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ABSTRACT

Disulfiram (DSF) is a second-line drug for the clinical treatment of alcoholism and has long been proven to be safe
for use in clinical practice. In recent years, researchers have discovered the cancer-killing activity of DSF, which
is highly dependent on the presence of metal ions, particularly copper ions. Additionally, free DSF is highly
unstable and easily degraded within few minutes in blood circulation. Therefore, an ideal DSF formulation
should facilitate the co-delivery of metal ions and safeguard the DSF throughout its biological journey before
reaching the targeted site. Extensive research have proved that nanotechnology based formulations can effec-
tively realize this goal by strategic encapsulation therapeutic agents within nanoparticle. To be more specific,
this is accomplished through precise delivery, coordinated release of metal ions at the tumor site, thereby
amplifying its cytotoxic potential. Beyond traditional co-loading techniques, innovative approaches such as DSF-
metal complex and metal nanomaterials, have also demonstrated promising results at the animal model stage.
This review aims to elucidate the anticancer mechanism associated with DSF and its reliance on metal ions, as
well as to provide a comprehensive overview of recent advances in the arena of nanomedicine based co-delivery

strategies for DSF and metal ion in the context of cancer therapy.

1. Introduction

Cancer is a malignant tumor originating in epithelial tissue due to
abnormal cell differentiation and uncontrolled proliferation. Although
cancer cells have share similar structural and functional characteristics
with normal cells, they are capable of unlimited cell divisions and
exhibit new properties, which contribute to their generally reduced
sensitivity to existing chemotherapeutic agents (Yin et al., 2021). The
creation of new drugs is costly in terms of both time and money.
Currently, there is no suitable therapeutic option that can adequately
address this problem. In recent years, some researchers have proposed
the strategy of repurposing old drugs for new therapeutic effect, which
greatly shortens the drug research and development cycle and reduces
the risk of failure(McMahon et al., 2020).

Disulfiram (DSF) is a FDA approved drug for alcohol dependence. It
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has been used in clinic for over 60 years, with the advantages of limited
toxicity and controllable adverse effect(Li et al., 2020a). Recently, DSF
has been shown to perform as a cytotoxic drug and to have anticancer
activity. As reported, DSF can inhibit acetaldehyde dehydrogenase
(ALDH) activity, promote reactive oxygen species (ROS) production,
and downregulate the NF-xB and MAPK signaling pathways(Nie et al.,
2022). Several studies have substantiated the therapeutic potential of
DSF in various cancer types, including gastric, breast, liver, and
pancreatic cancers(Lu et al., 2021a). However, the anti-cancer effect of
DSF alone is suboptimal, and the precise mechanism remains to be fully
elucidated.

Concurrently, as research on the interplay between metal ions and
cancer progresses, numerous metal ions have been implicated in tumor
growth and development. For example, copper ions are involved in
angiogenesis within tumor tissue and regulate the level of ROS in tumor
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cells(Ekinci et al., 2019; Kamiya, 2022). Obviously, the concentration of
metal ions could affect the tumor cells progression and induce tumor cell
apoptosis. Studies have employed metal-based compounds, such as
oxaliplatin, to regulate metal ion homeostasis; oxaliplatin is widely
utilized as an anticancer drug in clinical settings (Xu et al., 2021a). Chen
et al. reported that DSF-copper complex treated MDA-MB-231 under-
went proteasome inhibition and cancer cell shrinkage, rounding, and a
large number of vacuoles in cytoplasm, indicative of cellular autophagy
and apoptosis(Chen et al., 2006). Additionally, researchers found that
metal ions, such as iron and calcium, can also induce apoptosis in cancer
cells through specific pathways(Gleitze et al., 2021; Sukumaran et al.,
2021), that may overlap with the cell used by DSF. Thus, combining DSF
with metal ions presents a promising therapeutic strategy for cancer
treatment and has become a research focus, attracting the attention of
many researchers. Among these metal ions, copper ion has been re-
ported as the optimal partner for DSF in anticancer application. It has
been demonstrated that when copper ions are present, DSF can induce
massive ROS generation(Allensworth et al., 2015), contributing to the
occurrence of oxidative stress and the subsequent death of tumor cells.
With the copper ion, DSF can also exert anticancer effects much more
efficiently by targeting ALDH(Viola-Rhenals et al., 2018) and ALDH-
positive cancer stem cells(Qian et al., 2018), producing cytotoxicity
through ALDH accumulation, decreasing cancer stem cell stemness, and
inhibiting ubiquitinated protein degradation. In addition, it has also
been shown that the combination of DSF and copper ion can also inhibit
cancer cells migration, which can reduce the rate of cancer recurrence.
Clearly, DSF could be used as a promising anticancer agent, but its
metal-dependent potency should not be underestimated.

The DSF-copper treatment is simple to apply at the cellular level;
however, it can present challenges when administrated in vivo. In the
absence of external copper supplementation, the efficacy of DFS-copper
combination is highly dependent on the intracellular copper ions level,
and often cause uncontrollable outcomes due to individual differences in
practical use. Consequently, co-delivery of DSF and metal ions holds
considerable promise in cancer treatment, although many efforts have
been made in regarding finding suitable carrier or formulations. DSF’s
physicochemical property also make it difficult to formulate(Farooq
et al., 2019). As is known, DSF has low solubility and gastrointestinal
stability, and it is rapidly metabolized in the body, so it often requires a
very high dose when orally administrated and a simple injection
formulation also could not solve its instability issue. Clinical trials have
used DSF monotherapy(McMahon et al., 2020), where DSF is metabo-
lized and converted into diethyldithiocarbamate (DDC) or diethylth-
iocarbamate (DTC), then chelates with metal ion and form a metal-DDC
(DTC) complex to exert anti-cancer effect (Fig. 1).

However, the amount of metal ions in the human body is limited and
varies among individuals. Copper supplement has been used in clinic
trials to provide an external source of copper ions and increase their
concentration in the tumor microenvironment. However, the copper
supplement has its limitations, as the increase in the copper ion level of
tumor is redistricted, and large dose administration also raise the health
concerns(Peng et al., 2020). The conventional combination of DSF and
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metal ion with separate formulation does not meet clinic need for cancer
treatment. To address these issues, researchers have explored the po-
tential of nanotechnology-based formulation carrier for the co-delivery
DSF and metal ion. Nanomedicine could encapsulate DSF, providing
protection during circulation and enchaining targeted delivery effi-
ciency by minimizing undesired drug accumulation. For metal ion-co-
delivery, scientists leverage nanotechnology through physical co-
loading, polymer-chelation, and metal-based nanomaterials. While
physical co-loading offers protective encapsulation for DSF, ensuring the
desired concentration of metal ion loading is changeling, which can
limit the tumor kill efficacy. The metal-DSF chelation strategy ensures
synchronous loading and release, but the drugability of this complex
requires further improvement. Metal-based nanomaterials have also
been explored for DSF delivery, with the potential to release required
metal ion under specific condition. However, the immature release of
metal ions is an issue that needs further research. Here, we will discuss
several common anticancer mechanism of DSF, including oxidative
stress balance, related enzyme and protein activity, and the metal ion
dependence of these mechanisms. Additionally, we will summarize the
latest progress in nanomaterial strategies for DSF and metal ion co-
delivery, including physical co loading of metal ion and DSF, DSF
metabolite-metal chelation complex (CuET), and metal-based
nanomaterials.

2. Metal ion dependent anti-cancer effect

Numerous researchers have worked to find the underlying anti-
cancer mechanisms of disulfiram and its dependence on metal ion. In
this section, we will discuss the regulation of metal homeostasis within
the tumor microenvironment and its impact on the drug action of
disulfiram. Current research focuses on the cancer-killing mechanisms of
disulfiram, as presented in Fig. 2. This includes its impact on ALDH, ROS
levels, cancer stem cells, and the ubiquitin-proteasome system as po-
tential therapeutic targets.

2.1. Metal homeostasis and cancer development

Metal ions exert a profound influence on biological systems, and
many can readily adopt various oxidation states through the loss or gain
of electrons to undergo or mediate chemical reactions. The ability
mentioned above plays a crucial role in various physiological processes,
like the maintenance of cellular homeostasis, regulation of metabolic
pathways, synthesis of substances, signaling mechanisms, and energy
conversion(Chen et al., 2022b; Dow, 2017). By investigating the bio-
logical behavior of metal ions, researchers have discovered that an
abnormal distribution of these ions can affect a variety of physiological
functions within cells, thereby eliciting deleterious consequences or ever
fatality. For instance, the introduction of copper ions into the drinking
water of rats with chemically induced mammary tumors or pancreatic
islet cell carcinomas resulted in an expedited growth rate of tumors in
the experimental rat models(Skrajnowska et al., 2013). Meanwhile,
many metal ions have been reported to induce cell death by perturbing
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Fig. 1. Chemical structure of Disulfiram (DSF), S-methyl-N, N-diethylthiocarbamate (DDC), S-methyl-N, N-diethylthiocarbamate (DTC), and their related metal

complexes. Metal is abbreviated as Me.
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Fig. 2. The anti-cancer mechanism of DSF in the presence of metal ions. DSF synergizes with metal ions in different ways to produce cytotoxic effects and reduce

cancer progression.

osmolality, eliciting biocatalytic reactions, activating immune path-
ways, and instigating pro-oxidative effects. For example, in biology, iron
plays a crucial role in the functionality of proteins containing iron-sulfur
clusters. Within mitochondria, certain iron-sulfur cluster-containing
proteins actively participate in the mitochondrial electron transport
chain (ETC) to establish a proton gradient across the inner mitochon-
drial membrane (IMM), thereby facilitating oxidative phosphorylation
reactions that are essential for adenosine triphosphate (ATP) production
and energy storage. Moreover, iron is indispensable for the proper
functioning of various other protein types involved in DNA replication,
DNA repair, telomere maintenance, and ribosome assembly(Lal, 2020).
Consequently, due to the pressing need for novel anticancer strategies,
many researchers have directed their attention towards comprehending
the pivotal role played by metal ions in maintaining tumor cell ho-
meostasis (Chen et al., 2022b).

The impact of altered metal ion levels on oxidative stress, a key factor
in the development and progression of various diseases including can-
cer, is widely recognized. ROS refers to a group of oxygen derived rad-
icals and non-radicals that includes superoxide anions (05*), hydrogen
peroxide (H20,), hydroxyl radicals (eOH )(Srinivas et al., 2019).
Elevated levels of ROS serve as indicators for the presence of oxidative
stress.Previous studies have demonstrated that specific metals can
directly or indirectly modulate ROS production and metabolic reactions,
thereby perturbing the redox balance and inducing detrimental effects
on human body. The production of Oy* is typically attributed to the
NADPH oxidase in mitochondria, while its removal is achieved through
a disproportionation reaction to maintain a stable level within the body.
However, under conditions of metal ion overload, these ions can engage
in a Fenton reaction with HyO5, resulting in the generation of O,°.
Subsequently, free radicals undergo a Haber-Weiss reaction, leading to
the conversion of O5* into highly active #OH . This cascade ultimately
disrupts ROS homeostasis and prevents its return to steady-state levels.
As we know, the excessive ROS levels are closely associated with cellular
redox imbalance. These persistent free radicals exhibit high reactivity
and readily engage in interaction with surrounding reactive compo-
nents, such as DNA (via base double bonds), proteins (via sulfhydryl
groups), and enzymes (via [4Fe — 4S]*" clusters), leading to their frag-
mentation or inactivation.Additionally, excessive ROS can activate the
NF-«kB signaling pathway, while active inducers of these pathways such

as TNFa and LPS can reciprocally generate elevated levels of ROS(Qian
et al., 2018). It has been shown that the NF-kB signaling pathway reg-
ulates multiple genes involved in cell transformation, proliferation,
angiogenesis, and inflammatory response mediated by the nuclear
transcription factor NF-kB. Moreover, due to its sensitivity to oxidative
stress, the MAPK pathway can also be activated by ROS. The MAPK
signaling pathway encompasses activation of nuclear transcription fac-
tors associated with DNA repair and apoptosis. Generally speaking, iron
and copper ions directly participate in Fenton and Haber-Weiss re-
actions to facilitate ROS formation(Bahar et al., 2023). Although cad-
mium cannot directly engage in these reactions as a metal ion itself, it
indirectly promotes tumor development through assisting in the pro-
duction of ROS, RNS (reactive nitrogen species), and non-radical
hydrogen peroxide (Wang et al., 2018).

Furthermore, the mitochondrial membrane potential is intricately
linked to cellular differentiation, tumorigenicity, and malignancy of
tumors. Notably, tumor cells generally exhibit elevated levels of mito-
chondrial membrane potential compared to normal cells. For instance,
lung cancer cells, colon cancer cells, and melanoma cells demonstrate a
minimum difference of 60 mV in this regard (Zhang et al., 2014). This
phenomenon arises due to the propensity of high mitochondrial mem-
brane potential-bearing cells for continued proliferation and increased
tumorigenicity while low mitochondrial membrane potential-bearing
cells tend to differentiate into other cell types, thereby diminishing
their ability to proliferate into tumors. It has been observed that lower
levels of ROS are associated with higher levels of mitochondrial mem-
brane potential. In a recent study, an excess amount of copper was found
to decrease the mitochondria’s membrane potential and induce
apoptosis through a cysteine-dependent pathway mediated by mito-
chondria(Yang et al., 2019a). Collectively, these studies indicate that
metal ion concentrations can significantly influence the homeostasis of
mitochondrial membrane potential via diverse pathways.

2.2. Acetaldehyde dehydrogenase (ALDH)

ALDH, a type of aldehyde dehydrogenase, catalyzes the oxidation of
acetaldehyde to acetic acid. Upon administration into the body, DSF
undergoes rapid conversion and metabolism to methyl diethyl dithio-
carbamate (DTC), leading to the formation of
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diethylthiomethylcarbamate and other metabolites. These metabolites
irreversibly inhibit the activity of all known cytoplasmic and mito-
chondrial ALDH isoforms by catalyzing Cys302 residue modification(Li
et al., 2020a; Viola-Rhenals et al., 2018).Consequently, uncomfortable
symptoms such as fever, flushing of the face or upper parts of the neck,
chest and arms, scleral vasodilation, palpitations, nausea, and vomiting
may occur due to acetaldehyde accumulation when alcohol is consumed
(Lu et al., 2021b). This mechanism underlies DSF’s efficacy in treating
alcohol dependence since its approval as an oral medication for alco-
holism treatment by FDA in 1951.

In recent years, research has revealed that the activity of ALDH and
its family members, such as ALDH1Al, in certain tumor stem cells
(CSCs) is generally higher than in normal tissues (Yang et al., 2018).
Transcriptional activation of ALDH1 expression has been associated
with drug resistance in tumors (Koppaka et al., 2012). CSCs are
considered a subset of cancer cells. Similar to normal stem cells, these
ALDH-positive cells possess the capacity for rapid proliferation and
transformation into tumor cells. Even a small number of CSCs can
rapidly initiate tumorigenesis (Lopez et al., 2019). Therefore, ALDH has
been widely recognized as a biomarker for CSCs. Consequently,
numerous researchers have utilized DSF either as a primary drug or in
combination with other classic chemotherapeutics to selectively target
and inhibit ALDH-positive CSCs (Qian et al., 2018). A previous study by
Guo et al. (Fig. 3) demonstrated that the combination of DSF and
cisplatin not only significantly reduced the survival rate of ovarian
cancer stem cells from 21.7%, 8.4%, and 6.88% to approximately 0%,
but also reversed the resistance of ALDH-positive cells to cisplatin while
substantially decreasing overall cancer cell survival rates (Guo et al.,
2019). Furthermore, this combination sensitized the cisplatin-resistant
population resembling stem-like characteristics expressing high levels
of ALDH to cisplatin treatment.

However, the efficacy of DSF alone did not meet expectations,
possibly due to the disruption of sulfhydryl groups essential for DSF-
induced cytotoxicity in the gastrointestinal or hepatic environment
(Butcher et al., 2018). Evidence has demonstrated that combining DSF
with copper ions can effectively target both ALDH1A1l and ALDH2,
profoundly impeding B lymphocyte development, enhancing cancer cell
sensitivity to chemotherapy, and addressing drug resistance issues(Li
et al., 2020b). Furthermore, Song et al. (Song et al., 2016c¢) found that
the combination of cisplatin and DSF reduced cell survival in the
cisplatin-resistant lung cancer cell line A549DDP. This effect may be
attributed to DSF’s ability to inhibit CSC activity and stemness, reverse
drug resistance, and sensitize ALDH-positive stem-like cells to cisplatin
treatment. Although the precise mechanism underlying tumor stemness
reduction by DSF/Cu co-treatment remains unvalidated, numerous
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clinical studies have confirmed its efficacy (Lu et al., 2021b; Lu et al.,
2022).

Recently, Qian et al. discovered low levels of HoO5 and elevated
levels of intracellular antioxidant enzymes, such as Cu/Zn-SOD-1 and
manganese superoxide dismutase, in the CSC population of nasopha-
ryngeal carcinoma(Qian et al., 2018). This finding suggests a potential
involvement of metal ions in the aberrant activation of ROS in CSCs.
Notably, ALDH enzymes have been identified as ROS scavengers(Guo
et al., 2019). Consequently, incorporating metal ions into other
chemotherapeutic agents has emerged as an effective strategy to miti-
gate drug resistance in tumor cells (Ekinci et al., 2019). In line with this
notion, previous studies have demonstrated that combined treatment
with DSF and copper ions can enhance intracellular ROS levels, thereby
inducing apoptosis specifically in ALDH-positive stem cell-like cells
(Kannappan et al., 2021). Simultaneously, co-administration of DSF and
copper ions inhibits ALDH enzyme activity and consequently abolishes
the protective effect mediated by ALDH against oxidative stress-induced
damage (Guo et al., 2019).

2.3. ROS level and cancer resistance

Low levels of ROS promote cell proliferation and differentiation in
normal cells, whereas high concentrations of ROS induce apoptosis.
Therefore, elevated intracellular ROS levels are currently considered to
be one of the mechanisms underlying the action of chemotherapeutic
drugs associated with oxidative stress. During cancer treatment with
chemotherapy drugs, cellular accumulation of ROS leads to oxidative
stress. This disrupts the redox balance in cells and reduces their anti-
oxidant capacity, resulting in damage to cell structure and triggering
apoptosis (Li et al., 2020a). However, tumor cells can develop drug
resistance by modulating intracellular ROS levels. In some cancer pa-
tients undergoing radiotherapy, a high ratio of oxidized/reduced
glutathione (GSSG/GSH) is observed in tumor tissue, indicating persis-
tent oxidation levels and suggesting poor local control rate for tumors
under radiotherapy conditions.

Previous studies have demonstrated that DSF treatment leads to a
reduction in the levels of GSH and H,05 in tumor endothelial cells,
indicating its potential as an inhibitor of tumor growth by suppressing
antioxidant enzymes and elevating cellular ROS levels (Fong, and To, K.
K. W, 2019). It is worth mentioning that DSF-induced ROS generation
occurs through synergistic interactions with metal ions, followed by the
reduction of oxidized metal ions by radical anion superoxide(Jomova
and Valko, 2011). This crucial reaction facilitates metal regeneration,
resulting in continuous production of free radicals and promoting sus-
tained accumulation of ROS within the cell(Lu et al., 2022; Viola-
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Fig. 3. An example of co-administration of DSF and metal ions to reverse the resistance of ALDH positive cells to cisplatin. A) The ability of ovarian cancer cells to
form spheroids when exposed to DSF (0.1 pM) and cu?* (0.1 pM). B) Analysis of ALDH activity in ovarian cancer cells exposed to DSF (10 pM) and cu?t (1 pM). Cells
treated with diethylaminobenzaldehyde (DEAB), a specific ALDH inhibitor, were used as controls. C) Cell viability of ovarian cancer cell lines treated with different
concentrations of DSF and cisplatin for 72 h. Reproduced from ref. (Guo et al., 2019) with permission from Elsevier, copyright 2019.
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Rhenals et al., 2018). Furthermore, copper has been identified as a vital
factor influencing Cu/Zn-SOD enzyme activity, while also playing a
significant role in maintaining mitochondrial membrane potential ho-
meostasis. In serum-free medium, DSF fails to exert cytotoxicity without
the addition of supplementary copper ions (Yang et al., 2019¢).

As previously mentioned, copper plays a crucial role in maintaining
mitochondrial membrane potential, ensuring normal mitochondrial
oxidative phosphorylation reactions, and balancing cellular ROS con-
tent. DSF inhibits the NF-kB signaling pathway and reduces mitochon-
drial membrane potential, leading to the accumulation of ROS in cells
and inducing cell apoptosis(Zhu et al., 2022). Importantly, as shown in
Fig. 4, DSF/Cu also enhances ROS levels in tumor cells, continuously
activates JNK and p38MAPK pathways, while simultaneously blocking
NF-kB activation to promote tumor cell apoptosis or increase ubiquiti-
nation protein expression levels (Liu et al., 2022b). Similarly, copper
also plays an indispensable role in this signaling pathway. Li et al. Re-
ported that copper chaperone for superoxide dismutase could regulate
ROS-mediated MAPK/ERK signaling pathways to promote cancer cell
proliferation and metastases(Li et al., 2019).

It is well-established that hypoxia promotes the secretion of ROS and
vascular endothelial growth factor (VEGF) by cells, thereby stimulating
blood vessel growth and facilitating tumor angiogenesis and progres-
sion. Copper serves as a cofactor for pro-angiogenic molecules, pro-
moting angiogenesis through various mechanisms such as oxygen and
nutrient supply, upregulation of angiogenic mediators like VEGF,
interleukin-1 (IL-1), and ROS release (Kannappan et al., 2021). DSF
induces cell apoptosis, indirectly inhibits angiogenesis, and suppresses
tumor cell growth. In a melanoma study using immunodeficient mice, it
was observed that DSF effectively inhibits tumor angiogenesis in a zinc-
dependent manner(Viola-Rhenals et al., 2018). Furthermore, co-
administration of DSF/Cu has been shown to inhibit angiogenesis via
the EGFR/SRC/VEGF pathway as well as the MMP-2 or MMP-9 pathway,
leading to significant suppression of tumor growth(Li et al., 2015).

2.4. Cancer stem cells

Recently, researchers have initiated investigations into the depen-
dence of cancer stem cells (CSC) and mesenchymal state cancer cells on
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iron ions (Rodriguez et al., 2022). Iron ions can permeate cells via
pathways such as TFR1/TF to regulate cellular iron metabolism and
maintain iron homeostasis, while pharmacological modulation of sys-
temic iron levels can impede cell proliferation and metastatic dissemi-
nation. Previous studies have demonstrated that the transport of iron
through the TFR1/TF pathway is augmented in CSC (Schonberg et al.,
2015), and both total cellular iron content and labile iron pool are
elevated in CD44M8" a tumorigenic breast cancer cell model that re-
capitulates CSC characteristics, compared to normal epithelial cells (Mai
et al., 2017). Excessive intracellular accumulation of iron may foster
tumor development since malignant cells necessitate substantial
amounts of this element for sustaining rapid proliferation upon trans-
formation. Consequently, numerous investigators have shifted their
focus towards exploring the anticancer potential of iron chelators, with
DSF emerging as an ideal ligand capable of sequestering intracellular
iron ions and reducing their concentration within cancerous cells. In
addition to the aforementioned chelating effect, DSF also exhibits
inhibitory effects on the expression of stemness transcription factors
such as Sox2 and Oct3/4, leading to a reduction in the stemness char-
acteristics of CSCs (Li et al., 2020a). Consequently, this dual action can
impede cancer progression.

2.5. Ubiquitin-proteasome system

The ubiquitin-proteasome system (UPS) serves as the primary
mechanism for endogenous protein degradation. As previously
mentioned, an intact sulfhydryl group in DSF is essential for its cyto-
toxicity due to the high affinity of sulfhydryl groups towards thiol-
containing proteins. Inactivation of sulfhydryl groups results in pro-
tein destruction. DSF acts as an inhibitor of both the 19S and 20S pro-
teasomes(Hasinoff and Patel, 2017), hindering the degradation of
ubiquitinated proteins by binding to the 26S proteasome. However, this
inhibition differs from that exerted by true proteasome inhibitors which
block the active site. DSF binds to other sites on the proteasome and
exhibits action similar to certain non-competitive inhibitors (Yang et al.,
2019c). Moreover, it has been demonstrated that cancer cells rely more
heavily on UPS compared to normal cells (Damgaard, 2021). Never-
theless, DSF alone has limited inhibitory effects on the proteasome
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Fig. 4. The co-administration of DSF and copper ions enhances ROS generation and cytotoxicity by activating MAPK signaling pathway. A) The effect of metal ions
(copper ions) on gene expression levels in human undifferentiated gastric cancer (HGC-27) cells. B) The mRNA expression levels of eight MAPK related genes (FOS,
JUN, GADD45A, CACANA1, DUSP2, HSPA1A, HSPA6, DDIT3) when DSF was co delivered with Cu?* (0.2 uM). C) flow cytometric results of ROS generation in HGC-
27 cells and human gastric adenocarcinoma (SGC-7901) cells after drug treatment. Drug dose, Cu®" concentration: 0.2 uM, DSF concentration: 0.24 pM in HGC-27
cells, 0.30 uM in SGC7901 cells. N-acetylcysteine (NAC) was used as a ROS scavenger. D) Expression level of K48 ubiquitination protein in HGC-27 and SGC-7901
cells exposed to various concentrations of cu?* (0.2 pM) and DSF (0.24 pM in HGC-27 cells, 0.30 pM in SGC7901 cells) for 24 h. Reproduced from ref. (Liu et al.,

2022b) with permission from Talor & Francis Group, copyright 2022.
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(Huang et al., 2016). This limitation arises from two factors: firstly,
strong inhibitory effects of DSFs on tumor cells stem from their affinity
towards proteins through sulfhydryl groups; secondly, their ability to
chelate metals such as copper and zinc plays a crucial role in forming
stable complexes.

Therefore, combining DSF with metal ions can achieve anticancer
activity by inhibiting cancer proteasome activity. For instance, re-
searchers have discovered that combining DSF with copper ions effec-
tively inhibits protease activity in breast cancer cells without affecting
normal cells. Dithiocarbamate pyrrolidine dithiocarbamate (an analog
of DSF), when complexed with zinc and copper ions as a protease in-
hibitor, can induce tumor cell death by targeting caspase-3 and calpain,
with IC50 values of 13.8 pM and 5.3 pM respectively(Viola-Rhenals
et al., 2018).

Copper ions play a pivotal role in tumor development and progres-
sion, rendering them potential targets for therapeutic intervention. DSF
exhibits potent anticancer activity in the presence of metal ions through
synergistic mechanisms. Although the synergistic anticancer effect of
DSF and metal ions has been extensively reported and demonstrated,
effectively releasing these two components simultaneously to enable
their concerted action remains a significant challenge.

3. Nanomedicine based strategies to co-deliver of DSF and metal
ion

Numerous studies have demonstrated the inherent instability of DSF,
characterized by a short half-life and limited water solubility. Moreover,
DSF exhibits pH sensitivity and loses its efficacy within the gastroin-
testinal tract (Song et al., 2016a). One study revealed that DSF’s solu-
bility in acidic environments and blood circulation is merely 0.2 mg/mL,
while its half-life in blood is as short as four minutes (Farooq et al.,
2019). Consequently, when exposed to blood, DSF fails to attain
adequate concentrations for stable and effective anti-cancer effects. In
clinical practice, co-administration of DSF with metal ions typically in-
volves sequential oral intake of metal supplements alongside DSF
preparations. Metal supplements are clinically employed drugs used to
address specific metal deficiencies and commonly exist as inorganic
metal salts such as copper gluconate (McMahon et al., 2020) or copper
chloride (Peng et al., 2020). Generally speaking, inorganic copper salts
possess favorable water solubility at room temperature reaching up to
620 mg/mL for CuCly; and 320 mg/mL for CuSO4 without exhibiting
stability issues even when stored at low temperatures for several weeks
(Wang et al., 2014). However, due to their heavy metal nature, excessive
accumulation of these compounds in normal individuals can readily lead
to heavy metal toxicity concerns.

Although the concentration of copper ions in the tumor microenvi-
ronment is slightly higher than that in general tissues (5-25 pM), it still
fails to achieve a sufficient concentration difference (Lan et al., 2021;
Zhao et al., 2022). Moreover, inorganic copper salts do not specifically
target tumor cells (McMahon et al., 2020; Peng et al., 2020), which can
significantly impact the therapeutic efficacy of DSF. Kalor et al. utilized
parenteral copper ion injection (subcutaneous copper chloride-
dithiramine) for Menkes disease treatment, but the injected copper
ions were sequestered by the blood-brain barrier and did not exert a
neurodegenerative effect (Kaler, 2014). Hoshina et al. conducted an
intriguing study employing “64Cu-labeled copper to visualize copper
absorption and investigate the influence of DSF as a chelating agent on
Cu absorption(Hoshina et al., 2018). In this study, DSF was administered
prior to copper ion intake. The data revealed that compared to wild-type
mice, DSF pretreatment significantly enhanced copper absorption in the
upper small intestine at 6 h after administration and peaked at 6 and 8 h.
Additionally, disulfiram pretreatment increased brain uptake of copper
at 24 h in model mice while showing minimal uptake in wild-type mice
throughout the entire 24-h period.

Ideally, the metal ion should be co-delivered with DSF in the same
preparation and released simultaneously to create a metal ion-rich
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environment that maximizes the anti-cancer activity of DSF. In vitro
cell studies can achieve nearly identical drug exposure by adding both
drugs simultaneously to cultured cells. However, in vivo delivery re-
quires innovative technologies to deliver DSF and metal ions together
while targeting tumor sites for controlled release, thus preventing
excessive accumulation of metal ions in the body. Nanotechnology-
based nanomedicine offers a promising approach for co-loading these
two components and achieving controllable release. Nanomedicine
selectively accumulates at tumor sites, enhances drug stability through
encapsulation, and reduces side effects. Moreover, nanoparticles enable
loading and delivery of various therapeutic agents regardless of their
physical properties (e.g., water solubility and molecular weight),
thereby optimizing combination therapy efficacy. Furthermore, certain
nanomaterials like gold nanoparticles not only serve as drug carriers but
also function as imaging agents or directly exert anticancer activities
themselves. Various strategies have been investigated for co-delivery of
DSF and metal ions using nanomedicine-based approaches including
physical co-loading of metal ion-derived compounds, formation of DSF-
metal chelation complexes, and utilization of metal-based nano-
materials to provide sustained release of metal ions (Fig. 5). Addition-
ally, we have compiled information on formulations characteristics of
nanomedicine that combines DSF with metals from the past five years
(Table 1).

3.1. Physical co-loading of metal ion and DSF

The idea of incorporating metal ion compounds into physical carriers
originates from the in vivo instability of DSF for anticancer purposes and
the inherent toxicity of metal ions themselves. Previous studies have
demonstrated that transforming a drug into nanomedicine-based car-
riers can significantly enhance its stability and pharmacokinetics within
the human body (Mohammad et al., 2018). Encapsulation of inorganic
copper ions within carrier materials enables controlled release at spe-
cific regions, thereby increasing their local concentration in tumor tis-
sues and facilitating binding and cellular uptake of DSF and metal ions at
targeted sites(Farooq et al., 2019). The notion of preparing nano-
structures composed of DSF with copper ions using delivery carriers has
garnered considerable interest, leading to the development of various
formulations such as self-assembled micelles, polymeric nanoparticles,
and solid lipid nanoparticles. This formulation approach offers
simplicity and flexibility in design, allowing customization not only
regarding particle size to exploit the enhanced permeability and reten-
tion effect for tumor tissue entrapment, but also enabling modulation of
surface properties to meet diverse in vivo requirements through
different carrier materials. It is important to mention that most metal
ions cannot be directly loaded into formulations; instead, they are often
incorporated as salts. For example, copper ions are commonly formu-
lated as chloride, sulfate or gluconate salts(Kelley et al., 2021; Li et al.,
2020b; Zhang et al., 2022b). The choice of salt form may influence
loading efficiency as well as drug efficacy when employing a metal ion
co-loading strategy; thus it is crucial to specify both the type of metal ion
and salt form.

Polymeric nanoparticles are commonly used nanomedicine-based
formulations for co-loading DSF and metal ions. Wang et al. developed
PLGA-encapsulated DSF nanoparticles for therapeutic purposes(Wang
et al., 2017). Following PLGA encapsulation, DSF-PLGA nanoparticles
exhibited stable and sustained release over a period of seven days in a
solution containing 0.5% Tween 80. Moreover, the half-life of DSF-PLGA
in horse serum was up to seven hours - significantly higher than that
observed for free DSF. This study demonstrated that polymeric nano-
particles enhance drug release characteristics and significantly extend
drug stability upon contact with blood. In another study, Xu et al. uti-
lized biologically well-characterized hyaluronic acid (HA) and poly-
ethyleneimine (PEI) to generate nanostructures with a particle size of
approximately 330 nm, enabling the co-loading of DSF and copper
gluconate as depicted in Fig. 6(Xu et al., 2021b). Due to their size, these
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nanomaterials.

particles cannot directly enter cells through endocytosis; instead, they
accumulate around the cells and target CD44 on the surface of esopha-
geal squamous cell carcinoma cells (Ecal09). This promotes Ecal09
apoptosis while exhibiting no toxicity towards other normal organs.
Other than HA, other biomaterials like PEG has also be used to enhance
the hydrophilicity of the carrier material(Song et al., 2016b). This
modification allows evasion of phagocytosis by the immune system,
prevents direct contact between DSF and blood, prolongs in vivo cir-
culation time while reducing toxicity associated with inorganic metal
salts.

Additionally, the nanoparticulate structure facilitates enhanced
loading of DSF with metal ions, thereby improving the efficiency of
targeted delivery. Wang et al. prepared PEGylated liposomes encapsu-
lating DSF and CuCl, through hydration extrusion(Wang et al., 2014).
Owing to its exceptional water solubility, copper ions were uniformly
distributed both inside and outside the liposomes, irrespective of the
form or concentration of inorganic salts. Within a 72-h period at body
temperature, copper ions exhibited nearly complete release in vivo;
quantitative release curve analysis demonstrated a gradual release
profile. This controlled release characteristic is one of the advantages
offered by nanomedicine dosage forms.

Solid lipid nanoparticles (SLN), first proposed in 1991, are colloidal
nanocarriers that range from 50 to 1000 nm and encapsulate drugs
within lipid-like nuclei. These particles are composed of biodegradable
lipids like lecithin and triacylglycerol, surfactants, and are free from
organic solvents, avoiding residue issues. SLN’s stability is enhanced by
the solid lipid materials’ stability at body temperature. Zhang et al.
developed a pH-triggered TAT targeting PEG-lipid nanocarrier for DSF
and copper co-encapsulation for cancer treatment that showed better
cellular compared to DSF alone, indicating the enhanced stability and
good targeting properties(Zhang et al., 2015). Manipulating the lipid
type and solid/liquid ratio can further improve SLN stability by pre-
venting drug leakage while increasing drug loading capacity, targeting
ability, bioavailability and biocompatibility. Banerjee et al. prepared an
optimized SLN system with D-a-tocopherol polyethylene glycol succi-
nate modification using a modified emulsification sonication method for
DSF loading(Banerjee et al., 2019). The authors found that adding too

much TPGS surfactant could lead to excessive foam during preparation
process which affects formation of SLNs. The particle size of SLN can be
controlled through lyophilization, which limits the aggregation of
nanoparticles in solid formulations (Safwat et al., 2017). Furthermore,
inspired by the development of actively targeted agents, some studies
have focused on the photothermal and pH-responsive properties of DSF
nano-formulations. Wu et al. modified PVP/Cu-HMPB-encapsulated DSF
and metal ion co-loading formulations to construct near-infrared light
(NIR)-responsive nanodrugs(Wu et al., 2020). The PVP/Cu-HMPB
formulation exhibited efficient photothermal conversion properties
under NIR laser irradiation, thereby enhancing the therapeutic effect of
this anticancer agent.

However, the incorporation of highly water-soluble inorganic copper
ions into lipid carriers poses a potential risk of lipid carrier breakage,
thereby compromising the integrity of drug encapsulation and hindering
efficient delivery. To address this issue, the surface of nanoparticles can
be coated with metal ions to mitigate drug leakage. Seo et al. proposed a
method in their study where copper ions were incorporated into lipid
membranes by coupling them with artificial lipids(Seo et al., 2008).
Relevant experiments have demonstrated that the metal-containing li-
posomes prepared using this approach exhibit favorable pharmacoki-
netics and stability in both in vitro and in vivo settings. Therefore,
embedding metal ions into the liposome membrane represents a prom-
ising choice. Another strategy involves transitioning from water-soluble
salts to water-insoluble salts instead. Zhou et al. synthesized lipophilic
copper salt, specifically copper oleate, as a source of copper supply and
formulated it into the lipid bilayer of DSF-loaded liposomes (Zhou et al.,
2018). Pharmacokinetic experiments revealed that copper oleate lipo-
somes possess an extended circulation time and increased AUC
compared to intravenous administration of inorganic copper ions,
indicating that this strategy effectively prevents lipid membrane
breakdown and enhances the circulation stability of liposomes.
Furthermore, due to the metal coordination effect, these liposomes
could exhibit different charge states at varying pH values. This property
can be exploited for designing an electrostatic force-controlled “fixation
effect” to enhance the stability of oleic acid molecules and facilitate the
release of copper ions upon adjustment of pH value towards acidity.
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Table 1
Formulation characteristics of example nanomedicine that combines DSF with metals from the past five years.
Deliver strategy Formulation design Particle Zeta Stability Release characteristics Major outcomes Ref.
size potential
(nm) (mV)
PEGylated calcium 1) High drug loading rate and
phosphate nanoparticles good tumor homing i
with Cu* in the internal 40 Stable in neutral PBS Show pH sensitivit performance. et al
calcium phosphate core, buffer. P ¥ 2) Degradation of CaP in 5 0; Z’ )
and DSF in the lipid tumor acidic ©
layer. microenvironment.
1) Due to the hydrolysis
of TA/Cu, the release
tes of Cu>" and DSF
A nanoparticles consist The introduction of :iee;ioghgrin and DS
1;:[_“;:’;;?:;& or(;llficore ‘é?lr}(;?egs irgf::ito;f/\/ moderately acidic Obtain high DSF drug loading  (Zhu
tannic acid shfll for 165.1 —27.15 influence on the y environments. rate (12.9%) and high release et al.,
24 . . . 2) Within the first hour rate (>60%). 2024)
Cu“" loading (by TA/Cu dispersion of of release. the release
chelation). nanoparticles. rate of Cu’z + was
significantly higher
than that of DSF.
M .
Wﬁilof:;sisai?gamme 1) Cell membrane coating
surfaced modification to The photothermal enables immune escape and
. . P . The release of DSF is pH immunosuppression of (Wang
achieve DSF loading and performance remains .
. . 20 . <135 - . . and photothermal nanoparticles. etal,
Physical co-loading Cu“" chelation. Then the stable after five heating
. . dependent. 2) Excellent photothermal 2024)
surface was modified and cooling cycles. conversion efficiency and
with tumor cell o
membrane camouflage. photothermal stability.
A MESOPOFOUS 1) In the presence of
P . . Cu?*, DTC responds 1) Loading of GOX can
polydopamine were co- The nanoparticles to H,0, catalyze the reaction, leading
1 ith D DSF hibi 11 ’ ’
oaded wit 2? (a DS e’.( ! 1t-exc‘.3 ent 2) The nanoparticles to the production of H,0, and
prodrug), Cu“", and dispersion in PBS, SBF, loaded with GOX. act facilitating the rel £DTC (Hu
GOx. Then the 249.1 - DMEM, and DMEM oaced with HU%, act acftating merelease o' Bk e al,,
N R R as catalysts in 2) The anticancer activity of o
nanoparticle surface was (FBS) solutions without romoting abundant Cu(DTC), is enhanced by its 2023)
further modified with significant aggregation g o proiuction photothezrmal effect 4
folate receptors on after overnight. thzerzby facilitati;lg :
nanoparticles. the release of DTC.
GSH-responsive
nanoparticles with
phospholipids and .
. The release of DSF Achieves synchronous and (Chen
DSPE-PEG2! . DSF H; d
S G 000. S ' ~30 - as ‘gloo serum exhibits GSH separate delivery of DSF and etal.,
encapsulated within a stability. . 24
I responsiveness. Cu™". 2022a)
hydrophobic lipid layer
for separate but
simultaneous delivery.
1) The accumulation of
nanoparticles within the
tumor can be observed 0.5
h t ints
The amino acid residues injiocstic:z r;‘i/;??;es peak
of BSA, coordlnat.e with level attained at 8-12 h
. transition metal ions, . .
Metal organic effectively adhering fo after administration.
nanoparticles are loaded the surfacye of Cu? +g Remarkably, nanoparticle (Chang
with Cu(DDC), with the 63 ~—30 forming a rotectiv,e - signals remain detectable etal,
surface modified with 8ap even after a duration of 24 2020)
corona, thereby
BSA. - ) . h.
significantly improving 2) The metal organic
bility of th
DSF metabolite- Itf;ems)taa:ﬁlge;) the nanoparticle was synthesized
metal chelation P : using the SMILE method and a
complex 3D printed microfluidic
device, resulting in a
remarkably high yield (95%).
1) The copper
concentration in
1) Directl lating C
Lo The particle size and HepG2 cells is dose- ) Directly encapsulating Cu
Asymmetric bilayer PDI values remained dependent within 24 (DDC), can prevent the
solid nanoparticles with unchanged during the h P outflow of copper ions. (Liu
surface modified DSPE- 188.2 >9 24-h serum co- 2) The absorption of 2) The surface PEGlyation etal.,

PEG2000-SP94, loaded
with Cu(DDC),.

treatment storage
period.

copper ions by cells
can reach dynamic
equilibrium within
48 h.

avoids the RES capture and 2022a)
improves the half-life and

bioavailability.

(continued on next page)
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Deliver strategy Formulation design Particle Zeta Stability Release characteristics Major outcomes Ref.
size potential
(nm) (mV)
CuET self-assembles into ~ ~125 -23.2 The size maintained 1) The release of DSF 1) pH/GSH dual-responsive (Peng
nanoparticles. Surface unchanged during 48 demonstrates a pH/ drug release was achieved etal,
modification with days under both 4 °C GSH-responsive dual through the triggering and 2020)
hyaluronic acid to and room temperature, characteristic. cleavage of copper-sulfur
achieve active targeting. indicating a super high 2) The decomposition of  coordination bonds.
stability. nanoparticles is 2) Even at low drug doses, a
decelerated by the potent inhibitory effect on
presence of HA tumor growth is observed.
coating.
Phase-change materials ~123 —20.8 After three consecutive Drug release exhibits 1) Delivering CuET to the (Ren
(mainly lauric acid and laser irradiations, the near-infrared response target site like a Trojan etal.,
stearic acid), DiR, and nanoparticles continue characteristics horse enhances drug 2020)
CuET were achieved by to demonstrate accumulation in tumors.
one-step self-assembly. significant 2) Adding photosensitive
photothermal effects. material (DIR) to make the
formulation responsive to
photothermal release.
3) Good biocompatibility.
A copper doped silica 1) The release behavior 1) Obtain a high tumor
pp P . is influenced by both inhibition rate (80.1%).
frameworks loaded with s . o
DSF. Drug release is Maintain stable in temperature and pH. 2) Exhibits an enhanced drug (Zhou
8 195.38 - DMEM containing 10% 2) Upon photothermal loading capacity (~10%) due etal.,
facilitated through near- . .
. FBS. effect, the release of to its larger specific surface 2023)
infrared laser 20 . .
. . Cu“" and DSF is area, increased pore volume,
irradiation. . .
greatly accelerated. and optimal pore size.
Thi icine show high
i
imidazole framework 8 Exhibit good colloidal Y P ¥
. e . . towards tumor (Zhang
(ZIF-8) nanoparticle stability in various The drug release is pH . . .
o . 208.3 12.13 . . . microenvironment, offering a etal.,
modified with PEG was simulated physiological ~ dependent. ..
. promising approach for low 2022a)
prepared and loaded environments. . .
R toxicity and effective
with DSF. .
anticancer therapy.
C doped holl
opper coped Bofiow The Cu®* doped hollow
zeolite imidazole ester S
. zeolite imidazole framework
skeleton nanoparticles nanoparticle was prepared (Zhao
were co-load with DSF 505.03 22.83 + The drug release is pH usin pa fast and lopw fost ot 1(1
and ICG. The surface of ~ +40.15 0.6 dependent. & . . .
the nanoparticles was method, serving as a carrier 2022)
I.) . . . for DSF and ICG to achieve
also modified with folic 2
R autonomous Cu“" release.
acid.
1) Demonstrates excellent
Metal based . - photothermal conversion
. Transferrin modified . .
nanomaterials DSF is released in a pH performance. (Lan
CuS porous 1719 + —6.0 = . s
. - dependent sustained- 2) The photothermal ability of et al.,
nanoparticles for DSF 1.9 0.2 R . e
loadin release manner. the nano formulation remains ~ 2021)
8 unaffected by drug loading
and surface modification.
Hollow mesoporous
organosilica 1) The photothermal stability
nanoparticles were of both CuS and DSF-Cu$S
loaded with .DSF af'ld The release of DSF and nano.partlclfes (HCu) is (Zhang
further modifed with 2 o relatively high.
98.4 - - Cu“" exhibits pH i etal.,
ultra small CuS 2) HCu exhibits a
. . dependence. e 2021)
nanoparticles with significantly elevated
disulfide linker. CuS photothermal conversion
nanoparticles were efficiency of 22.16%.
utilized as Gu?* donor.
DSF loaded PEG
functionalized holl
unctiona) 1z-ed ofiow 1) Obtained a high
copper sulfide . . .
nanoparticle to achieve The particle size photothermal conversion (Liu
P L -1.67 + remains stable withina  The release of Cu** efficiency (23.8%). ’
photothermal triggering ~263 0.26 7-day period across shows pH sensitivit 2) Has a strong inhibitor etal,
of Cu®* ions and in-situ . Yy P P Y- 8 Y 2021)

generation of Cu(DTC),
to enhance
chemotherapy efficacy.

various mediums.

effect on the proliferation of
tumors.

However, the progress in co-loading both physical DSF and metal
ions into a single nanocarrier appears to have stagnated. One significant
obstacle is the limited drug loading efficiency (typically around 2%-5%)

achieved through conventional preparation methods (Pan et al., 2019).
This results in poor drug concentration within the formulation and po-
tential metal toxicity due to premature release caused by strict
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25 °C, and 37 °C. C) The underlying mechanism involves the targeting of tumor sites via CD44 receptor binding facilitated by HA on the nanoparticles, leading to

induction of tumor cell death. D) Cell viability.

regulation of copper systems in vivo. Therefore, achieving successful
physical co-loading of metal ions and DSF with nanocarriers remains an
ongoing challenge that requires further dedicated efforts.

3.2. DSF metabolite-metal chelation complex (CuET)

The concept of metal chelation is derived from metal chelation
therapy (MCT), which was initially proposed over 50 years ago for the
treatment of pathological disorders resulting from metal overload in the
body. MCT employs a chelating agent (CA) as a scavenger, which binds
to excessive metals at the lesion site and forms stable ligand complexes
with target metal ions. This facilitates the elimination of bound chelated
metals from the body (Somen Joksi¢ and Katz, 2015). In cancer treat-
ment, tumor tissues exhibit slightly higher levels of copper compared to
normal tissues, and diethyldithiocarbamate (DDC) or dithiocarbamate
(or ester) (DTC) (Fig. 1) are rapidly metabolized from DSF upon entering
the human body. These DSF metabolites, DDC and DTC, act as potent
metal chelators that bind to various thiophilic metal ions(Peng et al.,
2020). They also bind to excess copper ions at the tumor site, forming Cu
(DDC), or Cu(DTC), metal chelates known as DSF metabolite-metal
chelation complexes (CuET). Consequently, numerous studies have
applied the concept of MCT in DSF-based tumor therapy by exploiting
strong coordination between DSF’s metabolic components in vivo and
metal ions. Metal chelates offer an advantage by deviating from the
conventional passive encapsulation approaches in nanomedicine.
Moreover, the distinct spectral features of metal ion chelates facilitate
visualization of the reaction between metal ions and ligands (Peng et al.,
2020), leading to a significant increase in trapping efficiency (Wehbe
et al., 2016).

However, Cu(DDC),, a typical metal chelate derived from DSF, ex-
hibits extremely low water solubility and limited solubility in organic
solutions, rendering it unsuitable as a potential drug candidate. Con-
ventional drug loading methods fail to achieve effective concentrations

10

at the tumor site (Chang et al., 2020; Chen et al., 2018a), while general
drug delivery approaches are inefficient and do not meet clinical re-
quirements. Currently, two main delivery strategies are being explored
for this treatment: direct administration of Cu(DDC)y or Cu(DTC),
encapsulated in formulations and co-delivery of DSF as a pre-drug along
with copper ions (Pan et al., 2022). The preparation of CuET nano-
particles has been investigated (Chang et al., 2020), and compared to
other nanoparticles, nanoscale coordination polymers possess unique
properties such as high porosity and an oriented structure. Additionally,
they can effectively encapsulate or absorb bioactive ligands for efficient
drug delivery(Zhuang et al., 2014).

As mentioned, the formation of CuET exhibits low solubility and
poses challenges in encapsulating it into nanoparticles. However, re-
searchers have observed that CuET nanoparticles can be self-assembled
through a strong coordination reaction between copper ions and DSF/
DSF metabolites. Additionally, other biomaterials can be incorporated
during the self-assembly process to confer additional functional prop-
erties onto the CuET nanoparticles. For instance, Peng et al. developed
self-reactive HA-coated CuET nanoparticles (CuET@HA NPs) by
leveraging the robust coordination reaction between Cu?* and DTC
(Peng et al., 2020) as shown in Fig. 7. The preparation process was
spontaneous and resulted in well-dispersed particles in aqueous solu-
tion. Particle size tests conducted over 48 h and 48 days revealed no
significant changes, indicating excellent stability of the self-assembled
nanoparticles obtained through this method. Furthermore, release ex-
periments demonstrated that within 48 h at different pH levels, <20% of
the CUET@HA NPs were released, highlighting their slow-release char-
acteristics conferred by metal-chelate formulation. Moreover, HA
modification enhanced nanoparticle uptake by cancer cells while
improving targeting capabilities of the formulation. A similar HA tar-
geting PEI nanoparticle loaded with DSF and copper ions was reported
and confirmed another group (Xu et al., 2021b).

To address the instability of metal chelates when incorporated into
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Reproduced from ref. (Peng et al., 2020) with permission from ACS Publications, copyright 2020.

nanoparticles, a novel technique called Stabilized Metal Ion Ligand solution with copper chloride solution in the presence of appropriate
Complex (SMILE) was develop (Chen et al., 2018b). Specifically, Cu stabilizers and adsorbing them onto the nanoparticle surface. This
(DDC); complex nanoparticles were prepared by combining DDC resulted in a drug loading capacity close to 100% for Cu(DDC)y
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on the formation of nanoparticle systems. C) Drug concentration and drug loading efficiency in nanoparticles prepared using SMILE technology. D) The morphology
of analysis of DU145-TXR cells treated with CuET nanoparticles, paclitaxel, and blank PEG-PLA for 24 h. Reproduced from ref. (Chen et al., 2018a) with permission
from ACS Publications, copyright 2018.
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nanodrugs (Chen et al., 2018a; Wu et al., 2019). Importantly, this
nanoparticle system induced cancer cell death through pyroptosis, as
evidenced by extensive cytoplasmic vacuolation and no significant
changes in caspase 3/7 activity under bright-field microscopy (Chen
et al., 2018a)(Fig. 8). The SMILE method is characterized by its simple
preparation process and high drug loading and release rates. Commonly
used stabilizers in SMILE technology include Tween-20 and sodium
dodecyl sulfate. It should be noted that particle size and nanoparticle
stability are influenced by the choice of stabilizers, with suitable ones
preventing uncontrolled aggregation.

Prodrugs can also address the issue of poor stability associated with
Cu(DDC); or Cu(DTC); and enhance drug bioavailability. The design of
specific release prodrugs is based on the uptake of specific substances
(Bakthavatsalam et al., 2018) or metabolic homeostasis in the tumor
microenvironment (TME) (Pan et al., 2019; Zhou et al., 2018). For
instance, solid tumors often exhibit elevated levels of ROS, leading to
oxidative stress in cancer cells. Consequently, cancer cells upregulate
their antioxidant system, such as glutathione, to adapt to this ROS-rich
environment. In light of this, researchers utilized g-glutamic acid (gGlu)
as a specific component for cancer cell identification and triggering DTC
release by connecting gGlu and DTC through autolytic para-
aminobenzyl (PAB) junctions within a prodrug called GGTDC (Baktha-
vatsalam et al., 2018). When the gGlu structure binds to tumor site-
specific enzyme g-glutamyltransferase(GGT), GGTDC undergoes 1,6-
benzyl elimination, thereby releasing the active component DTC. The
liberated DTC then freely binds with nearby copper ions to generate Cu
(DTC); chelates that promote Fenton reaction.

Furthermore, the combination of physicochemical techniques such
as sound, light, and heat with DSF metal chelate preparations has
demonstrated promising anti-cancer effects. Shi et al. utilized melanin
dots (M-Dot) as carriers for Cu(DTC); to directly deliver it into tumor
tissue(Shi et al., 2021). Flow cytometry results revealed that the cell
necrosis rate achieved 51.0% when M-Dots-Cu(DTC), was combined
with photothermal therapy. In vivo experiments demonstrated a
remarkable tumor growth inhibition (TGI) value of 45.1% after
administration of M-Dots-Cu(DTC),, highlighting its excellent tumor
inhibitory ability. Additionally, considering the poor solubility of Cu
(DTCQ), itself, surface modification like HA modification on Sm-TCPP
(Cu) nanoparticle has also been confirmed to water solubility and
improve drug targeting and safety(Gao et al., 2020).

3.3. Metal based nanomaterials

3.3.1. Metallic nanomaterials

Metallic nanomaterials have been extensively investigated for their
diverse antimicrobial properties, including the disruption of cell mem-
branes, diffusion and degradation of internal cellular components (e.g.,
DNA, RNA, and enzymes) (Cheeseman et al., 2020). Additionally, they
exhibit antimicrobial activity through the release of ions and leaching of
metal ions (Zhong et al., 2022). Common metallic materials such as
silver, gold, copper, zinc, and their corresponding oxides are synthesized
into nanoparticles with various shapes and sizes (typically below 100
nm) s(Hoseinzadeh et al., 2017). One of our previous studies developed
a glioma-targeted delivery system by designing a DSF/CuS nanocomplex
with transferrin modification on the nanoparticle surface (Lan et al.,
2021). DSF was loaded onto the nanoparticles via chelation reaction and
released in an acidic tumor microenvironment. Western blot experi-
ments demonstrated that introduction of these nanoparticles signifi-
cantly increased apoptosis-associated protein caspase-3 levels and
autophagy markers LC I/II in tumor cells. This suggests that the nano-
particles can induce apoptosis and promote autophagy in tumor cells.

Despite these advantages, metal-containing nanomaterials possess
inherent drawbacks such as uncontrolled sustained release of metal ions
(Zhong et al., 2022). Additionally, the diffusion properties and flexi-
bility of nanomaterials, along with their interaction with cell mem-
branes, may not favor a sustained and stable drug release. Consequently,
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metal nanomaterials are comparatively less effective than conventional
counterparts. In this regard, next-generation nanomaterials can be
activated by external stimuli like photocatalysis and photothermal
technology (Chen et al., 2019), or magnetic response (Kumar and
Mohammad, 2011) to generate ROS and localized temperature elevation
in response to photothermal energy or magnetic fields for pathogen
eradication. These advancements hold promise for further development
of drug delivery systems.

3.3.2. Metal doped carriers

In addition to the method of metal ion injection into lipid mem-
branes, researchers have recently developed environmentally and
chemically inspired metal-doped porous materials (e.g., carbon, silicon,
carbon-based nanomaterials) (Bibi et al., 2021; Sun et al., 2014). These
materials possess non-toxicity, chemical stability, as well as photo-
catalytic properties and charge transfer capabilities. Moreover, the
incorporation of abundant nanostructures in these metal-doped porous
materials enables efficient loading of numerous signaling elements such
as antibodies and enzymes while enhancing their electronic properties
for generating detectable signals. This indirect detection approach leads
to heightened sensitivity in immunoassays (Yang et al., 2019b). The
inherent porosity of these materials provides a high surface area-to-
volume ratio that facilitates increased drug delivery rates and
improved controlled release efficiency (Parlak and Alver, 2017),
allowing for free circulation in the bloodstream after intravenous
administration while selectively accumulating within tumor tissues
through either enhanced permeability and retention effect or carrier-
modified components’ affinity towards tumor cells (Wu et al., 2019).

The doping of metals enables targeted delivery of therapeutic ions
and enhances the adsorption of encapsulated drugs to the carrier ma-
terial (Ali et al., 2018). Zhao et al. developed a Cu”-doped hollow
zeolite imidazole backbone nanoparticle (D&I@HZIFCu-FA) that pro-
vides Cu®" in a controlled manner, releases DSF at the tumor site, binds
to Cu®" as CuET, and triggers the Fenton reaction for ROS production
(Zhao et al., 2022). Furthermore, Wu et al. fabricated hollow meso-
porous silica nanoparticles doped with Cu*" and loaded with DSF(Wu
et al., 2019). The O-Cu®* bond in the basic structure of copper-doped
silicon nanoskeleton (Si—O(Cu2+)—Si) can break under acidic tumor
microenvironment conditions, releasing Cu?*. Release experiments
demonstrated over 85% release rate of Cu?* within 48 h under weak
acidic conditions simulating TME. This nanoparticle structure achieves
targeted TME release while efficiently delivering DSF and Cu®*, thereby
improving drug stability and bioavailability significantly. Currently,
metal doping technology is widely used due to its rapid preparation and
low cost advantages, offering a promising approach for simultaneous co-
delivery of DSF and metal ions in cancer treatment.

3.3.3. Metal-organic framework

Metal organic frameworks (MOFs) are crystalline particles filled with
molecular-sized pores formed by interconnected metals and organic
linkers, exhibiting excellent biocompatibility(Bazzazzadeh et al., 2020).
This material retains both the activity of the metal and the flexibility of
the organic ligand, as well as the porous spatial structure formed by
coordination between metal ions and organic ligands(Chen et al., 2020).
Pan et al. employed a nanoscale Cu?>* metal-organic framework (MOF-
199) as a nanocarrier and copper ion reservoir(Pan et al., 2022). Sub-
sequently, they loaded the DSF prodrug DQ into this framework and
modified it with glucose oxidase (GOD), enabling the MOF formulation
to respond to high concentrations of glucose in tumors, thereby pro-
moting the release of DQ along with Cu®* ions and facilitating the for-
mation of Cu(DTC), possessing anticancer activity (Fig. 9).

However, MOFs also possess certain limitations such as large gaps
and modes of charge transfer between metals (LMCT), which pose
challenges for reducing MOF development costs(Li et al., 2023). Chen
et al. also developed a ROS-activated self-amplifying prodrug nano
formulation comprising HA-coupled DTC prodrug (HA-DQ), modified
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Fig. 9. An example of the preparation of encapsulated DQ (a DSF prodrug) using nanoscale copper ion MOF to induce ROS generation through a Fenton-like reaction.
A) The steps involved in preparing MOF nanoparticles and their mechanism of action, disrupting redox balance in tumor tissue for anti-cancer effects.B) The pH curve
of the MPDG system (50 or 100 pg/mL) over time under high glucose concentration conditions. C) The concentration curve of H;O, as the reaction progresses in the
system. D) UV-Vis absorption spectra of GSH + DTNB and MP + GSH + DTNB. E) Time-dependent absorption profile of methyl bromide after treatment with methyl
bromide and hydrogen peroxide. F) Degradation effect of Glu, MPG + GSH, and MPG + GSH + Glu treatments on MB demonstrated by UV-Vis absorption mea-
surements. G) UV-Vis absorption spectra analysis of MPDG after 6-h treatment with hydrogen peroxide or glutamic acid. Reproduced from ref. (Pan et al., 2022) with

permission from Elsevier, copyright 2022.

photosensitizer Zn-TCPP, and Cu?*-coordinated MOF(Li et al., 2022b).
This system can be specifically activated in tumor cells overexpressing
ROS, leading to rapid release of DTC while remaining relatively stable in
normal cells. The released DTC interacts with photosensitizer MOF
capturing Cu*, resulting in formation of active substance Cu(DTC)s.
Simultaneously, MOF dissociates allowing recovery of photodynamic
ability for Zn-TCPP which further promotes additional DTC release
under near-infrared light at 630 nm wavelength forming a self-
amplifying precursor/photosensitizer activated positive feedback cir-
cuit thus achieving cancer treatment.

Metals in metallic nanomaterials extend beyond copper ions. Zhao
et al. developed a silk fibroin-modified DSF/ZnO nanocomposite to
dissolve and stabilize DSF (Zhao et al., 2020). Similarly, acidic pH fa-
cilitates the release of zinc ions. Experimental evidence has demon-
strated that DSF/ZnO nanoparticles can impede the migration of mouse
cancer cells and enhance the production of anticancer agents. Further-
more, as previously indicated, metal ions not only promote effective
utilization of DSF but also leverage their unique physicochemical
properties to facilitate higher levels of tumor suppression, such as
photothermal conversion effects and metal coordination properties
exhibited by certain metal-based nanoparticles(Giliopoulos et al., 2020;
Zhang et al., 2021). Therefore, researchers should further investigate the
selection of metal ions and their interaction with organic or inorganic
carriers.

4. Conclusion

DSF has been shown to possess a new and surprising therapeutic
potential in cancer treatment, namely, metal ion-dependent cytotoxic
effects. We review some anticancer mechanism of DSF and its correla-
tion with metal ion. Among these, oxidative stress is an important cause
of tumor development, and ROS can induce apoptosis in tumor cell. The
reaction between metal-DSF complexes and local hydrogen peroxide
cause excessive ROS generation (via Fenton and Haber-Weiss reaction),
activation of MAPK signaling pathways, and affects on mitochondrial
membrane potential, which promotes intracellular DNA damage. Pre-
vious studies have found that due to the high expression of ALDH in
some CSCs, DSF inhibits the clearance of ROS in tumors by inhibiting
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ALDH activity. Therefore, targeting and killing these cells is also an
important mechanism by which DSF inhibits tumor developments, and
the presence of metal ions can help the agent to better target these cells
and amplify the cytotoxic effects of DSF. The coordination of metal ion
with DSF produces related compounds like Cu(DDC); or Cu(DTC),,
which also inhibit the development of tumor cells through regulation of
the ALDH enzyme, ROS level, UPS and other pathways. Notably, the
metals regenerated after Fenton and Haber-Weiss reaction can be
reduced by the free radical anion superoxide to regenerate metal ions
again, thereby sustaining the inhibitory effect on tumor growth.
However, the co-delivery of DSF and metal ion has long been
regarded as a significant challenge, and the development of such system
has not been straightforward. Conventional formulation method has a
low drug loading capacity, and although inorganic copper salts has good
aqueous solubility, their selectivity for tumor tissue is poor, and there is
significant metal toxicity that cannot be ignored. Nanotechnology based
nanomedicine has brought a change for this situation. In cancer treat-
ment, nanomedicine has been widely used as drug carriers that help us
target tumors more effectively with anti-cancer agents while leaving
normal tissue alone. DSF could be encapsulated into various nano-
medicine forms, such as micelles, nanoparticles, and liposomes. More
importantly, nanocarrier could co-load different therapeutic agents,
regardless of their physicochemical properties, making it possible to
incorporate copper ions and DSF into the same nanostructure. Ideally,
the DSF and metal ion could be released simultaneously and synergis-
tically act upon cancer cells. A more common and feasible strategy is co-
encapsulating DSF and soluble metal salt, such as copper gluconate, into
the same nanocarriers. However, the premature release of drugs, espe-
cially metal salts, can make it difficult to ensure that sufficient metal
ions are provided at the tumor site. Thus, achieving DSF delivery with
proportionate metal ion remains challenging. To this end, scientists have
proposed DSF-chelate complex to achieve proportional drug delivery,
and more importantly, significantly reduce the transport loss of meal
ion. One concern is the absence of direct interaction between DSF and
metal, which could compromise the drug’s action by affecting ROS
generation. Although some scientists claim that DSF-copper chelated
complex exerted a higher cytotoxic effect as compared to DSF alone,
there is no direct evidence that DSF-metal ion complex are superior than
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DSF in the presence of abundant metal ion. Further research could help
to resolve this puzzle. Another promising strategy is utilizing metal
nanoparticles to load DSF and provide metal ion in tumor microenvi-
ronment. Metal nanoparticle could play multiple roles in enhancing
DSF’s cancer killing activity by acting as a delivery carrier, releasing
metal ion in a responsive manner, and even directly participating in
cancer-suppression action. This method has significantly improved the
bioavailability and drug loading efficiency of DSF, and demonstrated
high targeted anticancer ability and excellent safety in in vitro and in
vivo experiments. However, current data cannot provide precise infor-
mation on metal ion level in vivo following DSF with metal nanoparticle,
which is crucial for further research. Isotope labelling method could be
used to confirm whether metal ion are locally generated and reach
sufficient level for DSF activity. In the near future, we believe that the
mechanism of cooperation between DSF and metals in anti-cancer will
become more refined, and the co-delivery strategy for DSF and metal
ions will become more sophisticated.
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