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Abstract: Nanoporous materials have been the focus of considerable attention due to their unique structural and physicochemical
properties and a diverse range of applications, such as drug delivery, biosensing and tissue engineering in biomedical fields. Distinct
from existing reviews that primarily focus on material synthesis or single application scenarios, this review provides an integrated and
mechanism-oriented overview of nanoporous nanomaterials for biomedical use. This review focuses on the biomedical applications of
nanoporous nanomaterials, including inorganic, organic, and hybrid nanoporous materials. Initially, the definition and classification of
nanoporous materials are introduced, followed by an overview of their significance in biomedical fields. Importantly, this review
systematically summarizes the interactions between nanoporous materials and biological systems at the molecular, cellular, and tissue
levels, highlighting the role of nanoporosity in governing biological responses. Further, the biomedical application of nanoporous
materials in smart drug and gene delivery, tissue repair and regeneration, immunomodulation, cancer therapy and theranostics are
summarized. Finally, key challenges related to biosafety, long-term stability, biodegradation, immune interactions, and clinical
translation are critically analyzed, together with emerging trends and future research directions. This review provides an entry-level
reference specifically for young researchers working in an exciting interdisciplinary area of nanoporous materials and medicine.
Keywords: nanoporous materials, biomedical fields, mechanistic interaction, interdisciplinary area, biomedical application, drug
delivery systems

Introduction

On October 8, 2025, three scientists, Susumu Kitagawa, Richard Robson and Omar M. Yaghi, were awarded the Nobel
Prize in Chemistry for their pioneering contributions to the field of metal-organic frameworks (MOFs). MOFs, as a major
class of nanoporous materials, have attracted tremendous attention due to their tunable porosity, high surface areas, and
versatile chemical functionalities, which offer unique opportunities for biomedical applications. Consequently, nanopor-
ous materials remain at the forefront of research in materials science and biomedicine. Traditionally, nanoporous
materials are a class of solid materials consisting of pores, or void spaces, with characteristic dimensions in the
nanometer range (typically 1-100 nm). According to the International Union of Pure and Applied Chemistry (IUPAC)
classification, nanopores can be categorized by pore diameter into micropores (<2 nm), mesopores (2-50 nm), and
macropores (>50 nm).' These pore size regimes critically determine application suitability. Microporous materials are
generally suitable for small-molecule drug adsorption but exhibit limited capacity for macromolecular cargo. Mesoporous
materials, such as mesoporous silica nanoparticles, offer optimal pore dimensions for protein, peptide, and nucleic acid
loading, enabling high loading efficiency and tunable release kinetics. Macroporous structuresfacilitate enhanced mass
transport and cell infiltration, making them more appropriate for tissue engineering and regenerative medicine applica-
tions. Owing to their high specific surface areas, tunable pore sizes and morphologies, and adjustable surface chemistries,
nanoporous materials enable precise control over molecular transport and interfacial interactions. Consequently, they
have been extensively explored for applications in catalysis,” adsorption,’ separation,* energy storage and conversion,” as
well as emerging biomedical fields such as drug delivery,” biosensing,” and tissue engineering.® Despite these promising
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advances, regulatory approval pathways and clinical translation hurdles remain critical factors that strongly influence the
successful implementation of nanoporous materials in biomedical practice. In addition to regulatory and clinical
translation issues, challenges related to large-scale synthesis, reproducibility, and manufacturing scalability remain
major obstacles for the practical application of nanoporous materials.

A large variety of nanoporous materials have been explored in biomedical fields including inorganic materials,
organic materials, and hybrid materials according to their compositions.” The unique physicochemical properties
associated with compositions determine the performance and suitability for specific biomedical applications. For
example, inorganic nanoporous materials such as mesoporous silica have been extensively applied in bone regeneration
and tissue engineering owing to their excellent mechanical strength, chemical stability.'® In contrast, organic nanoporous
materials, including covalent organic frameworks (COFs) and porous polymers, have shown great potential in drug
delivery and biosensing, benefiting from their structural tunability, biocompatibility, and ease of functional
modification.'" Moreover, hybrid nanoporous materials, such as MOFs, integrate the robustness of inorganic nodes
with the versatility of organic linkers. Thus, MOFs have been explored for controlled drug release, photothermal therapy,
and bioimaging, demonstrating synergistic performance that is difficult to achieve with single-component systems.'>

To further enhance the physicochemical properties and expand their biomedical applications, morphology control and
surface functionalization of nanoporous nanomaterials are crucial. Both the morphology and surface chemistry have
significant impact on the interaction of nanoporous materials with either the active molecules as cargos, or biosystems (eg.,
serum proteins, cells with different types and phenotypes). These interactions not only determine the in vivo distribution and
bio-interfacial behavior of the materials, but also directly affect their targeting efficiency. Consequently, the morphology
control and surface functionalization provide useful strategy in passive and active targeting. Moreover, the pore size,
composition, morphology and surface chemistry collectively affect other important properties of nanoporous materials,
such as drug loading, controlled release, and biocompatibility. Table 1 provides a comparison of drug loading capacity and
release kinetics across representative nanoporous materials. Due to variability in experimental conditions, biocompatibility is
summarized qualitatively based on the literature (eg., “good” or “acceptable”).

Rather than as absolute quantitative values. Recently, functionalized nanoporous materials have been applied far
beyond controlled release, eg., in biosensing, imaging, and immunotherapy applications, highlighting their versatility as
multifunctional platforms in modern biomedicine.

Table | Doxorubicin Loading Capacity and Release Kinetics Across Different Nanoporous Materials

Type Loading Capacity Environment | Duration | Released References
(wt%) Drug (%)

Nanoporous Gold 89 pH=5.5 25 days 37 [13]
pH=6.6 34
pH=74 26

Mesoporous silica nanoparticles 6.4 pH=5.0 24 h 60 [14]
pH=7.4 12

Covalent organic frameworks 21.99 pH=7.4 24 h 60.2 [15]

Conjugated microporous polymers 63 pH=5.0 48 h 41.48 [16]
pH=7.4 5.02

Hyper-crosslinked polymers 395 pH=5.0 100 h 6l [17]
pH=7.4 90 h 19

Metal-organic frameworks 28.89 pH=54 45 h 98.90 [18]
pH=6.4 70.25
pH=7.4 47.3

Organic functionalized mesoporous silica nanoparticles | 32.2 pH=5 72 h 23 [19]
pH=7.4 18
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Despite numerous reviews focusing on structure classification, synthetic strategies, or specific biomedical applications

of nanoporous materials,?’ >’

a systematic overview addressing the interplay between pore characteristics, surface
functionalization, and biological interface interactions is still lacking. Furthermore, current literature rarely integrates
discussions on multifunctional applications, translational challenges, and clinical relevance. To address these gaps, the
present review categorizes nanoporous materials into inorganic, organic, and organic—inorganic hybrid classes, and
further elucidates their interaction mechanisms at the biological interface, multifunctional biomedical applications, and
translational considerations. This review covers key literature published between 1974 and 2025, with a primary focus on
advances from 2018 onward to highlight recent developments in nanoporous materials and their biomedical applications.
By providing a structured overview, this review aims to guide emerging researchers in the rational design of nanoporous

materials for biomedical applications, bridging the gap between fundamental research and clinical translation.

Types of Nanoporous Materials Used in Biomedicine

Inorganic Nanoporous Materials

Inorganic nanoporous materials are among the most extensively studied due to their diverse structures, chemical stability,
and tunable pore architectures. These include mesoporous silica, carbon-based materials, and metal oxides, etc. These
materials are widely explored for biomedical applications.*

Mesoporous Silica

Mesoporous silica nanoparticles were first successfully synthesized and reported by the groups of Cai,>’ Mann,** and
Ostafin.*® Subsequently, Victor Lin introduced the abbreviation “MSN” to denote mesoporous silica nanoparticles and
facilitated their widespread use.** Since then, MSNs with various morphologies, sizes, pore diameters, and pore structures
have been synthesized and investigated. The morphological characteristics of MSNs influence their interactions with cells
and tissues. Modifications such as PEGylation can reduce immune recognition and improve circulation time, while non-
spherical morphologies may affect organ-specific accumulation. Zhao et al prepared virus-like MSNs, which, compared with
conventional MSNs, exhibited unique internalization pathways, superior cellular uptake efficiency, and prolonged blood
circulation time.>> Huang et al fabricated a series of MSNs with different morphologies and found that short-rod MSNs
preferentially accumulated in the liver, whereas long-rod MSNs were more likely to enter the spleen. Moreover, PEGylation
of these MSNs favored their distribution in the lungs (Figure 1).°° Li et al regulated the ratio of CTAB to rosin to prepare
three types of MSNs with distinct morphologies, investigated their formation mechanisms, and identified MSN-80-PEG-FA
as a promising nanoparticle for targeted drug delivery.>” Collectively, these studies demonstrate that MSN morphology can
be rationally engineered to modulate cellular uptake pathways and organ-specific biodistribution; however, the in vivo
behavior of non-spherical MSNs remains complex and is not yet fully predictable The size of nanoparticles is closely
associated with cellular uptake and in vivo biodistribution. Mou et al reported that HeLa cells internalized MSNs with
a diameter of 50 nm at a level approximately 2.5 times higher than that of 30 nm MSNs.>**° Shi et al demonstrated that
MSNs of various sizes predominantly accumulated in the liver and spleen, with smaller fractions distributed in the lungs,
kidneys, and heart. Following intravenous injection for 30 minutes, the hepatic and splenic accumulation of MSNs increased
with particle size from 80 to 120 and 200 nm. However, MSNs with a diameter of 360 nm exhibited a distinct distribution
pattern in the spleen. Notably, smaller nanoparticles possessed a longer blood circulation time.*' Overall, these results
indicate that particle size plays a decisive yet non-linear role in determining MSN biodistribution and circulation behavior,
implying an inherent trade-off between cellular uptake efficiency and long term in vivo stability. The tunable pore size of
MSNss is critical for accommodating molecules of different dimensions within the mesopores.** To tailor pore sizes, swelling
agents (eg., 1,3,5-trimethylbenzene,” decane,* hexane,*> and heptane)* are often used to enlarge the micelles of the
structure-directing agents, thereby yielding ordered mesoporous silica materials with larger pores. In addition, pore size can

4749 including extending the stirring time and elevating the

be further increased by adjusting the synthesis conditions,
hydrothermal treatment temperature,” lowering the pH of the reaction system,”’ or modifying the chain length of the
surfactant.’>>* Such high tunability in pore size represents a key advantage of MSNs over many other nanoporous platforms,
particularly for loading biomacromolecules and combination therapeutics. The pore structure type of MSNs also has

a significant impact on their biomedical applications.Beyond classical MSNs such as MCM-41 and SBA-15, novel structures

International Journal of Nanomedicine 2026:21 https: 3



Gao et al

a hexagonal pore MSN hexagonal pore MSN-NH,
DOX release ‘
L “Sogp °
— 0e0b, v ¥4
MSN-PDA
DOX release DOX release o Blo(:l.\'
— /\‘91' —- ° < pores

L

[ J

MSN(T10) L4 ®
. DOX release . DOX release .. L4
—- [ ] o0 [ ] —- ° 3K J
[ o0
% o o
g [ J
o
b
APTES+FITC — APTES-FITC
\ TEOS
s = &= B
—p —_—
CTAB micelle
MSN-FITC

Figure | (a) Anticancer Doxorubicin (DOX) was used as a model drug to study effects of different types of MSN on drug loading and release. Reprinted with permission
from Peng et al Copyright 2022 Elsevier.*’ (b) lllustration of the fabrication of MSN-FITC. (c) TEM images of different shaped MSN-FITC. The shapes of particles were
controlled by CTAB concentration. Reprinted with permission from Huang et al Copyright 2011 American Chemical Society.>®

have been reported, including helical rod-like, core-shell dual-channel, radially mesoporous, and wormlike-pore MSNs.>* ¢
Zhang et al prepared hexagonal-pore MSNs, wormlike-pore MSNs, and enlarged-pore MSNs by varying the template agents
and alkali sources, and synthesized HMSNs using a self-templating method. They subsequently modified the surfaces of
hexagonal-pore and wormlike-pore MSNs with silane coupling agents or polydopamine, and found that hexagonal-pore
MSN-NH, and MSN-PDA served as anticancer drug delivery carriers with superior overall release performance.”” These
examples highlight that pore architecture not only governs drug loading capacity but also critically influences release kinetics
and therapeutic efficacy. Owing to their high surface area, tunable pore size and pore structure, and excellent biocompat-
ibility, MSNs have been widely explored as drug delivery carriers, imaging agents, and platforms for multifunctional
biomedical applications. Furthermore, their surface can be readily functionalized via versatile silanization chemistry,
allowing for targeted delivery, controlled release, and integration with other therapeutic or diagnostic modalities.
Nevertheless, limitations such as incomplete biodegradability and potential long-term accumulation should be carefully
considered when evaluating MSNs in comparison with organic and composite nanoporous materials.

Metal and Metal Oxides

Since the successful synthesis of mesoporous silica was first reported in the 1990s, significant progress has been made in

developing strategies to fabricate nanoporous materials using various components, such as metals and metal oxides.*®*’
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Compared with MSNs, nanoporous metals and metal oxides offer distinct advantages, including inherent structural stability,
mechanical flexibility, and versatile surface functionalities, making them particularly attractive for industrial, biological, and
analytical applications.>”*°° Nanoporous gold (NPG) possesses a suitable pore size distribution and a large surface area, and
due to the low coordination of gold atoms, it can significantly enhance the electrochemical responses toward enzyme
substrates such as NADH and H,0,.%" Zhang et al developed a highly sensitive electrochemical DNA sensor by preparing
an NPG electrode through the dealloying of Ag from an Au/Ag alloy and fabricating multifunctional encoded AuNPs
(Figure 2). By leveraging the dual amplification effect of the NPG electrode and the multifunctional encoded AuNPs, this
DNA biosensor enabled quantitative detection of DNA within the concentration range of 8.0 x 1077 to 1.6 x 107 '*
M (Figure 2).° This example highlights how nanoporous metals can integrate structural and functional advantages for
ultrasensitive detection, which is less readily achieved with conventional silica-based materials. Xu et al found that
nanoporous oxidation of titanium alloys can generate nanopores and nanotubes on the surface, enhancing cell adhesion,
proliferation, and matrix deposition, thereby promoting tissue growth and bone integration.> Additionally, He et al fabricated
titanium dioxide nanotubes via anodization, and the results showed that this nanotopography promoted macrophage recruit-
ment, inhibited osteoclast activity, and regulated cytokine secretion through integrin signaling, ultimately improving the
osteointegration of implants.** These studies collectively indicate that metal and metal oxide nanoporous materials can
provide both structural guidance and biofunctional cues, complementing the cargo-loading and delivery capabilities of MSNSs.
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Figure 2 Chronocoulometry Determination of DNA Hybridization through nanoporous gold electrode. Reprinted with permission from Hu et al Copyright 2008 American
Chemical Society.®? (Red solid line: experimental chronocoulometric curve after DNA hybridization, Black dashed line: theoretical diffusion-controlled line (Anson equation)).
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Recently, researchers have advanced the synthesis and functionalization of metal nanoparticles by precisely controlling their
size, shape, and surface properties. These developments have greatly advanced metal nanoparticle synthesis and functiona-
lization technologies. As a result, metal nanoparticles show enhanced potential in applications such as targeted drug delivery,
gene therapy, biosensing, and tissue regeneration. In contrast, inorganic silica materials often require additional surface
modification to achieve comparable functionality in these areas.

Organic Nanoporous Materials

Organic nanoporous materials include covalent organic frameworks (COFs), conjugated microporous polymers (CMPs),
and hyper-crosslinked polymers (HCPs). They offer structural tunability, biocompatibility, and high surface area for drug
delivery, biosensing, and other biomedical applications.

Covalent Organic Frameworks (COFs)

COFs are crystalline porous polymers composed of light elements (C, H, O, N, B) linked by covalent bonds, including
amide, azine, imine, boronate ester, hydrazone, and others.®>°®. Since Yaghi’s first report in 2005,67 COFs have been
extensively studies for their synthetic strategies, structural features, and diverse applications. Compared with inorganic
nanoporous materials, COFs can reduce long-term toxicity risks due to their fully organic frameworks. Their intrinsic
porosity, high surface area, and excellent biocompatibility make them promising candidates for diverse applications. In
particular, their outstanding physicochemical properties and ultrathin architectures allow for enhanced cellular interac-
tions and controlled release profiles, which are difficult to achieve with conventional inorganic platforms.>’ Dong et al
constructed a redox-responsive disulfide-linked porphyrin COF loaded with 5-fluorouracil (5-Fu). This COF can be
effectively disassembled under the action of endogenous glutathione (GSH) in tumor cells, thereby achieving efficient
release of 5-Fu for selective chemotherapy of tumor cells. Meanwhile, by combining GSH depletion-enhanced photo-
dynamic therapy (PDT), the system realized synergistic ferroptosis-based therapy against MCF-7 breast cancer cells
(Figure 3).°® Yan et al fabricated two three-dimensional COFs as carriers for drug delivery and investigated the
relationship between drug loading/release rates and the pore size as well as the geometry of the COFs. The results
demonstrated that 3D-PI-COFs exhibited a high drug loading capacity (>20%) and excellent drug release control
(95%).%° In 2018, Bhaumik et al synthesized a two-dimensional COF (TrzCOF) with a nanorod-like structure, which
could be directly employed as an anticancer drug for the treatment of colon cancer and exhibited high stability in
biological media.”® Taken together, these examples demonstrate that COFs combine structural precision with functional
versatility, allowing for stimuli-responsive drug release, high loading capacity, and enhanced therapeutic efficacy.
Compared to MSNs and metal-based nanoporous materials, COFs offer the advantage of fully organic, covalently linked
frameworks, which can reduce potential long-term toxicity while providing tunable porosity and functionality. However,
challenges remain in large-scale synthesis and reproducibility, which are important considerations for clinical translation.

Conjugated Microporous Polymers (CMPs)

CMPs possess extended m-conjugated backbones and inherent porosity, thereby forming extended conjugated structures
along their main chains.”' This unique architecture not only provides high surface area and tunable pore networks but
also enables electronic and photophysical functionalities, which are difficult to achieve with conventional inorganic or
purely organic nanoporous platforms. This combination of porosity and conjugation has promoted widespread applica-
tions of CMPs in the biomedical field, including biosensing, bioimaging, drug delivery, antibacterial therapy, and
phototherapy.'"”>7” Kuo et al synthesized three different types of CMPs via Suzuki coupling condensation and
investigated their physicochemical properties. The results revealed that TPE-Ph-BBT CMP exhibited the highest thermal
stability. These CMPs can serve as effective carriers for tetracycline antibiotics, highlighting the great potential of CMPs
in biomedical applications.”® Duan et al developed a novel cationic pyrimidine-modified conjugated microporous
polymer (BPyMe-CMP), which exhibits excellent photoelectric effects. Under visible light irradiation, this CMP can
generate reactive oxygen species (ROS) to eliminate bacteria, regulate macrophage polarization, promote angiogenesis,
and accelerate cell migration, thereby facilitating wound healing (Figure 4).”° Taken together, CMPs combine intrinsic
porosity with extended m-conjugation to provide a multifunctional platform capable of integrating drug delivery,
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antimicrobial activity, and tissue regeneration. Compared with MSNs and COFs, CMPs offer the additional advantage of
inherent electronic/photophysical activity, enabling stimuli-responsive therapeutic or diagnostic functions without the
need for external modification. However, limitations such as complex synthesis routes and potential scalability issues
should be considered for practical biomedical applications.

Hyper-Crosslinked Polymers (HCPs)

In the 1970s, Davankov’s research team pioneered the preparation of hyper-crosslinked polymers via post-
crosslinking.*® " HCPs are a prominent class of porous materials, characterized by large surface areas, remarkable
chemical and thermal stability, tunable pore architectures, and facile preparation from low-cost monomers, making them
attractive candidates for biomedical applications.®® Compared with other porous platforms such as MSNs, COFs, and
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Figure 4 (a) lllustration of the synthesis of BPyMe-CMP and SF/PVA@BPyMe-CMP. (b) SF/PVA@BPyMe-CMP can accelerate the healing process of an infected wound by
promoting fibroblast migration, killing bacteria, maintaining macrophage polarization and stimulating angiogenesis. Reprinted with permission from Liu et al Copyright 2024
Elsevier.”” The upward and downward arrows represent upregulation and downregulation, respectively.

CMPs, HCPs offer the advantages of low-cost synthesis, high stability, and permanent porosity, which can be easily
functionalized for diverse biomedical applications. Their permanent porosity and chemical versatility enable the
incorporation of diverse functional groups, thereby broadening their applicability in biosensing, drug delivery, and
therapeutic platforms.**®® For instance, Liu et al developed fluorescent hyper-cross-linked PB-cyclodextrin-carbon
quantum dot (B-CD-CQD) nanosponges with high biocompatibility and photoluminescence efficiency, serving as carriers
for doxorubicin (DOX) to form DOX@f-CD-CQD nanomedicine. This system enables pH-responsive sustained release
and targeted delivery within tumor cells, significantly enhancing antitumor efficacy and demonstrating promising
potential for tumor theranostic applications.'” Moreover, Tan et al developed functional hypercrosslinked microporous
polymer nanospheres (HMPNGs) as effective drug delivery platforms for triple negative breast cancer (TNBC) treatment.
The porous structure and high surface area of HMPNs enabled high loading of epirubicin (EPI) and pH-responsive
controlled release, while their conjugated framework endowed strong blue fluorescence for bioimaging. Functionalization
via imine chemistry and ssDNA modification further enhanced their versatility, demonstrating effective inhibition of
TNBC cell proliferation and highlighting their potential in advanced biomedical applications (Figure 5).*” These studies
illustrate that HCPs provide a highly versatile and robust platform for multifunctional biomedical applications, combin-
ing drug delivery, bioimaging, and stimuli-responsive capabilities. While HCPs share some features with CMPs and
COFs, such as tunable porosity and functionalization potential, their simpler and lower-cost synthesis, together with
exceptional chemical and thermal stability, offers a distinct advantage for scalable biomedical applications. Nevertheless,
challenges remain in achieving precise structural control at the nanoscale compared to crystalline frameworks like COFs.
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Hybrid Nanoporous Materials

Hybrid nanoporous materials represent a unique class of porous systems that integrate both inorganic and organic
components, thereby combining the mechanical stability and tunable pore structures of inorganic frameworks with the
chemical versatility and functionalizability of organic moieties. Representative examples include metal-organic frame-
works (MOFs), Covalent inorganic-organic hybrid frameworks (CIOFs), and functionalized mesoporous silica materials.

Metal-Organic Frameworks (MOFs)

Metal-organic frameworks (MOFs) are an emerging class of hybrid materials that bridge inorganic chemistry and
polymer science. By integrating inorganic metal nodes with organic linkers, MOFs combine the advantages of both
inorganic stability and organic tunability, enabling highly versatile structural and functional properties that distinguish

International Journal of Nanomedicine 2026:21 https: 9



Gao et al

them from purely inorganic or purely organic nanoporous materials. Their tunable structural design endows these
materials with versatile functionalities, including gas storage, catalysis, sensing, and biomedical applications.®® MOFs
achieve exceptional structural tunability through the rational selection of metal nodes and organic linkers, enabling
customized architectures and functionalities that accelerate their expanding role in biomedical applications.**°* In
particular, their modularity allows precise control over pore size, surface chemistry, and degradation behavior, making
MOFs uniquely suited for targeted drug delivery and stimulus-responsive therapeutic platforms. He et al developed
a chitosan composite scaffold (CS/DOX@Ti-MOF) that combines tumor therapy with bone regeneration. The scaffold
enables efficient DOX loading and stimulus-responsive release to eliminate residual tumor cells, while simultaneously
promoting osteogenic differentiation and bone defect repair, offering a promising strategy for postoperative bone tumor
treatment.”> Moreover, Zheng et al developed a therapeutic nanoplatform based on Mg-MOF as the core. This platform
undergoes gradual degradation during bone healing, releasing bioactive products that modulate the repair microenviron-
ment, such as magnesium ions that facilitate angiogenesis.”* However, the potential long-term accumulation of magne-
sium ions in vivo could affect systemic mineral homeostasis and other biological processes, and therefore warrants
careful evaluation of systemic exposure, biocompatibility, and overall safety. Overall, these examples illustrate that
MOFs provide a highly versatile and customizable platform for biomedical applications, combining targeted drug
delivery, controlled release, and regenerative capabilities. While MOFs provide a unique combination of structural
precision, tunable biodegradability, and hybrid functionality, their long-term biocompatibility and scalability for large-
scale production still require careful evaluation.

Covalent Inorganic-Organic Hybrid Frameworks (CIOFs)

Compared with covalent organic frameworks, CIOFs formed by covalent linkage of inorganic heterocycles and organic
units, remain a relatively untapped and highly promising field of study.””> By integrating inorganic and organic
components at the molecular level, CIOFs can combine the chemical robustness of inorganic motifs with the structural
tunability and functional versatility of organic units, offering unique physicochemical properties that are difficult to
achieve with purely organic or inorganic frameworks. Sun et al sythesized FeOx@SPNO-C core-shell nanospheres using
cyclotriphosphazene-derived COIFs and Fe;O,4. The catalyst showed excellent PMS-activated degradation of sulfa-
methoxazole, with high removal efficiency, low iron leaching, and enhanced reaction kinetics. The improved perfor-
mance was attributed to synergistic FexO-SPNO-C interactions, abundant structural defects, sp> carbon with C=0O
groups, and N/Fe-Nx active sites, highlighting its potential as a commercial Fenton-like catalyst.”® Tan et al conducted
a long-term field trial to evaluate the effects of organic-inorganic compound fertilizers (COIFs) on summer maize
growth, yield, nutrient utilization, and soil quality. COIF applied at 90% of the recommended rate (COIF1) enhanced
biomass, grain yield, nutrient use efficiency, and soil quality compared to conventional chemical fertilizers, while
improving soil organic matter, nutrient availability, and pH. The study demonstrates that COIFs are an effective strategy
to reduce chemical fertilizer use, improve soil health, and boost maize productivity.”” Although biomedical applications
of CIOFs are currently limited, their combination of inorganic and organic characteristics suggests considerable potential
for drug delivery, imaging, and other therapeutic platforms. In particular, the inherent tunability, functional group
diversity, and structural robustness of CIOFs may enable the design of hybrid nanoplatforms that overcome some
limitations of purely organic (COFs, CMPs) or inorganic (MSNs, HCPs) nanoporous materials.

Organic Functionalized Mesoporous Silica Nanoparticles (OFMSNs)

OFMSNs obtained by incorporating organic moieties into mesoporous silica frameworks, have emerged as versatile
platforms for diverse applications. The introduction of organic functionalities allows fine-tuning of surface chemistry,
enhancing stability, selective adsorption, and stimuli-responsive behavior, which complement the inherent structural
features of conventional MSNs.”® For example, Gianotti et al prepared amino-functionalized mesoporous silica nano-
particles via post-synthesis grafting and co-condensation strategies. The spatial distribution of amino groups was assessed
through the aggregation behavior of a grafted photosensitizer (Verteporfin) using spectroscopic analysis. Furthermore, the
authors investigated the formation of a protein corona on both bare and amino-modified mesoporous silica by employing
bovine serum albumin as a model protein.”” In another study, Lin et al developed phenanthridinium-functionalized
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mesoporous silica nanoparticles with tunable surface localization, demonstrating that exterior decoration induced strong
cytotoxicity via mRNA binding in HeLa cells, while interior functionalization significantly reduced toxicity
(Figure 6).'°° These findings illustrate that surface organic functionalization extends the functionality of MSNs, enabling
precise control over biological interactions, cytotoxicity, and protein adsorption. Compared with unmodified MSNss,
OFMSNss offer enhanced versatility for biomedical applications, while maintaining the structural robustness and tunable
porosity of the silica framework. However, careful design is required to balance functionalization density and biological

safety, as excessive or improperly localized functional groups may induce cytotoxicity or undesired protein interactions.

Mechanisms of Interaction Between Nanoporous Materials and Biological

Systems

The interaction mechanisms between nanomaterials and biological systems are of great significance for the rational design
and development of nanomaterials. As a class of nanomaterials with considerable potential for biomedical applications,
elucidating the interaction mechanisms of nanoporous materials with biological systems is of profound importance.

Mechanisms at the Molecular and lonic Level

At the molecular and ionic level, the interaction between nanoporous materials and biological systems is primarily
governed by non-covalent forces,'®! electrostatic interactions,'®® and coordination chemistry.'®® Importantly, these
interactions are strongly regulated by nanoporosity-related parameters, including pore size, pore geometry, surface
charge distribution, and nanoscale confinement effects. The high surface area and tunable surface chemistry of
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Figure 6 (a) Schematic representation of the endocytosis of AP-PAP-MSN/PAP-LP-MSN into Hela cells and binding to cytoplasmic oligonucleotides. The blue arrows indicate
the intracellular transport pathway of the nanoparticles leading to their interaction with cytoplasmic oligonucleotides. (b) Cell growth inhibition of HeLa as a function of the
concentration of AP-PAP-MSN (light-grey bars), and PAP-LP-MSN (dark-grey bars). Reprinted with permission from Vivero-Escoto JL et al Copyright 2010 Elsevier.'®®
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nanoporous materials enable strong adsorption of biomolecules, such as proteins, nucleic acids, and small-molecule
drugs. Electrostatic attraction or repulsion between charged pore surfaces and ionic species in the biological environment
can significantly influence protein folding, conformational stability, and enzymatic activity. Moreover, the confinement
effect within nanoscale pores can alter the hydration shell of biomolecules, modulate hydrogen bonding, and even
stabilize otherwise unstable conformers. For drug molecules, ionic interactions and pore confinement contribute to
enhanced stability, controlled release, and protection against enzymatic degradation. These nanoporosity-driven mole-
cular and ionic mechanisms constitute the fundamental physicochemical basis linking pore structure to downstream
biological responses. For example, the integration of silica, titania, and carbon-based nanomaterials, along with
PEGylation, further improves their bioactivity, reduces immune responses, and prolongs circulation time.'%*'*®
Moreover, the adjustable mechanical properties of nanoporous scaffolds make them highly promising for tissue

engineering and regeneration.'

Mechanisms at the Cell Level

At the cellular level, the interaction between nanoporous materials and biological systems is largely determined by cellular
uptake pathways, membrane interactions, and intracellular trafficking. Notably, protein corona formation, a key determinant
of nanomaterial biological identity, is strongly regulated by the pore architecture, surface porosity, surface charge, and
chemical functionality of nanoporous materials. These physicochemical properties modulate the composition, conformation,
and stability of the adsorbed protein corona, thereby governing particle-cell recognition and internalization efficiency. Pore
size and connectivity influence protein accessibility and spatial confinement, where mesoporous structures can enhance
protein adsorption and retention, while nanoscale surface roughness and curvature may induce protein conformational
rearrangements that alter downstream cellular responses. Caruso et al investigated the distinct effects of protein coronas
formed by proteins adsorbed onto nanoporous polymers on particle-cell interactions, highlighting the correlation between the
in situ conformation of the protein corona, the associated biological properties, and the resulting biological functions.'®’
Nanoporous materials can be internalized via endocytosis, phagocytosis, or micropinocytosis depending on their size, shape,
surface chemistry, and porosity. Porous surfaces can promote membrane ruffling and macropinocytosis by increasing local
membrane curvature and adsorption density of membrane-associated proteins. Persson et al demonstrated that nanomaterials
promote cellular uptake by enhancing the delivery of lentiviruses, baculoviruses, mRNA, antibodies, and liposomes, and
further identified macropinocytosis as the primary mechanism of nanoporous surface-induced uptake through inhibition of
individual endocytic pathways (Figure 7).'” In addition, particle size, shape, and surface charge critically modulate uptake
mechanisms: smaller nanoparticles typically favor clathrin-mediated endocytosis, whereas larger or elongated particles are
more prone to macropinocytosis or phagocytosis. Surface functionalization, such as ligand conjugation, can trigger receptor
mediated endocytosis, while the formation of a protein corona can further bias cellular recognition and internalization routes.
Mechanical properties and nanoscale surface topography also contribute by affecting membrane deformation and cytoske-
letal rearrangements required for specific uptake pathways. Once internalized, pore size, connectivity, and surface function-
ality regulate intracellular release kinetics and bioavailability of encapsulated biomolecules. Surface modifications, such as
PEGylation or ligand conjugation, can enhance cellular targeting, reduce non-specific uptake, and indirectly reshape protein
corona composition, thereby modulating immune recognition.'” Additionally, the mechanical properties and nanoscale
topography of porous scaffolds can affect cell adhesion, spreading, and differentiation, supporting tissue regeneration.
Bernotiené et al highlighted in the progress of stem cells and scaffolds in regenerative medicine that the mechanical
properties, biodegradability, and pore size of scaffolds play crucial roles in nutrient exchange, cell adhesion, migration,
and differentiation, and are key factors for achieving effective tissue repair.''® Together, these cellular-level mechanisms
complement the molecular and ionic interactions, providing a comprehensive understanding of how nanoporous materials
elicit controlled biological responses.

Mechanisms at the Tissue and System Level

At the tissue and system level, the effects of nanoporous materials are governed by their interactions with extracellular
matrices, tissue architecture, and systemic physiological processes.''' Hierarchical porosity and interconnected pore
networks enable nanoporous scaffolds to mimic native tissue microenvironments, facilitating cell infiltration,
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Inhibition of macropinocytosis and endocytosis
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Figure 7 Mechanism of enhanced uptake on porous surfaces. (a) Confocal images of Rhodamine B-Dextran (10 or 70 kDa) uptake by mouse pre-osteoblasts on porous
(400 nm) PCL films (scale bar: 5 pm); nuclei stained with Hoechst. Cells were pre-treated with inhibitors (EIPA, Wortmannin, CyD, Dynasore). (b) Quantification of
Rhodamine B-Dextran uptake by plate reader, showing inhibition effects. (c) Schematic of nanotopography-induced micropinosome formation and downstream cellular
processes. Reproduced from Aramesh M. et al Advanced Functional Materials, 34(28), 2,400,487 (2024), licensed under CC BY-NC-ND 40.' A two-way ANOVA test was
conducted to assess the statistical significance (*;p < 0.05). “ns” stands for “ not significant”.

vascularization, and extracellular matrix remodeling. Lee et al proposed a low-temperature sintering method to fabricate
hydroxyapatite (HAP) scaffolds with 30 nm pores that mimic bone morphology. These nanopores enhanced the
proliferation and differentiation of preosteoblasts and promoted bone regeneration by improving water and protein
adsorption, highlighting their potential as a novel substitute for bone repair.''> Such examples highlight how nanoscale
pore dimensions directly translate into improved tissue-level biological outcomes. The controlled release of bioactive

molecules from these materials can modulate local tissue responses, including angiogenesis, immune modulation, and
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extracellular matrix remodeling (Figure 8).'"* Systemically, pore size, particle dimensions, and surface chemistry
collectively determine biodistribution, circulation time, and clearance behavior, thereby influencing therapeutic efficacy
and safety.''® Integration of multifunctional modifications, such as PEGylation and targeting ligands, can further
optimize tissue-specific delivery, reduce off-target effects, and enhance overall biocompatibility.''> These tissue- and
system-level mechanisms, together with molecular, ionic, and cellular interactions, provide a holistic framework for

understanding and designing nanoporous materials for advanced biomedical applications.

Biomedical Application

Intelligent Nanoporous Materials for Cancer Therapy

The pathological hallmarks of diseases have motivated the rational design of stimuli-reponsive nanoporous carriers. For
example, based on the acidic conditions, overexpressed glutathione, and hypoxia commonly found in tumors, researchers have
designed intelligent nanoporous drug delivery systems with responsive behaviors. Zhou et al developed a pH-responsive
gatekeeper by coating mesoporous silica nanoparticles with Eu-GMP metal-organic frameworks, enabling controlled release
of both antigens and adjuvants. The MSN-OVA@MOF@CpG system effectively delivered ovalbumin and CpG to antigen-
presenting cells, leading to enhanced T cell responses and efficient suppression of melanoma growth and metastasis.''® Gong
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Figure 8 Eu-MSNs enhance cranial bone regeneration and neovascularization. (a) Eu-MSNs stimulated macrophages, which promoted osteogenic differentiation of BMSCs
(upregulation of COL-I, OCN, ALP, RUNX2) and angiogenic differentiation of HUVECs (upregulation of CD3 1, MMP9, VEGFR, PDGFR). Subsequent in vivo experiments
showed enhanced cranial bone repair and neovascularization at chronic wound sites. (b) Effect of Eu-MSNs on cranial defect osteogenesis: (i) Representative Micro-CT
images of new bone formation at 6 and 12 weeks (grey: normal skull; black: defect; red: newly formed bone; analyzed with CTAn). (ii) Corresponding quantitative analysis
showing larger new bone area in Eu-MSNs-Polymer (Eu-P) group compared with Polymer (Poly) and MSNs-Polymer (M-P) groups. (i) VG-stained immunofluorescence
images of cranial defect cross-sections at 6 and 12 weeks confirm Micro-CT results, showing increased bone formation in Eu-P groups. Reprinted with permission from Shi
et al Copyright 2017 Elsevier.' 3 (i) scale bar = | mm, (jii) scale bar = | mm. The red arrows represent upregulation.
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et al developed a GSH-responsive silica nanoparticle capable of delivering mRNA and ribonucleoprotein precisely to retinal
pigment epithelium and liver cells, achieving efficient genome editing and demonstrating great potential for applications in

gene therapy and genome editing (Figure 9)."'” While these studies focus on pH- and GSH-responsive systems, emerging

1819 and ultrasound-responsive platforms'? provide additional strategies for

stimuli such as magnetic field-responsive,
precise spatiotemporal control of therapeutic delivery. Yang et al designed and fabricated a dual-responsive soft robot based on
pNIPAM and MoS,, which utilizes magnetic and photothermal responsiveness to achieve high flexibility, controllable motion,
and targeted drug release, demonstrating potential clinical applicability in a gastric model.'?! These studies highlight the
promising potential of environment-responsive nanoporous materials for precise, controlled, and effective therapeutic delivery

in various biomedical applications.

Tissue Repair and Regeneration

Tissue repair occurs after injury through processes such as inflammation, fibroblast proliferation, collagen deposition, and
scar formation, thereby restoring tissue integrity and basic functions. Tissue regeneration, in contrast, refers to the
replacement of damaged tissues or organs with newly formed ones that are structurally and functionally similar to the
original. Tissue repair and regeneration help maintain homeostasis and reduce functional loss, and they form the
foundation for the development of regenerative medicine and tissue engineering. Nanoporous materials, owing to their
unique properties such as high surface area, tunable porosity, and excellent biocompatibility, hold great potential for
applications in tissue repair and regeneration. For example, silica nanoparticles can enhance bone regeneration by
increasing the solubility of therapeutic agents, thereby improving their bioavailability and ultimately augmenting the
therapeutic efficacy of the encapsulated drugs in bone regeneration applications.'**'** MOFs, due to their highly ordered,
porous, and three-dimensional crystalline structures, can serve as biomaterials in tissue engineering for orthopedic
implants, cardiovascular devices, neural tissue engineering, and skin wound care.'** Antithrombotic drugs and small-
molecule nitric oxide donors are often used to dilate blood vessels and prevent arterial occlusion.'*> Reynolds et al
demonstrated that the copper-based MOF Cu-BTC is an effective catalyst for converting S-nitrosocysteine in the blood
into nitric oxide and cysteine, and in vitro studies showed that it exhibits good hemocompatibility.'?® Together, these
examples underscore the significant potential of nanoporous materials, including silica nanoparticles and MOFs, as
versatile platforms for enhancing tissue repair and regeneration. However, degradation rates and degradation byproducts
can vary substantially across inorganic, organic, and hybrid nanoporous materials, and these factors should be carefully
considered when evaluating long-term biocompatibility and in vivo safety.
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Figure 9 (a) lllustration of the multifunctional SNP for the delivery of nucleic acids (eg., DNA and mRNA) and CRISPR genome editor (eg., RNP, RNP + ssODN). (b)
Efficient delivery of mRNA by SNP-PEG-ATRA via local administration in mouse retinal pigment epithelium (RPE), and by SNP-PEG-GalNAc via intravenous injection in liver
tissue (upper panel); Efficient delivery of CRISPR-Cas9 RNP by SNP-PEG-ATRA via local administration in mouse RPE, and by SNP-PEG-GalNAc via intravenous injection in
liver tissue (lower panel). Reprinted with permission from Wang et al Copyright 2021 Elsevier.''”
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Theranostics

Theranostics, which integrates diagnostic and therapeutic functions into a single nanosystem, holds great potential in
advancing personalized medicine in the biomedical field.'*” Beyond drug delivery, nanoporous materials can also serve
as theranostic platforms by co-loading therapeutic agents and imaging or sensing probes, enabling real-time monitoring
of drug distribution and therapeutic efficacy. Nanoporous materials impart unique properties that enable the integration of
various types of drugs, biomarkers, fluorophores, and linkers into a single delivery system, thereby realizing theranostics.
Cai et al reported a novel ultrasmall porous silica nanoparticle conjugated with the isotopic pair®®*° Y, enabling the
combination of noninvasive imaging and internal radiotherapy. The results demonstrated that®® Y-DOTA-UPSN pro-
longed blood circulation and provided excellent tumor imaging contrast, while’® Y-DOTA-UPSN significantly inhibited
tumor growth and extended overall survival, highlighting its potential for clinical translation as a cancer theranostic
candidate (Figure 10).'*® Zhang et al used PCN-600 to load antitumor drugs and polydopamine (PDA). The ligand
tetrakis(4-carboxyphenyl)porphyrin (TCPP) in PCN-600 can generate singlet oxygen ('O,) to kill tumor cells, while
PDA serves as a photothermal agent for photothermal therapy (PTT). The central Fe*" ion in PCN enables tumor
diagnosis and treatment through magnetic resonance imaging (MRI)-guided chemotherapy combined with photothermal
and photodynamic synergistic therapy.'*’
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Figure 10 (a) Schematic representation of the UPSN synthesis method. (b) Transmission electron microscopy (TEM) images of UPSN at different magnifications. The inset
green box corresponds to a magnified image of individual nanoparticles. (c) Serial MIP PET images of 4T| tumor-bearing mice injected with 86Y-DOTA-UPSN (n = 5).
Tumors are indicated with yellow arrows. Reprinted with permission from Chen et al Copyright 2023 American Chemical Society.Izs
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Conclusion and Outlook

In summary, the structural tunability, large surface area, controllable porosity, and versatile chemical functionalities of
nanoporous materials make them a highly promising class of nanomaterials for diverse biomedical applications. As
summarized in this review, diverse types of nanoporous materials-including inorganic, organic, and hybrid systems-
exhibit distinct advantages in biomedicine, ranging from intelligent drug and gene delivery to tissue repair, immuno-
modulation, and integrated theranostic platforms. In particular, inorganic nanoporous materials (eg., mesoporous silica
and metal oxides) provide robust structural support and controllable pore architectures, organic nanoporous materials
(eg., COFs, CMPs, and HCPs) offer high chemical tunability and potential biodegradability, while hybrid systems such as
MOFs and functionalized silica combine structural precision with multifunctionality. By integrating structure—property—
biointerface relationships, this review moves beyond descriptive summaries to provide a mechanism-oriented framework
for rational material design. Mechanistic investigations at the molecular, cellular, and tissue levels have further elucidated
how nanoporous materials interact with biological systems, providing critical insights for the rational design of safe,
effective, and multifunctional nanoplatforms.

Despite these remarkable advances, several challenges remain before the widespread clinical translation of nanopor-
ous materials can be realized. Key unresolved issues include potential toxicity, long-term stability and degradation
behavior in vivo, immune recognition and clearance, as well as batch-to-batch reproducibility and large-scale manufac-
turability. First, precise control over synthesis, reproducibility, and scalability is required to ensure consistent physico-
chemical properties and biological performance. Second, a deeper understanding of long-term biocompatibility,
biodegradation, and potential immunogenicity is essential for ensuring safety in vivo. Third, immune evasion and
controlled interactions with the protein corona remain critical design considerations that directly influence circulation
time and therapeutic efficacy. These limitations highlight critical gaps that must be addressed before meaningful clinical
translation can occur. Finally, regulatory pathways and realistic timeline expectations for clinical translation, including
preclinical validation and phased clinical trials, should be acknowledged to guide research priorities. Interdisciplinary
approaches that combine materials science, biology, and clinical medicine will be critical for translating nanoporous
materials from laboratory research to clinical biomedical applications.

Looking forward, emerging strategies such as Al-driven computational design, bio-inspired nanoporous architectures,
and scalable manufacturing methods are expected to further accelerate the development of advanced nanoporous
biomaterials. Al and machine learning can facilitate rational design of pore structures, surface chemistry, and stimuli-
responsive behaviors for optimized biomedical performance. Bio-inspired scaffolds can mimic natural tissue architec-
tures, improving cell adhesion, proliferation, differentiation, and dynamic responsiveness. Scalable and reproducible
manufacturing methods, including template-assisted assembly, continuous-flow synthesis, and 3D printing, will enable
reliable production of multifunctional nanoplatforms suitable for preclinical and clinical studies.

Collectively, integrating these emerging trends with current knowledge of molecular, cellular, and tissue-level
interactions will pave the way for the next generation of intelligent, adaptive, and personalized nanoporous biomaterials.
Accordingly, future research should prioritize hypothesis-driven validation in disease-specific models, standardized
protocols for scalable synthesis, and systematic biosafety evaluation to ensure translational readiness. With continued
advances in nanotechnology, bioengineering, and computational modeling, nanoporous materials are poised to play
a transformative role in precision medicine, regenerative therapy, and next-generation theranostics, ultimately bridging

the gap between nanomaterial innovation and clinical application.
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