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ñOh, the depth of the riches both of the wisdom and knowledge of God!  

How unsearchable are His judgments and His ways past finding out! 

ñFor who has known the mind of the Lord? 

Or who has become His counselor?ò 

 ñOr who has first given to Him 

And it shall be repaid to him?ò 

For of Him and through Him and to Him are all things, to whom be glory forever. Amen.ò          
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ABSTRACT 

 

Two-photon actuated nanomedicine has become one of the main proponents for the 

achievement of the spatiotemporal selectivity needed for nanomedicine. Indeed, the raison 

dô°tre of the medical application of nanotechnology in the field of cancer treatment is to lower 

and suppress the side effects caused by current techniques such as chemotherapy and 

radiotherapy, due to their lack of selectivity. Among various nanoparticles (NPs), mesoporous 

silica nanoparticles (MSN) have attracted increasing attention over the past decade for their 

low cytotoxicity, cellular internalization and excretion, and the ability to carry multiple 

features for both the diagnosis and therapy of cancers in a single nanovehicle: the so-called 

theranostic nanomedicine. 

In this dissertation, I will describe MSN for one and/or two-photon-actuated 

fluorescence imaging, drug-delivery, gene delivery and photodynamic therapy (PDT). First, 

plasmonically-triggered cargo delivery via MSN nanovalves and designed mesoporous silica 

photodegradation is presented. Then, in-vitro two-photon-triggered drug delivery with 

azobenzene-functionalized MSN such as nanoimpellers and fluorescent nanovalves, along 

with preliminary studies of gene delivery via ammonium-functionalized nanoimpellers are 

discussed. Multifunctional MSN incorporating a two-photon photosensitizer are 

systematically studied in terms of the resulting optical and photophysical properties of the 

NPs, and then used for in-vitro biomedical applications. 

Furthermore, two kinds of emerging nanomaterials are also designed for two-photon 

actuated nanomedicine, bridged silsesquioxane (BS) and periodic mesoporous organosilica 

(PMO) NPs. These nanomaterials are elaborated without silica precursor (e.g. 

tetraethoxysilane) and solely with bis- or tetra-organoalkoxysilanes, thus providing materials 

with the highest organic content for the targeted applications. Consequently, disulfide-based 

hybrid BS and PMO NPs were elaborated as biodegradable nanomedical tools, and 

photosensitizer-based BS and PMO NPs were used for efficient in-vitro PDT. BS and gold-

BS core-shells NPs are constructed for ultrabright two-photon imaging and efficient PDT, 

while two-photon functionalized PMO NPs serve as theranostic nanocarriers. Besides, 

versatile multipodal ethylene-benzene PMO NPs with very high surface areas are presented as 

a promising strategy for the design of structural complexities at the nanoscale. 

Finally, iron oxide core MSN shell (Fe3O4@MSN) nanocontainers are described for 

versatile applications. The design of two-photon-sensitive magnetic MSN and PMO core-shell 

nanovehicles is presented as a perspective for gene delivery and magnetic resonance imaging. 

Furthermore, Fe3O4@MSN containers are constructed for heavy metal removal of twelve of 

the most toxic metal ions through the diethylene triamine pentaacetic acid (DTPA) ligand. 

The enhancement of the pollutant removal efficiency is studied by selective surface and/or 

porous DTPA functionalizations.   
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CHAPTER 1. INTRODUCTION TO MESOPOROUS SILICA NANOPARTICLES                          

IN NANOMEDECINE 

 

1.1       Definitions and a short history of mesoporous silica materials 

Silica, also known as silicon dioxide (SiO2), is constituted of the two most abundant 

elements of the earthôs crust, the oxygen being the most. Thus, it is a very common mineral 

on earth, composing for instance the majority of the sand of the planet. Silica is found in 

amorphous state in opals, or Kieselguhr, and in crystalline state, with minerals such as a-

quartz and b-quartz.  

Porous materials are generally differentiated as microporous, mesoporous, and 

macroporous compounds, from the Greek prefixes micro (small) which stands for pores 

comprised between 0 to 2 nm, meso (middle) for pores of 2 to 50 nm, and macro (large) for 

pores larger than 50 nm.  

Natural mesoporous silica materials are also found on earth. In fact, nature has been 

filled with such minerals from long ago, some of them called diatoms and radiolarians come 

from the bio-chemical interface of plants and animals respectively. Besides, these two types 

of porous silica really are of fantastic beauty and complexity (see Figure 1), which humbles 

the chemist who simply tries to design ordered mesoporous silica materials.  

 

 

Figure 1. Scanning electron micrographs of diatoms (A, objects ranging from 1 to 2000 µm) and 

radiolarians (B, objects ranging from 50 to 500 µm). High magnification electron micrograph of the 

hierarchical porosity found at the nanoscale of diatoms (C). 

 

Synthetic mesoporous silica materials were first patented in the late sixties by 

American researchers,
[1-3]

 and went almost unnoticed until 1990 when Kuroda et al. published 

synthetic mesoporous silica for the first time,
[4] 

and, in 1992, when the researchers from Mobil 

Oil corporation produced the so-called MCM-41 mesoporous material, standing for Mobil 
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Crystalline Materials.
[5] 

Afterwards, one of the American patents was reproduced in 1997 by 

F. Di Renzo et al. in an article entitled: ñA 28-year-old synthesis of micelle-templated 

mesoporous silicaò.
[6] 

At that time, mesoporous silica was solely obtained from 

cetyltrimethylammonium micellar template, typically leading to pores of 2 nm. In the year 

1998 in the University of Santa Barbara in California, a new kind of mesoporous silica known 

as SBA-15 (Santa-Barbara Amorphous) was first described by G. D. Stucky et al. from a 

triblock copolymer template, thus achieving larger pores ranging from 5 to 30 nm.
[7] 

Nowadays,
 

MCM-41 and SBA-15 are the most common synthetic mesoporous silica 

materials; this thesis will focus on the former type of mesoporous compounds. 

MCM-41 nanomaterials were described by S. Mann et al. in 2002 from a CTAB-

templated diluted system,
[8] 

and then used as drug delivery nanocarriers by Lin et al. in 

2003.
[9]

 This pioneering study was based on the idea of the controllable closing and re-

opening of the pores. The drug was first loaded in the porous framework, then 2 nm CdS 

quantum dots were chemically grafted at the entrance of the pores, thus preventing the drug 

leaking. Given that the CdS grafting was based on disulfide linkage, the cleavage of these 

bonds was chemically triggered in solution with a dithiothreitol reducer, as well as 

autonomously in the cells with the glutathione reducer they naturally contain. A wide variety 

of drug delivery systems was designed to transport various cargo molecules and 

macromolecules, and to release them on-demand with many different kinds of stimuli,
[10] 

which will be presented hereafter. 

  

1.2      Nanomedicine: the biological and pharmaceutical contexts 

The human body is a very complex organism which is composed of 65 percent of 

water and close to 50 trillion  cells, which are the basic units of life. These cells are organized 

biologically to form the whole body. Although each cell is an amazingly complex universe in 

and of itself, their stability can be threatened by various illnesses. Unfortunately, many harsh 

diseases like hemophilia, asthma and cancers are currently affecting a very significant part of 

the world population.  

Cancers form a ñgroup of more than 100 distinct diseases characterized by the 

uncontrolled growth of abnormal cells in the body. In the early 21
st 

century some 12 million 

new cancer cases were diagnosed worldwide each year, and the disease affected one in every 

three persons born in developed countries. Hence, cancer is a major cause of sickness and 

death throughout the worldò (Encyclopedia Britannica). Various treatments were thus 

developed to cure cancers, such as selective surgery, radiation therapy, and chemotherapeutic 

drugs. The latter, commonly known as chemotherapy, is nonetheless limited in its efficacy 

due to both a lack of spacial selectivity, causing side effects on non-cancerous tissues, and of 

temporal selectivity, diluting or concentrating uncontrollably the effect in time. 

Therefore, extensive efforts have been made to create in the so-called nanomedicine to 

prevent and reduce both acute and chronic unwanted side-effects. Nanomedicine is the 

medical application of nanotechnology to achieve diagnosis and/or therapy of pathologies. 

http://en.wikipedia.org/wiki/Orders_of_magnitude_%28numbers%29#1012
http://en.wikipedia.org/wiki/Cell_%28biology%29
http://en.wikipedia.org/wiki/Life
http://en.wikipedia.org/wiki/Biological_organisation
http://en.wikipedia.org/wiki/Biological_organisation


 

14 

The term theranostics has recently been coined for systems that combine both diagnostic and 

therapeutic features. Current research has shown the potential of nanoparticles (NPs) to 

decrease the side effects caused by the lack of selectivity of the chemotherapeutic strategy. 

Given that both the cancer cells and the normal cells are in the specific targeted location, the 

goal is to induce apoptosis or necrosis which are the death of these pathogenic cells, without 

causing the death of the normal cells. To manage such control, one of the strategies of 

nanomedicine, called drug-delivery, is used to carry, retain, and deliver on-demand 

chemotherapeutic drugs selectively in the tumor.  

Cell membranes are composed of a phospholipid bilayer with embedded proteins and 

receptors used for the permeability of chemicals and ions. The transport of biochemicals or 

NPs through the phospholipid bilayer in and out of the cell is called the endocytosis and 

exocytosis, respectively. An endocytosed entity is then encapsulated in a vesicle called 

endosome, which through the proton pump effect will become more acidic (see Scheme 1). 

This phenomenon is based on a specific membrane protein that is capable of selective proton 

transport in the endosome. The pH of the vesicles will go down to 5.5 as opposed to the 7.4 in 

the blood stream, and the endosome will be called a lysosome. The pH variation as well as the 

final disruption of the lysosome have inspired ñTrojan horseò nanosystems for intracellular 

drug delivery. 

The aim of drug delivery is to first encapsulate a hydrophobic drug via NPs, to 

transport and protect it until the ill  organs. Indeed, only 10% of the commercialized drugs are 

hydrophilic, and more than 40% of substances found via combinatorial screening programs 

display poor solubility in water.
[11]

 Moreover, the ability to carry hydrophobic drugs in the 

hydrophilic blood stream through soluble nanovehicles is a major advantage of NPs, since it is 

very difficult to change the solubility of a drug without losing its therapeutic effect. The drug 

transport step is highly dependent on the route of administration of drug. Indeed, the oral 

route involves a first-pass effect (i.e. drug metabolism through the liver and the gut wall), and 

various acidic, ionic, and enzymatic conditions in the stomach, which reduce the efficacy of 

the treatment. Nevertheless, such hurdles could be circumvented by the intravenous injection 

which appears to be an efficacious route for nanodevices, since it allows an instantaneous 

biodisponibility into the systemic circulatory system.
[12]

 

The next step is to specifically deliver the drug to the tumor cells. The selectivity of 

NPs towards tumor cells is induced by the enhanced permeability and retention (EPR) effect, 

which is a consequence of the properties of neovasculture. In fact, endothelial cells forming 

the interior surface of blood vessels and lymphatic vessels become poorly-aligned and 

defective, thus wide fenestrations are found close to tumors. These characteristics induce a 

high permeation of smaller molecules and NPs smaller than 200 nm, preferentially in 

cancerous than in normal cells. Hence, versatile nano-objects can take advantage of the EPR 

phenomenon, such as liposomes, proteins, macromolecules, and many kinds of nanoparticles 

amongst which are mesoporous silica nanoparticles (MSN). The nanovehicles are first 

uptaken into the cell (endocytosis), which then leads to the lysosome compartment. Finally, 

cargo molecules are released from the NPs towards the cell nucleus (Scheme 1).  

http://en.wikipedia.org/wiki/Endothelium


 

15 

 

 

Scheme 1. Representation of drug-loaded MSN endocytosed by a cell (entering the cytosol), then 

transported in the endosome and the lysosome to release their drug content via acid stimuli (through 

the intracellular the proton pump effect). The anticancer drugs are finally reaching the cell nucleus. 

Adapted from reference 10. 

 

Second generation nanomedecine has been developed to enhance the spacial 

selectivity of the drug delivery via biochemical targeting of the cancerous cells. The targeting 

feature is pictured by the famous lock and key analogy first postulated in 1894 by Emil 

Fischer. The idea is basically to find out the biochemical structural correspondence between a 

chemical entity (the key) and specific substrate (the lock), in this case cellular receptors (see 

Scheme 1). Targeting moieties such as the folate receptor, peptides, genes, and integrins are 

being extensively studied towards specific receptors of cancerous cells.
[13]  

 

1.3      Significance of mesoporous silica and organosilica NPs in nanomedicine  

The MCM-41 mesoporous silica framework has attracted much attention in 

nanomedicine over the past years due to their high surface areas, ordered pores, and the well-

known silicon chemistry which virtually offers unlimited functionalities. At the nanoscale, 

these platforms provide numerous advantages, such as the low cytotoxicity of silica,
[14] 

NPs 

endocytosis and exocytosis, long term blood circulation, NPs excretion, cargo transportation 
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and protection, post-synthetic surface grafting for targeting, controlled drug delivery, or 

enhanced endocytosis, and tailored delivery pharmacokinetics.
[11]

 

Mesoporous silica and organosilica NPs have been rightly called a ñuniversal platform 

for drug deliveryò.
[15] 

As previously mentioned, the size and loading capacity of the NPs have 

a critical influence in the treatment efficiency. Hence, the ability to tune both the NPs particle 

size (15 to 1000 nm),
[16-17]

 and pore diameter (1 to 30 nm),
[18-20]

 enables the tuning of the 

surface area (from 150 to 1200 m².g
-1

) in order to benefit high loading capacities (from 3 to 50 

wt%) depending on the size and physico-chemistry of the cargo and the characteristics of the 

NPs. Moreover, the controlled-release of a large range of guests such as dendrimers,
[21]

 

DNA,
[21]

 siRNA,
[12]

 proteins,
[22]

 smaller nanoparticles (Au, CdS, Fe3O4),
[23-25]

 fluorescent 

labels, hydrophobic drugs (ibuprofene, camptothecin, paclitaxel, doxorubicin),
[12,24,26-27]

 and 

chemicals reagents have been demonstrated.  

Besides, the syntheses of MSN with versatile size, morphology, and functionalization 

could be controlled by means of precise experimental conditions and post-treatments in view 

of nanomedicine. Mesoporous silica and organosilica spherical particles from 10 nm to few 

hundreds nanometers,
[28,29] 

as well as MSN nanorods, hollow spheres, hollow nanorods have 

been prepared.
[30,31] 

Indeed, it has been shown that the NPs size and shape modify the cellular 

uptake and the metabolism.
[19,32] 

Typically, MSN nanorods of 1.5 to 3 aspect ratio (AR) are 

more readily up-taken in the cells than nanospheres, supposedly for their close mimic of the 

shape of bacteria.
[30]

 Also, short nanorods (AR=1.5) are excreted faster than long NRs 

(AR=5).
[31]

 In addition, the third generation of nanocarriers have been elaborated via surface 

functionalization of the NPs inducing a biological ñstealthinessò. The resulting NPs are said to 

be stealthy particles in the sense that the proteins-NPs interaction is reduced, generally 

through polymer coating (e.g. polyethyleneglycol), and thus circulate longer in the blood 

stream with lesser accumulation in the liver.
[31]

 Moreover, it should be noticed that certain 

pathologies, such as those related to the brain (brain cancers) or the eyes (retinoblastoma 

cancers), require ultra small NPs (< 25 nm) to cross the blood-brain and blood-ocular barriers. 

Thus according to the targeted biomedical application, the ability to vary the size, the shape, 

and the surface functionalization of MSN is particularly useful. 

Furthermore, the sol-gel process provides a powerful tool to combine organic 

fragments within the inorganic silica framework by co-condensation. Hence, multifunctional 

nanomaterials tailored with īto name a fewī fluorescent imaging, photodynamic therapy, 

drug delivery, and photothermal therapy features from the added fragment, could be gathered 

in a single device. Also, the properties of other NPs could be combined in the MSN structure, 

to form NPs core MSN shell nanosystems.  
 

MSN nanomaterials have been employed in order to provide ñsmart nanocontainersò 

capable of releasing their content on-command, thanks to the rich silicon chemistry that allow 

surface molecular, supramolecular, and macromolecular mechanization of the pores. 

According to the drug delivery strategy employed (see section 1.5 MSN applications in 

theranostic nanomedicine), the cargo release could be reversibly or irreversibly triggered, 

which may in turn allow the treatment of chronic diseases with the use of a long-term 
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medication, as well as the treatment of infections. In the latter case, delivering a precise 

amount of drug in tumor cells is essential. It is noteworthy that many systems have high 

loading capacities, but the robustness of the carriers is often not trustworthy. On the contrary, 

the MSN platform can be designed so as to avoid any premature leakage of the cargo, thus 

preventing side effects and delivering a precise and predetermined amount of drug. For 

instance, camptothecin loaded MSN nanovalve (see section 1.5) are biocompatible in human 

cancer cells (PANC-1, and SW48)
 
until the actuation of the release.

[32]
  

 

1.4      Design and characterization of mesoporous silica and organosilica nanoparticles 

 

To take advantage of the assets of MSN in view of nanomedical applications, the sol-

gel elaboration of the nanocarriers should be precisely controlled. In this section, a typical 

synthesis and characterization of MSN is presented. MSN are synthesized by the hydrolysis-

condensation of a silica precursor such as tetraethylorthosilicate (TEOS) in a micellar 

template solution, in most cases of cetyltrimethylammonium bromide (CTAB) (Scheme 2).
[33]

 

The reaction is catalyzed by sodium hydroxide (pH0=12), and the temperature is accurately 

controlled at T=80°C under vigorous stirring (700 rpm). After two hours, the mixture is 

cooled down to room temperature, and the surfactant is extracted to recover the porosity. 

There are several available extraction processes, some able to modify the integrity of the 

framework, and provoke the aggregation of the sample. To avoid such drawbacks as well as 

the degradation of co-condensed organic fragments, calcination methods are not used and 

extractions in solution based on positive repulsive electrostatic interactions with CTAB are 

performed (e.g. NPs refluxed in MeOH/HCl). 

 
 

 

 

Scheme 2. Representation of the cetyltrimethylammonium bromide (CTAB) templating effect, and 

the sol-gel hydrolysis-condensation of tetraethylorthosilicate (TEOS) to produce MCM-41 materials. 

Scheme adapted from reference 33. 
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a) Preparation of MSN 

A mixture of CTAB (250 mg), distilled water (120 mL), and sodium hydroxide (875 

µL, 2 M) is typically stirred at 80°C for 50 minutes at 700 rpm in a three neck 250 mL round 

bottomed flask. The sol-gel process being kinetically-controlled, the basicity, temperature, 

and stirring speed (not to mention the geometry, size, and cleanness of the glassware) have a 

crucial impact on the resulting material. Then, a silica precursor such as TEOS (1.2 mL) is 

added to the aforementioned solution, and the condensation process is conducted for 2 hours. 

The solution is cooled to room temperature while stirring to prevent the aggregation of the 

NPs, and collected by centrifugation during 15 minutes at 21 krpm. Two acidic extractions of 

CTAB are generally performed by refluxing the NPs powder in a mixture of methanol (60 

mL) and concentrated hydrochloric acid (3.2 mL). Finally, the sample is washed three timess 

with ethanol, water, and ethanol. The collection of the material is carried out by centrifugation 

after extraction and washing steps. The as-prepared material is eventually dried under vacuum 

for few hours. 

In the case of hybrid organic-inorganic materials, the organoalkoxysilane is co-

condensed by addition along with the TEOS precursor. In this manner, amino-functionalized 

mesoporous organosilica (MSN-NH2) NPs could be fabricated by APTMS addition. Note that, 

the chemistry of amines is at this point available on the NPs for further functionalization. 

 

b) Nanomaterials characterization 

A complete characterization of nanomaterials requires a complementary panel of 

techniques. On the one hand, techniques focusing on the properties of few NPs, such as 

transmission electron microscopy (TEM) down to the nanoscale accuracy; and, on the other 

hand, the confirmation and completion of the material properties on tens or hundreds of 

milligrams of the sample via dynamic light scattering (DLS), X-ray diffraction (XRD), 

scanning electron microscopy (SEM), nitrogen-adsorption-desorption, etc. Specific 

functionalities could be also characterized by techniques such as Fourier Transform Infrared 

(FTIR) spectroscopy, and solid state nuclear magnetic resonance (NMR), etc. 

Transmission Electron Microscopy. An accurate characterization of any 

nanomaterials requires electron micrographs to visually determine the shape and size of the 

synthesized compound. The TEM analysis is, however, particularly needed for the 

characterization of the mesostructures of the siloxane network. Figure 2 displays the TEM 

images of MSN-NH2 and reveals nearly monodisperse nanospheres with a diameter of 90 to 

110 nm. Besides, a well ordered honey-comb-like hexagonal array of the pores is readily 

visible at high magnification. To further confirm these conclusions on the whole compound, 

the X-ray diffraction and the dynamic light scattering analysis were performed. 
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Figure 2. TEM micrographs of MSN-NH2 at different magnifications. 

 

X-Ray Diffraction . The organization of the porous framework is then controlled by 

XRD. Small angle diffraction peaks confirm the two-dimensional hexagonal symmetry (p6m) 

in the MSN (Figure 3A). The MSN d spacing (d100) was calculated from the law of Bragg to 

be 4.1 nm, which led to the pore-to-pore distance of 4.7 nm (a0 lattice parameter). The latter 

value can be used to approximate a pore diameter of 2.5-3 nm. Besides, the sharpness of the 

d100 peak and the presence of the well defined harmonies at ã3*a0 (2q = 3.7°) and 2*a0 (2q = 

4.3°) demonstrates the long distance structural order in the nanomaterial. 

 

Dynamic Light Scattering. The size distribution of the MSN is confirmed via DLS 

analysis (Figure 3B) on a solution of NPs sonicated for half an hour. The main size 

distribution (117 nm) corresponds to the non-aggregated nanoparticles, whereas the second 

population (374 nm) is related to irreversibly fused MSN (3 in average). These small 

nanoparticles could be used for biological applications. 

 

 
 

Figure 3. XRD pattern (A), and the DLS size distribution of the MSN-NH2 (B). 
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N2-adsorption-desorption. The adsorption-desorption of nitrogen in the mesopores, 

followed by the BrunauerïEmmettïTeller (BET) and BarrettïJoynerïHalenda (BJH) theories 

of calculation enables the determination of the surface area (SBET in m².g
-1

) and the pore size 

distribution respectively (Figure 4). The surface area of MSN is calculated to be of 1075 m².g
-

1 
with 2.5 nm pores. Note that, the mesoporous range of the pores confirms by the hysteresis 

in the adsorption-desorption cycles (Figure 4A).
[34] 

 

 

 
 

Figure 4. N2-adsorption-desorption isotherm (A), and pore size distribution of MSN (B). 

 

Fourier Transform I nfrared spectroscopy. Since the CTAB surfactant is highly 

cytotoxic, the use of MSN for biological applications requires the complete CTAB removal. 

The confirmation of the successful extraction of the surfactant is commonly performed via 

FTIR spectroscopy. The next figure shows the FTIR spectra of the MSN before and after 

CTAB acidic extraction. The vibration stretching modes nSi-O å 1000-1150 cm
-1 

and nSi-C å 

1200 cm
-1 

validated the organosilica framework, and the aliphatic alkyl chains of CTAB could 

be observed with the nC-H mode around 2900 cm
-1

. 
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Figure 5. FTIR spectra before and after the acidic extraction of CTAB from MSN. *CTAB residues 

trapped in inaccessible pores. 

 

The post-extraction spectrum of the sample shows nearly complete extraction of the 

surfactant from the pores. Biological studies revealed no cytotoxicity of such NPs, which 

suggests that few remaining CTAB molecules are located within inaccessible pores. 

 

1.5      MSN applications in theranostic nanomedicine 
 

MSN are particularly attracting as theranostic nanocarriers. Indeed, the MSN platform 

allows the combination of several properties in a single device, such as cellular imaging, drug 

delivery, photodynamic and photothermal therapies.
[35]

 The former three features will be 

presented, along with the two-photon-actuated MSN in nanomedicine. 
 

 

a) Imaging via MSN 

The following scheme is a representation of the main strategies available to obtain 

MSN for imaging. The first approach is the inner-functionalization of the mesoporous silica 

with a fluorescent label (Scheme 3A), whereas the second and third approaches involve core 

shell systems with fluorescent or magnetic resonance imaging (MRI) active NPs (Scheme 3B-

C). The reason for these three strategies is that is it generally easily feasible (though not 

always) to co-condense an alkoxysilylated dye with a silica precursor to have an external 

surface accessible for post-functionalization, whereas the stabilization of NPs within silica is 

much more challenging. As a result, when the porosity could not be maintained in 

NPs@MSN, or when the NPs encapsulation revealed either unsuccessful or insufficient, the 

surface functionalization was chosen. 
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Scheme 3. Representation of the diverse strategies of MSN suited for intracellular imaging (A-C): the 

inner functionalization of MSN with fluorescent labels (A), fluorescent NPs core MSN shell (B), and 

fluorescent NPs grafted on the surface of the MSN (C). 

 

 The earliest study on MSN as a nanomedical tool for imaging was published by Mou 

et al  in 2004 in an article entitled ñGadolinium(III)-Incorporated Nanosized Mesoporous 

Silica as Potential Magnetic Resonance Imaging Contrast Agentsò,
[36] 

which corresponds to 

Scheme 3B and will be presented hereafter.  

Practically, the most straightforward and simple way to muster the imaging feature in 

the MSN matrix is based on the covalent functionalization of fluorescent dyes. Fluorescent 

MSN were also first reported the group Mou in 2005.
[37,38]

 They used the henceforth landmark 

of an alkoxysilylated fluorescein co-condensed with TEOS during the sol-gel reaction.
[39]

 In 

the case of a two photon fluorescence, Durand et al. developed two-photon fluorescent 

MSN,
[40]

 from complex organic molecules designed by and Blanchard-Desce et al.
[41-43] 

Recently, this feature has become more complex with multifluorescent MSN under a single 

excitation wavelength,
[44] 

 dual colored MSN with pH activable rhodamine-lactam 

fluorescence for the sensing of the lysosomal acidity,
[45]

 and real time monitoring of 

intracellular drug delivery.
[46]

 

Secondly, various types of NPs could be either encapsulated within the silica, or 

coated on its surface (Scheme 3B and C respectively). Iron oxide nanospheres and nanorods, 

as well as hollow manganese oxide nanoparticles were developed as novel T1 magnetic 

resonance imaging (MRI) contrast agent within the silica framework.
[47-50]

 Gold nanospheres 

and nanorods were used as cores within MSN shells in order to track the nanoplatform via 

dark field microscopy.
[49,51]

 Recently, NaYF4 nanocrystals were also coated with mesoporous 

silica for bimodal imaging and proved to be suitable for cell labeling,
[52] 

as were nanodiamond 

core MSN shells, successfully prepared for bioimaging and drug delivery.
[53] 

Finally, surface 

functionalization could be performed, for instance via gold nanorods to obtain the tracking of 

the nanodevices as well as photothermal properties.
[54] 
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b) Drug delivery via MSN 

Recent studies on MSN have explored three main strategies of encapsulation and 

delivery of cargo molecules (Scheme 4). Herein, we do not pretend to furnish an exhaustive 

overview in this wide and constantly progressing field. Indeed, from 2005 to 2008 and 2011 

the production of research articles in that field has more than doubled every three year, with 

up to 350 publications in 2011, and the topic still flourishes up to this day.
[33] 

 

 

Scheme 4. Versatile strategies of drug encapsulation in mesoporous silica nanomaterials: capped 

MSN (A), uncapped MSN (B), and core-shell MSN.  

 

Capped MSN. As discussed earlier, historically the first drug delivery strategy 

involved ñnanocapsò of CdS nanocrystals grafted via disulfide linkage on the MSN surface.
[19]

 

This idea was then utilized with various other nanocaps to encapsulate and deliver cargo 

molecules (Scheme 4B). One such nanocarrier based on the ñload-close-openò procedure, is 

the bistable rotaxane created by J. F. Stoddart and transformed as MSN-nanovalves along 

with J. I. Zink (Scheme 5).
[56,57]

 The nanovalve was constituted of a stalk of 

tetrathiafulvalene-1,5-dioxynaphthalene (TTF-DNP), and the mobile part was a molecular 

ring of [cyclobis(paraquat-p-phenylene)]
4+

 (CBPQT
4+

) (see Scheme 5A). In this study, the 

steps of closing and opening were induced by a redox process, which changed the affinity of 

the CBPQT
4+ 

ring from the TTF to the DNP extremity of the stalk (Scheme 5B). Besides, the 

presence of bulky groups at the extremity of the stalk, called stoppers, offers a switchable 

ability to these mechanized MSN.  
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Scheme 5. Concept of the redox-triggered supramolecular affinities of the rotaxane (A), and 

representation of the loading-closing procedure for MSN nanovalves, along with the redox-actuated 

release of cargos from the pores (B). Adapted from reference 58. 

 
Furthermore, at least five different nanocaps could be classified under the following 

designation: rotaxanes,
[56,57,59] 

nanovalves,
[60,61] 

semi-rotaxanes or pseudo-rotaxanes,
[62] 

NPs-

capped MSN,
[19,63,64] 

snap-top MSN,
[65-67] 

 and gatekeepers (see Scheme 6A-E).
[68-71] 

The 

cargo release could be either irreversible or reversible, according to the design of the 

nanocaps. Surface grafted NPs and snap-top systems are both based on the irreversible 

cleavage of a bulky object preventing the cargo release, therefore they (along with pseudo-

rotaxanes) produce an irreversible release. On the contrary, rotaxanes do act as nanovalves 

per se, since they can be opened and closed reversibly. Such is also a feature of gatekeepers, 

which are typically polymeric system with switchable chemical binding or solubility.
[70]

 For 

instance, polyethyleneimine gatekeepers bonded to DNA were constructed on the MSN 

surface to trap cargo molecules.
[71]

  

Many stimuli have been used like oxidation and/or reduction with rotaxanes, semi-

rotaxanes, pseudo-rotaxanes, nanoparticles-capped MSN.
 [23-25]

 Gatekeepers were opened 

chemically,
[71] 

biochemically,
[68] 

 electrochemically,
[72]

 thermally,
[69] 

 and photochemically.
[73]

 

Competitive binding have been equally harnessed in the case of semi-rotaxanes, which are 

also pH-responsive due to the electrostatic interactions involved in certain types of  molecular 

rings as crown ethers (Scheme 6B),
[12]

 or cucurbituril.
[74]

 Cyclodextrin snap-tops were cleaved 

via light or enzyme stimuli (Scheme 6D).
[75] 
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Rrev  : Irreversibl y-triggered -release        R irrev : Reversibl y-triggered -release       

 

Scheme 6. Representation of five types of capped-MSN for cargo delivery (A-E). 

 

Uncapped MSN. The simplest way to encapsulate cargos in MSN is by taking 

advantage of selective pore-cargo interactions, which correlates the solubility of the 

transported molecules. In this manner, J. Zink and F. Tamanoi used the hydrophobic 

camptothecin anticancer drug loaded in the MSN pores and transported towards cancer 

cells.
[76] 

The doxorubicin could also be transported and autonomously released in the 

lysosome through the electrostatic interactions involved with the silanols, which cease at pH 

5.5 with the protonating of the drug.
[77] 

Nonetheless, the limitation of this strategy lies in the 

fact that there is always a premature release of the drug, especially in the biological media. 

Thus there is often neither a satisfactory temporal nor spacial selectivity of the drug release 

which is la raison dô°tre of nanovehicles. 

As a result, more robust uncapped MSN were designed containing internal grafts 

which are elaborated to physically or chemically entrap drugs, as well as to release this 

payload on-demand (Scheme 7). The first challenge is to design mesostructures with a 
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controlled density of the reactive functions inside the pores. Bein et al have demonstrated the 

specific functionalization of the pores through the passivation of the external MSN surface, by 

taking advantage of the presence of the template to functionalize aminopropyl groups, and 

then removing the template.
[78] 

 

 

 

 

Scheme 7. Representation of the uncapped MSN smart nanovehicles strategies: azobenzene 

nanoimpellers (A),
[32]

 and pro-drug MSN (B).
[87] 

 

Azobenzene nanoimpellers were incorporated in the silica mesopores in order to 

physically entrap camptothecin, and release it through light-induced photoisomerization in 

cancer cells.
[32] 

The wavelength of irradiation was 413 nm, which is close to the isobestic 

point at which the azobenzene cis-to-trans and trans-to-cis photoisomerizations constantly 

occur. Besides, in 2010 Zhu et al. reported a light actuated pro-drug strategy which managed 

to protect covalently linked drugs within the MSN.
[79]

 Note that these two strategies differ in 

that the former produces a reversible release feature via the on/off nanoimpeller 

photoisomerization, whereas the latter induces an irreversible drug release via instantaneous-

photocleavage. 

 

Core-shell MSN. In this case, the MSN are combined with various types of shells in 

order to confer additional properties or to regulate the rate of the release (Scheme 8). Thus the 

surface properties of the nanocarriers become those of the materials (or the molecules) which 

compose the shell. 
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Scheme 8. Representation of diverse core-shell nanocarrier strategies: hierarchical porosity in MSN 

(A) liposome, and polymer coated MSN NPs (B and C respectively), NPs core MSN shell (D). 

 

Owing to correlation of the diffusion rate with the MSN pore diameter, multilayer 

MSN with hierarchical porosity (Scheme 8A) are both useful to control the release, and to 

deliver different molecules or biomolecules.
[80]

 Such structures could be also mechanized on 

their surface in order to trigger the delivery.  

Moreover, a remarkable study on liposome fused on MSN nanocarriers (Scheme 8B) 

had shown their ability to deliver their content upon the destabilization of the phospholipids 

induced by enzymes inside the cells.
[81]

 In addition, various types of polymer coatings have 

been explored (Scheme 8C), such as the coating with poly(N-isopropylacrylamide) for pH and 

temperature-responsive MSN drug delivery. 
[82] 

Finally, another route which leads to a wide panel of materials is to design 

mesoporous silica shell on various nanoparticles (Scheme 8D). This idea had inspired 

versatile multifunctional materials such as Fe3O4@MSN which combines superparamagnetic 

properties of Fe3O4 NPs with drug delivery of MSN,
[83]

 extensive research on Au@MSN, 

Ag@MSN, TiO2@MSN, ZrO2@MSN, to name a few. Silver NCs were embedded to provides 

antimicrobial properties on MSN nanocarriers, as time allowed the release of Ag
+
 ions in the 

cell culture.
[84] 

Theranostic nanosystems have abounded in the literature compiling diagnostic 

and therapeutic properties: intracellular NPs tracking, magnetic resonance imaging (MRI), 

magnetic hyperthermia, plasmonic photothermal therapy, drug delivery, photodynamic 

therapy, and so on. 
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c) Photodynamic therapy via MSN 

A brief history . The first observation of chemical sensitization of tissue via light 

stimuli was reported in 1900 by Raab.
[85] 

However, this was nothing new since the Egyptians 

were already using the sun light to treat skin diseases with natural substances, but, the idea of 

using light to treat cancer started in 1903 when Tappeiner and Jesionek used the eosin and the 

sunlight to treat skin cancer.
[86]

 Besides, it was not until the early eighties that a photoactive 

moiety (or photosensitizer) of a hematoporphyrin derivative was isolated and partially 

identified. They were later on known as ñphotofrinsò. Today, photofrins have been approved 

by health organizations in the United States, Canada, Europe, and Japan for the treatment of 

various types of cancers.
[86]  

 

Nowadays, photodynamic therapy
 
(PDT) has emerged as an important method in 

biomedical research and clinical practice in cancerous pathologies. In fact, it is a less invasive 

technique due to the possibility to limit the treatment to the irradiated area, leaving the 

surrounding healthy tissues and cells undamaged.
[87,88] 

The most commonly used 

photosensitizers are derivatives of porphyrins, unfortunately many of them are hydrophobic 

which limits their potential applications in physiological conditions.
[89] 

Moreover, even with 

hydrophilic porphyrins, the selective accumulation in cells or tissues is usually too low for 

clinical use. Hence, the necessity of an adequate scaffold to overcome such disadvantages and 

carry the photosensitizer to the desired location has become a crucial point. 
 

Mechanism. Following the absorption of light, the photosensitizer is excited from its 

ground singlet state (S0) into an electronically excited singlet state (S1* , see Scheme 9A). At 

this point, fluorescence de-excitation generally occurs with a lifetime of 5 to 20 nanoseconds. 

However, intersystem crossing into a triplet state (Tn*, T1*) can occur, followed by emission 

of a photon (phosphorescence) with a much longer half life in the order of milliseconds 

(sometimes even minutes or hours), which accounts for the remarkable optical properties of 

phosphorescent substances.  

Furthermore, the T1* state can be followed by two kinds of reaction as shown in the 

Jablonski diagram (Scheme 9B). First, it can participate in an electron-transfer process with a 

biological substrate to form radicals and radical ions (type I mechanism), which may also 

interact with oxygen to form reactive oxygen species (ROS), such as OHƀ- or O2
-
. 

Alternatively, a type II mechanism resulting in the conversion of stable triplet oxygen (
3
O2) 

leads to the short-lived cytotoxic and highly reactive singlet oxygen (
1
O2* ). In summary, since 

the diameter of human cells ranges from 10 to 100 mm, and the diffusion range of 
1
O2* is 

limited to approximately 45 nm in cellular media,
[90]

 the PDT effect is spatiotemporally 

controlled according to the irradiation parameters. 
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Scheme 9. Modified Jablonski energy diagram (A) and the formation of cytotoxic ROS (B). 

 

Application with  MSN. The nanomedicine strategy thus came into play by 

incorporating photosensitizers in mesoporous silica frameworks to induce in-vitro and in-vivo 

PDT.
[92-94] 

The first study on MSN for PDT was published in by Mou et al. in 2009. 
[95]

 They 

demonstrated the cancer therapy of a porphyrin derivative on HeLa cells. The MSN platform 

is indeed most suitable for a PDT mediated treatment via their capacity to transport specific 

photosensitizers, physically or chemically trapped in NPs. As expected, the light-actuated 

cancer cell killing was determined to be based on the generation of reactive cytotoxic ROS 

(See scheme 10).
[95] 

 

 

 

Scheme 10. MSN-Photosensitizer as PDT agent in-vitro. 
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 The following study of porphyrin-based nanoparticles for PDT has been reported and 

demonstrates the efficiency of the MSN scaffold. Human breast cancer cells were treated with 

MSN-Porphyrin functionalized with mannose targeting moieties on the NPs surface (see 

Figure 6A-B), then submitted to irradiation at 680 nm under low fluence (6 mW.cm
2
) for 40 

min, and caused a complete apoptosis (Figure 6C).
[96] 

 

 

 
Figure 6. A porphyrin derivative (A) grafted on MSN capped with a mannose receptor for cancer 

treatment (B). Cancer cell survival study with and without NPs and laser light (C). Adapted from 

reference 104. 

 

 

d) Two-photon nanomedicine relevance via MSN 

Two-photon excitation principle . The two-photon absorption is a rare phenomenon of 

non-linear optics when one photon plus one photon equals one photon. In a two-photon 

absorption, two photons of same energy (though not always) are added to produce an energy 

transition equal to the sum of the energy of the two photons. It differs from linear absorption 

in that the strength of absorption depends on the square of the light intensity. Such a 

phenomenon involves two photons of comparably lower energy than needed for one photon 

excitation. Each photon carries approximately half of the energy necessary to excite a 

molecule (Scheme 11B).
[97]

 The probability of the near-simultaneous absorption of two 

photons is extremely low. The enhancement of the absorption can be reached either by means 

of high-power continuous wave lasers or short-pulse of femtosecond lasers.
[98] 

To further 

increase the two-photon excitation (TPE) probability, the two-photon laser has been combined 

with confocal microscopy to ñconcentrateò the photons in space and in time.
 

 

http://en.wikipedia.org/wiki/Fluence
http://en.wikipedia.org/wiki/Photon
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Scheme 11. Jablonski diagram of one (A) and two-photon excitations (B). Fluorescent absorption and 

emission transitions between the ground and excited states are depicted by vertical arrows. 
 

 
Furthermore, the reason why two-photon absorption is rare is that most fluorescent 

molecules have low maximum two-photon cross sections (s2 
max

), calculated per chromophore 

in Goeppert-Mayer units (GM). The s2 varies according to the wavelength, and basically 

corresponds to the probability of a two-photon event. Hence, the mastering of organic 

synthesis and photophysics is necessary to design novel and powerful two-photon sensitive 

molecules, either fluorophores or photosensitizers.
[99-101]

 

 

Relevance of two-photon nanomedicine. As mentioned earlier, the medical application 

of nanotechnology in the field of cancer therapy requires both a timely and a spatially-

controlled therapeutic effect. The non-fulfillment of these criteria would seriously diminish 

the efficacy of the treatment and produce unpredictable and unacceptable side effects on the 

patient. That is why the use of a two-photon near-infrared (NIR) irradiation is particularly 

relevant in nanomedicine, since it is a noninvasive three dimensional spatiotemporally-

controlled irradiation of the order of one micron. Thus the tumor can be screened by the laser 

beam with the precision towards a single cell. Photographs made from the group of K. D. 

Belfield display the spacial resolution of two-photon (2 hn, 760 nm) versus one-photon (1hn, 

380 nm) irradiations with 200 femtosecond pulsed laser beams (Figure 7A and B).
[102]

 

On the other hand, another key point comes from the NIR light which minimizes the 

scattering and attenuation of the irradiation in the living tissues. Figure 7C represents the 

penetration depth in the human skin of the laser as a function of the wavelength. The so-called 

biological window is the wavelength range that is most appropriated for a safe laser treatment, 

the best results being obtained at 740 nm with a 3 cm penetration depth.
[103] 

The variation of 

the laser penetration is related to the different refractive indices and molar extinction 

coefficients of the components present in human tissues (skin layer, blood, water, fat 
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tissues).
[104] 

Moreover, the scattering coefficient of human tissue decreases as the wavelength 

increases, which further accounts for the interests of two-photon NIR-actuated nanomedicine.  

 

 

 
 

Figure 7. One-photon versus two-photon irradiation of fluorescein and fluorene 3 displaying the 3D-

spacial resolution of TPE (A and B respectively). Laser penetration depth in the human skin as a 

function of the wavelength (C). 

 
In summary, TPE nanomedicine in the NIR is particularly relevant for cancer therapy. 

Pathologies involving short laser penetrations such as skin and retinoblastoma cancers could 

greatly benefit from efficient medical nanodevices using NIR TPE. To further increase the 

penetration depth threshold, surgery and optical fibers could be alternatives, but from todayôs 

knowledge standpoint, it is likely that some pathologies would need different actuations.  
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CHAPTER 2  

Nanovalve-Controlled Cargo Release Activated                                               

by Plasmonic HeatingÀ 

 

 

 

Abstract 

The synthesis and operation of a light-actuated nanovalve that controls the pore 

openings of mesoporous silica nanoparticles containing gold nanoparticle cores is described. 

The nanoparticles, composed of 20 nm gold cores inside 150 nm mesoporous silica spheres, 

were synthesized using a unique one-pot method. The nanovalves consist of cucurbit[6]uril 

rings encircling stalks that are attached to the 2 nm pore openings. Plasmonic heating of the 

gold core raises the local temperature and decreases the ringïstalk binding constant, thereby 

unblocking the pore and releasing the cargo molecules that were preloaded inside. Bulk 

heating of the suspended particles to 60 °c is required to release the cargo, but no bulk 

temperature change was observed in the plasmonic heating release experiment. High-intensity 

irradiation caused thermal damage to the silica particles, but low-intensity illumination caused 

a local temperature increase sufficient to operate the valves without damaging the 

nanoparticle containers. These light-stimulated, thermally activated, mechanized 

nanoparticles represent a new system with potential utility for on-command drug release. 

 

This work was realized during a master 2 internship and the beginning of the PhD in the laboratory of 

Pr. Zink. 

À J. Croissant, J. I. Zink,*  J. Am. Chem. Soc. 2012, 134, 7628.  
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CHAPTER 2. NANOVALVE -CONTROLLED CARGO RELEASE ACTIVATED                        

BY PLASMONIC HEATING 

 

Introduction  

Multifunctional drug delivery systems are currently being studied intensively because 

of their potential to combine multiple essential properties in a single nanovehicle.
[1-4]

 The 

ability to control the location, time, and amount of drug released are important in 

nanomedicine.
[5,6]

 In the specific case of photothermal control of the release, multifunctional 

nanoparticles (NPs) combining the photothermal heating of metal particles that have 

plasmonic properties with core or shell NPs that have drug-carrying capability as specific 

remote triggered-release have been exploited with bare gold NPs,
[7,8]

 core@shell 

Au@liposome,
[9,10]

 Au@polyelectrolytes-multilayers@lipid,
[11]

 polymer@Au,
[12]

 and silica 

nanorattle@mesoporous-silica@Au.
[13]

 None of these systems are robust nanocarriers that 

prevent premature release because of drug leakage through phospholipid membranes, polymer 

irregularities, and shell imperfections respectively. Very recently, gold nanorods were coated 

with mesoporous silica to photothermally release doxorubicin electrostatically trapped in the 

pores, but premature leakage from the uncapped pores before irradiation was severe.
[13]

 

Mesoporous silica nanoparticles (MSN) have been shown to be non-toxic,
[14,15] 

are 

taken up (endocytosed) by cells,
[16-18]

 and are able to transport various drugs.
[19,20]

 Many gate-

keeping mechanisms have been developed and attached to MSN pore openings to trap the 

drug payload.
[21,22]

 As a result, a remarkable variety of mesoporous silica nanocarriers have 

been designed with both autonomous activation (pH or redox opening of nanovalves),
[23-25]

 

and external (light or magnetic field) control.
[26-28]

 Note that in most of these on-command 

release systems, precise spatial control cannot be achieved. 

In this study we considered the synthesis and successful operation of nanovalves on 

MSN that are remotely controlled by light by using a photothermal mechanism involving 

plasmonic properties of a gold NPs core. During the course of this study we discovered a 

facile one-pot synthesis of gold NPs embedded in the mesoporous silica matrix (Au@MSN), 

through the autoreduction of tetrachloroaurate ions in the presence of 

cetyltrimethylammonium bromide (CTAB) that also induces the template directed assembly. 

This one-pot synthesis is a faster and greener preparation of such nanovehicles than the 

multistep methods previously reported.
[29]

 Irradiation of the Au@MSN that are mechanized 

with nanovalves at wavelengths corresponding to the plasmon resonance of the gold core 

causes internal heating and subsequent opening of the nanovalve that allow the contents of the 

pore to escape. Investigation of the state of the particles after release showed that they remain 

intact at moderate light intensities but that some degradation occurs at high intensity.  

 

 

 



 

38 

Results and discussion 

The nearly monodisperse Au@MSN were obtained through the condensation of 

tetraethoxysilane on freshly prepared gold NPs (21±4 nm) in a basic water/ethanol mixture as 

displayed by transmission electron microscopy (TEM) images (Fig. 1A-D, and S1A-B). The 

nanomaterial had a high surface area of 1014 m².g
-1

 calculated from the nitrogen-adsorption-

desorption isotherm with the BET theory (Fig. S2A), with an average of BJH pore diameter of 

2.4 nm (Fig. S2B), consistent with the low angles x-ray diffraction (XRD) pattern (Fig. S2C). 

The formation of the gold NPs was surprising because no additional reducing agent was 

provided. The reduction of the gold precursor was sensitively dependent on the precise 

experimental conditions (basic pH, order of introduction of the reactants, and temperature, see 

table S1). Interestingly, the injection of sodium hydroxide was found to be necessary to obtain 

the gold NPs. Previously studies reported the reduction of tetrachloroaurate ions via 

quaternary ammonium ions under g-irradiation,
[30]

 and the encapsulation of gold NPs via a 

similar autoreduction in the presence of a cross-linked tertiary amine polymer.
[31] 

 

 
 

Figure 1. TEM images of gold NPs prepared by the CTAB-mediated autoreduction of 

tetrachloroaurate ions (A), and the final Au@MSN from the one-pot synthesis (BīD). 

 

The mechanism of operation of the molecular machine involves temperature-

dependent non-covalent interactions between the stalk and the cucurbit[6]uril ring (Fig. 2). 

The two ammonium groups of the stalk interact with the carbonyl groups of the cucurbituril 

via hydrogen bonds, while the alkyl chain of the thread interacts with the hydrophobic 

cucurbit[6]uril core through London forces. The stalk-ring binding constant decreases 

exponentially with the temperature, so that at 25°C the cucurbit[6]uril rings dwell on the 

threads, but at 60°C these rings slip off and open the pores (Fig. 2A). 
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Figure 2. External heating of a suspension of Au@MSN@Valve to 60°C causes dissociation of the 

cucurbituril caps from the stalks and release of the cargo molecules from the pores (A). The release 

profile caused by bulk thermal activation of the nanomachines (B). 

 

The molecular mechanization was performed by condensing N-(6-N-aminohexyl)-

aminomethyltriethoxysilane stalks on the porous silica surface in dried toluene (see solid state 

NMR 
13

C and 
29

Si Fig. S3).
[28]

 Then the rhodamine B cargo was loaded by soaking the 

CTAB-extracted Au@MSN-thread NPs in a concentrated aqueous solution. Finally the pores 

were closed by complexing cucurbit[6]uril on the stalks (Scheme S1). This step was 

performed by adding cucurbit-6-uril (and sodium chloride to increase its solubility) to the 

previous rhodamine loading solution in order to avoid the loss of cargo molecules during the 

pore capping process. 

 

The thermal operation of the machine was assessed in a control experiment (without 

light) by heating the solution. The dye loaded Au@MSN@Valve nanomachines were placed 

in the bottom of a glass cuvette filled with water and heated on a hot-plate (Scheme S2). The 
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release of cargo molecules was monitored by a probe diode laser (448 nm, 18 mW) irradiating 

the upper part of the cuvette and a CCD detector to measure the fluorescence of the dye that 

escaped from the pores. This experiment showed that a temperature of 60°C or higher was 

required to induce the release by disrupting the supramolecular temperature-dependant thread-

ring interactions (Fig. 2A-B). At room temperature the release profile exhibits a flat baseline 

characteristic of a non-leaky carrier, which validates its usefulness as a robust drug delivery 

system without premature leakage of the cargo.  

Operation of the system by photo-induced internal heating was studied in a similar 

manner except that no external heating of the solution occurred. Figure 3A illustrates 

schematically the surface plasmon effect induced by an appropriate laser irradiation on the 

Au@MSN@Valve, which produces a photothermal conversion of the laser energy. The 

mechanism involves the internal temperature increase inside the particle that is produced by 

the photothermal effect in order to disrupt the thread-ring interactions and release the cargo. 

The dye loaded particles were placed in a corner of a glass cuvette as was done in the bulk 

external heating control experiments, but the sample was irradiated at 514 nm (100 mW) to 

excite the gold cores at their plasmon band maximum at 530 nm (see extinction spectrum Fig. 

S1C). The release of cargo molecules was monitored by a probe diode laser (448 nm, 18 mW) 

irradiating the upper part of the cuvette, and a CCD detector to measure the dye fluorescent 

emission. The release profile displays the laser triggered instantaneous release of rhodamine B 

under irradiation (Fig. 3B), thus demonstrating the control of a temporal remote-photothermal 

release of cargo molecules encapsulated in Au@MSN nanocarriers. 

 

 

Figure 3. Photothermal-induced internal heating of Au@MSN@Valve through the surface plasmon 

effect (A) of the gold cores releases dye molecules under power-dependant laser actuation (B). The 

release profiles were normalized to the plateaus representing the maximum amount of released dye. 

The maximum varied according to the geometry of the experiments and the laser power.                              

The rate of release increased with laser power. 

 

To verify that the local temperature increase in the NPs (rather than an increase of the 

temperature of the bulk solvent) is responsible for the cargo release, the solvent temperature 

was monitored during the photothermal-induced release experiment. The solution temperature 

remained unchanged within experimental error during experimental runs as long as ten hours. 
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These results show that the heat necessary for uncapping the pore and releasing the cargo was 

provided by the very local hearing of the NPs by photothermal conversion of the laser 

electromagnetic energy. Local temperatures in the vicinity of the stalk and cap must reach at 

least 60 °C in Au@MSN. Besides, Rho B-loaded MSN@Valves control (no gold core) did 

not release their content upon irradiation, thus the nanovalve complexes were not photo-

sensitive in these conditions (Fig. S4). Note that, the addition of sodium hydroxide (pHô 10.5) 

to the former nanomaterial induced an instantaneous release of the cargo, as expected with the 

thread deprotonation (pkA 9.5) leading to repulsive negative stalk-cucurbit[6]uril interactions 

(see Fig. S4). Such a local temperature increase should be very useful to apply these 

nanomachines for spatially controlled dual therapy: by delivering the cargo to cells, and by 

necrosis through hyperthermia. This dual use of plasmonic heating distinguishes this light 

sensitive nanomachine from others based on chromophores alone and may be advantageous 

for increasing killing efficiency.
[32, 26-27] 

 

An alternative mechanism for releasing the cargo could be thermal damage to the 

silica shell itself. The nanocarriers were analyzed after photo-irradiation and cargo release by 

TEM (Fig. 4 A-B). Under the highest irradiation intensity (100 mW), some of the particles 

were severely degraded. Thus some of the cargo release could have been produced by 

cracking the silica rather than by the opening of the nanovalves. As a control, bare MSN (no 

gold core) were irradiated at 514 nm (100 mW for 14 h), and no silica damage was observed, 

confirming that only the gold embedded NPs were light-sensitive (Fig. S5). Release 

experiments were carried out at lower power (15 mW), with equal irradiation times, and the 

release profiles were characterized similarly (Fig. 3B). The release was slower at lower power 

as expected. The particles were undamaged (Fig. 4B). Thus it is clear that plasmonic heating 

at high light intensities produces enough heat or a rapid enough temperature change to 

degrade the silica, but that lower powers do not damage the silica but do cause enough of a 

local temperature change to open the valves and release the contents. 

 

 

 

Figure 4. TEM images of Au@MSN irradiated with 100 mW (A), and 15 mW (B) for 14 h, and bare 

MSN as a control, under 100 mW for 14 h.  
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Conclusions 

In summary, we have demonstrated that novel gold-core mesoporous silica 

nanomachines are effective in actuating a thermosensitive nanovalve under exposure to laser 

irradiation. The release mechanism was demonstrated to be caused by local internal heat 

produced by the photothermal conversion of the light energy, and not a bulk temperature 

increase. A novel one-pot synthesis of the Au@MSN was presented. The mechanized 

Au@MSN enabled remotely controlled triggered release of the cargo molecules ñon 

commandò via a robust matrix without premature leaking. This novel nanocarrier fulfills the 

strict criterion of controlled release of cargo molecules at a desired time in a specified spatial 

location that is a significant advancement for nanomedicine. It is envisioned that Au@MSN 

nanomachines would be efficient to kill cancer cells through hyperthermia, as well as 

synergistically enhancing the drug cytotoxicity under such conditions of medicine such as 

docetaxel.
[33]
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APPENDIX: SUPPLEMENTARY INFORMATION 

 

Materials. Cetyltrimethylammonium bromide (CTAB, H5882, 98%+), tetraethylorthosilicate 

(98%+), toluene (99.5%+), and cucurbit[6]uril hydrate (CB[6]) were purchased from Sigma-

Aldrich. Sodium hydroxide (NaOH, beads) and concentrated hydrochloric acid (12N) were 

purchased from Fisher Chemical. N-(6-aminohexyl)aminomethyltriethoxysilane, 95%, was 

purchased from Gelest. Rhodamine B was purchased from Exciton. Toluene was distillated 

before usage, and deionized water was used. 

One-pot synthesis of Au@MSN NPs. A mixture composed of water (100 mL), ethanol (40 

mL), and CTAB (0.640 g) was stirred at 70 °C in a three neck 250 mL round bottom flask. 

Then, an aqueous solution of tetrachloroaurate (55 mg in 5 mL) was injected and stirred 5 

minutes. Finally, sodium hydroxide (200 µL, 2 M) was injected to produce the NPs nucleation 

instantaneously. The NPs growth was led during 30 minutes under a 600 rpm stirring. 

Afterwards, tetraethylorthosilicate (1000 µL) was added by dropwise additions to the stirred 

aforementioned solution. After 1 minute 30 seconds, the typical purple color of thin coated 

Au@MSN particles was observed, and the sol-gel process was lead for 2 h. The filtrate was 

gathered through centrifugation at 7830 rpm 15 minutes. Each fraction was washed with 40 

mL of MeOH and centrifuged 10 minutes, three timess. Note that, the order of the reactant 

injected was found to be crucial, as depicted by the following table:  

 

 

Table S1. Truth table of the one-pot synthesis procedure. 

 

Acidic extraction of CTAB . The CTAB acidic extraction of the Au@MSN was performed 

according to the method of Lang et al.
[1]

 The filtrate was mixed and sonicated with ethanol 

(50 mL), and then ammonium nitrate (33 mg). The solution was stirred 20 minutes at 60°C, 

cooled down at RT. Finally, the extracted Au@MSN were washed with ethanol and water two 

times each (40 mL each time). 

Stalk mechanization of Au@MSN. The reported thermosensitive nanovalve of Thomas et 

al. was used on the core@shell NPs.
[2]

 A solution of dried toluene and Au@MSN was 

prepared (40 mg in 10 mL) and stirred at room temperature under nitrogen. Then, N-(6-

aminohexyl)aminomethyltriethoxysilane (30 µL of stalk, see Scheme S1 step A) was added 
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by drop wise consecutive additions. The reaction was led for 10 h, and the solution was 

centrifuged during 20 minutes to gather the as-functionalized Au@MSN-Stalk. Afterwards, 

two aqueous washings (30 mL) were performed with sonication between the centrifugation 

separations. 

Dye loading of Au@MSN-Stalk. An aqueous solution Au@MSN-Stalk (40 mg in 1.5 mL of 

water) was mixed with the rhodamine B dye (2 mg, 3 mM) and stirred at room temperature 

during 2 days (see Scheme S1 step B).  

Pores closing of loaded Au@MSN-Stalk. Ultimately, a sonicated aqueous solution (2.5 mL) 

of sodium chloride (35 mg, NaCl) and CB[6] (40 mg) was stirred during 5 hours, and was 

added to the loaded NPs to cap the pores (see Scheme S1 step C). The resulting 

Au@MSN@Valve nanomachine involves supramolecular interactions between the molecular 

thread and the cucurbituril rings called Valve 

 

 

                                     

 

Scheme S1. Representation of the valve mechanization. First the threads have been reacted on the 

silica surface of Au@MSN (A), followed by the dye loading (rhodamine B) (B), and ultimately CB[6] 

rings were complexed with the stalks (C). 
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Figure S1. TEM images of gold NPs (A), and Au@MSN (B). Extinction spectrum of Au@MSN (C). 

 

  

Figure S2. N2-adsorption-desorption isotherm (A), BJH pore size distribution (B), and XRD pattern of 

the one-pot Au@MSN NPs (C).  
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Figure S3. Solid state NMR spectra on Au@MSN particles before (a,b) and after (d,c) thread 

mechanization. CP-MAS sequences on 
13

C (a,c) and 
29

Si (b,d).   
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Laser experiment setup. The experimental setup for the photothermal triggered release 

experiment is depicted in scheme S2. The particles are placed in one corner of a glass cuvette 

and few milliliters of solvent (typically water or methanol) are added carefully to prevent 

particles from mixing into the solution. A stir bar is added and allowed to stir gently to 

increase the diffusion of the dye. A probe diode laser (448 nm, 18 mW) is trained on the 

cuvette solution to excite the released dye (Rhodamine B), for detection by the CCD (charge 

coupled device) detector. The argon ion laser (515 nm, 100 mW or 15 mW) was used to 

excited the loaded cargo-loaded Au@MSN@Valve. 

 

                                 

Scheme S2. Experimental setup for the photothermal-induced release experiments. 

 

 

Figure S4. Control release experiment on MSN@Valve with rhodamine B in water. Laser (514, 100 

mW) irradiation alone did not trigger the release, while sodium hydroxide aliquots triggered the 

release confirming the successful loading and valve functionalization, as well as the necessity to have 

a gold core to design a light-sensitive nanocarrier. 
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Figure S5. TEM images of MSN irradiated with 100 mW during 14 h, which were shown intact as a 

control. 
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CHAPTER 3 

Controllable Photodegradation of Mesoporous Silica 

Encapsulating Gold Cores for Remote Cargo Release 

 

 

 

Abstract 

Designed photothermal degradation of mesoporous silica shells is performed via the 

plasmonic properties of gold encapsulated nanoparticles. The photodegradation 

dependence on the power of the irradiation, the wavelength tuning, and the size of the 

gold core is assessed. Selective nanoparticle photodegradation based on the size of the 

core is demonstrated. The application of this feature is performed for remote cargo 

release from polymer-coated nanovehicles. 

 

 

This work was realized during the beginning of the PhD in the laboratory of Pr. Zink. 

J. Croissant, and J. I. Zink : Photodegradation studies. 

J. Croissant, T. M. Guardado-Alvarez, and J. I. Zink: Polymer design and release experiment.  
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CHAPTER 3. CONTROLLABLE PHOTODEGRADATION OF MESOPOROUS SILICA 

ENCAPSULATING GOLD CORES FOR REMOTE CARGO RELEASE 

 

Introduction  

  Plasmonic nanoparticles (NPs) are being increasingly utilized as photothermal (PT) 

transducers for a wide variety of applications in colloidal and surface sciences.
1-5

 The control 

of the PT efficacy of various metal NPs has numerous potential applications, as witnessed by 

the increasing number of theoretical and experimental studies made on such systems.
6-12 

Detailed studies of the PT efficacies of gold NPs revealed the high-energy bleaching of NIR 

resonant bands for gold shells and rods (relative PT efficacy decreased by 16ï22 times), 

which was not observed for gold spheres.
13

 Gold nanospheres are thus transducers that can 

produce very high local temperature. In this context, the PT properties of such NPs are often 

used via embedding them in various shells or matrices. In the biomedical field, gold NPs are 

often coated with polymers (e.g. polyethyleneglycol), in order to maintain a long circulation 

time in the bloodstream and to accumulate them in cancer cells.
14

 Liposomes,
15

 poly-

electrolytes,
16

 and mesoporous silica shells have been placed on gold NPs to combine the 

loading properties of such matrices with those of the metal cores.
17

 It has also been reported 

that a powerful near-infrared femtosecond pulsed irradiation (90 fs pulses at 1 kHz repetition 

rate with energy up to 1 mJ/pulse for a total energy of 180 µJ), could remove the silica on 

silica core (112 nm)/gold shell (18 nm), and disrupt the gold shell at higher power (300 µJ).
18

 

These studies demonstrate that PT effects can be used to photodegrade the various 

nanocarriers and enhance their biodegradability, and in addition can be used as a novel release 

actuation that may be useful in nanotherapy.  
 

  In this study we report surprisingly powerful PT cracking and destruction of gold NPs 

embedded within mesoporous silica shells (Au@MSN) caused by low power continuous 

wave irradiation (20 to 100 mW) in the visible region. Such a behaviour was found in the 

framework of our recently reported study involving a novel drug delivery system composed of 

cargo loaded Au@MSN NPs, which were functionalized on their porous surface in order to 

deliver their payload on demand through PT actuation.
19

 In those studies, a plasmonically-

induced local temperature increase reaching a least 60°C was demonstrated on the Au@MSN 

surface by thermally-induced dissociation of a supramolecular complex that acted as a 

nanovalve over the pores. The power of the irradiation was limited in order to avoid 

degradation of the carriers and demonstrate actuation of the nanovalves. Herein, we present 

new insights on how to use the PT properties of embedded gold NPs to deliberately control 

the physical degradation of the mesoporous silica matrix, as well as its application for remote 

cargo release. We demonstrate control of the PT efficiency by varying the wavelength, the 

power, and the time of the laser irradiation. In addition, we study the size effect of the 

embedded gold NPs on the photodegradation under various conditions. The knowledge of 

such a PT impact is important not only in order take advantage of externally controllable 

degradation for novel researches on controlled delivery, plasmonic heating, and 

photolithography, but also to prevent negative impacts on thermo-sensitive systems where it is 

desirable for the nanocarrier to remain intact. 
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Results and discussion 

  The PT efficacy on the photodegradation was studied by monitoring the mesoporous 

silica framework stability using transmission electron microscopy (TEM) before and after 

irradiation of the samples. The nanomaterials were composed of monodisperse 15 nm gold 

nanospheres embed in mesoporous silica for an overall size of 150 nm (see Figures S1-3). The 

laser experiments were carried out by directing a laser beam on nanoparticle powders that 

were placed on the bottom of sample tubes filled with water.  

 

 
 

Figure 1. TEM images of Au@MSN before irradiation (A), and after 7 h of irradiation through an 

argon ion laser at 514 nm under 50 mW (B). Impact of the PT conversion of the gold cores on the 

MSN matrix under 50 mW (C). 

 

  The remarkable silica photodegradation is shown by TEM micrographs before and 

after 7 h of irradiation (514 nm, 50 mW) of Au@MSN (Figure 1A and B respectively). The 

PT conversion evolution (Figure 1C) is the result of the experimental fact that all the NPs are 

not receiving the same treatment under the irradiation geometry used. As a result, such 

qualitative PT conversion impacts have been deduced from different NPs having received a 

different energy. Moreover, the cause of the silica cracking was the PT effect from the gold 

NPs, since the damage occurs from the inside out; the TEM images in Figure 1B, and 1C 

revealed a growing internal hole which eventually led to the opening of the particles. 

Furthermore, the observation that the holes or cracks present on Au@MSN did not always 

match the spatial position of the gold cores (see Figures 1B-C, 3A at 530 nm) suggested that 

the destruction of the silica was not due to gold particle vibration under irradiation, but rather 

to the thermo-degradation of the weakest part of the porous framework. In order to take 

advantage of the externally-stimulated photodegradation of the mesoporous silica, it is 

important to be able to control its extent. Hence, to achieve a designed photodegradation three 

parameters were assessed to regulate the PT efficacy: the power, the wavelength, and the gold 

NPs size dependences.  
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  The power dependence of the PT effect was studied in order to determine the 

parameters that at one extreme cause heating without particle destruction and at the other 

extreme lead to severe degradation. The particles were irradiated at 514 nm for 14 h under 15 

and 100 mW (Figure 2A and 2B respectively), and whereas the former one did not show any 

photodegradation, the latter displayed a complete silica photodegradation. However, in a 

control experiment, bare MSN without gold cores were irradiated at 514 nm under 100 mW 

for 14 h, and none of the NPs were damaged (see Figure 2C). Note that, we reported a 

plasmonically-actuated cargo delivery via Au@MSN nanovalves under an irradiation of 15 

mW at 514 nm.
13 

Besides, between 15 and 100 mW, the modulation of the power produced 

intermediated types of photodegradation; at 30 mW the silica photo-cracking was observed 

for a given time of 7 h (Figure 7F), whereas for higher power of 50 mW the photodegradation 

is much more severe for the same duration (Figure 1B,C). 

 

 
 

Figure 2. TEM images of Au@MSN irradiated 14 h at 514 nm under 15 mW (A), and 100 mW (B) 

displaying the power dependency of PT effect. Bare mesoporous silica NPs irradiated separately for 14 

h at 514 nm under 100 mW (C). Scale bars of 100 nm (A-C). 

 

  The dependence of the photodegradation on the wavelength of the irradiation was also 

assessed. The plasmonic heating is expected to correlate with the extinction by the 

nanoparticles, that in turn is correlated with the particle size. Both the extinction coefficient 

and the wavelength of maximum extinction increase as the particle size increases, but the 

extinction coefficient is much more sensitive to the size than to the wavelength. For example 

the plasmon band maximum (lmax) and molar extinction coefficient (e) have been reported to 

be lmax = 524 nm and e = 7*10
7
 L.mol

ī1
.cm

ī1
, lmax = 524 nm and e = 78*10

7
 L.mol

ī1
.cm

ī1
, 

and lmax = 530 nm and e = 540*10
7
 L.mol

ī1
.cm

ī1
, for 7.5, 16, and 35 nm gold NPs 

respectively.
20

 Thus, Au@MSN were irradiated at three different wavelengths (448, 530, and 

568 nm) under 20 mW for 30 minutes to study the wavelength-dependence of the 

photodegradation (Figure 3A). A clear dependence on the irradiation wavelength on the 

mesoporous silica photodegradation was observed, since at 530 nm the silica shell was 

cracked, while at 568 nm the core induced a hollow mesoporous silica nanostructure, whereas 

the silica was intact at 448 nm under the same power. Besides, the photodegradation was 

obtained after a relatively short time of irradiation (30 minutes), which demonstrates the 

efficiency of the process previously observed after 14 h of irradiation at 514 nm (Figure 1C). 

Then, the photodegredation for a selection of Au@MSN nanoparticles with three different 

gold nanoparticle diameters (Figures S4,5) at five different wavelengths under 20 mW light 

irradiation for 30 minutes was performed (See Figure 3B-D). The gold nanoparticles sizes are 

5-10, 15-20, and 25-35 nm in Figure 3B, C, and D respectively. The mesoporous silica shells 
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were in average of 150 nm. The 5 to 10 nm size range showed a slight degradation of the 

silica matrix from 448 to 568 nm, with a maximum at 514 nm (Figure 3B). Conversely, the 

particles of the 25 to 35 nm size range did not exhibit silica degradation at these lower 

wavelengths, but the cracking and the destruction of the silica was observed at higher 

wavelengths (530 and 568 nm, see Figure 3D). Moreover, the second size range (15-20 nm, 

see Figure 3C) produced the deterioration of the silica in an intermediated window of 

wavelength from 514 nm to 568 nm respectively, and the silica matrix was almost totally 

photodegradated at 568 nm. Such a behavior is consistent with the plasmonic properties of 

gold nanocrystals of different sizes. In all cases no degradation occurred at the highest 

irradiation wavelength (647 nm). 

 

 
 

Figure 3. Wavelength dependency of the PT effect demonstrated by the TEM images of irradiated 

NPs under 20 mW for 30 minutes at different wavelengths: 448 nm, 530 nm, 568 nm (A). TEM 

images of three ranges of gold sizes in the mesoporous silica shells: 5-10 nm (B), 15-20 nm (C), and 

25-35 nm (D) irradiated 30 minutes under 20 mW at various wavelengths (448, 514, 530, 568, 647 

nm). The most damaged NPs are presented for each size and wavelength. Scale bar of 50 nm (A-D). 

 

  The variation of the gold nanoparticles size within the silica shells for a given 

wavelength and power displayed interesting results, which highlighted the origin of the 

degradation evolution as well. Note that, the silica degradation could have been either purely 

energetic, that is solely correlated to the laser power, or due to the different SPR band of the 

NPs. For a given wavelength the size of the gold NPs affects drastically the PT efficacy (as 

displayed by the matrix thermo-degradation, see vertically the TEM images in Figure 3B-D), 
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and such behavior is not linear with the size at 514 nm and 568 nm. The photodegradation of 

all Au@MSN at 530 nm correlates the overlapping of the SPR bands of the three size ranges 

of gold NPs, as reported for 5 to 40 nm bare gold NPs.
11, 12

 Besides, the higher half width of 

the 5 to 10 nm NPs accounts for their slight excitation up to 568 nm.
20

 These experiments 

verify that the origin of the photodegradation evolution is thus due to the plasmonic properties 

of the sample, rather than a thermal effect of the laser. Thus these studies demonstrate the 

high dependence of the PT efficiency with gold NPs size, and such a size effect could be 

utilized to design remarkably different photodegradation of mesoporous silica shells. 

 

 

 
  Consequently, the discrimination of the gold NPs according to their size via tuning the 

wavelength, to control the silica damaging through a strong PT conversion, was envisioned 

for wavelength apart from the SPR maximum of 530 nm. Such a size discrimination was 

demonstrated in Figure 4, where the very unique case of two fused particles containing 15 and 

5 nm cores sufficiently separated to be considered independent, displayed solely silica 

degradation around the 15 nm core when irradiated at 514 nm. The reverse situation was 

found in Figure 3A at 448 nm, where 5 and 15 nm gold cores where mustered within one 

silica shell, and the 448 nm irradiation revealed a slight local degradation around the 5 nm 

core. This opens new horizons in selective photolithography, as well as in dual cargo release 

based on the size discrimination design of the PT degradation. 

 

Figure 4. Gold core size discrimination 

of the PT photodegradation displayed 

by a unique TEM image of Au@MSN 

after 7 h of irradiation through an argon 

ion laser at 514 nm under 30 mW. 
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Figure 5. Schematic representation of the dye loading and polymer coating of Au@MSN (A). TEM 

micrographs before (B) and after polymer coating (C-D). Light-triggered cargo release in solution 

(514 nm, 30 mW) (E). TEM photodegradation of the dye-loaded Au@MSN@Polymer nanoparticles 

after 7 h of release experiment (F). 
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  The controlled photodegradation feature was then harnessed for remote cargo release. 

Au@MSN nanomaterial with 15 nm cores were loaded with the rhodamine B dye in aqueous 

solution, and then coated with an alkoxysilylated polycaprolactone polymer of 2000 g.mol
-1
 

(see Figure S6A) to prevent the dye leakage (see Figure 5A). The alkoxysilylated 

polycaprolactone was obtained from the coupling of the commercial polycaprolactone diol 

with 3-isocyanatopropyltrimethoxysilylane in toluene (see ESI). The successful polymer 

coating on the NPs was readily visible by TEM image before (Figure 5B) and after 

functionalization (Figure 5C,D and S7), and confirmed by Fourier transform infrared (FTIR) 

spectroscopy with the nC-H vibration modes between 2950 and 2850 cm
-1

 as well as the 

carbonyl vibration at 1692 cm
-1 

of the polymer (Figure S6B). A rhodamine B payload of 3 

wt% was determined via UV-visible analysis of the loading supernatant. Then, dye-loaded 

Au@MSN@Polymer were placed at the bottom of a glass cuvette filled with water, and 

irradiated at 514 nm under 30 mW (see Figure 5E). It is noteworthy that the flat baseline 

before laser irradiation is characteristic of a robust nanocarrier avoiding premature leakage of 

cargo molecules. Besides, when the laser was turned on an instantaneous release of the 

rhodamine B cargo was observed; after 1000 minutes nearly all the dye content was released 

(Figure 5E). Furthermore, TEM analysis of the irradiated Au@MSN@Polymer nanocarriers 

revealed that the release of the cargo was due to the remarkable controlled photo-cracking of 

the carriers (see Figures 5F, and S8). Thus, the gold yolk mesoporous silica shell could be 

used as ñnanoeggsò for on-demand cargo delivery via photo-cracking. 

 

  In summary, we reported a surprisingly powerful PT conversion of continuous 

excitation laser energy in heat via gold NPs embedded in a mesoporous silica shell, leading to 

its controlled photodegradation. The PT efficacy was found to be a complex sum of the power 

and wavelength of irradiation, as well as the gold NPs size in the Au@MSN platform. The 

silica shell degradation was controlled through lowering or increasing the laser power, or 

tuning the wavelength of the laser. Furthermore, the release of cargo molecule encapsulated in 

Au@MSN@Polymer was achieved via the controlled photodegradation of mesoporous silica 

shells through the plasmonic PT effect. The designed photodegradation of the silica shells 

should enhance the biodegradability of such nanocarriers, and decrease their excretion time, 

thus extending their efficacy in the nanomedicine field. The wavelength control of the particle 

cracking may be used as a dual drug delivery system, where 15 and 30 nm Au@MSN 

particles containing a different type of drug in there pores, would be irradiated separately (i.e. 

the 15 nm at 514 nm, and then the 30 nm at 568 nm). Additionally, novel drugs such as 

docetaxel have an enhancement of cytotoxicity under hyperthermia.
21

 As a result, this 

particular case illustrates the synergetic potentialities of a regulated PT conversion with 

surrounding molecules or materials for drug delivery. 
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APPENDIX: SUPPLEMENTARY INFORMATION 

 

I - EXPERIMENTAL SECTION  

 

Laser irradiation . A COHERENT CUBE
 
445-40C diode laser was used to irradiate the 

Au@MSN NPs at 448 nm. A COHERENT Argon Innova 90C-5 ion laser was used to 

irradiate the Au@MSN NPs at 514 nm. A COHERENT Ar/Kr
+
 laser was used to irradiate the 

Au@MSN NPs at 530, 568, and 647 nm. The powers of irradiations specified in the 

manuscript (15, 20, 30, 50, and 100 mW) take into account the different mirrors, lenses, and 

glass objects in the path of the laser beam. The laser spot was half of a centimeter in diameter, 

thus the Au@MSN were submitted to 0.06, 0.08, 0.12, 0.2, and 0.4 W/cm² for the 

aforementioned laser powers. 

Materials and methods. Potassium tetrachloroaurate (99%+) was purchased from Alfa 

Aesar. Sodium citrate tribasic dihydrate (99%+), cetyltrimethylammonium bromide (CTAB, 

99%+), tetraethylorthosilicate (TEOS), ammonium nitrate (NH4NO3), rhodamine B, 

polycaprolactone diol, (Mn=2000 g.mol
-1

), 3-(trimethoxysilyl)propylisocyanate, and 3-

aminopropyl-trimethoxysilane (APTMS) were purchased from Sigma-Aldrich, sodium 

hydroxide (beads), was purchased from Fisher Chemical.  

Au NPs 15 nm. Monodisperse Au NPs of 15 nm in diameter were obtained from the reported 

Turkevich method involving the reduction of potassium tetrachloroaurate complexes (55 mg, 

11 mM) via the injection of sodium tribasic citrate reducing agent (120 mg, 40 mM) in 

bowling water (100 mL) for 5 minutes.
[1] 

The resulting solution A was utilized without further 

preparation. 

Au@MSN with 15 nm cores. An aqueous solution (90 mL) of sodium hydroxide (875 µL, 2 

M), and CTAB (250 mg) were stirred vigorously at 80 °C. Then, a solution of 15 nm Au NPs 

(30 mL of A) was added to the aforementioned mixture. Finally, TEOS (1200 µL) was added 

by consecutive dropwise additions. The sol-gel process was conducted 2 h. Afterwards, the 

solution was cooled at room temperature while stirring; fractions were gathered in propylene 

tubes and collected by centrifugation during 15 minutes at 21 krpm. The sample was then 

extracted twice with an alcoholic solution of NH4NO3 (6 g.L
-1

), and washed three times with 

ethanol, water, and ethanol. Each extraction involved a sonication step of 30 minutes at 50°C 

in order to remove the CTAB surfactant; the collection was carried out in the same manner. 

The as-prepared material was dried under air flow for few hours. 
 

Au@MSN with the three gold core diameters. Such a procedure was adapted from a 

reported one-pot process of Au@MSN NPs.
[2] 

A mixture of water (100 mL), ethanol (40 mL), 

and CTAB (640 mg), and potassium tetrachloroaurate (55 mg) was stirred at 70 °C in a three 

neck 250 mL round bottom flask. Secondly, sodium hydroxide (200 µL, 2 M) was injected to 

produce the nucleation of the NPs nucleation instantaneously. The NPs growth was conducted 

during 30 minutes under 600 rpm. Afterwards, TEOS (1000 µL) was added by dropwise 

additions to the stirred aforementioned solution. Then, the condensation process was triggered 
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by a second addition of sodium hydroxide (400 µL, 2 M). After 1 minute 30 seconds, the 

typical purple color of thin coated Au@MSN particles was observed, and the sol-gel process 

was lead for 2 h. The material was collected through centrifugation at 7830 rpm for 15 

minutes. Each fraction was washed with MeOH (40 mL) and centrifuged 10 minutes, three 

timess. Extraction and the following steps were identical as those described for Au@MSN 

with monodisperse cores. 
 

 

Polymer alkoxysilylation. A mixture of toluene (40 mL), polycaprolactone diol (65 mg, 

3.24.10
-5

 mole, Mn = 2000 g.mol
-1

) and 3-(trimethoxysilyl)propylisocyanate (16 µL, 6.48.10
-5

 

mole) was stirred at 50°C during 36 h under nitrogen flow. The solution (B) was used without 

further purification. 
 

Loading and polymer coating of Au@MSN. Au@MSN particles (40 mg) were soaked in 

water (5 mL) with rhodamine B (5 mM) for one day at room temperature. The solution was 

then centrifuged at 7000 rpm for 8 minutes, the supernatant was removed, and the material 

was dried through air flow. Dried rhodamine B-loaded Au@MSN nanoparticles were crushed 

and dissolved in dried toluene (10 mL). Finally, this solution was quickly poured out in a 

stirring solution B (10 mL) of alkoxysililated polymer under nitrogen flow. The coating was 

led during 36 h, and the nanoparticles were centrifuged at 7000 rpm for 8 minutes. The 

supernatant was removed and the material was washed with water three timess, each step 

being followed by centrifugation. The dye-loaded Au@MSN@Polymer nanoparticles were 

dried under air flow for 1 h. The as-prepared nanocarriers were used for the release 

experiment. 

 

II -NANOMATERIALS CHARACTERIZATIONS  

 

Au@MSN with 15 nm cores 

 

Figure S1. TEM images of gold-citrate NPs (A) and Au@MSN (B-C). 
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Figure S2. Extinction of gold nanospheres (A) and Au@MSN (B). 

 

 

Figure S3. N2-adsorption-desorption of Au@MSN NPs containing 15 nm gold cores. 

 

Au@MSN with the three gold core diameters 

 

Figure S4. TEM images of Au@MSN (A-B), and the corresponding DLS size distribution (C). 
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Figure S5. N2-adsorption-desorption of Au@MSN containing the three gold core diameters.  

 

 

 

Figure S6. Representation of the alkoxysililated polycaprolactone polymer coated (A). FTIR spectra 

of Au@MSN and Au@MSN@Polymer NPs, confirming the successful coating. 

 

 



 

63 

 

Figure S7. TEM micrograph of Au@MSN@Polymer. 

 

 

Figure S8. TEM micrographs of Au@MSN@Polymer before (A) and after 7 h of photodegradation 

(B). 
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