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inorganic materials have become an important component in drug delivery systems
and nanomedicine. Common inorganic materials serve not only to effectively
deliver drugs and facilitate controlled release within the body, but also to enhance
their biological effects through specific functionalization strategies. This review
aims to provide a comprehensive analysis of the latest advancements in the field of
inorganic nanomaterials. The categorization and properties of inorganic
nanomaterials are presented to elucidate potential structure-function relationships.
Additionally, the engineering of inorganic nanomaterials for biomedical
applications is comprehensively summarized. Finally, the current challenges and
future directions are discussed and projected to foster technological advancements
in the efficient treatment of diseases.
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1. Introduction

Inorganic materials have been widely used in many fields such as energy, environment, electronics, catalysis
and biomedicine due to their excellent physical and chemical properties, including high stability, high adjustability
and excellent biocompatibility. Inorganic nanomaterials possess adjustable size, surface properties, and shapes,
enabling targeted drug delivery through modification [1]. By surface functionalization, they can bind to specific
cells or tissues, increasing the drug concentration at the target site while minimizing damage to healthy tissues [2].
For example, inorganic nanomaterials like metal oxides and metal sulfides can be functionalized to carry drugs for
tumor-targeted therapy, effectively enhancing the therapeutic efficacy of anticancer drugs and reducing the side
effects of chemotherapy [3,4]. Inorganic nanomaterials can not only serve as drug carriers but can also directly
participate in disease treatment. For instance, metal nanoparticles (such as gold and silver nanoparticles) possess
excellent antimicrobial properties, making them useful for infection treatment [5,6]. Furthermore, some inorganic
nanomaterials (such as gold nanoparticles and ferrite nanoparticles) exhibit significant optical or magnetic
properties, which can be used in medical imaging techniques [7,8]. The surface of inorganic nanomaterials can be
chemically modified or physically encapsulated to regulate the rate of drug release. This precise release mechanism
enables drugs to be released at specific times and locations, improving the targeting and effectiveness of treatments
[9]. For example, pH-responsive, temperature-responsive, or enzyme-responsive nanomaterials can be used to
specifically respond to the tumor microenvironment (TME), precisely control drug release and reduce toxicity to
normal cells [10]. Although inorganic nanomaterials have shown many advantages in the biomedical field, their
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long residence time in the body may increase the risk of harmful toxicity. This risk mainly stems from the
accumulation of materials, slow metabolism or long-term interaction with biological systems, which may lead to
inflammation, tissue damage or other adverse reactions [11]. Therefore, when applying inorganic nanomaterials,
great attention must be paid to their degradation characteristics and clearance mechanisms.

These materials can achieve bioimaging, antibacterial and disease treatment through precise design and
functionalization at the nanoscale, thereby greatly improving therapeutic effects and significantly reducing side
effects. Inorganic nanomaterials perform well in biological imaging and diagnosis. For example, quantum dots
(QDs) are used for high-resolution fluorescence imaging (FLI) due to their excellent optical properties [12];
superparamagnetic iron oxide nanoparticles are used as magnetic resonance imaging (MRI) contrast agents to
improve the sensitivity and accuracy of disease diagnosis [13]; gold nanorods and upconversion nanoparticles have
shown unique advantages in photoacoustic imaging (PAI) and multimodal imaging [14,15]. These materials
provide strong technical support for early detection and accurate diagnosis of diseases. In antibacterial applications,
inorganic nanomaterials such as silver peroxide, zinc oxide nanoparticles, and copper nanoparticles exhibit strong
antibacterial activity. They effectively inhibit bacterial growth and even fight multidrug-resistant bacteria by
destroying bacterial cell membranes, interfering with bacterial metabolism, or producing reactive oxygen. These
materials are widely used in wound dressings, medical device coatings and antibacterial coatings, providing new
solutions for the prevention and treatment of infections [16—18]. In the field of cancer treatment, inorganic
nanomaterials have shown great potential. For example, gold nanoparticles and iron oxide nanoparticles can be
used in photothermal therapy (PTT), which selectively kill cancer cells by absorbing near-infrared (NIR) light to
generate local high temperatures [7,13]; titanium dioxide nanoparticles are used as photosensitizers in
photodynamic therapy (PDT), which produce reactive oxygen species (ROS) under light and induce apoptosis of
cancer cells [19]; mesoporous silica nanoparticles are ideal carriers of chemotherapy drugs due to their high drug
loading and controlled release properties [20]. In addition, inorganic nanomaterials can also achieve active
targeting through surface modification, accurately deliver drugs to the tumor site, improve the treatment effect and
reduce damage to normal tissues [21].

This review systematically introduced the classification and unique properties of inorganic nanomaterials,
and comprehensively summarizes their wide range of uses in biomedical applications, including bioimaging,
antibacterial, disease treatment, etc. Through precise design and functionalization at the nanoscale, inorganic
nanomaterials have demonstrated high stability, adjustability and versatility, providing innovative solutions for
modern medicine (Figure 1).
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Figure 1. Schematic diagram of inorganic nanomaterials classification and biomedical applications.
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2. Categorization and Characteristics of Inorganic Nanomaterials

Inorganic nanomaterials comprise a diverse spectrum of nanoscale materials, harnessed in medical
applications to capitalize on their distinctive physicochemical properties, thereby augmenting therapeutic efficacy
and diagnostic capabilities. These materials, typically composed of metal nanomaterials and non-metallic
nanomaterials, can be meticulously engineered to manifest specific attributes tailored for a multitude of medical
objectives. Here, we focus on the degradation and elimination properties of inorganic nanomaterials to assess
their safety, optimize their use in applications, and evaluate their biocompatibility and toxicity for safe
biomedical use.

2.1. Metal Nanomaterials

Metal, metal oxide, and other metal-related nanoparticles have been synthesized and utilized for therapeutic
and diagnostic purposes, necessitating evaluation of their biodegradation and clearance pathways [22,23].
Traditional metal-containing nanomaterials, such as gold nanoparticles and magnetic metal oxides, show great
potential in the field of medicine, especially in the diagnosis and treatment of cancer. Gold nanoparticles, renowned
for their superior biocompatibility and ease of functionalization, have been extensively investigated for bioimaging
and drug delivery applications. These nanoparticles are cleared via the hepatobiliary system, while magnetic metal
oxide nanoparticles, such as iron oxide, are predominantly excreted through the kidneys. Currently, emerging
metal nanoparticles have attracted the attention of researchers such as manganese dioxide (MnQ,), calcium-based
nanomaterials and transition metal disulfides (TMDs).

2.1.1. Manganese Dioxide

MnO; nanomaterials, known for their good biocompatibility and biodegradability, can degrade in the TME
to release manganese ions, enhancing MRI while also alleviating tumor hypoxia through oxygen generation.
Furthermore, MnO; can be entirely decomposed and swiftly excreted via the kidneys, thereby mitigating the risk
of long-term toxicity [24,25]. For example, Chen et al. developed a smart diagnostic 2D MnO; nanosheet for pH-
responsive T; MRI imaging and controlled drug release, which can decompose and release drugs in mildly acidic
environments. Meanwhile, its decomposed Mn?' ions are biocompatible to be used in T; MRI imaging, which
improves drug delivery efficiency and imaging accuracy [26]. Chen et al. prepared a multifunctional pH/H>O,-
responsive human serum albumin (HSA)-encapsulated MnO, nanoparticles formed under alkaline conditions by
biomineralization of Mn?" ions from HSA. This system integrates a photosensitizer and a cisplatin prodrug,
leveraging MnO, nanoparticles to react with H,O, in the TME to generate oxygen, thereby enhancing PDT efficacy.
Simultaneously, it decomposes into ultrasmall HSA-drug complexes to increase intratumor penetration [27].

2.1.2. Calcium-Based Nanomaterials

Calcium-based nanomaterials, such as calcium carbonate (CaCO3) and calcium phosphate (CaP), exhibit
potential applications in the biomedical field due to their high biocompatibility, biodegradability, and sensitivity
to pH changes. CaCOs is stable under neutral pH conditions but dissociates into calcium ions and carbon dioxide
in acidic environments, making it suitable for pH-responsive drug or gene delivery systems, particularly in tumor
therapy where the acidic characteristics of the TME can be leveraged for precise release. Dong et al. developed
monodisperse CaCO3 nanoparticles as intelligent nanocarriers, which can rapidly decompose and release drugs
under acidic conditions (Figure 2A). These nanoparticles exhibit pH-dependent T; magnetic resonance signal
enhancement and fluorescence recovery, significantly increasing singlet oxygen production [28] CaP
nanomaterials are considered ideal carriers for anticancer drugs or small interfering RNA (siRNA) due to their
biodegradability and pH-responsiveness. The rigid framework of these nanomaterials allows for the loading of
various types of drug molecules and prevents early leakage of drugs under neutral pH conditions (such as pH =
7.4 in the blood circulation). Only upon reaching the acidic environment of tumor tissues do CaP nanomaterials
release encapsulated calcium and phosphate ions, thereby releasing the drug. This property makes CaP
nanoparticles highly advantageous in drug delivery systems, enabling precise release of therapeutic agents at the
right time and location, enhancing treatment efficacy while minimizing potential damage to normal cells [29]
(Figure 2B).
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Figure 2. Biological properties of metal nanomaterials. (A) Enhancement of MRI triggered by pH. (a) Time-
dependent release of Ces(Mn)@CaCOs- polyethylene glycol (PEG) from phosphate buffered saline (PBS) solutions
at different pH values. (b) Ti-weighted MRI images with different concentrations of Ces(Mn)@CaCO3-PEG in;
m PBS at different pH values after incubation for 4 hours. (c) T1 relaxation at different pH was statistically analyzed
in Figure A(b) [28]. Copyright 2016, Elsevier Ltd. (B) In vivo distribution and efficacy assessment in mice. (a) In
vivo distribution at different time points after intravenous injection of IR783 and IR783/CaNG. (b) Changes in body
weight of mice after different treatments (n=5). (c) Relative changes in tumor volume in mice after different
treatments (n = 5). (d) Ca?" levels in DECaNG-treated tumor tissues (n = 3). (¢) Tumor tissues were stained with
H&E staining and terminal deoxynucleotidyl transferase mediated dUTP nick-end labeling (TUNEL) staining after
different treatments. Scale bar: 25 um for H&E staining and 100 um for TUNEL staining [29] Copyright 2018,
American Chemical Society.

2.1.3. Transition Metal Disulfides

4 of 24



Liu et al. Med. Mater. Res. 2025, 1(1),3

TMDs, a class of two-dimensional materials composed of transition metals (e.g., molybdenum Mo, tungsten
W) and sulfur-group elements (e.g., sulfur S, selenium Se, tellurium Te), show remarkable potential for
nanomedicine applications due to their unique physicochemical properties. The biodistribution, toxicological
properties and metabolic pathways of these materials are the focus of current research to ensure their safety and
efficacy [30]. The low toxicity and rapid excretion properties of TMDs make them ideal candidates for drug
delivery systems. They can be used as drug carriers to achieve targeted release of drugs and precision therapy with
the assistance of imaging technology. For instance, Zhou et al. successfully synthesized multifunctional ultrasmall
copper sulfide nanodots (CuS NDs) with hydrodynamic diameters of less than 6 nm through a
polyvinylpyrrolidone-assisted chemical reaction. These nanodots can be radiolabeled with the copper-64
radioisotope for positron emission tomography (PET) imaging. The CuS NDs exhibited rapid excretion in vivo,
with approximately 95% of the nanodots cleared through the urinary system within one day, leaving minimal
residue in the liver and spleen. Additionally, they demonstrated excellent performance in PTT, effectively
inhibiting tumor growth [31]. Zhang et al. investigated a MoTe,-based nanosheet, designed as a multifunctional
cancer therapy platform. These nanosheets exhibit excellent stability under normal physiological conditions within
the body. However, upon exposure to NIR laser irradiation, they can rapidly degrade and be cleared via biological
processes. This characteristic helps to reduce potential toxicity from long-term accumulation in the body [32].
Recently, researchers have constructed a bioabsorbable silicon-based neurochemical analysis system by
combining two-dimensional transition metal disulfides (2D TMDs, such as MoS; and WS;) with catalytic iron
nanoparticles (Fe NPs). 2D TMDs have become the core material of this system due to their mechanical flexibility,
high conductivity, catalytic activity and controllable chemical properties. Studies have shown that the
heterostructure of 2D TMDs and Fe NPs can efficiently detect DA through electrostatic interactions and catalytic
oxidation, while showing high sensitivity, selectivity and reversibility. In addition, 2D TMDs gradually degrade
in a physiological environment, reducing the risk of postoperative complications [33]. Through experiments and
theoretical simulations, the study revealed the chemical response mechanism and degradation characteristics of
2D TMDs, demonstrating their potential clinical application value in the diagnosis and treatment of
neurodegenerative diseases.

2.2. Non-Metallic Nanomaterials

QDs and silica nanomaterials in non-metallic oxides have shown wide application potential in biomedicine,
energy, catalysis and other fields due to their unique physical and chemical properties. QDs achieve adjustable
optical properties through size regulation, while silica nanomaterials achieve multifunctional integration through
pore structure and surface modification. With the continuous development of nanotechnology, these materials will
play an important role in more fields and provide strong support for scientific and technological innovation and
human health.

2.2.1. Quantum Dots

2.2.1.1. Carbon-Based Quantum Dots

In contrast to traditional semiconductor QDs, carbon dots (CDs) are emerging as novel fluorescent markers,
offering enhanced modifiability, improved solubility, and reduced toxicity [34,35]. It is noted that CDs meet the
basic requirements for clinical use, including fast excretion rate, low toxicity, and the ability to provide a stable
light signal. Leveraging these attributes, diverse types of CDs have been extensively integrated into phototherapy,
employed as contrast-enhancing agents for imaging, and synergistically combined with therapeutic agents to
formulate comprehensive treatment strategies [36,37]. In vivo studies have demonstrated that CDs exhibit
excellent biocompatibility and non-toxicity, with rapid clearance from mice following various injection routes,
including intravenous, subcutaneous, and intramuscular administration [38]. The surface charge of CDs markedly
influences their biodistribution and clearance pathways, with positively charged particles preferentially absorbed
by the liver, whereas neutral or negatively charged particles predominantly excreted via the kidneys. The mode of
injection also affects the clearance efficiency of CDs, e.g., CDs are cleared faster when administered intravenously
[39]. CDs and graphene quantum dots (GQDs) have been widely investigated for biomedical applications due to
their excellent water solubility, biocompatibility and photostability [40,41]. CDs can serve as photoacoustic (PA)
contrast agents and NIR photothermal agents, with their biodegradability and renal excretion verified through
whole-body PA imaging and degradation experiments [42]. GQDs, known for their strong fluorescence and high
quantum yield, are utilized in bioimaging and drug delivery systems. Research indicates that following intravenous
administration, GQDs predominantly accumulate in the kidneys and tumors, and PEG modification can amplify
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their accumulation via the enhanced permeability and retention (EPR) effect [43] (Figure 3A). Yan et al. proposed
an innovative method to enhance the capabilities of tumor imaging and long - term visualization of local
pharmacokinetics by implanting GQDs into PEG-ylated nanoparticles. These implanted GQDs showed longer
blood circulation time and higher tumor accumulation in vivo than typical GQDs, with more than 4-fold
prolongation of blood circulation and 7-8-fold increase in tumor accumulation. The preparation of this
nanocomposite was achieved through a bottom-up molecular approach, in which small-molecule pyrene grew in-
situ in the PEG layer to form GQDs. In addition, due to the presence of the PEG layer, these nanoparticles showed
significant advantages in terms of metabolism and clearance in living organisms, including reduced clearance by
the immune system and enhanced tumor accumulatio n. These properties make the implanted GQDs an ideal tool
for multi-modal molecular imaging and real-time monitoring of the dynamic changes of nanoparticles in the TME
[44] (Figure 3B).
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Figure 3. Biological properties of GQDs. (A) In vivo toxicity studies of GQDs. (a) Synthesis of GQD obtained by
oxidation of graphite. (b) PL intensity indicates the concentration of GQD in major organs and tumors of mice after
intravenous injection of GQD-PEG-cy7. (¢) Changes in GQD concentrations in kidneys and tumors under NIR
irradiation. (d) Survival curves of mice after 7 injections of GQD-PEG and GO-PEG, respectively. (¢) Graph of
body weight changes in surviving mice [43]. Copyright 2014, Elsevier Ltd. (B) Long-term surveillance of NPC-
GQDs-PEG in tumor tissues. (a) Schematic illustration of the fibered confocal fluorescence microscopy (FCFM)
for the imaging of tumor tissues and major organs. (b) Accumulation, diffusion and biodistribution of the probes in
tumor tissues were monitored using FCFM. Red: EB, green: NPC-GQDs-PEG/2-DG. (c) Biological distribution
and metabolism of the probes in the liver and kidney were monitored using FCFM [44]. Copyright 2023, Wiley-
VCHGmbH.

2.2.1.2. Cadmium-Based Quantum Dots

QDs are primarily utilized in the biomedical field for imaging and sensing applications, owing to their high
brightness, tunable emission wavelengths, and sensitivity to environmental changes [45]. Researchers commonly
utilize CdS, CdSe, and CdTe/CdSe core/shell QDs, often encapsulated with ZnS or ZnSe as protective shells [46].
Through meticulous optimization of liquid-phase synthesis techniques and reaction conditions, QDs tailored for
bio-imaging and therapeutic purposes are synthesized. Frangioni and collaborators described the study of DL-
cysteine-coated CdSe (ZnCdS) quantum dots (QD-Cys) in in vivo applications. QD-Cys has an ultra-small size
(hydrodynamic diameter of 5.9 nm), which is close to or below the renal clearance threshold, and can be quickly
cleared through the kidneys within 4 hours, reducing long-term retention in the body, thereby significantly
reducing the risk of toxicity. In addition, cysteine coating makes the surface of QDs charge neutral at physiological
pH, avoiding nonspecific binding with serum proteins and improving the biocompatibility and stability of the
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material. These characteristics ensure the in vivo safety of QD-Cys [47]. Recent studies have discussed the safety
and versatility of HSA functionalized CdTe quantum dots (CdTe-HSA QDs) in biomedical applications. CdTe-
HSA QDs are surface modified with HSA, which has small size (1-5 nm), high water solubility and good
biocompatibility, significantly reducing the release and potential toxicity of Cd*" ions. Experiments have shown
that CdTe-HSA QDs are stable and non-aggregating in serum, have low toxicity to normal cells (such as HEK-
293), but show certain anticancer activity against HeLa cells [48]. Rao et al. reported the use of amorphous silicon
dioxide as a surface coating for QDs, which prevents the release of quantum dot components into the physiological
environment and thus improves their biocompatibility. Silica-coated CdTe QDs demonstrated superior renal
clearance rates relative to commercially available QD605, coupled with minimal uptake in the liver and spleen
and extended circulation times [49].

2.2.1.3. Silicon Quantum Dots

Silicon quantum dots (Si QDs) are zero-dimensional nanomaterials with several advantages, including
abundant natural reserves, low cost, low toxicity and good biocompatibility. Silicon is abundant in the earth's crust,
easily extracted, and naturally occurs in living organisms in the form of orthosilicates, which are easily excreted
in urine [50]. Ultra-small Si QDs have garnered FDA approval for human clinical trials [51-53]. Owing to these
distinctive attributes, Si QDs are regarded as compelling alternatives to metal-based semiconductor quantum dots
and hold significant promise for applications in bioimaging, disease diagnostics, and therapeutic interventions. Si-
QDs can be combined with magnetic nanoparticles to form biocompatible magnetic-fluorescent nanoprobes. These
advanced probes seamlessly merge the optical properties of Si-QDs with the superparamagnetic attributes of iron
oxide nanoparticles, facilitating enhanced cellular uptake and illuminating the luminescence stability within the
microenvironment of prostate cancer tumor models. This innovation provides a novel nanoplatform for multimodal
imaging and delivery applications [54]. Hanada, Sanshiro et al. synthesized water-soluble aminoprofen-conjugated
Si-QDs (Ap-Si), and the results showed that the "silicon drug" had lower toxicity than the control Si-QD and the
original drug, indicating that the surface integration of ligand/receptor-type drugs might reduce adverse
interactions between cells and drug molecules. Additionally, Si-QDs maintained the pharmacological efficacy of
the original drug (inhibiting the COX-2 enzyme), with the drug effect correlating with the integration ratio of the
original drug, potentially controlling the binding interactions between COX-2 and the silicon drug [55]. The unique
properties of Si-QDs provide new tools and methods for biomedical research and clinical diagnosis.

2.2.2. Silica

Silica nanomaterials are versatile nanomaterials with diverse morphologies and sizes. They possess abundant
surface chemical properties, including silica hydroxyl groups, which can be chemically modified to improve their
compatibility in different media. These nanomaterials exhibit good biocompatibility and degradability, giving
them potential for biomedical applications such as drug carriers. The degradation and elimination of silica
nanomaterials are influenced by various factors, including their size, morphology, surface functionalization and
surface charge. It was shown that colloidal mesoporous silica nanoparticles and uniform mesoporous silica
nanoparticles with different particle sizes showed similar degradation rates in simulated body fluids, which were
related to their surface area [56,57]. He et al. study revealed that high concentrations and low surface area of
mesoporous silica nanoparticles (MSN) lead to reduced degradation percentages and extended degradation times
[58]. The shape of nanoparticles also determines their in vivo kinetics and clearance rates, with spherical particles
degrading faster than rod-shaped particles [59—61]. In vivo distribution and excretion studies underscore that PEG
modification can mitigate nanoparticle accumulation in the liver, spleen, and lungs, thereby extending the
circulation half-life and impacting their biodegradation and excretion pathways [62]. Bein and collaborators
engineered colloidal core-shell mesoporous silica with varying PEG chain lengths, revealing that the PEG shell
curtailed the degradation rate of silica nanoparticles in simulated body fluid. This effect was primarily attributed
to the hydrophilicity of PEG, which inhibits protein adsorption and diminishes unfavorable interactions.
Nanoparticles modified with long and dense PEG chains exhibited even slower degradation [63].

Additionally, different surface modifications may influence the degradation and clearance of nanomaterials.
He et al. synthesized three types of surface-modified silica nanoparticles (OH-SiNPs, COOH-SiNPs, and PEG-
SiNPs), finding that all nanoparticles could be partially cleared through the renal excretion pathway, but PEG—
SiNPs exhibited a longer circulation time and lower liver uptake [64] (Figure 4A). Lin's team synthesized a
multifunctional MRI contrast agent based on MSN that is rapidly eliminated through the kidneys after imaging.
The nanoprobe contains Gd chelate units that covalently bind to the MSN via redox-responsive junctions and is
functionalized with PEG and anisamide ligands to enhance biocompatibility and targeting. Anisamide targets the
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sigma receptor that is overexpressed in a variety of epithelial cancer cells. In vitro experiments demonstrated its
effectiveness and targeting ability, and in vivo experiments showed that the Gd chelator unit was rapidly cleaved
by blood pool thiols and the Gd complex was rapidly excreted through the kidneys [65] (Figure 4B). The
interaction of the surface charge of nanoparticles with serum proteins affected their biodistribution, with highly
positively charged MSNs showing faster hepatobiliary excretion. By modulating the surface charge, the residence
time of nanoparticles within the body can be altered, thereby influencing their excretion pathways. Souris et al.
synthesized highly positively charged, NIR MSN for high-volume traceable drug delivery (Figure 4C). Upon
binding of MSN to NIR fluorescent dyes, the more charged ones with a charge of +34.4 mV at pH 7.4 are rapidly
excreted from the liver to the gastrointestinal tract, and the less charged ones with a charge of —17.6 mV at pH 7.4
are isolated in the liver, suggesting that the charge-dependent adsorption of serum proteins promotes the
hepatobiliary excretion of silica nanoparticles and that the residence time of the nanoparticles in vivo can be
controlled by regulating the surface charge [66]. These findings are crucial for understanding and further
controlling the transport of nanoparticles in biomedical applications.
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Figure 4. Biological properties of silica nanomaterials. (A) In vivo distribution of SiNPs with different surface
modifications at different time points after injection. ((a) - (c), (i), abdominal imaging; (ii), dorsal imaging). (a)
OH-SiNPs; (b) COOH-SiNPs; (c) PEG-SiNPs. Arrows mark the locations of kidneys (K), liver (L), and bladder
(Ub) [64]. Copyright 2008, American Chemical Society. (B) MRI images of nude mice injected intravenously with
PEG-Gd-MSN (0.080 mmol kg "' Gd dose) for 0 min (a), 5 min (b), 15 min (c), 30 min (d), and 45 min (¢), focused
on the bladder (white arrow) [65]. Copyright 2011, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (C)MSN
distribution in vivo [66]. Copyright 2010, Elsevier Ltd.

3. Application of Inorganic Nanomaterials in Disease

Inorganic nanomaterials have emerged as a novel platform in disease therapeutics due to their unique
physicochemical properties, such as excellent optical, thermal, and magnetic properties, as well as their superior
ability in bioimaging, antibacteria and therapy.

3.1. Bioimaging

Precision in tumor imaging is paramount for early tumor detection and for providing imaging guidance during
surgical interventions. In contrast to organic molecules, inorganic nanomaterials have emerged as pivotal materials
for the development of nanoprobes in tumor imaging, owing to their distinctive physical and chemical attributes,
including superior magnetic properties, X-ray attenuation capabilities, and optical characteristics. Notably,
inorganic nanomaterials endowed with bioactivity can react to the biochemical milieu within tumors, such as
variations in pH levels, alterations in redox conditions, and the overexpression of enzymes in tumor cells,
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facilitating stimulus-responsive imaging. These bioactive inorganic nanoprobes enhance imaging signals and
elevate the sensitivity and target-to-background ratio when subjected to specific biochemical triggers within
tumors. Moreover, the majority of these probes are characterized by their favorable biodegradability, which
markedly diminishes their potential toxicity in comparison to conventional inorganic nanoprobes. Consequently,
the development of activatable inorganic nanoprobes that can respond to the specific biochemical environment of
tumors is of profound importance for advancing the clinical application and regulatory approval of inorganic
nanomaterials. In this section, we will explore the multifaceted applications of inorganic nanomaterials within the
realm of tumor imaging, ranging from MRI to PAI, FLI, and ultrasound imaging (USI).

3.1.1. Magnetic Resonance Imaging

MRI renowned for its superior spatial resolution and sensitivity, has found extensive application in clinical
settings. Inorganic nanomaterials, functioning as activatable MRI probes, have the capability to modulate T; and
T, relaxation signals upon exposure to endogenous stimuli, thereby markedly elevating the sensitivity and
precision of tumor imaging. This advancement offers robust support for achieving accurate diagnosis and effective
monitoring of therapeutic interventions. Currently, despite the widespread application of superparamagnetic Fe;O4
nanoparticles—which boast high magnetization and commendable biosecurity—as magnetic resonance contrast
agents for tumor imaging, the precision of tumor diagnosis continues to be compromised by the absence of tumor-
specific targeting and the confounding signals from normal tissues. Glutathione (GSH) is a tripeptide composed
of glutamic acid, cysteine and glycine. It plays a vital role in the cell's antioxidant defense system, helping to
protect against oxidative stress and maintain cellular redox balance. Taking advantage of the overexpression of
GSH in tumors, Wang et al. developed an ultrasmall Fe;O4 assembly that functions as an endogenous GSH-
responsive MRI contrast agent. This innovative agent is synthesized by bonding ultrasmall superparamagnetic
Fe;04 with a crosslinking agent, cystamine, to create Fe;O4 nanoclusters that demonstrate T, imaging capabilities.
Once introduced into tumor tissue, the disulfide bonds within cystamine are selectively cleaved by GSH, leading
to the disassembly of the Fe3O4 nanoclusters into ultrasmall Fe;O4 nanoparticles. This disassembly process results
in a shift from T, to T, relaxation signals, significantly enhancing the accuracy of tumor diagnosis [67]. Guan et
al. have engineered a ternary alloy PtWMn nanocube, serving as a sophisticated reservoir and release mechanism
for manganese ions (Figure 5A). By crafting a microenvironment-responsive nanoplatform, this system adeptly
modulates the manganese ion release within the TME, thereby boosting ROS production, oxygen generation,
glutathione depletion, and synergistically amplifying iron's biological impact. Furthermore, this nanoplatform
exhibits responsiveness in high-field MRI, allowing for the real-time tracking of manganese ion release and iron
mutation initiation via T1/T,-MRI signal alterations. This innovation offers a cutting-edge nanomedicine delivery
and monitoring approach for precision iron poisoning therapy under MRI guidance [68]. Inorganic nanomaterials
selectively augment the sensitivity of MRI to specific biomarkers, thereby elevating the imaging contrast of the
TME. This innovative approach not only facilitates more precise tumor diagnosis but also holds the potential for
extensive clinical adoption in the foreseeable future.

3.1.2. Photoacoustic Imaging

PAI technology synergistically combines the advantages of optics and acoustics, paving the way for high-
resolution molecular imaging. Within the realm of bioactive inorganic nanomaterials, activatable PA contrast
agents are particularly noteworthy. Their ability to precisely respond to target-specific changes renders them highly
effective in elevating the sensitivity and specificity of tumor detection [69]. Zeng et al. engineered a pH-sensitive
Fe (III)-GA nanoparticle that exhibits easy degradation under neutral conditions yet remains stable in acidic
environments. This unique property enables the nanoparticle to be selectively retained at tumor sites while
facilitating its metabolism in other organs, thereby delivering exceptional in vivo PAI and photothermal
therapeutic outcomes [70]. Wang et al. successfully prepared TME-activated Fe/Cu co-doped polyaniline (Fe-
Cu@PANI) nanoparticles, in which Cu (II) reacts with GSH present in tumors, leading to a red shift in the
absorption spectrum of the Fe-Cu@PANI nanoparticles and simultaneously triggering precise PAI of tumors and
effective PTT [71] (Figure 5B). Zhang et al. innovatively crafted a H,S-activated copper-based metal-organic
framework (Cu-MOF) as a NIR ratiometric PA probe for real-time assessment of hydrogen sulfide (H»S) levels
within living organisms. Since the level of H»S in colorectal cancer is significantly higher than that in normal
tissues, this probe generates copper through the in situ reaction of Cu-MOF with endogenous H»S, which enables
the monitoring of H,S levels and in situ colorectal cancer imaging. The synthesized Cu-MOF demonstrates
exceptional PA reactivity, characterized by high selectivity and rapid kinetics towards H>S derived from tumors,
underscoring its critical role in elucidating the etiology and progression of colorectal cancer [72]. Exploring
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biomarkers for activatable PA probes presents a promising avenue in the field of cancer diagnosis and treatment.
Leveraging PAl-based bioactive inorganic nanomaterials, which possess the ability to specifically identify
diseased tissues from healthy ones, can mitigate side effects and toxicity, thereby facilitating real-time tumor
surveillance and precise prognostication. Future research should concentrate on PAI-guided therapy, surgery, and
drug activation, developing novel activatable inorganic nanomaterial PA probes to elucidate cancer biological
mechanisms and enhance clinical detection and treatment efficiency [69].

3.1.3. Fluorescence Imaging

FLI is superior to other imaging techniques due to its high sensitivity and resolution, by selectively activating
the imaging agents in accordance with the distinct characteristics of tumors versus normal tissues, the tumor-to-
background ratio (TBR) can be markedly enhanced. This enhancement not only elevates the sensitivity and
contrast of FLI but also expedites its transition to clinical practice [73]. Compared with continuously activated
contrast agents, inorganic nanoprobes remain non-fluorescent until the activation of tumor-specific molecules,
which further enhances the TBR and provides information on tumor-associated molecules. MnO; nanoparticles
are biodegradable bioactive inorganic nanomaterials that achieve fluorescence quenching by surface modification
of fluorescent probes and utilizing the fluorescence resonance energy transfer (FRET) effect. In normal tissues,
the fluorescence signal is undetectable, the fluorescence signal is restored due to the decomposition of MnO, by
GSH, H,0,, and acidic conditions in the TME. This distinctive property facilitates tumor-specific FLI,
significantly enhancing the imaging's specificity and sensitivity [74]. Yao et al. developed a novel therapeutic
nanoprobe that utilizes a multifunctional DNA-templated silver nanocluster (AgNC)/porphyrin/MnO,
nanoplatform for unlabeled Zn?" FLI. The intracellular degradation of MnO; nanosheets by GSH, H*, and H,0»
results in the release of AgNCs, which dynamically self-assemble via a three-way DNA junction structure to
facilitate label-free FLI of Zn?" within cells [75]. Wei et al. designed a novel nanoprobe VGd@ICG-FA for
improving the radiotherapy effect and precision surgery of breast cancer. The probe achieves efficient targeting
through Gd coating and folic acid modification, and uses glutathione depletion and NIR second-zone FLI to
enhance the sensitivity of cancer cells to radiotherapy, and navigates to accurately locate microcancers during
surgery, with the advantage of no systemic side effects [76]. Recently, researchers have developed a new
nanoprobe PCN@FL that can simultaneously detect and image hypochlorous acid and phosphorylation levels in
early atherosclerosis, providing a new tool for early diagnosis and mechanism research of the disease (Figure 5C).
Experimental results showed that hypochlorous acid and phosphorylation levels in the serum of early-stage
atherosclerotic mice were significantly higher than those of normal mice, verifying the potential of this nanoprobe
in disease assessment [77].

3.1.4. Ultrasound imaging

USI has become an important technique for clinical tumor detection and tissue biopsy due to its low cost,
real-time performance, non-ionization and deep tissue penetration. Fluorocarbon microbubbles are used as USI
contrast agents to improve ultrasound therapy through the cavitation effect, but their large volume, poor stability,
and short cavitation activity limit their application in tumor imaging and therapy [78]. Novel inorganic
nanomaterial-based ultrasound contrast agents, owing to their superior stability and tumor specificity, present fresh
prospects for tumor imaging and therapy. Furthermore, the acid-induced degradation characteristics of CaCO;
open up new avenues for contrast-enhanced USI, facilitating enhanced assessment of organ function and
physiological information. For example, Feng et al. developed a pH/ultrasound dual-responsive mesoporous
CaCOs nanoparticles loaded with the acoustic sensitizer HMME and modified surface HA, which can precisely
target tumors in the tumor-acidic environment and ultrasound, leading to cell necrosis and vascular disruption
through CO, generation and cavitation effects. Additionally, they function as ultrasound contrast agents, enhancing
the detection and identification of malignant lesions [79]. Inorganic contrast agents such as silica nanoparticles
and gold nanoparticles offer reliable carriers for activatable ultrasound contrast agents due to their stability. Hollow
mesoporous organosilica nanoparticles, engineered with glutathione-responsive biodegradable linkages through
disulfide bonds, are meticulously loaded with indocyanine green (ICG) and perfluoropentane These innovative
nanoparticles are designed to deliver a dual-action approach, combining PTT with USI, specifically tailored for
the intricate landscape of the TME [80]. In an intriguing study, Meng et al. developed a BiF;@PDA@PEG (BPP)
nanoparticles with good monodispersity and core-shell structure by initially forming BiF3 nanoparticles through
coprecipitation, coating with polydopamine (PDA), and then modifying with PEG, which undergoes self-
aggregation at acidic pH via a hydrophilic to hydrophobic transition of BPP, increasing tumor density and acoustic
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impedance aberration (Figure 5D). This enhancement in turn boosts the sensitivity of USI for acidic tumor tissues,
providing a novel strategy for the development of activatable USI inorganic nanomaterials [81].
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Figure 5. Applications of inorganic nanomaterials in bioimaging. (A) pH-responsive R-PtWMn nanoplatforms for
manganese storage in high-field MRI monitoring and TME-induced iron death [68]. Copyright 2022, Wiley-VCH
GmbH. (B) Preparation of Fe-Cu@PANI nanoparticles and their activation mechanism in PAI and tumor PTT [71].
Copyright 2021, The American Association for the Advancement of Science. (C) Synthesis of PCN@FL and its
application in the detection and imaging of phosphorylation and HCIO levels in early AS models [77]. Copyright
2023, Wiley-VCH GmbH. (D) BPP as a mechanism for sensitive diagnosis of acidic TME by smart nano-UCA
[81]. Copyright 2022, American Chemical Society.

3.2. Antibacteria

At the beginning of the 20th century, infectious diseases were reigned as the predominant cause of global
mortality, and the invention of antibiotics and other antimicrobial agents significantly reduced their morbidity and
mortality rates, but faced challenges such as high price, toxicity, and drug resistance [82,83]. Inorganic
nanomaterials show great potential in antimicrobial therapy due to their unique physical and chemical properties.
Through meticulous design of specific shapes and sizes, functionalization to target specific bacterial species, and
synergistic integration with modalities such as PDT and PTT, these nanomaterials function as potent antibacterial
agents or carriers. This strategic approach not only amplifies antibacterial efficacy but also mitigates the risk of
toxicity to normal cells, positioning them as a promising frontier in the battle against bacterial infections [84 - 86].
Chronic obstructive pulmonary disease (COPD) is a condition characterized by airflow obstruction due to chronic
inflammation, with patients being highly susceptible to infections due to compromised immune function, leading
to exacerbated symptoms and high mortality rates [87,88]. Amikacin (AM) is the main drug used for the treatment
of COPD, but intravenous administration suffers from low bioavailability and high toxicity. Yu et al. developed a
novel drug delivery system, combining PEG-modified chitosan (CS) nanoparticles and black phosphorus quantum
dots (BPQDs) to co-deliver AM for COPD treatment. This system promotes the dissolution of CS and release of
AM through the acidic environment generated by the decomposition of BPQDs. NPs dissolution and AM release,
which enhanced the antimicrobial properties and effectively inhibited biofilm formation. In vivo studies
demonstrate that the system exhibits excellent mucus penetration and antibacterial capabilities, offering potential
clinical applications for COPD treatment [89].

In the field- of antimicrobial therapeutics, researchers are exploring the use of smart inorganic nanomaterials
to mimic the activity of horseradish peroxidase (HRP), which are capable of generating ROS through Fenton or
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Fenton-like reactions to destroy bacteria [90]. However, using these nanoenzymes alone may not completely
eliminate bacteria [91]. To bolster antibacterial efficacy, investigators have proposed combining nanozymes with
PTT, leveraging the photothermal effect to elevate temperatures and accelerate reaction rates, thereby augmenting
antibacterial effects [90]. Currently, a variety of nanoenzymes, such as carbon nanoparticles [92], metal or
bimetallic oxides [93,94], and single-atom nanoenzymes [92], have been used to enhance the antibiotic effect of
PTT in order to address the problem of antibiotic resistance. However, relying solely on these nanozymes may not
completely eradicate bacteria. Wang et al. developed a nickel disulfide nanozyme that effectively disinfects E. coli
and methicillin-resistant staphylococcus aureus through biodegradation, GSH depletion, enhanced PTT, and
Fenton-like catalytic activity. It also possesses excellent photothermal performance and biodegradability, offering
a highly efficient and safe strategy for antibacterial treatment [95]. Recently, inspired by the structure of vitamin
U, researchers have carefully designed and synthesized a series of sulfonium peptides with different degrees of
alkylation. These peptides show excellent performance in antibacterial activity, hemolysis rate and cytotoxicity,
providing an important structural basis and theoretical basis for the development of new antibacterial drugs. As
shown in Figure 6, by adjusting the degree of alkylation of the peptide, its antibacterial properties and
biocompatibility can be precisely controlled, thereby achieving efficient killing of pathogens such as methicillin-
resistant Staphylococcus aureus (MRSA) while minimizing damage to normal cells. This innovative peptide design
strategy not only broadens the research field of antimicrobial peptides, but also provides a new solution to the
increasingly severe problem of bacterial resistance [96]. Antibiotic resistance in microorganisms is a growing
problem that threatens human health. To tackle this challenge, researchers are exploring the development of “nano-
antibiotics” using inorganic nanomaterials. These nano-antibiotics are effective in combating infectious diseases
by interacting with bacterial cell membranes, proteins, nuclei, mitochondria, or transmembrane electron transport
systems to disrupt bacterial structures.
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Figure 6. Antimicrobial principles and specificity of alkylated sulfonium peptides derived from vitamin U-inspired
peptides. (A) Structurally inspired alkylated sulfonium polypeptides (Gx-PM-n+) of vitamin U. Gx represents
polyamidoamine dendritic polymer (x = 0, 1 and 2 generations) triggers. (B) Antimicrobial principle of G2-PM-
1H" versus Staphylococcus aureus and Escherichia coli. (C) Antibacterial activity, cytotoxicity and hemolysis of
G2-PM-1H" and astro-polylysine (G2-PL-1) as controls [96]. Copyright 2023, Wiley-VCH GmbH.

3.3. Therapy

Inorganic nanomaterials have demonstrated extensive application potential in disease treatment. Through
various means such as drug delivery, PDT, PTT, and synergistic therapy, these nanomaterials facilitate targeted
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drug delivery, enhanced light absorption, efficient photothermal conversion, and multi-modal treatment strategies.
This approach significantly improves therapeutic efficacy, reduces side effects, and facilitates personalized
treatment.

3.3.1. Drug Delivery

To achieve safe and effective therapies, nanocarriers are used for drug delivery, and inorganic nanomaterials
are ideal drug delivery platforms due to their ease of preparation, stability and biocompatibility. Over the past
decade, mesoporous silica nanoparticles have become ideal for drug delivery systems due to their tailored
mesoporous structure, large surface area, good biocompatibility and easy surface functionalization [97,98]. Yan et
al. developed a multifunctional hybrid drug delivery system with a core-shell structure, which is based on silica-
coated Fe;O4 nanospheres with an outer layer of ordered mesoporous silica and a phosphor (YVO4:Eu** or NaYF4:
YD, Er/Tm) deposited in the outermost layer. This structure endows the material with up- and down-conversion
emission capabilities as well as high magnetization properties. Notably, by monitoring changes in
photoluminescence intensity, the drug release process from the multifunctional carrier can be tracked and
monitored in real time [99]. Iron oxide nanomaterials are promising for a wide range of applications in drug
delivery due to their unique physicochemical properties such as targeting, magnetic guidance, controlled release
systems, biocompatibility, and multifunctionality [100]. They are also one of the primary components among
inorganic nanomedicines approved by the FDA [101]. The Ni team utilized magnetic iron oxide nanoparticles
(MIONPs) as a multifunctional delivery platform, employing folic acid ligands to precisely target glioblastoma
(GBM) while simultaneously delivering cisplatin and siRNA that inhibits GPX4, thereby achieving comprehensive
therapy. The delivery of MIONPs not only enhances drug and gene silencing molecule targeting, but also offers
the possibility of monitoring the therapeutic effects by MRI in the future [102]. As shown in Figure 7A (a), Li et
al. designed an innovative nanocarrier for stroke treatment. This nanocarrier consists of a platelet membrane and
v-Fe203 magnetic nanoparticles (MNs) that can load l-arginine (PAMN). The platelet membrane has a natural
thrombus-targeting adhesion ability, while the y-Fe203 magnetic nanoparticles have a magnetic field response
ability. These 200-nanometer-sized PAMN:S are injected through the tail vein and can be precisely accumulated in
the stroke lesion area under the guidance of an external electromagnetic field. Once PAMNs accumulate in the
lesion area, I-arginine is released and metabolized in endothelial cells to produce nitric oxide (NO). The production
of NO helps promote dilation and reperfusion of microvessels in the lesion area, thereby improving cerebral blood
flow and reducing damage caused by stroke (Figure 7A (b)). This treatment method can not only quickly locate
lesions, but also provide a new way to rebuild blood vessels in the affected area through vasodilation and thrombus
aggregation relief, which helps to improve the prognosis of stroke patients[103]. These studies demonstrate the
potential of inorganic nanomaterials in drug delivery, which are expected to improve therapeutic efficacy and
minimize side effects through precise targeted delivery, real-time monitoring and responsive release.

3.3.2. Photodynamic Therapy

PDT, as a precise and long-term complication-reducing method for tumor treatment, relies on the synergistic
interaction of light, O,, and photosensitizers (PS) [104,105]. It generates ROS through type I or type II
photochemical reaction mechanisms to eradicate cancer cells [106]. In type I reactions, the excited triplet state PS
engages directly with intracellular biomolecules, initiating the formation of radical cations or anions. These
radicals then interact with O,, producing cytotoxic ROS, including superoxide anion, hydroxyl radical, and
hydrogen peroxide [107]. Conversely, in type Il reactions, the excited triplet state PS efficiently transfers its energy
to Oy, resulting in the production of highly toxic singlet oxygen [108]. In recent decades, the evolution of
nanotechnology has heralded revolutionary enhancements in PDT. Novel inorganic nanophotosensitizers have
significantly enhanced the efficacy and targeting of PDT through high extinction coefficients, surface modification
capabilities, nano-size advantages, EPR effects, and multifunctional integration, opening new avenues in cancer
treatment. Liu and colleagues developed a therapeutic hybrid system by attaching DTPA to C60-PEG-DTPA and
combining it with a gadolinium acetate solution, resulting in the preparation of Gd**-chelated C60-PEG-DTPA-
Gd under specific illumination. The complex exhibited significant anti-tumor PDT effect after intravenous
injection into tumor-bearing mice and the PDT effect was confirmed by MRI signal enhancement with the
correlation of tumor accumulation [109]. In 2017, Gao et al. employed DNA-guided Au-Ag plasmonic
nanocomponents to craft chiral nanoparticles for cancer PDT through DNA hybridization, electrical displacement
reaction and cysteine enantiomer coupling, providing a new strategy for PDT therapy [110] (Figure 7B).
Concurrently, Ti3C, MXene was identified as a promising candidate for PDT due to its ability to generate ROS
upon specific wavelength illumination. The DOX- and HA-modified Ti;C; MXene nanoplatforms exhibited good
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photothermal conversion and singlet oxygen generation under 808 nm laser irradiation [111]. Due to the limited
effect of single treatment modality, PDT is often used in combination with chemotherapy and PTT to form an
integrated treatment regimen.

3.3.3. Photothermal Therapy

PTT is a therapeutic approach that leverages photothermal agents accumulated within the tumor to convert
NIR light energy into thermal energy, leading to necrosis or apoptosis of cancer cells [112,113]. Inorganic
nanomaterials exhibit significant potential for application in the field of PTT by absorbing NIR light and efficiently
converting it into heat through their high extinction coefficient and localized surface plasmon resonance effect
[114,115]. These materials boast the distinct advantages of elevated stability and the ability to fine-tune their
physicochemical properties, which can be further augmented through strategic surface modifications to enhance
their biocompatibility and targeting specificity, minimizing collateral damage to healthy tissues [116].

Precious metal photothermal agents, such as gold, silver, platinum, and palladium, are capable of absorbing
laser energy and converting it into thermal energy [117]. Among these, the application of gold nanomaterials in
PTT has garnered attention due to the aspect ratio-dependent absorption peak of gold nanorods and their excellent
photothermal conversion efficiency [118]. However, limitations such as broad size distribution and the use of toxic
cetyltrimethylammonium bromide have been identified. To address these challenges, Xia et al. successfully
prepared hollow gold nanocages by electrochemical methods using silver nanocubes as templates. To facilitate
controlled drug release under photothermal conditions, they strategically applied the thermosensitive polymer
pNIPAAm-co-AAm to the surface of the gold nanocages, effectively sealing their openings. When subjected to
NIR laser irradiation, the ensuing temperature rise precipitates the disintegration of the polymer valve, thereby
unveiling the openings of the gold nanocages and enabling the targeted release of the encapsulated drug payload
[119]. Pd- or Pt-based PTAs remain structurally stable under laser irradiation due to their high melting points, and
scientists are working to improve their absorption in the NIR band to enhance performance. Cheng et al.
synthesized ultrasmall Cu, Pt, and Pd NPs, with diameters of 1.5 nm, through a dendrimer-mediated wet chemical
synthesis approach. These Pt nanoparticles bound to tumor-targeting ligands showed high tumor accumulation 24
h after injection and led to significant tumor regression after photothermal treatment [120]. Additionally, Pd or Pt-
based PTAs possess catalytic properties, which can be leveraged to enhance overall therapeutic efficacy [121]. Liu
et al. constructed a biomimetic nanoimmune activator CuS/Z@M4T1, which is composed of ZIF-8, NIR-II
photothermal agent CuS nanodots and 4T1 tumor cell membrane (Figure 7 C (a)). The homologous targeting and
immune escape ability of tumor cell membrane is utilized to accumulate in tumor tissue. pH-sensitive ZIF-8 is
degraded in acidic lysosomes to release CuS nanodots and Zn?*. Zn?* overload leads to nicotinamide adenine
dinucleotide loss and reduced adenosine triphosphate level, inhibiting heat shock proteins synthesis. CuS nanodots
produce photothermal effect under NIR-II laser irradiation, enhancing immunogenicity to kill cancer cells,
inducing immunogenic cell death to promote dendritic cell maturation and immune cascade reaction, transforming
"cold" tumors into "hot" tumors, and combining with programmed death 1 checkpoint blockade to achieve
systemic immunotherapy effect, inhibiting primary tumors and delaying metastasis (Figure 7 C (b)) [122].

Graphene, owing to its unique two-dimensional structure and electronic properties, has demonstrated
favorable tumor accumulation and therapeutic efficacy in PTT, despite its insolubility in water, which necessitates
surface modification. The application of graphene has spurred the development of similar materials, such as
transition metal dichalcogenides, transition metal oxides, and MXenes, which exhibit excellent photothermal
properties and biocompatibility. For instance, Shi et al. successfully prepared molybdenum disulfide nanosheets
in aqueous PEG solution using a solvothermal method. During this process, PEG chains were integrated into the
nanosheet surfaces, significantly enhancing their stability and water solubility. This synthetic approach not only
ensured a high yield but also allowed the nanosheets to exhibit excellent dispersion in water and maintain inherent
stability under physiological conditions. Furthermore, this method allows for the modulation of nanosheet size to
cater to diverse application requirements. This innovative synthesis strategy significantly facilitates the application
of MoS; nanosheets in the biomedical field, particularly in PTT where superior dispersion and stability are required
[123]. Recently, a novel graphene analogue known as MXenes has been utilized as PTAs, showing higher light
absorption than reduced graphene oxide due to its higher electronic conductivity [124,125]. For example, ultrathin
two-dimensional MXene tantalum carbide has a photothermal conversion efficiency that exceeds that of
conventional Ti;C; nanosheets and can be used as an x-ray CT contrast agent due to its high-Z elemental tantalum
content [126]. This achievement not only demonstrates the high efficiency of MXene materials in PTT but also
opens up new possibilities for their application in multimodal medical imaging.

3.3.4. Synergistic Therapy
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Inorganic nanomaterials play an increasingly important role in disease treatment, and they significantly
enhance therapeutic efficacy through precise targeted drug delivery, real-time monitoring, reactive release, and
multifaceted mechanisms of action. Currently, these materials are primarily applied in combinations of PDT with
PTT, PDT with chemotherapy, and PTT with chemotherapy. In particular, they show great potential in cancer
therapy. Chen et al. developed chitosan hybrid nanospheres (CS-AuNR-ICG NSs) by co-loading gold nanorods
(AuNR) and ICG, enabling the combined application of PTT and PDT triggered by NIR light. These nanospheres
can effectively protect ICG and deliver it to the tumor site with a size of 180 nm and a wide absorption range.
Under the irradiation of 808 nm laser, the high temperature and active oxygen produced by the nanospheres can
effectively kill the cancer cells, which significantly improves the treatment effect [127]. The multifunctional
nanoplatform based on TizC, nanosheets (Ti3C,-DOX) is a novel tumor treatment system that integrates the
chemotherapeutic drug doxorubicin (DOX) and the tumor-targeting agent hyaluronic acid through layer-by-layer
surface modification. This nanoplatform possesses a high drug loading capacity and can achieve controlled drug
release in response to pH changes in the TME. Under NIR laser irradiation, Ti3C,-DOX exhibits photothermal
effects and triggers a photodynamic process to produce ROS, thereby exerting a synergistic killing effect on tumor
cells. The development of this nanoplatform offers new possibilities for combined tumor therapy [111]. Inspired
by the activation of the cGAS-STING pathway by Mn?*', researchers developed a combined
photothermal/immunotherapy strategy for triple-negative breast cancer (TNBC) and constructed a Mn-enriched
photonic nanomedicine (MnPB-MnOx). Mn-doped prussian blue (MnPB) nanoparticles were synthesized by
replacing iron with Mn?", and MnOx was bonded to the surface of MnPB by the redox reaction of
polyvinylpyrrolidone and potassium permanganate to prepare MnPB-MnOx (Figure 7D(a)). Under NIR light
irradiation, the nanostructure caused a double blow to tumor cells through the high temperature generated by
MnPB and the ROS catalyzed by MnOx, releasing a large amount of tumor-associated antigens (TAAs) and
activating the immune response. The Mn?*-enhanced cGAS-STING signaling pathway promotes immune cells to
secrete cytokines, mature dendritic cells and migrate to lymph nodes, activating adaptive immune responses. This
increases the enrichment of natural killer cells, macrophages, and CD8" T cells at the tumor site, enhances local
immunotherapy effects, and activates systemic immune responses to suppress distant tumors. Therefore, MnPB-
MnOx synergistically enhances anti-tumor immunity by activating the cGAS-STING pathway and releasing TAAs,
achieving enhanced local and systemic therapeutic effects (Figure 7D(b)) [128]. The combination therapy
strategies utilizing inorganic nanomaterials demonstrate significant potential and broad prospects in clinical
applications, particularly in cancer treatment. By employing multimodal therapeutic approaches, these strategies
can effectively enhance treatment efficacy and reduce side effects.
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Figure 7. Application of inorganic nanomaterials in clinical treatment. (A) Schematic structure of PAMNs and in
vivo targeting mechanism [103]. Copyright 2020, American Chemical Society (B) Mechanism of self-assembled
shell satellite nanostructures as chiral photodynamic therapeutic agents [110]. Copyright 2017, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (C) Preparation method and mechanism of action of biomimetic
nanoimmune activator CuS/Z@M4T1 [122]. Copyright 2023, Wiley-VCH GmbH. (D) Construction of manganese-
rich MnPB-MnOx nanomedicine and the mechanism of synergistic photothermal ablation and Mn?*-enhanced
cancer immunotherapy [128]. Copyright 2022, Elsevier Ltd.

4. Challenges and Prospects

Over the past several decades, inorganic nanomaterials have undergone remarkable advances, with our
comprehension of their physicochemical characteristics and their interplay with biological systems substantially
enhanced. Nonetheless, the application of inorganic nanomaterials in diseases treatment continues to be an
emerging and dynamic field, given the swift progression and expansive nature of related research. The
development of these materials is confronted with a myriad of challenges that substantially impede their efficacy
and success in clinical settings (Figure 8).
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Figure 8. Challenges in the application of inorganic nanomaterials in disease treatment.

a) Biocompatibility

Inorganic nanomaterials represent a diverse array of substances, yet not all have been extensively evaluated
in the human body. This raises a significant challenge in ascertaining their biocompatibility. Most of our current
toxicity research is centered on conventional materials, but nanomaterials differ markedly from their bulk
counterparts in terms of properties. Consequently, traditional toxicological assessments may fall short in accurately
gauging or evaluating their potential toxicity. Although initial studies suggest that inorganic nanomaterials are
non-toxic and capable of biodegradation, the long-term implications of their use remain unclear. Moreover, these
nanomaterials may accumulate at elevated concentrations in organs such as the liver, spleen, and lungs. Therefore,
it is imperative to conduct comprehensive long-term toxicity studies on inorganic nanomaterials prior to initiating
clinical trials for nanomedicines.
b) Targeting

Inorganic nanomaterials for biomedical applications face challenges of targeting and drug delivery efficiency,
which include achieving specific recognition of diseased cells, avoiding non-specific uptake, ensuring adequate
drug loading and stability, releasing the drug at the target region on demand, penetrating vascular and cell
membrane barriers, prolonging the circulation time, improving clearance, and controlling dosage accurately and
taking into account individual differences in clinical applications, and these challenges need to be overcome
through interdisciplinary collaboration and innovative design.

¢) Clinical translation

In the development of nanomedicines, researchers face challenges in clinical translation due to the inability
of animal models to fully simulate human diseases. To overcome these challenges, they must carefully select
animal models that closely match human disease characteristics and use advanced imaging and bioanalytical
techniques to track the distribution and effects of drugs within animals. These methods help to enhance the
reliability and predictive accuracy of experimental results, laying a solid foundation for the clinical application of
nanomedicines. In essence, the clinical translation of nanomedicines is an intricate endeavor that necessitates a
comprehensive consideration of factors including cost, safety, formulation complexity, and environmental impact.
By undertaking these meticulous evaluations and strategic refinements, the pathway for the sustainable
development and clinical adoption of nanomedicines can be smoothed, ultimately offering patients with enhanced
safety and efficacy in their therapeutic options.

d) Environmental impacts

Furthermore, as global consciousness regarding environmental stewardship intensifies, the ecological
footprint of commercial production has garnered heightened attention. This extends beyond the potential
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environmental repercussions of the nanomaterials themselves to encompass critical issues such as the management
of industrial waste produced during manufacturing and energy consumption. Therefore, the development of
environmentally friendly nanomedicine production and disposal technologies, alongside efforts to refine
production processes to mitigate environmental impact, has emerged as a pivotal area of contemporary research.
In summary, although inorganic nanomaterials show great potential in the biomedical field, their application
in the treatment of diseases still faces many challenges. With technological innovation and interdisciplinary
collaboration, it is expected that these challenges can be addressed, facilitating the broad application of inorganic
nanomaterials in the medical field.
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