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Introduction 
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Materials science was one of the first technological disciplines introduced by Humanity, 
with prehistoric man cutting flint to form hatchets, thus transforming natural products into 
functional materials. Since then, the design and discovery of new materials has gradually 
evolved, providing increasingly sophisticated and attractive products. Noteworthy among these, 
silicon chemistry has led to the development of highly advanced materials that are fully 
implemented in our daily life through devices such as smartphones or computers. Indeed, again 
inspired by Nature, a plethora of silica- and organosilica-based materials have been synthesized 
and characterized during the past century with the advent of silicones. During the last few 
decades, more advanced materials are being created, leading to a wide range of technologically 
significant applications in various fields1-3, particularly in biomedicine4-6. In this field, recently, 
therapeutics were simply encapsulated within the pores of mesoporous silica particles by 
diffusion and physically entrapped through weak interactions with the silanol moieties. One of 
the most important issues in this case is that most of the time, the non-covalent encapsulation 
does not enable “zero premature release” to be achieved, leading to a lower concentration of 
drugs at the targeted disease site and possible side effect from the release of cytotoxic 
therapeutics in the blood stream and in healthy tissue.  
 
In this context, the work developed in this thesis is devoted to the engineering of advanced 
hybrid mesoporous silica platforms for controlled delivery of therapeutics (e.g. oncologic 
drugs, antibiotics, etc.) to improve their biomedical performance. This manuscript is divided 
into four major parts, as described below. 
 
Chapter I: State of the Art 
 
This chapter presents a survey of literature related to the synthesis and functionalization of 
mesoporous silica-based materials, with particular emphasis on the processes controlling pore 
structuring. This introduction highlights current developments in the preparation of silylated 
organic compounds, which includes emerging periodic mesoporous organosilica (PMO) 
hybrids and the challenges associated with the synthesis of such materials. The application of 
these hierarchically organized silica materials in drug delivery is also outlined, with a particular 
focus on the preparation of nanoparticles that respond to external stimuli. 
 
Chapter II: Hybrid mesoporous silica nanoparticles for autonomous cancer 
drug delivery 
 
This chapter is devoted to the development and application of silica-based nanomaterials for 
the pH-triggered delivery of cancer drugs. Nanoparticles formed from silicate species exhibit 
tremendously attractive features, as illustrated in Figure 1, including the ability to fine tune the 
porosity and size during synthesis, high surface area, good chemical and physical stability, etc., 
which make them promising candidates as drug delivery systems (DDSs). Interestingly, 
molecular recognition can be a useful approach for engineering advanced nanocarriers capable 
of delivering drugs in response to an external stimulus. 
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Figure 1: Mesoporous silica nanoparticles for drug delivery application 
 
Therefore, the first part of this chapter focuses on the preparation of non-porous bridged 
silsesquioxane nanoparticles (nano-BS) by exploiting molecular recognition between a 
cyanuric acid (CA) template and an organosilane precursor. Furthermore, the system was 
functionalized with a fluorescent molecule to demonstrate the uptake of the nano-BS by cancer 
cells.  
 
In the second part, a synthetic strategy to produce mesoporous silica nanoparticles (MSNs) 
gated and capped by a molecular-recognition-based complex is detailed (Figure 2).  
 

 
 
Figure 2: Synthetic strategy for preparing pH-responsive MSNs based on molecular 
recognition 
 
The versatility of this strategy is investigated foremost by varying the nature of stoppers 
employed in the system. Firstly, a 5-fluorouracil-based compound, used for cancer combination 
therapy, is shown to kill more than 99% of breast cancer cells. Secondly, preliminary studies 
of a dendrimer-based cap offer a significant opportunity to form a multi-functional nano 
platform and thus to improve anti-cancer efficacy. In parallel, the gate is also modified to post-
functionalize the nanosystems. The grafting of specific ligands for imaging or active targeting 
is then described, for possible future in vivo experiments. 
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Chapter III: Nanostructured periodic mesoporous organosilica via polyion 
complex micelles 

Polyion complex (PIC) micelles assemble by electrostatic interactions between two 
polyelectrolytes, with one being part of a double-hydrophilic block copolymer (DHBC), and 
the other being an oppositely charged polybase. In this chapter, a novel synthesis of 
mesostructured periodic mesoporous organosilicas, PICPMOs, from 1,4-bis(triethoxysilyl) 
benzene (BTEB) in aqueous solution templated by PIC assemblies is introduced. 
 
In the first part of this chapter, the micelle sub-units and their reversible self-assembly are 
defined, prior to exploring how the PIC complexes induce nano-structuring of the silylated 
framework and modulate the associated pore size. Further, the synthetic conditions are 
optimized in order to generate well-organized and ordered PICPMO hybrids7.  
 
In the second part of the chapter, the biological properties of the PICPMO, particularly the 
encapsulation and controlled release of an antibiotic, neomycin B (NMB), are assessed. The 
two key features of this approach are that the bioactive molecules not only serve as an external 
structuring agent, but are also directly encapsulated within the PICPMOs during the formation 
of the mesostructured materials, leading to homogeneous and relatively-high loadings (Figure 
2). One of the features of PIC micelles as SDAs is that the destabilization of the complex can 
be easily induced through external stimuli such as pH. This property is of particular interest for 
a range of biomedical applications involving the autonomous release of bioactive species such 
as antibiotics. The pH-triggered release of NMB, and its efficacy against a pathogenic strain of 
Escherichia coli are demonstrated, showing the potential of such PICPMO hybrids in anti-
bacterial applications. 
 

 

Figure 3: pH-triggered self-assembly of PICPMOs and subsequent release of antibiotic 

Finally, several PICPMOs were prepared by using different bridging organic moieties, 
including ethylene-, ethenylene-, and an equimolar mixture of phenylene-disulfide (Figure 3). 
These organic functional groups modulate the intrinsic properties of the framework, enabling 
parameters such as polarity, hydrothermal/chemical stability, optical/magnetic responses, etc, 
to be tailored. In addition, active organic groups such as bis(propyl)disulfide organosilane form 
novel materials that are readily bio-degradable. It is noteworthy that the PICPMO materials 
containing such functional bridging organic units exhibit well-ordered mesostructuring and 
homogeneous distribution of the silsesquioxane moieties. Additional chemical reactions to 
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further modify the structure of the organic bridging species are demonstrated, including 
bromination and post-bromination thioacetization or reduction, enabling new functional sites 
to be incorporated within the mesoporous frameworks. 
 

 
 
Figure 4: Organic function bridged within PICPMO pore walls  

Chapter IV: Hollow periodic mesoporous organosilica nanospheres and 
complex core-shell nanoparticles 
 
Hollow periodic mesoporous organosilicas (HPMOs) have attracted tremendous attention over 
the past few years, due to their unique structure. Indeed, the individual architecture of HPMOs 
combines the versatility of a functional PMO shell with a hollow core. The shell can be easily 
functionalized by organic groups, the mesopores represent tunable nanotunnels providing high 
surface area and the inner core is a large encapsulated void and/or a nanoplatform for confined 
chemical or biological reactions.  
 
In the first part, the one-pot synthesis of phenylene-, ethenylene- and an equimolar mix of -
phenylene/ethenylene-bridged HPMO nanoparticles is first explored via either “hard 
templating” (HT) or “soft templating” (ST) approaches (Figure 5). 
  

 
 
Figure 5: Synthesis of HPMOs 
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In the second part of this chapter, strategies for modulating the size of the HPMOs are explored. 
The nanoparticle dimensions were reduced by optimizing the formation of the silica core 
templates and two different organosilylated precursors are employed to generate distinct 
hierarchical architectures. Interestingly, double-shell or raspberry-type (Figure 5) morphologies 
are obtained, depending on the order in which the organosilane precursors are added to the 
reaction vessel. It has been found that the complex HPMO nanoparticles exhibited appropriate 
dimensions for internalization within cells, which is a key requirement for their use in 
intracellular delivery of bioactive drugs. 
 

 
 
Figure 6: Formation of raspberry-type HPMOs 
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Silicon (Si) represents 28 wt % of the total mass of the Earth’s crust, mainly found as 
silica (SiO2) or silicate minerals, the compound is present within the biosphere in various 
shapes, including dust, sands, soluble species etc. In chemistry, silica and organosilicas exhibit 
many useful properties, such as: (1) high stability to air and humidity, particularly when 
compared with other organometallic species; (2) facile and accessible preparation; (3) relatively 
low toxicity (except in crystalline form that can lead to serious disease if frequently inhaled); 
(4) rich palette of diverse chemical reactions; etc. 

 
Interestingly, natural species transform silica precursors into a variety of forms for essential 
biological functions. For example, within plants, SiO2 strengthens the cell walls and plays a key 
role in enhancing the mechanical properties of load-bearing elements (stress resistance). Silica 
is also found in the exoskeleton (or frustule) of radiolarians and diatoms species. The frustule 
constitutes an incredibly sophisticated model of self-assembled and mesostructured 
biomaterials, which has inspired a tremendous body of research in Materials Science, as 
illustrated in Figure I-1. 
As a consequence, chemists have intensively studied the various mechanisms of association 
between silica and organic materials. 
 

 
 

Figure I-1: Image of diatom species  
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I. Part A. Self-Assembly of Structuring Directing Agents (SDAs) 

 

I.A.1 Definition and classification 

The use of structure directing agent (SDA) has been a significant breakthrough in the formation 
of ordered solid metal oxide based materials. In particular, surface active agents, more 
commonly known as surfactants, are used mainly in the preparation of mesostructured 
materials, due to their spontaneous self-assembly under well-defined conditions. Surfactants 
are traditionally amphiphilic compounds with (1) a polar, water-soluble head group and (2) a 
liposoluble long-chain tail generally composed of hydrocarbons. Such SDAs are usually 
classified as either ionic or non-ionic surfactants (Figure I-2). 

• Ionic surfactants: Ionic surfactants can be sub-indexed into three distinct classes: 
o Cationic, in which the head-group is positively charged. In this class, the most 

widely used surfactants are typically composed of quaternary ammonium salts (e.g. 
CTAC, CTAB, Adogen ®), which will be further described below; 

o Anionic, in which the head-group is a negatively charged head. Typical examples 
include carboxylate, phosphate, sulphonate and sulphate species; 

o Zwitterionic, in which the head-group contains both cationic and anionic centres. 
with the net charge on the head-group dependent on solution pH.  

• Non-ionic surfactants: The non-ionic surfactants are mostly amphiphilic block 
copolymers, where the hydrophobic sequence is represented by an alkyl chain and the 
hydrophilic moiety is commonly composed of poly(ethylene oxide) (PEO) groups.  

 

 
 
Figure I-2: Classification of the commonly used surfactants  
 
It is essential to determine and evaluate the lyotropic behavior and the self-assembly of these 
structuring systems to develop a comprehensive approach for controlling the structural 
evolution of mesostructured materials templated by the self-assembling species. Consequently, 
the micellization of selected cationic surfactants will first be introduced below, as these systems 
have been used frequently to control the pore structuring of the materials described in this thesis. 
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I.A.2 Micellization of ionic surfactant 

I.A.2.1. Principle of micellization 

In water, surfactant molecules preferentially partition at the air-water interface, in order to 
orient the hydrophobic tail out of the aqueous phase, while the hydrophilic head group remains 
in aqueous solution (Figure I-3). By increasing the SDA’s concentration, the air-water interface 
becomes saturated, forcing the surfactants to aggregate and self-assemble into micelles, where 
the hydrophobic sequence is referred to as the “core” and the hydrophilic part is denoted as the 
“corona”. The concentration at which this occurs is referred to as the “critical micelle 
concentration” (CMC) and is controlled by parameters such as temperature, nature of the 
solvent, physicochemical properties of the head-group and tail, etc.  

At the CMC, a free- energy change occurs, arising from the transition from a highly diluted 
state to the formation of aggregates with a well-defined size. According to Tanford’s5 theory, 
published in the 1970’s, the free energy change is based on two opposing forces. First, the 
attractive interactions of hydrophobic tails in water are more suitable for an entropy gain 
compared to water molecules surrounding each branch separately; this phenomenon is denoted 
as the “hydrophobic effect”6. On the other hand, the solvation of the hydrophilic head-group in 
water is enthalpically favored by the formation of H-bonds with H2O rather than interacting 
with each other, resulting in repulsion between contiguous hydrophilic heads7. The equilibrium 
between the repulsive and attractive interactions may be exploited to direct the assembling of 
many mesophases and also limits the expansion of the micelle.  

 

Figure I-3: Surface tension of surfactant in aqueous solution8 
 
At higher concentrations, surfactants can assemble into mesomorphic states, corresponding to 
an intermediate phase between liquid and crystal known as a liquid-crystal (LC) mesogen. 
Interestingly, distinct micellar morphologies may be obtained depending on the molecular 
packing of the SDA. 
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I.A.2.2. Packing Parameter  

The surfactants are able to associate in various morphologies depending on their size, 
concentration, nature and so on.  In 1975, Israelashvili, Mitchell and Ninham9 howed that the 
shapes of micelles could be predicted from the packing parameter (g) based mainly on simple 
geometrical considerations and thermodynamic principles. The packing parameter is defined 
as: g = V0/ael0  (Figure I-4) with : 

- ae : the equilibrium area per molecule at the aggregate interface 
-  l0 : the surfactant hydrophobic tail length 
- V0 : the effective tail volume 

 
It is noteworthy that this packing parameter g may be employed to understand the different 
molecular self-assemblies in surfactant systems. Indeed, Israelachvili established that specific 
values of g yield well-defined self-assembling geometries, including cones, cylinders and 
bilayers. As shown in Figure I-4, when g increases there is a modulation of geometrical 
architecture of the micelles from spherical (g < 1/3) through cylindrical (1/3 ≤ g < 1/2) to 
bilayered with vesicle (1/2 ≤ g < 1) or lamellar structure (~ 1) and finally to reverse micelles (g 
> 1). The packing parameter g also depends on the synthetic conditions such as addition of salt 
or co-solvent, pH, temperature, etc. The modulation of the micellar arrangement by changing 
an external parameter is a well-known strategy to finely control the structuring of solid 
frameworks.  
 

 
 

 
Figure I-4: Typical micellar structures formed from self-assembly of ionic surfactant units as 
defined by Israelashvili concept10 
 
Ionic surfactants were first employed in textile industry as detergents, wetting or foaming 
agents, emulsifiers or stabilizers11. In addition, ionic surfactants have been investigated widely 
as structuring agents to form nanostructured, three-dimensional networks as it will be detailed 
in Part. B of this chapter.  
 
However, the small size, low eco-friendly features and poor versatility of these surfactants 
represent drawbacks that scientists have tried to overcome in the past years by developing other 
type of SDAs.   
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I.A.3 The use of copolymers as surfactants  

I.A.3.1. Amphiphilic block copolymers 

The self-assembly of amphiphilic block copolymers enables the nanostructure of materials to 
be finely controlled for a range of applications, which has made them an intensive topic of 
research since the 1960s’12. Herein, the block copolymers are composed of hydrophilic and 
hydrophobic blocks and their micellization is investigated in water. It is noteworthy that an in-
depth understanding of the self-assembly of amphiphilic block copolymers in water may be 
extended to the use of other specific solvents if the copolymers contain solvent-phobic and 
solvent-philic blocks13. 

In solution, micellization is modulated by interactions between the solvent and the different 
blocks. The self-assembly of amphiphilic block copolymers is analogous to that of the smallest 
ionic surfactants. In highly dilute aqueous solutions, the hydrophilic block generally facilitates 
the dissolution of copolymers (referred to as “unimers”). Then, under a characteristic 
concentration denoted as the critical aggregation concentration (CAC) the block copolymer 
begins associating in order to isolate the hydrophobic block from water, which is controlled by 
the opposing repulsive and attractive interactions. Above the CAC, the micellar objects form 
regular lyotropic phase geometries in order to minimize energetically unfavorable solvophobic 
interactions. Traditionally, the formed spherical or cylindrical micelles are bigger than the ones 
formed from ionic surfactants and reach sizes ranging between 10 to 70 nm.  
 
Micellar self-assembly is mainly driven by the intrinsic curvature arising from the respective 
size of the hydrophilic and hydrophobic domains. Similarly to smaller ionic surfactants, the 
packing parameter (p) can be generalized to predict the different molecular architectures of the 
micelles formed based on geometrical considerations. Once again, the packing parameter is 
given by p = V/aclc , where:  

 
- ac: optimal surface area of the hydrophobic block at the interface between the 

hydrophilic and hydrophobic blocks 
- lc : hydrophobic block length 
- V: hydrophobic block volume 
 
The packing parameter represents the ratio between the hydrophobic component volume 

and the actual volume of the copolymer in the micelle. As represented in Figure I-5, when p 
increases, the morphology of the micelles changes from spherical (p ≤ 1/3) through cylindrical 
(1/3 ≤ g < 1/2) and finally bilayer type polymersomes or membranes (g > 1). 
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Figure I-5: Self-assembly of amphiphilic block copolymers and associated micellar 
structures14, 15 

Several correlations have been established between morphologies of the aggregates and 
synthetic parameters including block polarity16, relative length17, 18, and the molecular weight 
of the polymers.19 Globally, such micelles can be represented by an “insoluble” core surrounded 
by a solubilized corona, leading to a general ratio (R) between hydrophilic volume and 
hydrophobic volume (R =VH/VL) that can characterize a specific block copolymer/solvent 
pair. This parameter may be readily used to interpret the self-assembly at a molecular level. 
Indeed, an increase in the value of R typically leads to a corresponding increase in the curvature 
at the core/corona interface of the mesophase (transitioning from lamellar to cylindrical and 
finally spherical with increasing R). 

Generally, the hydrophilic block of amphiphilic copolymers is a poly(ethylene oxide) (PEO), 
while the hydrophobic sequence is typically composed of polystyrene (PS), polybutadiene (PB), 
poly(propylene oxide) (PPO), etc. When compared with ionic surfactants, which exhibit CMCs 
of ~10-3 M, amphiphilic block copolymers exhibit CACs of around 10-9 to 10-4 M, indicating 
that micelles formed by block copolymers demonstrate higher stabilities in dilute systems. In 
addition the ionic strength and the temperature can significantly impact the behavior of 
amphiphilic block copolymers and thus the mesophases formed, mainly due to the fact that the 
solubility of the hydrophilic ethylene oxide (EO) units is dependent on temperature. 

I.A.3.2. Formation of polyion complex micelles 

Despite the significant range of technological applications for the ionic surfactants and 
amphiphilic block copolymers described above, these compounds exhibit some drawbacks for 
their use as templates in materials chemistry, including issues with the recovery of the SDAs 
during their removal from as-synthesized materials, significant environmental impact, etc. To 
counter these disadvantages, in 1995 Kataoka et al.20 described a novel, multicomponent SDA, 
the polyion complex (PIC) micelles, which are composed of double hydrophilic block 
copolymers (DHBC), and a complementary micellization agent. These units reversibly self-
assemble under specific stimuli in aqueous solution allowing eco-compatible removal of the 
formed micelles and their recyclability. These systems will be described in more detail below. 
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A) Double hydrophilic block copolymer (DHBC) 

DHBCs are copolymers formed by two covalently bound blocks with different properties, 
although both blocks are soluble in water. The blocks within the copolymer can be neutral or 
ionic. In aqueous solution, DHBCs behave as classical unimers or polyelectrolytes, with no 
intrinsic amphiphilic properties. Consequently, no self-assembly of DHBCs to form micellar 
entities is observed in water. By definition, DHBCs cannot be classified as surfactants as these 
specific copolymers do not promote reduction of surface tension. 

Nevertheless, one critical characteristic of DHBCs is the ability to selectively render one of the 
two blocks insoluble. The solubility can be controlled by: 

• Modulating physicochemical parameters such as solution pH, temperature or ionic 
strength21;  

• Specific complexation with a micellization agent, leading to a decrease in the solubility 
of one of the two block, while the second remains hydrophilic16. The DHBC can 
complex with oppositely-charged polyelectrolytes, macromolecules or multivalent 
metallic cations22. 

It is noteworthy that such micellization processes are often reversible. Indeed, a specific 
stimulus may lead to the destabilization of the polymer aggregate and thus promote the 
re-dissolution of both the DHBC and the micellization agent. In contrast, disaggregation of the 
micelles formed from classical amphiphilic block copolymers can generally only be achieved 
by dilution to concentrations less than the CAC. In addition, DHBCs can be differentiated 
according to the nature of the blocks, including neutral-neutral, neutral-cationic, or neutral-
anionic. The latter two are most conveniently described as neutral-ionic DHBCs and their self-
assembly after complexation with appropriate polyelectrolytes will be further detailed below. 

B) Complexation between neutral-ionic DHBC and polyelectrolytes 

The formation of micelles following complexation of neutral-ionisable DHBC has been 
described by Cölfen22 and Cohen Stuart23. The complexation of neutral-ionic DHBCs with 
oppositely-charged polyelectrolytes to form PIC micelles is driven by electrostatic interactions, 
leading to the formation of micelle-type “core-corona” systems (see Figure I-6), similar to those 
obtained with amphiphilic copolymer surfactants. 

The electrostatically based complex formed by the two ionic moieties constitutes the “core” of 
the aggregate. The corona is formed by the neutral block of the DHBC, which is solubilized in 
the aqueous phase and thus limits the expansion of the core, yielding stabilized colloidal 
“complexes”. The use of such PIC micelles in various application fields has been investigated, 
especially in drug vectorization24. It is noteworthy that the formation of PIC micelle is 
commonly based on achieving charge compensation between the anionic and cationic moieties, 
with the associated stoichiometry of the stable complex being defined as the preferred micellar 
composition (PMC)25. 
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Figure I-6: Formation of Polyion complex (PIC) micelles 

In these systems, micellization only occurs within an appropriate pH range directly defined by 
the pKa of the polyelectrolyte segments. Indeed, the minimum pH value for micellization is 
fixed by the pKa of the polyacid (polyanion), while the maximum pH corresponds to the pKa 
of the polybase (polycation). Interestingly, outside of this defined pH range, destabilization of 
the complex is induced due to charge neutralization of one of the polyelectrolyte entities. 
Consequently, the assembly/disassembly of the PIC micelles is reversible and may be easily 
controlled by changing the pH of the solution26, 27. It is noteworthy that the nature and the length 
of the DHBC blocks also play an important role in the PIC self-assembly28. 

C) Mesophases of PIC systems 

The formation of defined mesophases from the complexation of polyions has been reported 
recently, and only a limited number of morphologies have been described compared to the 
analogous amphiphilic copolymers. To date, most PIC micelle structures reported have been 
essentially spherical with diameters of tens of nanometers29, 30. However, some studies have 
described non-spherical PIC assemblies, notably Kataoka et al. who demonstrated the 
formation of uni-lamellar vesicles referred as “PICsomes”31. Furthermore, their later work 
demonstrated that the modulation of the volume fraction of the corona, notably their contraction 
during hydrothermal treatment, can induce variation of the PIC micelles structures30. Indeed, 
PIC mesophase morphologies transitioning from spherical to cylindrical and finally lamellar 
were successfully obtained, similar to the amphiphilic copolymers aggregates illustrated in Part 
I.A.3.2. above. 

Recently, Gerardin and coworkers32 reported the first use of ordered PIC micelle mesophases 
as structuring directing agents for the formation of mesoporous silica framework. These 
applications will be described in detail below. 
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I. Part B. Synthesis of Silylated Mesostructured Materials 
 

The mesostructuring of inorganic solids combines two types of chemistry: (1) the 
physicochemical study of “soft matter” based on the use of organic SDAs; and (2) inorganic 
chemistry, frequently related to “green chemistry”, because most of the processes involve 
hydrolysis and condensation reactions under “soft” conditions and generally in aqueous 
solution. Such chemical processing facilitates precise control over both the formation and 
composition of solid organic/inorganic hybrid frameworks and the structuring of pore networks 
within the solid frameworks. The large variety of SDAs available (e.g. quaternary ammonium 
salts, gemini surfactants, amphiphilic copolymers, biopolymers etc.) and flexible synthetic 
conditions (nature of the precursors, solvent, pH, temperature etc.) lead to an almost infinite 
palette of possible novel structured materials. 

Mesoporous materials are characterized by a pore size ranging from 2 to 50 nm, which is 
intermediate between that of microporous (< 2 nm pore size) and macroporous materials (>50 
nm pore size). Chemical strategies for producing well-ordered mesoporous materials (OMM) 
from finely controlled and well-understood syntheses will be described in Part B of this 
Chapter. 

 

I.B.1 Sol-Gel processing to form silica-based integrated network 

Sol-gel processing refers to a palette of bottom-up chemical approaches for transforming 
precursors such as metal alkoxides into nanostructured materials. Ebelmen reported the 
production of synthetic silica gels for the first time in 184433. Since then, the sol-gel process 
has evolved to become a versatile approach for synthesizing a variety of metal-oxide-based 
materials34. The method employs successive hydrolysis-condensation steps to obtain metal 
oxides solids from the corresponding alkoxide precursors (e.g. silicates, aluminates, zirconates, 
titanates, etc). It is noteworthy that sol-gel processing offers a facile approach to form silica-
based materials with fine tuning of the pore size using mild reaction conditions35. 

I.B.1.1. Reactions involved in sol-gel processing 

The key reactions involved in the sol-gel process are hydrolysis and polycondensation, as 
shown below for the conversion of silicon alkoxides into silicate species (Figure I-7):  

1) Hydrolysis: during this step the alkoxysilane functions Si-OR (R = alkyl groups) are 
transformed by water into reactive silanol groups (Si-OH) and the corresponding alcohol 
(R-OH).  

2) Condensation: the Si-OH moieties formed during hydrolysis condense either with another 
silanol group with release of H2O molecules (oxolation) or with an alkoxysilane function 



19 
 

leading to release of the corresponding alcohol (alkoxolation). Consequently, during the 
condensation step, silica-based blocks are built via the formation of siloxanes bonds (Si-O-Si).  

 

Figure I-7: Reactions involved in sol-gel processing 

At the mesoscopic scale, the initial stages of hydrolysis and condensation lead to a colloidal 
suspension of inorganic oligomers, denoted as a “sol”. The suspension undergoes further cross-
linking through polycondensation, leading to the formation of a “gel”, corresponding to a 3D 
inorganic and interconnected network entrapping the remaining solvent. Subsequent drying is 
mostly conducted by either: (1) supercritical drying (e.g. using supercritical CO2 as a solvent), 
which leads to the formation of a low-density solid referred to as an aerogel36 ; (2) via freeze-
drying, which has been proved to formed highly monodisperse lyophilized silica nanoparticles37 
or (3) classical evaporation (at ambient pressure and temperature or under vacuum), leading to 
the formation of a higher-density material referred to as a xerogel38. 

I.B.1.2. Catalysis of the sol-gel process  

The kinetics and the conversion rates of the sol-gel process can be controlled finely by using 
appropriate catalysts; usually acids, bases or nucleophiles (Figure I-8). 

(A) Acidic catalysis: This catalytic route commonly involves the use of strong “mineral” acids, 
such as aqueous HCl solutions. Subsequently, the alkoxy groups, covalently bonded to the 
silicon atom, are protonated rendering the Si(IV) more sensitive to nucleophilic attack and 
accelerating the hydrolysis process. An intermediate step with a penta-coordinated Si(IV) state 
is involved in this approach.  
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(B) Basic catalysis: Within basic environments (generally containing NaOH, ammonia or 
Na2CO3), hydroxide ions are stronger nucleophiles than water molecules and thus directly 
attack the Si atom, through an addition-elimination mechanism. It is noteworthy that under base 
catalysis the kinetic rate of the condensation step increases. 

(C) Nucleophilic catalysis: The nucleophilic catalysis of the sol-gel process usually involves 
fluoride ions (e.g. NH4F or TBAF) in neutral aqueous solution. The fluoride ions react with the 
Si(IV) center to form reversible penta-coordinated intermediates. The hydrolysis of the Si-F 
bonds, via attack by water molecules, leads to the formation of silanol groups.  

 
 
Figure I-8: Hydrolysis reaction catalyzed by (A) acidic, (B) basic and (C) nucleophilic catalyst. 
 
Consequently, the sol-gel processing offers an easy method to form three dimensional covalent 
networks by simple hydrolysis-condensation reactions. The reaction conditions have been 
reviewed extensively39, 40 in order to obtain a reproducible method for synthesizing highly 
uniform and monodisperse silica-based particles with controlled sizes ranging from 10 nm to 2 
µm. Interestingly, when structure directing agents are incorporated during the sol-gel process 
mesoporous silylated framework can be obtained with a homogeneous distribution of pore sizes 
and well-defined mesostructures. 

 

I.B.2 Templated preparation of Silica-based Inorganic Materials 

Over twenty-five years ago, Mobil Co. reported the synthesis of silica-based porous solids 
denoted as M41S materials41, 42. This resulting research on new mesoporous molecular sieves 
was motivated by interest in expanding the pore sizes of crystalline silicate Zeolites (below 1.5 
nm). The further development of mesoporous silicates demonstrated amorphous pore walls but 
well-ordered pore structure with increased and uniform pore size (2 to tens of nm) and also high 
specific surface areas (500-2000 m2.g-1). The opportunity to prepare mesostructured materials 
exhibiting high internal porous surface areas with narrow pore-size distributions has raised 
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strong interest in various application domains, including catalysis43, gas sorption44, sensor45, 
drug delivery46, 47, etc. Notably, the mesoporous silicates, synthesized via sol-gel processing in 
the presence of SDAs are now among the most explored metal oxide solids.  

I.B.2.1. Mesostructuring of the inorganic framework via self-assembly  

In the early 1990s, for the first time SDAs were employed to form mesostructured silicates by 
both Kuroda’s group in Japan48 and by Mobil in the USA49. The mesoporous framework was 
generated in basic aqueous solution in the presence of cetyltrimethylammonium bromide 
(CTAB) as cationic surfactant. This seminal work has been followed by the development of a 
myriad of mesoporous silica-based materials, mainly structured via ionic and non-ionic 
surfactants (described in Part. A of this Chapter). Families of mesoporous silicates have been 
indexed during the past years depending on the synthesis conditions (Figure I-9). Among them, 
the most intensively used are the MCM-41 and SBA-15 families, both of which exhibit a 2D 
hexagonal mesostructure. However, MCM-41 is synthesized in basic solution in the presence 
of CTAB as ionic surfactant, while SBA-15 is prepared under acidic conditions and structured 
through amphiphilic triblock copolymers denoted as pluronics.  

 

 
Figure I-9: Schematic representation of classical mesoporous structure of silica-based 
materials (from left to right: MCM-41 or SBA-15, MCM-48 or KIT-6 and MCM-50)50 
 
As previously discussed, the SDA compounds can self-assemble into solution to form micelles 
that can further involve in the condensation of the silicate precursors. In the following section, 
the cooperative supramolecular assembly between silyl species and the surfactant, leading to 
the building of desired mesostructured silicas, will be detailed. 
 

A)  Interactions between organic surfactant and silica precursor 
 
The porosity of the three dimensional network is strongly related to the interactions between 
the surfactant and inorganic silicates in aqueous solution.  
The classification of these interactions can be divided into two main categories, depending on 
the nature of the SDA.  
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Regarding the first scenario with ionic surfactants, the interactions with the inorganic precursors 
are based on electrostatic forces. The isoelectric point, where the silicic species exhibit a global 
charge equals to zero, is pH 2 (I0). Below this value the species are positively charged (I+), 
while at pH above 2, the silicic compounds are negatively charged (I-).  From this point, two 
synthetic routes, involving both hybrid organic-inorganic interfaces, can be defined51, as 
illustrated in Figure I-10:  

 
- The direct synthetic approach: if the surfactant (S) and the inorganic species (I) are 

oppositely charged, the interactions occurring are dependent on pH: (1) in basic medium, 
S+I- with cationic surfactant49 or (2) S-I+ at pH lower than 2 with anionic surfactant52, 53. 

- The indirect synthetic route: if the surfactant and the silylated precursor exhibit the same 
type of charges, then a counterion (X- or M+) would interleave between the organic-
inorganic interface to compensate the charges. The interactions are qualified as S+X-I+ in 
acidic conditions and S-M+I- in basic environment. 
 

 
 
Figure I-10: Different interaction between silica and ionic surfactant interfaces depending on 
the nature of the surfactant and the environmental pH54 
 
The second scenario involves neutral surfactants (typically amphiphilic block copolymers), 
where the surfactant-silica interactions would be based on dipolar and hydrogen bonds between 
the silanol functions (formed during the hydrolysis step of the sol-gel process) of the inorganic 
precursors I0 and the neutral surfactant S0, giving S0I0 27, 55 or in the presence of a counterion: 
S°X-I+56. 
 

B) Formation mechanism of mesostructured materials 
 
The mechanism involved during the formation of the silylated material in the presence of 
surfactant agent is not trivial. The formation of ordered materials (including the self-assembly 
of the SDA, the creation of the organic-inorganic interface(s), and finally, the formation of the 
silicic network) is typically governed by a combination of mechanisms, which depend on 
synthetic parameters such as concentration of surfactant, the kinetics of the hydrolysis and 
condensation steps, and the ratio between organic SDA and inorganic species. Commonly, 
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when the structuring agents are dissolved in solution, the formation of material occurs via two 
main synthetic routes, as presented in Figure I-11. 
 

 
 
Figure I-11: Two main pathways for the synthesis of mesostructured silica material via liquid-
crystal templating and cooperative self-assembly10 

 
• Liquid-Crystal Templating (LCT) 

 
In the first pathway, the structuring agent, present in the aqueous solution at the beginning, self-
assembles into a liquid-crystal mesophase at a concentration above the CMC. Furthermore, the 
hydrolyzed silicates species would condense around the formed micelles, in particular at the 
external surface of the supramolecular aggregates, forming the hybrid interface. The 
polycondensation would finally lead to the formation of a three dimensional network. This 
specific mechanism was designated as “Liquid-Crystal Templating” by Mobil Oil corporation 
in 199249. Herein, the surfactant literally acts as a template or a “nano-mold”. 
 

• Cooperative Self Assembly (CSA) 

The “Cooperative Self Assembly”54, 57, 58 process was first established by Stucky et al.58 and 
further developed by other workers59-63. In this process, the SDA and the silicic species 
associate in a cooperative manner, before and during the condensation of the inorganic network, 
finally leading to the desired mesostructure. In this case, the initial surfactant concentration is 
below the CMC, and hence a strong surfactant-silica interface is necessary for structuring the 
material. Then, with an increase in the quantity of hydrolyzed inorganic species, the silicate 
precursors would begin to polycondense. It is noteworthy that similar to nucleation of crystals, 
polymerization is favored at the supramolecular interface rather than in solution. In a kinetic 
approach, the formation of the material involves two competing processes: (1) self-assembly of 
the surfactant; and (2) polycondensation of the inorganic compounds. In the case of the CSA 
process, it is necessary that the organic-inorganic interface be established prior self-assembly 
of the surfactant and condensation of the silica. Consequently, the formation of the 
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mesostructured silica materials is governed by the previously described interactions 
(electrostatic or H-bonds) between the surfactant and silicic species. 

The two mechanisms described above are both supported by experimental evidence. However, 
the systems are complex, involving numerous different species that evolve across multiple 
equilibria. Consequently, it is not trivial to model these systems and elucidating the detailed 
mechanisms involved remains the subject of research.  

 

I.B.3 SDAs removal and formation of the porosity of the material 

In order to unclog the pores of the synthesized materials it is necessary to eliminate the 
structuring agent. For this purpose, two methods are usually used, which involve either 
decomposition of the SDA by calcination or its extraction by an appropriate wet-chemical route. 

I.B.3.1. Calcination 

Generally, calcination occurs under air flow at higher temperatures than those necessary to 
totally decompose the organic SDA and low enough to preserve the inorganic framework. 
Despite the high efficiency of calcination in removing the organic compounds, the thermal 
treatment leads to significant cost in energy usage, together with associated CO2 emissions (thus 
can lead to environmental concerns). In addition, the SDA is decomposed and hence cannot be 
recovered for reuse, and the structure of the inorganic framework can also be degraded during 
the calcination process. Consequently, the development of alternative extraction methods is 
warranted, as described below. 

I.B.3.2. Extraction by washing  

The extraction of the SDA using wet-chemical approaches avoids many of the problems 
associated with calcination, and has the advantage of potential recovery and reuse of the SDA64. 
The extraction may be carried out under different conditions, including: liquid extraction65, acid 
treatment55, 66, using oxygen plasma67 or employing supercritical fluids28. The efficiency of the 
extraction method strongly depends on the interactions between the organic SDA and inorganic 
framework. As an example, removal of cationic surfactants has been successfully demonstrated 
in acidic ethanolic solution under reflux66. In this case, the extraction is mainly driven by ion 
exchange between counterions and proton present in the acidic environment.  
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I. Part C. Organic/Inorganic Mesostructured Hybrid Materials 
 
During the past three decades significant work has been devoted to precisely incorporating 
organic functions within inorganic silylated network. Indeed, the resulting novel organic-
inorganic hybrids exhibit properties that combine desirable features of both the inorganic and 
organic domains, making such organosilica-based material highly attractive for numerous 
applications68. 

 

I.C.1 Hybridization of silylated materials  

During hybridization, the nature of the interactions between the inorganic skeleton and the 
functional organic sequence leads to the formation of two distinct type of materials (Figure I-
12) : 
 

 
 
Figure I-12: Formation of Class I (left side) and Class II (right side) hybrid materials 
 
- Class I: Class I refers to hybrids in which the formation is based on non-covalent bonds such 
as hydrogen bonds, Van der Waals or electrostatic interactions. The weak interactions between 
organic compounds and silylated framework often result in relatively poor retention of the 
organic fragment during surfactant extraction69. 
 
- Class II: Class II hybrids are materials where the organic sequence is covalently bound to the 
inorganic skeleton. As a result, the Class II materials exhibit higher chemical stability that can 
be readily exploited for a variety of applications. These covalently linked materials can be 
functionalized during the synthesis reaction through three main pathways: (1) the co-
condensation method; (2) post-grafting; or (3) by direct hydrolysis-condensation of 
organoalkoxysilanes with bridging organic groups to produce bridged silsesquioxanes, as 
represented in Figure I-13. 
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Figure I-13: Strategies for the hybridization of mesoporous silicas: (1) Post-grafting, (2) Co-
condensation, or (3) using bridged silsesquioxanes70, 71 
 
I.C.1.1. Grafting 
 
The mesoporous silica materials are characterized by having two distinct surfaces: the inner 
surface, which represents a useful compartment for loading or adsorbing molecules of interest; 
and the outer surface, which provides a valuable area for functionalization. The post-grafting 
strategy has attracted major interest to modify the outer surface of mesostructured silica 
matrices via condensation reactions between accessible silanol moieties and functional 
organosilane precursors (Figure I-13, (1)). A major issue with this approach is the obstruction 
of the pores during the anchoring of the organic groups, which would further reduce the 
encapsulation capacity of the material72. To counter this problem, it is possible to first 
functionalize the outer surface prior to extracting the SDA and, thus, limiting the pores blocking 
(Figure I-13 (1)). However, a disadvantage with this method is that the distribution of functional 
organosilanes has been found to be inhomogeneous73. 
 
I.C.1.2. Co-condensation  
 
In the co-condensation pathway, the functionalization is generated via the incorporation of an 
organosilane precursor into a mixture of pure silica source (e.g. tetramethyl orthosilicate 
(TMOS) or tetraethyl orthosilicate (TEOS)) usually in the presence of a cationic surfactant (e.g. 
CTAB)74-76. Subsequent sol-gel processing would lead to mesoporous hybrid silicas with the 
functional organics anchored to the pore walls77. Compared with the post-grafting method, the 
organic segments exhibit a more uniform distribution within the hybrid framework. 
Furthermore, since the organosilane precursors are mixed with the inorganic silica source, pore 

1) Post-Grafting

2) Co-Condensation 3) Bridged silsesquioxanes
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obstruction is limited in comparison to the grafting method. However, this pathway presents 
inherent limitations. In particular, the amount of organics should not exceed 40 mol %, to avoid 
destabilization of the mesostructured pore and collapsing the 3D network76. Furthermore, the 
maximum size of the integrated organic groups may be limited by the need to avoid 
modifications to the porous structure, since interactions at the surfactant-organosilica interface 
must reach equilibrium to facilitate self-assembly of the system. 
 
I.C.1.3. Bridged Silsesquioxanes 
 
Mesoporous organosilica-based hybrid materials exhibiting uniform distributions within the 
matrix as well as high loadings of organic functions represent promising systems in materials 
science. For this purpose, the use of organic moieties covalently bridged to at least two silyl 
groups as the only source of silica is an attractive option since it allows uniform distribution of 
the organic fragments throughout the silica network and also a stoichiometric ratio of organics 
to silicon atoms. Furthermore, in the presence of structuring agent and under appropriate 
synthetic conditions, it has been shown that mesoporous hybrids with periodically aligned pores 
with the organic functions in the walls can be obtained, which are referred to as periodic 
mesoporous organosilicas (PMOs)78-80. 

 

I.C.2 Periodic Mesoporous Organosilicas (PMOs) 

I.C.2.1. Overview  

Periodic mesoporous organosilicas (PMOs) can be defined as ordered mesostructured 
organosilylated hybrids synthesized from organosilica precursors in the presence of appropriate 
SDAs. Their discovery was reported by three independent groups in 199981, all of whom 
described similar chemical strategies: 
 
(1) Inagaki and coworkers reported the formation of PMOs from 1,2-bis(trimethoxysilyl)ethane 
(BTME)78 and cetyltrimethylammonium chloride (CTAC) as SDA. The mesoporous hybrid 
formed exhibited a well-defined 2D hexagonal porous structure with specific surface area 
around 750 m2.g-1. 
(2) Ozin’s group used 1,2-bis(triethoxysilyl)ethene under basic conditions in the presence of 
CTAB as the SDA, producing an ethenylene-bridged PMO material79 exhibiting hexagonal 
symmetry and a specific surface area close to 640 m2.g-1. 
(3) Stein et al. developed and characterized ethenylene-bridged PMOs80 with a surprisingly high 
specific surface area of 1200 m2.g-1, although the long-range order was low. 
 
It has thus been shown that the hydrolysis-condensation reactions of the hybrid precursors in 
the presence of appropriate SDAs can form mesostructured organic-inorganic materials under 
synthetic conditions similar to those used for the preparation of mesoporous silica systems 
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(Figure I-14). Finally, the mesoporosity is liberated by removal of the SDA using the extraction 
approach, to ensure that the organic linkers are not thermally degraded. 

 

 
 

Figure I-14: Formation of PMO hybrids82 
 
The first examples of PMO materials were obtained from small alkylene, alkenylene, phenylene 
or similar organic functions bridged into the organosilylated precursor. In later studies, PMOs 
have been prepared from larger or multiorganosilane precursors. 
 
I.C.2.2. The inherent properties of PMO materials 
 

A) Versatility of the organosilane precursors 
 
Significant research activity has been devoted to identifying the organic groups that can be 
bridged into hybrid frameworks since the initial pioneering work on the development of PMO 
materials83-87. Figure I-15 represents organosilane precursors with bridging organic groups from 
which PMOs were synthesizing until 2006. Since then a myriad of new PMOs with more 
complex organic functions have been reported.  
 

 

 
 

Figure I-15: Common organosilylated precursors used in PMO formation84 
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Interestingly, aromatic bridge-based PMOs were found by Inagaki and co-workers88, 89 to 
demonstrate high thermal stability, with essentially no damage to the Si-C bond up to 500°C.  
 

B) Crystal-like pore walls 
 
Unlike their analogous amorphous and purely inorganic frameworks, Inagaki’s group 
demonstrated that PMOs can exhibit mesoscopic ordered arrangement88. The crystal-like 
structure within the pore walls was evidenced by X-ray diffraction analysis, with the scattering 
patterns consistent with a characteristic distance of 7.6 Å along the pore array. Inagaki et al. 
showed that this characteristic distance arises from a lamellar repetition of the hydrophobic aryl 
and hydrophilic silica segment. It is noteworthy that the group demonstrated, for the first time, 
organization within the pore walls of organosilica frameworks. Furthermore, the benzene based 
PMO described by Inagaki’s group can be represented as being intermediary between highly 
crystalline zeolites and amorphous mesostructured silicas. In addition, on the same phenylene-
bridged material, a second characteristic distance of 3.8 Å was observed and assigned to the 
repeat-distance between the phenylene bridges, which are ordered via π-π stacking interactions. 
Following this work, Inagaki demonstrated that molecular-scale crystallinity could also be 
obtained by employing biphenyl-based organosilane precursors (Figure I-15, #9), which 
generate a specific distance of 11.6 Å89. 
 
Afterwards, more complex bridged organosilylated monomers have been shown to afford 
PMOs hybrid with crystal-like pore walls, including 1,4-bis[(E)-2-(triethoxysilyl)vinyl] 
benzene (Figure I-15, #10)90, 91 and divinylpyridine (Figure I-15, #17)92. 
 

C) Perspective on PMOs 
 
The first relatively simple hybrid system paved the way for the development of more complex 
PMOs with sophisticated or multifunctional organic linkers, including hetero-elements, 
nanoparticles, chiral compounds, etc.86, 93, 94. These newly-formed, engineered PMOs have 
attracted ever-growing interest owing to their potential application in various domains83. 
As illustrated in Figure I-16, three different approaches can be envisaged for synthesizing 
PMOs: (1) classical hydrolysis-condensation of single-bridged organosilane compounds; (2) a 
mixture of one bridged organosilane and another organic function covalently bound to a 
monosilylated moiety; or (3) at least two bridged organosilane precursors bearing different 
organic functions. 
 
In this manuscript, although pathway (1) will generally be employed to synthesize the desired 
PMOs, route (3) will also be demonstrated. It is noteworthy that particular effort has been 
devoted to the construction of systems with multi-functionalities in a unique platform for 
combination applications (e.g. theranostics). In this sense, Thiel et al.95 merged hydrophilic and 
lipophilic organic moieties into the same PMO material and demonstrated cooperative catalytic 
reactions within the platform. This topic of research have been followed by other scientists96, 

97, each time using one of the three approaches described below, in a palette of domains which 
opens the way to nearly infinite possibilities in engineering material science. 
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Figure I-16: Organosilane self-assembly to form PMO hybrids82  
 
I.C.2.3. Current challenges with PMO materials (post-functionalization) 
 
One attractive feature associated with combining organic-inorganic moieties into a single 
framework is the potential to create nanoscale reactive sites homogeneously distributed within 
a mesostructured silica-based support. Indeed, the organic bridged functions in PMOs are easily 
accessible and thus may be modified through organic reactions. These localized mesoscopic 
reactive sites have the advantage of being supported by the inorganic solid, which provides 
features such as: 
 

- Reaction kinetics that can be controlled by fine tuning the pore size and structuring. 
- The product formed from the reaction can be easily recovered by washing and centrifugation. 
- The strongly electron-withdrawing siloxane bonds in the pore walls increases the efficiency 

of nucleophilic attack on the bridging organic moieties. 
- The geometry of the pores can be modulated to improve the selectivity of the reaction. 
 
The chemical tuning of the pore walls in such hybrids represents a critical area for engineering 
advanced materials and has been widely exploited since the discovery of PMOs by the 
pioneering groups. Indeed, independently, Ozin’s and Stein’s research demonstrated the 
bromination of the double bond on the ethenylene-bridged PMO solids by EDX and solid state 
NMR analysis79, 80. It is noteworthy that Stein’s group successfully formed silver bromide 
(AgBr) via simple reaction between AgNO3 and the brominated PMO. Interestingly, sulfonated 
PMOs were also obtained by several methods including:  
 
 

(1)

(2) (3)
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(1) Direct reaction between fuming sulfuric acid (H2SO4/SO3) and phenylene-based PMOs, 
which was first developed by Inagaki in 200288. 
 

(2) Diels-Alder cycloadditions followed by sulfonation on bridging olefin groups98, 99. 
 
(3) Oxidation of sulfur-based organic functions, resulting in functionalized PMOs with 

superior quantities of sulfonic acid sites100-103. 
 
The sulfonic-acid PMO solids obtained exhibited high catalytic efficiency in acetylation104, 
condensation105 and esterification reactions106. Other post-modifications of the organic-bridged 
moieties that have been less reported, present major interest in areas such as amination. In these 
materials, the terminal amino sites were formed either by nitration and reduction reaction on 
benzene-based PMOs107o r through enantioselective hydroboration of an ethenylene-bridged 
linker followed by a condensation-ammonolysis step, leading to chiral amine-based PMOs108. 
The access of NH2-terminal groups on mesostructured inorganic matrices is highly attractive 
because it would facilitate the engineering of the hybrid platform via simple and quantitative 
organic reactions 

Merging inorganic and organic compounds into a unique hybrid support has paved the way for 
infinite possibilities to construct mechanized and sophisticated materials. Interestingly, these 
intermediary materials have been mainly employed within multidisciplinary fields such as 
physics, chemistry and biology. Furthermore, the recent investigations into the physicochemical 
silica-based devices applied in biology has the potential to transform the medicinal world. 
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I. Part D. Mesostructured Materials and their potential in 
biomedicine 
 

Every living organism (e.g. Humans, plants, fungi etc.) involves a collective assembly of a 
unique entity: the cell. The cellular compartment represents an astonishingly complex structure 
that emerged more than 3.5 billion years ago109, 110. In the Human body, cells are differentiated 
to support specific functions; in this sense, the organism is normally well armed against a wide 
variety of environmental attack vectors thanks to the immune system. However, many critical 
diseases such as cancer, heart attacks, strokes, diabetes and mental illness, among others, are 
affecting a significant part of the population and remain important areas of research in order to 
develop efficacious solutions. In the particular case of cancer, several diagnoses and treatments 
have been developed, including the use of drugs to either eradicate or reduce the impact of the 
disease. Despite the strong advantage of such treatments, usually referred to as chemotherapy, 
both the lack of specificity and poor biodistribution of drugs within the organism have limited 
their performance. As a consequence, tremendous efforts have been directed towards the 
development of highly efficient drug vectors based on drug delivery systems111. 

 

I.D.1 Drug vectorization  

One of the most valuable features of vectorizing drugs into appropriate transporters is to 
increase the solubility or bioavailability of the therapeutic, especially in the blood stream. 
Indeed, a significant number of otherwise therapeutically valuable drugs exhibit low solubility 
in water112; consequently, one key role of the drug vector is to enhance the lifespan of the 
bioactive agent while preserving its potency. Furthermore, loading the drug into tailored 
vehicles offers the possibility of specifically targeting the diseased tissues without damaging 
healthy cells. Combining multiple therapeutics within a single vehicle, to take advantage of 
synergetic effects, also appears as a promising solution for diseases exhibiting drug resistance. 

It is noteworthy that for a given drug administration route (e.g. parenteral, nasal, oral, 
transdermal), it is necessary to adapt the type of drug vectorization depending on the 
environmental conditions. For example, in the case of oral delivery, the highly acidic and strong 
enzymatic activity within the gut presents a significant environmental challenge for drug 
molecules before they can enter the blood circulatory system, which may decrease the 
performance of the system. However, this administration route can be easily substituted by 
parenteral pathways, where the use of drug transporters have been found to be very efficient113. 
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I.D.1.1.  From bulk to nanosized vectors 
 

A) Nanometer-sized drug delivery systems 
 
The size and shape of the drug vectors have been shown to be of particular importance for 
successfully delivering the cargo to targeted cells via endocytosis114. Indeed, the uptake, 
internalization and biosafety of drug delivery systems are strongly related to such 
morphological aspects. In 2008, Davis and co-workers demonstrated that drug delivery systems 
(DDSs) should not be smaller than 10 nm in size, to avoid elimination of the nanoparticles 
through kidney filtration115. Even if the smallest functional size of DDSs has been determined, 
the upper limit is not easy to define, and it mainly depends on the nature of the vector. 
Nevertheless, in the case of nanoparticles with different dimensions surface-functionalized with 
PEG, it was found that particles around 50 nm or smaller would undergo clathrin-mediated 
endocytosis (CME), while larger systems (around 250 nm) would enter cells via caveolae-based 
endocytosis116 . Despite experiments that have monitored the entrance of drug vectors with 
dimensions of up to 3 µm into cells117,  the typical size range for DDS is commonly regarded 
as being 20 to 300 nm118. It is noteworthy that the internalization of drug delivery nanoparticles 
would also depends on the surface charge and other physicochemical properties of the 
system119. 
  

B) Overview 
 
Drug delivery vectors can be distinguished by two separate classifications: (1) drug conjugates 
or (2) drug nanocarriers120. 
The drug conjugates typically involve a support that is covalently bound to the therapeutics, 
usually through a moiety designated as a linker, which can transport the drug to the diseased 
cell and deliver the drug payload via cleavage of the covalent bond121. The drug conjugate is 
illustrated in Figure I-17 and can conjugate with small-molecule drugs, proteins, genes, DNA 
or even targeting and imaging sensor molecules122. 
 

 
 
Figure I-17: First generation of drug vector based on polymeric chains123  
 
The second category involves nanocarriers, where the drug is typically physically entrapped 
within the internal core of the platform120. Such drug nanocarriers must meet certain criteria in 
order to be used in nanomedical applications, including zero premature release of the entrapped 
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therapeutics before reaching the targeting site; high loading capacity; etc. A non-exhaustive list 
of typical nanocarriers is depicted in Figure I-18. Potential DDS candidates that have been 
described include liposomes124, polymeric micelles125, dendrimers126, 127, carbon nanotubes128 
and metal nanoparticles129, all of which have demonstrated promising results in biological 
applications such as imaging, sensing and therapy. 

 
In the following section, the use of silica-based nanocarriers, which have been shown to exhibit 
valuable properties as drug delivery devices130-133, are described. 

 

 
 
 

Figure I-18: Several carrier-based systems123 
 

C) Mesoporous silica-based nanovectors 
 
Mesoporous silica nanoparticles (MSNs) have been the subject of vigorous research due to their 
intrinsically valuable properties. Indeed, the size and morphologies (spheres, rods, gyroids, 
cubes, etc.134) of MSNs can be finely tuned from under 20 nm up to micrometer size with narrow 
size distributions135-137. In addition, silica-based nanoparticles exhibit excellent thermal and 
chemical stability when compared with drug carrier systems formed from polymer or other 
organic precursors. Furthermore, the pore network can also be precisely controlled with highly 
homogeneous and tunable pore size (2 to 15 nm)138 and well-defined mesostructure (e.g. 
lamellar, hexagonal, cubic, etc.). The excellent uniformity of the pore structuring is also 
typically coupled with large accessible surface areas (500-2000 m2.g-1).  
 
Other attractive properties, especially for biomedicine applications, include : 
 

1) An inner void in the pore array, which provides significant capacity for drug 
encapsulation; 

Hydrophilic chain
Hydrophobic chain

Hydrophilic drug
Hydrophobic drug
Linker
Targeting moiety
Imaging agent
Polymer (e.g. PEG)

Liposomes Micelles Polymerosomes

Dendrimers Carbon nanotubes Metal nanoparticles



35 
 

2) A reactive outer surface for further functionalization, especially for anchoring gate/cap 
pair to avoid any premature release; 

3) Appropriate controlled nanosize for efficient endocytosis; 
4) In vivo biocompatibility139 and hemocompatibility140.  

 
Compared with organic nanocarriers, silica-based DDSs provide highly controlled shape and 
structure, together with synthetic approaches that can minimize premature release of the drug 
payload. Indeed, mesoporous silica nanoparticles can be easily capped for controlled and 
sustainable delivery of drugs triggered by specific external stimuli, thus preventing any leaking 
of bioactive agents.  
 
I.D.1.2. Stimuli triggered release of the drugs from silica-based nanomachines 
 

A) Surface modified mesoporous silica nanoparticles 
 
First, the therapeutics were simply encapsulated within the mesopores of MSNs by diffusion 
and physically entrapped through weak interactions with silanol moieties. Nevertheless, most 
of the time, non-covalent encapsulation does not allow to obtain “zero premature release”, 
leading to both less concentration of drugs at the targeted site and possible side effects from the 
leaking of cytotoxic therapeutics. Therefore, as it is necessary to prevent any leakage inside the 
blood stream, stimuli-responsive pore-capping systems have recently been intensive developed. 
Indeed numerous MSNs functionalized with pore-keepers have been reported in drug delivery 
applications.141 A few of them are illustrated in Figure I-19.  
 
 

 
 
Figure I-19 : Different stimuli responsive silica-based nanocarriers142, 143 
 
The complex gate/stopper can be indexed within four different categories such as: nano-
capped144-146, snap-top147-149, rotaxanes142, 150, 151 and pseudo-rotaxanes152. Most of the designed 
complexes present irreversible opening of the pores including snap-top, nano-capped and 
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pseudo-rotaxanes once the removal of the cap is triggered by external stimulus pores opening 
is permanent. Meanwhile the supramolecular assembly of rotaxanes allows opening and closing 
the nanocarriers in reversible manner. As reported in literature the MSN gatekeepers have been 
shown to by largely versatile. Furthermore, the gate/stopper system confers to the DDSs 
autonomous potentiality, a highly valuable feature for nanomedicine field. Indeed, by a 
judicious choice of capping, nanocarriers are able to spontaneously deliver the loaded molecule 
of interest upon an internal or external stimulus. 
 

B) External and internal changes involved in the controlled release of the drugs. 
 
The attachment of pore-blockers onto the surface of drug nanocarriers can to significantly 
prevent premature release of therapeutics, as just mentioned above. However once the drugs 
have been vectorized into the specific damaged sites through DDSs it is necessary to open the 
pores and thus deliver the encapsulated compounds. In 2003, MSNs functionalized with CdS 
nanocapping were found to specifically release drug by reduction of the sulfur-based gate 
moiety and thus Lin and coworkers153 established for the first time the control release of drugs 
from silica-based DDSs via chemical stimulus.  
 

 
 

Figure I-20 : Different stimuli involved in the triggered release of drugs molecules 

Following this pioneering research work, several external or internal changes have been studied 
and found to offer on-command cap and open nanocarriers (Figure I-20) for drug delivery such 
as temperature154, light155, 156, magnetic field157 external changes or pH125, 139, 141, 148, 150, 152, 
enzyme degradation149, 158-160, oxidation/reduction161-164 internal stimuli. 
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I.D.1.3. Targeting  
 
The development of oriented nanocarriers has been hugely facilitated by the studies of Milstein 
and Köhler on antibodies in 1975165. Indeed, the same model as antibodies can specifically bind 
to foreign micro-organisms to make them easy targets for immune system cells, more than 30 
years ago. Slowing and co-workers functionalized MSNs with folate compounds to direct the 
nanocarriers most exclusively into cancer cells166. As mentioned above, the external surfaces 
of MSNs can be easily modified by grafting functional groups such as targeting agents to 
actively target specific tissues within the body167. These targeting ligands can specifically link 
to antigens or particular receptors, generally overexpressed onto the surface of the infected 
cells, which designated them as markers. As a consequence, different type of targeting agents, 
complementary to these markers, have been developed within the past years and used as 
valuable targeting tools on the MSNs surface, including (Figure I-21) : 
 

- Antibodies that can reach complementary antigens 
- Aptamers with small nucleic acids sequences present high affinity and specificity 

for the targeted cells.  
- Saccharides are usually used to target carbohydrate receptors of oncologic cells. 
- Peptides that show high stability and no immune response. 
- Small molecules (e.g. folic acid) that are extensively used to functionalize MSNs 
- Proteins (e.g. transferrin, carbonic anhydrase inhibitor) whom receptors are 

generally overexpressed onto the infected cells surface. 
 

 
 

Figure I-21 : Possible targeting agents anchored on mesoporous silica nanocarriers143 
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AUTONOMOUS CANCER DELIVERY 
 



48 
 

Nanotechnology has paved the way for endless new medical strategies, particularly in 
the diagnosis and treatment of cancer. It is noteworthy that progress in nanomaterials science 
provides new strategies to fight cancer. As previously seen (Part. D of Chapter I.), the design 
of drug delivery systems (DDSs) represents one of the most appealing approaches to increasing 
the anti-tumor efficiency of therapeutics while overcoming the well-known side effects of drugs 
used in oncology1. 

 
This chapter is devoted to silica-based nanomaterials for pH-triggered delivery of anti-cancer 
drugs. Nanoparticles, formed from silicate species, exhibit several attractive features for such 
applications, including fine-tuning of porosity and size, high surface area, good chemical 
stability, etc, which make them promising candidates as DDSs.  Many studies (already reported 
in Section I.D.1.2, Chapter I) have been devoted to finely controlling the release of bioactive 
molecules. Interestingly, molecular recognition can be a useful approach to engineer advanced 
nanocarriers able to deliver and release drugs in response to an external stimulus. 
 
The first part of this chapter presents the pharmaceutical context of DDSs in nanomedicine, 
particularly in cancer therapy. The enhanced permeability retention (EPR) effect, as a useful 
strategy for targeting tumor tissues, will be outlined prior to discussing the evolution of 
nanomachines over the past decades.  
 
The second part of this chapter describes the preparation of non-porous bridged silsesquioxane 
nanoparticles (nano-BS) based on molecular recognition between cyanuric acid (CA), used as 
a drug model, and a complementary organosilane precursor. Indeed, it has been found that the 
hydrolysis−condensation of the precursor under mild conditions efficiently produces hybrid 
nanocarriers able to release CA at low pH. Furthermore, the system was functionalized by a 
fluorescent probe, enabling internalization of nano-BS within cancer cells to be demonstrated.  
 
In a third part, scalable mechanized nanocarriers, prepared from mesoporous silica 
nanoparticles (MSNs) which were then gated and capped by a molecular-recognition-based 
complex, are presented. The physicochemical properties of these new gated MSNs were first 
evaluated prior to testing their capacity to encapsulate and release molecules of interest. Finally, 
their cytotoxicity was demonstrated in vitro on colon and breast cancer cells. Several types of 
stoppers and gates were investigated to enhance the applicability and efficiency of  such DDSs. 
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II. Part A.  Pharmaceutical context 
 
 
Cancer includes diseases with disordered and uncontrolled cellular growth, which can 
potentially spread and threaten other tissues. In human cells, cancer typically happens when 
various genetical abnormalities (e.g. mutations) accumulate in the DNA of the cells. Nowadays, 
cancer is diagnosed for one in three people in developed countries and predictions estimate that 
the disease will affect half of the population by 2050. The ravages of the disease are sadly well-
known, making cancer one of the most funded biomedical research fields in view of the social 
and human challenges involved. Numerous treatments have been investigated during the past 
decades including surgical intervention, radiotherapy, immunotherapy and chemotherapy. 
Despite the clear benefits of the chemotherapeutical agents, their lack of specificity and 
associated side effects (e.g. nausea, hair and weight loss, reduction of fertility, etc.) need to be 
reduced. Therefore, significant efforts have been devoted to the development of nanomedicines 
to prevent unwanted side-effects.  
 
Nanomedicine is performed at an extremely small scale (nanoscale), which has been used in 
medical applications particularly for enhancing the early detection of disease, improving the 
accuracy of the diagnosis and enhancing the treatment efficiency. One of the most appealing 
aspects of cancer therapy using nanomedicine is to vector and accumulate the oncologic drugs 
directly in tumor regions while avoiding exposure of healthy tissues to the toxic drug molecules.  

 

 
 
Figure II-1: Schematic representation of the EPR effect2  
 
For this purpose, one particular tumor characteristic, denoted as the enhanced permeability 
retention (EPR) effect (Figure II-1), has been widely exploited to passively target cancer cells. 
In summary, the abnormally fast growth of tumor cells induces disorganized blood vessel 
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development to provide essential nutriments to the defective cells, which is referred to as the 
“angiogenesis” phenomena. These rapidly-formed angiogenic vessels present gaps between 
endothelial cells from 50 to 300 nm in size, which is ideal for enabling nanoscale objects to 
penetrate. In addition, cancer tissues usually demonstrate poor lymphatic drainage. As a result, 
the concentration of nano-sized drug carriers in tumor regions is several times higher than that 
of the plasma. 
 
In the 1940’s, the first chemotherapeutic agent to be used for treating cancer was nitrogen 
mustard3 (or Mechlorethamine) and folic acid4 (as illustrated in Figure II-2), which represented 
a major step forward for oncologic medicine. Afterwards, Herceptin was employed as an 
oncologic drug in the late 80’s5 due to its specific interaction with the HER2 protein receptor 
(over-expressed on the surface of cancer cells) and the associated inhibition of cancer cell 
growth. This chemotherapeutic agent was part of one of the first targeted cancer therapies, but 
the specificity of the drug was once again too weak to eradicate the disease while preserving 
healthy tissue. 

 

 
 

Figure II-2: Schematic representation of the evolution of nanomedicine6 
 

One of the key breakthroughs in the 1990s was the emergence of nanomedicines with, in 
particular, the development of nanocarriers7. These drug delivery systems provide significant 
improvements, including an enhanced bioactivity due to better biodistribution, less toxic side-
effects with drugs directly targeted into infected tissues and possible combination therapy with 
the encapsulation of synergistic drug cocktails within one unique platform8, 9. The nanovectors 
have merged chemical, biological and physical sciences at the nanoscale to engineer a versatile 
therapeutic tool. Following this new way of using nanotechnologies, a second generation of 
nanovectors has been recently developed6 by using the nanosystem as a drug itself. This new 
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nano-entity is generally an inorganic-organic hybrid able to emit heat or free radicals upon X-
rays exposure. Consequently, nanoparticles would first accumulate in cancer cells via the EPR 
effect prior to being activated by X-rays to specifically damage cancer cells. 

 
For the therapeutic solutions of tomorrow, the next generation of nanovectors is currently under 
research, often described as “nanorobots”10, 11. These forthcoming systems would be 
programmed to be multi-functional: (1) screen and diagnose the cells; then (2) detect and 
specifically (3) destroy the damaged elements. Subsequently, as soon as the nanorobots have 
removed all the infected cells they would (4) self-destroy; and be (5) eliminated by excretions. 
Such nanorobots, without damaging any healthy tissues and should not interfere with the proper 
functioning of the organism. 
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II. Part B. Molecular-Recognition based nanosystems for biological 
applications 
 
 
The quest for new inorganic-organic hybrid materials has been extended to the field of 
nanomedicine12, 13. As seen in the “State of Art” Chapter (Section I.C.1), organic-inorganic 
hybrid systems can be prepared by grafting functional organosilanes onto reactive surfaces or 
by directly incorporating organic groups during the formation of the framework14. Sol-gel 
materials functionalized with organic moieties capable of molecular recognition provide 
significant benefits, which have been exploited for a variety of applications, including 
separation chemistry15-17, catalysis18, 19, sensing20, 21, biomedical22, 23, etc. These reports all 
employ hybrid silicas prepared by conventional grafting or polymerisation with the use of pure 
silica sources. Consequently, developing functional bridged silsesquioxane nanoparticles 
(nano-BS) based on molecular recognition represents a current challenge (as discussed in Part 
A of this Chapter).  

 
Wong Chi Man et al. recently reported a new approach to design BS-based drug carriers, 
involving molecular recognition (MR) between a triazine-based organosilane precursor and a 
non-silylated 5-Fluorouracil (5-FU) molecule24. The 5-FU derivative acts both as the templating 
agent and also as an active anticancer drug. No release of the drug was observed from the BS 
at neutral pH, but release/delivery was achieved at mildly acidic pH such as that found in 
lysosomes. This initial study confirmed the strategy of developing well-designed BS as hybrid 
materials for biomedical applications such as drug delivery, since they obviously comply with 
the required conditions for therapeutic applications, namely, a non-premature and controlled 
release triggered by an environmental stimulus. In addition, compared to other MSN 
nanocarriers, they allow direct loading of drugs (one-step) during synthesis.  
 
However, one of the key requirements of drug delivery vectors for in vitro or in vivo 
applications is the control of particle size, with particles smaller than 300 nm required for 
efficient cellular uptake via the EPR effect. The control of particle size is mainly governed by 
the synthesis method and specific experimental parameters employed. In addition, the presence 
of bulky organic groups often militates against the formation of nanoparticles. To date, only a 
few reports describing the synthesis of nano-BS from organosilane precursors containing large 
bridging organic units have appeared. In these recently published studies, polysilylated 
precursors25-27 alone or co-condensation with another bridged organosilane28, 29 were used and 
increasing the number of trialkoxysilyl groups proved to be beneficial for producing 
nanoparticles.  
 
In the following sections, after a short overview of molecular recognition in bridged 
silsesquioxanes, the synthesis of a new nano-BS carrier using cyanuric acid (CA) as a model 
compound to mimic the 5-FU drug, will be described. Since attempts to obtain nano-BS using 
the previously-described bis-silylated triazine-based organosilane precursor (Stalk 1) were 
unsuccessful, a new tetra-silylated triazine-based precursor  (Stalk 2)  was  designed. Then an 
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amino function was added to the triazine motif to obtain a new functionalizable precursor (NH2-
Stalk). Finally, post-functionalization of the resulting nanoparticles with a fluorescent probe 
for imaging was performed, to enable internalization of the nano-BS inside tumor cells to be 
investigated. 
 
  

II.B.1. Overview of molecular recognition in bridged silsesquioxane 
 
Molecular-recognition (MR) is a widespread phenomenon, especially in nature. MR can be 
defined as spontaneous self-assembly of organic compounds based on mutual recognition. The 
complex obtained is then stabilized through a variety of reversible attractive intermolecular 
interactions, such as H-bonds, van der Waals, electrostatic, p-p stacking and coordination 
bonding. The most well-known biological example of MR is undoubtedly the self-assembly of 
two polynucleotide DNA strands, that form a double helix shape30. As represented in Figure II-
3, the nucleobases of the two separate strands are bound by H-bonds according to base pairing 
rules: Adenine-Thymine (A-T) and Cytosine-Guanine (C-G), forming Watson-Crick pairs were 
reported for the first time in 195330. Consequently, the MR mechanism regulates the 
organization of the genetic information holder but this process is also a very common biological 
phenomena notably in enzyme/substrate or protein/receptor interactions31. 
 

 
 
Figure II-3: Self-assembly of DNA strands through H-bonds32 
 
The MR process has also been exploited in materials science and in particular to prepare 
organized hybrid silicas. Wong Chi Man’s research group has developed a novel strategy based 
on MR using mono-silylated precursors able to connect through weak molecular interactions as 
detailed in Figure II-433, to construct bridged silsesquioxanes (BS) by self-assembling.  
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Figure II-4: Schematic representation of organo-bridged silane precursors via self-molecular 
recognition organic units 
 
Among the complementary interaction possibilities, reversible H-bonds are the most often used 
within molecular recognition systems34-38. The first example of BS obtained in the laboratory 
from complementary monosilylated precursors bearing nucleobases was reported in 2005 by 
Arrachart et al.33. Bio-inspired from the self-organization of DNA strands, the formation of an 
organized BS via the sol-gel process was performed using silylated adenine and thymine 
precursors (see Figure II-5), which associate with each other owing to complementary donor 
(D) and acceptor (A) of H-bonds between the adenine and thymine respectively. The resulting 
A/T pair was based on two H-bonds leading to formation of a BS framework after hydrolysis-
condensation via nucleophilic catalysis.  
 

 
 
Figure II-5: Synthesis of BS with adenine (A) and thymine (T) units 
 
After nucleic bases, the H-bonding complex cyanuric acid (CA)-Melamine was then used to 
develop new imprinting materials. As depicted in Figure II-6, three mono-silylated CA 
derivatives can arrange around the melamine moiety through 9 H-bonds. This complex is then 
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frozen in the resulting hybrid material by conventional hydrolysis-condensation reactions of the 
alkoxysilanes functions39.  
 

 
 

Figure II-6: Self-assembly of the organosilanes around the melamine compound39 
 
In 2011, the same group40 developed a bis-silylated triazine derivative (Stalk 1) to complex CA 
and obtain bulk hybrid materials. Its presence in the material, was easily monitored by IR 
spectroscopy (in particular owing to the C=O band at 1720 cm-1) and the assembly/disassembly 
of the complex was visible, validating its pH sensitivity to low and mild pH (Figure II-7). 
 

 
 
Figure II-7: FT-IR Spectrum of bulk BSs prepared from Stalk 1 and CA  
 
Following this work, in 2013 the same group24 replaced CA in the bulk BS by a newly 
synthesized 5-Fluorouracil (5-FU) derivative. The 5-FU molecule was chosen as a drug 
candidate due to the fact that it bears an ADA motif, which suggests that it would associate with 
the DAD pattern of Stalk 1. Moreover, 5-FU is commonly used as an anticancer drug in the 
clinical treatment of several solid cancers, such as breast, colorectal, liver, and brain 
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cancer. Therefore, the strategy to construct a BS holding a 5-FU unit by molecular recognition 
was quite appealing because the direct and controlled release of the drug in the cell will be self-
triggered by the acidic lysosomal environment of the cells. In this work, the assessment of the 
drug release have been achieved under different pH conditions (Figure II-8), successfully 
demonstrating the slow release of the drug in a slightly acidic environment mimicking 
lysosomal pH.  
 

 
 
Figure II-8: Kinetic of release of 5-FU derivative compound from bulk material at different pH 
values 
 
In order to envision the use of these BS as carriers for drug-delivery systems (since these 
materials demonstrated no premature release at neutral pH) the synthesis of the corresponding 
nano-BS with the appropriate size to evaluate the acid-triggered self-release of the drug inside 
the cancer cells must be demonstrated. 
 
 
II.B.2. Silylated triazine precursors synthesis 
 
To produce pH-sensitive, targeting, and (one-step) loaded non-porous bridged silsesquioxane 
nanoparticles (nano-BS), the organosilane precursors used were based on the previously 
described specific triazine moiety (represented in Figure II-9), with a DAD molecular 
recognition pattern able to H-bond CA (mimicking 5-fluorouracil (5-FU)), through its three 
complementary faces. Three types of stalks were used: bi-, tetra-silylated and amino 
functionalized tetra-silylated stalks (corresponding to Stalk 1, Stalk 2 and NH2-Stalk, 
respectively) as represented in Figure II-9.
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Figure II-9: Self-assembly of the organosilanes/CA via molecular recognition 
 
II.B.2.1. Bi-silylated precursor: Stalk 1 
 
This first precursor composed of two alkoxysilane moieties, mentionned in earlier studies, was 
synthesized following a previously-reported procedure, as shown in Figure II-1040. 
 

 
 
Figure II-10: Synthesis of the bi-silylated precursor (Stalk 1) 

Briefly, the synthesis starts by selective substitution of one chlorine of 1,3,5-trichloro-triazine 
with CBz-protected diethylenetriamine at 0°C to produce 1. The two other substitutions of 
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chlorine atoms are done with propylamine under reflux. Product 2 was then deprotected using 
cyclohexene with Pd/C, producing compound 3. Finally, the ethoxysilanes are introduced by 
urea bond formation leading to the desired bi-silylated precursor Stalk 1. 

Unfortunately, attempts to obtain nano-BS using this as-synthesized bis-silylated triazine-based 
organosilane precursor were unsuccessful. 

II.B.2.2. Tetra-silylated precursor: Stalk 2 
 
A second organic-inorganic hybrid-based molecule with four alkoxysilane units has been 
prepared41. Herein, the interest in the development of the tetra-silylated stalk was to facilitate 
the formation of a homogeneous material by increasing the ratio of inorganic/organic moieties 
without the use of silica sources such as TEOS. The incorporation of the ethoxysilane functions 
was carried out by traditional copper-catalyzed alkyne-azide cycloaddition (CuAAC) Click-
Chemistry. 
 

• Click-Chemistry  
 
Click-Chemistry, first described by Sharpless in 200142, is based on highly efficient catalytic 
reactions inspired by Nature. The click reactions are a family of accessible chemical tools that 
generate products in high yield, with relatively low costs in terms of energy and financial 
expenditure. The click reaction used in this work is a 1,3-dipolar cycloaddition between an 
azido dipole and a terminal alkyne dipolarophile.  
 

 
 
Figure II-11: Different products of the uncatalyzed 1,3-dipolar cycloaddition 
 
As depicted in Figure II-11, the uncatalyzed reaction leads to two distinct products, the 1,4- and 
the 1,5-disubstituted 1,2,3-triazole regioisomers. 
 

• Synthesis procedure  
 
Similarly to Stalk 1, the preparation of the organosilane begins by a mono-substitution at low 
temperature of the 1,3,5-trichlorotriazine with compound 6 (Figure II-12), to produce 
compound 7. Then, the two remaining chlorine atoms of 7 are alkylated with an excess of 
propylamine to give to product 8 bearing the donor-acceptor-donor type MR pattern. Finally, 
the silylated moieties are introduced by Click-Chemistry, following an already procedure43, in 
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the presence of the propargyl ethoxysilane derivative 9 to form the desired tetra-silylated 
precursor Stalk 2 (Figure II-12). 
 

 
 

Figure II-12: Synthesis of the tetra-silylated precursor (Stalk 2) 
 
II.B.2.3. Amino-functionalized tetra-silylated precursor: NH2-Stalk 2 
 
The new synthetic route based on Click chemistry used to prepare Stalk 2 allows us to further 
incorporate an easily functionalizable amino terminal function. Indeed, for this new precursor, 
one of the propyl moieties was replaced by –NH2 units to allow post-functionalization.  
 
For this synthesis, the second and the third substitution on 7 are successively carried out as 
described in Figure II-13.  Temperature is a key synthetic parameter to selectively substitute 
the triazine derivative molecule. Propylamine is introduced at room temperature to form 10 then 
treated with an excess of ethylene diamine under reflux to obtain 11. As previously indicated, 
11 is used with 9 via a Click reaction to yield the organosilane precursor NH2-Stalk. 
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Figure II-13: Synthesis of the NH2 tetra-silylated precursor (NH2-Stalk) 
 
 

II.B.3. Complex formation in solution 
 
The complex formation between the precursors and CA as template was studied by 1H liquid 
NMR (Figure II-14), focusing on the NH proton of CA at around 11 ppm. Figure II-14 shows 
four spectra which were all obtained in DMSO-d6 as solvent corresponding (from bottom to 
top), respectively, to pure CA, a 1:1 molar ratio of CA with Stalk 2, a 1:3 molar ratio of CA 
with Stalk 2, and finally pure Stalk 2.  
 
For pure CA, the spectrum shows a single narrow peak at 11.15 ppm, while the addition of an 
equimolar amount of Stalk 2 in the same tube results in a broadening of this peak centred at 
11.12 ppm. After the subsequent addition of an additional two equivalents of Stalk 2 to reach 
the ideal stoichiometric proportion of the complex (1:3 of CA: Stalk 2), the intensity of the 
broad peak decreases, with a slight shift to 11.01 ppm. These data demonstrate the H-bond 
formation confirming the presence of the complex in solution, as already observed with the 
related bis-silylated precursor reported earlier24. 
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Figure II-14: Liquid 1H NMR study of the interaction between Stalk 2 and CA template in 
different ratios 
 
 
II.B.4. Bridged silsesquioxanes from stalk-stopper complex: preparation, 
stability and release of CA 
 
II.B.4.1 Formation of bridged silsesquioxane nanoparticles (nano-BS) formed from Stalk 2 and 
CA 
 
In order to obtain nanometer-sized BS, the hydrolysis–condensation reactions from a mixture 
of three molar equivalents of Stalk 2 and one molar equivalent of CA were carried out in hot 
DMSO (T = 50 °C), to which water and NH4F as a nucleophilic catalyst were added. The 
mixture was then left under static conditions at room temperature for three days. After 
successive washings with water, ethanol, and acetone, a white powder was obtained by 
centrifugation; the resulting material is designated as nano-BS2. Finally, the materials were 
dried under vacuum at 80 °C to remove traces of solvent. At the same time, the corresponding 
“reference” materials without CA were prepared under the same conditions, designated as as 
nano-BS02. In order to determine the optimal conditions to obtain nanoparticles, several 
experiments were performed in parallel at different concentrations of Stalk 2 in DMSO (300, 
100, 50, and 20 mM). Herein, the formed materials would be denoted as as nano-BS2-F with F 
the factor of dilution (0, 3, 6 or 15) of the final concentration of the precursors. For the higher 
concentration (300 mM, F = 0), a gel formed almost instantaneously. For the other three 
concentrations, no gel was observed after the addition of the catalyst, with precipitation 
occurring instead. These materials were then studied by SEM to investigate their morphologies 
(Figure II-15 and Figure II-16). 
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Figure II-15: SEM micrographs of the as nano-BS02-0 (left side) and as nano-BS2-0 (right side) 
 
The hybrid as nano-BS02-0, prepared without CA, showed a spherical morphology with a 
relatively homogeneous size distribution (Figure II-15, left side). The majority of particles 
exhibited dimension within the range of 300–600 nm, with small quantities of other spherical 
particles with diameters up to 1.5 µm. The micrographs of as nano-BS2-0 containing CA 
revealed a more fibrous-type appearance connecting spherical particles (Figure II-15, right 
side). Agglomerated spherical particles were also obvious in this case, with a size distribution 
ranging from 0.5 to 3 µm.  
 

 
 
Figure II-16: SEM image of as nano-BS2-3 (left side) as nano-BS2-6 (middle side) and as nano-
BS2-15 (right side) 
 
Diluting the precursor concentration in DMSO by a factor of 3 in presence of CA led to 
spherical particles corresponding to nano-BS2-3 (Figure II-16). However, these particles are 
very large and exhibited a heterogeneous size distribution ranging from around 1 to 15 µm. A 
further two-fold decrease in reactant concentration gave nano-BS2-6, with finer particle sizes 
between 1 and 2 µm. Decreasing the concentration of Stalk 2 down to 20 mM resulted in nano-
BS2-15, which exhibited a much narrower size distribution between 400 and 600 nm, close to 
the desired size of 300 nm. Thus the reduction in size was successfully reached by diluting the 
reaction mixture in NH4F aqueous solution. 
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II.B.4.2 Formation of bridged silsesquioxane nanoparticles (nano-BS) formed from  NH2-Stalk 
and CA 
 
As dilution favors formation of nanoparticles, the preparation of nanoparticles with nano-NH2-
Stalk under the same conditions as nano-BS2-15 was next considered. SEM images (Figure II-
17) of the corresponding material, denoted as nano-BSNH2, showed spherical particles with a 
size distribution within the range of 90–230 nm. TEM images confirm this size range and reveal 
the dense character of the spherical nanoparticles (Figure II-17). Consequently, these newly 
formed nano-BS exhibit the appropriate size for both internalization within cells and also for 
passive targeting through the EPR effect. 
 

 
 
Figure II-17: SEM and TEM images of the nano-BSNH2 formed from NH2-Stalk and CA 
molecules 
 
II.B.4.3 Stability of bridged silsesquioxane nanoparticles 
 
The stability of these new systems under neutral conditions and their ability to release the 
template compound CA were monitored by IR. 
 

A) Stability of the nano-BS formed from Stalk 2  
 

The stability of the complex in nano-BS2-15 was investigated by refluxing a suspension in EtOH 
for 24 h. The resulting nano-BST2-15 was then recovered by centrifugation and washed 
successively with water, ethanol, and acetone before drying (Figure II-18). In contrast, in order 
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to remove CA from nano-BS2-15, the latter was also suspended in a solution of HCl in ethanol 
(10−2 M) under reflux to produce nano-BSA2-15. The reversible assembly of the 
organosilane/template complex was further assessed by FT-IR spectroscopy as shown in Figure 
II-18. CA exhibits a characteristic C=O vibration at 1720 cm−1, which can be employed to detect 
the presence or absence of the template within the materials (Figure II-18, right side). A 
comparison of the spectra of nano-BS2-15 and nano-BST2-15 suggests that the 
organosilane/template complex is stable in refluxing EtOH. In contrast, the characteristic band 
at 1720 cm-1 is absent in nano-BSA2-15 after acidic treatment, demonstrating the efficiency of 
such a treatment in cleaving the hydrogen bonds of the complex, which results in the release of 
CA. This result demonstrates the reversibility of supra-molecular assembly. 

 
 
Figure II-18: SEM image of the nano-BS2-15 and IR spectra of the complex formed from Stalk 
2 and CA molecules 
 

B) Stability of the nano-BS formed from NH2-Stalk  
 
The sensitivity of nano-BSNH2 nanoparticles to changing pH was also followed by IR 
spectroscopy after applying different treatments to the nanosystems (Figure II-19). Here again, 
the stability of the complex under reflux in EtOH and to acidic treatment is evaluated, with the 
samples being denoted as nano-BSTNH2 and nano-BSANH2, respectively. 
 
For the nano-BSNH2 and nano-BSTNH2, the presence of CA as well as the stability of the 
complex after refluxing in EtOH was monitored via the characteristic band at 1720 cm−1 of CA 
in its complexed form with the precursors. The IR data reveal that CA is also released from the 
hybrid, since the band at 1720 cm−1 is absent in the case of nano-BSANH2. It is noteworthy that 
the spectrum of the terminal amino group exhibits a characteristic band around 1665 cm-1, 
which is observed for nano-BSNH2 and nano-BSTNH2, but not for nano-BSANH2, suggesting 
that the NH2 group is protonated after acidic treatment. 
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Figure II-19: FT-IR Spectrum of nano-BS prepared from NH2-Stalk and CA compound 
 
 

II.B.5 Functionalization of nano-BSNH2 and internalization in cancer cells 
 
II.B.5.1. Synthesis of functionalized (FITC)-nano-BSNH2 
 
For this study, the amino group of the NH2-Stalk was coupled with fluorescein isothiocyanate 
(FITC) to easily monitor internalization of the nano-BS inside cancer cells by fluorescence, 
leading to (FITC)-nano-BSTNH2.  
 

 
 
Figure II-20: Synthesis of FITC functionalized nano-BSNH2 
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As shown in Figure II-20, functionalization was achieved by suspending nano-BSNH2 
nanoparticles in EtOH with an excess of FITC in the dark for one day. The fluorescent 
nanoparticles were further collected by centrifugation after several washings to remove excess 
dyes and then dried under vacuum. 
 
II.B.5.2. In vitro evaluation of (FITC)-nano-BSTNH2 

 
The internalization potential of the functionalized nanoparticles was studied on both breast 
(MCF-7) and colon (HCT-116) cancer cells (Figure II-21, left and right side, respectively). 
These cancer cell lines were incubated with the fluorescent nano-BSNH2 at a concentration of 
20 µg mL−1 for 24 h. In the confocal microscopy experiment, he (FITC)-nano-BSTNH2 system is 
revealed in green, indicating that the hybrid nanoparticles are efficiently internalized into cancer 
cells. This suggests that the nano-BSNH2 system has the potential to target and eventually treat 
cancer.  
 

 
 

Figure II-21: Confocal Microscopy of incubated (FITC)-nano-BSTNH2 within MCF-7 and 
HCT-116 cancer cell lines for 24h 
 
 
II.B.6 Conclusions 
 
 
In this work, alkoxysilyl triazine-based precursors (Stalk 1, Stalk 2 and NH2-Stalk) bearing a 
DAD pattern forming H-bonds with template CA by molecular recognition were synthesized. 
In contrast to conventional bis-silylated precursors, it was possible to synthesize nano-BS from 
tetrasilylated precursors, presumably due to the greater number of hydrolyzable triethoxysilyl 
groups. A parametric study of key process variables, such as reactant concentration, 
demonstrated that uniform nanoparticles with diameters of ~150 nm could be readily prepared. 
No CA release was observed from these nano-BS at neutral pH, which would be expected to 
minimize premature release of the cargo molecule and consequently limit potential side effects. 
Following post-grafting of FITC onto the surface of the nanoparticles, internalization of the 
nano-BS was clearly demonstrated in both human breast and colorectal cancer cells by 
fluorescence using confocal microscopy.  

MCF-7 HCT-116
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Additional work for this project might be envisioned to further optimize the size uniformity of 
the nanoparticles and to replace CA with more efficacious drugs such as fluorouracil 
derivatives, bearing the ADA pattern. In addition to chemotherapy, imaging and also active cell 
targeting could be examined. 
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II. Part C. pH-sensitive mesoporous silica nanoparticles as 
autonomous drug delivery systems 
 
 
The development of mesostructured nanoparticles that may finely control the release of a 
biochemical cargo from mesopores to target specific infected sites is of growing interest in the 
scientific community44 (Chapter I, Part D). Generally, these “nanomachines” are based on 
supramolecular assemblies that demonstrate the ability to respond to a predefined stimulus, 
which would trigger cargo release45, 46. Herein, a specific example of pH-sensitive mesoporous 
silica nanoparticles (MSNs) that can be employed in cancer therapy will be described. The 
synthetic approach is mainly based on supra-molecular chemistry and in particular on molecular 
recognition (MR) processes, involving the same mechanisms and patterns as those introduced 
in Part B of this chapter. 

 
Our laboratory has previously reported the use of molecular recognition to design pH-operated 
stoppers as autonomous drug delivery systems. For the first system described, a nucleobase 
(uracil moieties) bonded to β-cyclodextrin was used as a snap top which was linked via a single 
molecular recognition pattern of three H-bonds to a triazine stalk grafted onto MCM-41 type 
mesoporous silica nanoparticles47. Although these nanocarriers proved to be efficient drug 
delivery systems, a major drawback stems from the fact that the stopper could only be 
synthesized in a very low yield after a long reaction time (5% in 2 weeks). To optimize the use 
of nanocarriers bearing molecular recognition sites, commercially available and inexpensive 
cyanuric acid (CA) was chosen to play the role of the snap top. These silica nanoparticles, 
carrying a drug payload and capped with a cyanuric acid snap top, showed high efficiency for 
colon cancer therapy48. 
 
This section is directed towards the design of new molecules that can be used as stoppers to 
increase the antitumor activity of the system, and to exploit the possibility of functionalizing 
the stalk for imaging and active targeting. After a short overview of drug delivery (DD) via 
MSNs, we will described in detail the strategy employed to obtain pH-sensitive mesoporous 
silica nanoparticles, briefly recall the results obtained with CA and finally describe new 
stoppers and stalks with improved efficacy for the autonomous pH-triggered release of drugs.    
 
 
II.C.1 Drug Delivery via MSNs 
 
MSN materials were used for the first time as DDS in 200149, and even at this stage,  these 
systems already appeared as promising candidates in the nanomedicine field. As previously 
seen in the Chapter I, MSNs are mesostructured via the self-assembly of structure directing 
agents during a typical sol-gel process, which leads to mesoporous frameworks after the 
removal of the surfactants (Section I.B.3). The as-prepared MSNs exhibit attractive features 
especially for drug delivery application (Figure II-22), including:  
 



69 
 

(1) Well-ordered pore networks allowing good control of drugs encapsulation and release;  
(2) Good biodistribution and physiological elimination from the body;  
(3) Multiple SiOH functions on the MSN surface acting as anchoring sites for post-grafting 

supra-molecular ligands such as targeting, protection or charged agent, which represent 
an accessible way to prepare multi-functional nanocarriers50. 

 

 
 
Figure II-22: Mesoporous silica nanoparticles as a drug delivery platform51 
 
Such intrinsic properties make MSNs promising candidates for drug release. However, one of 
the current issues of DDSs is the loss of drug efficacy when reaching the target site, which is 
due mainly to premature release of the bioactive compound. Subsequently, capped nanosystems 
following the “load-close-open” strategy and demonstrating no premature release would appear 
of major interest to counter this problem52. In this sense, as previously introduced in Chapter I, 
Part D, devices exhibiting sensitivity to external stimuli (temperature53, magnetic fields54, 
light55 or internal changes pH56, physiological reactions57 etc) would be useful for retaining the 
drug during the biodistribution process and delivering it at the targeted site.  
 
One of the most used triggers to release cargoes from capped DDs is pH58. Indeed, pH-sensitive 
nanocarriers represent attractive tools in the medicinal field. Furthermore, pH-controlled release 
may occur at several length scales within the organism including organs (e.g. gastrointestinal 
pathway), tissue (e.g. tumor environments) or inside the cell (e.g. endosomes or lysosomes). 
 
It is noteworthy that with pH-responsive DDSs, the attraction-repulsion interactions between 
gate-caps compounds rely on protons concentration. Furthermore, the blood pH (7.4) and 
endosomal or lysosomal pH (~5) are considerably different, which is a useful feature for 
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controlling the release directly within the cells. As a consequence, systems that respond to 
changes in pH offer the opportunity of being completely autonomous. In addition, the switching 
mechanisms are generally reversible. 
 
Martinez-Manes et al.59 developed one of the first pH-responsive capped nanosystems for the 
controlled release of tebuconazole (Figure II-23). In this work, an amino organosilane 
derivative was grafted onto the surface of the MCM-41 to form a tightly-closed system in an 
acidic environment (pH 3.7), while deprotonation of the system above pH 5.5 led to the release 
of the fungicidal agent.  
 

 
 
Figure II-23: pH-triggered delivery of bioactive agent from mesopores of MSNs58 

 
Following this pioneering work, numerous research groups developed optimized pH-sensitive 
silica DDSs with advanced features such as improved bio-distribution and cellular uptake60, or 
the ability to actively target specific tumor regions61. Very recently, unique silica nano-
platforms presenting multi-functionalities62 (e.g. targeting, imaging, therapy) or dual-
responsive stimuli capacity63 have paved the way for captivating possibilities in theranostics 
and cancer therapy. 
 
 
II.C.2 Synthetic strategy for producing pH-responsive nanocarriers 
 
The strategy outlined in Figure II-24 involves complexing silica nanocarriers bearing molecular 
recognition sites with a complementary cap.  
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Figure II-24: Synthetic strategy to form pH-sensitive capped nanodevices 
 
It is noteworthy that the key point of the strategy, once the nanocarriers are loaded with 
bioactive molecules, is to close the system with stimuli-sensitive stoppers, to avoid diffusion of 
the cargo and to finely tune mass transport. Herein, the pore opening/closing process involved 
molecular recognition and particularly the stalk/cap complex is formed through H-bonds 
between two molecular complementary patterns (DAD and ADA-type) as illustrated in Figure 
II-25. One appealing property is that the stabilization of the complex can be easily modified via 
proton addition. Therefore, the pores network should be obstructed at neutral pH (7.4) such as 
in the blood stream, while the stalk-stopper complex should be destabilized within slightly 
acidic environments such as those present in lysosomes (pH ~5). 
 

 
 
Figure II-25: pH-sensitive gated MSNs 
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Furthermore, even if nanometer sized DDSs reach cancer cells due to the EPR effect, it is still 
necessary that the nanoparticles overcome the cell membranes to deliver the payload within the 
cytosol. The cytoplasmic membrane consists of lipid bilayers with integrated proteins, which 
protects cells from their surroundings and selectively control the mass transport inside and 
outside the cellular unit. The internalization of foreign nanoparticles is based on interactions 
with the membrane barrier and strongly depends on the physicochemical properties of the 
nanocarriers (e.g. size, shape, nature, charge surface, etc)64. In 2004, Rejman and coworkers 
demonstrated that the cellular uptake of nanosystems below 200 nm in size was regulated via 
clathrin-mediated endocytosis (CME). In this case the particles are absorbed from the surface 
to the inner region of the cell by invagination of the biological membrane65, as outlined in Figure 
II-26. This pathway leads to vesicles with the entrapped substances that would further transform 
into early endosomes (pH 6), which in turn can form endo-lysosomal compartments after fusion 
with lysosomes resulting in decreasing pH to values of ~5. This physiological process, normally 
used by the cell to recycle endocytosed cargos, is an appealing feature for autonomously 
releasing drugs within cytosol by employing pH-responsive MSNs. 
 

 
 
Figure II-26: Internalization of MSNs and pH-triggered release of the cargo within cell66 
 
In the strategy described here, within a slightly acidic lysosomal environment, the triazine 
derivative units of the stalk would be protonated and positively charged, leading to the removal 
of the complementary cap compound and thus the release of the cargo molecules. The bioactive 
agents generally escape from the pore channels via diffusion driven by concentration gradients 
and go to the cytosol where the released compounds would dissolve67.  

The various steps in realizing this strategy, namely: 1) preparation and characterization of the MSNs 
as a solid nanoscale platform for the loading and release of the drugs; (2) surface functionalization 
by grafting the stalk; and 3) loading of bioactive agents within the mesopores are described in greater 
detail below. 
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II.C.3 Synthesis and Characterization of the Mesoporous Silica 
Nanoparticles (MSNs) 
 
In 1968, Stöber et al. described a straightforward procedure for preparing monodispersed silica 
spheres68. Indeed, through the hydrolysis of tetra orthosilicate (e.g. TEOS) species in the presence of 
NH4OH and EtOH, they successfully obtained uniform silica particles and their procedure was 
subsequently referred to as the “Stöber process”. This method has since been widely studied and 
optimized notably to form mesostructured silica particles in the presence of ionic surfactants (see 
Section I.B.1.2 of Chapter I). Other studies have further developed methods to prepare mesoporous 
silica nanoparticles with narrow size distributions ranging from 30 nm to 1 µm69, 70 and uniform 
pore diameters from 2 to 15 nm71. The nanospheres were referred to as mesoporous silica 
nanoparticles (MSNs) in 200372. 
 
II.C.3.1.   Synthesis of MSNs  
 
In this work, MSNs were synthesized following a modified “Stöber process” (Figure II-27) as 
described below.  
 

 
 
Figure II-27: Synthesis of MCM-41 MSNs via Sol-Gel processing73 

First, the commonly-used structuring directing agent (SDA) cetyltrimethylammonium bromide 
(CTAB) is dissolved in an EtOH/H2O mixture in the presence of NaOH as base catalyst at 80 °C 
to initiate the self-assembly of the surfactant into micelles in solution. Then, typical sol-gel 
processing was triggered through the addition of TEOS to the alkaline solution. Heating was 
maintained for 2 h prior to recovering the nanoparticles by centrifugation as a white solid. The 
treatment of the NP dispersion in ethanolic HCl allowed extraction of CTAB by repulsive 
electrostatic interactions between CTAB and silica. 

II.C.3.2.   Characterization of MCM-41 

The resulting nanomaterials were further investigated by a complementary suite of techniques 
to evaluate their morphology and mesostructure (e.g. TEM and SEM microscopy, SAXS 
profile, DLS analysis, N2 sorption analysis), together with their composition (e.g. solid state 
NMR, FTIR spectroscopy).  
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A) Transmission  and Scanning Electron Microscopy 
 
The TEM and SEM images of the particles, Figure II-28, reveal uniform and monodisperse 
nanoparticles with an average size of 130 nm, which represents suitable dimensions for 
applications in cancer therapy. At higher magnification, a 2D hexagonal arrangement of the 
pores is easily seen as expected for MCM-41 nanoparticles. The mesophase was then also 
evaluated by XRD to validate these observations.  
 

 
 
Figure II-28: TEM (left side) and SEM (right side) micrographs of the as-formed mesoporous 
silica nanoparticles 
 

B) Small-Angle X-Ray Scattering (SAXS)  

The scattering intensity of the nanoparticles is shown in Figure II-29, left side. The five peaks 
observed at low q (1.59; 2.74; 3.19 ; 4.20 and 4.79 nm-1) are assigned to Bragg reflections from 
the (100), (110), (200), (210) and (300) planes (p6mm symmetry), showing that the samples 
exhibit well-defined pore structures with long-range order. Furthermore, the apparent lattice 
parameter, a, of the p6mm space group is defined as a = 2d100/√3 = 4.5 nm, where the d100 
interplanar spacing corresponds to 2π/q = 3.9 nm. Consequently, the SAXS analysis confirms 
the 2D hexagonal mesostructure of the MSNs that would further be denoted as “MCM-41”. 

C) Dynamic Light Scattering (DLS) 
 
The size distribution of the MCM-41 samples in solution was determined via DLS analysis 
(Figure II-29, right side) by suspending the nanoparticles in EtOH for 30 min, revealing an 
average particle size of 140 nm. This is slightly higher than the value observed by TEM, 
presumably due to solvation of the nanoparticles and an associated increase in their 
hydrodynamic diameter. It is noteworthy that up to 250 nm no other nanoparticle populations 
are detected, reflecting the absence of aggregates within the batch. This size distribution is 
suitable for exploiting the EPR effect for potential in vivo evaluation of these nanosystem.

2 µm

1.2 µm

150 nm
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Figure II-29: SAXS profile (left side) and DLS size distribution (right side) of the MCM-41 
 

D) N2-adsorption-desorption 
 
The N2 sorption analysis has been performed on vacuum-dried MCM-41nanoparticles (Figure 
II-30). Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) theories were used 
to calculate the surface area (SBET), the pore volume and the pore size74. The nanoparticle 
isotherm exhibits typical type IV characteristics as expected for such mesoporous materials, 
with a pore diameter of 2.8 nm.  
 

 
 
Figure II-30: N2 sorption analysis of the MCM-41 nanoparticles. 
 
Combining the lattice parameter, a = 4.5 nm, deduced from SAXS and the pore size, dpores = 
2.8 nm, deduced from the N2 sorption data enables the wall thickness (twalls) to be calculated 
(twalls = a - dpores = 1.7 nm). Such a relatively high thickness would be expected to promote good 
mechanical stability of the inorganic framework. In addition, the nanoparticles exhibit high 
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specific surface area, SBET = 1390 m2/g, with a pore volume of VBJH =1.22 cm3.g-1, indicating 
considerable capacity for encapsulation of bioactive species. 
 

E) FT-IR Spectroscopy 

FT-IR studies of the MSNs have been used mainly to monitor the extraction of the CTAB as 
shown in Figure II-31. The cationic surfactant CTAB is cytotoxic for human cells75. 
Subsequently, prior to using the nanosystems for biological applications, it is necessary to 
completely remove the surfactant during the acid extraction. 

Figure II-31 shows the IR spectra of MSNs before (dashed line) and after (full line) acid 
washing. The broad vibrational stretching mode around 3400 cm-1 represents the SiOH 
functions mixed with physisorbed H2O. Bands ranging from 800-1150 cm-1 arise from the silica 
matrix, with those around 805 and 1080 cm-1 assigned to the anti-symmetric and symmetric 
Si-O-Si stretching vibrations, respectively76. On the dashed curve, the CTAB surfactant is 
clearly observed from the characteristic vibrational bands at 1490, 2855 and 2920 cm-1, which 
are assigned to C-H bending (1490 cm-1) and stretching vibrations77. The disappearance of these 
bands in the spectra of the acid-treated MSNs confirmed the complete removal of the CTAB.  

Figure II-31: FT-IR spectroscopy of MCM-41 nanoparticles before (dashed line) and after acid 
extraction of CTAB (full-line) 

 
II.C.4 MCM-41 Surface functionalization: general procedure 
 
One of the attractive features of mesostructured silica particles is the relatively large surface 
that can be easily functionalized due to the presence of numerous reactive silanol functions. 
This intrinsic property of metal oxide systems allows nanoparticles to be readily functionalized 
by post-grafting organic molecules (as described in Chapter I, Section I.C.1.1).  
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First, the MCM-41 nanoparticles were thermally activated to increase the number of reactive 
silanol functions before covalently bonding the organosilane stalk (Stalk 1, Stalk 2 or NH2-
Stalk used already described in Part B of this Chapter) via oxolation (Figure II-32). The 
functionalization occurs under an inert atmosphere and in dry toluene to prevent hydrolysis-co-
condensation of the organosilane stalks with each other. 

 

 
Figure II-32: Post-grafting of organosilane stalks 

The grafting is carried out in the presence of CTAB within the mesopores of the MCM-41 
nanoparticles in order to prevent the pore obstruction by possible anchoring of the organosilane 
compounds inside the inner surface of the inorganic network. The cationic surfactant was then 
removed by classical extraction followed by treatment in the presence of triethylamine (TEA) 
in order to regenerate the hydrogen-bonding pattern (DAD-type) of the grafted stalks.  

 

II.C.5  Loading the nanocarriers: general procedure 

Mesoporous silica nanoparticles exhibit large surface areas (1390 m2.g-1) and pore volumes 
(1.22 cm3.g-1), which are highly accessible for bioactive compounds. Generally, the cargo 
molecules are entrapped within the MSN pore network by physisorption using saturated 
solutions of the molecules of interest. Due to the chemical stability of silica, a panel of organic 
solvents may be used to load bioactive agents within the mesopores52. 
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To load the grafted nanoparticles, MSNs were first suspended in a solution of the cargo 
compound in DMSO for 24 h prior to closing the mesopores by adding the specific stopper 
molecule that would complex the stalk units through molecular recognition. The loaded 
nanoparticles were then recovered by washing and centrifugation before drying. Different cargo 
compounds, represented in Figure II-32, were separately encapsulated within the mesoporous 
nanoparticles : 
 

- Propodium Iodine (PI, 2mM) a fluorescent agent that cannot cross the cell membranes. 
- Rhodamine B (RhB, 5mM) a dye molecule which can penetrate living-cell membranes. 
- Camptothecin (CPT, 5mM)  a topoisomerase inhibitor discovered in the Camptotheca 

acuminata tree in China78, which demonstrates significant anti-cancer efficacy. 
 
The encapsulation of the cargo molecules would lead to three nanocarriers denoted as 
NPXRhB, NPXPI and NPXCPT, respectively (with X = 1 or 2, corresponding to the stalk 
number).  

 

Figure II-33: Cargo molecules encapsulated within MCM-41 nanoparticles  

This versatile synthetic approach has been found to produce pH-sensitive autonomous, 
chemotherapeutic delivery systems, promising candidates for advanced cancer therapy as 
described below. 

 

II.C.6 In vitro validation of the synthetic strategy48  

The proof-of-concept of the synthetic strategy described above has been clearly established in 
vitro by Theron et. al48 work by using Stalk 1 and cyanuric acid (CA) as stopper.  

Cyanuric acid (CA) was chosen as the organic gate-blocker because it (1) is easily and 
commercial available; (2) is relatively inexpensive; and (3) bears three molecular recognition 
sites with pattern complementary to the triazine unit of the stalk, which facilitates the formation 
of a stalk/stopper complex by H-bonding. The nanodevices were prepared following the 
previously-described procedure (Section II.C.2). After grafting Stalk 1 onto the surface of 
MCM-41 (leading to grafted nanoparticles designated as NP1) and loading the mesopores with 

Propidium iodide PI Rhodamine RhB Camptothecin CPT
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cargo, a ratio of 3 moles of Stalk 1 for 1 mole of CA was employed to generate the supra-
molecular assembly between the DAD-type pattern of the triazine stalk and the three ADA-type 
motifs of the CA. The cargo release was monitored by time-resolved fluorescence spectroscopy 
at pH ranging from 3 to 6 (Figure II-34) with PI-loaded NP1 (NP1PI). 

The release of the dye was successfully demonstrated for pHs lower or equal to 5 (with the 
latter mimicking lysosomal pH), with an increase in the rate of release being observed with 
decreasing pH as expected. As shown in Figure II-34, after 12 h, 70% of PI was released at pH 
3 compared to 30% at pH 5, confirming that the cap removal was sensitive to the environmental 
pH. It is noteworthy that no PI dye was detected at pH 7 (blood pH), which validated the zero 
premature release requirement of the nanocarriers.  
 

 
 
Figure II-34: Release of PI loaded within MSNs and triggered by different pH value 
 
Cellular internalization of NP1PI was monitored by confocal microscopy, where the cargo dye 
gives rise to red fluorescence, nuclei appear blue and lysosomes give rise to green fluorescence 
(see Experimental Section). As illustrated in Figure II-35, a significant amount of PI-loaded 
nanocarriers was successfully endocytosed within the cells. The merged picture demonstrates 
the co-localization of the NP1PI and the lysosomes, confirming the endo-lysosomal pathway.  
 
The efficacy of NP1CPT loaded with camptothecin was then investigated by incubating the 
nanoparticles in HTC-116 colon cancer cells for 72 h at different concentrations (Figure II-35). 
Significant HTC-116 cell death was observed even at low concentration of nanoparticles, with 
67% of cell death observed at concentrations of 5 µg.mL-1. At higher concentration, more than 
80% of tumor cells were killed while only 23% of normal fibroblast deaths were counted, 
suggesting that normal cells are significantly less affected by the CPT-loaded nanocarriers. It 
is noteworthy that neither the CA compound nor the empty NPs exhibited a significant cytotoxic 
effect on the colon cancer cells (Figure II-35), confirming the efficacy of the NP1CPT system.  
 

Stalk 1
Cyanuric 
Acid (CA)
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Figure II-35: Cytotoxic study of cyanuric acid and empty MSNs on HTC-116 cells (left side) 
and CTP-loaded MSNs on both fibroblasts and HCT-116 cells (right side) 
 
The in vitro experiments with HCT-116 cells demonstrate the pH-sensitivity of the nanosystem 
as well as the cytotoxic efficacy of the corresponding camptothecin-loaded NPs for killing 
colorectal cancer cells, thus validating the general strategy for producing novel autonomous 
nanocarriers based on molecular recognition. One of the major features of this new strategy is 
the possibility of using multiple and versatile stopper compounds, including cytotoxic caps, for 
combination therapy or dendronized caps for forming multi-functional platforms as described in 
details below. 
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II. Part D. Combination cancer therapy with a cytotoxic stopper 
 
 
Combinatorial chemotherapy is widely employed as a primary treatment in cancer therapy to 
overcome the easily-developed defense of cancer cells against a single drug. However, 
conventional therapies, involving the use of multiple drugs, are leading to well-documented 
strong toxic side effects79-81. One of most effective approach for implementing combined 
therapies is to concentrate several types of bioactive agents into a single effective nanocarrier 
with no drugs leakage before reaching the targeting site. Such smart nanocarriers could then 
increase the therapeutic efficiency and reduce toxic side effects by improving the bio-
availability and chemosensitivity of drugs82-84.  
 
For this purpose, CA, previously used as stopper, has been replaced by an oncologic drug 
derived from the known anti-cancer drug 5-Fluorouracil, to increase the anti-tumor activity of 
pH-sensitive nanocarriers as depicted in Figure II-36. 
 

 
 

Figure II-36: Conceptual combinational DDSs with drug 1 (CPT) encapsulated inside the pores 
and drug 2 (Cap 1) as the capping agent 
 
 
II.D.1 Preparation and physicochemical characterization of the novel 
nanocarriers  
 
II.D.1.1.  5-Fluorouracil derivative cytotoxic stopper (Cap 1) 
 
Among the range of available oncologic drugs, 5-fluorouracil (5-FU) appears as an attractive 
candidate because it exhibits a molecular recognition pattern (ADA-type) that is 
complementary to our triazine derivative stalks (Figure II-37). In addition, 5-FU is an inhibitor 
of metabolites that have already been used to treat solid-type tumors (and in particular colorectal 
cancers85) but with several side-effects. Previously, it was demonstrated that the 5-FU 
derivative compound  Cap 1 (Figure II-37) with a three-fold H-bonding pattern forms a stable 
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complex with Stalk 1 at neutral pH in bulk hybrid silica materials and can be released at pH 5 
(as demonstrated in Part II.B.1)24.  
 

 
 
Figure II-37: 5-FU and 5-Fluorouracil derivative (Cap 1) compounds 
 
The synthesis of the 5-FU derivative compound (Cap 1), detailed in Figure II-38, was improved 
compared to a previously published procedure24. The reaction was performed in homogeneous 
medium and employed an ecofriendly room-temperature approach for the second and third 
steps, which led to an increased yield and a reduction in the overall reaction time. First, 5-FU 
was reacted with chloroacetic acid in basic solution. After completion of the reaction, the pH 
was decreased, producing needle-like crystals of 5-Fluorouracil chloroacetic acid (5-FUA). 
Furthermore, the chlorination of 5-FUA was carried out in the presence of SOCl2 prior to adding 
commercially-available tri(hydroxymethyl) propane to finally form the desired 5-FU 
derivative. As will be discussed below, the cytotoxicity of this molecule alone has already been 
demonstrated24. 
 

 
 
Figure II-38: Synthesis of the 5-FU derivative (Cap 1) 
 
II.D.1.2. Preparation of functionalized NPs  
 
Following the general protocol previously described, MCM-41 nanoparticles were 
functionalized by grafting organosilane stalks on the outer surface by oxolation and in the 
presence of CTAB filling the mesopores. MSNs functionalized separately with Stalk 1 and 
Stalk 2 (Figure II-39) were prepared, to give nanosystems respectively referred as NP1 and 
NP2. 
 
MSN functionalization with the different stalk precursors was investigated by complementary 
analytical techniques including solid state NMR, IR spectroscopy, electron microscopies, TGA 
and N2 sorption analysis. 
 

5-Fluorouracil Cap 1
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Figure II-39: Grafting of Stalk 1 and Stalk 2 on the MCM-41 nanoparticles 
 
II.D.1.3. Characterization of grafted nanoparticles 
 

A) 29Si Solid state NMR 
 

• NP1 

The solid-state 29Si NMR spectrum of NP1 (Figure II-40, red curve) validates the grafting of 
Stalk 1. The appearance of a set of chemical shifts at –51,  -58 and -66 ppm, attributed to T1, 
T2 and T3 sites, respectively, is associated with the Si-C bonds of the organosilane stalk and are 
not observed in the spectrum of ungrafted MCM-41 (Figure II-40, black curve), as expected. 
 

 
 

Figure II-40: 29Si Solid State NMR spectra of MCM-41 (black curve) and NP1 (red curve) 
 
The relatively high intensity of the T2 signal compared to that of the T3 signal, indicates that 
condensation of the ethoxy species of the stalk is incomplete, with the majority of Si sites in 
the grafted stalk moieties being bound to the surface of the nanoparticles via two oxo bonds. 
The existence of a small number of T1 sites demonstrates the presence of a small population of 
silica species bound via a single oxo bond.  
 
The second set of peaks in the 29Si-NMR spectrum of NP1, at -91, -99 and -110 ppm, are 
assigned to Q2, Q3 and Q4 species, respectively, within the inorganic framework. The increase 
in the relative intensity of the Q4 signal for NP1, and the corresponding decrease in the –OH:Si 
ratio for the Qn species following grafting (from 0.75 to 0.58, calculated via curve fitting), 
reflects the conversion of Q2 and Q3 species to Q4 species during the functionalisation. Finally, 
the ratio of Tn:Qn species is 0.17, consistent with a significant population of stalks grafted to 
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the surface of NP1. However, the presence of a significant population of Q2 and Q3 sites after 
grafting confirms that reactive –SiOH sites still remains present. 
 

• NP2  
 

 
 
 

Figure II-41: 29Si Solid State NMR of NP2 
 

Similar results are observed for the samples grafted with the tetra-silylated Stalk 2. In particular 
the appearance of the Tn sites again reflects the successful condensation of the organosilane 
precursors (Figure II-41). The apparent Tn:Qn ratio for NP2 was found to be 0.26, suggesting 
that the quantity of Tn silicate species in the grafted stalk was increased compared to the bis-
silylated Stalk 1. However, since each tetra-silylated stalk contains twice as many Tn species 
as the corresponding bis-silylated stalk, this represents a slight reduction in the actual number 
of stalk molecules in NP2 compared to NP1. The apparent -OH:Si (Qn) ratio for  NP2 (0.65) 
was higher than that observed for NP1 (0.58), suggesting that fewer surface hydroxy species 
are consumed during grafting in the case of NP2. 
 

B)  FT-IR spectroscopy 
 

• NP1 

Figure II-42 shows the IR spectra of the MSNs before and after grafting (respectively black or 
red curves) and with or without CTAB remaining in the mesopores (respectively dashed or 
full lines). The spectrum of NP1 reveals distinct vibrational modes bands arising from Stalk 1 
with well-defined bands at 1515 and 1555 cm-1 are assigned to the amines of the triazine 
molecular pattern, which are not visible in the MCM-41 spectrum86. In addition the IR analysis 
confirmed the removal of the CTAB template after grafting of the Stalk 1, as indicated by the 
absence of 2854 and 2924 cm-1 in the spectrum of NP1.  
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Figure II-42: FT-IR Spectra of MCM-41 (black curve) and grafted NP1(red curve) with or 
without CTAB (full or dashed line, respectively) 
 

• NP2  

As shown in Figure II-43, similar results are obtained for the functionalization of the MCM-41 
with Stalk 2. Bands arising from the triazine moiety in the spectrum of grafted nanoparticles 
are observed at 1550 and 1500 cm-1. Furthermore, CTAB elimination was confirmed by the 
disappearance of its associated bands at 2854 and 2924 cm-1 and at 1490 cm-1 in the IR spectra. 
 

 
 

Figure II-43: FT-IR Spectroscopy of the Stalk 2 and NP2 (left side) and NH2-Stalk and NH2-
NP (right side)  
 

C) Thermogravimetric analysis  
 

 

0

0,04

0,08

0,12

0,16

1250 1350 1450 1550 1650 1750 1850 1950 2050

Ab
sr

ob
an

ce

Wavenumber (cm-1) 

15
15

15
60

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0,4

0,45

0,5

650 1150 1650 2150 2650 3150 3650

In
te

ns
ity

Wavenumber (cm-1)

NP1
CTAB-NP1
CTAB-MCM-41
MCM-41

NP1
CTAB-NP1
CTAB-MCM-41
MCM-41

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

650 1650 2650 3650

In
te

ns
ity

Wavenumber (cm-1)

0

0,04

0,08

0,12

1150 1350 1550 1750 1950

In
te

ns
ity

Wavenumber (cm-1)

15
00

15
50

Stalk 2
NP2

-1 -1



86 
 

The functionalized nanoparticles were additionally characterized by thermogravimetric 
analysis (TGA). 
 

• NP1 

 

TGA analysis of NP1 (Figure II-44, full red curve) revealed four major mass loss events which 
are attributed as followed :  
 

- (I) From ambient to 100 oC: loss of pore water (6.1 %); 
- (II) From around 110 to 200 oC and (III) 220 to 420 oC: decomposition and combustion 

of the stalk in two steps (4.0 % and17.9 %, respectively); 
- (IV) From 450 to 600 oC: loss of hydroxyl species (2.1 %). 

 
The total mass loss associated with decomposition of the stalk and dehydroxylation (excluding 
loss of pore water) is 24 %. In addition, TGA analysis of CTAB-loaded NP1 (Figure II-44, 
dashed red curve) revealed 17% more weight loss compared to CTAB-free NP1, reflecting  
the amount of cationic surfactant initially retained in the pore network.  
 

 
 
Figure II-44: TGA of MCM-41 (black curve), MCM-41 with CTAB (dashed black curve), NP1 
(red curve) and NP1 with CTAB (dashed red line) 
 

• NP2  
 

As shown in Figure II-45, the thermal response of NP2 was comparable to that of NP1 
nanoparticles, albeit with three major mass loss events observed in the case of NP2: 
 

- From ambient to 100 oC; removal of pore water (3 %);   
- From around 100 to 440 oC: combustion of the tetrasilylated stalk (22.3 %);  
- From 440 to 650°C loss of hydroxyl species (6.3 %). 
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The total mass loss attributed to decomposition of the stalk and dehydroxylation of NP2 is 28.5 
%, which is similar to the result obtained with the Stalk 1-grafted MCM-41.  
 

 
 
Figure II-45: TGA analysis of NP1 (red curve) and NP2 (purple curve)  

 
D) N2 sorption Analysis 

 
The N2 sorption isotherms of NP1 (Figure II-46, red curve) have been compared with those of 
MCM-41 and CTAB-loaded MCM-41 (Figure II-46, black and grey curves, respectively), to 
evaluate the encapsulation capacity of the nanoparticles for bioactive cargoes after grafting.  
 
As expected, MCM-41 with CTAB retained within the pores exhibited low accessibility to 
small molecules such as N2 (Figure II-46, grey curve). The corresponding BJH adsorption pore 
volume and BET surface area of, respectively, 0.03 cm3.g-1 and 21 m2.g-1 are consistent with 
the presence of CTAB, which should also limit any grafting of the stalks within the mesopores. 
The corresponding data for NP1 reveals a highly porous material, albeit with a lower porosity 
(0.62 cm3.g-1) and surface area (560 m2.g-1) than the washed, unfunctionalised MCM-41 
(described in Section II.C.3.D).  
 
Similarly, the NP2 isotherms revealed that the materials are still porous even after grafting of 
the stalks, with respective specific surface area of 675 m2.g-1 and pore volume of 0.72 cm3.g-1 
(Figure II-46).  
 
These results suggest that  the grafting of the stalk leads to some obstruction of the nanoparticle 
porosity, although the pore network is still highly accessible to small molecules such as N2.   
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Figure II-46: N2 sorption analysis of MCM-41 (black line), CTAB-loaded MCM-41 (grey 
curve), NP1 (red curve) and NP2 (purple curve) systems 
 
 
II.D.2 Biological evaluation of the novel nanocarriers  
 
Following the general procedure to load and cap the nanocarriers described in Section II.C.5, 
the latter were charged with cargo molecules prior to obstructing the mesopores with Cap 1 
used as both pores-blocker and oncologic drug (as illustrated in Figure II-47). 
 

 
 
Figure II-47: Strategy for preparing gated nanomachines based on switchable mechanism 
 
The in vitro assays were carried out either on breast (MCF-7) or colon (HTC-116) cancer cell 
lines with NP1 and NP2. For clinical applications of such materials, re-dispersion of the loaded 
nanoparticles in solution to obtain unaggregated products with minimal batch-to-batch 
variations is critical, and hence a comparison of the hydrodynamic diameter in solution (as 
revealed by dynamic light scattering (DLS)) and particles size determined by SEM/TEM is a 
valuable indicator of biological relevance. Consequently, the monodispersity and size of the 
loaded nanosystems were first investigated by electron microscopy and light scattering to 
ensure the appropriate homogeneity of the batch prior to the internalization within the cells. 
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II.D.2.1. Transmission and Scanning electron microscopy 
 

TEM and SEM micrographs of camptothecin (CPT) loaded NP1 and NP2 (NP1CPT and 
NP2CPT, respectively) showed relatively mono-dispersed nanoparticles with diameters 
ranging from 80 to 200 nm (Figure II-48). It is noteworthy that there was no significant size 
variation observed between the pre- and post-functionalized/capped particles, which is 
consistent with simple surface functionalization. The corresponding TEM images revealed the 
presence of transverse porosity, with no variation in the nanoparticle diameter upon 
functionalization. In addition, the functionalized nanoparticles appear to be essentially 
unaggregated. 
 

 
 
Figure II-48: TEM (left side) and SEM (right side) micrographs of NP1CPT and NP2CPT 
 
II.D.2.2. Dynamic Light Scattering (DLS) and zeta potential 
 
The apparent hydrodynamic size distribution of NP1CPT and NP2CPT, following suspension 
in a buffered solution at pH 7.4 and sonication in an ultrasonic bath for 10 mins is represented 
in Figure II-49. 
 
For both samples, the data indicate that the suspension is composed of a single population with 
a diameter of ~190 nm, consistent with the results obtained by electron microscopy and 
suggesting that essentially no aggregation occurs under the conditions employed. The zeta 
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potential of such nanoparticles is also an important indicator of the stability of the suspensions 
against aggregation and coagulation. According to the literature, MCM-41 nanoparticles 
typically exhibit a zeta potential of -24±2 mV in a buffer at pH 7.468. In contrast, for NPCPT 
series under the same conditions, the measured zeta potential was +34 mV. This variation is 
attributed to the surface functionalization, and the associated presence of the stalk and cap on 
the external surface of the nanoparticles. Such a high zeta potential undoubtedly contributes to 
stabilize suspensions against aggregation; this, together with the steric barrier-to-aggregation 
provided by the bulky surface functional groups, would be expected to enhance the clinical 
relevance of these materials. Moreover, as demonstrated in previous studies87-89, nanoparticles 
with a positive zeta potential penetrate cancer cells more easily via the endocytosis pathway, 
which should enhance their rapid internalization.  
 

 
 
Figure II-49: DLS of NP1CPT (red graph) and NP2CPT (purple graph) nanosystems 
 
II.D.2.3. In vitro studies of the nanocarriers 
 
The synthesized nanosystems have been further investigated directly within human cancer cells 
under physiological conditions. The experiments have been carried out by Dr Magali Gary-
Bobo and co-workers in Montpellier. 
 

A) Flow cytometry 
 
For kinetic studies, cancer cells were incubated at 37 °C for varying time intervals with 
40 µg.mL-1 of NP2 loaded with PI leading to NP2PI (kinetic studies have already been reported 
for NP1 capped with CA48 showing similar behavior). Nanoparticle internalization was detected 
by flow cytometry after co-staining with 4',6-diamidino-2-phenylindole (DAPI) to exclude dead 
cells, and the results presented below represent the averages calculated from three independent 
experiments.  
 
As shown in Figure II-50, internalization was relatively fast, with around 50% of cells 
containing PI after 20 h of incubation with NP2PI. This result confirmed that the size and nature 
of the nanoparticles were suitable for effectively penetrating cancer cells. In addition, it is 
important to note that, for this measurement, only living cells were considered, and since our 
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Cap 1 is biologically active, it might lead to the death of some cells that would be not detected 
by the approach used here. Hence, the values reported in Figure II-50 represent a lower limit 
for the apparent rate of internalization. 
 

 
 

Figure II-50: Internalization kinetic of NP2PI (right side) 
 

B) Confocal microscopy 
 
To assess the uptake of nanoparticles in the MCF-7 cell line, the cancer cells were incubated 
for 20 h with 40 µg.mL-1 of NP1RhB and NP2RhB and visualized via confocal microscopy as 
shown in Figure II-51. The endo-lysosomal compartments were labeled with the green 
lysotracker and the nuclei marked in blue with the Hoescht 33342 marker. By irradiating the 
cells at characteristic wavelengths that excite emission from the lysotracker, the Hoescht marker 
or the fluorescent probes (RhB), it was possible to independently visualize nuclei, endo-
lysosomal compartments and nanoparticles. 
 
The “Control” images correspond to cells not incubated with nanoparticles. The second and 
third rows of images, with incubated NP1RhB or NP2RhB, show the presence of red 
nanoparticles, co-localized with the endo-lysosomal vesicles resulting in the yellow dots on the 
merged pictures.  
 
These results validate the nanoparticle internalization according to the endo-lysosomal 
pathway. In addition, the second column of pictures clearly reveals that RhB fully stained the 
cytoplasm, confirming (a) the autonomous uncapping of the nanoparticle pores and associated 
release of the RhB payload; and (b) release of the nanoparticle cap was triggered by the pH 
within the lysosomal compartment. Consequently, the cargo loaded nanocarriers have clearly 
demonstrated a significant potential for autonomous delivery applications. 

NP1 NP2
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Figure II-51: Confocal microscopy of the internalization of NP1RhB and NP2RhB incubated 
within MCF-7 for 20 h 
 

C) Cytotoxicity tests 
 
The toxicity of Cap 1 was previously evaluated24 by cytotoxic assay on human breast cancer 
cells (type MCF-7), showing a significant efficacy for this molecule (43% of cell death at 
50µM) compared with the parent 5-FU (68%) as exhibited in Figure II-52. 

 

 
 

Figure II-52: Toxicity of 5-FU and Cap 1 on MCF-7 cells at different concentrations 
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To assess their applicability for intracellular drug delivery, the pH-sensitive nanocarriers were 
loaded with camptothecin (CPT) to give NP1CPT and NP2CPT. The concentration of the drug 
was quantified by UV spectroscopy for NP1CPT, which was found to contain 40 mg of drug 
per gram of nanoparticles. The in vitro cytotoxicity of (1) CTAB-free MCM-41 (Control); (2) 
NPXRhB; and (3) NPXCPT (where X = 1 or 2 for Stalk 1 or Stalk 2 respectively) have been 
investigated as shown in Figure II-53. It should be noted that the activity of  NPXRhB 
nanoparticles actually corresponds to the activity of the stopper, since MCM-41, stalk and RhB 
dye have been shown to be non-toxic.. The cytotoxicity of these new nanocarriers on MCF-7 
breast cancer cells was assessed via MTT colorimetric assays after 72 h of incubation with 
concentrations of nanoparticles ranging from 1 to 100 µg.mL.-1 
 
As shown in Figure II-53, the Control exhibited essentially no cytotoxic activity. The 
corresponding data for NP1RhB and NP2RhB confirmed that the active Cap 1 was released, 
with good cytotoxicity demonstrated against MCF-7 cells. Finally, both NP1CPT and 
NP2CPT showed significant toxicity, with 70% of cell death for a concentration of 10 µg.mL-1 
and more than 90% for NP1CPT and up to 99% of cell death for NP2CPT at 100 µg.mL-1. 
This demonstrates the complementary and concomitant activity of the multidrug approach 
employed here, where each drug attacks the cells via different and complementary biological 
pathways90. In addition, the NP2RhB also demonstrate higher potency against cancer cells with 
an IC50 of 5 µg.mL-1 compared to 50 µg.mL-1 for NP1RhB. In these cases, only the 
concentration of Cap 1 impacts on cancer cell death, and hence this result suggests that a larger 
amount of the cytotoxic stopper is associated with NP2CPT, which is consistent with the 
physicochemical study presented above. In particular, NP2 exhibits higher surface area and 
pore volume, and thus improved encapsulation capacity, when compared with NP1. 
Consequently, NP2 nanocarriers may retain more loaded cargo within their mesopores, 
including both CPT and potentially smaller quantities of Cap 1 molecules. Furthermore, the 
TGA analysis reveals higher quantities of Stalk 2 were grafted onto the NP2 surface, which 
potentially leads to higher quantities of complexed Cap1 during the capping process. 
 

 
 

Figure II-53: Evaluation of the cytotoxic activity of Control, NP1RhB and NP1CPT (left side); 
and NP2RhB and NP2CPT (right side) on MCF-7 cells after 72 h of incubation 
 
As the NP2CTP nanocarriers exhibited the highest efficacy, this system was further evaluated 
in a second study to investigate the influence of the incubation time within the cells. The results 
presented in Figure II-54 revealed that the action of NP2CPT was relatively fast. Indeed, after 
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only 6 h of incubation, MTT assay results already showed a significant inhibition of cell growth. 
Moreover, after 24 h the results obtained were close to those observed in the previous study 
carried out after 72 h of incubation. These data confirm that essentially complete apoptosis of 
the MCF-7 cells can be achieved with the NP2CPT system within 24 h. 
 

 
 

 

Figure II-54: Cytotoxicity of NP2CPT on MCF-7 cells as a function of incubation time and 
concentration 
 
 

II.D.3 Conclusions 
 
In summary, an innovative pathway to engineer pH-sensitive mesoporous nanoparticles gated 
by a cytotoxic stopper via molecular recognition was successfully demonstrated. Following the 
synthesis of the MCM-41 nanoparticles, an organic stalk was grafted onto the external particle 
surface, prior to encapsulating camptothecin within the internal pore network. The pore 
apertures were then closed using a chemotherapeutic cap that was responsive to an external 
stimulus (pH). The functionalization of the nano-vehicles was investigated by several 
techniques, which demonstrated both the successful attachment of the stalk to the MSNs and 
the potential clinical applications of the nanohybrids. The results indicated that autonomous 
release of both drugs occurs within the endo-lysosomal compartment of MCF-7 breast cancer 
cells, triggered by the local pH. Furthermore, this autonomous, environmentally-responsive 
system exhibited a synergistic effect, where the combined effect of both drugs on the MCF-7 
cells led to essentially complete elimination of the cells. Further in vivo investigations on 
appropriate animal models are envisaged. 
 
The nanosystems assessed in this study once again validated the versatile strategy to engineer 
self-operating DDSs. Interestingly, it has be shown that the approach offers the possibility of 
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easily changing either the stalk or the stopper compounds for improving the medicinal 
performance of the nanoparticles. In the same way, a new dendrimer-based stopper has been 
developed to produce a potential multi-functional nanoplatform and thus improve therapeutic 
activity. 
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II. Part E. Multi-functional platform for cancer drug delivery 
 

As discussed elsewhere, the main goal of the work presented in this Chapter is to prepare multi-
functional DDSs for increasing anti-cancer activity, and more importantly, for theranostics 
applications. Indeed, exhibiting manifold abilities such as drug encapsulation, targeting, 
imaging, improved biodistribution and internalization, autonomous delivery, etc. in one unique 
platform would be very appealing for oncology. 
  
For this purpose, the concomitant use of dendrimers and MSNs has recently been found to 
present a promising future in nanomedicine91-93. In particular, the well-known 
poly(amidoamine) (PAMAM) polymers have been widely exploited, owing to the significant 
advantages they may provide to DDSs (Figure II-55) including: 
 

- Low intrinsic cytotoxicity, with no impact of PAMAM-capped MSNs on the cell 
metabolism and improved cellular uptake93; 

- Capping the MSN mesopores, avoiding premature release93; 
- Physisorption of bioactive molecules within its branches for multi-drug delivery 

applications and also to specifically control their release based on the buffering potential 
of PAMAM dendrons94;. 

- Providing abundant -NH2 reaction sites that can be easily functionalized95; 
 
Interestingly Bradshaw et al.94 reported the efficiency of PAMAM dendrimers for retaining 
5-FU within their interiors at neutral pH and to autonomously release the drug in slightly acidic 
environments by electrostatic interactions, providing attractive features for combination 
therapies. 
 

 
 

 
Figure II-55: Dendron-capped MSNs as multifunctional nanocarrier 
 
Subsequently, a strategy was developed to synthesize a new PAMAM-based stopper in the 
system described above. In addition, the pH-trigger would still involve molecular recognition 
within the Stalk-stopper complex. 
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II.E.1 Dendritic pH-sensitive stopper (Cap 2) preparation 
 
The second cap is based on a uracil-derivatized molecule to preserve the complementary 
acceptor-donor-acceptor (A-D-A) pattern of the triazine-type stalks, which is necessary for an 
autonomous release of the stopper. On the other hand, the dendritic moiety PAMAM is used 
first as a pore-blocker, but also as a functional interface for future post-functionalization with 
fluorescent or targeting ligands (for example). This organic stopper, Cap 2, was synthesized 
via Click Chemistry from an azido uracil precursor and an alkyne polyamidoamine (PAMAM) 
dendron as represented in Figure II-56. 
 

 
 
Figure II-56: Schematic representation and synthesis of dendron-based Cap 2 
 

The PAMAM dendron was synthesized up until Generation 2 (G2), because G2 was found 
to be the optimum generation to efficiently block the mesopores of MSNs and thus avoid any 
premature release during the biodistribution process (ref).  
 
The procedure for synthesizing PAMAM dendron, elaborated by Lee et al. (ref), involves two 
main steps: (1) a typical Michael addition of primary amine on methyl acrylate; followed by (2) 
an aminolysis (peptide coupling) of the resulting ester function with freshly distilled 
ethylenediamine. The two reactions are repeated alternately until reaching the desired 
generation.  
 
Herein, the generation 0.5 is formed first from propargyl amine, as shown in Figure II-57, for 
further incorporation of the uracil derivative sequence via CuAAC Click Chemistry

+ PAMAMUracil
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Figure II-57: Synthesis of the alkyne derivative PAMAM-G2 dendron 
 
For this purpose, uracil was transformed into an azido derivative as depicted in Figure II-58. 
The bromoalkylation of the uracil molecule was carried out in two steps. Firs, to specifically 
alkylate the N1 atom, the N3 position was protected using hexamethyldisilazane (HMDS) in 
the presence of trimethylsilyl chloride (TMSCl) under reflux for one day. Then, the resulting 
crude product, was reacted with 1,2-dribromoethane in DMF, to give the compound 20 in 48 % 
yield after purification. Finally, 20 was added to a solution of NaN3 in DMF and stirred at reflux 
overnight. The desired product 21 was obtained in 76% yield after purification. 
 

 
 
Figure II-58: Synthesis of the azidoethyl uracil precursor 
 
Reactants 18 and 21 were then covalently bound via a Click reaction. For purification purposes, 
a supplementary step was necessary for the dendron-G2 18, which was then protected by BOC 
moieties to produce compound 19 before reacting with 21 as shown in Figure II-59. For the 
click coupling, the azido and alkyne molecules were stirred in MeOH in the presence of sodium 

18

20 21
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ascorbate and CuSO4, employed as catalyst, for two days at room temperature. The crude 
product was further purified by column chromatography to form compound 22. The last step 
was then to remove the protecting group using a short acidic treatment in the presence of an 
appropriate amount of TFA in DCM to give Cap 2 in 57 % yield. 
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Figure II-59: Formation of the Cap 2 molecule via Click Chemistry 
 
Before using this new stopper on functionalized nanoparticles, the H-bond interactions between 
Cap 2 and melamine (mimicking the molecular recognition pattern of the stalk) were evaluated 
by 1H liquid NMR in DMSO-d6 (as shown in Figure II-60). 
 
Similarly to the results with the other complexes, the H donor site of the N3 moiety present in 
Cap 2 is monitored by a narrow peak at 11.1 ppm in the NMR spectrum (Figure II-60, bottom 
line). In contrast, in the spectrum of the complex, this characteristic signal is barely visible with 
only a weak, broad peak around 11.3 pm being distinguished, reflecting H bond formation 
between the two complementary molecular recognition sequences in solution. 
 

 
 
 
Figure II-60: 1H liquid NMR of the Cap 2 compound (bottom line) and Cap 2-Melamine 
complex in 1:1 ratio (top line) 
 

22
Cap 2

N3-H
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II.E.2 Preparation and characterization of Cap-2-functionalized MSNs 
 
 
Stalk 1 was grafted onto the surface of MCM-41 via oxolation by following the procedure 
described in section II.C.4. Subsequently, the mesopores were capped via classical 
complexation through H-bonds formed between the stalk bearing triazine pattern and the 
dendritic-uracil derivative Cap 2, leading to a nanosystem denoted as D2-NP1. 
 
II.E.2.1 Characterization of Cap 2 bound to the MCM-41 surface 
 
The complexation between NP1 and Cap 2 was investigated by IR spectroscopy. It is 
noteworthy that Cap 2 has been added to CTAB-free MCM-41 with no cargo molecules 
retained inside the mesopores. Additionally, after the reaction, the washing liquors were 
assessed by TLC to ensure that no unbound Cap 2 molecules still remained in the system. 
Moreover, the decomplexation reaction was also characterized; thus the D2-NP1 system was  
stirred in 10-2 M HCl ethanolic solution for 1 h at room temperature. The material obtained was 
further treated with triethylamine (TEA) in H2O in order to regenerate the DAD pattern and 
would be indicated as Ac-D2-NP1 (Figure II-61). For comparison, the NP1 and Cap 2 infrared 
spectra were also recorded 

 
 
Figure II-61: IR spectroscopy of the D2-NP1 (green line), Cap 2 (black line), acid treated D2-
NP1 (dashed-grey line) and NP1 (red line) compounds 
 
The D2-NP1 hybrid exhibits a shoulder at around 1690 cm-1 (marked with an arrow), which is 
specific to C=O vibrations and can be used to detect the presence or the absence of the uracil-
derivative Cap 2 within the material. In contrast, the reversible removal of Cap 2 under acidic 
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treatment is demonstrated via the Ac D2-NP1 spectrum, which is similar to that of the un-
complexed NP1 system. 
 
Although additional studies are still required (e.g. stability test in EtOH under reflux, 
determination of the pH range where the complex start to be destabilized, etc.) these preliminary 
results validate the reversible complexation and release of Cap 2 by functionalized MCM-41 
nanoparticles.  
 
II.E.2.2  Preliminary biological studies of D2-NP1 
 
In this section, in order to assess the cellular uptake of D2-NP1, the NP1 nanoparticles were 
charged with fluorescent Rhodamine B (RhB) after extraction of CTAB and the mesopores 
were then blocked with Cap 2 prior to incubating the system with melanoma cancer cells 
(MDA-MB-435 cell line) at a concentration of 20 µg.mL-1. The nanoparticles were also loaded 
with CPT in order to evaluate the cytotoxic activity of D2-NP1CPT on breast cancer cells 
(MCF-7 cell line) at different concentrations as shown in Figure II-62. 
 
Fluorescence microscopy studies demonstrated the successful internalization of D2-NP1RhB 
and delivery of the RhB by diffusion of the dye molecule (Figure II-62, bottom micrograph), 
however complementary confocal microscopy is needed to confirm that the newly synthesized 
Cap 2 is autonomously removed within the lysosomal compartment. 
 

 
Figure II-62: Cellular uptake and cytotoxicity assay of the D2-NP1 nanosystem 
 
Furthermore, the in vitro experiments on MCF-7 cells evidenced the cytotoxic effect of the 
corresponding D2-NP1CPT, with more than 40% of breast cancer cell death observed at 
100 µg/mL (knowing that the CPT is specific to colorectal cancer cells). These first results are 
encouraging and open the possibilities of forming multi-functional platform for cancer therapy.  
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II.E.3 Conclusions 
 
 
In conclusion, the use of dendron-based pore caps to form multifunctional DDSs appears very 
promising, with significant opportunities to embed many different functions in a single 
platform. In particular, these include: (1) the dendron core involved in the molecular recognition 
(capping) process can be autonomously removed in cancer cells to facilitate release of the drug 
cargo; (2) the branches minimize premature release of the drug cargo; and (3) the abundant 
reactive amino groups would be expected to promote enhanced cellular uptake96.  
 
To date, the study is at a very preliminary stage. In the following section, future perspectives 
for encapsulating drugs within the PAMAM branch and functionalization of the terminal -NH2 
groups for either imaging or targeting purposes are envisaged. 
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II. Part F. Imaging, Targeting and futures perspectives  
 
 
Several approaches have been considered to enhance the targeting performance of DDSs within 
the organism and this still remains a key issue in tumor imaging and therapy92. For this purpose, 
the combination of passively targeting tumors through the EPR effect and active targeting by 
combining silica nanocarriers with specific ligands such as well-developed folic acid or 
mannose compounds51, 97, 98 can lead to tremendously improved therapeutic efficiency while 
limiting cytotoxic side effects, as outlined in Section I.D.I of Chapter I.  
 
As mentioned above with the Cap 2 molecule, the stalk can also be used to post-functionalize 
nanoparticles, especially the NH2-Stalk, owing to its reactive terminal primary amino groups. 
Therefore, the post-functionalization of the NH2-NP were investigated for both imaging and 
targeting applications in the context of future in vivo assays.  
 
For this study, the tetra-silylated NH2-Stalk was first anchored onto the surface of the MSNs 
to give nanosystem referred as NH2-NP. Then the attachment of the stalk was demonstrated via 
several analytical techniques prior to post-functionalizing the grafted nanoparticles, owing to 
the presence of amino-terminal groups, with either a fluorescent probe or a specific cancer cell 
targeting agent.  
 
 
II.F.1 Preparation of the functionalized NH2-NP nanosystems 
 
As previously seen, the MCM-41 nanoparticles were first functionalized by grafting 
organosilane stalks on the external surface by oxolation and in presence of CTAB within the 
mesopores as illustrated in Figure II-63.  
 

 
 
Figure II-63: Grafting of NH2-Stalk on the MCM-41 nanoparticles 
 
The functionalization of the MCM-41 was then monitored by a panel of complementary 
techniques including solid state NMR, IR spectroscopy, TGA and N2 sorption analysis. 
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Herein again, the appearance of the Tn sites after the grafting of the tetra-silylated stalk indicates 
the successful condensation of the organosilane onto the surface of the MSNs (Figure II-64). It 
is noteworthy that no T0 signal is observed in the NH2-NP spectrum, suggesting that no 
unreacted stalks are present. The -OH:Si (Qn) ratio of NH2-NP was equal to 0.58 and the Tn :Qn 
ratio to 0.22. 
 
As shown in Figure II-64, similar to the functionalization of the MCM-41 with Stalk 2, the 
infrared spectrum of NH2-NP exhibits bands arising from the triazine sequence at 1550 and 
1500 cm-1. 
 

 
 
Figure II-64: 29Solid State NMR of NH2-NP (left side) and FT-IR Spectroscopy of NH2-Stalk 
and NH2-NP (right side) 
 
The thermal behavior of NH2-NP, presented in Figure II-65, exhibits three major weight loss 
events: 
 

- (I) From ambient to 100 oC: removal of pore water (3 %); 
- (II) From around 100 to 440 oC: oxidation of the tetrasilylated stalk (19.3%);  
- (III) From 440 to 650°C loss of hydroxyl species (5.1 %). 

 
The total weight loss attributed to decomposition of the stalk and dehydroxylation of NH2-NP 
is 24.4 %, which is similar to the result obtained with the Stalk 2-grafted MCM-41. 
 
The N2 sorption isotherms included in Figure II-65 indicate that NH2-NP materials are still 
porous even after grafting of the stalk, with a specific surface area of 588 m2.g-1 and pore volume 
of 0.57 m2.g-1. As previously, despite the slight obstruction of the pore network, the interior 
pore network of the nanoparticles remain highly accessible.   
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Figure II-65: TGA (left side) and N2 sorption (right side) analyses of NH2-NP  
 
 
II.F.2 Imaging: fluorescein-functionalized MSNs 
 
Fluorescein-functionalized MSNs were obtained by stirring NH2-NP with an excess of 
fluorescein isothiocyanate (FITC) in EtOH for 24 h in the dark (Figure II-66). The 
functionalized nanoparticles FITC-MSNs were then recovered by centrifugation as a yellow-
orange powders. The resulting nanoparticles were vigorously washed with EtOH and H2O until 
the supernatant was colorless to ensure that unreacted FITC molecules were eliminated and the 
final fluorescence would be only due to grafted dyes. 
 
The functionalization was further evaluated by IR and FITC-MSNs were also observed under 
a fluorescence microscope by preparing a suspension in EtOH and carefully placing a drop of 
the mixture on top of a glass slide. 
 

 
 

Figure II-66: Synthesis of FITC-MSNs 
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As shown in Figure II-67, the infrared spectrum of  FITC-MSNs exhibits characteristic bands 
associated with FITC (highlighted with black arrows), which are clearly observed in the range 
from 1370 to 1650 cm-1, reflecting the successful functionalization with FITC dye molecules.  
 
The green fluorescent spots evident in the image captured by fluorescence microscopy (Figure 
II-67 bottom right, transmission; top right, without excitation), which arise from clusters of 
nanoparticles, further demonstrate the coupling of the  amino-terminal function with FITC. 
Consequently, the NH2-NP can easily be post-functionalized with ligands possessing iso- or 
isothio-cyanate units. 
 

 
 
Figure II-67: IR-spectroscopy (left side) and microscopy (fluorescence, bottom right; and 
without excitation, top right) of the functionalized FITC-MSNs 
 
 
II.F.2 Targeting: functionalization with carbonic anhydrase IX (CA IX) 
inhibitor 
 
Carbonic anhydrases form a family of metallo-enzymes catalyzing the reversible hydration of 
CO2 to bicarbonate and protons. In particular, the iso-enzyme carbonic anhydrase IX (CA IX) 
is a transmembrane protein over-expressed in multiple tumor cells (Figure II-68) and thus can 
be considered as a tumor marker99.  
 
At the cellular scale, CA IX is involved in maintaining a slightly acidic micro-environment 
within the tumor, which promotes cancer cell development and invasiveness. As a consequence, 
specific CA IX inhibitors have been proven to both actively target tumor cells and interfere 
with cancer growth and metastasis100. The isoform CA XII has recently been found to also be 
overexpressed in cancer cells and, like CA IX, is a marker of hypoxia101. 
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Figure II-68: (A) Scheme of the carbonic anhydrase mechanism at the cellular surface and (B) 
Inhibition of CA action by sulfonamide derivative species coordinating with the enzyme100, 102 
 
Among the indexed carbonic anhydrase inhibitors (CAIs), sulfonamide-based derivatives are 
among the most efficient100. By coordinating to the Zn(II) ion within the active site of CAs, 
these compounds inhibit the hydration of CO2 and thus the regulation of pH balance (Figure 
II-68). Therefore, it appears very attractive to use CAIs: (1) to actively and efficiently target the 
cancer cells in the organism; and (2) to limit their growth and expansion. For this purpose, an 
isothiocyanate sulfonamide derivative CAIs (illustrated in Figure II- 69) synthesized by Winum 
and coworkers103 has been specifically used as a ligand to post-functionalize NH2-NP for future 
active cancer cell targeting. Sulfonamides, which are the most important CAIs, bind in a 
tetrahedral geometry to the Zn(II) ion (Fig. 4A), in the deprotonated state, with the nitrogen 
atom of the sulfonamide moiety coordinated to Zn(II); anions may bind either in tetrahedral or 
trigonal-bipyramidal geometries, such as for instance the thiocyanate adduct shown in Figure 
II-68,(B). 
 
The coupling between CAI and NH2-NP was carried out under the same synthetic conditions 
as the formation of FITC-MSNs, by replacing the dye molecule with the specific sulfonamide 
derivative, generating the CAI-NH2-NP nanosystem (Figure II-69). 
 

 
 

Figure II-69: Synthesis of CAI-NH2-NP for further targeting evaluation 
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IR spectroscopic analysis of the CAI-NH2-NP (Figure II-70) clearly demonstrated the 
successful functionalization, with the presence of vibrational bands characteristic of the 
sulfonamide molecules (marked with black arrows), notably in the wavenumber range from 950 
to 1600 cm-1 and 3050 to 3650 cm-1, reflecting coupling with the sulfonamide derivative.  
 
Furthermore, to assess the uptake of CAI-NH2-NP, the nanosystems were charged with 
fluorescent Rhodamine B (RhB) and incubated with breast cancer cells (MCF-7) at a 
concentration of 40 µg.mL-1 (Figure II-70). On the optical micrograph included in Figure II-70, 
the nuclei are revealed with a green marker and the RhB-loaded nanoparticles are observed in 
red. The well-spread red color on the micrograph suggests a significant internalization of CAI-
NH2-NP even after the functionalization with the CAI ligand.  
 

 
 
Figure II-70: IR-spectroscopy and biological evaluation of the functionalized CAI-NH2-NP 
 
Finally the CAI-NH2-NP inhibition activity was measured by Supuran and co-workers in Italy. 
For this study the inhibition of four purified human CA (hCA) isoenzymes was investigated :  
 

- hCA IX and hCA XII, which are transmembrane proteins 
- hCA I and hCA II, which are cytosolic isoforms.  

 

The latter two are thus used as off targets to specifically monitor the affinity of the nanoparticles 
for cancer cells. Indeed, it is expected that the nanoparticles functionalized with the sulfonamide 
derivative compound would specifically bind with the transmembrane CA isoenzymes. For this 
study, the MSNs were charged with RhB and the inhibition tests were carried out using a 
stopped-flow method, which involves monitoring the kinetic of the catalyzed CO2 hydration 
reaction104. The quantity of loaded CAI-MSNs leading to 50% of inhibition (IC50) is reported 
in Table II-1.  
 
It has been observed that the coupling of the sulfonamide derivative as CA inhibitor with the 
NH2-NP clearly increased the inhibition activity, most notably for the both hCA IX and hCA 
XII isoforms, reflecting the selectivity of the accessible isoenzymes compare to the off targets 
(hCA I and hCA II). It is noteworthy that NH2-NPRhB without targeting agent already 
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demonstrate affinity for the hCA IX protein (Figure II-61) with an IC50 of 3.10 µg.mL-1 
compared to 0.07 µg.mL-1  with the ligand grafted onto the surface of the MSNs. Indeed, it has 
been found that interactions occur between silanols on the nanoparticles surface and the h CAIX 
protein, increasing the potential inhibitory effect of the silylated systems105. 
 

 
 

Table II-1: Inhibition data of human CA isoforms hCA I, II, IX and XII with CAI-NH2-NPRhB 
and NH2-NPRhB nanosystems. 
 
 
 
II.F.3 Conclusions 
 
In this section, the MSNs were successfully functionalized with a third organosilica stalk, with 
characterization studies of the resulting grafted MCM-41 nanoparticles demonstrating their 
suitability for further biological studies. The post-functionalization of the terminal -NH2 
moieties was assessed by coupling the NH2-NP with a FITC fluorescent probe, demonstrating 
potential application of the nanosystems in imaging applications.  
Finally, a carbonic anhydrase inhibitor was successfully combined with the NH2-NP and further 
investigated on purified human CA isoenzymes. These promising preliminary results suggest 
possible future applications involving in vivo experiments with appropriate animal models. 
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General Conclusions 
 
 
This chapter is devoted to the development and application of silica-based nanomaterials for 
the pH-triggered delivery of cancer drugs. Nanoparticles formed from silicate species exhibit 
tremendously attractive features, including the ability to fine tune the porosity and size during 
synthesis, high surface area, good chemical and physical stability, etc, which make them 
promising candidates as drug delivery systems (DDSs). In addition, a significant body of 
research has focused on the encapsulation and controlled release of bioactive molecules from 
such systems. Interestingly, molecular recognition can be a facile approach for engineering 
advanced nanocarriers capable of delivering drugs in response to an external stimulus. 
 
The first part of this chapter focuses on the preparation of non-porous bridged silsesquioxane 
nanoparticles (nano-BS) by exploiting molecular recognition between a cyanuric acid (CA) 
template and organosilane precursor. It has been found that the hydrolysis−condensation of the 
precursors under mild conditions efficiently produces hybrid nanocarriers which can release the 
CA at low pH. Furthermore, the system was functionalized with a fluorescent molecule to 
demonstrate the uptake of the nano-BS by cancer cells.  
 
On the other hand, mesoporous silica nanoparticles (MSNs) prepared from TEOS were gated 
and capped by a molecular-recognition-based complex, forming mechanized nanocarriers.  
 
The physico-chemical properties of the gated MSNs were first evaluated by complementary 
analytical techniques (e.g. electron microscopy, X-Ray, solid state NMR, IR spectroscopy, N2 
sorption analysis etc.).  
 
The nanoparticles were then impregnated with the well-known anti-cancer drug camptothecin 
(CPT) and capped prior to testing the capacity of the nanosystems for encapsulating and 
releasing molecules of interest on demand. The cytotoxicity of the final particles was 
demonstrated in vitro on breast (MCF-7) and colon (HTC-116) cancer cells. It is noteworthy 
that several types of stoppers were investigated, such as a 5-fluorouracil-based compound for 
cancer combination therapy, leading to more than 99% of MCF-7 cell death (Figure 3). A 
dendrimer-based cap is also described, which offers a potential multi-functional nanoplatform 
to improve anti-cancer efficiency. 
 
Finally, the versatility of the system was evaluated by post-functionalization of the amino 
organosilylated stalk with either a fluorescent probe (fluorescein isothiocyanate) or carbonic 
anhydrase inhibitor (CAI), which can be used as a targeting ligand to further improve the 
biomedicinal efficacy of the nano-platform. The latter CAI-functionalized nanosystem was 
evaluated on purified CA isoforms and demonstrated promising preliminary results. 



 

112 
 

Experimental Section 
 

I. Synthesis of Stalk 1 
 

1. 2-N,N-bis(CBz-aminoethyl)amino-4,6-dichloro-1,3,5-triazine 
 
 

 
 
 
In a 100 mL flask, 478 mg of 2,4,6-trichloro-1,3,5-triazine (2.59 mmol) were dissolved in  20 
mL of THF at 0°C prior to slowly adding 680 µL of DIPEA (3.88 mmol; d=0.74 g.cm-3). Then, 
978 mg of carboxybenzyl (CBz) (2.59 mmol), dissolved in 20 mL of THF, were slowly added. 
After the addition, the solution was stirred at 0°C for 2 h. Then, THF was evaporated and the 
product obtained was re-dissolved in DCM. After washings with 1M HCl  and H2O, the solution 
was dried over MgSO4 and filtered. The filtrate was concentrated down and the solid obtained 
purified by column chromatography (CH2Cl2:MeOH / 10:0.25), resulting in a yellow powder 1 
with a yield of 83%. 
 
F: C23H24Cl2N6O4. 
 
M: 519.38 g.mol-1. 
 
MP: 118-119°C. 
 
NMR 1H: (CDCl3, 400MHz) δ = 3.42 (t, 4H, -N-CH2-CH2-NH-); 3.69 (t, 4H, -N-CH2-CH2-
NH); 5.06 (s, 4H, Ph-CH2-O-); 7.33 (m, 10H, Ph). 
 
NMR 13C: (CDCl3, 100MHz) δ = 38.99 (-N-CH2-CH2-NH-); 48.64 (-N-CH2-CH2-NH-); 66.85 
(Ph-CH2-O-); 128.20 - 128.34 - 128.72 (CHAr); 136.25 (CAr); 156.56 (C=O); 165.62 (N=CN2); 
170 (N2-C-Cl). 
 
HMRS (ESI): Calculated for [C23H24Cl2N6O4+H]+: 519.1314; found: 519.1306. 
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2. 2-N,N-bis(CBz-aminoethyl)amino-4,6-bis(N-propylamino)-1,3,5-
triazine 

 
 

 
 
 
 
In a 50 mL flask, 0.96 g of 1 (1.85 mmol) and 1.52 mL of n-propylamine (18.45 mmol; d=0.72 
g.cm-3) in 30 mL of THF were introduced. The mixture was refluxed under stirring overnight, 
prior to removal of the solvent in a rotary evaporator. The resulting oil was then dissolved in 
DCM, washed with H2O, dried over MgSO4 and filtered on a Buchner funnel. 2 was finally 
recovered as a transparent liquid in quantitative yield. 
 
F: C29H40N8O4. 
 
M: 564.69 g.mol-1. 
 
NMR 1H: (CDCl3, 400MHz) δ = 0.87 (t, 6H, -CH3); 1.49 (m, 4H, -CH2-CH3); 3.26 (t, 4H, -
CH2-CH2-CH3); 3.39 (t, 4H, -CH2-CH2-NH-); 3.66 (t, 4H, -CH2-CH2-NH-); 4.74 (s, 2H, 
NH); 5.06 (s, 4H, Ph-CH2-O-); 6.31 (s, 2H, NH); 7.31 (m, 10H, Ph). 
 
NMR 13C: (CDCl3, 100MHz) δ = 11.01 (CH3); 22.48 (-CH2-CH3); 40.43 (N-CH2-CH2-NH-); 
41.98 ((-CH2-CH2-CH3); 46.05 (N-CH2-CH2-NH-); 65.93 (Ph-CH2-O-); 127.47 - 127.54 - 
128.12 (CHAr); 136.38 (CAr); 156.25 (C=O); 165.09 (N=CN2). 
 
HMRS (ESI): Calculated for [C29H40N8O4+H]+: 565.3251; found  565.3255. 
 

 
 
 
 
 
 
  



 

114 
 

3. N,N-bis(aminoethyl)-N,N-dispropyl-1,3,5-triazine-2,4,6-triamine 
 
 

 
 

 
 
In a 500 ml flask, 6.36 g of 2 (11.26 mmol) was dissolved in a mixture of EtOH (276 mL) and 
cyclohexane (28 mL) prior to adding 1.59 g of Pd/C (25 wt%).  The suspension was refluxed 
for 30 min and then filtered over Celite. Furthermore, the solvent was removed under reduced 
pressure. The brownish oil obtained was purified by chromatography column (solvent: DCM: 
MeOH: NH3OH (25 % aq) 4:1:0.165). The product was obtained as yellow oil. Yield: 81 %  
 
F: C13H28N8. 
 
M: 296.42 g.mol-1. 
 
MP: 69-71°C. 
 
NMR 1H: (CDCl3, 400MHz) δ = 0.89 (t, 6H, -CH3); 1.50 (m, 4H, -CH2-CH3); 2.88 (t, 4H, -
CH2-NH2); 3.24 (t, 4H, -CH2-CH2-NH2); 3.56 (t, 4H, -CH2-CH2-CH3); 4.90 (s, 2H, NH). 
 
NMR 13C: (CDCl3, 100MHz) δ = 11.41 (CH3); 22.98 (-CH2-CH3); 40.46 (CH2-NH2); 42.38 (-
CH2-CH2-CH3); 49.95 (-CH2-CH2-NH2); 165.90 (N2C=N). 
 
HMRS (ESI): Calculated for [C13H28N8+H]+: 297.2515; found: 297.2513. 
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4. Stalk 1  
 
 

 

 
 

 
 
  
In a dried Schlenk tube, 1.5 g of 3 (5.0 mmol), 1.55 mL of NEt3 (11 mmol; d=0.73 g.cm-3) 
and 2.75 ml of (3-isocyanato)triethoxysilane (11.1 mmol; d=0.99 g.cm-3) were dissolved 
in 30 mL of dry DCM. The solution was stirred at room temperature (RT) overnight. The 
solvent was removed under reduced pressure and the solid was washed several times with 
dry pentane. The product was dried and obtained as a yellowish/white solid. Yield: 68 %. 
 
F: C33H70N10O8Si2. 
 
M: 791.16 g.mol-1. 
 
MP: Decompose before 300°C. 
 
NMR 1H: (CDCl3, 400MHz) δ = 0.58 (t, 4H, -CH2-Si); 0.91 (t, 6H, -CH2-CH2-CH3); 1.18 (t, 
18H, O-CH2-CH3); 1.54 (m, 8H, -CH2-CH2-CH2- + -CH2-CH2-CH3-); 3.06 (t, 4H, -CH2-CH2-
CH3); 3.27 (m, 4H, NH-CH2-CH2-CH2-); 3.41 (m, 4H, N-CH2-CH2-NH); 3.60 (m, 4H, N-CH2-
CH2-NH); 3.78 (q, 12H, O-CH2-CH3). 
 
NMR13C: (CDCl3, 100MHz) δ = 7.52 (-CH2-Si); 11.43 (-CH2-CH2-CH3); 18.22 (-O-CH2-CH3); 
23.01 (-CH2-CH2-CH3); 23.56 (-CH2-CH2-Si); 39.80 (-CH2-CH2-CH2-Si); 42.48 (-CH2-CH2-
CH3); 42.93 (N-CH2-CH2-NH-); 58.31 (-O-CH2-CH3 + N-CH2-CH2-NH-); 158.80 (C=O); 
165.61 (N2C=N).  
 
HMRS (ESI): Calculated for [C33H70N10O8Si2+H]+: 791.4995; found: 791.5006. 
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II. Synthesis of Stalk 2 
 
 

5. N,N-bis(3-(triethoxysilyl)propyl) prop-2-yne-1-amine  
 
 
 

 
 

 
 
In a 500 ml two necked flask, 5.6 g of CaH2 (133 mmol) was suspended in 250 mL of dry 
THF. Then 22 mL of bis(3-(triethoxysilyl)propyl amine (50.2 mmol) was  slowly added 
over 30 min under Ar. Then, 250 µL of H2O (1000 ppm) and 8.5 mL of propargyl bromine 
(95.4 mmol; d=1.33 g.cm-3) were added and the suspension was  stirred for 18 h at RT.  
The solution was filtered and the solvent removed. The brownish oil obtained was 
fractionally distillated at 130 °C under 10−2 mbar pressure. The product was finally 
obtained as a yellow oil. Yield: 85 % 
 
F: C21H45NO6Si2. 
 
M: 463.76 g.mol-1. 
 
NMR 1H: (CDCl3, 400MHz) δ = 0.59 (t, 4H. -CH2-Si); 1.20 (t, 18H, O-CH2-CH3); 1.54 (m, 
4H, -CH2-CH2-CH2-); 2.12 (s, 1H, -C≡CH); 2.46 (t, 4H, N-CH2-CH2-CH2-); 3.37 (d, 2H, -CH2-
C≡CH); 3.78 (q, 12H, O-CH2-CH3). 
 
NMR 13C: (CDCl3, 100MHz) δ = 7.80 (-CH2-Si); 18.14 (-O-CH2-CH3); 20.69 (-CH2-CH2-Si); 
41.65 (-CH2-C≡CH); 56.41 (-CH2-CH2-CH2-Si); 58.16 (-O-CH2-CH3); 72.28 (-CH2-C≡CH); 
78.78 (-CH2-C≡CH). 
 
HMRS (ESI): Calculated for [C21H45NO6Si2+H]+ : 464.2864; found : 464.2873. 
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6.  Bis(2-azidoethyl)amine106 
 

 

 

 
 

In a 100 mL flask, 1.8 g of bis-(2-chloroethyl)-amine (12.67 mmol) and 3.3 g of NaN3 (50.69 
mmol) were dissolved in 50 mL of H2O. The solution was stirred at 80 °C for 24 h. The water 
was removed under vacuum prior to dissolving the product in 30 mL of aqueous NaOH (1M) 
solution that was extracted with Et2O. The organic phase was dried over MgSO4, filtered and 
evaporated under vacuum. 6 was obtained as a transparent oil with a yield of 70 % and used 
without any further purification. 
 
F: C4H9N7. 
 
M: 155.17 g.mol-1. 
 
NMR 1H: (CDCl3, 400MHz) δ = 1.39 (s. 1H, NH). 2.70 (t. 4H); 3.29 (t. 4H). 
 
NMR 13C: (CDCl3, 100MHz) δ = 47.68 (-CH2-CH2-N3); 50.90 (-CH2-CH2-N3). 
 
HMRS (ESI): Calculated for [C4H9N7+H]+ : 156.0998; found : 156.1000. 
 

 

 

 

 

 

 

  



 

118 
 

7.  N,N-bis(2-azidoethyl)-4,6-dichloro-1,3,5-triazin-2-amine 

 
 

 
 

 

In a 50 mL flask, 775 mg of 2,4,6-trichloro-1,3,5-triazine (3.82 mmol) were dissolved in 15 mL 
of THF. The solution was stirred, and the flask placed in an ice bath. Then, 1 mL of DIPEA 
(5.73 mmol; d=0.74 g.cm-3) was added slowly prior to drop-wise addition of 593 mg of bis(2-
azidoethyl) amine (3.82 mmol) previously dissolved in 15 mL of THF. After addition, the 
mixture was stirred for 2 h at 0 °C. The solvent was then removed under reduced pressure and 
the crude product was dissolved in DCM. After washing with an aqueous solution of HCl (1M) 
and H2O, the organic phase was dried over MgSO4, filtered and evaporated. The product was 
finally purified by silica column chromatography (CH2Cl2) to produce 7 as a beige powder with 
a yield of 66%  
 
F: C7H8Cl2N10. 
 
M: 303.11 g.mol-1. 
 
NMR 1H: (CDCl3, 400MHz) δ = 3.61 (t, 4H); 3.81 (t, 4H). 
 
NMR 13C: (CDCl3, 100MHz) δ = 48.45 (-CH2-CH2-N3); 48.91 (-CH2-CH2-N3); 165.02 (N2C-
N); 170.39 (N2C-Cl). 
 
HMRS (ESI): Calculated for [C7H8Cl2N10+H]+ : 303.0389; found : 303.0387. 
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8.  N2,N2-bis(2-azidoethyl)-N4,N6-dipropyl-1,3,5-triazine-2,4,6-triamine 

 
 

 
 

 

Into a 50 mL flask were introduced 0.769 g of 7 (2.54 mmol), 2.1 mL of n-propylamine 
(25.4 mmol, d=0.719 g.cm-3) and 30 mL of THF. The solution was refluxed overnight prior to 
being evaporated under vacuum and dissolved in DCM. After washings, the organic phase was 
dried over MgSO4, filtered and evaporated under reduced pressure. The crude product was then 
purified by silica column chromatography (CH2Cl2 then CH2Cl2:MeOH / 10:0.25) to produce 8 
as a colorless oil with a yield of  90%. 
 
F: C13H24N12. 
 
M: 348.42 g.mol-1. 
 
NMR 1H: (CDCl3, 400MHz) δ = 0.93 (t, 6H, -CH3); 1.55 (m, 4H, -CH2-CH3); 3.28 (t, 4H, -
CH2-CH2-CH3); 3.52 (t, 4H, -CH2-CH2-N3); 3.70 (t, 4H, -CH2-CH2-N3); 4.84 (s, 2H, NH). 
 
NMR 13C: (CDCl3, 100MHz) δ = 11.43 (CH3); 23.06 (-CH2-CH3); 42.50 (-CH2-CH2-CH3); 
47.65 (-CH2-CH2-N3); 49.75 (-CH2-CH2-N3); 165.07 (N2C-NH); 165.81 (N2C-N). 
 
HMRS (ESI): Calculated for [C13H24N12+H]+ : 349.2325; found : 349.2319. 
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9. Stalk 2  
 

 

 
 

In a 10 mL microwave tube were added 0.566 g of 8 (1.62 mmol) with 1.51 g of 5 (3.25 mmol) 
and 38 mg of CuBr(PPh3)3 (4.10x10-2 mmol) in 1 mL of dry THF and 1 mL of distilled NEt3, 
followed by  3 freeze-pump-thaw cycles. The tube was then placed into the microwave oven at 
100 °C under mild stirring for 20 min. The desired product 9 was finally obtained, after removal 
of the solvent, as a sticky yellow oil without further purification and in quantitative yield. 
 

F: C55H114N14O12Si4. 
 

M: 1275.94 g.mol-1. 
 

NMR 1H: (CDCl3, 400MHz) δ = 0.55 (t, 8H. -CH2-Si); 0.95 (t, 6H. -CH2-CH2-CH3); 1.20 (t, 
36H. O-CH2-CH3); 1.58 (m, 12H. -CH2-CH2-CH2- + -CH2-CH2-CH3-); 2.39 (t, 8H, N-CH2-
CH2-CH2-Si); 3.28 (q, 4H, -CH2-CH2-CH3); 3.66 (m, 8H. -N-CH2-CH2-N-CH2-CH2-N- + (-
CH2-N-(- CH2-CH2)2); 3.79 (q, 24H, O-CH2-CH3); 4.49 (t, 4H, -N-CH2-CH2-N-CH2-CH2-N-); 
7.32 (s, 2H, CH heterocycle). 
 
NMR 13C: (CDCl3, 100MHz) δ = 7.86 (-CH2-Si); 11.50 (-CH2-CH2-CH3); 18.28 (-O-CH2-
CH3); 20.26 (-CH2-CH2-CH3); 23.05 (-CH2-CH2-Si); 42.47 (-CH2-CH2-CH2-Si); 45.90 (N-
CH2-CH2-N-N); 48.16 ((CH2-CH2-CH2)2-N-CH2-); 48.60 (-CH2-CH2-CH3); 56.46 (N-CH2-
CH2-N-N); 58.29 (-O-CH2-CH3); 123.11 (N-CH2-C=C-N); 128.51 (N-CH2-C=CN); 132.01 
(N2C=N-).  
 
HMRS (ESI): Calculated for [C55H114N14O12Si4+H]+ : 1275.7896; found : 1275.7910 
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III.  Synthesis of Stalk 3 
 
 

10.    N2,N2-bis(2-azidoethyl)-6-chloro-N4-propyl-1,3,5-triazine-2,4-diamine 
 

 

 
 

 

In a 100 mL flask, 606 mg of 6 (2.0 mmol) was dissolved in 75 mL of THF prior to adding 
dropwise 522 µL of DIPEA (3.0 mmol; d=0.74 g.cm-3). After the addition, 164 µL of 
n-propylamine (2.0 mmol; d=0.72 g.cm-3) was introduced and the mixture was stirred at RT 
overnight. Then, the THF was removed under reduced pressure, prior to dissolving the oil 
obtained in DCM and washing the organic phase with HCl (1M) and H2O. The solution was 
dried over MgSO4, filtered and removed under vacuum. The crude product was finally purified 
by silica column chromatography (CH2Cl2:Cyclohexane / 80:20) to form 10 as a white powder 
with a yield of 85%.  
 
F: C10H16ClN11. 
 
M: 325.77 g.mol-1. 
 
NMR 1H: (CDCl3, 400MHz) δ = 0.97 (t, 3H, -CH3); 1.59 (m, 2H, -CH2-CH3); 3.33 (t, 2H, -
CH2-CH2-CH3); 3.58 (t, 4H, -CH2-CH2-N3); 3.75 (t, 4H, -CH2-CH2-N3). 
 
NMR 13C: (CDCl3. 100MHz) δ = 11.32 (CH3); 22.55 (-CH2-CH3); 42.78 (-CH2-CH2-CH3); 
49.01 (-CH2-CH2-N3); 49.83 (-CH2-CH2-N3); 164.99 (N2C-NH); 165.46 (N2C-N); 168.54 
(N2C-Cl). 
 
HMRS (ESI): Calculated for [C10H16ClN11+H]+ : 326.1357; found : 326.1347. 
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11.  N2-(aminoethyl)-N4,N4-bis(azidoethyl)-N6-propyl-1,3,5-triazine-2,4,6-

triamine 

 

 
 

 

In a 50mL flask, 282 mg of 10 (0.87 mmol) was dissolved in 35 mL of THF. The temperature 
was increased to 55 °C prior to the dropwise addition of 560 µL of ethylenediamine 
(8.66 mmol; d=0.90 g.cm-3). After the addition, the solution was refluxing for 24 h. The THF 
was then removed under vacuum leading to an oil, which was dissolved in DCM prior to 
washing with H2O, drying over MgSO4 and filtration. The crude product was purified by silica 
column chromatography (CH2Cl2 then CH2Cl2:MeOH:NH4OH / 80:1:0.25 then 
CH2Cl2:MeOH:NH4OH / 40:1:0.25) to produce 11 as a white powder with a yield of 85%. 
 
F: C12H23N13. 
 
M: 349.41 g.mol-1. 
 
NMR 1H: (CDCl3, 400MHz) δ = 0.93 (t, 3H, -CH3); 1.55 (m, 2H, -CH2-CH3); 2.86 (m, 2H, -
CH2-NH2); 3.27 (t, 2H, -CH2-CH2-CH3); 3.40 (t, 2H, -CH2-CH2-NH2); 3.51 (t, 4H, -CH2-CH2-
N3); 3.70 (t, 4H, -CH2-CH2-N3). 
 
NMR 13C: (CDCl3, 100MHz) δ = 11.46 (-CH3); 23.04 (-CH2-CH3); 41.64 (-CH2-CH2-NH2); 
42.42 (-CH2-CH2-CH3); 43.24 (-CH2-CH2-NH2); 47.59 (-CH2-CH2-N3); 49.68 (-CH2-CH2-N3); 
165.03(N2C-NH); 166.12 (N2C-N). 
 
HMRS (ESI): Calculated for [C12H23N13+H]+: 350.2278; found: 350.2252. 
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12.  NH2-Stalk  
 
 

 
 

 

In a 10 mL microwave tube, 329.8 mg of 11 (0.94 mmol), 0.88 ml of 5 (1.89 mmol; 
d=0.99 g.cm-3) and 21.9 mg of CuBr(PPh3)3  (0.024 mmol) were dissolved in  500 µL of THF 
and 500 µL of NEt3, followed by  three freeze-pump-thaw cycles. The tube was placed in the 
microwave for 30 min at 100 ◦C. The resulting solution was then transferred to a Schlenk tube 
and the solvent was evaporated. The sticky oil obtained was washed several  times  with  dry 
pentane and the product was obtained as a yellow oil in a quantitative yield. 
 

F: C54H113N15O12Si4. 
 

M: 1276.93 g.mol-1. 
 

NMR 1H: (CDCl3, 400MHz) δ = 0.55 (t, 8H, -CH2-Si); 0.91 (t, 3H, -CH2-CH2-CH3); 1.13 (t, 
36H, O-CH2-CH3); 1.45 (m, 10H, -CH2-CH2-CH2- + -CH2-CH2-CH3-); 2.26 (t, 8H, N-CH2-
CH2-CH2-Si); 2.39 (t, 2H, -NH-CH2-CH2-NH2); 3.15 (q, 2H, -CH2-CH2-CH3); 3.62 (m, 10H, -
N-CH2-CH2-N-CH2-CH2-N- + -CH2-NH2 + (-CH2-N-(-CH2-CH2)2); 3.72 (q, 24H, O-CH2-
CH3); 4.45 (t, 4H, -N-CH2-CH2-N-CH2-CH2-N-); 7.85 (s, 2H, CH heterocycle). 
 
NMR 13C: (CDCl3, 100MHz) δ = 7.35 (-CH2-Si); 11.69(-CH2-CH2-CH3); 18.12(-O-CH2-CH3); 
20.47(-CH2-CH2-CH3); 25.15 (-CH2-CH2-Si); 41.83 (CH2-CH2-NH2); 45.73((CH2-CH2-CH2)2-
N-CH2-) + (N-CH2-CH2-N-N); 47.58 (CH2-CH2-NH2) + (-CH2-CH2-CH3); 55.51(N-CH2-CH2-
N-N); 57.61(-O-CH2-CH3); 67.03 (-CH2-CH2-CH2-Si); 123.69 (N-CH2-C=C-N); 128.64 (N-
CH2-C=CN); 164.60 (N2C-N-); 165.56 (N2C-NH-). 
 
HMRS (ESI): Calculated for [C54H113N15O12Si4+H]+: 1276.7849; found: 1276.7883. 
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IV. Synthesis of Cap 1 
 

 

13.     5-Fluorouracil (5-FUA) 
 
 

 
 

 

In a 100 mL flask were introduced 7.6 g of 5-FU (58.43 mmol), 7 g of KOH (124.77 mmol) 
and 45 mL of H2O (2.50x103 mmol). The solution was stirred at RT and 6 g of recrystallized 
chloroacetic acid (63.50 mmol) in 24 mL of H2O were added drop-wise. The mixture was then 
stirred at 60 °C for 5 h. Afterward, the pH was reduced to 5.5 with HCl (1 M) and the solution 
was left standing at 4 °C for one hour to precipitate the unreacted 5-FU, which was further 
eliminated by filtration. The pH of the filtrate was decreased again to 2 by directly adding 
concentrated HCl. The mixture was finally placed into a refrigerator overnight, leading to the 
desired 5-FUA as transparent needles-shape crystals with a yield of 54%.   
 
F: C6H5FN2O4 
 
M: 188.11 g.mol-1. 
 
NMR 1H: (CDCl3, 400MHz)  δ = 11.93 (s, 1H), 8.09 (d, 1H, -CF-CH), 4.37 (s, 2H, -N-CH2-). 
 
NMR 13C: (CDCl3, 100MHz) δ = 168.6, 158.2, 150.8, 140.1, 128.2, 53.4. 
 
HMRS (ESI): Calculated for [C6H5N2O4F+ H]+: 189.0312, found: 189.0313. 
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14.    Cap 1 
 
 

 
 

In a 25 mL flask, under inert gas 1.1 g of 13 (5.85 mmol) was dissolved in a mixture of dry 
THF (44 mL) and freshly distillated SOCl2 (8.40mL; 116 mmol; d=1.64 g.cm-3) with 126 µL 
of triethylamine (0.90 mmol; d=0.73 g.cm-3). The reaction was stirred at RT for 3.5 h prior to 
evaporation under reduced pressure at 50 °C. The brownish precipitate obtained was then 
dissolved in 42 mL of dry THF with 160 mg of tri(hydroxymethyl) propane (1.19 mmol). The 
mixture was stirred at RT for two days and was then concentrated down in a rotary evaporator 
prior to being finally purified by silica column chromatography (CH2Cl2:MeOH 90:10). Yield: 
72%. 
 
F: C24H25F3N6O12 
 
M: 644.39 g.mol-1. 
 
MP: Above 180°C 
 
NMR 1H: (CDCl3, 400MHz)  δ =12.03 (s, 3 H, -CO-NH-CO-), 8.03 (d, 3 H, -CF-CH), 4.49 (s, 
6H, -N-CH2-), 4.04 (s, 6H, -CH2-O), 1.36 (q, 2H, -CH2-CH3), 0.79 (t, 3H, -CH3). 
 
NMR 13C: (CDCl3, 100MHz) δ = 167.5, 158.1, 150.2, 140.2, 128.9, 67.2, 49.9, 35.4, 22.7, 7.1. 
 
HMRS (ESI): Calculated for [C6H5N2O4F+ H]+: 645.1404, found: 645.1412 
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V. Synthesis of Cap 2 
 

 
15.    Alkyne derivative PAMAM dendron G0.5 (ref) 

 

 
 

A solution of 350 µL of propargyl amine (5.48 mmol; d=0.86  g.cm-3) in 16 mL of dry MeOH 
was added dropwise into a cooled (ice bath) solution of 3.58 mL of methyl acrylate (39.52 
mmol; d=0.95  g.cm-3) in 4 mL of dry MeOH under Ar. After the addition, the solution was 
stirred at RT until the complete substitution (2 days) of amino functions (monitored by NMR 
in CDCl3). The solvent and methyl acrylate were then evaporated under vacuum. The resulting 
oil was redissolved in MeOH and concentrated down. The co-evaporation with MeOH was 
repeated until the complete elimination of methyl methacrylate. Finally, the desired yellowish 
viscous oil was obtained after drying in vacuo in a 98% yield. 
 
F: C11H17NO4 
 
M: 227.26 g.mol-1. 
 
NMR 1H: (CDCl3, 400MHz)  δ = 3.66 (s, 6 H, -O-CH3-), 3.41 (d, 2 H, -NH2-CH2-CºCH), 2.82 
(t, 4H, -N-CH2- CH2), 2.46 (t, 4H, -N-CH2- CH2-CO), 2.19 (t, 1H, CH2-CºCH). 
 
NMR 13C: (CDCl3, 100MHz) δ = 172,84, 78.22, 73.47, 51.77, 49.13, 42.10, 33.09. 
 
HMRS (ESI): Calculated for [C11H17NO4+ H]+: 228.1229.  
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16.    Alkyne derivative PAMAM dendron G1 

 

 
 

 
In a 50 mL flask under Ar, 15 mL of freshly distilled 1,2-ethylendiamine (224 mmol; 
d=0.90 g.cm-3) were mixed with 8 mL of dry MeOH and cooled to 0 °C. Then, a solution of 
1.30g of 15 (5.72 mmol) in 21 mL of dry MeOH was added dropwise. The temperature was 
increased to ambient and the solution was stirred until the complete disappearance (around 48 
h) of methyl ester functions (followed by NMR). The excess 1,2-ethylenediamine was 
eliminated by several cycles of adding toluene/MeOH (90:10) and evaporating in vacuo. 
Afterward, the traces of toluene were removed by several additions of MeOH and evaporations. 
Drying under reduced pressure led to the PAMAM G1 dendron as an orange viscous oil in 96 
% yield. 
 
F: C13H25N5O2 
 
M: 283.38 g.mol-1. 
 
NMR 1H: (CDCl3, 400MHz)  δ =7.23 (s, 2 H, NH-CO-), 3.47 (d, 2 H, -CH2-CºCH), 3.28 (q, 
4H, CONH-CH2- CH2), 2.82 (m, 8H, N-CH2-CH2; N-CH2-CH2), 2.37 (t, 4H, N-CH2-CH2-
CONH), 2.21 (t, 1 H, CH2-CºCH), 1.49 (br s, 4 H, NH2). 
 
NMR 13C: (CDCl3, 100MHz) δ = 172.51, 77.83, 73.85, 49.72, 42.22, 41.80, 41.61, 34.23. 
 
HMRS (ESI): Calculated for [C13H25N5O2+ H]+: 284.2081 
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17.    Alkyne derivative PAMAM dendron G1.5 
 
 

 
 

 

A solution of 1.15 g of 16 (4.06 mmol) in 16 mL of dry MeOH was added dropwise  to a cooled 
(ice bath) solution of 6 mL of methyl acrylate (66.26 mmol; d=0.95 g.cm-3) and 8 mL of dry 
MeOH. After the addition, the solution was stirred at RT until the complete substitution (2 days) 
of amino functions (monitored by NMR in CDCl3). The resulting oil was re-dissolved in MeOH 
and concentrated down again. The co-evaporation with MeOH was repeated until the complete 
elimination of methyl methacrylate was observed. Finally, the desired yellowish viscous oil was 
obtained after drying in vacuo in 94% yield. 
 
F: C29H49N5O10 
 
M: 627.74 g.mol-1. 
 
NMR 1H: (CDCl3, 400MHz)  δ =7.12 (s, 2H, NH-CO-), 3.66 (s, 12H, O-CH3), 3.46 (d, 2H, N-
CH2-CºCH) 3.27 (q, 4H, CONH-CH2-CH2), 2.83 (t, 4H, N-CH2-CH2), 2.74 (t, 8H, N-CH2-
CH2-COO-CH3), 2.52 (t, 4H, N-CH2-CH2), 2.41 (t, 8H, N-CH2-CH2-COO-CH3), 2.37 (t, 4H, 
N-CH2-CH2-CONH), 2.18 (t, 1 H, CH2-CºCH). 
 
NMR 13C: (CDCl3, 100MHz) δ = 172.91, 171.81, 77.86, 73.42, 52.82, 51.49, 49.27, 49.16, 
41.00, 36.97, 33.70, 32.60. 
 
HMRS (ESI): Calculated for [C29H49N5O10+ H]+: 628.3546. 
 
  

94 % 
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18.    Alkyne derivative PAMAM dendron G2 
 

 

 
 

In a 100 mL flask, 28 mL of freshly distilled 1,2-ethylendiamine (418 mmol; d=0.90 g.cm-3) 
was mixed with 10 mL of dry MeOH and cooled at 0°C, prior to the dropwise addition of a  
solution of 2.90 g of 17 (4.62 mmol) in 22 mL of dry MeOH. The temperature was increased 
to ambient and the solution was stirred until the complete disappearance (around 48 h) of methyl 
ester functions (followed by NMR). The excess 1,2-ethylenediamine was eliminated by several 
cycles involving the addition of toluene/MeOH (90:10) and  evaporating in vacuo. Afterward, 
the traces of toluene were removed by several cycles of MeOH addition and evaporation. 
Drying under reduced pressure led to the PAMAM G2 dendron as an orange viscous gel in 90 
% yield. 
 
F: C33H65N13O6 
 

M: 739.97 g.mol-1. 
 

NMR 1H: (CDCl3, 400MHz)  δ =7.89 (t, 2H, NH-CO), 7.63 (t, 4H, NH-CO), 3.41 (d, 2H, N-
CH2-CºCH) 3.26-3.22 (m, 12H, CONH-CH2- CH2), 2.80 (m, 12H, N-CH2-CH2), 2.71 (t, 8H, 
NH-CH2-CH2-NH2), 2.50 (t, 4H, N-CH2-CH2), 2.34 (m, 12H, NH-CH2-CH2-NH2), 2.21 (t, 1 H, 
CH2-CºCH), 1.82  (s, 8 H, CH2-NH2). 
 

NMR 13C: (CDCl3, 100MHz) δ = 172.90, 171.24, 77.66, 73.66, 52.71, 49.67, 49.17, 44.48, 
41.93, 41.24, 37.65, 34.15, 33.63. 
 

HMRS (ESI) : Calculated for [C33H65N13O6+ H]+: 740.5249. 
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19.    BOC-PAMAM G2 

 

 
 
 
In a 50 mL flask, 2.25 g of di-tert-butyl dicarbonate (10.27 mmol) was dissolved in anhydrous 
MeOH (10 mL) prior to decreasing the temperature to -10 °C with an ice/water/NaCl bath. 
Then, 1 g of 18 (1.28 mmol) in anhydrous MeOH (10 mL) was added dropwise and the resulting 
mixture was stirred at room temperature for 48 h. The crude product was purified by neutral-
alumina column chromatography (CH2Cl2 then CH2Cl2:MeOH / 90:10) to give 19 as a beige 
powder with 79 % yield. 
 
F: C53H93N9O14 
 

M: 1079.68 g.mol-1. 
 

NMR 1H: (CDCl3, 400MHz)  δ =7.81 (t, 2H, NH-CO), 7.69 (t, 4H, NH-CO), 3.40 (d, 2H, N-
CH2-CºCH) 3.28-3.20 (m, 8 + 12 H, NH-CH2-CH2-COO + CONH-CH2- CH2), 2.74 (m, 12H, 
N-CH2-CH2), 2.50 (t, 4H, N-CH2-CH2), 2.33 (m, 12H, NH-CH2-CH2-COO, 2.19 (t, 1 H, CH2-
CºCH), 1.36  (s, 36 H, COO-C-(CH3)3). 
 

NMR 13C: (CDCl3, 100MHz) δ = 172.80, 171.06, 77.55, 73.71, 52.06, 49.75, 49.27, 40.78, 
39.62, 39.12, 37.10, 33.52, 33.19, 29.82, 27.4922. 
 

HMRS (ESI): Calculated for [C53H93N9O14+ H]+: 1080.3829.  
  

79 % 
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20.    1-(2-bromoethyl)pyrimidine-2,4(1H,3H)-dione 

 
 

 
 
 
 
In a 250 mL Schlenk tube under inert gas, 4 g of uracil (35.69 mmol) were dissolved in 22.73 
mL of hexamethyldisilazane (HMDS, 108.45 mmol; d = 0.77 g.cm-3) prior to adding 2.20 mL 
of trimethylsilyl chloride (TMSCl, 17.33 mmol; d = 0.86  g.cm-3). The yellowish mixture was 
then refluxed overnight prior to concentrating down the transparent solution formed under 
reduced pressure, to give a beige, opaque gel. The crude product was re-dissolved in 30 mL of 
distilled DMF and 3.82 mL of freshly distillated dibromoethane was added (42.70 mmol ; d = 
2.18 g.cm-3). The reaction was refluxed for 36 h under Ar. Then the mixture was evaporated to 
produce a brownish oil which was purified by silica column chromatography (DCM:MeOH 
95:5) to give a beige powder in 48 % yield. 
 
F: C6H7BrN2O2 
 

M: 217.97 g.mol-1. 
 

NMR 1H: (DMSOd6, 400MHz)  δ =11.35 (s, 1H, CO-NH-CO), 7.66 (d, 1H, CH-CH-N), 5.57 
(d, 1H, CO-CH-CH-) 4.06 (t, 2 H, N-CH2- CH2), 3.70 (t, 2H, CH2-CH2-Br) 
 
NMR 13C: (DMSO, 100MHz) δ = 163.51, 150.79, 146.10, 102.37, 49.43, 28.32 
 

HMRS (ESI)  Calculated for [C6H7BrN2O2+ H]+: 219.0453.  
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21.       1-(2-azidoethyl)pyrimidine-2,4(1H,3H)-dione 

 
 

 
 
 
 
In a 100 mL flask, 1.42 g of 20 (6.48 mmol) and 632.17 mg of NaN3 (9.72 mmol) were dissolved 
in distilled DMF. The solution was stirred at 150 °C for 18 h. Then the reaction mixture was 
concentrated down prior to purifying the yellowish oil product by silica column 
chromatography (DCM:MeOH 95:5) to finally obtain the compound 21 as a beige powder in  
76% yield. 
 
F: C6H7BrN2O2 
 

M: 181.16  g.mol-1 
 

NMR 1H: (DMSOd6, 400 MHz)  δ =11.32 (s, 1H, CO-NH-CO), 7.64 (d, 1H, CH-CH-N), 5.59 
(d, 1H, CO-CH-CH-) 3.85 (t, 2 H, N-CH2- CH2), 3.58 (t, 2H, CH2-CH2-N3) 
 
NMR 13C: (DMSO, 100 MHz) δ = 163.34, 150.71, 146.03, 102.22, 51.28, 49.02 
 
 

HMRS (ESI): Calculated for [C53H93N9O14+ H]+: 182.0678.  
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22.     CuAAC Click Chemistry to form BOC-Cap 2 

 
 

 
 
 
 
In a 25 mL flask, 63.54 mg of 20 (0.35 mmol) and 400 mg of 19 (0.35 mmol) were mixed with 
2.76 mg of CuSO4 (17.50x10-2 mmol) and 6.93 mg of sodium ascorbate (3.50x10-2 mmol) in 5 
mL of MeOH. The mixture was stirred for three days at room temperature. The reaction was 
then concentrated down prior to purifying the product by neutral-alumina column 
chromatography (DCM:MeOH 95:5) to finally obtain the compound 22 as a beige powder in  
57 % yield . 
 
F: C59H104N18O16 
 

M: 1321.59 g.mol-1 
 

NMR 1H: (MeOD, 400 MHz)  δ =7.93 (s, 1H, CH-N-N=N), 7.23 (d, 1H, CO-CH-CH-N), 5.52 
(d, 1H, CO-CH-CH-N), 4.76 (t, 2 H, N-CH2- CH2-N-N=N), 4.24 (t, 2H, N-CH2-N-N=N) 3.70 
(t, 4H, N-N=N-CH2-N) 3.56 (m, 12H, CONH-CH2- CH2), 3.15 (m, 8H, NH-CH2-CH2-COO) 
2.79 (m, 12H, N-CH2-CH2), 2.60 (t, 4H, N-CH2-CH2), 2.39 (m, 12H, NH-CH2-CH2-COO), 1.43  
(s, 36 H, COO-C-(CH3)3). 
 
 

HMRS (ESI): Calculated for [C53H93N9O14+ H]+: 1322.1239.  
 

 

  

Na ascorbate, 
CuSO4

MeOH, RT, 48h
57 % 
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23.   Cap 2 
 
 

 
 
 
 
In a 15 mL vial, 20 mg of 22 (0.12 mmol) was dissolved in 2.5 mL of DMF at room temperature, 
prior to adding 500 µL of TFA (6.53 mmol; d = 1.49 g.cm-3) and stirring for 5 min. The solution 
was then evaporated in vacuo and the cap recovered in quantitative yield and used without any 
further purification. 
 
F: C39H72N18O8 
 

M: 921.12  g.mol-1 
 

NMR 1H: (MeOD, 400 MHz)  δ =8.38 (s, 1H, CH-N-N=N), 7.48 (d, 1H, CO-CH-CH-N), 5.65 
(d, 1H, CO-CH-CH-N), 4.82 (t, 2 H, N-CH2-CH2-N-N=N), 4.64 (t, 2H, N-CH2-N-N=N 4.25 (s, 
2H, N-CH2-CH2-N-N=N) 3.68 (t, 4H, CH2-NH-CH2-CH2), 3.55 (t, 8H, NH-CH2-CH2-NH2) 
3.49 (t, 8H, NH-CH2-CH2-NH2), 3.42 (m, 8H, CONH-CH2-CH2-N) 3.10 (t, 8H, CONH-CH2-
CH2-N) 2.94 (t, 4H, N-CH2-CH2-CONH), 2.82 (t, 8H, N-CH2-CH2-CONH). 
 
 

HMRS (ESI): Calculated for [C53H93N9O14+ H]+: 922.5812.  
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VI. Synthesis of the hybrid materials nano-BS  

 

24.   Synthesis of nano-BS2 and nano-BSNH2 
 
 
 
 
 
 
 
 
 
 
 
 
Nano-BSX-F series 
 

In a vial, Stalk 2 or NH2-Stalk (1 eq) and CA (0.33 eq) were completely dissolved in DMSO 
(300, 100, 50, or 20 mM, see dot points below) at 50 °C. After 1 h, water (24 eq) and NH4F 
(0.04 eq, 0.25 M solution) were added. For the 300 mM system, a white gel was spontaneously 
formed, whereas for the other concentrations, a precipitate was observed after a few hours. The 
vial was left under static conditions at room temperature for 3 days. After successive washing 
with water, ethanol, and acetone, a white powder was obtained.  

- With Stalk 2: nano-BS2-0: 300 mM; nano-BS2-3: 100 mM + CA; nano-BS2-6: 50 mM + CA; 

nano-BS2-15: 20 mM + CA; 

- With NH2-Stalk: BSNH2-4: 20 mM + CA;  
 
Nano-BSAX series 
 

Nano-BSAX (50 mg) was suspended in EtOH (10 mL) with HCl (9 µL, 10−2 M) and heated 
under reflux with stirring for 24 h. The resulting solid was filtered and washed several times 
with ethanol, yielding a white powder. Finally, it was treated with aqueous NEt3 (5 mL of water, 

0.5 mL of NEt3) and stirred overnight to neutralize the protonated amine. BSAN-CA materials 
were obtained as white powders after drying.  
 
Nano-BSTX series  
 

Nano-BSTX (50 mg) was suspended in EtOH (20 mL) and heated under reflux with stirring for 
24 h. The resulting solid was filtered and washed several times with ethanol, yielding a white 
powder. 
  

R’ : -CH3 or - NH2

’

R’
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25.  Synthesis of the functionalized (FITC)-nano-BSNH2 
 
 
 

 
 
 
In a vial, nano-BSNH2 (5 mg) was suspended in absolute EtOH (5 mL) before adding FITC 
(3.5 mg, excess). The suspension was stirred (600 rpm) in the dark for 24 h at 25 °C. The 
resulting powders were washed, via centrifugation, four times with absolute EtOH (20 min, 
10,000 rpm) to afford FITC-coupled nano-BSNH2 as a yellow-orange powder. The 
functionalized nanoparticles were washed until the supernatant was transparent in order to 
remove the un-reacted FITC dye. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Si(O)1.5

(O)1.5 Si

(O)1.5 Si

(O)1.5 Si

Si(O)1.5

(O)1.5 Si

(O)1.5 Si

(O)1.5 Si
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VII. Synthesis of the functionalized MSNs 
 

 
Nanoparticles type MCM-41 synthesis  
 

• Revised Stöber process 
 
Cetyltrimethylammonium bromide (CTAB; 315 mg), was dissolved in Milli Q H2O (150 mL), 

and the pH was adjusted to ~ 12 by adding NaOH solution (2 M, 1.1 mL). After heating the 

resulting solution to 80 °C, tetraethylorthosilicate (TEOS; 1.4 mL) was added dropwise and the 

reaction was continued for 2 h to yield MCM-41 nanoparticles. Finally, the nanoparticles were 

collected after centrifugation and washed with EtOH. 

  
29Si CPMAS solid-state NMR: δ = -99.2, -108.9 ppm. 

 

 
Stalk Grafting onto the external surface  
 

1. Condensation of SiOH groups 
 
Stalk (80 mg, 0.1 mmol) was added to a suspension of MCM-41 (80 mg) (pre-heated overnight 

at 90 °C to remove trace of H2O and to activate SiOH functions) in dry toluene (10 mL) under 

an inert atmosphere. The suspension was then heated at 80 °C for 24 h, prior to centrifuging the 

nanoparticles and washing them twice with ethanol and then five times with water.  

 
29Si CPMAS NMR:  δ = -57.4, -100.1, -108.9 ppm. 

 
2. CTAB Extraction 

 
The CTAB surfactant was removed by washing with a solution of 9 mL HCl in 160 mL of EtOH 
(0.7 M) for 6 h at 60°C. The resulting nanoparticles were washed twice with EtOH. 
 

3. Reprotonation of the D-A-D H-bonding pattern 
 
The amino groups of the triazine derivative on the surface of NPX (where X = 1,2 or NH2, 

depending on the stalk employed) were re-protonated by heating the nanoparticles in H2O 

(10 mL) with freshly-distilled Et3N (1 mL) for 48 h at 70 °C. The resulting NPX nanoparticles 

were then washed two times with H2O and three times with EtOH. 

Encapsulation and release of bioactive molecules (dye or drug)  
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1. Loading within mesopores  

 
Nanoparticles were suspended in a solution of cargo molecules in water or DMSO, as described 
below. The suspension was then sonicated for 20 min and stirred for 18 h to promote filling of 
the pores with the cargo molecules.  
 
NPXPI (2 mM): PI (45 mg) in water (13.5 mL), and nanoparticles (90 mg);  
NPXRhB (5 mM): RhB (32 mg) in water (13.5 mL), and nanoparticles (90 mg);  
NPXCPT (5 mM): CPT (15 mg) in DMSO (15 mL), and nanoparticles (90 mg). 
 

 
2. Capping with specific stopper 

 
After centrifugation, the particles were washed three times with water and twice with DMSO. 
Finally, the pore apertures were capped by addition of the Cap compounds and the mixture was 
stirred for 48 h at ambient temperature. Finally, the capped nanoparticles were collected by 
centrifugation after washings in DMSO (5 times), H2O (one time), and acetone (one time). 
 
Stopper solution: 
 
Cyanuric acid: 9 mg (0.067 mmol) in 12 mL of DMSO 
Cap 1 :  43 mg (0.067 mmol) in 12 mL of DMSO 
Cap 2 :  62 mg (0.067 mmol) in 12 mL of DMSO 
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• Biological Tests   
 

1. Cell Culture 
 
Human breast cancer cells (MCF-7) were purchased from ATCC (American Type Culture 
Collection, Manassas, VA). MCF-7 cells were cultured in DMEM-F12 culture medium 
supplemented with 10 % foetal bovine serum and 50 µg.mL-1 gentamycin. These cells were 
allowed to grow in a humidified atmosphere at 37 °C under 5 % CO2. 
 

2. Flow cytometry 
 
MCF-7 cells were seeded into a 6-well plate (Nunc; 106 cells/well) and allowed to grow for 
24 h. The cells were harvested at 5, 18 and 22 h following NP exposure (40 µg.mL-1) and re-
suspended in DMEM-F12 phenol red-free medium. Dead cells were counterstained with 
DAPI (0.5 µg.mL-1). The percentage of positive living cells for NP uptake was determined 
on a FACS Canto II flow cytometer. The data were analyzed with Win MDI software v2.8. 
 

3. Confocal Imaging 
 
MCF-7 cells were seeded one day prior to nanoparticle exposure at 106 cells/cm2 in glass-
bottomed culture dishes from Ibidi Biovalley®. Cells were then exposed for 20 h to 
40 µg.mL-1 of NPs. Prior to imaging, the cells were stained with 50 nM LysoTracker Green 
DND-26 for 30 min and 5 µg.mL-1 Hoechst 33342 was added during the last 10 min of 
incubation. Confocal images were acquired on a Zeiss Axio Observer confocal microscope 
equipped with an oil-immersion Plan-Apochromat 63x/1.40 objective 
 

4. MTT tests 
 
MCF-7 cells were seeded into 96-well plates at 104 cells per well in 200 µL culture medium 
and allowed to grow for 24 h. The three batches of nanoparticles (CTAB-free MCM-41, 
NPXRhB, and NPXCPT) were freshly dissolved in water at a concentration of 10-2 M and 
sonicated in an ultrasonic bath until completely dispersed. Then, cells were incubated for 6, 
16, 24 or 72 h with different nanoparticles concentrations (from 1 to 100 µg.mL-1). At the 
end of the incubation time, a MTT assay was performed to evaluate the toxicity. Briefly, 
cells were incubated for 4 h with 0.5 mg.mL-1 of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; Promega) in culture media. The MTT/media solution was then 
removed, and the precipitated crystals were dissolved in EtOH/DMSO (1:1). The solution 
absorbance was read at 540 nm. 
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Polyion complex (PIC) micelles assemble by electrostatic interactions between two 
polyelectrolytes, with one being part of a double-hydrophilic block copolymer (DHBC), and 
the other being an oppositely charged polybase. In this chapter, a novel synthesis of periodic 
mesoporous organosilicas (PMOs) in aqueous solution templated by PIC assemblies called 
PICPMOs will be introduced.  

 
First, the micelle sub-units and their reversible self-assembly will be defined prior to 
demonstrating how these units can induce the mesostructuring of silylated frameworks. Further, 
optimization of the synthetic conditions to produce well-organized and highly ordered 
PICPMOs hybrids with tunable mesophases will be described. In particular, the influence of 
the addition of a co-solvent (n-propanol) was investigated on the mesostructuring of phenylene-
bridged silsesquioxanes as PICPMOs which were characterized by a range of complementary 
techniques including TEM, N2 sorption analysis, SAXS profile, solid state NMR, IR 
spectroscopy TGA, and so on. It is noteworthy that a facile approach to “switch” the material’s 
mesostructure from lamellar to 2D hexagonal will be detailed.  

 
In a second part, the biological properties of the PICPMOs system, particularly the 
encapsulation and controlled release of an antibiotic, Neomycin B (NMB) will be assessed. The 
two key features of this approach are that the bioactive molecules not only serve as an external 
structuring agent but are also directly encapsulated within the PICPMOs during the formation 
of the mesostructured materials, leading to homogeneous and relatively high loadings. The 
results obtained on a pathogenic Escherichia coli strain and the potential of the PICPMOs 
materials for anti-bacterial applications will be discussed here. 

 
In a final part, different PICPMOs will be exposed, which are based on different bridged organic 
units. Subsequently, the physico-chemical and intrinsic physiological features will be 
described. Finally, post-functionalization of the organic moieties incorporated within the hybrid 
framework will be demonstrated and evaluated as an approach for preparing advanced and 
complex organic/inorganic systems. 
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III. Part A. Formation of periodic mesoporous organosilicas via 
PIC micelles 
 
The advantages of using polyion complex (PIC) micelles are numerous. In particular, PIC 
micelles, formed from copolymers, are good candidates for preparing mesoporous organosilicas 
with tunable large pores, due to the possibility of easily modulating the size of the micelles by 
changing the block lengths. Moreover, PIC micelles offer the advantage of bringing 
functionality to the material through the use of drugs (or other bioactives) as micellization 
agents1, 2.  
In this section, the PIC micelle units and their reversible self-assembly in aqueous solution will 
be described, prior to demonstrating how PIC micelles have been used in earlier studies by 
Gerardin and co-workers3 to form silica mesoporous materials (generated from precursors such 
as tetraethoxysilane (TEOS)). In a second part, approaches for adapting the synthetic strategies 
to obtain PMOs from this emerging family of structure-directing agents (SDAs) using 
organosilylated precursors (leading to novel PICPMO materials) will be demonstrated. Finally, 
the fine control of these PICPMOs mesostructures and organization by tuning the synthetic 
parameters will be discussed. 
 
 
III.A.1 Polyion Complex (PIC) micelles sub-units 
 
In this work, the double hydrophilic block copolymer (DHBC) employed is composed of 
poly(ethylene oxide)-b-poly(acrylic acid) (PEO-b-PAA, MPEO = 5000 g.mol-1, MPAA= 790 or 
1280 g.mol-1). The DHBC was obtained by atom transfer radical polymerization (ATRP) of 
tert-butyl acrylate with α-bromide-functionalized PEO macroinitiators with the subsequent 
deprotection reaction being done under acidic conditions4. The block copolymer, synthesized 
by Dr. E. Molina (Montpellier), is presented in Figure III-1.  

 
Figure III-1: Representation of the PIC micelles units 
 
It is noteworthy that the ATRP method enables the degree of polymerization (DP) of the PAA 
block to be finely controlled, which has been used to investigate the effect of the PAA chain 
length during the preparation of PICPMO hybrids and presented in the following sections. 
Herein, the homopolymer PEO has a DP of 113 and the PAA of 11 or 18. Furthermore, the 
PAA fragment is pH sensitive and exhibits a pKa around 4.55 meaning that it would be 
negatively charged for pH above this pKa whereas at more acidic pH, the PAA segment would 
be neutral and less soluble. Consequently, the use of smaller PAA chains rather than the highly 

Neutral - ionic

l = 113
m = 11 or 18
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hydrophilic PEO ones leads to the DHBC which always remains soluble in aqueous solution 
independently of the pH value. 
The chitosan is based on D-glucosamine units (C6O4NH11) connected by glycosamide bondings 
(as represented in Figure III-2), which leads to oligomers of chitosan or oligochitosan (OLC) 
(DP<20). The chitosan is also known to be biodegradable, biocompatible, and inexpensive, 
which makes this compound very interesting for several fields such as cosmetic, agribusiness, 
water processing or biomedical6, 7. 

 

Figure III-2: Representation of the OLC homopolymer 
 
For pH below OLC pKa (~7), the polyelectrolyte is positively charged and thus water-soluble. 
Subsequently, the oligoamine can associate with an oppositely charged structuring agent to lead 
to micellization object. Herein, the used chitosan is a lactate of oligochitosan purchased from 
Sigma-Aldrich (OLC, N°WMH03064, 2500 g.mol-1). 
 
 
III.A.2 PIC Micellar Complex formation 
 
The PIC micelles units are soluble in aqueous solution. However within an appropriate pH 
range the micellization occurs through electrostatic interactions between the ionizable PAA and 
the positively charged OLC. The formation of the PIC complex has been evaluated by 
Gerardin’s group in particular by DLS analysis as represented in Figure III-3.  

 
Figure III-3: Scattered light intensity of OLC and PEO-b-PAA in H2O depending on pH3, 8]  
 
The high scattering intensity indicates that micellization occurrs between pH 4.5–7 while 
dissociation occurrs outside this pH range. This result can be explained by the ionization level 
of PAA and OLC block. This pH range is between the pKa of the polyacid (pKaPAA ~ 4.5) and 
polybase (pKaOLC ~ 7), which respectively generates negatively and positively charged species 

2 2 2

Polycation

n
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and subsequently promotes their association by electrostatic interactions (Figure III-4). Hence, 
specific pH values in this well-defined domain was chosen for preparing PICPMO materials.  
 
Therefore, the electrostatic interactions that occur between the carboxylate moieties of PAA 
and the amino groups of OLC are the driving force for the PIC micelles to form. As previously 
seen, pH is a key factor that can easily modulate the micellization (by playing on the ionization 
of the polyacids and polybases) but also on the destabilization of the micellar complexes. 
Indeed, as observed in DLS analysis, the dissociation of the micelles can arise within slightly 
basic (pH> pKaOLC) or acidic (pH<pKaPAA) environment, the latter would be detailed in this 
Chapter. The fine control of the stabilization/destabilization of the micellar complexes 
represents an attractive property in the formation of mesoporous hybrid materials. 
 

 
 

Figure III-4: Representation of the pH range for the formation of the PIC micelles 
 

III.A.3. Formation of pure-silica materials mesostructured via PIC micelles 

The use of the previously defined PIC micelles as SDAs to prepare mesostructured 
silica-based materials was reported in 2008 in which the formation of pure-silica frameworks 
mesostructured via PIC micelles was demonstrated3.  

 
As represented in the Figure III-5, the synthetic method can be divided into distinct steps. First 
the SDAs units and the silylated precursor (TEOS) are dissolved in acidic aqueous solution. 
The neutral PEO fragments, which represent the corona of the micelles, interact with the silanol 
functions of the hydrolyzed silane through H-bonds. These interactions stabilize the DHBC 
directly into the walls of the silica matrix and direct the inorganic condensation to lead to 
ordered mesostructures. Meanwhile the ionizable block PAA complexes with the oppositely-
charged homo-polyelectrolyte OLC. The driving force for their formation is the entropy gain 
due to the release of counterions electrostatic complexation9.  
Consequently, the synthesis occurs here by a cooperative self-assembly mechanism at the 
organic/inorganic interface. 

pKaAA(4.5)

pKaOLC (7)

neutral

neutral
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Figure III-5: Representation of the preparation of the silica framework mesostructured by PIC 
assemblies10 
 
One important fact of PIC complex is the easy modification, via external conditions,  of the 
core of the micelle (formed with the PAA/OLC polymers) and thus the modulation of the 
micelles units geometry leading to different organization of the inorganic framework (as 
previously seen in the Chapter I section I.A.3.1.).  
As a consequence, in order to analyze and explain the mechanisms of formation of these 
mesostructured materials, Gerardin’s research group evaluated the influence of numerous 
synthetic parameters including : nature of DHBC and oligoamines, polymer length, reaction 
time, ionic strength, ratio between acrylic acid and amino functions and so on. Some 
correlations between the synthetic factors and the mesostructure are indexed in Table III-1. 
 

Parameter Value Mesostructure 
Final pH 4 No structure 
 4.5 Hexagonal 
 5.5 Worm-like/Lamellar 
 6.5 Lamellar 
 7 Worm-like/Lamellar 
Temperature 0°C Hexagonal (short distances) 
 30°C Hexagonal 
 80°C Worm-like 

 
Table III-1: Synthesis conditions used to prepare pure-silica materials from PIC micelles and 
the obtained mesostructures 
 
 
III.A.4  Mesostructuring of PMOs via PIC micelles : synthetic procedure 
 
III.A.4.1     Phenylene-based PICPMOs 

As already described in Chapter I. « State of art » PMOs are characterized by the 
homogeneous incorporation of organic functions directly into the walls of the silylated matrix. 
These hybrid systems offer versatile approaches for modulating the properties of materials such 
as adjusting the polarity or developing specific reaction sites that are directly distributed on the 
nanoscale framework. The wide range of functional groups available lead to potential 

Silane and polyion
interaction

Silica mesoporous 
framework

Co-assembly Polymerization
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applications in such fields as gas adsorption, catalysis, electronics, drug delivery, etc10-12. 
Herein, phenylene groups have been incorporated in the silylated matrix using 1,4-
bis(triethoxysilyl)benzene (BTEB) as precursor represented in Figure III-6. 
 

 
 

Figure III-6: Chemical structure of BTEB used as organosilylated precursor 

Phenylene-bridged silsesquioxanes have already been reported to form PMOs with highly 
uniform and ordered structures in presence of classical SDAs (alkylammonium salts or 
pluronics. Consequently, this precursor was first selected to establish the method of engineering 
PMOs mesostructured via PIC micelles. Although there have been several reports of the use of 
PEO-based surfactants such as pluronics for producing BTEB-based PMOs, to the best of our 
knowledge this is the first time that PIC micelles have been employed as SDAs in such 
systems13-15.  

III.A.4.2 Synthesis and Hydrolysis-Condensation of BTEB 

BTEB was prepared following the published procedure16. Briefly, dried magnesium reacts with 
TEOS in dry THF (250 mL). Then p-dibromobenzene, dissolved in THF, was added dropwise 
and after complete addition, the resulting solution was refluxed for 2 h. The mixture was filtered 
and the obtained liquid distilled to lead to the purified product as a colorless oil (yield 47%).  

Furthermore, by classical sol-gel processing, the precursor forms phenylene-bridged 
silsesquioxane framework as represented in Figure III-7. Basically, the hydrolysis of the 
ethoxysilanes under acidic conditions would first easily generate silanol groups followed by 
their condensation with either ethoxy groups or another silanol functions, which consequently 
lead to the phenylene-bridged silsesquioxane framework 
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Figure III-7: Preparation of the phenylene-bridged PMO by sol-gel processing 

III.A.4.3 Synthesis of phenylene-based PICPMOs 

The starting point for the synthetic procedure of the PICPMOs hybrid was based on the wide-
range of parameters evaluated by Gerardin’s group research work to prepare mesoporous silica 
materials from TEOS and PICs micelles1. During the synthesis, the medium composition is 
defined from three main factors: 
 
- The ratio R, which represents the molar ratio between the nitrogen (N) of OLC and the 
carboxylic/carboxylates functions (AA) of PAA block : 

" = $%&'()	+,	-./)+0(-	&+1(2
$%&'()	+,	34456-7	3448	,%-9/.+-2

= $
::
													(Equation III-1) 

- The ratio EO/Si, which corresponds the molar ratio between ethylene oxide (EO) units from 
PEO block and silicon (Si). 

- The weight fraction of DHBC represented as wt% DHBC :  

;<%	>?@A = 	 &BCDE

&BCDEF&GEF&HIGJF&CKG
                            (Equation III-2) 

The wt% DHBC consists in the medium concentration as all the other compounds are related 
to the weight of DHBC within the ratio R and EO/Si.  

The typical method of PICPMOs synthesis (illustrated in Figure III-8) is formed with a system 
composed of DHBC: PEO5000-b-PAA1280, OLC where R = 1, EO/Si = 1 and 2 wt% DHBC.  

Bridged
Phenylene PMO

BTEB
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The procedure is as follows: OLC was mixed with PEO-b-PAA in water at room temperature. 
The solution pH was then reduced to about 2 by addition of an appropriate amount of 3M HCl 
solution and BTEB. After completion of BTEB hydrolysis, the solution pH was increased to 
induce PAA-OLC complexation and polycondensation of the organosilicate species. Finally, a 
precipitate was recovered by centrifugation and dried to form an off-white powder.  
 

 
 
Figure III-8: Representation of the preparation of PICPMOs material 

In order to characterize the textural and structural features of the formed PICPMOs hybrids, 
synthetic parameters were modified from this typical synthetic method, including: pH value, 
the addition of co-solvent, temperature, PAA chain length.  

 

III.A.5 Effect of pH on the PICPMOs hybrids structure 

The structuring of the materials is based mainly on self-assembly of SDAs units 
consisting of PEO-b-PAA and OLC, which present acido-basic properties. In the previous part, 
it was established that the formation of the PIC complex occurs in the pH range of 4.5-7, where 
the carboxylic functions of PAA and the amino groups of OLC are ionized. Subsequently, the 
pH represents a key factor in the electrostatic micellization but also in the hydrolysis and 
condensation kinetics reaction during sol-gel processing. In addition it would be further 
exposed that pH plays a major role for the removal of the micellization agent during the 
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formation of the porosity of the hybrids. Therefore, the pH effect on the PICPMOs formation 
and on the mesostructures has been first evaluated                                                   

For this study, the used SDA is the system PEO5000-b-PAA1280 and OLC. The 
synthesis of the hybrids materials follow the previously described method by varying the pH. 
Two different batches were made, as described here: 

1. N/AA = 1, OE/Si = 1, 2 wt% DHBC in H2O 
2. N/AA = 1, OE/Si = 1, 2 wt% DHBC in H2O:PrOH (80 :20)   

During the synthesis, after the hydrolysis of the BTEB at pH 2, the pH is adjusted between 4 
and 7.5 by adding 3M NaOH solution. It is notable that for the reaction in 100% H2O it was 
necessary to increase the time and the temperature (Thydr) during the hydrolysis step (the sample 
was left for an extra hour at 50°C) to improve the dissolution of BTEB presumably owing to its 
hydrophobic nature. The effect of this parameter change was also evaluated on the reaction 
mixture with 20 vol.% PrOH and detailed in the following part. Then, the condensation has 
been carried out in a similar way by increasing the pH with a 3M NaOH solution. After 24h of 
aging, the precipitate was recovered and dried at 40°C for 48h. All the synthesis conditions are 
presented in the Table III-2 : 

N° N/AA OE/Si DHBC 
(wt%) Solvent Thydr°C pHcond Mesostructure 

 
1 1 2 H2O 

30 (1h) + 50 
(1h) 

4 Lamellar/Worm-
like 

1. 
1 1 2 H2O 

30 (1h) + 50 
(1h) 

5 Lamellar 

 
1 1 2 H2O 

30 (1h) + 50 
(1h) 

6.5 Lamellar 

 
1 1 2 

H2O:PrOH 
(80:20) 

30 (1h) 4.5 
Non-structured 

Hexagonal 

2. 1 1 2 
H2O:PrOH 

(80:20) 
30 (1h) 5.5 Hexagonal 

 1 1 2 H2O:PrOH 
(80:20) 

30 (1h) 6.5 Hexagonal 

 1 1 2 H2O:PrOH 
(80:20) 

30 (1h) 7.5 Hexagonal/non-
organized 

 
Table III-2: Synthesis conditions used to prepare PICPMOs from PEO5000-b-PAA1280/OLC 
in H2O or H2O:PrOH (80:20) 
 
III.A.5.1 TEM Characterization 
 
The structuring of the as-prepared materials has been evaluated by cross-sectional (around 70 
nm) TEM as represented in Figures III-9 and III-10. 
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1. Batch : N/AA = 1, OE/Si = 1, 2 wt% DHBC in 100 % H2O : 
 

• pH 4 
At pH 4 the TEM image depicts certain porosity within the material but the mesostructure is 
neither homogeneous nor ordered. Some lamellae are hardly differentiated and the presence of 
worm-like domains is observed. The pH can explain this disordered mesophase: as previously 
seen with the DLS analysis of the PIC complex formation (Figure III-3), pH 4 corresponds to 
the limit of the micellization range included within 4.5-7.5. Here, it seems that the agents start 
to assemble but the micelles are not fully and homogeneously formed. 
 

• pH 5.5 and 6.5 
The TEM pictures of the both samples suggest a well-ordered lamellar mesostructure with an 
inter-lamellae repetition around 15nm. To confirm the long-distance organization of the 
material complementary further analyses need to be done including N2 sorption analysis and 
Small-Width Angle X-rays Scattering (SAXS). However a first internal organization can 
already be observed indicating a presumably self-assembly of the PIC micelles into lamellae. 
 

 
 
Figure III-9: TEM images of the PICPMOs prepared at pH: 4, 5.5 or 6.5 
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2. Batch : N/AA = 1, OE/Si = 1, 2 wt% DHBC in H2O:PrOH (80:20 v:v) 
 

• pH  4.5 and 7.5 
Similarly for pH 4.5 and 7.5 a locally organized 2D hexagonal mesostructured is distinguished, 
which do not seem to be uniform due to the presence of worm-like domains. Once again, the 
value situated at the extremity of the defined pH-range of 4.5-7.5 can explain this 
inhomogeneous organization. 
 

• pH = 5.5 and 6.5 
The TEM pictures of the as-prepared hybrids at pH 5.5 and 6.5 clearly exhibit homogeneous 
organization of a 2D hexagonal-type mesostructure. It seems that the two materials presented 
long-distance order, which has further been verified by (SAXS) profile in Figure III-11.  
 

 

Figure III-10: TEM images of the PICPMOs prepared from PEO5000-b-PAA1280, in 
H2O:PrOH (80:20 v:v), at different pH 

III.A.5.2 SAXS profile 

For the material formed at pH 5.5, three peaks are clearly observed at low q (4.4x10-1; 7.6x10-

1; 8.8x10-1 nm-1) assigned to Bragg reflections from the (100), (110) and (200) planes 
corresponding to the typical hexagonal symmetry reflecting long-range organization. The 
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lattice parameter a of the p6mm spacing group is equal to a = 2d100/√3 = 16.5 nm, where the 
d100 interplanar spacing corresponds to 2π/q = 14.3 nm. 
For the material formed at pH 6.5, the organization is better ordered. Thus five peaks can be 
distinguished at low q (4.6x10-1nm-1;  8.0x10-1nm-1;  9.2x10-1nm-1; 1.2 nm-1; 1.4nm-1), which 
clearly demonstrate the highly ordered 2D hexagonal structure with a typical p6mm symmetry. 
The lattice parameter a of the p6mm spacing group is equal to a = 2d100/√3 = 15.8 nm, where 
the d100 interplanar spacing corresponds to 2π/q = 14.0 nm. Consequently, at pH 5.5 and 6.5 
organosilica materials structured by complex micelles arranged in hexagonal phase were 
successfully formed. 
 

 
 
Figure III-11: SAXS profile of the PICPMOs prepared from PEO5000-b-PAA1280, in 
H2O:PrOH (80:20), at pH 5.5 (left) and pH 6.5 (right) 
 
III.A.5.3 Discussions: effect of pH 

As described in the section III.A.2 of this chapter, pH drives the polyelectrolyte ionization and 
also the charge density of the silylated network. As a consequence, pH is highly involved in the 
interactions occurring during the formation of PICPMOs, including interactions at the 
organic/inorganic interface (PEO/-SiOH) and the one between the polyions (PAA/OLC). 

- PEO/-SiOH interactions: at low pH, abundant silanols functions are present in silicate 
species that form H bonds with the ether moieties of PEO, which is part of the DHBC. At pH 
above the isoelectric point of the silicate (pH 2), silanols groups are gradually deprotonated in 
silanolates and thus the H interactions at the interface organic/inorganic decrease. 

These preliminary studies suggest that a significant number of SiOH remain available for 
interactions with PEO units even at pH 7.5. Additionally, the hydrophilic PEO block is capable 
of interacting with the hydrolyzed organosilica precursors despite the hydrophobic nature of the 
aromatic moieties. 
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- PAA/OLC interactions : the two polyions interact with each other by electrostatic bonds 
according to their ionization level, which has be demonstrated by light scattering to be 
dependent pH (setion III.A.2). 

Therefore, when the material was formed at pH 4, the electrostatic complexation is insufficient 
since PAA block is neutral. As expected, it was shown that the interactions between PAA/OLC 
improve with raising the pH, notably at 5.5 and 6.5 owing to the increase of the AA units 
ionized. As a consequence a clear and well-defined mesostructure is established. In addition, 
above pH 7 OLC units start to neutralize and thus the PAA/OLC complexation is reduced 
leading to a loss of homogeneity in the material structuring.  

In addition to the key role of pH in the PICPMO structuring, these first studies highlight the 
major effect of a co-solvent, such as n-propanol (PrOH), on mesophase tuning. Indeed, it 
appears that the structuring can easily be changed from a lamellar to a hexagonal mesostructure 
by incorporating 20 vol.% PrOH in the aqueous solution. It is noteworthy that in both types of 
batches (in 100 % H2O or with the addition of 20 % PrOH) the hybrid systems with highest 
organization were obtained at pH 6.5. Subsequently this pH value was used for all further 
investigations.  

Before investigating in details the effect of PrOH addition on PICPMO mesostructuring, the 
effect of temperature was first assessed. Indeed, during the experiments the materials formed 
in 100 v% H2O needed a longer hydrolysis step at higher temperature to dissolve completely 
the organosilylated precursor. Consequently, the influence of hydrolysis step on textural 
properties of the material formed in a mixture of 80:20 v:v% H2O:PrOH has been considered.  
 
 
III.A.6 Effect of temperature on the PICPMOs structure 
 
Temperature is well-known to impact the conformation and solubility of the PEO chains, and 
it can also impact the polyion complexation. For this study, the SDA used is the system 
PEO5000-b-PAA1280/OLC within a mixture of H2O:PrOH (80:20) at pH 6.5 and the molar 
ratio N/AA and EO/Si are fixed at a value of 1. The synthesis method is identical to the one 
described previously apart from the temperature of the reaction.  
 
First, the hydrolysis temperature (Thydr) has been assessed to reproduce the condition in 100 v 
% H2O at pH 6.5. On the other hand, the influence of the temperature during the condensation 
step (Tcond) just after adjusting the pH to 6.5 was also studied by specific test Tcond = 0 or 50 °C. 
As referenced, the sample that was already characterized and formed at Tcond 30°C in H2O:PrO 
(80:20 v:v) in the previous part is also presented here. All the synthesis conditions are 
summarized in Table III-3 below: 
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N/AA OE/Si 
DHBC 
(wt%) Solvent Thydr (°C) Tcond (°C) pHcond 

1 1 2 
H2O:PrOH 

(80:20) 
30(1h) + 50 (1h) 30 6.5 

1 1 2 
H2O:PrOH 

(80:20) 
30 (1h) 0 6.5 

1 1 2 
H2O:PrOH 

(80:20) 
30 (1h) 30 6.5 

1 1 2 
H2O:PrOH 

(80:20) 
30 (1h) 50 6.5 

 
Table III-3: Synthesis conditions used to prepare PICPMOs from PEO5000-b-PAA1280, in 
H2O:PrOH (80:20), at different temperature. 
 
The structuring of the as-prepared materials has been evaluated by cross-sectional TEM as 
represented in Figure III-12 and Figure III-13. 

1. Batch : Thydr = 30°C (1h) + 50°C (1h) and Tcond = 30°C (24h) 

 

Figure III-12: TEM images of the PICPMOs prepared from PEO5000-b-PAA1280, in 
H2O:PrOH (80:20 v:v), at Thydr = 30 °C for 1 h and 50 °C for another hour. 
 
First, exactly the same synthesis conditions of hydrolysis as defined for the lamellar 
mesostructured hybrids in 100 v% H2O were reproduced in H2O:PrOH (80:20) mixture. As 
seen in Figure III-12 similar hexagonal mesostructures for an hour of hydrolysis at 30°C are 
observed in this case. Consequently, it seems that these new hydrolysis conditions do not affect 
the meso-scale organization of the formed system. However, to minimize reaction time and 
temperature, the approach using the shortest reaction time (1 h) and lowest temperature (30 oC) 
will generally be used.  
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2. Thydr = 30°C (1h) and Tcond = 0°C or 50°C (24h) 

Here, the temperature during the aging process have been fixed at 0°C and 50°C and compared 
to the previously reported Tcond = 30°C (Figure III-13). At the macroscopic scale, it has been 
visually observed that the formation of precipitate is faster at higher temperature, as expected 
for such materials forming during sol-gel processing17. On the cross-sectional TEM worm-like 
structured is shown for the material formed at Tcond = 0 °C. The lowest condensation 
temperature seems to avoid the organization of the micelles into cylinders due presumably to a 
reduction of the polymer agent’s mobility, which can affect their self-assembly and thus the 
micellar final geometry. At Tcond = 50 °C, the TEM image of the material shows a well-ordered 
2D hexagonal mesophase similar to the one already observed for Tcond = 30 °C. Consequently, 
we have chosen to maintain Tcond = 30°C for the further investigation to save energy.  
 

 
 
Figure III-13: TEM images of PICPMOs prepared from PEO5000-b-PAA1280, in H2O:PrOH 
(80:20 v:v), at Tcond = 0 °C, 30 °C or 50 °C for 24 h. 
 
In this section, the change in temperature during condensation step has led to structural changes. 
As it has already been found, the temperature parameter impacts on the organosilica species 
auto-condensation and hydration of PEO18, 19. At low temperature such as 0°C, the 
polycondensation is disadvantaged and the mobility of PEO chains reduced, which can explain 
the mesophases mixing observed on TEM.Consequently, for the next studies the condensation 
temperature has been fixed at 30°C. Also the materials prepare in 100 v% H2O was hydrolyzed 
at 30°C for an hour and at 50°C for another 1h, while the system formed in a 80:20 v:v% 
H2O:PrOH mixture would be prepared at Thydr = 30°C for 1h. 
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III.A.7   Effect of co-solvent on the PICPMOs structure and mesophase 
change from lamellar to hexagonal 
 
As seen previously, co-solvents, such as PrOH, demonstrate an attractive effect on the 
structuring of mesoporous materials, allowing the mesophase change from lamellar to 
hexagonal mesostructured, respectively in absence or presence of the alcohol. Herein, a more 
detailed evaluation of the influence of PrOH addition on the PICPMO physico-chemical 
features will be carried out. For this study, the SDA used is the system PEO5000-b-
PAA1280/OLC at pH 6.5 and ratio N/AA and EO/Si equivalent to 1. The synthesis method is 
identical to the one described previously only the vol.% of PrOH will be modified. Herein, 0 
v%, 20 v%, 30 v% or 40 v% of the H2O volume has been replaced by PrOH in the initial mixture 
prior to the hydrolysis step. The synthesis conditions are summarized in Table III-4: 
 

N/AA OE/Si DHBC 
(wt%) Solvent Thydr (°C) pHcond 

1 1 2 H2O 30 (1h) + 50 (1h) 6.5 

1 1 2 
H2O:PrOH 

(80:20) 
30 (1h) 6.5 

1 1 2 
H2O:PrOH 

(70:30) 30 (1h) 6.5 

1 1 2 
H2O:PrOH 

(60:40) 
30 (1h) 6.5 

 
Table III-4: Synthesis conditions used to prepare PICPMOs from PEO5000-b-PAA1280, in 
H2O, H2O:PrOH (80:20 v:v), H2O:PrOH (70:30 v:v) or H2O:PrOH (60:40 v:v) 

The structuring of the as-prepared materials has been evaluated by cross-sectional TEM as 
presented in Figure III-14. For comparison the TEM pictures of PICPMO produced in 100 v% 
(H2O) and 80:20 v% (H2O:PrOH) are studied. 
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Figure III-14: TEM images of PICPMOs prepared from PEO5000-b-PAA1280, OLC in H2O 
(left), H2O:PrOH (80:20 v:v) (middle-left, H2O:PrOH (70:30 v:v) (middle-right) or 
H2O:PrOH (60:40 v:v) (right) 
 
In order to investigate in more detail the origin of this mesophase change, especially between 
PICPMO formed only in H2O and in a 80:20 (H2O:PrOH) solution, which show well-organized 
lamellar and hexagonal mesostructured respectively, the physico-chemical features were further 
assessed. In particular the structure and the composition were characterized by several 
techniques including SEM, TEM, SAXS profile, N2 sorption, IR Spectroscopy, Solid-State 
cross-polarization magic angle spinning (CPMAS) NMR, thermogravimetric analysis (TGA) 
and elemental analysis (EA).  
For easier comprehension, the two assessed samples would be denoted as:  

• PICPMO 1 : PEO5000-b-PAA1280, OLC in 100 v% H2O 
• PICPMO 2 : PEO5000-b-PAA1280, OLC in H2O:PrOH (80:20 v:v) 

 

N° N/AA OE/Si DHBC 
(wt%) 

Solvent Thydr (°C) pHcond Mesostructure 

1 1 1 2 H2O 30 (1h) + 50 (1h) 6.5 Lamellar 

2 1 1 2 
H2O:PrOH 

(80:20) 
30 (1h) 6.5 Hexagonal 

 
Table III-5: Synthesis conditions used to prepare PICPMO 1 and PICPMO 2 
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For characterization purposes, the as-synthesized PICPMO materials were also treated under 
acidic conditions to open the porosity but also to study the pH-triggered release of the OLC 
polybase. As previously seen, the electrostatic interaction represents the driving force for 
micellization of the polyions used. Consequently, the possible dissociation of the PIC complex 
in the material triggered by the external parameter such as pH was exploited to generate 
mesoporous materials.  

The typical method to destabilize the micellar complex is as follows : the PICPMO hybrid was 
dispersed in 1 M HCl aqueous solution for 4 h to destabilize the PAA/OLC complex. Then, the 
material was recovered by centrifugation and dried to lead to a beige powder. The final system 
would be denoted as acid treated or OLC-free PICPMO. The total release of the OLC was 
monitored directly on the treated PICPMOs system by chemical analysis including 13C solid 
state NMR, IR spectroscopy and composition calculation (from TGA and EA); the structure 
and morphology of the hybrids were also characterized by electron microscopies. 
 
III.A.7.1 Characterization of the structures and morphologies of PICPMO 1 and PICPMO 2 
 

A) SEM of as-prepared PICPMOs 

• PICPMO 1 (H2O (100 v%)) 

At lower magnification (Figure III-17), an overview of the hybrid architecture depicts a layered 
assembly with no particular shape and rough surface. At higher magnification, the uniform 
disposition of the lamellae is clearly revealed consistent with the TEM image of the material 
depicted in Figure III-15.  

 
 

Figure III-15: SEM of the PICPMOs prepared from PEO5000-b-PAA1280, OLC in H2O 
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• PICPMO 2 (H2O:PrOH (80:20 v:v)) 

Figure III-16 shows the SEM images, at different magnifications, of PICPMO 2. The as-
synthesized PICPMO 2 consists of micrometer-scale particles with relatively spherical shape. 
Interestingly, the micrographs exhibit a well-defined structuring over distances of hundreds of 
nanometers consistent with the results obtained from the SAXS profile in Figure III-11.  

 

Figure III-16: SEM of the PICPMOs prepared from PEO5000-b-PAA1280, OLC in H2O 
 
Moreover, mechanically fractured sites allow to observe self-assembly of the PIC micelles into 
cylindrical arrays resulting in the hexagonal symmetry observed in the templated material. It is 
also noteworthy that the structuring remains visible on the surface of the material and leads to 
cracking presumably occurring during drying owing to capillarity forces. 

B) SEM and TEM after acidic treatment 

During the opening of the PICPMO porosity, calcination was avoided to protect the bridging 
aromatic rings within the silylated framework. As the low pH conditions can presumably affect 
the material, the textural and structural features of the resulting acid treated hybrids were thus 
evaluated respectively by SEM and TEM (Figure III-19).  

• PICPMO 1 (H2O (100 v%)) 

A comparison of the SEM and TEM micrographs of both as-prepared (Figure III-17) reveals 
that the PICPMO material collapses after the OLC removal presumably because the bi-layer 
geometry of the micelles is no longer maintained by the centre of the assembly. These 
observations are also shown in the TEM images, exhibiting lamellae that are disrupted 
compared to the as-synthesized material. 
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Figure III-17: SEM and TEM of PICPMO 1 before (left) or after (right) acidic treatment  

• PICPMO 2 (H2O:PrOH (80:20 v:v)) 

A comparison of the SEM and TEM micrographs of the as-prepared PICPMO and the acid-
treated sample (Figure III-18) reveals that the PICPMOs have uniform, ordered porosity over 
length scales exceeding 1 µm. The mesostructure after acid treatment, and associated removal 
of OLC, is essentially identical to that of the as-prepared material, indicating that the framework 
is mechanically and chemically robust, with no degradation or apparent loss of mesoporosity 
following removal of the OLC. 
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Figure III-18: SEM and TEM of PICPMO 2 before (left) or after (right) acidic treatment  

C)   SAXS profile and molecular organization within the PICPMOs’ walls. 

• PICPMO 1 (H2O (100 v%)) 

The SAXS profile of the as-prepared phenylene–PMO material is shown in Figure III-19, 
purple line. The scattered intensity displays two broad peaks at q-values of 4.2x10-1 and 8.8x10-

1nm-1 (with an inter-reticular ratio of 2), consistent with a lamellar mesophase. The pseudo-
Bragg peak obtained from q-value of 4.2x10-1 nm-1 corresponds to a distance of 14.8 nm. These 
data are consistent with the 15.1 nm inter-lamellae distance deduced from the TEM images (in 
Figure III-14). Moreover, after acidic treatment (Figure III-19, orange line) the profile 
corresponds to a flat slope -3.4, reflecting the absence of internal organization, which is 
coherent with the micrographs and highlights the collapsing of the micellar assemblies and thus 
the mesoporosity. 

• PICPMO 2 (H2O:PrOH (80:20 v:v)) 

The scattering intensity of the as-prepared PICPMO 2 has already been characterized in the 
previous section (Figure III-11). Herein, the Figure III-19, right side, shows that after acid 
treatment the peaks exhibit better definition, with increasing definition being due to the 
difference in scattering-length densities (and X-ray contrast) between the silylated matrix and 
the mesopores after the polymer removal. Consequently, on the diffractogram of the acid treated 
PICPMO 2 (orange line) the first Bragg peak is better defined. Furthermore, the SAXS pattern 
of the OLC-free sample further confirms the structure of the PICPMO. Indeed The three peaks 
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observed at low q (4.6x10-1 nm-1;  8.0x10-1 nm-1;  9.2x10-1 nm-1; 1.2 nm-1; 1.4 nm-1; 1.6 nm-1) 
are assigned to Bragg reflections from the (100), (110) and (200) planes (p6mm symmetry), 
demonstrating the highly ordered 2D hexagonal structure of the samples.  

Consequently, these results confirm that the mesoporous structure does not collapse following 
washing at low pH, reflecting the relatively high chemical stability of this PICPMO. 
Furthermore, comparison of the SAXS pattern of the as-prepared and the acid treated PICPMO 
2 shows constant values of the characteristic distances q, meaning that the internal organization 
of the solid framework remains even after acidic treatment. 

 

Figure III-19: SAXS profile showing the effect of the oligoamine removal on (left) as-prepared 
(purple line) or acid treated (orange line) PICPMOs 1 or (right) as-prepared (blue line) or 
acid treated (orange line) PICPMO 2 

For both PICPMO 1 and PICPMO 2, at high q values, the profile exhibits two characteristic 
distances at d=7.6x10-1 nm and 3.8x10-1 nm (q value of 8.3 nm-1 and 16.7 nm-1, respectively), 
consistent with a molecular-scale periodicity. Indeed, it has been previously reported that the 
distance of 7.6x10-1 nm corresponds to the lamellar repetition of the aryl moieties in 
organosilane fragments (Figure III-20)20.  In addition, the repetition d = 3.8x10-1 nm (q value 
of 16.7 nm-1) is assigned to the distance between two aromatic rings, which are ordered via π-
π interactions. Consequently, these results evidence the molecular-scale periodicities within the 
lamellae arising from a crystal-type ordering20.  
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Figure III-20: Molecular-scale periodicity within PMOs framework20 

D)   FT-IR Spectroscopy of the molecular skeleton of PICPMO 1 and PICPMO 2 

FTIR spectroscopy was used to further characterize the framework structure of PICPMO 1 and 
PICPMO 2, as shown in Figure III-21 (respectively on left and right side). 

The IR spectra from 650 to 1250 cm-1 correspond to the molecular fingerprint of the sample. It 
is notable that for this wavenumber range the spectra of PICPMO 1 and 2 are similar, and also 
that the acidic treatment does not affect the molecule skeleton in either case. The antisymmetric 
stretching mode of Si–O–Si at about 1090 cm-1 consistent with the formation of siloxane 
networks in the framework of the PICPMO product. The C–H out-of-plane mode at about 773 
cm-1 is associated with the phenylene group. Moreover, the aromatic ring mode at 810 cm-1 and 
the Si–C vibrations at 1153 cm-1 are clearly observed in the spectrum, consistent with the 
presence of phenylene-bridging groups incorporated within the framework.  

 

Figure III-21: IR Spectroscopy from 650 to 1250 cm-1 of (left) as-prepared (purple line) or acid 
treated (orange line) PICPMO 1 or (right) as-prepared (blue line) or acid treated (orange 
line) PICPMO 2 
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E) N2 sorption analysis of PICPMO 1 and PICPMO 2 

The isotherms of N2 adsorption-desorption allow the characterization of the porosity of the 
material.  

• PICPMO 1 (H2O (100 v%)) 

The N2 sorption analysis was carried out on as-prepared PICPMO hybrids (Figure III-22) 
because the acid treated sample exhibited structural collapse, which affects the texture and 
porosity of the system. 
As expected, the sorption isotherm of PICPMO 1 is of low quality, consistent with the sorption 
of only small quantities of N2 by the sample (Figure III-22, left). The correspondingly low 
apparent specific surface areas (18.2 cm3/g) and the different relative pressures at the start and 
the end of the analysis are attributed to the retention of the organic structuring directing agents 
within the mesopores and outgassing/decomposition of the sample during analysis.  

• PICPMO 2 (H2O:PrOH (80:20 v:v)) 

The N2 sorption analysis was carried out on acid-treated PICPMO 2 (Figure III-22) in order 
to increase the specific area compared with the as-prepared material where the micellar complex 
is still retained within the mesopores. The analysis presented above confirms that the 
mesoporous structure remains intact after such treatment. 
 
The N2 adsorption-desorption isotherms of the OLC-free PICPMO 2 (Figure III-22, right) 
exhibited the type IV isotherm expected for such mesoporous materials, with a relatively large-
pore diameter (calculated from the adsorption isotherm via the BJH method) of 6.8 nm.  
 
Furthermore, the hysteresis between the adsorption and desorption branches is quite narrow 
within the relative pressure range, which reflects relatively monodisperse porosity (Figure III-
22, right). The BET surface area of 281 m2.g-1 is somewhat lower than that normally expected 
for such materials, due to the pendant PAA polymer chains present within the pores after OLC 
removal. The total pore volume of the material (0.3 cm3.g-1) reflects a significant capacity for 
encapsulation of bioactive species within the internal pore network.  
Finally, the lattice parameter (a = 15.8 nm) obtained from the SAXS diffractogram and pore 
size (dpores = 6.8 nm) calculated from the N2 sorption data enable the wall thickness within the 
PICPMO to be deduced (twalls = a - dpores = 9 nm).  
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Figure III-22: N2 sorption analysis of PICPMO 1 (left) and PICPMO 2 (80:20 v:v) (right) 

III.A.7.2     Composition of the PICPMOs systems 

A) Solid state CP-MAS NMR analysis of the phenylene-PICPMOs  

Solid-state 13C and 29Si NMR measurements of the as-prepared and acid treated PICPMO 1 
and PICPMO 2 were performed (Figure III-23) to verify the composition and structure of the 
covalently-bonded phenylene-bridging groups in the framework and also to monitor the 
removal of the OLC. It is notable that, due to similar results, only the 29Si NMR analysis of acid 
treated PICPMOs will be discussed here. 

• PICPMO 1 (H2O (100 v%)) 

The 13C NMR spectrum of both as-prepared and OLC-free PICPMO 1 (Figure III-23, left side, 
top) displays a single peak at 133.7 ppm corresponding to the covalent bond between the aryl 
carbon and the silicon atoms, which indicates that the Si-phenyl moieties are intact in the 
hydrolyzed and condensed silicate network. A single distinct peak around 69.2 ppm attributed 
to the –CH2 groups of the PEO demonstrates that the DHBC is also incorporated into the hybrid 
silica matrix during material preparation and is not readily removed by the acidic washing 
procedure. Herein, the poor resolution of the as-prepared PICPMO spectrum (Figure III-23, left 
side, purple line) does not enable the OLC to be clearly identified. Indeed the specific peaks 
associated with OLC (at 58.8 ppm (CH2-OH) and 18.4 ppm (-(CH2)n-)) are barely observed due to 
high noise/signal ratio.  

The 29Si CP MAS NMR spectrum (Figure III-23, right side, bottom) revealed characteristic 
signals of the phenylene-bridged Si atoms assigned to C–Si(OSi)3 (T3, –80 ppm), C–Si(OSi)2 
(OH) (T2, –71 ppm), and C–Si(OSi)(OH)2 (T1, –63 ppm). No peaks associated with Q species 
were observed, which confirms that the C–Si bonds are stable during the preparation and 
washing of the material. The integrated area under the Tn peaks (derived by least-squares fitting) 
was used to determine the apparent extent of condensation in the PICPMO, with an apparent 
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stoichiometry of R-SiOx(OH)3x-2 (where x = 1.06) being observed (note that this analysis is only 
semi-quantitative in the case of CP-MAS data). This reflects incomplete condensation within 
the system, together with the presence of surface silanol groups for possible further post-
functionalization.  

 

Figure III-23: NMR spectra of (left) as-prepared (purple line) or acid treated (orange line) 
PICPMO 1 or (right) as-prepared (blue line) or acid treated (orange line) PICPMO 2 

• PICPMO 2 (H2O:PrOH (80:20 v:v)) 

The 13C CPMAS NMR spectrum of as-synthesized PICPMO 2 (Figure III-23, right side, top, 
blue line) also confirmed the presence of the organic bridging groups, with well-defined peaks 
at 133.9 ppm (Car peak) and 70.1 ppm (-CH2 groups of the PEO). The additional peaks at 58.9 
ppm (CH2-OH) and 18.7 ppm (-(CH2)n-) in the as-prepared PICPMO sample are assigned to 
the OLC micellization agent. The 13C NMR spectrum (Figure III-23, right side, top, orange 
line) of acid treated PICPMO shows the specific peak of the PEO, indicating once again that 
the DHBC remains strongly bonded to the organosilica matrix after washing at low pH. In 
addition, the absence of the specific peaks associated with OLC (at 58.9 ppm and 18.7 ppm) in 
the spectrum of the acid treated sample indicates that essentially all of the polybase is removed 
during the acidic treatment. These results highlight the selective removal of OLC upon washing. 

The 29Si CPMAS NMR spectrum (Figure III-23, right side, bottom) exhibits three signals at -62, 
-71 and -79 ppm attributed to Si covalently linked to C atoms of, respectively, T1, T2 and T3 sites 
(where Tx corresponds to RSi(OSi)x(OH)3-x). Once again, the absence of any peaks arising from Qn 
species at -90 to -120 ppm demonstrates that the Si-phenylene bridges remain intact within the PMO 
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matrix, with no Si-C cleavage occurring during synthesis and the acidic washing. The integrated 
area under the Tn peaks (derived by least-squares fitting) was used to determine the extent of 
condensation in the PICPMO, with an apparent equivalent stoichiometry of R-SiOx(OH)3x-2 
(where x = 1.04) being observed. This reflects incomplete condensation within the system, 
together with the presence of surface silanol groups for possible further post-functionalization. 

B) FT-IR Spectroscopy analysis of the phenylene-PICPMOs  

IR spectroscopy provides qualitative analysis of the composition of the as-formed and OLC-
free PICPMO hybrids as depicted in Figure III-24. The characterization is used to highlight the 
presence or the absence of the OLC polybase.  

FTIR spectra ranging from 1150 to 2050 cm-1 of the hybrids, shown in Figure III-24, were used 
to characterize the PIC micellar complex, which appear to be similar for both type of PICPMOs 
(either lamellar or hexagonal mesostructure). The vibrational mode of n-NH2 at about 1560 
cm−1 (highlighted with black arrow) reveals the presence of OLC for the as-prepared PICPMO 
material. The quantity of OLC within the PICPMO hybrid material was further calculated from 
thermogravimetric and elemental analysis data (see next section). The extraction of the polybase 
during washing under acidic conditions is also confirmed by the FTIR spectroscopic data (Figure 
III-24, orange dashed line). The vibration mode of (n-NH2) at 1560 cm−1 assigned to OLC 
within the mesopores of the as-prepared PICPMO material is no longer observed after acid 
treatment. In addition, the appearance of the characteristic C=O vibration of the carboxylic 
functions at 1720 cm-1 (highlighted with black arrow) following the acid treatment is consistent 
with the removal of the oligoamine and the presence of the pendant PAA chains within the 
pores. 

 

Figure III-24: IR spectra of (left) as-prepared (purple line) or acid treated (orange line) 
PICPMO 1 or (right) as-prepared (blue line) or acid treated (orange line) PICPMO 2 

 

 

 

0,01

0,03

0,05

0,07

0,09

1150 1350 1550 1750 1950 2150
0

0,02

0,04

0,06

1150 1350 1550 1750 1950 2150

As-prepared

Acid treated

Wavenumber (cm-1)

Ab
so

rb
an

ce

Wavenumber (cm-1)

Ab
so

rb
an

ce



 

175 
 

C) Thermogravimetric analysis (TGA) of the PICPMOs  

TGA measures mass loss occurring during thermal treatment from 35°C to 850°C under air 
flow to be determined. This technique is used here to estimate the quantities of physiosorbed 
water, organic materials and silica within the studied system. 

• PICPMO 1 (H2O (100 v%)) 

Figure III-25 illustrates the TGA of the as-formed (purple) and OLC-free (orange) PICPMOs 
(left side), while on the right side, each material is shown with its derivative weight-loss curve. 
A detailed interpretation of the TGA of the as-prepared PICPMO (Figure III-27, left, purple) 
is presented below. In this case, several mass losses can be distinguished over this temperature 
range:  

• T<110°C: dehydration due to the loss of physiosorbed H2O molecules within the framework. 

• 110°C<T<250°C: partial loss of the micellization agents corresponding to DHBC and OLC 
complexed together within the mesopores of the material. 

• 250°C<T<550°C: degradation of the phenylene bridges covalently bonded within the solid 
matrix. 

• 250°C<T<550°C: dehydroxylation of the silica. 

Figure III-25: Superimposed Thermogravimetry Analysis of PICPMOs prepared from 
PEO5000-b-PAA1280, OLC in H2O (left) as-prepared (purple line) and acid treated (orange 
line) and the derivative weight curves (right) 
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The relatively high thermal stability of the as-formed and acid-treated PICPMO is evident from 
the gradual decomposition of the phenylene bridges at temperatures around 300°C, which 
continued until 650°C. The residual mass of 29.8% corresponds to the silica content of the 
samples.  

• PICPMO 2 (H2O:PrOH (80:20 v:v)) 

The TGA profile of as-prepared hybrid (Figure III-26, blue line) shows that the removal of 
physisorbed water starts at 30°C and is complete at around 120°C. The subsequent mass losses 
are due to decomposition of DHBC, OLC until 210°C and the phenylene bridges. The residual 
mass of 33.5% corresponds to the silica content of the samples.  

 

Figure III-26: Thermogravimetric analysis of PICPMOs prepared from PEO5000-b-PAA1280, 
OLC in H2O:PrOH (80:20 v:v) (right) as-prepared (blue line) or acid treated (orange line) 

D) Composition of PICPMOs  

To chemically characterize the PICPMO materials, their compositions have been calculated 
from TGA and EA data on the both type of materials (as-prepared and OLC-free) following the 
procedure described below. The results obtained are summarized in Table III-6. 

Calculation method: The mass percentage of silica (%mSiO2) was evaluated from the residual 
mass at 850 °C. From the chemical structure of BTEB, it is assumed that each Si atom is 
accounts for three C atoms (assuming complete hydrolysis and quantitative retention of phenyl 
bridges within the PICPMO, as verified above by NMR). This enables the mass percentage of 
C present in the walls to be deduced (%mCwall). Elemental analyses of N and C were performed 
to determine the mass percentage of OLC in the materials (%mOLC), which in turn was used to 
calculate the mass percentage of C originating from OLC (%mCOLC). Finally, the C content was 
used to calculate the DHBC weight percentage (%mDHBC) as follows:  

-0,01

0,09

0,19

0,29

20

40

60

80

100

25 200 375 550 725
W

ei
gt

h
(%

)

Temperature (°C)

As-prepared
Derivative Weight

30

40

50

60

70

80

90

100

0 100 200 300 400 500 600 700 800

W
ei

gt
h 

(%
)

Temperature (°C)

As-prepared
Acid treated

0

0,2

0,4

40

60

80

100

25 200 375 550 725

W
ei

gt
h

(%
)

Temperature (°C)

Acid treated
Derivative Weight



 

177 
 

 

%A = %L3	M8N + (%L4Q3 × 	%L3	4Q3) + (%LT8U3 × %L3	T8U3) 

%V = (%L4Q3 ×%L$	4Q3) 

where %mC PHE ; %m C OLC , %m C DHBC, and %m N OLC, respectively, refer to the mass content 
of C in the bridging phenylenes, OLC in the DHBC, and the mass content of N in OLC.  

• PICPMO 1 (H2O (100 v%)) 

The mass fractions (wt%) of DHBC, OLC, phenylene bridges and physisorbed/chemisorbed 
H2O were as follows:  

• As-prepared PICPMO: (DHBC)45.3%(OLC)7.1%(BTEBwall)44.7%(H2O)2.9% 
o N/AA = 0.33 and EO/Si = 1.66 

• Acid treated PICPMO: (DHBC)45.3%(BTEBwall)44.7%(H2O)14.4% 
o N/AA = 0 and EO/Si = 1.01 

The composition of the as-prepared PICPMO 1 can be described by two key molar ratios, 
N/AA (0.33) and EO/Si (1.65). The first corresponds to the complexation between N atoms 
from OLC and the acrylic acid functions of the DHBC, while the second reflects the interaction 
between the ethylene oxide functions of the DHBC and the silanes. The low N:AA value, which 
is less than the initial ratio of 1.0, indicates that a significant fraction of the OLC is not retained 
within the as-prepared material via electrostatic interactions with DHBC. In addition, the high 
EO/Si ratio confirms that ethylene oxide units are retained within the structure via hydrogen 
bonding with the silylated precursor, facilitating the structuring observed by TEM (Figure III-
14). Similar interpretation can be done on the acid treated PICPMO 1 composition, which 
exhibits ratio N/AA = 0 and EO/Si = 1.01, reflecting the total removal of polyamine OLC and 
the PEO units remains even if some silanolates species have been formed at pH 2 involving the 
decrease of EO/Si when compare with as-prepared material. Finally, the composition confirms 
that the OLC agent can be totally removed under relatively mild acidic conditions.  

• PICPMO 2 (H2O:PrOH (80:20 v:v)) 

The mass fractions (wt%) of DHBC, OLC, phenylene bridges and physiosorbed/chemisorbed 
H2O were as follows:  

• As-prepared PICPMO: (DHBC)29.1%(OLC)11.7%(BTEBwall) 50.2%(H2O)9.1% 
o N/AA = 0.75 and EO/Si = 0.94 

• Acid treated PICPMO: (DHBC)29.7%(OLC)3.0%( (BTEBwall)64.0%(H2O)6.0% 
o N/AA = 1.7x10-2 and EO/Si = 0.76 
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Once again, the composition is characterized by two key molar ratios, N:AA (0.75) and EO:Si 
(0.94). These ratios, which are close to 1, highlight (a) the well-defined electrostatic 
complexation between N atoms from OLC and the carboxylic functions of the DHBC; and (b) 
the effective interaction between the ethylene oxide monomer units of the DHBC and the 
silanes, leading to the formation of the 2D hexagonal mesostructured material. The composition 
of the acid treated PICPMO confirmed that treatment at pH 2 induces complete dissociation of 
PIC micelles by neutralization of all carboxylic acid functions of the PAA block.  

 

Table III-6: Chemical composition of the as-prepared and acid treated PICPMO 1 (purple) 
and PICPMO 2 (blue) 

III.A.7.3 Discussion 
 
As previously depicted, the mesophases obtained vary from lamellar to hexagonal with the 
addition of PrOH in the medium, which is due to a change in the micellar phase diagram. A 
micelle sub-unit or building block is characterized by its molecular packing parameter P, which 
is given by the formula shown in Figure III-27.  
 
 

  % 
DHBC 

% 
OLC 

%wall�
%SiO2 %water N/AA EO/Si Structure 

As-
prepared 

PICPMO 1 45.3 7.9 44.6 
26.8 2.2 0.33 1.66 Lamellar 

PICPMO 2 29.1 11.6 50.2 
30.2 9.1 0.75 0.94 Hexagonal 

Acid 
treated 

PICPMO 1 32.8 0 52.8 
31.7 14.4 0 1.01 No structure 

PICPMO 2 29.7 0.3 64.0 
38.4 6.0 1.70*10-2 0.76 Hexagonal 
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Figure III-27: Representation of the mesophase change due to the modification of the geometry 
of the micellar sub-units defined by the packing parameter from Israelachlvilli21, 22 
 
This packing parameter P can help to interpret the different molecular self-assembly observed 
in surfactant solutions under different conditions. In 1976 Israelachvili established the particular 
values of P that yield specific self-assembling geometries21, 22, including bilayers, cylinders and 
spheres. In particular, he showed that structures can be evolved from lamellar, for high value 
of P, to hexagonal and finally cubic geometries when P decreases. 
 
In our case, when 20 v% PrOH is added to the system a mesophase transition from lamellar to 
hexagonal is observed, reflecting an increase of the micelle curvature as previously developed 
in Chapter I section I.A.3.1. A potential explanation for this phase transition can be first that 
the alcoholic co-solvent dilutes the micelles making them less packed and thus favoring the 
increase of surface curvatures. Alternately the addition of PrOH slows organosilica hydrolysis, 
owing to an improving solvation into the alcohol phase23, which thus leads to reducing the 
amount of charged organosilicate species. As a direct consequence the repulsive forces between 
the near headgroups of the SDA will decrease. Therefore the effective headgroup surface area 
(ae) will increase and thus P value decrease in favor of hexagonal mesophase (Figure III-28). 
 

 
Figure III-28: Influence of the PrOH as co-solvent on the micellar units geometry 
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In addition, the increase in alcohol concentration in the medium from 0 v% to 40 v% will 
gradually slow the organosilica hydrolysis and consequently will disturb the interaction 
between PEO/silanol owing to abundant alcohol molecule at the organic/inorganic interface24, 
which explain the loss of organization and even mesostructured observed when PrOH amount 
is increased (Section III.A.7). 
 
III.A.8 Influence of the PAA chain length on PICPMO hybrid structure 

During this PhD work, the stock of DHBC composed of PEO5000-b-PAA1280 available was 
unfortunately limited. Consequently, for further studies, and especially to test the biological 
capacity of the PICPMO, a DHBC with a smaller PAA chain (PEO5000-b-PAA790, OLC at 
pH 6.5 and the molar ratio N/AA and EO/Si equal to 1) was employed to structure the hybrids. 
The synthesis method is identical to that described previously and the reaction parameters are 
depicted in Table III-7. Two main samples will be investigated, which are denoted as:  

• PICPMO 3 : PEO5000-b-PAA790, OLC in 100 v% H2O (100 v%) 
• PICPMO 4 : PEO5000-b-PAA790, OLC in H2O:PrOH (80:20 v:v) 

In this case, only the assessment of mesostructure and the texture of the as-formed material will 
be described, to demonstrate the reproducibility of the established method using a different 
DHBC.  

N/AA OE/Si 
DHBC 
(wt%) Solvent Thydr (°C) pHcond 

1 1 
2 

PAA790 
H2O 30(1h) + 50 (1h) 6.5 

1 1 
2 

PAA790 
H2O:PrOH 

(80:20) 
30 (1h) 6.5 

Table III-7: Synthetic parameters for PICPMOs prepared from PEO5000-b-PAA790, OLC. 

For characterization purposes, the as-synthesized PICPMO materials were also treated under 
acidic condition (using the same protocol described previously) in order to release and to 
evaluate the porosity of the material. The structuring and the morphology of the as-prepared 
materials has been evaluated by cross-sectional TEM as represented in Figure III-29. 
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Figure III-29: TEM images of PICPMO 3 (left) and PICPMO 4(right). 

• PICPMO 3 (H2O (100 v%)) 

TEM micrograph (Figure III-29 left) exposes lamellar structure on short distances with the 
presence of worm-like domains (highlighted with yellow arrow). Furthermore, the single and 
very broad peak on the SAXS profile is coherent with a mesophase mixing inside the PICPMO 
3. Noteworthy, the pseudo-Bragg peak obtained from the q-values of 4.6x10-1 nm-1 corresponds 
to a distance of 13.8 nm.  

• PICPMO 4 (H2O:PrOH (80:20)) 

PICPMO 4 exhibits relatively organized hexagonal-type mesophase. The scattering intensity 
of the as-prepared PICPMO 4 shows three broad peaks observed at low q (3.7x10-1 nm-1; 
6.5x10-1 nm-1; 7.4x10-1 nm-1). These peaks can be assigned to Bragg reflections from the (100), 
(110 (200)) planes (p6mm symmetry), suggesting ordered 2D hexagonal structure of the 
samples, which is consistent with the TEM image (Figure III-29) 

 

 Figure III-30: SAXS of the PICPMOs prepared from PEO5000-b-PAA790, OLC in H2O 
(purple), H2O:PrOH (80:20 v:v) (blue). 
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Conclusions on the respective organosilica mesophase transition that occurs upon addition of 
PrOH are similar to the one expressed with PEO5000-b-PAA1280. Without the presence of 
PrOH lamellar-like mesophase is formed and the addition of 20 v% of propanol to the final 
composition lead to hybrid with hexagonal mesostructure. 

These results suggest that smaller PAA units do not affect the mesophase change, however the 
homogeneity of the global organization is decreased. This results is presumably due to the 
reduction of carboxylic function available in the medium that disfavored the proper formation 
of PAA/OLC complex and can lead to mesophase mixing. This assumption however 
necessitates more evidences by composition calculation to have an evaluation of the N/AA 
proportion in the material. 

 

III.A.9 Conclusions  

In this part, the study of the synthetic conditions helps to explain the formation mechanism of 
the newly synthesized PICPMO hybrids. As seen aforementioned the mesostructuring of the 
PMOs hybrids occurs in two main steps: 

1) Hydrolysis of the BTEB precursor in DHBC/OLC aqueous solution at pH 2. Herein, the PAA 
block is neutral while the OLC agent is positively charged, thus no interaction occurs. On the 
other hand at this pH the hydrolysis kinetic is optimum when the condensation one is minimum. 
The organosilylated precursors thus hydrolyzed and turn to unimers or even small oligomers 
with abundant silanol functions. Subsequently, H bonds are formed between these silanols and 
the oxygen of PEO blocks generating small DHBC/BTEB aggregates. 

2) The pH is then increased generating either the ionization of carboxylic function of PAA 
block or the oligomers growth via condensation of the organosilica species. Subsequently the 
oppositely charged AA and polyamine moieties interact to form electrostatic complex, which 
represents the core of the PIC micelle. The micellization is favored by the entropy gain 
originating from the counter-ion initially surrounding the polyelectrolytes. As a consequence 
the polymerization of the BTEB and the complexation occurs simultaneously. Furthermore, the 
H bonds between the PEO and the growing organosilica oligomers, represents the organic-
inorganic interface driving the formation of mesostructured materials. 

The effect of pH, temperature and co-solvent were evaluated demonstrating that the system, 
and particularly the PEO/organosilica and PAA/OLC interactions, are highly sensitive to the 
physico-chemical condition of the reaction. It has been demonstrated the effect of pH is 
important on the homogeneity of the mesotructuring. When pH is adjusted in the appropriate 
range of complexation highly ordered hybrid materials are obtained. 
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On the other hand, the addition of PrOH leads to micellar phase transition from lamellar to 
hexagonal suggesting an increase of the micellar object curvature owing to the presence of the 
alcohol at the organic-inorganic interface. 

These results demonstrate the successful formation of PMO materials structured for the first 
time via PIC and organosilica precursors cooperative self-assembly. In addition this study 
elaborates a versatile synthetic methodology that can be easily modified by, for example, 
changing the polyamine or the organosilica source as detailed in the following parts. 
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III. Part B. The antibacterial potential of PICPMO hybrids 
 

One of the interesting features of PIC micelles as SDAs is that the destabilization of the 
complex can be easily induced by external stimuli such as pH as discussed in the previous 
section (Part A, Section III.A.7). This feature can be particularly useful for a range of biomedical 
applications, and in this section the following points will be presented : 

 
1. The use of antibiotics as micellization agents;  
2. The simultaneous drug encapsulation and structuring of PICPMO materials; 
3. The controlled release of the drug and its efficacy against bacterial strains. 

 
The use of micelles for the delivery of bioactive molecules has been widely developed over the 
past few decades24-29. The particular interest in copolymer-based micellar systems is due to their 
biocompatibility, which provides tremendous benefits including the capacity to encapsulate 
therapeutically-useful quantities of various drugs (hydrophobic or hydrophilic) within the core; 
protection from physiological degradation thus increasing the life span inside the organism; 
decreasing the intrinsic toxicity of the drug; targeting of the infected site; etc.  
In this context, the use of polyion complex (PIC) micelles as SDAs provides the opportunity 
for modulating the pore size and for directly encapsulating drugs by using the bioactive 
molecules as polyion-complex structuring agents1.  It is noteworthy that Gerardin’s group has 
already reported the use of PIC micelles composed of DHBC and an antibiotic during the 
formation of pure-silica materials from TEOS2, 28 however the biocidal activity of the formed 
materials have never been tested directly on bacterium. 
 
 
III.B.1 The Neomycin B as drug and micellization agent 
 
III.B.1.1 The aminoglycoside antibiotic, Neomycin B 
 
Herein, neomycin B (NMB, C23H46N6O13.3H2SO4.xH2O) plas a dual role: it acts as 
micellization agent by complex formation with the ionizable PAA block of the DHBC 
copolymer and it also acts as a bactericide. To complex the PAA block, the selected antibiotic 
needs to be positively charged within the specific range of pH 4.5-7.5 as previously defined. 
The aminoglycosides or aminosides represent an antibiotic family where most of the molecules 
are naturally extracted from cultures of actinobacteria. These antibiotics are all based on 2-
desoxystreptamine (Figure III-31) and further substituted by amino sugars bonded to each other 
via glycoside bridges. In this work, the use of NMB (Figure III-31) as a bioactive micellization 
agent is investigated. This antibiotic has been clinically employed for treating a wide range of 
infections caused by several Gram-positive (resistant Staphylococcus) or Gram-negative 
bacteria (Eschericha coli, Enterobacter aerogens, Mycobacterium tuberculosis, etc). 

NMB is a polyamine compound with a solubility of 50 mg/mL in water. NMB has a lower 
formula weight than the oligochitosan (OLC), and as a consequence, it is assumed that it 
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exhibits better complexation with the short PAA segments of DHBC such as PEO5000-b-
PAA790 than the OLC polyamine. 

 

Figure III-31: Chemical structures of 2-Desoxystrepamine and NMB  

III.B.1.2  One-pot synthetic strategy 

The one-pot synthesis to form NMB-loaded PICPMOs is similar to that developed to prepare 
PICPMOs with DHBC and OLC (seePart A, Section III.A.4.2). In this case, the reaction system 
is composed of DHBC:PEO5000-b-PAA790, NMB with ratios N/AA = 1, EO/Si = 1 and 2 wt% 
DHBC at a final pH of 6.5. 

NMB acts as a polybase-type micellizing agent that complexes with the PAA groups in DHBC 
to subsequently generate PIC micelles, as represented in Figure III-32. As already discussed, 
micellization only occurs at pH values between the pKa of the polyacid and polybase, thus we 
have chosen to operate at pH 6.5 which is within the appropriate pH range (4.5-12.9) and to 
compare the PICPMOs obtained using NMB with those previously obtained using 
oligochitosan (PICPMO 1, 2, 3 and 4).  

The pH response of the PICPMO materials may be used to control the release of the antibiotic 
(NMB) by placing the system outside of this well-defined pH range (Figure III-32). To our 
knowledge this is the first report of an aminoglycoside antibiotic being used to engineer the 
structuring of phenylene-bridged silsesquioxanes into PMOs and to form potential anti-bacterial 
platforms.  

Figure III-32 illustrates the strategy employed to directly encapsulate NMB during the synthesis 
of the materials and subsequent release of the antibiotic. The synthesis of these NMB-loaded 
PICPMOs is still driven by electrostatic interactions and the control of pH during synthesis. As 
previously detailed, during synthesis, the organosilylated precursor is first rapidly hydrolyzed 
in an acidic mixture of H2O:n-PrOH (80:20 v:v; pH~2) in the presence of PEO-b-PAA and 
NMB. Then, the pH is increased to 6.5 to simultaneously trigger the formation of the complex 
between the DHBC and NMB and the polycondensation reactions between the generated 

Neomycin B (NMB)Neomycin B (NMB)

2-DesoxystreptamineDesoxystreptamine
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phenylene-bridged hydroxysilanes surrounding the PEO block. After one day at 30 °C, the 
organic/inorganic material is recovered by centrifugation and dried for two days at 40 °C.  

 
Figure III-32: Representation of the synthetic approach of NMB-loaded PICPMOs 
 
III.B.2 Characterization of the NMB-loaded PICPMOs 

In this section, the SDA used is PEO5000-b-PAA790/NMB at pH 6.5 and the molar ratios 
N/AA and EO/Si are equal to 1. The synthesis method is equivalent to that described in section 
III.A.4.3 and the PICPMOs were prepared as before either in pure water or with a mixture of 
H2O/PrOH (80/20) which are respectively denoted PICPMO 5 and PICPMO 6. The reaction 
parameters are summarized in Table III-8.  

Sample N/AA OE/Si DHBC 
(wt%) Solvent Thydr°C pHcond 

PICPMO 5 1 1 2 H2O 30 (1h) + 50 (1h) 6.5 

PICPMO 6 1 1 2 
H2O:PrOH 

(80:20) 30 (1h) 6.5 

Table III-8: Synthesis conditions used to prepare PICPMOs from PEO5000-b-PAA790, in H2O 
(PICPMO 5) or in H2O:PrOH (80:20 v:v; PICPMO 6) 

For further characterization, the NMB was intentionally removed by treating the material with 
aqueous HCl (1M, pH~2) for 4 h (to dissociate the micelles and hence release the NMB), 
followed by centrifugation and rinsing with water. This material will be denoted as acid 
treated- or NMB-free PICPMO.  
II1.B.2.1 Characterization of the Structures and Morphologies of PICPMO 

B) TEM of as-prepared PICPMOs 

• PICPMO 5 (100 v% H2O) 

PEO5000 – PAA790
Polycation or 

Antibiotic
Organosilylated
precursor

pH  < pKaAA< pKaNMB pKaAA< pH < pKaNMB

PICPMO 
Hybrids

Controlled
Antibiotic Delivery

Cooperative
Self-

assembling

pH 
triggering

pH 
triggering

pH  < pKaAA < pKaNMB
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The as-prepared PICPMO 5 exhibits well-ordered and clearly homogeneous parallel lamellae 
(Figure III-33, left). The higher-resolution image reveals a uniform mesostructure, with an 
inter-lamellar distance around 16.2 nm.  

• PICPMO 6 (H2O:PrOH (80:20 v:v)) 

The cross-sectional TEM images of the as-prepared hybrids clearly reveal the ordered 2D 
hexagonal pore network of the mesostructured PICPMO, which has been templated by the self-
assembly of DHBC/NMB under near-neutral conditions. In particular, at low magnification the 
highly ordered cylindrical arrays over extended distances is clearly observed.  

 

Figure III-33: TEM images of the as-synthesized PICPMOs prepared from PEO5000-b-
PAA790, in H2O (left) or in H2O:PrOH (80:20 v:v) (right) 

C) SEM of as-prepared PICPMOs 

• PICPMO 5 (H2O (100 v%)) 

The SEM images (Figure III-34) confirm the well-organized mesostructure and allow the 
observation of the compact lamellae directly onto the surface of the PICPMO. At low 
magnification, the material exhibits a stack of thin layers, together with some cracks presumably 
arising from sample drying. 
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Figure III-34: SEM images of PICPMO 5 prepared from PEO5000-b-PAA790, NMB in H2O  

• PICPMO 6 (H2O:PrOH (80:20 v:v)) 

Figure III-35 indicates that the structure of PICPMO 6 is similar to that of PICPMO 2 (Part 
A, Section III.7.A.1.A). The as-synthesized PICPMO 6 consists of micrometer-scale spherical 
particles with well-defined structures over extended distances. Macroscopic cracking arising 
from sample drying is also evident. At very high magnifications, the 2D hexagonal 
mesostructure is observed.   
 

 
 
Figure III-35: SEM images of PICPMO 6 prepared in H2O:PrOH (80:20 v:v) 
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C) Structure and Morphology after acid treatment 

• PICPMO 5 (H2O (100 v%)) 

A comparison of the SEM micrographs of the as-prepared (Figure III-37, left column) and of 
the acid-treated PICPMO samples (Figure III-37, right column) reveals that the mesoporous 
structure of PICPMO 5 collapses after washing at low pH. Furthermore, the TEM image 
reveals splitting of the compact lamellae after acid treatment, with the material exhibiting a 
“spaghetti”-type morphology. Consequently, it is concluded that removal of the NMB by acid 
treatment disrupts the PIC micellar bi-layer assembly, leading to collapse of the structure of the 
material.  

• PICPMO 6 (H2O:PrOH (80:20 v:v)) 

A comparison of the SEM and TEM micrographs of the as-prepared (Figure III-37, right 
column) and NMB-free PICPMO 6 (Figure III-37, left column) reveals uniform and ordered 
mesoporosity over extended length scales in both cases. After acidic treatment, the 
mesostructure is essentially identical to that of the as-formed PICPMO. As previously seen 
(Section III.A.7.1.B), this result shows that the hexagonal mesostructured PICPMO is 
mechanically and chemically robust, with no degradation and apparent loss of mesoporosity 
following the washing at low pH. This feature is attractive for potential biomedical applications, 
in particular for the recycling and reuse of the platform after drug release. 

 

Figure III-36: TEM and SEM images of as-prepared or acid treated PICPMO 5 
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Figure III-37: TEM and SEM images of as-prepared or acid treated PICPMO 6 
 

D) SAXS and molecular-scale organization 

• PICPMO 5 (H2O (100 v%)) 

The scattering intensity of the as-prepared PICPMO 5 (Figure III-38, left, purple line) 
displays two distinct peaks at q-values of  3.7x10-1 (q0) and 7.5x10-1 nm-1 (2q0) confirming the 
lamellar mesostructure of PICPMO 5. The pseudo-Bragg peak obtained from the q-values of 
3.7x10-1  nm-1 corresponds to a distance of 16.8 nm. These data are consistent with the 16.2 nm 
inter-lamellae distance deduced from the TEM. Furthermore, the NMB-free PICPMO 
diffractogram (Figure III-38, left, orange line) shows no pseudo-Bragg peaks reflecting the 
absence of global organization, which is also coherent with the corresponding TEM, 
highlighting the disruption of the mesostructured framework upon acid washing. 

• PICPMO 6 (H2O:PrOH (80:20 v:v)) 

In this case, the removal of the organic SDA (Figure III-38, right, orange line) improves the 
apparent resolution of the SAXS pattern compared to the as-formed PICPMO (Figure III-38, 
right, blue line), as previously seen, the contrast is lower when the organic micelles remain 
within the mesopores of the material). The scattering intensity of the NMB-free PICPMO 6 
(Figure III-38, right, orange line) exhibits three pseudo-Bragg peaks at low q (4.5x10-1 nm-1; 
7.8x10-1 nm-1; 9.2x10-1 nm-1) assigned to the reflections from the (100), (110) and (200) planes 
(p6mm symmetry), consistent with an ordered 2D hexagonal structure. Finally, the results 
confirm that the material structure does not collapse following the acid treatment, reflecting the 
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relatively good stability of this PICPMO. The apparent lattice parameter, a, of the p6mm space 
group is defined as a = 2d100/√3 = 16.2 nm, where the d100 interplanar spacing corresponds to 
2π/q = 14 nm. 

 
 
Figure III-38: SAXS profile of (left) as-prepared (purple line) and acid treated (orange line) 
PICPMO 5; (right) as-prepared (blue line) or acid treated (orange line) PICPMO 6 
 
As previously observed at high q values for phenylene-based PICPMOs (Part.A, Section 
III.A.7.1.D), the PICPMO 5 and PICPMO 6 SAXS profiles also exhibit the two characteristic 
distances around d = 7.6x10-1 nm and 3.8x10 nm-1, respectively assigned to the lamellar 
repetition of the bridged aryl moieties and π-π interactions between aromatic rings within the 
organic/inorganic framework20.  

D) N2 Sorption (volumetric) analysis 

• PICPMO 5 (H2O (100 v%)) 

The N2 sorption analysis was carried out on as-prepared PICPMO hybrids (Figure III-39, left), 
because acid treatment leads to collapse of the mesostructure of the material. The sorption 
isotherm of PICPMO 5 is classified as Type II and the sample exhibits a low specific surface 
areas of 26.6 cm3.g-1, which is attributed to the retention of the organic SDA within the 
mesopores.  

• PICPMO 6 (H2O:PrOH (80:20 v:v)) 

The N2 sorption analysis was carried out on acid treated PICPMO 6 (Figure III-39, right). The 
isotherms exhibit the typical Type IV shape expected for such mesoporous materials, with a 
relatively large-pore diameter of 8 nm. The average pore sizes is larger than 6.2nm obtained for 
the OLC-loaded PICPMO 2 (Part.A, Section III.A.7.1.E), which can be assigned to swelling 
arising from the more hydrophilic character of NMB when compared with OLC. Based on the 
lattice parameter a = 15.8 nm from the SAXS diffractogram and the pore size dpores = 8 nm 
obtained by N2 sorption, the wall thickness twall of PICPMO 6 was found to be twalls = a - dpores 
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= 8.2 nm, which would be expected to promote good mechanical stability of the hybrid 
framework (consistent with retention of the mesostructure following removal of the SDA). The 
total pore volume of the material (0.63 cm3.g-1) reflects a significant capacity for encapsulation 
of bioactive species within the internal pore network. Finally, the BET surface area of 270 m2.g-

1 is similar to that observed for PICPMO 2 (281 m2.g-1)  

 

Figure III-39: N2 sorption analysis of PICPMOs prepared from PEO5000-b-PAA790:NMB in 
H2O (left) or H2O:PrOH (80:20 v:v) (right) 

III.B.2.2 Characterization of PICPMOs composition 

A) Solid state CP-MAS NMR analysis of phenylene-bridged PICPMOs  

The apparent composition of as-prepared and acid-treated PICPMO 5 and PICPMO 6 were 
assessed by 13C and 29Si solid-state NMR (Figure III-40). Due to the similar results obtained 
for the as-prepared and acid-treated samples, only the 29Si NMR analysis of the acid-treated 
PICPMOs is presented below. 

• PICPMO 5 (H2O (100 v%)) 

The 13C NMR spectra of as-prepared and NMB-free PICPMO 5 (Figure III-40, right side, 
top) display a single peak at 133.9 ppm corresponding to the covalent Si-C bond within the 
phenylene-bridged silsesquioxane matrix. The incorporation of DHBC is verified by the distinct 
peak at 70.3 ppm assigned to the PEO polymer, which is still present even after the acid 
treatment (Figure III-40, right side, purple line). The spectrum of the as-formed PICPMO 5 
shows two distinct peaks at 58.8 ppm and 18.4 ppm assigned, respectively, to the (CH2-OH) and 
(-(CH2)n-) moieties of the NMB; these are not observed in the spectrum of the acid-treated sample 
(Figure III-40, right side, orange line), indicating essentially complete removal of the drug upon 
washing at low pH. 
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Consistent with the results obtained for PICPMO 1 (Part1. Section 4.1.2), the 29Si CPMAS 
NMR spectrum (Figure III-40, right side, top) revealed the characteristic signals of the 
phenylene-bridged Si atoms assigned to T3 (–79 ppm), T2 (–71 ppm) and T1 (–63 ppm) sites. 
The absence of any peaks arising from Qn species between -90 and -120 ppm demonstrates that 
the Si-phenylene bridges remain intact, with no Si-C cleavage occurring during the acidic 
treatment. The integrated area under the Tn peaks was used to determine the apparent 
stoichiometry of R-SiOx(OH)3x-2 (where x = 0.96). This also reveals incomplete condensation 
of the system and the associated presence of surface silanol groups for possible further post-
functionalization.  

• PICPMO 6 (H2O:PrOH (80:20 v:v)) 

The 13C CPMAS NMR spectrum of as-synthesized PICPMO 6 (Figure III-40, right side, 
bottom, blue line) also confirmed the presence of the organic bridging groups, with well-
defined peaks at 133.8 (Car peak) and 70.2 ppm (-CH2 groups of the PEO). The additional peaks 
at 58.9 ppm (CH2-OH) and 18.7 ppm (-(CH2)n-) in the as-prepared PICPMO sample are 
attributed to the NMB. The 13C NMR spectrum (Figure III-40, bottom side, top, orange line) 
of acid-treated PICPMO 6 shows the specific peak of the PEO, indicating once again that the 
DHBC remains strongly bound to the organosilylated matrix even after washing at low pH. In 
addition, the absence of the specific peaks associated with NMB (at 58.9 ppm and 18.7 ppm) 
highlights the selective removal of NMB upon washing. 

The 29Si CPMAS NMR spectrum (Figure III-40, left side, bottom) exhibits three signals at -62, -
71 and -79 ppm attributed to Si covalently linked to C atoms of, respectively, T1, T2 and T3 sites 
(where Tx corresponds to RSi(OSi)x(OH)3-x where x = 1.05). Once again, the absence of any peaks 
arising from Qn species at -90 to -120 ppm demonstrates that the Si-phenylene bridges remain intact 
within the PMO matrix, with no Si-C cleavage occurring during synthesis and acid washing.  
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Figure III-40: 29Si and 13C CPMAS NMR spectroscopy of (top) as-prepared (purple line) and 
acid treated (orange line) PICPMO 5; or (bottom) as-prepared (blue line) and acid treated 
(orange line) PICPMO 6 

B) FT-IR Spectroscopy analysis of the phenylene-bridged PICPMOs  

IR spectroscopy was used to characterize the presence or absence of the NMB, as illustrated in 
the spectra (1150 to 2050 cm-1) shown in Figure III-41.   

PICPMO 5 and PICPMO 6 exhibit similar absorbance curves over the wavenumber range 
investigated. The vibration mode of n-NH2 at about 1560 cm−1 (highlighted with black arrows) 
reveals the presence of NMB in the as-prepared PICPMO 5 and PICPMO 6 (Figure III-41, 
respectively purple and blue lines). In addition, the extraction of the polybase during acid 
treatment is also confirmed by the spectroscopic data (Figure III-41, orange dashed lines). The 
vibrational mode at 1560 cm−1 is no longer visible and the appearance of the characteristic C=O 
vibration of the PAA carboxylic functions at 1720 cm-1 (highlighted with black arrows) 
following the treatment at low pH is consistent with the removal of the antibiotic and the 
presence of the pendant PAA chains within the pores. The pendant chains remain available to 
complex NMB or other drugs, or for further functionalization of the material. 
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Figure III-41: IR spectra of (left) as-prepared (purple line) or acid treated (orange line) 
PICPMO 5; or (right) as-prepared (purple line) or acid treated (orange line) PICPMO 6 

C) Thermogravimetric analysis of the PICPMOs  

Thermogravimetric analysis (TGA, 35 to 850 °C under flowing air) was used here to estimate 
the quantities of physisorbed water, organic component and silica within the materials. 

• PICPMO 5 (H2O (100 v%)) 

 
Figure III-42: Thermogravimetric analysis of as-prepared (purple line) and acid-treated 
(orange line) PICPMO 5 prepared from PEO5000-b-PAA790:NMB in H2O  

The TGA data obtained from the as-prepared PICPMO 5 (Figure III-42, purple line) reveals 
the decomposition of the SDA within the temperature range from 110 to 230 °C. The associated 
mass loss is much lower for the acid-treated sample compared to the as-prepared material, 
presumably reflecting the successful removal of the NMB. Furthermore, the decomposition of 
the relatively stable phenylene bridges begins at around 325 °C. Finally, the residual mass of 
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the as-prepared and acid-treated PICPMO (16.4 % and 37.1 %, respectively) corresponds to the 
silica content of the samples, which will be used to calculate the composition of the system.  

• PICPMO 6 (H2O:PrOH (80:20 v:v)) 

The TGA profile of as-prepared hybrid (Figure III-27, blue line) shows that the removal of 
DHBC and NMB starts at around 140 °C. As observed for PICPMO 5, the associated weight 
loss for the acid-treated sample (Figure III-27, orange line) is much lower than that observed 
for the as-prepared sample, reflecting the removal of the NMB. Furthermore, the decomposition 
of the phenylene bridges starts at around 250°C. In addition, the final residual mass for the as-
formed and acid-treated samples (24.9 % and 37.4 %, respectively) corresponds to the silica 
content of the material.  

 
 
Figure III-43: Thermogravimetric analysis of as-prepared (blue line) and acid treated (orange 
line) PICPMOs prepared from PEO5000-b-PAA790:NMB in H2O:PrOH (80:20 v:v) 

D) Composition of PICPMOs  

The chemical compositions of the PICPMO hybrids have been calculated from TGA and EA 
analyses following the method described in this Chapter III, Section III.A.7.2.D and 
summarized in Table III-13. In addition, the quantities of DHBC and NMB extracted from the 
hybrid material after acid treatment can be calculated according to the following equations 
based on the material composition before and after the acid washing step (referred to as Be.W 
and Af.W, respectively) 
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• PICPMO 5 (H2O (100 v%)) 

The mass fractions (wt%) of DHBC, NMB, phenylene bridges and physisorbed/chemisorbed 
H2O and molar ratio were as follows:  

• As-prepared PICPMO: (DHBC)47.1%(NMB)12.3%(BTEBwall)27.4%(H2O)13.2% 
o N/AA = 0.88 and EO/Si = 3.04 

• Acid-treated PICPMO: (DHBC)19.8%(NMB)0.1%( (BTEBwall)61.7%(H2O)18.4% 
o N/AA = 0.02 and EO/Si = 0.57 

The composition of the as-prepared PICPMO 5 can be described by two key molar 
ratios, N/AA (0.88) and EO/Si (3.04). These results show a high incorporation of the NMB drug 
within the core of the micelle via electrostatic interactions with DHBC, 123 mg of drug is 
incorporated per gram of PICPMO material. In addition the important value of R (3.04) reflects 
that PEO blocks are also highly integrated within the organosilica framework, as similarly  
found for PICPMO 1 (R = 1.66). 

 
As expected, thermogravimetric analysis of NMB-free PICPMO shows a lower mass 

loss than that observed for the as-prepared material, mainly due to the extraction of the NMB 
(Figure III-42, orange line)). From Equation III-4, the amount of NMB and DHBC extracted 
from the material by the acid treatment were respectively 99.6% and 81.1% of the initial 
content, confirming that treatment at pH 2 induces complete dissociation of PIC micelles by 
neutralization of all carboxylic acid functions of the PAA block and thus removal of the NMB 
drug. Furthermore, at acidic pH, the neutral PEO block interacts strongly with the silica wall 
by hydrogen bonding, explaining the incomplete extraction of the DHBC within the acid-treated 
PICPMO 5. These two interactions facilitate the selective extraction of NMB.  

 
• PICPMO 6 (H2O:PrOH (80:20 v:v)) 

The mass fractions (wt%) of DHBC, NMB, phenylene bridges and physisorbed/chemisorbed 
H2O and molar ratio were as follows:  

- As-prepared PICPMO 6: (DHBC)31.6%(NMB)13.2%(BTEBwall) 40.7%(H2O)14.5% 
o N/AA = 1.4 and EO/Si = 1.3 

- Acid treated PICPMO 6: (DHBC)17.4%(NMB)0.2%( (BTEBwall)62.2%(H2O)20.2% 
o N/AA = 1.7x10-2 and EO/Si = 0.76 

(Equation III-4)
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The two molar ratios, N:AA (1.4) and EO:Si (1.3) are close to 1, reflecting either : (1) the well-
defined electrostatic complexation between N atoms from NMB and theAA functions of 
DHBC; and (2) the effective interaction between the ethylene oxide monomer units of the 
DHBC and the silanes, leading to the formation of the 2D hexagonal mesostructured material. 
The amount of NMB within the PICPMO 6 hybrid material, as calculated from 
thermogravimetric and elemental analysis data, corresponds to 132 mg of NMB per gram of 
PICPMO material. 
 
Once again, thermogravimetric analysis of NMB-free PICPMO 6 shows a lower mass loss 
than that observed for the as-prepared material, presumably owing to the extraction of the NMB 
(Figure III-43, orange line)). The extracted amount of NMB and DHBC are similar to that 
observed for the lamellar sample, and were found to be, respectively, 99.0% and 63.3% of the 
initial content. As above, this confirms the partial removal of DHBC (presumably due to the 
remaining PEO moieties within the walls) and the essentially quantitative extraction of NMB.  

 

Table III-9: Chemical composition of PICPMO 5 and PICPMO 6 

E) Discussion composition : comparison between PICPMO 5 and PICPMO 6 

The tendency seen is that the transition from lamellar (PICPMO 5) to hexagonal (PICPMO 6) 
mesostructures an increase of organosilica framework from 27.4 to 50.2 % and a decrease from 
47.1 to 31.6% of DHBC mass is demonstrated. Interestingly this tendency has already been 
reported for moving from PICPMO 1 (%wall = 44.6 ; %DHBC = 45.3 ) to PICPMO 2 (%wall 
= 50.2 ; %DHBC = 29.1). These results outline the expansion of the solid matrix at the expense 
of the SDA, presumably owing to PrOH molecules at the boundaries of the micelles, which is 
coherent with a mesophase change from lamellar to hexagonal according to the packing 
parameter. 

Furthermore, in both cases, the acid treatment strongly decreases the R ratio due to the NMB 
neutralization and thus its extraction during washings. Therefore, it can be assumed that the 
empty core of the micelle would be highly hydrated owing to the H2O molecules and counter-

  % 
DHBC 

% 
OLC 

%wall�
%SiO2 %water N/AA EO/Si Structure 

As-
prepared 

PICPMO 5 47.1 12.3 27.4 
16.4 

13.2 0.75 3.04 Lamellar 

PICPMO 6 31.6 13.2 
50.2 
30.2 14.3 0.88 1.3 Hexagonal 

Acid 
treated 

PICPMO 5 19.8 0.1 
61.7 
37.1 18.4 0.02 0.57 No structure 

PICPMO 6 17.4 0.2 62.2 
37.4 20.2 0.05 0.49 Hexagonal 
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ions to compensate the negative charges of the PAA block, which could presumably explain 
the high amount of water within NMB-free PICPMOs. 
 
 
III.B.3   Use of the phenylene-PICPMOs for microbiological application 
 
Despite the versatility of periodic mesoporous organosilicas (PMOs) afforded by the 
homogeneous incorporation of a broad-range of organic functions, the bactericide capacity of 
these hybrid platforms has not been directly explored in depth on pathogenic strains. 
Interestingly, Polarz et al.30 have recently reported the biocidal potency of PMO nanoparticles 
through photoinduced release of NO, reactive oxygen species (ROS) and peroxynitrite to 
disinfect surfaces. It is noteworthy that these PMOsnanoparticles possess small pores size of ~2 
nm diameter.  
As previously seen in Part III.B.2, the engineering of antibiotic-loaded PMOs with well-ordered 
2D hexagonal mesostructures and relatively large and uniform mesopores (8 nm) has been 
successfully achieved. These characteristics suggest that such materials are noteworthy 
candidates for drug delivery applications. Therefore, in this section, the controlled release of 
the NMB within an appropriate pH range was first investigated prior to evaluating the biocidal 
action of NMB-loaded PICPMOs on an acidic resistant and pathogenic Escherichia coli strain. 
III.B.3.1 Effect of pH-triggered release of NMB on Bacillus strain  
Initially, the release of the antibiotic NMB, autonomously triggered by modulating the external 
pH, was evaluated in collaboration with biologists from « Centre de Biochimie Structurale » 
(CBS, CNRS, Montpellier).  
 

A) Experimental procedure 
 

Preliminary studies were undertaken using predominantly Bacillus subtilis strains which are 
non-pathogenic and non-resistant to acidic media. Therefore, as the release of the drug occurs 
under acidic conditions, the efficacy of the delivery cannot be reliably monitored by placing 
NMB-loaded PICPMOs directly into the bacteria medium.  
Consequently, for this study, an appropriate amount of NMB-loaded PICPMO 5 or PICPMO 
6 was suspended in aqueous solutions at pH values of 7, 4 or 2 (adjusted using a 1 M HCl 
solution) and stirred for an hour at room temperature. Then, the supernatant was collected by 
centrifugation to obtain an aqueous solution containing any released NMB. Finally, this 
supernatant was used with Bacillus strain to evaluate the pH-triggered release of the NMB and 
to determine if the NMB still exhibits antibacterial potency even after PICPMO preparation. 
 
As control, the effect of different concentrations of pure NMB (7.5 mg.mL-1, 7.5x10-1 mg.mL-1 
or 7.5x10-2 mg.mL-1) on the growth of Bacillus bacteria was also evaluated. For comparison 
with the results obtained from these control studies, the quantity of PICPMO hybrids required 
to obtain an equivalent NMB concentration of 7.5 mg.mL-1 (assuming quantitative release) was 
used to prepare a stock solution. After stirring for 1 h, followed by centrifugation, the resulting 
solution was diluted 10- and 100-fold to prepare solutions with a nominal maximum NMB 
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concentration of 7.5x10-1 and 7.5x10-2 mg.mL-1, respectively (assuming quantitative release of 
the NMB). To form the stock solution containing 7.5 mg.mL-1 of NMB, the procedure was as 
follows: 

§ PICPMO 5 (123mg of NMB/g of PICPMO): 6.10 mg of PICPMO was dispersed into 
100 µL of H2O, before adjusting the pH (7 or 4 or 2); 

§ PICPMO 6 (132mg of NMB/g of PICPMO): 5.68 mg of PICPMO was dispersed into 
100 µL of H2O before adjusting the pH (7 or 4 or 2). 
 

B) Antibiogram assays 
 

The pH-triggered release of the NMB was first monitored by disk diffusion assay. Typically, a 
mixture of Bacillus bacteria developed within a classic LB Broth medium is spread via a loop 
on freshly-prepared agar plates under sterile conditions. Then, cellulose disks, which were 
previously impregnated with the solutions of interest (pH 7, 4 or 2), are carefully placed onto 
the plates prior to incubating the system at 37 °C for 24 h. In addition, each sample was also 
tested on Bacillus strains known to be either sensitive (in green) or resistant (in red) to NMB. 
Herein, the diffusion disks have only been impregnated with aqueous solutions at different pH 
(7, 4 or 2), in the absence of any drug or hybrid materials. In Figure III-44, the regular 
development of Bacillus bacteria indicates that the pH of the solution impregnated on the disk 
would not directly affect the results obtained during subsequent investigations.  
 

§ Control 
 

 
 
Figure III-44: Disk diffusion assays monitoring the effects of pH (7, 4 or 2) on Bacillus growth, 
in the absence of NMB 
 

§ Sensitive strain 
 

The effect of concentration, nature of PICPMO hybrids (5 or 6, prepared, respectively, in 
100 v% H2O or in a mixture of H2O:PrOH (80:20 v:v)) and pH of the aqueous solutions was 
evaluated on Bacillus bacteria sensitive to NMB, as shown in Figure III-45. 
The tests with pure NMB (Figure III-45, top row) were used to determine the optimum 
concentration of drug required to significantly impede the growth of bacteria. Indeed, at 
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7.5x10-2 mg.mL-1, the area where the Bacillus strain is not developed can barely be 
distinguished. In contrast, at higher NMB concentrations of 7.5x10-1 mg.mL-1and 7.5 mg.mL-1, 
the inhibition areas are clearly outlined.     
Similar antibiograms are obtained for both lamellar (Figure III-45, purple) and 2D-hexagonal 
(Figure III-46, blue) mesostructured PICPMOs. At low concentration, no significant inhibition 
is evident. However, at 7.5x10-1 mg.mL-1, the inhibition is only observed at pH 2 and is similar 
to that observed for the NMB control (with an inhibition area of around 43mm), presumably 
reflecting the absence of any release at pH 7 or 4.  
 

 
 
Figure III-45: Disk diffusion assay of pure NMB (top row) and PICPMO 5 (middle row) or 
PICPMO 6 (bottom row) solutions with different pH (2, 4 or 7) and different concentrations 
(7.5x10-2 mg.mL-1, 7.5x10-1 mg.mL-1, 7.5 mg.mL-1) tested on Sensitive Bacillus strain 
 
Interestingly, the PICPMO 6 antibiogram (Figure III-45, blue) exhibits inhibition domains at 
pH 4 and 7 for a concentration of 7.5x10-1mg.mL-1, at this pH it is expected that the drug 
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remains entrapped within the mesopores and thus the bacteria should normally develop. 
However at as high concentration as 7.5x10-1mg.mL-1 any external compound from classical 
LB medium can affect the proper growth of Bacillus and thus this value presumably 
corresponds to the concentration limit at which the bacteria development is inhibited 
irrespective of the toxicity of the compound. To verify this assumption, the same batches have 
been tested on a NMB-resistant Bacillus strain. 
 

§ Resistant strain 
 

Herein, the pure NMB antibiograms (Figure III-46, top row) demonstrates that the bacteria 
strain is not sensitive to the antibiotic for concentration up to 7.5x10-1 mg.mL-1.  
 

 
 
Figure III-46: Disk diffusion assay pure NMB (top row) and PICPMO 5 (middle row) or 
PICPMO 6 (bottom row) solutions with different pH (2, 4 or 7) and different concentrations 
(7.5x10-2 mg.mL-1, 7.5x10-1 mg.mL-1, 7.5 mg.mL-1) tested on Resistant Bacillus strain. 
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In addition, the development of Bacillus is inhibited at 7.5 mg.mL-1. This phenomena is also 
evident in the case of the PICPMO 5 and 6 antibiograms (Figure III-46, middle and bottom 
rows, respectively), indicating that the micro-organism is not resistant at this concentration. 
Hence, the concentration of 7.5x10-1 mg.mL-1 of NMB seems to be optimum. Growth curves, 
giving similar results, have been measured at this specific concentration for sensitive and 
resistant Bacillus strains. 
 
These preliminary studies clearly indicate that the release of the NMB within the mesopores of 
the PICPMO system can be triggered by controlling the external pH. Furthermore, the drug is 
essentially retained within the mesopores of the PICPMO materials at pH equal or above 4. 
Moreover, at pH 2 the similar results obtained with pure NMB suggest that essentially all the 
NMB is released from PICPMOs mesopores and the drug potency is intact. Consequently, the 
release profile of NMB is dependent of the environmental pH allowing control of antibiotic 
delivery, which is based on the degree of ionization  of the involved polyelectrolytes. Therefore, 
the hybrid PICPMOs appear to be attractive candidates for pH-triggered delivery of the 
antibiotic in acidic medium such as the human gastrointestinal tract. 
 
III.B.3.2 Evaluation of the bactericidal capacity of PICPMO hybrids 
 

A) Acidic resistant Escherichia coli (E. coli) strain 
 

To evaluate the anti-bacterial activity of the PICPMOs, the growth of an adherent-invasive E. 
coli (AIEC) strain was evaluated in the presence of the mesostructured hybrids. These 
assessments were carried out with the collaboration of Pr. M. Katouli (USC, Australia). The 
pathovar of E. coli, demonstrating acid resistance, has been identified in the intestinal mucosa 
of patients with Crohn’s disease and is able to invade intestinal epithelial cells and to survive 
and replicate within macrophages. To traverse the hostile acidic environment of the stomach31 
E. coli strains have developed several complex acid-defense systems (in particular a Glutamate 
dependent acid-resistance (GDAR) system) as shown in Figure III-47.  
 

 
Figure III-47: Glutamate-dependent acid-resistance system of E. coli 
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The principle of the system can be described as follows: when the external pH decreases, the 
internal cell pH also decreases, Glutamate will enter within the cytosol via transporter protein 
stimulated by the acidic pH; Inside the cell, Glutamate will be converted into GABA by 
decarboxylation and thus consumes excess H+. Finally the cytosolic pH increases allowing 
bacteria survival. 
 

B) Disk Diffusion Assay 
 
The first study was the selection of the AIEC strain sensitive to NMB by a disk diffusion method 
(using a disk containing 30 µg of NMB), according to the Clinical Laboratory Standards 
Institute (CLSI, 2006) guidelines. Briefly, the bacteria are first cultured in a standard LB broth 
medium at 37 °C for 3 h on a shaking platform operating at 150 rpm. The mixture is then spread 
on agar plates, prior to carefully placing a 15-mm cellulose disk impregnated with NMB (30 µg) 
on the plate and incubating the plates at 37 °C for 18 h.  
For this study, 46 pathogenic E. coli strains, mainly implicated in infantile disease, have been 
grown in standard LB broth medium and spread on agar plates. As shown in Figure III-48, the 
E. coli S-20 strain (highlighted with the red arrow) showed the highest sensitivity to NMB, with 
a 50 mm zone of inhibition, compared to the other strains tested. This specific strain was of 
particular interest and, together with the other bacterial strains that showed sensitivity to NMB, 
its growth was evaluated within an acidic environment.  
 

 
 
Figure III-48: Diffusion disc assays evaluating the sensitivity of acid-resistant E. coli strains to 
NMB (30 µg.mL-1) 
 

C)  E. coli strains resistant to AMLB conditions 
 
To mimic the stomach fluid and trigger the antibiotic release for further oral delivery 
investigations, the bacterial acidic-modified LB (AMLB) growth medium was adjusted to 
provide both oxidative and acid stresses by addition of H2O2 (250 µM), glutamate (2 mM) and 
glucose (0.4 % w/v) and by adjusting the pH to 2.5 following a previously reported procedure.32  
The detailled method is presented in the Experimental section. 

45mm
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For this study, 40 pathogenic strains were developed in the previously-described AMLB 
medium for 3 h within a mixer-incubator at 37 °C, prior to spreading the mixture on agar plates 
and incubating the culture overnight at 37 °C. The developed strains are easily visible the next 
day, as shown in Figure III-49. Some development disparities are clearly perceptible between 
the different E. coli strains (Figure III-49), which highlights the different acid-resistance levels 
between the bacteria. In our case, the E. coli S-20 strain has finally been used for further studies.  
 

 
 
Figure III-49: Antibiograms assays of the growth of different strain of E. coli developed in 
acidic-modified LB medium 
 

D) Determination of the Minimal Bactericidal Concentration 
 
The minimal bactericidal concentration (MBC) was established by preparing solutions with 10 
different concentrations (0 to 1920 µM) of NMB in AMLB broth before inoculating a loopful 
of E. coli S-20 strain. The cultures were then incubated for 3 h at 37 °C on a shaker platform. 
The MBC of the NMB was measured by spreading a small quantity of each suspension via a 
loop onto agar plates.  

 
 
Figure III-50: Antibiogram assays of the growth of the selected E. coli strain developed in 
ACLB medium in presence of pure NMB at different concentration 
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The MBC was defined as the lowest concentration of NMB that results in the absence of colony-
forming units (CFU). Based on the data presented in Figure III-50, the MBC of pure NMB was 
1920 µg.mL-1 (Figure III-50); this high value is probably related to the acid stress that could 
render the bacteria more resistant to antibiotic treatment. 
 

E) Biocidal action of PICPMOs on E. coli 
 

The antibacterial activity of lamellar or hexagonal mesostructurd PICPMOs (Figure III-51 (A) 
and (B), respectively) was determined using a quantity of hybrid material having a NMB 
concentration corresponding to the previously-determined MBC of 1920 µg.mL-1. The 
PICPMO system was introduced into the AMLB medium in the presence of E. coli prior to 
incubating for 3 h at 37 °C on a shaking platform with an oscillation rate of 150 rpm. As a 
control, a tube containing only E. coli in AMLB broth was also prepared. When necessary, the 
Colony- 
Forming Units (CFU) were determined after 10-fold to 100000-fold serial dilutions (D1 to D5) 
or without dilution by visual inspection of the agar plates, on which the solutions were spread 
and incubated for 18 h at 37 °C. It is noteworthy that the suspension of lamellar mesostructured 
PICPMO 5 was visually not as homogeneous as the hexagonal mesostructured sample 
(PICPMO 6), presumably because the presence of PrOH increases the solvation of the 
organosilica framework23.  
 

 
 
Figure III-51: Antibiograms assays of the growth of the selected E. coli strain developed in 
ACLB medium in the presence of PICPMO 5 ((A), prepared in H2O) and PICPMO 6 ((B), 
prepared in 80:20 v:v H2O:PrOH)  at 1920µg.mL-1 

 

PICPMO 6

0

200000

PICPMO                 Control

C
FU

(A)

Control

400

200000

PICPMO                Control

Control

C
FU

PICPMO 5

(B)



 

207 
 

• PICPMO 5 (H2O (100 v%)) 

The antibiogram shows some pathogenic bacteria development (400 CFU) after incorporation 
of the PICPMO 5 (Figure III-51 (A)), which is significantly lower than the 2x105 CFU 
developed without any PICPMO 5 in the ACLB medium. This result suggests that not all of 
the drug has been released, possibly due to the inhomogeneous dispersion of the material in 
solution. 

• PICPMO 6 (H2O:PrOH (80:20 v:v)) 

On the PICPMO 6 antibiogram (Figure III-51 (B)), no E. coli growth was observed in the 
presence of the NMB-loaded PICPMO material, confirming the controlled release of the 
antibiotic NMB in acidic medium and demonstrating the potential of this hybrid platform for 
antimicrobial applications. 
 
 

III.B.4 Conclusions 
 
These preliminary studies have demonstrated that the amino functions of antibiotic such as 
NMB can be used to complex with PAA block of DHBC to either structuring as well as 
encapsulate therapeutic compounds within the mesopores of hybrid PMOs. The structure and 
composition of the NMB-loaded PICPMO have been investigated in absence or presence of 
PrOH as cosolvent producing respectively lamellar or hexagonal mesostructured materials with 
highly ordered mesophase and relatively high loading of NMB antibiotic. 
Despite that the first biological assessements on bacterium strains (Bascillus or E. coli) are 
preliminary, the obtained results are very promising and validate the bactericide action of 
PICPMO hybrids. 
 
Therefore, the SDA PIC micelle has been found to also provide functionalities to the formed 
material, which is deeply challenging when compared with classical structuring agents that 
usually present inert core and only structuring function. 
 
 
 
 
 
 
 
 

 
 



 

208 
 

III. Part C. Versatility of the bridged functions to form advanced 
PICPMOs materials 
 
 
In the earlier parts of this Chapter, the effect of modulating process parameters such as solvent, 
DHBC and oligobase composition, etc, on the properties of materials produced using only 
BTEB have been discussed. This section extends the earlier work by investigating the PICPMO 
hybrids obtained from a range of precursors which are illustrated in Figure III-52.   
 

 

Figure III-52: Chemical structure of the different organosilylated precursors 

In a first study, classical alkylene groups such as ethylene- and ethenylene- bridged organosilica 
precursor were employed in the presence of PIC micelles to form new PICPMOs hybrids and 
to compare their physico-chemical features with the benzene-based PICPMO. Two 
organosilylated precursors were then used together to provide multi-hybridized PICPMO 
materials. In particular the incorporation of a biodegradable disulfide function into the solid 
framework and the cleavage of the bonds in a medium mimicking physiological reduction 
conditions will be assessed.  
 
For this purpose, four samples were prepared following the procedure described in Part A, 
Section III.A.4. For all samples, the SDA system used is PEO5000-b-PAA1280 with neomycin 
B (NMB) at pH 6.5 and N/AA and EO/Si equivalent to 1. The PICPMOs obtained will be 
denoted as follow: 

• PICPMO 6 : BTEB in H2O:PrOH (80:20);  
• PICPMO 7 : BTSEENE in H2O:PrOH (80:20); 
• PICPMO 8 : BTSE  in H2O:PrOH (80:20); 
• PICPMO 9 : BTEB/BDIS (50:50) in H2O:PrOH (80:20); 
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III.C.1 Influence of the bridged organosilane precursor on the PICPMO 
structure 
 
 

III.C.1 Characterization of the morphology and structure of the PICPMOs  
 

The structure of the as-prepared materials has been evaluated by cross-sectional TEM as 
illustrated in Figure III-53. As PICPMO prepared from BTEB has already been discussed in the 
previous section (Section III.B.2) its properties will not be described in detail in this section. 
 

 
 
Figure III-53: TEM and SEM images of the PICPMO 6, PICPMO 7 and PICPMO 8 

• PICPMO 7 (BTSEENE) 

With the incorporation of a C=C double bond, the as-synthesized material PICPMO 7 
demonstrated relatively organized hexagonal-type mesophase (Figure III-53). The micrograph 
also reveals less organized worm-like domains that consequently reduce the long-range 
structuring at the macroscale as observed on the SAXS diffractogram in Figure III-54.  The 
scattering intensity of the as-prepared PICPMO 7 shows two relatively broad peaks at low q 
(5.6x10-1 nm-1; 9.6x10-1 nm-1). These peaks can be assigned to Bragg reflections from the (100) 
and (110) planes (p6mm symmetry), consistent with an ordered 2D hexagonal mesostructure in 
the hybrids, consistent with the TEM image. 
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• PICPMO 8 (BTSE) 

The TEM micrograph of the PICPMO hybrids formed from BTSE reveals porosity with mainly 
worm-like domains, with neither long-range ordering or a well-defined mesophase being 
observed within the material. The SEM image is consistent with this conclusion. These results 
are also consistent with the single and relatively broad peak at q-value of 5.2x10-1 nm-1 in the 
corresponding SAXS profile in Figure III-53, reflecting the absence of structure organization 
at long length scales. The pseudo-Bragg peak obtained from the q-value of 5.2x10-1nm-1 
corresponds to a characteristic distance of 12.0 nm.    

 

Furthermore, as previously observed at high q values for phenylene-based PICPMOs (see 
Section III.A.7.1.D), the PICPMO 7 and PICPMO 8 SAXS profiles exhibit a specific distance 
at d = 4.3x10-1 nm, suggesting molecular-scale organization of the organic functions that can 
presumably be assigned to the interactions between single bond and the C=C double bond, 
respectively. 

 

Figure III-54: SAXS profile of PICPMO 6 (yellow blue curve), PICPMO 7 (pale blue curve) 
and PICPMO 8 (dark blue curve) 
 
Furthermore, the composition of the acid treated PICPMO 7 and PICPMO 8 frameworks was 
assessed by 13C and 29Si solid-state NMR measurements (Figure III-55).   
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• PICPMO 7 (BTSEENE) 

The 13C CPMAS NMR spectrum of PICPMO 7 (Figure III-55, light blue spectrum) outlines 
a sharp single signal at 146.7 ppm, characteristic of the sp2 C of the bridging E-
diastereoisomer ethenylene functions within the hybrids matrix33. Moreover, as usual, the -
CH2 groups of the PEO block of the SDA are detected at 70.3 ppm, reflecting good retention 
of DHBC in the framework even after the acidic treatment. 29Si CPMAS NMR spectra, 
presented in Figure III-54, exhibit three resonances at -66 ppm, 75 ppm and -83 ppm, that can 
be attributed to T1 [CH=CH–Si(OH)2(OSi)], T2 [CH=CH–Si(OH)(OSi)2] and T3 [CH=CH–
Si(OSi)3] sites, respectively. In this particular case, the T3 units are more abundant than the T2 
and T1 units. Similarly, as seen previously, the absence of any peaks arising from Qn species 
at -90 to -120 ppm demonstrates the absence of significant Si-C cleavage during acid 
treatment. 
 

 
 
Figure III-55: Solid state NMR spectroscopy of the PICPMO 6, PICPMO 7 and PICPMO 8  
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• PICPMO 8 (BTSE) 

The 13C CPMAS NMR spectrum of the NMB-free PICPMO 8 (Figure III-55, dark blue 
spectrum) displays a single peak at 5.8 ppm corresponding to the covalent Si-C bond within the 
ethylene bridged silsesquioxane matrix. The incorporation of DHBC is verified by the distinct 
peak at 70.5 ppm. The 29Si NMR spectrum exhibits three signals at -48, -59 and -65 ppm 
attributed to Si covalently linked to C atoms of, respectively, T1, T2 and T3 sites. Once again, 
no Qn species at -90 to -120 ppm are observed, the Si-ethylene bridges remain intact during acid 
washing.  
 
III.C.1.2 Discussion 
 
The tendency to evolve from a well-structured PICPMO 6 (with BTEB) to a moderately 
structured PICPMO 8 (with BTSE) seems to occur when the “rigidity” and potentially 
favourable interactions between the bridging units decrease. Although  more in-depth studies 
are required, the following conclusion may be drawn: BTEB offers both strong rigidity and π-
π stacking interactions, which strongly favours the molecular organization within the material20; 
BTSEENE has a semi-rigid organic bridging system which can still induce nanostructuring34; 
while BTSE is much more flexible and thus is less prone to produce well-defined structures. 
These factors may account for the trend in the nanostructuring of the corresponding PMOs 
during the materials’ formation with a better structuring observed from PICPMO 6>PICPMO 
7> PICPMO 8 
 
Furthermore, solid state NMR spectroscopy demonstrated that the different organic functions 
are covalently incorporated into the framework and exhibit no degradation at low pH. It is 
noteworthy that the condensation rates are highly dependent on the nature of the organosilane 
bridging units. In particular BTSEENE- and BTSE-based PICPMOs materials show higher 
extents of condensation when compared with BTEB-based PICPMO. This result highlights 
differences in the hydrolysis-condensation kinetics between the distinct hybrid materials which 
can also explain the apparent reduction in mesophase order. 
 
III.C.1.3. Post-functionalization of BTSEENE 

A major feature associated with the incorporation of organic functions such as C=C double 
bonds is the opportunity to post-functionalize the pore walls of PICPMOs materials with simple 
chemical reactions. In the present work, the main objective was to implement thiol groups in 
synthesized hybrids for subsequent use of the facile thiol-ene click reaction35.  

For this purpose, PICPMO 7, based on BTSEENE, was subjected to bromination in a first step 
prior to replacing the bromine unit by a thioacetate function. Future work will extend this post-
functionalization by reduction of the thioacetate moiety. 
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A) Bromination 
 

It is well-known that carbon-carbon double bonds readily react with bromine (Br2) vapor, which 
has previously been demonstrated in PMOs systems36. Consequently, the BTSEENE-based 
PICPMO 7 was treated with gaseous bromine for 24 h. The particles turned from white to pale 
brown. The functionalization of the C=C bonds occurs probably by a radical reaction 
mechanism, owing to the facile photolytic cleavage of Br2 37.  
 
After completion of the reaction the formed PICPMO 7 was monitored by EDX-HRTEM 
(Energy Dispersive X-ray High Resolution Transmission Electron Microscopy) as shown in 
Figure III-56. Elemental mapping of the hybrid material reveals the uniform presence of 
bromine atoms (brown color). However additional characterization including IR and solid state 
NMR spectroscopies are necessary to validate the bromination of PICPMO 7.  

 
Figure III-56: EDX-HRTEM analysis of the brominated PICPMO 7 (BTSEENE)  
 

A) Post-functionalization of brominated PICPMO 

The bromine was then replaced by a thioacetate group and the presence of sulphur atoms was 
monitored by EDX-HR-TEM (Figure III-57). The post-functionalization was undertaken as 
follows: brominated PICPMO 7 was dispersed in acetone and potassium thioacetate was 
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added. The suspension was refluxed for 4 h and the final product was recovered after several 
washing and drying steps38. 

Once again, the elemental mapping reveals uniform presence of S atoms, indicating that 
bromine potentially transformed into thioacetate functions. In addition, the analysis seems to 
show that Br units are still available, leading to a uniform distribution of distinct organic groups 
within the pore walls of PICPMO 7. This key point offers the possibility to form evolved hybrid 
materials demonstrating multi-functional feature into a unique platform. 

 

 
 
Figure III-57: EDX-HRTEM analysis of the PICPMO 7 (BTSEENE) post functionalized with 
thioacetate. 
 
These post-synthetic functionalizations are preliminary and require more detailed physico-
chemical analyses.  
 
 
III.C.2 Bi-functional PICPMO material  
 
Herein, the strategy was to develop biodegradable PICPMO hybrids based on the hydrolysis-
condensation of an equimolar ratio of bis(3-triethoxysilylpropyl)disulfide (BDIS) and 1,4- 
bis(triethoxysilyl)benzene (BTEB) organosilane precursors39. The disulfide bridge is 
chemically labile and thus may be easily broken to form two thiol functions by reducing 
compounds such as glutathione, a tripeptide controlling in the redox potential of the cells, or 
the synthetic mercaptoethanol (ME). Consequently, the incorporation of disulfide linkers within 
the PMO walls will presumably improve the biodegradability of the hybrid materials. 
 

Si O

C S

Br
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III.C.2.1 Characterization of the BTEB/BDIS-based PICPMO 
 
The incorporation of both disulfide- and phenylene- functions within the PICPMO 9 
framework yielded a relatively organized hexagonal-type structure (Figure III-58). At high 
magnification, the hexagonal comb-likes pore structuring is clearly visible. However at longer 
range the structure exhibits a less-homogeneous mesostructure. 

 

Figure III-58: Representation of the bi-hybridization into the solid framework and TEM 
micrographs of the bi-functional PICPMO 9   

The scattering intensity of the NMB-free PICPMO 9 (Figure III-56, left) shows three peaks at 
low q (3.9x10-1 nm-1; 6.7x10-1 nm-1; 8.0x10-1 nm-1) that are not as well-defined as for the pure 
phenylene-based PICPMO 6 (Section III.B.2.C, Figure III-38). Despite the loss of organization 
when adding BDIS precursor to the system, these peaks can still be assigned to Bragg 
reflections from the (100), (110) and (200) planes (p6mm symmetry), suggesting an ordered 2D 
hexagonal mesostructure within the hybrids, which is consistent with the TEM image. 
 

100 nm

300 nm

100 nm
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Figure III-59: SAXS profile of the bi-functional PICPMO 9 
 
The N2 sorption analysis was carried out on acid treated PICPMO 9 (Figure III-59, right). 
The isotherm exhibits the typical Type IV shape expected for such mesoporous materials, with 
an average pore diameter of 3.4 nm. Based on the lattice parameter, a = 16.1 nm, from the 
SAXS diffractogram, the wall thickness, twall, of PICPMO 6 was found to be twalls = a - dpores = 
12.7 nm, which would be expected to promote certain mechanical stability within the hybrid 
framework. In addition, the total pore volume is 0.13 cm3.g-1 and the BET surface area is 300 
m2.g-1. 
 
Furthermore, PICPMO 9 was characterized by EDX-HRTEM (energy dispersive X-ray high 
resolution transmission electron microscopy), as shown in Figure III-60, particularly to monitor 
the incorporation of sulfur species within the solid framework. 
 

 
 
Figure III-60: EDX-HRTEM analysis of the BDIS-based bi-functional PICPMOs prepared 
from PEO5000-b-PAA790, NMB in H2O:PrOH (80:20 v:v) 
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These preliminary studies show that the disulfide functions are homogeneously integrated 
within the PMO matrix, especially when compared to Si atoms. Following this result, 
biodegradation through the S-S bond cleavage has been tested.  
 
III.C.2.2. Biodegradation 

The degradability of PICPMO 9 was studied in presence of 6 µM mercaptoethanol (ME) to 
mimic the physiologic concentration of glutathione (GSH)39, 40. The cleavage of disulfide bonds 
was progressively investigated by TEM images at different time : 0 min (T0), 10 min (T1), 60 
min (T2) and 24 h (T3) after the addition of ME in a dispersion of PICPMO 9 in water, as 
depicted in Figure III-61. 
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Figure III-61: TEM analysis of the biodegradation of PICPMO 9 in presence of 10 µM of ME 
at 0 min, 10min, 60 min and 24 h  

The TEM micrographs show that before the addition of ME, PICPMO 9 consists of a very 
dense micrometer-scale material. Following the addition of the reducing agent, ME, the 
following transformations were observed: 

1. T1: after 10 min the PICPMO material is less dense, interestingly at some areas the 
mesostructure is still visible, suggesting that the reaction first occurs the surface of the 
material. 

2. T2: after one hour of treatment significant internal degradation was evident with the 
formation of holes inside the material framework. 

3. T3: Finally after 24 h of reaction, the TEM image displays only small fragments of 
residual material. 

Consequently the degradation of PICPMO 9 under condition mimicking cellular GSH 
concentration was shown to be successful via TEM analyses, with complete collapsing of the 
material into small particles observed after 24 h of treatment. 

 
III.C.3 Conclusions  

The aim of this part of Chapter 3 was to demonstrate the feasibility of preparing several 
PICPMOs with different bridging units ethenylene with BTSEENE, ethylene with BTSE and a 
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mixture of organosilanes with two different bridging units BTEB and BDIS. This chapter 
confirmed the versatility of the synthetic strategy to form PICPMO hybrids using several types 
of bi-silanes, which, consequently, allowed to incorporate other types of organobridged 
segments. Even though this study is at the early stage and the synthetic conditions need to be 
optimized, interestingly PICPMO hybrids with defined mesostructured and inherent functional 
possibilities could be synthesized with BTSEENE and also with a mixture of BTEB/BDIS.  

The organic bridging groups might further be modified by post-treatment reactions within the 
solid materials. Indeed the ethenylene bridging groups of PICPMO 7 were transformed and 
functionalized first with bromine and then with thioacetate by direct chemical reactions and the 
disulfide bonds were cleaved into thiol groups thus making the PICPMO 9 biodegradable. The 
demonstration of these feasible functionalizations on the PICPMOS will pave the way to new 
functional hybrid silica. 
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General Conclusions 

This chapter studied for the first time the use of polyion complex (PIC) micelles for the 
mesostructuring of periodic mesoporous organosilicas (PMOs) and demonstrated that these 
newly-employed structure directing agents (SDAs) can be used to direct the mesostructuring of 
organosilane-based materials, leading to highly ordered PICPMO hybrids. The electrostatic 
interactions between the carboxylic acid functions of the DHBC and a polyamine micellization 
agent controlled the formation of the core of the micellar complex. Meanwhile, the PEO chains 
of the micelle mediated the formation of the organic/inorganic interface that controlled the 
evolution of the material. The synthetic procedure to form PICPMO materials using PIC 
micelles occurred via a “one-pot” reaction, thus reducing the number and cost of processing 
steps while offering the opportunity to easily tune the hybrid mesostructure. 

A mesophase change is usually induced by a modification of the curvature of the 
micellar object. In this study, the transition from lamellar (zero curvature) to hexagonal 
geometry (significant curvature) was promoted by the addition of n-propanol (PrOH) as co-
solvent. The addition of PrOH to the medium will reduce the rate of hydrolysis of the 
organosilica precursors, thus leading to a reduction in the amount of charged organosilicate 
species present. Consequently, the repulsive forces between the adjacent headgroups of the 
SDA will decrease. Therefore, the effective headgroup surface area (ae) of the DHBC will 
subsequently increase, favoring an increase in the interfacial curvature and the associated 
formation of a hexagonal mesophase. 

The other valuable feature of the PIC micelles is the possibility of using polyamine 
antibiotic drugs as micellization agents to direct the mesostructuring of the PICPMOs. The key 
advantage of this strategy is the possibility of directly loading the therapeutics during the 
formation of the materials, thus homogeneously entrapping drug molecules by electrostatic 
complexation and with relatively high loadings. In this study, the antibiotic neomycin B (NMB) 
was shown to be successfully retained within the mesopores at neutral-to-low pH (down to 4) 
and to be autonomously released at pH 2, allowing the treatment of adherent-invasive bacteria 
such as E. coli growing in the gastrointestinal tract. 

 The bridging organic linkers within the pore walls of the PICPMO matrix also provide 
significant opportunities for forming sophisticated materials. Interestingly, the synthetic 
methodology used to produce PICPMOs has been found to form well-ordered structures with 
moieties such as phenylene, ethenylene, disulfides, etc, covalently incorporated directly within 
the walls. The post-functionalization of these organic groups by sulfonation, bromination and 
reduction was demonstrated, reflecting the significant potential of these materials as future 
multi-functional platforms for a variety of applications. 
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EXPERIMENTAL SECTION :  
 

I. Synthesis of the organosilane precursors : 
 

1. 1,4-bis(triethoxysilyl) benzene (BTEB) :  
 

 

 
 
 

In a N2 purged 2 L three-neck flask with stirring bar, magnesium powder (15 g, 0.62 mol) was 
dried before adding TEOS (450 mL, 2 mol), dry THF (250 mL), and a few drops of 
dibromoethane. Then, p-dibromobenzene (48 g, 0.20 mol) in THF (150 mL) was added and the 
resulting solution was refluxed for another 2 h, becoming dark purple. After the solution was 
cooled to room temperature overnight, the mixture was filtered and washed vigorously with 
pentane on dry Celite. The liquor was condensed by rotary evaporation and subjected to vacuum 
distillation to remove excess TEOS (65 °C, 10-2 mbar), followed by product (130 °C, 10-2 mbar), 
which appeared as a colorless oil (38 g, recovered yield 47%).  
 
F. : C18H34O6Si2 
 
M. : 402.63 g.mol-1. 
 
NMR 1H : (CDCl3, 400MHz) δ = 1.24 (t, 18H. O-CH2-CH3); 3.87 (q, 12H, O-CH2-CH3); 7.68 
(s, 4H, Ar-CH.);  
 
NMR 13C : (CDCl3, 100MHz) δ = 18.14 (-O-CH2-CH3); 58.16 (-O-CH2-CH3); 132.31 (-CH2-
C≡CH);  143.22 (-CH2-C≡CH). 
 
HMRS (ESI) : Calculated for [C18H34O6Si2+H]+: 403.1972.  
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2. Synthesis of 1,2-bis(triethoxysilyl)ethenylene (BTSEENE) :  
 

 

 
 

 
In an Ar purged and flame-dried Schlenck 42.95 mL of triethoxyvinylsilane (39.08 mmol) with 
Grubbs first generation catalyst (205.37 g, 0.20 mmol) react at reflux  under Ar for 4h. The final 
product was then recovered by fractional distillation under reduced pressure and collected as 
transparent oil at 105 °C (10-2 mbar) with a yield of 91 %. 
 
F. : C14H32O6Si2. 
 
M. : 352.57 g.mol-1. 
 
RMN 1H : (CDCl3, 400MHz) δ = 6.65 ppm (s, 2 H, CHSi(OEt)3), 3.81 ppm (q, 12 H, 
OCH2CH3), 1.21 ppm (t, 18 H, OCH2CH3); 
 
RMN 13C : (DMSO, 100MHz) δ = 145.92 ppm (CHSi(OEt)3), 58.82 ppm (OCH2CH3), 18.45 
ppm (OCH2CH3); 
 
HMRS (ESI) : Calculated for [C14H32O6Si2+ H]+ : 353.1815. 

 
Chemicals : 
 
All solvents were dried using an MB SPS-800 apparatus, the other organosilane precursors : 
1,2-bis(triethoxysilyl) ethane (BTSE, Acros, 96%) and 1,2-bis(triethoxysilylpropyl) disulfide 
(BDIS, Fluorochem 95%) were commercially provided and used without further purification. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

223 
 

II. Synthesis of the PICPMO materials : 
 

1. Chemicals : 
 

The DHBC employed in this work was synthetized by Dr. Emilie Molina part of the “Materiaux 
Avancés pour la Catalyse et la Santé” team (MACS, Montpellier). Tha DHBC poly(ethylene 
oxide)-b-poly(acrylic acid) (PEO-b-PAA, MPEO = 5000 g.mol-1, MPAA= 790 or 1280 g.mol-1) 
was obtained by atom transfer radical polymerization (ATRP) of tert-butyl acrylate with α-
bromide-functionalized PEO macroinitiators (Mw=5000 g.mol-1), with the subsequent 
deprotection reaction being done under acidic conditions.1 Neomycin B (NMB), an 
aminoglycoside antibiotic, was purchased from Aldrich and used without any further 
purification. NMB is a weak base that can complex the weak PAA polyacid block to form PIC 
micelles. 
 

2. General procedure of the PICPMO’s preparation : 
 

A one-pot procedure was used to synthesize the PICPMO from PEO-b-PAA, MPEO = 5000 
g.mol-1, MPAA= 790 micelles formed  between polyamine homopolymer (OLC or NMB) and 
the DHBC.i Notably, the same method has been used for DHBC containing  PEO-b-PAA, MPEO 
= 5000 g.mol-1, MPAA= 1280 g.mol-1. For all the experiments the EO/Si and N/AA ratio was 
fixed at 1 and wt% DHBC = 2. Herein, the methodology into n-H2O:PrOH (80:20 v:v) solution 
is described. 
 
The silica precursor, 1,4-bis(triethoxysilyl)benzene (BTEB) was added to a mixture of DHBC 
(150 mg, 25.9 µmoles) with equivalent PAA content of 0.29 mmol and OLC (71.78 mg, 0.29 
mmol) or NMB (177.17 mg, 0.29 mmol) in 6.58 mL of a solution of H2O: PrOH (80:20 v:v) 
whose pH was first adjusted to about 2 by addition of a 3 M aqueous HCl solution. These 
conditions promote hydrolysis of the organosilanes without formation of the PIC micelles. After 
completion of BTEB hydrolysis (one hour at 30 oC, with magnetic stirring at 750 rpm) the pH 
of the solution was increased to 6.5 by addition of a small quantity of a 3 M NaOH solution. 
This induces simultaneously DHBC-NMB electrostatic complexation and polycondensation of 
the organosilane species. A precipitate was observed immediately upon increasing the pH. The 
medium was left under stirring (250 min-1) for 24 h at 30 °C. Finally, the precipitate was 
recovered by centrifugation and dried at 40 °C for 48 h, yielding a white powder. 
For the PICPMO pepared in 100 % of H2O, the hydrolysis was first kept at 30 °C for an hour 
and then at 50 °C for another hour. The drug-containing mesostructured PICPMO materials 
were used as-synthesized for biological experiments.The detailed synthetic parameters for the 
PICPMOs described in the thesis are further reported in Tables. 
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3. Washing/Removal of the polyamine (OLC or NMB): 

 
The general washing procedure involved addition of the dried PICPMO material (50 mg) to a 
NaCl aqueous solution (5 mL, 1 M) at pH 2, adjusted with a HCl (3M) solution, at 25°C to 
destabilize the PIC complex. After 4 hours under stirring at 250 min-1, the resulting solid was 
collected by centrifugation (10000 min-1, 10 min) and washed thoroughly with water. Finally, 
the product was dried in an oven at 40° C for 48 h. 
 
Table 1. Conditions for the synthesis of PICPMO 1,  PICPMO 2,  PICPMO 3, PICPMO 
4, PICPMO 5 and PICPMO 6 
 

N° 
DHBC 
PEO-b- 

Polybase Solvent 
T(°C) 
Hydrolysis 

Mesostr. 

1 PAA1280 OLC H2O 
1) 30°C, 1h 
2) 50°C, 1h 

Lamellar 

2 PAA1280 OLC 
H2O:PrOH 
(80:20) 

30°C, 1h Hexagonal 

3 PAA790 OLC H2O 
1) 30°C, 1h 
2) 50°C, 1h 

Lamellar 

4 PAA790 OLC 
H2O: PrOH 
(80:20) 

30°C, 1h Hexagonal 

5 PAA790 NMB H2O 
1) 30°C, 1h 
2) 50°C, 1h 

Lamellar 

6 PAA790 NMB 
H2O: PrOH 
(80:20) 

30°C, 1h Hexagonal 

 
 
Table 2. Conditions for the synthesis of PICPMO 7,  PICPMO 8 and  PICPMO 9 
 

N° 
DHBC 
PEO-b- 

Organosilane 
precursor 

Polybase Solvent 
T(°C) 
Hydrolysis 

Structure. 

7 PAA790 BTSEENE NMB 
H2O:PrOH 
(80:20) 

30°C, 1h Lamellar 

8 PAA790 BTSE NMB 
H2O:PrOH 
(80:20) 

30°C, 1h Hexagonal 

9 PAA790 
BDIS/BTEB 
(50/50) 

NMB 
H2O:PrOH 
(80:20) 

30°C, 1h Lamellar 
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III. Microbiological testings : 

 
1. Evaluation of pH-triggered delivery on Bascillus subtilis strain 

 
All the tests on Bascillus type bacteria were carried out in collaboration with the Dr S. Guiziou 
in “Centre Biochimie Sructurale” (CBS, Montpellier). Bacillus subtilis strains (ref : BSB168) 
were developed on either LB media type M9 minimal media supplemented with glucose and 
malate (0.5% glucose and 0.3% malate)41 prior to be spread on agar plate and grown via 
incubation for 24 h at 37 °C. 
 

2. Acidic-Modified LB (AMLB) Medium  
 

Unless otherwise indicated, all chemicals were purchased from Sigma. The E. coli strain was 
an adherent-invasive E. coli (AIEC) isolated from patients with Crohn’s disease and 
characterized at the University of the Sunshine Coast (USC, Australia). Following the reported 
procedureiv the AMLB medium was first prepared from a classical Luria-Bertani (LB) broth 
(25 g LB powder in 1 L of Milli Q H2O) containing 0.4 wt% glucose, 2 mM glutamate and 
250 µM H2O2 prior to autoclaving the mixture. The pH of the solution was then adjusted to 2.5 
with HCl (37 wt%) and placed in sterilized tubes for further experiments. 
 

3. Disk Diffusion Assay  
 

The sensitivity to NMB was determined by setting a 15-mm cellulose disk of neomycin B 
(30 µg/mL) onto agar plates coated with different pathogenic E. coli strains, followed by 
incubating the plates at 37°C for 18 h.  
 

4. Minimal Bactericidal Concentration 
 

The minimal bactericidal concentration (MBC) was established by dissolving 10 different 
concentrations (0 to 1920 µM) of commercial NMB in AMLB broth before inoculating a 
loopful of E. coli S-20. Cultures were then incubated for 3 h at 37°C on a shaker. MBC of the 
NMB was measured by spreading a small quantity of each suspension via loopful onto agar 
plates. The MBC was defined as the lowest concentration of NMB that exhibits no colony-
forming unit (CFU). The MBC of commercial NMB was 1920 µM ; this high value has been 
found to originate  from  the acidic stress that renders the bacteria more resistant to antibiotic 
treatment. Hence, at neutral pH the MBC is 4-fold lower than the one defined at pH = 2.5. 
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CHAPTER IV. HOLLOW PERIODIC 
MESOPOROUS ORGANOSILICA 
NANOSPHERES AND COMPLEX-
CORE-SHELL NANOPARTICLES 
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Hollow periodic mesoporous organosilicas (HPMOs) have attracted tremendous 
attention over recent years, owing to their unusual architectures constituted of two main parts: 
(1) a large central void, acting either as encapsulating reservoir or confined nanoreactor and (2) 
a mesostructured shell, which can be functionalized with versatile organic moieties. The 
resulting material consequently combines the versatility of a functional PMO shell with a useful 
hollow reservoir. 
 
In this chapter, the one-pot synthesis of phenylene-, ethenylene- and a mixture of 
phenylene/ethenylene-bridged HPMO nanoparticles synthesized via both hard- and 
soft-templating have first been investigated. Strategies for modulating the size of the HPMOs 
were then explored. The nanoparticle dimensions were reduced by optimizing the formation of 
the silica core templates, and two organosilylated precursors with different organic bridging 
units were employed to generate distinct hierarchical architectures. Interestingly, double-shell 
or raspberry-type morphologies could be obtained, depending on the order in which the 
organosilane precursors were added to the reaction vessel. In addition, the complex HPMO 
nanoparticles have been proven to exhibit the appropriate dimensions for internalization within 
cells, which is a key requirement for their use in the intracellular delivery of bioactive 
compounds. 
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IV. Part A. Overview of Hollow periodic mesoporous organosilica 
(HPMO) nanoparticles 
 
 
 
IV.A.1. Why Hollow-spherical morphology? 
 
Hollow periodic mesoporous organosilica (HPMO) nanoparticles are a specific family of 
organosilica-based nanoscale hybrids, which are based on the unique combination between a 
functional PMO shell and a large hollow reservoir. HPMOs display attractive structural 
features, making them promising materials in diverse applications particularly for 
nanocatalysis1-2 and nanomedicine3-5. As illustrated in Figure IV-1, the mesoporous shell can 
be easily functionalized by the homogeneous incorporation of bridging organic groups 
covalently incorporated within the organic/inorganic framework during sol-gel processing, 
while the mesopores represent tunable nano-arrays, providing high surface area for mass 
transport of guest compounds. The hollow core may operate as a large encapsulation void for 
high loadings of cargo molecules and/or a nanoplatform for confined chemical or biological 
reactions. Finally the external surface possesses reactive SiOH units for post-functionalization 
with specific ligands. 
 

 
 
 
Figure IV-1: Specific structural features of HPMOs. 
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The HPMO nanoparticles have been first developed by Lu and coworkers6 by employing 
fluorocarbon (FC-4) vesicles as templates, which were then covered by a mesoporous shell 
prepared from a mixture of bi-silylated ethylene precursor and CTAB under alkaline conditions 
(Figure IV-2). The classical sol-gel process formed nanoscale ethane-bridged HPMOs hybrids. 
 

 
 
Figure IV-2: Synthetic strategy for the formation of ethylene-bridged HPMOs7 
 
Following this preliminary study, diverse approaches for synthesizing HPMO nanoparticles 
using different organosilica precursors were reported, including methylene-, ethylene-, 
ethenylene-, and phenylene-silylated compounds8-10. However, the fabrication of HPMO 
nanoparticles with uniform shell and narrow size distribution remains an interesting challenge. 
Over the past few decades, two main pathways have been employed to form hollow-spherical 
morphologies in organosilica materials, which are distinguished by the nature of the template 
agent. These are generally referred to as the hard- or soft-templating methods. 
 
 
IV.A.2. Synthesis of HPMOs via “hard templating” route 
 
IV.A.2.1. Formation of solid silica seeds  
 
Traditionally, the synthesis of hollow spheres based hard-templating procedure employs dense 
silica seeds as “hard” templates, which are formed according to a classical Stöber method11. 
The Stöber process is very attractive, since it involves a simple procedure for preparing highly 
monodisperse silica nanoparticles from silica precursors (e.g. TEOS) via traditional hydrolysis-
condensation reactions. The dimension of the silica seeds, that can be precisely controlled by 
simply modifying the synthetic parameters, allows the final size of the synthesized HPMOs 
nanoparticles to be adjusted12.  
 
IV.A.2.2. Covering of the silica seeds with PMO shell 
 
Then, the core/shell nanostructure combining PMO shell and solid silica core (sSiO2@PMO) 
would be engineered by assembling appropriate organosilica precursors and structuring 
directing agents (SDAs) onto the surface of the silica seeds. The formation of the mesoporous 
shell systems then occurs through cooperative self-assembly processes between the 
polymerizing organosilicate species and SDAs at the solid-liquid interface upon the appropriate 
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pH values13. Indeed, the organosilica oligomers grow onto the silica core surface, while free 
SDA molecules available in solution would be concomitantly adsorbed on the external surface 
of the formed shell. The process would thus end when the concentration of organosilica 
precursor would be insufficient or essentially consumed. The hollow architecture would be 
finally obtained by removal of the hard-template through chemical etching. 
 
IV.A.2.3. Silica etching  
 
As is well-known, a silylated network is gradually produced by the formation of Si-O-Si 
bridges. The cleavage of these siloxane bonds during silica-etching chemistry represents a 
useful tool to control the morphology of the silica-based material. Two distinct types of silica-
etching reactions could be defined: (1) reversible degradation under alkaline (generally using 
NaOH, ammonia, or Na2CO3 as etchants) or under strongly acidic hydrothermal conditions; or 
(2) irreversible etching by rapid processes involving hydrofluoric acid. In both methods, -OH- 
or F- ions would etch silicate species by coordination with Si atoms, leading to cleavage of the 
siloxane moieties14.  
 
In the particular case of HPMOs, it has been shown that Si-C bonds within the organosilica 
framework are more chemically stable than Si-O bond in the solid cores, especially during the 
silica-etching mechanis5. Therefore, in the presence of an appropriate etchant, the “hard” silica 
template of sSiO2@mPMOs would be preferentially degraded, while the hybrid shell would not 
be affected by the etching. Interestingly, it has been shown that such silica-etching processes 
could selectively produce mesoporous nanoparticles with distinct structures (e.g. hollow-
spheres, rattle-type, yolk-shell, etc.) by simply modulating the reaction conditions5, 11, 15. 
Finally, the porosity of the shell would be liberated by traditional extraction of the SDA in 
acidic ethanol to liberate the pores of the shell and thus produce the desired HPMOs. 
 
 
IV.A.3. Synthesis of HPMOs via “Soft templating” route 
 
The HPMOs may also be synthesized via a soft-templating approach, where droplets of 
hydrophobic solvent typically act as a “soft” template in aqueous solution16. This second 
synthetic strategy is highly accessible, easy to carry out, does not involve corrosive etchants 
and occurs under mild reaction conditions. An “oil-in-water” micro-emulsion employed as a 
“soft-template” has recently been reported to form hollow silica nanoparticles by using various 
hydrocarbons such as decane, octadecene or cyclohexane, with non-ionic surfactants17. 
Typically, under appropriate conditions involving energetic homogenization (e.g. sonication), 
a “stable” emulsion of oil droplets in water is first generated, prior to assembling the PMO shell 
by hydrolysis-condensation of the organosilanes in the presence of appropriate SDAs at the 
hydrophobic-hydrophilic interface of the emulsion. Finally, the HPMO nanoparticles are 
recovered by centrifugation, allowing the removal of the template via extraction. However, 
owing to the relatively poor stability of the oil droplets, the synthesis of HPMO nanoparticles 
by such emulsion processes remains a considerable challenge16. 
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IV. Part B. Preparation and Characterization of Hollow Periodic 
Mesoporous Organosilica (HPMO) nanoparticles 
 
 
In this section, the synthesis of HPMOs nanoparticles with functional bridging R groups (R = 
phenylene, ethenylene or a mixture of phenylene/ethenylene moieties) incorporated within the 
mesoporous shell will be presented. The different as-synthetized HPMOs were further assessed 
by various analytical techniques, including TEM, SEM, N2 sorption, IR spectroscopy, etc. 
Interestingly, the integration of more than one organosilane precursor within the HPMO 
framework remains an emerging research field with the possibility of forming uniform multi-
functional hybrid materials.  
 
 
IV.B.1. Synthesis and Characterization of HPMOs via hard templating  
 
The general procedure for the preparation of HPMOs through a hard templating process was 
developed as follows. First, monodispersed SiO2 nanoparticles were synthesized via an 
optimized Stöber method using EtOH/H2O as co-solvent, with the hydrolysis/condensation of 
TEOS catalyzed by ammonia (Figure IV-3). The silica cores formed were subsequently shelled 
with mesoporous organosilica by sol-gel processing in the presence of CTAB as cationic 
surfactant and ammonia as catalyst. Finally, the hard template was etched in an aqueous alkaline 
solution (Na2CO3) at 80 oC for one hour and the HPMOs nanoparticles were recovered by 
centrifugation to yield a white powder.  
 
It is noteworthy that the HPMOs synthesis described is a one-pot process carried out at room 
temperature in an EtOH/water mixture, except for the silica etching where the reaction mixture 
is heated at 80 °C for one hour. 
 

 
 

Figure IV-3: HPMOs synthesis via hard-templating 
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IV.B.1.1. BTEB-based HPMOs 
 
In this part, the HPMOs were synthesized from 1,4-bis(triethoxysilyl)benzene (BTEB) and the 
different steps of the synthetic procedure were first assessed by TEM analysis as depicted in 
Figure IV-4. 
 
The TEM micrograph of the SiO2 cores reveals relatively monodisperse non-porous spheres 
with no apparent formation of aggregates and average size of 250 nm (Figure IV-4a). After 
coating with the mesoporous organosilica layer, monodisperse core-shell structure can be 
distinguished in Figure IV-4b, where the shell area appears grey in color, reflecting a difference 
in electron density compared with the darker silica core (presumably due to the presence of 
organic moieties, together with mesoporosity, within the shell). Subsequently, the batch was 
etched and the core-shell particles were first revealed after 30 min (Figure IV-4d), showing the 
selective chemical degradation of the inner core. Then after 60 min of silica-etching (Figure 
IV-4e) the silica hard template was essentially removed, while the mesoporous shell appears 
intact, leading to BTEB-based HPMOs with an average size around 400 nm, comprising 250 
nm of inner void and 70 nm of shell thickness. Consequently, the chemical etching employed 
successfully formed the desired hollow structure with no collapsing of the surrounding shell. 

 

 
 
Figure IV-4:  TEM of the formation step by step of BTEB-based HPMOs : (a) formation of 
silica seeds (250 nm), (b) covering with BTEB-based PMO shell, (d) silica-etching for 30 min 
and (e) as-formed HPMOs after 60 min of silica-etching and CTAB extraction; (c,f) SEM 
micrographs of the as-formed BTEB-based HPMOs. 
 

15/09/16
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In addition, SEM images reveal a spherical morphology with size in the range of 300-400nm 
(Figure IV 4c), consistent with the TEM micrographs. Figure IV-4f clearly shows the hollow 
cavity. Furthermore, the thickness of the shell would appear to be sufficient to promote 
mechanical stability of the nanoparticles.  
 

A) Characterization of the BTEB-based HPMOs 
 
The N2 adsorption-desorption isotherms of the BTEB-based HPMO (Figure IV-5, left) shows 
that these hollow-sphere nanoparticles possess relatively large surface areas of 804 m2/g, high 
pore volume of 0.65 cm3/g and mesopore size distribution with an average of 2.7 nm. 
Interestingly, a hysteresis loop is clearly found at high relative-pressures, suggesting that more 
energy is necessary during the desorption process (probably to remove the N2 molecules 
condensed within the hollow cavity of the HPMO hybrids).  
 
FTIR spectroscopy was used to further characterize the framework structure of the HPMOs 
nanohybrid, as shown in Figure IV-5 (right). As already observed in the phenylene-bridged 
PICPMOs (Chapter III, section III.C.3.1), the aromatic ring mode at 810 cm-1 and the Si–C 
vibrations at 1150 cm-1 are clearly observed in the spectrum, consistent with the presence of 
phenylene-bridging groups incorporated within the hybrid framework. Furthermore, the 
650 cm-1 peak generally arises from ordering of the phenylene rings18. 
 

 
 
Figure IV-5: N2 sorption analysis (left side) and FT-IR spectroscopy (right side) of BTEB-based 
HPMO nanoparticles 

Therefore, the high surface area and the absence of the characteristic CTAB vibrational band 
at 1490 cm-1 suggests the successful removal of the CTAB surfactant, leading to liberation of 
the porosity within the hybrid matrix. 

B) Post-Sulfonation of the BTEB-based HPMOs 
 
The post-synthetic functionalization of the BTEB-based HPMOs was investigated in order to 
incorporate highly reactive sulfonate groups within the framework19. During the electrophilic 
aromatic substitution, the corresponding substituents would be easily exchanged owing to the 
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nucleophilicity of the benzene ring, although the functionalization appears to be more 
challenging on solid supports such as HPMO nanoparticles. For the sulfonation procedure, the 
nanoparticles were first dispersed in dichloromethane (DCM) prior to the slow addition of 
chlorosulfonic acid to minimize the heat released during the exothermic reaction, which could 
induce degradation of the particles. The suspension was then refluxed for different lengths of 
time (1 h, 5 h, 24 h and 3 days, that can potentially lead to degradation of the nanomaterials) 
prior to collecting the functionalized nanoparticles by filtration. Finally, the nanoparticles were 
protonated in a mixture of HCl/EtOH in order to recover the sulfonic acid moiety. 
 

 
 

Figure IV-6: Sulfonation of BTEB-based HPMOs 
 
The efficiency of the reaction was assessed by elemental analysis of sulfur, oxygen and carbon 
atoms. As expected, the sulfonation of the bridging phenylene groups increased with increasing 
reaction time (Figure IV-7a). After 1 h of reaction no significant change was observed. For the 
other lengths of times, the sulfur concentration increases up to 2.2 wt % after 3 days, suggesting 
the presence of sulfonic acid functions within the PMO shell that could potentially be used for 
catalysis20. 
 

 
 
Figure IV-7: (a) Table summarizing the average elemental analysis, (b) SEM and (c) TEM 
pictures of the post-sulfonated BTEB-based HPMOs 
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Average of elemental analysis
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5 1.042 22.810 4.621

24 1.112 21.231 5.546

72 2.218 22.570 10.071
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The sulfonated HPMO nanoparticles after 3 days of treatment were also evaluated by electron 
microscopy to monitor the effect of the functionalization on the material’s nanostructure 
(Figure IV-7b-c). Even if most of the particles remain intact after the slow addition of 
chlorosulfonic acid, the SEM and TEM micrographs exhibit some broken hollow-spheres 
(highlighted with yellow arrows), which might be the result of chemical or physical (heat) 
degradation over the 72-hour period. The assessment of the distribution of the sulfonic acid 
groups by HR-TEM EDX is currently on-going. 
 
IV.B.1.2. BTSEENE-based HPMOs 
 
In this study, the ethenylene unit21 was incorporated within the framework during the formation 
of the PMO shell layered onto the solid SiO2 core. Compared to the integration of the aromatic 
ring, the presence of ethenylene group would lead to a less hydrophobic final nanosystem and 
would also provide the opportunity to post-functionalize the carbon-carbon double bond by 
simple addition reactions. Furthermore, the ratio of the E/Z isomers of the ethenylene-bridged 
monomers has been found to impact the structuring of the corresponding hybrid during the 
hydrolysis-condensation reactions and thus the long-range organization within the pore walls 
in the resulting olefin-based PMOs22. Knowing that the structuring of this hybrid is less 
effective with increasing quantities of the Z-isomer, the effect of the isomeric configuration 
was investigated and characterized for 80-20% E-Z and essentially pure E-configured 
ethenylene-bridged HPMOs nanoparticles. 
 

A) Synthesis of the 1,2-bis(triethoxysilyl)ethenylene (BTSEENE) precursor 
 
As depicted in Figure IV-8, the preparation of the BTSEENE organosilane occurs via a self-
metathesis of neat vinyl(triethoxysilane) (VTES). It is noteworthy that the catalyst plays a key 
role to either selectively yield the E-diastereoisomer or a mixture of E-Z-isomers. Indeed the 
1st generation of Grubb’s catalyst has been shown to generate an almost pure E-isomer product, 
while with the commonly used RuCl2(P(Ph3)3 catalyst, a mixture of 80-20% E-Z-
diastereoisomers21 was formed. 
 

 
 
Figure IV-8: Effect of the catalyst on the isomeric structure of BTSEENE  
 
 

15/09/16
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To monitor the influence of the diastereoisomeric configuration, the two synthesized 
BTSEENE precursors (E-pure or 80-20(E-Z)) were then used to prepare HPMO nanoparticles 
(under similar conditions employed for forming BTEB-based HPMO systems in section 
IV.B.1.1), which were then characterized by TEM and SAXS techniques. 
 

B) Structural properties of the formed BTSEENE-based HPMOs 
 
As above, the selective etching of the inner silica template successfully produced hollow 
spheres for both precursors (Figure IV-9), with diameters ranging from 200 to 260 nm observed, 
together with a thinner shell (~30 nm) than that obtained for the BTEB-based HPMOs. No clear 
morphological difference between the 80-20(E-Z) and E-BTSEENE hybrids were observed by 
TEM. However, the diastereoisomeric configuration of BTSEENE precursor impacts the pore 
structure ordering of the HPMO hybrids, as shown in the SAXS diffractogram in Figure IV-9. 
For both HPMO nanoparticles, only a broad shoulder is observed around q0 = 1.58 nm-1, 
reflecting the absence of well-ordered pore structuring at the length scale probed here, albeit 
with an uniform repetition distance of d = 4.0 nm within the organosilica network. In addition, 
the scattering intensity of the reflection decreases with reduction in the amount of the E-
diastereoisomer. Consequently, only the pure E-BTSEENE-based HPMO materials will further 
be investigated.  
 

 
 
Figure IV-9: Effect of the isomeric ratio on the structural features of the HPMOs by TEM and 
SAXS analysis 
 
In addition, SEM images of E-BTSEENE-based HPMOs reveal spherical nanoparticles with an 
empty cavity and well-defined mesoporous shell, which is consistent with the TEM 
micrographs and further confirms the hollow-sphere morphology (Figure IV-10).  
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Figure IV-10:TEM and SEM images (top), N2 soprtion analysis (bottom, left side) and FT-IR 
spectrum (bottom, right side)of E-BTSEENE-based HPMO nanoparticles 
 
After acidic treatment with HCl in EtOH/H2O solution to remove CTAB, the porosity of the HPMOs 
was investigated by N2 sorption measurements (Figure IV-10). The N2 sorption analysis of CTAB-
free HPMOs nanoparticles exhibits a type IV isotherm, with a hysteresis loop typical of mesoporous 
hollow materials. The surface area and pore volume, calculated respectively using the BET and BJH 
method, are 775 m2 /g1 and 0.56 cm3 g−1 with a pore size of 2.7 nm, indicating the high accessibility 
of the nanoparticles with small molecules. These results reflect the essentially quantitative extraction 
of CTAB surfactant from the mesopores, without any collapse of the structure. 

FTIR spectroscopy was also used to analyze the PMO shell of the hollow-spheres, as shown in 
Figure IV-10. As already observed in the case of ethenylene PMOs, the Si-C vibration at 1200 
cm-1 and the C-H deformation at 790 cm-1 are clearly observed in the spectrum, consistent with 
the presence of olefin groups covalently incorporated within the framework23. 

C) Functionalization of BTSEENE-based HPMOs 
 
A simple approach for the functionalization of a carbon-carbon double bond is to react the 
material with bromine (Br2) vapor (without direct contact of the liquid with the materials). 
Consequently, the BTSEENE-based HPMOs were brominated by exposing them to gaseous 
bromine for three days at room temperature. Notably the particles turned from white to an pale 
orange colored powder following this treatment. The functionalization of the C=C bonds 
presumably occurs by a radical reaction mechanism, owing to the facile photolytic cleavage of 
Br224.  
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The bromination of BTSEENE-based HPMOs was further studied by EDX-HRTEM (Energy 
Dispersive X-ray High Resolution Transmission Electron Microscopy) as shown in Figure IV-
11. The post-functionalization with Br2 of the carbon double bonds does not appear to have 
resulted in any degradation of the hollow nanoparticles. Furthermore, elemental mapping of the 
HPMOs provides clear evidence of the uniform distribution of bromine atom (Figure IV-11, 
green color) within the mesoporous shell. It is notable that the carbon atoms (red color) are also 
homogeneously distributed within the PMO shell, confirming the covalent bonding of 
ethenylene units during the sol-gel reactions. 
 

 
 
Figure IV-11: Elemental mapping of the brominated BTSEENE-based HPMOs by EDX-
HRTEM analysis 
 
This preliminary study demonstrates that brominated HPMOs were successfully obtained by an 
easy, accessible, low-cost and efficient procedure under mild condition. Noteworthy, 
brominated hollow-spheres may be used for dual-functional applications in next perspectives.  
 
IV.B.1.3. BTEB/BTSEENE-based (50/50) HPMOs 
 
Another strategy to form multi-functional hybrid silica-based materials is to use more than one 
organosilica precursors25 during the classical sol-gel reactions. Herein, the preparation and 
characterization of multi-hybridized HPMO nanoparticles will be discussed and the material 
obtained will be referred as R1,R2-HPMO. 
 
BTEB (R1 = phenylene group) and BTSEENE (R2 = ethenylene unit) are miscible when mixed 
together, and hence these two compounds appear as promising precursors to synthesize dual-
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hybridized HPMOs nanoparticles via hydrolysis and co-condensation (Figure IV-12), following 
the general synthetic methodology described in section IV.B.1.1.  
 

 
 
Figure IV-12: Construction of dual-functionalized HPMOs with different organosilica 
precursors26 
 
For the preparation of hollow nanospheres with multiple-integrated organics, the two precursors 
were first mixed with each other in equimolar proportion prior to forming the mesoporous shell 
and generating the final R1,R2-HPMO nanomaterials via silica-etching. 
 

 
 

Figure IV-13: TEM (left side) and SEM micrographs (right side) of the R1,R2-HPMO 
nanoparticles. 
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Similarly to the HPMOs produced from only one precursor, the TEM images show 
nanoparticles with a large hollow cavity surrounded by a uniform shell (Figure IV-13). The 
HPMO size, inner core diameter and shell thicknesses are about 270, 190, and 40 nm, 
respectively. At higher magnification, the TEM images demonstrate that the HPMO 
nanospheres possess a porous and uniform shell, suggesting the homogeneous incorporation of 
the R1 and R2 organic bridging groups within the PMO matrix. Furthermore, SEM pictures 
confirmed the hollow spheres morphology and the size of the HPMO nanospheres (around 240 
nm, Figure IV-13), which is consistent with the TEM observations. 
 
The porosimetry and chemical composition of R1,R2-HPMOs were characterized by N2 
sorption analysis and FT-IR spectroscopy, respectively (Figure IV-14). The infrared spectra of 
the dual-hybridized nanoparticles was compared with the both BTEB-based and BTSEENE-
based HPMO hybrids as also shown in Figure IV-14. 
The R1,R2-HPMO porosimetry analysis (Figure IV-5, left) shows a type IV isotherm 
characteristic to mesoporous materials. The surface area and pore volume, calculated respectively 
using the BET and BJH method, are 648 m2 /g1 and 0.93 cm3 g−1. The hysteresis phenomenon is 
still visible when the two organosilica precursor are mixed together, reflecting the hollow 
structure.  
 
The multi-hybridized R1,R2-HPMO hybrid exhibits the characteristic vibrational bands of both 
BTEB-based and BTSEENE-based hollow nanoparticles, with characteristic bands at 650 cm-1, 
810 cm-1 and 1150 cm-1 reflecting the incorporation of the aromatic ring within the framework. 
In addition, the presence of ethenylene-bridged moieties is demonstrated by the bands at 
790 cm-1 and 1200 cm-1 (as shown in section IV.B.1.2.). Although complementary 
characterisation (e.g. solid state NMR) is needed to unambiguously confirm the homogeneous 
integration of both types of organosilica precursors, the infrared spectrum of the R1,R2-HPMOs 
is consistent with a dual-functionalization of the mesoporous shell.  
 

 
 
Figure IV-14: N2 sorption analysis of R1,R2-HPMOs and  FT-IR spectroscopy of R1,R2-
HPMOs (black curve) compared with BTEB (red curve) and BTSEENE (blue curve) HPMOs  
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This first multi-hybridization approach paves the way for future possibilities, such as the 
incorporation of more than two precursors within the framework or differentiated post-
functionalizations depending on the nature of the organic groups (R1 and R2; e.g. sulfonation, 
nitration, bromination, etc).  
 
 
IV.B.2. Preparation of HPMOs by oil-in-water emulsion 
 
The synthesis of uniform and monodisperse HPMOs via soft templating and particularly through 
nano-emulsion appears highly challenging. Indeed, nanocatalyst or bioactive molecules can be 
directly loaded in situ during construction of the core-shell nanoparticles, leading to a reduction in 
the number of reaction steps and, potentially, more facile incorporation of the bioactives27. 
 
Herein an “oil-in-water” (o/w) approach employing droplets of decane to form HPMOs from 
different organosilica precursor (phenylene-, ethenylene- and a mixture of phenylene/ethenylene-
bridged organosilane) will be described. 
 

 
 
Figure IV-15: Synthesis of HPMO nanospheres by the emulsion approach 
 
The synthesis of the HPMO hybrids by soft-templating, represented in Figure IV-15, can be 
divided into two main steps: (1) formation of a stable emulsion of the hydrocarbon droplets in 
aqueous solution; and (2) deposition of a mesoporous PMO layer around the emulsion droplets 
to lead to homogeneous HPMOs.  
 
For this purpose, during the synthetic procedure an aqueous ethanolic solution containing 
CTAB surfactant, ammonia catalyst and a small amount of decane was first sonicated at high 
power or mixed using a high-speed shear mixer to create an oil-in-water (o/w) emulsion (Step 
1), prior to the dropwise addition of the specific organosilica precursor (BTEB, BTSEENE 
separately or 50-50 BTEB-BTSEENE mixture) during the second step to build the mesoporous 
shell under classical stirring.  
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IV.B.2.1. Characterization of the (decane/water) emulsion 
 
As the formation of stable (o/w) emulsion is a critical step for building the hollow nanoparticles, 
the procedure has been first evaluated by static light scattering (SLS) measurements of a small 
quantity of decane in water under 14.5 kHz shear-mixing at different times as represented in 
Figure IV-16. It has been found that over 20 min, the size distribution is irregular. 
Consequently, 10 min (measurement 29, T=665) of shear-mixing was selected because after 
this time the droplets exhibited a relatively narrow size distribution with an average 
hydrodynamic diameter of around 90 nm.  
 
In addition, the stability of the (o/w) emulsion has been visually assessed by incorporating 
Sudan IV as a hydrophobic dye which would be preferentially partitioned within the decane 
droplets. Then the solution was shear-mixed for 10 min at 14.5 kHz (Figure IV-16) and left 
under static conditions. The homogeneous light pink solution was observed over several hours 
prior to separation of the oil phase from water, suggesting that the (o/w) may be used as soft-
templating for HPMO hybrids synthesis. 
 
 

 
Figure IV-16: (a) Static light scattering measurement of the decane/water emulsion over time. 
(b) Shear-mixing of (o/w) emulsion containing Sudan IV and (c) visual evaluation of the 
stability of the emulsion 
 
IV.B.2.2. Preparation and analysis of the HPMOs via soft-templating 
 
Herein, the HPMOs were synthesized using the previously described decane emulsion in water. 
Once the emulsion stabilized, the selected organosilica precursor was slowly incorporated into 
the solution under vigorous stirring (1100 rpm). The organosilicate species would be 
progressively hydrolyzed in the alkaline solution to generate organosilanolate ions. These 
anionic oligomers would then electrostatically co-assemble with the cationic CTA+ and begin 
to polycondense at the oil/water interface, generating the PMO shell. The final extraction of the 
surfactant in acidic EtOH will produce the desired HPMO nanoparticles and the soft template 
is removed during the centrifugation and washing processes. Individual organosilane precursors 
were employed including BTEB, BTSEENE, together with an equimolar mixture of 
BTEB/BTSEENE, to incorporate phenylene, ethenylene and phenylene/ethenylene functions, 
respectively, within the HPMO shell. 
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A) TEM and SEM analysis 
 

 
 
Figure IV-17: SEM and TEM images of BTEB-based (1st row), BTSEENE-based (2nd row) and 
BTEB/BTSEENE-based (3rd row) HPMOs 
 

• BTEB-based HPMOs 
 

The TEM image of phenylene-bridged HPMO hybrids (Figure IV-17, 1st row) shows that 
hollow nanoparticles were successfully prepared via the emulsion approach. Furthermore, the 
nanospheres show a large hollow chamber of around 250 nm surrounded by an irregular shell 
of 50 nm. The average diameter of the final HPMOs nanosystems was around 400 nm. In 
addition, SEM micrograph reveals monodisperse hollow nanospheres with no aggregation 
occurring. Both intact and collapsed HPMOs were evident; the collapsing of the mesoporous 
shell can be assigned to the rapid removal of the decane template during the centrifugation 
process and the associated mechanical stress imposed on the HPMO structure. 
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• BTSEENE-based HPMOs 
 

The SEM image of ethenylene-bridged HPMOs shows more collapsed hollow nanoparticles. 
The apparent thinner PMO shell may explain the lower mechanical stability of the 
nanoparticles, which would consequently break and collapse during the template removal. It is 
notable that the obtained HPMOs still have hollow structure with diameter around 250 nm and 
are not aggregated. 
 

• BTEB/BTSEENE-based HPMOs 
 

 Interestingly, the multi-hybridized HPMOs exhibit a uniform shell with an intermediate size 
of around 50 nm (Figure IV-17, 3rd row) when compared with BTSEENE and BTEB-based 
HPMO. The overall diameter of the hollow nanoparticles is around 400 nm with a large 
encapsulation void of 300 nm. Collapsed HPMO hybrids are still evident in the SEM 
micrograph, although the quantity is minor when compared to HPMOs formed from the pure 
BTSEENE precursor. 
 

B) FT-IR spectroscopy  
 
The speciation of the HPMOs prepared via the emulsion route was investigated by FT-IR 
spectroscopy (Figure IV-18).  
 

 
 
Figure IV-18: FT-IR spectroscopy of R1,R2-HPMO nanoparticles (black curve) compared with 
BTEB-based (red cruve) and BTSEENE-based (blue curve) HPMOs spectra 
 
As expected, the spectra show similar curves, with vibrational bands characteristic of the linked 
organic groups within the framework being observed at 650, 850 and 1150 cm-1 for the 
phenylene-bridged units, and 790 and 1190 cm-1 for ethenylene-bridged moieties. For the 
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HPMOs hybridized with both BTEB and BTSEENE precursor, both sets of characteristic bands 
are observed in the infrared spectra, consistent with the dual-functionalization of the shell. 
 
In summary, hollow structured nanomaterials have been synthesized via two specific pathways, 
including “hard-templating” and “emulsion/soft-templating” approaches. The former is a 
versatile synthetic process which is easily controllable by, for example, tuning the 
characteristics of the hard template (e.g. size, nature, shape, etc.). Furthermore, the solid 
template route was carried out in a one-pot process and involves silica-etching chemistry, 
representing an interesting tool for modulating the final hollow structure. 
 
The key features of the emulsion/soft-templating approach is that the oil droplets template not 
only serve as an intern structuring agent but can also directly encapsulated hydrophobic 
bioactive molecules during the formation of the mesostructured nanomaterials. In addition, the 
template is easily removed by washing when the HPMOs particles are collected. 
 
Despite the significant benefits of the two synthetic approaches, the size of the hollow 
nanoparticles obtained in both cases appear too large for biomedicine application. Therefore 
the last section of this chapter will be devoted to investigating approaches for decreasing the 
HPMOs dimension by optimizing the hard-templating process, since the size of the 
nanocomposite can be finely tuned by simply controlling the silica seed size. In addition, two 
different organosilylated precursors will be successively employed following a layer-by-layer 
covering of the template, to generate distinct hierarchical architectures such as raspberry-type 
or multi-shell morphologies. 
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IV. Part C. Multi-compartment HPMOs 
 
 
The creation of structural and morphological complexity at the nanoscale has attracted 
considerable attention, due to the strong connection between structural properties and the 
resultant performance in various applications25. Consequently, developing approaches for 
synthesizing “non-typical” nanostructures still remains as one of the major challenges in the 
nanotechnology field.  

 
For this purpose, several groups have recently reported unusual architectures in nanomaterial 
science exhibiting large and versatile functions, with some examples being shown in Figure 
IV-19. For instance, Zhao et al, developed in 2010 ethylene-bridged PMO crystals with a 
truncated-cubic nanostructure. This unique morphology has been found to be promising in 
various fields, such as adsorption, catalysis and separation28. In 2014, dual-compartment Janus-
type PMOs were synthesized via the formation of PMO nanocubes and simultaneous nucleation 
of PMOs nanospheres29. The Janus nanosystems exhibited dual independent mesopores with 
different pore sizes and hydrophobicity for loading of multiple guests, for potential applications 
in nanomedicine. Soon after, multi-shell PMOs were reported30, which were composed of 
several organosilica hybrid interfaces, producing a new platform for cancer drug delivery and 
ultrasound imaging.  
 

 
 
Figure IV-19: Advanced nanostructures developed in silica-based science materials 
 
In addition, a multipodal PMO nanomaterial with crystal-like periodicity at the molecule scale 
and very high surface area was synthesized for catalysis applications31 (Figure IV-19). 
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Following this work, the next section will be devoted to the engineering of hollow particles 
with multiple compartments, to generate more heterogeneous interfaces, compartmentation 
environments, and distinct hierarchical architectures for potential future biological applications. 
 
 
IV.C.1. Raspberry-like HPMOs via layer-by-layer assembling 
 
IV.C.1.1. One-pot synthetic process strategy 
 
The synthesis of raspberry-like hollow PMOs nanoparticles was first attempted through a one-
pot process, as depicted in Figure IV-20. First, the preparation of a colloidal solution of silica 
cores (step 1) was carried out, following an optimized method based on that developed in 
section IV.B.1.1 in order to reduce the size of the hard-template and consequently of the final 
nanomaterials. This was followed by the slow addition of the first precursor in the presence of 
CTAB, which would lead to the usual core-PMO shell system via sol-gel processing (step 2), 
prior to add dropwise the second organosilica precursor that would produce the mesostructured 
multi-compartment PMOs (step 3). Finally, the removal of the solid inner core by silica-etching 
chemistry (as defined in section IV.A.2.2.) and CTAB extraction in EtOH/HCl solution would 
subsequently lead to the desired raspberry-like HPMO hybrids with dual-functional 
compartments. 
 

 
 
Figure IV-20: Formation of raspberry-like HPMOs via an optimized hard-templating pathway 
 
The hierarchical nanostructure of the as-synthesized materials were characterized by electron 
microscopy and porosimetry. Furthermore, the effect of the order in which the organosilane 
precursors were added to the reaction vessel on the nanosystem morphologies will be assessed. 
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IV.C.1.2. Size-reduction of the solid SiO2 core  
 
The reduction of the size of the silica nanoparticles was successfully carried out by simply 
modulating the synthetic parameters of the conventional Stöber process and particularly by 
operating under dilute conditions. Figure IV-21 gives the SEM and TEM micrographs of the 
newly-formed dense silica nanospheres with an average size of around 100 nm. In addition, the 
solid particles are highly monodisperse, non-porous and exhibit a smooth external surface. 
Consequently, as already reported32, decreasing the concentration of TEOS silica source leads 
to a reduction in the template’s dimension while also limiting their aggregation. The formed 
silica seeds were further used to construct raspberry-type HPMOs in a one-pot sol-gel process. 
 

 
 
Figure IV-21: SEM and TEM micrographs of the dense silica cores 
 
IV.C.1.3. 1st precursor: BTEB and 2nd precursor: BTSEENE (sSiO2@BTEB@BTSEENE) 
 
In a first study the phenylene-bridged organosilane was initially added to form the core-shell 
nanostructure prior to introducing the BTSEENE as second precursor in the reaction. The 
synthesized material is referred as sSiO2@BTEB@BTSEENE. 
 
The structure of the final hybrid material, illustrated in Figure IV-22, consists of nanoscale 
hollow spheres with protruding small particles on the surface and a morphology resembling 
that of raspberries. The nanosystem’s dimensions increased up to around 150 nm and the size 
of the hollow reservoir is comparable to that of the solid silica cores. This demonstrates that, as 
expected, the building of the PMO shell started from the silica hard template when the BTEB 
precursor was initially added, with the subsequent addition of BTSEENE forming small spheres 
of about 20 nm on the hollow sphere’s surface, leading to the specific raspberry-like structure. 
 
Similarly to the proposed mechanism for formation of the core-shell structure (section 
IV.A.2.1), once the mesoporous PMO shell covered the silica core, the addition of the second 
ethenylene-bridged precursor would lead to heteronucleation of the organosilica oligomer with 
CTA+ ion, present in the alkaline solution, at the liquid-solid interface. Herein, it seems that 
the concentration of free cationic surfactant is too low to prevent the nucleation of small 

100 nm
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BTSEENE-based nanoparticles in solution as suggested by the presence of free nanoparticles 
in the TEM images (Figure IV-22). 
 

 
 
Figure IV-22: TEM and SEM micrographs of the sSiO2@BTEB@BTSEENE HPMOs 
 
To verify this assumption, hydrolysis of BTSEENE have been assessed by stirring the 
organosilica precursor only in water for 1 hour. The result is visualized by TEM microscopy as 
represented in Figure IV-23.  
 

 
 

Figure IV-23: TEM image of the hydrolyzed BTSEENE precursor 
 
TEM picture exhibits multiple nanospheres with an average size around 15-20 nm, similar to 
the nanoparticles observed on the raspberry-like HPMOs, reflecting the very fast 
polymerization and growth of BTSEENE-based particles in water and in the absence of any 
SDA. This preliminary study explains the presence of the extra free nanospheres during the 
preparation of the multi-compartmented PMOs hollow spheres. 
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IV.C.1.4. 1st precursor: BTSEENE and 2nd precursor: BTEB (sSiO2@BTSEENE@BTEB) 
 
In a second study, the raspberry-type nanocomposites were prepared following the previously 
described procedure, except that the addition order of the organosilylated precursor was 
reversed. 
 

 
 
Figure IV-24: TEM and SEM micrographs of the sSiO2@BTSEENE@BTEB HPMOs 
 
Similarly the TEM and SEM pictures (Figure IV-24) of the formed sSiO2@BTSEENE@BTEB 
material show hollow nanospheres with mean diameter around 150 nm and uniform PMO shell. 
Moreover, the addition of BTEB as second precursor formed diffuse and less defined particles 
on the surface of the hollow-spheres. However no free additional BTEB particles are shown, 
suggesting that the organosilica preferentially polymerized at the liquid-solid interface. 
 

 
 
Figure IV-25: N2-sorption analysis of the raspberry-type HPMOs 
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After CTAB extraction via acidic ethanol treatment, the porosity of two raspberry-like  
sSiO2@BTSEENE@BTEB and sSiO2@BTEB@BTSEENE HPMOs was investigated by N2 

sorption measurements (Figure IV-25). In both cases, the nanocomposites exhibit a type II with 
relatively high surface areas and pore volumes of 463.0 m2.g−1 and 0.77 cm3 g−1, respectively,  for 
sSiO2@BTSEENE@BTEB and 529.8 m2 g−1 and 0.64 cm3 g−1, respectively    for 
sSiO2@BTEB@BTSEENE hybrid. These results show that a large encapsulation volume remains 
available even after the second deposition of mesoporous compartments and demonstrates the 
effective removal of CTAB from the mesopores. 
 
This study has yielded encouraging preliminary results, notably nanoscale raspberry-type 
HPMOs of around 150 nm which could be very suitable for applications in nanomedicine. 
However, some aggregation of the raspberry-type HPMOs was evident, and hence, the initial 
strategies developed here have been further optimized to address this challenge.  
 
 
IV.C.2. Redispersion process to nanostructure HPMOs  
 
In order to obtain more monodisperse, unaggregated raspberry-type HPMOs, a new approach 
involving a water-based synthesis and re-dispersion processes was developed, as illustrated in 
Figure IV-26. Firstly, the size of the silica template was precisely tuned by a straightforward 
“regrowth” using arginine as an innovative base catalyst and cyclohexane as co-solvent. In a 
second step, the silica cores formed were successfully employed as seeds for core-shell 
nanostructure formation and the organosilica precursors were added following redispersion of 
the seeds in the reaction medium.  
 

 
 

Figure IV-26: Schematic representation of the formation of raspberry-type HPMOs by 
regrowth and redispersion processes 
 
IV.C.2.1. SiO2 seeds synthesis by regrowth process 
 
Recently arginine has been demonstrated to be a versatile base catalyst for generating 
monodisperse silica nanoparticles with precisely defined diameter ranging from 15 to 200 nm, 
due to the electrostatic interactions between the amino acid and the silicic acid in alkaline 
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solution33. Furthermore, during the preparation, cyclohexane was used as an inert co-solvent to 
form an organic coating for reducing the kinetics of the reaction, which improves the 
monodispersity of the batch33.  
 

 
 
Figure IV-27: TEM micrographs of the silica seeds produced via different  regrowth processes 
 
First, silica seeds were synthesized by hydrolyzing TEOS in an arginine-catalyzed mixture of 
cyclohexane/water prior to repeating the hydrolysis/condensation process to further grow the 
size of the particles. In a typical regrowth process, an appropriate amount of silica core 
suspension was dispersed in a fresh cyclohexane/H2O arginine mixture prior to adding a 
controlled amount of fresh TEOS. This process is repeated until nanoparticles with the desired 
dimensions are obtained. It has been shown that the concentration of arginine should be 
maintained within an optimal 0.8-1.5 mM range to prevent secondary seed formation33.  
 
As shown in Figure IV-27, the new process leads to highly monodisperse silica seeds with 
average size from ∼18 to 30, 40, 50 and finally 60 nm depending on the number of regrowth 
steps. The 60 nm silica spheres were then employed as cores to fabricate HPMO nanoparticles 
following the same redispersion process. 
 
IV.C.2.2. 1st precursor BTEB and 2nd precursor BTSEENE (sSiO2@BTEB@BTSEENE) 
 
Herein, raspberry-type nanoparticles were synthesized, as previously seen, through a layer-by-layer 
coating pathway followed by silica-etching. The final nanoparticles were denoted as 
sSiO2@BTEB@BTSEENE and further evaluated by TEM and SEM as illustrated in Figure IV-28.  
 
The nanoarchitectures of the complex materials correspond to raspberry-like hollow spheres with an 
average size of 110 nm and homogeneous shell. This new method provides the advantage of 
producing highly monodisperse dual-compartmented nanosystems, while minimizing the 
aggregation of the particles when compared with the first method employed. 
  

2

TEM Image TEM Image

ReG0 - 18nm ReG1 -30nm

ReG2 - 40nm

ReG2 –50nm

ReG3- 60nm



 

256 
 

 
 
Figure IV-28: TEM and SEM micrographs of the BTEB/BTSEENE-HPMOs 
 
IV.C.2.3. 1st precursor BTSEENE and 2nd precursor BTEB 
 
In this work, the ethenylene-bridged precursor was added prior to incorporating the BTEB 
organosilane. Finally the sSiO2@BTSEENE@BTEB formed nanomaterials were analyzed by 
electron microscopy. 
 

 
 
Figure IV-29: TEM and SEM micrographs of the BTSEENE/BTEB-HPMOs 
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As shown in Figure IV-29, once again nanoscale particles are obtained with very narrow size 
distribution around 130 nm, well-defined PMO shell and no apparent aggregation. 
Unexpectedly, no raspberry-type nanosystems resulted from this trial, but instead the addition 
of BTEB as second precursor either generated a second shell surrounding the first one or 
produced a bigger shell able to encapsulate several already-formed HPMOs. When these larger 
shells were broken, the entrapped hollow-spheres can be individually observed, as shown in the 
SEM micrograph. 
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Conclusions 
 
In this last Chapter, different approaches for preparing HPMOs were explored including typical 
hard- and soft-templating route. The latter offers the opportunity to directly encapsulate 
molecule of interest within the inner core during the structuring of the nanosystems. However, 
it has been shown that it is difficult to control the soft-templating pathway and that this method 
produces less mechanically-stable materials when compared with the hard-templating 
approach. 
 
The hard-templating approach formed robust, hollow nanospheres and offers the possibility of 
accurately controlling the size of the synthesized HPMOs by tuning the size of the silica 
template via an optimized Stöber process. Individual HPMO nanoparticles were successfully 
synthesized via the hard-templating route with different organic functions homogeneously 
incorporated within the mesoporous shell. A future in-depth investigation of the effect of the 
nature of the bridging organic moieties on the encapsulation and release of drugs from these 
HPMOs materials is envisaged. 
 
In a second part, the size of the nanoparticle was decreased by optimizing the formation of the 
silica core templates and using two different organosilylated precursors which were 
successively employed to generate distinct hierarchical architectures. Interestingly, raspberry-
type or double-shell morphologies could be obtained, depending on the order in which the 
organosilane precursors were added to the reaction vessel. These complex HPMO nanoparticles 
exhibited appropriate dimensions for internalization within cells, which is a key requirement 
for their potential use in intracellular delivery of bioactive agents. 
 
The unique and atypical hollow nanostructure renders HPMO hybrids highly appealing for 
applications in nanomedicine. Furthermore, the organic/inorganic functional matrix provides 
clear pathways for enhancing the biological performance of the nanosystems. Therefore, the 
preparation of even more advanced functional HPMOs can be considered by, for instance, 
hybridization of the framework with biodegradable organics possessing bis- or tetrakis-sulfide units 
or by the consecutive addition of more than two organosilane precursors. 
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Experimental Section Chapter IV 
 

I. Synthesis of 1,2-bis(triethoxysilyl) ethenylene (BTSEENE)21,34 
 
-Z-E: 80-20%: In an Ar purged and flame-dried Schlenck flask, triethoxyvinylsilane (20.5 mL, 
97.80 mmol) and RuCl2(PPh3)3 (101.9 mg, 0.11 mmol) were reacted at reflux  under Ar for 
24 h. The final product was then recovered by fractional distillation under reduced pressure and 
collected as a transparent oil at 90 °C (10-2 mbar) with a yield of 77 %. 
 

 

 
 

 
NMR 1H: (CDCl3, 400MHz) δ = 6.75 and 6.65 (s, 2 H, CHSi(OEt)3), 3.83 (q, 12 H, J ) 7.0 Hz, 
OCH2CH3), 1.16 (t, 18 H, OCH2CH3); 
 
NMR 13C: (DMSO, 100MHz) δ = 146.34 (CHSi(OEt)3), 58.79 (OCH2CH3), 18.48 (OCH2CH3); 
 
-Z-E: 99-1%: In an Ar purged and flame-dried Schlenck,  triethoxyvinylsilane (43.95 mL, 
39.08 mmol) and Grubbs first generation catalyst (205.4 mg, 0.20 mmol) were reacted at reflux  
under Ar for 4 h. The final product was then recovered by fractional distillation under reduced 
pressure and collected as a transparent oil at 105 °C (10-2 mbar) with a yield of 91 %. 
 
 

 
 
 

NMR 1H: (CDCl3, 400MHz) δ = 6.65 (s, 2 H, CHSi(OEt)3), 3.81 (q, 12 H, OCH2CH3), 1.21 (t, 
18 H, OCH2CH3); 
 
NMR 13C: (DMSO, 100MHz) δ = 145.92 (CHSi(OEt)3), 58.82 (OCH2CH3), 18.45 (OCH2CH3); 
 
F.: C14H32O6Si2. 
 
M.: 352.57 g.mol-1. 
 
HRMS (ESI): Calculated for [C14H32O6Si2+ H]+ : 353.1815. 

E-Z : 80-20%

77%2

E-Z : 99-1%

91%
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II. Formation of HPMOs by hard-templating35  
 

1. Silica core synthesis : 
 
In a 100 mL flask, the silica seeds were first prepared by dissolving 28 wt % NH4OH (0.63 mL, 
7.56 mmol NH3) in 15 mL of EtOH and 2 mL of H2O prior to adding TEOS (1.2 mL, 
5.36 mmol). The resulting mixture was stirred at 750 rpm for 1 h at 30°C. 
 

2. Growth of the mesoporous PMO shell : 
 
BTEB-based shell: To the flask containing the silica seeds, a pre-mixed solution of CTAB 
(64.1 mg, 0.18 mmol) and 28 wt % NH4OH (0.60 mL, 7.20 mmol NH3) in a mixture of H2O 
and EtOH (24 mL and 2 mL, respectively) was added dropwise and stirred at 30°C for 40 min 
at 750 rpm. BTEB (0.20 mL, 0.50 mmol) was then added dropwise and the resulting mixture 
was stirred at 1200 rpm for 6 h at ambient temperature. Finally the nanoparticles were collected 
by centrifugation (4000 rpm; 15 min) prior to removing the hard template by silica-etching. 
 
BTSEENE-based shell: The same conditions were employed, with BTSEENE (0.20 mL, 0.57 
mmol) as the organosilica source. 
 
BTEB/BTSEENE-based shell: The same conditions were again employed, with a premixed 
solution of BTSEENE and BTEB (0.1 mL, 0.29 mmol; and 0.1 mL, 0.25 mmol; respectively) 
as the organosilica source. 

 
3. Silica-chemical etching : 

 
The collected core-shell nanoparticles were poured into an alkaline solution of Na2CO3 (3.18 g, 
30 mmol) in H2O (50 mL) and stirred at 80 °C for 1 h. Finally the etched hollow nanoparticles 
were recovered as a white powder by centrifugation, washing with water (three times) and 
acetone (one time) and drying. 
 
Finally, the CTAB was extracted from the nanoparticles in ethanolic solution (80 mL) 
containing concentrated HCl (37 wt %, 1 mL) under reflux for 18 h. The HPMOs were then 
recovered after washing with ethanol (three times) and dried under a high vacuum. 
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III. Post-Functionalization 
 
 

1. Sulfonation : 
 
 

 
 
In a 25 ml two necked flask, the BTEB-based HPMO nanoparticles (0.41 mmol, 75 mg) were 
suspended in DCM (6.25 mL). Then, chlorosulfonic acid (0.73 mL, 6.24 mmol) was added 
dropwise. The suspension was refluxed for different amount of time (1 h, 3 h, 5 h, 24 h or 
3 days) and then the chlorosulfonic acid was neutralized with an excess of acetic acid. The 
suspension was filtered and the solid washed thoroughly with water, water:THF mixture (1:1) 
and THF. The solid was finally dried and the product obtained in a yield of 44 % (0.18 mmol, 
33 mg).  
 
 

2. Bromination : 
 

 
 

In a small vial, 40 mg of BTSEENE-based HPMOs were placed in an uncapped 8.5 mL vial 
which was itself placed in a 250 mL beaker. Several drops of bromine were added in the beaker, 
without direct contact with the nanoparticles. The beaker was covered with several layers of 
parafilm to contain the Br2 vapor and the sample was exposed to bromine for a period of 24 h. 
Then the parafilm was removed and the physisorbed bromine was removed by several washings 
with DCM, water and EtOH. The excess bromine was neutralized with a saturated sodium 
thiosulfate solution. The final product was recovered as an orange/yellowish colored powder. 
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IV. Formation of HPMOs by soft templating 
 

1. Monitoring of decane emulsion by Static Light Scattering (SLS) 
 
Firstly, a decane solution was prepared by mixing a solution containing H2O (300 mL), EtOH 
(60 mL) and CTAB (640 mg 1.75 mmol) with a second solution of decane (640 µL, 3.27 mmol) 
in EtOH (60 mL). The catalyst NH4OH28wt%  (4 mL, 48 mmol) was then added and the resulting 
emulsion was stirred at 14.5 kHz by using a shear stirrer. The size of the resulting emulsion 
droplets was analyzed at various times using a MALVERN Mastersizer 3000 instrument. 
 
Static light scattering involves measuring the intensity of monochromatic light scattered by 
particles as a function of scattering angle, and modeling the angular distribution of scattering 
intensity via the Lorenz-Mie theory. 
 

2. Growth of the mesoporous PMO shell 
 
Synthesis of the BTEB-based HPMOs:  The HPMO nanospheres were prepared via an 
emulsion method in several steps. 
 
First, a solution containing CTAB (80 mg, 0.22 mmol) in a mixture of H2O (37.5 mL) and 
EtOH (7.5 mL) was vigorously stirred at 1400 rpm and at 25°C. Then a mixture of BTEB (60 
µL, 0.15 mmol), and n-decane (80 µL, 0.41 mmol) in EtOH (7.5 mL) was poured into the 
previous solution prior to sonication with a probe for 10 min in order to obtain a stable emulsion. 
Finally, 28 wt % NH4OH (0.5 mL) was added and the emulsion was stirred at 25 °C for 1 h at 
1400 rpm. Finally, the white product formed was collected by centrifugation and washed with 
water (three times), EtOH (one time) and acetone (one time).  
 
The CTAB was extracted from the nanoparticles in ethanolic solution (80 mL) containing 
concentrated HCl (37 wt%, 1 mL) under reflux for 18 h. The HPMOs were then recovered after 
washing with ethanol (three times) and dried under a high vacuum. 
 
BTSEENE: Same conditions were used, but with BTSEENE (60 µL, 0.17 mmol) employed as 
the silica source. 
 
BTEB/BTSEENE (50:50): The same conditions were again employed, but with a premixed 
solution of BTSEENE (30 µL, 0.08 mmol) and BTEB (30 µL, 0.07 mmol) used as the silica 
source. 
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V. Formation of raspberry-like HPMOs via layer-by-layer route 
 

1. Silica core optimized synthesis 
 
Dilute conditions: In a 100 mL flask, the silica seeds were first prepared by dissolving 28 wt% 
NH4OH (0.92 mL, 7.56 mmol NH3) in a mixture of EtOH  (41.66 mL) and H2O (3.33 mL) prior 
to adding TEOS (1.2 mL, 5.36 mmol). The resulting mixture was stirred at 750 rpm for 1 h at 
30 °C. 
 

2. Growth of the mesoporous PMO multi-compartments 
 
- First addition of BTEB: To the same flask containing the silica seeds, a pre-mixed solution 
of CTAB (64.1 mg, 0.18 mmol), 28 wt % NH4OH28wt% (0.60 mL, 7.20 mmol NH3) and EtOH 
(2 mL) in H2O (24 mL) was added dropwise, and the resulting mixture was stirred at 30°C for 
40 min at 750 rpm. Then BTEB (0.20 mL, 0.50 mmol) was added dropwise with stirring 
continuing at 750 rpm for 1 h at rt. 
 
- Second addition of BTSEENE: To the same flask, BTSEENE (0.2 mL, 0.57 mmol) was 
added slowly and the mixture was further stirred overnight at ambient temperature. 
 
Subsequently, the nanoparticles were collected by centrifugation prior to being suspended in 
0.6 M Na2CO3 solution for 1 h at 80 °C for chemical etching. 
 
Finally, the CTAB was extracted from the nanoparticles by three extraction in ethanolic 
solution (80 mL) containing concentrated HCl (37 wt%, 1 mL) under reflux for 18 h. The 
HPMOs were finally recovered after washing with ethanol (three times) and dried under a high 
vacuum. 
 
PMOs were also produced by reversing the addition sequence of the organosilane precursors 
(first: BTSEENE and second: BTEB), with all other conditions maintained constant. 
 

3. BTSEENE hydrolysis test 
 
To test the hydrolysis-condensation reaction of BTSEENE in water, 0.2 mL (0.57 mmol)  of 
precursor was simply poured into 24 mL of H2O for one hour at ambient temperature and the 
suspension formed was analyzed by TEM. 
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VI. Formation of raspberry-like HPMOs via regrowth and redispersion 
method33 

 
1. Silica core synthesis by regrowth process : 

 
- Seed Synthesis: In a 20 mL vial a mixture of L-Arginine (9.1 mg, 0.052 mmol),  H2O (6.9 mL) 
and cyclohexane (0.45 mL) was first gently stirred at 260 rpm and 25 °C to avoid mixing of the 
two immiscible phases. Subsequently, TEOS (0.55 mL, 2.4 mmol) was slowly introduced and 
the temperature of the solution was increased to 60 °C. The mixture was stirred for 24 h at 260 
rpm to form the 18 nm silica seeds. 
 
- Regrowth of Silica Seeds: For the regrowth processing, 1 mL of as-synthesized silica seeds 
was re-dispersed in H2O (3.6 mL) and cyclohexane (0.5 mL), and then 0.352 mL of TEOS was 
slowly added. Subsequently, the reaction was allowed to proceed for 24 h with stirring at 
260 rpm and a temperature of 60 °C. The regrowth processing was repeated until the desired 
size of silica seeds was obtained. 
 

2. Formation of the raspberry or double-shell like nanostructure : 
 
- First addition of BTEB: 1 mL of the as-synthesized silica-seed solution was re-dispersed in 
a mixture of H2O (3.6 mL) and cyclohexane (0.5 mL), prior to adding a premixed solution 
containing CTAB (25 mg, 0.07 mmol), BTEB (0.1 mL, 0.25 mmol), EtOH (0.33 mL) and H2O 
(4 mL). The resulting mixture was stirred at 260 rpm overnight at a constant temperature of 
60°C. 
 
- Second addition of BTSEENE: 1 mL of the previously-prepared core-shell nanoparticle 
solution was poured into a fresh vial, prior to adding a pre-mixed solution containing in H2O 
(3.6 mL) and cyclohexane (0.5 mL). Then the organosilane precursor BTSEENE (0.1 mL, 0.29 
mmol) was added dropwise. The resulting solution was stirred at 260 rpm overnight at ambient 
temperature. 
 
Subsequently, the nanoparticles were collected by centrifugation prior to being suspended in 
Na2CO3 solution (0.6 M) for 1 h at 80 °C for chemical etching. 
 
Finally, the CTAB was extracted from the nanoparticles in ethanolic solution (80 mL) 
containing concentrated HCl (37 %, 1 mL) under reflux for 18 h. The HPMOs were then 
recovered after washing with ethanol (three times) and dried under a high vacuum. 
 
PMOs were also produced by reversing the addition sequence of the organosilane precursors 
(first: BTSEENE and second: BTEB), with all other conditions maintained constant. 
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This manuscript payed particular focus on the mechanism formation of pore 
nanostructuring, using different type of SDAs (e.g. CTAB, PIC micelles, silica seeds or decane 
droplets) in the preparation of hybrid silica-based materials and the subsequent structure-
function relationship. The different type of silylated hybrid materials synthetized and developed 
herein have commonly demonstrated hierarchical organization providing appealing features for 
drug delivery applications. In this final section the key results of each chapter will be concisely 
reminded prior to detail the futures work prospects. 
 

In the Chapter II, nanoscale bridged silsesquioxanes based on molecular recognition 
(MR) between triazine-based precursor and cyanuric acid (CA) template were designed and 
used for imaging within cancer cells (MCF-7 and HTC-116 lines). 
To pursue this work the substitution of CA template by bioactive 5-fluorouracil derivative in 
order to directly and homogeneously load the drug during the hybrid formation will be 
examined.On the other hand, the work elaborated in this chapter also demonstrated the anti-
cancer performance of pH-sensitive mesoporous nanoparticles, especially when gated by a 
cytotoxic stopper via MR. The nanosystems have been found to be adjustable by changing the 
pore-blocker or by post-functionalizing the organosilylated stalk with targeting agent.  
To continue this work, combination of the cytotoxic stopper and the targeting agent onto the 
same nanoparticles for in vivo testing’s is currently on going. On the other hand, using dendron-
based compound as cap offer plenty of possibilities including merging imaging, targeting and 
multi-drug delivery functions for future theranostic applications. 
 

In the Chapter III, organic-inorganic PMO materials were prepared from PIC micelles 
and characterized by playing on the synthetic parameters such as : addition of co-solvent, the 
nature of the polyamine micellization agent (OLC or NMB antibiotic) or the type of 
organosilylated precursor (-phenylene; -ethylene; -ethynylene; -disulfide). The formed 
PICPMO hybrids have demonstrated biocidal potentiality. 

Herein the polymeric system, used as SDA, is very flexible thus, by tuning the nature 
of the functional groups along the complexing block of the DHBC the pH range for which the 
delivery is switched on or off could be envisaged to be modulated. To obtain, for instance, a 
stable complex at neutral pH (like in the bloodstream) that could be destabilized in the 
lysosomal pH (5) and thus trigger the delivery of the antibiotics.    
  
             In this last Chapter IV, HPMOs were synthetized from different approaches. Further 
investigation to obtain monodisperse and uniform HPMOs nanoparticles will be first evaluated. 
Then a next assessment of the effect of the nature of the bridging organic moieties on the 
loading and delivery of drugs from these HPMOs hybrids is envisaged. 
             In a second part, raspberry-type or double-shell morphologies could be obtained, 
depending on the order in which the organosilane precursors. These complex HPMO 
nanoparticles exhibited suitable dimensions for internalization within cells and their biological 
evaluation will be studied. Therefore, the preparation of even more advanced functional 
HPMOs can be considered by, for instance, hybridization of the framework with biodegradable 
organics possessing bis- or tetrakis-sulfide units or by the consecutive addition of more than two 
organosilane precursors. 
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Analytical Techniques  
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

274 
 

• Nuclear Magnetic Resonance  

1H and 13C liquid NMR 

Liquid 1H and 13C NMR spectra were registered at room temperature on a Bruker Advance 400 
MHz in deuterated chloroform, dimethylsulphoxide, acetone or methanol at concentration 
around 10mg/mL. The chemical shift (δ) is indexed in ppm with tetramethylsilane (Me4Si, 
TMS) as an internal reference. The employed abbreviations for the multiplicity of the signals 
correspond to “s” for singlet, “d” for doublet, “t” for triplet, “q” for quadruplet and “m” for 
multiplet. 

13C and 29Si Solid State NMR (CPMAS) 

The 13C and 29Si cross-polarization magic angle spinning NMR spectra acquisition were carried 
out by P. Gaveau from Institut Charles Gerhardt Montpellier (ICGM) on a Bruker DSX 300 
MHz spectrometer. 

The 29Si CPMAS NMR was employed to evaluate the condensation level of the silylated or 
organosilylated material within the formed materials. The samples formed from pure silica 
source present three common resonances around -92; -102; -111 ppm; assigned to Q2, Q3  and 
Q4  (Figure 1.)  

 

Figure 1. Representation of Q2, Q3 and Q4  sites 

• Fourier-Transform InfraRed Spectroscopy 

The spectra were recordered on wavenumber ranging from 550 to 4000 cm-1 at room 
temperature on a Perkin Elmer Spectrum 100 with an Gladia Attenuated Total Reflectance 
(ATR) accessory. Depending on the state of the sample either a drop or about 10 mg of pure 
product were analyzed. 

• Nitrogen sorption porosimetry 

The nitrogen sorption analyses were obtained at 77.15 K on Micromeritics ASAP 2020 
instrument. Prior to analysis, the samples were outgassed (0.02 mbar) for at least 10 h at 50 °C. 
The specific surface area SBET is calculated following Brunauer, Emmet and Teller (BET) 

Q2 Q3 Q4
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theory taking as N2 contact surface 0.162 nm2. Total pore volume and pore size diameter were 
determined from the adsorption branches using the BJH method. 

• Transmission Electronic Microscopy (TEM) 

The transmission microscopy is an useful tool to observe through materials, particularly the 
structured of small and thin mesoporous particles. The micrographs were recorded on 
JEOL1200EX II providing an electron beam of 120 kV. The microscope is composed of 
electron cannon with thermionic emission and CDD Quemesa - Olympus/Sis  camera of  11 
Mega Pixels. 

Preparation of the sample consisting in depositing a drop of sample in solution on a copper 
grids (Lacey Carbon Film, Copper, 300 Mesh, LC300-CU) and let the system dry upon air. 

Energy dispersive X-ray Spectroscopy 

The elemental mapping of mainly silicon, carbon, bromine and sulfur were recorded by E. 
Olivero at University of Montpellier (UM) through an transmission electronic microscope 
JEOL 2200 FS with an electron beam of 200 kV upon with a CCD Gatan UltraScan 4000 
(4kx4k) camera. Basically, when the material is irradiated, the photons emitted by atoms are 
detected and analyzed to identify the elements from the intensity and the energy of the radiation. 

• Scanning Electronic Microscopy (SEM) 

The scanning electron microscopy is a textural and morphological characterization technique 
based on the sample-electron interaction. The different emitted radiations are employed to form 
high-resolution pictures. The micrographs were reordered by Didier Cot at the “Institut 
Européen des Membranes” (IEM) on a Hitachi S4800 FEG microscope upon 15 kV. 

For the preparation the samples were grinded and stuck on metallic support thanks to carbon 
adhesive paper allowing the electrons conduction prior to be metallized via platinum plasma. 
This process increases the electron intensity and limit the charges effect occurring during the 
irradiation. 

• Small Angle X-Rays Scattering (SAXS) 

The small and wide-angle X-ray scattering (SWAXS) experiments were conducted by 
Guillaume Toquer (CEA, Marcoule) using a Guinier-Mering set-up with a 2D image plate 
detector. The X-ray source was a molybdenum anode, which delivered a high energy 
monochromatic beam (λ = 0.71 Å, E = 17.4 keV), providing structural information over 
scattering vectors q ranging from 0.02 to 2.5 Å−1. The region between the sample and image 
plate was purged with flowing helium, to avoid air absorption. The data acquisition time was 
1800 s and the glass capillaries used to hold the samples (Higenberg) had a thickness of 2 mm. 
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The image azimuthal average was determined using FIT2D software from ESRF (France), and 
data corrections and radial averaging were performed via standard procedures.  

• Elemental Analysis 

Elemental analyses of nitrogen and carbon were performed by Magalie Lefeuvre on an 
Interscience Flash EA 1112 series (Thermo Finnigan). %N was used to determine the mass 
percentage of NMB drug (%mNMB), which in turn was used to calculate the mass percentage 
of carbon originating from NMB (%mC NMB). Finally, the overall carbon content was used to 
calculate the DHBC weight percentage (%mDHBC) as follows:  

 

where %mC PHE, %mC NMB, %mC DHBC, and %mN NMB, respectively, refer to the mass 
content of C in the bridging phenylenes, NMB and in the DHBC, and the mass content of N in 
NMB.  

Moreover, the DHBC and NMB extracted from the hybrid material after acidic treatment can 
be calculated on NMB-free PICPMO according to the following equations based on the material 
composition before and after the washing step (referred to as Be.W and Af.W, respectively):  

 

 

• Dynamic Light Scattering (DLS) and Static Light Scattering (SLS) 

The Dynamic Light Scattering (DLS) were recordered on Autosizer 4800 (Malvern). The light 
source was a green lazer ( = 532 nm) with a power of 50 mW. The detector is related to a 
goniometer allowing a rotation around the samples ranging from 25° to 145°. The sample was 
added in a silicate glass tank (Kimble Chase, 10*75 nm) placed in a container  full of 
thermostated water (25°C). Prior each analysis the water was filtered for at least 20 min. 
The auto-correlation function, analyzed signal from the detector from an auto-correlator, is 

Equation 7

Equation 8
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measured by the “CONTIN” method” elaborated by Provencher. Finally the diffusion 
coefficient can be assignated to the hydrodynamic diameter (Dh) of a spherical particles by the 
hydrodynamic model of Stokes-Einstein : 

 

 

• High-Resolution Mass Spectroscopy (HRMS) 

The high-resolution mass spectrum (Q-TOF ESI) were carried out on a JEOL MS-DX 300 
apparatus (University of Montpellier)  

• Micro-wave 

The chemical reaction occurring under microwave conditions were carried out on a CEM 
Discover apparatus demonstrating a maximum power of 200 W. Generally the samples react 
into solution in 10 mL tube close with Teflon cap under 100W. 

• Melting Point 

The melting points were measured on Büchi Melting Point B-540 previously calibrated 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Equation 9
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Les organosilices sont facilement obtenues par réactions d’hydrolyse-condensation de 
composés organosilylés et manifestent des propriétés hautement avancées, telles que : (1) une 
excellent stabilité à l’air et l’humidité, particulièrement en comparaison avec d’autres oxydes 
métalliques ; (2) des techniques de synthèse plutôt faciles et abordables ; (3) une toxicité 
relativement faible ; (4) une gamme variée de réactions chimiques ; etc. L’ensemble de ces 
caractéristiques rend les organosilices inestimables pour une large gamme d’applications.  
Étonnamment, certaines espèces vivantes sont capables de transformer les précurseurs de silice 
sous diverses formes afin de remplir des fonctions biologiques essentielles. La silice 
inorganique se trouve notamment dans l'exosquelette d'espèces de radiolaires et de diatomées, 
constituant un modèle extrêmement sophistiqué de biomatériaux hybrides auto-assemblés et 
mésostructurés qui a inspiré un nombre considérable de recherches en Science des Matériaux. 
Par conséquent, au cours des deux dernières décennies, des travaux importants dans le domaine 
de la chimie ont été consacrés à l’élaboration de stratégies pour incorporer des fonctions 
organiques dans des réseaux de silice1. En effet, inspirés d’exemples naturels (« bio-inspirés »), 
une pléthore de matériaux à base de silice et d’organosilices ont été synthétisés et caractérisés 
depuis une vingtaine d’année, conduisant à un large éventail d’applications technologiquement 
significatives dans divers domaines2-4, et notamment pour des applications biomédecine5-7. 
 
    Dans ce dernier domaine de recherche, les agents thérapeutiques ont d'abord été 
simplement encapsulés au sein des pores de particules de silice mésoporeuse par diffusion et 
piégés physiquement par des interactions faibles avec des groupes silanol présents en surface. 
Néanmoins, la plupart du temps, l’encapsulation non covalente entraîne une «libération 
prématurée zéro», ce qui induit une concentration plus faible de médicaments au niveau de la 
région infectée ainsi que des effets secondaires possibles sur les tissus sains à cause de la 
libération de produits thérapeutiques cytotoxiques. 
 

Dans ce contexte, le travail développé dans cette thèse est consacré à la conception de 
plates-formes de silice mésoporeuses périodiques hybrides complexes pour l'administration 
contrôlée de médicaments (par exemple, médicaments oncologiques, antibiotiques, etc.). Les 
systèmes d'administration de médicaments, décrits ici, présentent diverses propriétes fortement 
attrayantes pour ce type d’applications (Figure 1), comme notamment: 
 
•   De multiples fonctions -SiOH sur la surface, qui peuvent servir de sites d'ancrage pour le 
post-greffage de ligands supramoléculaires impliqués dans le ciblage ou la protection du 
système, etc., offrant ainsi de mutliples possibilités pour la préparation de « nano-
transporteurs » multifonctionnels8;  
• La fonctionnalisation potentielle des murs de silice par incorporation homogène d'unités 
organiques pontées directement au sein de la matrice silylée; 
• D’un réseaux de pores uniformes et bien ordonnés, permettant un bon contrôle de 
l'encapsulation et de la libération des médicaments; 
•  D’une bonne bio-distribution et élimination physiologique dans l'organisme;                             
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Figure 1. Nanoparticules de silice mésoporeuses comme plate-forme d'administration de 
médicament9 
 
Chapitre I – Etat de l’Art 
 
Ce chapitre présente une étude de la littérature traitant de la synthèse et de la fonctionnalisation 
des matériaux à base de silice mésoporeuse, en mettant l'accent sur les procédés impliqués dans 
le contrôle de la structuration des pores. Cette introduction met en exergue les développements 
actuels dans la préparation de composés organiques silylés, notamment les hybrides périodiques 
mésoporeux à base d'organosilicates (PMOs) et les défis associés à la synthèse de tels 
matériaux. L'application de ces matériaux de silice organisés hiérarchiquement dans 
l'administration de médicaments est également décrite, avec un accent tout particulier sur la 
préparation de nanoparticules qui répondent aux stimuli externes. 
 
Chapitre II – Nanoparticule hybrides et mésoporeuses de silice pour de la 
délivrance autonomes d’agents anti-cancéreux  
 
Ce chapitre est consacré au développement et à l’application de nanomatériaux à base de silice 
pour l’administration de médicaments anticancéreux déclenchée par le pH. Les nanoparticules 
formées à partir d'espèces de silicate présentent des caractéristiques extrêmement attractives, 
notamment la possibilité d'affiner la porosité et la taille des particules lors de la synthèse, une 
grande surface spécifique, une bonne stabilité chimique et physique, etc., qui en font des 
candidats très prometteurs dans le domaine de la nanomédicine. En outre, un important corpus 
de recherches s'est concentré sur l'encapsulation et la libération contrôlée de molécules 
bioactives à partir de tels systèmes. Il est intéressant de noter que la reconnaissance moléculaire 
peut être une approche pertinente pour l’ingénierie de nano-transporteurs avancés capables de 
délivrer des médicaments en réponse à un stimulus externe. 
 
La première partie de ce chapitre porte sur la préparation de nanoparticules de silsesquioxane 
pontées non poreuses (nano-BS) en exploitant la reconnaissance moléculaire entre une matrice 
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d'acide cyanurique (CA) et un précurseur d'organosilane (Figure 2 (A))10. Il a été constaté que 
l'hydrolyse-condensation des précurseurs dans des conditions douces produit efficacement des 
nanoparticules (Figure 2 (B)) pouvant libérer le template CA à pH faible. En outre, le système 
a été fonctionnalisé avec une molécule fluorescente pour démontrer l’internalisation des nano-
BS au sein de cellules cancéreuses (Figure 2 (C)). 
 

 
 
Figure 2. (A) Structure chimique de l'assemblage supramoléculaire entre le CA et le précurseur 
d'organosilane. (B) SEM et (C) images confocales de nano-BS 
 
Dans la deuxième partie, les nanoparticules de silice mésoporeuses (MSNs) préparées à partir 
de TEOS ont été obstruées par la formation d’un complexe basé sur la reconnaissance 
moléculaire, formant des nano-transporteurs mécanisés. Les propriétés physico-chimiques des 
MSNs bloquées ont d'abord été évaluées par des techniques d’analyses complémentaires, 
notamment la microscopie électronique, les rayons X, la diffusion dynamique de la lumière, la 
RMN à l'état solide, la spectroscopie IR, la thermogravimétrie et l'analyse de sorption N2. 
Les nanoparticules ont ensuite été chargées en camptothécine (CPT), un médicament 
anticancéreux bien connu, et les mésopores ont été fermés, avant de tester la capacité des 
nanosystèmes à délivrer à la demande des bioactives. La cytotoxicité des particules finales a 
été démontrée in vitro sur des cellules du cancer du sein (MCF-7) et du côlon (HTC-116). Il est 
à noter que plusieurs types de bouchons ont été étudiés, tels qu'un composé à base de 5-
fluorouracile pour une association thérapeutique anticancéreuse, entraînant plus de 99% de 
mort de cellules du cancer du sein (MCF-7) (Figure 3). Un bouchon dérivé de dendrimère est 
également décrit. Ce dernier offre la potentialité de synthétiser une nano-plate-forme 
multifonctionnelle pour améliorer l'efficacité anti-cancer. 
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Figure 3. (A) Stratégie de libération d’agent chimiothérapeutique directement dans les cellules 
cancéreuses via les nanoparticules MSNs. (B) image MET de nanoparticules de silice de type 
MCM-41. (C) Test de cytotoxicité des nano-transporteurs chargés en CPT sur des cellules 
MCF-7 à différentes concentrations 
 
Chapter III – Organosilices mésoporeuses périodiques et nanostructures via 
des complexes de micelles polyioniques pour de la délivrance controllée 
d’antibiotiques 
 
Les micelles formées par complexe polyioniques (PIC) s'assemblent par interaction 
électrostatique entre deux polyélectrolytes, l’une faisant partie d’un copolymère séquencé 
double-hydrophile (DHBC), et l’autre étant une polybase chargée de manière opposée. Dans ce 
chapitre, une nouvelle synthèse d’organosilices mésoporeux périodiques mésostructurés 
(PMO) à partir de 1,4-bis (triéthoxysilyl) benzène (BTEB) en solution aqueuse modélisée par 
des assemblages PIC est introduite. Les matériaux résultants sont ensuite appelés PICPMOs. 

 

Figure 4. (A) Approche synthétique pour former PICPMO. (B) Micrographies TEM des 
PICPMOs mésostructurés lamellaires et hexagonaux 
 
Dans la première partie de ce chapitre, les sous-unités micellaires et leur auto-assemblage 
réversible sont définies avant d’étudier les mécanismes de nanostructuration des pores du 
matériau induit par les complexes PIC. De plus, les conditions de synthèse ont été optimisées 
afin de former des hybrides PICPMO bien organisés et ordonnés11. On montre que la structure 
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des pores peut être contrôlée avec précision en modulant les paramètres de synthèse, comme 
illustré à la Figure 4 (B). 
 
Dans la deuxième partie du chapitre, les propriétés biologiques du système PICPMO, en 
particulier l’encapsulation et la libération contrôlée d’un antibiotique, la néomycine B (NMB), 
sont évaluées. Le point clé de cette approche est que les molécules bioactives ne servent pas 
uniquement d'agent structurant externe mais sont également directement chargées dans les 
PICPMOs lors de la formation des matériaux mésostructurés, conduisant à des taux 
d’encapsulation homogènes et relativement élevés. Une des propriètés des micelles PIC en tant 
que qu’agent dirigeant la structuration (SDA) est que la déstabilisation du complexe peut être 
facilement induite par des stimuli externes tels que le pH. Cette propriété présente un intérêt 
particulier pour des applications dans le domaine médicale impliquant la libération autonome 
d'espèces bioactives telles que des antibiotiques. La libération de NMB déclenchée par le pH et 
son efficacité contre une souche pathogène d'Escherichia coli sont démontrées, reflétant le 
potentiel de tels matériaux PICPMO dans des applications antibactériennes. 

 

Figure 5. (A) Représentation de l'antibiotique NMB. (B) image MET des PICPMO chargés de 
NMB. (C) Évaluation de la croissance de la souche d'E. coli en présence ou en l'absence 
(témoin) de PICPMO chargés de NMB. 
 
Enfin, plusieurs PICPMOs ont été préparés en utilisant différentes fractions organiques 
pontantes, notamment l'éthylène, l'éthenylène et un mélange équimolaire de phénylène-
disulfure (Figure 6). Ces groupes fonctionnels organiques modulent les propriétés intrinsèques 
de la matrice, en ajustant des paramètres tels que la polarité, la stabilité hydrothermale / 
chimique, les réponses optiques / magnétiques, etc. De plus, des groupes organiques actifs tels 
que le bis (propyl) disulfure organosilane forment de nouveaux matériaux qui sont facilement 
biodégradables. Par la suite, les propriétés physicochimiques inhérentes de ces matériaux ont 
été évaluées par diverses techniques analytiques (par exemple, EDX-HR MET, MEB, RMN, 

PICPMO 6

0

200000

PICPMO                 Control

C
FU

(A)

Control

400

200000

PICPMO                Control

Control
C

FU
PICPMO 5

(B)

100 nm

PEO5000 – PAA790
Polycation or 

Antibiotic
Organosilylated
precursor

pH  < pKaAA< pKaNMB pKaAA< pH < pKaNMB

PICPMO 
Hybrids

Controlled
Antibiotic Delivery

Cooperative
Self-

assembling

pH 
triggering

pH 
triggering

pH  < pKaAA < pKaNMB

PICPMO 6

0

200000

PICPMO                 Control

C
FU

(A)

Control

400

200000

PICPMO                Control

Control
C

FU
PICPMO 5

(B) PICPMO Control

(B)(A)

(C)



 

285 
 

IR, ATG, SAXS, etc.). Il est à noter que les matériaux PICPMO contenant de telles fonctions 
organiques pontantes présentent une distribution mésostructurée et homogène bien ordonnée 
comme illustré dans la Figure 6. Des réactions chimiques supplémentaires pour modifier 
davantage la structure des espèces pontantes organiques sont démontrées, y compris la 
bromination, sulfonation, sulfonation post-bromination ou réduction, permettant d'intégrer de 
nouveaux sites fonctionnels dans la structure solide mésoporeuse. 

 

Figure 6. Représentation des précurseurs d'organosilanes bis (3- (triéthoxysilyl) propyl) 
disulfure (BDIS) et bis (triéthoxysilyl) benzène (BTEB). Images MET et EDX-HR-MET des 
PICPMOs formés à partir d’un mélange équimolaire de BTEB / BDIS  
 
Chapter IV – Sphères creuses d’organosilices mésoporeuses périodiques et 
nanoparticles complexes type coeur-coquille 
 
Les organosilices mésoporeux périodiques creux (HPMOs) ont suscité une attention 
considérable ces dernières années en raison de leur structure unique. En effet, l'architecture 
atypique des HPMOs combine la versatilité d'une coquille PMO fonctionnelle avec un coeur 
creux. La coquille peut être facilement fonctionnalisée par des groupes organiques, les 
mésopores représentent des nano-tunnels ajustables offrant une grande surface spécifique et le 
réservoir interne un grand vide d’encapsulation et/ou une nano-plate-forme pour des réactions 
chimiques ou biologiques confinées. 
 
Dans ce chapitre, nous explorons d’abord la synthèse en une étape de nanoparticules d’HPMO 
à partir de groupements phénylène et éthenylène pontant via une préparation en trois étapes 
comprenant (Figure 7): (1) un processus sol-gel classique avec TEOS comme source de silice 
conduisant la formation de cœurs de silice monodisperse utilisé comme « template-dur » (2) la 
croissance d'une coquille de PMO sur le coeur de silice en présence du préceurseur 'organosilylé 
; et enfin (3) l’élimination du template par dégradation chimique et récupération des HPMO 
résultants. 
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Figure 7. Stratégie synthétique pour la préparation des matériaux HPMOs. Image MEB et MET 
de nanoparticules de HPMO à pont d’étheynylène (A) et de phénylène (B) 
 
Dans la deuxième partie de ce chapitre, des stratégies de modulation de la taille des HPMO sont 
explorées. Les dimensions des nanoparticules ont été réduites en optimisant la formation des 
noyaux de silice et deux précurseurs organosilylés différents ont été utilisés pour générer des 
architectures hiérarchiques distinctes. De manière intéressante, des morphologies de type à 
double enveloppe ou de type framboise pourraient être obtenues, en fonction de l'ordre dans 
lequel les précurseurs d'organosilanes ont été ajoutés au récipient de réaction, comme illustré 
sur la Figure 8. Comme le montre également la Figure 8, les nanoparticules complexes de 
HPMO présentent les dimensions de l'internalisation dans les cellules, ce qui constitue une 
exigence clé pour leur utilisation dans la délivrance intracellulaire de substances bioactives 
telles que la GnRH. 
 

 
 
Figure 8. Schéma de la syntèse de formation des nanoparticules à double enveloppes ou de type 
framboise et leur évaluation par analyse TEM 
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RÉSUMÉ 
 
    Le travail développé dans cette thèse est consacré au développement de silices hybrides 
fonctionnelles pour la délivrance contrôlée de produits thérapeutiques (médicaments 
oncologiques, antibiotiques, etc.) dans l’optique d'améliorer leurs activités et de réduire leurs 
effets secondaires. Les différents types de matériaux hybrides silylés synthétisés et présentés 
ici, tels que: (1) des nanoparticules pH-sensibles; (2) des organosilices mésoporeuses 
périodiques multifonctionnelles mésostructurées via des des micelles de complexe de 
polyioniques (PIC); (3) des hybrides sophistiqués de type coeur-coquille et de type framboise; 
ont généralement démontré une organisation hiérarchique offrant des fonctionnalités 
attrayantes pour les applications de délivrance de médicaments.  
Ce manuscrit porte une attention particulière sur le mécanisme de formation de la 
nanostructuration des pores en utilisant différents types d’agents structurants (des micelles PIC, 
des cœurs de silice ou des gouttes de décane) et sur l’étude de la relation structure-propriété 
résultantes des systèmes.  
Les travaux de recherche, effectués ici, démontrent également le potentiel de ses systèmes en 
biomédecine dont certains apparaissent très prometteurs. 
 
Mots-Clés : Organosilices Mésoporeuses Hybrides / Délivrance de Médicament Autonome / 
Thérapie Combinée en Cancérologie / Libération d'Antibiotiques Déclenchée par le pH / 
Nanoarchitectures Avancées 
 
 
 
ABSTRACT 
 

The work developed in this thesis is devoted to the design of functional hybrid silica 
platforms for controlled delivery of therapeutics (e.g. oncologic drugs, antibiotics, etc.) to 
improve their performance and limit their side effect. The different types of silylated hybrid 
materials synthesized and described herein, including (1) pH-sensitive nanoparticles; (2) multi-
functional periodic mesoporous organosilicas (PMO) mesostructured via PIC micelles; and (3) 
sophisticated core-shell and raspberry-type PMO hybrids; demonstrate hierarchical 
organization over multiple length scales, providing appealing features for drug delivery 
applications. 
The manuscript focusses, in particular, on the mechanisms  controlling pore nanostructuring, 
using different type of structuring agents (e.g. CTAB, polyion complex (PIC) micelles, silica 
seeds or decane droplets) and on the subsequent structure-function relationship.  
The research project also demonstrated the potential of specific systems for future applications 
in biomedicine articulated. 
 
Keywords : Mesoporous Hybrid Organosilicas / Self-Operated Drug Delivery / Combination 
Cancer Therapy/ pH-triggered Antibiotic Release / Advanced Nanoarchitecture 

 


