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ABSTRACT

The implementation of drug delivery systems in nanomedicine aims to improve the efficacy, safety and
stability of therapeutic substances within the body, while controlling their rate and time of release.
While numerous reviews over the years have thoroughly summarized the most recent advances and
applications of drug delivery systems, to the best of our knowledge none has ever approached the
topic by focusing on the impact of their structural order on both drug loading and the resulting
therapeutic outcome. In this review, we aim to highlight the importance of considering the intrinsic
properties of the carriers in terms of atomic, molecular and supramolecular order. Indeed, each level of
order enables specific interactions between the carrier and cargo, leading to unique properties of the
resulting nanosystems. Depending on the final application, the choice of a specific drug delivery system
can therefore significantly influence the therapeutic effects. Thus, our work aims to facilitate the design
of drug delivery systems by elucidating which level of intrinsic material order is most appropriate for
a given clinical challenge. The literature search included PubMed and Scopus covering the period from
January 2000 to July 2025.
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However, despite initial excitement in the early 2000s, pro-
gress in terms of clinical translation has slowed. Over the
years, many reviews have documented the limited clinical
approval of novel nanomedicines, including DDS, by major
regulatory bodies (Food and Drug Administration — FDA or

1. Introduction

In the context of nanomedicine, Drug Delivery Systems (DDS)
are nanometric carriers capable of transporting diverse ther-
apeutic compounds by exploiting various strategies and

employing many different materials, including lipids, poly-
mers, and inorganic materials [1]. DDS have been extensively
studied for their capability to enhance the pharmacological
properties of conventional drugs. This is achieved through
various mechanisms, including: modifying their pharmacoki-
netics and biodistribution, improving solubility of poorly solu-
ble free drugs, protecting drugs from rapid degradation
in vivo, and enhancing targeting delivery [2].

European Medicines Agency — EMA). A recurring conclusion
from these analyses highlights the market dominance of lipid-
based nanomedicines over complex systems that populate
preclinical studies [1,3,4]. This dominance is largely due to
the high effectiveness of these lipid-based products, which
has consequently led research and many reviews to focus on
type of DDS, specific drugs, or pathology addressed, rather
than focusing on the material composition and structure.
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Article highlights

o Structural order is fundamental to the final properties of Drug
Delivery Systems.

e Materials ordered at the atomic level are more suitable for dual
therapies and nanotheranostics.

o Materials ordered at the molecular level are extremely versatile and
modular.

o Ordered porous materials present excellent drug loading capabilities
but lower versatility than molecular level ordered materials.

¢ The intended application determines the most suitable level of order
required by the Drug Delivery System

Therefore, exploring a novel perspective could allow for
a deviation from conventional classifications and promote
new considerations that may lead to alternative, more effec-
tive solutions.

This review provides a panoramic overview of recent
advancements in preclinical nanomedicine-based DDS. The
literature review was initiated with a search across the
Scopus and PubMed databases, targeting size categories of
drug delivery nanosystems combined with keywords such as
“crystalline” or “ordered.” Given that the concept of “order” is
infrequently categorized explicitly, requiring thorough article
analysis, a two-stage selection process was implemented: (i)
in-depth content analysis of retrieved articles was performed
to confirm relevance and the degree of ordering discussed,
and (ii) citation tracking was used to identify additional rele-
vant works cited by the selected papers. We specifically exam-
ine the crucial relationship between carriers’ drug-hosting
capability and their intrinsic material order, defined here as
the property of being composed of repeated, ordered units.
From the fundamental atomic level to complex mesoporous
structures, we will explore how this order impacts material
properties, paving the way for synergistic therapies and
enabling broad-range therapeutic drug delivery. We believe
this novel classification will provide enhanced insight into how
hierarchical structural arrangement can directly or indirectly
impact the properties and functionality of nanocarriers. This
approach is particularly crucial in a landscape where increas-
ingly complex new materials are blurring traditional
definitions.

2. Atomic-level order

At the most fundamental scale, the repetition of building
blocks in a system aimed at drug delivery can be found at
the atomic and molecular level. Indeed, atoms, when bonded
one another may form nanoparticles that can be used as
potent platforms to deliver drugs. In this case, the order is
not a feature that directly affects the ability of the particle to
carry a small molecule or a generic drug: it rather represents
the reason why the specific molecule possesses peculiar prop-
erties and becomes of interest in the biomedical field.

In this direction, inorganic nanoparticles (NPs) (i.e., metal,
metal-oxide, semi-conductor nanomaterials not based on car-
bon) have proved to be powerful tools for precision drug
delivery and theranostics. Depending on their chemistry,

they can possess intrinsic therapeutic properties, such as mag-
netic responsiveness [5-7], optical activity [8,9], ROS genera-
tion [10-13], ion dissolution effects [14], and radiosensitizing
properties [15]. These crystalline structures can offer therapeu-
tic benefits either on their own or when combined with exter-
nal or internal stimuli [7,16]. Beyond their inherent qualities,
the surface chemistry of inorganic NPs allows for further func-
tionalization and drug adsorption [17]. While initially recog-
nized as stand-alone drug delivery systems, recent
advancements highlight the role of inorganic NPs in achieving
synergistic effects when combined with other materials. For
example, hybrid NP drug delivery systems often leverage the
photothermal activity of metal nanoparticles to enhance drug
delivery [18]. Still, drug absorption in these systems may be
relatively poor. The mechanistic basis for this phenomenon is
the limited interatomic space. Due to the tight packing of the
atoms, the drug cannot be effectively encapsulated within the
nanoparticle; consequently, drug absorption is restricted to
the nanoparticle’s surface. Therefore, amorphous polymeric
coating on crystalline core NPs typically facilitates drug load-
ing and release, while preventing major drawbacks such as
aggregation [17,19].

At the atomic level, carbon-based materials can also offer
significant potential in drug delivery due to the hybridization
of their bonds, leading to structural versatility and potential
for chemical functionalization. These properties allow the for-
mation of structures possessing internal cavities suitable for
drug loading.

While the intrinsic atomic order of these materials does not
directly affect their cargo-loading capability, it provides che-
mical and physical properties that make them suitable for
efficient drug delivery (Figure 1).

2.1. Metal and metal oxide NPs

Most of the metal NPs (MNPs) currently studied for biomedical
applications are based on Au, Ag, or Cu; other less commonly
adopted metals include palladium, titanium and zinc. As
metal-based nanomaterials, they share common features
such as easy synthesis and functionalization [20], photother-
mal properties [10] and NPs dissolution under predetermined
condition [21], which in the case of Ag, for example, imparts
antibacterial properties [22,23]. For drug delivery purposes,
MNPs can be functionalized directly with active biomolecules
or with specific linkers [24,25], such as acid-sensitive linkers
[26]. Another interesting example is represented by cobalt-
modified silver NPs functionalized with Cisplatin (CoAg@Cis),
where Ag NPs are used to stabilize Co NPs, which provide
magnetic properties, but suffer from poor stability. This com-
bination of metals and anti-tumoral drug proved to be effec-
tive to reduce cell viability in vitro tumor models [27].
Covalent binding of active compounds is not the only way
to load drugs on MNPs. For example, Ag NPs have been used
as DDS to enhance paclitaxel (PTX) cytotoxic activity against
cancer cell line models [28]. AQNPs-PTX demonstrated superior
and selective anticancer activity on lung cancer models
in vitro, limiting the toxicity in healthy models, while also
providing antimicrobial activity. In a recent study published
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Figure 1. Summary of materials featuring a periodic arrangement of single atoms. Created with Biorender. https://BioRender.com/ovz6xe5.

by Jakhmola et al, a one-pot green reaction allowed the
authors to obtain Au NPs decorated on the surface with
Doxorubicin (DOX) and Curcumin through the complexation
with Au®* ions during the synthesis [29]. This interesting
approach not only allows for a greener synthesis, without
the use of toxic chemicals and heating, but also enables the
loading of two active compounds whose release can be trig-
gered upon ultrasound stimulation, a noninvasive and non-
destructive treatment.

Besides MNPs, metal-oxide NPs (MONPs) have gained con-
siderable success in recent years as powerful tools in biome-
dicine due to their inherent physicochemical properties.
MONPs based on Fe [30], Mn [31], Gd [32] prove useful in
both diagnostics and theranostics by leveraging their super-
paramagnetic properties in magnetic resonance imaging
(MRI). Iron oxide NPs (IONPs) are extensively studied in the
field of nanomedicine. Main applications include iron defi-
ciency treatments, MRI contrast agents, and local hyperther-
mia [3,33,34]. IONPs and their application in drug delivery
have also been explored, often in combination with coating
materials such as polyvinyl alcohol, human serum albumin and
polyethylene glycol that improve stability and drug loading
[35-37]. However, another interesting application of IONPs
magnetic properties is in the successful loading of metal-
based therapeutics such as Cisplatin. Kuznetsova et al. [38]
adopted a combination of polyethylene glycol (PEG)-stabilized
Fes0, NPs and ionic liquid to efficiently load Cisplatin onto the
NPs. After loading, NPs can be separated magnetically for
purification and further analysis, while in human serum, pro-
tein corona formation hinders the drug leakage, allowing for
cytosolic release of the therapeutic drug. Inorganic metal
oxide and semiconductor NPs may possess unique properties
that enable multimodal therapies, possibly in combination

with drug loading and release. Cerium oxide, for example,
has been studied for its ability to change oxidation state; this
property can be exploited in biomedicine to mimic redox
enzymes, contributing to the homeostasis of free radicals
[39,40]. In 2018, Yao et al. successfully developed cerium-
based upconverting NPs that simultaneously allow photody-
namic therapy triggered by near infrared (NIR)-light and over-
come hypoxia in cancer cells [41]. Cerium oxide is able to
autocatalytically convert H,O, into H,0O and O, thereby
enhancing the photodynamic effect. This hollow NPs have
loaded with DOX to deliver chemotherapeutic in combination
with NIR-light stimulation inside cells. Another example of
crystalline inorganic NPs serving as powerful tools in nanome-
dicine are Zinc Oxide (ZnO) NPs. This semiconductor nanoma-
terial possesses unique properties such as strong catalytic
activity [42,43], UV-absorption [44], antibacterial activity [45],
anticancer activity [46-48], and reactive oxygen species (ROS)
generating ability highlighted in other reviews [49-51]. Its
chemical surface also makes it a favorable candidate for drug
adsorption, making it a good candidate for drug delivery
[52,53]. It has been demonstrated through Density
Functional Theory (DFT) calculations that the coordination of
OH- groups in quercetin with ZnO NPs’ surface allows for
simple drug loading and selective release upon acidic condi-
tions [54].

2.2. Quantum dots

Beyond metal oxide NPs, Quantum Dots (QDs) represent
another class of semiconductor nanocrystals with nanometric
dimensions (typically between 1 and 10 nm), based on many
different materials. Their exceptional luminescence, coupled
with peculiar optical and electrical properties, makes them
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particularly suitable as luminescent probes in various biome-
dical applications and, more recently, in drug delivery systems
[55,56]. These zero-dimensional NPs have a greater surface-to-
volume ratio compared to conventional NPs with diameter
larger than 10 nm. Therefore, they have been employed for
drug loading via chemical and physical adsorption, including
hydrophobic interactions and n-m stacking (non-covalent
interactions) [57-61]. For example, Su et al. developed red
emissive carbon QDs with amino modification, which success-
fully loaded DOX by mn-m stacking. The presence of nitrogen
functional groups enabled the QDs to penetrate cell nuclei for
optimal drug delivery [60]. In another work, authors achieved
methotrexate loading onto manganese and nitrogen-doped
carbon QDs. While Mn-doping allows the QDs to be used as an
MRI contrast agent, methotrexate is an anticancer drug with
competitive binding to folate receptors that can also be used
as a targeting agent for cancer cells [59]. In another example,
Ag,S QDs were utilized to create a smart DDS for chemo-
photodynamic therapy [61]. In this work, the Ag,S served as
a photosensitizer, triggered by NIR light, while forming a host-
guest interaction with pillar [6]arene (CP6) molecules and self-
assembling into ordered 100 nm structures. The QD surfaces
were modified with alkyl chains, enabling both hydrophobic
interaction with DOX and supramolecular chemistry with CP6
molecules. The system was able to produce strong ROS gen-
eration upon irradiation with NIR light and smart release in
acidic environment.

2.3. Carbon based nanostructures

Among the emerging nanomaterials in the field of drug deliv-
ery, carbon-based nanostructures (CBNs) are undoubtedly sig-
nificant [62,63]. Known for their ordered and crystalline
architectures, where carbon atoms are arranged in a specific
and repeated pattern [64], CBNs are characterized by massive
surface-to-volume ratio, endowing them with superior capabil-
ity to incorporate drugs of various nature. A large variety of
CBNs are presented in scientific literature as possible drug
carriers, but while the possible strategies of drug incorpora-
tion may vary depending on the structure, all CBNs require
functionalization strategies to decrease their intrinsic cytotoxi-
city [65] and improve colloidal stability in biological solu-
tion [64].

2.3.1. Fullerenes

The first class of CBNs considered for drug delivery application
are fullerenes. Fullerene has been extensively studied across
various research fields over the past years [66]. However, it has
only recently gained attention as a drug carrier, due to recent
advancements in its synthesis and functionalization strategies
that allows it to overcome its natural insolubility in water-
based solution [67]. Its structure, consisting of sp? carbons
forming a highly symmetrical cage with different sizes (C60,
C76, etc [68]), can be exploited for cargo transport in biologi-
cal environment. The cargo of fullerenes can be divided into
two main groups: drugs and bioactive molecules, or nucleic
acids and genetic material. PTX and DOX [69,70] are among

the most extensively studied drug molecules in the develop-
ment of new drug delivery strategies. These drugs were
encapsulated in functionalized fullerenes using with two prin-
cipal strategies: covalent [71-73], or non-covalent [74] bond-
ing. For instance, the surface of C60 can be oxidized with
concentrated nitric acid to introduce carboxylic groups,
enabling non-covalent conjugation with DOX via -1 stacking
and hydrophilic interactions [75-77]. Beyond these, other drugs
have been explored as potential cargo for functionalized full-
erenes. Examples include chloroquine [78] for COVID-19 treat-
ment, hydroxyurea [79] for anticancer therapy, ibuprofen [80],
carbamazepine and phenytoin [81] for antiepileptic treatment.
More naive drugs have also been investigated, such as the plant
alkaloid Piperlongumine as a potential drug delivery system for
the treatment of highly metastatic lung cancer [82], or folk
medicine alkaloid berberine [83] as an anticancer drug.

Fullerenes are also widely proposed as gene therapy
agents, serving as carriers for various forms of genetic mate-
rial, such as plasmid DNA [84,85], small interfering RNA [86-
88], micro RNA [89-91], and oligonucleotides [92-94]. Cationic
fullerenes are particularly important for controlled gene deliv-
ery due to their low immunogenicity, affordability, and high
efficacy. Cationic groups facilitate electrostatic interactions
with negatively charged nucleic acids, enabling complexation
and cellular uptake [92,95].

Even though many strategies have been investigated to
overcome biocompatibility issues while preserving its intrinsic
properties and ensuring effective loading of cargos, including
hydrophilic ones, further research is still needed to achieve
improved stability, reproducibility, and long-term toxicity pro-
files [92,95,96]. New frontiers of fullerene research for drug
delivery are moving toward more complex, and multifunc-
tional delivery system, where fullerene is targeted and biode-
gradable over time [97-100].

2.3.2. Carbon nanotubes

In the field of ordered carbon structures for drug delivery,
carbon nanotube must be mentioned. Two types of carbon
nanotubes can be distinguished: single-walled carbon nano-
tubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs). Both types are structured as graphene sheets
rolled into hollow cylindrical nanotube structures. The walls
are composed of carbon atoms arranged in hexagonal pat-
terns, while the curved, tubular ends incorporate carbon pen-
tagons [100]. Their ordered carbon structure presents the
same limitation described above, i.e., poor solubility
[101,102] and biocompatibility [103-105]; thus, functionaliza-
tion strategies need to be adopted [106-109]. The most com-
mon ones rely on covalent or non-covalent bonding with
functional groups. Covalent bonding of the CNT surfaces can
increase hydrophilicity and solubility in aqueous media, while
also extending circulation time in plasma and increasing the
number of reactive sites for further conjugation with thera-
peutic molecules or targeting ligands. The most common
strategy for covalently functionalizing CNT surface consists in
oxidizing CNT walls with strong acid. Noncovalent bonding
relies on Van der Waals forces, m-m stacking, hydrophobic



interactions, or electrostatic binding between the CNT surface
and different molecules, ensuring minimal damage to the
original CNT structure and its electronic properties [96].

The cargo, whose nature can also in this case range from
common chemotherapeutic drugs to active molecules,
genetic material, and even more complex compounds, can
be either be absorbed on the CNT surface [110-112], or be
located inside the hollow structure [113-115]. In both cases
drug release occurs in response to a specific stimulus, mak-
ing CNTs stimulus-responsive structures that enable tem-
poral and spatial controlled drug release. pH sensitive
delivery is one of the most studied drug delivery mediated
by CNT [116-120]. Other common release triggers include
temperature-triggered [121,122], or redox-responsive [123-
125] or near-infrared-responsive [126-129] mechanisms.
Less common examples include enzyme-responsive [130-
132] and multiple-responsive [133-135] drug delivery CNT-
based systems. Therefore, CNTs have emerged as highly
promising platforms for advanced drug delivery. Their
exceptional physicochemical properties, coupled with
remarkable drug loading capacities and versatile functiona-
lization capabilities, position them at the forefront of inno-
vation. Significant progress has been achieved in surface
engineering, enabling enhanced biocompatibility, precise
targeted delivery, and sophisticated stimuli-responsive
drug release mechanisms [136].

A special subgroup of SWCNTs is represented by carbon
nano-horns, which deserve to be mentioned as a platform for
drug delivery. Nano-horns possess a horn-shaped nanostruc-
ture constructed from sp? carbon sheets [137], essentially
a single-layered graphene sheet structure wrapped in
a conical shape [138]. Their tight cage construction and elon-
gated structure make them a high-aspect-ratio fullerene sub-
class, allowing for a good comparison with single-walled
carbon nanotubes [139]. Their conical structure makes them
more biocompatible, and they are under scientific
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investigation to replace SWCNTs [140]. This opens possible
new frontiers for this niche material in the drug delivery
research area [141].

2.3.3. Carbon nanodiamonds
Research literature on carbon-based ordered structures for
drug delivery also comprehends less common and more spe-
cialized materials, such as carbon nano diamonds.
Nanodiamonds (NDs) are a relatively recent subject of
study in the drug release research field. NDs typically exhi-
bit a faceted truncated octahedral structure made of carbon
atoms, characterized by electrostatic fields on their facet
surfaces. In biomedical applications, two primary types of
nanodiamonds are distinguished based on their synthesis
methods: detonation nanodiamonds (DNDs) and high-
pressure high-temperature nanodiamonds (HPHT NDs)
[142]. They are suitable for biomedical application, and
specifically for drug release purposes, due to their strong
structural integrity and functionality in biological environ-
ment [142-144]; their excellent chemical inertness and sta-
bility, which shields encapsulated or adsorbed drugs from
degradation by external factors; their small size and high
surface area, which provide a substantial capacity for drug
adsorption and loading; and their intrinsic biocompatibility
[142]. This last aspect can be related to their different
C-atom hybridizations, i.e., sp®> [145]. NDs are proposed as
drug delivery platforms for different nanomedicine areas,
ranging from anticancer therapy [146-148] and gene deliv-
ery [92] to bone-targeted drug delivery [149,150], and even
HIV treatment [151,152]. Their large applicability is related
to the ease of bonding drug molecules to NDs both che-
mically and physically, augmenting their delivery abilities
[153]. They are emerging as a promising candidate for
multimodal bioimaging due to their optical and spectro-
scopic properties, which are related to their defects and

\0:26:nm
\ (002)

Figure 2. Examples of atomic-ordered nanostructures analyzed through electron microscopy characterization. The images are reproduced with permission, showing:
(A) cerium oxide [39], (B) zinc oxide [54], (C) iron oxide [36], (D) carbon nanotubes [129], (E) carbon nanodiamonds [149], (F) silicon quantum dots [58].
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admixtures in the crystal lattice [154], making them innova-
tive platforms for theranostic applications [155-158], i.e.,
combining drug release and imaging.

2.4. Core findings

The above-mentioned carbon nanostructures, MNPs, MONPs,
and QDs share an ordered structure at the atomic level as the
main feature (Figure 2).

This crystalline structure of inorganic nanomaterials provides
them with intrinsic therapeutic and diagnostic properties crucial
for biomedical applications. While their lattice does not offer
internal drug loading space, except for hollow structures, their
high surface-to-volume ratio and versatile surface chemistry are
paramount, enabling diverse drug loading strategies and func-
tionalization for enhanced and synergistic drug delivery systems
(Table 1). Indeed, current research efforts are focusing on hybrid
theranostic systems. In these systems, an inorganic crystalline
core is retained to provide therapeutic properties, while an
amorphous coating is frequently employed to enhance the over-
all drug loading capacity.

3. Molecular-level ordered drug delivery systems

Beyond atomic-level order, this section highlights the signifi-
cance of molecular-level order in the design of drug delivery
systems. In particular, the section addresses drug delivery
systems characterized by a highly ordered internal structure
that arises from the repetition of molecular-scale building
blocks. The molecular periodicity can range from the covalent
concatenation of monomers into polymeric chains to the
supramolecular self-assembly of amphiphilic macromolecules,
such as fatty acids (Figure 3). Organic molecules represent the
main class of ordered systems for drug delivery capable of
self-assembling into drug-loading structures; they are gener-
ally characterized by high versatility and structural
customizability.

3.1. Polymers

Polymers are macromolecules formed by repeating monomer
units connected by covalent bonds along the main chain
[159]. Their structure can be highly variable, resulting in
linear, branched, or cross-linked geometries depending on
various factors, such as the nature of the monomers or the
type of polymerization [160]. The utility of polymers as drug
delivery systems lies in their capacity to entrap drug mole-
cules among their branches. The polymer chains’ order and
crystallinity are key determinants of drug loading.
Specifically, ordered branches facilitate a more controlled
drug loading profile due to regular inter-chain spaces,
though they characteristically offer less volume for drug
storage than amorphous polymers. Additionally, the tight
and ordered packing of these polymers effectively retards
the drug release, thus enabling enhanced control over the
release kinetics [161,162].

Among the various types of polymers, there are also copo-
lymers, which represent a class of macromolecules formed by

two or more different monomers inserted within the same
polymer chain [163]. Depending on the order of the mono-
mers, they can be classified as block copolymers, formed by
blocks of monomers covalently connected to each other, alter-
nating copolymers, in which the monomers alternate within
the polymer chain, or random copolymers, where there is no
specific order in which the monomers are alternated [164].
These structural differences give polymers different physical
and chemical characteristics that can be modulated during the
material synthesis phase to obtain a polymer with specific
characteristics for its intended use.

In the field of controlled drug delivery, research began in
the 1980s and is currently one of the most active branches of
biomedical research. Polymers allow for improved pharmaco-
kinetics and longer circulation times compared to free drugs,
improving targeting to the tissues of interest [165].

A variety of polymers are used for drug delivery. A first
subdivision concerns the interaction between the drug and
the polymer. Specifically, polymer-based DDS can be divided
into polymer-drug conjugates (PDCs) and nanoparticles [166].
The main difference concerns the interaction between the
drug and the carrier: in PDCs, there is a stable covalent bond
between the polymeric structure and the drug, overcoming
the problem of burst release; for this reason, the drug must
have free functional groups that can be conjugated to the
polymeric structure [167]. In the case of nanoparticle systems,
however, the drug is encapsulated or adsorbed within the
structure, maintaining the two components as distinct entities.

Another possible subdivision concerns their origin, which can
be natural or synthetic. Natural polymers include chitosan, algi-
nate, hyaluronic acid, gelatin, cellulose, and dextran. The most
commonly used synthetic polymers include polycaprolactone
(PCL), polylactic acid (PLA), polyglycolic acid (PGA), their copoly-
mer polylactic-coglycolic acid (PLGA), and PEG [166].

Drug loading and release are dependent on several factors
depending on the intrinsic characteristics of the polymer.
Ordaz et al. demonstrated that polymer thickness and mole-
cular weight, for example, influence diffusion in polymer film
systems from the nanometer scale up to larger [168]. Chen
et al. also showed how free volume, or the empty space
between polymer chains, positively influences drug diffusion
[169]. Increasing the free volume increases the space within
the structure, thus allowing greater diffusion of the drug into
the surrounding environment. Another characteristic that
influences diffusivity is the polymer’s glass transition tempera-
ture (Tg). Specifically, above the Tg, increasing chain mobility
facilitates drug diffusion, increasing its release. Conversely, at
lower temperatures, diffusion is limited [170]. Molecular
weight can also be related to drug release kinetics. In particu-
lar, Jeong et al. showed how, in semicrystalline polymers such
as PCL, increasing molecular weight is directly related to
a decrease in the structure’s crystallinity with a relative
increase in amorphous structure, thus creating a coarser
microstructure that increases drug diffusion [171].

3.1.1. Synthetic polymers

Synthetic polymers have gained increasing success over the
years due to the possibility of structural engineering and
modulation of their chemical and physical properties.
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Figure 3. Summary of the most exploited materials that present periodic arrangement of molecules, covalently or weakly bound. Created with Biorender. https://

BioRender.com/ibpmnrj.

One of the key characteristics for the development of an
effective polymer delivery system is related to its in vivo
degradation. One technique for making these polymers
degradable involves inserting linkages into the polymer
chain that are sensitive to hydrolysis or enzymatic cleavage,
such as ester bonds [172].

A study conducted by Li et al. on (PLGA), demonstrated
a correlation between the rate of hydrolysis and drug admin-
istration using rhodamine-B as a model [173]. PLGA, a polymer
formed by the monomers L-lactic acid (LA) and glycolic acid
(GA), has a monomer ratio that inversely influences the crystal-
linity of the structure [161]. Furthermore, they demonstrated
that ordered PLGA exhibits a slower degradation profile than
random copolymers, thus releasing the molecule more gradu-
ally. The researchers suggest that the mechanical reason lies in
the faster hydrolysis observed with an increased amorphous
fraction. This is due to higher water penetration within the
pores of the amorphous structure, which is more readily
accessible than the tightly packed, ordered crystalline systems.
Mechanically, amorphous systems exhibit bulk polymer ero-
sion, meaning degradation takes place throughout the entire
nanoparticle (surface and interior). In contrast, the low water
permeability in ordered systems causes the degradation to be
limited to the surface, which leads to a slower overall release.

Another technique used to achieve controlled degradation
and release involves the insertion of redox-sensitive groups,
such as thiol or disulfide groups [174,175]. Zhou et al. developed
a nanoparticle system consisting of a block copolymer of PEG and
PLA containing disulfide bonds (PEG-SS-PLA), used to load PTX.
Once internalized by cells, the nanoparticles responded to the
high concentration of glutathione present in the intracellular
environment, leading to the breaking of the disulfide bonds and
subsequent targeted release of the drug into the target cells [176].

PEG, mentioned previously, is one of the synthetic poly-
mers most widely used in drug delivery systems due to its
high biocompatibility, water solubility, and electrical neutral-
ity. All of these properties give PEG a “stealth” effect, allowing
it to remain in circulation for longer periods, reducing the
immunogenicity of the system and thus improving the phar-
macokinetics of the drugs associated with it [177].

The molecular architecture of PEG influences the efficiency
of drug loading and release. Specifically, the molecular weight
of PEG is directly proportional to the density of the hydrophilic
layer that forms around the polymer framework. Therefore, the
longer the chain, the greater the external barrier. This stabi-
lizes the system, delaying drug release. At the same time,
however, it can reduce loading due to increased steric hin-
drance [178].

In addition to PLGA and PEG, PCL has also received increas-
ing attention for controlled-release applications, due to its
stability and slow degradation.

A widely used polymer is PCL, a semicrystalline polymer
with ester linkages within its structure that can be hydrolyzed
under physiological conditions, making it a promising candi-
date for in vivo drug delivery [167]. Its slow degradation,
producing nontoxic species [179,180], also allows for sustained
release over time.

One of the main limitations of PCL is its marked hydro-
phobicity, which limits its effectiveness with water-soluble
molecules. To overcome this limitation, an interesting prop-
erty of polymers can be exploited: the ability to copolymer-
ize them, thus synthesizing a polymer with intermediate
characteristics derived from the constituent copolymers.
An example is the study conducted by Sadeghi, in which
PLGA-PCL nanospheres sensitive to acidic pH were devel-
oped for the release of curcumin (Cur). This phenomenon
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can be explained by the protonation of the side chains,
which leads to the collapse of the branches and the simul-
taneous opening of the nanosphere cavities, thus increasing
the release of the drug contained within them. Tests con-
ducted on A549 lung cancer cells have demonstrated
a good ability to induce apoptosis, superior to that of free
Cur [181].

Beyond its use in nanoparticle systems, PCL can also be
conjugated with drugs via cleavable linkers, allowing for
release at the pathological site. Zhai et al., for example, devel-
oped micelles of an mPEG-PCL with an acetal (Ace) bond, used
to bind PTX, which is sensitive to acidic pH. In vitro studies
showed that the drug-loaded micelles were pH-sensitive,
resulting in greater release as the pH decreased. They have
also demonstrated greater therapeutic efficacy on breast can-
cer cells (MCF-7) compared to the free drug [182].

Active targeting is crucial in the development of a drug
delivery system. For example, Peng et al. formulated nanocrys-
talline PCL-PEG worm-like micelles conjugated with Herceptin
to specifically target HER2-positive breast cancer cells. These
micelles were loaded with PTX, demonstrating effective speci-
ficity against HER2-overexpressing tumor cells, reducing tumor
size and prolonging survival in a SKBR-3 tumor xenograft
model in nude mice [183].

3.1.2. Natural polymers

While research on synthetic polymers remains active, it is
increasingly complemented by the use of natural polymers,
which offer higher biocompatibility and biodegradability.
These materials are particularly attractive for cancer drug
delivery due to their favorable permeability, therapeutic
potential, and low immunogenicity. They are considered safe
and highly adaptable within biological systems. However, the
use of natural polymers as drug carriers is challenging because
of their broad molecular weight distribution and batch-to-
batch variability [184].

Among natural polymers, chitosan is a linear polyamine
containing many free amine groups that can interact with
negatively charged drugs or encapsulating agents. Chitosan
is a semi-crystalline polymer whose physical and chemical
properties are influenced by its molecular weight, degree of
deacetylation and crystallinity. Swelling, porosity and absorp-
tion are influenced by the alignment of the polymer molecular
chains and by the method used to synthesize chitosan from
chitin [185]. In the anticancer field, drugs are mostly loaded
into chitosan nanoparticles by two main techniques: nanoen-
capsulation, where the drug is entrapped within the polymer
matrix during nanoparticle formation [186-188], and surface
conjugation, where the drug binds to the outer surface driven
by ionic or hydrogen bonding [189]. Furthermore, chitosan is
frequently used in combination with other functional poly-
mers to enhance aqueous solubility, biocompatibility, and
drug release behavior [190].

These loading methods influence drug localization, release
kinetics, and therapeutic efficacy, making chitosan a widely
used carrier in targeted cancer drug delivery systems [191].
Chitosan has been explored in combination with sodium algi-
nate, through the development of hydrogel beads prepared
by double crosslinking leading to the formation of beads with

an inner porous structure [192-194]. Other natural polymers
such as alginate [195,196] and gelatin [197,198] have been
used in nanoformulation for drug delivery, but very few pas-
sively targeted nanocarriers have been accepted for clini-
cal use.

3.2. Molecular frameworks

A molecular framework is a crystalline porous network con-
structed from repeating molecular building blocks, which col-
lectively form well-defined cavities and channels capable of
hosting drug molecules. The pore dimensions are typically of
the same order of magnitude as the drug molecules them-
selves, facilitating the highly controlled inclusion and entrap-
ment of the drug within the framework’s pores.

3.2.1. Covalent organic frameworks
A specific subclass of polymers is represented by covalent
organic framework.

Covalent organic frameworks (COFs) are microcrystalline
porous organic polymeric materials first described by Cote
et al. in 2005 [199]. They are composed of strong covalent
bonds between different light elements such as carbon (C),
nitrogen (N), hydrogen (H), oxygen (O), boron (B), silicon (Si),
and sulfur (S) [200], which cross-link into ordered two- or
three-dimensional networks [201].

Their modular architecture enables the formation of struc-
tures with customizable and well-defined porosities in terms
of size and geometry. Due to their ordered structure, large
surface area, chemical and thermal stability, defined porosity
and the absence of metallic components, these materials can
be used in different fields such as photocatalysis [202-204],
electrocatalysis [205-207], energy storage [208-210] and in
the biomedical field [211,212].

Despite the excellent potential mentioned above, COFs
present some limitations in the biological field. Among these
is their poor hydrophilicity due particularly to the organic and
aromatic nature of the components, thus leading to a limited
use in the biological field where the interaction with biological
fluids is crucial [213]. A second obstacle concerns the reversi-
bility of the imine bonds (C=N) common in COFs due to their
ease of synthesis. This leads to limited stability to hydrolysis,
thereby restricting the use of COFs as drug carriers in biologi-
cal fluids [214]. A novel approach to overcome these obstacles,
by improving hydrolytic stability and hydrophilicity, involves
the modification of imine bonds into more stable bonds such
as secondary amines [215].

Drug treatment of tumors faces several challenges, some of
which are low dispersibility in aqueous solutions, low stability,
and unregulated drug release. To overcome these limitations,
COFs have been used as advanced drug delivery systems due
to their crystalline nature, which enables uniform pore sizes
and geometries, thereby ensuring uniform loading and well-
controlled drug release [216]. The ability to create pores with
customized geometries and sizes, along with their large sur-
face area, make COFs excellent drug carriers, enabling the
loading of larger amounts of drugs compared to other nano-
materials such as liposomes or polymeric nanoparticles [217].



The group led by Fang et al. in 2015 was among the first
to exploit this technology for drug release [218]. They devel-
oped a COF for the loading and release of ibuprofen demon-
strating not only a good adsorption and prolonged drug
release over time but also that the release is dependent on
the size and geometry of the framework pores. Indeed, they
demonstrated an inverse relationship: while larger pores facil-
itate greater drug encapsulation, smaller pores correspond to
a slower release rate. This latter characteristic represents
a significant advantage for applications requiring highly con-
trolled release kinetics. Furthermore, a study conducted by
Kaliya et al, demonstrated that COFs can achieve greater
loading of drugs, such as gemcitabine, within their structure
compared to standard carriers like polymeric or lipid nano-
particles [219].

Another important aspect in drug loading into COFs con-
cerns host-guest interactions. Consistent with the above, Luo
et al. demonstrated that covalent triazine frameworks (CTFs),
a subclass of COFs consisting of 1,3,5-triazine aromatic rings
with planar m-conjugation properties, when based on porphyr-
ins and loaded with drugs, achieved 70% drug release in the
first 6 hours, with the remaining drug released more gradually
over the following hours [220]. This can be explained by the
fact that in the first phase, the drug is released via
a concentration gradient or by physical adsorption of the
drug into the pores. In the second phase, however, strong
host-guest interactions, including hydrogen bonds and m-m
stacking interactions, allow the framework to release the
drug with slower kinetics.

Several modifications have been made to COFs to obtain
a controlled and targeted release of the drug in the tumor
target, among these is the development of COFs sensitive to
pH variations by exploiting the fact that the tumor microen-
vironment is generally more acidic than that of healthy cells.
Asadi et al. synthesized azine-linked COF (Az-COF), post-
synthetically reduced amine-linked COF (Az-AL-COF) and asul-
fonated version (Az-AL-SO3H-COF) and evaluated their char-
acteristics as drug delivery systems for DOX. The results show
that there is a greater release of DOX at acidic pH compared to
neutral pH. In particular, a more marked difference is observed
with sulfonated COF, probably because the semi-ionic struc-
ture of Az-Al-SO3H-COF facilitates the diffusion of DOX and H+
ions, favoring enhanced release of the drug at acidic pH. In
addition, sulfonated COF loaded with DOX showed selective
cytotoxicity toward tumor cells [214].

To achieve an even more targeted drug release in the tumor
environment, double-sensitivity COFs have been developed. For
example, the group of Anbazhagan et al. synthesized a COF
loaded with DOX sensitive to acidic pH values and to high levels
of glutathione (GSH), as GSH is overexpressed in the tumor
environment. The results showed that the drug release reached
a value of 70% under acidic pH conditions, 80% at high GSH
levels and only 20% in a physiological environment, thus show-
ing a high sensitivity of the designed COF [221].

Another technique involves combining photodynamic ther-
apy (PDT) with the release of chemotherapeutic drugs to
enhance the therapeutic effect on cancer. In particular, the
group of Ge et al. synthesized a hypoxia-sensitive COF due to
azo bonds present within the framework in which the
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photosensitizer chlorin e6 (Ce6) and the hypoxia-activated
drug tirapazamine (TPZ) were immobilized. Upon irradiation
with near-infrared light, Ce6 was activated by consuming oxy-
gen, inducing severe hypoxia, leading to COF degradation
and, at the same time, the release and activation of the drug
TPZ, thus leading to tumor cell death in a hypoxic environ-
ment [222].

In recent years, an increasing number of research groups
are integrating specific ligands into COFs to achieve active and
precise targeting to specific membrane receptors, thus
improving the spatial distribution of the therapeutic agent
[223-225]. The group led by Benyettou in 2024 developed
a nano-sized COF (nCOF) conjugated with the RGD peptide
to specifically bind to avP3 integrins overexpressed in triple
negative breast cancer (TNBC) sensitive to acidic pH condi-
tions additionally loaded with DOX. The results show that
treatment with nCOF modified with the RGD peptide offers
greater efficacy and specificity of treatment compared to
unmodified nCOF and free DOX [216].

3.2.2. Metal organic frameworks

A further step forward in the field of ordered porous materials
exploited as drug delivery systems is represented by metal-
organic frameworks (MOFs), a class of hybrid crystalline mate-
rials composed of coordinated metallic ions and multitopic
organic linkers. Their ordered structure allows for fine and
precise control on their porosity (ranging from micro to meso-
porosity), on the surface area, often exceeding 5000 mz/g, and
on the internal chemistry of the framework. These structural
characteristics make MOFs particularly suitable for the encap-
sulation and controlled release of bioactive molecules, such as
conventional drugs, peptides, proteins, and nucleic acids [226-
228]. Examples of MOFs exploited as effective DDSs include
the MIL100(Fe) and UiO66 structures, whose ordered crystal-
line structure characterized by large pores and interconnected
channels, enables hosting therapeutic molecules of different
sizes and natures. This design helps avoid aggregation phe-
nomena or localized accumulation, which may hinder the drug
controlled release and therapeutic efficacy [229,230]. MOFs’
high intrinsic porosity allows for a significantly superior load-
ing capacity compared to other traditional mesoporous mate-
rials, with a loading efficiency frequently exceeding 60% wt
without compromising structure stability [231].

MOFs’ ability to retain the drug inside the matrix, thus
allowing for its controlled release, is due not only to their
intrinsic structural properties, but also to the chemical inter-
actions forming within their crystalline pores. These confined
spaces favor the formation of hydrogen bonds, m-m interac-
tions, metal coordination, and electrostatic interactions, pro-
viding a strong anchoring of the therapeutic molecules and
superior stability during their transport and release [232-234].

The modular nature of MOFs further enables the design of
stimuli-responsive systems, allowing for drug release in response
to specific signals. For example, MOFs like ZIF-8 are pH-sensitive,
selectively degrading in the acidic environment typical of cancer
cells, thus releasing their cargo in a controlled manner and
avoiding systemic side effects [235,236]. Similarly, redox-
sensitive MOFs release their payload in the presence of
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intracellular glutathione, exploiting this mechanism to selectively
target unhealthy cells [237,238]. Other examples involve thermo-
responsive or UV-Vis light-activated systems, owing to the incor-
poration of smart polymers or photocatalytic nuclei, further
widening the capabilities for controlled drug release [239-241].

One of the many advantages offered by the deployment of
MOFs as DDSs is the possibility of tailored post-synthesis
modification. Examples in literature include biocompatible
coatings such as PEG and polysaccharides to enhance in vivo
stability, or the functionalization with targeting moieties to
increase therapeutic specificity, or inclusion in lipid bilayers
[242,243]. Furthermore, another interesting possibility is
directly co-assemble the drug as an integral part of the
MOFs without affecting its ordered crystalline structure,
which shows the versatility and the therapeutic potential of
these materials [244-247]. Post-synthesis modifications, as
well as tailored adjustments during the synthesis process,
also enable overcoming one of the critical aspects of the use
of MOFs as drug delivery systems, which is their stability in
complex physiological solutions. Such strategies include the
development of protective coatings, PEGylated core-shell
architectures, and the embedding of the crystalline structures
within polymeric matrices, enhancing the bioavailability and
reducing the cytotoxicity of those MOFs composed of metals
prone to prematurely degradation. Conversely, other MOFs,
such as structures based on Zr (UiO66) and Fe (MIL100), exhi-
bit considerable intrinsic hydrolytic resistance [248-252].

Recent in-depth investigations demonstrated how MOFs’
crystallinity and ordered porosity directly and positively affect
the precision and the efficacy of the controlled drug release,
opening up new prospects in the design and engineering of
smart nanosystems that combine safety, efficacy, and scalabil-
ity [253-256].

Furthermore, metal-organic frameworks have the potential
to be exploited as diagnostic agents, positioning them as
effective theranostic nanotools. In fact, the crystalline order
of these structures allows uniform incorporation of imaging
agents, such as Gd3>* and Mn?*, or fluorescent probes, which
can be later combined with cytotoxic drugs to obtain a single
multifunctional platform. This approach enables therapeutic
and diagnostic synergy, which can be further enhanced by
functionalizing the system with peptides and antibodies for
a highly selective molecular targeting [257-260].

Considering all these aspects, MOFs clearly emerge as one
of the most promising classes of materials in drug delivery,
due to the combination of engineered structural order, high
and homogeneous drug loading, controlled and stimuli-
responsive release, and chemical versatility.

3.3. Supramolecular structures

3.3.1. Solid lipid nanopatrticles

Lipids are a heterogeneous group of molecules insoluble in
water but soluble in organic solvents. Structurally, lipids are
composed of hydrophobic hydrocarbon chains and polar head
groups and their amphiphilic nature allow them to self-
assemble in aqueous environments, forming organized struc-
tures [261]. In the context of solid lipid nanoparticles (SLN),

recent studies have demonstrated how these characteristics of
lipids are fundamental to form stable and functional drug
delivery systems [262,263].

SLN are a class of nanocarriers that have acquired signifi-
cant attention since the early 2000s, in the fields of drug
delivery, cosmetic formulation, and biotechnology [264].
These nanoparticles, composed of solid lipids, offer key advan-
tages such as biocompatibility, biodegradability, and low toxi-
city. SLNs are capable of encapsulating both hydrophilic and
hydrophobic drugs and provide controlled-release profiles,
overcoming many limitations associated with traditional col-
loidal carriers. Compared to polymeric nanoparticles and lipo-
somes, SLNs offer greater physical stability, lower production
costs, and easier scalability, which makes them attractive for
industrial applications [265,266].

SLNs are typically ranging in size from 10 to 1000 nm,
consisting of a solid lipid core, an emulsifier, and a water or
solvent phase. The solid lipid matrix is composed of physiolo-
gical lipids, which contributes to reduce acute and chronic
toxicity. Various lipids like tripalmin, tristerin, trilaurin, cetyl-
palmitate, glyceryl behenate, glyceryl monostearate (GMS),
precirol are used in the formulation of SLNs [267-271]. The
emulsifier, on the other hand, plays a crucial role in stabilizing
the formulation by preventing particle agglomeration, influen-
cing the stability and crystal structure [272]. SLNs can be
produced using various techniques, including high-pressure
homogenization, solvent/emulsion evaporation, phase inver-
sion, microemulsion, and solvent injection methods [273].

The core of the nanoparticles is formed by a solid lipid
crystalline structure that plays an important role in how
drugs are incorporated and retained. Parameters such as the
velocity of lipid crystallization, lipid hydrophilicity and the
shape of the lipid crystal influence nanoparticles proprieties
[274]. One potential disadvantage of SLNs lies in the use of
a lipid matrix made of similar molecules, which tends to form
a highly ordered, perfect crystal with few imperfections. Since
drugs are usually incorporated between fatty acid chains,
between lipid layers, or in crystal imperfections, a tightly
packed crystalline lattice can limit drug solubility and reduce
loading efficiency [275]. To overcome these limitations,
Nanostructured Lipid Carriers (NLCs) were introduced. NLCs
are formulated by mixing solid lipids with liquid lipids (such
as oils) or by using glycerides composed of fatty acids with
varying chain lengths. These modifications create a less
ordered lipid matrix with more imperfections and gaps
between the chains, which enhances drug solubility and load-
ing capacity, while also reducing the likelihood of drug expul-
sion during storage [276-278].

It is essential to consider how the solid-state ordering of
the lipid matrix determines their behavior under physiological
conditions. The crystalline high ordered lattices of the SLN
core display low baseline diffusion and slow leaching but
drug encapsulation retention can be compromised under phy-
siological stimuli such as acidic pH, elevated temperature, and
enzymatic activity, all of which may destabilize the nanoparti-
cle structure. Specifically, pH gradients and protein adsorption
can disrupt the surfactant - lipid interface or lead to a protein
corona formation [279,280]; mild heating may induce



polymorphic transitions that expel drug molecules [281]; and
lipase-mediated lipid hydrolysis that degrades the lipid matrix,
leading to a drug release that depends on the degree of
crystallinity and the nanoparticles composition [282].

While clinical studies involving SLNs for cancer treatment
remain limited, preclinical research is focused in exploring SLN
for the controlled and targeted delivery of anticancer drugs.
Drug-loaded SLNs can be administered through various
routes, including intravenous, subcutaneous, and intramuscu-
lar injection, or even directed to specific organs for localized
treatment [283]. SLNs are known to accumulate in the tumor
microenvironment through passive diffusion via the Enhanced
Permeability and Retention (EPR) effect, thanks to their opti-
mal size range [284]. Active targeting strategies have been
developed to enhance SLN specificity. By modifying the sur-
face of SLNs with ligands, antibodies, or peptides, the nano-
particles can be functionalized to recognize and bind to
specific receptors on cancer cells, improving uptake and ther-
apeutic efficacy [285,286].

Furthermore, stimuli-responsive (triggered) drug release
systems are under investigation to enhance the precision of
SLN-based drug delivery. These systems rely on internal tumor
microenvironment cues, such as acidic pH [287], or external
stimuli, including magnetic fields [288], or hyperthermia [289]
to trigger drug release at the tumor site.

3.4. Core findings

It can therefore be concluded that polymers represent an extre-
mely versatile class of materials for the controlled delivery of
molecules such as drugs, owing to the possibility of chemically
modifying them and the ability to synthesize copolymers to
overcome specific limitations, especially for synthetic polymers.
On the other hand, COFs and MOFs represent a new frontier in
the field of drug delivery due to the unique characteristics of
modularity, porosity and large surface area, which allow for
loading large quantities of drugs and obtaining a controlled
and uniform release. Although they present some limitations,
the most recent progress confirms their potential in biomedical
applications and, in particular, in oncology. Finally, solid lipid
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nanoparticles (SLNs) represent a highly promising class of
ordered materials that are particularly useful to encapsulate
and provide controlled release of both hydrophilic and hydro-
phobic drugs, thus overcoming many limitations of traditional
delivery systems (Figure 4). For molecular-level ordered materi-
als, the structural arrangement plays a role heavily dependent on
the intended device scope. Ordered materials, such as crystal-
lized polymers and molecular frameworks (MOFs/COFs), are pri-
marily suited for controlled release applications. Their packed
structures slow down polymer degradation or mechanically hin-
der drug diffusion (in frameworks), collectively resulting in
a more controlled release profile. However, their reduced internal
void spaces inherently leads to a lower drug loading capacity,
which is typically higher in non-ordered materials, such as amor-
phous polymers and the less crystalline inner cores of lipid
nanoparticles. In general, these materials exhibit higher biocom-
patibility than inorganic crystalline nanoparticles. Nevertheless,
COFs and MOFs specifically require appropriate stabilization due
to their intrinsic hydrophobicity, which, while beneficial for the
loading of certain drug molecules, complicates the formation of
a stable dispersion for biological use.

Further development of smart, biodegradable, and multi-
functional platforms could pave the way for new generation
therapeutic systems, combining biosafety and clinical efficacy
(Table 2).

4. Ordered, mesoporous delivery platforms

As the dimensions of the repeating structures within a drug
delivery system increase beyond the molecular scale, distinct
pores begin to form in the material. These pores can be
randomly distributed throughout the particle’s structure or
arranged in ordered, repeating patterns (Figure 5).

A key advantage of ordered porosity is the potential for
significantly higher drug loading, the availability of space for
pore surface functionalization, and the precise control over
surface and morphology parameters that result from the
ordered structure. Since these pores are much larger than
the interstitial spaces in a dense molecular matrix, they can
accommodate not only larger macromolecules (proteins,

Figure 4. Examples of molecular-level ordered nanostructures analyzed through electron microscopy characterization. The images are reproduced with permission,
showing: (A) synthetic polymerosome [174], (B) natural polymerosome [54], (C) covalent organic framework [214], and (D) metal organic framework [239].
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Figure 5. Two primary strategies for creating ordered mesoporous drug delivery systems: top-down erosion of macroscopic material; bottom-up template-guided

growth of material. Created with Biorender. https://BioRender.com/uglwvel.

antibodies) but also the necessary surface functionalization,
substantially increasing the encapsulation efficiency and the
variety of exploitable moieties [290]. However, a significant
drawback of this porous structure is that it can also lead to
a much more rapid drug release than non-porous systems,
which typically release their cargo more slowly by desorption
or material erosion. The restricted diffusion of molecules
within the small pores inherently retards the drug release.
Furthermore, this limited exchange with the external medium
also results in a reduction of potential drug degradation
caused by the environment.

Fabricating structures with both micropores (pores <2 nm)
and mesopores (pores in the 2-50nm range) significantly
restricts the choice of suitable materials. This constraint has
led academic research to focus on materials that offer precise
control over both chemistry and morphology. The result is that
the materials must possess a modifiable matrix capable of
generating internal pores. This requirement necessitates either
the use of amorphous materials, which can adopt virtually any
form, or the deliberate creation of holes within a crystalline
material to permit a custom generation of pores that would
otherwise be structurally unattainable. Consequently, in meso-
porous systems, disordered and ordered structures coexist to
form composite architectures suitable for drug delivery. As
a result, silicon-based materials have emerged as the most
promising candidates. The main alternative, in some cases, is
carbon-based materials. Indeed, as discussed previously in this
review, the highly versatile chemistry of carbon enables exten-
sive customization of both surface properties and morphology.
This capability can be leveraged to design smart, environment-
responsive mesoporous carbon nanoparticles for drug delivery
[291]. Despite their significant promise, the practical application
of nanoporous carbon particles is still limited, probably due to

the complex functionalization required to achieve biocompat-
ibility and consequently in vivo exploitability [292].

Mesoporous titania [293-296], zinc oxide [297-301] and
iron oxide [302] were used as potential drug delivery plat-
forms, both in particle and film form. Despite the relatively
low availability of studies, the great premises of the material
make them worth mentioning, However, in these systems, the
porous structure is typically not ordered, both because the
aim of the studies does not require such order and because
the highly ordered crystalline structure of the crystal inher-
ently hinders pore formation, meaning pores must often be
created through disruptive methods to achieve mesoporosity.

Silicon-based materials, instead, can present a high level of
internal order. They effectively address issues of biocompat-
ibility and customizability, making them one of the most
promising classes of inorganic systems for drug delivery. The
three main types of silicon-based materials used are porous
silicon, zeolites, and arguably the most prominent, mesopor-
ous silica.

4.1. Porous silicon

Porous silicon (pSi) particles are an excellent example of
ordered porous material, often highlighted for their biocom-
patibility. The order of the pores in this kind of material is
determined by the synthesis approach exploited. Indeed, this
is one of the clearest examples of a top-down approach to
particles synthesis. A macroscopic silicon wafer is electroche-
mically etched to create channels in its structure [303]. The
result is that the channels are all directed in a single direction
parallel to each other. The resulting porous wafer is then
crushed, milled and sonicated into nanoscale particles.
Despite the main challenge being represented by the high



costs of their synthesis, recent research has also proposed
processes that can lead to a gram-scale production of the
base material [304]. While this method yields nanoparticles
that are less monodisperse in their external morphology com-
pared to those from bottom-up syntheses, they retain a highly
consistent and ordered internal pore structure. There are
many examples of this in the literature [290] dating back to
the 2000s, demonstrating the possibility of carrying hydropho-
bic [305] molecules to address different medical fields ranging
from cancer immunotherapy [306] to Alzheimer’s [307] ther-
apy. Research has progressed, including active targeting
through peptides, for example in the brain as in the work of
Wagoner et al. [308] or by engineering mechanisms to even
control the release of multiple moieties (in this case antibo-
dies) in a specific pathway for immunotherapy [309].

4.2. Zeolites

Zeolites are crystalline aluminosilicates, with a three-
dimensional framework of silica and alumina tetrahedra that
creates a network of well-defined and ordered channels and
cavities [310]. This order arises from the structural arrange-
ment of the tetrahedra themselves rather than from the use of
templates or etching directionality. There are more than 200
known zeolite types among natural and synthetic structures,
with pore dimensions that can vary widely, from a 2-3 ang-
stroms to tens of angstroms [310,311]. Depending on the
specific tetrahedral arrangement it is possible to host several
kinds of molecules [312,313]. While the primary applications of
zeolites are industrial [314,315], their structure presents both
advantages and disadvantages in the field of drug delivery
[316,317]. Indeed, the pores are smaller compared to other
mesoporous structures. This limits the kinds of molecules that
can be included in the framework, but also slows down the
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release of the molecules themselves, which can be released in
a more controlled way [310]. For example, the drug diclofenac
was released in a sustained manner in the work of De Gennaro
et al., exploiting a natural zeolite (Clinoptilolite) [318]. The
zeolite, intended for oral administration, was of micrometric
dimension and was appropriately surface-modified with cetyl-
pyridinium chloride. The drug loading was performed at phy-
siological pH and yielded approximately 40-60 mg/g of drug.
Other natural zeolites, namely faujasite and mordenite, were
exploited to host a chemotherapeutic moiety (temozolomide)
for glioblastoma treatment [319]. The results were promising
in terms of tumor growth reduction in ovo, even if the dimen-
sions of the particles obtained were in the micron range,
which probably hinders intravenous administration. Another
case of zeolite (Zeolite Y) was intended for anticancer use, and
also in this case, despite the coating with organic material
might increase its biocompatibility, it is again intended for oral
administration [320]. Delving deeper into the literature, it is
clear that the zeolites, despite their great promise, find their
application mainly in the oral administration [321-324]. This is
attributable to the fact that the starting material can be
obtained directly from nature, which inherently introduces
the possibility of batch-to-batch differences according to the
site of material retrieval that require study [325]. Moreover,
despite the ordered pores in the system being a clear advan-
tage in terms of sustained release, this also limits the versati-
lity of the system, hindering the use of macromolecules and
consequently applications like immunotherapy.

4.3. Mesoporous silica nanoparticles

Currently, the most widely used and promising porous struc-
tures for drug delivery are mesoporous silica nanoparticles
(MSNs). The great advantage of silica is the possibility of
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Figure 6. Electron microscopy characterization of representative ordered mesoporous structures. The images are reproduced with permission, showing: (A) porous
silicon [304], (B) and (C) mesoporous silica nanoparticles [330], (D) mesoporous iron oxide [302], (E) microporous zeolites [321].
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growing this material onto templates (mainly surfactants and
called structure-directing agents), which can be suitably tuned
to self-assemble into specific pore order inside the material
itself. The order of the pores is believed to increase the
homogeneity of the distribution of the drug in the particles,
leading to a more uniform and controlled release [326]. This
approach is mechanistically sound because the controlled
dimensions of the pores allow for the achievement of
a more stoichiometric drug loading. Given the uniformity of
the pores, this ensures precise knowledge of the amount of
drug present within the material. Moreover, the tortuous and
disordered pore geometry can diminish both drug loading
and release speed [327]. The reduction in loading is often
attributed to closed channels that fail to connect efficiently
to the surface, while the slower release is due to molecules
being required to navigate the channels inefficiently. Ordered
channels, by contrast, affect release mainly via nanoconfine-
ment, where the narrow pores naturally restrict the bulk
movement of small molecules. However, it has been demon-
strated that highly ordered and straight channels offer super-
ior loading capabilities compared to random or tortuous
channels [328]. The reason lies in the absence of non-
accessible regions (dead ends), which ensures that the entire
pore volume can be reached for both loading and cleaning.
Furthermore, the pore dimension significantly affects both
drug loading and release kinetics, with larger pores facilitating
a quicker clearance of the internal drug contents. Nonetheless,
this order offers superior reproducibility of the release profile.
For mesoporous systems, order should be chosen when high-
precision controlled release is needed, even if it sacrifices the
ability to produce large batches of material. Still, most MSNs
do not exhibit a clear order of the pores and, despite the huge
and promising literature in this field (mostly covered in many
reviews [326,329,330]), we will not focus on this topic that
would require a dedicated review alone. However, in certain
surfactant concentration conditions, the template used to
direct the growth of silica nanoparticles assumes specific con-
formations. This is the case of CTAB that assists the formation
of the honeycomb structure of MCM-41 silica particles. This
material was initially synthesized in 1991 by Mobil Oil
Corporation [331] for industrial purposes but attracted the
attention of many scientists due to its enhanced surface
area, pore volume and size, thereby opening up the field of
ordered mesoporous materials. However, the first application
of MCM-41 in drug delivery is attributed to Vallet-Regi and
coworkers in 2001 [332], who managed to include ibuprofen
in ordered mesoporous silica particles, achieving a loading
capability of about 30%. The control over the pore size,
which is enhanced in ordered systems, can also enhance the
control over the absorbed molecules in terms of homogeneity
of both loading and release. Still, the primary determinant in
the control over release is the ratio between the pore size and
the molecule’s size. The higher the ratio, the faster the release
[333]. Also, it has to be considered that, despite the possibi-
lities in terms of surface functionalization and external particle
morphology, the internal porous structure, when ordered, may
be of three basic kinds: the one similar to the MCM-41 parti-
cles, in which the channels are all directed in the same direc-
tion (with a small exception of the SBA-15 [334] particles

which present pores between the channels). Second, there
are MCM-48 particles, where the pore system is three-
dimensional and completely interconnected [335]. Finally,
there are systems composed of spherical cavities intercon-
nected by means of very small channels or pores [336].
Despite intuition suggesting that an interconnected pore
structure should increase the drug incorporation, the real key
determinant of controlled release and drug incorporation is
surface functionalization [337]. This modification can change
the affinity of the surface, which is very large in porous struc-
tures, with the drug, thereby increasing or slowing its release
[331]. Literature has therefore been focusing on modifications
that silica can undergo. It must also be considered that, like
other nanoparticles that rely on pores rather than a solid
matrix, MSNs suffer from the significant drawback of “burst
release,” where a large portion of the drug is released imme-
diately upon administration. This issue can be mitigated by
capping the pores with surface modifications [338]. These
“gatekeepers” are designed to be removed on-demand by
a specific stimulus at the target site, allowing for controlled
release. Indeed, several works worked on the closing the pores
[339] using caps or coatings with polymers [340,341], macro-
molecules [342-346] and nanoparticles [347-351]. For meso-
porous silica and consequently also for ordered mesoporous
silica, the most prominent trend in this area is the generation
of pH-responsive gatekeepers [341,352,353]. At physiological
pH, the pore is closed, while the gatekeeper is dissolved when
it encounters the environment in which the drug should be
released (e.g., the slightly acidic tumor environment).

4.4. Core findings

Ultimately, the trajectory of ordered porous materials in drug
delivery demonstrates a decisive shift from relying on inherent
structure alone to engineering sophisticated, functionalized
systems (Figure 6).

While materials like porous silicon and zeolites offer well-
defined internal order, they face intrinsic limitations in versa-
tility, scalability, or the scope of molecules they can carry. The
true breakthrough, therefore, lies with platforms like mesopor-
ous silica nanoparticles (MSNs), where the ordered framework
serves as a scaffold for advanced surface chemistry that allows
combining a high loading capacity with on-demand release
mechanisms (Table 3). Fundamentally, within mesoporous sys-
tems, structural order governs the controllability of drug
release and loading. The core idea is that the pores act as
the definitive mechanism for controlling the performance of
the drug delivery system. Although random pores can some-
times exhibit a slower release rate than their ordered counter-
parts, the main advantage of ordered systems is their
significantly higher degree of release control [354]. This ben-
efit, however, comes with the drawback of increased complex-
ity in device fabrication.

5. Conclusions

This review has thoroughly explored the crucial relationship
between the intrinsic material order of drug delivery systems
and their effectiveness, from atomic to supramolecular scales
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(Figure 7). While materials with inherent atomic-level order,
like inorganic NPs and carbon nanostructures, offer unique
properties for drug interactions and various theranostic appli-
cations, their drug-hosting capabilities often rely on surface
chemistry and subsequent functionalization. In molecularly
ordered systems, such as polymers, COFs and MOFs, their
tunable molecular periodicity enables enhanced versatility in
both drug loading and release kinetics. Ordered mesoporous
platforms, particularly mesoporous silica nanoparticles, com-
bine their high loading capacity with finely controlled release
mechanisms. This review offers a fresh perspective on DDS
design by highlighting how each level of structural arrange-
ment influences drug delivery mechanisms, release profiles,
and overall nanocarrier performance.

Indeed, the choice of a drug delivery carrier’s structural
order should be guided by the specific aim of its application.
Materials with atomic-level order, such as single-element or bi-
atomic nanoparticles, are often used for multimodal therapies.
They can act as imaging contrast agents or provide synergistic
effects for treatments like thermal ablation or magnetother-
apy, while simultaneously delivering therapeutic drugs. Their
drug loading capabilities are limited when compared to mate-
rials that possess defined porosity but gains features in terms
of theranostic applications. Polymers are typically chosen for
applications where the carrier's biocompatibility and con-
trolled degradation are the primary concerns. However, struc-
tural order plays a distinct role: while it contributes to
a slower, more controlled release, the tight packing simulta-
neously hinders drug loading, leading to superior loading
capacity in disordered, amorphous polymeric materials.
Furthermore, COFs and MOFs stand out for their unique mod-
ularity, which enables precise control over drug release
kinetics. Still, their small pore dimensions restrict the variety
of molecules that can be incorporated into the particle.
Furthermore, their chemical nature frequently hinders water
solubility, often requiring chemical modification before they
can be effectively utilized as drug delivery systems. When
a sustained and prolonged drug release is required,

loading, release kinetics, and theranostic performance. Created with Biorender

mesoporous materials are particularly effective, due to their
high loading capacity and customizable pore structures. In this
specific case, structural order serves as a mechanism to pre-
cisely control both the loading and the release of the thera-
peutic agent, thereby enabling precise therapies that
necessitate a highly controlled release profile. This information
will be crucial for the engineering of future DDS to address
complex biomedical challenges using more precise and effec-
tive strategies.

6. Future directions

Among all nanomedicines evaluated in clinical trial between
2016 and 2021, liposomal, lipid-based and protein nanofor-
mulations comprised over 78% of the total investigated
nanoparticles [4,355]. The clinical dominance of liposomes
formulation can be attributed to the intrinsic low-
immunogenicity and safety profile of liposomes, as well as
their utility in mitigating the toxicity of existing chemother-
apeutic agents, such as doxorubicin or paclitaxel. On the
other hand, inorganic materials generally face challenges
regarding long-term in vivo safety and controlled biodistribu-
tion [356].

For instance, while SPIONs were initially authorized for liver
imaging, several formulations were withdrawn following
safety concerns, including severe lumbar or leg pain necessi-
tating product discontinuation [357].

Furthermore, atomic-level ordered NPs employed in drug
delivery frequently exhibit low drug encapsulation efficiency,
consequently requiring high dosages to achieve significant
therapeutic efficacy. However, their inherent tunability offers
specific advantages for applications where other platforms
lack capability, such as theranostic and sonodynamic or
photodynamic therapy.

Higher-order structures, like polymers and molecular frame-
works, offer more favorable drug-to-carrier ratio, serving as
potent drug delivery systems.
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Still, significant efforts are required to improve in vivo bio-
distribution and stability of these carriers in order to promote
their clinical translation.

Similarly, mesoporous delivery platforms have been tai-
lored to maximize drug loading and provide theoretical
improvements in drug delivery. Despite this, concerns regard-
ing long-term in vivo accumulation, as well as their limited
scalability, hinder their clinical viability.

In general, the high tunability of crystalline structures can
be a double-edge-sword.

While high versatility is an advantage, nanomaterials
should be carefully characterized in terms of surface and
physical properties as these parameters can alter biological
functions [356].

Currently, clear causal relationships between crystalline
structure variations and biological fate remain undefined.

The lack of comparative studies between ordered architec-
tures and amorphous nanoparticles hinders a clear elucidation
of how structural parameters influence degradation rates, sta-
bility, protein corona formation, and biodistribution. However,
in vivo models such as Zebrafish. enable comparisons in terms
of toxicity between different type of nanomaterials [23].

Consequently, comparative studies and in silico simulations
are essential to determine how crystalline structure influences
the in vivo fate of nanoparticles.

A machine learning driven algorithm published in 2024 by
Mendes et al. [358] offered a blueprint for the panoramic evalua-
tion of advancements in inorganic nanoparticles cancer research.
The authors gathered over 700 preclinical studies to comprehen-
sively assess nanoparticles features, applications and outcomes,
paving the way for predictive models designed to accelerate
clinical translation of inorganic NPs. The study demonstrates
the capacity of machine learning algorithms to assist researchers
in analyzing large datasets of individual research and identifying
common patterns across disparate studies.

Nevertheless, predictive algorithms would benefit from
including thorough studies, highlighting also negative results
in the database, along with a more standardized way of
reporting nanoparticles studies, enabling clearer comparison.

Acknowledgments

Figures were made with Biorender (Licence purchased by Politecnico di
Torino). Generative Al (Gemini 2.5 Flash) was used solely for the purpose
of improving the language and writing quality of the manuscript. All
scientific content, conclusions, and literature review remain the exclusive
responsibility of the authors.

Author contribution

Alessandro Masoero: writing, editing; Marzia Conte: writing, review and
editing; Nicold Maria Percivalle: writing; Elia Pascucci: writing; Giorgia
Savino: writing; Veronica Vighetto: writing; Valentina Cauda: review, edit-
ing, funding, supervision; Marco Carofiglio: writing, supervision,
conceptualization.

Disclosure statement

The authors have no relevant affiliations or financial involvement with any
organization or entity with a financial interest in or financial conflict with

the subject matter or materials discussed in the manuscript. This includes
employment, consultancies, honoraria, stock ownership or options, expert
testimony, grants or patents received or pending, or royalties.

No writing assistance was utilized in the production of this manuscript.

Reviewer disclosures

Peer reviewers on this manuscript have no relevant financial or other
relationships to disclose.

Funding

This work has received funding from the European Union’s Horizon
Europe research and innovation programme under grant agreement
no. 101130218 [EIC Pathfinder RESYNC project], the European Union's
Horizon 2020 Research and Innovation program under [Grant agreement
No. 964386]—FET Open RIA project acronym “MimicKEY” and the National
Plan for Complementary Investments to the NRRP, project “D34H—Digital
Driven Diagnostics, prognostics and therapeutics for sustainable Health
care” [project code: PNC0000001], Spoke 4 funded by the Italian Ministry
of University and Research, and Ministerial Decree 118/2023 - PA Theme -
CUP E14D23001690006.

ORCID

Alessandro Masoero (12 http://orcid.org/0009-0008-4938-9500
Marzia Conte () http://orcid.org/0000-0002-6091-4408

Elia Pascucci () http://orcid.org/0009-0005-4088-3033
Giorgia Savino (12 http://orcid.org/0009-0006-7174-7218
Veronica Vighetto (2 http://orcid.org/0000-0002-2456-8632
Valentina Cauda () http://orcid.org/0000-0003-2382-1533
Marco Carofiglio () http://orcid.org/0000-0002-8798-3235

References

1. Pallares RM, Barmin RA, Wang A, et al. Clinical cancer
nanomedicines. J Control Release Off J Control Release Soc.
2025;385:113991. doi: 10.1016/j.jconrel.2025.113991

2. Allen TM, Cullis PR. Drug delivery systems:
mainstream. Science. 2004;303(5665):1818-1822. doi:
science.1095833

3. Bobo D, Robinson KJ, Islam J, et al. Nanoparticle-based medicines:
a review of FDA-Approved materials and clinical trials to date.
Pharm Res. 2016;33(10):2373-2387. doi: 10.1007/511095-016-
1958-5

4. Namiot ED, Sokolov AV, Chubarev VN, et al. Nanoparticles in clinical
trials: analysis of clinical trials, FDA approvals and use for COVID-19
vaccines. Int J Mol Sci. 2023;24(1):787. doi: 10.3390/ijms24010787

5. Freeman MW, Arrott A, Watson JHL. Magnetism in medicine. J Appl
Phys. 1960;31(5):5404-5405. doi: 10.1063/1.1984765

6. Dobson J. Magnetic nanoparticles for drug delivery. Drug Dev Res.
2006;67(1):55-60. doi: 10.1002/ddr.20067

7. Estelrich J, Escribano E, Queralt J, et al. Iron oxide nanoparticles for
magnetically-guided and magnetically-responsive drug delivery.
Int J Mol Sci. 2015;16(4):8070-8101. doi: 10.3390/ijms16048070

8. Bagheri A, Arandiyan H, Boyer C, et al. Lanthanide-doped upcon-
version nanoparticles: emerging intelligent light-activated drug
delivery systems. Adv Sci. 2016;3(7):1500437. doi: 10.1002/advs.
201500437

9. Yanar F, Carugo D, Zhang X. Hybrid nanoplatforms comprising
organic nanocompartments encapsulating inorganic nanoparticles
for enhanced drug delivery and bioimaging applications.
Molecules. 2023;28(15):5694. doi: 10.3390/molecules28155694

10. Carofiglio M, Laurenti M, Vighetto V, et al. Iron-doped ZnO nano-
particles as multifunctional nanoplatforms for theranostics.
Nanomaterials. 2021;11(10):2628. doi: 10.3390/nano11102628

entering the
10.1126/



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Ancona A, Dumontel B, Garino N, et al. Lipid-coated Zinc oxide
nanoparticles as innovative ROS-Generators for photodynamic
therapy in cancer cells. Nanomaterials. 2018;8(3):143. doi: 10.
3390/nan08030143

Li Y, Zhang W, Niu J, et al. Mechanism of Photogenerated reactive
oxygen species and correlation with the antibacterial properties of
engineered metal-oxide nanoparticles. ACS Nano. 2012;6
(6):5164-5173. doi: 10.1021/nn300934k

Dong L, Ding J, Zhu L, et al. Copper carbonate nanoparticles as an
effective biomineralized carrier to load macromolecular drugs for
multimodal therapy. Chin Chem Lett. 2023;34(9):108192. doi: 10.
1016/j.cclet.2023.108192

Misra SK, Dybowska A, Berhanu D, et al. The complexity of nano-
particle dissolution and its importance in nanotoxicological studies.
Sci Total Environ. 2012;438:225-232. doi: 10.1016/j.scitotenv.2012.
08.066

Feng J, Pathak V, Byrne NM, et al. Modulating tumour metabolism
enhances gold nanoparticle radiosensitisation in HPV-negative
head and neck cancer. Cancer Nanotechnol. 2023;14(1):33. doi:
10.1186/s12645-023-00185-8

Fan C-H, Ho Y-J, Lin C-W, et al State-of-the-art of
ultrasound-triggered drug delivery from ultrasound-responsive
drug carriers. Expert Opin Drug Deliv. 2022;19(8):997-1009. doi:
10.1080/17425247.2022.2110585

Tan Q, Zhao S, Xu T, et al. Inorganic nano-drug delivery systems
for crossing the blood-brain barrier: advances and challenges.
Coord Chem Rev. 2023;494:215344. doi: 10.1016/j.ccr.2023.
215344

Zenjanab MK, Pakchin PS, Fathi M, et al. Niosomes containing
paclitaxel and gold nanoparticles with different coating agents
for efficient chemo/photothermal therapy of breast cancer.
Biomed Mater Bristol Engl. 2024;19(3):035015. doi: 10.1088/1748-
605X/ad2ed5

Martin H, Bach H. New nanoparticle-based drug: a 2024 update and
future prospects. BioNanoscience. 2025;15(3):345. doi: 10.1007/
$12668-025-01957-9

Chandrakala V, Aruna V, Angajala G. Review on metal nanoparticles
as nanocarriers: current challenges and perspectives in drug deliv-
ery systems. Emergent Mater. 2022;5(6):1593-1615. doi: 10.1007/
$42247-021-00335-x

Zhu Y-J, Chen F. pH-responsive drug-delivery systems. Chem -
Asian J. 2015;10(2):284-305. doi: 10.1002/asia.201402715

Le Ouay B, Stellacci F. Antibacterial activity of silver nanoparticles:
a surface science insight. Nano Today. 2015;10(3):339-354. doi: 10.
1016/j.nantod.2015.04.002

Mutalik C, Nivedita, Sneka C, et al. Zebrafish insights into nanoma-
terial toxicity: a focused exploration on metallic, metal oxide, semi-
conductor, and mixed-metal nanoparticles. Int J Mol Sci. 2024;25
(3):1926. doi: 10.3390/ijms25031926

Kalimuthu K, Lubin B-C, Bazylevich A, et al. Gold nanoparticles
stabilize peptide-drug-conjugates for sustained targeted drug
delivery to cancer cells. J Nanobiotechnol. 2018;16(1):34. doi: 10.
1186/512951-018-0362-1

Aryal S, Grailer JJ, Pilla S, et al. Doxorubicin conjugated gold
nanoparticles as water-soluble and pH-responsive anticancer drug
nanocarriers. J Mater Chem. 2009;19(42):7879-7884. doi: 10.1039/
B914071A

Cheng Y, Dai Q, Morshed RA, et al. Blood-brain barrier permeable
gold nanoparticles: an efficient delivery platform for enhanced
malignant glioma therapy and imaging. Small. 2014;10
(24):5137-5150. doi: 10.1002/smll.201400654

Faid AH, Ramadan MA. Reducing the effective dose of cisplatin
using cobalt modified silver nano-hybrid as a carriers on MCF7 and
HCT cell models. BMC Chem. 2024;18(1):69. doi: 10.1186/s13065-
024-01173-8

Tung T, Hepokur C, Kariper A. Synthesis and characterization of
Paclitaxel-loaded silver nanoparticles: evaluation of cytotoxic
effects and antimicrobial activity. Bioinorg Chem Appl. 2024;2024
(1):1-13. doi: 10.1155/2024/9916187

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

NANOMEDICINE (&) 563

Jakhmola A, Hornsby TK, Kashkooli FM, et al. Green synthesis of
anti-cancer drug-loaded gold nanoparticles for low-intensity
pulsed ultrasound targeted drug release. Drug Deliv Transl Res.
2024;14(9):2417-2432. doi: 10.1007/513346-024-01516-x

Shen Z, Wu A, Chen X. Iron oxide nanoparticle based contrast
agents for magnetic resonance imaging. Mol Pharm. 2017;14
(5):1352-1364. doi: 10.1021/acs.molpharmaceut.6b00839

Cai X, Zhu Q, Zeng Y, et al. Manganese oxide nanoparticles as MRI
contrast agents in tumor multimodal imaging and therapy.
Int J Nanomed. 2019;14:8321-8344. doi: 10.2147/1JN.5218085

Lux F, Sancey L, Bianchi A, et al. Gadolinium-based nanoparticles
for theranostic MRI-Radiosensitization. Nanomed. 2015;10
(11):1801-1815. doi: 10.2217/nnm.15.30

Thiesen B, Jordan A. Clinical applications of magnetic nanoparticles
for hyperthermia. Int J Hyperthermia. 2008;24(6):467-474. doi: 10.
1080/02656730802104757

Yassin MT, Al-Otibi FO, Al-Sahli SA, et al. Metal oxide nanoparticles
as efficient nanocarriers for targeted cancer therapy: addressing
chemotherapy-induced disabilities. Cancers (Basel). 2024;16
(24):4234. doi: 10.3390/cancers16244234

Kayal S, Ramanujan RV. Doxorubicin loaded PVA coated iron oxide
nanoparticles for targeted drug delivery. Mater Sci Eng C. 2010;30
(3):484-490. doi: 10.1016/j.msec.2010.01.006

Quan Q, Xie J, Gao H, et al. HSA coated iron oxide nanoparticles as
drug delivery vehicles for cancer therapy. Mol Pharm. 2011;8
(5):1669-1676. doi: 10.1021/mp200006f

Chandra Mohanta S, Saha A, Sujatha Devi P. Pegylated iron oxide
nanoparticles for pH responsive drug delivery application. Mater
Today Proc. 2018;5(3):9715-9725. doi: 10.1016/j.matpr.2017.10.158
Kuznetsova OV, Timerbaev AR. Magnetic nanoparticles for highly
robust, facile and efficient loading of metal-based drugs. J Inorg
Biochem. 2022;227:111685. doi: 10.1016/j.jinorgbio.2021.111685
Almofty S, Ravinayagam V, Alghamdi N, et al. Effect of CeO2/
spherical silica and halloysite nanotubes engineered for targeted
drug delivery system to treat breast cancer cells. OpenNano.
2023;13:100169. doi: 10.1016/j.0nan0.2023.100169

Wenzel C-K, Kolanthai E, Neal C, et al. Combination of cerium oxide
nanoparticles and antimalarial drug chloroquine: characterization
and anti-cancer potential for triple negative breast cancer. Mater
Des. 2025;255:114179. doi: 10.1016/j.matdes.2025.114179

Yao C, Wang W, Wang P, et al. Near-infrared upconversion meso-
porous cerium oxide hollow biophotocatalyst for concurrent pH-/
H202-responsive 0O2-evolving synergetic cancer therapy. Adv
Mater. 2018;30(7):1704833. doi: 10.1002/adma.201704833
Percivalle NM, Carofiglio M, Hernandez S, et al. Ultra-fast photo-
catalytic degradation of rhodamine B exploiting oleate-stabilized
zinc oxide nanoparticles. Discov Nano. 2024;19(1):126. doi: 10.1186/
s11671-024-04077-7

Carofiglio M, Percivalle NM, Hernandez S, et al. Ultrasound-assisted
water oxidation: unveiling the role of piezoelectric metal-oxide
sonocatalysts for cancer treatment. Biomed Microdevices. 2024;26
(3):37. doi: 10.1007/s10544-024-00720-3

Samadi M, Zirak M, Naseri A, et al. Recent progress on doped ZnO
nanostructures for visible-light photocatalysis. Thin Solid Films.
2016;605:2-19. doi: 10.1016/j.tsf.2015.12.064

Garino N, Sanvitale P, Dumontel B, et al. Zinc oxide nanocrystals as
a nanoantibiotic and osteoinductive agent. RSC Adv. 2019;9
(20):11312-11321. doi: 10.1039/C8RA10236H

Wang J, Lee JS, Kim D, et al. Exploration of Zinc oxide nanoparticles as
a multitarget and multifunctional anticancer nanomedicine. ACS Appl
Mater Interface. 2017;9(46):39971-39984. doi: 10.1021/acsami.7b11219
Bisht G, Rayamajhi S. ZnO nanoparticles: a promising anticancer
agent. Nanobiomed. 2016;3:9. doi: 10.5772/63437

Carofiglio M, Mesiano G, Rosso G, et al. Targeted lipid-coated ZnO
nanoparticles coupled with ultrasound: a sonodynamic approach for
the treatment of osteosarcoma as 3D spheroid models. Mater Today
Commun. 2024;40:109826. doi: 10.1016/j.mtcomm.2024.109826
Anjum S, Hashim M, Malik SA, et al. Recent advances in Zinc oxide
nanoparticles (ZnO NPs) for cancer diagnosis, target drug delivery,



564 A. MASOERO ET AL.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

and treatment. Cancers (Basel). 2021;13(18):4570. doi: 10.3390/
cancers13184570

Mirzaei H, Darroudi M. Zinc oxide nanoparticles: biological synth-
esis and biomedical applications. Ceram Int. 2017;43(1):907-914.
doi: 10.1016/j.ceramint.2016.10.051

Xia T, Kovochich M, Liong M, et al. Comparison of the mechanism
of toxicity of Zinc oxide and cerium oxide nanoparticles based on
dissolution and oxidative stress properties. ACS Nano. 2008;2
(10):2121-2134. doi: 10.1021/nn800511k

Barui S, Conte M, Percivalle NM, et al. Dual drug loaded nanother-
anostic platforms as a novel synergistic approach to improve pan-
creatic cancer treatment. Part Part Syst Charact. 2023;40
(4):2200138. doi: 10.1002/ppsc.202200138

Xiong H-M. ZnO nanoparticles Applied to bioimaging and drug
delivery. Adv Mater. 2013;25(37):5329-5335. doi: 10.1002/adma.
201301732

Sathishkumar P, Li Z, Govindan R, et al. Zinc oxide-quercetin nano-
composite as a smart nano-drug delivery system: molecular-level
interaction studies. Appl Surf Sci. 2021;536:147741. doi: 10.1016/j.
apsusc.2020.147741

Abdelhamid HN. Chapter 13 - quantum dots hybrid systems for
drug delivery. In: Kesharwani P, Jain NK, editors. Hybrid Nanomater
Drug Deliv [Internet]. Woodhead Publishing; 2022 [cited 2025 Jul
171. p. 323-338. doi: 10.1016/B978-0-323-85754-3.00013-7

Bera D, Qian L, Tseng T-K, et al. Quantum dots and their multi-
modal applications: a review. Materials. 2010;3(4):2260-2345. doi:
10.3390/ma3042260

Sobhani Z, Khalifeh R, Banizamani M, et al. Water-soluble ZnO
quantum dots modified by polyglycerol: the pH-sensitive and tar-
geted fluorescent probe for delivery of an anticancer drug. J Drug
Deliv Sci Technol. 2022;76:103452. doi: 10.1016/j.jddst.2022.103452
Marcelo GA, Montpeyo D, Novio F, et al. Luminescent silicon-based
nanocarrier for drug delivery in colorectal cancer cells. Dyes Pigm.
2020;181:108393. doi: 10.1016/j.dyepig.2020.108393

Singh H, Dhar D, Das S, et al. Methotrexate-loaded manganese
nitrogen dual-doped carbon quantum dots as targeted nano
drug-delivery system for potential use in cancer theranostics.
J Photochem Photobiol Chem. 2024;455:115692. doi: 10.1016/j.
jphotochem.2024.115692

Su W, Guo R, Yuan F, et al. Red-emissive carbon quantum dots for
nuclear drug delivery in cancer stem cells. J Phys Chem Lett.
2020;11(4):1357-1363. doi: 10.1021/acs.jpclett.9b03891

Wu X, Yang J, Xing J, et al. Using host-guest interactions at the
interface of quantum dots to load drug molecules for biocompatible,
safe, and effective chemo-photodynamic therapy against cancer.
J Mater Chem B. 2023;11(22):4855-4864. doi: 10.1039/D3TB00592E
Rahchamandi SYR, Mirhadi E, Gheybi F, et al. Engineering
carbon-based nanomaterials for the delivery of platinum com-
pounds: an innovative cancer disarming frontier. Environ Res.
2024;262:119933. doi: 10.1016/j.envres.2024.119933

Alvandi H, Shafie A, Najafi F, et al. Carbon-based nanostructure drug
delivery systems and their biologic applications — a review. Carbon
Lett. 2025;35(4):1529-1587. doi: 10.1007/542823-025-00927-1
Bagheri B, Surwase SS, Lee SS, et al. Carbon-based nanostructures
for cancer therapy and drug delivery applications. J Mater Chem B.
2022;10(48):9944-9967. doi: 10.1039/D2TB01741E

Yuan X, Zhang X, Sun L, et al. Cellular toxicity and immunological
effects of carbon-based nanomaterials. Part Fibre Toxicol. 2019;16
(1):18. doi: 10.1186/512989-019-0299-z

Baskar AV, Benzigar MR, Talapaneni SN, et al. Self-assembled full-
erene nanostructures: synthesis and applications. Adv Funct Mater.
2022;32(6):2106924. doi: 10.1002/adfm.202106924

Montellano A, Ros TD, Bianco A, et al. Fullerene C60 as
a multifunctional system for drug and gene delivery. Nanoscale.
2011;3(10):4035-4041. doi: 10.1039/C1NR10783F

Kazemzadeh H, Mozafari M. Fullerene-based delivery systems. Drug
Discov Today. 2019;24(3):898-905. doi: 10.1016/j.drudis.2019.01.013
Prylutska SV, Skivka LM, Didenko GV, et al. Complex of C60 full-
erene with Doxorubicin as a promising agent in antitumor therapy.
Nanoscale Res Lett. 2015;10(1):499. doi: 10.1186/s11671-015-1206-7

71.

72.

73.

74.

75.

77.

78.

80.

81.

82.

83.

84.

85.

86.

87.

88.

. Panchuk RR, Prylutska SV, Chumak VV, et al. Application of C60

fullerene-Doxorubicin complex for tumor cell treatment in vitro
and in vivo. J Biomed Nanotechnol. 2015;11(7):1139-1152. doi:
10.1166/jbn.2015.2058

Lu F, Haque S, Yang S-T, et al. Aqueous Compatible Fullerene
—Doxorubicin  Conjugates. J Phys Chem C. 2009;113
(41):17768-17773. doi: 10.1021/jp906750z

Liu J-H, Cao L, Luo PG, et al. Fullerene-conjugated Doxorubicin in
cells. ACS Appl Mater Interface. 2010;2(5):1384-1389. doi: 10.1021/
am100037y

Zakharian TY, Seryshev A, Sitharaman B, et al. A fullerene—Paclitaxel
chemotherapeutic: synthesis, characterization, and study of biolo-
gical activity in tissue culture. J Am Chem Soc. 2005;127
(36):12508-12509. doi: 10.1021/ja0546525

Partha R, Mitchell LR, Lyon JL, et al. Buckysomes: fullerene-based
nanocarriers for hydrophobic molecule delivery. ACS Nano. 2008;2
(9):1950-1958. doi: 10.1021/nn800422k

Blazkova |, Viet Nguyen H, Kominkova M, et al. Fullerene as
a transporter for doxorubicin investigated by analytical methods
and in vivo imaging. Electrophoresis. 2014;35(7):1040-1049. doi: 10.
1002/elps.201300393

. Grebinyk A, Prylutska S, Grebinyk S, et al. Complexation with C60

fullerene increases Doxorubicin efficiency against leukemic cells in
vitro. Nanoscale Res Lett. 2019;14(1):61. doi: 10.1186/s11671-019-
2894-1

Alimohammadi E, Maleki R, Akbarialiabad H, et al. Atomistic insight
into novel co-delivery of doxorubicin and paclitaxel using fullerene
modified by dimethyl acrylamide trimethyl chitosan:
a computational study [Internet]. Res Square. 2020 [cited 2025 Jul
17]. doi: 10.21203/rs.3.rs-21545/v2

Bagheri Novir S, Aram MR. Quantum Mechanical simulation of
chloroquine drug interaction with C60 fullerene for treatment of
COVID-19. Chem Phys Lett. 2020;757:137869. doi: 10.1016/j.cplett.
2020.137869

. Xu H, Tu X, Fan G, et al. Adsorption properties study of boron

nitride fullerene for the application as smart drug delivery agent of
anti-cancer drug hydroxyurea by density functional theory. J Mol
Lig. 2020;318:114315. doi: 10.1016/j.molliq.2020.114315

Alipour E, Alimohammady F, Yumashev A, et al. Fullerene C60
containing porphyrin-like metal center as drug delivery system
for ibuprofen drug. J Mol Model. 2019;26(1):7. doi: 10.1007/
5s00894-019-4267-1

Talaei F, Farzad F, Raygan Z. A study on fullerene as a
polymer-assisted  antiepileptic drug delivery system: a
non-covalent interaction. J Mol Lig. 2025;419:126765. doi: 10.
1016/j.molliq.2024.126765

Horak |, Skaterna T, Lugovskyi S, et al. Antimetastatic lung cancer
therapy using alkaloid Piperlongumine noncovalently bound to
C60 fullerene. J Drug Deliv Sci Technol. 2024;92:105275. doi: 10.
1016/j.jddst.2023.105275

Grebinyk A, Prylutska S, Buchelnikov A, et al. C60 fullerene as an effective
nanoplatform of alkaloid berberine delivery into leukemic cells.
Pharmaceutics. 2019;11(11):586. doi: 10.3390/pharmaceutics11110586
Uritu CM, Varganici CD, Ursu L, et al. Hybrid fullerene conjugates as
vectors for DNA cell-delivery. J Mater Chem B. 2015;3
(12):2433-2446. doi: 10.1039/C4TB02040E

Siringan MJ, Dawar A, Zhang J. Interactions between fullerene
derivatives and biological systems. Mater Chem Front. 2023;7
(11):2153-2174. doi: 10.1039/D3QM00004D

Minami K, Okamoto K, Doi K, et al. siRNA delivery targeting to the
lung via agglutination-induced accumulation and clearance of
cationic tetraamino fullerene. Sci Rep. 2014;4(1):4916. doi: 10.
1038/srep04916

Liu S, Sun X, Lu H, et al. Fullerene-based nanocomplex assists
pulmonary delivery of siRNA for treating metastatic lung
cancer. Nano Today. 2023;50:101878. doi: 10.1016/j.nantod.
2023.101878

Wang J, Xie L, Wang T, et al. Visible light-switched cytosol release
of siRNA by amphiphilic fullerene derivative to enhance RNAi



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

efficacy in vitro and in vivo. Acta Biomater. 2017;59:158-169. doi:
10.1016/j.actbio.2017.05.031

Xu J-R, Xie Y, Li J-W, et al. Development of fullerene nanospherical
miRNA and application in overcoming resistant breast cancer. Mater
Today Chem. 2022;26:101019. doi: 10.1016/j.mtchem.2022.101019
Wang H. A review of nanotechnology in microRNA detection and
drug delivery. Cells. 2024;13(15):1277. doi: 10.3390/cells13151277
Habib S, Singh M. Carbon-based nanomaterials for delivery of small
RNA molecules: a focus on potential cancer treatment applications.
Pharm Nanotechnol. 2022;10(3):164-181. doi: 10.2174/
2211738510666220606102906

Yazdani S, Mozaffarian M, Pazuki G, et al. Carbon-based nanostruc-
tures as emerging materials for gene delivery applications.
Pharmaceutics. 2024;16(2):288. doi: 10.3390/pharmaceutics16020288
Adreld A, Risdnen K, Holm P, et al. Synthesis of site-specific anti-
body-[60]Fullerene-oligonucleotide conjugates for cellular target-
ing. ACS Appl Bio Mater. 2023;6(8):3189-3198. doi: 10.1021/
acsabm.3c00318

Aireld A, Auchynnikava T, Moisio O, et al. In Vivo Imaging of [60]
Fullerene-based molecular spherical nucleic acids by positron emis-
sion tomography. Mol Pharm. 2023;20(10):5043-5051. doi: 10.1021/
acs.molpharmaceut.3c00370

Ajrin M, Akther A. Review on fullerene: a cutting edge trend in drug
delivery. Int J Pharm Sci Rev Res. 2020 Feb;60(2):84-89.

Liu W, Speranza G. Functionalization of carbon nanomaterials for
biomedical applications. C. 2019;5(4):72. doi: 10.3390/c5040072
Zhang B, Yang L, Jin Y, et al. Ferritin-based supramolecular assem-
bly drug delivery system for aminated fullerene derivatives to
enhance tumor-targeted therapy. Adv Sci. 2025;12(8):2413389.
doi: 10.1002/advs.202413389

Moumiva Nd A, Naderi F, Moradi O, et al. Smart drug delivery: a DFT
study of C24 fullerene and doped analogs for pyrazinamide.
Nanoscale Adv. 2025;7(5):1287-1299. doi: 10.1039/D4NA00560K
Mahdi WA, Alhowyan A, Obaidullah AJ. Computational study of
carboplatin interaction with PEG-functionalized C60 fullerene as
a drug carrier using DFT and molecular dynamics simulations. Sci
Rep. 2025;15(1):13707. doi: 10.1038/541598-025-98262-y

Elahi N, Zeinalipour-Yazdi CD. Advances in the synthesis of carbon
nanomaterials towards their application in biomedical engineering
and medicine. C. 2025;11(2):35. doi: 10.3390/c11020035

Dubey R, Dutta D, Sarkar A, et al. Functionalized carbon nanotubes:
synthesis, properties and applications in water purification, drug
delivery, and material and biomedical sciences. Nanoscale Adv.
2021;3(20):5722-5744. doi: 10.1039/D1NA00293G

Madani SY, Naderi N, Dissanayake O, et al. A new era of cancer
treatment: carbon nanotubes as drug delivery tools.
Int J Nanomed. 2011;6:2963-2979. doi: 10.2147/1JN.516923

Singh B, Lohan S, Sandhu PS, et al. Chapter 15 - functionalized
carbon nanotubes and their promising applications in therapeutics
and diagnostics. In: Grumezescu AM, editor. Nanobiomaterials Med
Imaging [Internet]. William Andrew Publishing; 2016 [cited 2025 Jul
17]. p. 455-478. doi: 10.1016/B978-0-323-41736-5.00015-7

Brito CL, Silva JV, Gonzaga RV, et al. A review on carbon nanotubes
family of nanomaterials and their health field. ACS Omega. 2024;9
(8):8687-8708. doi: 10.1021/acsomega.3c08824

Kharlamova MV, Kramberger C. Cytotoxicity of carbon nanotubes,
graphene, fullerenes, and dots. Nanomaterials. 2023;13(9):1458.
doi: 10.3390/nano013091458

Komane P, Kumar P, Choonara Y. Functionalised carbon nanotubes:
promising drug delivery vehicles for neurovascular disorder
intervention. AAPS Pharmscitech. 2023;24(7):201. doi: 10.1208/
$12249-023-02651-3

Rezazade M, Ketabi S, Qomi M. Effect of functionalization on the
adsorption performance of carbon nanotube as a drug delivery
system for imatinib: molecular simulation study. BMC Chem.
2024;18(1):85. doi: 10.1186/513065-024-01197-0

Zhao H, Gataa IS, Alaridhee ZAl, et al. Investigating the effect of
functionalized carbon nanotube with COOH group on the drug
delivery process of doxorubicin in capillary networks around cancer

109.

110.

112

113.

114.

115.

116.

117.

118.

119.

120

121.

122.

123.

124.

125.

NANOMEDICINE (&) 565

tumors using molecular dynamics simulation. J Mol Struct.
2025;1328:141253. doi: 10.1016/j.molstruc.2024.141253

Thakur CK, Karthikeyan C, Ashby CR, et al. Ligand-conjugated multi-
walled carbon nanotubes for cancer targeted drug delivery. Front
Pharmacol [Internet]. 2024 [cited 2025 Jul 17];15. doi: 10.3389/
fphar.2024.1417399

Karimzadeh S, Safaei B, Jen T-C. Theorical investigation of adsorp-
tion mechanism of doxorubicin anticancer drug on the pristine and
functionalized single-walled carbon nanotube surface as a drug
delivery vehicle: a DFT study. J Mol Lig. 2021;322:114890. doi: 10.
1016/j.mollig.2020.114890

. Eskandari S, Barzegar A, Mahnam K. Absorption of daunorubicin

and etoposide drugs by hydroxylated and carboxylated carbon
nanotube for drug delivery: theoretical and experimental studies.
J Biomol Struct Dyn. 2022;40(20):10057-10064. doi: 10.1080/
07391102.2021.1938232

. Bououden W, Benguerba Y, Darwish AS, et al. Surface adsorption of

Crizotinib on carbon and boron nitride nanotubes as anti-cancer
drug carriers: COSMO-RS and DFT molecular insights. J Mol Lig.
2021;338:116666. doi: 10.1016/j.molliq.2021.116666

Zare H, Ahmadi S, Ghasemi A, et al. Carbon nanotubes: smart drug/
gene delivery carriers. Int J Nanomed. 2021;16:1681-1706. doi: 10.
2147/1JN.5299448

Ali HE, Radwan RR. Synthesis, characterization and evaluation of
resveratrol-loaded functionalized carbon nanotubes as a novel
delivery system in radiation enteropathy. Eur J Pharm Sci.
2021;167:106002. doi: 10.1016/j.ejps.2021.106002

Rahamathulla M, Bhosale RR, Osmani RAM, et al. Carbon nano-
tubes: current perspectives on diverse applications in targeted
drug delivery and therapies. Materials. 2021;14(21):6707. doi: 10.
3390/ma14216707

Solhjoo A, Sobhani Z, Sufali A, et al. Exploring pH dependent
delivery of 5-fluorouracil from functionalized multi-walled carbon
nanotubes. Colloids Surf B Biointerfaces. 2021;205:111823. doi: 10.
1016/j.colsurfb.2021.111823

Rahmanifar E, Saheb V, Yoosefian M. Carbon nanotube coated with
tryptophan as a pH-sensitive nanocarrier in the delivery and smart
release of the anticancer drug topotecan. J Mol Liqg.
2025;419:126767. doi: 10.1016/j.molliq.2024.126767

Mirzaali S, Moniri E, Heydarinasab A, et al. Synthesis of chitosan/
Polyvinylpyrrolidone functionalized single-walled carbon nano-
tubes as a novel pH-sensitive nanocarrier for levofloxacin drug
delivery: In-vitro release properties and release kinetics. J Polym
Environ. 2025;33(1):385-399. doi: 10.1007/510924-024-03423-1
Das S, Roy S, Dinda SC, et al. Carbon nanotubes in brain targeted
drug delivery: a comprehensive review. Results Chem.
2025;15:102206. doi: 10.1016/j.rechem.2025.102206

. Majeed S, Cui G, Liu Y, et al. Multi-stimulus-responsive and magnetic

Nanoflow drug delivery system with controlled release features for
chemotherapy and photothermal synergy. Langmuir. 2025;41
(27):17961-17972. doi: 10.1021/acs.langmuir.5c01798

Dahri M, Akbarialiabad H, Jahromi AM, et al. Loading and release of
cancer chemotherapy drugs utilizing simultaneous temperature
and pH-responsive nanohybrid. BMC Pharmacol Toxicol. 2021;22
(1):41. doi: 10.1186/540360-021-00508-8

Li B-Y, Lin T-Y, Lai Y-J, et al. Engineering multiresponsive alginate/
PNIPAM/Carbon  nanotube  nanocomposite  hydrogels as
on-demand drug delivery platforms. Small. 2025;21(12):2407420.
doi: 10.1002/smll.202407420

Han L, Zhang X-Y, Wang Y-L, et al. Redox-responsive theranostic
nanoplatforms based on inorganic nanomaterials. J Control
Release. 2017;259:40-52. doi: 10.1016/j.jconrel.2017.03.018

Hou L, Yang X, Ren J, et al. A novel redox-sensitive system based on
single-walled carbon nanotubes for chemo-photothermal therapy and
magnetic resonance imaging. Int J Nanomed. 2016;11:607-624. doi: 10.
2147/1JN.S98476

Wang D, Ren Y, Shao Y, et al. Multifunctional
polyphosphazene-coated multi-walled carbon nanotubes for the
synergistic treatment of redox-responsive chemotherapy and



566 A. MASOERO ET AL.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

effective  photothermal  therapy. Polym Chem. 2017;8
(45):6938-6942. doi: 10.1039/C7PY01485F

Sarker BK, Arif M, Khondaker SI. Near-infrared photoresponse in
single-walled carbon nanotube/polymer composite films. Carbon.
2010;48(5):1539-1544. doi: 10.1016/j.carbon.2009.11.065

Patil TV, Deb Dutta S, Patel DK, et al. Electrospinning near infra-red
light-responsive unzipped CNT/PDA nanofibrous membrane for
enhanced antibacterial effect and rapid drug release. Appl Surf
Sci. 2023;612:155949. doi: 10.1016/j.apsusc.2022.155949

Lin L, Liu L, Zhao B, et al. Carbon nanotube-assisted optical activa-
tion of TGF-B signalling by near-infrared light. Nat Nanotechnol.
2015;10(5):465-471. doi: 10.1038/nnano.2015.28

Sun S, Liu Y, Guan W, et al. Injectable near-infrared photothermal
responsive drug-loaded multiwalled carbon nanotube hydrogels
for spinal cord injury repair. ACS Appl Nano Mater. 2023;6
(21):20469-20484. doi: 10.1021/acsanm.3c04669

Zhang W, Du Y, Wang ML. On-chip highly sensitive saliva glucose
sensing using multilayer films composed of single-walled carbon
nanotubes, gold nanoparticles, and glucose oxidase. Sens Bio-Sens
Res. 2015;4:96-102. doi: 10.1016/j.sbsr.2015.04.006

Shrestha BK, Ahmad R, Shrestha S, et al. Globular shaped polypyrrole
doped well-dispersed functionalized multiwall carbon nanotubes/
Nafion composite for enzymatic glucose biosensor application. Sci
Rep. 2017;7(1):16191. doi: 10.1038/s41598-017-16541-9

Zeng X, Zhang Y, Du X, et al. A highly sensitive glucose sensor
based on a gold nanoparticles/polyaniline/multi-walled carbon
nanotubes composite modified glassy carbon electrode. New
J Chem. 2018;42(14):11944-11953. doi: 10.1039/C7NJ04327A

Cong H, Xu X, Yu B, et al. A smart temperature and magnetic-responsive
gating carbon nanotube membrane for ion and protein transportation.
Sci Rep. 2016;6(1):32130. doi: 10.1038/srep32130

Qin Y, Chen J, Bi Y, et al. Near-infrared light remote-controlled
intracellular anti-cancer drug delivery using thermo/pH sensitive
nanovehicle. Acta Biomater. 2015;17:201-209. doi: 10.1016/j.actbio.
2015.01.026

Liu S, Ko A-T, Li W, et al. NIR initiated and pH sensitive single-wall
carbon nanotubes for doxorubicin intracellular delivery. J Mater
Chem B. 2014;2(9):1125-1135. doi: 10.1039/C3TB21362E

Kumar P, Pandey SN, Ahmad F, et al. Carbon nanotubes: a targeted
drug delivery against cancer cell. Curr Nanosci. 2024;20(6):769-800.
doi: 10.2174/0115734137271865231105070727

Moreno-Lanceta A, Medrano-Bosch M, Melgar-Lesmes P. Single-
walled carbon Nanohorns as promising nanotube-derived delivery
systems to treat cancer. Pharmaceutics. 2020;12(9):850. doi: 10.
3390/pharmaceutics12090850

Dutta G, Guha N, Sugumaran A, et al. Carbon nanohorns in drug
delivery and medical applications. In: Hasnain MS, Nayak AK,
Alkahtani S, editors. Carbon nanostructures biomed appl [internet].
Cham: Springer International Publishing; 2023 [cited 2025 Jul 17].
p. 95-121. doi: 10.1007/978-3-031-28263-8_4

Stergiou A, Tagmatarchis N. Functionalized carbon nanohorns as
drug DeliveryDrugdelivery platforms. In: Mavromoustakos T,
Tzakos AG, Durdagi S, editors. Supramol Drug Discov Drug
Deliv Methods Protoc [Internet]. New York (NY): Springer US;
2021 [cited 2025 Jul 17]. p. 13-24. doi: 10.1007/978-1-0716-
0920-0_2

Karousis N, Suarez-Martinez I, Ewels CP, et al. Structure, properties,
functionalization, and applications of carbon nanohorns. Chem
Rev. 2016;116(8):4850-4883. doi: 10.1021/acs.chemrev.5b00611
Arti N, Alam N, Ansari JR. Nanostructures and fascinating properties
of carbon nanohorns. In: Barhoum A, Deshmukh K, editors.
Handbook of functionalized carbon nanostructures: from synthesis
methods to applications. Cham: Springer; 2024 [cited 2025 Jul 17].
p. 351-389. doi: 10.1007/978-3-031-32150-4_10

Xu J, Chow E-H. Biomedical applications of nanodiamonds: from
drug-delivery to diagnostics. SLAS Technol. 2023;28(4):214-222.
doi: 10.1016/j.slast.2023.03.007

Martel-Estrada S-A. Recent progress in biomedical applications of
Nanodiamonds. Nanosci Nanotechnol. 2018;8(1):11-24.

144.

145

146.

147.

148.

149.

150.

151.

152

153.

154.

155

156.

157.

158.

159.

160.

161.

162.

163.

Singh D, Ray S. A short appraisal of nanodiamonds in drug delivery
and targeting: recent advancements. Front Nanotechnol [Internet].
2023 [cited 2025 Jul 17];5. doi: 10.3389/fnan0.2023.1259648

. Zakrzewska KE, Samluk A, Wierzbicki M, et al. Analysis of the

cytotoxicity of carbon-based nanoparticles, diamond and graphite,
in human glioblastoma and hepatoma cell lines. PLOS ONE.
2015;10(3):e0122579. doi: 10.1371/journal.pone.0122579

Debnath SK, Srivastava R. Drug delivery with carbon-based nanoma-
terials as versatile nanocarriers: progress and prospects. Front
Nanotechnol [Internet]. 2021 [cited 2025 Jul 17];3. doi: 10.3389/
fnano.2021.644564

Garg S, Garg A, Sahu NK, et al. Synthesis and characterization of
nanodiamond-anticancer drug conjugates for tumor targeting. Diam
Relat Mater. 2019;94:172-185. doi: 10.1016/j.diamond.2019.03.008
Perevedentseva E, Lin Y-C, Cheng C-L. A review of recent advances in
nanodiamond-mediated drug delivery in cancer. Expert Opin Drug
Deliv. 2021;18(3):369-382. doi: 10.1080/17425247.2021.1832988

Ryu T-K, Kang R-H, Jeong K-Y, et al. Bone-targeted delivery of
nanodiamond-based drug carriers conjugated with alendronate
for potential osteoporosis treatment. J Control Release.
2016;232:152-160. doi: 10.1016/j.jconrel.2016.04.025

Cheng H, Chawla A, Yang Y, et al. Development of nanomaterials
for bone-targeted drug delivery. Drug Discov Today. 2017;22
(9):1336-1350. doi: 10.1016/j.drudis.2017.04.021

Angela S, Hsin R, Lu S-W, et al. Nanodiamond-enabled drug delivery. In:
Hsiao WW-W, Le T-N, editors. Nanodiamonds in analytical and biologi-
cal sciences: principles and applications [Internet]. John Wiley & Sons,
Ltd; 2023 [cited 2025 Jul 17]. p. 171-197. doi: 10.1002/9781394202164.
ch10

. Bhogale D, Mazahir F, Yadav AK. Recent synergy of Nanodiamonds:

role in brain-targeted drug delivery for the management of neuro-
logical disorders. Mol Neurobiol. 2022;59(8):4806-4824. doi: 10.
1007/s12035-022-02882-8

Toh T-B, Lee D-K, Hou W, et al. Nanodiamond-Mitoxantrone com-
plexes enhance drug retention in chemoresistant breast cancer
cells. Mol Pharm. 2014;11(8):2683-2691. doi: 10.1021/mp5001108
Wang X, Sang D, Zou L, et al. Multiple bioimaging applications
based on the excellent properties of nanodiamond: a review.
Molecules. 2023;28(10):4063. doi: 10.3390/molecules28104063

.Du X, Li L, Wei S, et al. A tumor-targeted, intracellular activatable

and theranostic nanodiamond drug platform for strongly
enhanced in vivo antitumor therapy. J Mater Chem B. 2020;8
(8):1660-1671. doi: 10.1039/C9TB02259G

Priyadarshni N, Singh R, Mishra MK. Nanodiamonds: next genera-
tion nano-theranostics for cancer therapy. Cancer Lett.
2024;587:216710. doi: 10.1016/j.canlet.2024.216710

Pramanik G, Bag S, Chakrabortty S. Fluorescent nanodiamond for
nanotheranostic applications. Microchim Acta. 2022;189(12):447.
doi: 10.1007/s00604-022-05545-6

Lam R, Ho D. Nanodiamonds as vehicles for systemic and localized
drug delivery. Expert Opin Drug Deliv. 2009;6(9):883-895. doi: 10.
1517/17425240903156382

Speight JG. Chapter 14 - monomers, polymers, and plastics. In:
Speight JG, editor. Handb Ind hydrocarb process. Second Ed
[Internet]. Boston: Gulf Professional Publishing; 2020 [cited 2025
Jul 27]. p. 597-649. doi: 10.1016/B978-0-12-809923-0.00014-X
Feng H, Lu X, Wang W, et al. Block copolymers: synthesis,
self-assembly, and applications. Polymers. 2017;9(10):494. doi: 10.
3390/polym9100494

Sun R, Chen Y, Pei Y, et al. The drug release of PLGA-based nanopar-
ticles and their application in treatment of gastrointestinal cancers.
Heliyon. 2024;10(18):38165. doi: 10.1016/j.heliyon.2024.e38165
Niyom Y, Phakkeeree T, Flood A, et al. Synergy between polymer
crystallinity and nanoparticles size for payloads release. J Colloid
Interface Sci. 2019;550:139-146. doi: 10.1016/j.jcis.2019.04.085
Umoren SA, Solomon MM, Saji VS. Chapter 21 - copolymers. In:
Umoren SA, Solomon MM, Saji VS, editors. Polym mater corros
inhib [internet]. Elsevier; 2022 [cited 2025 Jul 27]. p. 489-519. doi:
10.1016/B978-0-12-823854-7.00020-5



164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Patyukova E, Xi E, Wilson MR. Phase behavior of correlated random
copolymers. Macromolecules. 2021;54(6):2763-2773. doi: 10.1021/
acs.macromol.0c02840

Srivastava A, Yadav T, Sharma S, et al. Polymers in drug delivery.
J Biosci Med. 2015;4(1):69-84. doi: 10.4236/jbm.2016.41009

Ding L, Agrawal P, Singh SK, et al. Polymer-based drug delivery
systems for cancer therapeutics. Polymers. 2024;16(6):843. doi: 10.
3390/polym 16060843

Junyaprasert VB, Thummarati P. Innovative design of targeted nano-
particles: polymer-drug conjugates for enhanced cancer therapy.
Pharmaceutics. 2023;15(9):2216. doi: 10.3390/pharmaceutics15092216
Ordaz |, Singh L, Ludovice PJ, et al. Small molecule diffusion in
polymer ultra-thin films. MRS Online Proc Libr OPL. 2005;899:0899.
doi: 10.1557/PROC-0899-N05-05

Chen X, Wang Y, Cheng Z, et al. Diffusion behavior of drug mole-
cules in acrylic pressure-sensitive adhesive. ACS Omega. 2020;5
(16):9408-9419. doi: 10.1021/acsomega.0c00491

Liu G, McEnnis K. Glass transition temperature of PLGA particles
and the influence on drug delivery applications. Polymers. 2022;14
(5):993. doi: 10.3390/polym14050993

Jeong J-C, Lee J, Cho K. Effects of crystalline microstructure on drug
release behavior of poly(e-caprolactone) microspheres. J Control
Release. 2003;92(3):249-258. doi: 10.1016/50168-3659(03)00367-5
Kamaly N, Yameen B, Wu J, et al. Degradable controlled-release
polymers and polymeric nanoparticles: mechanisms of controlling
drug release. Chem Rev. 2016;116(4):2602-2663. doi: 10.1021/acs.
chemrev.5b00346

Li J, Rothstein SN, Little SR, et al. The effect of monomer order on
the hydrolysis of biodegradable Poly(lactic-co-glycolic acid) repeat-
ing sequence copolymers. J Am Chem Soc. 2012;134
(39):16352-16359. doi: 10.1021/ja306866W

Bej R, Sarkar J, Ray D, et al. Morphology regulation in redox
destructible amphiphilic block copolymers and impact on intracel-
lular drug delivery. Macromol Biosci. 2018;18(7):1800057. doi: 10.
1002/mabi.201800057

Lakes AL, Jordan CT, Gupta PT, et al. Reducible disulfide Poly(beta-a-
mino ester) hydrogels for antioxidant delivery. Acta Biomater.
2018;68:178-189. doi: 10.1016/j.actbio.2017.12.030

Zhou Y, Wen H, Gu L, et al. Aminoglucose-functionalized,
redox-responsive polymer nanomicelles for overcoming chemore-
sistance in lung cancer cells. J Nanobiotechnol. 2017;15(1):87. doi:
10.1186/s12951-017-0316-z

Suk JS, Xu Q, Kim N, et al. Pegylation as a strategy for improving
nanoparticle-based drug and gene delivery. Adv Drug Deliv Rev.
2016;99(Pt A):28-51. doi: 10.1016/j.addr.2015.09.012

Shi L, Zhang J, Zhao M, et al. Effects of polyethylene glycol on the
surface of nanoparticles for targeted drug delivery. Nanoscale.
2021;13(24):10748-10764. doi: 10.1039/D1NR02065J

Bhadran A, Shah T, Babanyinah GK, et al. Recent advances in
Polycaprolactones for anticancer drug delivery. Pharmaceutics.
2023;15(7):1977. doi: 10.3390/pharmaceutics15071977
Ramirez-Ruiz F, Nufez-Tapia |, Pifa-Barba MC, et al
Polycaprolactone for hard tissue regeneration: scaffold design
and in vivo implications. Bioengineering. 2025;12(1):46. doi: 10.
3390/bioengineering12010046

Sadeghi S, Mohammadnejad J, Eidi A, et al. Biocompatible PLGA-PCL
nanobeads for efficient delivery of curcumin to lung cancer. Cancer
Nanotechnol. 2024;15(1):34. doi: 10.1186/512645-024-00272-4

Zhai Y, Zhou X, Jia L, et al. Acetal-linked Paclitaxel polymeric prodrug
based on functionalized mPEG-PCL diblock polymer for pH-triggered
drug delivery. Polymers. 2017;9(12):698. doi: 10.3390/polym9120698
Peng J, Chen J, Xie F, et al. Herceptin-conjugated paclitaxel loaded
PCL-PEG worm-like nanocrystal micelles for the combinatorial treat-
ment of HER2-positive breast cancer. Biomaterials. 2019;222:119420.
doi: 10.1016/j.biomaterials.2019.119420

Prajapati SK, Jain A, Jain A, et al. Biodegradable polymers and
constructs: a novel approach in drug delivery. Eur Polym J.
2019;120:109191. doi: 10.1016/j.eurpolym;j.2019.08.018

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

NANOMEDICINE (&) 567

Jaworska M, Sakurai K, Gaudon P, et al. Influence of chitosan character-
istics on polymer properties. I: crystallographic properties. Polym Int.
2003;52(2):198-205. doi: 10.1002/pi.1159

Yan C, Gu J, Guo Y, et al. In vivo biodistribution for tumor targeting
of 5-fluorouracil (5-FU) loaded N-succinyl-chitosan (suc-chi)
nanoparticles. Yakugaku Zasshi. 2010;130(6):801-804. doi: 10.
1248/yakushi.130.801

Anitha A, Deepa N, Chennazhi KP, et al. Combinatorial anticancer
effects of curcumin and 5-fluorouracil loaded thiolated chitosan
nanoparticles towards colon cancer treatment. Biochim Biophys
Acta BBA - Gen Subj. 2014;1840(9):2730-2743. doi: 10.1016/j.bba
gen.2014.06.004

Li F, Li J, Wen X, et al. Anti-tumor activity of paclitaxel-loaded
chitosan nanoparticles: an in vitro study. Mater Sci Eng C. 2009;29
(8):2392-2397. doi: 10.1016/j.msec.2009.07.001

Bhise KS, Dhumal RS, Paradkar AR, et al. Effect of drying methods
on swelling, erosion and drug release from chitosan-naproxen
sodium complexes. AAPS Pharmscitech. 2008;9(1):1-12. doi: 10.
1208/512249-007-9001-0

Jeong Y-, Jin S-G, Kim I-Y, et al. Doxorubicin-incorporated nano-
particles composed of poly(ethylene glycol)-grafted carboxymethyl
chitosan and antitumor activity against glioma cells in vitro.
Colloids Surf B Biointerfaces. 2010;79(1):149-155. doi: 10.1016/j.
colsurfb.2010.03.037

Herdiana Y, Wathoni N, Shamsuddin S, et al. Drug release study of
the chitosan-based nanoparticles. Heliyon. 2021;8(1):e08674. doi:
10.1016/j.heliyon.2021.e08674

Wu T, Yu S, Lin D, et al. Preparation, characterization, and release
behavior of Doxorubicin hydrochloride from dual cross-linked chit-
osan/alginate hydrogel beads. ACS Appl Bio Mater. 2020;3
(5):3057-3065. doi: 10.1021/acsabm.9b01119

Li P, Dai Y-N, Zhang J-P, et al. Chitosan-alginate nanoparticles as
a novel drug delivery system for nifedipine. Int J Biomed Sci IJBS.
2008;4(3):221-228. doi: 10.59566/1JBS.2008.4221

Characterization of chitosan/alginate/lovastatin nanoparticles and
investigation of their toxic effects in vitro and in vivo | scientific
reports [Internet]. [cited 2025 Jul 11]. Available from: https://www.
nature.com/articles/s41598-020-57666-8

Sarei F, Dounighi NM, Zolfagharian H, et al. Alginate nanoparticles
as a promising adjuvant and vaccine delivery system. Indian
J Pharm Sci. 2013;75(4):442-449. doi: 10.4103/0250-474X.119829
Wu J-L, Wang C-Q, Zhuo R-X, et al. Multi-drug delivery system based
on alginate/calcium carbonate hybrid nanoparticles for combination
chemotherapy. Colloids Surf B Biointerfaces. 2014;123:498-505. doi:
10.1016/j.colsurfb.2014.09.047

Che E, Gao Y, Wan L, et al. Paclitaxel/Gelatin coated magnetic
mesoporous silica nanoparticles: preparation and antitumor effi-
cacy in vivo. Microporous Mesoporous Mater. 2015;204:226-234.
doi: 10.1016/j.micromeso.2014.11.013

Fathollahipour S, Abouei Mehrizi A, Ghaee A, et al. Electrospinning
of PVA/chitosan nanocomposite nanofibers containing gelatin
nanoparticles as a dual drug delivery system. J Biomed Mater Res
A. 2015;103(12):3852-3862. doi: 10.1002/jbm.a.35529

Coté AP, Benin Al, Ockwig NW, et al. Porous, crystalline, covalent
organic frameworks. Science. 2005;310(5751):1166-1170. doi: 10.
1126/science.1120411

Li S, Zou J, Tan L, et al. Covalent organic frameworks: from linkages
to biomedical applications. Chem Eng J. 2022;446:137148. doi: 10.
1016/j.cej.2022.137148

Qian C, Teo WL, Gao Q, et al. Polycrystalline covalent organic
frameworks. Mater Today. 2023;71:91-107. doi: 10.1016/j.mattod.
2023.11.005

Wang H, Qian C, Liu J, et al. Integrating suitable linkage of covalent
organic frameworks into covalently bridged inorganic/organic
hybrids toward efficient photocatalysis. J Am Chem Soc. 2020;142
(10):4862-4871. doi: 10.1021/jacs.0c00054

Stegbauer L, Schwinghammer K, Lotsch BV. A hydrazone-based cova-
lent organic framework for photocatalytic hydrogen production. Chem
Sci. 2014;5(7):2789-2793. doi: 10.1039/C4SC00016A



568 A. MASOERO ET AL.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

Vyas VS, Haase F, Stegbauer L, et al. A tunable azine covalent organic
framework platform for visible light-induced hydrogen generation.
Nat Commun. 2015;6(1):8508. doi: 10.1038/ncomms9508

Ma W, Yu P, Ohsaka T, et al. An efficient electrocatalyst for oxygen
reduction reaction derived from a Co-porphyrin-based covalent
organic framework. Electrochem Commun. 2015;52:53-57. doi: 10.
1016/j.elecom.2015.01.021

Zhao X, Pachfule P, Li S, et al. Macro/Microporous covalent organic
frameworks for efficient electrocatalysis. J Am Chem Soc. 2019;141
(16):6623-6630. doi: 10.1021/jacs.9b01226

Zhang Y, Zhang X, Jiao L, et al. Conductive covalent organic frame-
works of Polymetallophthalocyanines as a tunable platform for
Electrocatalysis. J Am Chem Soc. 2023;145(44):24230-24239. doi:
10.1021/jacs.3c08594

Khayum MA, Vijayakumar V, Karak S, et al. Convergent covalent
organic framework thin sheets as flexible supercapacitor
electrodes. ACS Appl Mater Interface. 2018;10(33):28139-28146.
doi: 10.1021/acsami.8b10486

Xu X, Zhang Z, Xiong R, et al. Bending resistance covalent organic
framework superlattice: “nano-hourglass”-induced charge accumu-
lation for flexible In-plane micro-supercapacitors. Nano-Micro Lett.
2022;15(1):25. doi: 10.1007/540820-022-00997-0

Dong Y, Wang Y, Zhang X, et al. Carbon-based elastic foams
supported redox-active covalent organic frameworks for flexible
supercapacitors. Chem Eng J. 2022;449:137858. doi: 10.1016/j.cej.
2022.137858

Hassan A, Roy S, Das A, et al. Covalent organic frameworks as
potential drug carriers and chemotherapeutic agents for ovarian
Cancers. ACS Biomater Sci Eng. 2024;10(7):4227-4236. doi: 10.1021/
acsbiomaterials.4c00351

Mazur F, Pham A-H, Chandrawati R. Polymer materials as catalysts
for  medical, environmental, and energy applications.
Appl Mater Today. 2023;35:101937. doi: 10.1016/j.apmt.2023.101937
Tian J, Lin F, Yu S-B, et al. Water-dispersible and soluble porous
organic polymers for biomedical applications. Aggregate. 2022;3(5):
e187. doi: 10.1002/agt2.187

Asadi P, Mokhtari N, Asghari S, et al. Advanced postsynthetic
modification of COF: elevating hydrophilicity for efficient
Doxorubicin delivery. ACS Appl Bio Mater. 2025;8(5):4325-4336.
doi: 10.1021/acsabm.5c00436

Grunenberg L, Savasci G, Terban MW, et al. Amine-linked covalent
organic frameworks as a platform for postsynthetic structure inter-
conversion and pore-wall modification. J Am Chem Soc. 2021;143
(9):3430-3438. doi: 10.1021/jacs.0c12249

Benyettou F, Khair M, Prakasam T, et al. cRGD-peptide modified
covalent organic frameworks for precision chemotherapy in
triple-negative breast cancer. ACS Appl Mater Interface. 2024;16
(42):56676-56695. doi: 10.1021/acsami.4c10812

Zhong L, Liu J, Xiao Y, et al. Advanced strategies of covalent
organic framework nanomedicines in targeting and overcoming
biological barriers. Asian J Pharm Sci. 2025;20(5):101066. doi: 10.
1016/.ajps.2025.101066

Fang Q, Wang J, Gu S, et al. 3D porous crystalline polyimide
covalent organic frameworks for drug delivery. J Am Chem Soc.
2015;137(26):8352-8355. doi: 10.1021/jacs.5b04147

Kaliya K, Bhardwaj N, Ruchika, et al. An imine-based two-dimensional
covalent organic framework for gemcitabine delivery. Colloids
Interface. 2025;9(1):8. doi: 10.3390/colloids9010008

Luo Y, Liu J, Liu Y, et al. Porphyrin-based covalent triazine frame-
works: porosity, adsorption performance, and drug delivery.
J Polym Sci Part Polym Chem. 2017;55(16):2594-2600. doi: 10.
1002/pola.28543

Anbazhagan R, Krishnamoorthi R, Kumaresan S, et al. Thioether-
terminated triazole-bridged covalent organic framework for
dual-sensitive drug delivery application. Mater Sci Eng C.
2021;120:111704. doi: 10.1016/j.msec.2020.111704

Ge L, Qiao C, Tang Y, et al. Light-activated hypoxia-sensitive cova-
lent organic framework for tandem-responsive drug delivery. Nano
Lett. 2021;21(7):3218-3224. doi: 10.1021/acs.nanolett.1c00488

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

Yu Y, Zhang G, Li Z, et al. Designed fabrication of active tumor
targeting covalent organic framework nanotherapeutics via
a simple post-synthetic strategy. Nano Res. 2023;16(5):7085-7094.
doi: 10.1007/512274-022-5265-7

Yan T, Liao Q, Chen Z, et al. B-Ketoenamine covalent organic
framework nanoplatform combined with immune checkpoint
blockade via photodynamic immunotherapy inhibit glioblastoma
progression. Bioact Mater. 2024;44:531-543. doi: 10.1016/j.bioact
mat.2024.10.029

Nazari M, Alikhani M, Nekooei S, et al. Synthesis of theranostic
covalent organic framework for tumor-targeted
chemo-photodynamic therapy. Int J Pharm. 2025;676:125621. doi:
10.1016/j.ijpharm.2025.125621

Alsaiari SK, Patil S, Alyami M, et al. Endosomal escape and delivery
of CRISPR/Cas9 genome editing machinery enabled by Nanoscale
Zeolitic imidazolate framework. J Am Chem Soc. 2018;140
(1):143-146. doi: 10.1021/jacs.7b11754

El-Bindary MA, El-Desouky MG, El-Bindary AA. Metal-organic frame-
works encapsulated with an anticancer compound as drug delivery
system: synthesis, characterization, antioxidant, anticancer, antibac-
terial, and molecular docking investigation. Appl Organomet Chem
[Internet]. 2022 [cited 2025 Jul 211;36(5). doi: 10.1002/a0c.6660
Moharramnejad M, Ehsani A, Shahi M, et al. MOF as nanoscale drug
delivery devices: synthesis and recent progress in biomedical
applications. J Drug Deliv Sci Technol. 2023;81:104285. doi: 10.
1016/}.jddst.2023.104285

Xue T, Xu C, Wang Y, et al. Doxorubicin-loaded nanoscale metal-
organic framework for tumor-targeting combined chemotherapy
and chemodynamic therapy. Biomater Sci. 2019;7(11):4615-4623.
doi: 10.1039/c9bm01044k

Boroushaki T, Ganjali Koli M, Eshaghi Malekshah R, et al. Elucidating
anticancer drugs release from UiO-66 as a carrier through the
computational approaches. RSC Adv. 2023;13(45):31897-31907.
doi: 10.1039/d3ra05587f

Barani M, Hajinezhad MR, Shahraki S, et al. Preparation, character-
ization, and toxicity assessment of carfilzomib-loaded nickel-based
metal-organic framework: evidence from in-vivo and in-vitro
experiments. J Drug Deliv Sci Technol. 2023;81:104268. doi: 10.
1016/j.jddst.2023.104268

Peng S, Bie B, Sun Y, et al. Metal-organic frameworks for precise
inclusion of single-stranded DNA and transfection in immune cells.
Nat Commun [Internet]. 2018 [cited 2025 Jul 22];9(1). doi: 10.1038/
s41467-018-03650-w

Vasconcelos IB, Silva TGD, Militdo GCG, et al. Cytotoxicity and slow
release of the anti-cancer drug doxorubicin from ZIF-8. RSC Adv.
2012;2(25):9437. doi: 10.1039/c2ra21087h

Hidalgo T, Alonso-Nocelo M, Bouzo BL, et al. Biocompatible iron-
(iii) carboxylate metal-organic frameworks as promising RNA
nanocarriers. Nanoscale. 2020;12(8):4839-4845. doi: 10.1039/
c9nr08127e

Adhikari C, Das A, Chakraborty A. Zeolitic imidazole framework
(ZIF) nanospheres for easy encapsulation and controlled release
of an anticancer drug Doxorubicin under different external stimuli:
a way toward smart drug delivery system. Mol Pharm. 2015;12
(9):3158-3166. doi: 10.1021/acs.molpharmaceut.5b00043

Vikal A, Maurya R, Patel P, et al. Exploring metal-organic frame-
works (MOFs) in drug delivery: a concise overview of synthesis
approaches, versatile applications, and current challenges. Appl
Mater Today. 2024;41:102443. doi: 10.1016/j.apmt.2024.102443

Lei B, Wang M, Jiang Z, et al. Constructing redox-responsive metal-
organic framework nanocarriers for anticancer drug delivery. ACS
Appl Mater Interface. 2018;10(19):16698-16706. doi: 10.1021/
acsami.7b19693

Meng X, Deng J, Liu F, et al. Triggered all-active metal organic
framework: Ferroptosis machinery contributes to the apoptotic
photodynamic  antitumor therapy. Nano Lett. 2019;19
(11):7866-7876. doi: 10.1021/acs.nanolett.9b02904

Sun X, He G, Xiong C, et al. One-pot fabrication of hollow
Porphyrinic MOF nanoparticles with ultrahigh drug loading



240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254,

255.

256.

257.

toward controlled delivery and synergistic cancer therapy. ACS
Appl Mater Interface. 2021;13(3):3679-3693. doi: 10.1021/acsami.
0c20617

Lin W, Hu Q, Yu J, et al. Low cytotoxic metal-organic frameworks as
temperature-responsive drug carriers. ChemPluschem. 2016;81
(8):804-810. doi: 10.1002/cplu.201600142

Cai W, Gao H, Chu C, et al. Engineering phototheranostic Nanoscale
metal-organic frameworks for multimodal imaging-guided cancer
therapy. ACS Appl Mater Interface. 2017;9(3):2040-2051. doi: 10.
1021/acsami.6b11579

Ploetz E, Zimpel A, Cauda V, et al. Metal-organic framework nano-
particles induce pyroptosis in cells controlled by the extracellular
pH. Adv Mater Deerfield Beach Fla. 2020;32(19):e1907267. doi: 10.
1002/adma.201907267

llles B, Hirschle P, Barnert S, et al. Exosome-coated metal-organic
framework nanoparticles: an efficient drug delivery platform. Chem
Mater. 2017;29(19):8042-8046. doi:  10.1021/acs.chemmater.
7b02358

Liu X, Liang T, Zhang R, et al. Iron-based metal-organic frameworks
in drug delivery and biomedicine. ACS Appl Mater Interface.
2021;13(8):9643-9655. doi: 10.1021/acsami.0c21486

Yunus U, Khan ME, Sadig S, et al. Methotrexate-loaded Fe-metal
organic frameworks: synthesis, characterizations, and drug release
investigations. J Drug Deliv Sci Technol. 2024;97:105790. doi: 10.
1016/j.jddst.2024.105790

Cui R, Zhao P, Yan Y, et al. Outstanding drug-loading/Release
capacity of hollow Fe-metal-Organic framework-based microcap-
sules: a potential multifunctional drug-delivery platform. Inorg
Chem. 2021;60(3):1664-1671. doi: 10.1021/acs.inorgchem.0c03156
Zhang H, Jiang W, Liu R, et al. Rational design of metal organic
framework nanocarrier-based codelivery system of Doxorubicin
hydrochloride/Verapamil hydrochloride for overcoming multidrug
resistance with efficient targeted cancer therapy. ACS Appl Mater
Interface. 2017;9(23):19687-19697. doi: 10.1021/acsami.7b05142
Liu X, Obacz J, Emanuelli G, et al. Enhancing drug delivery efficacy
through bilayer coating of zirconium-based metal-organic frame-
works: sustained release and improved chemical stability and cel-
lular uptake for cancer therapy. Chem Mater. 2024;36
(8):3588-3603. doi: 10.1021/acs.chemmater.3c02954

Pillai NG, Archana K, Rhee KY, et al. Pegylation of a shell over core-
shell MOFs—a novel strategy for preventing agglomeration and
synergism in terms of physicochemical and biological properties.

J Mater Chem B. 2023;11(44):10665-10677. doi: 10.1039/
d3tb01125a
Li H, Lv N, Li X, et al. Composite CD-MOF nanocrystals-containing

microspheres for sustained drug delivery. Nanoscale. 2017;9
(22):7454-7463. doi: 10.1039/c6nr07593b

Xiao C, Tian J, Chen Q, et al. Water-stable metal-organic frame-
works (MOFs): rational construction and carbon dioxide capture.
Chem Sci. 2024;15(5):1570-1610. doi: 10.1039/d3sc06076d

Feng S, Zhang X, Shi D, et al. Zeolitic imidazolate framework-8
(ZIF-8) for drug delivery: a critical review. Front Chem Sci Eng.
2021;15(2):221-237. doi: 10.1007/s11705-020-1927-8

Hu J, Chen Y, Zhang H, et al. Controlled syntheses of Mg-MOF-74
nanorods for drug delivery. J Solid State Chem. 2021;294:121853.
doi: 10.1016/j.jss¢.2020.121853

Kadota K, Tse JY, Fujita S, et al. Drug-facilitated crystallization of
spray-dried CD-MOFs with tunable morphology, porosity, and dis-
solution profile. ACS Appl Bio Mater. 2023;6(9):3451-3462. doi: 10.
1021/acsabm.3c00162

Wu W, Chen Z, Zhe M, et al. Engineered stimuli-responsive MOFs:
toward intelligent drug delivery systems for precision biomedicine.
Chin Chem Lett. 2025:111448. doi: 10.1016/j.cclet.2025.111448
Marshall CR, Staudhammer SA, Brozek CK. Size control over metal-
organic framework porous nanocrystals. Chem Sci. 2019;10
(41):9396-9408. doi: 10.1039/c95c03802g

Zhu Y, Xin N, Qiao Z, et al. Bioactive MOFs based theranostic agent
for highly effective combination of multimodal imaging and
chemo-Phototherapy. Adv Healthc Mater [Internet]. 2020 [cited
2025 Jul 211;9(14). doi: 10.1002/adhm.202000205

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

NANOMEDICINE (&) 569

Liu Y, Jiang T, Liu Z. Metal-organic frameworks for bioimaging:
strategies and challenges. Nanotheranostics. 2022;6(2):143-160.
doi: 10.7150/ntno.63458

Zhang H, Shang Y, Li Y-H, et al. Smart metal-organic framework-
based Nanoplatforms for imaging-guided precise chemotherapy.
ACS Appl Mater Interface. 2019;11(2):1886-1895. doi: 10.1021/
acsami.8b19048

Oh JY, Jana B, Seong J, et al. Unveiling the Power of cloaking
metal-organic framework platforms via supramolecular antibody
conjugation. ACS Nano. 2024;18(24):15790-15801. doi: 10.1021/acs
nano.4c02624

Tresset G. The multiple faces of self-assembled lipidic systems. PMC
Biophys. 2009;2(1):3. doi: 10.1186/1757-5036-2-3

Gong X, Moghaddam MJ, Sagnella SM, et al. Lamellar crystalline
self-assembly behaviour and solid lipid nanoparticles of a palmityl
prodrug analogue of capecitabine-a chemotherapy agent. Colloids
Surf B Biointerfaces. 2011;85(2):349-359. doi: 10.1016/j.colsurfb.
2011.03.007

Sanchez-Vazquez B, Lee JB, Strimaite M, et al. Solid lipid nanopar-
ticles self-assembled from spray dried microparticles. Int J Pharm.
2019;572:118784. doi: 10.1016/j.ijpharm.2019.118784

Miller RH, Radtke M, Wissing SA. Solid lipid nanoparticles (SLN) and
nanostructured lipid carriers (NLC) in cosmetic and dermatological
preparations. Adv Drug Deliv Rev. 2002;54(Suppl 1):55131-5155.
doi: 10.1016/50169-409x(02)00118-7

Miller RH, Mader K, Gohla S. Solid lipid nanoparticles (SLN) for
controlled drug delivery — a review of the state of the art. Eur
J Pharm Biopharm. 2000;50(1):161-177. doi: 10.1016/S0939-
6411(00)00087-4

Westesen K, Bunjes H, Koch MHJ. Physicochemical characterization of
lipid nanoparticles and evaluation of their drug loading capacity and
sustained release potential. J Control Release. 1997;48(2-3):223-236.
doi: 10.1016/50168-3659(97)00046-1

Butani D, Yewale C, Misra A. Topical amphotericin B solid lipid
nanoparticles: design and development. Colloids  Surf
B Biointerfaces. 2016;139:17-24. doi: 10.1016/j.colsurfb.2015.07.032
Kakkar V, Singh S, Singla D, et al. Exploring solid lipid nanoparticles
to enhance the oral bioavailability of curcumin. Mol Nutr Food Res.
2011;55(3):495-503. doi: 10.1002/mnfr.201000310

Subedi RK, Kang KW, Choi H-K. Preparation and characterization of
solid lipid nanoparticles loaded with doxorubicin. Eur J Pharm Sci.
2009;37(3-4):508-513. doi: 10.1016/j.ejps.2009.04.008

Potta SG, Minemi S, Nukala RK, et al. Preparation and characteriza-
tion of ibuprofen solid lipid nanoparticles with enhanced solubility.
J Microencapsul. 2011;28(1):74-81. doi: 10.3109/02652048.2010.
529948

Manjunath K, Venkateswarlu V. Pharmacokinetics, tissue distribu-
tion and bioavailability of clozapine solid lipid nanoparticles after
intravenous and intraduodenal administration. J Control Release
Off J Control Release Soc. 2005;107(2):215-228. doi: 10.1016/j.jcon
rel.2005.06.006

Helgason T, Awad TS, Kristbergsson K, et al. Effect of surfactant
surface coverage on formation of solid lipid nanoparticles (SLN).
J Colloid Interface Sci. 2009;334(1):75-81. doi: 10.1016/j.jcis.2009.
03.012

Duong V-A, Nguyen T-T-L, Maeng H-J. Preparation of solid lipid
nanoparticles and nanostructured lipid carriers for drug delivery
and the effects of Preparation parameters of solvent injection
method. Molecules. 2020;25(20):4781. doi: 10.3390/
molecules25204781

Wu J. The enhanced permeability and retention (EPR) effect: the
significance of the concept and methods to enhance its
application. J Pers Med. 2021;11(8):771. doi: 10.3390/
jpm11080771

Freitas C, Muller RH. Correlation between long-term stability of
solid lipid nanoparticles (SLN™) and crystallinity of the lipid
phase. Eur J Pharm Biopharm. 1999;47(2):125-132. doi: 10.1016/
$0939-6411(98)00074-5

Patil D, Pattewar S, Palival S, et al. Nanostructured lipid carriers:
a platform to lipophilic drug for oral bioavailability enhancement.



570 A. MASOERO ET AL.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

J Drug Deliv Ther. 2019;9(3-5):758-764. doi: 10.22270/jddt.v9i3-s.
2750

Attar M, Tash Shamsabadi F, Soltani A, et al. MF59-based lipid
nanocarriers for paclitaxel delivery: optimization and anticancer
evaluation. Sci Rep. 2025;15(1):6583. doi: 10.1038/s41598-025-
91504-z

Zhou J, Guo B, Zhu W, et al. Novel biomimetic nanostructured lipid
carriers for cancer therapy: preparation, characterization, and
in vitro/in vivo evaluation. Pharm Dev Technol. 2021;26(1):81-91.
doi: 10.1080/10837450.2020.1835957

Rathee J, Kishore N. Interaction of solid lipid nanoparticles with
bovine serum albumin: physicochemical mechanistic insights. Phys

Chem Chem Phys. 2025;27(11):5876-5888. doi: 10.1039/
D4CP04737K
Zimmermann E, Muller RH. Electrolyte- and pH-stabilities of aqu-

eous solid lipid nanoparticle (SLN™) dispersions in artificial gastro-

intestinal media. Eur J Pharm Biopharm. 2001;52(2):203-210. doi:
10.1016/50939-6411(01)00167-9

Rehman M, lhsan A, Madni A, et al. Solid lipid nanoparticles for
thermoresponsive targeting: evidence from spectrophotometry,
electrochemical, and cytotoxicity studies. Int J Nanomed.
2017;12:8325-8336. doi: 10.2147/1JN.S147506

Abdalla EK, Vauthey J-N, Couinaud C. The caudate lobe of the
liver: implications of embryology and anatomy for surgery. Surg
Oncol Clin N Am. 2002;11(4):835-848. doi: 10.1016/s1055-
3207(02)00035-2

Ghasemiyeh P, Mohammadi-Samani S. Solid lipid nanoparticles and
nanostructured lipid carriers as novel drug delivery systems: appli-
cations, advantages and disadvantages. Res Pharm Sci. 2018;13
(4):288. doi: 10.4103/1735-5362.235156

Longmire M, Choyke PL, Kobayashi H. Clearance properties of
nano-sized particles and molecules as imaging agents: considera-
tions and caveats. Nanomed. 2008;3(5):703-717. doi: 10.2217/
17435889.3.5.703

Smith T, Affram K, Nottingham EL, et al. Application of smart solid
lipid nanoparticles to enhance the efficacy of 5-fluorouracil in the
treatment of colorectal cancer. Sci Rep. 2020;10(1):16989. doi: 10.
1038/s41598-020-73218-6

Shuhendler AJ, Prasad P, Leung M, et al. A novel solid lipid nano-
particle formulation for active targeting to tumor avf33 Integrin
receptors reveals cyclic RGD as a Double-edged sword. Adv
Healthc Mater. 2012;1(5):600-608. doi: 10.1002/adhm.201200006
Chuang C-H, Wu P-C, Tsai T-H, et al. Development of pH-sensitive
cationic PEGylated solid lipid nanoparticles for selective
cancer-targeted therapy. J Biomed Nanotechnol. 2017;13
(2):192-203. doi: 10.1166/jbn.2017.2338

Soltani A, Pakravan P. Preparation and characterization of magnetic
solid lipid nanoparticles as a targeted drug delivery system for
Doxorubicin. Adv Pharm Bull. 2022;13(2):301-308. doi: 10.34172/
apb.2023.033

Granja A, Lima-Sousa R, Alves CG, et al. Multifunctional targeted
solid lipid nanoparticles for combined photothermal therapy and
chemotherapy of breast cancer. Biomater Adv. 2023;151:213443.
doi: 10.1016/j.bioadv.2023.213443

Salonen J, Kaukonen AM, Hirvonen J, et al. Mesoporous silicon in
drug delivery applications. J Pharm Sci. 2008;97(2):632-653. doi: 10.
1002/jps.20999

Zang Z, Chou S, Zhao Q, et al. A review of the production and
application of mesoporous carbon and its potential as an excellent
carrier for the adsorptive delivery of compounds. Biochar. 2025;7
(1):44. doi: 10.1007/s42773-025-00439-1

Benzigar MR, Talapaneni SN, Joseph S, et al. Recent advances in
functionalized micro and mesoporous carbon materials: synthesis
and applications. Chem Soc Rev. 2018;47(8):2680-2721. doi: 10.
1039/C7CS00787F

Wu K-W, Yamauchi Y, Hong C-Y, et al. Biocompatible, surface
functionalized mesoporous titania nanoparticles for intracellular

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

300.

310.

imaging and anticancer drug delivery. Chem Commun. 2011;47
(18):5232-5234. doi: 10.1039/C1CC10659G

Wang Y, Chen L, Liu P. Biocompatible Triplex Ag@SiO2@mTiO2
Core-Shell Nanoparticles for Simultaneous Fluorescence-SERS
Bimodal Imaging and Drug Delivery. Chem - Eur J. 2012;18
(19):5935-5943. doi: 10.1002/chem.201103571

Zhang W, Wang Y, Sun X, et al. Mesoporous titania based yolk-shell
nanoparticles as multifunctional theranostic platforms for SERS
imaging and chemo-photothermal treatment. Nanoscale. 2014;6
(23):14514-14522. doi: 10.1039/C4NR04864D

Guo Z, Zheng K, Tan Z, et al. Overcoming drug resistance with
functional mesoporous titanium dioxide nanoparticles combining
targeting, drug delivery and photodynamic therapy. J Mater Chem
B. 2018;6(46):7750-7759. doi: 10.1039/C8TB01810C

Barick KC, Nigam S, Bahadur D. Nanoscale assembly of mesoporous
ZnO: a potential drug carrier. J Mater Chem. 2010;20
(31):6446-6452. doi: 10.1039/C0JM00022A

Zheng C, Wang Y, Phua SZF, et al. ZnO-DOX@ZIF-8 core-shell
nanoparticles for pH-responsive drug delivery. ACS Biomater Sci
Eng. 2017;3(10):2223-2229. doi: 10.1021/acsbiomaterials.7b00435
Laurenti M, Lamberti A, Genchi GG, et al. Graphene oxide finely
tunes the bioactivity and drug delivery of mesoporous ZnO
scaffolds. ACS Appl Mater Interface. 2019;11(1):449-456. doi: 10.
1021/acsami.8b20728

Kumar VB, Kumar K, Gedanken A, et al. Facile synthesis of
self-assembled spherical and mesoporous dandelion capsules of
Zn0: efficient carrier for DNA and anti-cancer drugs. J Mater
Chem B. 2014;2(25):3956-3964. doi: 10.1039/C4TB00416G
Bakrudeen HB, Sugunalakshmi M, Reddy BSR. Auto-fluorescent
mesoporous ZnO nanospheres for drug delivery carrier
application. Mater Sci Eng C. 2015;56:335-340. doi: 10.1016/j.
msec.2015.06.042

Yang J, Xiong W, Huang L, et al. A mesoporous superparamagnetic
iron oxide nanoparticle as a generic drug delivery system for tumor
ferroptosis therapy. J Nanobiotechnol. 2024;22(1):204. doi: 10.1186/
$12951-024-02457-w

Anglin EJ, Cheng L, Freeman WR, et al. Porous silicon in drug
delivery devices and materials. Adv Drug Deliv Rev. 2008;60
(11):1266-1277. doi: 10.1016/j.addr.2008.03.017

Lee J, Um HJ, Sailor MJ, et al. Adaptive cavitation ultrasonication
for large-scale Preparation of porous silicon nanoparticles. ACS

Appl Nano Mater. 2024;7(8):9460-9468. doi: 10.1021/acsanm.
4c00908
Anglin EJ, Schwartz MP, Ng VP, et al. Engineering the chemistry and

nanostructure of porous silicon fabry-pérot films for loading and
release of a steroid. Langmuir. 2004;20(25):11264-11269. doi: 10.
1021/1a048105t

Fontana F, Shahbazi M-A, Liu D, et al. Multistaged nanovaccines
based on porous silicon@Acetalated dextran@Cancer cell mem-
brane for cancer immunotherapy. Adv Mater. 2017;29(7):1603239.
doi: 10.1002/adma.201603239

Kim J, Um H, Kim NH, et al. Potential Alzheimer's disease therapeu-
tic nano-platform: discovery of amyloid-beta plaque disaggregat-
ing agent and brain-targeted delivery system using porous silicon
nanoparticles. Bioact Mater. 2023;24:497-506. doi: 10.1016/j.bioact
mat.2023.01.006

Waggoner LE, Kang J, Zuidema JM, et al. Porous silicon nanoparti-
cles targeted to the extracellular matrix for therapeutic protein
delivery in traumatic brain injury. Bioconjug Chem. 2022;33
(9):1685-1697. doi: 10.1021/acs.bioconjchem.2c00305

Jeong M, Yoon J, Kim K, et al. Programmable porous silicon micro-
particles for temporally staged drug delivery in combination cancer
immunotherapy. ACS Appl Mater Interface. 2025;17(5):7395-7405.
doi: 10.1021/acsami.4c19425

Serati-Nouri H, Jafari A, Roshangar L, et al. Biomedical applications
of zeolite-based materials: a review. Mater Sci Eng C.
2020;116:111225. doi: 10.1016/j.msec.2020.111225



311,

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

Auerbach SM, Carrado KA, Dutta PK. Handbook of zeolite science
and Technology. CRC Press; 2003.

Kralj M, Pavelic K. Medicine on a small scale. EMBO Rep. 2003;4
(11):1008-1012. doi: 10.1038/sj.embor.7400017

Helliwell M, Jones RH, Kaucic V, et al. The use of softer X-rays in the
structure elucidation of microporous materials. J Synchrotron
Radiat. 2005;12(4):420-430. doi: 10.1107/50909049504032327
Wulff G. Enzyme-like catalysis by molecularly imprinted polymers.
Chem Rev. 2002;102(1):1-28. doi: 10.1021/cr980039%a

Mumpton FA. La roca magica: Uses of natural zeolites in agriculture
and industry. Proc Natl Acad Sci. 1999;96(7):3463-3470. doi: 10.
1073/pnas.96.7.3463

Rimoli MG, Rabaioli MR, Melisi D, et al. Synthetic zeolites as a new
tool for drug delivery. J Biomed Mater Res A. 2008;87A(1):156-164.
doi: 10.1002/jbm.a.31763

Cavallaro G, Pierro P, Palumbo FS, et al. Drug delivery devices
based on mesoporous silicate. Drug Deliv. 2004;11(1):41-46. doi:
10.1080/10717540490265252

de Gennaro B, Catalanotti L, Cappelletti P, et al. Surface modified
natural zeolite as a carrier for sustained diclofenac release:
a preliminary feasibility study. Colloids Surf B Biointerfaces.
2015;130:101-109. doi: 10.1016/j.colsurfb.2015.03.052

Martinho O, Vilaga N, Castro PJG, et al. In vitro and in vivo studies
of temozolomide loading in zeolite structures as drug delivery
systems for glioblastoma. RSC Adv. 2015;5(36):28219-28227. doi:
10.1039/C5RA03871E

Salleh N, Jais US, Sarijo SH. Gelatin-coated zeolite y for controlled
release of anticancer drug (zerumbone). In: 2012 IEEE Symp Bus
Eng Ind Appl [Internet]; Bandung, Indonesia; 2012 [cited 2025 Jun
12]. p. 124-129. doi: 10.1109/ISBEIA.2012.6422852

Spanakis M, Bouropoulos N, Theodoropoulos D, et al. Controlled
release of 5-fluorouracil from microporous zeolites. Nanomed
Nanotechnol Biol Med. 2014;10(1):197-205. doi: 10.1016/j.nano.
2013.06.016

Khodaverdi E, Soleimani HA, Mohammadpour F, et al. Synthetic
zeolites as controlled-release delivery systems for anti-inflammatory
drugs. Chem Biol Drug Des. 2016;87(6):849-857. doi: 10.1111/cbdd.
12716

Bacakova L, Vandrovcova M, Kopova |, et al. Applications of zeolites
in biotechnology and medicine - a review. Biomater Sci. 2018;6
(5):974-989. doi: 10.1039/C8BM00028)J

Karavasili C, Amanatiadou EP, Kontogiannidou E, et al. Comparison
of different zeolite framework types as carriers for the oral delivery
of the poorly soluble drug indomethacin. Int J Pharm. 2017;528
(1-2):76-87. doi: 10.1016/j.ijpharm.2017.05.061

Cappelletti P, Colella A, Langella A, et al. Use of surface modified
natural zeolite (SMNZ) in pharmaceutical preparations Part 1.
Mineralogical and technological characterization of some industrial
zeolite-rich rocks. Microporous Mesoporous Mater.
2017;250:232-244. doi: 10.1016/j.micromeso.2015.05.048

Tang F, Li L, Chen D. Mesoporous silica nanoparticles: synthesis,
biocompatibility and drug delivery. Adv Mater. 2012;24
(12):1504-1534. doi: 10.1002/adma.201104763

Cauda V, Mihlstein L, Onida B, et al. Tuning drug uptake and
release rates through different morphologies and pore diameters
of confined mesoporous silica. Microporous Mesoporous Mater.
2009;118(1-3):435-442. doi: 10.1016/j.micromeso.2008.09.022
Cauda V, Onida B, Platschek B, et al. Large antibiotic molecule
diffusion in confined mesoporous silica with controlled
morphology. J Mater Chem. 2008;18(48):5888-5899. doi: 10.1039/
B805395B

Vallet-Regi M, Balas F, Arcos D. Mesoporous materials for drug
delivery. Angew Chem Int Ed. 2007;46(40):7548-7558. doi: 10.
1002/anie.200604488

Slowing I, Vivero-Escoto JL, Wu C-W, et al. Mesoporous silica
nanoparticles as controlled release drug delivery and gene trans-
fection carriers. Adv Drug Deliv Rev. 2008;60(11):1278-1288. doi:
10.1016/j.addr.2008.03.012

331.

332

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344,

345.

346.

347.

348.

349.

350.

NANOMEDICINE (&) 571

Vallet-Regi M. Ordered mesoporous materials in the context of
drug delivery systems and bone tissue engineering. Chem - Eur J.
2006;12(23):5934-5943. doi: 10.1002/chem.200600226

Vallet-Regi M, Ramila A, Del Real RP, et al. A New property of
MCM-41: drug delivery system. Chem Mater. 2001;13(2):308-311.
doi: 10.1021/cm0011559

Izquierdo-Barba |, Martinez A, Doadrio AL, et al. Release evaluation of
drugs from ordered three-dimensional silica structures. Eur J Pharm
Sci. 2005;26(5):365-373. doi: 10.1016/j.ejps.2005.06.009

Triblock copolymer syntheses of mesoporous silica with periodic 50
to 300 angstrom pores [Internet]. [cited 2025 Jun 12]. doi: 10.1126/
science.279.5350.548

Kaneda M, Tsubakiyama T, Carlsson A, et al. Structural study of
mesoporous MCM-48 and carbon networks synthesized in the
spaces of MCM-48 by electron crystallography. J Phys Chem B.
2002;106(6):1256-1266. doi: 10.1021/jp0131875

Sakamoto Y, Kaneda M, Terasaki O, et al. Direct imaging of the
pores and cages of three-dimensional mesoporous materials.
Nature. 2000;408(6811):449-453. doi: 10.1038/35044040

Barui S, Cauda V. Multimodal decorations of mesoporous silica
nanoparticles for improved cancer therapy. Pharmaceutics.
2020;12(6):527. doi: 10.3390/pharmaceutics12060527

Wen J, Yang K, Liu F, et al. Diverse gatekeepers for mesoporous
silica nanoparticle based drug delivery systems. Chem Soc Rev.
2017;46(19):6024-6045. doi: 10.1039/C7CS00219J

Gisbert-Garzaran M, Vallet-Regi M. Influence of the surface functio-
nalization on the fate and performance of mesoporous silica
nanoparticles. Nanomaterials. 2020;10(5):916. doi: 10.3390/
nano10050916

Chen M, He X, Wang K, et al. A pH-responsive polymer/mesoporous
silica nano-container linked through an acid cleavable
linker for intracellular controlled release and tumor therapy in vivo.
J Mater Chem B. 2013;2(4):428-436. doi: 10.1039/C3TB21268H
Zhang P, Wu T, Kong J-L. In situ monitoring of intracellular
controlled drug release from mesoporous silica nanoparticles
coated with pH-responsive charge-reversal polymer. ACS Appl

Mater Interface. 2014;6(20):17446-17453. doi:  10.1021/
am5059519
Lee J, Han S, Lee J, et al. Stimuli-responsive a-helical peptide gate-

keepers for mesoporous silica nanocarriers. New J Chem. 2017;41
(15):6969-6972. doi: 10.1039/C7NJ00124)J

He D, He X, Wang K et al. A light-responsive reversible molecule-Gated
system using thymine-modified mesoporous silica nanoparticles.
Langmuir. 2012;28(8):4003-4008. doi: 10.1021/1a2047504

Liu J, Zhang B, Luo Z, et al. Enzyme responsive mesoporous silica
nanoparticles for targeted tumor therapy in vitro and in vivo.
Nanoscale. 2015;7(8):3614-3626. doi: 10.1039/C5NR00072F
Famulok M, Hartig JS, Mayer G. Functional aptamers and apta-
zymes in biotechnology, diagnostics, and therapy. Chem Rev.
2007;107(9):3715-3743. doi: 10.1021/cr0306743

de la Torre C, Mondragén L, Coll C, et al. Cathepsin-B induced con-
trolled release from peptide-capped mesoporous silica nanoparticles.
Chem - Eur J. 2014;20(47):15309-15314. doi: 10.1002/chem.
201404382

Cui L, Lin H, Yang C, et al. Synthesis of multifunctional
Fe304@mSiO2@Au core-shell nanocomposites for pH-responsive
drug delivery. Eur J Inorg Chem. 2014;2014(36):6156-6164. doi: 10.
1002/ejic.201402671

Chen S, Yang Y, Li H, et al. pH-triggered Au-fluorescent mesopor-
ous silica nanoparticles for 19F MR/fluorescent multimodal cancer
cellular imaging. Chem Commun. 2013;50(3):283-285. doi: 10.1039/
C3CC47324D

Knezevic NZ, Lin V-Y. A magnetic mesoporous silica
nanoparticle-based drug delivery system for photosensitive coop-
erative treatment of cancer with a mesopore-capping agent and
mesopore-loaded drug. Nanoscale. 2013;5(4):1544-1551. doi: 10.
1039/C2NR33417H

Muhammad F, Wang A, Guo M, et al. pH dictates the release of
hydrophobic drug cocktail from mesoporous Nanoarchitecture.



572 (&) A. MASOERO ET AL.

351.

352.

353.

354,

ACS Appl Mater Interface. 2013;5(22):11828-11835. doi: 10.1021/
am4035027

Muhammad F, Guo M, Qi W, et al. pH-triggered controlled drug
release from mesoporous silica nanoparticles via intracelluar dis-
solution of ZnO nanolids. J Am Chem Soc. 2011;133(23):8778-8781.
doi: 10.1021/ja200328s

Bilalis P, Tziveleka L-A, Varlas S, et al. pH-sensitive nanogates based on
poly(L-histidine) for controlled drug release from mesoporous silica
nanoparticles. Polym Chem. 2016;7(7):1475-1485. doi: 10.1039/
C5PY01841B

Tian Y, Glogowska A, Zhong W, et al. Polymeric mesoporous silica
nanoparticles as a pH-responsive switch to control doxorubicin
intracellular delivery. J Mater Chem B. 2013;1(39):5264-5272. doi:
10.1039/C3TB20544D

Trzeciak K, Chotera-Ouda A, Bak-Sypien Il, et al. Mesoporous silica
particles as drug delivery systems—the state of the art in loading

355.

356.

357.

358.

methods and the recent progress in analytical techniques for mon-
itoring these processes. Pharmaceutics. 2021;13(7):950. doi: 10.
3390/pharmaceutics13070950

Anselmo AC, Mitragotri S. Nanoparticles in the clinic: an update
post COVID-19 vaccines. Bioeng Transl Med. 2021;6(3):e10246. doi:
10.1002/btm2.10246

Anselmo AC, Mitragotri S. A review of clinical translation of inor-
ganic nanoparticles. AAPS J. 2015;17(5):1041-1054. doi: 10.1208/
$12248-015-9780-2

Wang Y-X. Superparamagnetic iron oxide based MRI contrast
agents: current status of clinical application. Quant Imag Med
Surg. 2011;1(1):350-340. doi: 10.3978/j.issn.2223-4292.2011.08.03
Mendes BB, Zhang Z, Conniot J, et al. A large-scale machine learn-
ing analysis of inorganic nanoparticles in preclinical cancer
research. Nat Nanotechnol. 2024;19(6):867-878. doi: 10.1038/
s41565-024-01673-7



