes of gallium and related 
derivatives are crucial to be implemented. In addition, 
future research should pay more attention to the 
potential hazards/adverse effects of gallium and 
related derivatives, along with off-target 
biodistribution and non-specific cellular uptake, 

long-term impacts of residual/non-degraded gallium 
components and degraded products, subsequent 
cellular damage (e.g., apoptosis, necrosis, 
phagocytosis, ferroptosis, or pyroptosis) and 
underlying molecular mechanisms, as well as 
secondary genetic modulation/mutation and immune 
dysregulation triggered by persistent gallium 
exposure. In conclusion, despite the rapid progress of 
relevant studies, the current research is still limited to 
the discovery of basic phenomena, while the 
investigation of the toxicological effects of gallium 
and related derivatives on organisms is still in its 
infancy. 

 

 
Figure 10. Gallium-based drug carriers. (A) Schematic structure of Tf-Ga-DOX conjugates. (B) Typical drug delivery strategies: i) Antibody-receptor-specific binding for 
active targeting drug delivery; ii) Drug delivery via endocytosis; iii) Controlled actuation for active targeting drug delivery; Created with Smart.Servier.com; (C) The surface 
modification for constructing gallium-based liquid metal nanocarriers: i) Reversible oxide layer formation on the surface; ii-vi) Diverse surface-modified gallium-based liquid metal 
nanocarriers, including simple surface oxidation, inorganic metal/non-metal structures, chemical, natural, and biological modification, may enhance drug-carrying capacity via 
physical/chemical adsorption. (D) Schematic diagram of active targeting drug delivery through controlled actuation driven by external stimulus. (E) Representative strategy for 
controlled drug release via external excitations. 
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The knowledge gaps in the action mechanisms 
of pharmaceutical activities 

Although considerable progress has been made 
in elucidating the interactions of the active 
pharmaceutical ingredient (Ga3+ ions) with biological 
systems, there are still many issues that need further 
investigation. For instance, Ga (III) as a non-functional 
Fe (III) mimic tends to interfere with iron 
metabolism/iron homeostasis, which is the most 
well-known pharmaceutical mechanism. However, it 
remains uncertain whether Ga (III) may affect other 
iron-dependent essential biological processes in 
non-target cells and induce undesirable downstream 
effects. In addition, as more and more pharmaceutical 
formulations emerge, gallium-based pharmaceuticals 
with diverse structures, compositions and 
biochemical properties will show more complex 
biological interactions. For example, recently emerged 
nano-sized pharmaceutical formulations constructed 
from active pharmaceutical ingredient (Ga0), may not 
only retain the pharmaceutical activities of Ga3+ ions, 
but also significantly improve the biocompatibility 
and targetability. During the exploration of novel 
gallium-based pharmaceuticals, gallium and related 
derivatives have also exhibited diverse targets (e.g., 
dysregulation of cellular redox homeostasis and 
modulation of immune responses) rather than simply 
interfering with iron metabolism/iron homeostasis, as 
well as more complex therapeutic mechanisms (e.g., 
heat accumulation, ROS generation, and galvanic 
replacement). Therefore, an in-depth investigation of 
the structure-function-mechanism relationship of 
gallium and related derivatives will greatly contribute 
to the development of more efficient gallium-based 
pharmaceuticals. 

The impact of pharmaceutical formulations on 
bioavailability and efficacy deserves special 
attention 

At the application level, the ligand modification 
to enhance the bioavailability and pharmacokinetic 
properties of active pharmaceutical ingredient Ga3+ 
ions is of particular interest, because Ga3+ may 
virtually hydrolyze to insoluble gallium hydroxide 
within neutral aqueous solutions. In addition to 
limiting the hydrolysis of Ga3+ ions by chelation or 
coordination, optimizing pharmaceutical 
formulations through strategies such as 
chemisorption, physical adsorption, bioconjugation, 
polymerization, or galvanic replacement, is also an 
effective way to improve the bioavailability and 
impart additional therapeutic functionality of active 
pharmaceutical ingredients (Ga/Ga3+ ions). For 

example, unmodified gallium droplets synthesized 
via probe sonication method exhibited almost 
negligible antimicrobial activity against 
Gram-positive bacteria methicillin-resistant 
Staphylococcus aureus (MRSA) and the Gram-negative 
bacteria Pseudomonas aeruginosa (P. aeruginosa), 
probably due to spontaneous formation of partially 
passivating oxide film restricting the release of Ga3+ 
ions. In contrast, antimicrobial activity can be 
significantly improved via simple surface 
functionalized modifications (e.g., polymers, ligands, 
polysaccharides, natural compounds, metals, etc.). 
However, how to enhance the therapeutic/diagnostic 
efficacy of gallium-based pharmaceuticals with 
different formulations by controlling the release rate 
of the active pharmaceutical ingredients, enhancing 
the bioavailability, and improving the long-term 
stability in the organism remains to be further 
investigated. 

Seeking efficient delivery strategies remains a 
key challenge in improving the efficacy of 
gallium-based pharmaceuticals 

Successful drug delivery strategies must take 
into account a variety of factors, including 
administration routes, cargo loading, drug cycling, 
and stimulated release strategies. Among these 
factors, administration routes and pharmacokinetics 
are key in determining drug specificity and efficacy. 
Currently, the clinical efficacy of gallium compounds 
and complexes via intravenous administration has 
been demonstrated, but the optimal timing and 
dosages still need to be optimized. More innovative 
formulations of gallium-based pharmaceuticals (e.g., 
nanomedicines, embolic agents, implants, etc.) 
provide broader choices of administration routes, 
such as intravenous, oral, transdermal, mucosal, and 
implant administrations, etc., which provide new 
insights for improving bioavailability, realizing 
targeted drug delivery, and reducing side-effects. In 
addition, some advanced drug delivery systems (e.g., 
devices and appliances), such as microneedle patches, 
needleless injection devices, micropumps, etc., also 
show promising compatibility with gallium-based 
pharmaceuticals and deserve more attention. 
However, these novel delivery systems also face 
challenges in terms of stability, safety and 
functionalization, which require further research and 
improvement. Therefore, future studies should focus 
on exploring the optimal administration routes, 
timing and dosages for the administration of different 
gallium-based pharmaceuticals, and comprehensively 
evaluating their pharmacokinetic properties, in order 
to seek more efficient drug delivery strategies. 



Theranostics 2025, Vol. 15, Issue 17 
 

 
https://www.thno.org 

8817 

Breaking up the barriers in translational 
medicine of gallium-based pharmaceuticals 

In order to comprehensively explore the inherent 
opportunities, potentialities and challenges for 
translational gallium-based pharmaceuticals, it is 
necessary to pay close attention to four pivotal phases: 
innovation, implementation, preclinical trials and 
early/late clinical trials [28]. Currently, in the bench 
phase, the distinctive properties of liquid metal 
gallium have empowered researchers to develop a 
myriad of gallium-based pharmaceuticals, bioactive 
materials, drug delivery systems, and medical 
assistive devices with significant pharmaceutical 
activities and exclusive benefits. With increasing 
attention, innovative concepts and laboratory 
achievements are laying the groundwork for clinical 
adaptation. During the ‘bench to bedside’ process of 
gallium-based pharmaceuticals, a holistic approach 
should be taken beyond the focus on laboratory 
studies, harmonising clinical needs with ongoing 
research to highlight advances and challenges in 
real-world clinical settings. Despite the confidence 
inspired by marketed gallium-based pharmaceuticals 
(mainly with Ga(III) as active pharmaceutical 
ingredient), there are still series of barriers that need 
to be confronted and overcome in the clinical 
translation of newly developed liquid metal 
gallium-based pharmaceuticals (metallic Ga(0) as 
active pharmaceutical ingredient). Therefore, it is 
crucial to strengthen scientific research, technological 
innovation, comprehensive policymaking, and 
collaborative advocacy to facilitate widespread 
clinical translation of gallium-based pharmaceuticals.  

Future outlooks 
Despite the existing challenges that remain to be 

addressed, the sustained and rapid advancements in 
this field herald a bright future for gallium-based 
pharmaceuticals. Future research should prioritize the 
following strategic directions, such as systematic 
biosafety assessments tailored to specific formulations 
and administration routes, in-depth exploration of 
complex mechanisms (e.g., interactions with 
molecules, targets, cells, organs and organisms) to 
elucidate pharmaceutical activities, nanotechnology- 
enabled innovation in pharmaceutical formulations 
engineering, optimization of drug delivery regimens 
to revolutionize therapeutic strategies, 
multidisciplinary collaboration to refine research 
frameworks (e.g., technological and theoretical 
systems) and overcome clinical translational obstacles 
(e.g., regulatory and policy constraints, clinical 
application scenarios, large-scale preparation 
technologies, production costs and sustainability).  

Ultimately, we believe this timely review will 

effectively inspire interdisciplinary collaborations and 
innovations in the field of gallium-based 
pharmaceuticals, which may promote systematic and 
comprehensive research in the future, thereby 
advancing the sustainable development of these 
cutting-edge metallic pharmaceuticals. 

Acknowledgements 
This work was financially supported by the 

talented program of Guizhou University (No. 
600373233301), Guizhou Provincial Basic Research 
Program (Natural Science) (No. MS [2025] 687) and 
the Strategic Priority Research Program of the Chinese 
Academy of Sciences (Grant No. XDB1010000). 

Author contributions 
All authors wrote and discussed the draft. 

Dawei Wang: Writing–Original draft preparation, 
Conceptualization, Visualization, Supervision, 
Funding acquisition; Wei Xu: Writing–Original draft 
preparation, Visualization; Wei Rao: Writing–
Reviewing and Editing, Funding acquisition; Jing 
Liu: Conceptualization, Writing–Reviewing and 
Editing, Supervision.  

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Guo Z, Sadler PJ. Metals in Medicine. Angew Chem Int Ed Engl. 1999; 38: 

1512-31. 
2. Luo Y, Fu Y, Huang Z, Li M. Transition metals and metal complexes in 

autophagy and diseases. J Cell Physiol. 2021; 236: 7144-58. 
3. Bernstein LR. Mechanisms of therapeutic activity for gallium. Pharmacol 

Rev. 1998; 50: 665-82. 
4. Chitambar CR. Gallium and its competing roles with iron in biological 

systems. Biochim Biophys Acta. 2016; 1863: 2044-53. 
5. Yan J, Lu Y, Chen G, Yang M, Gu Z. Advances in liquid metals for 

biomedical applications. Chem Soc Rev. 2018; 47: 2518-33. 
6. Xie W, Allioux FM, Ou JZ, Miyako E, Tang SY, Kalantar-Zadeh K. 

Gallium-Based Liquid Metal Particles for Therapeutics. Trends 
Biotechnol. 2021; 39: 624-40. 

7. Sun W, Qi M, Cheng S, Li C, Dong B, Wang L. Gallium and gallium 
compounds: New insights into the “Trojan horse” strategy in medical 
applications. Mater Des. 2023; 227. 

8. Foster BJ, Clagett-Carr K, Hoth D, Leyland-Jones B. Gallium nitrate: the 
second metal with clinical activity. Cancer Treat Rep. 1986; 70: 1311-9. 

9. Collery P, Keppler B, Madoulet C, Desoize B. Gallium in cancer 
treatment. Crit Rev Oncol Hematol. 2002; 42: 283-96. 

10. de Assis ASJ, Pegoraro GM, Duarte ICS. Evolution of gallium 
applications in medicine and microbiology: a timeline. Biometals. 2022; 
35: 675-88. 

11. Levadidti CBJ, Tchertkoff V, Vaisman A. Thérapeuticque: le gallium: 
propriétes therapeutics dans la syphilis et le trypanosomiases 
experimentales. C R Hebd Seances Acad Sci Se D S Di Sci Nat. 1931; 192: 
1142-3. 

12. Chitambar CR. The therapeutic potential of iron-targeting gallium 
compounds in human disease: From basic research to clinical 
application. Pharmacol Res. 2017; 115: 56-64. 

13. Hall TJ, Chambers TJ. Gallium inhibits bone resorption by a direct effect 
on osteoclasts. Bone Miner. 1990; 8: 211-6. 

14. Warrell RP, Murphy WK, Schulman P, O'Dwyer PJ, Heller G. A 
randomized double-blind study of gallium nitrate compared with 



Theranostics 2025, Vol. 15, Issue 17 
 

 
https://www.thno.org 

8818 

etidronate for acute control of cancer-related hypercalcemia. J Clin 
Oncol. 1991; 9: 1467-75. 

15. Cvitkovic F, Armand J-P, Tubiana-Hulin M, Rossi J-F, Warrell RP. 
Randomized, Double-Blind, Phase II Trial of Gallium Nitrate Compared 
with Pamidronate for Acute Control of Cancer-Related Hypercalcemia. 
Cancer J. 2006; 12: 47-53. 

16. Peng XX, Gao S, Zhang JL. Gallium (III) Complexes in Cancer 
Chemotherapy. Eur J Inorg Chem. 2022; 2022: e202100953. 

17. Wang D, Wang X, Rao W. Precise Regulation of Ga-Based Liquid Metal 
Oxidation. Acc Mater Res. 2021; 2: 1093-103. 

18. Dudley HC, Imirie GW, Istock JT. Deposition of Radiogallium (Ga72) in 
Proliferating Tissues. Radiology. 1950; 55: 571-8. 

19. Breeman WAP, de Blois E, Sze Chan H, Konijnenberg M, Kwekkeboom 
DJ, Krenning EP. 68Ga-labeled DOTA-Peptides and 68Ga-labeled 
Radiopharmaceuticals for Positron Emission Tomography: Current 
Status of Research, Clinical Applications, and Future Perspectives. Semin 
Nucl Med. 2011; 41: 314-21. 

20. Al-Nahhas A, Win Z, Szyszko T, Singh A, Nanni C, Fanti S, et al. 
Gallium-68 PET: a new frontier in receptor cancer imaging. Anticancer 
Res. 2007; 27: 4087-94. 

21. Yang J, Kan Y, Ge BH, Yuan L, Li C, Zhao W. Diagnostic role of 
Gallium-68 DOTATOC and Gallium-68 DOTATATE PET in patients 
with neuroendocrine tumors: a meta-analysis. Acta Radiol. 2014; 55: 
389-98. 

22. Giesel FL, Kratochwil C, Lindner T, Marschalek MM, Loktev A, Lehnert 
W, et al. 68Ga-FAPI PET/CT: Biodistribution and Preliminary Dosimetry 
Estimate of 2 DOTA-Containing FAP-Targeting Agents in Patients with 
Various Cancers. J Nucl Med. 2019; 60: 386-92. 

23. Xie T, Qi Y, Li Y, Zhang F, Li W, Zhong D, et al. Ultrasmall Ga-ICG 
nanoparticles based gallium ion/photodynamic synergistic therapy to 
eradicate biofilms and against drug-resistant bacterial liver abscess. 
Bioact Mater. 2021; 6: 3812-23. 

24. Xie X, Zhang Y, Su X, Wang J, Yao X, Lv D, et al. Targeting iron 
metabolism using gallium nanoparticles to suppress ferroptosis and 
effectively mitigate acute kidney injury. Nano Res. 2022; 15: 6315-27. 

25. Han ZY, Chen QW, Zheng DW, Chen KW, Huang QX, Zhuang ZN, et al. 
Inhalable Capsular Polysaccharide‐Camouflaged Gallium‐Polyphenol 
Nanoparticles Enhance Lung Cancer Chemotherapy by Depleting Local 
Lung Microbiota. Adv Mater. 2023; 35: 2302551. 

26. Yan J, Wang J, Wang X, Pan D, Su C, Wang J, et al. Activating Tumor‐
Selective Liquid Metal Nanomedicine through Galvanic Replacement. 
Adv Mater. 2024; 36: 2307817. 

27. Liu M, Zou J, Li H, Zhou Y, Lv Q, Cheng Q, et al. Orally administrated 
liquid metal agents for inflammation-targeted alleviation of 
inflammatory bowel diseases. Sci Adv. 2024; 10: eadn1745. 

28. Xu H, Lu J, Xi Y, Wang X, Liu J. Liquid metal biomaterials: translational 
medicines, challenges and perspectives. Natl Sci Rev. 2024; 11: nwad302. 

29. Hou Y, Chang H, Song K, Lu C, Zhang P, Wang Y, et al. Coloration of 
Liquid-Metal Soft Robots: From Silver-White to Iridescent. ACS Appl 
Mater Inter. 2018; 10: 41627-36. 

30. Wang D, Ye J, Bai Y, Yang F, Zhang J, Rao W, et al. Liquid Metal 
Combinatorics Toward Materials Discovery. Adv Mater. 2023; 35: 
2303533. 

31. Sun X, Sun M, Liu M, Yuan B, Gao W, Rao W, et al. Shape tunable 
gallium nanorods mediated tumor enhanced ablation through 
near-infrared photothermal therapy. Nanoscale. 2019; 11: 2655-67. 

32. Zhang M, Yao S, Rao W, Liu J. Transformable soft liquid metal 
micro/nanomaterials. Mater Sci Eng R Rep. 2019; 138: 1-35. 

33. Chechetka SA, Yu Y, Zhen X, Pramanik M, Pu K, Miyako E. Light-driven 
liquid metal nanotransformers for biomedical theranostics. Nat 
Commun. 2017; 8: 15432. 

34. Ren L, Xu X, Du Y, Kalantar-Zadeh K, Dou SX. Liquid metals and their 
hybrids as stimulus-responsive smart materials. Mater Today. 2020; 34: 
92-114. 

35. Wang H, Chen S, Yuan B, Liu J, Sun X. Liquid Metal Transformable 
Machines. Acc Mater Res. 2021; 2: 1227-38. 

36. Zeng M, Li L, Zhu X, Fu L. A Liquid Metal Reaction System for 
Advanced Material Manufacturing. Acc Mater Res. 2021; 2: 669-80. 

37. Kim JH, Kim S, So JH, Kim K, Koo HJ. Cytotoxicity of Gallium-Indium 
Liquid Metal in an Aqueous Environment. ACS Appl Mater Inter. 2018; 
10: 17448-54. 

38. Li H, Qiao R, Davis TP, Tang SY. Biomedical Applications of Liquid 
Metal Nanoparticles: A Critical Review. Biosensors. 2020; 10: 196. 

39. Zhang M, Wang X, Huang Z, Rao W. Liquid Metal Based Flexible and 
Implantable Biosensors. Biosensors. 2020; 10: 170. 

40. Sun X, Yuan B, Wang H, Fan L, Duan M, Wang X, et al. 
Nano-Biomedicine based on Liquid Metal Particles and Allied Materials. 
Adv Nanobiomed Res. 2021; 1: 2000086. 

41. Zuraiqi K, Zavabeti A, Allioux F-M, Tang J, Nguyen CK, Tafazolymotie 
P, et al. Liquid Metals in Catalysis for Energy Applications. Joule. 2020; 4: 
2290-321. 

42. Kalantar-Zadeh K, Tang J, Daeneke T, O'Mullane AP, Stewart LA, Liu J, 
et al. Emergence of Liquid Metals in Nanotechnology. ACS Nano. 2019; 
13: 7388-95. 

43. Wang D, Yu Z, Qi Y, Hu K, Zhou T, Liu J, et al. Liquid Metal 
Nanoplatform Based Autologous Cancer Vaccines. ACS Nano. 2023; 17: 
13278–95. 

44. Wang D, Wu Q, Guo R, Lu C, Niu M, Rao W. Magnetic liquid metal 
loaded nano-in-micro spheres as fully flexible theranostic agents for 
SMART embolization. Nanoscale. 2021; 13: 8817-36. 

45. Wang D, Rao W. Alginate sponge assisted instantize liquid metal 
nanocomposite for photothermo-chemotherapy. Appl Mater Today. 
2022; 29: 101583. 

46. Chen S, Zhao R, Sun X, Wang H, Li L, Liu J. Toxicity and 
Biocompatibility of Liquid Metals. Adv Healthc Mater. 2023; 12: 2201924. 

47. Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, Monnet 
DL, et al. Discovery, research, and development of new antibiotics: the 
WHO priority list of antibiotic-resistant bacteria and tuberculosis. Lancet 
Infect Dis. 2018; 18: 318-27. 

48. Truong VK, Hayles A, Bright R, Luu TQ, Dickey MD, Kalantar-Zadeh K, 
et al. Gallium Liquid Metal: Nanotoolbox for Antimicrobial 
Applications. ACS Nano. 2023; 17: 14406-23. 

49. Hood MI, Skaar EP. Nutritional immunity: transition metals at the 
pathogen–host interface. Nat Rev Microbiol. 2012; 10: 525-37. 

50. Miethke M, Marahiel MA. Siderophore-Based Iron Acquisition and 
Pathogen Control. Microbiol Mol Biol Rev. 2007; 71: 413-51. 

51. Wandersman C, Delepelaire P. Bacterial Iron Sources: From 
Siderophores to Hemophores. Annu Rev Microbiol. 2004; 58: 611-47. 

52. Lau CK, Krewulak KD, Vogel HJ, Bitter W. Bacterial ferrous iron 
transport: the Feo system. FEMS Microbiol Rev. 2016; 40: 273-98. 

53. Goss CH, Kaneko Y, Khuu L, Anderson GD, Ravishankar S, Aitken ML, 
et al. Gallium disrupts bacterial iron metabolism and has therapeutic 
effects in mice and humans with lung infections. Sci Transl Med. 2018; 
10: eaat7520. 

54. Li L, Chang H, Yong N, Li M, Hou Y, Rao W. Superior antibacterial 
activity of gallium based liquid metals due to Ga3+ induced intracellular 
ROS generation. J Mater Chem B. 2021; 9: 85-93. 

55. Xu D, Hu J, Pan X, Sánchez S, Yan X, Ma X. Enzyme-Powered Liquid 
Metal Nanobots Endowed with Multiple Biomedical Functions. ACS 
Nano. 2021; 15: 11543-54. 

56. Elbourne A, Cheeseman S, Atkin P, Truong NP, Syed N, Zavabeti A, et 
al. Antibacterial Liquid Metals: Biofilm Treatment via Magnetic 
Activation. ACS Nano. 2020; 14: 802-17. 

57. Urso A, Prince A. Anti-Inflammatory Metabolites in the Pathogenesis of 
Bacterial Infection. Front Cell Infect Microbiol. 2022; 12: 925746. 

58. Kuchar E, Karlikowska-Skwarnik M, Wawrzuta D. Anti-Inflammatory 
Therapy of Infections. In: Rezaei N, editor. Encyclopedia of Infection and 
Immunity. Oxford: Elsevier; 2022. p. 791-7. 

59. Matkovic V, Balboa A, Clinchot D, Whitacre C, Zwilling B, Brown D, et 
al. Gallium prevents adjuvant arthritis in rats and interferes with 
macrophage/T-cell function in the immune response. Curr Ther Res Clin 
Exp. 1991; 50: 255-67. 

60. Whitacre C, Apseloff G, Cox K, Matkovic V, Jewell S, Gerber N. 
Suppression of experimental autoimmune encephalomyelitis by gallium 
nitrate. J Neuroimmunol. 1992; 39: 175-81. 

61. Apseloff G, Hackshaw KV, Whitacre C, Weisbrode SE, Gerber N. 
Gallium nitrate suppresses lupus in MRL/lpr mice. Naunyn 
Schmiedebergs Arch Pharmacol. 1997; 356: 517-25. 

62. Makkonen N, Hirvonen MR, Savolainen K, Lapinjoki S, Mönkkönen J. 
The effect of free gallium and gallium in liposomes on cytokine and 
nitric oxide secretion from macrophage-like cells in vitro. Inflamm Res. 
1995; 44: 523-8. 

63. de Albuquerque Wanderley Sales V, Timóteo Renata Ribeiro T, da Silva 
Millena N, de Melo Gomes C, Ferreira Silva A, de Oliveira Victor 
Gregório M, et al. A Systematic Review of the Anti-inflammatory Effects 
of Gallium Compounds. Curr Med Chem. 2021; 28: 2062-76. 

64. Zhang C, Yang B, Biazik JM, Webster RF, Xie W, Tang J, et al. Gallium 
Nanodroplets are Anti-Inflammatory without Interfering with Iron 
Homeostasis. ACS Nano. 2022; 16: 8891-903. 

65. Guo Q, Li L, Hou S, Yuan Z, Li C, Zhang W, et al. The Role of Iron in 
Cancer Progression. Front Oncol. 2021; 11: 778492. 

66. Yin HY, Gao JJ, Chen X, Ma B, Yang ZS, Tang J, et al. A Gallium(III) 
Complex that Engages Protein Disulfide Isomerase A3 (PDIA3) as an 
Anticancer Target. Angew Chem Int Ed Engl. 2020; 59: 20147-53. 

67. Peng XX, Zhang H, Zhang R, Li ZH, Yang ZS, Zhang J, et al. Gallium 
Triggers Ferroptosis through a Synergistic Mechanism. Angew Chem Int 
Ed Engl. 2023; 62: e202307838. 



Theranostics 2025, Vol. 15, Issue 17 
 

 
https://www.thno.org 

8819 

68. Yang M, Chitambar CR. Role of oxidative stress in the induction of 
metallothionein-2A and heme oxygenase-1 gene expression by the 
antineoplastic agent gallium nitrate in human lymphoma cells. Free 
Radic Biol Med. 2008; 45: 763-72. 

69. Qi J, Qian K, Tian L, Cheng Z, Wang Y. Gallium(III)–
2-benzoylpyridine-thiosemicarbazone complexes promote apoptosis 
through Ca2+ signaling and ROS-mediated mitochondrial pathways. 
New J Chem. 2018; 42: 10226-33. 

70. Hreusova M, Novohradsky V, Markova L, Kostrhunova H, Potočňák I, 
Brabec V, et al. Gallium(III) Complex with Cloxyquin Ligands Induces 
Ferroptosis in Cancer Cells and Is a Potent Agent against Both 
Differentiated and Tumorigenic Cancer Stem Rhabdomyosarcoma Cells. 
Bioinorg Chem Appl. 2022; 2022: 3095749. 

71. Romani D, Marchetti F, Di Nicola C, Cuccioloni M, Gong C, Eleuteri AM, 
et al. Multitarget-Directed Gallium(III) Tris(acyl-pyrazolonate) 
Complexes Induce Ferroptosis in Cancer Cells via Dysregulation of Cell 
Redox Homeostasis and Inhibition of the Mevalonate Pathway. J Med 
Chem. 2023; 66: 3212-25. 

72. Zhang Y, Liu MD, Li CX, Li B, Zhang XZ. Tumor Cell Membrane-Coated 
Liquid Metal Nanovaccine for Tumor Prevention. Chin J Chem 2020; 38: 
595-600. 

73. Han Z-Y, Fu Z-J, Wang Y-Z, Zhang C, Chen Q-W, An J-X, et al. Probiotics 
functionalized with a gallium-polyphenol network modulate the 
intratumor microbiota and promote anti-tumor immune responses in 
pancreatic cancer. Nat Commun. 2024; 15: 7096. 

74. Warrell RP, Bockman RS. Gallium in the treatment of hypercalcemia and 
bone metastasis. Important Adv Oncol. 1989: 205-20. 

75. Bockman R. The effects of gallium nitrate on bone resorption. Semin 
Oncol. 2003; 30: 5-12. 

76. Yi L, Jin C, Wang L, Liu J. Liquid-solid phase transition alloy as 
reversible and rapid molding bone cement. Biomaterials. 2014; 35: 9789. 

77. Ballardini A, Montesi M, Panseri S, Vandini A, Balboni PG, Tampieri A, 
et al. New hydroxyapatite nanophases with enhanced osteogenic and 
anti‐bacterial activity. J Biomed Mater Res A. 2018; 106: 521-30. 

78. Kurtuldu F, Mutlu N, Friedrich RP, Beltrán AM, Liverani L, Detsch R, et 
al. Gallium-containing mesoporous nanoparticles influence in-vitro 
osteogenic and osteoclastic activity. Biomater Adv. 2024; 162: 213922. 

79. Verron E, Masson M, Khoshniat S, Duplomb L, Wittrant Y, Baud'huin M, 
et al. Gallium modulates osteoclastic bone resorption in vitro without 
affecting osteoblasts. Br J Pharmacol. 2010; 159: 1681-92. 

80. Kurtuldu F, Mutlu N, Boccaccini AR, Galusek D. Gallium containing 
bioactive materials: A review of anticancer, antibacterial, and osteogenic 
properties. Bioact Mater. 2022; 17: 125-46. 

81. Guidon PT, Salvatori R, Bockman RS. Gallium nitrate regulates rat 
osteoblast expression of osteocalcin protein and mRNA levels. J Bone 
Miner Res. 1993; 8: 103-12. 

82. Verron E, Loubat A, Carle GF, Vignes-Colombeix C, Strazic I, Guicheux 
J, et al. Molecular effects of gallium on osteoclastic differentiation of 
mouse and human monocytes. Biochem Pharmacol. 2012; 83: 671-9. 

83. Bockman RS, Boskey AL, Blumenthal NC, Alcock NW, Warrell RP. 
Gallium increases bone calcium and crystallite perfection of 
hydroxyapatite. Calcif Tissue Int. 1986; 39: 376-81. 

84. Gómez-Cerezo N, Verron E, Montouillout V, Fayon F, Lagadec P, Bouler 
JM, et al. The response of pre-osteoblasts and osteoclasts to gallium 
containing mesoporous bioactive glasses. Acta Biomater. 2018; 76: 
333-43. 

85. Zhang Q, Yao Y, Gao J, Yang X, Zhang P, Deng Z, et al. Thermal 
evaluation of the injectable liquid metal bone cement in orthopedic 
treatment. Sci China Tech Sci. 2020; 63: 446-58. 

86. Li S, Dong C, Lv Y. Magnetic liquid metal scaffold with dynamically 
tunable stiffness for bone tissue engineering. Biomater Adv. 2022; 139: 
212975. 

87. Pro B, Bociek RG, Chitambar CR, Gregory SA, Leonard JP, Smith S, et al. 
Phase 2 Multicenter Trial of Gallium Nitrate in Patients with Advanced 
Non-Hodgkin’s Lymphoma (NHL). Blood. 2004; 104: 2487. 

88. Kaneko Y, Thoendel M, Olakanmi O, Britigan BE, Singh PK. The 
transition metal gallium disrupts Pseudomonas aeruginosa iron 
metabolism and has antimicrobial and antibiofilm activity. J Clin Invest. 
2007; 117: 877-88. 

89. Collery P, Millart H, Lamiable D, Vistelle R, Pechery C. Clinical 
pharmacology of gallium chloride after oral administration in lung 
cancer patients. J Anticancer research. 1989; 9: 353-6. 

90. Chitambar CR, Purpi DP, Woodliff J, Yang M, Wereley JP. Development 
of Gallium Compounds for Treatment of Lymphoma: Gallium Maltolate, 
a Novel Hydroxypyrone Gallium Compound, Induces Apoptosis and 
Circumvents Lymphoma Cell Resistance to Gallium Nitrate. J Pharmacol 
Exp Ther. 2007; 322: 1228-36. 

91. Timerbaev AR. Advances in developing tris(8-quinolinolato)gallium(III) 
as an anticancer drug: critical appraisal and prospects. Metallomics. 
2009; 1: 193-8. 

92. Hu JJ, Liu MD, Gao F, Chen Y, Peng SY, Li ZH, et al. Photo-controlled 
liquid metal nanoparticle-enzyme for starvation/photothermal therapy 
of tumor by win-win cooperation. Biomaterials. 2019; 217: 119303. 

93. Hu JJ, Liu MD, Chen Y, Gao F, Peng SY, Xie BR, et al. Immobilized liquid 
metal nanoparticles with improved stability and photothermal 
performance for combinational therapy of tumor. Biomaterials. 2019; 
207: 76-88. 

94. Wu Q, Xia N, Long D, Tan L, Rao W, Yu J, et al. Dual-Functional 
Supernanoparticles with Microwave Dynamic Therapy and Microwave 
Thermal Therapy. Nano Lett. 2019; 19: 5277-86. 

95. Wang X, Li X, Duan M, Shan S, Zhu X, Chai Y, et al. Endosomal 
escapable cryo-treatment-driven membrane-encapsulated Ga 
liquid-metal transformer to facilitate intracellular therapy. Matter. 2022; 
5: 219-36. 

96. Zhang L, Sang Y, Liu Z, Wang W, Liu Z, Deng Q, et al. Liquid Metal as 
Bioinspired and Unusual Modulator in Bioorthogonal Catalysis for 
Tumor Inhibition Therapy. Angew Chem Int Ed Engl. 2023; 62: 
e202218159. 

97. Melnikov P, Teixeira AR, Malzac A, Coelho MdB. Gallium-containing 
hydroxyapatite for potential use in orthopedics. Mater Chem Phys. 2009; 
117: 86-90. 

98. Cochis A, Azzimonti B, Chiesa R, Rimondini L, Gasik M. Metallurgical 
Gallium Additions to Titanium Alloys Demonstrate a Strong 
Time-Increasing Antibacterial Activity without any Cellular Toxicity. 
ACS Biomater Sci Eng. 2019; 5: 2815-20. 

99. Pourshahrestani S, Zeimaran E, Kadri NA, Gargiulo N, Jindal HM, 
Naveen SV, et al. Potency and Cytotoxicity of a Novel 
Gallium-Containing Mesoporous Bioactive Glass/Chitosan Composite 
Scaffold as Hemostatic Agents. ACS Appl Mater Inter. 2017; 9: 31381-92. 

100. Wang Q, Yu Y, Pan K, Liu J. Liquid metal angiography for mega contrast 
X-ray visualization of vascular network in reconstructing in-vitro organ 
anatomy. IEEE Trans Biomed Eng. 2014; 61: 2161. 

101. Sun X, Cui B, Yuan B, Wang X, Fan L, Yu D, et al. Liquid Metal 
Microparticles Phase Change Medicated Mechanical Destruction for 
Enhanced Tumor Cryoablation and Dual-Mode Imaging. Adv Funct 
Mater. 2020; 30: 2003359. 

102. Marin AG, Garcia-Mendiola T, Bernabeu CN, Hernandez MJ, Piqueras J, 
Pau JL, et al. Gallium plasmonic nanoparticles for label-free DNA and 
single nucleotide polymorphism sensing. Nanoscale. 2016; 8: 9842-51. 

103. Wang F, Jiang X, Yang DC, Elliott RL, Head JF. 
Doxorubicin-gallium-transferrin conjugate overcomes multidrug 
resistance: evidence for drug accumulation in the nucleus of drug 
resistant MCF-7/ADR cells. Anticancer Res. 2000; 20: 799-808. 

104. Wang D, Gao C, Zhou C, Lin Z, He Q. Leukocyte membrane-coated 
liquid metal nanoswimmers for actively targeted delivery and 
synergistic chemophotothermal therapy. Research. 2020; 2020: 3676954. 

105. Lu Y, Lin Y, Chen Z, Hu Q, Liu Y, Yu S, et al. Enhanced Endosomal 
Escape by Light-Fueled Liquid-Metal Transformer. Nano Lett. 2017; 17: 
2138-45. 

106. Chitambar CR. Gallium nitrate for the treatment of non-Hodgkin’s 
lymphoma. Expert Opin Investig Drugs. 2004; 13: 531-41. 

107. Perlin DS, Rautemaa-Richardson R, Alastruey-Izquierdo A. The global 
problem of antifungal resistance: prevalence, mechanisms, and 
management. Lancet Infect Dis. 2017; 17: e383-e92. 

108. Chatterjee N, Bivona TG. Polytherapy and Targeted Cancer Drug 
Resistance. Trends Cancer. 2019; 5: 170-82. 

109. McInnes LE, Rudd SE, Donnelly PS. Copper, gallium and zirconium 
positron emission tomography imaging agents: The importance of metal 
ion speciation. Coord Chem Rev. 2017; 352: 499-516. 

110. Bernstein LR, Tanner T, Godfrey C, Noll B. Chemistry and 
Pharmacokinetics of Gallium Maltolate, a Compound With High Oral 
Gallium Bioavailability. Met-Based Drugs. 2000; 7: 33-47. 

111. Wu X, Wang TW, Lessmann GM, Saleh J, Liu X, Chitambar CR, et al. 
Gallium Maltolate Inhibits Human Cutaneous T-Cell Lymphoma Tumor 
Development in Mice. J Invest Dermatol. 2015; 135: 877-84. 

112. Bernstein LR, van der Hoeven JJ, Boer RO. Hepatocellular carcinoma 
detection by gallium scan and subsequent treatment by gallium 
maltolate: rationale and case study. Anticancer Agents Med Chem. 2011; 
11: 585-90. 

113. Banin E, Lozinski A, Brady KM, Berenshtein E, Butterfield PW, Moshe 
M, et al. The potential of desferrioxamine-gallium as an 
anti-Pseudomonas therapeutic agent. Proc Natl Acad Sci U S A. 2008; 
105: 16761-6. 

114. Qiao J, Liu Z, Cui S, Nagy T, Xiong MP. Synthesis and evaluation of an 
amphiphilic deferoxamine:gallium-conjugated cationic random 



Theranostics 2025, Vol. 15, Issue 17 
 

 
https://www.thno.org 

8820 

copolymer against a murine wound healing infection model of 
Pseudomonas aeruginosa. Acta Biomater. 2021; 126: 384-93. 

115. Kelson AB, Carnevali M, Truong-Le V. Gallium-based anti-infectives: 
targeting microbial iron-uptake mechanisms. Curr Opin Pharmacol. 
2013; 13: 707-16. 

116. Xu W, Lin Z, Pan S, Chen J, Wang T, Cortez-Jugo C, et al. Direct 
Assembly of Metal‐Phenolic Network Nanoparticles for Biomedical 
Applications. Angew Chem Int Ed. 2023; 6: e202312925. 

117. Wang D, Hou Y, Tang J, Liu J, Rao W. Liquid Metal as Energy 
Conversion Sensitizers: Materials and Applications. Adv Sci. 2024; 11: 
2304777. 

118. Wu PC, Kim TH, Brown AS, Losurdo M, Bruno G, Everitt HO. Real-time 
plasmon resonance tuning of liquid Ga nanoparticles by in situ 
spectroscopic ellipsometry. Appl Phys Lett. 2007; 90: 197. 

119. Sanz JM, Ortiz D, Alcaraz dlO R, Saiz JM, González F, Brown AS, et al. 
UV Plasmonic Behavior of Various Metal Nanoparticles in the Near- and 
Far-Field Regimes: Geometry and Substrate Effects. J Phys Chem C. 2013; 
117: 19606-15. 

120. McMahon JM, Schatz GC, Gray SK. Plasmonics in the ultraviolet with 
the poor metals Al, Ga, In, Sn, Tl, Pb, and Bi. Phys Chem Chem Phys. 
2013; 15: 5415-23. 

121. Naik GV, Shalaev VM, Boltasseva A. Alternative plasmonic materials: 
beyond gold and silver. Adv Mater. 2013; 25: 3264-94. 

122. Catalan-Gomez S, Redondo-Cubero A, Palomares FJ, Nucciarelli F, Pau 
JL. Tunable plasmonic resonance of gallium nanoparticles by thermal 
oxidation at low temperaturas. Nanotechnology. 2017; 28: 405705. 

123. Daeneke T, Khoshmanesh K, Mahmood N, de Castro IA, Esrafilzadeh D, 
Barrow SJ, et al. Liquid metals: fundamentals and applications in 
chemistry. Chem Soc Rev. 2018; 47: 4073-111. 

124. Albella P, Garcia-Cueto B, González F, Moreno F, Wu PC, Kim T-H, et al. 
Shape Matters: Plasmonic Nanoparticle Shape Enhances Interaction with 
Dielectric Substrate. Nano Lett. 2011; 11: 3531-7. 

125. Knight MW, Coenen T, Yang Y, Brenny BJM, Losurdo M, Brown AS, et 
al. Gallium Plasmonics: Deep Subwavelength Spectroscopic Imaging of 
Single and Interacting Gallium Nanoparticles. ACS Nano. 2015; 9: 
2049-60. 

126. Yang Y, Akozbek N, Kim T-H, Sanz JM, Moreno F, Losurdo M, et al. 
Ultraviolet–Visible Plasmonic Properties of Gallium Nanoparticles 
Investigated by Variable-Angle Spectroscopic and Mueller Matrix 
Ellipsometry. ACS Photonics. 2014; 1: 582-9. 

127. Yan J, Zhang X, Liu Y, Ye Y, Yu J, Chen Q, et al. Shape-controlled 
synthesis of liquid metal nanodroplets for photothermal therapy. Nano 
Res. 2019; 12: 1313-20. 

128. Yu Y, Miyako E. Alternating-Magnetic-Field-Mediated Wireless 
Manipulations of a Liquid Metal for Therapeutic Bioengineering. 
iScience. 2018; 3: 134-48. 

129. Wang D, Xie W, Gao Q, Yan H, Zhang J, Lu J, et al. Non-Magnetic 
Injectable Implant for Magnetic Field-Driven Thermochemotherapy and 
Dual Stimuli-Responsive Drug Delivery: Transformable Liquid Metal 
Hybrid Platform for Cancer Theranostics. Small. 2019; 15: 1900511. 

130. Wang X, Fan L, Zhang J, Sun X, Chang H, Yuan B, et al. Printed 
Conformable Liquid Metal e‐Skin‐Enabled Spatiotemporally Controlled 
Bioelectromagnetics for Wireless Multisite Tumor Therapy. Adv Funct 
Mater. 2019; 29: 1907063. 

131. Yang N, Li W, Gong F, Cheng L, Dong Z, Bai S, et al. Injectable 
Nonmagnetic Liquid Metal for Eddy‐Thermal Ablation of Tumors under 
Alternating Magnetic Field. Small Methods. 2020; 4: 2000147. 

132. Yang N, Sun X, Zhou Y, Yang X, You J, Yu Z, et al. Liquid metal 
microspheres with an eddy-thermal effect for magnetic 
hyperthermia-enhanced cancer embolization-immunotherapy. Sci Bull. 
2023; 68: 1772-83. 

133. Karcher C, Kocourek V, Schulze D. Experimental Investigations of 
Electromagnetic Instabilities of Free Surfaces in a Liquid Metal Drop. 
International Scientific Colloquium Modelling for Electromagnetic 
Processing Hannover; 2003. p. 105-10. 

134. Quan X, Zhang Y, Chen S, Zhao Y, Yang F. Generation of hydroxyl 
radical in aqueous solution by microwave energy using activated carbon 
as catalyst and its potential in removal of persistent organic substances. J 
Mol Catal A: Chem. 2007; 263: 216-22. 

135. Sun X, Guo R, Yuan B, Chen S, Wang H, Dou M, et al. Low-Temperature 
Triggered Shape Transformation of Liquid Metal Microdroplets. ACS 
Appl Mater Inter. 2020; 12: 38386-96. 

136. Kalantar-Zadeh K, Daeneke T, Tang J. The atomic intelligence of liquid 
metals. Science. 2024; 385: 372-3. 

137. Rahim MA, Tang J, Christofferson AJ, Kumar PV, Meftahi N, Centurion 
F, et al. Low-temperature liquid platinum catalyst. Nat Chem. 2022; 14: 
935-41. 

138. Tang J, Kumar PV, Cao Z, Han J, Daeneke T, Esrafilzadeh D, et al. Low 
temperature mechano-catalytic biofuel conversion using liquid metals. 
Chem Eng J. 2023; 452. 

139. Esrafilzadeh D, Zavabeti A, Jalili R, Atkin P, Choi J, Carey BJ, et al. Room 
temperature CO2 reduction to solid carbon species on liquid metals 
featuring atomically thin ceria interfaces. Nat Commun. 2019; 10: 865. 

140. Studt F, Sharafutdinov I, Abild-Pedersen F, Elkjær CF, Hummelshøj JS, 
Dahl S, et al. Discovery of a Ni-Ga catalyst for carbon dioxide reduction 
to methanol. Nat Chem. 2014; 6: 320-4. 

141. Sharafutdinov I, Elkjær CF, Pereira de Carvalho HW, Gardini D, 
Chiarello GL, Damsgaard CD, et al. Intermetallic compounds of Ni and 
Ga as catalysts for the synthesis of methanol. J Catal. 2014; 320: 77-88. 

142. Yang N, Gong F, Zhou Y, Hao Y, Dong Z, Lei H, et al. A general in-situ 
reduction method to prepare core-shell liquid-metal / metal 
nanoparticles for photothermally enhanced catalytic cancer therapy. 
Biomaterials. 2021; 277. 

143. Wang S, Zou Y, Hu L, Lv Y. Manganese-doped liquid metal 
nanoplatforms for cellular uptake and glutathione depletion-enhanced 
photothermal and chemodynamic combination tumor therapy. Acta 
Biomater. 2025; 191: 369-85. 

144. Liu MD, Guo DK, Zeng RY, Guo WH, Ding XL, Li CX, et al. 
Transformable Spinose Nanodrums with Self‐Supplied H2O2 for 
Photothermal and Cascade Catalytic Therapy of Tumor. Small Methods. 
2021; 5: 2100361. 

145. Xu Z, Chen X, Tan R, She Z, Chen Z, Xia Z. Preparation and 
characterization of a gallium-loaded antimicrobial artificial dermal 
scaffold. Mater Sci Eng C Mater Biol Appl. 2019; 105. 

146. Richter K, Thomas N, Claeys J, McGuane J, Prestidge Clive A, Coenye T, 
et al. A Topical Hydrogel with Deferiprone and Gallium-Protoporphyrin 
Targets Bacterial Iron Metabolism and Has Antibiofilm Activity. 
Antimicrob Agents Chemother. 2017; 61: e00481-17. 

147. Müller A, Fessele C, Zuber F, Rottmar M, Maniura-Weber K, Ren Q, et al. 
Gallium Complex-Functionalized P4HB Fibers: A Trojan Horse to Fight 
Bacterial Infection. ACS Appl Bio Mater. 2020; 4: 682-91. 

148. He F, Lu T, Feng S, Wang Y, Huang C, Zhang Y, et al. Alliance of gallium 
and strontium potently mediates the osteoclastic and osteogenic 
activities of β-tricalcium phosphate bioceramic scaffolds. Chem Eng J. 
2021; 412: 128709. 

149. Li K, Tian H, Guo A, Jin L, Chen W, Tao B. Gallium (Ga)–strontium (Sr) 
layered double hydroxide composite coating on titanium substrates for 
enhanced osteogenic and antibacterial abilities. J Biomed Mater Res A. 
2022; 110: 273-86. 

150. Clarkin OM, Wu B, Cahill PA, Brougham DF, Banerjee D, Brady SA, et al. 
Novel injectable gallium-based self-setting glass-alginate hydrogel 
composite for cardiovascular tissue engineering. Carbohydr Polym. 
2019; 217: 152-9. 

151. Rana KS, Souza LPd, Isaacs MA, Raja FNS, Morrell AP, Martin RA. 
Development and Characterization of Gallium-Doped Bioactive Glasses 
for Potential Bone Cancer Applications. ACS Biomater Sci Eng. 2017; 3: 
3425-32. 

152. Zhang E, Zhao X, Hu J, Wang R, Fu S, Qin G. Antibacterial metals and 
alloys for potential biomedical implants. Bioact Mater. 2021; 6: 2569-612. 

153. Liu J, Li F, Liu C, Wang H, Ren B, Yang K, et al. Effect of Cu content on 
the antibacterial activity of titanium–copper sintered alloys. Mater Sci 
Eng C Mater Biol Appl. 2014; 35: 392-400. 

154. Gao Z, Song M, Liu R-L, Shen Y, Ward L, Cole I, et al. Improving in vitro 
and in vivo antibacterial functionality of Mg alloys through 
micro-alloying with Sr and Ga. Mater Sci Eng C Mater Biol Appl. 2019; 
104: 109926. 

155. Hao Y, Gao J, Lv Y, Liu J. Low Melting Point Alloys Enabled Stiffness 
Tunable Advanced Materials. Adv Funct Mater. 2022; 32: 2201942. 

156. Montazerian H, Davoodi E, Baidya A, Baghdasarian S, Sarikhani E, 
Meyer CE, et al. Engineered Hemostatic Biomaterials for Sealing 
Wounds. Chem Rev. 2022; 122: 12864-903. 

157. Bauters A, Holt DJ, Zerbib P, Rogosnitzky M. Gallium nitrate induces 
fibrinogen flocculation: an explanation for its hemostatic effect? 
Biometals. 2013; 26: 935-9. 

158. Pourshahrestani S, Zeimaran E, Adib Kadri N, Gargiulo N, Samuel S, 
Naveen SV, et al. Gallium-containing mesoporous bioactive glass with 
potent hemostatic activity and antibacterial efficacy. J Mater Chem B. 
2016; 4: 71-86. 

159. Duan M, Zhu X, Fan L, He Y, Yang C, Guo R, et al. Phase-Transitional 
Bismuth-Based Metals enable Rapid Embolotherapy, Hyperthermia, and 
Biomedical Imaging. Adv Mater. 2022; 34: 2205002. 

160. Truong B, Jolles PR, Mullaney JM. Primary adrenal lymphoma: gallium 
scintigraphy and correlative imaging. J Nucl Med. 1997; 38: 1770-1. 

161. García Marín A, Hernández MJ, Ruiz E, Abad JM, Lorenzo E, Piqueras J, 
et al. Immunosensing platform based on gallium nanoparticle arrays on 
silicon substrates. Biosens Bioelectron. 2015; 74: 1069-75. 



Theranostics 2025, Vol. 15, Issue 17 
 

 
https://www.thno.org 

8821 

162. Culjat MO, Singh RS, White SN, Neurgaonkar RR, Brown ER. Evaluation 
of gallium-indium alloy as an acoustic couplant for high-impedance, 
high-frequency applications. Acoust Res Lett Online. 2005; 6: 125-30. 

163. Kulkarni S, Pandey A, Mutalik S. Liquid metal based theranostic 
nanoplatforms: Application in cancer therapy, imaging and biosensing. 
Nanomedicine. 2020; 26: 102175. 

164. Dufès C, Al Robaian M, Somani S. Transferrin and the Transferrin 
Receptor for the Targeted Delivery of Therapeutic Agents to the Brain 
and Cancer Cells. Ther Deliv. 2013; 4: 629-40. 

165. Tortorella S, Karagiannis TC. Transferrin Receptor-Mediated 
Endocytosis: A Useful Target for Cancer Therapy. J Membrane Biol. 
2014; 247: 291-307. 

166. Chiechi RC, Weiss EA, Dickey MD, Whitesides GM. Eutectic 
gallium-indium (EGaIn): a moldable liquid metal for electrical 
characterization of self-assembled monolayers. Angew Chem Int Ed 
Engl. 2008; 47: 142-4. 

167. Larsen RJ, Dickey MD, Whitesides GM, Weitz DA. Viscoelastic 
properties of oxide-coated liquid metals. J Rheol. 2009; 53: 1305-26. 

168. Dickey MD. Emerging applications of liquid metals featuring surface 
oxides. ACS Appl Mater Inter. 2014; 6: 18369. 

169. Bark H, Lee PS. Surface modification of liquid metal as an effective 
approach for deformable electronics and energy devices. Chem Sci. 2021; 
12: 2760-77. 

170. Li X, Li M, Zong L, Wu X, You J, Du P, et al. Liquid Metal Droplets 
Wrapped with Polysaccharide Microgel as Biocompatible Aqueous Ink 
for Flexible Conductive Devices. Adv Funct Mater. 2018; 28: 1804197. 

171. Zhu P, Gao S, Lin H, Lu X, Yang B, Zhang L, et al. Inorganic 
Nanoshell-Stabilized Liquid Metal for Targeted Photonanomedicine in 
NIR-II Biowindow. Nano Lett. 2019; 19: 2128-37. 

172. Xia N, Li N, Rao W, Yu J, Wu Q, Tan L, et al. Multifunctional and flexible 
ZrO2-coated EGaIn nanoparticles for photothermal therapy. Nanoscale. 
2019; 11: 10183-9. 

173. Lu Y, Hu Q, Lin Y, Pacardo DB, Wang C, Sun W, et al. Transformable 
liquid-metal nanomedicine. Nat Commun. 2015; 6: 10066. 


