pharmaceutics WVI\D\Py

Review

Renaissance of Traditional Mineral Drugs in Cancer: Advanced
Delivery Strategies and Bioengineering Approaches

Aolin Chen ', Ping Luo ', Jing Cao !, Taohong Su ?, Xinxin Ding !, Xinzhi Guo !, Wenhao Zhou !, Yang Chen 2*
and Fang Wang *

1 Cancer Research Center, the Jiangxi Province Key Laboratory for Diagnosis, Treatment, and Rehabilitation
of Cancer in Chinese Medicine, Jiangxi University of Chinese Medicine, Nanchang 330004, China;
chenaolin@jxutcm.edu.cn (A.C.); luoping1018@jxutcm.edu.cn (P.L.); caojing@jxutcm.edu.cn (J.C.);
sutaohong@jxutcm.edu.cn (T.S.); dingxinxinl@jxutcm.edu.cn (X.D.); guoxinzhil@jxutcm.edu.cn (X.G.);
zhouwenhaol@jxutcm.edu.cn (W.Z.)

2 State Key Laboratory of Phytochemistry and Natural Medicines, Dalian Institute of Chemical Physics,
Chinese Academy of Sciences, Dalian 116023, China

* Correspondence: chenyang2808@dicp.ac.cn (Y.C.); wangfang@jxutcm.edu.cn (F.W.)

* These authors contributed equally to this work.

Abstract

Traditional mineral drugs represent an underexploited reservoir of natural antitumor
agents; however, their clinical translation has historically been hindered by poor
bioavailability, non-specific biodistribution, and dose-limiting toxicity. This review
comprehensively examines the pharmacological mechanisms and modern formulation
strategies driving the renaissance of mineral-based oncology therapeutics. We highlight
how mineral drugs exert potent anticancer effects through interconnected pathways,
including regulated cell death (e.g., apoptosis, ferroptosis), cell-cycle arrest, and
immunomodulation. Crucially, we evaluate recent advances in drug delivery systems,
such as liposomes, polymeric nanoparticles, inorganic frameworks, and stimuli-
responsive (e.g., pH, redox, enzyme) release systems that successfully overcome
traditional pharmacological barriers. These bioengineering strategies not only improve
solubility and tumor targeting but also significantly widen the therapeutic window, as
evidenced by enhanced tumor suppression and reduced systemic toxicity in preclinical
models. Despite this progress, challenges regarding in vivo chemical transformations and
tumor heterogeneity remain. Ultimately, we propose a closed-loop “Composition—
Mechanism-Delivery” design paradigm to guide future research, facilitating the
translation of ethnopharmacological heritage into precision mineral-based therapeutics.
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1. Introduction

Mineral drugs, derived from natural or synthetic minerals, encompass a diverse
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category “minerals and stones”, they are applied according to distinctive therapeutic
principles, such as “using toxins to combat toxins”, “softening hardness and dissipating
nodules”, and “removing decay to promote tissue regeneration”. Representative
examples include cinnabar for calming the mind and gypsum for clearing heat [3].

Their use in managing tumors and pathological accumulations dates back centuries.
As early as the Han Dynasty, the Shennong Bencao Jing documented 46 mineral drugs
and described their foundational applications, including the use of realgar to treat chills
and fever, rodent ulcers, and malignant sores [4]. Subsequent texts, such as the
Supplement to the Classic of Famous Physicians, further elaborated on their therapeutic
functions, noting that mirabilite could dissolve visceral accumulations, eliminate chronic
heat obstruction, expel pathogens, remove stagnant blood, resolve abdominal masses,
unblock meridians, and promote urination and menstruation.

In modern cancer, mineral-based drugs and their derivatives have achieved notable
progress, with some fundamentally reshaping treatment paradigms for specific cancers
[5-8]. Building on TCM principles, arsenic trioxide (ATO) has been developed into highly
effective arsenic-based compounds that have revolutionized the treatment of acute
promyelocytic leukemia (APL) [9]. The Realgar-Indigo Naturalis Formula (RIF) has
demonstrated efficacy comparable to intravenous ATO and is widely used in China for
APL treatment and clinical research [10]. Beyond systemic arsenic therapy, mineral-based
biomaterials, such as hydroxyapatite and calcium sulfate, are being developed as local
drug delivery carriers or bone repair implants. Their excellent biocompatibility and drug-
loading capacity render them promising candidates for postoperative localized therapy
and targeted treatment of bone tumors [11]. While robust evidence supports their use in
APL, translational research is increasingly exploring their applications in solid tumors,
particularly in localized therapy and advanced drug delivery systems [12].

Despite their considerable therapeutic potential, the development of mineral drugs,
from traditional remedies to modern oncologic applications, continues to face major
pharmaceutical challenges, including poor solubility, non-specific biodistribution, and
narrow therapeutic windows [13,14]. Notably, traditional practices provide valuable
insights for mitigating toxicity and enhancing efficacy through compatibility-based
detoxification and synergistic formulation [15]. Meanwhile, rapid advances in precision
drugs, nanoscience, and pharmaceutical chemistry have created unprecedented
opportunities for targeted delivery, controlled release, and structural modification of
these agents, thereby enhancing their druggability [16-18]. Considering these
developments, this review summarizes the traditional applications and mechanistic basis
of mineral drugs, critically examines their toxicity profiles, and highlights innovative
strategies reshaping their development, with the goal of providing a strategic perspective
on their clinical revitalization.

2. Applications of Mineral Drugs in Cancer Treatment

In cancers, mineral drugs are utilized through two primary and complementary
modalities: direct anticancer activity and adjunctive supportive care. One modality
involves agents with intrinsic anticancer effects. ATO and realgar, for instance, are
prominent agents that demonstrate efficacy against a range of malignancies, including
both hematologic cancers and solid tumors [19]. The second modality encompasses
minerals that provide critical perioperative support. Magnesium sulfate (Epsom salt) is
employed as an osmotic agent to reduce postoperative edema, while gypsum (calcium
sulfate dihydrate) is used to promote wound healing and reduce the risk of postoperative
infection [20]. Herein, we summarize key mineral drugs, their active components, target
indications, and current research status (Table 1).
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Table 1. Representative traditional mineral drugs and mineral-derived systems for cancer-related

applications.
Category Agent/System Components Applications Status Refs.
APL 1 i linical
Direct anticancer ATO As20s3 and selected solid C 1n{ca . [19,21]
tumors applications
Phase III clinical
As4Ss-
Direct anticancer RIF siS+-based APL trials/clinical use in  [22,23]
formula .
China
Direct anticancer Realgar/nano- AssSs Le?kemla and selected Preclinical studies [24,25]
realgar solid tumors
Cinnabar-/HgS-
Direct anticancer containing mineral HgS Tumor-like masses Preclinical studies [26,27]
drugs

Borax and boric acid Na2B:O7-10H20/bo

Direct anticancer

Hepatocellular carcinoma,
glioblastoma, and small-cell Preclinical studies [28,29]

derivatives ric acid
lung cancer
Se/sodium . ..
. . / . u . Chemoprevention, Phase I clinical
. . Selenium-containingselenite/selenium- . e . .
Direct anticancer radiosensitization, and trials/preclinical [30,31]
agents based . .
anticancer studies
nanosystems
Magnetic hyperthermia,
Direct Iron-containing drug delive};p and
anticancer/delive mineral FesO4/y-Fe:0s & . yf Preclinical studies [32,33]
v platform drugs/SPTON's ferroptosis-oriented tumor
yp & inhibition

Antitumor/adjun Mirabilite

Malignant pleural effusion Clinical supportive

ctive care (Mangxiao) Na:S0+10HL0 and colorectal cancer use/Precllnlcal [34,33]
studies
Ici -rel f linical i
Adjunctive care Gypsum/calcium CaSOw2ELO Cancer-re e.lted fever and  Clinical supportive [36,37]
sulfate postoperative tissue use
M i Ifat Post ti linical ti
Adjunctive care agnesium sulfate MgSOs ostoperative Clinical supportive [38,39]

(Epsom salt)

gastrointestinal recovery  use

Hydroxyapatite- ~ Hydroxyapatite/ca

Bone tumor-related

Local delivery  and calcium salt Icium sulfate- Preclinical studies [40,41]

carriers

. . . reconstruction
based biomaterials

2.1. Anticancer Effects

Multiple mineral-based agents demonstrate clinical potential in cancer therapy
through direct antitumor effects. Arsenic compounds, for instance, are well established in
the treatment of hematologic malignancies, particularly APL [42]. Preclinical studies have
shown that ATO inhibits a variety of tumor types, including prostate cancer [30,31],
medulloblastoma [42], hepatocellular carcinoma [43,44], multiple myeloma [38,45], and B-
cell acute lymphoblastic leukemia [39]. Clinically, the combination of ATO and all-trans
retinoic acid (ATRA) achieves complete remission rates exceeding 90% and 5-year
survival rates over 85% in patients with APL, thereby redefining the standard of care for
this disease [46].

Historically, mercury compounds were employed both topically and orally in ancient
China to manage skin diseases, venereal infections, ulcers, and tumor-like masses [47].
Prior to the nineteenth century, mercuric chloride, mercurous salts, and cinnabar were
commonly used as disinfectants and caustic agents to debride necrotic tissue and promote
wound re-epithelialization [48]. Selenium, an essential trace element, supports immune
function when consumed at appropriate levels and may exert protective effects on normal
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tissues [49]. Epidemiological studies suggest that high dietary selenium intake is
associated with a reduced risk of colorectal cancer (CRC) recurrence [50].

Despite the remarkable success of mineral-based therapeutics in hematologic
malignancies such as APL, their application in solid tumors remains at an early stage of
exploration [51]. Unlike APL, where arsenic compounds target a defined molecular driver
validated by rigorous clinical trials [52], most evidence for solid tumors is derived from
preclinical models, including in vitro studies and xenograft experiments [53]. This gap
does not diminish the potential of mineral agents; rather, it highlights an exciting frontier
for mechanistic discovery and advanced formulation design. Accordingly, the antitumor
activities observed in these preclinical settings should be viewed as promising
pharmacological leads awaiting clinical validation, rather than established therapeutic
effects.

2.2. Alleviation of Cancer-Related Complications

Mineral drugs also play a significant role in alleviating symptoms and improving
quality of life by addressing specific cancer-related complications, including fluid
imbalance and impaired wound healing [54]. Malignant pleural effusion (MPE), for
example, is a common complication of lung and breast cancers that often causes dyspnea
and chest discomfort [55]. Conventional treatments, such as intrapleural chemotherapy
combined with diuretics, provide limited benefit and may induce adverse effects,
including electrolyte disturbances, fever, nausea, vomiting, and bone marrow
suppression [56]. Mirabilite, recognized for its laxative, anti-inflammatory, and
decongestant properties, is widely used in China in combination with rhubarb and
intrapleural cisplatin to manage this condition [54].

For gastrointestinal complications, warm magnesium sulfate compresses can
accelerate recovery in cancer patients with paralytic ileus by promoting earlier return of
bowel function, reducing abdominal discomfort, and decreasing the need for nasogastric
decompression [57-59]. Topical magnesium sulfate is also beneficial for managing
adhesive intestinal obstruction. In supportive care applications, case studies have
reported that topically applied magnesium sulfate alleviates refractory scrotal edema, and
magnesium-based wet dressings are generally well tolerated [60]. However, high-quality
clinical evidence supporting the combined use of Coptis ointment with magnesium
sulfate for tumor-related hypoproteinemia-associated scrotal edema remains lacking [61].
Furthermore, borax glycerin has been shown to be effective in managing oral fungal
infections by alleviating symptoms, preserving mucosal integrity, and reducing the risk
of secondary infection, while maintaining a favorable safety profile in cancer patients [62].

2.3. Synergistic Effects with Other Anticancer Therapies

Mineral agents can further enhance therapeutic outcomes through synergistic
interactions with other anticancer treatments. A clinical study in patients with
chemotherapy-induced oral mucositis found that adding Kangfuxin solution and
recombinant human granulocyte colony-stimulating factor (rhG-CSF) to a standard
compound borax rinse significantly shortened the time and reduced the incidence and
recurrence of mucositis compared with the borax rinse alone, highlighting the clinical
value of the combined regimen [63]. Selenium supplementation has also been shown to
reduce radiation-induced oxidative stress and improve hepatic and renal function [24].
Similarly, borax and boric acid have been reported to mitigate cisplatin-induced
inflammation, oxidative stress, and endoplasmic reticulum stress [23,64,65]. Co-
administration of these agents also reduces renal apoptotic damage, demonstrating a
significant protective effect [64].
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Modern cancer care increasingly incorporates the TCM principle of integrating
external applications with internal therapies, offering distinct advantages in reducing
postoperative complications and promoting recovery. In gynecologic malignancies,
postoperative abdominal distension and gastrointestinal dysfunction are common [22].
Topical application of rhubarb and Epsom salt to the abdomen has been shown to shorten
gastrointestinal recovery time, alleviate distension and pain, and demonstrate a favorable
safety profile with minimal adverse events [66]. Lymphocele formation frequently occurs
following lymph node dissection in gynecologic cancers [67]. Integrating topical rhubarb
and mirabilite therapy into standard management not only significantly reduces local
pain and prevents infection but also accelerates recovery [25]. Moreover, this adjunctive
therapy facilitates cyst resolution, shortens drainage duration, decreases pelvic effusion
volume, reduces recurrence rates, and improves overall prognosis in patients [25].

3. Representative Antitumor Mineral Drugs

The efficacy and safety of mineral drugs are fundamentally determined by their
chemical composition, which is further influenced by specific processing methods.
Representative agents, such as realgar, ATO, mirabilite, gypsum, and borax, exhibit
complex and heterogeneous chemical profiles composed of diverse minerals and trace
elements [1]. Beyond their general anticancer and supportive roles, their specific
bioactivities, including cytotoxicity, anti-inflammatory, and tissue-repair effects, are
directly attributable to these unique compositions [51]. Importantly, most mineral drugs
are derived from natural ores and require specialized processing (e.g., crushing,
purification, and detoxification) to enhance purity, optimize efficacy, and reduce toxicity
(Figure 1).
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Figure 1. Applications of mineral-based drugs in cancer treatment. This figure summarizes
representative mineral drugs, their primary chemical compositions, and their reported associations
with various cancers and cancer-related pathological conditions. For each mineral, key chemical
structures or crystalline forms are presented alongside the corresponding cancer types or clinical
contexts in which potential therapeutic effects have been reported.

3.1. Realgar

Realgar, an arsenic-containing mineral used in Traditional Chinese Medicine, is
composed primarily of arsenic tetrasulfide and arsenic disulfide [68]. Clinically, it is
employed for detoxification, antiparasitic therapy, dampness drying, phlegm resolution,
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antimalarial activity, and antitumor effects, exemplifying the dual pharmacological and
toxicological nature of many traditional agents [69]. According to the Encyclopedia of
TCM Formulas, realgar appears in 1288 standardized prescriptions and is combined with
939 other medicinal ingredients. It is frequently paired with cinnabar, musk, aconite, and
licorice and serves as a core component of classic formulas such as A Gong Niu Huang
Wan, Niu Huang Jie Du Pian, and Liu Shen Wan [70]. Within these formulations, realgar
functions as an internal “antidote” and enhances heat-clearing, detoxifying, anti-
inflammatory, and analgesic effects.

Modern research has substantiated its notable antitumor potential. The RIF, when
combined with ATRA, achieves a 100% complete remission rate in non-high-risk APL,
with a 2-year disease-free survival of 97% [35]. In pediatric APL, oral RIF combined with
consolidation therapy yields an 8-year overall survival rate of 100%, demonstrating
efficacy comparable to intravenous ATO while significantly reducing hospitalization
duration [71]. Notably, the strongest clinical evidence for realgar-based therapy is
currently confined to APL and formulated products such as RIF, rather than realgar
administered as a single-agent mineral therapy [72]. Preclinical studies further support
the cytotoxicity of realgar against multiple cancer cell lines [21]. It induces dose-
dependent apoptosis in NB4 leukemia cells, human CRC cell HCT116, and murine CRC
cell CT26 and inhibits tumor growth in vivo [73]. Additionally, it exhibits cytotoxicity
against human breast (MCF-7), liver (HepG2), and lung (A549) cancer cells, with
nanoformulation enhancing both activity and bioavailability [21]. However, most of this
evidence remains preclinical, and further mechanistic and clinical studies are required to
establish its therapeutic value [74].

The processing of realgar is crucial for balancing efficacy and safety. Traditional
production relies on pyrometallurgical extraction and classical processing techniques [75].
Although the fire-refining method is simple, it is energy-intensive and generates arsenic-
containing fumes that pose environmental hazards. The widely used “water-flying
method” reduces impurities and toxicity but suffers from low yield and high cost and
does not alter the crystalline phase [75]. To address these limitations, modern wet-
extraction technologies, including pulverization, slurrying, flotation, chemical
purification, and vacuum drying, have been developed, enabling cleaner and more
efficient production of pharmaceutical-grade realgar from ore tailings.

3.2. Mirabilite

Mirabilite, also known as Glaubere salt, typically appears as colorless or white
crystals. First recorded in Shennong Bencao Jing, it has long been used in TCM to clear
heat, promote bowel movements, soften hard masses, resolve nodules, detoxify, and
stimulate bile secretion to relieve jaundice [54]. Building on these traditional applications,
modern clinical use focuses on treating constipation, inflammation, and hepatobiliary
disorders. Upon dissolution in water, mirabilite releases sodium and sulfate ions to form
a hypertonic solution, which draws water into the intestinal lumen, stimulates secretion
and peristalsis, and promotes defecation while relieving abdominal distension [76]. In
clinical practice, classic purgative formulas such as Da Chengqi Tang frequently combine
mirabilite with rhubarb to potentiate their laxative effect. Mirabilite also suppresses
inflammatory mediator release and has demonstrated therapeutic value in conditions
such as enteritis and dermatitis [54]. Therefore, the current clinical utility of mirabilite is
primarily observed in supportive or adjunctive care rather than as a direct systemic
anticancer agent [25].

Recent studies have highlighted its potential in CRC models. It has been reported
that mirabilite significantly reduced adenoma formation and inhibited CRC progression
by modulating bile acid metabolism through Lactobacillus enrichment and farnesoid X
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receptor (FXR) activation [3]. Additionally, oral administration of mirabilite suppresses
intestinal gland hyperplasia and carcinogenesis, alters lipid-related biomarkers, and
induces metabolic dysregulation in CRC [77-79]. Furthermore, mirabilite promotes
apoptosis in CRC and reduces carcinoembryonic antigen levels [37].

The processing of mirabilite is designed to moderate its strong purgative effects.
According to pharmacopeial procedures, crude mirabilite is decocted with radish, whose
properties in TCM theory are believed to temper its harsh nature, followed by filtration,
crystallization, and drying to yield a refined product [54]. Industrial processing typically
involves dissolving crude ore to obtain a saturated solution, followed by controlled
crystallization, filtration, and drying to produce high-purity material.

3.3. ATO

ATO is a mineral-derived compound that appears as white to pale-yellow crystals.
Historically used to treat conditions such as malignant sores, its modern breakthrough
occurred in the 1970s when Tingdong Zhang and colleagues developed an arsenic-based
formulation demonstrating remarkable efficacy against APL [46]. This discovery
established ATO as a cornerstone of APL therapy [36].

Subsequent clinical trials have confirmed its anticancer efficacy [41]. In APL,
combining ATO with ATRA achieves a 100% remission rate and a 98% 2-year event-free
survival rate, surpassing outcomes achieved with ATRA plus chemotherapy (98% and
86%, respectively) [80]. The clinical efficacy of ATO in APL is supported by a well-defined
disease-specific rationale, as arsenic-based therapy directly targets the PML
(Promyelocytic Leukemia)-RARA-driven leukemic program rather than acting solely as a
nonspecific cytotoxic agent [81]. Beyond hematologic malignancies, ATO also shows
promise in solid tumors. ATO-based whole-cell vaccines induce antitumor immune
responses and suppress tumor growth in mouse models of lung carcinoma,
fibrosarcomas, and colon carcinoma [82]. In hepatocellular carcinoma, ATO induces
mitochondrial damage and activates the cGAS-STING-IEN signaling pathway, promoting
CD8+ T cell infiltration and inhibiting tumor growth [83]. Furthermore, preclinical studies
suggest that combining ATO with olaparib may enhance chemosensitivity through
synergistic mechanisms [28]. These findings, while promising, also highlight the
mechanistic diversity of ATO beyond its canonical APL target [29].

Traditional preparation of ATO relies on sublimation. Historical texts, including the
Kai Bao Ben Cao and Ben Cao Yan Yi from the Song Dynasty, describe processes involving
the crushing and roasting of arsenic-containing ores, the collection of the resulting vapors,
and their condensation into crystalline products through repeated cycles. Records from
the Ming Dynasty further describe co-calcination with alum to produce “alum-calcined
arsenic”, a method considered safer but with limited adoption. Modern production
typically begins with purified realgar, utilizing calcination and sublimation to generate
and condense gaseous As:Os [84]. For medicinal use, ATO undergoes additional
processing steps, including purification, water grinding, and fine grinding.

3.4. Gypsum

Gypsum, a natural mineral composed primarily of calcium sulfate dihydrate
(CaSO4-2H:0), typically appears as colorless transparent crystals or white masses. In
TCM, it is classified as a heat-clearing agent used to reduce internal heat, alleviate
restlessness, and relieve thirst. Clinically, it is indicated for conditions such as high fever,
lung-heat cough, stomach-fire toothache, and skin ulcers [85]. It is a key component of
classic formulations such as Baihu Tang, Maxing Shigan Tang, and Daginglong Tang.

Modern clinical studies have explored its adjunctive role in cancer. Some gypsum-
containing formulations have demonstrated therapeutic benefits in managing cancer-
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related fever, improving response rates, and shortening symptom duration [86]. In
addition, gypsum-based materials have applications in skeletal repair. Calcium sulfate
can modulate local inflammation, promote angiogenesis, and support tissue regeneration
and fracture healing [87]. In this context, the translational relevance of gypsum lies
primarily in its local biomaterial function, postoperative tissue repair, and potential as a
drug carrier, rather than in systemic anticancer activity [88].

Processing methods for gypsum have evolved significantly. Historically, gypsum
was obtained through natural crystallization or direct ore processing, which resulted in
low efficiency and variable product quality [89]. Modern techniques, including
hydrothermal and solvent-based extraction, employ elevated temperature and pressure
to enhance the release of active components, thereby improving yield and product
uniformity while reducing energy consumption [90]. For purification, flotation serves as
an effective auxiliary method for removing certain impurities. However, its efficiency is
limited when impurities are embedded within the crystal lattice, representing a bottleneck
in the production of high-purity gypsum [91].

3.5. Other Mineral Drugs with Anticancer or Adjunctive Potential

Several additional mineral drugs have been explored for anticancer or supportive
applications, though their clinical evidence remains limited compared with arsenic-based
agents. Borax (Na:B«O710H:20) can induce apoptosis and ferroptosis in hepatocellular
carcinoma and glioblastoma cells [27]; however, in clinical oncology, it is primarily used
as a local adjunctive intervention for oral fungal infections and mucositis rather than as a
systemic anticancer agent [92]. Mercury-containing minerals, most notably cinnabar
(HgS), exhibit in vitro cytotoxicity against cancer cells [15] but lack prospective clinical
evidence for direct antitumor use [93]. Copper-containing minerals (e.g., cupric oxide)
have a long history in TCM for promoting blood circulation and relieving pain.
Dysregulated copper metabolism is implicated in tumor development, and copper can
induce a distinct form of regulated cell death (cuproptosis) [94,95]. However, most
anticancer evidence for copper-containing systems remains mechanistic or preclinical,
and elevated copper levels do not by themselves establish clinical efficacy [96].
Collectively, these mineral drugs are best regarded as traditional or supportive agents
with modest direct anticancer validation.

In contrast, selenium-containing agents and iron-containing minerals have been
developed into modern formulations with distinct functional roles. Selenium supports
redox regulation and immune homeostasis; its best-established oncological application
lies in chemoprevention, nutritional support, and mitigation of treatment-related toxicity,
rather than direct tumor eradication [97]. Selenium nanoparticles (SeNPs) have been
engineered to improve bioavailability and targeted delivery [98]. Iron-containing minerals,
particularly magnetite (FesOs), have been transformed into superparamagnetic iron oxide
nanoparticles (SPIONs), which serve as multifunctional platforms for magnetic targeting,
hyperthermia, drug delivery, and ferroptosis-oriented therapy [99].

The preparation of these mineral drugs shares common engineering principles:
purification, particle size reduction, and adoption of modern technologies. Borax is
obtained by aqueous leaching and crystallization, with green solvent extraction
improving purity and reducing environmental impact [100]. Cinnabar is processed
through ore selection, grinding, and levigation to remove toxic soluble mercury species
[32]. Copper-containing minerals are traditionally processed by ore selection, crushing,
grinding, and levigation, sometimes combined with heating or calcination; modern
strategies emphasize chemical purification, phase identification, and particle-size control
to minimize contamination [33]. Selenium nanoparticles are synthesized via chemical or
biological reduction of inorganic selenium salts, often using natural polymers as
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stabilizers [101]. SPIONs are typically prepared by co-precipitation, thermal
decomposition, or hydrothermal synthesis, allowing precise control over size, crystallinity,

and surface chemistry —properties that are critical for their performance in nanomedicine
[102].

4. Mechanism of Mineral Drugs-Mediated Anticancer

Mineral drugs exert their antitumor effects through a coordinated interplay of direct
cytotoxic mechanisms and systemic regulatory modulation (Figure 2). Direct actions
include the induction of tumor cell apoptosis, cell cycle arrest, ferroptosis, and inhibition
of angiogenesis. Concurrently, these agents modulate broader physiological processes by
enhancing antitumor immunity and regulating the gut microbiota, thereby establishing
an integrated, host-oriented defense against cancer progression.
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Figure 2. Multifaceted antitumor mechanisms of mineral-based drugs. This figure summarizes
representative mineral drugs and their reported mechanisms of action in cancer therapy. The
illustrated  processes include apoptosis, ferroptosis, —autophagy, cell cycle arrest,
immunomodulation, mitochondrial dysfunction, anti-angiogenesis, and regulation of the gut
microbiota, along with selected molecular events associated with these pathways.

4.1. Induction of Apoptosis and Cell Cycle Arrest

Tumor development is fundamentally associated with dysregulated cell-cycle
control, which drives uncontrolled cellular proliferation [103-106]. Accordingly,
induction of cell-cycle arrest represents a key therapeutic strategy for limiting tumor
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growth. Mineral drugs, particularly arsenic-based compounds, exert multi-target
regulatory effects on the cell cycle and are potent inducers of both cell cycle arrest and
apoptosis [107]. Accumulating evidence demonstrates that arsenic-based agents disrupt
tumor cell cycle progression through defined molecular mechanisms [108]. For example,
Zhang et al. reported that RIF combined with ATRA induces differentiation and apoptosis
in NB4 leukemia cells [109]. ATO, in combination with vinorelbine or docetaxel, decreases
cell viability and reduces the proportion of SK-N-SH neuroblastoma cells in the G2/M
phase, indicating that enhanced cytotoxicity is mediated through G2/M arrest [110]. Wang
et al. further demonstrated that in p53-mutant small-cell lung cancer cells, ATO binds to
MDM?2 (Mouse Double Minute 2 homolog), promoting ubiquitin-mediated degradation
of mutant p53 and inducing p53-dependent G2 arrest [111].

Concurrently, arsenic compounds activate intrinsic apoptotic pathways. They
modulate the balance of Bcl-2 family proteins (e.g., upregulating Bax) and trigger the
activation of caspase-9 and caspase-3 [112]. Collectively, these mechanisms disrupt both
the cell cycle and survival signaling in tumor cells.

4.2. Induction of Ferroptosis and Modulation of Autophagy

Resistance to ferroptosis is closely linked to tumorigenesis and cancer progression,
making its induction a promising therapeutic strategy [113]. Mineral drugs, owing to their
unique metal-ion compositions and redox activity, show significant potential to trigger
ferroptosis in tumor cells [114]. ATO serves as a representative ferroptosis inducer. ATO-
based nanoparticles deplete or inhibit the synthesis of glutathione (GSH) [113]. Severe
GSH depletion limits substrate availability for glutathione peroxidase 4 (GPX4), impairing
its ability to detoxify lipid peroxides. Consequently, the accumulation of lipid peroxides
in cell membranes leads to ferroptotic cell death [115].

Simultaneously, mineral drugs modulate autophagic activity, which interacts
dynamically with ferroptosis. Wu et al. reported that ATO increases LC3-II and decreases
p62 expression in osteosarcoma cells, indicating enhanced autophagic flux [116]. In
cervical cancer cells, combining cyclosporine A with ATO further elevates LC3-II,
suggesting synergistic induction of autophagy [117]. Autophagy plays a context-
dependent role in ferroptosis; it can mitigate cellular damage by removing toxic
components, yet excessive autophagy may accelerate ferroptotic cell death [118].
Furthermore, Cui et al. demonstrated that nanodiamonds (NDs) inhibit autophagy by
blocking autophagosome-lysosome fusion. When combined with ATO, NDs significantly
enhance the suppression of proliferation and metastasis in liver cancer [118], highlighting
how modulation of autophagy can potentiate the anticancer efficacy of mineral-based
agents. From a delivery perspective, ferroptosis-oriented nanocarriers can enhance iron-
dependent lipid peroxidation by increasing intracellular iron availability, promoting
metal ion release in lysosomes or the acidic tumor microenvironment, facilitating Fenton
or Fenton-like reactions, and compromising the GSH/GPX4 antioxidant defense system
[119].

4.3. Mitochondrial-Mediated Effects

Mitochondria are key targets for the cytotoxic actions of multiple mineral drugs,
which induce apoptosis primarily by disrupting mitochondrial integrity and function.
Realgar induces apoptosis by triggering mitochondrial membrane potential collapse and
cytochrome c release [120-123]. In chronic lymphocytic leukemia MEC-1 cells, it
upregulates pro-apoptotic Bax and downregulates anti-apoptotic Bcl-2, thereby activating
the mitochondrial apoptotic pathway and suppressing proliferation [120]. Additionally,
realgar disrupts mitochondrial respiratory chain complex IV, reducing ATP production
while increasing Reactive Oxygen Species (ROS), leading to oxidative stress and
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mitochondrial DNA damage [124]. ATO similarly induces membrane potential loss and
mitochondrial permeability transition pore (mPTP) opening [125]. Sustained mPTP
opening disrupts mitochondrial homeostasis, leading to swelling, outer membrane
permeabilization, and release of cytochrome c into the cytosol [126].

Mercury ions (Hg?), derived from cinnabar, inhibit respiratory-chain complex I
(NADH dehydrogenase), membrane potential dissipation, and apoptosis [124]. However,
chronic exposure may lead to mercury accumulation in organs such as the kidneys and
brain, potentially causing neurotoxicity and mitochondrial dysfunction [127]. Beyond
conventional mineral agents, modern approaches aim to achieve precise tumor targeting
with minimal off-target toxicity. A representative example is boron neutron capture
therapy, which exploits nuclear reactions between boron-10 and thermal neutrons to
generate high-energy particles with extremely short path lengths, thereby inducing
localized damage to DNA and mitochondria and enabling highly selective tumor cell
killing [128].

4.4. Anti-Angiogenesis

Angiogenesis is essential for tumor progression, supplying nutrients and oxygen
while facilitating waste removal. Therefore, inhibition of angiogenesis represents a key
therapeutic strategy [129]. ATO suppresses neovascularization through multiple
pathways. In triple-negative breast cancer, it disrupts the Enhancer of Zeste Homolog
2(EZH2)-p65 interaction, enhances p65 phosphorylation, and reduces vascular
endothelial growth factor secretion, thereby inhibiting angiogenesis [130]. Furthermore,
Sun et al. demonstrated that ATO upregulates forkhead box O3a (FoxO3a), significantly
impairing angiogenic activity. Restoration of angiogenesis following FoxO3a knockout
confirms its role as a key mediator of ATOe anti-angiogenic effect [131].

Realgar-containing serum (RTS) also exhibits potent anti-angiogenic activity. In
zebrafish and chicken embryo chorioallantoic membrane (CAM) models, RTS markedly
inhibits angiogenesis in vivo [132]. In an H22 murine hepatoma allograft model
established in Kunming (KM) mice, RTS reduced tumor volume by more than 50%. Its
anti-angiogenic activity was further supported by CD31 immunohistochemistry and
alginate-encapsulated tumor cell assays [132]. Supporting evidence from a CRC mouse
model shows that engineered stromal cells expressing soluble Flt-Inearly abolished tumor
neovascularization, in contrast to the abundant vasculature observed in control groups
[133]. Collectively, these findings underscore the therapeutic potential of mineral-based
agents in targeting tumor angiogenesis.

4.5. Immunomodulatory Effects

Mineral drugs can reshape the tumor microenvironment and enhance antitumor
immunity through diverse immunomodulatory mechanisms. ATO and its derivatives act
as potent immunomodulators, primarily by inducing immunogenic cell death (ICD) [134].
In mouse tumor models, ATO-induced ICD promotes effector molecule production by
CD8* and CD4* T cells [82]. Genetic knockout studies revealed that this preventive
immunity depends critically on ferroptosis-related and necroptosis-related genes, while
being only partially affected by the disruption of apoptosis or autophagy pathways [82].
Moreover, combining ATO-based vaccines with PD-1 blockade significantly suppressed
tumor growth, suggesting that ATO can convert immunologically “cold” tumors into
“hot” tumors [82]. Beyond adaptive immunity, ATO also enhances innate immune
responses by increasing natural killer cell cytotoxicity [135]. Other mineral drugs
contribute to immune regulation through distinct pathways. Mirabilite enhances
macrophage phagocytosis and cytokine secretion [3], and clinical observations suggest
that it may reduce the serum level of pro-inflammatory cytokines such as IL-6
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(Interleukin-6), IFN-y (Interferon-y), and TNF-a (Tumor Necrosis Factor-a) in CRC
patients, indicating a role in mitigating inflammation-driven tumor progression.
Together, these findings highlight the capacity of mineral drugs to engage multiple
components of the immune system, thereby offering promising strategies for cancer
immunotherapy.
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4.6. Regulation of the Gut Microbiota

Emerging evidence indicates that mineral drugs exert antitumor effects by
modulating the gut microbiota and its associated metabolic networks, thereby influencing
local and systemic tumor microenvironments [136]. A representative example is
mirabilite. In an APCM»* mouse model of CRC, it suppresses tumor growth, improves
intestinal epithelial integrity, and reduces adenoma formation and inflammation [3].
Mechanistically, mirabilite acts through the gut microbiota-bile acid metabolic axis.
Metabolomic and network pharmacology analyses demonstrate that it significantly alters
microbiota composition and function, thereby reshaping bile acid homeostasis [3].
Specifically, treatment modifies the balance of primary and secondary bile acids, leading
to activation of the FXR signaling pathway. FXR activation further optimizes bile acid
metabolism, suppresses inflammation, and promotes epithelial repair, ultimately
establishing a beneficial antitumor feedback loop mediated by microbiota—host
interactions [137].

In addition to mirabilite, selenium-containing agents have also been linked to
microbiota-mediated regulation in tumor-bearing models [138]. In mice with breast cancer
maintained on a high-fat diet, selenium intervention altered gut microbiota composition
and diversity, accompanied by changes in microbial functional pathways related to
carbohydrate-active enzymes, membrane transporters, virulence factors, and metabolic
potential [138]. In CRC-bearing nude mice, different selenium species, including sodium
selenite and selenomethionine, were also reported to influence intestinal microbial
communities. These findings suggest that selenium-containing agents may affect tumor
biology not only through redox and immune regulation but also by remodeling of
intestinal microbial metabolism [139].

The gut microbiota may also influence the metabolism, disposition, and toxicity of
arsenic-containing mineral drugs, including ATO and realgar-derived preparations [140].
Experimental evidence indicates that antibiotic-treated or germ-free mice excrete less
arsenic in feces and accumulate more arsenic in organs than conventionally raised mice,
suggesting that the gut microbiome contributes to arsenic elimination and protection
against acute arsenic toxicity. Additional studies further indicate that arsenic exposure
can perturb gut microbial composition and metabolic function [141]. Therefore, for
arsenic-based mineral drugs, regulation of the gut microbiota may be more related to
pharmacokinetics and safety than to a clearly established anticancer mechanism [142].

Iron- and copper-containing systems further illustrate the dual implications of
mineral-microbiota interactions [143]. Iron availability is an important determinant of
colonic microbial ecology, as many pathogenic bacteria possess strong iron acquisition
systems and may outcompete protective commensal bacteria under iron-rich conditions
[144]. Copper nanoparticles have also been shown to alter intestinal microbial
metabolism; compared with copper carbonate, dietary copper nanoparticles suppressed
cecal bacterial enzymatic activity and reduced short-chain fatty acid production in rats
[145]. These observations suggest that microbiota-related effects of mineral drugs may
represent both a therapeutic opportunity and a potential safety concern.

5. Toxicity of Mineral Drugs and Detoxification Strategies

Although mineral drugs have demonstrated therapeutic efficacy in cancer treatment,
their intrinsic chemical properties, especially those of heavy metals and metalloids,
combined with improper processing or administration, can lead to significant toxic side
effects. Therefore, detoxification strategies are essential to ensure their safe clinical
application. Advanced analytical techniques are increasingly employed to elucidate the
material basis of toxicity and its metabolic transformations in vivo, thereby providing a
robust foundation for safety evaluation and the rational use of mineral drugs (Figure 3).
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Figure 3. Toxicity of mineral-based drugs and representative detoxification strategies. This figure
summarizes the major toxic effects associated with mineral-related elements, including arsenic (As),
mercury (Hg), and boron, as well as the corresponding strategies employed to mitigate their toxicity.
The illustrated toxicities include fatty degeneration, glomerular injury, neurotoxicity, and spleen
and lung damage. Key detoxification approaches comprise processing-induced detoxification,

structural or modification-based detoxification, and compatibility-based detoxification.

5.1. Toxicity

The therapeutic use of mineral drugs is inherently associated with the potential
toxicity of their inorganic constituents, particularly heavy metals and metalloids such as
arsenic, mercury, and boron. Therefore, systematic evaluation of their toxicological
profiles, particularly with respect to the hepatic, renal, and neurological systems, is
essential.

Arsenic toxicity primarily manifests as hepatotoxicity, nephrotoxicity, and
neurotoxicity [146]. Chronic exposure leads to bioaccumulation in organs such as the liver
and kidneys, resulting in functional impairment. In animal models, arsenic-contaminated
diets elevate serum alanine aminotransferase (ALT), aspartate aminotransferase (AST),
and urea levels, accompanied by degenerative and inflammatory tissue damage [147]. In
the kidneys, arsenic disrupts mitochondrial function in tubular epithelial cells, suppresses
antioxidant defenses, and induces pathological changes, including tubular necrosis,
glomerular atrophy, and interstitial fibrosis [148]. It also activates inflammatory signaling
pathways, such as NF-kB and MAPK (Mitogen-Activated Protein Kinase), thereby
increasing pro-inflammatory cytokine expression and exacerbating injury [149].
Neurobehavioral abnormalities have also been reported, particularly during
developmental stages.

Mercury is a potent neurotoxin and nephrotoxin. Its toxicity is largely attributed to
the irreversible inhibition of critical selenoproteins, such as thioredoxin reductase, thereby
disrupting both neurological and renal function [150]. Exposure occurs through inhalation
of elemental mercury or ingestion of its inorganic (e.g., cinnabar) and organic (e.g.,
methylmercury) forms. Inorganic mercury can accumulate in the brain and connective
tissues at high doses, whereas organic methylmercury, identified by the World Health
Organization (WHO) as a major public health concern, readily crosses the blood-brain
barrier, leading to motor and cognitive deficits [151]. Chronic renal accumulation may
result in progressive kidney injury and eventual failure. The severe public health impact
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of mercury is exemplified by Minamata disease, underscoring its classification by the
WHO as a priority chemical hazard [152].

In contrast to its traditional applications, boric acid has well-documented systemic
toxicity. Dermal exposure, particularly on compromised skin or large surface areas such
as the abdomen, can result in significant systemic absorption, although intact skin
provides an effective barrier [153]. Oral ingestion is potentially lethal, and animal studies
have demonstrated reproductive toxicity, including reduced fertility. Boron is primarily
excreted via the kidneys; chronic high-level exposure may lead to pulmonary irritation
and genotoxic effects on the reproductive system [153]. Although these studies
collectively highlight the major toxicological risks associated with mineral drugs,
qualitative descriptions alone are insufficient for comparing their relative safety profiles
across different chemical forms and formulations [154]. Herein, we summarize
representative acute toxicity indices, organ-specific toxicological endpoints, formulation-
dependent safety features, and available safety margin data for various mineral drugs and
their formulations (Table 2).

Table 2. Quantitative toxicological comparison of conventional, processed, and nanoformulated

mineral drugs.

Comparison pair

Quantitative Toxicity Main Toxicological
Comparison Concern

Key Safety Interpretation Refs.

ATO vs. realgar

ATO: oral LDso of As20:s is
33-39 mg/kg in mice.
Realgar: oral LDso
approximately 3.2 g/kg.

ATO: heart block,
hepatotoxicity,
encephalopathy,

Poorly soluble arsenic sulfides and
impurity removal lower acute
systemic arsenic exposure. Realgar
safety depends on the speciation,
soluble content, purity, dose, and
duration.

carcinogenicity, and [51]
embryo-fetal toxicity.
Realgar: hepatic and

renal toxicity.

Copper ions vs.

copper
nanoparticles

Copper ions: reference.

Copper nanoparticles: LDso

increased approximately 2.8- Liver toxicity and
fold for 30 nm, 4.9-fold for 50kidney toxicity.
nm, 5.8-fold for 80 nm, and

Larger particle size and controlled

copper release may reduce acute

toxicity, but organ accumulation and ~ [155]
chronic toxicity remain key

translational concerns.

>13.9-fold for 1 pm.

Copper ions vs.
copper oxides

Copper ions: oral LDso value
used as reference.
Copper oxides: oral LDso

Poor solubility, form, and particle size
reduce immediate systemic copper
availability. Lower acute oral toxicity — [156]

Gastrointestinal,
hepatic, renal, and
oxidative stress-

values are >14-fold higher does not establish an anticancer

related toxicities.

and >13.9- fold higher. therapeutic index.

Boric acid: oral LDso 3450
mg/kg (male rats) and 4080 Testicular atrophy, = Both have low acute oral toxicity, yet

mg/kg (female rats). reduced fertility, reproductive/developmental toxicity

Boric acid vs. borax Borax: LDso 4550 mg/kg decreased fetal body limits safety; systemic absorption [157]

(male rats) and 4980 mg/kg weight, and skeletal depends on exposure route and skin
(female rats); approximately abnormalities. integrity.
1.3-fold and 1.2-fold higher.

Cinnabar/HgS-
containing mineral
drugs vs. soluble
mercury species

NR

Washing, levigation, and qualit
Mercury & & d Y
. control must separate poorly soluble
accumulation, renal .
. HgS from toxic soluble mercury or free
dysfunction,

neurotoxicity, and
organ-specific injury.

[93]

contamination; translational feasibility
then depends on stability, purity, and
long-term accumulation.
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Ferumoxytol/SPIO
Ns formulation vs.

NR

non-clinical iron
oxide systems

Hypersensitivity/ana Carbohydrate coating boosts stability

phylaxis, and iron handling, but iron

hypotension, iron ~ replacement does not prove oncology  [158]
overload, MRI safety; tumor dosing requires separate
interference. validation.

5.2. Detoxification Strategies

To ensure the safe clinical application of mineral drugs, multiple detoxification
strategies have been developed, primarily focusing on processing optimization, rational
drug compatibility, and chemical or structural modification. These approaches aim to
reduce the bioavailability of toxic species while preserving or enhancing therapeutic
efficacy.

5.2.1. Processing Optimization

Optimization of processing methods represents a foundational detoxification
strategy, primarily achieved through traditional techniques such as levigation and
calcination. Levigation removes soluble toxic components via repeated aqueous
processing at ambient temperature [159]. Metabolomic studies demonstrate that levigated
realgar produces fewer toxic hepatic metabolites and exhibits reduced arsenic
bioaccessibility in simulated gastrointestinal models, indicating a shift toward less
absorbable arsenic species. Notably, studies employing gastrointestinal extraction and
diffusive gradients in thin films techniques have shown that arsenic in realgar-containing
drugs exhibits low bioaccessible fractions, suggesting that processing alters arsenic
dissolution behavior and reduces toxicity potential [160]. Calcination, on the other hand,
alters the chemical form of arsenic with, for instance, oxidation from AssS4 to As20s. Such
thermal transformations influence arsenic speciation and solid-state characteristics, which
are critical determinants of bioavailability. Comparative mineralogical studies have
demonstrated that variations in arsenic speciation and host mineral phases result in
markedly different bioaccessible fractions under identical conditions [161]. These findings
support the concept that processing-induced speciation changes can modulate arsenic
exposure. Importantly, the resulting toxicity profile is highly temperature-dependent,
highlighting the necessity for precise control of processing conditions.

5.2.2. Rational Drug Compatibility

Rational drug compatibility provides an effective strategy for mitigating toxicity
through synergistic pharmacological interactions. This approach includes the use of
specific herbal antagonists, such as glycyrrhizic acid and magnesium isoglycyrrhizinate,
which can bind arsenic and ameliorate ATO-induced cardiotoxicity via antioxidant, anti-
inflammatory, and anti-apoptotic mechanisms [162]. Similarly, flavonoids derived from
medicinal plants such as licorice and ginkgo exhibit protective effects by chelating heavy
metals, thereby reducing their bioavailability and associated oxidative damage [163]. This
principle is exemplified in established formulations such as the Compound Huangdai
Tablet (CHDT), which integrates realgar with other botanical components. Clinical
evidence indicates that CHDT combined with ATRA achieved a remission rate
comparable to ATO monotherapy in APL, while exhibiting reduced toxicity [164].
Furthermore, nanotechnology -based strategies have enabled innovative compatibility
approaches. For instance, the encapsulation of realgar with tea polyphenols into
nanoparticles [e.g., (-)-Epigallocatechin-3-Gallate Encapsulated Realgar Nanoparticles
(EGCG-RNPs)] enhances antitumor activity while minimizing systemic arsenic exposure
[165].
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5.2.3. Chemical and Structural Modification

Chemical and structural modification represents an additional strategy to enhance
safety by rationally altering the physicochemical properties of mineral agents. Chemical
derivatization, such as converting inorganic arsenic into organic derivatives (e.g.,
dimethylarsinic acid), can reduce acute toxicity, improve bioavailability, and enhance
selective cytotoxicity toward cancer cells [166]. Structural modification also plays a critical
role. For instance, the low-solubility sulfide lattice of realgar slows arsenic release,
resulting in reduced hepatotoxicity and neurotoxicity compared to soluble ATO [167].
Adjusting the oxidation state of metal components may further reduce toxicity by
decreasing their affinity for biological macromolecules and facilitating excretion [168]. In
addition, the design of composite materials, such as hybrid systems incorporating realgar
with tea polyphenols or nanoscale doped structures, enables precise control over crystal
structure and surface chemistry. These modifications regulate dissolution kinetics and
biological interactions, thereby improving both therapeutic efficacy and safety profiles
[169]. While these detoxification strategies illustrate how processing, compatibility, and
structural modification can reduce mineral-related toxicity, their translational value
cannot be fully evaluated based on mechanistic descriptions alone [154]. To address the
need for more concrete and quantitative comparisons, representative mineral-based
formulations with reported efficacy, pharmacokinetic, biodistribution, or release-related
parameters are summarized (Table 3).

Table 3. Quantitative efficacy, pharmacokinetic, and release-related comparison of representative

mineral-based anticancer formulations.

Reported PK, Calculated or
Agent/Formulation Reported Efficacy Data Biodistribution, or Comparative Refs.
Release Data Interpretation

ATRA + ATO vs. ATRA +

2-year EFS: 11

ATRA-ATO: 1 ission.
O: Complete remission percentage points higher ATRA + ATO vs. ATRA +

ATRA-chemotherapy: 2-year EFS [80]

hydrogel/NRA@DH Gel + RT vs. and 3, pH-sensitive hydrogel
NRAQDs, RT alone, gel control, enabled sustained release.

chemotherapy was 97% vs. 86%. than that with ATRA + chemotherapy
chemotherapy.
2-year DFS: 1 percentage
ATRA +RIF vs. ATRA + ATRA-RIF: 2-year DFS was 97%. int differen ATRA +RIF vs. ATRA + [51]
intravenous ATO ATRA-ATO: 98%. PO Crence vs. intravenous ATO
intravenous ATO.
ATO-loaded liposomes: 61.2% tumor
ATO-loaded liposomes vs. free inhibition (5180 mice); >80% . 'Irr}}?roved tumor . ATO-loaded liposomes vs.
entrapment; reduced plasma inhibition and systemic [170]
ATO/control . . free ATO/control
clearance; increased Ti2 and AUCO-  exposure profiles.
12 h.
ATO microcrystal-loaded PLGA ~ ATO microcrystal-loaded PLGA  Drug loading: 4-20-fold ATO microcrystal-loaded
microspheres vs. free microspheres: 80% tumor inhibition  higher than that of PLGA microspheres vs. [171]
ATO/previous ATO nano-or ~ (HCC model), 40.1% drug-loading previous ATO nano-or free ATO/previous ATO
microparticles efficiency, 4-20-fold higher. microparticle systems. nano- or microparticles
NRA@DH Gel + RT: 0.30 (TAR), )
Nano-realgar tumor CI: 5.88 and 3.82 on days 2 TAR: 47.9-fold Lower Nano-realgar

than that of saline ~ hydrogel/NRA@DH Gel +
control and 3.6-fold RT vs. NRAQDs, RT [172]

1 han that of RT 1 1 )}
or saline Saline control group: 14.38 (TAR), ower than that o alone, gel control, or

RT-alone: 1.09 (TAR). alone. saline

Cr-loaded CuO NPs vs. free Cr or

Cr@CuO NPs: ICs0 5.17 + 0.48 ug/mL,  Cr@CuO NPs: ICso
entrapment 78.9 + 5.9%, pH 5.5 reduced by
release: 26.42% (2 h), 77.30% (12 h). approximately 37.3% vs.
Free Cr: 8.24 + 0.74 ug/mL, CuO NPs: free Cr and by 54.0% vs.
11.25 +1.04 ug/mL. CuO NPs alone.

Cr-loaded CuO NPs vs.

free Cr or CuO NPs (173]

CuO NPs
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PXFCu6 gel: ICs 11.82 £ 022 pgfml, L0 b gel: 1Cso

CuO NPs/5-FU-loaded Cu gel vs. controlled/sustained release: >8 h. r_educed by . CuO NPs/5-FU-loaded Cu
free 5-FU or CuO NPs Free 5-FU: 193 + 0.49 pe/ml,  2PProximately 38.8% vs. gel vs. free 5-FU or CuO  [174]
POSEUEIMEML, e 5.FU and by 72.4% NPs

CuONPs: 42.8 + 0.24 ug/mL. vs. CuO NPs alone.

Se-MOP: ICs0 2 pug/mL at 48 h in
HepG2 cells. NR. Se-MOP vs. control/other [175]

Control/other cancer cell lines: NR. cancer cell lines
Fu/NCur/SeNPs: ICs0 10.35 + 0.83

Se-MOP vs. control/other cancer
cell lines

. . mg/L (CaCoz cells), 19.44 + 1.39 mg/L Fu/NCur/SeNPs vs.
F NPs vs. lat
u/NCur/SeNPs vs. cisplatin or (HT-29 cells). NR. cisplatin or individual  [176]
individual components . . e
Cisplatin or individual components: components.
NR.

6. Innovative Delivery and Development of Antitumor Mineral Drugs

Beyond intrinsic toxicity, the clinical translation of mineral drugs is often limited by
poor aqueous solubility and low target specificity. These limitations contribute to
suboptimal therapeutic efficacy, increased systemic exposure, and a narrow therapeutic
window. Recent advances in nanotechnology and drug delivery systems provide
transformative solutions to these challenges [177]. Innovative strategies, including
stimuli-responsive controlled release, supramolecular self-assembly, and synergistic co-
delivery platforms, enable the precise encapsulation and functional engineering of
mineral agents into advanced nanomedicines. These technologies enhance drug stability
and bioavailability, allow spatiotemporal control over drug release, improve targeting
precision, and introduce intelligent regulatory functions (Figure 4). Importantly, these
delivery systems are not merely formulation improvements but also reinforce specific
anticancer mechanisms by enhancing tumor-selective accumulation, enabling controlled
metal ion release, modulating redox homeostasis, inducing organelle stress, and
promoting combination-based therapeutic synergy [178].
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Figure 4. Innovative nanoscale development strategies for mineral-based drugs in cancer treatment.
This figure summarizes representative nanoscale engineering strategies for mineral drugs and their
applications in cancer treatment. The illustrated approaches include tumor microenvironment-
responsive release, sustained-release delivery, supramolecular self-assembly, and combination
therapeutic strategies, along with their roles in enhancing tumor targeting, intracellular delivery,

immune modulation, and antitumor efficacy.

6.1. Nanoscale Engineering Strategies

Mineral drugs are rich in inorganic and metallic components, rendering them
inherently suitable for nanoengineering. Conversion into nanoparticles increases surface
area and enables precise modulation of surface properties, thereby enhancing tumor
penetration, retention, and therapeutic efficacy [179]. For example, transforming the active
component of realgar (As:Ss) into nanoparticles via high-energy ball milling or related
nanofabrication techniques significantly enhances surface area, dissolution rate, and
bioavailability. These nanoparticles exhibit improved cellular uptake, inhibit tumor cell
proliferation, induce apoptosis, and regulate the Bax/Bcl-2 ratio, leading to antitumor
activity [180].

Certain mineral-derived nanoparticles also exploit intrinsic physicochemical
properties for novel therapeutic modalities. Ferroferric oxide (Fe3Os) nanoparticles,
derived from magnetite, generate hyperthermia under an alternating magnetic field,
enabling tumor ablation. This process further activates cellular stress pathways, releases
iron ions, induces ROS generation, and triggers ferroptosis, resulting in synergistic
antitumor effects [181]. Mechanistically, FesOs-based nanoplatforms are particularly
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relevant to ferroptosis because they act as intracellular iron reservoirs [182]. Following
cellular internalization, acidic endosomal or lysosomal conditions facilitate iron release
and redox cycling, thereby promoting hydroxyl radical generation, lipid peroxide
accumulation, and iron-dependent tumor cell death [119]. The functionality can be further
enhanced through rational design. Drug loading, via adsorption, conjugation, or
encapsulation, improves payload delivery efficiency [183], while surface modification
with polyethylene glycol (PEG) and targeting ligands facilitates receptor-mediated
endocytosis and enhances therapeutic selectivity and imaging capability [184].
Additionally, integration with ROS-responsive catalytic components enables the
construction of “self-amplifying” systems that elevate hydrogen peroxide levels and
intensifies Fenton reactions, thereby enhancing photothermal, photodynamic, and
chemotherapeutic outcomes [185]. Although these nanoscale engineering strategies
demonstrate the potential of mineral-based formulations to improve solubility, tumor
penetration, and therapeutic efficacy, descriptive examples alone are insufficient to
evaluate their formulation-dependent advantages [186]. To provide a more concrete and
quantitative comparison, representative mineral-based delivery systems with reported
efficacy, pharmacokinetic, biodistribution, or release-related parameters are summarized
(Table 4). These examples include arsenic-based liposomes and polymeric microspheres,
nano-realgar hydrogels, iron-based nanocomposites, copper oxide-based drug carriers,
and selenium-containing nanoplatforms.

Table 4. Representative smart delivery strategies for mineral-based anticancer therapeutics.

Delivery Strategy/Responsive

Reported Release PK, or Mechanistic and

ison Pai Refs.
Comparison Pair Trigger Biodistribution Data Translational Note e
E lation i
ATO-loaded liposomes: entrapment agceﬁiieielz?;;nlzi:;s
ion, -
ATO-loaded liposomes vs.  Liposomal encapsulation using > 80%; reduced clearance; increased specific PK [186]
free ATO/control a Cu(OAc): gradient T12 and AUCO0-12 h; 61.2% tumor p o
A, . biodistribution, and
inhibition (S180 mice). .
toxicity.
Angi -2 1
Angiopep-2-modified Angiopep-2-modified calcium ngloPep enab e-s .
. . . . . BBB/glioma targeting via
calcium arsenite-loaded . e 11 arsenite-loaded liposomes: high . .
. Ligand-modified liposomes . . LRP; acid-responsive
liposomes vs. non- loading/entrapment; pH-responsive [187]

targeted/non-responsive
formulations

with acid-responsive release

release activates arsenic.
PK and distribution data
need standardization.

arsenic release; enhanced anti-
glioma activity.

ATO microcrystal-loaded

PLGA microspheres vs. free
ATO/previous ATO nano-or

microparticles

Polymeric microspheres for
locoregional
delivery/chemoembolization

Local retention increases

¢ .
ATO microcrystal-loaded PLGA HIOT arsetic exposure

microspheres: 40.1% drug-loading
(4-20-fold higher), 80% tumor
inhibition (HCC model).

and oxidative stress-

mediated suppression.  [171]
More suitable for local or
interventional delivery

than systemic delivery.

As@Z]F-8 nanoparticles vs.

pH-responsive coordination

Acidic TME triggers

As@ZIF-8 nanoparticles: loading: 74 .
arsenic release and

- ug, minimal release at neutral pH, . [188]
neutral pH release condition polymer . 1 . tumor-selective
substantial under acidic conditions. ..

cytotoxicity.

Nano-realgar sustained
Nano-realgar local exposure,
hydrogel/NRA@DH gel vs. Hydrogel-based local retention I\I;_nz;:szigé;_};y%r(;iiéN;A(f?I:z radiosensitization tumor [172]
NRAQDs, RT alone, gel and pH-sensitive release gex e ) Y suppression (local GBM

control, or saline

and 3), hydrogel sustained release. models only; systemic

applicability unclear).

Cr-loaded CuO NPs vs. free pH-associated release from

Cr or CuO NPs

copper-based nanocarrier

Acidic TME triggers
release, tumor-selective  [173]
cytotoxicity (preclinical).

Cr-loaded CuO NPs: Cr entrapment
78.9 +5.9%; pH 5.5 release: 26.42% (2
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h), 77.30% (12 h), ICs0 5.17 + 0.48
ug/mL.
Free Cr: ICs0 8.24 + 0.74 pug/mL. CuO
NPs: ICs0 11.25 + 1.04 ug/mL.
CuO NPs/5-FU-loaded Cu gel: .
sustained release >8 h, ICs0 11.82 + Sustained release: local
CuO NPs/5-FU-loaded Cu . . ! 77 exposure/potency
Lvs. free 5-FU or CuO NP Sustained local gel delivery 0.22 pg/mL. limited to in vitro/local [174]
gel Vs e ot Or LU NS Free 5-FU: 19.3 + 049 pg/mL, CuO f;erlrl‘:/:r )0 fvitrorioca
NPs: ICs042.8 + 0.24 pig/mL. )
E -rich TME:
Enzyme-responsive mineral- Enzyme-triggered release, such Enzyme-responsive mineral-based :)Itze};lI?erllgcal'Ni d
i iz
based systems vs. non- as MMP- or hyaluronidase- systems: mineral-drug release and . [189]
Y Y Y & release (emerging; needs
enzyme-responsive systems responsive designs distribution data limited.

quantitative data)

6.2. Sustained- and Stimuli-Responsive Delivery

The distinctive biochemical characteristics of the tumor microenvironment, including
acidic pH, elevated ROS and glutathione levels, and overexpression of enzymes such as
matrix metalloproteinases and hyaluronidase, provide key triggers for designing
responsive delivery systems [190-193]. Metal ions inherent to mineral drugs (e.g., As, Fe*,
Mn?, Ca?*) can coordinate with functional ligands to form nanostructures capable of
releasing therapeutic payloads in response to specific TME (tumor microenvironment)-
specific stimuli or external triggers. Mechanistically, stimuli-responsive delivery systems
convert tumor-associated biochemical abnormalities into release signals. By restricting
mineral ion release or drug activation to tumor tissues and intracellular compartments,
these systems enhance local cytotoxic stress while minimizing premature systemic
exposure [194].

pH-responsive systems are widely investigated. ATO can be formulated into
nanosystems that release drugs under acidic conditions or upon GSH depletion, thereby
enhancing apoptosis in APL, hepatocellular carcinoma, and lung cancer [186]. Mn?-based
platforms exemplify theragnostic systems, remaining stable at physiological pH but
dissociating within the acidic, H202-rich TME. Released Mn?* ions function as activatable
Magnetic Resonance Imaging (MRI) contrast agents while catalyzing H20:
decomposition, depleting GSH, alleviating hypoxia, and enhancing therapeutic efficacy
[195]. Innovative systems such as LP@MnAs, which encapsulate Mn?*-arsenate complexes,
enable stable circulation and sustained, TME-triggered release, thereby improving tumor
accumulation and cytotoxicity [196]. Similarly, realgar quantum dots embedded in a
dextran-hyaluronic acid hydrogel form a pH-responsive platform that enhances
bioavailability and acts as a sustained ROS generator, ultimately increasing tumor
radiosensitivity [172].

Enzyme-responsive strategies provide an additional layer of specificity. For example,
GEM-MNP-pHLIP (G-PON Encapsulation Mode-Magnetic Nanoparticles-PH-Low
Insertion Peptide) nanoparticles incorporate an Fe:Os core for MRI and magnetic
targeting, along with a peptide linker cleavable by matrix metalloproteinase-2 (MMP-2),
enabling enzyme-triggered drug release [197]. When loaded with gemcitabine, this
system demonstrates synergistic cytotoxicity and antiproliferative effects, illustrating the
potential of multi-stimuli-responsive mineral-based delivery systems [198].

6.3. Supramolecular Self-Assembly Delivery

Supramolecular self-assembly, driven by noncovalent interactions such as hydrogen
bonding and van der Waals forces, represents a biomimetic strategy for advanced delivery
[199]. This concept is partly inspired by traditional practices, such as the co-decoction of
gypsum with licorice, which forms supramolecular aggregates that enhance dissolution

https://doi.org/10.3390/pharmaceutics18070768



Pharmaceutics 2026, 18, 768

22 of 35

and absorption of active components [200]. Modern research has extended this principle
to engineered systems. An “intracellular Ca** nanogenerator”, constructed from calcium
carbonate and calcium peroxide, induces calcium overload following cellular uptake,
leading to mitochondrial dysfunction and programmed cell death [201].

Further refinements enable targeted delivery. Systems functionalized with folate and
bisphosphonate ligands achieve selective tumor recognition and localized
biomineralization [202]. More advanced platforms incorporating calcium carbonate
nanoparticles, folic acid, and supramolecular peptides undergo intracellular self-
assembly in spermine-rich tumor cells, forming micrometer-scale aggregates that prolong
retention, induce calcium overload, disrupt mitochondrial integrity, and trigger apoptosis
[203]. Thus, supramolecular delivery provides a clear example of the “Composition—
Mechanism-Delivery” principle, in which calcium-based composition, mitochondrial
injury, and intracellular self-assembly are integrated into a unified therapeutic design that
directly links delivery behavior to anticancer mechanisms [204].

6.4. Combined Therapeutic Strategies

Given the complexity and adaptability of tumors, monotherapies often exhibit
limited efficacy. Consequently, multimodal combination strategies have emerged as a key
direction in cancer [205]. Mineral-based agents serve as versatile components in such
regimens, demonstrating synergy with immunotherapy, radiotherapy, and
chemotherapy. For example, combining ATO with FesOs nanoparticles or MoS:
nanosheets can remodel the tumor microenvironment and promote ferroptosis. When
further combined with anti-PD-L1 checkpoint blockade, this strategy significantly
enhances antitumor efficacy [206]. This strategy exemplifies mechanism-oriented co-
delivery: FesOs nanoparticles serve as an iron-related redox source for ferroptosis, ATO
induces oxidative stress and cell death signaling, MoS: nanosheets enhance photothermal
stress and remodel the tumor microenvironment, and anti-PD-L1 blockade amplifies
antitumor immunity [29]. MoS: nanosheets also enable synergistic photothermal-
chemotherapy effects due to their high surface area and photothermal conversion
efficiency [207].

Another promising approach involves combining mineral elements with bioactive
natural products. Selenium-modified polysaccharides exhibit enhanced antitumor
activity by increasing ROS production, disrupting mitochondrial function, and inducing
apoptosis [208]. Additionally, metal-flavonoid complexes enable sustained ion release
and synergistic biological effects, further expanding therapeutic potential [209]. These
findings highlight the broad potential of mineral-based agents in rational combination
therapies. By establishing synergistic interactions with both modern treatment modalities
and refined natural products, they offer a pathway toward more integrated and effective
therapeutic strategies in cancer.

7. Conclusions, Limitations, and Future Perspectives

Mineral drugs constitute a unique and underexplored class of therapeutic agents for
cancer treatment [210]. Unlike conventional small-molecule drugs, their biological
activities arise from complex physicochemical properties, including metal speciation,
crystalline structure, redox behavior, and dynamic interactions with biological systems
[211]. As summarized throughout this review, mineral drugs can regulate multiple
hallmarks of cancer through diverse mechanisms, including apoptosis induction,
ferroptosis activation, redox modulation, immune regulation, metabolic reprogramming,
and tumor microenvironment remodeling [212]. These characteristics provide
opportunities for the development of novel anticancer strategies that complement existing
therapeutic modalities.
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Despite these promising advances, several major challenges continue to hinder
clinical translation [213]. First, the pharmacokinetic behavior, biodistribution, metabolic
transformation, and long-term safety profiles of many mineral agents remain
insufficiently characterized [214]. Because their biological activities are highly dependent
on chemical speciation, particle size, solubility, crystalline phase, and in vivo
transformation, therapeutic efficacy and toxicity cannot be reliably predicted from
composition alone [215]. Second, mineral drugs frequently exhibit context-dependent
biological activities. Variations in tumor genotype, redox status, metabolic state, and
microenvironmental conditions can profoundly influence their mechanisms of action and
therapeutic responses [216]. Third, the abnormal architecture and heterogeneity of solid
tumors often limit drug penetration and produce highly variable intratumoral exposure,
thereby reducing translational predictability. Collectively, these factors contribute to the
complexity and uncertainty associated with the clinical development of mineral-based
therapeutics [217].

Recent advances in nanotechnology, biomaterials, and precision delivery systems
provide promising solutions to many of these challenges [218]. Stimuli-responsive
nanocarriers, biomimetic delivery platforms, and rationally engineered nanostructures
have demonstrated the ability to improve tumor targeting, regulate metal ion release,
reduce off-target toxicity, and enhance therapeutic efficacy [219]. More importantly,
modern delivery systems are increasingly serving not only as pharmacokinetic
optimization tools but also as active regulators of therapeutic mechanisms, enabling
precise control of redox signaling, ferroptosis induction, organelle stress, and immune
activation within tumor tissues [190].

Looking forward, future research should move beyond proof-of-concept efficacy
studies and prioritize translationally relevant investigations [220]. Key priorities include
systematic physicochemical characterization, quantitative pharmacokinetic and
biodistribution analyses, long-term safety evaluation, clinically relevant tumor models,
and direct comparisons with existing standard-of-care therapies [217]. Particular attention
should be devoted to understanding how dynamic chemical transformations, tumor
heterogeneity, and microenvironmental factors influence therapeutic outcomes. The
integration of diagnostic and therapeutic functions may further enable mineral-based
systems to sense and adapt to heterogeneous tumor environments, thereby improving
treatment precision [221].

Ultimately, the future development of mineral-based anticancer therapeutics may
benefit from a closed-loop “Composition-Mechanism-Delivery” design paradigm [222].
Within this framework, identification of active mineral components, elucidation of
molecular mechanisms, and rational design of delivery systems are pursued
simultaneously under rigorous safety-by-design principles [214]. Rather than treating
formulation development as a downstream optimization step, delivery strategies should
be designed to reinforce the intended therapeutic mechanism through tumor targeting,
controlled ion release, organelle localization, redox modulation, or combination therapy
[223]. Such an integrated approach may transform mineral drugs from empirically used
materials into mechanistically defined and clinically translatable precision therapeutics,
thereby unlocking the full potential of mineral resources in modern oncology [224].
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ALT Alanine Aminotransferase

APL Acute Promyelocytic Leukemia

APS Advanced Planning and Scheduling

AST Aspartate Aminotransferase

ATO Arsenic Trioxide

ATRA All-Trans Retinoic Acid

AUC Area Under the Curve

CAM Chorioallantoic Membrane

CHDT Compound Huangdai Tablet

CI Contrast Index

Cr Platinum (II)-based complex

CRC Colorectal Cancer

DFS Disease-free Survival

ECG Electrocardiogram

EFS Sevent-free Survival

EGCG-RNPs (-)-Epigallocatechin-3-Gallate Encapsulated Realgar Nanoparticles

EZH2 Enhancer of Zeste Homolog 2

FoxO3a Forkhead Box O3a

FXR Farnesoid X Receptor

GPx Glutathione Peroxidase

GPX4 Glutathione Peroxidase 4

GSH Glutathione

GEM-MNP-pHLIP G—PON Encapsulation Mode-Magnetic Nanoparticle-PH-Low Insertion Pep-
tide

HCC Hepatocellular Carcinoma

HgS Mercuric Sulfide

1Cso Half Maximal Inhibitory Concentration

ICD Immunogenic Cell Death

IFN-y Interferon-y

IL-6 Interleukin-6

KM Kunming

LDso Median Lethal Dose

LRP Lipoprotein Receptor-related Protein

MAPK Mitogen-activated Protein Kinase

MDM2 Mouse Double Minute 2 Homolog

MMP-2 Matrix Metalloproteinase-2

MPE Malignant Pleural Effusion

mPTP Mitochondrial Permeability Transition Pore

MRI Magnetic Resonance Imaging
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N/A Not Applicable
NDs Nanodiamonds
NR Nanodiamonds Not Reported
NRA Nano-realgar
PEG Polyethylene glycol
PK Pharmacokinetics
PLGA Poly (lactic-co-glycolic acid)
PML Promyelocytic Leukemia
rhG-CSF Recombinant Human Granulocyte Colony-Stimulating Factor
RT Radiotherapy
RTS Realgar-containing Serum
RIF Realgar-Indigo Naturalis Formula
ROS Reactive Oxygen Species
SeNPs Selenium Nanoparticles
SPIONs Superparamagnetic Iron Oxide Nanoparticles
Ti2 Half-life
TAR Tumor Area Ratio
TCM Traditional Chinese Medicine
TME Tumor Microenvironment
TNF-a Tumor Necrosis Factor-a
TSIIA@SeNPs-APS T(?M active ingredient-based SeNP surface decorated with APS and loaded
with TSITA
WHO World Health Organization
ZIF-8 Zeolitic Imidazolate Framework-8
5-FU 5-fluorouracil
References
1.  Zhong, X,; Di, Z; Xu, Y,; Liang, Q.; Feng, K,; Zhang, Y.; Di, L.; Wang, R. Mineral medicine: From traditional drugs to

10.

11.
12.

multifunctional delivery systems. Chin. Med. 2022, 17, 21.

Photos-Jones, E.; Christidis, G.E.; Piochi, M.; Keane, C.; Mormone, A.; Balassone, G.; Perdikatsis, V.; Leanord, A. Testing Greco-
Roman medicinal minerals: The case of solfataric alum. J. Archaeol. Sci. Rep. 2016, 10, 82-95.

Zhou, X.; Sun, H; Ren, J; Yan, G,; Yang, L.; Zhang, H.; Lu, H.; Li, X.;; Makino, T.; Yin, F.; et al. Mineral crude drug mirabilite
(Mangxiao) inhibits the occurrence of colorectal cancer by regulating the Lactobacillus-bile acid-intestinal farnesoid X receptor
axis based on multiomics integration analysis. MedComm 2024, 5, e556. https://doi.org/10.1002/mc02.556.

Bai, D.; Nowak, M.; Lu, D.; Wang, Q.; Fitzgerald, M.; Zhang, H.; MacDonald, R.; Xu, Z.; Luo, L. The outcast of medicine: Metals
in medicine--from traditional mineral medicine to metallodrugs. Front Pharmacol. 2025, 16, 1542560.

Sanz, M.A.; Fenaux, P.; Tallman, M.S.; Estey, E.H.; Lowenberg, B.; Naoe, T.; Lengfelder, E.; Déhner, H.; Burnett, A.K.; Chen, S.J;
et al. Management of acute promyelocytic leukemia: Updated recommendations from an expert panel of the European
LeukemiaNet. Blood 2019, 133, 1630-1643.

Xiang, K.; Wang, P.; Liu, Y.; Chen, Y.; Liu, D.; Han, Y.; Shen, A.; Xu, E.; Yu, W.; Wei, L.; et al. Ellagic Acid Alleviates Ulcerative
Colitis in a GPR35-Dependent Manner Associated with SDH Restoration. Phytomedicine 2026, 155, 158130.

Su, T.H,; Cao, J.; Ding, X.X,; Guo, X.Z.; Chen, A.L.; Zhou, W.H.; Deng, P.; Luo, P.; Chen, Y.; Wang, F. Galangin Overcomes
Gefitinib and Sotorasib Resistance in Non-small Cell Lung Cancer by Inhibiting Efferocytosis. ]. Agric. Food Chem. 2026, 74,
12892-12905. https://doi.org/10.1021/acs.jafc.5c17222.

Ao, Q.; Tang, L.; Bao, Y.; Wang, M.; Zhu, J.; Chen, Y.; Zhu, H.; Gao, ]. Plant-derived natural compounds targeting drug resistance
in ovarian cancer: Molecular mechanisms and therapeutic perspectives. Phytomedicine 2026, 155, 158065.

Iyer, S.G.; Elias, L.; Stanchina, M.; Watts, J. The treatment of acute promyelocytic leukemia in 2023: Paradigm, advances, and
future directions. Front Oncol. 2022, 12, 1062524. https://doi.org/10.3389/fonc.2022.1062524.

Luo, S.; Tian, J.; Sun, X.; Wu, F; Liu, Y.; Wan, W.; She, Z.; Wen, C. Oral Realgar-Indigo Naturalis Formula Treatment for Acute
Promyelocytic Leukemia in Children: A Randomized, Control Clinical Trial. Evid. Based Complement Altern. Med. 2022, 2022,
8314176.

Qian, G.; Xiong, L.; Ye, Q. Hydroxyapatite-based carriers for tumor targeting therapy. RSC Adv. 2023, 13, 16512-16528.

Yang, S.; Raza, F; Li, K;; Qiu, Y.; Su, J.; Qiu, M. Maximizing arsenic trioxidess anticancer potential: Targeted nanocarriers for
solid tumor therapy. Colloids Surf. B Biointerfaces 2024, 241, 114014.

https://doi.org/10.3390/pharmaceutics18070768



Pharmaceutics 2026, 18, 768 26 of 35

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Wen, J; Li, A.; Wang, Z.; Guo, X.; Zhang, G.; Litzow, M.R; Liu, Q. Hepatotoxicity induced by arsenic trioxide: Clinical features,
mechanisms, preventive and potential therapeutic strategies. Front Pharmacol. 2025, 16, 1536388.

Zhang, M.; Zhu, ].; Bao, Y.; Ao, Q.; Mao, X.; Qiu, Z.; Zhang, Y.; Chen, Y.; Zhu, H.; Gao, ]. Bevacizumab in ovarian cancer therapy:
Current advances, clinical challenges, and emerging strategies. Front Bioeng. Biotechnol. 2025, 13, 1589841.

Guan, H,; Xu, Y.,; Ma, C.; Zhao, D. Pharmacology, Toxicology, and Rational Application of Cinnabar, Realgar, and Their
Formulations. Evid. Based Complement Altern. Med. 2022, 2022, 6369150.

Miodragovi¢, D.; Swindell, E.P.; Waxali, Z.S.; Bogachkov, A.; Ocddalloran, T.V. Beyond Cisplatin: Combination Therapy with
Arsenic Trioxide. Inorganica Chim. Acta 2019, 496, 119030.

Long, Q.; Zhao, X.; Gao, L.; Liu, M,; Pan, F.; Gao, X.; Zhan, C.; Chen, Y.; Wang, J.; Qian, J. Effects of Surface IR783 Density on the
In Vivo Behavior and Imaging Performance of Liposomes. Pharmaceutics 2024, 16, 744.

Liu, J.; Fan, H.; Liang, X.; Chen, Y. Polycomb repressor complex: Its function in human cancer and therapeutic target strategy.
BioMed Pharmacother. 2023, 169, 115897. https://doi.org/10.18632/oncotarget.18677.

Duan, X; Li, T.; Han, X,; Ren, J.; Chen, P.; Li, H.; Gong, S. The antitumor effect of arsenic trioxide on hepatocellular carcinoma
is enhanced by andrographolide. Oncotarget 2017, 8, 90905-90915.

Hung, K.C.; Chang, L.C; Ho, C.N.; Hsu, CW.; Wu, J.Y,; Lin, Y.T.; Chen, I.W. Influence of Intravenous Magnesium Sulfate
Infusion on the Subjective Postoperative Quality of Recovery: A Meta-Analysis of Randomized Controlled Trials. Nutrients 2024,
16, 2375.

Xie, Q.; Yu, L.; Wang, X.; Wu, Z; Zhi, D.; Yang, J.; Guo, Z.; Wu, T,; Sun, Y.; Zhao, L.; et al. A novel realgar-indigo naturalis
formula more effectively induces apoptosis in NB4 cells. Pak. J. Pharm. Sci. 2019, 32, 957-962.

Krutsch, A.D.; Tudoran, C.; Motofelea, A.C. New Insights into the Assessment of Peri-Operative Risk in Women Undergoing
Surgery for Gynecological Neoplasms: A Call for a New Tool. Medicina 2024, 60, 1679.

Wei, L.; Xiang, K.; Kang, H.; Yu, Y.; Fan, H.; Zhou, H.; Hou, T.; Ge, Y.; Wang, ].; Guo, Z.; et al. Development and Characterization
of Fluorescent Probes for the G Protein-Coupled Receptor 35. ACS Med. Chem. Lett. 2023, 14, 411-416.

Azmoonfar, R.; Moslehi, M.; Shahbazi-Gahrouei, D. Radioprotective Effect of Selenium Nanoparticles: A Mini Review. I[ET
Nanobiotechnol 2024, 2024, 5538107.

Zhang, H.; Jiang, M.; Gao, L.; Lin, Z. The clinical efficacy of external application of mirabilite and rhubarb combined with
intrathoracic chemotherapy in treating malignant pleural effusion: A prospective, randomized, controlled clinical trial. Medicine
2021, 100, e24758. https://doi.org/10.1097/md.0000000000024758.

Yang, M.; Wang, L.; Zhang, T.; Zhu, A.; Sun, Y.; Zhao, J.; Liu, D.; Wang, Q.; Zeng, K. Different proteomic profiles of cinnabar
upon therapeutic and toxic exposure reveal distinctive biological manifestations. J. Ethnopharmacol. 2020, 253, 112668.

Tuncer, C.; Hacioglu, C. Borax induces ferroptosis of glioblastoma by targeting HSPA5/NRF2/GPx4/GSH pathways. ]. Cell Mol.
Med. 2024, 28, e18206.

Tang, S.; Shen, Y.; Wei, X.; Shen, Z.; Lu, W.; Xu, J. Olaparib synergizes with arsenic trioxide by promoting apoptosis and
ferroptosis in platinum-resistant ovarian cancer. Cell Death Dis. 2022, 13, 826.

Wang, X,; Cheng, S.; Xu, Y.; Zheng, T.; Ling, C.; Du, J. Arsenic Trioxide Enhances the Efficacy of PD-1 Inhibitors in Hepatocellular
Carcinoma by Inducing Immunogenic Cell Death via the ROS/ERS Pathway. Immun. Inflamm. Dis. 2025, 13, €70214.

Dai, L.; Yu, P; Fan, H.; Xia, W.; Zhao, Y.; Zhang, P.; Zhang, ].Z.H.; Zhang, H.; Chen, Y. Identification and Validation of New
DNA-PKcs Inhibitors through High-Throughput Virtual Screening and Experimental Verification. Int. |. Mol. Sci. 2024, 25, 7982.
Lu, M,; Xia, L.; Luo, D.; Waxman, S.; Jing, Y. Dual effects of glutathione-S-transferase pi on As20s action in prostate cancer cells:
Enhancement of growth inhibition and inhibition of apoptosis. Oncogene 2004, 23, 3945-3952.

Liu, J; Shi, J.Z.; Yu, LM.; Goyer, R.A.; Waalkes, M.P. Mercury in traditional medicines: Is cinnabar toxicologically similar to
common mercurials? Exp. Biol. Med. 2008, 233, 810-817.

Chen, Z; Ye, S.Y.; Zhu, R.G. The extraordinary transformation of traditional Chinese medicine: Processing with liquid excipients.
Pharm. Biol. 2020, 58, 561-573.

Sun, H,; Zhang, H.L.; Zhang, A.H.; Zhou, X.H.; Wang, X.Q.; Han, Y.; Yan, G.L.; Liu, L.; Wang, X.J. Network pharmacology
combined with functional metabolomics discover bile acid metabolism as a promising target for mirabilite against colorectal
cancer. RSC Adv. 2018, 8, 30061-30070.

Wang, H.Y.; Gong, S.; Li, G.H,; Yao, Y.Z.; Zheng, Y.S.; Lu, X.H.; Wei, S.H.; Qin, W.W.; Liu, H.B.; Wang, M.C.; et al. An effective
and chemotherapy-free strategy of all-trans retinoic acid and arsenic trioxide for acute promyelocytic leukemia in all risk groups
(APL15 trial). Blood Cancer ]. 2022, 12, 158.

https://doi.org/10.3390/pharmaceutics18070768



Pharmaceutics 2026, 18, 768 27 of 35

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Thomas, X. Acute Promyelocytic Leukemia: A History over 60 Years-From the Most Malignant to the most Curable Form of
Acute Leukemia. Oncol. Ther. 2019, 7, 33-65.

Sun, H.; Zhang, A.H.; Zhang, H.L.; Zhou, X.H.; Wang, X.Q.; Liu, L.; Wang, X.J. Ultra-performance liquid chromatography/mass
spectrometry technology and high-throughput metabolomics for deciphering the preventive mechanism of mirabilite on
colorectal cancer via the modulation of complex metabolic networks. RSC Adv. 2019, 9, 35356-35363.

Zhang, H.; Zhang, S.H.; Hu, J.L; Wu, Y.T.; Ma, X.Y.; Chen, Y.; Yu, B.; Liao, S.; Huang, H.; Gao, S. Structural functional
characterization of multiple myeloma associated cytoplasmic poly(A) polymerase FAM46C. Cancer Commun. 2021, 41, 615-630.
Merkel, O.; Heyder, C.; Asslaber, D.; Hamacher, F.; Tinhofer, I.; Holler, C.; Stocher, M.; Prokesch, A.; Papak, C.; Scheideler, M.;
et al. Arsenic trioxide induces apoptosis preferentially in B-CLL cells of patients with unfavourable prognostic factors including
del17p13. ]. Mol. Med. 2008, 86, 541-552.

Chen, J; Wen, J; Fu, Y; Li, X; Huang, J; Guan, X; Zhou, Y. A bifunctional bortezomib-loaded porous nano-
hydroxyapatite/alginate scaffold for simultaneous tumor inhibition and bone regeneration. J. Nanobiotechnology. 2023, 21, 174.
Chin, L.; Kumana, C.R.; Kwong, Y.L.; Gill, H. The Development and Clinical Applications of Oral Arsenic Trioxide for Acute
Promyelocytic Leukaemia and Other Diseases. Pharmaceutics 2022, 14, 1945.

Beauchamp, E.M.; Ringer, L.; Bulut, G.; Sajwan, K.P.; Hall, M.D.; Lee, Y.C.; Peaceman, D.; Ozdemirli, M.; Rodriguez, O.;
Macdonald, T.J.; et al. Arsenic trioxide inhibits human cancer cell growth and tumor development in mice by blocking
Hedgehog/GLI pathway. J. Clin. Invest 2011, 121, 148-160.

Jiang, L.; Wang, L.; Chen, L.; Cai, GH.; Ren, Q.Y,; Chen, J.Z; Shi, H.J.; Xie, Y.H. As203 induces apoptosis in human
hepatocellular carcinoma HepG2 cells through a ROS-mediated mitochondrial pathway and activation of caspases. Int. J. Clin.
Exp. Med. 2015, 8, 2190-2196.

Wang, F.; Ding, X.X,; Su, TH.; Cao, J.; Li, F.Q.; Dong, Z.S.; Guo, X.Z.; Zhang, Y.; Chen, Y.; Yang, D.H.; et al. GPR35-mediated
metabolic reprogramming promotes tumorigenesis in digestive cancers. Front. Immunol. 2025, 16, 1668471.

Hayashi, T.; Hideshima, T.; Akiyama, M.; Richardson, P.; Schlossman, R.L.; Chauhan, D.; Munshi, N.C.; Waxman, S.; Anderson,
K.C. Arsenic trioxide inhibits growth of human multiple myeloma cells in the bone marrow microenvironment. Mol. Cancer
Ther. 2002, 1, 851-860.

Rao, Y,; Li, R;; Zhang, D. A drug from poison: How the therapeutic effect of arsenic trioxide on acute promyelocytic leukemia
was discovered. Sci. China Life Sci. 2013, 56, 495-502.

Dai, M.; Wang, D. Mineral medicines of the East: An analysis of records in historical Chinese and Japanese medical texts. Front
Pharmacol. 2025, 16, 1584500.

Norn, S.; Permin, H.; Kruse, E.; Kruse, P.R. Mercury—A major agent in the history of medicine and alchemy. Dan Med. Arb.
2008, 36, 21-40.

Sun, Y.; Wang, Z.; Gong, P.; Yao, W.; Ba, Q.; Wang, H. Review on the health-promoting effect of adequate selenium status. Front
Nutr. 2023, 10, 1136458.

Pal, A.; Dhar, A.; Shamim, M.A_; Rani, I.; Negi, R.R.; Sharma, A.; Chatterjee, N.; Goyal, A.; Kaur, B.; Tondolo, V.; et al. Selenium
levels in colorectal cancer: A systematic review and meta-analysis of serum, plasma, and colorectal specimens. J. Trace Elem.
Med. Biol. 2024, 84, 127429.

Chen, S.; Qin, W.; Lu, X,; Liu, L.; Zheng, Y.; Lu, X.; Wang, X.; Zhang, X.; Gong, S.; Wei, S.; et al. Arsenic trioxide versus Realgar-
Indigo naturalis formula in non-high-risk acute promyelocytic leukemia: A multicenter, randomized trial. Haematologica 2025,
110, 621-628.

Jimenez, J.J.; Chale, R.S.; Abad, A.C.; Schally, A.V. Acute promyelocytic leukemia (APL): A review of the literature. Oncotarget
2020, 11, 992-1003.

Kar, E.; Ovenler, Z.; Hacioglu, C.; Kar, F. Boric Acid Induces Oxidative Damage and Apoptosis Through
SEMA3A/PLXNA1/NRP1 Signalling Pathway in U251 Glioblastoma Cell. J. Cell Mol. Med. 2025, 29, e70578.

Tao, L.; Fu, J.; Wang, F.; Song, Y.; Li, Y.; Zhang, ].; Wang, Z. The application of mirabilite in traditional Chinese medicine and its
chemical constituents, processing methods, pharmacology, toxicology and clinical research. Front Pharmacol. 2023, 14, 1293097.
Westley, R.; De Fonseka, D.; Bedawi, E.O. Updates in the management of malignant pleural effusion: A clinical practice review.
J. Thorac. Dis. 2025, 17, 6283-6295.

Yu, Z.; Zhao, X,; Qiu, S.; Zhou, S.; Li, P.; Liu, N. Hyperthermic Intraperitoneal Chemotherapy May Damage Renal Function and
Cause Serum Electrolyte Disturbance: A Retrospective Observational Study. Surg. Laparosc. Endosc. Percutan Tech 2023, 33, 302—
309.

https://doi.org/10.3390/pharmaceutics18070768



Pharmaceutics 2026, 18, 768 28 of 35

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Ferguson, H.]J.; Ferguson, C.I.; Speakman, J.; Ismail, T. Management of intestinal obstruction in advanced malignancy. Ann. Med.
Surg. 2015, 4, 264-270.

Hu, J.; Cao, J.; Huang, S.; Chen, Y. ITGAX promotes gastric cancer progression via epithelial-mesenchymal transition pathway.
Front Pharmacol. 2025, 15, 1536478.

Fan, H.; Zhao, H.; Zheng, Y.; Chen, G.; Ji, Y.; Yu, W,; Yan, J.; Yang, H.; Liang, X.; Chen, Y. Polygonati kingianum polysaccharide
alleviates dextran sulfate sodium-induced colitis by modulating gut microbiota and metabolic homeostasis. Int. J. Biol. Macromol.
2025, 316, 144836.

Zou, P.; Zhang, K.; Jin, Y.; Liu, G. The Efficacy of Magnesium Sulfate (MgSO4) Wet Dressing in Reducing Eyelid Swelling and
Bruising after Blepharoplasty: A Randomized, Controlled, and Observer-Blinded Assessment Study. Facial Plast. Surg. 2024, 40,
46-51.

Gaur, B.; Yadav, A ; Jain, A.; Mang]la, Y. Refractory scrotal oedema in a child with nephrotic syndrome subsided on magnesium
sulphate with glycerine (SU-MAG) application: A rare case report. Curr. Med. Res. Pract. 2025, 15, 35-37.

Liu, Q.; Liu, Z.; Zhang, C.; Xu, Y.; Li, X.; Gao, H. Effects of 3% Boric Acid Solution on Cutaneous Candida albicans Infection and
Microecological Flora Mice. Front Microbiol. 2021, 12, 709880.

Luo, Y.; Feng, M,; Fan, Z.; Zhu, X,; Jin, F,; Li, R;; Wu, ].; Yang, X,; Jiang, Q.; Bai, H.; et al. Effect of Kangfuxin Solution on
Chemo/Radiotherapy-Induced Mucositis in Nasopharyngeal Carcinoma Patients: A Multicenter, Prospective Randomized
Phase III Clinical Study. Evid. Based Complement Altern. Med. 2016, 2016, 8692343.

Hazman, O.; Bozkurt, M.F.; Fidan, A.F.; Uysal, F.E.; Celik, S. The Effect of Boric Acid and Borax on Oxidative Stress,
Inflammation, ER Stress and Apoptosis in Cisplatin Toxication and Nephrotoxicity Developing as a Result of Toxication. In-
flammation 2018, 41, 1032-1048.

Wu, Y.; Zhang, P.; Fan, H.; Zhang, C.; Yu, P.; Liang, X.; Chen, Y. GPR35 acts a dual role and therapeutic target in inflammation.
Front Immunol. 2023, 14, 1254446.

Pan, W.; Cai, S.; Latour, ].M.; Zhong, M.; Lv, M,; Li, ].; Zhang, X.; Zhang, Y. External use of Mirabilite combined with Lactulose
improves postoperative gastrointestinal mobility among older patients undergoing abdominal surgery. . Adv. Nurs. 2021, 77,
755-762.

Jansen, A.; de Jong, A.; Hoogendam, J.P.; Baeten, I.G.T,; Jiirgenliemk-Schulz, I.M.; Zweemer, R.P.; Gerestein, C.G. Lymphocele
following lymph node dissection in cervical and endometrial cancer: A systematic review and meta-analysis. Gynecol. Oncol.
2023, 170, 273-281.

Wu, J.; Shao, Y.; Liu, J.; Chen, G.; Ho, P.C. The medicinal use of realgar (AsiSs) and its recent development as an anticancer
agent. |. Ethnopharmacol. 2011, 135, 595-602.

Liu, J.; Wei, LX.; Wang, Q.; Lu, Y.F.; Zhang, F.; Shi, ].Z,; Li, C.; Cherian, M.G. A review of cinnabar (HgS) and/or realgar
(As(4)S(4))-containing traditional medicines. J. Ethnopharmacol. 2018, 210, 340-350.

Lu, Y.F; Yan, JW.; Wu, Q.; Shi, ].Z,; Liu, J.; Shi, J.S. Realgar- and cinnabar-containing an-gong-niu-huang wan (AGNH) is much
less acutely toxic than sodium arsenite and mercuric chloride. Chem. Biol. Interact. 2011, 189, 134-140.

Huang, D.P.; Yang, L.C; Chen, Y.Q.; Wan, W.Q.; Zhou, D.H.; Mai, H.R.; Li, W.L.; Yang, L.H.; Lan, H.K.; Chen, H.Q.; et al. Long-
term outcome of children with acute promyelocytic leukemia: A randomized study of oral versus intravenous arsenic by
SCCLG-APL group. Blood Cancer |. 2023, 13, 178.

Lou, Y.; Ma, Y,; Jin, J.; Zhu, H. Oral Realgar-Indigo Naturalis Formula Plus Retinoic Acid for Acute Promyelocytic Leukemia.
Front Oncol. 2020, 10, 597601.

Jung, E.J.; Kim, H.J,; Shin, S.C.; Kim, G.S.; Jung, ].M.; Hong, S.C.; Kim, CW.; Lee, W.S. Tetraarsenic Hexoxide Enhanced the
Anticancer Effects of Artemisia annua, L. Polyphenols by Inducing Autophagic Cell Death and Apoptosis in Oxalplatin-Resistant
HCT116 Colorectal Cancer Cells. Int. |. Mol. Sci. 2025, 26, 7661.

Catanzaro, E.; Feron, O.; Skirtach, A.G.; Krysko, D.V. Immunogenic Cell Death and Role of Nanomaterials Serving as
Therapeutic Vaccine for Personalized Cancer Immunotherapy. Front Immunol. 2022, 13, 925290.

Qian, X.; Wang, Y.; Liu, Z.; Fang, F.; Ma, Y.; Zhou, L.; Pan, Y.; Meng, X.; Yan, B.; Zhu, X,; et al. Establishment of XRD fourier
fingerprint identification method of realgar decoction pieces and its anti-tumor activity in tumor-in-situ transplanted mice. J.
Ethnopharmacol. 2024, 331, 118303.

Zhao, Q.; Chen, Y.Y.;; Xu, D.Q.; Yue, S.J.; Fu, R],; Yang, J.; Xing, L.M.; Tang, Y.P. Action Mode of Gut Motility, Fluid and
Electrolyte Transport in Chronic Constipation. Front Pharmacol. 2021, 12, 630249.

Zhang, H.L.; Zhang, A.H.; Zhou, X.H.; Sun, H.; Wang, X.Q.; Liang, L.; Wang, X.J. High-throughput lipidomics reveal mirabilite
regulating lipid metabolism as anticancer therapeutics. RSC Adv. 2018, 8, 35600-35610.

https://doi.org/10.3390/pharmaceutics18070768



Pharmaceutics 2026, 18, 768 29 of 35

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Fan, H.; Zhao, H.; Zhang, P.; Yu, P,; Ji, Y.; Chen, G,; Jin, H; Liu, Y.; Liu, J.; Chen, Z.S.; et al. Homoisoflavanone Delays Colorectal
Cancer Progression via DNA Damage-Induced Mitochondrial Apoptosis and Parthanatos-Like Cell Death. Adv. Sci. 2026, 13,
el1406.

Qu, R; Zhang, Y.; Kim, B.; Zeng, G.; Wang, P.; Shaoyong, W.; Huang, Y.; Guo, W.; Chen, Y.; Wang, P.; et al. Microbial riboflavin
inhibits ceramide synthase 3 to lower ceramide (d18:1/26:0) and delay colorectal cancer progression. Cell Metab. 2025, 37, 1852—
1869.

Lo-Coco, F.; Avvisati, G.; Vignetti, M.; Thiede, C.; Orlando, S.M.; Iacobelli, S.; Ferrara, F.; Fazi, P.; Cicconi, L.; Di Bona, E.; et al.
Retinoic acid and arsenic trioxide for acute promyelocytic leukemia. N. Engl. J. Med. 2013, 369, 111-121.

Zhang, X.W,; Yan, X.J.; Zhou, Z.R,; Yang, F.F.; Wu, Z.Y.; Sun, H.B.; Liang, W.X,; Song, A.X.; Lallemand-Breitenbach, V.; Jeanne,
M.; et al. Arsenic trioxide controls the fate of the PML-RARalpha oncoprotein by directly binding, PML. Science 2010, 328, 240—
243.

Chen, J; Jin, Z.; Zhang, S.; Zhang, X,; Li, P.; Yang, H.; Ma, Y. Arsenic trioxide elicits prophylactic and therapeutic immune
responses against solid tumors by inducing necroptosis and ferroptosis. Cell Mol. Immunol. 2023, 20, 51-64.

Li, X,; Pan, Y.F.; Chen, Y.B.; Wan, Q.Q.; Lin, Y.K; Shang, T.Y.; Xu, M.Y,; Jiang, T.Y.; Pei, M.M.; Tan, Y.X.; et al. Arsenic trioxide
augments immunogenic cell death and induces cGAS-STING-IFN pathway activation in hepatocellular carcinoma. Cell Death
Dis. 2024, 15, 300.

Walker, S.R.; Jamieson, H.E.; Lanzirotti, A.; Hall, G.E.M.; Peterson, R.C. The effect of ore roasting on arsenic oxidation state and
solid phase speciation in gold mine tailings. Geochem. Explor. Environ. Anal. 2015, 15, 273-291.

Lin, CJ; Su, Y.C.; Lee, C.H,; Li, T.C,; Chen, Y.A,; Lin, S.J. Bai-hu-tang, ancient chinese medicine formula, may provide a new
complementary treatment option for sepsis. Evid. Based Complement Altern. Med. 2013, 2013, 193084.

Wang, L.J.; Lu, J.Z.; Cai, B.N.; Li, M\W.; Qu, B.L.Effect of compound Zhuye Shigao Granule ( ) on acute radiation-induced
esophagitis in cancer patients: A randomized controlled trial. Chin. |. Integr. Med. 2017, 23, 98-104.

Gupta, H.; Pandey, A.; Agarwal, R.; Mehra, H.; Gupta, S.; Gupta, N.; Kumar, A. Application of calcium sulfate as graft material
in implantology and maxillofacial procedures: A review of literature. Natl. |. Maxillofac. Surg. 2024, 15, 183-187.

Lun, D.X,; Li, S.Y,; Li, N.N.; Mou, L.M.; Li, H.Q.; Zhu, W.P,; Li, H.F.; Hu, Y.C. Limitations and modifications in the clinical
application of calcium sulfate. Front Surg. 2024, 11, 1278421.

Fukugaichi, S.; Matsue, N. One-Step Synthesis of Calcium Sulfate Hemihydrate Nanofibers from Calcite at Room Temperature.
ACS Omega 2018, 3, 2820-2824.

Liu, J.; Dong, F.; Tan, H,; Zhang, H.; Zhou, L.; He, P.; Zhou, L.; Feng, C.; Li, R. Facile preparation of high-strength a-
CaS04-0.5H20 regulated by maleic acid from phosphogypsum: Experimental and molecular dynamics simulation studies. SN
Appl. Sci. 2020, 2, 1645.

Du, M.; Wang, J.; Dong, F.; Wang, Z.; Yang, F.; Tan, H.; Fu, K.; Wang, W. The study on the effect of flotation purification on the
performance of a-hemihydrate gypsum prepared from phosphogypsum. Sci. Rep. 2022, 12, 95.

Dauggélaité, G.; Uzkuraityté, K.; Jagelaviciené, E.; Filipauskas, A. Prevention and Treatment of Chemotherapy and Radiotherapy
Induced Oral Mucositis. Medicina 2019, 55, 25.

Zhao, M; Li, Y.; Wang, Z. Mercury and Mercury-Containing Preparations: History of Use, Clinical Applications, Pharmacology,
Toxicology, and Pharmacokinetics in Traditional Chinese Medicine. Front Pharmacol. 2022, 13, 807807.

Abdullah, KM.; Kaushal, J.B.; Takkar, S.; Sharma, G.; Alsafwani, Z.W.; Pothuraju, R.; Batra, S.K; Siddiqui, J.A. Copper
metabolism and cuproptosis in human malignancies: Unraveling the complex interplay for therapeutic insights. Heliyon 2024,
10, e27496.

Zhong, C; Li, N.; Wang, S.; Li, D.; Yang, Z.; Du, L.; Huang, G,; Li, H,; Yeung, W.S,; He, S.; et al. Targeting osteoblastic 11beta-
HSD1 to combat high-fat diet-induced bone loss and obesity. Nat. Commun. 2024, 15, 8588.

Ge, E.J; Bush, A.IL; Casini, A.; Cobine, P.A.; Cross, ].R.; DeNicola, G.M.; Dou, Q.P.; Franz, K.J.; Gohil, V.M.; Gupta, S.; et al.
Connecting copper and cancer: From transition metal signalling to metalloplasia. Nat. Rev. Cancer 2022, 22, 102-113.

Vinceti, M.; Filippini, T.; Del Giovane, C.; Dennert, G.; Zwahlen, M.; Brinkman, M.; Zeegers, M.P.; Horneber, M.; DeAmico, R.;
Crespi, C.M. Selenium for preventing cancer. Cochrane Database Syst. Rev. 2018, 1, Cd005195.

Rao, S; Lin, Y,; Lin, R;; Liu, J.; Wang, H.; Hu, W.; Chen, B.; Chen, T. Traditional Chinese medicine active ingredients-based
selenium nanoparticles regulate antioxidant selenoproteins for spinal cord injury treatment. ]. Nanobiotechnol. 2022, 20, 278.
Liu, R; Rong, G.; Liu, Y.; Huang, W.; He, D.; Lu, R. Delivery of apigenin-loaded magnetic Fe(2)O(3)/Fe(3)O(4)@mSiO(2)
nanocomposites to A549 cells and their antitumor mechanism. Mater. Sci. Eng. C Mater. Biol. Appl. 2021, 120, 111719.

https://doi.org/10.3390/pharmaceutics18070768



Pharmaceutics 2026, 18, 768 30 of 35

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

116.

117.

118.

119.

120.

121.

122.

123.

Li L. Ge, F,; Jiang, Y.; An, Z.; Li, N,; Zhang, Z.; Liu, H Li, J.; Liang, D. Research Status and Development Trends of Inorganic
Salt Lake Resource Extraction Based on Bibliometric Analysis. Sustainability 2024, 17, 121.

Anjum, S.; Hashim, M.; Imran, M.; Babur, S.; Adnan, S.; Hano, C.; Ibrahim, W.N. Selenium Nanoparticles in Cancer Therapy:
Unveiling Cytotoxic Mechanisms and Therapeutic Potential. Cancer Rep. 2025, 8, €70210.

Hoshyar, N.; Gray, S.; Han, H.; Bao, G. The effect of nanoparticle size on in vivo pharmacokinetics and cellular interaction.
nomedicine 2016, 11, 673-692.

Cavalu, S.; Abdelhamid, A.M.; Saber, S.; Elmorsy, E.A.; Hamad, R.S.; Abdel-Reheim, M.A.; Yahya, G.; Salama, M.M. Cell cycle
machinery in oncology: A comprehensive review of therapeutic targets. FASEB ]. 2024, 38, e23734.

Wang, Z.; Chen, Y.; Huang, A.; Wen, H.; Wu, Y.; Xu, X; Qiao, Z.; Chen, L.; Zhao, Y.; Liang, X. Design, synthesis and biological
evaluation of novel beta-caryophyllene derivatives as potential anti-cancer agents through the ROS-mediated apoptosis
pathway. RSC Med. Chem. 2025, 16, 3174-3189.

Hu, J.L,; Hua, Y.J.; Chen, Y.; Yu, B,; Gao, S. Structural analysis of tumor-related single amino acid mutations in human MxA
protein. Chin. ]. Cancer 2015, 34, 583-593.

He, Z.; Tian, T.; Guo, D.; Wu, H.; Chen, Y.; Zhang, Y.; Wan, Q.; Zhao, H.; Wang, C.; Shen, H.; et al. Cytoplasmic retention of a
nucleocytoplasmic protein TBC1D3 by microtubule network is required for enhanced EGFR signaling. PLoS ONE 2014, 9, €94134.
Luo, L,; Xin, X.; Wang, Q.; Wei, M.; Huang, N.; Gao, S.; Gu, X,; Li, R. Characterization and comparation of toxicity between
natural realgar and artificially optimized realgar. Front Pharmacol. 2024, 15, 1476139.

Park, J.W.; Choi, Y.J.; Jang, M.A_; Baek, S.H.; Lim, ]J.H.; Passaniti, T.;, Kwon, T.K. Arsenic trioxide induces G2/M growth arrest
and apoptosis after caspase-3 activation and bcl-2 phosphorylation in promonocytic U937 cells. Biochem Biophys. Res. Commun.
2001, 286, 726-734.

Wang, L.; Zhou, G.B,; Liu, P.; Song, ].H.; Liang, Y.; Yan, X.J.; Xu, F.; Wang, B.S.; Mao, J.H.; Shen, Z.X; et al. Dissection of
mechanisms of Chinese medicinal formula Realgar-Indigo naturalis as an effective treatment for promyelocytic leukemia. Proc.
Natl. Acad. Sci. USA 2008, 105, 4826—4831.

Qi, K,; Li, Y.; Huang, K,; Xiong, X.; Chuchu, F.; Zhang, C.; Weng, W. Pre-application of arsenic trioxide may potentiate cytotoxic
effects of vinorelbine/docetaxel on neuroblastoma SK-N-SH cells. BioMed Pharmacother. 2019, 113, 108665.

Wang, Y.S,; Yin, J.Z.; Shi, X.Q.; Zhao, X.W.; Li, B.; Yang, M.H. MDM2-mediated Inhibitory Effect of Arsenic Trioxide on Small
Cell Lung Cancer Cell Line by Degrading Mutant p53. Anticancer Agents Med. Chem. 2023, 23, 1829-1837.

Kumar, S.; Yedjou, C.G.; Tchounwou, P.B. Arsenic trioxide induces oxidative stress, DNA damage, and mitochondrial pathway
of apoptosis in human leukemia (HL-60) cells. J. Exp. Clin. Cancer Res. 2014, 33, 42.

Sun, S.; Shen, J.; Jiang, J.; Wang, F.; Min, ]. Targeting ferroptosis opens new avenues for the development of novel therapeutics.
Signal Transduct. Target Ther. 2023, 8, 372.

Li, S.; Yuan, H.; Chen, Y.; Guo, Z. Metal complexes induced ferroptosis for anticancer therapy. Fundam. Res. 2023, 3, 525-528.
Su, M,; Liu, X.; Ma, Y.; Peng, X.; Xiong, X.; Weng, W.; Huang, K; Li, Y. Arsenic trioxide induces ferroptosis in neuroblastoma by
mediating GPX4 transcriptional inhibition. Clin. Transl. Sci. 2024, 17, e13716.

Wu, B,; Tan, M.,; Cai, W.; Wang, B.; He, P.; Zhang, X. Arsenic trioxide induces autophagic cell death in osteosarcoma cells via
the ROS-TFEB signaling pathway. Biochem Biophys. Res. Commun. 2018, 496, 167-175.

Wu, P.J.; Hsin, LL.; Hung, W.L.; Lee, M.S.; Wang, P.H.; Ko, ].L. Combination treatment with cyclosporin A and arsenic trioxide
induce synergistic cell death via non-apoptotic pathway in uterine cervical cancer cells. Chem. Biol. Interact. 2022, 368, 110177.
Lee, S.; Hwang, N.; Seok, B.G.; Lee, S.; Lee, S.J.; Chung, S.W. Autophagy mediates an amplification loop during ferroptosis. Cell
Death Dis. 2023, 14, 464.

Szwed, M.; Poczta-Krawczyk, A.; Bukowski, K., Marczak, A. Nanoparticle-Mediated Ferroptosis for Cancer Therapy:
Mechanisms and Therapeutic Strategies. Nanotechnol. Sci. Appl. 2025, 18, 445-470.

Liu, X,; Li, X.;; Wang, L.; Lv, X,; Chen, N.; Li, P.; Lu, K.; Wang, X. Realgar induces apoptosis in the chronic lymphocytic leukemia
cell line MEC-1. Mol. Med. Rep. 2013, 8, 1866-1870.

Chen, Q.; Hao, M.; Wang, L.; Li, L.; Chen, Y.; Shao, X.; Tian, Z.; Pfuetzner, R.A,; Zhong, Q.; Brunger, A.T.; et al. Prefused
lysosomes cluster on autophagosomes regulated by VAMPS. Cell Death Dis. 2021, 12, 939.

Chen, Q.; Shao, X,; Tian, Z.; Chen, Y.; Mondal, P.; Liu, F.; Wang, F.; Ling, P.; He, W.; Zhang, K,; et al. Nanoscale monitoring of
mitochondria and lysosome interactions for drug screening and discovery. Nano Res. 2019, 12, 1009-1015.

Cao, Y.L.; Meng, S.; Chen, Y.; Feng, ] X;; Gu, D.D.; Yu, B.; Li, Y.J.; Yang, ].Y,; Liao, S.; Chan, D.C,; et al. MFN1 structures reveal

nucleotide-triggered dimerization critical for mitochondrial fusion. Nature 2017, 542, 372-376.

https://doi.org/10.3390/pharmaceutics18070768



Pharmaceutics 2026, 18, 768 31 of 35

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Korotkov, S.M. Mitochondrial Oxidative Stress Is the General Reason for Apoptosis Induced by Different-Valence Heavy Metals
in Cells and Mitochondria. Int. J. Mol. Sci. 2023, 24, 14459.

An, X.; Yu, W,; Liu, J.; Tang, D.; Yang, L.; Chen, X. Oxidative cell death in cancer: Mechanisms and therapeutic opportunities.
Cell Death Dis. 2024, 15, 556.

Paz, G.S.; Fernandes, ]. Natural compounds targeting mitochondrial metabolism in cancer therapy: A literature review. Chin.
Clin. Oncol. 2025, 14, 56.

Vazquez Cervantes, G.I; Gonzélez Esquivel, D.F.; Ramirez Ortega, D.; Blanco Ayala, T.; Ramos Chavez, L.A.; Lopez-Lopez,
H.E.; Salazar, A Flores, I; Pineda, B.; Gomez-Manzo, S.; et al. Mechanisms Associated with Cognitive and Behavioral
Impairment Induced by Arsenic Exposure. Cells 2023, 12, 2537.

Punshon, L.D.; Fabbrizi, M.R.; Phoenix, B.; Green, S.; Parsons, J.L. Current Insights into the Radiobiology of Boron Neutron
Capture Therapy and the Potential for Further Improving Biological Effectiveness. Cells 2024, 13, 2065.

Yao, C; Wu, S; Kong, J.; Sun, Y.; Bai, Y.; Zhu, R; Li, Z,; Sun, W.; Zheng, L. Angiogenesis in hepatocellular carcinoma:
Mechanisms and anti-angiogenic therapies. Cancer Biol. Med. 2023, 20, 25-43.

Jiang, F.; Li, Y.; Si, L.; Zhang, Z.; Li, Z. Interaction of EZH2 and P65 is involved in the arsenic trioxide-induced anti-angiogenesis
in human triple-negative breast cancer cells. Cell Biol. Toxicol. 2019, 35, 361-371.

Sun, Z; Li, M,; Bai, L.; Fu, J.; Lu, J.; Wu, M.,; Zhou, C.; Zhang, Y.; Wu, Y. Arsenic trioxide inhibits angiogenesis in vitro and in
vivo by upregulating FoxO3a. Toxicol. Lett. 2019, 315, 1-8.

Song, P.; Hai, Y.; Wang, X.; Zhao, L.; Chen, B.; Cui, P.; Xie, Q.; Yu, L, Li, Y.; Wu, Z,; et al. Realgar transforming solution
suppresses angiogenesis and tumor growth by inhibiting VEGF receptor 2 signaling in vein endothelial cells. Arch. Pharm. Res.
2018, 41, 467-480.

Hu, M,; Yang, ].L.; Teng, H.; Jia, Y.Q.; Wang, R.; Zhang, X.W.; Wu, Y.; Luo, Y.; Chen, X.C; Zhang, R.; et al. Anti-angiogenesis
therapy based on the bone marrow-derived stromal cells genetically engineered to express sFlt-1 in mouse tumor model. BMC
Cancer 2008, 8, 306.

Kepp, O.; Pan, H.; Liu, P.; Kroemer, G. Arsenic trioxide as an inducer of immunogenic cell death. Oncoimmunology 2023, 12,
2174723.

Alex, A.A.; Ganesan, S.; Palani, H. K.; Balasundaram, N.; David, S.; Lakshmi, K.M.; Kulkarni, U.P.; Nisham, P.N.; Korula, A.;
Devasia, AJ.; et al. Arsenic Trioxide Enhances the NK Cell Cytotoxicity Against Acute Promyelocytic Leukemia While
Simultaneously Inhibiting Its Bio-Genesis. Front Immunol. 2018, 9, 1357.

Chen, C,; Su, Q.; Zi, M.; Hua, X.; Zhang, Z. Harnessing gut microbiota for colorectal cancer therapy: From clinical insights to
therapeutic innovations. npj Biofilms Microbiomes 2025, 11, 190.

Cariello, M.; Zerlotin, R.; Pasculli, E.; Piccinin, E.; Peres, C.; Porru, E.; Roda, A.; Gadaleta, R.M.; Moschetta, A. Intestinal FXR
Activation via Transgenic Chimera or Chemical Agonism Prevents Colitis-Associated and Genetically-Induced Colon Cancer.
Cancers 2022, 14, 3081.

Li, Y.; Liu, M;; Kong, B.; Zhang, G.; Zhang, Q. The role of selenium intervention in gut microbiota homeostasis and gene function
in mice with breast cancer on a high-fat diet. Front Microbiol. 2024, 15, 1439652.

Su, Y.; Cai, X.; Fan, X.; Ning, J.; Shen, M. Effect of Trace Element Selenium on the Intestinal Microbial Community in Nude Mice
with Colorectal Cancer. Microorganisms 2024, 12, 1336.

Coryell, M.; McAlpine, M.; Pinkham, N.V.; McDermott, T.R.; Walk, S.T. The gut microbiome is required for full protection
against acute arsenic toxicity in mouse models. Nat. Commun. 2018, 9, 5424.

Chi, L.; Xue, J.; Tu, P.; Lai, Y.; Ru, H.; Lu, K. Gut microbiome disruption altered the biotransformation and liver toxicity of
arsenic in mice. Arch. Toxicol. 2019, 93, 25-35.

Lu, K,; Abo, R.P.; Schlieper, K.A.; Graffam, M.E.; Levine, S.; Wishnok, ].S.; Swenberg, J.A.; Tannenbaum, S.R.; Fox, J.G. Arsenic
exposure perturbs the gut microbiome and its metabolic profile in mice: An integrated metagenomics and metabolomics
analysis. Environ. Health Perspect. 2014, 122, 284-291.

Paganini, D.; Zimmermann, M.B. The effects of iron fortification and supplementation on the gut microbiome and diarrhea in
infants and children: A review. Am. J. Clin. Nutr. 2017, 106, 1688s-1693s.

Kortman, G.A.; Boleij, A.; Swinkels, D.W.; Tjalsma, H. Iron availability increases the pathogenic potential of Salmonella
typhimurium and other enteric pathogens at the intestinal epithelial interface. PLoS ONE 2012, 7, 29968.

Cholewinska, E.; Ognik, K.; Fotschki, B.; Zduniczyk, Z.; Juskiewicz, J. Comparison of the effect of dietary copper nanoparticles
and one copper (II) salt on the copper biodistribution and gastrointestinal and hepatic morphology and function in a rat model.
PLoS ONE 2018, 13, e0197083.

https://doi.org/10.3390/pharmaceutics18070768



Pharmaceutics 2026, 18, 768 32 of 35

146.

147.

148.

149.

150.

151.

152.
153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Ganie, S.Y.; Javaid, D.; Hajam, Y.A.; Reshi, M.S. Arsenic toxicity: Sources, pathophysiology and mechanism. Toxicol. Res. 2024,
13, tfad111.

Khaleda, L.; Alam, M.M.; Tasnim, Z.; Ezaj, M.M.A.; Apu, M.A.R,; Akter, R.; Bakar, M.A.; Alam, M.].; Chowdhury, R.H.; Datta,
A_; et al. Detrimental effects of chronic arsenic exposure through daily diet on hepatic and renal health: An animal model study.
Toxicol. Rep. 2025, 14, 101993.

Concessao, P.L.; Prakash, ]. Arsenic-induced nephrotoxicity: Mechanisms, biomarkers, and preventive strategies for global
health. Vet. World 2025, 18, 2136-2157.

Li, J.; Zhao, L.; Zhang, Y.; Li, W.; Duan, X.; Chen, J.; Guo, Y.; Yang, S.; Sun, G.; Li, B. Imbalanced immune responses involving
inflammatory molecules and immune-related pathways in the lung of acute and subchronic arsenic-exposed mice. Environ. Res.
2017, 159, 381-393.

Gochfeld, M.; Burger, J. Mercury interactions with selenium and sulfur and the relevance of the Se:Hg molar ratio to fish
consumption advice. Environ. Sci. Pollut. Res. Int. 2021, 28, 18407-18420.

Kang, B.; Wang, J.; Guo, S.; Yang, L. Mercury-induced toxicity: Mechanisms, molecular pathways, and gene regulation. Sci. Total
Env. 2024, 943, 173577.

Yorifuji, T. Lessons From an Early-stage Epidemiological Study of Minamata Disease. ]. Epidemiol. 2020, 30, 12-14.

Hadrup, N.; Frederiksen, M.; Sharma, A.K. Toxicity of boric acid, borax and other boron containing compounds: A review.
Regqul. Toxicol. Pharmacol. 2021, 121, 104873.

Guo, Y.S.; Zuo, T.T,; Chen, A.Z.; Wang, Z.; Jin, H.Y.; Wei, F.; Li, P.; Ma, S.C. Progress in quality control, detection techniques,
speciation and risk assessment of heavy metals in marine traditional Chinese medicine. Chin. Med. 2023, 18, 73.

Bai, K.; Hong, B.; He, J.; Hong, Z.; Tan, R. Preparation and antioxidant properties of selenium nanoparticles-loaded chitosan
microspheres. Int. |. Nanomed. 2017, 12, 4527-4539.

Tang, H.; Xu, M.; Zhou, X.; Zhang, Y.; Zhao, L.; Ye, G,; Shi, F; Lv, C.; Li, Y. Acute toxicity and biodistribution of different sized
copper nano-particles in rats after oral administration. Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 93, 649-663.

Bolt, HM.; Basaran, N.; Duydu, Y. Effects of boron compounds on human reproduction. Arch. Toxicol. 2020, 94, 717-724.
Huang, Y.; Hsu, J.C.; Koo, H.; Cormode, D.P. Repurposing ferumoxytol: Diagnostic and therapeutic applications of an FDA-
approved nanoparticle. Theranostics 2022, 12, 796-816.

Han, T.; Zhang, H.; Xu, W.; Li, C.; Wang, M.; Bai, Y.; Yang, L.; Zhang, S ; Jia, Z.; Xu, X; et al. Study on the Mechanism of Reducing
Hepatotoxicity of Water-Grinding Realgar by Metabolomics, Morphology, and Chemical Analysis. Evid. Based Complement Al-
tern. Med. 2021, 2021, 8538287.

Deng, Z.; Yin, X.; Zhang, S.; Fang, H.; Gao, S.; Liu, Y.; Jiang, X.; Song, G.; Jiang, W.; Wang, L. Study on arsenic speciation,
bioaccessibility, and gut microbiota in realgar-containing medicines by DGT technique and artificial gastrointestinal extraction
(PBET) combine with simulated human intestinal microbial ecosystem (SHIME). J. Hazard Mater. 2024, 463, 132863.

Ollson, C.J.; Smith, E.; Scheckel, K.G.; Betts, A.R.; Juhasz, A.L. Assessment of arsenic speciation and bioaccessibility in mine-
impacted materials. ]. Hazard Mater. 2016, 313, 130-137.

Zheng, B.; Yang, Y.; Li, J; Li, J.; Zuo, S.; Chu, X,; Xu, S.; Ma, D.; Chu, L. Magnesium Isoglycyrrhizinate Alleviates Arsenic
Trioxide-Induced Cardiotoxicity: Contribution of Nrf2 and TLR4/NF-«B Signaling Pathway. Drug Des. Devel Ther. 2021, 15, 543—
556.

Kesti, S.; Macar, O.; Kalefetoglu Macar, T.; Cavusoglu, K.; Yalgin, E. Investigation of the protective role of Ginkgo biloba, L.
against phytotoxicity, genotoxicity and oxidative damage induced by Trifloxystrobin. Sci. Rep. 2024, 14, 19937.

Huang, Q.; Wang, T.; Xiong, Y.; Qu, L.; Yin, Q.; Zou, W. Safety and efficacy of Compound Huangdai Tablets combined with all-
trans retinoic acid for treatment of acute promyelocytic leukemia: Clinical evidence and potential mechanisms. Chin. Herb. Med.
2022, 14, 154-165.

Fang, W.; Peng, Z.L.; Dai, Y.J; Wang, D.L.; Huang, P.; Huang, H.P. (-)-Epigallocatechin-3-gallate encapsulated realgar
nanoparticles exhibit enhanced anticancer therapeutic efficacy against acute promyelocytic leukemia. Drug Deliv. 2019, 26, 1058—
1067.

El-Ghiaty, M.A.; El-Kadi, A.O.S. The Duality of Arsenic Metabolism: Impact on Human Health. Annu Rev. Pharmacol. Toxicol.
2023, 63, 341-358.

Lucic, B.; Franciscato, D.S.; Nogueira, H.P.; Gallucci, L.; Silveira Junior, A.T.; Ismail, A.M.; Robinson, M.; Dallinger, T.; Gutfleisch,
C.; Kurz, J.; et al. Fast pH-Driven Solubilization Method of Realgar (As(4)S(4)) to Reduce the Toxicity of Arsenic [As(III)] for
Medicinal Purposes. Adv. Sci. 2025, 12, €2502740.

https://doi.org/10.3390/pharmaceutics18070768



Pharmaceutics 2026, 18, 768 33 of 35

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Abbas, G.; Murtaza, B.; Bibi, I.; Shahid, M.; Niazi, N.K.; Khan, M.I,; Amjad, M.; Hussain, M. Arsenic Uptake, Toxicity,
Detoxification, and Speciation in Plants: Physiological, Biochemical, and Molecular Aspects. Int. |. Environ. Res. Public Health
2018, 15, 59.

Dzade, N.Y.; Roldan, A.; de Leeuw, N.H. Structures and Properties of As(OH)(3) Adsorption Complexes on Hydrated
Mackinawite (FeS) Surfaces: A DFT-D2 Study. Environ. Sci. Technol. 2017, 51, 3461-3470.

Wang, S.; Liu, C.; Wang, C.; Ma, J.; Xu, H.; Guo, J.; Deng, Y. Arsenic trioxide encapsulated liposomes prepared via copper acetate
gradient loading method and its antitumor efficiency. Asian J. Pharm. Sci. 2020, 15, 365-373.

Kong, D.; Jiang, T.; Liu, J.; Jiang, X,; Liu, B.; Lou, C.; Zhao, B.; Carroll, S.L.; Feng, G. Chemoembolizing hepatocellular carcinoma
with microsphere cored with arsenic trioxide microcrystal. Drug Deliv. 2020, 27, 1729-1740.

Wang, Y.; Wei, Y.; Wu, Y.; Zong, Y.; Song, Y.; Pu, S.; Wu, W.; Zhou, Y.; Xie, J.; Yin, H. Multifunctional Nano-Realgar Hydrogel
for Enhanced Glioblastoma Synergistic Chemotherapy and Radiotherapy: A New Paradigm of an Old Drug. Int. ]. Nanomed.
2023, 18, 743-763.

Sedky, N.K.; Fawzy, LM.; Hassan, A.; Mahdy, N.K,; Attia, R.T.; Shamma, S.N.; Alfaifi, M.Y.; Elbehairi, S.E.; Mokhtar, F.A.; Fahmy,
S.A. Innovative microwave-assisted biosynthesis of copper oxide nanoparticles loaded with platinum(ii) based complex for
halting colon cancer: Cellular, molecular, and computational investigations. RSC Adv. 2024, 14, 4005-4024.

Dutta, G.; Chinnaiyan, S.K,; Palaniyandi, T.; Sugumaran, A.; Narayanasamy, D. Biogenic synthesized CuO nanoparticles and 5-
fluorouracil loaded anticancer gel for HeLa cervical cancer cells. Discov. Nano 2024, 19, 217.

Yao, M.; Deng, Y.; Zhao, Z.; Yang, D.; Wan, G.; Xu, X. Selenium Nanoparticles Based on Morinda officinalis Polysaccharides:
Characterization, Anti-Cancer Activities, and Immune-Enhancing Activities Evaluation In Vitro. Molecules 2023, 28, 2426.
Al-Duais, M.A,; El Rabey, H.A.; Mohammed, G.M.; Al-Awthan, Y.S.; Althiyabi, A.S.; Attia, E.S.; Rezk, S.M.; Tayel, A.A. The
anticancer activity of fucoidan coated selenium nanoparticles and curcumin nanoparticles against colorectal cancer lines. Sci.
Rep. 2025, 15, 287.

Wang, B.; Hu, S.; Teng, Y.; Chen, J.; Wang, H.; Xu, Y.; Wang, K.; Xu, J.; Cheng, Y.; Gao, X. Current advance of nanotechnology in
diagnosis and treatment for malignant tumors. Signal Transduct. Target Ther. 2024, 9, 200.

Chen, Q.; Li, K;; Li, J.; Liu, X;; Li, J; Xu, L.; Han, Y.; Zou, T.; Wang, X.; Yao, Y.; et al. Targeting Metal Ion Homeostasis for
Regulated Cell Death-Amplified Tumor Nanomedicine. Int. |. Nanomed. 2025, 20, 15627-15654.

Luo, Z.; Chen, C.Y,; Li, S. Improving Tumor Targeting and Penetration for Nanoparticle-Mediated Cancer Therapy. Small Meth-
ods 2025, 9, €2401860.

Tian, Y.; Wang, X.; Xi, R.; Pan, W.; Jiang, S.; Li, Z.; Zhao, Y.; Gao, G.; Liu, D. Enhanced antitumor activity of realgar mediated by
milling it to nanosize. Int. ]. Nanomed. 2014, 9, 745-757.

Li, Y.; Zhang, H. Fe(3)O(4)-based nanotheranostics for magnetic resonance imaging-synergized multifunctional cancer
management. Nanomedicine 2019, 14, 1493-1512.

Wang, Y.; Wu, X.; Bao, X.; Mou, X. Progress in the Mechanism of the Effect of Fe(3)O(4) Nanomaterials on Ferroptosis in Tumor
Cells. Molecules 2023, 28, 4562.

Niu, C; Wang, Z,; Lu, G;; Krupka, TM.; Sun, Y.; You, Y,; Song, W.,; Ran, H.; Li, P.; Zheng, Y. Doxorubicin loaded
superparamagnetic PLGA-iron oxide multifunctional microbubbles for dual-mode US/MR imaging and therapy of metastasis
in lymph nodes. Biomaterials 2013, 34, 2307-2317.

Huang, Y.; Mao, K,; Zhang, B.; Zhao, Y. Superparamagnetic iron oxide nanoparticles conjugated with folic acid for dual target-
specific drug delivery and MRI in cancer theranostics. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 70, 763-771.

Zhang, L.; Qiu, M.; Wang, R.; Li, S.; Liu, X;; Xu, Q.; Xiao, L.; Jiang, Z.X.; Zhou, X.; Chen, S. Monitoring ROSResponsive Fe(3)O(4)-
based Nanoparticle Mediated Ferroptosis Inmunotherapy 129Xe MRI. Angew. Chem. 2024, 63, €202403771.

Yu, M.; Zhang, Y.; Fang, M.; Jehan, S.; Zhou, W. Current Advances of Nanomedicines Delivering Arsenic Trioxide for Enhanced
Tumor Therapy. Pharmaceutics 2022, 14, 743.

Xu, H.; Li, C.; Wei, Y.; Zheng, H.; Zheng, H.; Wang, B.; Piao, ].G.; Li, F. Angiopep-2-modified calcium arsenite-loaded liposomes
for targeted and pH-responsive delivery for anti-glioma therapy. Biochem Biophys. Res. Commun. 2021, 551, 14-20.

Ettlinger, R.; Moreno, N.; Volkmer, D.; Kerl, K.; Bunzen, H. Zeolitic Imidazolate Framework-8 as pH-Sensitive Nanocarrier for
“Arsenic Trioxide” Drug Delivery. Chemistry 2019, 25, 13189-13196.

Li, M.; Zhao, G.; Su, W.K,; Shuai, Q. Enzyme-Responsive Nanoparticles for Anti-tumor Drug Delivery. FFront Chem. 2020, 8,
647.

Zhou, W.; Jia, Y.; Liu, Y.; Chen, Y.; Zhao, P. Tumor Microenvironment-Based Stimuli-Responsive Nanoparticles for Controlled

Release of Drugs in Cancer Therapy. Pharmaceutics 2022, 14, 2346.

https://doi.org/10.3390/pharmaceutics18070768



Pharmaceutics 2026, 18, 768 34 of 35

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

Fan, H.; Zhao, H.; Gao, L.; Dong, Y.; Zhang, P.; Yu, P Ji, Y.; Chen, Z.S,; Liang, X.; Chen, Y. CCN1 Enhances Tumor
Immunosuppression through Collagen-Mediated Chemokine Secretion in Pancreatic Cancer. Adv. Sci. 2025, 12, €2500589.
Guo, S.; Xie, X.; Chen, Y.; Liu, Y.; Luo, L. Editorial: Advances of novel approaches to enhance therapeutic efficacy and safety in
human solid cold tumor. Front Immunol. 2024, 15, 1398270.

Chen, D.Q.; Xie, Y.; Cao, L.Q.; Fleishman, ].S.; Chen, Y.; Wu, T.; Yang, D.H. The role of ABCC10/MRP?7 in anti-cancer drug
resistance and beyond. Drug Resist Updat 2024, 73, 101062.

Jin, Z.; Al Amili, M.; Guo, S. Tumor Microenvironment-Responsive Drug Delivery Based on Polymeric Micelles for Precision
Cancer Therapy: Strategies and Prospects. Biomedicines 2024, 12, 417.

Yang, G.; Xu, L.; Chao, Y.; Xu, J.; Sun, X,; Wu, Y.; Peng, R.; Liu, Z. Hollow MnO(2) as a tumor-microenvironment-responsive
biodegradable nano-platform for combination therapy favoring antitumor immune responses. Nat. Commun. 2017, 8, 902.

Jin, Z,; Yi, X;; Yang, J.; Zhou, M.; Wu, P.; Yan, G. Liposome-Coated Arsenic-Manganese Complex for Magnetic Resonance
Imaging-Guided Synergistic Therapy Against Carcinoma. Int. ]. Nanomed. 2021, 16, 3775-3788.

Li, X,; Jian, M,; Sun, Y.; Zhu, Q.; Wang, Z. The Peptide Functionalized Inorganic Nanoparticles for Cancer-Related Bioanalytical
and Biomedical Applications. Molecules 2021, 26, 3228.

Cai, X,; Zhu, Q.; Zeng, Y.; Zeng, Q.; Chen, X.; Zhan, Y. Manganese Oxide Nanoparticles As MRI Contrast Agents In Tumor
Multimodal Imaging And Therapy. Int. |. Nanomed. 2019, 14, 8321-8344.

Liu, Y.; Wu, Y,; Luo, Z; Li, M. Designing supramolecular self-assembly nanomaterials as stimuli-responsive drug delivery
platforms for cancer therapy. iScience 2023, 26, 106279.

Lu, C;Ma, Y.; Zhao, H.; Zheng, Y.; Zhao, Q.; Lin, L.; Chen, X.; Chen, L.; Li, G.; Chen, R. Exploration of the antiviral mechanism
of gypsum-licorice compatibility pairing in Ma-Xing-Shi-Gan decoction from the perspective of metal-organic supramolecular
interactions. Front Med. Technol. 2025, 7, 1651390.

Zhang, Y.Z.; Pi, WM.; Tan, X.R.; Xu, R,; Wang, X.; Xu, M.Y.; Huang, XM.; Wang, P.L. Exploration of differences in decoction
phase state, material form, and crystal form between Glycyrrhizae Radix et Rhizoma-Gypsum Fibrosum and Glycyrrhizae
Radix et Rhizoma-CaSOs-2H20 based on supramolecules of traditional Chinese medicine. Zhongguo Zhong Yao Za Zhi 2025, 50,
412-421.

Hattori, Y.; Nagaoka, Y.; Kubo, M.; Yamasaku, H.; Ishii, Y.; Okita, H.; Nakano, H.; Uesato, S.; Maitani, Y. Antitumor effect of
liposomal histone deacetylase inhibitor-lipid conjugates in vitro. Chem. Pharm. Bull. 2011, 59, 1386-1392.

Wu, D.; Zhu, Z.Q.; Tang, H.X.; Shi, Z.E.; Kang, J.; Liu, Q.; Qi, ]. Efficacy-shaping nanomedicine by loading Calcium Peroxide
into Tumor Microenvironment-responsive Nanoparticles for the Antitumor Therapy of Prostate Cancer. Theranostics 2020, 10,
9808-9829.

Zhao, Y.; Yu, X.; Kong, W.; Kong, R.M.; Zhang, E.; Xia, L.; Zhang, ].; Qu, F.; Tan, W. Responsive calcium-derived nanoassemblies
induce mitochondrial disorder to promote tumor calcification. Chem. Sci. 2023, 14, 9350-9359.

Cui, X.; Ruan, Q.; Zhuo, X; Xia, X;; Hu, J.; Fu, R.; Li, Y.; Wang, J.; Xu, H. Photothermal Nanomaterials: A Powerful Light-to-Heat
Converter. Chem. Rev. 2023, 123, 6891-6952.

Qiu, Y.; Wu, Z; Chen, Y.; Liao, J.; Zhang, Q.; Wang, Q.; Duan, Y.; Gong, K; Chen, S.; Wang, L.; et al. Nano Ultrasound Contrast
Agent for Synergistic Chemo-photothermal Therapy and Enhanced Immunotherapy Against Liver Cancer and Metastasis. Adv.
Sci. 2023, 10, €2300878.

Khafaji, M.; Zamani, M.; Golizadeh, M.; Bavi, O. Inorganic nanomaterials for chemo/photothermal therapy: A promising
horizon on effective cancer treatment. Biophys. Rev. 2019, 11, 335-352.

Li, L.Y.; Guan, Q.Y,; Lin, Y.R,; Zhao, ].R.; Wang, L.; Zhang, Q.; Liu, H.F.; Zhao, X.H. Monosaccharide Composition and In Vitro
Activity to HCT-116 Cells of Purslane Polysaccharides after a Covalent Chemical Selenylation. Foods 2022, 11, 3748.

Zhang, Z.; Dai, Q.; Zhang, Y.; Zhuang, H.; Wang, E.; Xu, Q.; Ma, L.; Wu, C.; Huan, Z; Guo, F.; et al. Design of a Multifunctional
Biomaterial Inspired by Ancient Chinese Medicine for Hair Regeneration in Burned Skin. ACS Appl. Mater. Interfaces 2020, 12,
12489-12499.

Hheidari, A.; Mohammadji, J.; Ghodousi, M.; Mahmoodi, M.; Ebrahimi, S.; Pishbin, E.; Rahdar, A. Metal-based nanoparticle in
cancer treatment: Lessons learned and challenges. Front Bioeng. Biotechnol. 2024, 12, 1436297.

Navya, P.N.; Kaphle, A.; Srinivas, S.P.; Bhargava, S.K.; Rotello, V.M.; Daima, H.K. Current trends and challenges in cancer
management and therapy using designer nanomaterials. Nano Converg. 2019, 6, 23.

Murillo, M.I; Gaiddon, C.; Le Lagadec, R. Targeting of the intracellular redox balance by metal complexes towards anticancer
therapy. Front Chem. 2022, 10, 967337.

Bhatia, S.N.; Chen, X.; Dobrovolskaia, M.A.; Lammers, T. Cancer nanomedicine. Nat. Rev. Cancer 2022, 22, 550-556.

https://doi.org/10.3390/pharmaceutics18070768



Pharmaceutics 2026, 18, 768 35 of 35

214.

215.

216.
217.

218.

219.

220.

221.

222.

223.

224.

Ghiuzeli, C.M.; Styblo, M.; Saunders, J.; Calabro, A.; Budman, D.; Allen, S.; Devoe, C.; Dhingra, R. The pharmacokinetics of
therapeutic arsenic trioxide in acute promyelocytic leukemia patients. Leuk. Lymphoma 2022, 63, 653-663.

Damasco, J.A.; Ravi, S.; Perez, ].D.; Hagaman, D.E.; Melancon, M.P. Understanding Nanoparticle Toxicity to Direct a Safe-by-
Design Approach in Cancer Nanomedicine. Nanomaterials 2020, 10, 2186.

Anderson, N.M.; Simon, M.C. The tumor microenvironment. Curr. Biol. 2020, 30, R921-R925.

Stylianopoulos, T.; Munn, L.L.; Jain, R.K. Reengineering the Physical Microenvironment of Tumors to Improve Drug Delivery
and Efficacy: From Mathematical Modeling to Bench to Bedside. Trends Cancer 2018, 4, 292-319.

Tripathi, D.; Pandey, P.; Sharma, S.; Rai, A K.; Prabhu, B.H.M. Advances in nanomaterials for precision drug delivery: Insights
into pharmacokinetics and toxicity. Bioimpacts 2025, 15, 30573.

Zhang, S.; Zhang, X.; Gao, H.; Zhang, X.; Sun, L; Huang, Y.; Zhang, ].; Ding, B. Cell Membrane-Coated Biomimetic
Nanoparticles in Cancer Treatment. Pharmaceutics 2024, 16, 531.

Hua, S.; de Matos, M.B.C.; Metselaar, J.M.; Storm, G. Current Trends and Challenges in the Clinical Translation of
Nanoparticulate Nanomedicines: Pathways for Translational Development and Commercialization. Front Pharmacol. 2018, 9,
790.

Mukherjee, A.; Paul, M.; Mukherjee, S. Recent Progress in the Theranostics Application of Nanomedicine in Lung Cancer. Can-
cers 2019, 11, 597.

Sun, L.; Liu, H.; Ye, Y,; Lei, Y,; Islam, R.; Tan, S.; Tong, R.; Miao, Y.B.; Cai, L. Smart nanoparticles for cancer therapy. Signal
Transduct. Target Ther. 2023, 8, 418.

Mohapatra, A.; Mohanty, A.; Park, LK. Inorganic Nanomedicine-Mediated Ferroptosis: A Synergistic Approach to Combined
Cancer Therapies and Immunotherapy. Cancers 2024, 16, 3210.

Ndagi, U.; Mhlongo, N.; Soliman, M.E. Metal complexes in cancer therapy — An update from drug design perspective. Drug Des.
Devel Ther. 2017, 11, 599-616.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/pharmaceutics18070768



