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Mesoporous silica nanoparticles (MSNs) offer new opportunities for the oral delivery of peptide drugs
and biologics, owing to their biocompatibility and high drug-loading capacity. This perspective article
DOI: 10.1039/d5nj00654f explores strategies for the synthesis and functionalization of tailored MSNs, enabling precise control over

particle size, morphology, and surface chemistry to overcome gastrointestinal barriers and enhance oral
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One of the major challenges for the biopharmaceutical industry
nowadays is to develop effective, safe, and patient-compliant
medications while meeting complex regulations and current
cost constraints. In this context, peptide drugs and biologics
have revolutionized modern medicine by offering targeted
therapies with high specificity and efficacy, resulting in
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significant advances in the treatment of diseases such as
diabetes, ulcerative colitis, and rheumatoid arthritis."* These
medications have delayed or even reversed the course of
immune-related conditions, changing the lives of people with
chronic disorders, and offering hope for many patients who
previously had no effective treatment options.**

Compared to small-molecule drugs, peptides and biologics
have significantly higher molecular weights and inherently
heterogeneous structures, which limit their solubility and oral
bioavailability. However, in recent years, several attempts have
been made to develop oral formulations of these compounds.®
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Oral administration tackles the significant disadvantages asso-
ciated with the parenteral route, such as pain and discomfort,
severe reactions at the injection site, scarring, local allergic
reactions, and cutaneous infections. These effects can lead to
poor patient adherence when long-term follow-up and repeated
dosing are necessary.”

Despite its benefits, oral delivery of macromolecules remains
challenging due to the obstacles generated by the gastrointestinal
(GI) system. As large and complex molecules, biologics are
susceptible to the harsh GI milieu, including the acidic environ-
ment in the stomach, digestive enzymes, and microbiota, which
play pivotal roles in digestion.>® Although it is possible to ensure
protection against degradation, most of these drugs cannot pass
through the intestinal mucus due to their large size. Systemic oral
delivery of biologics and peptide drugs is additionally prevented
by the intestinal barrier, in which intercellular tight junction
complexes block their passage to the bloodstream.®’

After nearly a century of research aimed at achieving oral
delivery of macromolecules, the current clinical reality remains
unchanged, mainly in terms of therapeutic administration.
Along with the latest advances in materials science, research
on peptide drugs and biologics is yielding clinically relevant
drug delivery technologies, making oral administration a viable
option for the near future.'® Some of the alternative systems are
based on the use of permeation enhancers, enzyme inhibitors,
and mucus-penetrating and cell-penetrating peptides."* However,
nanoparticle-based formulations exhibit a unique potential in
drug delivery applications. Such carriers have been demonstrated
to overcome physicochemical barriers in the gut, providing con-
trolled release, novel transport mechanisms, and improved oral
bioavailability of payloads.'* A large amount of research on the
oral delivery of macromolecules using nanomaterials has focused
on lipids, liposomes, polymer conjugates, and dendrimers.”

Owing to their nanometer-scale size, mesoporous silica
nanoparticles (MSNs) can safely penetrate the intestinal epithe-
lium while carrying their protected cargoes.®'® Specifically,
dendritic (i.e., dendrimer-like) MSNs (DMSNs) offer customiz-
able pores in the range of 6-45 nm, large enough to host high-
molecular-weight drugs, combined with an almost monodis-
persed particle size distribution in the range of 50-150 nm,
which is suitable for navigating through the intestinal barrier.
Especially for peptide delivery, DMSNs have been shown to
provide all the ideal benefits as drug carriers. The small particle
size and tunable large pores, along with a negatively charged
surface, have enabled simultaneous high loading and efficient
interaction with the intestinal epithelium.*

The optimization of MSN morphology, particle size, surface
charge, and porosity has been extensively studied to improve
the efficacy of MSN-based systems for oral drug delivery. However,
prior to clinical developments, oral formulations still must be
optimized in terms of drug loading efficiency, retention of bio-
logical activity of the cargoes after encapsulation, and protection
against proteolysis.® In this regard, the functionalization of the
MSNSs carriers has offered significant advantages in oral delivery."
By tuning the surface chemistry of these materials, the interaction
of confined drugs with silica has been additionally improved,
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ensuring controlled release and enhanced performance in gastro-
intestinal conditions.'® Tailored functionalization has enabled the
selective loading of large biomolecules, such as enzymes, while
retaining their biological activity and even enhancing their cata-
Iytic performance.'”

MSNs have shown promise as nanocarriers in oral formulations.
However, challenges related to colloidal stability, intestinal
permeability, and mucoadhesion must be addressed to
improve the delivery of peptide drugs and biologics and achieve
meaningful therapeutic outcomes in vivo. Additionally, under-
standing particle biodistribution, clearance mechanisms, and
long-term safety is essential for the clinical translation of MSN-
based formulations.®'*"®

This perspective article explores strategies for the synthesis
and functionalization of MSNs, specifically designed to get
through GI barriers that limit the efficacy of oral formulations,
including the mucus layer and the tight intestinal epithelium.
Approaches to diversifying MSN morphology, particle size, and
surface chemistry are discussed, along with recent studies
correlating these properties with the interaction of MSNs with
intestinal cells, their diffusion through the mucus, and the
modulation of the intestinal barrier. This overview highlights
the unique potential of MSNs as nanocarriers for oral drug
delivery, emphasizing their role in reducing mucus trapping
and enhancing intestinal permeability. Additionally, it provides
guidelines for their tailored design and advanced testing of the
particle performance in contact with intestinal cells.

1. Physiological barriers in the gut and
MSNs in oral drug delivery

The complex architecture of the GI tract supports essential
biological functions, including nutrient digestion, absorption,
and waste elimination. Beyond mechanical and chemical proces-
sing of food, it also protects the body by defending against
pathogens and regulating selective uptake.'® Consequently, phy-
sicochemical barriers such as the gastric and intestinal digestive
environment, the mucosal lining, and the tightly packed intestinal
epithelium can hinder the transport of orally administrated drugs
and their entry into the systemic circulation (Fig. 1).*7*°

Drug loading into MSNs, designed to tackle some of these
barriers, along with strategies for silica functionalization, has
enabled the development of formulations with potential appli-
cations for oral delivery. These formulations ensure low toxicity
and minimal disruption to the intestinal barrier function.*'™*

The following sections provide an overview of the mucosal
barrier, the tight intestinal epithelium, and the pathways that
mediate absorption and subsequent systemic delivery of orally
administered drugs. Additionally, the impact of the physico-
chemical properties of MSNs on their biological performance in
the gastrointestinal compartment is discussed.

1.1. The mucosal barrier

The intestinal mucus barrier is composed of water, mucin
glycoproteins secreted by goblet cells, ions, enzymes, and

New J. Chem., 2025, 49,10018-10034 | 10019
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Fig. 1 Physiological barriers in the gastrointestinal compartment limiting
oral delivery of peptide drugs and biologics: (a) biochemical barrier
including the acid environment in the stomach and digestive enzymes,
(b) mucus barrier, and (c) cellular barrier corresponding to the tight
intestinal epithelium. Adapted with permission.* Copyright © 2019,
Springer Nature.

immunoglobulins. These elements form dense layers, shielding
the epithelium from mechanical harm, pathogens, and
chemical damage. The thickness of mucus varies from the
stomach (30-300 um) to the small intestine (150-400 pm) and
the colon (30-280 pum), limiting the passage of nanomaterials.>®
Indeed, it has been reported that the crosslinked mucin fibers
of the mucus only allow the diffusion of particles smaller than
200 nm. However, if particles are too small, they risk being
rapidly cleared from the body before they can cross the intest-
inal epithelium.>® Therefore, optimizing the particle size is
crucial to ensure mucus penetration and retention within the
GI tract.”

The mucus surface is mostly negatively charged due to the
carboxyl and sulphate groups of mucins. This, along with the
hydrophobic nature of lipid moieties in proteoglycans, hinders
the diffusion of hydrophobic or positively charged MSNs.>®
Accordingly, functionalization of the silica surface has been
used to minimize particle interactions with the mucus layer,
allowing neutral or negatively charged MSNs with hydrophilic
grafted moieties, such as polydopamine, polyethylene glycol
(PEG), and zwitterion functions, to transit smoothly and escape
rapid clearance.”®

Furthermore, the morphology of MSNs influences their
ability to navigate the mucus. Several studies have shown that
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nanorods traverse this barrier more efficiently than spherical
particles. This is because elongated shapes provide a dynamic
orientation that reduces the effective size in contact with
mucus, allowing the particles to slip through its dense network
more efficiently.*®

In addition to morphology, the role of surface roughness in
particle trafficking through the mucus layer has been investi-
gated. In this context, virus-like MSNs have been synthesized to
mimic the size and shape of biological viruses, enabling more
efficient penetration and transport within the mucus. For
example, Zhang et al. developed virus-like MSNs that signifi-
cantly reduced binding to mucin compared to smooth particles,
thereby ensuring faster penetration through the mucus layer
and improving permeability across the epithelium for the oral
delivery of insulin.*

1.2. The intestinal epithelial barrier: paracellular and
transcellular pathways

Once the mucus barrier has been crossed, nanomaterials are
either taken up intracellularly or interact with the intestinal
cells, privileging the paracellular route by loosening the cell
junctions.>'”*? The intestinal barrier comprises various types of
cells, such as enterocytes, goblet cells, and enteroendocrine
cells, closely joined by such tight junction proteins (TJs) that
modulate selective permeability through the epithelium. Addi-
tionally, the mucosal linings secreted by goblet cells provide
protection against pathogens while facilitating the passage of
nutrients and drugs through both transcellular and paracellu-
lar pathways.*®

Paracellular transport refers to the passage of substances
across intestinal cells, regulated by TJs such as claudins,
occludin, and zonula occludens. These proteins regulate the
permeability of the epithelial layer, allowing for the selective
passage of small molecules, water, and ions. However, its
restrictive selectivity generally limits the passage of large mole-
cules, posing challenges for delivering larger therapeutic com-
pounds and biologics.®® This selectivity underscores the
importance of potentially modulating TJ dynamics to enhance
the efficiency of oral formulations.>**>

The interaction of MSNs with epithelial cells can disrupt
TJs, increasing intestinal permeability.>**” Lamson et al. used
MSNs to deliver insulin and exenatide in diabetic mice through
TJ modulation.?® Smaller particles (20-200 nm) facilitated MSN
diffusion through the mucus, while their highly negative sur-
face charge (—40 to —80 mV) further enhanced the permeability
of Caco-2 monolayers. The authors postulated the interaction
of MSNs with apical integrins, stimulating pathways that lead
to the phosphorylation of myosin light chain kinase (MLCK).
Such a phosphorylation process is crucial in regulating barrier
function as it can induce actomyosin contraction and subsequent
reorganization of the epithelium architecture.*'*® Accordingly,
these studies confirmed zonula occludens-1 (ZO-1) redistribution
and overall depletion of the TJs.*®

Furthermore, the interaction of MSNs with TJs has been
enhanced by proper functionalization of the silica surface. Thus,
permeation enhancers such as peptides, chitosan, thiolated

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nj00654f

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 1404. Downloaded on 25/12/1404 12:55:06 ..

(cc)

Perspective

polymers, and fatty acids have been conjugated to MSNs to
transiently modulate TJ proteins without damaging the barrier
integrity while increasing paracellular permeability.” TJ disrup-
tion may lead to increased susceptibility to infections and the
systemic absorption of harmful substances.** Thus, com-
pounds that alter intestinal barrier function by modifying the
organization and fluidity of the cell membrane, altering TJ
expression, or inhibiting endocytosis are frequently used to
elucidate the pathways involved in the interaction of nanoma-
terials with intestinal cells while confirming the material safety,
integrity of the cell monolayer, and transient disruption of the
barrier.***?

The transcellular route is, in turn, a less invasive pathway
that facilitates the transport of nanoparticles across the intestinal
barrier, enabling the direct movement of substances through
cells. This typically occurs via membrane-bound carriers or
passive diffusion, which are essential for nutrient uptake and
waste elimination.*® Endocytosis, a specific form of trans-
cellular transport, involves the enveloping of extracellular
material by the cell membrane, which forms vesicles that
transport these compounds or particles into the cells. This
pathway is crucial for the uptake of larger molecules, such as
proteins and lipids, which cannot cross the cell membrane
directly.**

The internalization mechanisms are divided into phagocy-
tosis, pinocytosis, and receptor-mediated endocytosis.*® Phago-
cytosis is typically used to capture and eliminate pathogens,
involving the encapsulation of large particles.”> On the other
hand, pinocytosis is a process in which intestinal cells inter-
nalize extracellular fluid and small solutes through small
vesicles, allowing the cell to adjust to its environment.*®
In turn, receptor-mediated endocytosis is a more selective
pathway that involves specific binding of cell surface receptors
to external matter, triggering vesicle formation and subsequent
internalization. Such pathways include clathrin- and caveolin-
mediated endocytosis, both of which have been widely explored
for the cellular uptake of nanocarriers in drug delivery.*

The physicochemical properties of MSNs can significantly
influence their cellular uptake. Thus, the modification of silica
charge, size, morphology, and chemical surface has been
explored to enhance transcellular transport and internalization
of drug cargoes.>" For example, Zheng et al. described the effect
of morphology on endocytosis-mediated uptake.*” The authors
finely tuned the reaction conditions to diversify the aspect ratio
of MSNs, obtaining spherical and rod-like particles with iden-
tical surface chemistry. Mechanistic studies with endocytosis
inhibitors demonstrated that while the nanorods were inter-
nalized via a caveolae-mediated pathway, the clathrin receptors
contributed to the uptake of spherical MSNs. Additionally, it
has been reported that smaller MSNs (<50 nm) with a surface
charge between +15 and —15 mV undergo receptor-mediated
endocytosis, which facilitates endolysosomal escape and target-
ing toward mitochondria, the endoplasmic reticulum, and the
Golgi apparatus.*®

The surface chemistry of the nanoparticles has also been modi-
fied to enhance interaction with intestinal cells, privileging
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endocytic pathways."> For example, it has been demonstrated
that functionalization with positively charged groups or amphi-
philic copolymers can enhance interactions with lipid head-
groups of the membrane, thereby favoring internalization and
improving the bioavailability and therapeutic efficacy of the
transported drugs.**°

2. Strategies for the synthesis and
functionalization of MSNs

The physicochemical properties of MSNs play a crucial role in
the performance of such materials as nanocarriers in oral
delivery applications, significantly influencing drug loading,
release kinetics, mucus penetration, intestinal permeability,
and overall oral bioavailability.*® This section describes strate-
gies for the synthesis and functionalization of MSNs, enabling
precise control over particle size, morphology, surface rough-
ness, and organic functions anchored to the silica surface,
which offers valuable tools for designing MSNs with tailored
performance in the GI compartment.

The synthesis of mesoporous materials involves sol-gel reac-
tions wherein silica polymerization is conducted around the
micelles. This process is based on the cooperative self-assembly
between structure-directing agents, such as surfactants or block
copolymers, and inorganic silica precursors, including organosi-
lanes, which occurs in an aqueous alcoholic solution, typically
ethanol, used to dissolve both organosilanes and surfactants.”*
Cationic surfactants such as cetyltrimethylammonium bromide
(CTAB) or cetyltrimethylammonium chloride (CTAC) are widely
used as structure-directing agents. At the same time, tetraeth-
oxysilane (TEOS), tetramethoxy silane (TMOS), and sodium sili-
cate are the most common silica precursors in the synthesis of
mesoporous materials.”

Initially, the surfactant self-assembles into micellar struc-
tures when its concentration reaches the critical micellar
concentration.>® Experimental conditions, such as pH, tem-
perature, and surfactant concentration, directly influence the
shape and size of the micellar arrangement formed, which is
essential for inducing and diversifying the porosity of the
products.”® Then, the inorganic precursor is catalytically hydro-
lyzed to form silanol groups (Si-OH) and further condenses
into polymeric silica-based species, generating siloxane bonds
(Si-O-Si) that align around the micellar arrangement through
supramolecular templating.>* This sol-gel process leads to the
growth of the silica network and is facilitated by acidic (e.g.,
HCI) or base catalysts such as NH,OH, NaOH, triethanolamine
(TEA), or diethanolamine (DEA), which significantly influence
the rate of hydrolysis and condensation reactions (Fig. 2).>*

MSNs are typically synthesized at low temperatures, ranging
from 25 °C to 80 °C. Consequently, the mesoporous structure
should be consolidated through hydrothermal treatment
(80-150 °C) or aging to achieve complete condensation of the
silica framework. Although not mandatory, these post-synthetic
procedures are commonly used to enhance the ordering of
the resulting particles, thereby favoring pore expansion and

New J. Chem., 2025, 49,10018-10034 | 10021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nj00654f

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 1404. Downloaded on 25/12/1404 12:55:06 ..

(cc)

Hydrolysis Condensation
+H0 o

OR 2 OR RO-Si-OH

| H*/OH" | o RO___o.  _OR
RO-$i~OR {HoH) RO-Si-OH R o o s<on

OR SIROH OR =h0 RO OR
(Silicon source, (Silanol)

R: alkylgroup (-CHs, -CHy-CHs) further
YIoroup (e ... hydrolysis an(f condensation
S|02 |

.

Fig. 2 Schematic representation of the reactions involved in the synthesis
of mesoporous silica.

improving hydrothermal stability.>® The mesopores are finally
generated after removing the surfactant template either by
solvent extraction or calcination.’® Calcination must be per-
formed for several hours at temperatures above 500 °C in the
presence of oxygen to eliminate the organic species through
thermal decomposition.’® On the other hand, extraction with
organic solvents enables the removal of templates while pre-
serving organic functional groups within the silica matrix,
which is essential for the subsequent applications of these
materials.®” For this purpose, extraction with an EtOH/HCI
mixture under refluxing conditions is typically used to reduce
electrostatic interactions between the positively charged head
groups of the surfactants and the silicate anions.”® The extrac-
tion process should be repeated several times or combined with
sonication to enhance the efficiency of template removal.
Furthermore, the choice of solvent should be made according
to the specific template, and its total removal is not always
guaranteed.>”

The first synthesis of MSNs was reported by Griin et al. in
1997.%° Colloidal particles, ranging from 400 to 1100 nm, were
obtained by modifying the Stober synthesis, which involves the
hydrolysis and condensation of TEOS in a mixture of ethanol
and water containing ammonia as a base catalyst.®" The addi-
tion of cationic surfactants to the reaction mixture provided the
micelles needed to form spherical MCM-41 particles with pore
diameters ranging from 2.9 to 3.6 nm.®® The original procedure,
developed by Werner Stober and colleagues in 1968, successfully
produced non-porous, spherical particles with a uniform size
distribution in the micron-size range.®> Furthermore, when com-
bined with the cooperative self-assembly mechanism, the Stober-
based protocol allowed the generation of porosity with precise
control over the morphology, pore size, particle size, and surface
properties of the MSNs.”>® The fine-tuning of reaction conditions
has produced tailored particles with nanometric sizes suitable for
a wide range of applications.®*®>

2.1. Control of particle size and colloidal aggregation

The size of the MSNs is critical when targeting specific biolo-
gical applications. Precise control over particle dimensions
ensures efficient drug delivery, optimal biodistribution,
effective interactions with cells and tissues, and effective blood
circulation and clearance from the body.*®%®

The pH of the reaction affects both the hydrolysis and con-
densation of the silica precursor and the micellar organization
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of the surfactant, being a critical factor that controls the
nucleation and growth of MSNs. Thus, the production of large
particles, such as MCM-48 and MCM-41 MSNs, can be achieved
by increasing the concentration of the base catalyst.®® Further-
more, Zainal et al. reported that increasing the reaction tem-
perature from 30 °C to 70 °C resulted in particle growth from
30 nm to approximately 115 nm.°® This effect can be attributed
to the acceleration of the reaction rate, which favors the
polycondensation of silica. Since it is known that organic co-
solvents facilitate the solubilization of various species within
the reaction medium and influence the reaction rate, micelle
assembly, and colloidal aggregation,”””" a similar trend was
observed with the addition of butanol, which increased particle
size from ca. 45 nm to 105 nm.*® On the other hand, additives
such as alcohols, amines, inorganic bases, and inorganic salts
also alter the hydrolysis and condensation of the silica pre-
cursor, accelerating the reaction kinetics and leading to the
formation of smaller particles.” For example, Moller et al. used
TEA instead of NaOH or NH,OH to generate small particles
(below 150 nm) with narrow size distributions.”” Similarly,
Bouchoucha et al. reported the production of well-dispersed
MSNs using TEA as a base catalyst, which additionally acted as
a complexing agent, limiting particle growth.””

It is known that when the size of MSNs is reduced, the
aggregation rate increases because the particles interact with
each other to attenuate their surface tension.>® In this context,
using r-lysine as a moderate catalyst in a methanol/water
mixture effectively decreased particle aggregation, resulting in
a reduction of particle size to as small as 6 nm.”” This effect can
be attributed to the electrostatic interactions between the
protonated amine groups of r-lysine and the hydroxyl groups
on the silica surface, which further delay the condensation
process and enhance colloidal stability. The PEG-silane added
to cover the silica surface was also found to attenuate the
particle growth process by steric stabilization.”* Co-surfactants
have been additionally used as particle growth inhibitors for the
same purpose.>® Thus, adding the block copolymer Pluronic F127
(EO106-PO;(—EO46) effectively stabilized the mesophase by
quenching the condensation of silanol groups (Fig. 3).”*

For instance, Kim et al. reported that the size of MCM-48-
type particles, ranging from 70 to 500 nm, could be controlled
by varying the amount of F127 used in the synthesis.”® Similar
results were achieved in the study of Bouchoucha et al., in
which the size of the MSNs was reduced from 300 to 90 nm by
increasing the concentration of F127, ensuring high colloidal
stability and minimal colloidal aggregation.”®

Specifically in the context of oral drug delivery, Wang et al.
investigated the effects of MSN size on mucus penetration and
interaction with epithelial cells.”” The authors prepared MSNs
of different sizes (100 nm, 250 nm, and 480 nm) by adjusting
the amount of F127 during synthesis. These particles were used
as carriers for fenofibrate, a drug commonly prescribed to lower
high cholesterol and triglyceride levels in the blood. Drug
release profiles, along with transepithelial transport, degrada-
tion in gastric and intestinal fluids, and intestinal distribution
of the formulated MSNs, were systematically studied and
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Fig. 3 (a) Schematic representation of the inhibition of particle growth
by adding Pluronic F127 as a co-surfactant in the synthesis of MSNs.
Adapted with permission.75 Copyright © 2006, American Chemical Society.
(b) Transmission electron microscopy (TEM) images of MSNs synthesized by
increasing the concentration of F127. Adapted with permission.”® Copyright
© 2016, American Chemical Society.

correlated with particle size. Among the tested materials, the
medium-sized MSNs (250 nm) exhibited the best performance,
with efficient cellular uptake and a low percentage of drug
leakage in the intestinal tract. To further enhance particle
stability under GI conditions and improve both mucus pene-
tration and epithelial absorption, the MSN surface was mod-
ified with a bilayer consisting of polyethyleneimine (PEI)-coated
carbon dots and PEG, which resulted in significantly improved
oral bioavailability of fenofibrate.

2.2. Control of morphology

The morphology of MSNs is crucial to their performance, parti-
cularly in biological applications where shape-dependent
interactions are complex and pivotal for ensuring particle bio-
distribution, excretion, and relevant physiological responses.”®”°
While spherical MSNs have been extensively studied in recent
years, significant advancements in controlling reaction conditions
have unlocked the potential to obtain non-spherical rods,
platelets, sheets, tubes, bundles, and cubes, which offer unique
advantages for targeted applications (Fig. 4).°**°

The molar concentration of the base catalyst, surfactant, and
TEOS influences the micelle assembly at the initial stage of the
synthesis and affects the shape of the materials.>*%® Therefore,
Cai et al. diversified the morphology of MSNs by tuning the
concentration of TEOS, base catalyst (NaOH or NH,OH), and
CTAB, obtaining spherical, rod-shaped, and micrometer-sized
oblate silica.*® Several morphologies, such as spheres, shell-like,
oval (or oblong), peanut-like, hollow, and complex yolk-shell
structures, have also been obtained by adjusting the amount of
dodecanol in combination with CTAB, used as a soft template
mixture, under precise control of the temperature.®”

Furthermore, organosilanes such as 3-aminopropyltrimeth-
oxysilane (APTMS), allyltrimethoxysilane (ALTMS), and 3-iso-
cyanatopropyltriethoxysilane (ICPTES) have been used in
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Fig. 4 TEM images of silica particles exhibiting different morphologies:
(a) tubular, (b) needle-shaped, and (c) bell-shaped, all obtained by varying
the concentrations of ammonia, sodium citrate, polyvinylpyrrolidone,
chloroauric acid, and/or NaCl during synthesis. Reprinted with permission.&°
Copyright © 2014, IOP Publishing Ltd. (d) DMSNs exhibiting central-radial pore
structure. Reprinted with permission.®* Copyright © 2013 American Chemical
Society. (e) Hollow MSNs with spikes on the surface (silica nanopollens).
Reprinted with permission.2 Copyright © 2016 American Chemical Society.
(f) Asymmetric head—tail DMSNSs. The dendritic tail grows on spherical particles
(head) using an oil/water emulsion system. The length and tail coverage on
head particles are adjustable. Reprinted with permission.®> Copyright © 2017
American Chemical Society. Nonspherical hollow MSNs with controlled
morphologies: (g) capsules, (h) rice, and (i) cubes. The mesoporous structure
grows by inheriting the original shape of the Fe,Oz templates, which are
subsequently removed to obtain hollow particles. Reprinted with permission.®*
© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

conjunction with silica precursors in co-condensation strate-
gies to obtain spheres, rods, and hexagonal tubes.’> This
approach not only enabled the diversification of morphology
but also facilitated silica functionalization. The change in the
shape of MSNs was attributed to differential interactions
between the alkoxysilanes and the surfactant template.

Experimental conditions of sol-gel reactions can also be
adjusted to finely tune the aspect ratio of the MSNs, which has
driven the generation of rod-shaped particles.*® Rod-shaped
MSNs can be synthesized by increasing the amount of the base
catalyst or by adding co-solvents such as heptane. Additionally,
temperature variations have been found to produce elongated
particles.®”°° Rahmani et al. reported the generation of silica
rods by adjusting the amount of ethanol used as a co-solvent
in the sol-gel reaction, which facilitated control over the
particle shape and mesoporous structure.”’ In an alternative
procedure, Huang et al. described the synthesis of MSNs with
diverse aspect ratios by condensing TEOS under low surfactant
concentration.””

The aspect ratio of nanorods can be adjusted to optimize
particular biological processes. Therefore, longer rods have
shown efficient cellular internalization, while shorter ones have
improved particle biodistribution.”>”®> Rod-shaped MSNs
have exhibited enhanced interactions with biological interfaces,

New J. Chem., 2025, 49,10018-10034 | 10023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nj00654f

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 1404. Downloaded on 25/12/1404 12:55:06 ..

[

NJC

such as cell membranes or extracellular matrices, potentially
increasing therapeutic efficacy or diagnostic sensitivity.**2%°
The synthesis of rod-like MSNs has attracted significant inter-
est for oral drug delivery due to their enhanced ability to
overcome physiological barriers in the gut. This includes per-
meation through the mucus layer, cellular uptake, and interac-
tions with the intestinal epithelium, which are particularly
important when targeting oral drug delivery."”°>°*® For exam-
ple, in a recent study, Schmid et al. synthesized rod-shaped
MSNs and evaluated the role of surface functionalization on
particle biodistribution following oral administration in vivo.>®
The authors demonstrated the possibility of modulating the
accumulation and retention of MSNs in the GI tract of mice
through surface functionalization with PEG or hyaluronic acid
(HA), highlighting the importance of the elongated shape of the
rod-like MSNs in enabling potential penetration through the
mucosal mesh.

Furthermore, Liu et al. reported significant advantages of
rod-like MSNs for oral drug delivery due to their enhanced
permeation and retention effects in mucus, which resulted in
improved oral absorption of fenofibrate.”® The authors tuned
the aspect ratio of the MSNs and correlated the release kinetics
of fenofibrate particle interaction with mucus with the mor-
phology of the particles. Nanorods not only improved the oral
bioavailability of fenofibrate compared to spherical particles
but also enabled delayed drug release in simulated physiologi-
cal media. In an alternative study, Zheng et al.*” synthesized
silica particles with varying aspect ratios but identical surface
chemistry to investigate the effect of MSN shape on oral
delivery. The authors reported that nanorods exhibited higher
cellular uptake compared to spherical MSNs, primarily via
caveolae-mediated endocytosis. In contrast, the uptake of nano-
spheres was mainly driven by a clathrin-dependent pathway.
These findings confirmed that MSN morphology influences
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their interactions with intestinal cells. Furthermore, the use
of nanorods as carriers for doxorubicin hydrochloride signifi-
cantly increased the drug’s apparent permeability coefficient
and improved its oral bioavailability in vivo.

2.3. Biphasic stratification approach for the synthesis of
dendritic and virus-like MSNs

The precise control of the pore size of MSNs is crucial for
biomedical applications involving the encapsulation and
release of biomacromolecules.®® Conventional MSNs typically
exhibit pores smaller than 4 nm, which limits their use in this
field. In contrast, DMSNs feature a unique central radial pore
structure, which has attracted significant interest due to their
unconventional open pore architectures, larger pores reaching
up to 13 nm, and narrow particle size distributions that can be
easily tailored by modifying the reaction conditions.?®"%°
Although there are several strategies for the synthesis of
DMSNS, such as the organosilane-assisted co-condensation,”®'*°
the heterogeneous oil-water biphasic stratification, reported
by Shen et al in 2014, is one of the most commonly used
methodologies.'®® In this approach, TEOS is dispersed in a
hydrophobic organic solvent, such as cyclohexane, cyclobenzene,
1-octadecene, decahydronaphthalene, or toluene. At the same
time, the surfactant (e.g;, CTAC) and the catalyst (e.g., TEA) are
added to the water phase. Under these conditions, the authors
have proposed the formation of multigenerational and
dendrimer-like center-radial mesopores through nucleation and
growth processes driven by the self-assembly of silicate oligomers
at the interfacial emulsion (Fig. 5). The research reported by
Ernawati et al. supported the hypothesis that such microemul-
sion, spontaneously formed at the interface of water and oil, plays
the main role in controlling the formation of hierarchical
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Fig. 5 TEM (a)-(c) and SEM (d)—(f) images of 3D-dendritic MSNs after the growth of one (a) and (d), two (b) and (e), and three particle generations (c) and
(f) via the biphasic stratification approach. Scale bars stand for 200 nm. (g) Schematic representation of the formation of DMSNs and a hypothetical
formation mechanism, including the nucleation of particles (I), the growth of the first DMSNs generation (l1), the transformation of the upper oil phase (ll1),
and the growth of the second DMSNs generation (V). The mechanism of interfacial growth (V) shows the swelling of a single mesopore channel. Adapted

with permission.’®* Copyright © 2014, American Chemical Society.
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In the biphasic approach, surfactant concentration, stirring
speed, temperature, and reaction time also influence the par-
ticle size and porosity of the DMSNs obtained.”® Yu et al.
reported the synthesis of dendritic particles by adding imida-
zolium ionic liquids (ILs) as co-surfactants and Pluronic F127
as a particle growth inhibitor."®® The size of the DMSNs was
precisely controlled within the 50-300 nm range by changing
the alkyl chain length, IL concentration, and the amount of
Pluronic F127.

The use of fluorocarbon anions as additives has also enabled
a decrease in surface tension and interactions with cationic
surfactants, resulting in finely tuned particle sizes (80-160 nm)
and pore sizes (2-22 nm) by controlling the concentration of
the additive.’**'% In particular, the addition of sodium hepta-
fluorobutyrate (FC4) to a typical biphasic system at room
temperature favored the formation of large pores (>20 nm)
and small-sized DMSNs (50 nm) compared to conventional
synthesis at higher temperatures (i.e., 80 °C).'°® The authors
reported that increasing temperature induced particle growth
(from 40 to 100 nm) with less influence on pore size expansion.
Thus, a smaller ratio of FC4/CTAB was required to induce the
growth of dendritic mesopores at room temperature.

The larger pore size of DMSNs compared to conventional
MSNs has encouraged their application in the oral administra-
tion of peptide drugs and biologics.»®” For instance, Juére et al.
adjusted the size and porosity of DMSNs by changing the
organic co-solvent (e.g., n-hexane, cyclohexane, or toluene)
during the oil-water biphasic stratification reaction, aiming
to optimize them for the oral delivery of insulin."* The use of
DMSNs enabled the encapsulation of insulin within the silica
mesopores with improved solubility and uptake by epithelial
cells. Further combination of the insulin-loaded materials with
succinylated B-lactoglobulin, a protein-based excipient, rendered
pH-responsive tablets that prevented premature gastric release
and controlled delivery in intestinal conditions.

DMSNs have also been explored as promising carrier candi-
dates to overcome mucus clearance and epithelial barriers in
the Gl tract. In this context, Zhou et al. reported the use of
PEGylated DMSNs to enhance mucus penetration and improve
the permeation and intestinal absorption of andrographolide.'’”
The authors synthesized the DMSNs using TEOS as the silica
source, CTAB as the structure-directing agent, and sodium salicy-
late as the pore-expanding agent. The resulting DMSNs exhibited
a spherical morphology (180-200 nm) with a well-defined central-
radial dendritic structure and pore sizes of 24 nm, ie., large
enough to encapsulate nanocrystal clusters of andrographolide.
The hydrophilic nature of the functionalized DMSNs facilitated
effective transepithelial transport and distribution within the
intestinal tract. As a result, the oral bioavailability of androgra-
pholide was significantly increased, while its anti-inflammatory
activity was preserved, as demonstrated in both in vitro and in vivo
studies.

Modifications of the heterogeneous oil-water biphasic stra-
tification method have led to the synthesis of virus-like MSNs
using CTAB in a cyclohexane/water biphasic system.”® Wang
et al. described the formation of these particles, characterized
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Fig. 6 TEM images of the MSNs obtained after (a) 24 h, (b) 26 h, and
(c) 48 h reaction times in a biphasic system (cyclohexane/water) using a
low CTAB concentration. (d) TEM image of a virus-like MSN; the red arrows
and circles indicate the open tubular structures and their corresponding
top views, respectively. (e) Schematic representation of the synthesis of
virus-like MSNs and their suggested formation mechanism, including the
formation and growth of spherical particles (I), the formation of the
nucleation sites on the surface of the MSNs and the necks of the mesopore
channels (ll), and the orientated growth of the silica nanotubes (lll).
Adapted with permission.’°® Copyright © 2017, American Chemical
Society.

by a spiky tubular rough surface through a single-micelle
epitaxial growth approach (Fig. 6a-d)."*®

The authors proposed the formation of the virus-like particles
from the isotropic growth of spherical MSNs under an ultralow
concentration of surfactant template, followed by the oriented
growth of silica nanotubes within the mesoporous channels
(Fig. 6e). The resulting virus-like particles exhibited enhanced
colloidal stability and uniform particle size, with core diameters
ranging from 60 to 160 nm and outer “spike shell” diameters
from 6 to 10 nm. By increasing the reaction time and adjusting
the CTAB concentration, the tubular length of the spikes could be
extended from 6 to 70 nm.”®

Virus-like MSNs are considered a promising platform
for vaccine development and targeted therapy. The increased
surface roughness, which mimics the morphology of viral cell
membranes, has promoted unique internalization pathways,
extended blood circulation times, and efficient penetration
through the mucus layer and permeation across the intestinal
epithelium.’®'%>'° Indeed, a recent study by Cao et al. reported
enhanced insulin permeability both in vitro and in vivo when the
peptide drug was orally delivered in combination with virus-like
MSNs (60 nm)."** This effect was attributed to the reorganization
of the TJs, driven by the increased surface roughness of the virus-
like particles compared to spherical Stober MSNs. These findings
offer a promising strategy for developing non-toxic permeation
enhancers to improve the oral delivery of macromolecules.
Furthermore, Sang et al.'*? reported the synthesis of core-shell
MSNs (80 nm), functionalized with r-alanine and featuring
virus-like nanospikes to enable chiral recognition for biomimetic
drug delivery. These nanoparticles were used to encapsulate
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indomethacin within their nanopores, enhancing both the
solubility and stability of the drug. The virus-mimicking nano-
spikes improved mucus penetration and significantly increased
the oral absorption of indomethacin.

2.4. MSNs functionalization: general principles and tailored
modification of the mesostructure

The modification of the porous network of mesoporous silica
with organic functions allows for precise control over the sur-
face chemistry of these materials. By tuning the surface of
MSNs, interactions with target species, supports, or biological
systems can be optimized, thereby favoring processes such as
adsorption, desorption, molecular or ionic transports, and
chemical interactions that are essential in drug delivery
applications.'**711¢

The optimization of functionalization strategies has enabled
the incorporation of a wide range of organic molecules, expos-
ing diverse functional groups such as amines, phosphonates,
carboxyl, hydroxyl, and alkyl chains.’*” These can be covalently
anchored to the silica surface through co-condensation during
synthesis or post-synthesis grafting. In the co-condensation
approach, organic moieties are introduced in situ during the
condensation of TEOS and functional silanes, such as alkoxy-
organosilanes and chloro-organosilanes, in the presence of a
surfactant template."*®''® This process comprises the for-
mation of a non-hydrolyzable covalent Si-C bond between
the organosilane and the siloxanes formed, followed by the
hydrolysis of these species to generate the silica network.
On the other hand, if chemical modification is required
exclusively on the outer surface of the material, it is possible
to perform post-synthetic grafting followed by the removal
of the surfactant template. Alternatively, the material could
be directly calcined after synthesis and subsequently func-
tionalized.""**

On the other hand, organic molecules can be non-covalently
adsorbed (i.e., physisorbed)."’® For example, Schmid et al.
recently reported the sequential loading of calcitonin, a hydro-
philic peptide drug, into MSNs, followed by PEGylation to
extend blood circulation time and minimize premature drug
release from the mesopores.">” The polymer chains were phy-
sically adsorbed onto the silica surface, effectively shielding
drug-loaded MSNs from protein corona formation. PEGylated
particles maintained colloidal stability and biofunctionality in
the presence of serum proteins over time scales fully compa-
tible with intravenous administration. These findings highlight
the potential of adsorptive PEGylation as a straightforward and
reproducible approach for drug loading and MSNs functiona-
lization, enabling the development of cost-effective drug delivery
formulations.

The incorporation of PEG to the silica network has also been
reported through various alternative methodologies.'*® Due to
their hydrophilic nature, the polymeric chains of PEG promote
hydrogen bonding between water and ether groups, thus
enhancing the biocompatibility of the grafted materials."”>* PEG
has been covalently attached to MSNs to increase stealth proper-
ties, which prolong blood circulation times. Several strategies
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were described by von Baeckmann et al. for this purpose, invol-
ving the prior modification of silica with functional silanes that
subsequently reacted with PEG."*® The coupling methods signi-
ficantly influenced the grafting efficiency and the resulting pro-
tein adsorption, highlighting the importance of selecting an
appropriate linking chemistry when aiming for surface func-
tionalization. For example, in a recent study, a-methoxy-o-NHS
polyethylene glycol (5056 Da) was grafted to rod-like MSNs via
covalent coupling with amino moieties previously tethered on the
silica surface.”® PEGylation was aimed at increasing the residence
time of the rods in the GI tract, which is particularly beneficial for
treating inflammatory bowel disease (IBD). Indeed, upon oral
administration to colitis-induced mice, the PEGylated particles
were shown to accumulate in the lower intestinal tract, exhibiting
low systemic absorption and clearance rates compared to other
functionalized rod-like MSN tested.

Other hydrophilic polymers such as poly(N-isopropylacryl-
amide) and PEI have been used for MSNs functionalization,
enabling long-term stability in biological media and
improved biocompatibility.'** Furthermore, the surface charge
of MSNs have been modified with molecules bearing positive
(e.g., -NH;", -NH(CH;),") and negative (e.g;, -COO~, -SO;7,
-PO; ", -PCH;0; ") functions, which results in colloidal stabili-
zation (Fig. 7).">412%1%7

The fine control of the surface charge of the silica has been
widely explored to tune the electrostatic interactions of the
material with adsorbed compounds. For example, functionali-
zation with phosphonated silanes, such as 3-(trihydroxysilyl)-
propyl methylphosphonate (THMP), has considerably
increased the negative surface charge of the modified MSNs,
providing enhanced colloidal stability and cellular uptake.”®
MSNs have been alternatively modified with methylsilanes
such as methyltrichlorosilane, trimethoxymethylsilane, and
hexamethyldisilazane (HMDS) to tune the surface polarity,
thus increasing hydrophobicity and interaction with cell
membranes.'***°

Smart-functionalization strategies have also been employed
to introduce moieties that modulate the release of adsorbed
molecules, creating gate-keeping effects. These functions pre-
vent desorption under specific conditions, effectively sealing
the pores of silica. Furthermore, the responsive formulations
enable controlled cargo release in response to external stimuli,
such as changes in pH, redox processes, or enzymatic cleavage,
which are particularly relevant in oral drug delivery.">"'> For
example, Popat et al. designed a bacterial enzyme-responsive
delivery system for treating IBD."*! The prodrug sulfasalazine
(Sz), widely used in patients with IBD, was covalently attached
to MCM-48 MSNs (spherical particles of 200 nm). Through
interaction with azo-reductase, the anchored SZ molecules were
reduced to 5-aminosalicylic acid (5-ASA), enabling the exclusive
delivery of 5-ASA in the colon. Other pH-responsive formula-
tions have been prepared for colon cancer therapy through the
tailored functionalization of MSNs, confirming the versatility of
such carriers for local drug delivery."?*'3?

There is a wide range of silane coupling agents containing
reactive functional groups, such as N-hydroxysuccinimide (NHS),
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Fig. 7 Examples of organosilanes used for MSN functionalization.

isothiocyanates, epoxides, vinyl groups, and maleimides, which
can be used to covalently link target compounds to MSNs.
These coupling reactions can be conducted in water, organic
solvents, or mixtures, offering great versatility for silica
functionalization."®"*> For example, 3-bromopropyltrichloro-
silane has been grafted onto the surface of MSNs as a linker
between silica and other organic molecules. The bromopropyl
groups reacted then with sodium azide via nucleophilic sub-
stitution, a process formerly described as secondary grafting,
resulting in azide-modified MSNs that were used for further
functionalization through click reactions.”>® From this
approach, Balamurugan et al. reported the subsequent conju-
gation of an alkyne-functionalized a-helical polypeptide to the
surface of the nanoparticles.’*® In a different strategy, Hohagen
et al. reported linking chemistry strategies for functionalizing
DMSNs with tannic acid, a water-soluble polyphenolic com-
pound found in fruits, red wine, coffee, nuts, and beans.'*°
Tannic acid-silane ligands were first obtained and inserted
onto the particle surface using post-grafting procedures. The
functionalization strategies included prior nucleophilic substi-
tution reactions between tannic acid and the corresponding
linker silanes, e.g., (3-isopropyl)trimethoxysilane and (3-iso-
cyanatopropyl)triethoxysilane. TANNylation enhanced the
interactions of functionalized particles with intestinal cells,
playing a crucial role in modulating biological responses,
including endoplasmic reticulum signals that enable cell pro-
liferation and resistance to metabolic stressors or sustained
toxicity. These results greatly support the design and activity
profiling of the TANNylated MSNs as nanocarriers for drug
delivery applications.'*®

Beyond surface modifications for chemical diversification,
the conjugation of biomolecules, such as proteins, polysacchar-
ides, and lipids, to silica surfaces has been explored to improve
biocompatibility, ensure targeted cellular uptake and drug
delivery, enhance intestinal permeability, or protect oral for-
mulations from harsh stomach conditions.>***”71% Although
the covalent coupling of biomolecules to MSNs is not covered in
this article, it is essential to note that they have ensured the
retention of biological activity in the conjugated molecules,
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Organosilanes

1: vinyltriethoxysilane (VTES)

2: (3-aminopropyl)triethoxysilane (APTES)

3: (3-mercaptopropyl)trimethoxysilane (MPTMS)

4: phenyltrimethoxysilane

5: isobutyl(trimethoxy)silane

6: (3-glycidyloxypropyl)methyldiethoxysilane (GPTMS)
7: methoxy-PEG-silane

8: trihydroxysilylpropyl methylphosphonate (THMP)

which improves the stability and efficacy of the resulting
bioconjugates."”

3. Connecting shape and surface
chemistry with intestinal barrier
function

Despite significant progress in designing silica nanocarriers to
overcome GI barriers, the correlation between the properties of
MSNs and their biological performance in the gut remains
challenging, and many underlying mechanisms are still not
fully understood. In this context, Iriarte-Mesa et al. conducted a
systematic study to evaluate the influence of the morphology,
size, and surface roughness of MSNs on their interactions with
intestinal cells (Fig. 8a).°° Leveraging the technological versati-
lity of MSNs, the authors synthesized spherical (30, 90, and
130 nm), rod-shaped, and virus-like MSNs to evaluate their
performance in a differentiated Caco-2/HT29-MTX-E12 cell co-
culture model (Fig. 8b). This setup enabled the assessment of
MSNs’ penetration through the mucus layer and particle—cell
interactions under conditions closely resembling key features
of the intestinal compartment in vivo. These included the
formation of villi-like structures, TJ expression, glucose trans-
port, chloride regulation, and mucus secretion.**"'** Such a
study provides a comprehensive perspective on the topic,
addressing aspects that have been extensively studied but
lacked systematic and consensus-driven approaches.
Fluorescence live cell imaging was implemented to evaluate
nanoparticle interactions with the intestinal cells and mucus.
For the latter, a novel approach was introduced to assess the
diffusion of MSNs through the complex mucin network, based
on the analysis of the variations in the focal plane of fluores-
cent particles immediately after application to cells and after 6
h-treatment (Fig. 8c and d). This method provided a straight-
forward and reproducible alternative for the characterization of
particle positioning in the cell monolayer, allowing for rapid
and precise evaluation across multiple conditions. Moreover,
confocal microscopy was used to assess particle-cell interactions,
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(a) Appearance of Caco-2/HT29-MTX-E12 cells used to evaluate morphology-dependent interactions of MSNs with intestinal cells.

(b) Representative TEM images of the silica nanoparticles used in the study exhibiting spherical (Dgg and Dizg), virus-like (VINPs), and rod-shaped (NrNPs)
morphologies. (c) Quantification of focal plane adjustment through fluorescence microscopy, based on the difference between optical parameters recorded
immediately after treatment with FITC-labeled particles (tp) and after 6 h-incubation (tg) with or without the mucus layer (to — tg). Reprinted under a CC-BY 4.0
license. Copyright © 2023 The Authors.%® Published by American Chemical Society. (d) Graphical representations of the focal plane adjustment, correlated with
particle penetration through the mucus layer, and the increased cell-cell distance triggered by particle treatments. Reprinted under a Creative Commons
Attribution CC BY license. Copyright © 2024 The Author(s).*** Small Science published by Wiley-VCH GmbH.

ensuring detailed biological characterization and validation of the
quantification strategies implemented.

To investigate potential internalization pathways, the cells
were pre-treated with Pitstop 2, a coated-pit inhibitor that
blocks ligand access to the clathrin terminal domain and
disrupts the nuclear pore complex (NPC) permeability barrier,
a crucial step in endocytosis.*®*** The significant decrease of
particle—cell interactions in the presence of Pitstop 2 confirmed
the crucial role of clathrin receptors in membrane adaptation
to nanoparticulate materials, influencing membrane rigidity
and biomechanical compliance upon exposure to MSNs. This
observation was further supported by atomic force micro-
scopy (AFM) analyses. Although MSNs were not internalized
by intestinal cells, even in the absence of Pitstop 2, particle
association with the outer cell membrane was observed, parti-
cularly depending on the morphology of the MSNs. Thus,
among all tested materials, rod-shaped MSNs exhibited the
strongest effects, increasing cell-cell distances without com-
promising monolayer integrity (Fig. 8d). Small particle size and
surface roughness enabled similar MSNs diffusion through the
mucus, albeit with limited association with the cell monolayer.
In turn, the medium-sized spheres (130 nm) remained trapped
in this layer due to a lack of colloidal stability, which reduced
their contact with the intestinal cells.

To address the above limitations, the authors implemented
diverse functionalization strategies in a follow-up study, tailor-
ing the surface chemistry of this material (DMSNs, Fig. 9a),'*?
that with 7.3 nm pores—significantly larger than those of other
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produced MSNs (up to 2.8 nm)—was pointed out as a promis-
ing candidate for the encapsulation and subsequent delivery of
peptide drugs and biologics. Thus, Iriarte-Mesa et al. applied
post-grafting approaches to modify the DMSNs surface with
PEG and phosphonate moieties (D-PEG and D-PO;, respec-
tively), increasing particle hydrophilicity.'** The latter modifi-
cation further enhanced the negative surface charge of the
DMSNs. In addition, the materials were functionalized with
methyl and farnesol moieties, generating hydrophobic particles
(D-CH; and D-Farn, respectively). As an alternative, phospho-
nate moieties were combined with methyl or farnesol groups,
obtaining hybrid surface compositions (DPO;-CH; and DPO;-
Farn). The same experimental setup was used to evaluate
particle-cell interactions and diffusion through the mucus
layer secreted by differentiated Caco-2/HT29-MTX-E12 cells,
as observed via fluorescence microscopy.

The immunofluorescence staining of the TJs proteins ZO-1 and
claudin-4 (CLND4) allowed for the evaluation of particle distribu-
tion on the cell monolayer and their effects on barrier integrity
(Fig. 9b), correlating with the residual FITC fluorescence due to
particle—cell interactions assed via live cell imaging (Fig. 9¢c), and
further validating complementary quantification methodologies
for the evaluation of the chemical surface-activity relationship.

The authors also performed immunostaining for the main
mucin protein, MUC5AC, to enhance visualization of the par-
ticle distribution within the mucus layer and further confirmed
their interaction with the cells in the absence of this barrier.
This approach confirmed that hydrophilic particles with a

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 9 Diversification of surface chemistry of DMSNs for tailored interaction with intestinal cells (coculture cell model Caco-2/HT29-MTX-E12).
Representative 3D reconstruction of the immunofluorescence staining of TJ proteins ZO-1 (cyan) and claudin-4 (CLDN4, red), showing the distribution
of FITC-labelled MSNs throughout the cell monolayer. (b) Redistribution of ZO-1 (cyan) and CLDN4 (red) after 6 h-treatment with DPO3-Farn in the
absence of mucus. Nuclei (stained with DAPI) are represented in blue. The control corresponds to non-treated cells. (c) Quantification of the residual
FITC fluorescence resulting from particle—cell interactions, with and without the mucus layer, via live cell imaging. (d) Quantification of the focal plane
adjustment obtained from the difference between the optical parameters set immediately after cell treatment with the FITC-labeled particles (tg) and
after 6 h-incubation (tg) with and without the mucus layer (to — tg). (e) Graphical representation of the particle diffusion through the mucus layer,
depending on the surface chemistry. Created with https://BioRender.com. (f) Transepithelial electrical resistance (TEER) upon treatment with
nonfluorescent DPOz-Farn in the absence of mucus, showing an increase in monolayer permeability in the presence of nanoparticles, followed by a
gradual recovery after the first 2 h-incubation. Reprinted under a Creative Commons Attribution CC BY license. Copyright © 2024 The Author(s).1** Small

Science published by Wiley-VCH GmbH.

negative surface charge exhibited enhanced diffusion through
the mucus. In contrast, hydrophobic MSNs strongly interact
with mucins, becoming trapped and showing limited contact
with the cell monolayer (Fig. 9d and e). No cytotoxic effects were
observed across all tested conditions, both in the presence and
absence of mucus, despite the transient barrier relapse
detected upon treatment with hybrid DMSNs containing phos-
phonate and long carbon chain functions (DPO;-Farn). This
response correlated with the reduction in transepithelial elec-
trical resistance (Fig. 9f) and the reorganization of the TJ
proteins ZO-1 and CLDN4 (Fig. 9b).

Interestingly, the diversification of the surface chemistry of
DMSNs induced variations in the redistribution of TJs upon
particle treatment. Thus, incubation with phosphonated parti-
cles increased cell-cell distances and reduced TJ expression
(Fig. 9b). In contrast, DMSNs functionalized with methyl or
farnesol groups induced lowered responses with negligible
impact on intestinal permeability. These findings suggest that
surface chemistry plays a key role in regulating particle—cell
interactions, offering a potential strategy for modulating para-
cellular transport and expanding applications in both localized
therapy in the gut and systemic drug delivery.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

The increase in intestinal permeability upon treatment with
phosphonated DMSNs further confirmed their potential for
oral drug delivery via paracellular pathways. Furthermore,
chemical modification of the cell membrane architecture, using
the dietary lipid oleic acid (OA) and methyl-B-cyclodextrin (mBCD),
provided deeper insights into particle—cell interactions, which were
significantly influenced by the surface chemistry of the DMSNs.
MBCD facilitated cholesterol depletion, resulting in alterations in
caveolae organization and membrane fluidity."*> Meanwhile, OA
rearranged the cytoskeleton of intestinal cells for the modulation
of its structure and mechanotransduction."*® These results con-
firmed both morphology- and chemistry-mediated responses and
highlighted the complex relationship between MSN physicochem-
ical properties and their biological performance in the gastroin-
testinal compartment. Both complementary studies provide a
valuable overview of the tailored design of MSNs, offering useful
tools for further mechanistic analyses.

3.1. Key considerations for the optimal design of MSNs for
oral drug delivery

As reflected in the previous sections, recent advances in the
design MSNs highlight the importance of fine-tuning their

New J. Chem., 2025, 49,10018-10034 | 10029
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physicochemical properties to overcome the complex biological
barriers of the GI tract. Among the parameters evaluated in the
studies reviewed in this perspective, morphology, surface
roughness, particle size, and surface chemistry emerged as
critical determinants of biological performance, specially to
cross the mucosal barrier and interact with the tight intestinal
epithelium (Fig. 10).

Rod-shaped and virus-like MSNs have exhibited improved
penetration through the mucus layer (Fig. 10a) and more
efficient contact with intestinal cells (Fig. 10b) compared to
their spherical counterparts, which are more prone to mucus
entrapment, particularly at larger sizes.’® Increased surface
roughness, as reported in virus-like MSNs, has promoted the
reorganization of tight junction proteins, facilitating enhanced
paracellular permeability."** Similar effects have been also
observed for elongated nanorods with higher aspect ratios,
which have significantly increased intestinal permeability and
oral drug bioavailability.*”»*®

Surface chemistry has also proved to be a key factor in the
rational design of mesoporous carriers for oral delivery.””'*?
Hydrophilic and negatively charged modifications have
enhanced both mucus diffusion and epithelial contact
(Fig. 10).>%'°7:143197 1n contrast, non-polar hydrophobic coat-
ings have led to strong interactions with mucins," which
hinder the efficient interaction with intestinal epithelium
and cellular internalization consistently confirmed."**"*° For
this reason, the inclusion of amphiphilic moieties has been
considered a promising alternative for effectively overcoming
the mucosal barrier, transiently modulating epithelial barrier
function.>®"*%1%°

There are countless options for the synthesis and chemical
modification of MSNs. The selection of the particle type and
organic functional groups to be incorporated into the silica
inorganic framework largely depends on the targeted application.
Thus, while the local delivery approach focuses on promoting drug
release within the intestinal lumen, systemic MSNs-based formu-
lations would require efficient translocation of the carrier—either
via transcellular or paracellular routes—to reach the blood

Mucus barrier

View Article Online
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circulation, which might involve a different formulation design.
Furthermore, during preparation of tailored mesoporous car-
riers additional aspects must be considered, including loading
capacity, physicochemical stability of the confined cargoes, and
drug-carrier interactions that modulate release kinetics, along
with the potential inclusion of excipients (e.g., binders, fillers,
lubricants, and permeability enhancers) that contribute to
overcome the harsh gastric environment, efflux transporters,
metabolic enzymes in the intestinal wall, and microbiota,
supporting optimal drug delivery.>>*>" Although MSNs porosity
was not a primary focus of this perspective, it should also be
carefully adjusted to ensure efficient drug encapsulation, which
could have a critical role in drug solubility, stability and
release.?®12915%153 Taken together, these aspects are essential
to ensuring the success of MSN-based formulations for oral
drug delivery.

Conclusions

MSNs offer undeniable potential as carriers for peptide drugs
and biologics. Their high drug-loading capacity, protective
effects on encapsulated cargoes, and tunable physicochemical
properties enable them to overcome gastrointestinal barriers,
thereby expanding their applications in oral delivery. The
studies reviewed here emphasize the critical influence of MSN
morphology, size, and surface chemistry on their behavior in
the intestinal compartment. While synthesis and functionaliza-
tion strategies have significantly enhanced the performance
of MSNs, challenges remain in achieving precise control over
biocompatibility, stability, and drug release kinetics under
physiological conditions. Future research should prioritize
scalable and reproducible synthetic approaches, along with a
deeper understanding of particle biodistribution, excretion
pathways, and long-term toxicological effects. Addressing these
aspects will boost the clinical translation of MSNs as drug
nanocarriers, facilitating their integration into effective thera-
peutic solutions.

Epithelial barrier

E Hydrophilic and negative
MSNs . &
2% ¢ ® PS
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Fig. 10 Key features of tailored MSNs for overcoming the (a) mucus and (b) epithelial barriers through chemical- and morphology-dependent
interactions with intestinal cells. These interactions facilitate oral drug delivery by enabling transient disruption of TJs, activation of transcellular transport
pathways, and/or increased intercellular distances induced by mesoporous carriers. Created with https://BioRender.com.
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