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Pore-engineered nanoarchitectonics for cancer
therapy
Linawati Sutrisno1 and Katsuhiko Ariga1,2

Abstract
Nanoarchitectonics describes the integration of nanotechnology with other fields as a postnanotechnology concept
that elevates it to material science. Based on this fundamental principle, we address pore-engineered
nanoarchitectonics with application targets for cancer therapy by combining basic descriptions and exemplifying
therapy applications in this review. The initial two sections briefly summarize pore-engineered nanoarchitectonics
basics according to classification based on (i) material porosity and (ii) material composition. Afterward, the main
application-oriented section—designing mesoporous material for cancer therapy—is presented. Various types of drug
delivery systems, including mesoporous nanoparticles as nanocarriers, endogenous stimuli-responsive drug delivery,
exogenous stimuli-responsive drug delivery, and targeted drug delivery, are described. Importantly, the clinical
translation of mesoporous materials is further discussed. Mesoporous materials are unique nanoparticles that offer a
network of cavities as vehicles for drug nanocarriers. Regarding the developments that allow mesoporous
nanoparticles to be broadly used in clinical settings, there are several challenges that should be solved for their clinical
application. From a clinical perspective, there are tremendous processes in the development of mesoporous materials.

Introduction
It is necessary to develop highly functional material

systems to solve various social problems, such as energy,
environmental, and medical issues. Many new functional
materials have been developed through organic chemistry,
inorganic chemistry, material chemistry, and other syn-
thetic approaches. Clearly, the materials and the precise
control of their internal structures is important for
enhancing their functionality. Due to the development of
nanotechnology, the specific properties and functions of
nanoscale structures have been revealed. Direct observa-
tion of structures at the atomic and molecular levels has
become possible1,2, and their isolated properties have
been elucidated3,4. However, in the field of materials

science and chemistry, specific interactions between
components have led to the search for manners to
develop functional materials with precisely controlled
structures. For example, supramolecular chemistry has
been used to create materials through molecular recog-
nition5,6 and molecular assembly7,8, and coordination
chemistry has been used to develop porous materials with
high structural regularity, such as metal–organic frame-
works (MOFs)9,10. To make the fusions of these individual
scientific fields more meaningful, it is important to inte-
grate them into a common concept. The new concept of
nanoarchitectonics will play this role11. Nanoarchitec-
tonics describes the integration of nanotechnology with
other fields, such as organic chemistry, polymer chem-
istry, supramolecular chemistry, coordination chemistry,
material science, microfabrication, and biotechnology
(Fig. 1)12. Nanoarchitectronics is a postnanotechnology
concept that elevates nanotechnology to the field of
material science13.
Nanoarchitectonics is a methodology of designing

functional materials using atoms, molecules, and
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nanomaterials as components. In this process, the archi-
tecture of functional materials is created by selecting and
combining appropriate unit processes from atom/mole-
cular manipulation, organic synthesis, physical material
transformation, self-assembly/self-organization, arrange-
ment control by external fields, nano/microfabrication,
biological techniques, etc14. Different from equilibrium-
based self-assembly, several processes, including none-
quilibrium processes, are combined in nanoarchitec-
tonics; this field has advantages in the fabrication of
functional materials with hierarchical or asymmetric
structures15. This concept applies without restriction to
organic and inorganic materials and even biological
materials. Considering that all materials are composed of
atoms and molecules in principle, it is a universal concept
used for all materials. Analogous to the theory of every-
thing in physics16, this method is called the method for
everything in material science17.
The synthesis of fine structural materials by combining

several processes was practiced even before the concept of
nanoarchitectonics was proposed. It is significant to
address these material science concepts through
nanoarchitectonics. One such example is the synthesis
and architecture of porous materials, such as mesoporous
materials18,19. For example, the synthesis of mesoporous
silica is made by a combination of several processes,
including self-assembly of surfactant, sol–gel reaction
using it as a template, and calcination. Mesoporous

carbon is made using a replica of mesoporous silica.
The inner surfaces of pores in mesoporous materials can
be modified with organic functional groups, complexes,
and nanomaterials. Porous materials can be organized
into multilayered structures. The material science of
porous materials contains many elements of nanoarchi-
tectonics. Therefore, the subject of pore-engineered
nanoarchitectonics has been selected for this review.
Nanoarchitectonics is a general, substance-independent

concept in which a wide range of functional material
systems is architected. Accordingly, many functions and
applications can be targeted. These functions have been
widely used in basic science20,21 and in applied fields, such
as energy22,23, environment24,25, and devices26,27. In terms
of the organization of various functional units into hier-
archical structures, the products of nanoarchitectonics
have something in common with biological structures.
Therefore, among the many application areas, biological
applications are targets where the material nanoarchi-
tectonics express their potential. Biological applications of
nanoarchitectonics have been proposed in fields ranging
from fundamental, such as the organization of biomole-
cules28,29, to applicable, such as the control of stem cell
differentiation30. However, there are a few examples of its
application to more practically oriented biomedical fields.
Therefore, in this paper, cancer therapy is selected as the
application of nanoarchitectonics.
Based on this background, this review article addresses

pore-engineered nanoarchitectonics with application tar-
gets for cancer therapy by combining basic descriptions
and exemplifying therapy applications. The initial two
sections briefly summarize pore-engineered nanoarchi-
tectonics basics according to classification based on (i)
material porosity and (ii) material composition. Following
these sections, the main application-oriented section—
designing mesoporous material for cancer therapy—is
presented. In this section, various types of drug delivery
applications, including mesoporous nanoparticles as
nanocarriers, endogenous stimuli-responsive drug deliv-
ery, exogenous stimuli-responsive drug delivery, and tar-
geted drug delivery, are explained. Importantly, the
clinical translation of mesoporous materials is further
discussed. In this review, the concepts, facts, and per-
spectives of pore-engineered nanoarchitectonics for can-
cer therapy are described and discussed from basic to
practical applications.

Pore-engineered nanoarchitectonics basics 1:
Classification based on material porosity
According to the International Union of Pure and

Applied Chemistry (IUPAC) definition, porous materials
are categorized according to their pore sizes: microporous
materials with pore sizes below 2 nm, mesoporous mate-
rials with pore sizes of approximately 2–50 nm, and

Fig. 1 Outline of nanoarchitectonics concept and methods.
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macroporous materials with pore sizes greater than 50 nm.
One of the representative microporous materials is zeo-
lites, which exhibit large surface areas (300–2000m2 g−1)
that have reached a state of maturity as catalysts and
adsorbents for industrial separations31,32. The commer-
cialization of zeolites has been facilitated by their high
thermal stability levels, which result from their strong
constituent tetrahedral bonds, such as Si–O and Al–O
bonds33. Furthermore, the crystalline properties of zeolites
provide the prediction of structures and computational
screening to identify ideal architectures for certain
separation applications and as their modification is applied
as inracellular delively for biomedical application34,35.
However, the small pores and low chemical stabilities of
zeolites greatly limit their broad application. Therefore,
various new crystalline-like materials with larger pores
have been developed36–39.
The development of mesoporous materials is inspired

by the fact that microporous materials do not meet
application requirements, which require effective mass
transfer40–42. The initial report on the fabrication of the
first mesoporous material (KSW-1) was written by Kur-
oda et al. in 1990. Mesoporous silica is created by using an
intercalated complex of a layered polysilicate kanemite
with alkyltrimethylammonium cationic surfactants (Cn-
TMA), which has tunable pore diameters by adjusting the
alkyl number of Cn-TMA. Later, ordered mesoporous
silicate (MCM41) was developed by a liquid–crystal
template mechanism in the presence of surfactants43. The

materials form inorganic walls between ordered surfactant
micelles, and the pore size is tuned by the intercalation of
layered silicates with the addition of surfactant. In 1998,
mesoporous silica SBA-15 with a pore size of approxi-
mately 300 angstroms was synthesized in acidic media
using triblock copolymer as a template. The thermal
stability and good repeatability of such a synthesis process
have initiated the development of various mesoporous
materials worldwide44–46.
The selection of original materials and synthesis condi-

tions has created various types of mesoporous materials.
For example, neutral amine as a template is reported to
produce hexagonal mesoporous silica (HMS) with dis-
ordered hexagonal architectures and thick walls. Moreover,
a disordered mesoporous material (MSU-1, Michigan State
University) is fabricated using poly(ethylene oxide) as a
structure-directing agent47. Zhao et al. have reported the
fabrication of highly ordered large mesoporous silica
(SBA-15) by using an amphiphilic triblock copolymer of
poly(ethylene oxide) and poly(propylene oxide), which
results in a two-dimensional hexagonal structure and thick
pore walls48. Later, the researchers fabricated a mesopor-
ous material called mesocellular form (MCF), with the use
of triblock copolymer-stabilized oil as templates in water
microemulsions49.
The preparation of functional mesoporous materials is a

continuing research topic50–56. To date, general methods
for synthesizing mesoporous materials have been classi-
fied into five groups: hard-templating, soft-templating,

Fig. 2 Principal strategy for synthesizing mesoporous materials. There are six general methods for synthesizing mesoporous materials, including
multiple-templating, in situ templating, template-free, reticular chemistry, hard, and soft templating methods.
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multiple-templating, in situ-templating, template-free
packing, and reticular chemistry guiding methods (Fig. 2).
In the hard templating method, covalent bonds are used
to retain the desired shape. The hard templating method
is performed by wetting the template and depositing
material into the space of the template. The soft-
templating method requires surfactants, which feature
hydrogen bonding and electrostatic interactions with
precursors57–59. A combination of hard and soft-template
methods generates hierarchical porous materials that have
been widely explored in batteries and supercapacitors. In
particular, macropores in electrodes function as reser-
voirs. The in situ-templating method is performed by
separating the phase from chemical species in precursors
during thermal or chemical treatment. The formation of
mesoporous nanoparticles by a template-free strategy
depends on interparticle spaces between neighboring
nanoscale building blocks. In contrast to such synthetic
approaches, reticular chemistry uses molecular building
blocks to produce covalent–organic frameworks (COFs)
or metal–organic frameworks (MOFs) with crystalline
pore walls.
An understanding of the correlation between pore

structure and functionality is necessary to find new
methods for developing advanced porous materials. The
diversity in pore size influences their permeability and
selectivity for guest species. Micropore materials allow
small molecules to transport and adsorb and are usually
applied for gas separation and filtration, catalytic trans-
formations, ion exchangers and absorbents. Mesoporous
materials can be used as catalysts or catalyst supports in
the conversion of larger molecules; they have biomedical
applications in enzyme immobilization, biocatalysis, drug
delivery and sensors due to their large range of sizes
(2–50 nm). Macroporous materials have unique optical
properties due to their porous size being comparable to
optical wavelengths. Furthermore, macroporous materials
are applied in the biomedical field due to their large
porous sizes, such as macroporous scaffolds for the
regeneration of new tissue and the growth of cells. To
date, mesoporous materials have attracted significant
attention in biomedical applications, especially in cancer
therapy, due to their sizes, which primarily influence
biodistribution after injection into the bloodstream.

Pore-engineered nanoarchitectonics basics 2:
Classification according to material composition
for biomedical application
A wide array of mesoporous inorganic, organic and

organic‒inorganic hybrid structures have been proposed
for industrial, biomedical, sensor, and new energy appli-
cations60–65. However, in terms of the cancer field, only a
few of them can be employed. The classification of
mesoporous materials, which has been developed for

biomedical applications based on composition, is
reviewed and discussed in detail below.

Organic
Mesoporous polydopamine (PDA)
As a mussel-inspired material, mesoporous poly-

dopamine exhibits many fascinating properties due to its
high loading capacity, high biocompatibility, low cost, and
high specific surface area66–68. In particular, engineering
processes of mesoporous PDA by varying synthesis
parameters aim at tunable physicochemical properties
have been explored from the point of view of various
practical applications. Templating methods are common
methods used to prepare mesoporous PDA. For example,
Zhang et al. fabricated a series of hollow magnetic
mesoporous PDA with tunable pore sizes, shell thick-
nesses, sizes, and morphologies by adjusting the numbers
of organic solvents and cotemplates (Fig. 3)69. First, hol-
low magnetic Fe3O4 with large cavities is synthesized via a
hydrothermal method in the presence of sodium citrate as
the reductant and polyacrylamide (PAMAM) as the sta-
bilizer. Second, a PDA shell is formed based on a rapid
interface-directed coassembly strategy with the addition
of dual templates (F127/P123 and 1,3,5-trimethylbenzene
(TMB)), ammonium hydroxide as the catalyst, anhydrous
ethanol as the dispersant, and deionized water as the
cosolvent. The surface structures, mesopore sizes, and
morphologies are tailored by adjusting the amount of
TMB. In particular, by increasing the amount of TMB in
the reaction system from 0, 0.5, 1.0, 1.5, and 2.0 mL, the
pore structures become more visible and regular;
the morphology undergoes a process that changes the
shape from uniform to inhomogeneous. Furthermore, an
increase in the P123/F127 weight ratio shows a tendency
to enlarge the pores of mesoporous PDA.
The controllable anisotropic growth of asymmetric and

symmetric mesoporous PDA is greatly important for the
development of drug encapsulation and high-
performance mass transport nanosystems. Based on
the considerations above, Lou et al. have reported the
synthesis of bowl-like mesoporous PDA via simple
emulsion-induced interface anisotropic assembly70. After
interface formation is formed between TMB and water,
composite micelles of island-shaped mesostructured PDA
form at the TMB/water interface. Continuous cooperative
assembly facilitates oriented growth from micelles,
resulting in bowl-like mesoporous PDA with radially
oriented mesopores. In brief, an emulsion solution is
formed by mixing dopamine hydrochloride, TMB, and
F127. Then, ammonia is added dropwise, and the product
is centrifuged, redispersed in water/ethanol, and subjected
to hydrothermal treatment to stabilize the structure of
mesoporous PDA. By increasing the amount of TMB from
0.16, 0.18, and 0.2 mL, the morphology of mesoporous
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PDA is obviously changed from symmetric nanospheres
to a mixture of nanospheres, bowl-like particles, and
asymmetric bowl-like particles. Remarkably, without the
addition of TMB or F127, aggregated solid PDA is formed.
The growth of mesoporous PDA is varied by tuning the
cosolvent in the reaction system. The increases in the
volume fractions of cosolvents from 0, 20, 50, 60, and 80%
lead to various morphologies, starting from irregular
hemispherical nanoshells to round-plate, bowl-like, and
asymmetric bowl-like nanoparticles. Such a phenomenon
may be attributed to the fact that the presence of cosol-
vent slows the polymerization rate of dopamine. However,
when the cosolvent concentration reaches ~60–80%,
mesostructures are difficult to form, resulting in the
breakage of the emulsion. When the temperature is ele-
vated from 50–70%, the diameters of the mesoporous
nanoparticles decrease relative to the reaction performed
at ambient temperature. Therefore, the surfactant,
cosolvent concentration, and temperature are critical
factors for preparing mesoporous PDA.
In the past decade, apart from low-dimensional meso-

porous architectures, complex structures of mesoporous
PDA, such as core–shell, hollow, and nanosheets, have
been developed for various applications71,72. Yamauchi
et al. fabricated a sandwich-structured composite of

ordered mesoporous PDA (OMPDA)/Ti3C2Tx through
in situ polymerization of dopamine on a highly conductive
Ti3C2Tx substrate73. In this approach, the PS-b-PEO
block copolymer is employed as a soft-template, leading
to vertically oriented nanopores with diameters of ~20 nm
on thin films of OMPDA. Mesoporous PDA has been
employed as a nanocarrier for cancer treatment. Zhao
et al. synthesized core–shell mesoporous PDA-Au nano-
particles using a seed-mediated microemulsion method74.
After preparing a stable emulsion consisting of F127, gold
nanoparticles, dopamine, ammonia, and TMB in water/
ethanol solution (pH 8.5), core–shell structures of
mesoporous nanoparticles are obtained. Then, the nano-
platform is loaded with CRISPR–Cas9 ribonucleoprotein
(RNP) and coated with polyethylene glycol–folic acid
(PEG–FA). The mesoporous PDA coatings of Au cores
improve the photothermal conversion efficiency of Au,
facilitate targeted delivery and stimulate the release of
CRISPR–Cas9 in cancer cells.

Covalent-organic framework (COF)
COF is a crystalline porous material that connects organic

building blocks through thermodynamically stable covalent
bonds. Various covalent bonds constructed from diverse
synthetic organic reactions between different building

Fig. 3 Schematic diagram of the preparation of mesoporous polydopamine. a Dual surfactants as the template and (b) seed-growth method.
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blocks provide COFs with desirable targeted functions and
crystalline structures. The steps in the synthesis of COF are
divided into two major steps (Fig. 4). The first step includes
the initiation of COF nuclei followed by crystal growth and
COF crystallite formation. The second step is the self-
assembly of COF crystallites, which is crucial for adjusting
the shape, size, and different dimensionalities. The mor-
phologeis of COFs are classified into several categories
based on their dimensionalities: (1) 0D COFs (nanoparticles,
nanospheres, and hollow spheres); (2) 1D COFs (nanorods,
nanofibers, and nanotubes); (3) 2D COFs (thin films and
nanosheets); and (4) 3D COFs (monoliths, foams, etc.)75.
Due to their biocompatibility, tunable structures and

pore sizes, COFs inherently possess tremendous potential
as nanocarriers for biomedical applications76–78. Boron-
based COFs have been widely explored as nanocarriers for
various drugs; however, they suffer from hydrolytic
degradation by water79. Hence, new types of linkages,
such as hydrazone linkages, Schiff-base-type imine lin-
kages, and covalent triazine-based frameworks, have been
developed for COF-based nanocarriers80–83. For instance,
Bhunia et al. synthesized a perylene-based COF, which
acts as a reservoir for mitotoxantrone drugs. Such a
nanosystem is designed based on a donor–acceptor-based
strategy for albumin-triggered cellular release84. Bai et al.
prepared 2 imide-based COFs (PI-2-COF and PI-3-COF)
for the delivery of three different cancer drugs, wherein
the high drug-loading capacity reaches 30% due to its
large pore diameter85. Despite these advances, numerous
COFs exhibit a lack of water solubility and poor targeting
capacity. Therefore, the structure of COF is often trans-
formed in response to various stimuli, decorated with

target groups and coated with various biocompatible
polymers for cancer therapy86,87.

Inorganic
Mesoporous silica
Among mesoporous materials, mesoporous silica is

most widely used for biomedical applications88. Con-
ventional mesoporous silica, such as Mobil Composition
of Mater (MCM-41), is produced through a soft-
templating method based on sol–gel chemistry. As
shown in Fig. 5a, mesoporous silica is usually prepared by
mixing a silica precursor and amphiphilic surfactant to
form a long-range mesoscopic periodic structure89.
Generally, tetraethylxilane (TEOS) is utilized as a silica
source and surfactant as a structure-directing template.
Briefly, surfactant is dissolved and prepared as micelles
under alkaline conditions. After the silica precursor is
added dropwise, the surfactant adsorbs to silica via
electrostatic interactions, resulting in the nucleation and
condensation of mesoporous silica nanoparticles (MSNs).
Finally, the surfactant template is removed to form
MSNs. The steps of nucleation and growth play critical
roles in adjusting the size and morphology characteristics
of MSNs, while the type of surfactant affects the cavity
size. For instance, MSNs produced with cetrimonium
bromide (CTAB) surfactant result in pores of approxi-
mately 50 nm, while MSNs produced with pluronic and
fluorocarbon surfactants have pore sizes of 5–30 nm.
To form a dual mesoporous core–shell structure, binary

surfactants with different molecular weights are used88.
Swelling agents and pore expanders, such as TMB and
octane, are added to enlarge the pores of MSNs. To

Fig. 4 Fundamental concept of the synthesis of a covalent-organic framework (COF). COF are crystalline porous materials fabricated from
molecular building units that are connected through covalent bonds. By controlling the assembly of molecular building blocks, it enables the
synthesis of porous structures and ability to adjust the physicochemical properties of COF.
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provide alkaline conditions during the reaction, trietha-
nolamine and ammonia are added to the mixture solution.
The alkaline pH supports highly negatively charged silica
and enhances assembly and condensation through mate-
rial interactions. Despite the success of using a surfactant,
this process is quite complex for large-scale manufactur-
ing. To solve this problem, a drug-structure-directing
complex method has been developed to prepare MSN90.
During this process, activated DSDAs are obtained by an
amidation reaction of drugs and long hydrocarbon chain
fatty acid chlorides. Next, DSDAs are reacted and self-
assembled to form MSNs. Relative to traditional pro-
cesses, DSDA-based MSNs have several advantages: a
simplified process, enhanced payload, sustained release,
and high stability.
Due to the burgeoning field of MSN applications, new

demands for MSNs with various structures and perfor-
mances are gradually improving. Hollow-type MSNs
with mesoporous structures and interstitial hollow
spaces have been developed with soft-templating, selec-
tive-etching, and self-templating; the physical para-
meters can be controlled by changing the synthesis
conditions (pH, temperature, and solvents). Except for
the pore size, various morphologies and shapes of MSNs
have been developed, including cubic91, foam-like92,
Janus-type93,94, flower-like95, MCM-41-like hexagonal96,
concentric97, radial, and worm-like porosity98. In bio-
medical applications, modifications of the shape, pore
structure, morphology, and silica composition highly
affect the drug release kinetics after the administration of
MSNs as nanocarriers to the human body. Therefore,
numerous studies have been performed to analyze their
behavior after administration both in vitro and in vivo.
For example, He et al. reported a three-step degradation
profile of MCM-41 in simulated body fluid (SBF): (1)

rapid degradation after several hours, (2) decelerated
degradation rate due to the presence of a calcium/mag-
nesium silicate layer, followed by a slow diffusion stage,
and (3) almost complete degradation after two weeks of
immersion when the concentration of particle added is
0.5 mg mL−1 99. He et al. reported the effects of different
particle sizes (80, 120, 200, and 300 nm) of PEGylated
spherical MSNs on excretion in urine by intravenous
administration. The smallest particle size (80 nm) shows
longer blood circulation, and it easily escapes from
nonspecific cell uptake in spleen, liver, and lung tissues.
However, both MSNs and PEGylated MSNs have been
discovered in the spleen and liver after 1 month of
administration100. In terms of toxicity, Shi et al. reported
that biodegraded products of MSNs with particle sizes of
420 nm show no obvious toxicity to either MDA-MB-
468 cells or COS-7 cells101. Various morphologies, shell
thicknesses, pore volumes, pore structures, and surface
modifications provide distinct characteristics for drug
delivery102–105. For instance, Li et al. designed persistent
luminant nanoparticles (PLNPs) with MSNs as tem-
plates106. By controlling the pore channels of MSNs, the
sizes of PLNPs are precisely tuned. PLNPs have average
diameters of 2.5 and 5.0 nm and are easily metabolized
through renal clearance after intravenous administration
in vivo. The drug-loading capacity is highly dependent
on pore size. For example, the hollow structure of MSN
facilitates the drug-loading capacity becoming higher
than that of the conventional MSN107. To improve the
drug-loading capacity, many studies have attempted to
produce hydrophilic and rough surfaces for enhanced
physical adsorption of targeted bioactive drugs108.
Mesoporous organosilica exhibit higher drug delivery

capability than conventional MSNs due to its stable
physicochemical properties and abundant active sites.

Fig. 5 Schematic illustration of the synthetic route for mesoporous silica nanoparticles (MSNs). a Typical method for the synthesis of MSNs
and (b) Stöber method.
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Mesoporous organosilica is synthesized from bridged
organosilica precursors by a soft-templating method,
where their physicochemical properties are easily mod-
ified through tunable synthesis conditions (reaction
time, solvents, precursors, and temperature)109. Simi-
larly, hollow mesoporous organosilica can be prepared
by using the soft-template method110. Furthermore, their
pore sizes are adjusted by varying reaction temperatures,
resulting in attractive properties for applications as drug
nanocarriers for cancer therapy111.
MSNs are an ideal candidate for cancer therapy due to

their excellent biocompatibility levels and easy functio-
nalization abilities. For example, Nel et al. developed a
lipid bilayer to coat MSN for codelivery of irinotecan and
TLR7/8 agonist 3M-052 against cancer112. This work is
performed by incorporating the C18 lipid tail of 3M-052
into lipid bilayer-coated MSNs. Such a lipid bilayer may
reduce immune clearance for therapy against cancer,
improving the efficacy of as-synthesized MSNs for cancer
therapy. Dong et al. engineered pathogen-mimicking
nanoparticles to stimulate reactive oxygen species (ROS)
and immune responses in the tumor microenviron-
ment113. MSNs are functionalized with amine groups and
APTES and reacted with 4-carboxyphenylboronic, which
has ROS-responsive properties. After the encapsulation of
doxorubicin, it is conjugated with detoxified lipopoly-
saccharide (SP–LPS) through a stable cyclic ester. The as-
synthesized nanoparticles show synergistic effects of
chemotherapy and immunotherapy against cancer.
Abbaraju et al. prepared customized head–tail structure
asymmetric MSNs (HTMSNs) by the Stöber method,
consisting of solid heads on dendritic tails with large
pores (11–28 nm) (Fig. 5b). The asymmetric HTMSN
shows low hemolysis relative to conventional MSN. After
encapsulation of ovalbumine, nanodevices show a large
T-cell population, which can be used as a vaccine for
cancer therapy114.

Carbon-based mesoporous materials
Mesoporous carbon usually exhibits more benefits than

mesoporous silica, such as a higher surface area, larger
pore size, and feasible textural properties. In general,
mesoporous carbon and its derivatives are fabricated by
template techniques115. The structure of mesoporous
carbon is engineered by varying the reaction time, tem-
perature, and solvent type. For instance, melamine,
pluronic F-127, and phenolic resin copolymers are reacted
and carbonized to form nitrogen-doped mesoporous
carbon (N-MCNs). By varying the concentration of mel-
amine, different nitrogen contents of N-MCNs are
obtained by a one-step preparation process116.
Fullerene, a member of the carbon family, has drawn

significant attention due to its extended π-conjugation
and broad applications in various fields. Although water-

soluble fullerene can be fabricated, it suffers from a ten-
dency to aggregate. Therefore, molecular nanoarchitec-
tonics to prepare the conjugate of fullerene and other
polymer chains becomes important for improving the
water solubility property. For instance, Chung et al. pre-
pared highly water-soluble fullerene with color-tunable
photoluminescent properties for imaging applications.
C60-TEG conjugates are synthesized by the addition of
lithium hydroxide as a catalyst117. In supramolecular
polymers, the structure of fullerene is well regulated,
including dendritic, linear and net-like fullerene arrays118.
To create porosity in fullerene, a nanotemplating method
is developed to prepare highly ordered mesoporous C60.
Vinu et al. prepared mesoporous fullerene by the addition
of 1-chloronaphthalene as a solvent and mesoporous silica
SBA-15 as a template. The solvent fills template pores and
supports the easy polymerization of C60. The mesoporous
C60 possesses a well-ordered porous structure, rod-shaped
morphology, tunable pores, and high specific surface area
(680 m2 g−1)119.
Fullerene materials and their derivatives have been

developed for biorelated applications. Cell adhesion onto
the substrate is highly dependent on the hydrophobicity of
the scaffold surface. Since fullerene and its derivatives are
hydrophobic and possess rigid mechanical properties, the
use of fullerene as a scaffold for tissue engineering has
been developed. For instance, Bacakova et al. reported the
morphological sensitivities of human osteoblast-like
MG63 cells on C60-coated micropatterns. First, three-
dimensional C60 scaffolds with different heights (130 to
1040 nm) and rectangular openings of 100 µm are pre-
pared through vapor deposition. The results demonstrate
that cells are highly localized in grooves when the height
of the pattern is 1040 nm. Moreover, the patterned C60

might not affect cell growth120. Supramolecular assem-
blies of fullerene can be used to modify the solid surface of
a scaffold. The morphology of self-assembled fullerene
can be tuned from one-dimensional to three-dimensional,
such as whiskers121, tubes122–124, sheets125,126,
cubes127,128, and corn-husk shaped129, using the liquid‒
liquid interfacial precipitation method.
Ariga et al. prepared highly aligned 1D fullerene whis-

kers by interfacial alignment. The orientation of myoblast
cells is regulated on C60 nanowhisker scaffolds, while cell
differentiation and proliferation are significantly pro-
moted on C60 nanowhisker scaffolds

130. A previous study
reports the preparation of an aligned C60 nanowhisker
through the vortex-Langmuir–Blodgett (v-LB) techni-
que119. By simply spreading the C60 nanowhisker with
vortex motion of the subphase, efficient alignment with
various curvature geometries and packing can be
obtained. Unlike the conventional LB technique, align-
ment geometries are controlled by altering the transfer
positions from the surface to the solid surface. Parallel
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aligned arrays of the C60 nanowhisker result from transfer,
which is located far from the rotation center. Transfer at a
position close to the rotation center results in curve arrays
of the C60 nanowhisker. Human osteoblast-like MG63
cells are grown in accordance with the axes of alignment
of the C60 nanowhisker. Neural stem cells have been
reported to exhibit highly oriented morphologies after
culture on highly aligned C60 nanowhiskers

131.
Recently, Ariga et al. used a highly aligned C60 nano-

whisker as a scaffold to control the attachment and
function of human mesenchymal stem cells (hMSCs)
(Fig. 6)132. Continuously controllable alignments and
variations in the nanoarchitectonic topographical features
of fullerene nanowhiskers are obtained using the
Langmuir–Blodgett technique. The appropriate YAP cell
contractility and nuclear localization mediate the
improvement in the long-term retention of hMSC mul-
tipotency and self-renewal on high-aligned fullerene
nanowhiskers. This work offers several advantages,
including excellent biocompatibility, affordable price, ease
of manufacturing, tunable morphology, and maintenance
of multipotency. Since the morphology of fullerene greatly

influences cell growth and proliferation, fullerene-based
scaffolds hold tremendous potential for tissue regenera-
tion applications. In conclusion, mesoporous carbon-
based materials have been regarded as promising mate-
rials for biological applications.

Mesoporous metal materials
Mesoporous metal oxides, such as TiO2, Al2O3, CeO2,

Fe2O3, ZnO, Co3O4, WO3, ZrO2, and SnO2, exhibit
controllable pore structures (size, pore, volume, and
types) and large surface areas, which are important for
drug loading. The general synthetic strategy of mesopor-
ous metal oxides is categorized into two types: hard
template and soft-template methods (Fig. 7). Mesoporous
carbon (CMK-1 and CMK-3) or mesoporous silica with
different pore structures (e.g., SBA-15, SBA-16, MCM-41,
MCM-48, FDU-12, and KIT-6) are often used as hard
templates133,134. However, the complex reaction between
silica and the filtrated metal ion precursor leads to the
incomplete filling of mesoporous silica. Therefore, various
methods have been employed to increase impregnation
and decrease outside pore loading. For example,

Fig. 6 Surface modification with a fullerene nanowhisker and its plausible interaction with human mesenchymal stem cells. Highly alligned
fullerene nanowhisker nanopatterned surfaced mediated by nucleus localization of Yes-associated protein and suitable cell contractility able to
regulate regenerative capacity of human mesenchymal stem cells (hMSCs).
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mesoporous metal oxides are prepared by taking advan-
tage of the interactions between fresh silica templates and
metal ion precursors through weak Coulombic interac-
tions. To incorporate the maximum amount of metal ion
precursors, silanol is retained as much as possible. The
mesoporous silica templates are functionalized by certain
organic groups (such as ‒NH2 and ‒CH=CH2) to form
strong interactions between the metal ion precursor and
organic group134.
Modified mesoporous metal oxides have more bene-

ficial effects than pure mesoporous oxides, and various
components are grafted onto mesoporous frameworks.
The materials themselves show several beneficial effects
for cancer treatment. For example, mesoporous TiO2

exhibits excellent light absorption and generates ROS,
which has a detrimental effect on cancer cells135. To date,
numerous mesoporous metal oxides have been widely
explored as nanocarriers for drug delivery or anticancer
agents136–138. For example, Nd-sensitized UCNP@m-
SiO2@MnO2 core–shell nanoparticles are designed for
photodynamic therapy and NIR-II imaging against
tumors. The loading of zinc phthalocyanine and rose
bengal (RB) support the efficiency of ROS. Moreover, the
manganese oxide shell shows degradability in the acidic
tumor microenvironment, alleviating hypoxia and
enhancing the efficacy of PDT. Importantly, biodegraded
Mn2+ ions is applied for T1-weighted magnetic resonance
imaging (MRI)139. The hollow cavity of mesoporous ferric
oxide serves as a Fenton agent to improve chemotherapy
and provides a hollow cavity for loading macrophage
membrane-camouflaged carbonic anhydrase inhibitor
(CAI). After internalization by tumor cells, CA IX induces
the accumulation of H+ to improve Fenton-like reactions
and prevents tumor metastasis140. Fe3O4@mCuO nano-
spheres have been employed for the selective isolation of
hemoglobin. The high magnetism of nanospheres allows
easy separation by an external magnet141. Mesoporous
metal oxides are regarded as promising candidates for
biomedical applications.

Hybrid organic‒inorganic: Metal–organic framework (MOF)
MOFs are fabricated through coordination interactions

between metal ions or clusters and organic linkers, which
results in highly porous structures. To tailor porous

MOFs for biomedical applications, different metal ions
and ligands are conjugated to MOFs (Fig. 8). The physi-
cochemical properties of MOFs are regulated with the
selection of linkers, metal ions, and reaction conditions
(time, temperature, and pressure). Several strategies for
fabricating MOFs are solvothermal, ultrasonic, micro-
wave-assisted, and electrochemical methods142. In the
solvothermal method, organic ligands and MOFs are
reacted in closed vessels for several hours under high
temperature and pressure. During the process, nucleation
occurs after the concentration of reactive monomer sur-
passes the critical nucleation concentration; then, crystal
growth and NMOF can be obtained. Ultrasonic synthesis
is a method for synthesizing MOFs in which the inter-
actions between ultrasonication and reactive liquids
occurs due to the wavelengths of ultrasonic waves being
larger than those of molecules. The acoustic cavitation
produces a popular topic for enhancing the reactant
activity. Electrochemical synthesis relies on the reaction of
metal sources from the dissolution of the anode in the
electrochemical cell at room temperature. Microwave-
assisted synthesis is based on the interaction between
mobile electric charges and electromagnetic waves in the
reactant.
Due to their excellent biocompatibility and high cata-

lytic activity, MOFs have been widely explored for bio-
sensing, physiological catalysis, and wound healing. In the
biomedical field, particle size is important for circulatory
lifetime, distribution and excretion. To reduce the size of
the particle, a specific growth inhibitor is usually added to
delay nucleation growth143. Ferey et al. added iron acetate
(III) to inhibit the crystal growth of porous iron muconate
MOF. During crystal growth, competition between the
bifunctional group carboxylate of iron muconate and the
monofunctional group carboxylate of iron acetate delays
the growth of nanoparticle144. Another strategy for con-
trolling the sizes of MOFs is by selecting the types and
ratios of solvents, surfactants, and hydrotopes. For
instance, Lin et al. adjusted the molar ratio of water and
surfactant to tune the size of Gd-based MOF nano-
particles145. The size of the MOF affects its cellular uptake
and toxicity. For instance, cellular uptake of porous
coordination network (PCN)-224 is in the order of
90 > 60 > 30 > 140 > 190 nm146. Similar to particle size, the

Fig. 7 General synthesis method of mesoporous metal oxides using a hard template. Hard template of mesoporous metal oxide includes three
steps: impregnation of metal precursor, calcination to convert the metal into metal oxide, and leaching to obtain the mesoporous metal oxide.
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surface properties of MOFs greatly influence their bio-
compatibility. To modify the surfaces of MOFs, several
modifications, such as silica shells, dendrimers, lipid
bilayers, and PEGylation, have been explored147. Above
all, a strategy for modifying MOFs for cancer therapies is a
promising direction for inhibiting the rate of tumor
proliferation.

Designing mesoporous materials for cancer
therapy
Mesoporous nanoparticles as nanocarriers
The modifiable properties of mesoporous nanoparticles

make them ideal nanocarriers for drug delivery applica-
tions. Numerous studies have focused on the develop-
ment of mesoporous nanoparticles to release various
anticancer and imaging agents. Ideally, a drug delivery
system must control the release profile and specifically
direct it to a specific cell or tissue. To improve the
capacities of mesoporous nanoparticles to transport pay-
loads to targeting tissues, many great efforts have been
made to construct them with responsiveness to single or
multiple physicochemical triggers. The stimuli-responsive
drug release minimizes their adverse effects on healthy
organs and increases drug efficacy. In this section, we
summarize recent advances in mesoporous nanoparticles
in the drug delivery area and discuss the underlying
nanoarchitectonics of mesoporous nanoparticle-based
nanoplatforms for biomedical applications. According to
the type of trigger release, mesoporous nanoarchitectures
can be categorized as endogenous-triggered nanoarchi-
tectures and exogenous-triggered nanoarchitectures. Both
passive and active targeting are summarized in this sec-
tion (Fig. 9).

Endogenous stimuli-responsive drug delivery
Cancer cells metabolize in distinct pathways relative to

healthy cells due to the disruption of mutation oncogenes
and tumor suppressor genes. Mutated metabolic enzymes

lead to malignant transformation, which affects cell
growth, proliferation, and endogenous variations in bio-
chemicals in the tumor microenvironment148,149. The
distinct characteristics of cancer cells have been widely
explored to trigger drug release for precise cancer treat-
ment with mitigated adverse effects. Such a strategy has
been used to design feasible mesoporous nanoarchi-
tectures for tumor-specific treatment150.

Response to pH
The intensified aerobic glycolysis of cancer cells—the

Warburg effect—results in copious H+ and the over-
production of lactate in tumor microenvironments151,152.
This phenomenon initiates the local downregulation of
extracellular pH in cancer cells, which is approximately
6.7–7.1153. Many anticancer drug delivery systems take
advantage of the pH differences between healthy tissues
(~7.4) and solid tumors (6.7–7.1). Hence, effective pH-
responsive nanoarchitectures must provide a sharp
response to a change in pH in the tumor surrounding
microenvironment. The pH values of different cell com-
partments and organelles are different. For example, the
pH of mitochondria, cytosol, Golgi apparatus, endosomes
and lysosomes are ~8.0, 7.4, 6.4, 5.5 and 5.0, respectively87.
Therefore, pH-responsive mesoporous nanoparticles can
be designed based on the differences between pH values
and their targets to promote cell internalization.
Several mesoporous nanoparticles themselves have pH-

responsive properties. For example, Du et al. constructed
gated channel-interconnected mesoporous carbon for
stimuli-responsive controlled release of drugs154. Car-
boxylated mesoporous carbon is covalently attached to
carboxylated ZnO quantum dots via dual amide linkages.
Since ZnO has pH-responsive properties, the sustained
release of drugs is activated upon reduction in pH. The
cancer-responsive property results in high biocompat-
ibility toward normal cells while achieving high anticancer
efficacy at low pH values. Various pH-sensitive polymers

Fig. 8 General synthesis method of the metal–organic framework (MOF). Metal–organic framework are crystalline porous materials consist of a
three-dimensional network of metal ions and organic ligands, forming a highly porous material with high surface area.
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have been grafted to the surfaces of mesoporous nano-
particles and serve as pH-responsive shells. Examples of
pH-sensitive materials to modify mesoporous nano-
particles are chitosan155, gelatin156, polymeric lipids157,158,
poly(2-(diethylamino)ethylmethacrylate, poly(4-vinyl pyr-
idine)159, starch, polystyrene, poly(2-(dimethylamino)
ethylacrylate160, coordination polymers161, ferritin162, and
poly(allylamine hydrochloride)163. Yang et al. coated
MSNs with biocompatible pH-responsive materials,
including bis-aminated poly(glycerol methacrylate)s and
cucurbit[7] uril, through a layer-by-layer method (Fig. 10a)164.
The nonspecific adherence of lipids and serum proteins
often forms a protein corona that induces the mistarget-
ing of nanoparticles. Some mesoporous nanoparticles are
engineered with charge reversal properties to overcome
this problem. For this reason, Zhao et al. reported the
codelivery of the 2,3-dioxygenase (IDO) inhibitor
1-methyltryptophan and glucose oxidase (GOx) using a
MOF-based nanoplatform for tumor starvation/oxidation
immunotherapy (Fig. 10b). The MOF nanoparticle is
synthesized through covalent crosslinking with ROS-
responsive agents and Mn2+, which can easily degrade
in the presence of ROS. The pH-responsive compound

that is conjugated onto the modified MOF, and GOx and
IDO inhibitor are loaded onto the nanosystem. Before
arrival at the tumor site, the nanosystem has a negative
charge, mitigating noncellular uptake by normal cells.
Upon arrival at the tumor site, the size is decreased, and
the nanosystem has a negative charge, leading to a
shielding shell and triggering the release of drugs against
cancer. The reduction in size allows nanoparticles to
penetrate deep tissue165.
Alternatively, the presence of acid-sensitive bonds

enables the release of anticancer drugs. Examples of pH-
sensitive linkages are hydrazone, imine, oxime, amide,
acetals and orthoesters166. For example, Xian et al.
designed and prepared a series of two-dimensional imine-
linked COFs by orthogonal combination via a condensa-
tion reaction by using 1,3,5-tris(4-aminophenyl) benzene
(TAPB)/TAPT and TFTPA/5,5,5-(1,3,5-benzenetriyl)
tris[2-pyridinecarboxaldehyde] (BTPA) as building lin-
kers. By varying the monomer, various pKa values of COF
are obtained. All COFs show pH-dependent fluorescence
relative to their building blocks, which can be used for
cancer imaging due to their reversible protonation and
deprotonation characteristics.

Fig. 9 Design considerations for engineering mesoporous nanoparticles for cancer therapy. Stimuli-responsive mesoporous nanoparticles
improve the specificity of drug delivery in tumor microenvironments or inside cancer cells for on-demand drug accumulation and delivery. To
effectively improve its potential use in the clinical trials, there are several challenges that should be taken into considerations, such as targeting
efficiency, impurity, scalability, short and long-term toxicity, tissue penetration, variation between cellular, preclinical, and clinical model.
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Mesoporous nanoparticles have been modified based on
supramolecular nanovalves to tightly close at physiologi-
cal pH (~7.4) values and open at acidic pH (~6.0) values
(Fig. 10c)167. First, the MSN surface is attached to posi-
tively charged ammonium groups by the cocondensation
method. The N-methylbenzimidazole stalk is attached to
β-CD, and then dye and drug molecules are loaded into
MSN. Deprotonation at pH levels below 6 dissociates
β-CD caps and enhances the release of molecules. These
works demonstrate that a pH-responsive therapeutic
approach contributes to the development of precision
cancer therapy in the future.

Redox-responsive
Oxidative stress is an emerging hallmark of the tumor

surrounding microenvironment, and cancer cells adapt by

amplifying the antioxidant system. The concentration of
the ROS detoxifying system (e.g., glutathione (GSH)) is
elevated significantly to neutralize excess ROS168,169.
Previous research has reported that GSH levels in tumor
tissues are 4-fold higher than those in healthy tissue in
mice170. Therefore, strategies for designing GSH-
responsive nanoarchitectures have been widely explored
to improve therapeutic efficacy.
The degradation rate under GSH conditions is highly

dependent on the physicochemical properties of meso-
porous nanoparticles (Fig. 11a). Therefore, by modulating
physicochemical properties (size, porosity, condensation
degree, and surface functionalization), the selectivity
levels of mesoporous nanoparticles after administration
are improved99,171. For instance, Moghaddam et al.
reported that the degradation profiles of mesoporous

Fig. 10 Modification of mesoporous nanoparticles to achieve the pH-triggered release of cargo. a Layer-by-layer assembly. b Size shrinkage
and charge reversal triggered by the acidic tumor microenvironment. c pH-responsive gatekeepers consisting of stalks and nanovalves on
mesoporous nanoparticles.
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organosilica are greatly influenced by both the composi-
tion and porosity of the core172. The nonporous nano-
particles undergo surface erosion, while porous
nanoparticles undergo both bulk and surface erosion in
the presence of GSH (8mM). Chen et al. reported a
comparison of the degradation profile between meso-
porous organosilica and MSNs in simulated body fluid
solutions with different GSH concentrations111. Meso-
porous organosilica is degraded into fragments after
incubation for 7 days in a GSH environment, while MSNs
show only slight degradation in the presence of GSH.
The mesoporous nanoparticle is usually modified to

serve as glutathione peroxidase for GSH depletion by
conjugating different linkages or by coating using a GSH-
sensitive mesoporous shell173. Generally, these chemicals
exhibit excellent biocompatibility and many functional
groups, improving the stability of drugs via strong bond-
ing effects in a low GSH environment. After arrival at the
GSH environment, these gates trigger the release of cargo
based on the breakage of chemical bonds. For instance,
Ghandehari et al. prepared a GSH-responsive hollow
MSN-based selective-etching technique, anchored dis-
ulfide linkages in the outer shell of hMSNs and loaded
doxorubicin into hMSNs (Fig. 11b). First, MSNs are
synthesized through the hard-template method. Second, a
disulfide-based mesoporous shell is coated onto the core
with two precursors: TEOS and bis[3-(triethoxysilyl)pro-
pyl] disulfide. Finally, a selective-etching method is per-
formed using a high concentration of sodium carbonate as
the etching agent, and anticancer drugs are loaded onto
mesoporous nanoparticles. In vitro results show that
hMSNs accumulated in endolysosomes of MCF-7 cells
and are nontoxic to MCF-7 cells within a concentration
range of 0–1000 µgmL−1 174. Similarly, Wu et al.

integrated hollow mesoporous organosilica (HMON)
capsules with ultrasmall Cu2-xSe via disulfide bonds and
loaded doxorubicin into nanoarchitectures (Fig. 11c)175.
In this study, we focus on the breakage of disulfide bonds
and the ultrasound-facilitated delivery of doxorubicin into
brain cancer. The on-demand release of doxorubicin
shows the significant inhibition of brain cancer cell
growth while maintaining high biocompatibility, further
demonstrating the high feasibility of nanoarchitectures for
glioblastoma treatment. Excessive ROS is a distinct fea-
ture of the tumor microenvironment, and ROS-responsive
nanoarchitecture is a promising method for developing
effective cancer therapy176,177. Several studies have com-
bined strategies to deplete GSH and increase ROS con-
centrations to improve anticancer efficacy. For instance,
Fe3O4 nanoparticles and CB-839 are integrated into Mn-
etched dendritic MSNs to promote synergistic peroxidase
treatment and dual GSH depletion properties. The den-
dritic MSN structure is etched by the breakage of Mn, and
it triggers the release of Fe3O4, Mn, and CB-839 in a
tumor microenvironment. Subsequently, the Fenton-like
activity of Fe2+ and Mn2+ catalyze H2O2 into highly toxic
radicals in acidic environments. The released Mn4+/
Mn3+/Fe3+ results in GSH oxidation and induces fer-
roptosis. This synergistic approach is expected to con-
tribute to the development of cancer therapeutics.

Protein-responsive
Elevated expression levels of proteins (e.g., MMP-2 and

MMP-9) have frequently been developed as triggering
signals for cancer therapy178,179. The MMP-2-activated
shrinkable nanoarchitecture is constructed for the precise
delivery of anticancer drugs180. Briefly, paclitaxel and Ce6
are encapsulated into amine-modified MSNs. Then,

Fig. 11 Overview of the design of mesoporous nanoparticles used in the glutathione (GSH) environment. a Comparison of the degradation
rate in mesoporous silica nanoparticles; (b) modification based on core–shell nanoparticles; and (c) conjugation with GSH-sensitive bonds.
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aPDL1 is conjugated via a maleimide linker, and cross-
linked gelatin is selected as the outer layer of the
nanoarchitecture. The gelatin layer effectively degrades
after the addition of MMP2, and the size of the
nanoarchitecture decreases, facilitating tumor penetration
and cellular uptake in the tumor microenvironment. Such
nanoarchitecture holds great potential for drug delivery
systems based on mesoporous nanoparticles.

Exogenous stimuli-responsive drug delivery
Although endogenously triggered nanoarchitectures

have shown promising modalities to treat cancer, com-
plicated tumor microenvironments suffer from a lack of
maneuverability. This phenomenon may be because these
endogenous reactions are uncontrolled and occur spon-
taneously. Therefore, facile and rational design by using
exogenous intervention is desirable to control the release
of drugs because it may enable switching on and off on
demand181,182.

Light responsive
Light-responsive biomaterials are very attractive for

triggering drug release from mesoporous nanoparticles.
First, the degree of stimulation is tuned by adjusting the
intensity or time of light exposure. Second, cell-material
interactions are easily controlled by using a specific
wavelength range. Third, light has low toxicity and a more
precise cancer region site for controlling biomaterials
relative to variations in pH or temperature183. Different
light interacts with biological tissues in different manners.
Once entering living tissues, light is reflected, absorbed, or
scattered. In general, longer wavelengths of light exhibit
lower energy levels, reducing the reaction activity with
biological tissues. The strong interactions between visible
light and biological tissue cause strong autofluorescence,
high toxicity, and shallow penetration depth. Since NIR
light has a low wavelength and low energy, it results in
less tissue scattering and low absorption in biological
tissues. In addition, the NIR window has deep penetration
and low toxicity to cells184,185.
In terms of cancer therapy, NIR can be applied for

photothermal, photodynamic, or nanocarrier applications
for light-triggered drug release186–188. In photothermal
therapy, NIR light interacts with several materials to
produce heat to induce cell death. Qu et al. developed
monodispersed mesoporous antimony (Sb) nanospheres
via a selective-etching route with tunable pores for pho-
tothermal therapy against cancer (Fig. 12a)189. To control
the shape, dodecylthiol (DDT) and oleylamine are used as
capping ligands, while octadecene, SbCl3, and tert-
butylamine borane are chosen as the solvent, semimetal
precursor, and reductant, respectively. After chemical
reduction, Sb nuclei are formed, oxidized, and grown.
Finally, a selective-etching process is performed by

reacting with DDT to form mesopores. The pore size of
mesoporous Sb is tailored by adjusting the oxidative
degrees of Sb nuclei. During the photothermal process,
the increase in temperature promotes the dissolution of
Sb nanocrystals in aqueous solution, which is positively
correlated with the pore sizes of the mesopores. Such
unique properties boosts the release efficiencies of
nanocarriers for various types of anticancer drugs,
resulting in good anticancer efficacy. Jiang et al. encap-
sulated carfilzomib (CFZ) into hollow titanium nitride
(TiN) against tumor lymphatic metastasis (Fig. 12b)190.
Due to the superior plasmonic property of TiN, the
material exhibits excellent photothermal properties in the
NIR II region. Therefore, the TiN nanoshell acts as a
nanocarrier for carfilzomib and presents combined
chemo-phototherapy against cancer cells.
Photodynamic therapy damages tissue because of

cytotoxic species generated by photosensitizers. During
photodynamic therapy, photons are absorbed and trans-
ferred to oxygen to produce ROS. Recently, two-
dimensional nanoscale MOFs emerged as a new class of
photosensitizers. Two-dimensional nanoscale MOFs have
been reported to be able to elevate the frequency between
oxygen and photosensitizers and to induce the diffusion of
singlet oxygen, thus enhancing photodynamic therapy. In
vivo results show that Hf-5,15-di-p-benzoatoporphyrin
nMOFs exhibit a high cure rate, high tumor inhibition
rate, and low metastasis potential191. A previous study
reports a synergistic approach of photodynamic and
photothermal therapy. For instance, indocyanine green
and the PFKFB3 kinase inhibitor 3-(3-pyridyl)-1-(4-pyr-
idynyl)-2-propen-1-one (3PO)-loaded (SPMI/3) are loa-
ded into sialic acid-PEG-modified mesoporous dopamine
nanoparticles to inhibit tumor metastasis and normalize
tumor vasculature192. Typically, SPMI/3 shows antitumor
properties due to the combination of photodynamic and
photothermal therapy under laser irradiation. Photo-
dynamic therapy induces the slow release of 3PO from
SPMI/3, which results in normalized tumor vasculature.
This finding provides an effective approach for improving
photodynamic therapy via the normalization of tumor
vessels.

Ultrasound responsive
The heat generated by ultrasound is used to design

thermosensitive capping systems for mesoporous nano-
particles as nanocarriers, while mechanical effects are
used to uncap pores. The advantages of using ultrasound-
responsive materials are that they are easily tuned by
adjusting the power density, exposure time, duty cycle,
and frequency values. The frequency of ultrasound
changes the potential cavitation and penetration depth.
Moreover, potential cavitation and thermal effects affect
the intensity of ultrasound. When a focused ultrasound
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beam is applied to a fixed location in a small volume,
irradiation with high-intensity acoustic energy occurs and
generates heat193. High-intensity focused ultrasound
(HIFU) triggers the release of drugs at a targeted site while
mitigating side effects. HIFU shows minimal invasiveness,
disrupts the blood‒brain barrier (BBB) and has been
applied for cancer therapy194. For instance, doxorubicin
and phase transformable perfluoropentane (PFP) are
encapsulated into hollow mesoporous organosilica nano-
particles195. Afterward, macrophages (RAW 264.7 cells)
are internalized, resulting in cell bombs. After reaching
the tumor site, a short pulse of HIFU facilitates the pro-
duction of large microbubbles and releases the drug from
the cells. Another study has fabricated a multifunctional
nanovaccine consisting of L-arginine (LA) encapsulated
into black mesoporous titania (BMT)196. L-arginine acts
as an exogenous supply of nitric oxide, and BMT serves as
an acoustic sensitizer. Ultrasound stimulates the release of

BMT and LA to generate singlet oxygen and nitric oxide,
inducing the apoptosis of cancer cells. By combining
sonodynamic/gas/immunotherapy with the injection of an
anti-PD-L1 antibody, the synergistic effect of sonody-
namic/gas/immunotherapy results in a strong antitumor
response. Another strategy for modifying mesoporous
nanoparticles for ultrasound-responsive therapy has been
developed by Qiao et al. by coating MSNs with
ultrasound-responsive polymers to form ultrasound-
responsive nanogels (Fig. 13)197. Such approaches hold
promise for cancer theranostic purposes.

Magnetic-responsive
The magnetic field shows advantages of deep penetra-

tion relative to light and ultrasound. Alternating mag-
netic fields (AMFs) have been widely explored in various
biomedical areas, such as magnetic resonance imaging,
nanocarriers, and hyperthermia. For instance, MSN has

Fig. 12 Mesoporous nanoparticle platforms for photothermal therapy against cancer. a Adjustable physicochemical property of
photothermal-based materials and (b) photothermal-based polymer coating.
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been designed by incorporating superparamagnetic iron
oxide and lanthanide-ion-doped mesoporous tin oxide
upconversion nanoparticle198. The modified mesoporous
nanoparticle is further conjugated with poly(ethylene)
glycol and phosphorylated serine to improve solubility
and biocompatibility. Under magnetic stimuli,
nanoarchitectures relieve hypoxia, enhance oxygen levels,
and enhance the photodynamic effect against tumors. In
a similar approach, a nanoarchitecture of super-
paramagnetic iron oxide (MnFe2O4@CoFe2O4) in a
mesoporous silica shell is fabricated to control drug
release by AMF exposure199. By tuning the AMF time,
C–N bonds cleave, displace caps, and trigger the release
of the drug from MSNs. A previous study has developed
magnetic manganese oxide sweetgum-ball nanospheres
(MMOSs) as nanocarriers for cancer treatment200.
MMOSs are composed of mesoporous manganese oxide
nanosheets, which are assembled on magnetic iron oxi-
des. The nanoarchitecture is prepared based on the
coprecipitation method, and the sample is collected by
magnetic decantation. The mesopore structures of
MMOSs are loaded with doxorubicin and chlorin e6
(Ce6), thereby showing chemo-photodynamic therapy
under a magnetic field.
Cloaking techniques allow mesoporous nanoparticles to

avoid clearance systems and instability during circulation.
To improve the robustness of mesoporous nanoparticles,
natural red blood cell membranes (RBCs) or lipid bilayers
have been employed to coat MSNs (Fig. 14)112,201. Li et al.
coated MSNs with magnetic colloids, cargo, and RBCs for

cancer therapy. Briefly, after the fabrication of MSNs by a
sol–gel process, magnetic nanoparticles and anticancer
drugs are attached to the surfaces of the MSNs. Finally, an
RBC membrane is constructed on the surfaces of the as-
prepared MSNs. Such a magnetic-responsive nanoarchi-
tecture presents unique feasibility for cancer therapy in
the future.

Targeted drug delivery
Passive targeting
Passive targeting through the enhanced permeation

effect (EPR) in cancer is developed from the quick pro-
liferation of solid tumors, which results in the formation
of blood vessels to provide oxygen and nutrients for fur-
ther tumor growth. Such an environment leads to rela-
tively poor lymphatic drainage and a slow excretion rate.
By taking advantage of this phenomenon, several para-
meters for the synthesis of mesoporous materials have
been adjusted to improve their selectivity to be delivered
at the tumor site (Fig. 15)202. For example, hollow and
spherical MSNs are preferred for biomedical applications
due to the high surface area, large void space and low
density for therapeutic cargo203. Short-rod MSNs (aspect
ratio of 1.5) easily accumulate in the liver, while long-rod
MSNs (aspect ratio of 5) are easily trapped in the spleen.
The shapes of mesoporous materials greatly impact cell
uptake, cell viability, apoptosis, adhesion, migration,
cytoskeleton, and elimination in the human body. The
short-rod MSNs have a faster clearance rate than the
long-rod MSNs. Long-rod MSNs are reported to be

Fig. 13 Mesoporous nanoparticle-based ultrasound-responsive delivery system for drug delivery. Adapted with permission from [197],
copyright 2016 Royal Society of Chemistry.
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internalized in large amounts and to have fast inter-
nalization rates. Surface charges determine the interac-
tions between nanoparticles and their interactions with
cell uptake and negatively charged cell membranes204.
Regarding cell uptake, positively charged nanoparticles
show higher cell uptake than negatively charged
nanoparticles.

The size and geometry characteristics of mesoporous
nanoparticles have been reported to impact their inter-
action with various biological barriers and the cancer
microenvironment. For cancer application, particle size
must be less than 400 nm to guarantee transport within
the vascular system and easy elimination from the
body205. Moreover, to obtain high accumulation in tumor

Fig. 14 Strategy for avoiding the immune clearance of magnetic-responsive mesoporous nanoparticles. Integral membrane proteins in red
blood cell membranes act as self-markers, which avoid immune clearance and extend blood circulation.

Fig. 15 General uptake pathways of passive and active targeting, which ultimately determine mesoporous fate after administration.
Passive targeting takes advantage of enhance permeation effect and abnormal tumor physiology. In passive drug delivery system, nanoparticles can
be modified by modifying their size, shape, and surface charge. Active targeting inroduces targeting moiety onto the nanoparticle system to improve
specificity in cancer cells, both extracellular and intracellular.
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sites, nanoparticle diameters should be designed below
the cutoff sizes of tumor vessels. Since tumor vessels
range from 200 nm to 1.2 µm, a diameter of 200 nm is
favorable for specific tumor accumulation206,207. By con-
sidering this fact, Kim et al. designed nanoparticle-loaded
nanoparticles based on the intracellular and extracellular
pH values of tumors208. The nanoarchitecture is prepared
by the synthesis of MSNs (diameter ~150 nm, pore size
~15 nm), in which small Au nanoparticles (size ~15 nm)
are loaded by DNA hybridization. After systemic admin-
istration, nanoarchitectures accumulate in the tumor
region via the EPR effect. Subsequently, the low acidic pH
(~6.5) in the tumor microenvironment results in the first
transition of DNA and dissociated Au due to their small
size. After the internalization of Au into tumor cells, the
second DNA transition releases the anticancer drug at
endosomal pH (~5.0). Such a nanoarchitecture accumu-
lates in tumor sites through leaky vascular structures,
allows Au NP diffusion to tumor tissues, and releases
drugs under acidic pH. This drug delivery system is a
feasible and rational design because large outer nano-
particles are important in blood circulation and allow
small nanoparticles to penetrate deeply into tumors.

Active targeting
Although passive targeting is a promising modality to

achieve high accumulation at the tumor site, it is still not
effective enough for cancer therapy. Active targeting is
developed as a supportive strategy for enhancing tumor
localization once passive targeting is completed209. In
active targeting, specific cancer targeting ligands are
conjugated to the surface of mesoporous nanoparticles to
allow them to interact with intracellular or extracellular
cancer cells (Fig. 15). There are two cellular targets in
which mesoporous nanoparticles are directed via active
targeting methods: cancer cell targeting and tumoral
endothelium. Cancer targeting ligands include cell orga-
nelle targeting, cell membrane targeting, and multi-
targeting. The different targeting moieties include
antibodies210,211, aptamers212, peptides213, saccharides214,
proteins215 and vitamins216. For example, a previous study
has conjugated antiHER2/neu mAb on the surfaces of
MSNs to target breast cancer cells217. Such nanoarchi-
tectures enter cells through receptor-mediated endocy-
tosis and escape to the cytosol. Wang et al. prepared dual-
responsive chiral mesoporous silica nanorods by grafting
phenylboronic acid pinacol ester (PBAP) onto amino-
functionalized nanorods218. Then, doxorubicin is incor-
porated into mesoporous nanoparticles, and the
nanoarchitectures are coated with cyclodextrin-modified
hyaluronic acid. Hyaluronic acid functions as a tumor-
targeting ligand that can target CD44 receptors. Folic acid
has been explored for targeting folate receptors on the
surfaces of various cancer cells219. For example, MSN is

functionalized with siloxane-cored polyamidoamine
(PAMAM) dendrimer and folic acid to target the folate
receptor of MCF-7 cells (Fig. 16)220. In another example,
the TAT peptide is reported to be capable of targeting the
nuclear pore complex and binding import receptors to
facilitate MSN entry into the nuclei of MCF-7/ADR
cancer cells221. Furthermore, peptides have been exten-
sively employed as promising cancer theranostic treat-
ments. Peptide-based mesoporous nanoparticles exhibit
two advantages. First, the nanoparticles allow higher
structural stabilities than their individual drug molecules.
Second, the peptide-based mesoporous nanoparticle
provides favorable cancer therapeutic effects, such as
desired pharmacokinetics and improvement in selectiv-
ity222. For example, synthetic nanochaperone for peptide
(SNCP) based on mesoporous silica nanoparticles are
fabricated to mediate the apoptosis of cancer cells. After
the immobilization of p53pep, the stabilization structure
of the p53 peptide is induced from a random-coil struc-
ture to an α-helical structure223.

Clinical translation of mesoporous materials
Although numerous passively targeted strategies have

been developed for many years, it is still difficult to have
advanced past clinical trials due to the challenges of
biological barriers, such as high toxicity, lack of selectivity,
clearance by the immune system, undesirable pharmaco-
kinetic profile, and endothelial barriers (Fig. 17). In this
section, we summarize clinical trials that have been per-
formed on mesoporous nanoparticles, which attempt to
investigate their biomedical application.
MSN has been regarded as safe by the US FDA, used as

food additive E551, and it is in phase I and phase II
clinical trials. The oral administration of MSNs shows
minimal adverse effects while enhancing the pharma-
cokinetic properties of hydrophobic drugs. As depicted
in Fig. 18, the biosafety of silica in the clinic has been
proven in many clinical trials and two clinical studies. In
phase I human studies, ibuprofen is encapsulated into a
silica nanoparticle-lipid hybrid formulation. After a sin-
gle oral dose is administered in 16 healthy male adults,
bioavailability is increased by 3.5-fold relative to the
reference fenofibrate formulation Lipanthyl224. MSNs
have been explored for the reduction in atherosclerosis
and cardiovascular disease-related death by modifying
them with iron oxide and gold (NCT01270139)225,226.
Further studies are conducted by modifying MSNs with
Au shells for the thermal ablation of prostate cancer
(NCT02680535, NCT04656678 and NCT04240639) and
head and neck cancer (NCT00848042)227,228. The pilot
clinical study with 16 patients diagnosed with prostate
cancer indicates excellent photothermal ablation using
Au shell–silica nanoparticles while minimizing their side
effects.

Sutrisno and Ariga NPG Asia Materials (2023) 15:21 Page 19 of 27



Fig. 17 Biological barriers of injectable mesoporous nanoparticles in practical applications. The main biological barriers are endothelial
bariers, toxicity, undesirable pharmakokinetic profles, rapid clearance by immune system, mistargeting due to protein corona coating, and lack of
tumor selectivity.

Fig. 16 Modification of dendrimer-functionalized mesoporous nanoparticles based on an active targeting strategy. Addition of targeting
moieties such as folic acid to the mesoporous nanoparticle improves the specificity to tumor site, leading to the high antitumor efficacy.
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Cornell dot-silica encased fluorescent nanoparticles have
been applied as tumor tracers due to their rapid kidney
clearance. Cornell dots functionalized with cyclic
arginine–glycine–aspartic acid–tyrosine peptides (cRGDY-
PEG-Cy5.5-nanoparticles) have been used as tracers of
various tumors, including melanoma and brain tumors
(NCT01266096, NCT02106598, and NCT03465618)229.
Cornell dots have been used in human trials for their
applications in positron emission tomography imaging and
tumor staging, such as brain cancer and melanoma
(NCT01266096)230. Cornell dots are reported to be stable
in the in vivo microenvironment with a half-life of ~8.7 h.
The clearance and biodegradability of mesoporous
nanoarchitectures are important prerequisites for clinical
translation. These two factors have become major concerns
since most mesoporous materials accumulate in the human

body and induce adverse effects. Mesoporous silicon (Bio-
Silicon) has been developed as a vehicle for intratumoral
delivery. BioSilicon can be micronized, and its size can be
tuned to specifically target cancer and achieve the desired
biodegradability and biocompatibility231. The degradation
property of Si can be adjusted by tuning the surface oxi-
dation, surface functionalization, size, morphology, and
porosity. For instance, surface-oxidized or silica-coated
silicon NPs maintain their stabilities for up to 12 and 40 h,
respectively. Nanoneedles or discoidal morphology have
been reported to be stable for a few days. Different types of
oxide doping onto silica and the pH of the surrounding
microenvironment affect the degradation time in the
human body. In terms of clearance, dextran-coated porous
silicon is excreted 1 day postinjection. Silica quantum dots
are easily cleared in several days, while MSNs remain in the

Fig. 18 Timeline of mesoporous silica nanoparticle (MSN) development in clinical trials. The timeline displays different types of MSN and the
development in clinical trials. cRGDY cyclic arginyl-glycl[1]aspartic acid-tyrosine, PEG polyethylene glycol.

Fig. 19 Schematic diagram of the toxicology assay in vivo. After in vivo administration of nanoparticles with the certain dose, the toxicity of
nanoparticles can be assessed from physical examination, change in tissues, pharmakokinetic change, and specific toxicity assay.
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human body for several weeks. The excretion rates of
positively charged particles are faster than those of nega-
tively charged nanoparticles. The tunable properties of
MSNs indicate tremendous potential for cancer therapy
with high specificity and minimal adverse effects.
Despite the safety of clinical translation, the process of

silica nanoparticles entering clinical application remains
slow. For instance, it takes approximately two decades for
gold shell–silica nanoparticles to enter clinical trials. This
phenomenon may be due to the complexity of in vivo
toxicology studies and the process of entering clinical trials,
which are expensive and time-consuming (Fig. 19). Silica
exhibits several advantages relative to organic nanoparticles:
by altering their physicochemical and structural properties,
such as charge, size, and shape, silica nanoparticles trans-
port drugs across biological barriers. In the case of silica
synthesized from Stöber nanoparticles, toxicity is found
with decreasing size in mice. When administered intrave-
nously, 300 nm nanoparticles show nontoxic properties at
200mg kg−1. However, 70 nm is reported lethal at
45mg kg−1, and 30 nm is lethal at 12mg kg−1 in mice. In
human clinical trials, small 10 nm nanoparticles and
nanoparticles with sizes of 60–70 nm and 90–150 nm are
reported to be safe after intravenous injection at
20mg kg−1. Moreover, the long-term intraperitoneal
injection of MSNs with sizes of 100–130 nm (50mg kg−1)
twice a week show no toxicity232. Despite having suitable
size, shape, and degradability, high purity during synthesis is
crucial for improving the biocompatibility of MSN233.
Therefore, MSNs with high stability, synthesis method, and
biocompatibility are emerging as promising nanocarriers in
the development of nanoformulation.

Limitations of current studies
Mesoporous nanoparticles have potential for enhancing

the stability and solubility characteristics of various drugs
and blood circulation times, generating excellent results
in a cellular and preclinical model234. However, the
number of nanoparticles available to patients is far below
projections for fields due to the translational gap between
preclinical and clinical studies. Such a gap comes from a
lack of understanding of differences in biological matrices
between animals and humans, which greatly affects the
behavior and functionality of nanoparticles in the body.
For instance, only a few studies have focused on the
effects of as-synthesized mesoporous nanoparticles on the
immune system, inflammatory reactions, and complex
biological matrices. In addition, compliance to stimuli and
immunotoxicity, including genotoxicity to immune cells,
cell dysfunction, and long-term toxicity, are rarely inves-
tigated. Furthermore, recent studies lack a focus on
comparing the administration routes of nanoparticles,
endotoxin contamination, and the influences of sterility
on the proinflammatory effect.

The differences across preclinical and clinical studies are
factors that limit success in practical applications. Hetero-
geneity between patients is one of the major problems of
failure in nanomedicines, and there is very little research on
the interactions between mesoporous nanoparticles in
stratified patient populations. As a consequence, very few
approved nanomedicines are applied as first-line treat-
ments. Other reasons for the failure of mesoporous appli-
cations in clinical trials are complex manufacturing
processes, low stability during storage, poor repeatability,
low percent yield, and impurities in the synthesis of
mesoporous nanoparticles. The presence of impurities, such
as metal ions or surfactants, may affect toxicity evaluation.
Considering the facts above, a simple procedure, percentage
of impurities, improvement of stability during storage, and
percent yield of nanoparticles should be considered when
tailoring the precision design of nanomedicine.

Conclusion and future perspectives
Over the past several decades, hierarchically porous

materials with various pore structures and compositions
have been prepared using many strategies. As delineated,
the tunable porosity, large surface area, adjustable chemical
composition, and abundant surface chemistry make
mesoporous nanoparticles highly promising nanoarchi-
tectures for various cancer therapies. In this review, we
have summarized the recent development of mesoporous
materials. Mesoporous materials can be prepared from
organic, inorganic, and organic‒inorganic materials. Recent
advances in mesoporous materials for cancer therapy have
been comprehensively elucidated, and design strategies
have been discussed in depth. Mesoporous material is a
unique nanoparticle that offers a network of cavities as a
vehicle for drug nanocarriers. Regarding the necessary
methods for allowing mesoporous nanoparticles to be
broadly used in clinical settings, there are several chal-
lenges that they should be fulfilled. Mesoporous materials
should meet suitable biocompatibility, biodistribution,
stability, and biodegradability characteristics. From a clin-
ical perspective, there are tremendous processes in the
development of mesoporous materials. However, a large
amount of work still needs to be performed before these
materials can be broadly used in clinical applications.
In addition to clinical demonstration, future prospects

still require a scientific approach based on the concept of
nanoarchitectonics. In material fabrication by nanoarchi-
tectonics, it is advantageous to fabricate multicomponent
structures. Moreover, it is proposed that a system similar
to that of living organisms can be constructed in which
these components work in harmony in the presence of
thermal fluctuations235. Therefore, it should be possible to
fabricate porous materials with a homogeneous structure
consisting of a few components, as has been demon-
strated thus far, to fabricate porous materials with
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complex elements and to perform advanced treatment
using these materials. In the past, it has not always been
easy to design and build such complex systems. However,
the introduction of materials informatics, which has made
remarkable progress in recent years, is expected to make it
possible to design complex systems. A fusion of
nanoarchitectonics and materials informatics for porous
materials has actually been proposed236. Although the
recently proposed functional targets are limited in the
fields of catalysis and energy, they may include medical
fields, such as cancer treatment. Methodological devel-
opment through the introduction of new conceptual
innovations, advanced fields, and realistic clinical research
is important for the development of this field.
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