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Abstract 
 

Sublingual drug delivery offers a non-invasive alternative for rapid systemic drug absorption, 
avoiding gastrointestinal degradation and hepatic metabolism. However, the short drug 
residence time at the absorption site, the low salivary volume required to dissolve the drug, and 
stability constraints limit the range of compounds amenable to sublingual administration. 
Mesoporous silica nanoparticles (MSNs) are promising drug-delivery carriers due to their high 
surface area, tunable particle size, porosity, and versatile surface chemistry. In this work, 
dendritic mesoporous silica nanoparticles (DMSNs) were engineered as potential carriers for 
sublingual drug delivery as a strategy to improve drug solubility, protect the drugs from enzymatic 
degradation and decrease cytotoxicity. DMSNs of 50 nm (DMSN-50) and 130 nm (DMSN-130) 
were synthesized to evaluate the effect of particle size interaction with buccal epithelial cells. To 
improve colloidal stability and ensure biocompatibility, DMSN-50 and DMSN-130 were 
functionalized with phosphonate moieties (DMSN-50-PO3 and DMSN-130-PO3) or alternatively 
coated with liposomes composed of phosphatidylcholine, cholesterol, and PEGylated lipids (L-
DMSN-50 and L-DMSN-130). The physicochemical properties of the functionalized particles 
were characterized, and their biological performance was evaluated using in vitro cell viability 
and uptake studies, demonstrating improved cell viability upon treatment with functionalized 
particles, particularly those with lipid coatings, in agreement with efficient cell-particle 
interactions and potential internalization. To further address concerns about the limited 
biodegradability of silica nanocarriers, glutathione (GSH)-responsive materials were synthesized 
by incorporating tetrasulfide bridges into the silica framework, yielding mesoporous organosilica 
nanoparticles (MOSNs) and dendritic organosilica nanoparticles (DMOSNs). In order to promote 
particle degradation after drug release, these GSH-responsive linkages were designed to respond 
to high intracellular GSH concentrations within cells. At elevated GSH levels, mimicking 
intracellular conditions, the non-functionalized DMSNs remained as stable colloidal 
suspensions while the MOSNs and DMOSNs exhibited GSH-responsive aggregation, correlating 
with particle deformation and potential biodegradability. Overall, this study highlights the 
importance of structural and surface engineering of DMSNs nanocarriers to enhance their 
performance in sublingual drug delivery applications, as well as presenting a novel synthesis 
strategy for incorporating tetrasulfide bridges into dendritic mesoporous silica particles, leading 
to redox-responsive framework particles that may contribute to improved safety and 
degradability of silica nanocarriers in sublingual drug delivery applications. 
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Kurzfassung 
 

Die sublinguale Arzneistoffapplikation stellt eine nicht-invasive Alternative zur raschen 
systemischen Wirkstoffresorption dar, da sie sowohl die gastrointestinale Degradation als auch 
den hepatischen First-Pass-Metabolismus umgeht. Allerdings begrenzen die kurze Verweildauer 
des Wirkstoffs am Resorptionsort, das geringe zur Auflösung verfügbare Speichelvolumen sowie 
Stabilitätsanforderungen die Anzahl geeigneter Wirkstoffe für die sublinguale Anwendung. 
Mesoporöse Silika-Nanopartikel (MSNs) gelten aufgrund ihrer hohen spezifischen Oberfläche, 
einstellbaren Partikelgröße, definierten Porosität und vielseitigen Oberflächenfunktionalisierung 
als vielversprechende Wirkstoffträgersysteme. In der vorliegenden Arbeit wurden dendritische 
mesoporöse Silika-Nanopartikel (DMSNs) als potenzielle Trägersysteme für die sublinguale 
Wirkstofffreisetzung entwickelt, mit dem Ziel, die Wirkstofflöslichkeit zu verbessern, die 
Substanzen vor enzymatischer Degradation zu schützen und die Zytotoxizität zu optimieren. 
DMSNs mit Partikelgrößen von 50 nm (DMSN-50) und 130 nm (DMSN-130) wurden synthetisiert, 
um den Einfluss der Partikelgröße auf die Interaktion mit bukkalen Epithelzellen zu untersuchen. 
Zur Verbesserung der kolloidalen Stabilität und Biokompatibilität wurden DMSN-50 und DMSN-
130 entweder mit Phosphonat-Gruppen funktionalisiert (DMSN-50-PO₃ und DMSN-130-PO₃) 
oder alternativ mit Liposomen beschichtet, bestehend aus Phosphatidylcholin, Cholesterin und 
PEGylierten Lipiden (L-DMSN-50 und L-DMSN-130). Die physikochemischen Eigenschaften der 
funktionalisierten Partikel wurden umfassend charakterisiert, und ihre biologische Performance 
wurde mittels In-vitro-Zellviabilitäts- und Aufnahmeuntersuchungen evaluiert. Dabei zeigte sich 
eine verbesserte Zellviabilität nach Behandlung mit funktionalisierten Partikeln, insbesondere 
mit lipidbeschichteten Systemen, was mit effizienten Zell-Partikel-Interaktionen und einer 
potenziellen Internalisierung korrelierte. Zur weiteren Adressierung der limitierten 
Biodegradierbarkeit silikabasierter Nanocarrier wurden Glutathion (GSH)-responsive Materialien 
durch Einbau von Tetrasulfid-Brücken in das Silikanetzwerk synthetisiert, wodurch mesoporöse 
Organosilika-Nanopartikel (MOSNs) und dendritische Organosilika-Nanopartikel (DMOSNs) 
entstanden. Diese GSH-sensitiven Bindungen wurden so konzipiert, dass sie auf erhöhte 
intrazelluläre GSH-Konzentrationen reagieren und dadurch nach der Wirkstofffreisetzung eine 
Partikeldegradation begünstigen. Unter Bedingungen erhöhter GSH-Konzentrationen, die 
intrazelluläre Verhältnisse simulieren, verblieben nicht-funktionalisierte DMSNs als stabile 
kolloidale Suspensionen, während MOSNs und DMOSNs eine GSH-induzierte Aggregation 
zeigten, die mit Partikeldeformation und potenzieller Biodegradierbarkeit korrelierte. 
Zusammenfassend unterstreicht diese Studie die Bedeutung einer gezielten strukturellen und 
oberflächenchemischen Modifikation dendritischer mesoporöser Silika-Nanocarrier zur 
Optimierung ihrer Leistungsfähigkeit in der sublingualen Wirkstoffapplikation. Darüber hinaus 
wird eine neuartige Synthesestrategie zur Integration von Tetrasulfid-Brücken in dendritische 
mesoporöse Silikapartikel vorgestellt, wodurch redox-responsive Gerüstpartikel generiert 
werden, die zu einer verbesserten Sicherheit und Abbaubarkeit silikabasierter Nanocarrier in der 
sublingualen Arzneistofffreisetzung beitragen können. 
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1. Introduction 
The sublingual route offers a compelling non-invasive strategy to enhance drug bioavailability by 
enabling rapid systemic absorption through the highly vascularized oral mucosa while bypassing 
gastrointestinal degradation and first-pass hepatic metabolism1. Despite these advantages, its 
clinical application remains limited by physiological constraints, including the limited salivary 
volume available for drug dissolution, the short residence time due to continuous saliva washout, 
and the poor aqueous solubility and/or insufficient permeability of many drugs across the 
mucosal membrane. Furthermore, salivary enzymes and local pH conditions may compromise 
the stability of sensitive therapeutics, thereby restricting the applicability and therapeutic 
success of sublingual formulations to a narrow range of drug candidates, primarily small, 
moderately lipophilic molecules2,3. These challenges underscore the need to develop advanced 
carrier systems that enhance local drug dissolution, prolong residence time, and improve 
biological compatibility without compromising safety, particularly for poorly water-soluble drugs 
and labile macromolecules such as peptides and proteins4. 

Mesoporous silica nanoparticles (MSNs) are promising carriers for sublingual delivery 
applications due to their high surface area, tunable pore structure, and chemically versatile 
surface, which enable efficient drug loading, controlled release, and tailored surface 
functionalization to enhance mucosal interaction and cargo stability5. However, their 
performance in delivery formulations is strongly dependent on the precise control over particle 
size, pore architecture, and surface chemistry6,7. The overall objective of this Master's thesis was 
to engineer MSNs nanocarriers with physicochemical properties suitable for sublingual delivery. 
The first part of this work focused on the synthesis of dendritic mesoporous silica nanoparticles 
(DMSNs), which are characterized by a radially oriented pore system. This open dendritic 
architecture offers high pore accessibility and large pore volumes, making DMSNs particularly 
attractive as carriers for both small molecules and larger biomolecules. By adjusting synthesis 
parameters, including temperature and the use of organic co-solvents and pore-swelling agents, 
particles of two sizes were obtained: 50 nm DMSNs (DMSN-50) and 130 nm DMSNs (DMSN-130). 
This enabled evaluation of the influence of particle size on the interactions of the DMSNs carriers 
with buccal epithelial cells. 

After synthesis, surface functionalization strategies were implemented to address key limitations 
of pure DMSNs, like aggregation in physiological media and limited interactions with biological 
systems8,9. First, phosphonate groups were introduced via post-synthetic grafting to improve 
colloidal stability while maintaining pore accessibility. Second, the particles were coated with 
liposomes composed of phosphatidylcholine, cholesterol, and PEGylated lipids. The liposome 
coating was included in the design to provide an interface similar to cell-membrane, leading to 
improved interactions with epithelial cells. The performance of the functionalized materials was 
evaluated in vitro using human epithelial cells (TR146 cells), demonstrating that surface 
engineering, including lipid coating, significantly enhanced the biological performance of the 
DMSNs compared to non-functionalized materials, including cellular uptake and metabolic 
activity. 

The second part of this thesis focused on overcoming the limited biodegradability of DMSNs by 
developing redox-responsive organosilica analogues, thereby addressing a critical limitation that 
hinders the broader biomedical applications of silica-based delivery systems10. Tetrasulfide-
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bridged mesoporous organosilica nanoparticles (MONs) were synthesized by co-condensation 
of tetraalkoxysilane precursors with sulfide-containing organosilanes, which enabled the 
introduction of cleavable bonds directly into the silica framework. This approach was further 
extended to the synthesis of novel dendritic mesoporous organosilica nanoparticles (DMOSNs) 
with large pores, which are required for potential high-weight biomolecule loading. The inclusion 
of sulfide bridges was motivated by safety considerations, aiming to destabilize the silica network 
under reducing conditions, such as elevated glutathione (GSH) levels. This is expected to improve 
the toxicological profile of MSNs, thereby supporting their safer and more effective translation 
into clinical drug delivery applications. 

Before discussing the results of the tailored modifications of the DMSNs, a detailed 
understanding of the sublingual route itself is required. The following section therefore shows the 
key physiological features, advantages, and limitations of sublingual drug delivery. 

1.1 Peroral Drug Delivery Systems 
Delivering drugs effectively within the body depends strongly on both the physicochemical 
properties of the therapeutic agent and the chosen route of administration. For example, 
significant challenges arise when drugs exhibit poor aqueous solubility, limited membrane 
permeability, or chemical instability under physiological conditions. In these cases, selecting an 
appropriate administration route is critical for achieving effective systemic exposure. 
Pharmacokinetics describes how the body affects the drug after administration. This includes 
absorption, distribution, metabolism, and excretion11. Thus, the choice of administration route 
plays a crucial role in determining a drug's pharmacokinetics. These routes can be broadly 
classified into parenteral routes (e.g., intravenous, intramuscular, subcutaneous) and non-
invasive routes (e.g., oral, sublingual, buccal, topical, nasal, and rectal)12. Among these, oral drug 
delivery remains the preferred method for systemic drug administration due to several 
advantages, including ease of administration and self-administration, which enhance patient 
compliance13. Furthermore, oral dosage forms are cost-effective and easy to produce on a large 
scale14. Despite these benefits, oral drug delivery routes face some challenges, particularly for 
drugs with poor gastrointestinal permeability or chemical instability, compared to parenteral 
routes, which provide higher bioavailability. This is because of the physicochemical challenges 
imposed by the gastrointestinal tract, including harsh stomach conditions, enzymatic 
degradation, intestinal mucus, and tight junctions. By the end of this process, a big portion of the 
drug is modified or inactivated, and only a small percentage of the drug actually reaches the 
systemic bloodstream15. In addition, the oral route is affected by the so-called first-pass 
metabolism, which occurs in the liver and intestinal walls. Due to the presence of hepatic and 
intestinal enzymes, the drug undergoes oxidation, reduction, or hydrolysis, usually carried out by 
cytochrome P450 enzymes16, and then conjugation reactions, where it is metabolized to water-
soluble derivatives for elimination. 

In contrast, the sublingual or buccal route, while remaining patient-friendly, ensures that drug 
absorption occurs directly through the oral mucosa, enabling systemic delivery while avoiding 
first-pass hepatic metabolism and gastrointestinal barriers1. The oral mucosa (Fig. 1) consists of 
three main layers: a stratified epithelium that provides a protective barrier, an underlying lamina 
propria composed of connective tissue, and a vascularized submucosa that enables rapid drug 
absorption into the bloodstream17. Certain regions of the oral cavity, such as the floor of the 
mouth and the ventral surface of the tongue, exhibit high permeability due to dense 
vascularization, making them ideal sites for sublingual or buccal drug delivery18. 
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Figure 1. Anatomy of the oral mucosa and submucosa in the palatal region19. Reproduced with 
permission. Copyright © 2017 Elsevier. 

 

However, only a limited number of drugs are compatible with this route, as it is associated with 
several barriers. The limited volume of saliva, approximately 1 ml in the sublingual area2, requires 
drugs to have a high solubility in water to maintain an adequate concentration for absorption. 
Simultaneously, sufficient lipophilicity of the drug molecules is required to permeate the 
epithelial cell membranes effectively, narrowing down the number of suitable drug candidates 
for this delivery route, such as nitroglycerin, fentanyl, buprenorphine20. Another challenge is the 
saliva washout, where the continuous production and clearance of saliva can prematurely 
remove the drug from the absorption site, significantly reducing retention time and 
bioavailability3. To address this, several studies have explored strategies to enhance 
mucoadhesion, including the use of positively charged polymers that can interact with the 
negatively charged mucosa. This strategy has enhanced the retention time of sublingual 
formulations. However, excessive mucoadhesion can risk drug entrapment within epithelial 
cells, hindering its effective transport through the epithelial cells21. Furthermore, proteases and 
esterases in saliva introduce an additional barrier to sublingual delivery systems by degrading 
susceptible therapeutic agents, such as peptides and proteins22. Although enzymatic 
concentrations are lower than in the gastrointestinal tract, their presence in the buccal 
compartment should still be considered to maintain drug stability and efficacy. Thus, enzymatic 
inhibitors can be used to protect the drug, but they add regulatory hurdles, particularly regarding 
toxicity and the risk of oral cavity irritation4.  

In this context, drug formulations for sublingual administration must still be optimized to 
overcome biological and physicochemical barriers and thus exploit their advantages with respect 
to the traditional oral route. These include enhancing drug solubility in saliva, facilitating diffusion 
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through mucus, and increasing epithelial permeability, while avoiding enzymatic degradation. 
Several strategies, such as the incorporation of mucoadhesive polymers, permeability 
enhancers, and enzyme inhibitors, have been implemented to improve the effectiveness of 
sublingual formulations. However, these approaches usually rely on the inclusion of multiple 
additives in the formulations, each with potential side effects, including local irritation and long-
term toxicity23. This complexity has created a demand for drug carriers that address the diverse 
physiological barriers (i.e., limited residence time, enzymatic degradation, and epithelial 
permeability) while minimizing toxicity. In this regard, MSNs are promising candidates, as they 
can be engineered to fine-tune their physicochemical properties to specific needs, including 
enhanced drug solubility, protection against enzymatic degradation, increased residence time at 
the absorption site, and reduced local toxicity. The use of MSNs for oral transmucosal delivery 
has been demonstrated in recent studies, for example, by incorporating MSNs into 
mucoadhesive buccal films, which resulted in prolonged mucosal residence, enhanced 
permeation, and improved systemic bioavailability of poorly soluble drugs such as eprosartan24. 

 

1.2 Mesoporous Silica Nanoparticles in Drug Delivery 

1.2.1 Tailored Nanocarriers for Enhanced Oral Bioavailability 
Since the early 1990s, several nanoparticles (Fig. 2) such as Poly(lactic-co-glycolic acid) (PLGA), 
liposomes, and solid-lipid nanoparticles (SLNs)25 have been used to encapsulate active 
pharmaceutical ingredients to achieve a targeted and sustained drug release, improve their 
solubility, and protect them from enzymatic degradation, with specific applications in sublingual 
delivery26,27. Furthermore, surface modification of these nanoparticles has been achieved by 
adding functional groups, such as polyethylene glycol (PEG), to create a hydrophilic and 
biocompatible shell and improve drug bioavailability28. Biodegradable polymeric nanoparticles, 
such as chitosan, have often been evaluated in the sublingual route to enhance mucosal 
adhesion, protect against saliva washout, and improve drug residence time and systemic 
absorption after sublingual administration, as shown for ketorolac-loaded chitosan 
nanoparticles29. In recent years, research has been focused on producing targeted, 
surface‑engineered nanoparticles. In this regard, using MSNs as nanocarriers has been 
particularly attractive due to their high surface area and pore volume, stable and easily 
modifiable surface, and low toxicity30,31. 
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Figure 2. Nanoparticles used in drug delivery32. Reproduced from Molecular Biology Reports 
(2023), under CC BY 4.0. 

 

1.2.2 MSNs for Efficient Drug Delivery 
MSNs are composed of an inorganic silicon dioxide (SiO₂) skeleton with mesopores typically 
ranging 2–25 nm in diameter33. Their high surface area (600–1000 m2/g) and large pore volume of 
up to 1 cm3/g enable high drug loading capacity34. In MSNs systems, drug incorporation is 
determined by surface and pore accessibility. Therefore, high specific surface area values 
indicate a greater number of potential interaction sites within the pore network, which is generally 
associated with increased cargo-loading capacity. Furthermore, upon confinement, the drug 
exhibits an amorphous state within the silica network5, which improves its solubility. For example, 
Florek et al.35  reported that drugs such as itraconazole and clotrimazole, known for their low 
water solubility, exhibited improved dissolution profiles and enhanced oral bioavailability when 
encapsulated in MSNs compared to their crystalline forms. MSNs are stable over a wide range of 
pH and temperature, in contrast to other polymeric particles36. Moreover, the robust structure of 
MSNs serves as a shield for encapsulated molecules, providing excellent protection against 
enzymatic degradation of labile drugs, and making them attractive candidates for oral and 
sublingual formulations compared to unprotected drug-based alternatives31. Finally, it is worth 
noting that the silanol groups present in the silica structure provide a reactive surface that can be 
easily modified with various organic and inorganic functional groups, enabling controlled tuning 
of surface properties relevant to interactions with biological environments. For example, Iriarte-
Mesa et al.37 demonstrated that surface functionalization with phosphonate groups enhanced 
mucus penetration due to increased hydrophilicity and negative surface charge, whereas the so-
called hybrid surface modifications, such as phosphonate groups combined with hydrophobic 
methyl or farnesyl moieties, altered epithelial interactions and promoted paracellular transport. 
This clear relationship between surface chemistry and barrier modulation is particularly relevant 
for sublingual delivery, where control over particle–mucosa interactions and retention time at the 
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absorption site is essential. Therefore, the versatile surface properties of silica, together with the 
ability to tune particle shape, morphology, size, and pore structure, make MSNs promising drug 
carriers to overcome the physiological challenges of the sublingual route. 

1.2.3 Synthesis Strategies for MSNs 
Several synthetic strategies have been developed to produce MSNs. The Stöber method was first 
established in the 1960s to deliver uniform, non-porous silica nanoparticles with a narrow size 
distribution. It involves adding a silica precursor (e.g., tetraethyl orthosilicate, TEOS) to an 
alcoholic aqueous solution containing ammonia at room temperature38. Later, surfactant-
templating strategies were introduced to create mesoporous materials using surfactant-
templating agents such as Cetyltrimethylammonium chloride (CTAC)39. Mesopore formation in 
soft-templated MSNs is achieved through a sol–gel process involving base-catalyzed hydrolysis 
and condensation of the silica precursor in the presence of an organic surfactant, which acts as 
a structure-directing agent. The amphiphilic surfactant undergoes self-assembly, forming 
micelles above the critical micelle concentration (Fig. 3). These micelles serve as templates 
around which hydrolyzed silica species condense. In this way, a hybrid organic-inorganic 
intermediate structure is formed, with the exterior composed of the silica frame and the interior 
filled with the organic surfactant. The hydrolysis and condensation of the silica precursor are 
catalyzed by a base. Using a mild organic base, such as Triethanolamine (TEA) or L-Lysine, favors 
slow growth, resulting in more uniform pores. After removal of the surfactant by calcination at 
500°C or by solvent extraction, the remaining structure is a silica framework with a porous 
interior40. 

 

 

Figure 3. Schematic representation of MSNs synthesis via soft templating41. Adapted from 
Pharmaceutics (2023), under CC BY 4.0. 

 

This synthetic pathway has enabled the development of a wide range of MSN architectures, such 
as spherical particles, dendritic structures, and materials with enlarged or hierarchical pore 
systems, which are particularly relevant for applications requiring high pore accessibility and 
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large cargo accommodation, including drug delivery and biomolecule confinement31,42. 
Furthermore, by tuning reaction parameters, including surfactant concentration, silica precursor 
type, temperature, and solvent type, it is possible to control particle size, pore diameter, pore 
volume, and overall particle morphology, ranging from spherical or rod nanoparticles to more 
complex structures such as virus-like or dendritic6,7 (Fig. 4).  

 

 

Figure 4. Representative transmission electron microscopy (TEM) of MSNs exhibiting several 
morphologies: a) Virus-like MSNs6, b) Spherical MSNs43, c) Dendritic MSNs7, d) Rod-like silica 

nanoparticles, and 44 e) Hexagonal MSNs45. Adapted with permission. Copyright © 2014, Tsinghua 
University Press and Springer-Verlag Berlin Heidelberg, Copyright © 2019 WILEY‑VCH Verlag GmbH & Co. 

KGaA, Weinheim 

 

Tailoring particle morphology is crucial for achieving the target biological performance required 
for a given application. For instance, Yu et al. reported that the cylindrical shape of MSNs 
nanorods facilitated the penetration through the mucosa in the gastrointestinal tract46. This effect 
was attributed to their anisotropic shape, which promotes rotational motions under physiological 
fluid flow. This motion can reduce hydrodynamic resistance and ensure suitable orientation 
during interaction with the mucus surface, therefore facilitating deeper penetration through the 
mucus layer. Moreover, Wang et al. described the synthesis of virus-like particles to enhance 
cellular uptake due to their spiky, tubular form6. 

In particular, the synthesis of dendritic MSNs (DMSNs) has attracted increased interest in the last 
few years due to their dendrimer-shaped, open pores. For example, Juére et al. reported that, due 
to their large pores (6-20 nm), DMSNs can host large drug molecules such as insulin7, enabling 
uptake by intestinal cells and potentially reducing the dosing of therapeutics that would 
otherwise require parenteral delivery. 
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1.2.3.1 Synthesis of DMSNs 
To obtain DMSNs with such central radial pore channels, modifications to the sol-gel method 
have been explored, including the use of the emulsion or biphasic stratification system, where a 
water-immiscible organic solvent (e.g., toluene, cyclohexane) is added to an aqueous solution47. 
These solvents have a swelling effect on the micelles, resulting in larger, more open pores48. 
Furthermore, using a co-surfactant, such as the nonionic Pluronic P123 or Pluronic F127 (Fig. 5), 
enables the formation of central radial pores49. The use of these co-surfactants also allows the 
formation of DMSNs in aqueous solution using environmentally friendly methods, without adding 
any organic solvent. For example, Liu et al. reported the formation of dendritic structures using 
an anionic, aromatic sodium salicylate (NaSal) co-surfactant, therefore avoiding hazardous 
organic solvents and harsh reaction conditions50. Pan et al. provided a comprehensive 
understanding of the synthesis and formation mechanism of DMSNs, concluding that spherical 
particles can be obtained under mild reaction conditions, without using organic solvents, thereby 
enabling low-toxicity synthesis routes without compromising particle morphology51. However, as 
reported in this review, an elevated temperature (up to 80°C) is necessary to boost the 
condensation rate of the silica precursor. This enables hydrolyzed silica to deposit quickly within 
the micellar structure before rearrangement occurs and the dendritic structure is lost51. A 
different strategy reported by Wang et al. is to use heptafluorobutyrate (FC4) to generate dendritic 
pores at room temperature52. As FC4 significantly reduces the surface tension at the water-
surfactant interface, it acts as a micelle-swelling agent, eliminating the need to operate at 
elevated temperatures. The fluorocarbon additionally provides vesicle-like templating and 
multilayer shell formation, resulting in larger internal cavities than those of conventional MSNs 
derived from cationic surfactants53. 

 

 

Figure 5. Pluronic co-surfactants used in the synthesis of DMSNs54. Reproduced with 
permission. Copyright © 2022 Elsevier. 

 

1.2.3.2 Tailoring MSNs' Properties 
Tuning the synthesis parameters enables the obtaining of MSNs with unique properties for 
targeted drug delivery as well as other applications in catalysis, membranes, and other fields55. 
The morphology of MSNs particles discussed in section 1.2.3 is not the only critical aspect for 
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their use in a particular application. For instance, particle size, pore structure, pore shape, and 
surface properties are all essential in determining how the nanoparticles perform across these 
applications56. 

Understanding the influence of physicochemical properties of MSNs on pharmacokinetic 
properties, including drug absorption, distribution, bioavailability, and clearance, is fundamental 
to selecting the optimal particle size of the carrier in drug delivery. For example, a small particle 
size (25-50 nm) has been associated with improved cell penetration57. However, if the particles 
are too small (below 50 nm), they can increase the oxidative stress and inflammation, leading to 
cellular toxicity58. Additionally, porosity is an important factor to consider for the drug loading 
capacity of MSNs and subsequent release profiles. For instance, in the work reported by Juère et 
al., the larger pores of DMSNs (i.e., 6 nm) facilitate the accommodation of insulin, enabling 
controlled release under gastrointestinal conditions7. Also, in a comparison of MSNs with small 
pores (3–6 nm) and large pores (11–16 nm) reported by Huang et al., larger pores showed higher 
antigen binding across different conditions59. 

Numerous studies have focused on developing strategies to tailor MSNs' properties by tuning 
reactant ratios, synthesis temperature, and reaction time35. For example, Zainal et al. 
demonstrated that raising the temperature from 30°C to 70°C increased particle size from 30 nm 
to 113 nm60. This effect is attributed to the accelerated condensation of the silica precursor 
around the micelles. Furthermore, in a study by Möller et al., the commonly used base catalyst, 
NaOH, was replaced with triethanolamine (TEA), yielding smaller particles (~100 nm). However, 
increasing the TEOS:TEA ratio from 1:1 to 1:4 led to particle agglomeration61. Thus, replacing the 
TEA base with a milder base catalyst, such as L-Lysine, decreased particle size while improving 
colloidal stability62. Particle size has also been controlled by adjusting experimental parameters 
such as stirring rate and pH. As reported by Beltrán-Osuna et al., higher pH (increasing NaOH 
concentration)  and stirring rates (700 rpm) produced smaller (~30-40 nm) and more uniform 
particles, while lower pH and stirring (250 rpm) yielded larger (~100 nm) particles63. 

The chain length of the precursor has also been shown to influence pore size, which increases 
linearly with increasing chain length64. Thus, the precursor amount must be sufficient to achieve 
mesoporous structures; however, excessively high concentrations can result in disordered 
pores65. Employing synthesis strategies for DMSN production, such as the use of co-surfactants 
or additives, inherently promotes pore expansion. For instance, the pore-expanding agent N,N-
dimethylhexadecylamine (DMHA) increased the average pore size of MSNs to 5,6 nm66, while 
trimethylbenzene (TMB) ensured the formation of dendritic particles, with pore size increasing 
from 8 nm to 12,6 nm, while particle size remained around 50 nm67. In another study, Kun-che et 
al. investigated the use of alkanes such as hexane, octane, decane, and dodecane as pore-
expanding agents68. 

1.2.3.3 Surface Functionalization 
Beyond particle, porosity, and structural properties, surface functionalization is another crucial 
aspect to consider for enhancing the biological performance of mesoporous materials in drug 
delivery. Two primary approaches have been explored to introduce functional groups into MSNs, 
including post-grafting and co-condensation8. Post-grafting involves the attachment of 
functional groups to silica after MSN synthesis and can be performed after the calcination step 
or alternatively, before removing the surfactant template by extraction with HCl during particle 
synthesis69. This method allows for the incorporation of a wide variety of functional moieties. 
However, it is limited by a potential non-uniform distribution, with organic functions tethered to 
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silica typically localized on the external particle surface, where silanol groups are more 
accessible. In contrast, co-condensation is a one-pot synthesis process in which functional 
silanes are incorporated simultaneously during MSNs formation. This approach ensures a more 
uniform distribution of functional groups, including within the pore interiors. Nevertheless, co-
condensation offers less flexibility in choosing functional groups than post-grafting8. 

One challenge in MSN-based formulations is the tendency of particles to aggregate in 
physiological solutions. This aggregation reduces circulation time and hinders cellular uptake in 
drug delivery systems9. In this regard, Polyethylene glycol (PEG) chains have proven effective as 
stabilizing groups to protect particles from aggregation in blood or physiological fluids, or to 
improve hemocompatibility70. Moreover, stimuli-responsive functions have been incorporated 
into the silica network to induce reactions under specific conditions (pH, redox, etc.). For 
example, hollow MSNs have been functionalized with a hydrazone linker connecting hyaluronic 
acid (HA), which acts as both a cap and a targeting ligand. At low pH the hydrazone bonds cleave, 
releasing HA caps and freeing doxorubicin. This is highly significant for tumor therapy, where low 
pH levels are detected in tumor71. Another example is introducing functional groups for imaging 
purposes, where the MSNs particles can be functionalized by covalent bonding to fluorophores 
like Rhodamine B to track the cellular uptake72–74. On the other hand, small organic molecules, 
such as amines, have been used to increase the positive charge of MSNs, thereby improving drug 
loading via electrostatic interactions75. On the other hand, thiol functions have been reported to 
improve mucoadhesion in oral delivery formulations7. Negatively charged species, such as 
phosphonate groups, have also improved drug release kinetics76. Thus, tailoring MSNs with 
specific functional groups not only optimizes drug encapsulation and release but also extends 
the versatility of MSNs for multifunctional therapeutic and diagnostic applications. 

MSNs can additionally be functionalized with biocompatible macromolecules. For example, 
Meng et al. reported coating MSNs to co-deliver Gemcitabine (hydrophilic) and Paclitaxel 
(hydrophobic) in pancreatic tumor cells, enhancing drug stability and systemic circulation and 
providing controlled release77. Beyond improving stability and bioavailability, functionalization 
with biomolecules offers additional advantages with respect to small chemical functions. These 
biomolecules enable MSNs to interact more effectively with biological systems, allowing for 
improved targeted drug delivery77. For example, in a study from Martínez-Carmona et al., 
functionalization of MSNs with Concanavalin A (ConA), a lectin protein, resulted in targeted full 
release of the antibiotic levofloxacin in pathogen sites. In contrast, without the protein coating, 
the levofloxacin release only reached 30% after 48h. This was attributed to the ability of ConA to 
bind specifically to mannose or glucose residues on microbial cell walls. Moreover, the ConA 
formed a steric layer on the MSNs surface, avoiding a premature drug release78. 

Liposomes represent a particularly important class of biomolecules for the surface 
functionalization of MSNs, as they provide additional colloidal stability, controlled release, and 
enhanced biocompatibility of silica carriers9,79. For example, De Jesús Valle et al. developed a 
mucoadhesive lyophilized liposome-based system for drug delivery through the sublingual 
mucosa, showing improved stability and enhanced mucosal interaction80. Moreover, in 
sublingual drug delivery, the use of liposome vesicles instead of free lipids offers several 
advantages. While lipids may enhance mucosal permeability, liposomes provide a more 
organized bilayer structure, allowing efficient encapsulation of both hydrophilic and hydrophobic 
drugs and protection from salivary enzymes or pH variations80. 
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1.3 Liposomes in MSN-Based Drug Delivery Systems 

1.3.1 Liposome-coated DMSNs 
Liposomes are spherical colloidal structures (vesicles) constituted by one or more lipid bilayers 
around an aqueous core (Fig.6). They can be prepared using the thin-film hydration method, 
which involves dissolving lipids like phosphatidylcholine, cholesterol, or PEGylated lipids in an 
organic solvent, followed by solvent evaporation until a dry, thin lipid film is created. When an 
aqueous solution, such as PBS, is added, the dry film hydrates, and the lipids spontaneously self-
assemble into a bilayer, forming liposomes81. 

 

Figure 6. Lipid-bilayer encapsulated MSNs via Liposome fusion (L-MSNs). 

Liposomes are widely used as drug carriers because they mimic natural cell membranes and can 
encapsulate both hydrophobic and hydrophilic drugs81. Liposomes can also be used to coat 
MSNs, providing biocompatible MSN-based hybrid materials9. There are several strategies to 
functionalize MSNs with lipid bilayers. One of the most common methods is liposome fusion, in 
which liposome vesicles are prepared separately and then mixed with MSNs. After sonication, 
the lipid structure is broken down into small unilamellar vesicles (SUVs). Due to electrostatic and 
hydrophobic interactions, SUVs are spread onto the MSNs' surface, forming a continuous 
supported lipid bilayer82. For example, LaBauve et al. used a mixture of phosphatidylcholine, 
phosphatidylserine, and cholesterol dissolved in chloroform to obtain a dry, thin film of 
liposomes, which was then combined with MSNs. The liposome fusion method enabled the 
formation of a supported bilayer, providing a biocompatible coating for MSNs that improved 
colloidal stability and reduced premature drug leakage9. 

Another approach to coating MSNs with biomolecules, including lipids, is the layer-by-layer (LbL) 
technique. This method is based on the sequential adsorption of a complementary species onto 
the MSNs surface, allowing multilayer coatings to be formed one layer at a time83. The interaction 
between the complementary molecules and the silica surface can be electrostatic or 
hydrophobic83. For example, Zhou et al. described the deposition of phospholipids (1,2-
dihexadecanoyl-sn-glycero-3-phosphocholine and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)]) on MSNs using the LbL technique. The 
surface of MSNs was made hydrophobic using an organosiloxane precursor, enabling 
hydrophobic interactions to drive the lipid coating84. This strategy offered more precise MSN 
coating, preventing uneven or incomplete functionalization. However, only thin layers can be 
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deposited at a time by the LbL approach, which requires many cycles to achieve the desired 
coating thickness85. In contrast, liposome fusion is a simple, one-step procedure that achieves 
high lipid coverage and mimics natural membranes, which is advantageous for drug delivery by 
enhancing release profiles and reducing immune responses86. 

Liposome-coated MSNs (L-MSNs) exhibit enhanced biocompatibility and improved drug 
encapsulation, as the liposomes provide an additional membrane barrier9. L-MSNs have also 
demonstrated slower drug release kinetics and enhanced cellular uptake. For example, Liu et al. 
showed that an L-MSN hybrid improved the delivery of Irinotecan by reducing drug leakage and 
controlling the release rate, thereby decreasing cellular toxicity in several target organs87. In this 
work, liposomes were prepared using the thin-film hydration method with three lipids: 
phosphatidylcholine (CS-95) and cholesterol (CHO-HP) to improve MSNs biocompatibility88, 
bilayer stability, and membrane fusion, as well as DSPE-PEG2000, a PEGylated lipid, to reduce 
particle aggregation and prevent mucus entrapment46. The liposomes were fused on DMSNs, and 
the resulting hybrid system was stabilized using high-pressure homogenization (HOMO). HOMO 
is a technique in which the dispersion is forced through a narrow gap under high pressure (600 
bar), resulting in shear forces that decrease particle size and produce a more homogeneous 
system. This method is commonly used in lipid-based nanocarriers to produce materials with 
improved colloidal stability and narrow particle-size distributions27.  

Evaluating the interaction of liposome-coated MSNs with biological systems, particularly their 
cytocompatibility and potential cellular uptake, is crucial to determine the effects of liposome 
coating on the biological performance of the functionalized MSNs. For this, in vitro cell studies 
provide important insight into how MSNs' size, surface chemistry, and composition influence 
cellular responses, measured by metabolic activity. 

1.3.2 Cell Studies 
A thorough evaluation of MSN–cell interactions is critical for drug delivery applications, as 
cellular stress responses can substantially affect therapeutic efficacy. Cell viability assays 
provide insight into whether the physicochemical properties of MSNs, including particle size, 
morphology, and surface chemistry, influence cytotoxicity, thereby supporting their suitability for 
biological use. Thus, cell viability assays have been used to evaluate the cellular tolerance of 
DMSNs of different sizes and surface chemistries under short- and prolonged-exposure 
conditions89. This approach enables the identification of concentration- and time-dependent 
effects associated with MSNs when applied to cells, allowing direct comparison between bare 
and functionalized systems90. For instance, the MTS assay 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium is a colorimetric method for assessing 
cell viability and metabolic activity. It is based on the reduction of the tetrazolium salt MTS by 
mitochondrial enzymes in metabolically active cells, resulting in the formation of a soluble 
formazan product. The amount of formazan produced is proportional to the number of viable 
cells and can be quantified by measuring its absorbance91. 

Tetrazolium viability assays are used to evaluate cytotoxicity as a function of particle 
concentration and exposure time, thereby identifying potential dose-dependent effects and 
comparing the biocompatibility of nanoparticulate materials92. A commonly used method to 
assess cytotoxicity is the lactate dehydrogenase (LDH) assay. LDH is a stable cytosolic enzyme 
present in all cell types and is rapidly released into the culture supernatant when the plasma 
membrane is damaged, serving as an indicator of compromised membrane integrity and 
providing a more comprehensive assessment of nanoparticle-induced cytotoxicity93. 
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On the other hand, cellular uptake is the process by which nanoparticles interact with the cell 
membrane, resulting in internalization. This can occur through various pathways, including 
endocytosis-mediated processes, and is strongly influenced by MSNs' size, surface charge, 
rigidity, and surface chemistry94. For example, lipid-coated MSNs have been designed to mimic 
biological membranes, thereby altering their interactions with cells and potentially facilitating 
uptake79. However, as demonstrated by temperature- and inhibitor-dependent uptake studies 
from Rejman et al., MSN association with the cell surface does not necessarily imply intracellular 
uptake, and careful analysis is required to distinguish membrane-bound particles from truly 
internalized ones95. Thus, fluorescence microscopy is widely used to characterize particle–cell 
interactions, enabling visualization of fluorescently labelled materials distributed throughout cell 
cultures. By labelling nanoparticles with fluorescent dyes such as Rhodamine, their localization 
can be analyzed relative to cellular components, such as the cytoskeleton and nucleus. 
Therefore, this technique provides information on particle–cell interactions and allows 
assessment of cellular morphology and stress responses associated with particle treatment96. 

1.4 Biocompatibility of MSNs 

1.4.1 In Vivo Fate of MSNs: Distribution, Degradation, and Clearance 
One of the key issues regarding MSN design for drug delivery applications is understanding their 
fate after administration. Many studies fail to address the in vivo behavior of MSNs, particularly 
their biodegradability and the elimination of their degradation byproducts97. Although MSNs are 
promising carriers, it is essential to balance this with considerations of biodistribution, excretion, 
and toxicity to achieve clinical application and translation. Even though silica is generally 
considered safe and nontoxic by the Food and Drug Administration (FDA), a study review by 
Croissant et al. suggests that accumulation of nanoparticles in the body should be avoided to 
prevent side effects10. 

In the sublingual delivery route, MSNs promote drug dissolution in saliva, thereby enhancing drug 
penetration through the mucosa. Particle size and surface functionalization play a critical role in 
MSNs penetration through the mucosa98. So far, studies on MSNs ranging from 30 to 300 nm 
indicate that, after drug release, the MSNs carriers are washed out by saliva and enter the 
gastrointestinal tract99. The silica framework is very rigid and stable, so a large part of it might be 
excreted unchanged, without undergoing hydrolysis10. MSNs may also undergo a slow 
degradation process, during which the Si–O–Si bonds break down, releasing orthosilicic acid 
[Si(OH)₄]. This compound is naturally biocompatible and is safely cleared by renal excretion30. 

Several factors influence the degradation kinetics of MSNs, including nanoparticle morphology, 
size, concentration, pore size, surface area, and other structural parameters100. For instance, Hao 
et al. reported that pure MSNs particles in the range of 100–200 nm, and with spherical 
morphology, exhibited faster dissolution in Dulbecco’s Modified Eagle Medium (DMEM) than their 
rod-shaped counterpart101. Braun et al. also investigated the degradation of MSNs in simulated 
body fluids. In this study, MSNs with different diameters (80, 200, and 1500 nm) were tested, 
showing dissolution profiles independent of particle size102. On the other hand, Shen et al. 
demonstrated, via Transmission Electron Microscopy (TEM) characterization, that DMSNs with 10 
nm radial pores fully hydrolyzed after 24 h42. 

Even though a portion of MSNs framework can be degraded after administration, biodistribution 
and the accumulation of byproducts are still open questions. For example, in a study by Li et al., 
MSNs were shown to cause renal damage, including hemorrhage, vascular congestion, and renal 
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tubular necrosis, over a prolonged period of urinary excretion103. Given the ongoing challenges in 
comprehending MSN toxicology, biodistribution, and clearance, the development of MSN 
carriers that degrade in a controlled, stimulus-triggered manner after drug release is a promising 
strategy for their clinical translation. 

1.4.2 Strategies for Designing Biocompatible Nanocarriers 
For safer and more efficient clinical translation of MSNs in drug delivery, one promising strategy 
is to design materials with stimuli-responsive behavior in physiological fluids. Thus, pH 
variations, as well as enzymatic and redox reactions, can be exploited to trigger controlled drug 
release and promote MSN biodegradation31. To achieve this stimulus-response in MSN-based 
formulations, several studies have described the incorporation of organic and inorganic moieties 
into the silica framework. These include methylene, ethylene, phenylene, as well as metal cations 
such as Ca, Fe, Mn, Al, and Zr104,105. 

Among these functionalities, the disulfide bond has been shown to be stable under mild oxidizing 
conditions (e.g., oxygen and blood) and at physiological pH106, yet it remains sensitive to 
disulfide–thiol exchange reactions. Incorporating cleavable disulfide bonds within the silica 
framework (Fig.7) to generate mesoporous organosilica nanoparticles (MOSNs) is a promising 
strategy to enable intracellular redox-responsive biodegradation. This is especially important for 
targeting cancer cells, where glutathione (GSH) levels are elevated107. 

 

Figure 7. Modification of MSNs with disulfide-bridges108. Adapted from Crystals (2023), under 
CC BY 4.0. 

 

In the work conducted by Wu et al., bis[3-(triethoxysilyl)propyl]tetrasulfide (BTES) was added 
simultaneously with the precursor (TEOS) in a one-pot synthesis at elevated temperatures (95°C). 
This also led to micelle expansion, significantly increasing the pore size of MOSNs109. In a study 
from Venedicto et al., MOSNs were synthesized via a co-condensation strategy, where a 
disulfide-containing silane, bis(3-(triethoxysilyl)propyl)disulfide (BTEPDS), was combined with 
the conventional silica precursor tetraethyl orthosilicate (TEOS) in the presence of the surfactant 
cetyltrimethylammonium bromide (CTAB) under alkaline conditions. During the process, BTEPDS 
and TEOS were hydrolyzed and condensed around the micelles, yielding spherical particles with 
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pore sizes of 2–4 nm108. Furthermore, Zhao et al. used a two-step strategy to incorporate S-S 
bonds in the MSNs structure. In the first step, the thiol functionality (–SH) was introduced by 
mixing 3-mercaptopropyltrimethoxysilane (MPTMS) with the TEOS precursor, yielding spherical 
colloidal MSNs in the 50–80 nm range with a pore size of around 2 nm. In the second step, 2-
carboxyethyl 2-pyridyl disulfide (Py–SS–COOH) was used as a crosslinker to react with thiol (-SH) 
groups, forming stable disulfide bonds110. This approach enabled control over the distribution of 
disulfide bonds into the silica framework. However, the one-step method described by Venedicto 
et al. and Wu et al. ensured the incorporation of disulfide functions in a single synthetic step, 
thereby providing a uniform distribution of these moieties throughout the silica matrix108. 

Disulfide moieties incorporated within the silica framework are highly stable under normal 
extracellular conditions, providing additional stability when carrying the drug and thereby 
preventing premature release during circulation10,106. However, as previously mentioned, the 
disulfide functions are sensitive in reducing environments where glutathione (GSH) 
concentration is high. GSH is a small peptide composed of Glutamate, Cysteine, and Glycine (γ-
Glu-Cys-Gly). It’s synthesized in the cytosol of almost all cells. After sublingual drug absorption, 
in extracellular environment (saliva), GSH is present at a very low concentration at 2–20 µM111 , 
therefore the nanocarriers remain stable. However in intracellular environment the GSH 
concentration reaches 1-10 mM111. When the MOSNs are delivered to cells in the presence of high 
levels of GSH, it (in its reduced form) reacts with S–S bonds in the MSN framework via thiol-
disulfide exchange, breaking the S–S linkage. During the reduction of S–S functions, GSH oxidized 
to GSSG97 (Fig.8) 

 

 

Figure 8. Chemical reaction of the disulfide bond reduction by GSH106. Adapted from Advanced 
Functional Materials (2018), under CC BY 4.0. 

 

One of the challenges that comes with incorporating S-S in the MSNs structure is reducing the 
accessible surface area and pore volume of the particles. For example, Putz et al. reported that 
incorporating methyltriethoxysilane (MTES) as a co-precursor decreased the average pore size of 
the MSNs from 2,6 nm to 0,8 nm112. To date, only a limited number of studies have examined the 
incorporation of disulfide (S–S) linkages into MSNs while maintaining large pore architectures. 
Achieving this would combine the advantages of a dendritic, high-pore-volume structure with 
stimulus-responsive biodegradability provided by the S–S bonds. This design could further 
improve the particles' toxicological profile and potentially accelerate their translation into clinical 
trials. 
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2. Objectives 
This work focuses on improving MSNs as carriers for sublingual drug delivery and is structured 
around two main objectives: 

1. To engineer DMSNs suitable for sublingual drug delivery by tuning particle size, followed 
by surface functionalization with small functional groups (e.g., phosphonate moieties) or 
larger amphiphilic biomolecules (e.g., liposomes), thereby enhancing colloidal stability, 
cellular uptake, and potentially bioavailability. 

2. To synthesize disulfide-bridged organosilica nanoparticles (DMOSNs) by introducing 
disulfide (S–S) linkages into the silica framework via co-condensation of functionalized 
silanes (BTES) with tetraethyl orthosilicate (TEOS), while preserving large pore sizes and 
enabling structural degradation under elevated glutathione (GSH) concentrations for 
redox-responsive biodegradability. 

To accomplish these objectives, DMSNs with two different particle sizes (50 nm and 130 nm) were 
synthesized by adapting protocols reported in the literature37,52. After optimizing the synthesis to 
achieve narrow particle-size distributions, the DMSNs were functionalized to further enhance 
their colloidal stability and interaction with buccal epithelial cells. Initially, DMSNs were modified 
via post-synthetic grafting with 3-(trihydroxysilyl)propyl methylphosphonate (THMP), enabling the 
incorporation of phosphonate (PO₃) moieties into the silica network and thereby improving 
colloidal stability by increasing the negative surface charge. To also enhance biocompatibility 
while maintaining accessible pores, the DMSNs were alternatively coated with liposomes 
composed of phosphatidylcholine (CS-95), DSPE-MPEG2000, and cholesterol (CHO-HP). The 
liposomes were prepared by thin-film hydration, rehydrated in the presence of DMSNs, and then 
subjected to high-pressure homogenization (HOMO) to achieve a uniform coating and particle 
size. Pure DMSNs (DMSNs-50 and DMSNs-130), phosphonated DMSNs (DMSNs-50-PO3 and 
DMSNs-130-PO3), and liposome-coated DMSNs (L-DMSNs-50 and L-DMSNs-130) were 
evaluated for their interactions with the human TR146 cells. Cell viability following nanoparticle 
exposure was assessed using the MTS assay across different particle concentrations and 
incubation times, while fluorescence microscopy was used to qualitatively visualize particle–cell 
interactions and cellular localization. 

The second part of this master’s thesis focuses on the design of biodegradable MSNs to generate 
particles with the potential for safe excretion from the body, thereby minimizing silica 
accumulation and improving their toxicological profile. To achieve this, disulfide (S–S) bridges 
were introduced into the silica framework, enabling redox-responsive cleavage in the presence 
of GSH and subsequent degradation of the silica network. Initially, mesoporous organosilica 
nanoparticles (MOSNs) were synthesized using a previously reported one-step co-condensation 
method109, in which bis[3-(triethoxysilyl)propyl] tetrasulfide (BTES) was co-condensed with 
tetraethyl orthosilicate (TEOS) in varying ratios under different temperature and stirring 
conditions. After tuning the synthesis parameters to obtain mesoporous spherical particles with 
diameters ranging from 50 to 150 nm, the work progressed toward the preparation of dendritic 
disulfide-bridged organosilica nanoparticles (DMOSNs) under the optimized conditions. The 
initial synthesis of S–S-bridged DMOSNs resulted in disorganized structures. Therefore, the 
protocol was further optimized by adjusting the solvent composition, reaction temperature, and 
stirring time, yielding well-defined spherical dendritic particles with uniform size distribution and 
large pore architecture. The resulting particles were subsequently evaluated for preliminary 
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biodegradability by incubation in GSH (28 mM) at 37°C. Changes in hydrodynamic diameter were 
monitored over time to assess structural degradation. In addition, small-angle X-ray scattering 
(SAXS) measurements were performed to further analyze potential alterations in the primary 
structure of the silica framework in the presence of GSH. 

 

 

3. Methods 
3.1 Reagents and Materials 
Toluene (99%), tetraethoxysilane (TEOS, 98%), triethanolamine (TEA, 98%), L-lysine (98%), p-
xylene (99%), toluene (99%, extra dry over molecular sieve), and sodium hydroxide solution (1.0 
N) were obtained from Thermo Fisher Scientific (Germany). Hexane (≥99%), (3-aminopropyl)-
triethoxysilane (≥98%), 3-(trihydroxysilyl) propyl methylphosphonate (monosodium salt solution, 
50 wt.% in H2O), hexadecyltrimethylammonium bromide (CTAB, ≥98%), 
cetyltrimethylammonium chloride solution (CTAC, 25 wt.% in H2O), L-glutathione (≥98%), 
rhodamine B isothiocyanate (>70%), and bis-(3-(triethoxysilyl)-propyl)-tetrasulfide (BTES) were 
obtained from Sigma-Aldrich (Germany). Sodium heptafluorobutyrate (FC4) and bis-
(triethoxysilyl propyl) disulfide were purchased from Fluorochem (United Kingdom). Ethanol 
(96%) was purchased from Brenntag (Austria) and hydrochloric acid (≥37 wt.%) from VWR 
Chemicals (France). The lipids phosphatidylcholine (CS-95) and N-(carbonyl-
methoxypolyethylenglycol-2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamin (DSPE-
MPEG2000) were acquired from Lipoid GmbH (Germany). Cholesterol (CHO-HP) was purchased 
from Caesar & Loretz GmbH (Germany), dichloromethane from VWR Chemicals (Belgium), and 
anhydrous ethanol from Merch KGaA (Germany). Human buccal TR 146 cells were obtained from 
Imperial Cancer Research Technology (United Kingdom). Dulbecco’s Modified Eagle’s medium 
(DMEM), phosphate-buffered saline (PBS), fetal bovine serum (FBS), penicillin-streptomycin (Pen 
Strep), Hank’s Balanced Salt Solution (HBSS), and trypsin-ethylenediaminetetraacetic acid 
(trypsin-EDTA, 0,25%) were obtained from Gibco, Life Technologies Corporation (United 
Kingdom). Formalin solution (10 % formalin, approx. 4 % formaldehyde), albumin from bovine 
serum, Triton X-100, and Nile Blue were acquired from Sigma Aldrich (Austria), and Alexa Fluor™ 
488 Phalloidin and DAPI, from Thermo Fisher Scientific (Austria). 

 

3.2 Material Synthesis 

 3.2.1 Synthesis of DMSNs at Room Temperature (DMSN-50) 
To obtain DMSNs with a particle size of 50 nm, the protocol from Wang et al. was followed, with 
several adjustments52. Five batches of the product (DMSN-50) were prepared under identical 
conditions and combined in the end. In a 50 mL round-bottom flask, 68 mg of TEA was mixed with 
25 mL of ultra-pure water (H2O). Then, 380 mg of CTAB was added, and the mixture was sonicated 
until the CTAB was dissolved. Next, 74 mg of FC4 was added, and the mixture was stirred 
(150 rpm) at room temperature (25ºC) for 1 h. Subsequently, 4 mL of TEOS was added dropwise 
(1 drop/s), and the reaction was kept under stirring (150 rpm) for 24 h. The particle suspension 
was then transferred to 25 mL Falcon tubes and centrifuged for 30 min at 10,000 rpm. The DMSN-
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50 was washed 3 times with EtOH, and the CTAB was extracted by washing three times with EtOH 
containing HCl (12 M), following centrifugation (9000 rpm, 20 min). Afterward, the product was 
washed with water and with ethanol and centrifuged again (9000 rpm, 20 min). The particles were 
dried in an oven at 100°C overnight and then calcined for 5 h at 550°C. 

3.2.2 Synthesis of DMSNs at 60°C (DMSN-130) 
To obtain DMSNs with an average particle size of 130 nm (DMSN-130), the protocol reported by 
Iriarte-Mesa et al. was implemented37. Four batches of the product were synthesized under 
identical conditions and combined at the end. In a 250 mL round-bottom flask, 360 mg of TEA 
was dissolved in 72 g of ultra-pure water (H₂O). Subsequently, 8 mL of CTAC was added, and the 
mixture was stirred at 150 rpm at 60°C for 1 h. A separate mixture containing 8 mL of TEOS and 
32 mL of hexane was then prepared and added dropwise to the aqueous phase. The resulting 
biphasic system was maintained under stirring (150 rpm) at 60°C overnight to allow silica 
condensation. After completion of the reaction, the organic phase was removed, and the 
particles were collected by centrifugation (10,000 rpm, 30 min). The product was washed three 
times with ethanol, each followed by centrifugation (9000 rpm, 20 min), and subsequently dried 
overnight in an oven at 100°C. Finally, the dried DMSN-130 particles were calcined at 550°C for 5 
h to remove the surfactant template. 

3.2.3 Functionalisation with THMP 
In two separate round-bottom flasks, 200 mg of each DMSN-50 and DMSN-130 were combined 
with 25 mL of ultra-pure water, and the suspension was stirred (650 rpm) at room temperature 
(25ºC) for 4 h. In parallel, 0,8 mL of THMP was added to 25 mL of water, and the pH of the aqueous 
solution was adjusted from an initial value of 10,5 to 5,3 by adding 3-4 mL of 0,1M HCl, following 
an already reported procedure37. This THMP solution was added to the DMSNs suspensions, and 
the reaction was stirred (700 rpm) overnight at 110°C. The products (DMSN-50-PO3 and DMSN-
130-PO3) were isolated by centrifugation (9000 rpm, 20 min) and washed once with water and 
three times with ethanol (Scheme 1). The DMSN-50-PO3 and DMSN-130-PO3 were dried in an 
oven at 40°C overnight. 

 

Scheme 1. Functionalization of DMSNs with PO3 groups 

 

3.2.3 Liposome Coating 
The experimental part of the liposome coating was performed in collaboration with the Institute 
of Pharmaceutical Sciences at the University of Graz, under the supervision of Dr. Atida Selmani. 
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3.2.3.1 Liposome Coating of DMSNs via Co-hydration with Liposome Thin-film 
The liposomes were prepared via the thin-film method (Scheme 2), followed by hydration in a 
DMSN-containing Phosphate Buffered Saline (PBS) suspension. First, 4,5 mg of DSPE-
MPEG2000, 31,5 mg of CS-95, and 14 mg of CHO-HP were placed in a round-bottom flask, 
followed by the addition of 50 mL of anhydrous ethanol (EtOH) and 25 ml of dichloromethane 
(DCM). The lipids were dissolved by sonicating for 5 minutes. The mixture was rotoevaporated for 
30 min to remove the solvents and obtain the thin film. From each particle (DMSN-50 or DMSN-
130), 25 mg was weighed and suspended in 75 mL of PBS solution. The particle suspensions were 
pre-heated and used to rehydrate the lipids at 50°C for 30 minutes. Liposome-coated particles 
(L-DMSN-50 or L-DMSN-130) were then sonicated for 10 minutes at 30 % amplitude. Following 
sonication, HOMO was performed to achieve a uniform particle size. Homogenization performed 
for 15 cycles at 600 bars and room temperature (25°C). The materials obtained were stored at 
4°C. 

 

Scheme 2. Liposome preparation via Thin-film and coating of the DMSNs with 
liposomes 

 

3.2.3.2 Cell Culture Studies 
TR146 cells were cultured in DMEM supplemented with 10 % Fetal Bovine Serum (FBS), 1% Pen-
Strep, and 1 % non-essential amino acid solution (NEAA) in a humidified atmosphere containing 
5 % CO₂ at 37°C. The culture medium was replaced three times per week, and confluent cells 
were then cultured weekly using trypsin-Ethylenediaminetetraacetic acid (EDTA). For preparation 
of particle suspensions for cell treatment, serum-free DMEM without phenol red, supplemented 
with 1% Pen-Strep and 1% NEAA, was used. To evaluate the potential cytotoxicity of DMSNs, an 
MTS assay was performed following the protocol described by Jeitler et al.113. TR146 cells were 
seeded in 96-well plates at a density of 3 × 10⁴ cells/well. After washing with PBS, cells were then 
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incubated with the following samples: Pure DMSNs (DMSN-50 and DMSN-130), phosphonated 
DMSNs (DMSN-50-PO3 and DMSN-130-PO3), liposome-coated DMSNs (L-DMSN-50 and L-
DMSN-130), and empty liposomes (control formulation). Particles were applied at 
concentrations of 10, 50, 100, 250, and 440 µg mL⁻¹. The concentrations of the control 
formulation (empty liposomes) were adjusted to match those in L-DMSN-50 and L-DMSN-130. 
The cells were incubated with particle treatments for 4 h under standard culture conditions (37°C, 
5% CO₂). 

Cell viability was assessed using the CellTiter 96® Aqueous Non-Radioactive Cell Proliferation 
Assay113. After nanoparticle incubation for 4 h, the treatment medium was removed, and cells 
were washed once with 100 µL Hank’s Balanced Salt Solution (HBSS) to eliminate residual 
particles. Subsequently, 100 µL HBSS and 20 µL MTS reagent were added per well (final volume 
120 µL per well). Plates were incubated for 3 h at 37°C to allow formation of the soluble formazan 
product. The absorbance at 490 nm was determined following a 3 h incubation period using a 
CLARIOstar Plus microplate reader. Untreated, blank-corrected wells served as the 100% 
viability control. Cell viability was expressed as a percentage relative to untreated control cells 
after blank correction. 

3.2.3.3 Rhodamine Labelling and Cellular Uptake Studies 
For cellular uptake studies, the DMSNs were first labeled with rhodamine B isothiocyanate 
following a previously reported protocol7, thereby enabling visualization of the particles upon 
interaction with TR146 cells. In four separate round-bottom flasks, 100 mg of DMSNs (DMSN-50, 
DMSN-130, DMSN-50-PO₃, or DMSN-130-PO₃) were prepared for rhodamine labelling by first 
outgassing them under vacuum at 80°C (300 rpm) overnight. In parallel, 21,38 mg of rhodamine 
was dissolved in 8 mL of absolute ethanol, followed by the addition of 3 µL of APTES. The mixture 
was stirred (1000 rpm) at room temperature under an argon atmosphere for 24 h. Subsequently, 
30 mL of extra-dry toluene was added to each of the outgassed samples, and the suspensions 
were stirred (600 rpm) at 50°C. Then, 100 µL of the previously prepared rhodamine solution was 
added to each suspension, and the reaction was continued for 4 h under an argon-filled balloon. 
The products (Rh-DMSN-50, Rh-DMSN-130, Rh-DMSN-50-PO₃, and Rh-DMSN-130-PO₃) were 
isolated by centrifugation (9000 rpm, 20 min), washed once with toluene and six times with 
ethanol, and dried in an oven at 40°C overnight. The fluorescently labelled non-functionalized 
particles (Rh-DMSN-50 and Rh-DMSN-130) were subsequently coated with liposomes as 
described in Section 3.2.3.1, resulting in Rh-L-DMSN-50 and Rh-L-DMSN-130. 

For intracellular localization studies, TR 146 cells were seeded at a density of 5 × 104 cells/well in 
8-well chamber slides and incubated for 4 days. Before incubation for 4 h at 37°C with labelled 
materials (Rh-DMSN-50, Rh-DMSN-130, Rh-DMSN-50-PO₃, Rh-DMSN-130-PO₃, Rh-L-DMSN-
50, and Rh-L-DMSN-130) at particle concentrations equilibrated to 250 µg mL⁻¹, the medium was 
removed, and the cells were washed with PBS. After 4 h, particles were removed, and cells were 
washed with PBS to remove unbound nanoparticles. For cell staining, cells were fixed in 4% 
formaldehyde, permeabilized with 0,1% Triton X-100, and blocked with 1% Bovine Serum Albumin 
(BSA). Then, 100 µL staining solution per well was added, consisting of 1% BSA in PBS 
supplemented with Alexa Fluor™ 488 Phalloidin for actin cytoskeleton staining and Hoechst/4’,6-
Diamidino-2-phenylindole (DAPI) for nuclear staining. Cells were incubated for 25 min at room 
temperature, protected from light, followed by two washing steps with PBS. Finally, samples were 
mounted with mounting medium and prepared for microscopy. Imaging was performed with a 
confocal laser scanning microscope (Leica Stellaris 5, Leica Microsystems, Germany), and image 
analysis was conducted with Fiji version 2.9.0. 
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3.2.4 Synthesis of MOSNs 
Two types of MOSN particles were synthesized, following the protocol from Wu et al. with some 
modifications109. By varying the molar amount of BTES (Fig.9) in relation to TEOS particles, MOSN-
T2.4 (BTES:TEOS = 0,5) and MOSN-T1.2 (BTES:TEOS = 0,25) were obtained (Table 1). In two 50 mL 
round-bottom flasks, 2 g CTAC and 0,6 g TEA were mixed. Next, 20 mL of water was added to each 
flask, and the stirring (300 rpm) was kept at 95°C under reflux for 20 min. In the meantime, two 
mixtures containing TEOS and BTES were prepared. In the first mixture, 1 g TEOS and 1,3 g BTES 
were added in a molar ratio of 0,5 (MOSN-T2.4). In the second, 1 g of TEOS and 0,6 g of BTES were 
combined in a molar ratio of 0,25 (MOSN-T1.2). The reactions were stirred (300 rpm) at 95°C 
overnight (Scheme 3). The obtained particles were washed the following day according to the 
procedure described below. Initially, the particles were washed twice with water, each washing 
step followed by sonication for 10 min and centrifugation at 9000 rpm for 20 min. Subsequently, 
the particles were washed three times with ethanol, each cycle including sonication for 10 min 
and centrifugation under the same conditions. The washed particles were then dispersed in 
20 mL of a mixture containing 10% (v/v) hydrochloric acid (12 M) and 90% (v/v) ethanol and stirred 
overnight at 78°C at 300 rpm to extract the CTAC template. After extraction, the particles were 
washed repeatedly with water, each cycle consisting of sonication for 10 min followed by 
centrifugation, until the supernatant reached a pH value of approximately 6 (six washing cycles). 
Finally, the products (MOSN-T2.4 and MOSN-T1.2) were washed three times with ethanol, each 
washing step followed by sonication and centrifugation. The purified particles were dried 
overnight in an oven at 70°C. 
 

 
Figure 9. Chemical structure of Bis[3-(triethoxysilyl)propyl]tetrasulfide (BTES). 
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Scheme 3. Graphical representation of (a) the co-condensation of BTES into the silica 
framework and (b) tetrasulfide bridges inside the organosilica hybrid MOSNs. 109 Adapted with 

permission. Copyright © 2014 WILEY‑VCH 
 

3.2.5 Synthesis of DMOSNs  
The synthesis of DMOSNs reproduced that of the dendritic particles37, while incorporating 
disulfide bridges by using BTES and increasing the reaction temperature up to 95°C. Specifically, 
this included adding 2,4 g TEA, 8 mL CTAC, and 80 mL water to 100 mL round-bottom flasks and 
stirring at 300 rpm at 95°C for 1h. A mixture of 4 g of TEOS and 32 mL of Toluene containing a 
variable amount of BTES was prepared. 5 g of BTES was added to obtain DMOSN-TO1 particles, 
and 2,5 g of BTES was added to obtain DMOSN-TO2 particles. The TEOS:BTES:Toluene mixture 
was then added dropwise to the corresponding round-bottom flasks, and the stirring was kept 
overnight at 95°C and 300 rpm. The organic phase was carefully removed using a syringe, and 
particle suspensions were then centrifuged (9000 rpm, 20 min). The resulting solids (DMOSN-
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TO1 and DMOSN-TO2) were washed twice with water and three times with ethanol, with each 
washing step followed by sonication for 10 min and centrifugation at 9000 rpm for 20 min. 
Subsequently, the particles were extracted overnight at 78°C under stirring (300 rpm) using 20 mL 
of a mixture containing 10% (v/v) hydrochloric acid (12 M) and 90% (v/v) ethanol. After extraction, 
the particles were collected by centrifugation (9000 rpm, 30 min), washed with water, sonicated 
for 30 min, and centrifuged again. The washing cycle with water was repeated until the 
supernatant reached a pH value of approximately 6. Two final washing steps were performed 
using ethanol, each followed by sonication for 30 min and centrifugation. The particles were dried 
overnight at 70°C. 
Following this synthesis, the first round of optimization was performed to obtain four additional 
DMOSNs (DMOSN-OTO-3, DMOSN-OTO-4, DMOSN-OX-1, and DMOSN-OX-2). The aim was to 
keep the same reaction conditions (95°C, 300 rpm) and change the base type, base amount, 
solvent type, and solvent amount. Table 1 summarizes the particles obtained and the synthesis 
conditions used. The amount of water (80 mL), CTAC (8 g), and the TEOS (4 g)/BTES (5 g) mixture 
was kept constant across all syntheses. The extraction, washing, and centrifugation steps were 
performed exactly as described previously for DMOSN-TO1 and DMOSN-TO2. 
A second round of optimization was conducted to obtain two additional DMOSNs  (DMOSN-OX-
3 and DMOSN-OX-4). For this, the amount of water (80 mL), CTAC (8 g), L-Lysin (2,4 g), and the 
TEOS (4 g)/BTES (5 g) mixture was kept constant across all syntheses. The varying parameters are 
summarized in Table 1. The experimental conditions, including temperature (95°C) and stirring 
time (overnight), were also constant. However, the stirring speed was changed. After synthesis, 
the extraction, washing, and centrifugation steps were performed exactly as described for 
DMOSN-TO1 and DMOSN-TO2. 
 
Table 1. Variation of experimental conditions and resulting MOSNs and DMOSNs   

Base Amount [g] Co-solvent Amount 
[ml] 

Stirring 
speed 

BTES:TEOS 

MOSN-T2.4 TEA 0,6 - - 300 0,5 
MOSN-T1.2 TEA 0,6 - - 300 0,25 
DMOSN-OTO3 TEA 2,4 Toluene 16 300 0,5 
DMOSN-OTO4 TEA 0,6 Toluene 32 300 0,5 
DMOSN-OX1 L-Lysin 2,4 p-Xylene 16 300 0,5 
DMOSN-OX2 L-Lysin 0,6 p-Xylene 32 300 0,5 
DMOSN-OX3 L-Lysin 2,4 p-Xylene 16 150 0,5 
DMOSN-OX4 L-Lysin 2,4 p-Xylene 8 300 0,5 

 
 

3.2.6 Biodegradability Studies 
To evaluate the potential structural degradation of DMOSNs in the presence of GSH, a preliminary 
biodegradability test was performed based on protocol from Mekaru et al. with some 
modifications97. For this, 10 mg of DMOSNs (DMOSN-OX-1) and 10 mg of non-functionalized 
DMSNs (DMSN-50 and DMSN-130), used as control materials, were dispersed in 4 mL of ultra-
pure water. The particle suspensions were sonicated for 4 h. In the meantime, a 28 mM GSH 
solution was prepared by dissolving 0,43 g of L-glutathione in reduced form in 50 mL of water. 
Then, 10 mL of the GSH stock solution was added to each particle dispersion, ensuring a final 
GSH concentration of 20 mM. Simultaneously, the particles were prepared in control conditions, 
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consisting of 10 mg of the same materials, dispersed in 14 mL of ultrapure water instead of the 
GSH solution (20 mM). The hydrodynamic diameter of the colloidal suspensions, both in water 
(control) and in GSH (20 mM), was measured after 3h, 6h, and 24h of the addition of GSH. SAXS 
measurements were also performed for DMOSN-OX-1, DMSN-50, and DMSN-130, dispersed in 
both water and GSH (20 mM), 24 h after incubation at 37°C. 

3.3 Material Characterization 

3.3.1 Infrared (IR)- Spectrometry 
Fourier-transform infrared (FTIR) spectra were recorded using a Bruker Vertex 70 FTIR 
spectrometer equipped with an attenuated total reflectance (ATR) accessory. Spectra were 
collected over 4000–400 cm⁻¹ with a spectral resolution of 4 cm⁻¹, averaging 32 scans per 
measurement. A background spectrum was acquired prior to each measurement and 
automatically subtracted from the sample spectrum. 

3.3.2 Zeta Potential and Hydrodynamic diameter 
DLS and zeta potential measurements were performed using a Nano Zetasizer Advance 
instrument (Malvern Panalytical, UK) operated with the Zetasizer software package. The 
measurements were performed at a 173° scattering angle and 25°C, with an equilibrium time of 
120 s. Three measurements were performed for each sample. Samples were dispersed in water 
at a concentration of 0,7 mg/mL, followed by sonication (30 min for DMSNs and functionalized 
DMSNs, 1 h for organofunctionalized samples, and 3 h for the biodegradability studies). All 
measurements were carried out in disposable capillary cells (type DTS1070). 

3.3.3 Nitrogen Physisorption Isotherms (77K) 
N2-physisorption isotherms were measured using an iQ3 gas sorption analyzer (Anton Paar 
QuantaTec Inc., USA) operated with ASiQwin software. Prior to analysis, samples (30–40 mg) were 
outgassed overnight in the instrument’s degassing station until the temperature had stabilized 
and the pressure change (ΔP) was below 20 mTorr. The pure silica samples (DMSNs-50 and 
DMSNs-130) were outgassed for 12 h at 150°C and the phosphonated particles (DMSNs-50-PO3 
and DMSNs-130-PO3) were at 80°C for 12h, and the disulfide-bridged silica samples were at 70°C 
for 12h. After cooling up to room temperature, the samples were transferred to the physisorption 
station and analyzed at liquid nitrogen temperature (77 K). Measurements were performed using 
6 mm analysis cells. The specific surface area (SBET) was derived from N2-adsorption isotherms 
using the BET model within the relative pressure range of 0,05–0,30 (P/P₀). The total pore volume 
was calculated at P/P₀ = 0,95. Pore size distributions were determined by Non-local Density 
Functional Theory (NLDFT) analysis on the adsorption branch, assuming an amorphous SiO₂ 
surface with cylindrical pore geometry. Data evaluation was performed using ASiQwin 5.2 (Anton 
Paar Quantatech Inc.). 

3.3.4 Thermogravimetric Analysis (TGA) 
TGA was performed using a Netzsch STA 449 F3 Jupiter instrument (Selb, Germany). Samples 
were placed in crucibles and heated from 25°C to 800°C under a continuous flow of nitrogen (20 
mL/min). The heating rate was set to 10°C/min, and the resulting mass loss (%) was recorded as 
a function of temperature. The mass losses were evaluated in the temperature range of 150-
700°C. 
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3.3.5 Solid-state Magic Sngle Spinning Nuclear Magnetic Resonance 
Spectroscopy (MAS NMR) 
Bruker Avance NEO 500 wide-bore system (Bruker BioSpin, Germany) was used to measure the 
MAS NMR of the samples at room temperature. For ²⁹Si NMR measurements, a resonance 
frequency of 99,38 MHz was used, with a MAS spinning rate of 8 kHz and a cross-polarization (CP) 
contact time of 5 ms. The ¹³C NMR measurements were performed at a resonance frequency of 
125,78 MHz, with a MAS spinning speed of 14 kHz and a CP contact time of 3 ms. The ³¹P NMR 
experiments were done at 202.49 MHz, using a MAS spinning rate of 14 kHz and a CP contact time 
of 3 ms. 

3.3.6 Transmission Electron Microscopy (TEM) 
TEM images of the samples were acquired using a Philips CM200 microscope at 200 kV. For 
sample preparation, the particles were dispersed in water to obtain a suspension with a 
concentration of 0,7 mg·mL⁻¹. Then, 2-3 drops of this suspension were placed in a carbon film-
coated 300 mesh copper grid and allowed to dry prior to imaging. 

3.3.7 Confocal Raman Microscopy 
Raman spectroscopy was conducted with a WITec alpha300 A confocal Raman microscope 
(WITec, Germany) equipped with a UHTS300S GREEN NIR spectrograph (600 g mm⁻¹ grating, 
blaze 500 nm) and an Andor DU401_BR-DD CCD detector cooled to −59°C. A 531 nm diode laser 
was used as the excitation source, and the beam was focused through a Zeiss EC 20×/0,4 NA 
objective. The spectral information was collected over 100–1100 cm⁻¹, with an integration time of 
6 s and 10 accumulations per measurement. The laser power used for functionalized silica and 
sulfide-bridged silica samples was 10 mW to avoid degradation of organic groups, and for the 
pure silica samples was 39,7 mW. Data were acquired and processed using WITec Control and 
Project FOCUS software. 

3.3.8 Small-angle X-Ray Scattering (SAXS) 

SAXS measurements were performed on selected samples (DMOSN-OX-1, DMSN-50, and 
DMSN-130) from the biodegradability studies (Section 3.2.6) using a Nano-inXider instrument 
(Xenocs, France) equipped with a Cu Kα radiation source (λ = 0,154 nm). SAXS data were 
collected to assess nanoscale structural changes following incubation in the presence of GSH 
(20 mM). Scattering profiles were analyzed to evaluate changes in particle organization and 
aggregation behavior. 

4. Results and Discussion 
4.1 Synthesis and Functionalization of DMSNs 
Controlling the particle size of MSNs carriers is essential for drug delivery applications and begins 
with precise adjustment of synthesis parameters, such as temperature and stirring rate37,52. In 
this work, two different DMSNs were synthesized: DMSN-50 and DMSN-130, with average 
particle sizes of 50 nm and 130 nm, respectively.  
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4.1.1 Synthesis of Dendritic MSNs (DMSNs) 
According to TEM images (Fig. 10), both materials exhibit spherical dendritic morphology. The 
smaller particles, DMSN-50, with a diameter of 50 ± 5 nm, and the bigger ones, DMSN-130, with 
a diameter of 130 ± 10 nm. Such differences in size were also confirmed through DLS 
measurements (Table 2), where the hydrodynamic diameters increased from 119 ± 1 nm (DMSN-
50) to 162 ± 2 nm (DMSN-130), clearly demonstrating that the particle size can be tuned by adding 
hexane into the biphasic system and increasing the temperature to 60°C during the synthesis. 
DLS profiles for both DMSN-50 and DMSN-130 revealed a narrow particle size distribution (Fig. 
11) with Polydispersity Index (PDI) values below 0,3 (Table 2)114. 

The porosity of the DMSNs was characterized by N2-physisorption analysis. The isotherms shown 
in Fig. 12a have a typical type IV form, with capillary condensation observed in the relative 
pressure range 0,3 < P/P₀ < 0,8, indicating the presence of mesopores. The isotherms also show 
a H1-type hysteresis loop, indicating uniform open radial pores, consistent with the dendritic, 
radially oriented pore channels observed in the TEM images (Fig. 10). The larger capillary 
condensation volume and wider hysteresis loop seen for DMSN-130 reflect its larger pore 
diameter (7,3 nm) and significantly higher pore volume (1,23 cm³·g⁻¹), while the smaller DMSN-
50 particles show a flatter condensation step, matching its smaller pore size (2,5–4,8 nm) and 
lower pore volume (0,48 cm³·g⁻¹). Particle size and textural properties of DMSN-50 and DMSN-
130 are summarized in Table 2. 

 

Figure 10. TEM images of non-functionalized dendritic particles: a) DMSN-130, b) DMSN-50. 
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Figure 11. DLS profiles of DMSN-50 and DMSN-130 

 

Table 2. Hydrodynamic diameter, Polydispersity indexes (PDI), and Zeta Potential obtained from 
DLS analysis, and specific surface area (SBET), pore volume, and pore size obtained from N2-
physisorption analysis of DMSN-50 and DMSN-130. 

 Hydrodynamic 
diameter [nm] PDI 

Zeta 
Potential 
[mV] 

SBET 

[m2∙g-1] 

Pore 
size 
[nm] 

Pore 
Volume 
[cm3·g-1] 

DMSN-50 119 ± 1 0,186 -29,3 ± 1,1 760 2,5 - 4,8 0,48 
DMSN-130 162 ± 2 0,068 -31,9 ± 1,5 826 7,3 1,23 
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Figure 12. a) N2-adsorption isotherms (77K) and b) NLDFT pore size distributions of DMSN-50 
and DMSN-130. 

4.1.2 Functionalization of DMSNs with THMP 
The non-functionalized particles (DMSN-50 and DMSN-130) were modified with THMP via a post-
grafting strategy to insert phosphonate groups into the silica network, according to a reported 
protocol37. 

As shown in the DLS profiles (Fig. 13), the particle size distributions remain narrow for both 
functionalized materials (DMSN-50-PO3 and DMSN-130-PO3), with no significant change in 
average particle size compared to the respective non-modified precursors, DMSN-50 and DMSN-
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130. Thus, the measured hydrodynamic diameters of DMSN-50-PO₃ (128 ± 2 nm) and DMSN-130-
PO₃ (154 ± 1 nm) are very close to those of the calcined samples (119 ± 1 nm and 162 ± 2 nm, 
respectively). These small variations correlate with the modification of particle surface with the 
THMP silane and do not indicate any aggregation, as PDI values remain below 0,3. Zeta potential 
(Table 3) decreased after functionalization, which is to be expected after the inclusion of THMP, 
due to the negatively charged phosphonate functions grafted on the silica surface. This was 
corroborated by TGA analysis (Fig. 14), which showed 10% mass loss for DMSN-50-PO₃ and 
DMSN-130-PO₃ (Table 3), consistent with the thermal decomposition of the organic moieties in 
the grafted materials, thereby confirming successful silica functionalization. 

 

 

Figure 13. DLS profiles of DMSN-50-PO3 and DMSN-130-PO3. 
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Figure 14. Mass loss (%) and DSC profiles of DMSN-50-PO3 and DMSN-130-PO3 

 

 

 

Table 3. Hydrodynamic diameter, Polydispersity indexes (PDI), and Zeta Potential obtained from 
DLS analysis, and mass loss [%] obtained from TGA analysis of functionalized samples DMSN-
50-PO3 and DMSN-130-PO3. 

 Hydrodynamic 
diameter [nm] 

PDI Zeta Potential 
[mV] 

Mass loss 
[%] 

DMSN-50-PO3 128 ± 2 0,126 -32,6 ± 0,2 10,3 
DMSN-130-PO3 154 ± 1 0,045 -37,7 ± 0,1 10,0 

 

FTIR characterization (Fig. 15) further confirmed the successful grafting of the small organic 
molecules on the DMSNs. The main peak of Si-O-Si vibrations at around 1057–1059 cm⁻¹ was 
observed for both non-modified and functionalized materials. An additional peak at 1203 cm⁻¹ 
corresponding to the stretching vibrations of the phosphoryl (P=O) and P–O–Si bonds, was 
observed in both DMSN-50-PO3 and DMSN-130-PO3 spectra and confirmed the presence of 
phosphonated functions. Furthermore, the peaks at 2860–2978 cm⁻¹ (ν Csp³–H) and 1373 cm⁻¹ 
(δ C–H) aligned with the presence of aliphatic C-H bonds of the THMP structure. 
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Figure 15. FTIR spectra of a) pure silica DMSN-50 and DMSN-130 particles and b) 
functionalized DMSN-50-PO3 and DMSN-130-PO3 particles. 
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The solid-state 29Si CP/MAS NMR spectra of non-functionalized DMSN-50 and DMSN-130 (Fig.16 
a) reveal the typical Q2, Q3, and Q4 signals of the silica framework (Scheme 4) responding to 
chemical shifts (δ) at -90 ppm, -100 ppm, and -110 ppm, respectively. These signals are also 
present in the functionalized particles (Fig. 16c), however, additional T2 (-60 ppm) and T3 (-67 ppm) 
peaks were observed, confirming surface modification in both functionalized samples, DMSN-
50-PO₃ and DMSN-130-PO₃. The absence of T0 signals also indicated that the organic small 
molecules are not covalently attached to the silica. Analysis of the ¹³C CP/MAS NMR spectra (Fig. 
16b) revealed three distinct signals for both types of functionalized DMSNs. The peak at 7 ppm 
was attributed to the methyl group on the phosphonated species and to the α-carbon directly 
bonded to the silicon atom of THMP. Furthermore, the signal at 25 ppm was attributed to the 
terminal carbon directly attached to the PO₃ group of THMP, while the peak at 64 ppm was 
assigned to the β-carbon attached to the silicon. Furthermore, the presence of a strong signal at 
25 ppm (Fig. 16d) in the 31P MAS NMR spectra of the functionalized particles further confirmed 
the presence of the phosphonate species grafted onto both DMSN-50-PO₃ and DMSN-130-PO₃. 
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Figure 16. Solid-state a)29Si CP/MAS NMR spectra of DMSN-50 and DMSN-130 b) 29Si CP/MAS 
NMR spectra of DMSN-50-PO3 and DMSN-130-PO3 c) 13C CPNMR of DMSN-50-PO3 and DMSN-

130-PO3 and d) 31P MAS NMR of DMSN-50-PO3 and DMSN-130-PO3. 

The porosity of the DMSNs after functionalization was analyzed by N₂-physisorption (Fig. 17). 
Both DMSN-50–PO₃ and DMSN-130–PO₃ exhibited a decrease in specific surface area after the 
post-grafting. For DMSN-50–PO₃, the surface area decreased from 760 to 421 m²·g⁻¹, and for 
DMSN-130–PO₃ from 826 to 588 m²·g⁻¹. A similar reduction was observed in the pore volume 
where DMSN-50–PO₃ decreased from 0,48 to 0,33 cm³·g⁻¹, and in DMSN-130–PO₃ from 1,23 to 
0,92 cm³·g⁻¹ (Table 4), as a result of the incorporation of organic molecules into the silica network. 
No significant change in pore size was observed compared to the corresponding precursors. 
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Figure 17. a) N2-adsorption isotherms (77K) and b) NLDFT pore size distributions of DMSN-50-
PO3 and DMSN-130-PO3. 

 

Table 4. Specific surface area (SBET), pore volume, and pore size obtained from N2-physisorption 
analysis of DMSN-50-PO3 and DMSN-130-PO3. 

 SBET [m2∙g-1] Pore size [nm] Pore Volume [cm3·g-1] 
DMSN-50-PO3 421 3,8 0,33 
DMSN-130-PO3 588 7,0 0,93 

 

4.1.3 Coating DMSNs with Liposomes 
To obtain liposomes, three phospholipids N-(carbonyl-methoxypolyethylenglycol-2000)-1,2-
distearoyl-sn-glycero-3-phosphoethanolamin (DSPE-MPEG2000), Phosphatidylcholine (CS-95), 
and cholesterol (CHO-HP), were selected to mimic the composition of the cell membrane. The 
structures of the lipids used for coating are shown in Figure 21. The liposomes were first prepared 
by thin- film hydration method. The resulting dry lipid film was rehydrated with the particle 
suspension (0,3 mg/ml in PBS) to obtain the liposome-coated DMSNs (L-DMSN-50 and L-DMSN-
130). From the TEM images of the liposome-coated particles (Fig.18), a more homogeneous 
coating appears to be achieved with L-DMSN-130, whereas in L-DMSN-50 the particles appear 
embedded within the phospholipid-based matrix.  From the DLS profiles of L-DMSN-50 and L-
DMSN-130 (Fig.19), an increase in hydrodynamic diameter was observed with respect to the non-
coated materials. Thus, compared with DMSN-50 and DMSN-130, the particle size increased 
from 128 ± 2 nm to 271 ± 1 nm in L-DMSN-50 and from 154 ± 1 nm to 430 ± 40 nm in L-DMSN-
130, respectively, confirming the inclusion of the liposome layer. The zeta potential of the 
liposome-coated DMSNs showed no significant change with respect to the unmodified samples, 
remaining close to –32 mV for both coated L-DMSN-50 and L-DMSN-130, while TGA (Fig.20) 
confirmed successful liposome incorporation, as evidenced by mass losses of 55% for L-DMSN-
50 and 54% for L-DMSN-130 (Table 5). Such mass losses were attributed to the thermal 
decomposition of the lipid-derived organic material from the liposome layer (Fig. 21). Solid-state 
NMR further supported liposome coating by confirming the presence of lipid functions in the 
coated samples (Fig. 22b). 



 
 

35 
 

 

Figure 18. TEM images of liposome-coated particles a) L-DMSN-50, b) L-DMSN-130. 

 

 

Figure 19. DLS-Profiles of the liposome-coated L-DMSN-50 and L-DMSN-130 
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Table 5. Hydrodynamic diameter, Polydispersity indexes (PDI), and Zeta Potential obtained from 
DLS analysis, and mass loss [%] obtained from TGA analysis of the liposome-coated samples L-
DMSN-50 and L-DMSN-130. 

 Hydrodynamic 
diameter [nm] 

PDI Zeta Potential 
[mV] 

Mass loss 
[%] 

L-DMSN-50 271 ± 1 0,28 -32,5 ± 0,6 55 
L-DMSN-130 430 ± 40  0,34 -31,2 ± 0,2 54 

 

Figure 20. Mass loss (%) and DSC profiles of L-DMSN-50 and L-DMSN-130. 
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Figure 21. Structures of the lipids used to coat DMSNs particles: a) N-(carbonyl-
methoxypolyethylenglycol-2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamin (DSPE-

MPEG2000) b) Phosphatidylcholine (CS-95), and c) cholesterol (CHO-HP). 

 

The solid-state 29Si CP/MAS NMR (Fig.22 a) data revealed the typical Q2, Q3, Q4 signals for the silica 
framework responding to chemical shifts (δ) -90 ppm, -100 ppm, and -110 ppm, which indicate 
the retention of silica structure after the liposome coating. The absence of T signals was 
attributed to the lack of chemical modification of the silica network during liposome 
incorporation. ¹³C CP/MAS NMR spectra (Fig. 22b) also provided information on the structure of 
the lipid moieties in silica coatings. The peaks observed in the 10–25 ppm region (signals 1–4) 
were attributed to the terminal CH₃ groups and short-chain CH₂ units of the phospholipid acyl 
tails (indicated in black). The signal at 30 ppm (5) corresponded to methylene segments of the 
lipid chains (orange). The signal (6) at 37 ppm aligned with the presence of N-CH₂–CH₂ groups 
from the phosphatidylcholine headgroup (blue), while signal (7) at 42 ppm aligned with carbon 
atoms in the steroid ring system of cholesterol (yellow). Signal (8), at 55 ppmppm originated from 
N⁺(CH₃) ₃ group of phosphatidylcholine (green). The peak observed at (9) at 70 ppm was attributed 
to the CH₂–O– groups of the PEG chain in DSPE-MPEG2000, with possible contribution from 
cholesterol’s C3 carbon (purple). Finally, signal (10) in the 120-140 ppm region (magenta) was 
assigned to the double bonds in phosphatidylcholine and the aromatic region of cholesterol. The 
further-shifted signal (11) at 172 ppm was attributed to the carbamate carbonyl-type carbon 
(turquoise) of DSPE-MPEG2000. ³¹P MAS NMR (Fig. 22 c) additionally showed a characteristic 
signal at -1 ppm corresponding to the phosphonate functions in DSPE-MPEG2000 and 
phosphatidylcholine.  
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Figure 22. Solid-state a)29Si CP/MAS NMR, 13C CP/MAS NMR and c) 31P MAS NMR of L-DMSN-50 
and L-DMSN-130. 

 

The N₂-adsorption isotherms (Fig. 23) show a significant decrease in specific surface area (SBET) 
compared to the uncoated DMSNs, further indicating the complete coating of the silica with 
organic functions. 
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Figure 23. N2-physisorption isotherms (77 K) of L-DMSN-50, L-DMSN-130, DMSN-50 and 
DMSN-130. 

4.1.4 Cell Studies of the Liposome-coated DMSNs 
To evaluate the biocompatibility of the different DMSNs, cell studies were performed using TR146 
human buccal epithelial cells as in vitro model. Cells were treated with pure silica nanoparticles 
(DMSN-50 and DMSN-130), phosphonate-functionalized particles (DMSN-50-PO₃ and DMSN-
130-PO₃), and liposome-coated particles (L-DMSN-50 and L-DMSN-130) at increasing 
concentrations ranging from 10 µg mL⁻¹ to 440 µg mL⁻¹. Cell viability was assessed using the MTS 
assay after 4 h of incubation with particle treatments, which measured cell metabolic activity as 
an indicator of viability. A safe concentration identified in the cell viability assays at 250 µg mL⁻¹, 
showing maintained cellular viability after up to 4 h of incubation with particle treatments, was 
selected to perform the cellular uptake studies under the same conditions as for the viability 
experiment, but using rhodamine-labelled materials (Rh-DMSN-50, Rh-DMSN-130, Rh-DMSN-
50-PO3, Rh-DMSN-130-PO3, and liposome coted L-DMSN-50-Rh and L-DMSN-130-Rh). 
Fluorescence microscopy was then used to evaluate the interaction of silica particles with the 
buccal epithelial cells. 

4.1.4.1 MTS cell viability  
Cell viability after exposure to the different DMSN particle types was quantified using the MTS 
assay (Fig. 24). After 4 h of incubation, none of the particle treatments induced significant 
cytotoxicity at concentrations up to 250 µg mL⁻¹, with approximately 85–100% cell viability 
retained. However, at 440 µg mL⁻¹, a decrease in cell viability was observed, mainly in TR146 cells 
incubated with non-functionalized materials, particularly DMSN-50, which showed a 19% 
decrease compared to the non-treated cells (control). In contrast, phosphonate-functionalized 
DMSNs (DMSN-50-PO3 and DMSN-130-PO3) maintained cell viability above 90% even at the 
highest concentration tested (440 µg mL⁻¹). On the other hand, liposome-coated DMSNs (L-
DMSN-50 and L-DMSN-130) induced a significant increase in cell viability at higher 
concentrations (250 and 440 µg mL⁻¹) compared to the control (non-treated TR146 cells), a 
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response similar to that observed in cells treated with empty liposomes tested at equivalent 
concentrations (125 and 220 µg mL⁻¹ correspondent to phospholipids in liposome-coated 
DMSNs) (Fig. 25). This suggested that both L-DMSN-50 and L-DMSN-130 promote metabolic 
stimulation in treated cells, likely due to increased intracellular lipid content. These findings 
supported the biological activity of the liposomal shell of the DMSNs and indicated effective 
interactions between the coated particles and the buccal epithelial cells, potentially facilitating 
cellular internalization. 

 

Figure 24. Cell viability of cells treated with DMSNs, functionalized DMSNs, and liposome-
coated DMSNs following 4 h-exposure. 
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Figure 25. Dose-dependent effects of DMSNs, functionalized DMSNs, and liposome-coated 
DMSNs on cell viability after 4-h exposure 

 

4.1.4.2 Rhodamine Labelling and Cellular Uptake 
To further evaluate the interactions between silica particles and buccal epithelial cells, 
confirming cellular uptake and enabling a direct comparison of uptake efficiency among pure, 
phosphonate-functionalized, and liposome-coated DMSNs, the nanoparticles were 
fluorescently labeled with Rhodamine B isothiocyanate following a previously reported 
procedure7, which yielded the fluorescent materials Rh-DMSN-50, Rh-DMSN-130, Rh-DMSN-
50-PO₃, and Rh-DMSN-130-PO₃. The labeled Rh-DMSN-50 and Rh-DMSN-130 particles were 
subsequently coated with liposomes via the thin-film hydration method to produce the hybrid 
systems Rh-L-DMSN-50 and Rh-L-DMSN-130. 

As observed from the DLS profiles (Fig. 27), the particle size remains narrow for rhodamine-
labelled DMSNs, with no significant change in hydrodynamic diameters upon incorporation of the 
fluorophore. For example, the hydrodynamic size of Rh-DMSN-50-PO₃ (114 ± 1 nm) and Rh-
DMSN-130-PO₃ (163 ± 1 nm) were similar to those of the precursors DMSN-50-PO₃ (128 ± 2 nm) 
and DMSN-130-PO₃ (154 ± 1 nm), respectively. Importantly, the PDI values remained below 0,3, 
confirming that fluorescent labelling does not produce significant particle aggregation. Zeta 
potential values of fluorescent materials (Table 6) remained negative after rhodamine labelling, 
similar to the respective precursors. 

Similarly, Rh-L-DMSN-50 and Rh-L-DMSN-130 exhibited average hydrodynamic diameters of 390 
± 20 nm and 430 ± 60 nm, respectively, which are also similar to the non-labelled liposome-
coated particles, L-DMSN-50 (271 ± 1 nm) and L-DMSN-130 (430 ± 40 nm). Broader PDI values 
(0,30–0,50) can be attributed to lipid coating and hydration layer rather than to rhodamine 
incorporation. Zeta potential measurements also remained similar for labelled samples in 
comparison to non-fluorescent liposome-coated particles, with values around −30 mV. TGA 
analysis (Fig. 26) revealed mass losses of 0,3%-2,9%, corresponding to the thermal 
decomposition of the incorporated rhodamine, thereby confirming successful fluorescent 
labeling. This low Rhodamine content correlated with the minimal alterations to particle size, 
colloidal stability, and surface chemistry, while still providing sufficient fluorescence intensity for 
reliable particle visualization. 
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Figure 26. Mass loss (%) and DTA profiles of rhodamine-labeled samples Rh-DMSN-50-PO3, 
Rh-DMSN-130-PO3, Rh-L-DMSN-50, and Rh-L-DMSN-130. 

 

The FTIR spectra of phosphonated functionalized DMSNs and the corresponding labelled 
samples showed no significant differences (Fig. 28), consistent with the low rhodamine content 
incorporated into the silica network determined by TGA. Thus, in the spectra of the rhodamine-
labeled Rh-DMSN-50-PO₃ and Rh-DMSN-130-PO₃, the characteristic silica bands, including the 
asymmetric Si–O–Si stretching vibration around 1080–1100 cm⁻¹, the symmetric stretching mode 
near 800 cm⁻¹, and the Si–O–Si bending vibration at approximately 460 cm⁻¹ were observed as 
for the precursors DMSN-50-PO₃ and DMSN-130-PO₃. The signal observed around 1200 cm⁻¹ 
was attributed to the stretching vibrations of the phosphoryl (P=O) and P–O–Si bonds from THMP 
grafting, which remained unchanged after rhodamine labelling. 
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Figure 27. DLS profiles of rhodamine-labeled DMSNs phosphonated (Rh-DMSN-50-PO3 and 
Rh-DMSN-130-PO3) and coated with liposomes (Rh-L-DMSN-50 and Rh-L-DMSN-130) 

 

Table 6. Hydrodynamic diameter, polydispersity indexes (PDI), and zeta potential obtained from 
DLS analysis, and mass loss [%] obtained from TGA analysis of the rhodamine-labelled samples 
Rh-DMSN-50-PO3, Rh-DMSN-130-PO3, Rh-L-DMSN-50, and Rh-L-DMSN-130. 

 Hydrodynamic 
diameter [nm] 

PDI Zeta Potential 
[mV] 

Mass loss 
[%] 

Rh-DMSN-50- PO3 114 ± 1 0,22 -21,3 ± 0,3 10,5 (1,6 % Rhod) 
Rh-DMSN-130-PO3 163 ±1 0,08 -33,8 ± 1,4 11,8 (0,3 % Rhod) 

Rh-L-DMSN-50 389 ± 20 0,30 -33,1 ± 0,7 56,4 (1,3% Rhod) 
Rh-L-DMSN-130 433 ± 58 0,50 -31,1 ± 0,8 51,7 (2,9% Rhod) 
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Figure 28. FTIR spectra of rhodamine labelled samples Rh-DMSN-50-PO3 and Rh-DMSN-130-
PO3 particles 

 

Figure 29 shows confocal fluorescence microscopy images of TR146 cells incubated with 
rhodamine-labeled nanoparticles at a concentration of 250 µg·mL⁻¹, which was previously 
confirmed to be non-cytotoxic in cell viability studies. The rhodamine fluorescence signal (red) 
was detected in all treated cells, even after several PBS washes following incubation for 4 h at 
37°C. This confirmed successful fluorescent labeling and sustained interaction of the DMSNs 
with the buccal epithelial cells. Rh-DMSN-50, Rh-DMSN-130, Rh-DMSN-50-PO₃, and Rh-
DMSN-130-PO₃ were observed in association with the cell layer, predominantly at the outer cell 
membrane. However, clear evidence of intracellular internalization could not be conclusively 
demonstrated from single-plane (2D) images. On the other hand, Nile Blue-labeled empty 
liposomes (control treatment), applied at concentrations comparable to those used for Rh-L-
DMSN-50 and Rh-L-DMSN-130, produced diffuse cellular staining consistent with dye leakage, 
limiting their reliability for accurate uptake assessment. For the liposome-coated DMSNs (Rh-L-
DMSN-50 and Rh-L-DMSN-130), the fluorescence signal was weaker, and internalization could 
not be definitively evaluated based on 2D images alone. Therefore, further z-stack acquisition and 
3D reconstruction would be required to distinguish true intracellular localization from surface 
association and to enable quantitative uptake analysis. Although preliminary, these findings 
confirm effective interaction of DMSNs with epithelial cells. Further optimization of the staining 
protocol and imaging analysis will be necessary to conclusively verify particle uptake. 
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Figure 29. Representative confocal fluorescence microscopy images of TR146 cells incubated 
for 4 h at 37°C with rhodamine-labeled DMSNs (250 µg·mL⁻¹, red). The actin cytoskeleton was 
stained with Alexa Fluor™ 488 Phalloidin (green), and the nuclei were stained with Hoechst/DAPI 
(blue). Control corresponds to non-treated TR146 cells. Nile Blue-labeled empty liposomes 
(control treatment) were applied to the cells at equivalent concentrations of phospholipids 
present in Rh-L-DMSN-50 and Rh-L-DMSN-130. Scale bars stand for 50 µm. 

 

4.2 Synthesis of Disulfide-bridged MSNs 

4.2.1 Synthesis of MOSNs 
Following a modified protocol based on Wu et al., two mesoporous organosilica nanoparticles 
(MOSNs) were synthesized via a CTAC-templated, co-condensation approach, in which TEOS 
and BTES were mixed under basic conditions at 95°C109. By varying the molar ratio of BTES to 
TEOS, two materials were obtained: MOSNs-T2.4 (BTES:TEOS = 0,5) and MOSNs-T1.2 
(BTES:TEOS = 0,25). In both cases, the tetrasulfide bridges were incorporated directly into the 
silica framework via co-condensation reaction, yielding spherical particles, as observed in TEM 
images (Fig. 30). As shown by the DLS profiles of the MOSNs (Fig. 31), both MOSN-T2.4 and 
MOSN-T1.2 exhibited narrow particle size distributions, with hydrodynamic diameters of 
171 ± 1 nm and 124 ± 1 nm, respectively. The PDI values remained below 0,3 for both samples 
(0,275 for MOSN-T2.4 and 0,198 for MOSN-T1.2), indicating minimal aggregation (Table 7). 
Furthermore, both materials showed negative zeta potentials (−21 mV for MOSN-T2.4 and −16 mV 
for MOSN-T1.2), similar to those of DMSNs (Table 7). 
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Figure 30. TEM images of tetrasulfide-bridged silica particles: a) MOSN-T2.4 and b) MOSN-
T1.2. 

 

Figure 31. DLS profiles of MOSN-T2.4 and MOSN-T1.2. 

Table 7. Hydrodynamic diameter, polydispersity indexes (PDI), and zeta potential retained from 
DLS analysis, specific surface area (SBET), pore volume, and pore size obtained from N2-
physisorption analysis, and mass loss [%] obtained from TGA analysis of MOSN-T2.4 and MOSN-
T1.2. 

 Hydrodynamic 
diameter [nm] 

PDI 
Zeta 
Potential 
[mV] 

SBET 

[m2∙g-1] 

Pore 
size 
[nm] 

Pore 
Volume 
[cm3·g-1] 

Mass 
loss 
[%] 

MOSN-T2.4 171 ± 0 0,275 -20,0 ± 0,2 399 2,6 0,27 36 
MOSN-T1.2 124 ± 1 0,198 -16,2 ± 0,3 855 2,6 0,46 33 
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N2-physorption analysis (Fig. 32a) confirmed that both MOSN-T2.4 and MOSN-T1.2 exhibited 
type IV isotherms, characteristic of mesoporous materials. Furthermore, these materials 
displayed a narrow pore-size distribution with similar pore size of of 2,6 nm (Fig. 32b). However, 
MOSN-T1.2 showed a significantly higher specific surface area (855 m²·g⁻¹) and pore volume 
(0,46 cm³·g⁻¹) compared to MOSN-T2.4 (399 m²·g⁻¹ and 0,27 cm³·g⁻¹, respectively) (Table 7). 

 

Figure 32. a) N2-physisorption isotherms (77 K) and b) NLDFT pore size distributions of MOSN-
T2.4 and MOSN-T1.2. 

Moreover, thermograms obtained from TGA showed significant mass loss for both organosilica-
based materials compared to the pure DMSN (DMSN-50 and DMSN-130) (Fig. 33), 
corresponding to 36% for MOSN-T2.4 and 33% for MOSN-T1.2 (Table 7), due to the thermal 
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decomposition of the BTES incorporated into the silica framework. The slightly higher mass loss 
detected in MOSN-T2.4 was consistent with the higher BTES content used during synthesis. 

 

Figure 33. Mass loss (%) and DTA profiles of organosilica MOSN-T1.2 and MOSN-T2.4. 

This incorporation of BTES into the silica framework was supported by the solid-state NMR 
characterization. For instance, in the ²⁹Si-ssNMR spectra of MOSN-T1.2 and MOSN-T2.4 
(Fig.34a), the presence of T-signals (T2 at -58 ppm and T3 at -67 ppm) confirmed that BTES 
moieties were covalently integrated into the silica structure, while Q-signals (Q2 at  -90 ppm, Q3 
at  -101 ppm and Q4 at -110 ppm), characteristic of the silica matrix were additionally observed. 
¹³C-ssNMR spectra (Fig.34 b) further exhibited the signals from carbon α of the BTES attached to 
the Si-framework (Si–CH₂) (10 ppm, signal 1), as well as from internal –CH₂–  functions (20–22 
ppm, signal 2), and from the carbons connected to the polysulfide bridge (40 ppm, signal 4). 
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Figure 34. Solid-state a) 29Si CP/MAS NMR and b) 13C CP NMR spectra of MOSN-T2.4 and MOSN 
T1.2. 

4.2.2 Synthesis of DMOSNs 
Although the protocol implemented for the synthesis of MOSNs successfully yielded hybrid 
organosilica materials, obtaining materials with enlarged pores was of particular interest in order 
to broaden their potential applications as biodegradable carriers for the delivery of high–
molecular-weight compounds, such as peptide drugs and biologics. For this reason, the 
synthesis of dendritic particles containing disulfide bridges within the silica network was further 
explored. The first approach to synthesizing dendritic mesoporous organosilica nanoparticles 
(DMOSNs) by co-condensation of BTES and TEOS was carried out using a modified protocol for 
the synthesis of pure DMSNs37, yielding DMOSN-TO-1 and DMOSN-TO-2. However, as shown in 
the TEM images (Fig. 35, a–b), these particles did not exhibit a well-defined dendritic structure. 
The synthesis protocol was therefore modified by varying the TEA amount and the toluene 
volume, resulting in the obtaining of DMOSN-OTO-3 and DMOSN-OTO-4. The corresponding TEM 
images (Fig. 36, a–b) showed reduced particle aggregation with respect to DMOSN-TO-1 and 
DMOSN-TO-2, and a more defined spherical morphology. Alternatively, TEA was replaced by L-
lysine as the base catalyst, and p-xylene was used as the co-solvent instead of toluene, yielding 
DMOSN-OX-1 and DMOSN-OX-2 (Fig. 36, c, d). The DLS analyses of these materials (Fig. 37) 
confirmed that DMOSN-OTO-4 exhibited the smallest average hydrodynamic diameter (119 ± 0,7 
nm) with a low PDI of 0,132, indicating a narrow size distribution. In contrast, DMOSN-OTO-3 
showed a slightly larger hydrodynamic diameter (158 ± 3,0 nm) and a PDI of 0,298. Regarding the 
samples obtained with L-lysine, DMOSN-OX-1 exhibited a hydrodynamic diameter of 133 ± 1,0 
nm with the lowest PDI (0,101) among all samples, but DMOSN-OX-2 presented a larger average 
size of 180 ± 1,0 nm and a PDI of 0,168 (Table 8). Overall, the DLS results are consistent with TEM 
images of the DMOSNs, showing small spherical particles with a narrow size distribution after the 
synthetic optimization procedure implemented.  
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The synthetic conditions adjusted for DMOSN-OTO-3, DMOSN-OTO-4, DMOSN-OX-1, and 
DMOSN-OX-2 yielded smaller, irregularly shaped particles, which motivated a final round of 
optimization by reducing the stirring speed from 300 rpm to 150 rpm, which yielded DMOSN-OX-
3, and by reducing the amount of co-solvent from 16 to 8 mL, which led to DMOSN-OX-4. These 
particles (Fig. 36, e–f) exhibited the most well-defined spherical morphology. Thus, the TEM 
characterization of DMOSN-OX-3 and DMOSN-OX-4 confirmed their uniform dendritic 
morphology, with a slight increase in particle size with respect to the other DMOSNs, and with 
clearly distinguishable radial pore channels. DLS analysis of these materials confirmed 
hydrodynamic diameters of 227 ± 1 nm and 137 ± 1 nm with PDI values of 0,136 and 0,135, for 
DMOSN-OX-3 and DMOSN-OX-4, respectively. Zeta potential values of −21 ± 0,9 mV (DMOSN-
OX-3) and −18 ± 0,6 mV (DMOSN-OX-4) further indicated negative surface charges, supporting 
particle colloidal stability (Table 8). 

 

Figure 35. TEM images of tetrasulfide-bridged organosilica a) DMOSN-TO-2 and b) DMOSN-TO-
1. 
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Figure 36. TEM images of tetrasulfide-bridged organosilica particles: a) DMOSN-OTO-3, b) 
DMOSN-OTO-4, c) DMOSN-OX-1, d) DMOSN-OX-2, e) DMOSN-OX-3, and f) DMOSN-OX-4. 

 

Figure 37. DLS profiles of tetrasulfide-bridged DMOSN-OTO and DMOSN-OX particles. 
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N2-physisorption analysis (Fig.38a) confirmed the presence of mesopores in all DMOSNs 
materials. The materials obtained with TEA as base catalyst (DMOSN-OTO-3 and DMOSN-OTO-
4) exhibited specific surface areas of 577 m²·g⁻¹ and 623 m²·g⁻¹, respectively. Furthermore, these 
materials showed pore sizes of 7,0 nm (DMOSN-OTO-3) and 8,1 nm (DMOSN-OTO-4), and pore 
volumes of 0,98 cm³·g⁻¹ (DMOSN-OTO-3) and 0,96 cm³·g⁻¹ (DMOSN-OTO-4), indicating the 
formation of large, open dendritic pores. DMOSN-OX-1 and DMOSN-OX-2, synthesized with L-
Lysin and p-Xylene, exhibited similar high surface areas (641 m²·g⁻¹ and 577 m²·g⁻¹, respectively) 
to DMOSN-OTO materials. DMOSN-OX-1, synthesized with a lower amount of p-Xylene (16 mL) 
showed an average pore size of 7,0 nm and a pore volume of 0,96 cm³·g⁻¹, while DMOSN-OX-2 
exhibited a notably larger pore size of 9,1 nm and a pore volume of 0,86 cm³·g⁻¹, consistent with 
the inclusion of higher amount (32 mL) of p-Xylene. DMOSN-OX-3 and DMOSN-OX-4 exhibited 
similar surface area to the previous samples (619 m²·g⁻¹ and 565 m²·g⁻¹, respectively) but with a 
slight decrease in average pore size and a pore volume (6,5 nm and 0,88 cm³·g⁻¹ for DMOSN-OX-
3, and 5,9 nm and 0,62 cm³·g⁻¹ for DMOSN-OX-4, respectively) (Table 8). 

 

Figure 38. a) N2-physisorption isotherms (77 K) and b) NLDFT pore size distributions of 
tetrasulfide-bridged organosilica particles DMOSN-OTO and DMOSN-OX. 
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Table 8. Hydrodynamic diameter, polydispersity indexes (PDI), and zeta potential obtaibed from 
DLS analysis; specific surface area (SBET), pore volume, and pore size obtained from N2-
physisorption analysis; and mass loss [%] obtained from TGA analysis of tetrasulfide-bridged 
organosilica particles DMOSN-OTO and DMOSN-OX.  

 Hydrodynamic 
diameter [nm] 

PDI 
Zeta 
potential 
[mV] 

SBET 
[m2∙g-1] 

Pore 
size 
[nm] 

Pore 
Volume 
[cm3·g-1] 

Mass 
loss 
[%] 

DMOSN-OTO-4 119 ± 0,7 0,132 -24,9 ± 0,4 577 8,1 0,96 28 
DMOSN-OTO-3 158 ± 3,0 0,298 -22,4 ± 0,2 623 7,0 0,98 33 
DMOSN-OX-1 133 ± 1,0 0,101 -22,1 ± 0,7 641 7,0 0,96 34 
DMOSN-OX-2 180 ± 1,0 0,168 -31,2 ± 0,6 577 9,1 0,86 11 
DMOSN-OX-3 227 ± 0,6 0,136 -21,3 ± 0,9 619 6,5 0,88 31 
DMOSN-OX-4 137 ± 0,3 0,135 -17,6 ± 0,6 565 5,9 0,62 36 

TGA analysis of the DMOSNs  (Fig. 39) revealed mass losses for all the materials within the range 
of 11 to 36 %, as for the MOSNs samples (Table 8), which can be attributed to the decomposition 
of the organic functions from BTES incorporated into the silica framework. This was supported 
further by solid-state NMR. Thus, ²⁹Si-ssNMR spectra (Fig. 40a) showed the presence of T-signals 
(T2 at -57 ppm and T3 at -66 ppm), confirming that BTES was covalently integrated into the silica 
framework, while Q-signals (Q2 at -91ppm, Q3 at -101 ppm, and Q4 at - 110 ppm) originated from 
the silica network. ¹³C-ssNMR spectra (Fig. 40b) of the DMOSNs exhibited the characteristic 
signal of carbon α attached to the silicon atom in the BTES-silane (Si–CH₂, 10 ppm, signal 1), 
internal –CH₂– (20–22 ppm, signal 2), and the carbon α attached to the polysulfide bridge (40 
ppm, signal 4). Signals around 54-58 ppm (denoted as 5 and 6) were attributed to unhydrolyzed 
BTES (-OCH2CH3) present in the hybrid organoicilica structure.  
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Figure 39. Mass loss (%) and DTA profile of tetrasulfide-bridged DMOSN-OTO and DMOSN-OX 
particles. 

 

Figure 40. Solid-state a) 29Si CP/MAS NMR and b) 13C CP NMR spectra of tetrasulfide-bridged 
organosilica particles DMOSN-OTO and DMOSN-OX. 

 

Raman spectra provided complementary information on the inorganic and organic composition 
of the tetrasulfide organosilane materials (Fig. 41). In high-frequency (2800–3050 cm⁻¹) region, 
pure BTES (control) exhibited strong characteristic CH₂ bands, whereas the pure DMSNs used as 
references (DMSN-50 and DMSN-130) showed only very low intensity signals in this region. The 
spectra of the MOSNs and DMOSNs closely resembled that of pure BTES, displaying 
characteristic organic-related peaks, which confirmed the presence of organosilica moieties in 
these materials. This observation is consistent with the mass loss values obtained from TGA 
(Table 8). In contrast, the low-frequency region (50–600 cm⁻¹) exhibited intense signals from Si–
O–Si vibrational modes, which were more pronounced in the pure silica samples (DMSN-50 and 
DMSN-130), as expected. 
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Figure 41. Raman spectra of tetrasulfide-bridged organosilica materials compared with pure 
DMSNs and free BTES. 

 

In summary, Raman spectroscopy confirmed the successful incorporation of tetrasulfide bridges 
into the silica framework, aligning with TGA, and validating the presence of organic moieties 
within the DMOSNs. These materials exhibited well-defined spherical morphology with dendritic 
porosity, a narrow size distribution, and high surface areas, exhibiting mesopores, in a suitable 
range for biomolecule loading. The incorporation of tetrasulfide bridges introduced redox-
responsive linkages into the silica network, enabling degradation under reductive conditions 
such as in the presence of glutathione (GSH). This feature makes the particles particularly 
attractive as biodegradable nanocarriers. Their degradation behavior and redox responsiveness 
were therefore further evaluated. 

 

4.2.3 Biodegradability Studies 
To achieve a more comprehensive understanding of the stability and redox response of 
tetrasulfide-bridged organosilica nanoparticles in aqueous environments and to compare them 
with the behavior of pure silica DMSNs, biodegradability studies were performed. Organosilica 
DMOSN-OX-1, as well as pure DMSN-50 and DMSN-130, were incubated in water (control 
conditions) or in the presence of GSH (20 mM) at 37°C under stirring (80 rpm). The colloidal 
stability of particle suspensions was then monitored at regular intervals. Thus, DLS 
measurements (Fig. 42) allowed evaluation of changes in the nanoparticles' hydrodynamic size 
in the absence and presence of GSH. For example, DMSN-50, both in control conditions and in 
GSH, exhibited hydrodynamic diameters of 160-200 nm that remained stable over time. Similarly, 
DMSN-130 was not affected by GSH addition, with no significant change in hydrodynamic size 
compared to the aqueous suspension (Table 9). These results indicated that pure DMSNs 
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(DMSN-50 and DMSN-130) did not undergo significant aggregation upon exposure to GSH, as a 
result of the redox-stability of the silica framework. In contrast, DMOSN-OX-1 showed a different 
behavior. In control conditions (aqueous suspension), the sample remained stable over time, 
with hydrodynamic sizes in the range of 140–150 nm; however, the presence of GSH led to 
significant particle aggregation up to 24 h of incubation at 37°C, attributed to cluster formation 
with hydrodynamic sizes in the order of 2∙10⁴ nm. This suggests that the tetrasulfide bridges 
incorporated into the organosilica framework interact with GSH, leading to particle 
destabilization and aggregation. 

 

Figure 42. Hydrodynamic diameters of a) pure DMSNs (DMSN-50 and DMSN-130), and b) 
DMOSN-OX-1 measured by DLS over time after incubation at 37°C in water (control conditions) 

or in the presence of GSH (20 mM). 

 

Table 9. Time-dependent hydrodynamic diameters of DMSN-50, DMSN-130, and DMOSN-OX-1 
in the absence and presence of GSH 

 DMSN-50 DMSN-130 DMOSN-OX-1 

t (h) 
Control 
(H2O) 

+GSH 
(28mM) 

Control 
(H2O) 

+GSH 
(28mM) 

Control 
(H2O) 

+GSH 
(28mM) 

0 156 169 205 198 142 2,5∙104 
3 163 173 204 180 140 2,8∙104 
6 194 171 203 235 145 2,3∙104 
24 161 217 207 183 137 2,1∙104 

 

To further gain deeper insight into the particle aggregation behavior in the presence of GSH, 
Small-Angle X-ray Scattering (SAXS) measurements were performed to evaluate the structural 
stability of organosilica (DMOSNs) and pure silica (DMSNs) nanoparticles after 24 h incubation 
at 37°C, either in aqueous solution (control conditions) or in the presence of 20 mM GSH. The 
pure particles (DMSN-50 and DMSN-130) displayed identical scattering profiles in water and in 
GSH-containing solution (Fig. 43, a-b), with no indication of aggregation, which confirmed their 
structural integrity and colloidal stability under reductive conditions. Similarly, DMOSN-OX-1 
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measured in water (Fig. 43c) showed overlapping scattering curves when recorded at three 
positions along the capillary (labeled 1, 2, and 3), indicating a homogeneous particle suspension 
and preservation of particle size, without signs of degradation. In contrast, DMOSN-OX-1 
incubated in GSH exhibited position-dependent scattering behavior, reflecting a non-
homogeneous particle distribution within the capillary. This observation correlated with the 
formation of visible white precipitates on the capillary wall, attributed to particle aggregation and 
partial precipitation under reductive conditions.  

 

Figure 43. q-dependent scattering intensity profiles of a) DMSN-130, b) DMSN-50, and c) 
DMOSN-OX-1 measured at three different capillary positions in the absence and presence of 

GSH (20 mM). 

Normalization of the scattering curves confirmed that the nanostructured features were still 
present in the precipitated material. However, data fitting revealed a main particle size 
distribution centered at 45 ± 11 nm, along with a secondary population corresponding to smaller 
structural features (in the higher q-range) with diameters of approximately 3,0 ± 1,6 nm, 
suggesting partial particle deformation or disintegration. As previously reported, GSH-triggered 
degradation of disulfide-bridged organosilica frameworks is time-dependent and strongly 
influenced by experimental conditions, such as particle concentration, reducing-agent 
concentration, stirring rate, and temperature106, and might not result in immediate structural 
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collapse. Although preliminary, these results indicated a GSH-responsive structural alteration of 
the tetrasulfide-bridged organosilica materials, consistent with the redox cleavage of sulfur 
bridges within the organosilica framework108. This redox-triggered behavior highlights their 
potential as responsive delivery systems with tunable biodegradation properties. 

5. Conclusion and Outlook 
The first part of this Master’s thesis focused on adjusting the physicochemical properties of 
DMSN nanocarriers for sublingual drug delivery applications, particularly particle size and 
surface chemistry. These parameters were tuned by modifying synthesis conditions, including 
reaction temperature, stirring rate, organic cosolvents, and pore swelling agents, as well as by 
applying post-grafting strategies for silica functionalization with hydrophilic and negatively 
charged moieties and liposome-based coatings. Additionally, the impact of silica modification on 
colloidal stability, cell viability, and particle–cell interactions was systematically investigated. 
The second part of the thesis addressed the biodegradability of MSNs, a key limitation hindering 
their clinical translation. To overcome this challenge, the synthesis of disulfide- and tetrasulfide-
bridged organosilica particles was optimized to obtain spherical particles with narrow size 
distributions and mesopores suitable for therapeutic loading. Importantly, these materials 
exhibited redox-responsive behavior in the presence of GSH, enabling triggered structural 
deformation. This strategy offers a promising pathway to the development of biodegradable, 
stimuli-responsive nanocarriers with enhanced safety profiles for drug delivery applications. 

5.1 Effect of Particle Size and Surface Chemistry on Particle-Cell 
Interactions 
The results presented in this thesis demonstrate that surface chemistry plays a crucial role in 
improving the colloidal stability and cytocompatibility of MSNs and in modulating their 
interactions with buccal epithelial cells, whereas particle size appears to have a comparatively 
minor influence on the biological response of these materials. In vitro studies using TR146 cells 
revealed a dose-dependent decrease in cell viability upon treatment with non-functionalized 
particles, with a significant reduction in metabolic activity at higher concentrations. This 
confirmed that direct silica–cell interactions can impair cytocompatibility in the absence of 
chemical functionalities that can modulate them. Post-synthetic functionalization with THMP 
significantly improved the cellular tolerance of the silica particles, as phosphonate-modified 
DMSNs (DMSN-50-PO₃ and DMSN-130-PO₃) maintained approximately 90–100% cell viability 
even at the highest concentration tested. On the other hand, liposome-coated DMSNs (L-DMSN-
50 and L-DMSN-130) increased metabolic activity, likely due to elevated intracellular 
phospholipid levels resulting from their enhanced interactions with buccal epithelial cells. This 
finding suggested improved cellular interactions with the coated DMSNs and potential lipid-
shell-mediated uptake. 

5.2 Development of Redox-Responsive Dendritic Organosilica 
Nanoparticles (DMOSNs) 
In addition to surface engineering, this work addressed the limited biodegradability of MSNs, a 
key challenge that limits their clinical translation in drug-delivery applications. This was tackled 
by developing mesoporous organosilica nanoparticles (MOSNs) and dendritic mesoporous 
organosilica nanoparticles (DMOSNs) incorporating BTES via a co-condensation approach, 
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thereby introducing tetrasulfide bridges into the silica framework. Initial synthesis attempts did 
not yield well-defined dendritic morphologies, which required systematic optimization of 
reaction parameters, including base selection, organic co-solvent volumes, and stirring 
conditions. Replacing TEA with L-lysine and employing p-xylene as an organic cosolvent and 
pore-swelling agent significantly improved particle morphology and textural properties of the 
hybrid organosilica materials obtained. Thus, the optimized DMOSNs therefore exhibited a 
narrow size distribution with low polydispersity indices and negatively charged surfaces, 
supporting improved colloidal stability. Furthermore, the increase in pore size and preservation 
of dendritic mesoporosity resulted in highly open pore systems suitable for loading 
macromolecules of higher molecular weight. Preliminary biodegradability studies under 
reducing conditions (20 mM GSH) revealed colloidal destabilization and structural alterations in 
the organosilica particles, confirming the redox-responsive behavior of the incorporated 
tetrasulfide bridges. Although complete framework degradation could not be conclusively 
demonstrated, the observed redox-triggered response suggests that integrating cleavable 
tetrasulfide linkages into dendritic silica frameworks is a promising strategy for developing 
potentially biodegradable hybrid nanocarriers without compromising particle morphology or 
pore accessibility. 

5.3 Future Directions in the Development of Safer and Functional 
Dendritic Silica Nanocarriers 
The results presented in this thesis demonstrate that the rational design of functional 
nanocarriers requires integrating precise control over particle size and morphology, along with 
tailored surface modification and framework engineering. Dendritic architectures demonstrated 
exceptionally high surface areas (up to 826 m²·g⁻¹ for DMSNs and 641 m²·g⁻¹ for DMOSNs) and 
large pore volumes (up to 1,23 cm³·g⁻¹for DMSNs and 0,98 cm³·g⁻¹for DMOSNs), which might 
enable efficient drug loading and accommodation of biomacromolecules in future work. Surface 
functionalization with phosphonate groups improved colloidal stability and significantly reduced 
cytotoxic effects, while liposome coating further enhanced cytocompatibility and even 
stimulated metabolic activity in epithelial cells, favoring cellular interaction and potential uptake. 
These findings underscore the critical role of surface chemistry in modulating biological 
responses. At the same time, incorporating redox-responsive organosilica components 
introduced stimulus-sensitivity to the silica framework, offering a potential strategy to address 
long-term safety concerns associated with silica's persistence in biological systems. By 
establishing clear correlations among particle size, pore architecture, surface chemistry, and 
biological performance, this work provides a structured design framework for the development 
of biocompatible, potentially biodegradable dendritic nanocarriers. The insights gained are 
particularly relevant for future applications in sublingual and mucosal drug delivery, where 
epithelial compatibility, controlled nano–bio interactions, and long-term safety are critical 
requirements. 

As further steps, the loading of therapeutic model compounds into the silica carriers developed 
in this thesis, followed by systematic evaluation of their release profiles and cellular responses, 
will be essential to fully assess the potential of the functionalized and liposome-coated materials 
for sublingual drug delivery applications. In parallel, more detailed investigations into the redox-
responsive biodegradability of the organosilica-based materials should be conducted, including 
studies with cargo-loaded systems to evaluate stimulus-triggered release under physiologically 
relevant reducing conditions. This will enable a clearer understanding of the relationship between 
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framework degradation and controlled drug release behavior. The liposome-coating strategy 
could also be extended to the organosilica-based dendritic systems, thereby combining redox-
responsive framework degradation with the enhanced membrane interaction provided by lipid 
coatings. Such a dual-functional approach may further enhance biocompatibility, promote 
buccal epithelial transport, enable triggered drug release, and ensure particle biosafety during 
administration. Finally, a comprehensive evaluation of long-term biodegradation behavior and in 
vivo particle biodistribution will be necessary to validate the translational potential of these 
nanocarriers. Altogether, these future investigations will broaden the application scope of 
dendritic silica and organosilica nanocarriers and further establish functional mesoporous 
materials as versatile and promising platforms for advanced drug delivery systems. 
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