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ABSTRACT

Two-photon actuated nanomedicine has become one of thepraponentdor the
achievemenof the spatiotemporakelectivity neededor nanomedicine. Indeedhe raison
d 0 ° df theemedical application of nanotechnology in the field of cancer treatment is to lower
and suppress the side effectausé by current techniques such as chemotherapg
radiotherapy, due to their lack of selectiviymong various nanoparticl¢blPs) mesoporous
silica nanoparticles (MSNhave attracted increasing attention over the past decade for their
low cytotoxicity, cellular internalization and excretion, atigk ability to carry multiple
features for bottihe diagnosisandtherapy of cancers in a singleanovehicle the secalled
theranosticnanomedicine

In this dissertation, | will describe MSN for one and/fwo-photoractuated
fluorescencamaging, drugdelivery, gene delivery and photodynamic therépT). First,
plasmonicallytriggered cargo delivery via MSN nanovalves and designed mesoporous silica
phaodegradationis presented. Thenin-vitro two-photontriggered drug delivery with
azobenzenéunctionalizedMSN such asnanoimpellersand fluorescent nanovalveslong
with prdiminary studies of gene delivery via ammoniumctionalized nanoimpellerare
discussed Multifunctional MSN incorporating a twphoton photosensitizer are
systematically studied in terms of the resulting optical and photophysical properties of the
NPs, and then used for-vitro biomedical applications.

Furthermore, twdkinds of emergingnanomaterialsare also designefibr two-photon
acuated nanomedicindgridged sisesquioxane(BS) and periodic mesoporous organosilica
(PMO) NPs. These nanomaterials are elaborated without silica precursor (e.g.
tetraethoxysilane) and solely with bi@r tetraorganoalkoxysilanes, thus providing materials
with the highest granic content for the targeted applicatio@ensequently, disulfidbased
hybrid BS and PMO NPs were elaborated as biodegradable nanomedical aodls
photosensitizebased BS and PMO NPs were used for efficientitro PDT. BS and gold
BS coreshells NPs are constructéadr ultrabright twephoton imaghg and efficient PDT,
while two-photon functionalized PMO NPserve as theranostic nanocarrieBesides,
versatile multipodal ethyleAizenzene PMO NPs with very high surfaceaarare presented as
a promising strategy for the design of structural complexities at the nanoscale.

Finally, iron oxide core MSN she{F&O,@MSN) nanocontainersire described for
versatile applicationd he design of twgphotortsensitive magnetic MSN drPMO coreshell
nanovehicles is presented as a perspective for gene delivery and magnetic resonance imaging.
Furthermore Fe&sO,@MSN containersare constructed for heavy metal removal of twelve of
the most toxic metal ions through theethylene triamine @ntaacetic acigDTPA) 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 TOMESOPOROUS SILICANANOPARTICLES
IN NANOMEDECINE

1.1 Definitions and a short history ofmesoporous silica materials

Silica, also known as silicon dioxide (SIQis constituted othe two most abundant
el ement s of théaxygendeing thé mosibus, itis & verycommon mineral
on earth composing for instance the majority ¢fetsand of the planeSilica is found in
amorphous state in opals, or Kieselguhr, and in crystalline state, with minerals sach as

quartz and-quartz.

Porous materials are generally differentiated as microporous, mesoporous, and
macroporous compoundfrom the Greek prefixesnicro (small) which stands for pores
comprised between 0 to 2 nmgeso(middle) for pores of 2 to 50 nm, amaacro (large) for
pores larger than 50 nm.

Natural mesoporous silica materiase also found on eartin fact, nature heabeen
filled with such minerals from long ago, some of them calledomsandradiolarians come
from the biechemical interface of plants and animals respectivgdgides, these two types
of porous silica really are of fantastic beauty and complexéyg (Sgire 1), which humbles
the chemist who simply tries to design ordered mesoporous silica materials.

Figure 1. Scanning electron miograplts of diatoms (A objects ranging from 1 to 2000 pnand
radiolarians (B objects ranging from 50 to 500 pntjigh magnification electron micrograph of the
hierarchical porosity foundt the nanoscale diatoms (C).

Synthetic mesoporous silica materials were first patented inlaiee sixties by
American researchels® and went almost unnoticed unt®90 when Kurodat al. published
synthetic mesoporous silica for the first tiffl@nd, in1992, when the researchers from Mobil
Oil corporation produced the soalled MCM41 mesoporous materjadtanding for Mobil
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Crystalline Material$! Afterwards,one of the American patents was reproduced in 1997 by
F. Di Renzoetali n an ar t iA 28gearad dynthediseofl miceliemplated
mesoporous  siliga® At that time mesoporous silica was solely obtained from
cetyltrimethylammonium micellaretnplate, 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 SBA15 (SanteBarbara Amorphous) was first describled G. D. Stuckyet al from a
triblock copolymer émplate, thus achieving larger pores ranging from 5 to 30”7nm.
Nowadays,MCM-41 and SB\-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. Mahral in 20@® from a CTAB-
templated diluted systeffl,and then used as drug delivery nanocasriegr Lin et al in
2003!¥ This pioneering study was based on the idea of the controllable closing-and re
openingof the pores. The drug was first loaded in the porous framework, then 2 nm CdS
guantum dots were chemibalgrafted at the entrance of the pores, thus preventing tige dr
leaking. Given that the CdS grafting was based on disulfidadmkhe cleavage of these
bonds was chemically triggeresh solution with a dithiothreitol reducer, as well as
autonomously in the cells with the glutathione reducer they naturally coAtawde variety
of drug delivery systems wasesigred to transport various cargo molecules and
macromolecules, and to release themdemand with many different kinds of stimtff!
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 S@illion cells which are the basic units lifie. These cells arerganized
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
diseasesike hemophilia, asthma and cancers are currently affecting a very significant part of
the world population.

Cancers form a Agroup of more than 100
uncontrolled growth of abnormal cells in the body. In the earf{c2htury 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
deat h t hroughout t he w a)r Vadiaus tedmenty wdreothusd i a
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 fpacial selectity, causing side effects on neancerougissues and of
temporal selectivitydiluting or concentrating uncontrollably the effect in time.

Therefor, extensive efforts have been méalereatein the secallednanomedicingo
prevent and reduce both aeuénd chronic unwanted siddfects. Nanomedicine is the
medical application of nanotechnology to achieve diagnosis and/or therapy of pathologies.
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The term theranostics has recently been coined for systems that combine both diagnostic and
therapeutic feates. Current research has shown the potentiahasfoparticles NP9 to
decrease the side effects caused by the lack of selectivity of the chemotherapeutic strategy.
Given thatboth the cancetells and thenormalcells are in the specific targetéxtation, the

goal is to inducepoptosisor necrosiswhich arethe death of these pathogenic ceNghout

causing the death of theormal cells. To manage suctontrol, one of the strategies of
nanomedicine, calleddrug-delivery, is used to carry, retain, andeliver onrdemand
chemotherapeutic drugelectively in the tumor

Cell membranes are composed gshespholipid bilayer with embedded protearsd
receptorsusedfor the permeabilityof chemicals and iond’he transport of biochemicals or
NPs through thghospholipid bilayeiin 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 plibnasawell as the
final di sruption of the | ysosome have inspi
drug delivery.

The aimof drug deliveryis to first encapsulatea hydrophobic drug via NPgo
transport angbrotect it until thell organs.ndeed,only 10% of the commercialized drugs are
hydrophilic, and more than 40% of substances found via combinatorial screening programs
display poor solubility in watét! Moreover,the ability to carry hydrophobic drugs the
hydrophilic blood strearthroughsolublenanovehicles 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,lthe ora
route involves a fst-pass effecfi.e. drug metabolism through the liver and the gut walid
various acidic, ionic, and enzymatic conditions in the stomach, which reduce the efficacy of
the treatment. Nevertheless, such hurdles could be circumventbe intravenous injection
which appears to be an efficacious route for nanodevices, since it @toinstantaneous
biodisponibility into the systemic circulatory syst€f.

The rext step is to specifically deliver the drug to the tumor cells. Thecgety of
NPs towards tumor cells is induced by the enhanced permeability and retention (EPR) effect,
which is a consequmee of the properties afeovascultureln fact, endothelialcells forming
the interior surface of blood vessels and lymphatic vesbelsome poorly-aligned and
defective, thusvide fenestratios are found close to tumor§hesecharacteristis induce a
high permeation of smaller molecules aNdPs smaller than 200nm, preferentially in
cancerous than in normal cells. Hence, versatile Hodjects can take advantage of the EPR
phenomenon, such as liposomes, proteins, macroneéeand many kindef nanoparticles
amongst which areanesoporous silica nanoparticleI§N). The nanovehiclesare first
uptaken into the cell (endocytosis), whitten leads to thelysosome compartment. Finally,
cargo molecules are released from the NPs towards the celis(fstheme 1).
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Scheme 1 Representation of dridlgaded MSN endocytosed by a cé@dinteing the cytosa), then
transported in the endosome and the lysosome to release their drug content via acidtstimgh (
the intracellular the proton pump effect). The anticancer drugdiaadly reaching the cell nucleus.
Adaptedfrom reference 0.

Second generation nanoneemhe has been developed to enhance the spacial
selectivity of the drug delivery via biochemical targeting of the cancerous cells. The targeting
feature is pictured byhe famouslock and keyanalogy first postulated in 1894 by Emil
Fischer. The idea is basically to fiodtthe biochemical structural correspondence between a
chemical entity (the key) and specific substrate (the lock), in this case cellular recemors (se
Scheme 1). Targeting moietiassich aghe folate receptor, peptides, genes, and integiias
being extensively studied towards specific recepbrancerousells*®

1.3 Significanceof mesoporous silica and organosilica NHa nanomedicine

The MCM41 mesoporous silica framework has attracted much attention in
nanomedicin@®ver the past yeadue to their high surface areas, ordered pamedihe well-
known silicon chemistry whichvirtually offers unlimited functionalities At the nanoscale,
these platforms provide numerous advantages, such as the low cytotoxicity of SifidsPs
endocytosis anéxocytosislong term blood circulationNPs excretiongcargo transportation
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and protection,postsynthetic surface graftindor targeting, contrdled drug delivery or
enhanced endocytosind tailored delivery pharmacokinet¢8.

Mesoporous silica and organosilica NiRee been rightly called & niversalplatform
for drug deliveryd.*®! As previously mentioned, thezsi and loading capacity tie NPshave
a critical influence in théreatmentefficiency. Hence, the ability to tune both the NPs particle
size (15 to 1000 nmj®*? and pore diameter (1 to 30 nffj?? enablesthe tuning of the
surface area (from 150 to 1200 ri®.dn orderto benefit high loading capacitieBg¢m 3 to 50
wt%) depending orthe size and physiechemistry of the cargand the characteristicd the
NPs Moreover, he controlledrelease of a large range of guests such as dendfffiers,
DNA,?¥ siRNA? proteins!?? smaller nanoparticles (Au, CdS, #8),*** fluorescent
labels, hydrophobic drugs (ibupefe, camptothecin, paclitaxel, doxorubicii*?%?” and
chemicals reagents have been demonstrated.

Besides, the synthesesMEN with versatie size morphology and functionalization
could becontrolledby means of precise experimental conditiang postreatmentsn view
of nanomedicineMesoporous silica and organosilica spherjzatticles from 10 nm to few
hundreds nanometef82? aswell asMSN nanorods, hollow spheres, hollow nanorods have
been prepared®®! Indeed, i has been shown that the Nétze and shapeodify thecellular
uptake anadhe metabolisn***? Typically, MSN nanorods of 1.5 to 3 aspect ratio (AR) are
morereadily uptaken in the cells than nanospheres, supposedly for their close mimic of the
shape of bacterfd? Also, short nanorods (AR=1.5) are excreted faster than long NRs
(AR=5)1*Y |n addition, the third generation of nanocarrieese been elaboratesia surface
functionali zation of dtehlthines8P s Tihred u cdeesaddtoa nlyi dNIF
be stealthy particles in the sense that the proteéRs interaction is reducedyenerally
through polymer coating (e.g. polyethyleneglycalipd thus circulate longer in the blood
streamwith lesseraccumulaibn in the liver® 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 NRs25 nm) to cross theldod-brainand bloodocular 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 sajel process provides a powerful tool to combine organic
fragments within the inorganic silica framework byamdensation. Hence, multifunctional
nanomateriald ai | or ed wi t h fluoresoentnnzaagre, photodyremic 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 beenmp | oyed i n osmdrenanodordainggs o v i d €
capabé of releasing their content-@ommand, thanks to the rich silicon chemistry that allow
surface molecular, supramolecular, and macromolecular mechanization of the pores
According to the drug delery strategy employed (see sectibrb MSN applications in
theranostic nanomedicifethe cargo release could be reversibly or irrevirditiggered,
which may in turnallow the treatment of chronic disease#th the use of a lonterm
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medication, as welbls the treatment of infections. In the latter case, delivering a precise
amount of drug in tumor cells is sEntial. It is noteworthy that many systems have high
loading capacities, but the robustness of the carriers is often not trustworthy. On theycontr

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 camptothecinoadedMSN nanovalve (see section 1&e biocompable in human

cancer cells (PANE, and SV48)until theactuation of theeleasé*?

1.4 Design and characterization of mesoporous silica and ganosilica ranopatrticles

To take advantage diie assetof MSN in view of nanomedical applications, the-
gel elaboration of the nanocarriers should be precisehtrolled. In this section, typical
synthesis and characterization of M&\presented. MSN are synthesizagthe hydrolysis
condensationof a silica precursor such a®ttaethylorthosilicate (TEOS)h a micellar
template solution, in most casescetyltrimethylammonium bromide (CTARBcheme 2}
The reaction is catalyzed by sodium hydroxide £t2), and theemperaturas accurately
controled 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, steeto modify the integrity of the
framework, and provoke the aggregation of the sample. To avoid such drawbacks as well as
the degradation of econdensed organic fragments, calcination methods are not used and
extractions in solution based on positive rep@salectrostatic interactions with CTAB are
performed (e.g. NPs refluxed in MeOH/HCI).

Lyotropic liquid-

crvstalline phase MCM-41 framework MCM-41 framework
e = +CTAB CTAB free
(2D hexagonal)
CTA.B rod-shaped
spherical : o
. micelle
micelle

! = .
'% y) >
—lp o
) W o

Micellar template formation

Hydrolysis/Condensation

Surfactant removal

Br 70, O ==\
)N( \S i,

\/\/\/\/\/\/\/\/ TEOS /—0/ \01

CTAB

Scheme 2Representation afhe cetyltrimethylammonium bromide (CTABRgmplating effectand
the solgel hydrolysiscondensation ofetraethylorthosilicate (TEOSD produce MCM41 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
uL, 2 M) is typically girred at80°C for 50 minutes at 7aPpmin a three neck 250 mL round
bottomed flask The solgel process being kineticallyontrolled, the basicity, temperature,
and stirring speed (not to mention the geometry, size, and cleanness of the glassware) have a
crucial impact on the resulting matdridhen,a silica precursor such §&E0S (1.2 mL) is
added to the aforementioned solution, and the condensation pi®cesslucted for 2 durs
The solutionis cooledto room temperature while stirrinp prevent the aggregation of the
NPs andcollectedby centrifugation during 15 minutes at Rfpm. Two acidic extractior of
CTAB are generally pégormed by refluxing theNPs powderin a mixture ofmethanol(60
mL) andconcentrated hydrochloric ac{@.2 mL). Finally, the samplesiwashedhree times
with ethanol, water, and ethan®he collectionof the materials carriedout by centrifugation
after extraction and washing steppbe asprepared materialk eventuallydried under vacuum
for few hours

In the case of hybrid organinorganic materialsthe organoalkoxysilane is €0
condensed by addition along with the TEOS precursor. In this maamen-functionalized
mesoporous organosilica (MSNH;) NPscould befabricated by APTMS addition. Note that,
the chemistry of amines is at this point avagath 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 diPwsuch as
transmission electron microscofyEM) 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 scatterifigLS), X-ray diffraction (XRD),
scanning electron microscopySEM), nitrogeradsorptiordesorption, etc. Specific
functionalities could be also characterizedtéghniques such dourier Transform Infrared
(FTIR) spectroscopyand solid state nuclear magnetic resonance (NMR), et

Transmission Electron Microscopy An accurate characterization of any
nanomaterials requiresdectron micrographs visually determine the shape and size of the
synthesized compoundThe TEM analysis is, however, particularly needed for the
characteriation of the mesostructures of the siloxane netwBigure 2 displays the TEM
images of MSNNH, andreveas nearly monodisperseanospheres with diameter of 90 to
110 nm.Besides, a well ordered horegmblike 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 micrographsf MSN-NH, at different magnifications

X-Ray Diffraction . The organization of thgorous framwork is thencontrolled by
XRD. Smallangle diffractionpeaks confirm the twdimensional hexagonal symmetp6(m
in the MSN Figure 3A. The MSNd spacing @100 was calculatedrom the law of Bragg to
be4.1 nm, which led to thporeto-pore distanc®f 4.7 nm (go lattice paramet@r The latter
value can be used t@p@roximate a pore diameter of Z2;mm. Besides, theharpness of the
dipopeakand t he presence of thaCywsBl7)and2f(2gred har
4.3°) cemonstratethe long distance structural order in the nanomaterial.

Dynamic Light Scattering. The size distribution of the MSNsiconfirmed via DLS
analysis (Figure 3Bon a solution of NPssonicated for half an hourThe main size
distribution (117 nm) corresponds to the ramgregated nanoparticles, whereas the second
population (374 nm) is related to irreversibly fused MSN (3 in averagegse small
nanoparticles could be used for biological applications.
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Figure 3. XRD pattern (A), and the DLSize distribution othe MSNNH, (B).
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N,-adsorption-desorption. The adsorptiofdesorption of nitrogen in the mesopores,
followed by theBrunauei Emmett Teller (BET) andBarreti Joynef Halenda (BJH}heories
of calculation enables the determinationtw surface are¢Sger in m2.g') and the pore size
distribution respectively (Figure 4). The surface arell8N is calculated to be af075m2.g
L with 2.5 nm poresNote that, thamesoporousangeof the poreonfirmsby the hysteresis
in the adsorptiomlesorption cycles (Figure 4A¥!
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Figure 4. N,-adsorptiordesorption isotherm (A),nal pore size distributionf MSN (B).

Fourier Transform | nfrared spectroscopy Since the CTAB surfactantis highly
cytotoxic, the useof MSN for biological applicatios requires the completeTAB removal
The onfirmation ofthe successful extraction of the surfactentommonly performed via
FTIR spectroscopyThe next figure shows the FTIR spectif the MSN before and after
CTAB acidic extraction. The vibration stretchingpdesns.o & 10001150 cm?tandnsic &
1200 cni validatedthe organailica frameworkand thealiphatic alkyl chains o€ TAB could
be observed with thec.y mode aroun@900 cn.
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Before CTAB extraction After CTAB extraction
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Figure 5. FTIR specta before and aftethe acidic extractiorof CTAB from MSN. *CTAB residues
trapped in inaccessible pores.

The postextraction spectrum of the sam@bBowsnearly complete extraction of the
surfactant fromthe poresBiological studiesrevealed no cytotoxicity of such NPs, which
suggests that few remaining CTAB molecules are located within inaccessible pores.

15 MSN applications in theranostic ranomedicine

MSN are particularly attracting as theranostanocarriers. Indeethe MSN platform
allows thecombinationof severaproperties in a single device, such as celluteaging,drug
delivery, photodynamicand photothermatherapes!®® The former three features will be
presented, along with the twahotoractuated MSN in anomedicine.

a) Imaging via MSN

The following scheme is a representation of thain strategies available to obtain
MSN for imaging The first approach ithe inneffunctionalization of the mesoporous silica
with afluorescent label (Schemé\B whereaghe secondnd thirdapproacks involvecore
shell systemsvith fluorescent or magnetic resonance imaging (MRI) adtiPe (Scheme 3B
C). The reason for these three strategies is that is it generally easily feasible (though not
always) to cecondense an labxysilylated dye with a silica precursor to have an external
surface accessible for pesinctionalization, 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 wherthe NPs encapsulation revealed either unsuccessful or insufficient, the
surface functionalization was chosen.
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Scheme3. Representation dhediverse strategiesf MSN suited for intracellularimaging(A-C): the
innerfunctionalization oSN with fluorescent labeal(A), fluorescentNPscore MSN shel(B), ard
fluorescent NPs grafted on the surface of the MGN

The earliest study on MSN as a nanomedical tool for imaging was published by Mou
et al in 2004 inan ar t i c Gadolirumdllli)-lncormorhtediiNanosized Mesoporous
Silica as Potential Magnetic Resonance Imaging Contrast AgEfiteshich corresponds to
Scheme 3B and will be presented hereafter.

Practically, he most straightforward and simple way to muster the ingdgature in
the MSN matrix isbased on theovalentfunctionalizationof fluorescentdyes. Fluorescent
MSN werealso first reported the group Mau 200678 They used the henceforth landmark
of an alkoxysilylatedluorescein cecondened with TEOS during the sebel reactiod®? In
the case of a two photofiuorescence Durand et al. developed twephoton fluorescent
MSN/*? from complex organic molecules designed by and Blanebasteet d.**3
Recently, this feature has become more compliglx multifluorescent MSN undea single
excitation wavelengt/*¥  dual colored MSN with pH activable rhodaminelactam
fluorescencefor the sensing ofthe lysosomal acidity*® and real time monitoring of
intracellular drug deliver{?®

Secondly,various types of NPs could be either encapsulatatirwihe silica, or
coated on itsurface $cheme3B and C respéiwely). Iron oxidenanospheres and nanorods,
as well ashollow manganese oxide nanoparticles were developed as novel T1 magnetic
resonancémaging (MRI) contrast agent within the silica framewtf® Gold nanospheres
and nanorods were used aweswithin MSN shells in order to track the nanoplatform via
dark field microscopy?®*¥ Recently, NaYE nanocrystalsvere also coated with m&sorous
silicafor bimodal imaging and proved to be suitabledelt labeling™® as were nanodiamond
core MSN shells, successfully prepared for bioimaging and drug delefinally, surface
functionalizationcould be performed, for instance \gald nanorods to obtain the tracking of
thenanodevices as well as photothermal propeftfes.
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b) Drug delivery via MSN

Recentstudies on MSN havexploredthree main strategies of encapsulation and
delivery of cargo molecules (Schemp HMerein, wedo not pretend to furnish an exhaustive
overview in this wide and constantly progressing fi¢tdieed, 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 2014nd the topic still flourishes up to this d&y.

o omc sy ()|
% u

NANOCAPS W  INSIDE GRAFTS W\¢ SHELLo

/ l

\

Stimuli-responsive Stimuli-responsive Stimuli-responsive
external system internal system external system
CAPPED MSN l| | UNCAPPED MSN | CO'TV'IE;‘;HELL |

A B C

Scheme4. Versatile strategiesof drug encapsulation in mesoporous silica nanomatercpped
MSN (A), uncapped MSNR), and coreshell MSN

Capped MSN As discussed earlier, historically the first drug delivery strategy
involved finanocapso of CdS nanocrystaf¥s graf
This idea was then utilized with various other nanocaps to encapsulate and deliver cargo
molecules (Scheme 4B). Onech nanocarrieb as ed o n-closdog efmloo oad ocedur
the bistable rotaxanereated by J. F. Stoddaainhd transformed as MShanovalves along
with J. I. Zink Scheme &P°*°? The nanovalve was constituted af stalk of
tetrathiafulvalenel,5-dioxynaphthalene TTTF-DNP), and the mobile partwas a molecular
ring of [cyclobis(paraquap-phenylendf’* (CBPQT") (see Scheme 5A)n this study,the
steps of closing and openimgereinduced by a redox process, which chahthe affinity of
the CBPQT* ring from the TTF to the DNP extremity of the stalk (Scheme 5Besides the
presence of bulky groups at the extignof the stalk, called stoppers, offers a switchable
ability to these mechanized MSN.
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Scheme 5 Concept of theredoxtriggered supramolecular affinities of the rotaxane (A), and
representation of the loadiwdpsing procedure for MSN nanovalvealong with tle redoxactuated
release otargos from the pores (BAdapted from reference 58.

Furthermore, at leastvie different nanocaps could be classified under the following
designation: rotaxané®°"* nanovalve$*®®¥ semirotaxanes or pseuedotaxanes®? NPs
capped MSN!®36? snaptop MSNI®*®" and gatekeepertsee Scheme 6£).%87Y The
cargo release could be either irreversible or reversible, according to the design of the
nanocaps. Surface grafted NPs and doppsystems are both based on the irreversible
cleavage of a bulky object preventing the cargo release, therefore they \atbhrpseude
rotaxane}p 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 switchableetical binding or solubility’® For
instance, polyethyleneiminegatekeepers bonded ©NA were constructed on the MSN
surface to trap cargo molecufés.

Many stimuli have been used like oxidation and/or reduction with rotaxanes, semi
rotaxanes, pseuemtaxanes, nanoparticlkespped MSN!2? Gatekeepers were opened
chemically!’® biochemically’®® electrochemically’? thermally®® and photochemically?
Competitive binding have been equally harnessed in the case ofaaranes, which are
also pHresponsive due to the electrostatic interactions involved in certain types of molecular
rings as crown ethers (Sche6®),!*? or cucurbituril”™ Cyclodextin snaptops were cleaved
via light or enzymestimuli (SchemesD).["™
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Scheme6. Representation of five types of cappd@N for cargo delivery (AE).

Uncapped MSN The simplest &y to encapsulate cargos in M3sl by taking
advantage of selective pecargo interactions, which correlates the solubility of the
transported molecules. In this manner, J. Zink and F. Tamanoi used the hydrophobic
camptothecin anticancer wy loaded inthe MSN pores and transportedwirds cancer
cells!’™ The doxorubicin could also be transported and autonomously reléasthe
lysosome through the electrostatic interactions involved with the silanols, which cease at pH
5.5 with the protoating of the dru§’”? 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 selectivitg dfug release
whichislar a i s o nof ndrdvehicteg

As a result, more robusincapped MSNwere designectontaining internal grafts
which areelaboratedto physically or chemically entrap drugs, as well as to release this
payload ordemand $cheme Y. The first challengeis to design mesostructigenith a
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controlled density of the reactive functioinsidethe pores. Beiet al have demonstrated the
specificfunctionalization of the pores througte passivation of the extern®ISN surface, by
taking advantage of the presence of the temptateinctionalize aminopropyl groupand
then removinghe templaté’®

UNCAPPED MSN @

Bt ate ol ™

) &
Azobenzenes »O ' 3 Pro-Drug
Nanoimpellers £ Of"*u y ¢ %: photolysis
e h'g / : .
. 7 b ‘ enzymatic-catalysis
"f’s tran_s . O redox activation
photoisomerisation

R/ey or Rj ey : Reversible or Irreversible drug @ «i» release

Scheme 7 Representation of the noapped MSNsmart nanovehicles strategieazobenzene
nanoimpellers (A2 andpro-drugMSN (B).!®”

Azobenzene nanoimpellers were incorporated in the silica mesopores in order to
physically entrap camptothecin, and release it through-iighticed photoisomerization in
cancer cell$* The wavelength of irradiation was 413 nm, which is clws¢he isobestic
point at which the azobenzene -tistrans and trant-cis photoisomerizations constantly
occur. Besides, in 2010 Zhai al reported a light actuated pdoug strategy which managed
to protect covalently linked drugs within the MER.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 ragel the rate of the release (Schemelusthe
surface properties of the nanocarriers become those of the mataridde (olecules) which
composethe shell.
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Scheme8. Representation of diverse cesbell nanocarrier strategiesierarchical porosity in MSN
(A) liposome, angholymer coatdd MSN NPs (B and C respectively), NPs ddi@N shell(D).

Owing to correlation of the diffusion rate withe MSN pore diametemultilayer
MSN with hierarchical porositfScheme 8A are both useful to control the releaaad to
deliver different moleculesr biomolecules®® Such structures could be also mechanized on
their surface in order to trigger the delivery.

Moreover, a remarkable stuay liposome fused on MSN nanocarriers (Scheme 8B
had shown their ability to deliver timecontent upon thedestabilization bthe phogholipids
induced by azymes inside the celf! In addition, variougypesof polymercoatings have
been exploredScheme 8C), such as tbeatingwith poly(N-isopropylacrylamidejor pH and
temperatureesponsivéMSN drug delivery®?

Finally, anothe route which leads to a wide panel of materials is to design
mesoporous silica shell on various nanoparticl®shéme 8[p This idea had inspired
versatilemultifunctional materials such as F#@MSN which combines superparamagnetic
properties of F€, NPs with drug delivery of MSN®¥ extensive research on AUEBN,
Ag@MSN, TiO,@MSN, ZrO,@MSN, to name a few. iver NCs were embedded to provides
antimicrobial properties on MSN nanocarriers, as time allowed the releasé @n&gn the

cell culture®®® Theranostic nanosystems have abounded in the literature compiling diagnostic

and therapeutiproperties intracellular NPstracking, magnetic resonance imaging (MRI),
magnetic hyperthermiaplasmonic photothermal therapyrug delivery, photodynamic
therapy, and so on
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¢) Photodynamic therapyvia MSN

A brief history. The first observation of chemical sensitization of tissue via light
stimuli was reported in 1900 by B&®® However, thisvas nothing new since the Egyptians
were already using the slight to treat skin diseases with natural substaying, the idea of
using light to treat cancestarted inl903 when Tappeiner and Jesionek usectsen andhe
sunlight to treat skin cancBP! Besides it was not untithe early eighties that gphaoactive
moiety (or photosensitizer) ofa hematoporphyrin derivative was isolated and partially
identified They wer e | ahbtefringd. dadaykbhotofina haa keen fagproved
by health organizatianin the United States, Canada, Europe, an@ddpr the treatment of
various types of cancef§!

Nowadays photodynamic therapyPDT) has emerged as an important method in
biomedical research and clinical practice in cancerous pathalbgist, it 5 a less invasive
technique due to the possibility to limit the treatment to the irradiated leaving the
surrounding healthy tissues and cells undam&j&d. The most commonly used
photosensitizers are derivatives gdrphyrirs, unfortunatelymany of them are hydrophobic
which limits their potential applications in physiological conditifisMoreover, even with
hydrophilic porphyrins the selectiveaccumulationin cells or tissues is usually too low for
clinical use. Hence, the necessity of aequehte scaffold to overcome such disadvantages and
carry the photosensitizer to thesired location has become a crup@ht

Mechanism Following the absorption of light, the photosensitizeexsitedfrom its
ground singlet state ¢Binto an electronically excitesingld state (3, see $heme9A). At
this point, fluorescence eexcitation generally occurs with a lifetime of 5 to 20 nanoseconds.
However, intersystem crossing into a triplet stat¢,(T,*) can occur, followed by eragion
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 {F state can be followedly two kinds of reaction as shown in the
Jablonski diagram (8heme9B). First, it can participate in an electrtmansfer process with a
biological substrate to form radicals and radical iftype | mechanism)which may also
interact with oxygen to form reactive oxygen species (ROS), such as "Oldr O,.
Alternatively, a type limechanisnresultingin the conversion of stable triplet oxygelD$)
leadsto the shoHived cytotoxic anchighly reactive singlet oxygen@*). In summarysince
the diameter of human cells ranges from 10 to &80 and the diffusion range d0,* is
limited to approximately 45 nm in cellular medid the PDT effect isspatiotemporally
controlledaccording to the irradiatioparameters
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Application with  MSN. The nanomedine strategy thus o@e into play by
incorporatingphotosensitizers imesoporous silica framewako inducein-vitro andin-vivo
PDT?4 The first study on MSN for PDT was published in by Maital in 2009.!°? They
demonstrated the cancer therapy of a porphyrin derivativéedia cells The MSN platform
is indeed most suitable for a PDT mediated treatment via theicibapa transpor specific
photosensitizers, physically or chemically trappedNifs As expected, hte light-actuated
cancer cell killing was determined to based on the generatia reactive cytotoxic ROS
(See scheme 1!

Nuclear

MSN-Photosensitizer
Cytosol membrane

Nanovehicle

Cell
membrane

Lysosome

Schemel0. MSN-PhotosensitizeasPDT agenin-vitro.
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The following study of porphyrifbased nanoparticles for PONRas been reported and
demonstrates the efficienoy theMSN scaffold. Human breast cancer cells were treated with
MSN-Porphyrin functionalized withmannosetargeting moietie on the NPs surfacésee
Figure 6A-B), thensubmitted to irradiatiort 680 nmunder low fluence (6 mvenr) for 40
min, andcaused a complete apoptosis (Figugg.8®

A B c 120
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=]
| 5 40
HO,S * NH-R-SiO} * *ox
0
) MSN (24 h) + s
R=CONH(CH,), Irradiaion -+ -+

Figure 6. A porphyrin derivative (A)grafted onMSN cappedwith a mannose receptor for cancer
treatment (B).Cancer cell survival study with and without NPs and laser (gGht Adapted from
reference 104.

d) Two-photon hanomedicine relevanceria MSN

Two-photon excitation principle. Thetwo-photonabsorptionis a rae phenomenon of
nortlinear optics when one photon plus one photon equals one pHote@nitwocphoton
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 photbod#fers from linear absorption
in that the strength of absorption depends on the square of theintghsity Such a
phenomenon involves twphotonsof comparably lower energy thareeded for one photon
excitation Each photon carries approximately half the energy necessary to excite a
molecule &cheme 1B).®7 The probability of lhe nearsimultaneous absorption of two
photons is extremely lowhe enhancement of the absorptt@m be reached either by means
of high-power continuous wave lasers or skmutse of femtosecond lasétd. To further
increase théwo-photon excitation TPE) probability, the twephoton laser has been combined
with confocal mi croscopy to Aconcentrateo th
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Scheme 11Jablonski diagram afne (A) and twephoton excitatios (B). Fluorescent absorption and
emission transitionbetween thgroundand excited stateseadepicted by vertical arrows.

Furthermore, the reason why tpboton absorption is rare is that most fluorescent
molecules have low maximum twshoton cross sections{™), calculated per chromophore
in Goeppet-Mayer units (GM). Thes, varies according to the wavelength, and basically
corresponds to the probability of a tgboton event. Hence, the mastering of organic
synthesis and photophysics is necessary to design novel and powerpldton sensitive
molecules, either fluorophaser photosensitizefs %

Relevance of twephoton nanomedicine As mentioned earliethemedical application
of nanotechnology in the field of cancer theragguiresboth atimdy and a spaially-
controlled therapeutic effect. The narfillment of these criteria would seriously diminish
the efficacy of the treatmerdnd produceainpredictableand unacceptablgide effectson the
patient. That is whythe use of a twgphoton neainfrared (NIR) irradiationis particularly
relevant in nanomedicine, gle it is a noninvasive three dimensional spatiotemperally
controlled irradiation of the order of one micron. Thus the tumor can be screened by the laser
beam with the precision towardssingle cell. Photographs made from the group of K. D.
Belfield disphy the spacial resolution of twmhoton 2 hn, 760 nm) versus oAghoton (1im,
380 nm) irradiations with 200 femtosecond pulsed laser beams (Figure 7A &Pt B).

On the other handanother key point consdrom the NIR light which minimizes the
scattering and attenuation of the irradiation in the living tissbggire 7C represents the
penetration depth in the human skin of the laser as a function of the wavelength-cliedso
biological window is the wavelength rga that is most appropriated for a safe laser treatment,
the best results being obtained at 740 nm wighcen penetration deptf’® The variation of
the laser penetration iselated to the different refragg indicesand molar extinction
coefficiens of the components present in huméssues(skin layer, blood, water, fat
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tissues}*®” Moreover, the scattering coefficient of human tissue decreases as the wavelength
increases, which further accounts for the interests ofpfeaion NIRactuated nanomeane.
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Figure 7. Onephoton versus twphoton irradiation of fluorescein and fl@oe 3 displaying the 3B
spacial resolution of TPEA 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

peret ration depth threshol d, surgery

and

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

opti
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CHAPTER 2

Nanovalve Controlled Cargo ReleaseActivated
by Plasmonic HeatingA

Photothermal
conversion
Controlled
release
SURFACE PLASMON
RESONANCE INTERNAL HEAT
Abstract

The synthesis and operation of a ligictuatednanovalve that controls the pore
openings of mesoporous silica nanoparticles containing gold nanoparticle cores is described.
The nanoparticles, oaposedof 20 nm gold cores inside 150 nm mesoporous silica spheres,
were synthesized using a unique g 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 thstaikgbinding constant, thereby
unblocking the par 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 experimentehisily
irradiation caused thermal damage to the silica particles, buintemsity illumination caused
a local temperature increase sufficient to operate the valves without damaging the
nanoparticle containers. These ligiimulated, thermally activated, mechanized
nanoparticles represent a new system with potential utility faroommand drug release.

This work was realized during a master 2 internship and the beginning of thianRtdlaboratory of
Pr. Zink.

AJ. Croissant, J. . Zink,J. Am.Chem. So2012 134,7628.
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CHAPTER 2.NANOVALVE -CONTROLLED CARGO REEASEACTIVATED
BY PLASMONIC HEATING

Introduction

Multifunctional drug delivery systems are currently being studied intensively because
of their potential to combine multiple essiah properties in a single nanovehi€ld The
ability to control the location, time, and amount of drug released are important in
nanomedicin&® In the specific case of photothermebntrol of the release, multifunctional
nanoparticles (NPs) combining the photothermal heating of metal particles that have
plasmonic properties with core or shdlPsthat have drugarrying capability as specific
remote triggeredelease have been expi with bare gold NF$® core@shell
Au@liposomé®*® Au@polyelectrolytesnultilayers@ipid,** polymer@Aul*? and silica
nanorattle@resoporou5i|ica@Au[13] None of these sysms are robust nanocarriers that
prevent premature release because of drug leakage through phospholipid membranes, polymer
irregulaities, 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 irradiatiseveras !

Mesoporous silica nanoparticles (MSN) have been shown to béorin***? are
taken up (endocytosed) by céff§!® and are able to transport various drtigé” Many gate
keeping mechanisms have been developed and attached to MSN pore openings to trap the
drug payload?**? As a result, a remarkable variety of mesoporous silica nanocarriers have
been designed with both autonomous activation (pH or redox opening of nanqWafkzés)
and external (light or magnetic field) contfd1?® Note that in most of these @ommand
release systems, precise spatial control cannot be achieved.

In this studywe consideredhe synthesis and successful operation afavalves on
MSN that are remotely cordlied by light by using a phatieermal mechanism involving
plasmonic propertiesf a gold NPs core. During the course of this study we discovered a
facile onepot synthesis ofjold NPsembedded in the mesoporous silica matin@MSN),
through the autoreduction of tetrachloroaurate ions in the presence of
cetyltrimethylammonium bromideC{TAB) that also induces the template directed assembly.
This onepot synthesis is a faster and greener preparation of such nanovehicles than the
multistep methods previously reportéd.Irradiation of the AU@MSN that are mechanized
with nanovalves at walengths 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 timey remai
intact at moderate light intetisis but that some degradation occurs at high intensity.
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Results and dscussion

The nearly monodisperse AU@MSN were obtained through the condensation of
tetraethoxysilane on freshly prepamgold NPs(21+4 nm) in éasic water/ethanol mixtues
displayed by transmission electron microscopy (TEM) imdges 1A-D, and S1AB). The
nanomaterial hda high surface areaf 1014 m2g™ calculated from the nitrogeadsorption
desorption isothermwith the BET theory (FigS2A), with an average of BJH pore diametér
2.4 nm(Fig. S2B),consistent with théow anglesx-ray diffraction XRD) pattern(Fig. S2C).

The formation of thegold NPs was surprising because no additional reducing agent was
provided. The reduction of thgold precursor was sensitively dependent the precise
experimental conditions (basic pH, order of introduction of the reactants, and temperature, see
table ). Interestingly, the injection of sodium hydroxide was foundemécessary to obtain

the gold NPs Previously studies reported the reduction of tetrachloroaurate ions via
quaternary ammonium ions undgirradiation® and the encapsulation gbld NPsvia a

similar autoreduction in the presence of a cigeed tertiary amine polymét

Figure 1. TEM images of gold NPs prepared by the CTAdBnediated autoreduction of
tetrachloroaurate iorn@), and the final Au@MSN from the ofpot synthesig B1.D)

The mechanism of operation of the molecular machine involves temperature
dependenhoncovalent interactions between the stalk and the cucurbit[6]uril ring &Fig
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 hydioph
cucurbit[6]uril core through London forces. The stallg 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 pore2fig
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Figure 2. External heating of a suspensionfaf@MSN@Valveto 60°C causes dissociation of the
cucurbituril caps from the stalks and release of the cargo molecules from thé/joréke release
profile caused by bulk thermal activation of ti@nomachinegB).

The molecular mechanization was performed by condensi{§-Naminohexyl)
aminomethyltriethoxysilane stalks on the porsilisa surface in dried toluene (sselid state
NMR *C and®si Fig. S3).®! Then the rhodamine B cargo wasded by soaking the
CTAB-extractedAu@MSN-threadNPsin a concentrated aqueous solution. Finally the pores
were closed by complexing cucurbit[6]uril on the stall&hemeS1). This step was
performed by adding cucurbgturil (and sodium chloride to increasts 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 load®&d@MSN@Valvenanomachines were placed
in the bottom of a glass cuvette filled with water and heated on-pldtet{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 efttia dy
escaped from the poreghis experiment showed that a temperafré&0°C or higher was
required to induce the release by disrupting the supramolecular tempelegerelant thread

ring interactions (Fig2A-B). At room temperature the release profile exhibits a flat baseline
characteristic of a neleaky carrier, whichvalidates its usefulness as a robust drug delivery
system without premature leakage of the cargo.

Operation of the system by phataluced internal heating was studied in a similar
manner except that no external heating of the solution occurred. FigunduStrates
schematically the surface plasmon effect induced by an apgepaser irradiation on the
Au@MSN@Valve, which produces photothermalconversion of the laser energy. The
mechanism involves the internal temperature increase inside thdeptréitis produced by
the photothermalkffect in order to disrupt the threaithg 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 slaeple was irradiated at 514 nm (100 mW) to
excite the gold cores at their plasmon band maximum at 53@ewaxtinction specum Fig

S1C). The release of cargo molecules was monitored by a probe diode laser (448 nm, 18 mW)
irradiating the upper part dhe cuvette, and a CCD detector to measure the dye fluorescent
emission. The release profile displays the laser triggered instantaneous release of rhodamine B
under irradiatior{Fig. 3B), thus demonstrating the control of a temporal rerpbtatothermal

release of cargo molecules encapsulatelu@MSN nanocarriers.

100
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so ]| on s
.,,-"‘
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Figure 3. Photothermainduced internal heating u@MSN@Valvethrough the surface plasmon

effect (A) of the goll cores releases dye molecules under palependant laser actuatigB). 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 witrelagower.

To verify that thdocal temperature increase in tN€s(rather than an increase of the
temperature of the bulk solvent) is responsible for the cargo release, the solvent temperature
was monitored during the photothernmadiuced release experant. 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 ofettNPs by photothermalconversion of the laser
electromagnetic energy. Local temperatures in the vicinity of the stalk and cap must reach at
least 60 °Cin AuU@MSN. Besides, Rho Boaded MSN@Valvegontrol (no gold core) did

not release their content upomaiiation, thus the nanovah@mplexes weranot photo
sensiivei n t hese conditions (Fig. S4). Note t hat
to the former nanomaterial induced an instantaneous release of the cargo, as expected with the
thread deptonation (pkA 9.5) leading to repulsive negative stalkurbit[6]uril interactions

(see Fig. S4). Such a local tempeature increase should be very useful to apply these
nanomachines for spatially controlled dual therapy: by delivering the cargo tpacelldy

necrosis through hyperthermia. This dual use of plasmonic heating distinguishes this light
sensitive hanomachine from others based on chromophores alone and may be advantageous
for increasing killing efficiency?® 262

An alternative mechanism for releasing the cargo could be thermal damage to the
silica shell itself. The nanocarriers were analyzed after ph@diation and cargo release by
TEM (Fig. 4 A-B). Under the highest irradiation intensity (100 mW), some ofptrticles
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 mWXdrh), and no silicalamage was observed,
confirming that only the gold embeddedPs were lightsensitive (Fig S5. Release
experiments were carried out at lower power (15 mW), with equal irradiation times, and the
release profiles were characterized similarly (Big). Therelease was slower at lower power
as expected. The particles were undamaged 4By 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 powdsnot damage the silica but do cause enough of a
local temperature change to open the valves and release the contents.

15 mW

50 nm

Figure 4. TEM images of Au@MSNrradiatedwith 100 mW (A, and 15 mW (B) forl4 h and bare
MSN as a controlunder 100 mW fofl4 h
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Conclusiors

In summary, we have demonstrated that novel -gol@ mesoporous silica
nanomachines are effective in actuating a thermosensitive hanovalve under exposure to laser
irradiation. The release mechanism was demonstrated to be caused by local internal heat
produced by thephotothermalconversion of the light energy, and not a bulk temperature
increase. A novel onpot synthesis of the AuU@MSN was presented. The mechanized
Au@MSN enabl ed remotely controll ed trigger
Cc 0 mma n dh@obustimatrix 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 envisibaeAu@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*
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APPENDIX: SUPPLEMENTARYINFORMATION

Materials. Cetyltrimethylammonium bromide€CTAB, H5882, 98%+), tetraethytthosilicate
(98%-+), toluene (99.5%+and cucurbit[6]uril hydrat¢CB[6]) were purchased from Sigma
Aldrich. Sodium hydroxide (NaOH, beads) aodncentrated hydrochlariacid (12N) were
purchased from Bher Chemical. N6-aminohexyl)aninomethyltriethoxysilane, 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 AIMSN NPs A mixture composed of water (100L), ethanol (40
mL), andCTAB (0.640 g) was stirred at 70 9@ a three neck 256L round bottom flask.
Then, an aqueous solution of tetrachloroaurate (55 mgnrL)bwas injected and stirred 5
minutes. Finallysodium hydroxide (20QL, 2 M) was injected to produce th#’snucleation
instantaneously. Th&lPs growth was led during 30 minutes under a 6@@n stirring.
Afterwards, tetraethylrthosilicate (100QuL) 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 thegall process was leddr 2 h. The filtrate was
gathered through centrifugation at 78®0n 15 minutes. Each fraction was washwith 40
mL of MeOH and centrifuged 10 minute$yee times. Note that, the order of the reactant
injected was found to be crucial, as depicted by the following table:

CTAB MEDIATED REDUCTION Of KAuCl, IN GOLD NPs
Batch mixture Injected reactants Reduction Size range Temp.

CTAB KAuCl, NaOH X X X ¥ polydisperse RT
CTAB KAuCl, X X X X X X RT to 80°C

X KAuCl, NaOH X X X X X RT to 80°C
CTAB X NaOH X KAuCl, X X X 80°C
CTAB X NaOH X KAucl, X v polydisperse RT
CTAB KAucCl, X X X NaOH v polydisperse 80°C
CTAB X X X 1-KAuCl, | 2-NaOH v 21+ 4 nm 70°C

Table S1. Truthtable of the ongot synthesis procedure.

Acidic extraction of CTAB. The CTAB acidic extraction of the AUu@MSN was performed
according to the method of Lareg al.’™ 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 aRT. Finally, the extracted AU@MSN were washed with ethanol and water two
times each (4L each time).

Stalk mechanization of Au@MSN The reported thermosensitive nanovalve of Thoetas
al. was used on the core@sh&lPs®? A solution of dried toluene anAu@MSN was
prepared (40 mg in 1€nL) and stirred at room temperature under nitrogen. TNe(g-
aminohexyl)ainomethyltriethoxysilane30 pL of stalk, seeSchemeS1 step A was added
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by drop wise consecutive additions. The reaction was led@oh and he solution was
centrifuged during 20 minutes to gather thefuasctionalized Au@MSNStalk. Afterwards,
two aqueous washings (30L) were performed with sonication betwetne centrifugation
separations.

Dye loading of Au@MSNStalk. An aqueous soluticAu@MSN-Stalk (40 mg in 1.5nL of
water) was mixed with the rhodamine B dye (2 mg, 3 mM) and stirred at room temperature
during 2 daysqee Scheme S1 step.B

Pores closing oloaded Au@MSN Stalk. Ultimately, a sonicated aqueous solution (215

of sodium chloride (35 mg, NaCl) ar@B[6] (40 mg wasstirred during 5 hoursand wa
added to the loadedNPs to cap the poreqsee Scheme S1 step).Clrhe resulting
Au@MSN@Valvenanomachinénvolvessupramolecular interactions between the molecular
thread and the cucurbituril rings callgdlve

I
A)THREAD 3
Au@MSN NPs —
— 2 —
- o\ H é>
% 5 TOZSIN AN A AN, $\o
S A4 L N
B) Dye ®
LOADING
Loaded
Au@MSN@Valve ;‘ £
i C) CB[6] CAPPING
. /%; ) CBI6] é
H\ P . Iz
% o ¢, ‘C/(/--.. I-I ,;2
H/‘» ."~|°/‘1_,\?
“\“v\r\f oo™

SchemeS1l Representation of the valve mechanization. First the threads have been reacted on the
silica surface oAU@MSN (A), followed by the dye loading (rhodamine B) (B), antnuhtely CBJ[6]
ringswere complexed with the stalks (C).

45



Extinction (a.u.)
° ° ° b
»_». 2 ©

°
)
X

0.0
400 500 600 700
Wavelength (nm)
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Laser experiment setup The experimental setup for the photothermal triggered release
experiment iglepicted inschemeS2. The particles are placed in one corner of a glass cuvette
and few milliliters of solvent (typically water or nfeinol) 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 reledsgye (Rhodamine B), for detection by the CCD (charge
coupled devicedetector The argon ion laser (515 nni,00 mW or 15 mW) was used to
excited the loadedargeloadedAu@MSN@Valve

Probe laser

’ Excitation laser

1. Glass Cuvette
2. Stir Bar
I %/ 3. Particles

4. Hot Plate

Scheme S2Experimental setup for the phototherAraduced release experiments.
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Figure $4. Control release experiment on MSN@Valve with rhodamine B in water. Laserl(&14,

mW) irradiation alone did not trigger the release, while sodium hydroxide aliquiggered the
release confirming the successful loading and valve functionalization, as well as the necessity to have
a gold core to design a lighensitive nanocarrier.
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Figure Sb. TEM images of MSN irradiated with 200 mW during 14ajch were shownntact as a
control
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CHAPTER 3

Controllable Photodegradation of Mesoporous Silica
Encapsulating GoldCores for Remote Cargo Release
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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, theelength 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 polymeroated nanovehicles.

This work was realized during the beginning of the PhD in the laboratory of Pr. Zink.
J.Croissant, and J. |. ZinkPhotodegradation studies

J.Croissant, T. M. Guardaéalvarez, and J. I. ZinkPolymer design and release experiment.
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CHAPTER 3.CONTROLLABLE PHOTODESRADATION OF MESOPORUS SILICA
ENCAPSULATING GOLD ®RES FOR REMOTE CARG RELEASE

Introduction

Plasmonic nanoparticles (NPs) are being increasingly utilized as photothermal (PT)
transducers for a wide variety of applications in cdibiand surface sciencE3The 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 %¥&stems.
Detailed studies of the PT efficacies of gold NPs revealed theemigigy bledting of NIR
resonant bands for gold shells and rods (relative PT efficacy decreased 2% tikfes),
which was not observed for gold sphefe&old nanospheres atkustransducers that can
produce very high local temperature. In this contexd,Rfi 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 taccumulate them in cancer céffsLiposomes;” poly-
electrolytes® and mesoporous silica shells have been placed on gold NPs to combine the
loading properties of such matrices with those of the metal tblekas also been reported
that a powerful neainfrared femtosecond pulsed irradiation (90 fs pulses at 1 kHz repetition
rate with energy up to 1 mJ/pulse for a total energy8&f [1J), could remove the silica on
silica core (112 nm)/gold shell (18 nm), and disrupt the gold shell at higher power (380 pJ).
These studies demonstrate that PT effects can be used to photeddgeadarious
nanocarriers and enhance their biodegradability, and in addition can be used as a novel release
actuation that may be useful in nanotherapy.

In this studywe report surprisingly powerf PT cracking and destructiaf gold NPs
embeddedwithin mesoporous silica shells (Au@MSNaused 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
calgo loaded Au@MSN NPs, which were functionalized on their porous surface in order to
deliver their payload on demand through PT actudtldn.those studies, a plasmonigall
induced local temperature increase reaching a least 60°C was demonstrated on the Au@MSN
surface by thermallynduced dissociation of a supramolecutamplex that acted as a
nanovdve over the pores. The power of the irradiation was limited in ordervedd a
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 matsixvell asts application for remote
cargo releaseWe 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 umaeous 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 negativeacts on thermgensitive systems where it is
desirable for the nanocarrier to remain intact.
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Results and discussion

The PT efficacyon the photdegradation 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 mesape silica for an overall size of 150 nm (see Figure8)SThe
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.

50 nm

PHOTOTHERMAL CONVERSION 71

100 hm
I

Figure 1. TEM images of Au@MSNbefore 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 microgragefore 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 geprmsed. As a result, such
gualitative 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 insulge tbe 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 esr(see Figures 18, 3A at 530 nmpuggested that
the destruction of the silica was not due to gold particle vibration under irradiation, but rather
to the thermedegradation of the weakest part of the porous framework. In order to take
advantage of the xéernally-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,addd the g
NPs size dependerse
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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 wereteddit 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 esrwere 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
plasmonicallyactuated cargo delivery via Au@MSN nanovalves under an irradiation of 15
mW at 514 nnt3 Besides, between 15 and0LthW, the modulation of the power produced
intermediated types of photodegradation; at 30 mW the silica junatéing was observed
for a given time of 7 hKigure 7F, whereas for higher power of 50 mW the photodegradation
is much more severe for the sactheation (Figire 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 irradfmeately fol4
h at 514 nm under 100 mW (C). Scale bars of 100 m@G)(A

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 iturn 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. F@iexam
the plasmon band maximurh() and molar extinction coefficiene) have been reported to
bel max = 524 nm anck = 7*10" L.mol' Ycml | max = 524 nm andk = 78*10° L.mol' cnd !
and | max = 530 nm ande = 540*10 L.mol' ‘cm ! for 7.5, 16, and 35 nngold NPs
respectively’’ Thus, Au@MSN were irradiated at three different wavelengths (448, 530, and
568 nm) under 20 mW for 30 minutes to study the waveledggendence of the
photodegradationHgure 3A. A clea 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 448m under the same power. Besides, the photodegradation was
obtained after a relatively short time of irradiation (30 minutes), which demonstrates the
efficiency of the procesgreviouslyobserved after 14 h of irradiation at 514 nm (Figure 1C).
Then, he photodegredation for a selection of Au@MSN nanoparticles with three different
gold nanoparticle diameters (Figures S4,5) at five different wavelengths under 2@mw |
irradiation for 30 minutewvas performedSeeFigure 3B-D). The gold nanopatrticles seare
5-10, 1520, and 2835 nm in Figure B, C, and D respectivelyrhe mesoporous silica shells
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werein average oft50 nm. The 5 to 10 nm size range showed a slight dagrada the

silica matrix from 4480 568 nm, with a maximum at 514 nm (FigB). 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, sagufe 3D). Moreover, the snd size range (180 nm,

see kgure 3Q produced the deterioration of the silica in an intermediated window of
wavelength from 514 nm to 568 nm respectively, and the silica matrix wast aitalsy
photodegradated at 568n. Such a behavior is consistemth the plasmonic properties of

gold nanocrystals of different sizek all cases no degradation occurred at the highest
irradiation wavelength (647 nm)

A 448 nm

5-35nm AuNPs |15-20nm AuNPs | 5-10nm AuNPs

[

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 niTEA).
images of three ranges of gold sizes in the mesoporous silica skEllsird (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 NBpresented for each size and wavelength. Scale bar of 504 (A

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 beempwiéhg
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 therrrategradation, see verticalthe TEM images in FigurgB-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 tware gold NP$" *2Besides, the higher half width of

the 5 to 10 nm NPs accounts for their slight excitation up to 56& fiinese 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 |a3®rs these studiesemonstrate the

high dependence of the PT efficiency with gdl®s size, and such a size effect could be
utilized to design remarkably different photodegradation of mesoporous silica shells.

Figure 4. Gold core size discriminatiol
of the PT photodegradation displaye
by a uniqgue TEM image of Au@MS!
after 7 h of iradiation through an argol
ion laser at 514 nm under 30 mW.

Consequently, the discrimination of the gold NPs according to their size via tuning the
wavelength, to control the silica damagithgough a strong PT conversionas envisioned
for wavelengh 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 th&5 nmcore when irradiated at 514 nm. The revesgaation was
found in Figure 3A at 448 nnwhere 5 and 15 nm gold cores where mustered within one
silica shell, and the 448 nm irradiation revealed a slight local degradation ar@uBdth
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.
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Figure 5. Schematic representation of the dye loading and polymer coating of Au@MSNEM).
micrographs before (B) and after polymer coatingD(C Light-triggered cargo release in solution

(514 nm, 30 mW) (E). TEM photodegradation of the-theded Au@MSN@Polymer nanoparticles
after 7 h of release experiment (F).
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The controlled photodegdation feature was then harnessed for remote cargo release.
Au@MSN nanomaterialith 15 nm coresvere loaded with the rhodamine B dye in aqueous
solution, ad then coated with an alkoxysiéyed polycaprolactone polymer of 2000 g.thol
(see Figure S6A) toprevent the dye leakagésee Figure 5A). The alkoxysligted
polycaprolactone was obtained from the coupling of the commercial polycaprolactone diol
with 3-isocyanatopropyltrimethoxysilylane toluene (see ESI)The successful polymer
coating on the NPsvas readily visible by TEM image befor@gigure 5B) and after
functionalization (Figure 5C,D and S7), and confirmed by Fourier transform inf{afeg)
spectroscopy with the@cy vibration modes between 2950 and 2850'cas well as the
carbonylvibration at 1692 crit of the polymer (Figure S6B). A rhodamine B payload of 3
wt% was determined vi@V-visible analysis of the loading supernatant. Then,-idgeled
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 instantanease ofl 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 remarkatoteledphotecracking of
the carriers (see Figures 5F, and S8). Thus, the gold yolk mesoporous silica shell could be
used as i n ademand qurgadelizeoyrvia ghetoacking.

In summary, we reported a surprisingly powerful PT conversion otiramus
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 NPsisizee Au@MSN platform. The
silica shell degradation was controlled through lowering or increasing the laser power, or
tuning the wavelength of the las€urthermore, the release of cargolecule encapsulated in
Au@MSN@Polymer was achieved via the colxa photodegradation of mesoporous silica
shellsthroughthe plasmonic PT effecThe designed photodegradation of the silica shells
should enhance the biodegradability of such nanocarriers, and decrease their excretion time,
thus extending their efficadg the nanomedicine fieldhe 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 8514 nm, and then the 30 nm at 56@). Additionally, novel drugs such as
docetaxel have an enhancement of cytotoxicity under hyperth&rmis. a result, this
particular case illustrates the synergetic potentialities of a regulated PT conversion with
surrounding molecules or materiéds drug delivery

57



REFERENCES

Nougkr whpE

©

10.
11.
12.
13.
14.

15.

16.
17.
18.
19.
20.
21.

P. K. Jain, X. Huang, |. H. Ebayed and M. A. EBayed Acc. Chem. Res2008,41, 15781586.

L. Dykman and N. Khlebtso\xGhem. Soc. Rex2012,41, 22562282.

M. E. Stewart, C. R. Anderton, L. B. Thompson, J. Maria, S. K. Gray, J. A. Rogers éndNBzzo,
Chem. Rey2008,108 494521.

X. Lu, M. Rycenga, S. E. Skrabalak, B. Wiley and Y. Xdanu. Rev. Phys. Chen2009,60, 167-192.
J. Homola, S. S. Yee and G. GauglBgnsors Actuat.-Bhem, 1999,54, 3-15.

G. L. Liu, J. Kim, Y. Lu ad L. P. LeeNature Mater, 2006,5, 27-32.

M. Rycenga, Z. Wang, E. Gordon, C. M. Cobley, A. G. Schwartz, C. S. Lo and YAxgaw. Chem.
Int. Ed, 2009,48, 99249927.

V. Raji, J. Kumar, C. S. Rejiya, M. Vibin, V. N. Shenoi and A. AbrahBrp.Cell Res.2011,317,
20522058.

M. R. Jones, J. E. Millstone, D. A. Giljohann, D. S. Seferos, K. L. Young and C. A. Mirkin,
ChemPhysChe2009,10, 14611465.

N. Zeng and A. B. MurphyNanotechnology2009,20, 375702.

W. Haiss, N. T. K. Thanhl. Aveyard and D. G. Fernignal. Chem.2007,79, 42154221.

P. K. Jain, K. S. Lee, I. H. Bayed and M. A. EBayed . Phys. Chem. 006,110, 72387248.

E. Y. Hleb and D. O. Lapotk&yanotechnology2008,19, 355702.

G. Zhang, Z. YangW. Lu, R. Zhang, Q. Huang, M. Tian, L. Li, D. Liang and C.Ripmaterials
2009,30, 19281936.

L. Paasonen, T. Laaksonen, C. Johans, M. Yliperttula, K. S. Kontturi and A.JJU@ontrol. Release
2007,122, 86-93.

A. S. Angelatos, B. Radind F. Caruso]. Phys. Chem.,R005,109 30713076.

S. Liu and M. Y. HanChem. Asian J2010,5, 36-45.

V. Prasad, A. Mikhailovsky and J. A. Zasadzinglingmuir, 2005,21, 75287532.

J. Croissant and J. |. Zin, Am. Chem. Sq2012,134, 76287631.

N. R. Jana, L. Gearheart and C. J. Murgtangmuir, 2001,17, 67826786.

F. Mohamed, P. Marchettini, O. A. Stuart, M. Urano and P. Sugarb&kerSurg. Oncol.2003,10,
463-468.

58



APPENDIX: SUPPLEMENTARY INFORMATION

|- EXPERIMENTAL SECTION

Laser irradiation. A COHERENT CUBE44540C diode laser was used to irradiate the
Au@MSN NPs at 448 nm. A COHERENT Argon Innova 99Gon laser was used to
irradiate the Au@MSN NPs at 514 nm. A COHERENT Af/Kaser 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 pat the laser beam. Thader spot was half of a centimeter in diameter,
thus the Au@MSN were submitted to 0.08,08, 0.12, 0.2, and 0.4 W/cm? for the
aforementioned laser powers.

Materials and methods Potassium tetrachloroaurate (99%+) was purchased from Alfa
Aesar. Sodium citite tribasic dihydrate (99%-+), cetyltrimethylammonium bromide (CTAB,
99%+), tetraethylorthosilicate (TEOS), ammonium nitrate fN®), rhodamine B,
polycaprolactone diol, (Mr2000 g.mof), 3-(trimethoxysilyl)propylisocyanateand 3
aminopropytrimethoxyslane (APTMS) were purchased from Sigiklrich, 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 potassiumatdtloroaurate 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 minuté8 The resulting solutiod was utilized without further
preparation.

Au@MSN with 15 nmcores An aqueous solution (90 mL) of sodium hydroxide (875 pL, 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 pL) was added
by consecutive dropwisadditions. The seyel 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
extracte twice with an alcoholic solution of NINOs (6 g.L'%), and washethree timeswith

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 isathe manner.

The asprepared 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 ongot process of AU@MSN NP3 A mixture of water (100 m), ethanol (40 mL),

and CTAB(640mg), and potassium tetrachloroaurate (55 mg) was stirred at 70 °C in a three
neck 250 mL round bottom flask. Secondly, sodium hydroxide (200 M), ®as injected to
produce the nucleation of the NPs nucleation instantaneously. The NPs growth wadetbnd
during 30 minutes under 600 rpm. Afterwards, TEOS (1000 pyL) was added by dropwise
additions to the stirred aforementioned solution. Then, the condensation process was triggered

59



by a second addition of sodium hydroxide (400 uUM® After 1 minute 30seconds, the
typical purple color of thin coated AU@MSN particles was observed, and tigelgmocess

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 cegéafl O minutesthree
timess. Extraction and the following steps were identical as those described for AuU@MSN
with monodisperse cores.

Polymer alkoxysilylation. A mixture of toluene (40 mL), polycaprolactone diol (65 mg,
3.24.10° mole, Mn = 2000 g.md) and 3(trimethoxysilylpropylisocyanatel pL, 6.48.10°
mole) was stirred &0°Cduring 36 h under nitrogen flawhe solution B) was used without
further purification.

Loading and polymer coating of Au@MSN Au@MSN paticles (40 mg) were soaked in
water (5 mL) with rhodamine B (56 mM) fame dayat room temperaturd he solution was
then centrifuged at 7000 rpm for 8 minutes, the supernatant was removed, and the material
was dried through air flow. Dried rhodaminddaded A@MSN nanoparticles wereushed
and dissolved in dried toluene (10 mEjndly, this solution was quickly poured out in a
stirring solutionB (10 mL) of alkoxysililated polymewunder nitrogen flowThe coating was
led during 36 h, and the nanoparticles were centrifuged at 7000fap 8 minutes. The
supernatant was removed and the material was washed with thuagertimes, each step
being followed by centrifugation. The dyeaded Au@MSN@Polymer nanoparticles were
dried under air flow for 1 h. The 4wepared nanocarriers weresed for the release
experiment.

I -NANOMATERIALS CHARACTERIZATIONS

Au@MSN with 15 nm cores
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Figure S1 TEM images of golditrate NPs (A) and Au@MSN (B).
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Figure S2 Extinction of gold nanospheres (A) and AUu@MSN (B).
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Figure S3 N,-adsorptiordesorption of Au@MSN NPs containing 15 nm gold cores.
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Figure S4 TEM images of Au@MSN (M), and the corresponding DLS size distribution (C).
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Figure S5 N,-adsorptiordesorption of Au@MSNontainingthe three gold core diameters
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Figure S6 Representation of the alkoxysililated polycaprolactone polymer coated (A). FTIR spectra

of Au@MSN and Au@MSN@Polymer NPs, confirming the successful coating.
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Figure S7. TEM micrograph oAu@MSN@Polymer.

Figure S8 TEM micrographs of Au@MSN@Polymer before (A) and after 7 h of photodegradation
(B).
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