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Magnetic mesoporous silica nanoparticles (MMS NPs) stand out as excellent options for targeted
chemotherapy owing to their remarkable features, such as extensive surface area, substantial pore
volume, adjustable and uniform pore size, facile scalability, and versatile surface chemistry. This review

comprehensively explores the

latest

developments in MMS NPs, emphasizing their design,

functionalization, and application in cancer therapy. Initially, we discuss the critical need for targeted and
controlled drug delivery (DD) in oncology, highlighting the role of magnetic and MMs in addressing some
challenges. Subsequently, the key features of MMS NPs, such as their high surface area, pore structure,
and functionalization strategies, are examined for their impact on their DD performance for efficient

cancer chemotherapy. The integration of chemotherapy methods such as photothermal therapy and
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photodynamic therapy with MMS NPs is also explored, showcasing multifunctional platforms that

combine imaging and therapeutic capabilities. Finally, we identify the current challenges and provide

DOI: 10.1039/d5ra00948k

rsc.li/rsc-advances to reshape CT paradigms.

1. Introduction

Despite the tremendous progress in nanomaterials to develop
novel cancer therapeutic approaches, cancer is still a serious
threat to human health globally owing to the heterogeneity,
variety, and sophistication of tumors.'”* The prompt advance-
ments in cancer treatments (CTs), comprising chemotherapy,
immunotherapy, photodynamic therapy (PDT), radiotherapy,
and photothermal therapy (PTT), have recently been investi-
gated in clinical trials to inhibit tumor multiplication and
extend the endurance life of patients.* Among these, chemo-
therapy is still the most widely employed cancer therapy and
has been strongly promoted. Combination treatment utilizing
two or more therapeutic techniques has been examined since
the 1960s® to decrease the toxicity and increase the nano-
therapeutic impact in diverse cancer therapies. According to the
effective super-additive therapeutic impacts of two or more
therapies, the combination of non-invasive PDT, PTT, and
chemotherapy within a single nanosystem can overpower the
limitations of mono-chemotherapy.®® For example, the draw-
backs of conventional chemotherapy against cancer include
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future perspectives for the development and clinical translation of MMS NPs, underscoring their potential

nonspecific drug agglomeration, low bioavailability, and prob-
lems in overcoming the heterogeneity and multidrug resistance
of cancers, which induce intense systemic side effects and
reoccurrence of tumors.'>**

Targeted CTs can effectively differentiate between cancerous
and healthy cells, making them significantly more effective than
traditional treatment approaches. These methods also tend to
result in fewer adverse side effects. In conventional systemic
drug delivery (DD), the lack of specificity often leads to rapid
drug clearance, necessitating the use of higher doses to achieve
therapeutic effects. Consequently, this approach is both costly
and frequently associated with severe toxicity. Recent studies
have demonstrated the potential of nanoscale materials in
enhancing tumor targeting, diagnosis, and treatment, offering
more efficient and precise alternatives.'” Nanoparticles (NPs),
with dimensions ranging between 1 nm and 100 nm, are
capable of encapsulating drugs, imaging agents, and genetic
materials. Their nanometric dimensions and extensive surface
area confer distinctive chemical, physical, and biological char-
acteristics compared with bulk materials.”**® These character-
istics enable NPs to deliver high concentrations of therapeutic
agents directly to tumor cells, while sparing healthy tissues. The
structural design of NPs supports the attachment of drugs and
imaging agents, while their surfaces are adaptable for func-
tionalization with ligands to improve their biodistribution and
enable targeted delivery to tumor-specific biomarkers."” By
addressing the challenges associated with conventional
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chemotherapy, such as non-specific drug distribution, drug
resistance, and undesirable side effects, NPs have demonstrated
significant potential. Over the past two decades, these remark-
able properties have paved the way for several NP-based treat-
ments to progress to clinical trials.”* The ability to modulate
various properties of NPs has made them highly effective as
therapeutic vectors in CT. Nanocarriers enhance the half-life of
drugs in the circulation and promote their accumulation at the
tumor site. This effect is partly attributed to the small size of
NPs, abnormalities in the vascular architecture, and increased
permeability and retention effects.'”® The physicochemical
properties of nanocarriers significantly impact their bio-
distribution and circulation half-life.’*** The size of NPs plays
a pivotal role in their biological fate; for instance, NPs with
a hydrodynamic diameter smaller than 7 nm are typically
cleared through renal filtration and excreted in the urine,”*"
while those larger than 100 nm are generally removed from the
circulation by phagocytic cells.”»** Additionally, a positively
charged surface facilitates the internalization of NPs into cancer
cells (C cells). Accordingly, modifying NPs with polymers such
as polyethylene glycol (PEG) further extends their circulation
time by preventing their clearance through the reticuloendo-
thelial system and enhancing their accumulation in tumor
regions.”

The introduction highlights the growing burden of cancer
and the limitations of conventional chemotherapy, such as
systemic toxicity and drug resistance. It underscores the trans-
formative potential of nanotechnology in addressing these
challenges, with nanoparticles offering improved drug target-
ing, controlled release, and enhanced therapeutic outcomes.
This section sets the stage for magnetic mesoporous silica
nanoparticles (MMS NPs) as versatile carriers, emphasizing the
need for innovative DDSs that can precisely deliver therapeutic
agents to the tumor site, while minimizing harm to healthy
tissues.

Bharti et al. (2015)** introduced MSNs as potential carriers
for targeted DD, emphasizing their stability, biocompatibility,
and versatility in diagnostics and therapeutics. The early focus
was on exploring the chemical and physical properties of MSNs
and establishing their feasibility in DDS. Song et al. (2017)*
provided a comprehensive overview of stimuli-responsive
MSNs, focusing on internal (e.g., pH, enzymes) and external
(e.g., light, temperature) triggers to achieve controlled drug
release. Vallet-Regi et al. (2022)* delivered a 20 year retrospec-
tive on MSNs, reviewing the advancements in their synthesis,
functionalization, and application, making it a foundational
work on the evolution of MSNs. Florek et al. (2017)*” assessed
the oral administration potential of MSNs, addressing their
absorption and bioavailability challenges, expanding MSN
research beyond intravenous or localized delivery. Li et al
(2019)*® reviewed the application of MSNs in cancer therapy,
emphasizing the therapeutic outcomes and biological interac-
tions of MSN-drug systems in oncology. Tella et al. (2022)*
focused on MSNs as carriers for anti-tubercular agents,
exploring their drug loading, solubility, and release profiles
tailored to tuberculosis treatment. Iranshahy et al (2023)*
examined curcumin-loaded MSNs, evaluating their synthesis,
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functionalization, and potential in treating multiple diseases.
Knezevi¢ et al. (2013)** were one of the first groups to review
MMS NPs, discussing their dual utility in diagnostics (imaging)
and therapy (e.g., hyperthermia and targeted DDS). The review
by Godakhindi et al. (2024)*> explored MSNs in cancer immu-
notherapy, focusing on remodeling the tumor microenviron-
ment and their role in combination immuno-therapies, a novel
emerging frontier. Alternatively, in this review, for the first time,
we summarize the recent advances in magnetic mesoporous
silica nanoparticles as advanced polymeric scaffolds for effi-
cient cancer chemotherapy.

1.1. Importance of targeted and controlled DD in CT

Cancer is a substantial health menace and one of the main
causes of mortality annually. Cancer is distinguished by
unusual and uncontrolled cell proliferation, leading to changes
in metabolic processes and disrupting natural cell signaling
routes. Cancer is regarded as an acute global health
problem.**** Thus, due to the devastating impact of this life-
threatening disease, researchers across the globe are focused
on developing innovative carrier systems that can deliver anti-
cancer agents specifically to the tumor site, while minimizing
harm to healthy tissues. Various treatment approaches,
including surgery, immunotherapy, radiotherapy, chemo-
therapy, and hormone therapy, are employed to combat
cancer.”® Among them, chemotherapy remains one of the most
widely used methods, relying on the administration of anti-
cancer drugs. However, its efficacy is often limited by the severe
toxicity associated with these drugs, which results in significant
side effects. The primary challenges hindering the success of
cancer therapies include poor selectivity, lack of controlled DD,
and inefficiencies in therapeutic agent administration.®®
Significant strides are being made to create advanced DDSs
capable of precisely targeting C cells, while reducing harm to
surrounding healthy tissues. Leveraging advancements in
nanotechnology, extensive research has focused on investi-
gating the capabilities of various nanomaterials, such as poly-
meric micelles, liposomes, CNT, and dendrimers, as DDS for
CT.”” Recently, drug-loaded NPs have garnered substantial
interest for their potential to achieve localized and controlled
drug release (DR) in CT.

Nanotechnology has been vigorously employed as a drug
carrier in the last few years to cure different cancer diseases.’® A
key obstacle in cancer therapy lies in overcoming multidrug
resistance, which limits the effectiveness of chemotherapeutic
agents. Thus, to address the limitations of conventional
chemotherapy, researchers have focused on advancing innova-
tive approaches to enhance monotherapy by facilitating the
targeted delivery of chemotherapeutic agents at higher drug
concentrations.*® Numerous nano-DDSs designed for tumor
targeting have undergone preclinical and clinical evaluations,
yielding promising outcomes. Several studies have highlighted
the critical role of nanocarriers in treating different types of
cancer, emphasizing their potential to revolutionize DD in CT.*

Nanocarriers loaded with chemotherapeutic agents can
perform active targeting by conjugating them with molecules
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that specifically interact with antigens overexpressed on C cells.
Advanced nanoscale DDSs, such as liposomes, polymeric NPs,
and micelles, have demonstrated substantial promise for clin-
ical use. Several NP-based chemotherapeutic formulations are
currently approved, while numerous others are undergoing
clinical or preclinical evaluation. However, nanocarriers face
significant limitations, including limited bioavailability,
systemic instability, uneven distribution within tissues, and
possible toxicity, raising significant safety challenges, particu-
larly for prolonged applications. Chemoresistance, a major
obstacle in CT, occurs when C cells initially sensitive to
chemotherapy eventually become resistant to drugs. Thus, to
these challenges, next-generation DDSs with
enhanced targeting capabilities are critical for improving CT
outcomes, reducing side effects, and alleviating chemotherapy-
associated discomfort. Researchers have developed a variety of
delivery systems with diverse sizes, structures, and surface
properties, incorporating advanced targeting methodologies. In
CT, a diverse array of nanoscale materials, such as artificial
polymers, biomolecules such as proteins and lipids, as well as
organic and inorganic nanoparticles, are utilized. Encapsu-
lating chemotherapeutic agents within nanocarriers offers
numerous advantages over administering free drugs. These
benefits include protection against degradation in the blood-
stream, enhanced solubility and stability of the drugs, targeted
delivery to specific tissues, reduced toxicity to healthy cells, and
improved pharmacokinetic and pharmacodynamic profiles.*

A critical advantage of MMS nanoparticles is their ability to
provide controlled and sustained drug release, an essential
feature for maximizing the therapeutic efficacy, while mini-
mizing systemic toxicity. The integration of mesoporous chan-
nels and surface-modifiable chemistries allows precise tuning
of the drug loading and release kinetics. Moreover, the
magnetic core enables externally guided localization, and in
some designs, thermally triggered release under an alternating
magnetic field. To better illustrate the performance of MMS-
based systems, Table 1 presents a comparison of the drug
release profiles of MMS nanoparticles with other widely used
nanocarriers. Parameters such as time to 50% drug release (¢s)
and cumulative release over 48 h highlight the superiority of
MMS in modulating drug discharge, especially under tumor-
mimicking acidic conditions (pH 5.0-6.5).

overcome
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This section outlines the critical importance of targeted and
controlled DD in enhancing the effectiveness of cancer therapy.
It explains how conventional therapies often lack specificity,
leading to systemic side effects and reduced efficacy. Advances
in nanocarriers, including liposomes, dendrimers, and poly-
meric nanoparticles, have improved the drug bioavailability and
tumor localization. However, challenges such as chemo-
resistance, toxicity, and uneven biodistribution remain, rein-
forcing the need for next-generation DDSs with better targeting
and controlled release capabilities.

1.2. Role of MMS NPs in advancing chemotherapy

MMS NPs, with their hierarchically structured core-shell
architecture, have emerged as leading nanocarriers in the field
of chemotherapy due to their multifunctionality and engineered
precision. These nanostructures consist of a magnetic iron
oxide core surrounded by a mesoporous silica shell, enabling
them to combine magnetic responsiveness with high surface
area and tunable pore structure, which are critical properties for
drug loading, controlled release, and targeting.

Unlike conventional magnetic or mesoporous materials used
in isolation, MMS NPs uniquely integrate drug storage, trans-
port, and targeting functionalities within a single nanoplat-
form. Their mesoporous shell facilitates a high loading of
various therapeutic agents, including hydrophilic and hydro-
phobic drugs, nucleic acids, and proteins, while also allowing
their surface functionalization with targeting ligands or
imaging agents. Meanwhile, their magnetic core permits
external-field-guided delivery, enhancing their accumulation at
tumor sites and reducing systemic toxicity.

Recent strategies have advanced the performance of MMS
NPs through innovative structural designs such as hollow MMS
NPs, which offer increased pore volume and internal surface
area for higher drug payloads and the possibility of co-delivery
or combination therapy. These structures also serve as prom-
ising nanoreactors or carriers in cancer theranostics.

To broaden the biomedical utility of MMS NPs, they are often
modified through physical and chemical surface engineering
approaches. Physical doping with imaging agents or fluorescent
dyes allows the integration of therapeutic and diagnostic
(theranostic) capabilities, while chemical functionalization via
co-condensation or post-grafting provides reactive functional

Table 1 Comparative drug release kinetics of different nanoparticle-based DDSs

Release  Time for 50%  Cumulative
DDS type Carrier material Drug medium  release (¢s0) release (%) at 48 h  Notable features Ref.
MMS Fe;0,@8Si0, Dox pH 5.0 ~12 h ~92% Magnetic targeting, 42
pH-responsive release
MSNs Mesoporous silica ~ Dox pH 7.4 ~4 h ~85% Fast burst release, 43
(non-magnetic) lack targeting ability
Polymeric NP PLGA Paclitaxel pH 7.4 ~8h ~70% Enzymatic degradation 44
required
Liposome PEGylated lipid Dox Serum ~6 h ~65% Prone to leakage under 45
bilayer (pH 7.4) acidic stress
Functionalized MMS  Fe;0,@SiO,@PEG  Cisplatin  pH 6.5 ~15 h ~88% PEG gatekeeping; responsive 46
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groups that enhance the drug conjugation efficiency, release
kinetics, and biocompatibility.

The ability of MMS NPs to combine targeted delivery, stimuli-
responsive release, and real-time imaging positions them as one
of the most promising nanocarriers for next-generation chemo-
therapy. Their performance depends not only on their structural
features but also on their rational surface engineering, which
enhances their interaction with biological systems and thera-
peutic agents. Several well-established strategies are used to
synthesize MMS NPs, each offering distinct advantages in terms
of structure, control, and scalability.

(A) Core-shell strategy. This is the most widely employed
method for the synthesis of MMS NPs. In this approach,
magnetic cores, typically Fe;O, or y-Fe,O; nanoparticles, are
first synthesized using co-precipitation or hydrothermal
methods and stabilized with surfactants (e.g., oleic acid or
citrates) to prevent their aggregation. Subsequently, these cores
are coated with a mesoporous silica shell via the sol-gel process
using tetraethyl orthosilicate (TEOS) under basic conditions
(Stober method). To generate well-ordered mesopores,
structure-directing agents such as cetyltrimethylammonium
bromide (CTAB) and Pluronic P123 are added. Subsequent
template removal, either by calcination or solvent extraction,
produces uniform and accessible mesoporous channels.

(B) Co-assembly method. In this method, magnetic nano-
particles and silica precursors are simultaneously assembled in
the presence of a structure-directing agent. This co-assembly
process facilitates the creation of more integrated or homoge-
neous nanocomposites, often leading to better-controlled
morphologies and uniform pore distribution across the shell.

(C) One-pot synthesis. This simplified method involves the
simultaneous addition of all the required components, ie.,
magnetic core, silica precursor, and surfactant, to a single
reaction system. Although this technique offers operational
simplicity and improved synthesis speed, it may reduce the
degree of control of the core-shell architecture and meso-
structure regularity.

These synthetic pathways offer flexibility in designing MMS
NPs tailored for specific DD applications. The appropriate method
is selected based on the desired properties, such as particle size,
pore architecture, surface functionality, and biocompatibility.

Magnetic and mesoporous materials offer a synergistic
platform for cancer DD. Magnetic nanoparticles (MNPs) allow
site-specific targeting through an external magnetic field, while
mesoporous silica provides a high surface area and tunable
pores for efficient drug loading and release. This section
explores the various synthesis strategies for magnetic meso-
porous composites and highlights their superior biocompati-
bility, responsiveness, and functionalization capabilities,
establishing their significance in the design of effective,
multifunctional DD systems.

1.3. Overview of magnetic mesoporous silica nanoparticles
(MMS NPs) as carriers

The procedures for the synthesis of magnetic mesoporous silica
NPs (MMS NPs) have become a topic of attention to address

© 2025 The Author(s). Published by the Royal Society of Chemistry
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significant issues in various fields, such as the pharmaceutical,
biomedical, industrial, and environmental fields. Their unique,
non-toxic nature and outstanding features such as biocompat-
ibility, stability, easy surface modifiability, mesopore structure,
and large volume and surface area make them versatile plat-
forms and potential candidates in different biomedical appli-
cations. Nowadays, among the diverse NPs, MSNs are regarded
as one of the most efficacious delivery systems for delivering
different drugs. Table 2 summarizes the various MMS NP
systems reported as carriers in CT.

This section presents MMS NPs as promising drug carriers
for cancer therapy, highlighting their unique structural and
functional attributes, including large surface area, uniform
mesopores, and magnetic responsiveness. Various MMS
systems are reviewed for their efficacy in delivering drugs such
as doxorubicin, apigenin, and cisplatin across different cancer
types. The findings underline the potential of MMS NPs to
enhance the uptake and prolong the circulation time of drugs
and achieve targeted delivery, with positive results in both in
vitro and in vivo studies.

1.4. Impact of API molecular type and physicochemical
properties on DDS

The physicochemical properties of active pharmaceutical
ingredients (APIs), including their molecular type, size, polarity,
hydrophobicity, and stability, play a pivotal role in determining
the appropriate DDS design and performance. APIs can be
broadly categorized into several classes including small mole-
cules, peptides, proteins, nucleic acids, monoclonal antibodies
(mAbs), antibody-drug conjugates (ADCs), and gene therapy
products. Each category presents distinct challenges and
opportunities regarding encapsulation, delivery, and thera-
peutic efficacy.

Small molecules (typically <900 Da) are the most widely used
APIs in clinical settings due to their well-established pharma-
cokinetics, synthetic accessibility, and oral bioavailability.
These molecules vary in hydrophobicity or hydrophilicity,
influencing their solubility, biodistribution, and interaction
with nanocarriers. MMS NPs can be engineered to load both
hydrophobic and hydrophilic small molecules through surface
functionalization and pore size optimization.

Peptides (500 Da to ~10 kDa) and proteins (>10 kDa) offer
high specificity and potency but are limited by their enzymatic
degradation and poor oral bioavailability. These macromole-
cules typically require parenteral administration and protection
via nanocarrier encapsulation. Thus, the porous architecture of
mesoporous silica provides a promising platform for their
stabilization, while surface modification, such as PEGylation
and incorporation of responsive gatekeepers, can enhance their
circulation time and reduce their proteolytic degradation.

Nucleic acids, such as siRNA and mRNA, are highly hydro-
philic and prone to degradation by nucleases. Thus, they
require sophisticated delivery strategies involving surface-
charged nanoparticles or lipid-based systems. In this case,
MMS NPs functionalized with cationic polymers or modified
with targeting ligands offer an effective scaffold for the

RSC Adv, 2025, 15, 16050-16074 | 16053
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Table 2 Summary of various MMS NP systems as carriers in cancer therapy
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MSNs Size of MSNs Drug

Target cancer

Outcomes

Reference

Folate-conjugated 400-600 nm Doxorubicin
Fe;0,@8Si0, hollow (DOX)
mesoporous spheres

Fe;0, cluster@QD- 122 nm
embedded mesoporous
SiO,

Fe;0,@S10,@SBA; 5 11-97 nm DOX

Fe;0,@8i0,-CDs 155 nm Gambogic
acid (GA)

Fe,03/Fe;0,@mSiO,- 25.5 nm Apigenin
HA

Fe;0,@Si0, @MIL- 50 nm Celecoxib
100(Fe)

Fe;0,@Si0,-Glu 50 nm DOX

Citric acid 107-118 nm
functionalized MMS

(MMS NP-NCO-CA)

Fe;0,@MSN/PEI-FA 100-200 nm DOX

Fe,0,@Si0,@mSiO,- 600 nm
SiCDs

Fe;0,@Au@SiO, 100 to 130 Etoposide
nm

16054 | RSC Adv, 2025, 15, 16050-16074

Cervical
cancer (CC)

Breast cancer
(BC)

BC

Liver cancer

Lung cancer

CC

BC

BC

Calvarial
tumors

Due to enhanced cell uptake, DR from DOX-
loaded spheres displayed a sustained
pattern, and their cytotoxicity was higher
compared to free DOX and non-folate-
conjugated spheres. The system
demonstrates potential for targeted
anticancer therapy

This NPF probe exhibits outstanding
magnetic, fluorescent, and photothermal
characteristics, making it ideal for a range of
biomedical uses. Specifically, it serves as

a dual-purpose diagnostic and therapeutic
agent, effectively labeling and eradicating C
cells in vitro via fluorescence and PTT

The targeted MMNPs nanocarrier
demonstrated strong potential for controlled
DD, with DOX showing a pH-dependent
release, releasing faster in acidic conditions
than in neutral ones. The nanocarrier
enhanced the cellular toxicity of DOX and
effectively delivered it to MCF-7 C cells
Fe;0,@8Si0,-CDs loaded with GA effectively
inhibited VX2 cells, reducing their survival
rate to below 20% at 100 pg mL ™",
demonstrating the pharmacological activity
of GA. In VX2 tumor-bearing mice, the NPs
showed a strong magnetic targeting effect,
significantly reducing tumor volume in the
magnetic targeting group. This highlights
their potential for targeted liver cancer
therapy

The Fe,0;/Fe;0,@mSiO,-HA magnetic
nanosystem demonstrated effective
magnetic and hyaluronic acid-based
targeting, showing promise as a platform for
targeted delivery of lung tumor A549 cells
The Fe;0,@Si0,@MIL-100(Fe) system
demonstrated pH-responsive DR, showing
biocompatibility with normal NIH-3T3 cells
and effective delivery of celecoxib to
cancerous HeLa cells in acidic conditions.
These findings highlight its potential for
smart DD and biomedical applications

The Fe;0,@8i0,-Glu system shows
significant potential for developing effective
and stable drug carriers for targeted and
controlled DR

The CA-functionalized core-shell magnetic
mesoporous NPs are promising drug carriers
for BC therapy

The results offer a controlled, targeted DDS
to decrease the side effects of anti-cancer
drugs in BC therapy

The results showed that based on the
properties of Fe;0,@Si0,@mSiO,-SiCDs,
they have the potential for use in sensor
technologies and DD carriers

This nanosphere would be a hopeful
nanocarrier for magnetic-targeted and NIR
irradiation-controlled DD, extending a new
route for in vivo medical diagnostics and
efficacious treatment

47

49

50

51

52

53

54

55

56
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MSNs Size of MSNs Drug

Target cancer

Outcomes Reference

MnFe;0,@Si0,-PEG-
RGD

20-30 nm

M@SiO,@amino 100-200 nm DOX BC

Fe;0,/Si0, — DOX BC

Fe;0,@Si0,@SBA-15 11-97 nm DOX BC

Fe;0,@Si0, 50 nm DOX BC

Fe;0,@85i0,-ZIF-8@N-
Chit-FA

43 nm Cisplatin CC

intracellular delivery of nucleic acids, while ensuring their
endosomal escape and controlled release.

Monoclonal antibodies (mAbs) and antibody-drug conjugates
(ADCs) are large biomolecules (~150-200 kDa) with complex
tertiary structures. Their delivery relies on surface conjugation
rather than encapsulation. Thus, the mesoporous silica frame-
work can act as a robust platform for site-specific antibody
conjugation, enabling the active targeting of tumor antigens and
controlled release of payloads in the tumor microenvironment.

Gene therapy products, such as DNA and viral vectors, have
emerged as transformative therapies but are hampered by their
instability and delivery challenges. In this case, the magnetic
cores in MMS NPs enable their targeted delivery via an external
magnetic field, while the silica shell supports the structural
integrity and co-delivery of gene-editing components or tran-
scription factors.

2. Structural features and
functionalization

The application of core-shell porous NPs has emerged as
a promising strategy in DD due to their tailored architecture,

© 2025 The Author(s). Published by the Royal Society of Chemistry

Liver cancer

The research demonstrated that silica NPs 58
functionalized with PEG and RGD peptides

were effective carriers for anticancer

complexes. These multifunctional NP-

loaded anticancer complexes have the

potential to serve as specialized agents for

CT monitoring

This research presented the developed 59
multifunctional I0/MS/amino core/shell (M/
silica/amino), by sonochemical approach,

loaded with DOX as a DDS for BC therapy

This nanocomposite was introduced as an 60
efficient NP for DD and combating BC.
Protease/DOX decorated Fe;0,/SiO,

nanocomposite exhibited 7.5% cell viability

as measured by the MTT test

The impact of the drug-loaded nanocarrier 49
on BC cells was evaluated using MCF?7 cell
cultures. Cell viability was assessed via an

MTT assay, and the half-maximal IC50 of the

drug was determined. The ICs, refers to the
concentration required to reduce cell

viability by 50% compared to the untreated

control group

This study demonstrated that DOX- 61
Fe;0,@8Si0, induces dose-dependent cell

death and exhibits greater cytotoxicity under

an exterior magnetic field compared to free

DOX, underscoring the potential of

Fe;0,@8Si0, for targeted DD

The finding illustrated that Fe;0,@SiO,-ZIF- 62
8@N-Chit-FA nanocomposites had

antitumor effects in CC cells. Also, it could

be served in targeted nanomedicine

which integrates a highly porous core with a stabilizing outer
shell.®*** Their internal porous structure offers a high surface
area and large void volume, allowing the efficient encapsulation
of diverse bioactive agents such as peptides, nucleic acids, and
small-molecule drugs. Their external shell provides structural
integrity and protects their cargo from premature degradation
or release. Furthermore, these systems can be engineered to
exhibit controlled and stimuli-responsive DR behavior under
specific environmental triggers such as temperature, enzymatic
activity, and light exposure.®** Surface functionalization plays
a crucial role in enhancing the pharmacokinetics and biocom-
patibility of these nanocarriers.” Modifying the surface of NPs
with ligands, targeting moieties, or imaging agents enables site-
specific delivery and real-time tracking of the therapeutic
distribution.®®* Table 3 displays some examples of integrated
systems for diagnostic imaging and therapeutic applications.
The coating layer, whether composed of polymers, lipids, or
silica, further improves the stability, prevents aggregation, and
regulates the release kinetics.”®”* For instance, mesoporous
MSNs are frequently coated with functional polymers or mole-
cules to create gatekeeping structures, which prevent premature
drug leakage and allow triggered release.””® Chemical func-
tionalization techniques introduce groups such as amino (-
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Table 3 Examples of integrated systems for diagnostic imaging and therapeutic applications

Structure Applications Advantages Ref.
Fe;0,@Si0,@mSiO, Targeted DD and real-time Enhanced therapeutic efficacy with combined 70

structure with AuNPs imaging of tumor progression

Fe;0,@8Si0, core-shell structure Breast and liver CT

functionalized with QDs

Fe;0,@mSiO, functionalized
with PSs like chlorin e6 (Ce6)

Treatment of hypoxic tumor

MnFe,0,@Si0,-PEG-RGD

Fe;0,@8Si0, core-shell with

temperature-responsive polymers hyperthermia enhances

chemotherapeutic effects

NH,), thiol (-SH), and carboxyl (-COOH) on the surface of NPs
using agents such as 3-aminopropyltrimethoxysilane and fluo-
rescein isothiocyanate.””® These groups provide reactive sites
for covalent bonding with therapeutic molecules or polymers,
enhancing the drug retention and targeting efficiency. Addi-
tionally, physical interactions including hydrogen bonding, van
der Waals forces, and electrostatic attractions support the non-
covalent immobilization of biomolecules.”*”® Stable polymer
coatings can also be developed by chemically grafting polymers,
such as PEG and poly(lactic-co-glycolic acid), on the surface of
NPs. The resulting durable coating enhances the retention of
the encapsulated drugs within the NPs, improving their stability
and enabling their controlled release.>*””

2.1. Description of core-shell structures

Magnetic DD is a promising emerging technology that utilizes
MAPs to deliver drugs precisely to target sites. MNPs, a type of
NP, exhibit magnetic behavior in response to an external
magnetic field. They are composed of magnetic materials such
as pure elements (Fe, Co, Mn, and Ni), composites, oxides, and
alloys. Typically, MNPs feature an IO core (e.g., Fe;O, or vy-
Fe,03) surrounded by an organic or inorganic shell coating.”
Their notable physicochemical properties include super-
paramagnetism and a large surface area (LSA), especially at the
nanoscale. MNPs are used extensively in biomedicine,
including DD, MRI, biosensing, and magnetic hyperthermia.”
In DD utility, MNPs present the benefit of targeted delivery to
particular cells and tissues, consequently enhancing the effec-
tiveness and safety of drugs. Magnetic hyperthermia employs
MNPs to produce heat when exposed to an exterior magnetic
field, promoting the selective devastation of C cells.*
Magnetite (Fe;0,) has a cubic reverse spinel structure with
the general formula Fe;0,=Fe*" (A) (Fe*'Fe**) BO,. Fe** ions
occupy both the tetrahedral (A) and octahedral (B) sites, while
Fe”* ions are confined to the octahedral sites. The anti-parallel
alignment of Fe®" spins across these sites cancels out the net
magnetization, whereas Fe®" contributes to the net magnetic
moment due to its spin alignment with the adjacent Fe*" ions.
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regions resistant to standard therapies
Effective in liver and BC models

Cancer therapy where localized

chemotherapy and PTT and real-time DD and

tumor response monitoring

Enhanced imaging accuracy due to dual-mode 48
capabilities, controlled DR in acidic tumor
environments, and reducing side effects on

healthy tissues

Synergistic effects of PDT and chemotherapy 71
for higher efficacy, non-invasive imaging and

targeted treatment

High tumor specificity due to RGD-targeting 58
peptide reducing off-target toxicity
Non-invasive hyperthermia activation and 72

precise control of DR

These magnetic properties make Fe;O, NPs highly responsive to
an external magnetic field.**

Magnetite NPs have attracted significant attention from
researchers in various fields, such as magnetic fluids, catalytic
processes, and biotechnology. Due to the wide application of
these particles, various methods have been developed to
synthesize particles with suitable stability for use in various
fields. The suitable particle size is typically in the range of 10 to
20 nm in many applications. Two key factors influencing the
properties of magnetic NPs are finite size and surface effects,
both of which contribute to the distinct characteristics of these
particles. The finite size effect arises due to the quantum
confinement of electrons, while surface effects are linked to the
disruption of crystal symmetry at the particle boundaries.®>*
Despite their promising properties, nano-sized particles face
challenges related to their inherent instability. These particles
often undergo agglomeration and aggregation as they attempt
to minimize the energy associated with their reactive surface.

Alternatively, bare metal NPs are chemically very active and
easily oxidized in the presence of air, which decreases their
magnetic properties and dispersion. As a result, the protection
of these NPs is crucial for many applications. This process is
carried out using organic coatings containing surface-active
materials, polymers or inorganic coatings such as silica and
carbon. Of course, in addition to protecting the NPs, these
coatings also allow them to be functionalized. Functionalized
NPs are very important and are used in catalysis, biolabeling,
and bio-separation processes. Also, in catalytic reactions in the
liquid phase, these NPs can exhibit quasi-homogeneous system
behavior due to their properties such as high dispersibility,
suitable interaction with reactants, and ease of separation.®**

Silica (SiO,), a silicon oxide, is highly suitable for targeted
DD. It efficiently encapsulates and delivers therapeutic agents
with precision, making it an essential material for controlled-
release applications. Through polymerization, silica forms
MSNs, which offer numerous advantages, including an LSA, the
ability to release drugs in a controlled fashion, and the potential
to incorporate various functional groups and ligands for
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targeted DD. Furthermore, the pore size of NPs can be adjusted,
boosting their drug-loading capacity. Consequently, photosen-
sitizers (PSs) can be effectively conjugated to silica NPs for PDT,
providing notable benefits in CT. Over the last decade, the
investigation of NPs, particularly the construction of SiNPs with
a controlled morphology and various uses, has attracted atten-
tion researchers in many fields.*

Recent advances in nanotechnology have immensely influ-
enced the investigation of silica materials for biological applica-
tions. Traditionally utilized as tablet fillers and absorbents owing
to their large surface space and heightened adsorption capability,
silica particles (nano and micro-sized) have been employed in
novel applications with the expansion of MS compounds.®***
These substances, engineered with accurate control of their pore
volume and size, suggest improved DD traits.**

The photothermal and hyperthermal properties of Fe;0,4-SiO,
NPs have garnered significant attention in scientific DD, offering
diverse strategies for controlled DR. When Fe;0, NPs are exposed
to an alternating magnetic field (AMF), they produce hyper-
thermia, leading to localized tissue heating, which facilitates the
controlled release of encapsulated therapeutic agents.”® This
thermal effect can activate the release of thermosensitive drugs or
destabilize the structure of DDSs, offering precise control of the
timing and location of DR.**** The addition of a silica shell to
Fe;0, NPs enhances their stability and biocompatibility, while
also enabling their functionalization with stimuli-responsive or
targeting ligands, thereby improving their effectiveness in
DD.*»' The photothermal properties of Fe;0,-SiO, NPs induce
hyperthermia, enhancing their drug-release capabilities. These
NPs efficiently capture near-infrared (NIR) light and convert it
into thermal energy. This thermal energy can be utilized to trigger
localized hyperthermia, boosting the therapeutic outcomes or
activating DR from carriers responsive to photothermal cues.'***

The integration of photothermal effects with hyperthermia
presents a synergistic strategy for regulating DR, allowing
precise control of the release kinetics in response to external
stimuli. Coating Fe;O, NPs with a silica shell significantly
improves their stability and biocompatibility, while offering
aversatile platform for functionalization with imaging agents or
targeting ligands.'®'** These enhancements make NPs highly
promising candidates for clinical use, facilitating their appli-
cation in targeted DDSs or non-invasive tumor ablation through
remote activation of DR from thermosensitive carriers.!*>%

Various types of MSNs are commonly employed in DD.
Among them, MCM-48, SBA-15, MCM-41, and SBA-16 are
extensively utilized due to their well-defined pore structures and
tunable properties. Beyond DD, these materials have been
explored for applications such as adsorption, catalysis, and
biosensing. Additionally, SBA-11, MCM-50, and SBA-12 have
demonstrated potential as ideal adsorbents for catalytic and
pharmaceutical applications.**”

2.2. Importance of surface area, pore size, and functional
groups

Employing nanoplatforms for loading anticancer drugs is
a cutting-edge procedure in DD to treat tumors and reduce
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poisonous effects on healthy cells. According to the literature,
MNP nanoplatforms are the most commonly utilized in DDS.
Their benefits include their simplicity and inexpensive
synthesis, capacity to efficiently adsorb drugs, and biocompat-
ibility, making them excellent nominees for the reconstruction
of DD scaffolds. Even if the body can readily assimilate the
various ionic states generated by IONs after their degradation,**®
no clear inference regarding the biocompatibility of IONs
exists.'” This promotes additional investigation in the area of
the biological utilities of IONs.''"* A further benefit of
employing IONs is their superparamagnetic attributes, which
make it possible to control DD utilizing an exterior magnetic
field."*** IONs are additionally used in magnetic resonance
imaging (MRI), cancer diagnostics, molecular imaging, and
hyperthermia.'**'** These appealing biomedical aspects present
a route for merging the characteristics of DD and MRI, which
increases the efficacy of antiCT."*™*"” Owing to their extended
surface, IONs tend to accumulate and oxidize. Therefore, their
surface is covered with organic, inorganic, and polymeric
substances that execute the operations of surface protection
and selective functionalization, as investigated by Zhu et al."*®

The use of MNPs in biomedical research, both in vitro and in
vivo, has garnered significant interest due to their versatile
surface properties, nanoscale dimensions, and excellent
magnetic field stability."*® In vitro, MNPs are employed in
a range of applications, including diagnostic separation, cell
selection processes, and magneto-relaxometry techniques.
Moreover, therapeutic studies have showcased their potential in
diagnostics, such as nuclear MRI, hyperthermia-based treat-
ments, and facilitating targeted DD."°

The dimensions of NPs play a crucial role in determining the
biomedical effectiveness of MSNs as DDSs. Consequently, fine-
tuning the size of NPs is essential for achieving the optimal DD
performance. One of the primary factors affecting the dimen-
sions of MSNs is the pH of the reaction medium. The inclusion
of specific additive reagents, such as alcohols, inorganic bases,
amines, and inorganic salts, is crucial for controlling the size of
NPs. These additives influence the hydrolysis and condensation
steps of the SiO, precursor, accelerating the reaction rate and
promoting the formation of smaller NPs.

The development of mesoscopic materials dates back to the
1970s, but a major breakthrough took place in 1992 when
a team at Mobil Research and Development Corporation pio-
neered the creation of mesoporous solids using aluminosilicate
gels and a liquid crystal templating technique. These materials
were named Mobil Composition of Matter (MCM-41). According
to IUPAC, MMs are characterized by a pore size in the range of 2
to 50 nm and a highly organized pore structure.'*" By selecting
specific surfactants, the pore size of these materials can be
precisely adjusted. MCM-41 typically adopts a hexagonal
structure, with pore diameters in the range of 2.5 to 6 nm, where
cationic surfactants serve as structural templates. MCM-41 has
become one of the most extensively studied materials in DD
applications. Furthermore, mesoporous structures can be
modified by altering their precursor materials or reaction
conditions, which can lead to variations in both their pore size
and the overall structural arrangement. For example, MCM-48
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exhibits a cubic structure, while MCM-50 is characterized by
a lamellar or layered configuration.***

MSNs, silica NPs with mesopores, have become increasingly
popular in recent years. Their unique advantages include
a uniform and adjustable pore size, the ability to functionalize
both their internal and external pore surfaces independently,
and a gating mechanism for controlling their pore openings.
These features make MSNs highly distinctive and promising as
DD carriers. Researchers have effectively utilized these NPs to
load various types of cargo, including drugs and larger macro-
molecules such as proteins,"”” DNA,** and RNA."” A lot of
studies have been accomplished in this field, and research
continues to explore new possibilities for using MSNs in DD.
Numerous reviews have been reported, highlighting the role of
MSNs in enhancing drug solubility,*® serving as systems for
controlled or sustained DR," and their utility in biomedi-
cine.”” MSNs, with their unique properties, have found wide-
spread applications across fields, including
biomedicine,*****” catalysis, environmental
protection,™*** and optics.**>*¢*

various
148-153

2.3. Techniques for functionalization and their impact on
drug loading/release

Various types of silica, including porous, fumed, and non-
porous variants, have shown promise as effective DDSs,
yielding promising outcomes in preclinical trials. However,
their successful clinical translation requires a thorough
understanding of their in vivo behavior, such as biodistribution
and potential toxicity. Silica NPs intended for biomedical use
are primarily amorphous and are classified as either porous or
non-porous. Unlike crystalline silica, amorphous silica is
cleared more rapidly from the lungs, reducing its potential
toxicity."®* MSNs exhibit rapid dissolution when their concen-
tration remains below saturation thresholds. According to
Martin's findings,"® silica undergoes dissolution in bodily
fluids, and subsequently absorbed or excreted as silicic acid
through fecal routes. The degradation of silica NPs into non-
toxic silicic acid occurs via three primary mechanisms
including ion exchange, hydration, and hydrolysis. This degra-
dation behavior is influenced by the properties of the
surrounding environment and the NP concentration. Various
approaches have been investigated to modulate the degradation
rates of silica NPs, including the non-covalent attachment of
organic groups to improve their hydrolytic breakdown, covalent
linkage with organic silsesquioxane-based NPs, and the incor-
poration of degradable organic silsesquioxane linkers into silica
NPs to promote their degradation through biological stimuli.
Notably, their degradation process is more intricate than that of
other silica NPs due to the variations in their structural
composition. This complexity arises from the variations in the
rate and extent of silica condensation achieved through
different sol-gel synthesis methods used for the fabrication of
MSNs. The study by Croissant et al. demonstrated that the
degradation rate of MSNs depends on their degree of conden-
sation, where MSNs with lower condensation degrade within
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days, while MSNs with higher condensation require several
weeks, and calcined MSNs may take months to fully degrade.**

This section elaborates on the architectural design and
strategies for the functionalization of core-shell MMS NPs. We
emphasize the importance of structural features such as high
surface area, tunable pore size, and the presence of functional
groups that facilitate effective drug loading and release. Func-
tionalization techniques, including chemical and physical
modifications, are discussed for improving biocompatibility,
drug retention, and targeted delivery. These advancements
provide the foundation for creating responsive and stable DDS
tailored for cancer treatment.

3. Mechanisms of DD

Nanotechnology has emerged as a cornerstone of modern
science, revolutionizing various fields in the 21st century. In
recent decades, its integration into biomedicine has marked
a significant breakthrough in disease diagnosis and treatment.
The advent of green technology and its application in nano-
medicine have introduced transformative approaches in
medical treatments and regenerative medicine, primarily due to
the benefits provided by nanostructures. These include an
elevated LSA, the capacity to engineer and modify surfaces, and
the potential to produce nanoparticles with diverse sizes,
shapes, and chemical properties. Nanocarriers are recognized
for their biocompatibility, biodegradability, and non-toxicity,
making  them  highly favorable for  biomedical
applications.'®***” Lipid-based nanocarriers,'**'** polymeric
NPs,'”>'* and dendrimers'”? have revolutionized treatment
approaches for a variety of diseases, particularly cancers and
infections. Both natural and synthetic NPs have seen wide-
spread use in medical applications. Noteworthy examples
include QDs and iron(i,m) oxide NPs, which are readily acces-
sible. Furthermore, carbon dots, Au NPs, Ag NPs, different
metal oxides, layered double hydroxide NPs, and silica NPs have
been utilized for diverse diagnostic and therapeutic
purposes.””*™”* Targeted DDSs, in particular, facilitate precise
drug transport to diseased tissues or C cells, minimizing
damage to surrounding healthy tissues.

The concept of using IONPs for magnetic drug targeting
(MDT) was first introduced by Frei.'”® This approach entails
conjugating anticancer drugs to Fe;O, NPs, administering the
NP-based system intravenously, and guiding it to the tumor site
via the use of an external magnetic field (Fig. 1). By utilizing this
technique, a higher concentration of chemotherapeutic agents
can be delivered directly to the tumor, thereby reducing the
overall dosage required and minimizing systemic exposure.'’®
Numerous in vivo investigations and clinical trials have since
confirmed the potential of MDT in improving the therapeutic
efficacy, while decreasing adverse effects.'”*s

3.1. pH-responsive systems

Stimuli-responsive DDS encompass a range of designs,
including those that respond to pH, enzymes, DNA/RNA,
temperature, magnetic fields, ultrasound, or light. Among
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Fig. 1 In MDT, anticancer drugs are loaded onto FesO4 NPs, injected into the bloodstream, and guided to the tumor site using an external

magnetic field. Reproduced from ref. 177 with permission from Wiley,

them, pH-sensitive systems are particularly popular due to the
natural variations in pH across tissues and cellular compart-
ments. These systems are designed to release drugs rapidly
upon reaching the acidic tumor environment or being inter-
nalized by cells via endocytosis. They operate through various
mechanisms, such as breaking chemical bonds, undergoing
phase transformations, structural changes, assembly or disas-
sembly, molecular release, and material dissolution. With their
ability to deliver drugs in a controlled manner, pH-responsive
systems hold significant potential for applications in diverse
biomedical fields."®

In many biomedical applications, it is essential for drugs to
be released in response to the pH levels in the body. Thus,
achieving controlled release that matches the physiological
requirements at specific locations, with predetermined release
rates for particular durations, will be highly beneficial. Different
tissues, organs, and cellular compartments have varying pH
values, making the pH level an ideal trigger for regulating DR.
pH-responsive DDSs are gaining significant attention as
a “smart” approach to overcoming the limitations of conven-
tional drug formulations. These systems enable precise control
of DD in both time and location, leading to enhanced thera-
peutic outcomes. The benefits of pH-responsive DD are as
follows:

© 2025 The Author(s). Published by the Royal Society of Chemistry

Copyright 2016.

(I) Targeted release: ensures that drugs are released
primarily in the target tissue (e.g., tumor site and acidic intra-
cellular compartments).

(I1) Reduced side effects: minimizes systemic toxicity by
avoiding drug leakage in healthy tissues.

(I1) Improved stability: protects sensitive drugs (e.g:,
proteins and nucleic acids) from degradation under physio-
logical conditions.

(IV) Enhanced efficacy: increases drug concentration at the
target site, improving the therapeutic outcomes.?

The pH levels within different regions of the digestive
system, various body organs, tissues, and cellular environments
vary significantly. For instance, the pH is in the range of 1.5-3.5
in the stomach, 5.5-6.8 in the small intestine, and 6.4-7.0 in the
colon.”® Tumors and inflamed tissues present a more acidic
environment compared to the bloodstream and healthy tissues,
which maintain a pH of around 7.4. Inside cells, the acidity
increases, with endosomes having a pH in the range of 5.5-6.0
and lysosomes in the range of 4.5-5.0."** These pH differences
across organs, tissues, and cellular compartments provide
a promising physiological trigger for pH-sensitive DDS. The
drug-release mechanism in these systems, which is highly
responsive to pH changes, offers significant potential for tar-
geted therapy. By preventing DR in the bloodstream at the
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normal physiological pH of 7.4, the drug is only released in the
acidic environment found in C cells.*®* Although most research
focused on pH-responsive DDSs based on organic polymers,
recent trends have seen increasing interest in inorganic and
hybrid inorganic/organic composite systems. These systems are
gaining attention due to their benefits, including enhanced
biocompatibility, thermal stability, and versatility, as well as
better control of morphology, size, and structure. pH-responsive
DDSs can be categorized into four types, as follows: (1) systems
based on organic materials, (2) systems utilizing inorganic
nanostructured materials, (3) systems made from inorganic/
inorganic nanocomposites, and (4) systems comprised of
inorganic/organic composites.’®® DOX-loaded pH-responsive
NPs were reported by reserchers in 2020.'*® They developed
multifunctional theranostic nanoplatforms, DOX/PB@CesNPs,
which demonstrated outstanding reactive oxygen species (ROS)
generation and promise as a potential therapeutic system for
combined chemo-PDT. The MSNs functionalized with an acid-
sensitive hydrazone linker release DOX selectively in the
acidic tumor microenvironment. Thus, this system enhances
the therapeutic efficiency while reducing the cardiotoxicity
associated with DOX.

pH-responsive DDSs have gained significant attention in
recent years, with considerable progress achieved over the last
few decades. A wealth of experimental data has been published,
with numerous studies focusing on organic polymer-based
systems. Recently, there has been a notable increase in
interest in inorganic and inorganic/organic composite pH-
responsive DDSs. These systems are highly regarded for their
advantages, including excellent thermal and chemical resil-
ience, biocompatibility, versatility, and precise control of their
morphology, size, and structure. However, despite these
advancements, several challenges persist. Although many drug
carriers have been developed, most have not achieved wide
practical to date. An ideal DDS must integrate multi-
functionality, including improved site-specific targeting,
responsive pH-controlled DR, and diagnostic capabilities.
Further progress is needed to incorporate additional functional
components and enhance their overall performance. One of the
key obstacles remains the efficient, cost-effective, and precise
fabrication of pH-responsive DDSs with consistent structures,
sizes, morphologies, and molecular characteristics.

Creating innovative pH-sensitive systems with biocompat-
ible and biodegradable inorganic or hybrid inorganic/organic
nanostructured materials is essential for practical use;
however, this has been insufficiently explored in current
research. Beyond organic substances, inorganic nanostructures,
particularly hybrid inorganic/organic composites, offer
substantial potential for pH-sensitive DD. Materials such as
precious metals, metal oxides, silica, and carbon-based mate-
rials (including CNTs, CQDs, and graphene) exhibit remarkable
properties, such as exceptional thermal and chemical dura-
bility, making them ideal for a wide range of biomedical uses.
However, their limited biodegradability presents challenges
regarding their in vivo use. Biodegradable inorganic materials,
such as calcium phosphate-based nanostructures and their
composites, show considerable potential for pH-responsive DD
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applications. Nevertheless, continued research is essential to
further refine their structure, size, and morphology control, as
well as to improve their surface modification and functionali-
zation for future clinical use."®'#

3.2. Magnetic field and photothermal activation

Magnetic DD is a promising technology that employs MNPs to
deliver medicines to specific target areas. MNPs are a type of
NPs that show magnetic behavior in response to a magnetic
field. They include diverse magnetic materials, comprising pure
elements such as iron, cobalt, Mn, and nickel, as well as their
oxides, composites, and alloys. They include a core created of
10, such as magnetite (Fe;0,) and maghemite (y-Fe,O3),
covered by a surface coating, which can be organic and inor-
ganic.”® Magnetic field and photothermal activation are two
distinct but related concepts often applied in various scientific
and technological fields, particularly in biomedicine and
materials science. A magnetic field is a vector field surrounding
a magnet, electric currents, or changing electric fields charac-
terized by the force it exerts on other magnetic materials. It is
typically represented by magnetic field lines that show the
direction and strength of the field at various points. Magnetic
fields can be produced by magnets, coils carrying electrical
currents, or other sources.’®

Photothermal activation involves the absorption of light
(usually in the form of infrared or visible wavelengths) by
a material, which then converts the absorbed energy into heat.
This phenomenon is based on the absorption of photons (light
particles) by a material, causing electrons and atoms within the
material to vibrate and generate thermal energy. Subsequently,
the material experiences an increase in temperature, which can
be controlled by adjusting the intensity, wavelength, and
exposure time to the light source.

3.3. Magnetic-field-assisted photothermal therapy of cancer

When a magnetic substance is subjected to an external
magnetic field, it can generate heat through hysteresis losses or
magnetic relaxation processes. In contrast, photothermal acti-
vation involves absorbing light and converting that energy into
heat. By combining these mechanisms, researchers can create
materials that respond to either a magnetic field or light (or
both) to induce heating. Combining magnetic field activation
with photothermal activation in MMS NPs offers a powerful
dual-trigger system for precise and efficient CT. These systems
utilize the magnetic and photothermal properties of MMS NPs
to achieve controlled DR and localized tumor ablation, making
them a promising tool in nanomedicine. The integration of
a magnetic field and photothermal activation in MMS NPs is
a cutting-edge approach with tremendous potential in cancer
therapy. Ongoing research aims to optimize these dual-
responsive systems for clinical applications, focusing on
improving delivery precision, enhancing therapeutic efficacy,
and ensuring safety. These advancements can revolutionize
personalized CT, offering highly controlled and effective ther-
apies with minimal side effects."*
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Magnetic cores (e.g., I0) within MMS NPs heat up when
exposed to an AMF. The localized heat generated can induce
thermal ablation of C cells. Then, the release of therapeutic
agents encapsulated in the mesopores is triggered by disrupting
their heat-sensitive bonds or pore caps. The heat also sensitizes
tumor cells to chemotherapy, enhancing the treatment efficacy.
An external magnetic field can guide MMS NPs to tumor sites,
increasing their local concentration and reducing off-target
effects. Functionalization with photothermal agents (e.g., gold
nanostructures, carbon materials, and upconversion NPs)
allows MMS NPs to absorb light, especially in the NIR range.
These agents generate localized heat upon NIR irradiation,
enabling tumor cell apoptosis or necrosis via hyperthermia and
stimuli-responsive DR. Photo-responsive linkers (e.g., azo-
benzene) and thermosensitive polymers on the surface of MMS
NPs can release drugs upon light exposure, further enhancing
the precision. Combining magnetic and photothermal effects
generates higher and more controllable heat levels at the tumor
site. This dual activation improves the efficacy of hyperthermia
therapy and reduces the treatment time. Magnetic hyper-
thermia and photothermal activation can work together to
disrupt bonds or mechanisms holding drugs within the MMS
NPs. Controlled heating ensures precise and efficient DR only in
targeted regions. Magnetic targeting ensures that the NPs are
concentrated at the tumor site before activation. Light-based
activation adds a layer of spatial control, given that the photo-
thermal effect is localized to the irradiated area.'**'*

3.4. Dual or multi-responsive delivery systems

Responsive nanomedicines with dual and multi-functional
capabilities offer significant promise in enhancing site-
targeted DD, providing a strategic approach to reduce side
effects and boost the therapeutic efficacy in CT. These advanced
nanomedicines have significantly advanced nanoparticulate
drug formulations by enhancing various factors such as ease of
preparation, stability, retention at the tumor site, tissue pene-
tration, and overall therapeutic performance. Their capability to
undergo transformations such as charge reversal, alterations in
size, PEG deshielding, and controlled DR facilitates the incor-
poration of diverse therapeutic strategies, thereby boosting the
effectiveness of chemotherapy, phototherapy, immunotherapy,
and combination therapies. With their precisely controlled DR
mechanisms, these nanomedicines can significantly reduce the
systemic toxicity and immune-related side effects, resulting in
superior anticancer outcomes both in vitro and in vivo.
Conventional nanomedicines lacking stimuli-responsive capa-
bilities release therapeutic drugs continuously through a diffu-
sion-driven mechanism, leading to an “always-on” delivery
effect, which can pose significant risks to healthy tissues.***%”
Thus, to address these limitations, the development of intelli-
gent nanomedicines capable of delivering drugs in a controlled
manner specific to time, location, and dosage has become
essential."”®*?% Stimuli-responsive nanomedicines, which acti-
vate their therapeutic effects only in response to external trig-
gers or tumor-specific biomarkers, have garnered substantial
interest in recent years owing to their potential to enable highly
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targeted CT, while minimizing toxicity concerns.**-**> The
release of drugs and the antitumor effects of nanomedicines
can be modulated by various intrinsic conditions within the
tumor microenvironment, such as low pH,>**?% sgpecific
enzymes,****°® ROS,**" glutathione,”>*** and hypoxic condi-
tions,?***** leading to enhanced therapeutic outcomes.
Furthermore, non-invasive external triggers such as NIR light
offer the advantage of precise spatiotemporal control of
DR.***" However, most stimuli-responsive nanomedicines are
designed to react to a single type of stimulus, which often limits
their efficiency. This can result in inadequate DR during
circulation or unintended drug leakage into healthy tissues,
owing to the constraints of relying on just one endogenous or
exogenous trigger.”**** For instance, although nanomedicines
responsive to external stimuli offer advantages in controllability
through the precise application of physical triggers, their
effectiveness is hindered by the limited penetration of the
stimuli, restricting their wuse primarily to superficial
tumors.?**>*® Internal stimuli-responsive nanomedicines show
significant potential for targeting both surface and deep
tumors. However, their ability to effectively adjust to the intri-
cate and fluctuating physiological conditions in the body is
constrained. This challenge arises mainly from the irrevers-
ibility of their responses, which are dependent on the depletion
of endogenous substances.”® Alternatively, dual- and multi-
responsive nanomedicines, engineered to react to a combina-
tion of internal and external stimuli, or multiple internal
signals, provide superior flexibility. These systems are more
capable of preventing premature DR, thereby minimizing the
systemic toxicity and enhancing the efficacy of antitumor ther-
apies.?**?*?* These advanced nanomedicines enable innova-
tive controlled DD mechanisms by allowing concurrent multi-
step reactions at a single location or sequential reactions
across various environments and compartments. This design
approach significantly boosts the antitumor effectiveness both
in vitro and in vivo.?**>%

Dual- and multi-stimuli responsive nanomedicines hold
great promise for enhancing the precision and personalization
of CT, owing to their ability to deliver drugs in a controlled
manner and their versatile, modular design. Despite the chal-
lenges in advancing stimuli-responsive metallodrugs, this fast-
developing area shows considerable potential. In addition to
CT, these innovative nanomedicines may have applications in
managing cardiovascular diseases, neurodegenerative disor-
ders, and autoimmune conditions.

The DD mechanisms enabled by MMS nanoparticles have
been explored in detail, focusing on the use of external and
internal stimuli to trigger drug release. The key approaches
include magnetic drug targeting, pH-responsive systems, pho-
tothermal activation, and dual- or multi-responsive platforms.
These smart delivery systems have been designed to release
drugs only at the tumor site, reducing their systemic toxicity and
improving their therapeutic precision. Thus, the integration of
multiple stimuli-responsive mechanisms demonstrates great
promise for advancing personalized cancer therapy.

RSC Adv, 2025, 15, 16050-16074 | 16061


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00948k

Open Access Article. Published on 14 May 2025. Downloaded on 10/28/2025 2:56:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

4. Applications in chemotherapy

4.1. Specific applications of MMS NPs in DD

MMS NPs have emerged as multifunctional nanocarriers for the
targeted delivery of anticancer drugs such as DOX and cisplatin.
Building on their structural advantages, including tunable pore
size, large surface area, high loading capacity, and functional-
ization versatility, recent studies have focused on the perfor-
mance of MMS NPs in specific DDSs and cancer models.

Zhu and colleagues developed Fe;0,@SiO, hollow meso-
porous spheres with a rattle-type structure using carbon spheres
as templates. They varied the particle size, mesoporous shell
thickness, and Fe;O, content to assess their influence on
cellular uptake and cytotoxicity in HeLa cells. The spheres
exhibited rapid cellular internalization. At concentrations up to
150 mg mL ™, they showed no toxic effects, while a mild
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cytotoxic effect was observed at 200 mg mL ™' after 48 h of
incubation. When loaded with the anticancer drug DOX
hydrochloride, the spheres exhibited slightly higher cytotoxicity
compared to the free DOX. These results underscore the
promise of Fe;0,@SiO, hollow mesoporous spheres as effective
drug carriers for the targeted delivery and treatment of C
cells.”*?

Ehsanimehr et al. conducted a comprehensive study on the
synthesis and surface functionalization of Fe;0,@SiO,@SBA-15
with a biodegradable, cationic, and biocompatible copolymer
(Fig. 2). The process began with the preparation of MMNPs
through sol-gel methods applied to Fe;O, NPs. Subsequently,
these particles were modified with r-cysteine, creating VMMNP-
L-cysteine. In a separate process, PEI was modified by intro-
ducing CM-B-CD and FA, with FA being encapsulated within the
cyclodextrin cavity through host-guest interactions, forming
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2021

16062 | RSC Adv, 2025, 15, 16050-16074

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00948k

Open Access Article. Published on 14 May 2025. Downloaded on 10/28/2025 2:56:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

the PEI/CM-B-CD/FA complex. Subsequently, this complex was
conjugated to VMMNP-1-cysteine, resulting in the creation of
a novel hollow mesoporous structure designed as a nanocarrier.
The drug loading and release profiles were assessed using UV-
visible spectroscopy. To examine the impact of the nano-
carrier on BC cells, the MCF7 cell line was cultured, and the cell
viability was evaluated via MTT assays and IC50 values, repre-
senting the drug concentration required to inhibit 50% of cell
growth relative to the control group. Furthermore, fluorescence
microscopy was employed to observe potential the morpholog-
ical changes in the C cell nuclei.*

Iranpour et al. proposed an aptamer-functionalized DDS
using SPION@MSNs capped with gold gatekeepers for DOX
release. Its surface was further modified with heterofunctional
PEG and EpCAM-targeting aptamers, yielding Apt-PEG-Au@NP-
DOX. This system achieved selective uptake in colorectal cancer
cells, improved in vivo tumor suppression, and minimized
systemic toxicity in HT-29 xenograft mouse models.>**

Abedi et al. developed monodisperse carboxylic acid-
functionalized MMS NPs using two different approaches. ie.,
a two-phase sol-gel method and post-modification techniques
involving a CA-functionalized isocyanate silane coupling agent
(MMS NP-NCO-CA) or succinic anhydride-functionalized MMS
(MMS NP-NH-SA). Fig. 3 shows the TEM micrograph and FESEM
image of MMS NP-NH-SA and MMS NPNCO-CA. The cytotoxicity
of these nanoparticles, including both general toxicity and
cisplatin (cis-Pt)-specific effects, was assessed using an MTT
assay with the MDA-MB-231 BC cell line. Apoptosis was further
analyzed using acridine orange/ethidium bromide dual stain-
ing, followed by observation with fluorescence microscopy. The
in vitro anti-cancer activity of cis-Pt-loaded MMS NP-NCO-CA
and MMS NP-NH-SA was significantly improved compared to
free cis-Pt, with MMS NP-NCO-CA inducing a higher level of
specific apoptotic cell death. These results suggest that the CA-
functionalized core-shell magnetic mesoporous hybrid nano-
particles represent a promising strategy for in vivo DD in cancer
therapy.”*
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Shao and colleagues designed a simple method for the
synthesis of core-shell MMS NPs (Fe;0,@mSiO, NPs) in an
aqueous solution, utilizing cetyltrimethylammonium bromide
as a template under alcohol-free conditions. This method is
faster, more economical, and environmentally friendly
compared to the conventional techniques, given that it elimi-
nates the need for organic solvents and allows a single-step
synthesis process that takes only five minutes. The Fe;O0,@-
mSiO, NPs loaded with DOX exhibited significant selectivity for
liver C cells, facilitated by pH-sensitive DR, and enhanced
cellular uptake in C cells relative to normal liver cells. These NPs
offer significant benefits as therapeutic delivery systems,
including exceptional biocompatibility, high payload capacity,
protection of active compounds, selective toxicity towards C
cells, and efficient cellular uptake. Thus, the pH-responsive
release of DOX from these nanoparticles presents a potential
strategy for enhancing targeted CT, while minimizing the DOX-
related toxicity to healthy tissues and cells.>*

This section highlights the application of MMS NPs in
delivering specific chemotherapeutic agents, such as doxoru-
bicin and cisplatin, across different cancer models including
breast and cervical cancers. Case studies demonstrate the
ability of these systems to enhance cellular uptake, provide
sustained and pH-responsive drug release, and induce greater
cytotoxic effects on cancer cells compared to free drugs. The
findings underscore the potential of MMS-based platforms to
overcome the limitations of traditional chemotherapy and offer
more targeted and efficient cancer treatments.

5. Synergistic therapies

5.1. Combining chemotherapy with PTT and PDT

Recently, the research focus has shifted from monotherapy to
combination treatments in the fight against cancer. Photo-
therapies are fast-evolving cancer therapy modalities that use
the light of diverse wavelengths to cause photochemical and
photothermal shifts in a target organ. Phototherapy comprised
of PTT and PDT has demonstrated excellent prospects as an

(A) TEM micrographs of (a—c) MMS NP-NH-SA and (d) MMS NPNCO-CA. (B) FESEM images of (e and f) MMS NP-NH-SA and (g and h) MMS

NP-NCO-CA samples. Reproduced from ref. 54 with permission from Elsevier, Copyright 2019.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficacious therapeutic procedure against cancer. These treat-
ments have attracted significant scientific attention for the
therapy of diverse illnesses, particularly cancer, owing to their
distinctive advantages, such as minimum invasiveness,
restricted side effects, excellent efficiency, and insignificant
drug resistance. To overcome the limitations of single treat-
ments, the combination of PTT and PDT can produce a syner-
gistic effect, enhancing the therapeutic efficacy. PTT and PDT
treatments harness light to destroy C cells with spatiotemporal
accuracy via either the production of active oxygen species or

-
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increased temperatures.”**>*® The combination of immuno-
therapy and the combined use of PDT with other therapy
methods has also been developed to demonstrate excellent
antitumor effects (Fig. 4(A)).*® Fig. 4(B) 8 illustrates the
underlying mechanism of PDT. During PDT, a photosensitizer
(PS) absorbs a photon, transitioning to an excited singlet state
(*PS*). This state may convert into a longer-lived triplet state
(*Ps*), which drives the therapeutic effects through two distinct
pathways. In the Type I reaction, *PS* transfers electrons to
biomolecules or oxygen, leading to the formation of reactive
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(A) Combination of diverse treatment procedures such as immunotherapy, magnetic therapy, biotherapy, sonodynamic therapy, radiation

therapy, and chemotherapy with PTT and PDT (reproduced from ref. 239 with permission from Wiley, Copyright 2021). (B) Mechanism of PDT:
a photosensitizer absorbs photons, generating ROS (Type I) or singlet oxygen (Type Il) to induce targeted cytotoxicity (reproduced from ref. 240
with permission from Elsevier, Copyright 2019 (adapted and redrawn using the Corel Draw 5.6 software)).
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Illustration of the chemotherapeutic efficacy of NPs: NPs deliver drugs to tumor-associated receptors, effectively directing them to the

tumor site for targeted therapy (reproduced from ref. 243 with permission from Wiley, Copyright 2021 and redrawn using the Corel Draw 5.6

software).

radicals such as O,"—, H,0,, and OH". Alternatively, in the Type
II reaction, *PS* transfers energy directly to molecular oxygen,
generating singlet oxygen ('0,), a highly cytotoxic species
responsible for inducing cellular damage and apoptosis in tar-
geted C cells.

In PDT, NPs show significant potential within DDS due to
their ability to improve the absorption of PSs by C cells. By
enhancing the encapsulation efficiency of PSs, NPs enable their
focused delivery and internalization by C cells through either
passive or active transport pathways. This is due to the high
surface-area-to-volume ratio of NPs. Additionally, conjugating
PSs with NPs increases their solubility and stability, reduces
their toxic effects under low-light environments, and boosts
their selective delivery. As a result, this approach reduces
adverse side effects, while yielding more effective PDT results.

NPs, due to their small size, can evade the immune system
defenses by resembling biological molecules. This feature
enables both the passive and active targeting of PSs to C cells.***
To enhance the targeted uptake and biocompatibility of PS-
loaded nanocarriers for active targeting, specific ligands are

Table 4 Chief advantages and disadvantages of PDT and PTT

incorporated, which selectively bind to overexpressed receptors
on tumor cells.*” As shown in Fig. 5, NPs demonstrate their
effectiveness in chemotherapy by targeting tumor-associated
receptors, efficiently directing NPs to the tumor site. Once at
the tumor, NPs can penetrate the plasma membrane and
release the chemotherapeutic agents. Furthermore, when
exposed to a specific wavelength of light, these NPs generate
ROS, leading to tumor cell death. Over time, researchers have
developed various carrier systems, composed of both organic
and inorganic NPs, to enhance the uptake of PSs and promote
PDT in the treatment of BC.>*

PTT relies on photothermal agents to convert absorbed
photon energy into heat, inducing localized hyperthermia,
which results in cell death through necrosis and apoptosis.>*****
In contrast, PDT works by generating ROS through PSs, which
transfer energy to oxygen within tissues when exposed to light,
leading to the destruction of C cells.****** Although the indi-
vidual application of PDT and PTT has demonstrated promising
outcomes in CT,***** there is growing interest in combining
both therapies in a unified system to enhance their therapeutic

Phototherapies Chief advantages Chief disadvantages Mechanism Ref.
PTT Local therapy, Restricted light penetration, It uses NIR light to heat NPs, 260 and 261
spatiotemporal selectivity, heat resistance, heat-shock leading to localized tumor
oxygen independence, answer, and restricted tissue hyperthermia
thermal ablation, penetration
immunogenic
PDT Local therapy, Restricted light penetration Activates PSs with light to 260 and 261

spatiotemporal selectivity,
minimal harm to normal
tissues, limited or no
potential for resistance

and tissue penetration and
oxygen dependence

© 2025 The Author(s). Published by the Royal Society of Chemistry

produce ROS, causing
oxidative damage to tumor
cells
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effectiveness.””"?**> A key challenge in PDT is the reduced oxygen
levels in tissues, which exacerbates local hypoxia, diminishing
the efficiency of ROS generation due to insufficient oxygen.?>*>**
The integration of PTT with PDT offers a potential solution to
this issue by improving the delivery of oxygen. Localized
hyperthermia from PTT can enhance the blood circulation to
the tumor site, thus increasing the availability of oxygen.**®> PTT
typically requires high-intensity laser irradiation (often
exceeding 0.5 W cm %) to achieve sufficient hyperthermia.?®
However, excessive light exposure can result in damage to
surrounding healthy tissues.”” Thus, by combining PDT with
PTT, lower laser intensities can be used, reducing the risk of
side effects. Moderate hyperthermia can also sensitize C cells to
various therapeutic approaches, promoting drug uptake and
alleviating tissue hypoxia.*****° Therefore, combining PDT and
PTT provides an opportunity to achieve effective therapeutic
outcomes with minimal adverse effects. The main advantages
and limitations of both PDT and PTT are summarized in Table
4.

6. Conclusion

Among the various nanomaterials developed for cancer therapy
and diagnosis, MSNs and iron IONPs stand out owing to their
remarkable potential. These materials offer several advantages,
such as responsiveness to an external magnetic field, high drug
payload capacity, the ability to easily modify their surface to
prevent undesirable biological interactions, and excellent
biocompatibility. These attributes make them valuable scaf-
folds to address some of the major challenges in CT today.
IONPs, in particular, possess unique properties that allow them
to function as nano-heaters, contrast agents for imaging, and
DDS, playing a crucial role in cancer therapy. Research has

16066 | RSC Adv, 2025, 15, 16050-16074

demonstrated that IONPs can help mitigate the harmful side
effects commonly associated with conventional chemotherapy.
Meanwhile, MMS NPs are emerging as a highly promising
platform for chemotherapy owing to their multifunctionality,
biocompatibility, and effectiveness in DD. Their mesoporous
structure offers an LSA and pore volume for the efficient loading
of chemotherapeutic agents. Also, the functionalization of their
pores allows precise control of DR, minimizing the systemic
toxicity and improving the therapeutic outcomes. The magnetic
cores of MMS can generate heat under an AMF, inducing
localized hyperthermia to destroy C cells selectively, while
sparing healthy tissue. MMS NPs enable combination therapy,
integrating DD with hyperthermia or other treatments such as
PDT, enhancing their efficacy. Functionalization allows the
incorporation of imaging agents for theranostics, combining
therapy and diagnostics in a single platform. Surface func-
tionalization with ligands or antibodies enables targeted
delivery to C cells, reducing off-target effects. Magnetic target-
ing via an external field can further guide NPs to tumor sites.
Silicate materials are generally biocompatible and degrade into
harmless byproducts, addressing concerns of their long-term
toxicity. Magnetic cores, typically made of 10, are also biocom-
patible and have been used in FDA-approved applications. MMS
NPs enhance imaging modalities such as MRI for the real-time
monitoring of DD and treatment efficacy. We strongly believe
that the interaction of diverse fields such as biology, chemistry,
and medicine will provide the essential means to overcome the
main challenges preventing this technology from being trans-
ferred into the clinic.

The section on biocompatibility and toxicity concerns high-
lighted the key aspects of ensuring the safe and effective use of
MMS NPs. The key points associated with biocompatibility and
toxicity include core materials, surface functionalization,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00948k

Open Access Article. Published on 14 May 2025. Downloaded on 10/28/2025 2:56:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

toxicity challenges, controlled degradation, and regulatory and
long-term safety. IONPs, commonly used in MMS systems, are
biocompatible and non-toxic at appropriate concentrations.
They degrade into ionic states that the body can assimilate.
Silica coatings enhance their biocompatibility and stability,
providing a protective barrier against aggregation and prema-
ture degradation. Thus, coating MMS NPs with organic, inor-
ganic, and polymeric substances ensures compatibility with
biological environments and prevents aggregation. Functional
groups such as amino, thiol, and carboxyl allow targeted
interaction with biological molecules, reducing the non-specific
uptake. Bare magnetic NPs may oxidize and generate ROS,
leading to potential cytotoxic effects. Smaller NPs risk rapid
degradation, which may affect their stability and effectiveness.
Some surfactants and coatings used to modify NPs for improved
dispersion and biocompatibility may introduce biotoxicity.
MMS NPs degrade into non-toxic byproducts such as silicic
acid, but the rate and mechanism depend on their synthesis
methods and structural properties. Surface modifications can
tune the degradation Kkinetics, enabling a balance between
stability and bioavailability.

The scalability and clinical translation of magnetic silicate
MMS NPs are critical for their transition from research to
advanced applications. The main challenges in scalability and
clinical translation include large-scale synthesis, complex
functionalization, clinical translation, and economic feasibility.
Achieving consistent size, shape, and magnetic properties
during large-scale production is challenging. Small-scale
synthesis methods often result in variations between batches,
which can affect reproducibility. The high cost of raw materials
and complex functionalization processes are barriers to scaling
up. Surface modifications (e.g., addition of targeting ligands or
polymers) often require multi-step chemical processes. Also,
ensuring that these processes are scalable, while maintaining
the integrity and functionality of NPs is difficult. The safety and
efficacy of MMS NPs must be rigorously tested to meet stringent
regulatory requirements. Ensuring biocompatibility and mini-
mizing long-term side effects are crucial. Maintaining stability
during storage and handling requires robust designs, particu-
larly for clinical-grade materials. Cost-effective synthesis, func-
tionalization, and purification methods are essential to make
MMS NPs viable for widespread use. Reducing costs associated
with high-quality starting materials (such as silica precursors
and I0) is necessary. Future directions for scalability and clin-
ical applications can be involved in using MMS NPs as adjuncts
to existing treatments (e.g., enhancing the efficacy of chemo-
therapy or radiotherapy by integration with existing therapies),
developing low-cost functionalization strategies, such as using
biologically derived ligands instead of synthetic chemicals and
conducting multicenter clinical trials to establish safety and
efficacy across diverse patient populations.

Superparamagnetic Fe;O, NPs, a type of magnetic nano-
material, offer numerous benefits, including excellent biocom-
patibility, non-toxicity, and strong absorption properties. These
advantages have led to their widespread use in bio-separation, cell
labeling, and cancer therapy. Fe;O, NPs used as photothermal
agents have also been the focus of several studies in previous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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research.”*>**® Fe;O, NPs have several notable disadvantages.
Firstly, their inherent magnetism makes them prone to agglom-
eration. Secondly, conventional Fe;O, NPs often exhibit signifi-
cant mass and increased dimensions, resulting in decreased
photothermal efficiency. Thirdly, pure Fe;O, has limited func-
tional properties and poses challenges in modification, restricting
its potential for broader applications. Finally, smaller Fe;O, NPs
may degrade rapidly in biological environments. Thus, to address
these issues, strategies such as creating smaller NPs, co-loading
with other materials, and developing composite NPs can be
used to enhance the performance of Fe;0, NPs.

For Fe;0, NPs to perform optimally as nanoprobes in bio-
logical tissues, they must exhibit both chemical and structural
stability and remain well-dispersed in aqueous solutions.?****
Although hydrophilic surfactants can improve the dispersibility
and performance of Fe;O, NPs, their potential biotoxicity raises
concerns regarding their safety in biological and medical
applications. Thus, to address these issues, the application of
a silica coating on the surface of Fe;O, NPs not only enhances
their aqueous dispersion but also significantly improves their
mechanical and chemical integrity.>**>* The hydroxyl groups
present on the surface of silica can react with different cross-
linking agents, allowing the attachment of specific ligands to
the NPs. Furthermore, the large pores within the silica structure
offer several benefits. They can accommodate a wide variety of
compounds, offer an expanded surface area, and decrease the
particle density, thereby improving the loading capacity for
multiple compounds and boosting the stability in aqueous
environments. In biosensing applications, QDs have emerged
as a superior alternative to conventional organic dyes due to
their exceptional optical properties, including broad contin-
uous absorption spectra, sharp emission peaks, and
outstanding resistance to photodegradation.>”>*”* The layer-by-
layer (LbL) approach is frequently used to integrate QDs into
the silica matrix through electrostatic interactions between the
silica and QDs. Nevertheless, this method results in the limited
attachment of QDs to the silica surface, leading to relatively
weak photoluminescence (PL) and increased toxicity of the QDs,
which can be problematic for biomedical applications.

Mesoporous NPs represent the latest advancement in their
category and are utilized in targeted DD to enhance the delivery
efficiency. Diverse MMs have been employed as DDS. Siliceous
porous materials can be categorized based on two key charac-
teristics, their porous properties and the structure of their cell
walls. In addition to these factors, these NPs can also be
compared according to how easily fluid materials can access their
pores. By incorporating intelligent polymers into modified MMs,
researchers can deliver drugs to target tissues at a specific time
and location with controlled release rates.””” These materials
feature dual-component structures with distinct hydrophilic and
hydrophobic properties, known as amphiphilic structures.?*>7

MS materials feature an abundant number of silanol groups
on their surface, which can be chemically altered to incorporate
various functional groups. This modification is typically achieved
using monomers containing RO; and SiR’' structures, where R
represents an organic functional group. By attaching diverse
functional groups and organic molecules to the surface of MMs,
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their properties, such as water affinity, repulsion, and capacity to
interact with guest molecules, can be customized to fulfill specific
requirements.””® Drug loading within the pores of MS can be
carried out through various strategies, as illustrated in Fig. 6.

The surface of MMs can be modified with organic
compounds through three primary methods, ie., grafting,
coating, and compaction, together with structural modification
via the rotational method.””” The use of MS as a drug carrier in
DDSs began in 2001. MMs are highly suitable for DD due to
their distinct properties. The key features of MS include (1)
a well-ordered pore structure, which ensures a uniform distri-
bution of pore sizes, enabling precise control of the loading and
release of drugs in the body; (2) an LSA, which enhances the
drug absorption and loading capacity due to the abundant pore
volume; and (3) the ability to functionalize its surface with
various organic molecules, allowing the incorporation of
diverse drugs. These properties make MS an ideal candidate for
the delivery of genes, drugs, and peptides to targeted tissues.””®
However, MS alone cannot provide the necessary conditions for
controlled DR, particularly in cancer therapy. Thus, to address
this limitation, polymers and organic compounds are incorpo-
rated to enable controlled release and targeted delivery.””® MS
must shield the drug until it reaches the targeted tissue,
avoiding premature release. In chemotherapy, drugs are highly
toxic and can affect both healthy and cancerous cells, some-
times leading to severe side effects or even fatal outcomes. In
mesoporous systems, controlled DR is often triggered by
specific environmental conditions, which can be categorized as
intrinsic and extrinsic triggers. Intrinsic triggers include bio-
logical agents such as enzymes, reducing agents, and the acidic
or alkaline environments found in lysosomes or cancerous cells.
Alternatively, extrinsic triggers involve external influences such
as magnetic fields and light exposure. The pH in the human
body fluctuates significantly, ranging from 1-2 in the stomach
to approximately 8 in the intestines.”® At the cellular level,
extracellular fluid pH is about 7.4, but it decreases to 4-5 in
lysosomes. C cells, due to their increased activity, metabolism,
and lactic acid production, have a pH of around 5.8. These pH
variations have been leveraged in DDSs to enable targeted and
controlled drug release within the body.***

7. Future perspective

Although MMS NPs have great potential, challenges such as their
large-scale synthesis, uniformity, long-term stability, and
comprehensive safety evaluations remain. Research is ongoing to
optimize these materials for clinical applications. In conclusion,
MMS NPs represent a versatile and powerful tool in cancer
therapy, offering targeted, multimodal, and less invasive treat-
ment options. Their ability to integrate therapy with diagnostics
makes them a key focus for advancing personalized medicine.
Future research on MMS NPs should focus on integrating cutting-
edge materials science, biology, and engineering to create versa-
tile and clinically viable solutions. By addressing these opportu-
nities, MMS NPs can move closer to becoming a cornerstone of
personalized and precision-based cancer therapies. We present
some suggestions for future research in the area of MMS NPs.
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> Designing MMS NPs to detect biomarkers within the
tumor microenvironment for early diagnosis and tailored
treatment.

> Utilizing environmentally friendly synthesis methods to
improve sustainability and reduce the environmental impact of
MMS NP production.

> Research into methods for the large-scale, reproducible
synthesis of MMS NPs with consistent size, shape, and magnetic
properties.

> Reducing costs associated with raw materials and func-
tionalization to facilitate widespread clinical use.

> Advancing designs for MMS NPs that respond to multiple
stimuli (e.g., pH, temperature, and enzymes) present in the
tumor microenvironment.

> Incorporating smart polymers for highly precise and
tunable DR profiles.
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