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Porous nanomaterials (PNMs) refer to materials that have a porous structure on the nanoscale,
characterized by a network of interconnected pores or voids. These materials exhibit unique physical
and chemical properties due to their nanoscale size and the presence of pores. With the continuous
development in nanotechnology and materials science, significant advancements have been realized in
the design and approaches for various applications. In this case, PNMs have attracted significant
attention due to their excellent biocompatibility, high loading capacity, controllable designability, and
advantages in optical imaging. Therefore, it is necessary to investigate the ongoing developments in
porous structures, particularly their applications in biosensing and in vivo scenarios, to demonstrate the
advancements and latest research trends in this field. In this review, we present the diverse applications
of PNMs, including porous silicon structures with facile approaches and expandable physical or optical
properties, resulting in an excellent bioimaging performance; as useful substrates with superior loading
capacity and easy intracellularization for drug delivery; and their good biocompatibility, degradability,
and flexibility, making them suitable for in vivo applications, which can be achieved through a self-
assembly path. Furthermore, the constituents of PNMs are highlighted and the influence of different
factors on their in vivo and in vitro (biocompatibility and cytotoxicity) characteristics demonstrated. All

Received 3rd August 2023, these characteristics are appropriate for in vivo applications, outlining the significant potential of PNMs

Accepted 18th December 2023 for biological applications and biosensing. The results show that PNMs are viable alternatives in current
research and clinical applications. In this review, each section discusses and summarizes representative
examples and analyzes the use of PNMs in biomedicine. Finally, the future of PNMs in biomedicine is

explored, which can help researchers in understanding their prospective development.

DOI: 10.1039/d3ma00498h

rsc.li/materials-advances

structure and function significantly influences the modulation
of biological tissue and cellular functions. Herein, we review

1. Introduction

In recent decades, encouraging progress has been realized in
the biological applications of porous nanomaterials (PNMs)."?
PNMs are materials with tunable pore sizes and specific pore
structures. Nanoporous silica, nanometallic organic frameworks
(MOFs), nanoporous polymeric membranes, and nanoporous
metals are typical porous nanomaterials.>® PNMs exhibit high
design flexibility, enabling their properties to be tuned through
surface modification or alterations in pore structure. Their
biocompatibility stems from the properties of the metal or
substrate, rather than relying solely on their porous structure.
PNMs have the advantage of being resistant to degradation by
living organisms. Thus, they are widely applied in drug delivery,
bioimaging, and biosensing, where the interplay between their
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the reported research on the use of porous nanoparticles
for various physiological mechanisms, such as drug delivery,”
bioimaging,®® and biosensing,* and their various applications in
living organisms.

PNMs have the outstanding advantages of high loading
capacity and tunable porosity, allowing different ligand mod-
ifications to create materials with specific targeting functions
that can not only change shape or size but also have high
sensitivity, high spatial resolution, and low toxicity for drug
delivery and bioimaging. The inability of conventional oral
drug delivery agents to deliver drugs at controlled release rates
has generated interest and research in novel drug delivery
methods. The developed drug delivery systems include
polymer-based systems, MOF-based systems and mesoporous
silicones. These different drug delivery routes are roughly
classified into organic and inorganic systems. Organic systems
such as polymer-based systems benefit from extensive biocom-
patibility and have the ability to absorb many drugs but lack
controlled release mechanisms. Alternatively, inorganic delivery
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materials such as MOFs can deliver adsorbed drugs at a con-
trolled rate due to their ordered porous network but have a
reduced loading capacity. Most inorganic delivery materials have a
mesoporous structure for optimal drug uptake and delivery
(microporous materials usually lack a pore size large enough for
useful drug delivery)."® As drug delivery systems, PNMs can deliver
drugs, antigens and stimulatory molecules to target cells/tissues
for cancer therapy through multiple pathways that modulate
immune dysfunction in the tumor microenvironment.**> Cancer
immunotherapy using PNMs can avoid multi-drug resistance,
reduce genetic mutations in tumor cells, and enhance synergistic
therapeutic effects with other treatments such as chemotherapy,
radiotherapy, photodynamic therapy (PDT), and photothermal
therapy (PTT)."* Furthermore, PNMs can be combined with other
treatments such as PDT and PTT or used as radiosensitizers'*
to achieve better anti-cancer effects.'> PNMs have inherent advan-
tages such as high biomolecule loading capacity, adjustable
structure, abundant surface modification and controlled release
behavior of loading molecules such as immunomodulators.***¢*”
They can enhance cancer immunotherapy by delivering antigen
and stimulatory molecules to target cells/tissues, modulating
immune dysfunction in the tumor microenvironment and pro-
moting ACT therapeutic effects in various ways.""'?

The development of biomedical imaging technologies has
greatly facilitated the diagnosis of various diseases. PNMs as
imaging agents can generate signals or enhance the signal
contrast of the target tissue for better diagnosis. Nanoparticle
imaging agents for cancer diagnosis preferentially accumulate
in tumors through EPR effects for passive targeting or through
tumor-specific receptor binding for active targeting’® and
imaged using techniques such as positron emission tomography
(PET), computed tomography (CT), ultrasound (US), and photo-
acoustic imaging (PAI). The combination of fluorophores with
PNMs also enables optical sensing and imaging of physiologi-
cally significant species. Usually, fluorescence imaging is influ-
enced by the intensity of tissue autofluorescence in in vivo
bioimaging. Various tissue components for example, elastin
and collagen, and intracellular molecules for example, amino
acids such as flavin, tyrosine and phenylalanine are known to act
as endogenous fluorophores in vivo. These biological chromo-
phores strongly absorb visible light and limit the excitation and
emission of light in the visible spectral range based on the
penetration depth. Other biological components such as water
and lipids also strongly absorb light in the visible to infrared
ragion.?® The long-lived PL emission lifetime of PSiNP (typically
in the order of a few microseconds) allows gated luminescence
imaging to completely eliminate short-lived tissue autofluores-
cence, and thus gated luminescence imaging®' can be effectively
used for bioimaging. Other PNMs can be loaded with substances
such as lanthanides to enable nanospatial resolution thermo-
graphy, time-resolved fluorescence immunoassay, etc. Magnetic
substances such as iron oxide, magnesium oxide porous
nanoclusters and paramagnetic/superparamagnetic metal ions
as ligands can be used as contrast agents for magnetic resonance
imaging (MRI),>* which have good biocompatibility and targeting
properties, and also allow real-time monitoring of the contrast
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agents due to their magnetic properties, demonstrating good
prospects in bioimaging. In conclusion, PNMs show potential to
overcome current barriers to cancer immunotherapy and enhance
anticancer efficacy, and also are highly attractive for bioimaging.

A sensor is a device that converts quantitative or qualitative
chemical or biochemical information into an analytically useful
signal as a result of a chemical interaction or process between
the analyte and sensor device. The use of specific and sensitive
sensors to detect and monitor changes (electrical, electroche-
mical, optical and thermal signals) in biological elements
(enzymes, antibodies, tissues or living cells) when they come
in contact with sensitive materials can help diagnose diseases
and reveal underlying biological problems.'® These changes
can be in the form of electrical (conductance, resistance and
capacitance), electrochemical (conductance, amperage, impe-
dance and potential), optical (reflection, photoluminescence
and fluorescence) and thermal (temperature change) signals.
Biosensors have a wide range of applications, including glucose
monitoring, pathogen detection, quantitative measurement of
toxicity and bioactivity assessment of new compounds.?®
Porous nanomaterials often have porous structures to allow
the entry of multiple active substances (such as enzymes,
proteins and molecules), and thus they can be applied in many
different types of biosensors, allowing the analysis of many
different types of biomolecules (such as enzymes) and their
binding to specific targets,”* such as label-free sensing sub-
strates based on silicon nanowires for the detection of
bilirubin® and the use of label-free electrochemical adaptive
sensor with bimetallic hollow MOF for effective detection of
adenosine.*

Therefore, it is of great significance to study the latest
progress in biosensing and in vivo applications of porous
nanoparticles and introduce their latest technologies. This
article reviews the latest advances in various PNMs in medical
applications such as drug delivery, bioimaging and biosensing,
emphasizing the biocompatibility, degradability and flexibility
of porous nanomaterials, making them suitable for in vivo
applications through self-assembly pathways. This property
shows great potential in the biomedical field, providing
researchers with new possibilities. In the future, the application
of porous nanomaterials is expected to achieve greater break-
throughs through more precise regulation of the size and shape
of porous structures, and modification of their functional
groups. Herein, we also emphasize the interdisciplinary nature
of porous nanomaterials research, encouraging collaboration
and interdisciplinary research to accelerate their development
and innovation of their applications. These studies show that
PNMs have great potential as an alternative to current clinical
applications. Each section includes an in-depth discussion and
summary of representative examples to highlight the wide range
of applications of PNMs in the biomedical field. By analyzing the
latest research trends, we also provide researchers with deep
insight into the future direction of PNMs in the biomedical field.
This not only provides scientists with a comprehensive under-
standing of the current status of PNMs in biomedicine, but also
provides strong guidelines for future research and innovation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Overall, porous nanomaterials show broad prospects for in vivo/
in vitro applications and biosensing, providing strong support
for the development of the medical field.

2. Silicon-based assembly materials

Porous silicon (PS) is a nanostructured material that offers a
wealth of advantages to the current materials community. As its
name implies, porous silicon is similar to quantum sponge,
containing a meshwork of nanocrystals and pores.”” Also,
because silicon is readily available and inexpensive, it is an
attractive and useful material for diverse applications. Porous
silicon nanoparticles (PSiNPs) have outstanding properties
including biocompatibility coupled with flexible pore morphol-
ogy, structural properties, biodegradability, and unique optical
and luminescent properties, making them preferable for drug
delivery, bioimmunochemistry, bioimaging and biosensing
applications (Fig. 1a).>® It was shown that PSiNPs do not cause
inflammatory responses in animal models and show good
biocompatibility, gradually degrading to non-toxic silicic acid
in aqueous media.>® PSiNPs as drug delivery systems (DDS) have
the advantages of high loading, good biocompatibility, and ease
of functionalization (Fig. 1b), where their unique properties and
advantages as nanomedicines can be summarized as follows:
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(1) they can be used as multifunctional platforms or therapeutic
agents for diagnosis and treatment by integrating multiple
imaging techniques; (2) their large specific surface area and
internal volume allow for simple immersion or chemical adju-
vant loading to introduce large amounts of cargo; (3) ligand
modifications can be used as physicochemical optimization
of targeted drugs and nanoparticles, allowing simultaneous
drug delivery and imaging of targeted disease sites; and (4)
fine-tuned control of PSiNPs to increase circulation time in the
blood by reducing the conditioning effect and uptake of the
mononuclear phagocytic system (MPS).>° To date, poor water
solubility remains a major factor limiting the efficacy of drugs;
accordingly, by incorporating drug molecules in PSiNPs, prema-
ture drug degradation can be effectively prevented while main-
taining complete control of the drug release.*® PSi nanodrug
delivery has abundant flexibility to achieve drug delivery by oral,
intravenous or subcutaneous administration, and accordingly,
it is predicted that lower doses of conventional anticancer agents
can be used to achieve better therapeutic results.** Furthermore,
PSiNPs can be used as subcutaneous implants to deliver trace
minerals such as iodine, selenium, chromium, manganese and
molybdenum as dietary supplements and other therapeutic
agents such as lithium for depression, gold and silver with
antimicrobial properties or platinum and palladium for oncolo-
gic diseases.*

- MHCI

« antigen TCR
PAMP «immune modulator

(@) Multifunctionalities of PSiNPs for cancer theranostics. (b) Schematic illustration of drug loading in the mesopores of mesoporous silica

nanoparticles (MSNs). Top left image: Transmission electron micrograph of MSN. Top right illustration: Schematic depiction of an MSN showing its role as
a versatile multifunctional nanoplatform. Bottom left image: Enlargement of the above-mentioned image, where the ordered hexagonal arrangement of
the pores to be loaded is clearly seen. Bottom center: Depiction of drug molecules loaded in mesoporous channels. Bottom right: Schematic
representation of a horizontal perspective of silica channel loaded with drug molecules. (c) Schematic overview presenting porous silicon microparticle
fabrication and applications in drug delivery and immunotherapy the central image is a scanning electron micrograph showing a patterned pSi wafer prior
to sonication-based release of the patterned particles. The multistage vector concept of drug delivery is shown on the left, with intravascular
administration of pSi particles resulting in tumor-associated vascular accumulation based on geometric properties, charge or targeting ligands. Images
reprinted with permission from Bimbo et al. (2010, ACS), Kulyavtsev et al. (2017, Pharm. Pat. Anal.) and Serda et al. (2015, US8926994), respectively.
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The Jeong research group utilized the condensation chem-
istry of calcium silicate to load the rheumatoid arthritis drug
methotrexate (MTX) in PSiNPs. Systemic administration of the
constructs formed by PSiNPs loaded with MTX, known as
pCaSiNPs, resulted in its accumulation in inflamed joints,
leading to improvements in the progression of rheumatoid
arthritis in both early and established stages. The biological
degradation products of the pCaSiNP drug carrier exhibit
immunomodulatory and anti-absorptive effects, emphasizing
their crucial role in the biocompatibility of implantable
devices.** Studies on the different pathways of absorption,
distribution and excretion in mice have shown that PSiNPs
have good tissue biocompatibility for oral and intravenous
administration.>® PSiNPs have been shown to deliver large
biomolecules that can be used for immunotherapy (Fig. 1c).
Zhang et al. from Wuhan University co-loaded silica nano-
particles with a hypoxia-activated prodrug (HAP) and a vascular
disruptor, and then coated the particles with platelet mem-
branes. Once in the tumor, this nanotherapy could disrupt local
blood vessels, and thus inhibit the tumor.*® Ferrari et al. of
the Methodist Hospital Research Institute developed PSiNPs
functionalized with toll-like receptor ligands as adjuvants for
anticancer immunity. It was shown that mesoporous PSiNPs
conjugated with lipopolysaccharide (LPS) or monophospholi-
pids could be readily internalized by dendritic cells.””
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The Sailor group used the optical properties of PSiNPs to design
immune protocols by loading antigens in luminescent PSiNPs
(LPSiNPs). The antigens were loaded in PSiNPs with antibodies
that are designed to selectively target and induce T cell-
mediated immune responses.*® Kim et al. proposed that nano-
particles can target activated macrophages and loaded them
with siRNAs targeting the Irf5 gene. This formulation could
induce >80% gene silencing in activated macrophages in vivo
and inhibit excessive inflammatory responses, producing
significantly improved therapeutic outcomes in a mouse model
of bacterial infection.*®

The unique advantages of PSiNPs, such as good compat-
ibility, inherent photoluminescence (PL), high surface area and
ease of surface functionalization, make PSiNPs-based contrast
agents (CAs) clinically suitable for biomedical imaging.*® The
high surface area of PSiNPs allows the loading of different CAs
for different imaging modalities. The potential bioimaging
methods using PSiNPs include optical imaging, MRI, positron
emission tomography (PET), and single-photon emission com-
puted tomography (SPECT) imaging. Cunin et al. successfully
constructed multifunctional PSiNPs to deliver Ru(u) complex
photosensitizers for near-infrared imaging and photodynamic
therapy (PDT).*" Powerful NIR imaging capabilities and effec-
tive inhibition of cell growth were observed in vitro under NIR
irradiation. Zabotnov et al. used picosecond laser ablation of
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(a) In vitro cellular imaging with LPSINPs. HeLa cells were treated with LPSiNPs for 2 h, and then imaged. Red and blue indicate LPSiNPs and cell

nuclei, respectively. The scale bar is 20 pm. (b) In vivo fluorescence image of LPSINPs (20 ulL of 0.1 mg mL™?) injected subcutaneously and intramuscularly
on each flank of a mouse. (c) In vivo images of LPSINPs and D-LPSiNPs. The mice were imaged at multiple time points after intravenous injection of
LPSiNPs and D-LPSiNPs (20 mg kg™). Arrowheads and arrows with solid lines indicate liver and bladder, respectively. (d) /n vivo image showing the
clearance of a portion of the injected dose of LPSiNPs in the bladder, 1 h post-injection. Li and Bl indicate liver and bladder, respectively. (e) Lateral image
of the same mice shown in (c), 8 h after LPSINP or D-LPSiNP injection. Arrows with dashed lines indicate spleen. (f) Fluorescence images showing the
ex vivo biodistribution of LPSINPs and D-LPSiNPs in a mouse. Organs were collected from the animals shown in ¢, 24 h after injection. Li, Sp, K, LN, H, Bl,
Lu, Sk and Br indicate liver, spleen, kidney, lymph nodes, heart, bladder, lung, skin and brain, respectively. (g) Fluorescence histology images of liver and
spleen from the mice shown in (c) and (f), 24 h after injection. Red and blue indicate (D-)LPSiNPs and cell nuclei, respectively. The scale bar is 50 um for all
images. Images reprinted with permission from Park et al. (2009, Nat. Mater.).
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porous silicon films and nanowires to synthesize small silicon
nanoparticles (14-65 nm) with fluorescence emission in the
NIR range (600-1000 nm), which created a new prospect for use
as optical imaging contrast agents.*” Xia et al. fabricated
PSiNPs@Fe;0, nanocomposites for dual-mode imaging by
covalently bonding superparamagnetic Fe;O, NPs with photo-
luminescent PSiNPs.*’ In this nanocomposite, PSiNPs were
used as the NIR imaging agents and Fe;O, NPs the CAs for
MRI. This nanocomposite exhibited good biocompatibility and
performed well in fluorescence/MR bimodal imaging of cells
in vitro and tumors in vivo. Microsecond photoluminescence is
a unique feature of PSiNPs for bioimaging. Kim et al. reported
the fabrication of iRGD-PEG-modified PSiNPs for two-photon
imaging of living animals. By limiting the size of PSiNPs to
60 nm and increasing the two-photon absorption cross section,
the photoluminescence intensity of NPs and the signal-to-noise
ratio of two-photon imaging significantly improved.” In addi-
tion, the tumor-targeting effect of 60 nm PSiNPs-iRGD was
confirmed by experiments in a mouse orthotopic HeLa tumor
model. Park et al. used dextran-coated LPSiNPs (D-LPSiNPs) for
tumor imaging, demonstrating luminescent porous silica nano-
particles (LPSiNPs) that can carry drug payloads with inherent
near-infrared photoluminescence capable of monitoring accu-
mulation and degradation in vivo (Fig. 2) with low toxicity
degradation pathways suitable for in vivo applications.** Overall,
PSiNP-based nanosystems have great potential for bioimaging,
given that their long-lived photoluminescence can be utilized
to eliminate the interference of tissue autofluorescence. This
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enhances the differentiation of CA from endogenous fluoro-
phores of living tissues.

PSiNPs have captivating and tunable features including easy
fabrication, special optico-physico properties, tailored morpho-
logical structure and versatile surface chemistry enhancing
their prospects as a transducer for the fabrication of biosen-
sors. Furthermore, PSiNPs can be used for other biomedically
relevant assays such as glucose, DNA, bacteria, viruses and
proteins. Syshchyk et al. fabricated biosensors for the determi-
nation of glucose and urea based on the fact that the photo-
luminescence of porous silicon varies with the pH of the
medium.*> Experiments showed that the photoluminescence
intensity of porous silicon increased by 1.7-fold when the
glucose concentration increased from 0 to 3.0 mM, whereas it
decreased by 1.45-fold when the urea concentration was
increased to the same level. Also, the presence of heavy metal
ions (Cu®*, Pb>" and Cd*") in the solution inhibited the enzy-
matic reactions catalyzed by glucose oxidase and urease, thus
restoring the photoluminescence quantum yield of porous silicon,
and thus this biosensor could also be applied for the inhibition
analysis of heavy metal ions (Fig. 3a). Zhang et al. proposed a non-
spectral porous silicon optical biosensor technique based on dual-
signal light detection of the concentration of DNA molecules.*® In
the dual-signal light detection method, the first detection signal
light is the detection light reflected from the surface of a porous
silicon Bragg mirror. The second detection signal light is fluores-
cence, and the Bragg mirror structure further enhances the
fluorescence signal. After receiving digital images of the two signal

Digital Microscope
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(a) Schematic of luminescent biosensors based on GOD or urease for the detection of glucose, urea and heavy metals. (b) PS optical biosensor

with different concentrations of DNA by the double-signal optical detection mechanism. (c) Protocol for the detection of bacteria on a PSi membrane.
Images reprinted with permission from Syshchyk et al. (2015, Biosens. Bioelectron.), Zhang et al. (2022, Sensors (Basel, Switzerland)) and Vercauteren

et al. (2021, Biosensors), respectively.
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lights superimposed on the porous silicon surface simultaneously
using a digital microscope, a corresponding algorithm is used to
calculate the change in the average gray value before and after the
hybridization reaction to calculate the concentration of DNA
molecules (Fig. 3b). This method allows the detection of target
DNA not only by hybridization, but also by immunoreactivity or
parallel biochips with porous silicon biosensors to detect anti-
gens. Vercauteren et al. used PSi membranes (PSiMs) for the
optical detection of Bacillus cereus lysates (Fig. 3c). Prior to
detection, the bacteria were selectively lysed by PlyB221, an
endolysin encoded by Deep-Blue, which is a phage targeting
Bacillus cereus. This detection platform not only enabled the rapid
detection of bacteria, but the same technique could be extended
to other bacteria by selective lysis, such as the detection of
Staphylococcus epidermidis and selective lysozyme lysis.*” Layouni
et al. combined peptides with a multifunctional PSi optical
biosensor platform for the detection of the chikungunya virus
E2 protein. Peptide functionalization and selective E2 protein
capture were confirmed by contact angle measurements, attenu-
ated total reflection-Fourier transform infrared spectroscopy and
optical reflectance measurements, and this biosensor could be
exposed to high-temperature environments.*®

3. Porous assembly structures based
on metal organic frameworks (MOFs)

Since the pioneering work by Yaghi’s in 1995,*° an increasing
number of researchers have been focused on the design and
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application of MOFs. Metal-organic frameworks (MOFs) are
constructed based on organic and inorganic building blocks,
with vacant spaces (pores) arising between individual structural
units. As a new class of porous organic-inorganic crystalline
hybrid materials, MOFs are dominated by the self-assembly of
metal atoms and organic backbones, and some functional
species including small biomolecules, metal ions, and mag-
netic groups can be loaded in the pores of the framework to
confer functions. In addition, some MOFs containing lantha-
nides or luminescent organic ligands can generate fluorescence
or phosphorescence under UV light." Due to these superior
properties of MOFs, they have been widely used in different
types of applications such as sensing,’® drug delivery,”
bioimaging®®* and other bio-related applications.”®

Metal organic backbones (MOFs) with luminescent proper-
ties and size- or shape-selective adsorption properties can be
used as sensor devices. nMOF-based sensors can satisfy the
requirements of high sensitivity, resolution and accuracy for
cellular biosensing. The pH dysregulation of intracellular fluids
is associated with tumorigenesis and drug resistance, and real-
time sensing and monitoring of intracellular pH changes in
living cells is important for exploring disease mechanisms and
designing pH-responsive intracellular drug delivery systems.
Lin and colleagues reported the first nMOFs for real-time
intracellular pH sensing.>® A fluorescein moiety was attached
to Zr-based UiO nMOFs via thiourea bonds, with two excitation
wavelengths (435 vs. 488 nm) associated with pH-dependent
relative fluorescence intensity. They were imaged by live cell
confocal microscopy to illustrate the acidification process
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Fig. 4

(a) Ratiometric imaging of CT26 cells incubated with biosensor based on R-UiO under hypoxia (left), normoxia (middle), and aerated (right) conditions. (b)

Schematic illustration of the online electrochemical detecting system for in vivo monitoring of glucose in cerebral system. (c) Schematic of the NaGdF4:Yb,
Tm@NaYF 4 Yb@NaGdF4Yb, Nd@NaGdF,; nanocomposite as a dual ratiometric luminescence nanothermometer (DRLNT). (d) Characterization of Ln**-based
metal—organic frameworks (LnMOFs) compounds by single-crystal X-ray diffraction (XRD), powder XRD, and thermogravimetric analysis. Images reprinted with
permission from Xu et al. (2016, J. Am. Chem. Soc.), Ma et al. (2013, Anal. Chem.), Hu et al. (2022, Nanoscale Horiz.) and Zhao et al. (2019, Inorg. Chem.), respectively.
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during endosome maturation with high spatial resolution and
fast temporal response. Various diseases, such as cancer and
vascular diseases, can lead to tissue hypoxia and reduced
oxygen levels. Therefore, intracellular oxygen sensing is impor-
tant for the diagnosis and treatment of cancer. Lin et al
designed the first phosphorescent/fluorescent dual-emission
nMOF for intracellular oxygen quantification.>” A hybrid ligand
M-nMOF containing the oxygen-responsive phosphorescent
ligand Pt-5,15-bis(p-benzoate) porphyrin and the amino-
functionalized ligand amino-quaternary ammonium phenyl
dicarboxylic acid was first synthesized. Subsequently, rhoda-
mine B was covalently attached to the amino group via a
thiourea bond as an oxygen-independent reference to provide
R-nMOF. These two chromophores share the same excitation
energy, while their phosphorescent/fluorescent emission does
not interfere with each other. Subsequently, a ratiometric
photoluminescence method for quantifying oxygen was estab-
lished, allowing the confocal microscopic imaging of living
cells by R-nMOF to determine the oxygen levels in hypoxic,
normoxic, and aerated cells (Fig. 4a). Several metal ions play a
key role in cellular activity, but their presence at high concen-
trations can be toxic and lethal. Accordingly, the selective
detection of metal ions in cells is required for diagnostic
purposes. Because energy/charge transfer between ligands
and metal ions leads to fluorescence burst, MOFs can carry
the corresponding ligands for their detection. Lu et al. devel-
oped nMOF-253 with 2,2'-bipyridine-5,5'-dicarboxylic acid
(bpydc) ligands for the detection of Fe*".>® The fluorescence
of the ligand was selectively burst by Fe**, which is probably
due to light-induced electron transfer, allowing nMOF to be
used for intracellular Fe*" sensing in HeLa cells. NMOF-based
systems have also been developed for the detection of the metal
ion Cu®" based on the luminescence burst of Tb*" ions.*

Ma et al. prepared an integrated dehydrogenase electroche-
mical biosensor (Fig. 4b) based on zeolitic imidazolate frame-
works (ZIFs) as a substrate for the construction of an integrated
dehydrogenase electrochemical biosensor with high sensitivity
to glucose for in vivo measurement of neurochemicals.®® It was
demonstrated that ZIFs are capable of acting as substrates for
immobilizing electrocatalysts (i.e., methylene green, MG) and
dehydrogenases (i.e., glucose dehydrogenase, GDH) on the
electrode surface, exhibit excellent adsorption capacity for
MG and GDH, and are easy to form integrated electrochemical
biosensors, and thus were used as substrates for our glucose
biosensor. The ZIF-based biosensor was shown to be more
selective for glucose than other endogenous electroactive sub-
stances in the brain system and could selectively monitor
dialysate glucose collected from guinea pig brains in a near
real-time mode.

In the case of Ln-based nMOFs, as thermal probes, they were
evaluated as multifunctional luminescent thermometers,
which are luminescent mixed lanthanide MOF thermometers
capable of directly visualizing temperature changes with an
excellent linear correlation between temperature and lumines-
cence intensity ratios in the range of 50-200 K.°" This was first
investigated on the microscale, and more recently on the
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nanoscale. Zhao et al. prepared two types of isostructural
Ln*"-based metal-organic skeletons under solvent heating con-
ditions, in which two structurally similar pyridine-containing
dicarboxylic acid ligands, ie., 6-(4-carboxyphenyl)nicotinic acid
and [2,2'-bipyridyl]-5,5’-propanedioic acid, were used as organic
connectors. Two hybrid LnMOFs, namely, Tby o5 Eug 05 cpna and
Tbo.os Euges bpydc, were obtained by the lanthanide co-doping
method and evaluated for their application as proportional lumi-
nescence thermometers.®® It was experimentally confirmed that
both materials exhibited a good S-shaped response in the tem-
perature range of 25-300 K with good relative sensitivity and
temperature uncertainty (Fig. 4d). In addition, their color changes
from green at 25 K to red at 300 K make them suitable as
colorimetric luminescence probes. Hu et al. used a rare earth-
doped nanocomposite of Tm®" and Nd*" ions as emitters to
construct a dual-scale LNT.*® A strategy for enhanced Tm*" NIR
radiation for bioimaging-based in vivo temperature detection was
developed using cross-relaxation processes between lanthanide
ions (Fig. 4c). The dual-ratio probe components in the nanocom-
posites have the potential to monitor temperature differences and
heat transfer at the nanoscale, which will help regulate heating
operations more precisely in thermotherapy and other biomedical
applications. This work not only provides a powerful tool for
in vivo temperature sensing, but also presents a method for
building highly efficient NIR-II/III rare earth luminescent nano-
materials for a broader range of biological applications. These
pioneering studies highlight the possibility of using nano MOFs
for monitoring physiological temperature in medical applications,
which can be further explored with nanoscale hybrid rare earth
MOFs. These novel luminescent thermometers can be further
applied in the near future as nanothermometers for intracellular
sensing and thermal imaging with nanospatial resolution.
Inspired by early studies on the development of polymer-
based drug delivery systems, several researchers have attempted
to develop MOF-based nanoparticles as drug carriers for targeted
cancer therapy.®®® MOFs have unique advantages as potential
drug carriers, as follows: (1) highly tunable properties and poros-
ity, (2) high drug loading capacity, and (3) controlled multifunc-
tionality. MOF-based drug delivery systems such as pH-responsive
delivery systems, magnetically guided delivery systems, folate-
targeting delivery systems, and temperature-responsive delivery
systems have been developed. Various structures of MOFs are
available as carriers for different drugs, some of which have a
loading capacity of up to 81.6% + 0.6%.%” Choudhuri et al.®®
designed a pH-responsive DDS drug delivery system that can be
used to construct multifunctional nanoparticles in a simple and
rapid way, which combines upconversion nanoparticles (UCNPs)
and MOFs. The outstanding advantages of encapsulated targeting
(Fig. 5a) make it suitable for releasing drug molecules in the
tumor region. We adsorbed 5-FU as a model drug in UCNP@ZIF-
8/FA nanocomposites at 37 °C and pH 5.5 and 7.4. Finally, we
observed that the 5-FU release process has a significant pH
response, as shown in Fig. 5b. This showed that the release
behavior of 5-FU changed significantly under different pH envir-
onments, highlighting the controllability of the nanocomposite in
drug release. Ke et al. reported the synthesis of a core-shell
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Fig. 5 (a) Schematic representation of encapsulated process of upconversion NMOFs modified with folic acid and pH responsive drug delivery (left).

(b) In vitro 5-FU release profiles from 5-FU@UCNP@ZIF-8/FA measured at pH 5.5 and 7.4 at 37 °C (right). (c) and (d) Confocal fluorescence images
of the DRAQ5 channel (blue, nuclear stain) and the BDC-NH-BODIPY channel (green) of HT-29 cells incubated with no particles 0.19 mg mL™* and
0.38 mg mL™! particles, respectively. (e) Confocal microscopy images of H460 cells incubated with various nanoparticles. Images reprinted with
permission from Xiao et al. (2011, J. Mater. Chem.), Taylor-Pashow et al. (2020, JCIM) and Xu et al. (2009, J. Am. Chem. Soc.), respectively.

nanomaterial (Fe;0,@MOF-5) consisting of Fe;O, nanorods
(magnetite) and nanocrystals of MOF-5.° Nimesulide was
selected as the model drug and loaded in the pores of Fe;0,@-
MOF-5. The experimental results showed that a high drug loading
rate was achieved (20 wt%), while the incorporated drug exhibited
a rapid response to a magnetic field. Magnetic drug delivery
(MDD) is one of the most promising targeting drug delivery
systems. With the help of external magnetic conditions, magnetic
drug agents can be precisely targeted to a specific location,
while magnetic properties also allow the real-time monitoring
of magnetic agents, which can be used as contrast agents for
bioimaging.”® The folate receptor (FR) is overexpressed in some
tumor tissues, and when MOFs are encapsulated by folic acid,
they will be carried into the cell and take up folic acid more readily
than in normal tissues. For example, Li et al reported the
synthesis of a nanoscale metal-organic framework, DOX@UiO-
68-FA, which was decorated with UiO-68 and folic acid.”® They
performed cell biocompatibility and membrane permeability
experiments to demonstrate that DOX@UiO-68-FA had higher
cellular uptake in Hep G2 cells compared to DOX@Mi-UiO-68
and free DOX. Furthermore, the in vivo antitumor assays showed
that among free DOX, DOX@Mi-UiO-68 and DOX@UiO-68-FA,
DOX@UiO-68-FA exhibited the highest antitumor effect in PBS.
Tavakolizadeh et al. designed a novel UiO-66 MOF and MXene
nanocomposite modified with rosemary (RO) leaf extract to
co-deliver doxorubicin (DOX)/clustered regularly spaced short
palindromic repeats (CRISPR). For the first time, the synthesis

460 | Mater. Adv, 2024, 5, 453-474

of nanomaterials was completed with the aid of a super-gravity
system and a rotating packed bed device. The modeling results
confirmed the successful synthesis of the nanomaterials. Based
on the drug release and loading results, the DOX payload effi-
ciency of around 46% was recorded and sustained drug release at
acidic pH (the same as cancer cells) was observed.”" Wang and
colleagues constructed a nanoscale metal-organic framework,
CaZol, using zoledronic acid and calcium, and then targeted by
drug-free Fol liposomes to incorporate folic acid as a targeting
ligand in CaZol.”” The cellular uptake experiments showed that
Fol-targeting CaZol showed a higher uptake efficiency than non-
targeting CaZol in H460 and PC3 cells. Also, the biodistribution
experiments in thymus-free nude mice showed that Fol-targeting
CaZol accumulated in tumors at higher amounts than non-
targeting CaZol under the same conditions. The temperature
in vivo usually does not vary significantly, and in this case,
temperature-responsive drug carriers can be manufactured based
on an external thermal field. For example, Lin et al. synthesized
two MOFs, ZJU-64 and ZJU64-CHj, using zinc nitrate, adenine
and carboxylate ligands. Methotrexate (MTX) was added to these
MOFs as a model drug according to the impregnation method.”

the drug release assay, methotrexate was released from the frame-
work and exhibited temperature-responsive phenomena. When the
release progress was measured at 60 °C, ZJU-64 and ZJU-64-CH3
released MTX from their frameworks in approximately 1.5 and 6 h,
respectively, which is equal to the amount released at 37 °C for
72 h. At present, only a few studies have been reported on the
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thermo-responsive release of MOF-based drug carriers, which
may be due to the fact that the in vivo temperature is basically
stable at 37 °C and it is difficult to realize significant changes
to trigger drug release.

MOFs have attracted great interest in the field of bioimaging
due to their easy intracellularization, good dispersion stability
and good bioavailability. Also, the surface of MOFs can be
decorated with silica, organic polymers and lipid bilayers to
improve their stability and confer biocompatibility.”* Thus,
new hybrid materials can be used as contrast agents for
magnetic resonance imaging (MRI) by incorporating a large
number of paramagnetic/superparamagnetic metal ions. For
example, Wilasinee and colleagues reported the synthesis of a
Gd-based NMOF as a contrast agent for MRL.”> A simple route
to control nanoparticles such as sodium salicylate (NaSal),
salicylic acid and their derivatives, and other hydrophobic
compounds were used in the synthesis process, as shown in
this paper. Most NMR studies demonstrated that Gd-based
MOF nanoparticles show higher T relaxation than conventional
magnetic materials. Some MOFs with luminescent building
blocks (ligands or metal ions) or bound fluorescein can be
used for optical imaging (OI). Lin et al. reported the preparation
of an Fe(m)-based MOF with 2-aminoterephthalic acid, whose
structure is very similar to MIL-101.”® An optical contrast agent
(BODIPY dye) and an ethoxysuccinic acid-cisplatin anticancer
prodrug were successfully integrated in the NMOFs by post-
synthetic modification. To evaluate the in vitro effect of this
nanoparticle as an optical contrast agent, a laser scanning
confocal microscopy study was performed on HT-29 human
colon adenocarcinoma cells. The results showed that the
fluorescence of BODIPY appeared in the cells incubated with
the nanoparticles, while no fluorescence was observed in the
control group (Fig. 5c-e). These results suggest that nano-sized
MIL-101 (iron) particles provide an effective platform for deli-
vering optical contrast agents in vitro. MOF optical imaging
probes are limited by their poor penetration and difficulty
reaching the interior of cells. However, the rational combi-
nation of an imaging modality and contrast agent can provide
advantages in intraoperative imaging and image-guided cancer
surgery. Iodinated ligands or iodide loads can be used for X-ray
computed tomography. Zhang et al. found that MOF nanocrys-
tals containing iodine-boron diphenyl ether (BODIPY), which
are known as UiO-PDT, exhibited strong X-ray attenuation in
invitro CT imaging and preferentially aggregated at tumor sites.
More importantly, no significant side effects were observed for
this nanocrystal at all the tested injection doses.”’

4. Porous polymer membranes

Porous polymer membranes show great potential for biological
and biomedical applications such as tissue engineering, biose-
paration and biosensing due to their structural flexibility, multiple
surface chemistry and biocompatibility.”® Furthermore, due to
their unique properties, such as tunable pore size and shape,
density, and large surface-to-volume ratio, they can bind a large
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number of functional groups in their pores and have a wide range
of applications, including separation, such as water filtration and
hemodialysis, support scaffolds, such as tissue engineering, and
diagnostic tools, such as sensing platforms.””®° Fig. 6a presents a
summary of the latest technologies and future prospects for the
biomedical applications of polymeric membranes. The biocom-
patibility and biodegradability of membranes are crucial factors
for their application.®” Surface properties determine the degree of
biocompatibility, and thus the membrane surface must often be
modified to enhance its interactions with biological samples or
inhibit immune responses.®

One of these drug delivery systems (DDS) has been exten-
sively studied, given that controlled drug delivery to the target
site is currently in great demand to reduce the serious side
effects that occur when drugs come into direct contact with
normal cells. The current drug delivery methods are mainly
intravenous and oral. However, these methods have important
drawbacks such as poor drug solubility and biodistribution,
rapid drug breakdown, and extravasation of tissue damage.
DDS aims to reduce these drawbacks by maximizing the
therapeutic efficacy, drug release time, and drug stability in the
body, increasing the bioavailability and reducing the adverse
effects of drugs.** Porous polymer membranes are used in DDS
to control the diffusion of drug molecules by regulating their
permeation and drug release. Yang et al. prepared cylindrical
nanochannels via the self-assembly of PS-b-PMMA block copoly-
mers to demonstrate the biotherapeutic, controlled release of
human growth hormone (hGH) in vitro and in vivo.** As shown
in Fig. 6b, the porous polymer membranes induced fibroblast
chemotaxis and hemostasis for wound healing with a lower
immune response compared to many other synthetic polymers
(e.z., polystyrene and polyethylene).®>®® For use in tissue
engineering, biopolymer membranes have several advantages
compared to synthetic membranes in that they offer good bio-
compatibility, biodegradability, inherent bioactivity, ability to
attract cells, and susceptibility to cell-triggered protein degrada-
tion and natural remodeling.

Polymers are ideal materials for the fabrication of disposa-
ble biosensors and are beneficial for biomedical applications.
Porous polymer membranes can be used in biosensor strategies
to limit the diffusion of interfering high-molecular-weight
biological agents (e.g., large proteins), while still allowing the
diffusion of low-molecular-weight solutes (e.g., metabolites) to
the surface of the sensor for their detection.®*® They can also
selectively capture target analytes by interacting with biorecep-
tors immobilized on the surface of the nanopore/nanochan-
nel.*>*! Porous polymer membranes can be used to modify the
surface of working electrodes to improve their sensitivity, for
example, by introducing nanoscale pores that not only increase
the surface area but also can be used as nanopores where
biometric events can be confined, maximizing binding com-
pared to the use of conventional non-nanostructured electro-
des. These pores can also be used as filters to minimize
interference.’>® Fig. 6c and d depict an example of a sensing
platform that utilizes nanopore plugging caused upon analyte
binding as the sensing mechanism, as well as the expected
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(a) Overview of biomedical/biological applications of porous polymeric membranes. (b) Mechanism of the two possible pathways of acute

inflammation. In acute inflammation neutrophils, monocytes, and macrophages are observed. The left scheme corresponds to a wound healing process
and the right scheme corresponds to a foreign body response. In wound healing, tissue remodelling occurs at the end of the process. In foreign body
response, acute inflammation remains for a long period. (c) Mechanism of nanochannel blockage electrochemical sensing. (d) Differential pulse
voltammograms (DPVs) of (a) only bioreceptor is attached on the channel walls and (b) after target analytes are captured by the bioreceptor and block the
pores. Images reprinted with permission from Shiohara et al. (2020, J. Mater. Chem. B), Delgado et al. (2015, Tissue Eng., Part B), de et al. (2011, Small) and

de et al. (2010, Chem. Commun.), respectively.

electrochemical response. Bioreceptors are immobilized on
nanopore structures ready to bind to the target analyte, result-
ing in changes in the measured electrochemical signal due to
partial nanopore blockage.’**> Sadeghi et al. reported a unique
method for the electrostatic separation of organic molecules of
similar size based on their creation of nanoporous membranes
with filled arrays of polymer micelles in alcohol.’® Overall, the
combination of porous polymer membranes with other tech-
nologies to dope other materials or explore new polymeric
materials with special properties such as high conductivity
and high electrocatalytic activity adds new opportunities and
may also help overcome the drawbacks of each technology and
the disadvantages of porous polymer membranes such as poor
stability at high temperatures or in organic solvents, poor
electrical conductivity and low electrocatalytic activity to
advance the development of biosensors.

5. Metal-based porous structures
5.1 Monometallic-based porous structures

Porous metal-based materials have long been known as good
biomaterials and drug carriers®”°® and have good prospects for
application in biological applications and biosensing. In early
studies, metallic materials were one of the candidates for metal

462 | Mater. Adv., 2024, 5, 453-474

implants in the human body due to their sufficient strength
and suitable mechanical properties,”® and other properties, as
follows: (1) porous metal has good biocompatibility, stiffness
and porosity and (2) porous metal provides open space for
the inward growth of bone tissue, thus accelerating the osseoin-
tegration process.'®'% The unique bone-like properties of
porous tantalum allow it to be used as a material for large
implants, not just as a coating like other porous metals. In
addition, porous tantalum also promotes the growth of soft
tissues,' including the formation of blood vessels, which are
found assembled on the surface of porous tantalum and inside
the structure.'® Porous tantalum has a trabecular geometry
that can be used to simulate bone tissue, as well as open cell
structures (Fig. 7a). The mechanical properties of porous mate-
rials significantly depend on their geometric design, including
their porosity and unit cell type. The porosity of all types of
human bones shows a gradual change from a dense outer
cortex to a spongy inner cancellous tissue. Therefore, porous
biomaterials must mimic the natural progressive structure of
the human skeleton. Li et al. demonstrated that porous Fe and
Zn with a precisely controlled geometry can be successfully
prepared using SLM and possess mechanical properties com-
parable to that of human bone trabeculae.'®'%® However,
although porous nanoparticles significantly increase the avail-
able surface area, there is a lack of theoretical understanding

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Structure of porous tantalum. SEM of porous tantalum with small pores and high interconnectivity and porosity. (b) Schematic illustration of

thermal stability of hollow porous gold nanoparticles: a molecular dynamics study. (c) Schematic illustration of pPt-based drug delivery system for
synergistic electrodynamic/chemotherapy of cancer. Images reprinted with permission from Hacking et al. (2000, J. Biomed. Mater. Res.), Felipe et al.

(2020, JCIM) and Xu et al. (2020, Biomaterials), respectively.

and scarce experimental information on how their porosity is
controlled or it dominates their stability. As shown in Fig. 7b,
Felipe et al. used classical molecular dynamics simulations to
elucidate the specific characteristics and properties of gold
porous hollow nanoparticles and how they differ from nonpor-
ous nanoparticles,’”” demonstrating how porosity introduces
surface stresses and causes minor transitions in various scenar-
ios with an increase in temperature, improving the stability of
porous materials and providing new opportunities for biological
applications. In addition, porous metal-based nanomaterials
have a wide range of development prospects in drug delivery
systems due to their good loading rates and biocompatibility.
Noble metal nanoparticles possess catalytic properties for
scavenging reactive oxygen species (ROS) and good biocompat-
ibility, and thus can be used as promising drug delivery plat-
forms for mitigating oxidative stress damage to normal tissues
by certain chemotherapeutic drugs. Precious metal materials
have inert reactivity in vivo and in vitro, are biocompatible and
have low cytotoxicity.'®® Chen et al. used platinum nanoparticles
(pPt NPs) with porous structures as anticancer drug delivery
carriers to achieve synergistic chemotherapy (Fig. 7¢).'” Using
polyethylene glycol (PEG) as a capping layer and the porous

© 2024 The Author(s). Published by the Royal Society of Chemistry

structure of pPt NPs, the obtained pPt-PEG NPs were loaded with
the anticancer drug adriamycin (DOX), and this study proposed a
new concept of cancer combination therapy with better thera-
peutic effects. Metal nanoparticles are designed and prepared as
a multifunctional platform for the combined treatment of multi-
ple cancers, especially chemophotothermal therapy, due to their
excellent optical properties and photothermal conversion.'*%**
Nanocarriers with porous structures have demonstrated
potential and possibilities for drug delivery and photothermal
therapy.'"> Yang et al. constructed porous Au@Pt nanoparticles
and explored their performance in mitigating oxidative stress
damage and tumor growth inhibition by combined chemopho-
tothermal therapy (Fig. 8a and b), showing that porous Au@Pt
nanoparticles are a promising platform for photoacoustic
imaging-guided DOX delivery and combined chemophoto-
thermal therapy to reduce oxidative stress."** He et al. found
that porous heterogeneously assembled structures of Au-Ag
nanoclusters (NCs) are good drug carriers with high loading
performance and biocompatibility for cancer therapy, as shown
in Fig. 8c, where the porous structures with high loading
performance were formed by the assembly of different
etal clusters.’™* The composite structure of different metallic
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reprinted with permission from Yang et al. (2018, ACS) and He et al. (2022, IJMS) respectively.

materials generates new chemical and physical functions that
have a wide range of applications in the biological field."**> In
general, porous metal-based structures have good biocompat-
ibility and offer good prospects for biological applications. The
Ahmed research team successfully developed an innovative
nanomaterial known as the nanostructured mesoporous gold
electrode (NMGE). This electrode exhibited exceptionally high
sensitivity for the detection of protein phosphorylation through
electrochemical signal amplification. By directly adsorbing the
BRAF protein, which was purified through immunoprecipita-
tion, on the mesoporous gold electrode, this team successfully
bypassed the intricate steps of sensor surface functionalization.
This not only streamlined the process but also resulted in a 2.5-
fold improvement in sensitivity. Furthermore, there was a sig-
nificant tenfold enhancement in the detection limit (LOD) com-
pared to previous levels, marking a substantial advancement in
this field.""® Masud and team designed an innovative electrode

464 | Mater. Adv, 2024, 5, 453-474

known as the mesoporous polystyrene-block-polyethylene oxide-
gold electrode (MPGE), aimed at creating an ultra-sensitive
miRNA detection platform. This electrode was crafted through
the utilization of block copolymer micelles (polystyrene-block-
polyethylene oxide; PS-b-PEO), resulting in a uniform porous
structure and an augmented functional surface area. Conse-
quently, this approach significantly enhanced the electrocatalytic
activity and facilitated the efficient adsorption of a substantial
quantity of miRNA.""” Park and colleagues employed an innova-
tive technique, showcasing its application in microRNA sensors,
through the electrochemical assembly of mesoporous gold (Au)-
silver (Ag) alloy films. In an electrolyte solution containing sphe-
rical polymer micelles, mesoporous gold-silver alloy films with
varying molar fractions were electrochemically prepared. Through
the adjustment of the composition ratio of Au and Ag ions, precise
control of the electrochemically active regions and catalytic activity
of the mesoporous bimetallic films was achieved, resulting in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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outstanding sensitivity.'"® In general, porous metal-based struc-
tures exhibit excellent biocompatibility, offering promising pro-
spects for biological applications. These advancements underscore
the potential of these nanomaterials in biomedical applications,
paving the way for enhanced diagnostic and therapeutic strategies.

5.2 Metal oxide porous structures

Porous metal oxides, including iron oxide, copper oxide, zinc
oxide, titanium oxide, zirconium oxide, magnesium oxide, and
aluminum oxide, have a wide range of biological and biosensing
applications. In recent years, an increasing number of anti-cancer
drugs have shown good efficacy in clinical treatment, such as
cisplatin, adriamycin (DOX) and paclitaxel, which are widely used
in tumor treatment.'’®**' However, there are certain disadvan-
tages associated with the use of these drugs, such as short blood
half-lives due to rapid metabolism and elimination by the immune
system and non-specific targeting, which can cause damage to
normal tissues and cells."** In this case, a promising approach to
increase the circulation time of anticancer drugs and reduce side
effects is the use of suitable drug carriers, which has led to great
interest in nanoparticles as drug delivery systems.'* In addition,
porous metal oxides are widely utilized in the field of biosensors
because of their good biocompatibility, short response time, high
sensitivity and low cost.

5.2.1 Porous structure of iron oxide. Iron oxide porous
nanoparticles (IOPNP) are promising for biological applications,
with the main advantages of simple synthetic route, good bio-
compatibility, easy modification, maximum signal-active surface,
and good dispersion in liquid media."**'** Yu et al. used poly-
ethylene glycol bisamine (NH,-PEG-NH,) as a spacer to encapsu-
late folic acid (FA) on the surface of iron oxide porous nanorods
(IOPNR) to produce effective targeting agents.'”® As shown in
Fig. 9a, the results indicate that iron oxide porous nanorods
loaded with DOX could reduce the cardiotoxicity of DOX com-
pared to pure DOX. Wu et al. found that porous iron oxide-based
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nanorods coated with polyelectrolyte polymers™*® formed nano-
capsules, and depending on the denseness of the polyelectrolyte
shell layer on the nanorod surface, the permeability of the
synthesized nanocapsules could be varied by ionic strength and
exhibit stimulus-responsive controlled behavior or slow-release
behavior, which could be used as stimulus-responsive controlled
carriers or slow-release carriers, respectively. In addition, Gong
et al. reported a simple method for the preparation of novel
HA cross-linked Fe;O, nanoparticles (Fe;0,-DOX + HA) for DOX
delivery (Fig. 9b). The nanoparticles combined the tumor-
targeting function of chemotherapy with the tumor-associated
macrophage (TAM)-targeting function of M1 polarization."”’
Masud’s group constructed gold-supported nanoporous iron
oxide nanocubes (Au-NPFe,O;NC) for the detection of horserad-
ish peroxidase (HRP)-like activity. This inherently autoantibody
sensor exhibited excellent detection sensitivity (LOD =
0.08 U mL™") and repeatability (% RSD = <5% for n = 3), and
the readings of p53-specific autoantibodies could be analyzed
using electrochemistry and colorimetry (naked-eye)."*® Islam et al.
developed an ultra-sensitive and specific electrochemical sensor
using the electrocatalytic activity of a novel superparamagnetic
nanoparticle graphene oxide-supported iron oxide (GO/IO hybrid
material) and the signal enhancement capability of the [Ru-
(NH;)]**/[Fe(CN)e]>~ electrocatalytic cycle. It was used to detect
cancer-associated microRNAs (miRNAs). Clinical utility in ovarian
cancer cell lines with high sensitivity (10 cells) and good reprodu-
cibility (% RSD = <5% for n = 3)."*° Bhattacharjee et al. reported
the synthesis and application of the peroxidase-mimetic activity of
mesoporous iron oxide (MIO) for the detection of global DNA
methylation in colorectal cancer cell lines. The target DNA was
extracted and denatured to obtain ssDNA, followed by its direct
adsorption on the surface of a bare screen-printed gold electrode
(SPGE). Subsequently, a 5-methylcytosine antibody (5mC)-func-
tionalized nanomaterial (MIO-5mC) was used to recognise the
methylcytosine groups present on the SPGE.'*° Boriachek et al.
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(a) Biodistribution of free DOX and DOX@modified IOPNR after (A) 4 h and (B) 12 h. (b) Schematic illustration of the preparation and antitumor

mechanism. Images reprinted with permission from Yu et al. (2014, ELSEVIER) and Gong et al. (2019, ELSEVIER), respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2024, 5, 453-474 | 465


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00498h

Open Access Article. Published on 19 December 2023. Downloaded on 11/15/2025 4:54:28 AM.

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

(cc)

Review

described a simple method for the direct isolation and subse-
quent detection of specific populations of exosomes using an
engineered superparamagnetic material with multifunctional
properties, namely, gold-loaded iron oxide nanocubes (Au-
NPFe,O;NC). The PLAP-specific exosomes present in placental
cell-conditioned media could be visually observed, as well as
recognized by ultraviolet-visible and electrochemical detection.
This highly sensitive, rapid, and inexpensive assay can be used to
quantify specific groups of exosomes for a variety of clinical
applications, especially pregnancy complications."*! The porous
structure formed by iron oxide combined with different nanoma-
terials can be used more effectively as a drug carrier for cancer
therapy with good biocompatibility and targeting.

5.2.2 Porous copper oxides structures. Copper oxide (CuO)
nanoparticles have a controllable particle size of less than
5 nm."**'** When self-assembled into nanoclusters, the porous
structure leads to a large specific surface area with high
Cu content, which increases the active reaction sites and
improves the efficiency of Fenton-like reactions."**'** As shown
in Fig. 10a, CuO nanoclusters (CuO NCs) obtained after the
addition of sodium dodecyl sulfate (SDS) surfactant were
encapsulated by SiO, shells and etched with NaOH solution.
Subsequently, they were modified with folic acid (FA) to target
cancer cells, and the obtained CuO NCs-FA were delivered to
HeLa cells to verify the feasibility of intracellular Fenton-like
reactions.'®® In addition, polydopamine-modified CuO com-
bined with natural glucose oxidase (GOD), in which CuO
maximizes the cascade catalytic efficiency with a high loading
rate (47.1%) due to the elaborate hollow mesoporous structure
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(Fig. 10b), was combined with NIR-II-induced thermal effects for
combined O,-promoted starvation and photothermal-chemical
kinetic treatment.'*” In addition, copper oxide (Cu,0), as a low-
toxic, environmentally friendly p-type semiconductor, has received
widespread attention for its application in the fields of photo-
catalysis, catalysts, adsorption, sensors, etc,'***°

Among the developed nanostructures, porous structures are
highly desirable because of their high specific surface area,
abundant active sites and surface accessibility. Thus far, several
synthetic strategies have been successfully developed to prepare
porous Cu,O crystals, including templating, surfactant-assisted
synthesis, electrochemical deposition, and dealloying."*" For exam-
ple, as shown in Fig. 10c, Song et al. synthesized porous Cu,O
nanostructures by adjusting the concentration of PVP and the
growth solution environment."*> Yu et al synthesized carbon
layer-coated Cu,O mesoporous nanorods via a facile method of
chemical oxidation and subsequent carbonization at 500 °C under
N,."** However, these methods are relatively complex, and thus Zhu
et al. developed a rapid, simple and economical method for the
synthesis of porous nanomaterials by oxidizing urea to CO, as a
carbon source using sodium hypochlorite as a green oxidant to
prepare fine-grained cross-linked Cu precursors (Fig. 10d). These
precursors were further reduced by sodium ascorbate to pure Cu,O
nanospheres (NPs) with a porous morphology at room temperature
and found to exhibit high sensitivity and excellent selectivity in the
determination of glucose and r-cysteine, making them suitable for
the detection of serum samples with reliable results."**

5.2.3 Porous structures of titanium oxide. The ideal anti-
cancer drug delivery system should possess the combination of
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(a) Schematic illustration for the synthesis of CuO NCs and CuO NCs-FA, cellular uptake of CuO NCs-FA and intracellular Fenton-like reaction.

(b) Schematic illustration of the synthesis of HMCGP and the theranostic mechanism of HMCGP for starvation therapy-promoted alleviation of tumor
hypoxia and combined photothermal-catalytic therapy by a cascade enzymatic reaction. (c) Schematic illustration of the synthesis of hollow Cu,O
nanostructure. (d) Synthetic route of Cu,O NPs. Images reprinted with permission from Jin et al. (2022, ACES), Wang et al. (2022, ACS Appl.), Song et al.

(2020, ACS) and Zhu et al. (2021, J. Mater. Chem. B), respectively.
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cancer cell-targeting and stimulator-triggered drug release.
Porous titanium dioxide (TiO,) has the potential to satisfy this
requirement because of its interesting properties, such as high
photocatalytic activity and functional surface.'*® Titanium diox-
ide is a typical n-type semiconductor material with a wide range
of applications including photocatalysis,'*® energy storage
and conversion,"” sun protection**® and sensor research.'*
Especially in the medical field, it is used as a matrix for
anti-cancer agents, implants and stem cell expansion due
to its low cost, chemical stability,">® non-toxicity'>' and good
biocompatibility."*?

Wang et al. developed novel polyethyleneimine (PEI)-modified
multifunctional porous titanium dioxide nanoparticles.’>® To
further achieve targeted delivery, folic acid, as a tumor-targeting
agent that effectively promotes specific uptake by tumor cells
through receptor-mediated endocytosis, was chemically coupled
to the surface of the functionalized porous titanium dioxide
nanoparticles by the free amine groups of PEI. Malignancies
remain a major health burden worldwide and there is an urgent
need for effective treatment strategies. Herein, Yin et al. reported
the synthesis of upconversion nanoparticles with a mesoporous
titanium dioxide (mTiO,) shell layer for near-infrared (NIR)-
triggered drug delivery and synergistic targeting of cancer
therapy,">* which provides another drug-carrying function for
anticancer drugs due to the large specific surface area and porous
structure of titanium dioxide. The surface-modified hyaluronic
acid not only ensures controlled release of the drug, but also
endows the system with the ability to target cancer cells. TiO, has
good biocompatibility, relatively high electrical conductivity,
environmentally friendly properties, and chemical and thermal
stability, and is also widely used in protein and immobilized
biosensors.">> The electrochemical properties of titanium dioxide
depend not only on its crystal structure but also on its lattice
properties (e.g., size, geometry, porosity, and surface area).'”®
Thus, to develop high-performance biosensors, efforts have been
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made to synthesize titanium dioxide with a controllable morphol-
ogy and pore structure. Guo et al successfully prepared a
freestanding titanium dioxide hollow fiber via a simple, scalable
electrospun nanofiber membrane-template-assisted sol-gel
method and applied it for the immobilization of glucose oxidase
(GOD) and biosensing."””

5.2.4 Other metal oxides. Other metal oxides (alumina,
magnesium oxide and zinc oxide) have shown some promise
in biological applications and biosensing. Zinc oxide (ZnO) is
one of the most representative chemically resistant n-type oxide
semiconductor materials. Kim et al. prepared porous nanorods
and two hierarchical structures of ZnO nanostructures consisting
of porous nanosheets or crystalline nanorods by reacting oleic
acid dissolved ethanol solution and a water-soluble zinc precursor
solution in the presence of sodium hydroxide."*® Fig. 11a shows
the pore size, volume distribution and specific surface area of the
three ZnO nanostructures, all enabling the sensitive and selective
detection of C,H;OH. Nanoporous anodic aluminum oxide (NAA)
is suitable for optical biosensing because of its transparency in the
visible range, photoluminescence'>® and high and tunable surface
area/volume ratio. In addition, when produced under appropriate
anodic oxidation conditions, its self-ordered structure gives it a
photonic resistance band similar to that of photonic crystals.
Recently, nano-engineered NAA has also been applied in label-
free biosensing applications.'®® Magnesium oxide (MgO) nano-
particles, as important metal oxide nanoparticles, have received
significant attention for biomedical applications due to their
good biocompatibility and biodegradability.'®" In addition to their
significant bactericidal and tumor suppressive effects,'**'** MgO
nanoparticles have been used as potential drug candidates,'®*
magnetic resonance imaging agents and thermal therapy

systems.'®> Considering the different sensitivities of cancer cells

and normal cells to lysosomes, Qu et al. designed pH-sensitive,
biodegradable and imaging-ready porous magnesium oxide nano-
particles (MgO/Eu) that can support Eu atoms,

165 ag shown in
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(a) Pore size distribution of heat-treated H-NS, NR, and H-NR ZnO nanostructures determined from nitrogen adsorption—desorption isotherms.

(b) Illustration of the role of MgO/Eu NPs as a selective lysosome-autophagy system inhibitor. Images reprinted with permission from Kim et al. (2011,

Sensors) and Qu et al. (2021, ELSEVIER), respectively.
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Fig. 11b, which were highly sensitive to H'-rich environments,
especially in the lysosomes of cancer cells.

6. Conclusions

In conclusion, porous nanomaterials demonstrate extensive
prospects in the fields of biosensing and in vivo/in vitro applica-
tions. To date, substantial progress has been achieved in the
design and synthesis of porous nanomaterials, involving
diverse preparation methods combined with various ligands
and materials to attain functional porous structures. However,
it is still a challenge to effectively utilize the design of these
porous nanomaterials. Through the modification of functional
groups in porous nanomaterials, a high loading rate, elevated
specific surface area, and excellent biocompatibility have been
achieved, enhancing their capabilities in cancer treatment and
biosensing applications. These materials hold potential to
overcome current obstacles in cancer immunotherapy, thereby
improving the anticancer efficacy. Their unique porous struc-
ture enables the loading of a substantial amount of immu-
notherapeutically relevant biomolecules for targeted delivery,
modulation of the tumor microenvironment, and regulation of
immune cell functions. Their high porosity allows efficient
drug loading, guiding them to tumor cells through binding to
the targeted fraction on their surface, and ultimately, binding
to the cleavable shell. The distinctive structure of porous
nanomaterials facilitates highly targeted drug delivery, laying
the foundation for personalized cancer treatment. The adjust-
ment of the size and shape of porous structures enables precise
treatment of different types of tumors, minimizing damage to
healthy tissues. Beyond their application in cancer treatment,
the porous structure of nanomaterials can also be employed to
regulate immune responses, holding potential value in treating
autoimmune diseases or enhancing vaccine effectiveness.
These porous nanomaterials exhibit promising results in both
in vitro and in vivo models. The key to their successful applica-
tion is their biocompatibility, and further in-depth research is
needed to explore the response of these materials in different
biological systems, ensuring their long-term safety and stability.
Additionally, porous nanomaterials have attracted attention in the
field of biosensing due to their large specific surface area, high
porosity, abundant functional groups, and ease of modification.
Coupled with their excellent conductivity, these materials facilitate
charge transfer and substance exchange between electrodes and
solutions. Biosensors based on porous materials excel in detecting
heavy metal ions, small molecules, proteins, and nucleic acids.
In summary, porous nanomaterials hold immense potential not
only for in vivo/in vitro applications and biosensing but also for
substance detection in various fields. The interdisciplinary nature
of porous nanomaterial research, spanning materials science,
biology, chemistry, and more, encourages collaboration and
cross-disciplinary research, promising to accelerate the develop-
ment and innovation in the application of porous nanomaterials.
Thus, in the future, through different ligand modifications and
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the assembly of diverse materials, the application of porous
nanomaterials is anticipated to achieve significant breakthroughs.
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