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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.



NANOMEDICINE 547

(panunuo)d)
(X1d) (SLNMI-W) Segnioueu uogled pajjemiynw diaubew
1uaA|os diuebio wouy uondiospe pue (4ND) utwnoin)y pazijeuorduny-(SdH-4ND-dJJH) apuInsip-(jAusydAxoipAy-v)
lozl] (e73H) S|192 49dued [e21AIRD Ul AISAIlRp Bnup oA uf (4ND) uondiospe-0d palsIsse-uol1LIUOS pue (X1d) [axeuped sIg-ulwndind-auszeydsoydiiopAd01o|ydexay paieod-CQuiy
(OVVIN-SLNDMIN) seqnioueu
L1l Ayredosayua padnpul-uoneipel yum siel ul AISAIIRP bnip oaia uj  uonnjos woly uondiospe eia buipeo| bnig |0J1RINSDY uogJed pajjem-iINW pazijeuolduny YY) pIde dijfeyiapy
UiH
|SpOW 3SNoW SISeISeISW pue [Spow |euonIppPE JO A|qUIaSse-J[3s [ed1ydielaly
asnow ewol|b d1dojoyuio ur A1aalRp Bnup oaa ul ((zndsH pue HnN/8N) ‘lersusanbas e Aq pamoj|o) ‘U4H (u4H)
[£6] S||9> ewoupied Jejn|[d03eday pue ewose|qol|b ul AISAIRP bnip o4 Ul YUM DY JO A|QUISSSe-J3S JUS|eA0d-UON unIay uleyd Aaeay (OdV1) 993-[|A-1-uipuadid(ouiwe)-y]ena|
K1anip
[£8] Aseuow|nd oA ul pue S||33 BWOURBW 3SNOW OL491g Ul AISAIISP Bnip 014 Uj  SUONDEISIUI D1IBISOIIII|D BIA A|qUISSSE-)|as VNY!IS xo]dwodoueu paseq-auala|n4
uonexajdwod
[€8] (IW3D-44DD) s1192 1sejqoydwiA| | ut Kiaaiep Bnap oA uj Ju3[eAOd-UOU BIA Bulpeol bnig (19g) auuaglag 3UaJ3[IN} 09D
S3SeISeIaW pue siown} ul Apnys
[z8]  £oediyd oaA by pue (JT7) S||92 ewoupied bunj simaT ul A1saisp bnup oaa up  uondiospe diqoydoipAy eia buipeo) bnig sulwnbuoypadig auaJ3|Iny 09D
Ansiwayd
[€/] S|192 61SY ewoupied bun [eayyds uewny ur A19AIRpP Bnup oA U apiwiipogsed eia uoiebnfuod Bnip Jusjerod) |9xelped 91ebnfuod |axeyded-auaiajng
o1 uonediuos Aq paisisse
[69] 921w ul ewouldIed Bun| SIMST JO SISeISeISW pue siownd ul A1sAIlRp Bnup ona uj  uondiospe jusjerod-uou eia buipeo) bnig uignioxoq auaJ3|Iny 09D
sagnjoueu uoqie)
widyshs (@0O-N
[65] (£-4DW) S|192 495ued 1seaiq ul AIaAlRp bnap oaa uy JUSA|OS paxiw e woly uondiospe bnig 91eX2110UIB)N  ‘-UW) siop wniuenb uogJed padop-jenp usboilu asauebuepy
uonnjos (SNW) sjpnedoueu snosodosaw edijis
[85] (9LLIDH pue 6Z-1H) S|192 495ued Uoj0d Ul AIaAIlRP Bnip oaa uj  woly uondiospe snoanbe ein Buipeo| bnig upignioxoqd Jjuebioul yum pazijeuonduny (sgoIS) SIop wnuenb uodi|is
[£8] (£-4DW) S|192 430ued Isealq ul A1aAllep Bnip o414 uj  uonnjos woly uondiospe ein Buipeo| bnig 1 (s@d) syop wniuenb Quz
[¥5] (£-4DW) s|192 42dueDd 1sealq ul A1aAllep Bnup oaa uj  uonnjos woly uondiospe ein buipeo| bnig upadIzNY s3)diuedoueu Quz
JUSA|OS qibapowsi
[zs] (£-2dXq) S|192 492ued dp3easnued 0y A1aAldp Bnip oA uj dluebio wouy uondiospe Hnip |ennuanbag pue qiuajelos (SHN QuZ) sjeiskidoueu apixo duiz
(89¥-aW-vaW elpsw
[o¥] pue LEZ-gW-YAW) spioayds ul pue s|j33 Jadued 1sealq ul A1sAlep bnip oA uj  snoanbe ur sqN pue brnup jo buxiw ajdwis (DD) auinbouojyd (dND) sajp1edoueu apIxo wnL)
(unedsiy)
uondiospe snoanbe ejA pue (uiwndind) agnioueu (|eH)
[6€] (£-4DW) S|192 430ued Jsealq ul A1aailep bnip oA uj uonelodeas Juanjos Aq buipeo| brug unejds) pue uiwindin)  3usAojey/Z0aD) pue (|IS) edljis [eduayds pasiadsipouow Q)
(L1p) [epow (dNIH)
[9g]  yeibousx Jadued isealq e ul Apnis Aoediys o ur pue Aisaisp Bnup oaa uj juaAjos dluebio ui uondiospe bnig upignioxog  dpiedoueu IPIXO UOJI PILOD (YSH) UlWNg[e WNISS UeWNH
(9D) s|19> ewol|b uleiq pue Buixiw pajsisse-uoyediuos
[82] (6¥SY) S|192 ewouIed Bun| “(£-4JN) S||92 J9dUed 15e3iq Ul A1I3AIRP Bnup o4iA uj yum uondiospe eia buipeo| bnig |9xelped (sdNBY) sappiedoueu JanjIS
(1OH) wnipaw (I12Us sdNBY
[£Z] s||192 J9dued [e12310j0D pUE (£-4DIN) S|[32 49dUed 1seaiq ul AIsallep bnup oaia uj snoanbe uj uoneqnour Aq buipeoj bnig uneidsiy ue yum 3103 1jeqod dnaubew) Hiyo) sansodwodoueu dijjeiswig
(L9219 ‘€¥WED ‘LSTN ‘£8N) syeiboudx Ansiwayd (dN ny-1v1) uuogeld spnsedoueu
[97] ewoyb |eluesdenul Bulieaq ad1w ul K1dAIp syuabe 1senuod pue Bnip oaa uj  duozespAy ein uonebnfuod Bnup jusjerod | po pue upignioxoq plob payipow-apndad (1y]) uondudsuely Jo JojeAldesuel|
Adeiayy jewiayroloyd sdNny jo uoneiodiodul (SdNNY)
[81] YUM paulquiod (£-4DIA) S|193 19dued 1seaiq ul AIsAllsp bnup oaia uj -0 pue poyiaw uolelpAy wijy-uiyl X1d (XLd) |9xeuped sapnedoueu pjob [edusyds Buluieluod (SQIN) SSWOSOIN
sapsedouen
JEN uoped)ddy poyiaw buipeo| bnig bniqg SETIIL:p)

'S9IN1ONJISOURU PIseq-uogied pue sqN dluebioul 1oy saibaless buipeo| pue sa1ebnfuod BnIp-1aLIBI0URU JO MIIAIBAQ °| d|qel



548 A. MASOERO ET AL.

siown) godaH bBuuesq sd1w Ul salpnis A1dIxol pue
£oed1443 OAIA UL “(QHD) S|192 A1eA0 Jalswiey asauly) “(zndaH) s|j92 J1adued JaAl|

abeyuy|

(v4) a1ej04

[SSL] “(Z-4DW) S[192 42dued 1sealq (eT9H) S|19 43dued [edIAIRD Ul AISAIISp brup ouia uj  suozeipAy ein uonebnfuod bnip usjero) pue (XOQ) uignioxoq (SQN) spuowelpoueu palejfnid
‘uonn|os snoanbe
[esL] (LEZ-9W-VAW) s||9> J9dued 1seaiq sanebau ajduy ul Aiaalsp bnip o uy d1seq ul uondiospe eia buipeo| bnig SuoJuRXON (SQN) spuowelpoueN
9DIW SPNU JO SINSSI} dUOQ Ul UOIR|NWINIIR A1siwayd aplwipoagied
[6v1] OAIA U] PUE S||90 3Y1]-158[q031S0 |I-E1EDW Ul AIaAlRp bnup opia uj e|A uonebn(uod jusjenod [enusnbag (u3]y) S1eUOIPUIY (SQN) spuowelpoueN
(4nD) utwndinj pue
(@ Ansiwayd buydnod (N4-S) |PeInoION|4-G
[£¥1] -d3H) S|192 43dURd J9AI| pUe (/-4DN) S|192 J3duUed Iseaiq ul AISAIRP Bnip oy uj  apiwiipogled eia uorebnfuod bnip juajero) (Vn) ppY dlusn (SQN) spuoweipoueN
spuoweipouep
(e79H) S|19> 49dURd uoljewloy puoq (SLNMS) sagnioueu uogted |jem-3|buls uo
[SEL] [edIAISD Ul UONBIPR.I PRJBIUI-IESU YIM UOoleulquiod ul AIaAlsp bnip osia uj  suozeipAy eia uonebnfuod bnip usjero) (Xx0Q@) upignioxog  (X0d — HId) upignioxop — (j0A|6 susjAyis)Ajod sanisuss Hd
‘upigqnioxoq (IND®WYYdING/SD) 196oueu
(e79H) 5|19 49dURd JO UOISISAUOD PR1SISSe-aseq Yim 3A1ISUSS Hd/owuayl e ul pajensdedus (IND) segnioueu
[PEL]  |edIAIDD Ul UOIIRIpRUI PRJRIUI-IEIU YHM UOlRUIqWOod Ul AIdAIRP Bnip oA uj (OSWQ) 3uaajos dluebio wouy uondiospy (X0Q@) upignioxod uogued |jem-3|buls pajeod-aAizeALRpP uesolyd d1jiydiydwy
(493 J0108) Yrmoub
Ainfur p1o> |euids pauondasiway yum siel buiajoaul |_I[3Y10pUS JeJNdSeA (SLNDMWQ) Segqnioueu uogied pajjemijnw papeo)
l6zL] S1591 ADBD1YY3 OAJA UJ pUB (SDSN)S|[22 WSS SAISU Ul AISAIlep bnup oA uj uondiospe ein buipeoj-0d bnig pue (X1d) [oxeuped  -bnip aaisuodsal [ewusyloloyd (YIN) paJesjul-iesu 3qerdsfu)
(081S) siown} ewodles (,gPD) uonexajdwod
snoaueindgns buleaq sdiw ul Adessyy [ewsyioloyd yum uoneuiquiod uol [e3vW pue (X0Q) Ansiwayd suot ,po (VH-SLNDMS)
[bzl] ul Apnas Aded1yd 0AIA Ul pue /-{DN/S||92 Jadued Iseaiq ul ases|as bnip oA uj SWIX0 elA uonebnfuod bnip useA0) pue (XOQ) uldignioxoq s9gnloueU UOgJed pa||eM-3|buls palIpow-pIde duoinjeAH
JEN uopedddy poyiaw buipeo| bnig bniqg SETIIL=p)

‘(penunuo)d) °L |qel



NANOMEDICINE (&) 549

Periodic

Polymers

Monomers covalently linked

properties

e High biocompatibility

Multiple
monomers

Single
monomer

COF

Organic frameworks

arrangement of
molecules:

e Drug encapsulation
o Customizable material

Frameworks

Molecules linked covalently
and organized to form pores

Supramolecular

structures
Self assembled macromolecules
(weak interactions)

—> — -

Solid lipid nanoparticles

MOF

Metals coordinated in
organic frameworks

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.
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