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Abstract

The tumor microenvironment (TME) is characterized by hypoxia; acidic pH; oxidative
stress; and immune suppression; all of which severely impair the efficacy of conventional
cancer therapies. Recent advances in inorganic nanotechnology have led to the devel-
opment of smart nanomaterials capable of modulating these abnormal features; thereby
reprogramming the TME toward a more therapy-responsive state. Inorganic nanomate-
rials such as manganese dioxide; iron oxide; and cerium oxide can selectively alleviate
hypoxia; buffer acidity; regulate redox balance; and even stimulate anti-tumor immunity
through catalytic or structural mechanisms. These materials can further serve as carriers
for stimuli-responsive drug delivery; enabling synergistic therapies that include chemo-
dynamic; photothermal; and immunomodulatory treatments. This review summarizes
recent developments in smart inorganic nanomaterials for TME modulation; discusses
design considerations including biosafety and biodegradability; and evaluates the current
translational status and future directions. Such strategies represent a promising leap toward
precise and personalized cancer nanomedicine

Keywords: tumor microenvironment; inorganic nanomaterials; hypoxia modulation;
redox-responsive nanoparticles; smart nanotechnology

1. Introduction
Cancer is not just a disease of rapidly dividing cells. It occurs within a complex and

dynamic setting called the tumor microenvironment (TME) [1,2]. The TME includes not
only tumor cells but also various non-malignant components. These include immune
cells, fibroblasts, blood vessels, and extracellular matrix proteins [3,4]. The TME is not
passive. It plays an active role in promoting tumor growth, invasion, and metastasis. It also
protects tumors from therapeutic agents. Among its many characteristics, four stand out as
key contributors to treatment resistance: hypoxia, acidity, oxidative stress, and immune
suppression [5,6].

Hypoxia, or low oxygen levels, is common in solid tumors. Tumor cells often grow
faster than their blood supply can support. This creates regions within the tumor that
lack sufficient oxygen [7,8]. Hypoxia leads to the activation of specific genes that help
cancer cells survive. It also reduces the effectiveness of therapies such as radiotherapy
and some forms of chemotherapy. Acidic pH is another hallmark of the TME. Tumor cells
often switch to a type of metabolism called aerobic glycolysis [4,9]. This produces large
amounts of lactic acid. As a result, the tumor becomes acidic, especially in its extracellular
environment. This acidic environment can degrade therapeutic drugs or prevent them
from entering tumor cells effectively. High levels of reactive oxygen species (ROS) are
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also common in tumors [10,11]. While ROS can damage cells, cancer cells often tolerate
and exploit them. High ROS can promote genetic mutations, drive cancer progression,
and trigger resistance to treatment. Finally, the TME is often immunosuppressive. Tumor
cells recruit immune cells like regulatory T cells (Tregs) or tumor-associated macrophages
(TAMs) that suppress immune responses [12,13]. This makes it difficult for the immune
system to recognize and destroy cancer cells. Immunosuppression in the TME is one of the
major barriers to the success of immunotherapies.

Traditional cancer therapies include surgery, chemotherapy, radiotherapy, and im-
munotherapy. Each has made important contributions to cancer care. However, their effec-
tiveness is often reduced by the hostile and abnormal conditions of the TME. Chemotherapy
drugs rely on blood flow to reach the tumor [4,14]. But in many tumors, the blood vessels
are irregular and leaky. This makes drug delivery inefficient. Even when the drugs reach
the tumor, acidic pH and high glutathione (GSH) levels can deactivate them. Radiotherapy
is also less effective in hypoxic environments [15,16]. Oxygen is required to generate free
radicals that damage cancer cell DNA. Without oxygen, radiation becomes significantly
less lethal to tumor cells. Immunotherapies have revolutionized treatment for many can-
cers [17,18]. But they often fail in “cold” tumors, which lack active immune cell infiltration.
The immunosuppressive TME further limits the activation of T cells, even after checkpoint
blockade therapies. These challenges reveal a major problem. Conventional therapies are
designed for normal tissues, not for the unique biology of tumors. The abnormal features
of the TME create a protective shield around cancer cells. Overcoming this shield requires
new therapeutic strategies that can adapt to or modify the TME itself.

To address the challenges posed by the TME, researchers are turning to smart inorganic
nanomaterials. These are tiny particles, often less than 100 nanometers in size, made from
metals or metal oxides. They can be engineered to respond to the specific features of the
TME. These materials are “smart” because they are stimuli-responsive. For example, some
release their drug payload only in acidic conditions [19,20]. Others activate in the presence
of high ROS or reducing agents like glutathione. This responsiveness allows them to
deliver therapies directly to tumor sites while sparing healthy tissue. One key advantage of
inorganic materials is their catalytic activity. Materials like manganese dioxide (MnO2) can
react with tumor-derived hydrogen peroxide to produce oxygen [21,22]. This can relieve
hypoxia and improve the effectiveness of radiotherapy or photodynamic therapy [23]. Iron
oxide nanoparticles can trigger Fenton reactions in the tumor. These reactions convert
hydrogen peroxide into hydroxyl radicals, which are toxic to cells. This forms the basis of
chemodynamic therapy, a new approach that relies on the TME to generate therapeutic
effects. Some inorganic nanoparticles also serve as imaging agents. Gold, cerium, and
gadolinium-based nanoparticles enhance imaging techniques such as MRI, CT, and photoa-
coustic imaging. This allows for image-guided therapy, where clinicians can track treatment
in real-time. In addition, inorganic nanomaterials can modulate the immune environment.
For example, certain iron-based materials can reprogram tumor-associated macrophages
from an immunosuppressive M2 type to an inflammatory M1 type. This can help “heat up”
cold tumors and make them more responsive to immunotherapy. As research advances,
these smart inorganic systems are becoming more multi-functional. They can carry drugs,
generate oxygen, regulate redox balance, and support imaging—all in a single platform.
This multi-modal approach is especially valuable in tackling the complexity of the TME.

This review focuses on the design, function, and application of smart inorganic nano-
materials for modulating the tumor microenvironment. We explore how these materials
are used to target specific features of the TME—such as hypoxia, acidity, redox imbalance,
and immune suppression. We provide a detailed overview of the components and charac-
teristics of the TME. This sets the stage for understanding why it is such a critical barrier to
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effective treatment. We categorize the different types of inorganic nanomaterials used in
cancer therapy. This includes metal oxides, noble metals, carbon-based materials, and more.
We cover hypoxia relief, pH buffering, redox regulation, and immune reprogramming. We
review how these strategies enable multi-modal therapies, including chemo, photo, radio,
and immunotherapies. Finally, outlines current challenges and future perspectives. We
discuss how nanotechnology, combined with machine learning and personalized medicine,
might transform cancer therapy. Through this structured approach, we aim to provide
a comprehensive and accessible overview of how smart inorganic nanomaterials are re-
shaping the future of cancer treatment by overcoming the long-standing barriers of the
tumor microenvironment.

2. Overview of the Tumor Microenvironment (TME)
Cancer is not just a disease of rogue cells. It is deeply influenced by the biological en-

vironment in which it develops. This environment, known as the tumor microenvironment,
plays a central role in cancer progression, treatment resistance, and immune evasion.

2.1. Key Components of the TME

The tumor microenvironment is a complex and dynamic system (Figure 1). It contains
both cancerous and non-cancerous elements. Together, they form an ecosystem that sup-
ports tumor survival. Cancer cells are the core of the tumor. They undergo uncontrolled
growth due to genetic mutations and epigenetic changes [24,25]. However, they do not act
alone. They communicate with surrounding cells and adapt to environmental stress. This
ability to co-evolve with their surroundings is a major reason why cancer is hard to treat.
Cancer cells release signals. These signals recruit and reprogram nearby cells. As a result,
the tumor gains access to nutrients, avoids immune attack, and promotes blood vessel
formation. These are classic examples of how cancer cells shape their environment. Stromal
cells are non-cancerous cells found in the TME. These include fibroblasts, endothelial cells,
and mesenchymal stem cells. One of the most important stromal cells in tumors is the
cancer-associated fibroblast (CAF) [26,27]. CAFs differ from normal fibroblasts. They are
activated by tumor signals and support cancer progression. CAFs secrete growth factors,
remodel the extracellular matrix, and influence immune cell behavior [28]. Endothelial cells
form the lining of blood vessels. In tumors, they help create abnormal vasculature. These
blood vessels are often irregular, leaky, and poorly organized. This limits the delivery of
oxygen and drugs into the tumor core.

Immune cells are a major component of the TME. However, their role is complex.
In some cases, immune cells fight cancer. Cytotoxic T cells and natural killer (NK) cells
can recognize and destroy tumor cells [29,30]. But in many tumors, immune cells are
reprogrammed to help the tumor. For example, TAMs often support tumor growth [31,32].
Instead of attacking cancer, they suppress other immune cells, promote angiogenesis, and
enhance metastasis. Tregs also help the tumor by preventing effective immune responses.
Myeloid-derived suppressor cells (MDSCs) further block immune activity. Together, these
cells create an immunosuppressive environment. The ECM is a network of proteins and
molecules surrounding the cells [33,34]. It provides structure and biochemical signals. In
tumors, the ECM is often dense and disorganized. This stiff matrix can act as a barrier to
drug penetration. It can also send signals that promote cancer cell survival and migration.
Collagen, fibronectin, and hyaluronic acid are commonly overexpressed in the tumor
ECM [35,36]. These molecules interact with integrins and other cell receptors to affect cell
behavior. In short, the ECM is not just a scaffold. It is an active regulator of cell fate in the
tumor setting.
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Figure 1. Overview of the tumor microenvironment.

2.2. Major Abnormalities in the Tumor Microenvironment

The TME is not like normal tissue. It is hostile, stressful, and highly altered. These
changes affect how the tumor behaves and how it responds to therapy. Here, we discuss
the four most prominent abnormalities: hypoxia, acidity, oxidative stress, and glutathione
(GSH) overexpression. Hypoxia refers to low oxygen levels. It is a defining feature of many
solid tumors [37,38]. As tumors grow, they often outpace their blood supply. This results in
regions that receive little to no oxygen. Cells in these regions adapt by activating hypoxia-
inducible factors (HIFs). These are transcription factors that help cells survive under
low oxygen. HIFs trigger the expression of genes that promote angiogenesis, anaerobic
metabolism, and drug resistance [39,40]. They also increase the expression of immune
checkpoint molecules, which helps the tumor evade immune detection. Hypoxia makes
tumors more aggressive. It also reduces the effectiveness of radiotherapy, which relies on
oxygen to generate free radicals that kill cancer cells.

Tumors are acidic. This is mainly due to the Warburg effect, where cancer cells rely
on glycolysis even in the presence of oxygen [41,42]. This produces lactic acid, which is
then secreted into the extracellular space. The result is a low extracellular pH, often around
6.5 or lower. Normal tissues typically have a pH of 7.4. Acidic pH has multiple effects. It
impairs drug uptake, especially for weakly basic drugs. It also alters enzyme activity and
immune cell function. Moreover, acidic conditions can promote the activation of certain
proteases that help cancer cells invade surrounding tissues. Importantly, acidity is not
uniform. Some regions of the tumor are more acidic than others. This creates a patchy
landscape that complicates treatment.
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Cancer cells often have high levels of ROS. These are chemically reactive molecules that
include superoxide, hydrogen peroxide, and hydroxyl radicals [43,44]. ROS are produced
during metabolism and signaling. In tumors, their levels are elevated due to mitochondrial
dysfunction, rapid growth, and inflammation. High ROS levels can damage DNA, proteins,
and lipids. This drives mutations and genomic instability. But cancer cells often adapt. They
develop antioxidant defenses to tolerate the oxidative stress [45,46]. ROS also influence
signaling pathways. They activate NF-κB, HIF-1, and MAPK pathways, all of which pro-
mote survival, proliferation, and invasion. ROS can also affect the immune system [47,48].
Moderate ROS levels can suppress T cell activation and contribute to immune escape.

To counter high ROS, cancer cells increase their levels of antioxidants. The most
important of these is glutathione (GSH). GSH is a tripeptide that directly neutralizes ROS. It
is present at high concentrations in many tumors, often several times higher than in normal
tissue [49,50]. High GSH helps cancer cells resist oxidative damage. It also contributes to
drug resistance. Many chemotherapy agents work by generating ROS. When GSH levels
are high, these drugs become less effective. GSH also plays a role in detoxification. It
conjugates with drugs and toxins to make them easier to eliminate. This further reduces
treatment effectiveness. In summary, elevated GSH levels give cancer cells a survival
advantage in the harsh tumor environment.

2.3. The Tumor Microenvironment as a Therapeutic Target

The unique features of the TME present both challenges and opportunities. While they
help the tumor resist treatment, they also offer targets for therapy (Figure 2). One approach
is to deliver oxygen or generate it in situ. Materials like manganese dioxide (MnO2) can
react with tumor hydrogen peroxide to produce oxygen [51,52]. This relieves hypoxia and
improves the efficacy of radiotherapy or photodynamic therapy. Another approach is to
exploit hypoxia. Certain prodrugs are activated only in low-oxygen conditions. These
selectively kill hypoxic tumor cells while sparing normal tissue. Acidic pH can be used as a
trigger for drug release. pH-sensitive materials can release their payloads only in acidic
conditions. This improves selectivity and reduces side effects. Buffering the tumor pH
is another strategy. Compounds like bicarbonate can neutralize acidity, although clinical
translation remains difficult.

Chemodynamic therapy (CDT) uses Fenton or Fenton-like reactions to convert tumor
hydrogen peroxide into toxic hydroxyl radicals [53,54]. Iron, copper, or manganese-based
materials can catalyze these reactions. This increases ROS and kills tumor cells from within.
To enhance CDT, researchers are designing nanoparticles that also deplete GSH. Reducing
GSH makes tumor cells more vulnerable to ROS. This dual approach maximizes oxidative
damage. The TME’s immunosuppressive nature can also be reversed. Certain nanoparticles
can repolarize tumor-associated macrophages from an M2 (suppressive) state to an M1
(pro-inflammatory) state. Others can deliver antigens or adjuvants to dendritic cells to
improve immune activation. Nanomaterials are also being used to deliver checkpoint
inhibitors more precisely.
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Figure 2. Summary of tumor therapy.

3. Classes of Inorganic Nanomaterials Used in TME Modulation
Inorganic nanomaterials have emerged as powerful tools in the fight against cancer.

They offer unique physical and chemical properties that can be harnessed to interact with
the TME. These materials can respond to specific features such as acidity, hypoxia, and
oxidative stress.

3.1. Metal Oxides

Metal oxides are among the most widely studied materials for TME modulation. They
are chemically versatile and often exhibit catalytic or redox activity. Their ability to react
with molecules like hydrogen peroxide or glutathione makes them especially useful in
hostile tumor environments. Manganese dioxide is a standout in TME-focused research.
It reacts efficiently with hydrogen peroxide (H2O2), which is abundant in tumors. This
reaction produces oxygen, which helps relieve hypoxia. In doing so, MnO2 can enhance
the performance of radiotherapy and photodynamic therapy [55,56] (Figure 3). MnO2 also
degrades in acidic conditions. This is useful because many tumors have a low extracellular
pH. When MnO2 breaks down, it releases Mn2+ ions. These ions can serve as contrast agents
in magnetic resonance imaging (MRI), enabling real-time monitoring [57,58]. Moreover,
MnO2 can reduce levels of glutathione (GSH). This weakens the tumor’s antioxidant de-
fenses and enhances oxidative damage. That is why MnO2 is often used in chemodynamic
therapy (CDT) strategies. In summary, MnO2 is multifunctional. It relieves hypoxia, lowers
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GSH, and enhances both imaging and therapy. These features make it a central material in
smart cancer nanomedicine.

 
Figure 3. MnO2 NPs remodel tumor microenvironment by reacting with H2O2 to release oxygen
and Mn2+.

Iron oxide nanoparticles are already approved for clinical use in imaging. They also
show promise in cancer therapy. Their value lies in their ability to catalyze the Fenton
reaction. In this reaction, ferrous ions (Fe2+) convert hydrogen peroxide into hydroxyl
radicals. These radicals are extremely reactive and toxic to cells [59,60]. By generating
reactive oxygen species (ROS) within tumors, iron oxide promotes chemodynamic therapy.
This is especially effective in tumors with high H2O2 levels [61]. Iron oxide nanoparticles
can also modulate immune responses. Some studies suggest they help repolarize tumor-
associated macrophages. This can turn the tumor from an immunosuppressive to an
immunostimulatory environment. Additionally, Fe3O4 can serve as a delivery vehicle for
drugs [62,63]. It can be guided to tumors using external magnetic fields. This improves
targeting and reduces off-target toxicity. In short, iron oxide is a flexible and clinically
relevant material. It works both as a therapeutic agent and an imaging enhancer.

Cerium oxide is known for its redox-switching behavior. It can shift between Ce3+ and
Ce4+ oxidation states. This makes it useful for regulating oxidative stress in tumors [64,65].
Interestingly, CeO2 shows dual activity. In normal cells, it scavenges excess ROS and
protects tissues. In tumor cells, where the redox balance is already disrupted, it may behave
differently. Some studies suggest it can actually increase ROS under certain conditions.
CeO2 nanoparticles also influence inflammation [66,67]. They can inhibit pro-inflammatory
cytokines and reduce tumor-promoting inflammation. This immune-regulatory effect is
still being explored. Its antioxidant and pro-oxidant duality give cerium oxide a unique
role. It is promising in cases where fine-tuned redox control is needed.
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3.2. Noble Metals

Noble metal nanoparticles have distinct surface chemistry and photothermal prop-
erties. They are chemically stable and easy to modify. Among these, gold and platinum
are the most commonly used in TME-targeted therapies. Gold nanoparticles (AuNPs) are
highly popular in cancer nanomedicine. They are biocompatible and easily functionalized.
Their surfaces can be modified with drugs, peptides, or targeting ligands [67,68]. One of
their key strengths is their optical property. They absorb near-infrared light and convert it
into heat. This makes them excellent agents for photothermal therapy (PTT). In tumors,
this localized heating can disrupt cancer cells without damaging surrounding tissues. In
addition to photothermal effects, AuNPs can act as redox modulators. Their surfaces can
be engineered to interact with glutathione or deliver redox-active compounds. This helps
disturb the tumor’s antioxidant defense. Gold nanoparticles are also valuable in imaging.
They enhance contrast in computed tomography (CT) and other imaging modalities. This
supports image-guided treatment strategies [69,70]. AuNPs are safe, versatile, and mul-
tifunctional. Their ease of use makes them ideal platforms for combined diagnostic and
therapeutic applications.

Platinum-based drugs like cisplatin have long been used in chemotherapy. However,
platinum nanoparticles offer a new level of control. PtNPs can catalyze ROS production
in tumors. Like iron-based materials, they can participate in redox reactions that generate
toxic radicals [71,72]. These nanoparticles can amplify oxidative stress and kill tumor cells
from within. PtNPs can also degrade in acidic environments. This makes them suitable
for pH-sensitive drug delivery. Some formulations combine PtNPs with chemotherapeutic
agents to create synergistic systems [73,74]. Moreover, platinum has high X-ray absorption.
This enhances its role in radiotherapy. PtNPs can increase the radiation dose absorbed by
the tumor while sparing healthy tissues. While toxicity remains a concern, new surface
coatings and targeting methods are improving their safety profiles.

3.3. Carbon-Based Nanomaterials

Carbon-based materials have emerged as a versatile category in cancer therapy. They
are lightweight, biocompatible, and rich in surface functionalities (Figure 4). Their ability to
modulate ROS and serve as photothermal agents is especially valuable in the TME context.
Graphene oxide (GO) is a single-atomic-layer material with oxygen-containing groups. It
offers a large surface area and good dispersibility in water [75,76]. GO can absorb near-
infrared light and generate heat. This makes it a powerful tool for photothermal therapy.
It can also carry drugs and release them in response to TME stimuli such as pH or GSH.
Additionally, GO has redox-modulating properties. It can interact with ROS and contribute
to oxidative stress in tumor cells. Functionalization improves its performance. Modified
GO with polyethylene glycol (PEG) or targeting ligands shows improved circulation and
tumor accumulation [77,78]. Its 2D structure also allows for easy loading of imaging agents.
This opens opportunities for multimodal theranostics.

Carbon dots (CDs) are small, fluorescent carbon-based nanoparticles. They are highly
tunable and photostable. Their small size allows for deep tumor penetration. CDs can
scavenge ROS or generate ROS, depending on their surface chemistry. This makes them
adaptable to different tumor environments. They are also excellent imaging agents. Many
CDs exhibit intrinsic fluorescence, which is useful for optical tracking [79,80]. Some carbon
dots have also been developed to carry therapeutic cargo. Their tunable surface allows for
stimuli-sensitive drug release. Overall, carbon-based materials offer a flexible platform for
TME modulation. They combine diagnostic and therapeutic capabilities in compact designs.
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Figure 4. Schematic of Carbon Nanomaterial Functionalization. Carbon nanomaterials can be func-
tionalized via covalent or non-covalent approaches using diverse chemical groups and biomolecules.
This modification enhances their anticancer therapeutic efficacy.

3.4. Other Inorganic Materials

Beyond metal oxides, noble metals, and carbon forms, several other inorganic materials
are gaining attention. These include calcium carbonate, silica, black phosphorus, and metal
sulfides. Calcium carbonate is a naturally occurring, biocompatible material. It dissolves in
acidic environments, making it ideal for pH-responsive drug delivery [81,82]. In the acidic
TME, CaCO3 particles degrade and release calcium ions. These ions can disrupt calcium
signaling in cancer cells and trigger cell death. CaCO3 also helps buffer the acidic TME. This
makes it a useful adjunct to therapies that are pH-sensitive. The simplicity and safety of
CaCO3 make it appealing for clinical translation. Mesoporous silica nanoparticles (MSNs)
are well-studied in nanomedicine. They have a tunable pore structure, large surface area,
and good biocompatibility [83]. MSNs can load various drugs and release them in response
to TME triggers. Acid-sensitive gatekeepers or enzyme-cleavable coatings allow precise
control over release kinetics [84]. Silica is also used to coat other nanomaterials, improving
their stability and safety. While inert on their own, MSNs gain functionality through surface
modifications. This adaptability allows for customization based on tumor needs.
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Black phosphorus is an emerging 2D material with excellent biodegradability. It
breaks down into phosphate, a harmless by-product. BP absorbs near-infrared light and
efficiently converts it to heat [85,86]. This makes it a potent photothermal agent. It also
contributes to ROS production under light exposure, supporting photodynamic therapy. Its
soft, layered structure allows it to carry drugs or nucleic acids. However, its instability in
aqueous environments remains a technical challenge. Metal sulfides such as copper sulfide
(CuS) and bismuth sulfide (Bi2S3) are gaining interest. These materials are photoactive
and generate heat or ROS under light or ultrasound stimulation. CuS, for instance, is a
strong absorber of NIR light. It has been used in photothermal and photoacoustic imaging.
Bismuth-based sulfides offer high X-ray attenuation. This makes them excellent for CT
imaging and radiosensitization. Metal sulfides can also modulate redox balance. Some can
deplete glutathione or generate ROS in situ. These features support TME-targeted therapies.

4. Strategies for Tumor Microenvironment Modulation Using
Inorganic Nanomaterials

The tumor microenvironment is an abnormal and hostile landscape. It is shaped
by low oxygen levels, acidic pH, oxidative stress, and immune evasion. These features
help cancer cells survive and resist therapy. However, these same features can be used as
targets. Smart inorganic nanomaterials are designed to exploit these characteristics. They
can respond to local cues and activate therapeutic actions only within the tumor.

4.1. Alleviating Hypoxia

Hypoxia means low oxygen. It is one of the most common features in solid tumors.
Poor blood supply and rapid tumor growth both contribute to it. Hypoxia makes tumors
more aggressive and resistant to treatments like radiotherapy and some chemotherapies.
Radiation therapy depends on oxygen to generate free radicals. When oxygen is low, the
effect is weakened. Hypoxia also supports immune evasion and promotes metastasis. It is
a serious barrier to effective cancer treatment.

To overcome hypoxia, researchers have turned to oxygen-generating or oxygen-
carrying nanoparticles. These materials can increase oxygen levels directly at the tumor
site [87,88]. One of the most studied materials isMnO2. MnO2 reacts with hydrogen perox-
ide (H2O2), which is naturally overproduced in tumors (Figure 5). The reaction produces
oxygen: 2 H2O2 + MnO2 → O2 + 2 H2O + Mn2+. This simple reaction helps supply oxygen
locally. The produced oxygen enhances the effects of radiotherapy or photodynamic ther-
apy. At the same time, MnO2 breaks down in the acidic tumor environment. This improves
its biodegradability and biocompatibility.

Other strategies involve perfluorocarbon (PFC)-loaded nanoparticles. PFCs can physi-
cally carry and release oxygen [89,90]. These particles are often combined with inorganic
carriers like iron oxide or silica for imaging and targeting. After injection, they accumulate
in tumors and gradually release oxygen. Some nanoparticles mimic the enzyme catalase,
which naturally decomposes hydrogen peroxide into water and oxygen. Materials like
platinum, cerium oxide, and iron oxide can perform this reaction. They act as nanozymes—
catalytic nanomaterials that behave like enzymes. These materials do not just deliver
oxygen. They also relieve oxidative stress and improve cell function. This is helpful for
activating immune responses that are otherwise shut down by hypoxia. In short, allevi-
ating hypoxia is a promising way to enhance the success of many therapies. Inorganic
nanomaterials offer smart and effective ways to generate oxygen inside tumors.
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Figure 5. MnO2 NPs regulate innate and adaptive immune cells against tumor and infections.

4.2. pH Modulation

Tumors are acidic. This acidity results from altered metabolism. Cancer cells rely
heavily on glycolysis, even in the presence of oxygen. This leads to lactic acid accumulation.
Proton pumps and poor blood flow make the situation worse.

The extracellular pH in tumors can fall below 6.5, compared to 7.4 in normal tissues.
This low pH affects drug stability, uptake, and cell signaling. It also helps tumors invade
nearby tissues. Inorganic nanomaterials can respond to pH. Some materials degrade or
change structure in acidic conditions [91,92]. This feature is used for controlled drug
release. For example, calcium carbonate dissolves in low pH. In the acidic tumor, CaCO3

breaks down into calcium ions and carbon dioxide. This neutralizes local acidity and also
promotes cell stress.

Another widely used material is ZIF-8, a zinc-based metal–organic framework. ZIF-8
is stable in blood but dissolves in acidic conditions. The main products are Zn2+ and
2-methylimidazole, both of which are involved in antitumor effects. This allows it to
release drugs specifically inside the tumor. These pH-responsive behaviors improve drug
precision. They help minimize damage to normal tissues. Some materials do more than
just degrade. They can actively buffer the acidity. Magnesium oxide, CaCO3, and other
proton-scavenging materials absorb protons and raise the pH. This can normalize the
extracellular environment. A more neutral pH improves the function of T cells and natural
killer (NK) cells. It also enhances drug uptake and reduces tumor invasiveness. By altering
pH, nanomaterials not only make drugs more effective but also improve immune activation.
This dual effect makes pH modulation a powerful therapeutic strategy.

4.3. Redox Balance Regulation

Tumors have an abnormal redox environment. They contain high levels of ROS like
hydrogen peroxide. At the same time, they also overexpress antioxidants, mainly GSH.
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ROS promote mutations and tumor growth. But cancer cells must control ROS to avoid
death [93,94]. They do this by boosting GSH levels. High GSH allows cancer cells to
survive under oxidative stress. Unfortunately, it also helps them resist chemotherapy and
radiation. Smart nanomaterials are being developed to deplete GSH inside tumors [95,96].
This disrupts the redox balance and sensitizes cells to oxidative damage. Materials like
copper, manganese, and iron-based nanoparticles can react with GSH. In doing so, they
consume GSH and reduce the tumor’s ability to handle ROS. Some nanoplatforms are
coated with disulfide bonds. These bonds are cleaved by GSH, triggering drug release
while depleting GSH at the same time. Lowering GSH increases the effect of chemodynamic
therapy and photodynamic therapy. It also helps convert an immunosuppressive tumor
into an immunogenic one.

Another strategy is to generate ROS inside the tumor. Many metal-based nanoparticles
can catalyze Fenton or Fenton-like reactions. For example, iron-based materials convert
H2O2 into hydroxyl radicals, which are highly toxic. This is the core of CDT [97,98].
It kills cancer cells without requiring external triggers like light or heat. Copper and
manganese-based materials also show Fenton-like activity. They broaden the types of
reactions possible in the tumor environment. When ROS levels are pushed too high, cancer
cells undergo oxidative stress-induced death. This offers a non-traditional way to kill
tumors by exploiting their own metabolism.

4.4. TME-Triggered Drug Release

One of the major limitations of chemotherapy is poor selectivity. Many anticancer drugs
harm both healthy and cancerous cells. This causes severe side effects. Smart drug delivery
systems aim to change that. They use TME-responsive triggers to release drugs only where
needed. These triggers include acidic pH, high GSH, and elevated H2O2 levels. By linking
drug release to these local conditions, therapies become more targeted and safer. As discussed
earlier, acidic conditions are ideal for triggering drug release. Materials like ZIF-8, CaCO3,
and black phosphorus degrade in low pH. These systems can carry chemotherapeutics or
photosensitizers. Once they reach the acidic tumor, they break apart and release their payload.

This reduces systemic toxicity and improves drug accumulation at the tumor site.
Many tumors have high levels of GSH. Nanoparticles can be designed with disulfide bonds
or redox-cleavable linkers. These break down in reductive environments, releasing drugs
specifically inside cancer cells. This method is especially useful for delivering genetic
material, peptides, or immunotherapy agents. Some systems respond to high ROS levels.
These include boronate- or thioketal-linked carriers. ROS cleave these chemical bonds,
which open the structure and release the drug. ROS-triggered systems can be combined
with CDT to create a feedback loop. As CDT increases ROS levels, it accelerates drug
release, boosting therapeutic efficiency. In short, TME-triggered drug release enhances
precision. It ensures that drugs are released where they are needed most.

4.5. Immune Modulation

The immune system should be able to destroy cancer cells. However, many tumors
avoid immune detection. They build a microenvironment that suppresses immune re-
sponses. They recruit regulatory T cells, secrete inhibitory cytokines, and express immune
checkpoint molecules. The result is a “cold” tumor that is invisible to the immune system.
Immune checkpoint inhibitors have helped. But their success is limited in cold tumors.
New approaches are needed to stimulate anti-tumor immunity.

Some therapies can cause immunogenic cell death (ICD) [99,100]. This is a type of cell
death that releases signals to alert the immune system. Inorganic nanoparticles like iron
oxide, black phosphorus, or manganese dioxide can induce ICD. They do this by generating
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ROS or delivering drugs that cause endoplasmic reticulum stress. ICD helps turn cold
tumors into hot tumors, which are more responsive to immunotherapy. Nanoparticles that
trigger ICD may be combined with checkpoint inhibitors for better outcomes.

TAMs are often of the M2 type, which supports tumor growth. Reprogramming them
to the M1 type can enhance inflammation and immune activation. Some nanomaterials,
like iron oxide or manganese-based particles, help polarize TAMs to the M1 phenotype.
They act through ROS generation or delivery of immunomodulatory agents. This shift in
macrophage behavior improves T cell recruitment and tumor clearance. Ferroptosis is a
non-apoptotic form of cell death driven by iron and lipid peroxidation. It leads to massive
oxidative stress and cell rupture. Nanoparticles that deliver iron or inhibit antioxidant
enzymes can trigger ferroptosis in tumors. This not only kills cancer cells but also releases
danger signals that activate immune cells. Ferroptosis is being studied as a method to both
kill tumors and stimulate anti-tumor immunity.

5. Multimodal Therapies Enabled by Tumor Microenvironment
(TME) Modulation

Modifying the tumor microenvironment opens new paths for treating cancer. In its
natural state, the TME works against therapy. It blocks drug delivery, weakens immune
cells, and protects cancer cells from stress. By changing the TME, treatment becomes
more effective. Inorganic nanomaterials play a big role in this transformation. They enable
therapies to work better by responding to local tumor conditions. They also make it possible
to combine different therapies into a single treatment strategy.

5.1. Chemo/Chemodynamic Therapy (CDT)

Chemotherapy remains a standard cancer treatment. It uses drugs that kill fast-growing
cells. But in many cases, the TME reduces drug effectiveness. Poor blood flow limits drug
entry. High glutathione levels neutralize drug-induced oxidative stress. Acidic pH can
degrade drugs before they reach their target. TME modulation helps solve these problems. By
delivering drugs in a smart way—such as through pH-sensitive nanocarriers—chemotherapy
becomes more precise. Some nanomaterials also deplete glutathione, which makes cancer
cells more sensitive to chemotherapy. For example, calcium carbonate or ZIF-8-based systems
can release drugs only in acidic environments. This reduces side effects and boosts drug
concentration at the tumor site [100,101].

CDT is a newer approach. It uses the TME’s own chemistry to kill tumor cells. CDT is
based on the Fenton reaction. In this process, transition metals like iron or copper react with
hydrogen peroxide to produce hydroxyl radicals. These radicals cause oxidative damage and
cell death. Tumors often contain high levels of hydrogen peroxide and low pH. These are
perfect conditions for the Fenton reaction. Nanoparticles made from Fe3O4, CuO, or MnO2

can catalyze this reaction within the tumor. CDT is unique because it does not need external
activation like light or heat. It uses the tumor’s own biochemistry [102]. This makes it useful
for deep-seated tumors or patients who cannot tolerate other therapies. CDT is also highly
selective. Normal tissues have lower H2O2 and higher pH, so the reaction does not happen
there [103]. This improves safety. Combining CDT with chemotherapy creates a dual attack.
One weakens the tumor’s antioxidant system, while the other delivers direct cytotoxic agents.

5.2. Photothermal and Photodynamic Therapy

Photothermal therapy uses light to kill cancer cells. Nanoparticles absorb near-infrared
(NIR) light and convert it into heat. This heat kills tumor cells by damaging their membranes
and proteins. Gold nanoparticles, carbon nanotubes, and black phosphorus are common
photothermal agents. These materials accumulate in the tumor and respond to external
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light. The TME affects PTT. Hypoxia, acidity, and poor blood supply can limit the effect. But
nanomaterials that modulate the TME can overcome this [104,105]. For example, MnO2 can
generate oxygen. This improves local blood flow and oxygenation. The result is better light
absorption and stronger thermal effects. Some nanocarriers are also designed to change
shape or surface charge after TME exposure. This improves retention and penetration.

PTT is non-invasive and can be precisely controlled. It works well with imaging, making
image-guided therapy possible. Photodynamic therapy is similar to PTT, but instead of
heat, it uses light to produce ROS. A photosensitizer molecule absorbs light and transfers
energy to nearby oxygen. This produces singlet oxygen, a highly reactive form that kills cells.
PDT depends on oxygen. This is a problem in hypoxic tumors [106,107] (Figure 6). TME
modulation can help. Oxygen-generating nanoparticles like MnO2 or catalase-mimicking
materials supply O2 where needed. This allows the photosensitizer to work even in low-
oxygen conditions. Additionally, pH-sensitive systems can release the photosensitizer only
in the acidic tumor. This reduces off-target effects. When combined, PTT and PDT offer
synergistic effects. Heat from PTT can increase blood flow, helping with oxygen delivery for
PDT. Meanwhile, ROS from PDT can stress tumor cells, making them more sensitive to heat.
Many nanoplatforms now carry both photothermal and photodynamic agents. They respond
to a single light source, delivering a powerful one-two punch to tumors.

Figure 6. Advantages and Applications of Functionalized CNTs in Cancer Therapy. Functionalized
carbon nanotubes (CNTs) are widely applied in cancer treatments, including chemotherapy, pho-
totherapy, immunotherapy, and gene therapy. Surface modification enhances their biocompatibility,
tumor penetration, and active targeting, while also reducing inherent toxicity.
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5.3. Radiotherapy Enhancement

Radiotherapy is one of the oldest cancer treatments. It works by using ionizing
radiation to damage DNA. The goal is to cause lethal mutations in cancer cells. However,
the success of radiotherapy depends on oxygen. Radiation creates free radicals from water
molecules. These radicals damage DNA. But in hypoxic tumors, this process is less efficient.
The DNA damage is not enough to kill the cells. Also, tumors often repair radiation damage
quickly. High antioxidant levels like GSH contribute to this resistance. Nanomaterials can
enhance radiotherapy in several ways. One method is oxygen generation. As discussed
earlier, MnO2, catalase mimics, and PFC-based carriers improve oxygen levels in tumors.
This restores radiosensitivity.

Another approach is using high-Z (atomic number) materials like gold, bismuth,
or hafnium. These materials absorb radiation more effectively than soft tissue. When
exposed to X-rays, they produce a burst of secondary electrons. This increases DNA
damage in nearby cells. Some nanocarriers are also designed to deliver radiosensitizers—
agents that make cancer cells more vulnerable to radiation. These may include platinum
compounds or ROS-generating agents. Other systems release drugs after radiation triggers
them. This turns radiation into both a treatment and a drug-release signal. By integrating
nanotechnology, radiotherapy becomes more targeted and effective. Lower doses may be
used, reducing damage to healthy tissue.

5.4. Synergistic Immunotherapy

Immunotherapy activates the body’s own immune system to fight cancer. Immune
checkpoint inhibitors, like anti-PD-1 and anti-CTLA-4, have shown success in melanoma
and lung cancer. But many tumors remain unresponsive. These “cold tumors” lack active
immune cells. They are surrounded by suppressive signals and immune-silent stromal cells.
The TME blocks T cell entry, reduces antigen presentation, and increases regulatory cell
activity. TME modulation can make immunotherapy more effective. Nanomaterials can
reverse immunosuppression and trigger immune recognition. One key strategy is inducing
immunogenic cell death (ICD) [108,109]. This form of death alerts the immune system.
Nanoparticles that produce ROS, trigger ferroptosis, or disrupt cell membranes can cause
ICD. This turns dying tumor cells into a signal that activates dendritic cells and T cells.
Another method is macrophage repolarization. Tumors often have M2-type macrophages,
which promote growth and suppress inflammation. Certain nanomaterials—like iron oxide
or manganese-based systems—can shift these to the M1 type. M1 macrophages release
pro-inflammatory cytokines and help recruit killer T cells.

Smart nanoparticles can deliver checkpoint inhibitors directly into tumors. This avoids
systemic exposure and reduces side effects. Combining photothermal or photodynamic
therapy with immunotherapy is also promising. Heat or ROS from these therapies not only
kill tumor cells but also expose tumor antigens. This boosts the immune response when
combined with anti-PD-1 or anti-CTLA-4 drugs. Chemodynamic therapy also supports
immune activation. The ROS generated from CDT causes cell damage that is recognized
by the immune system. When GSH is depleted, the immune-suppressive environment
weakens. These multimodal combinations are now in clinical trials. They offer a more
complete way to treat tumors that resist single-mode treatments.

6. Design Considerations for Smart TME-Modulating Nanoplatforms
Designing nanomaterials to modulate the TME is a complex task. The tumor is a harsh

and unpredictable space. It is acidic, oxygen-deprived, full of reactive molecules, and often
shielded from the immune system. For a nanoparticle to work well, it must be engineered
with care.
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6.1. Surface Functionalization and Targeting

The surface of a nanoparticle is the first thing it presents to its biological surroundings.
It determines how the material interacts with cells, proteins, and the immune system. A
poorly designed surface can lead to quick clearance or toxicity. A well-designed one can
lead to precise targeting and enhanced therapeutic effects. One common method of surface
functionalization is PEGylation. This means coating the nanoparticle with polyethylene
glycol (PEG). PEG helps the nanoparticle avoid detection by the immune system [110,111].
It reduces opsonization, a process where blood proteins tag foreign objects for clearance.
PEG also improves the stability and circulation time of nanoparticles in the bloodstream.
However, PEG is not perfect. Some patients develop anti-PEG antibodies. This can lead to
rapid clearance after repeated doses. Newer materials such as zwitterionic polymers or
biomimetic coatings are being explored as alternatives.

Another important strategy is active targeting. This involves attaching ligands—such
as peptides, antibodies, aptamers, or sugars—to the surface. These ligands recognize
specific receptors overexpressed on tumor cells or tumor-associated cells. For example, the
folate receptor is overexpressed in several cancers [112,113]. Nanoparticles with folic acid
ligands can bind selectively to those tumor cells. Similarly, RGD peptides target integrins,
which are common on angiogenic blood vessels in tumors. Targeting does not guarantee
entry into every tumor cell, but it helps improve the local accumulation of therapeutic
agents. Combining passive targeting (via the enhanced permeability and retention effect)
with active targeting improves therapeutic outcomes. More recently, cell membrane-coated
nanoparticles have gained attention. These use membranes from red blood cells, platelets,
or cancer cells themselves. This gives the nanoparticles a “self” identity, helping them evade
the immune system. Cancer cell membranes, for instance, can provide homotypic targeting.
This means the particles are more likely to bind to other cells from the same tumor type.
These biomimetic systems blend the natural and synthetic worlds for better performance.

6.2. Biodegradability and Biosafety

Biodegradability is essential. After a nanoparticle completes its job, it should break
down into safe, easily excretable components. If it does not, it can accumulate in organs
and cause long-term toxicity. This is a major concern in clinical translation. Many early
nanomaterials showed promise in the lab but failed in trials due to poor clearance and
toxicity. Some inorganic materials naturally degrade under TME conditions. Calcium
carbonate, for example, dissolves in acidic environments. It breaks down into calcium and
carbon dioxide—both safe and easily processed by the body. Black phosphorus is another
biodegradable material. It degrades into phosphate, a common and safe ion found in cells.
Its degradation is accelerated in water or in the acidic tumor environment.

Iron oxide nanoparticles are metabolized through natural iron pathways in the liver
and spleen. This makes them safer than some synthetic metal-based systems. Designers
must also consider the speed of degradation. Too fast, and the material may lose its effect.
Too slow, and it may linger in tissues. An ideal nanoparticle should remain stable in blood
but degrade in the tumor. To achieve this, some materials are coated with pH-sensitive
shells. These protect the core during circulation but dissolve when exposed to acidic tumor
pH. Researchers must strike a balance. The material needs to be robust enough to reach the
tumor, but soft enough to break down afterward.

6.3. Stimuli-Responsiveness (pH, Redox, Enzyme, Light)

Stimuli-responsive systems are at the heart of smart nanomedicine. They allow the
nanoparticle to stay dormant during circulation and only activate at the tumor site. This
improves specificity and reduces side effects. The TME offers several triggers. These
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include low pH, high GSH, elevated hydrogen peroxide (H2O2), overexpressed enzymes,
and even external stimuli like light or ultrasound.

Tumor environments are more acidic than normal tissues. This difference is exploited
by pH-sensitive systems. Materials like ZIF-8 or CaCO3 degrade in acidic pH. They release
their contents only when they reach the tumor. This makes pH-responsiveness one of the
most widely used strategies. Glutathione levels are much higher inside tumor cells than in
the bloodstream. Nanoparticles designed with disulfide bonds or redox-cleavable linkers
respond to this difference. Once inside the cell, high GSH levels break the disulfide bonds.
This leads to the release of drugs or other agents. Redox-responsive systems are especially
useful for intracellular delivery.

ROS are elevated in tumors. Some systems use boronate esters or thioketal linkers,
which are sensitive to ROS. When triggered, these systems degrade and release their
contents. This is useful for combined therapies. For instance, a photodynamic agent may
raise ROS levels, which then triggers drug release from nearby nanoparticles. Tumors often
overexpress enzymes like matrix metalloproteinases (MMPs) [114,115]. These enzymes
break down the extracellular matrix. Enzyme-sensitive coatings can be cleaved by MMPs,
triggering release. This adds another layer of selectivity. Light, ultrasound, and magnetic
fields can also trigger nanoparticle activation. For example, gold nanoshells respond to near-
infrared light for photothermal therapy. External triggers give researchers precise control.
They allow activation only in the tumor area, minimizing systemic toxicity. The use of
combined stimuli—such as pH and light, or ROS and enzyme—adds further sophistication.
These multi-responsive systems are gaining popularity in advanced cancer therapy.

6.4. Size, Charge, and Biodistribution

Even the best-designed nanomaterial can fail if it does not reach the tumor. Size, shape,
and charge determine how a nanoparticle moves through the body, how it accumulates in
tumors, and how it is cleared. Size is a critical factor. Nanoparticles must be large enough
to avoid kidney filtration but small enough to pass through leaky tumor blood vessels. The
ideal size for passive targeting is often between 30 and 150 nm. This range allows particles
to accumulate in tumors via the enhanced permeability and retention (EPR) effect. Smaller
particles (below 10 nm) may be rapidly cleared by the kidneys. Larger particles (above
200 nm) may get trapped in the liver or spleen. Researchers must fine-tune the size for each
application. Drug loading, circulation time, and tumor penetration all depend on it.

Charge affects how particles interact with cell membranes and proteins. Positively
charged nanoparticles are taken up more easily by cells. However, they are also more likely
to bind serum proteins and get cleared quickly. They may also trigger unwanted immune
responses. Neutral or slightly negative particles tend to circulate longer. They are less likely
to activate immune clearance. PEGylation can help mask the charge and improve behavior
in the bloodstream. Charge must also be compatible with targeting strategies. For example,
cationic surfaces are good for nucleic acid delivery but not always ideal for systemic
circulation. The goal is to maximize tumor accumulation while minimizing exposure to
healthy organs. This depends on a combination of size, charge, surface chemistry, and
shape. Rod-shaped or disk-like particles may behave differently from spherical ones. Some
shapes may penetrate tumors better or avoid clearance longer. Advanced imaging tools
like PET, CT, or fluorescence imaging are used to track biodistribution. These tools help
refine nanoparticle design over time.

7. Challenges and Future Perspectives
Smart inorganic nanomaterials have shown strong potential in modulating the tumor

microenvironment. They offer new tools for cancer diagnosis and therapy. They respond to
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local stimuli. They improve the precision of treatments. They even help overcome drug
resistance. But despite these advances, challenges remain. Several barriers still limit the
full clinical translation of TME-modulating nanoplatforms. The path forward requires new
ideas, better designs, and more personalized strategies.

7.1. Tumor Heterogeneity in TME Responsiveness

One of the biggest challenges is tumor heterogeneity. This means that tumors differ
not just between patients but also within the same tumor mass. Some regions may be
hypoxic. Others may have normal oxygen levels. Some areas are acidic. Others are not. This
makes it difficult to design one-size-fits-all nanomaterials. A system that works well in one
tumor may fail in another. Even in the same patient, different metastatic sites may respond
differently to treatment. Nanomaterials often rely on the presence of specific triggers—like
low pH, high glutathione, or excess hydrogen peroxide. But these triggers are not consistent.
Their levels vary widely across tumor types and stages. This variation affects the efficiency
of TME-responsive systems. A nanoparticle designed to release drugs in acidic conditions
may not activate in a tumor with near-neutral pH. Similarly, chemodynamic therapy may
fail if the tumor lacks sufficient hydrogen peroxide. To address this, future systems must
include real-time feedback. Nanomaterials that can both diagnose and treat are needed.
These “theranostic” platforms will help determine when and where the therapy should be
activated. Advanced imaging or biosensing components could provide this feedback. This
will allow doctors to adjust treatment based on the actual TME profile of each patient or
tumor site.

7.2. Immune Evasion and Nanoparticle–Immune System Interaction

Nanoparticles are foreign bodies. The immune system is trained to detect and remove
anything that does not belong. This includes smart nanocarriers. When injected, nanoparti-
cles may be quickly coated by plasma proteins. This process is called opsonization. It marks
them for removal by macrophages. As a result, fewer particles reach the tumor. Some
nanoparticles may also activate immune cells unintentionally. This leads to inflammation
or cytokine release. In some cases, it may cause serious side effects. Even when particles
are designed for immune modulation, the response can be unpredictable. For example, a
nanoparticle meant to polarize macrophages to the M1 state may instead get trapped by
other immune cells, reducing its therapeutic effect.

To overcome this, surface modification is key. Coating nanoparticles with PEG can
reduce recognition. However, repeated use may lead to anti-PEG antibodies. Alternative
coatings—such as zwitterionic polymers or cell membrane cloaking—are being explored.
Another approach is to use immune-informed design. Nanomaterials should not only
avoid immune clearance but also cooperate with immune cells. For instance, biomimetic
nanoparticles that use cancer cell membranes can enhance immune compatibility and
improve homing to tumors. Future research must aim to balance stealth and immune
engagement. The goal is to evade unwanted immune responses while enabling therapeutic
immune activation.

7.3. Integration of AI for Nanoparticle Design

Designing effective nanomaterials involves many variables. Material type, size, charge,
shape, drug load, and release profile all matter. Changing one feature affects many others.
Testing every combination in the lab is time-consuming and expensive. This is where AI
can help. AI tools, especially machine learning algorithms, can analyze large datasets. They
can find patterns in how nanoparticles behave in different conditions. They can predict
outcomes based on design features. For example, by predicting protein corona formation
through machine learning, researchers can precisely control the surface properties of
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nanoparticles, significantly improve their tumor targeting efficiency, and provide a new
data-driven approach to personalized nanodrug design. AI can also optimize formulation
development. It can speed up screening for new materials. It can suggest new combinations
that researchers might not consider. To support this, large and consistent datasets are
needed. Many labs collect data differently. Without standardization, AI models may be
inaccurate. Creating open-access nanoparticle databases will be essential. These should
include detailed information on particle design, in vivo behavior, and therapeutic outcomes.
With more data, AI will become an even more powerful tool in nanomedicine.

7.4. Potential Nanoparticle Toxicity

Inorganic nanomaterials are widely used in cancer treatment due to their unique
optical, magnetic, and catalytic properties, but their potential toxicity seriously restricts
clinical translation. First, soluble nanoparticles release metal ions, leading to oxidative
stress and apoptosis directly induce membrane damage, mitochondrial dysfunction and
DNA breakage. Second, long-term risks, such as the fibrous structure of carbon nanotubes
may cause cancer and metal oxide nanoparticles induce genotoxicity. At present, clinical
translation is facing challenges such as lack of standardized toxicity tests, insufficient long-
term data, and species differences, and it is necessary to establish an international toxicology
framework, develop degradable materials, and integrate organoids and AI to simulate
human metabolic responses, and finally promote safe and efficient inorganic nanomaterials
from the laboratory to clinical practice through precise modification, intelligent design and
AI-assisted prediction.

8. Conclusions
Over the past decade, smart inorganic nanomaterials have transformed the field of

cancer research. They have opened new doors in how we think about treating tumors. They
do more than carry drugs. They interact with the tumor microenvironment. They respond
to it. They change it. This review has explored the various ways these nanomaterials
can be used. It has also discussed the strategies behind their design and the barriers that
still remain. As the field continues to grow, it is important to reflect on what we have
achieved—and where we are heading.

One of the most important contributions of inorganic nanomaterials is their ability to
modulate the tumor microenvironment. Traditional cancer treatments often fail because
the TME is hostile. It is acidic, oxygen-deprived, and full of antioxidants like glutathione.
These conditions protect cancer cells and reduce therapy effectiveness. Smart inorganic
nanomaterials are designed to work with these conditions, not against them. They use
TME features as triggers for activation. This allows therapies to become more targeted
and safer. For example, MnO2 and similar materials generate oxygen from hydrogen
peroxide [116,117]. This helps relieve hypoxia and boosts radiotherapy and photodynamic
therapy. Iron and copper-based materials catalyze Fenton-like reactions, generating toxic
hydroxyl radicals. This forms the basis of CDT, a treatment that uses the tumor’s own
biochemistry against it.

Nanoparticles also help manage pH and redox balance. Materials like calcium car-
bonate or ZIF-8 break down in acidic environments. Others release drugs in response
to high levels of glutathione or ROS. These features allow for stimuli-responsive drug
delivery, improving precision and reducing harm to healthy tissues. Another key advance
is the development of immune-modulating nanoplatforms. Certain inorganic materials
reprogram immune cells, turning “cold” tumors into “hot” ones. Some induce ICD. Others
promote macrophage polarization or trigger ferroptosis, a unique form of cell death that
stimulates immune activity [107,118]. Together, these features make smart nanomaterials
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versatile tools. They support multimodal therapies that combine chemotherapy, photother-
apy, radiotherapy, and immunotherapy. Instead of using one weapon, doctors can now use
several—all guided by the same platform. The design principles behind these platforms
are also advancing. Nanoparticles are now tailored for specific size, shape, and surface
chemistry. They are made biodegradable and safe. They include surface ligands for active
targeting. Many are even multi-responsive, reacting to more than one TME feature at
once. We also see progress in integrating diagnosis and therapy into the same system.
These theranostic platforms allow real-time tracking of treatment. They help doctors adjust
strategies as needed. This is a big step toward personalized, adaptive medicine.

Looking ahead, the role of smart inorganic nanomaterials in precision oncology will
become even more central. They align perfectly with the goals of personalized medicine.
They can adapt to each patient’s tumor environment. They can deliver treatment based on
real-time biological cues. However, future progress will require addressing key challenges.
Tumor heterogeneity remains a major barrier. Not all tumors respond the same way. Some
may not have enough hydrogen peroxide for CDT. Others may not be acidic enough for
pH-triggered release. Future nanoplatforms must include feedback systems to assess the
local TME before acting.

The immune system is another complex factor. Nanoparticles must avoid immune
clearance but still interact with immune cells when needed. This balance is difficult but
essential. Better biomimetic designs and immune-compatible coatings will be important
moving forward.

AI will also play a role. AI can help predict which nanoparticle designs will work best
for specific tumors. It can accelerate screening and optimization. It can even help design
personalized formulations on demand. The future will also bring modular platforms. These
will allow doctors to mix and match drug types, targeting ligands, and surface coatings.
One core nanoparticle could be customized for different patients or cancer types. This
modularity will reduce cost, improve speed, and enhance treatment outcomes. To truly
bring smart nanomaterials into everyday clinical practice, we also need regulatory progress.
New evaluation frameworks must be developed for these complex systems. Safety testing
must include both short- and long-term effects. Manufacturing must be standardized
and scalable. Despite these hurdles, the potential benefits are too great to ignore. Smart
inorganic nanomaterials can improve how we deliver drugs. They can enhance how tumors
respond to treatment. They can guide therapy in real-time. And most importantly, they can
help doctors tailor treatments to individual patients.

Cancer is a complex and evolving disease. It adapts quickly and resists simple solu-
tions. To beat it, we need tools that are just as smart and adaptable. Inorganic nanomaterials
are one of those tools. They bring intelligence to therapy. They bring precision to treatment.
And they bring hope for better outcomes. As we move forward, collaboration between
scientists, clinicians, and engineers will be key. Together, we can refine these materials and
bring them from the lab to the clinic. Smart inorganic nanomaterials are not just a research
trend. They are part of the future of cancer care.
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