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Abstract

One of the modgntriguing fields of research in this century is the developmemwbaotrollable

and effective drug delivery systsrior targeted cancer theraphhis goal is closely connected

to the development of suitabbnd innovativenananaterials. In addition to the design of
completely new nanoparticles the properties of already existing materiakuch as
mesoporous silica nanoparticlean be improved and modified bwestigating new stimui
responsive release mechanssrand different cancer cell targeting strategi€arcer
nanotherapeutics is a rapidly progressing and growing researchwiificconventional drug
delivery systems already bypassing limitatiofslassi@al chemotherapyguch as nonspecific
biodistribution and targeting, lack of water solubility anepboavailability. The design of
tailor-made nanoparticles of differing sizes and surface characteristics offers the ability to
increase their circulation time in the bloodstream. Additionally, they are able to carry their
loaded activecargo selectivelyo cancer cellsand release the drugs after applying specific
internal or external stimuli. B using the unique pathophysiology of tumors, such as their
enhanced permeability and retenti(l@PR) effect and thedifference in vascularity of the
tumor microenvirament compared to healthy tissue, passive tumor targeting can be
exploited In addition to this passive targeting mechanism, active targeting strategies using
ligands or antibodiesn the external surface of nanocarriers can lead to enhanced specific
receppor-mediated cancer cell uptakélence, emerging multifunctional nanoscale drug
delivery systems can improve current cancer treatment strategisse the gap to specific

and personalized chemotherapy.

This thesis is focused on the synthemml modifcation of nanomaterials fotargeted drug
delivery applications. Effective tailoring of mesoporous silica nanopati®SN) is

described to further develop their great potential as multifunctional drug delivery
VI
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nanocarriers. The requirements for efficient stimuliresponsive and thus controllable
release of cargo molecules into cancer cells and the design principles for smart and
autonomous nanocarrgegre discussed.he possibility to spatially and temgadiy control the
release of cargo molecyleis shown. Different innovative stimutresponsive release
mechanisrawere investigated andemonstrateth several in vitro and in vivenvironments

The coating of the nanoparticles with different organic moieties on the external particle
surface improes their biocompatibility, it can be utilized for the effective encapsulation of
cancer therapeutics, and it facilitates attachment of targeting ligands for specific cellular
recognition. The use of specific ligands for active cancer cell targeting issdest in detail.

The biocompatibility and toxicity of functionalized nanoparticles was tested in vitro and in
vivo. Additionally, new silica-reducedand nonsilica based nanomaterials for biomedical

applications were synthesized and used for cellularegli@pproaches.

The firstpart of this thesis describes an enzymgponsive release system on MSNs. These
nanoparticles allow for controlled and targeted drug delivery to diseased tissues and therefore
bypass systemic side effects. Spatimporal contrbof drug release can be achieved by these
nanocarriers that respond to elevated levels of disgasgfic enzymes. For example, matrix
metalloproteinase 9 (MMP®nzymesare overexpressed in tumors, are known to enhance the
metastatic potency of malignacells, and have been associated with poor prognosis of lung
cancer.Here, he used MSNs are tightly capped by avidin molecules via MMP9 seguence
specific linkers to allow for siteelective drug delivery in higMMP9-expressing tumor
areas. We provide pof-of-concept evidence for successful MMP®@gered drug release

from MSNs in human tumor cells and in mouse and human lung tumors using the novel
technology of ex vivo 3D lung tissue cultures. This technique allows for translational testing
of drug delvery strategies in diseased mouse and human tissue. Using this method we show

MMP9-mediated release of cisplatin, which induced apoptotic cell death only in lung tumor
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regions of Kras mutant mice, without causing toxicity in twinee areas or in healthyice.

The MMP9 responsive nanopatrticles also allowed for effective combinatorial drug delivery of
cisplatin andthe proteasome inhibitor bortezomib, which had a synergistic effect on the
toxicity. Importantly, we demonstrate the feasibility of N controled drug release in

human lung tumoréChapter3).

Another stimuliresponsive capping system is described in Chaptewhere a novel
thermoresponsive snaptop for stimulated cargo release from superparamagnetic iron oxide
corei mesoporous silica shell naparticles based on a [2+4] cycloreversion reaction @etro
Diels Alder reaction) is presented. The riomasive external actuation through alternating
magnetic fields makes this material a promising candidate for future applications in externally

triggereddrug delivery.

In a joint project with Prof. Brauchle, Prof. Carelhd ceworkers, a third stimulresponsive
release mechanism on MSNs is presented (Chaptétese, we describe a novel enzyme
based cap system for mesoporous silica nanoparticles (MBa&ss directly combined with a
targeting ligand via bi@rthogonal click chemistry. The capping system is based on the pH
responsive binding of an argllfonamidefunctionalized MSN and the enzyme carbonic
anhydrase (CA). An unnatural amino acid (UAA&Jdntaining a norbornene moiety was
genetically incorporated into CA. This UAA allowed for the specific bicorthogonal
attachment of even very sensitive targeting ligands such as folic acid and anandamide. This
leads to specific receptonediated celand stem cell uptake. We demonstrate the successful
delivery and release of the chemotherapeutic agent Actinomycin D to KB cells. This novel
nanocarrier concept provides a promising platform for the development of precisely

controllable and highly moduldineranostic systems.
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In order to show the biocompatibility and explore the toxicity of functionalized MSNs in the
lung, we investigated the bioresponse of avithated MSNs (MSMAVI), as well as
aminated (uncoated) MSNs, after direct application intoliuhgs of mice(Chapter 6) We
guantified MSN distribution, clearance rate, «glecific uptake, and inflammatory responses
to MSNs within one week after instillation. We show that anfimetionalized (MSNNH2)
particles are not taken up by lung epithklcells, but induced a prolonged inflammatory
response in the lung and macrophage cell death. In contrast;AWEMNo-localized with
alveolar epithelial type 1 and type 2 cells in the lung in the absence of sustained inflammatory
responses or cell deattind showed preferential epithelial cell uptake in in vitrecelures.
Further, MSNAVI particles demonstrated uniform particle distribution in mouse lungs and
slow clearance rates. Thus, we provide evidence that avidin functionalized (MSN-AVI)

have the potential to serve as versatile biocompatible drug carriers forspefic drug
delivery. These MSNswvere subsequently used for active targeting studies in the upcoming

section.

Specific receptemediated cancer cell targeting with functionalizedN\dSvas evaluated in
Chapter 7. Targeting of tumor cells typically involves functionalization of nanoparticles with
ligands for receptors that are specific for or overexpressed in cancer cells. Combination
therapy with distinctly functionalized nanocarriean be employed to target sevetahcer

cell types Here, we investigated the targeting efficiencies of EGBR CCR2targeted
mesoporous silica nanoparticles (MSNSs) in vitro and in vivo for lung cancer therapy with
cellular resolution. Nanoparticles functionalized with the artificial peptides G&1ECLLI-

for EGFR or CCR2targeting, respectively, were specifically taken up by receptor
overexpressing cell lines of the lung in vitro. In contrast, systemically applied -GE11
functionalized nanoparticles failed to accumulate in E@WBexpressing flank oruhg

tumors of mice, but accumulated in the liver or tissesdent macrophages regardless of
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their functionalization and the flank tumor type. Moreover, both EGBRd CCR2
functionalized MSNs did not target lung tumor tissue but were efficiently takey tgsident
alveolar macrophages in tumorous but also tufre® regions of the lungs upon local
intratracheal administration to Kragutant transgenic mice. In conclusion, in vitro validated
nanoparticlemediated targeting of receptors on tumor and imencellscanfail in vivo in

two distinct biological environments, i.e. the blood and the lung lining fluid. Thede@gs
suggest that nanopartiebmund targeting ligands can be effectively shielded by the distinct
biological environment in the serum atide lining fluid of the lung and redirected to
phagocytosing mononuclear cells. Novel strategies that overcome this natural defense
mechanism of the organism to foreign materials are thus required to establish efficient cell

specific nanoparticlkenediateddelivery of drugs for tumor therapy.

The final parts of this thesis mainly focus on the developmemtewof nanomaterials for
cellular delivery applicationsin Chapter 8we describe a novel inorganicganic hybrid
material with a strikingly high organicontent of almost 5@t%. The colloidal periodic
mesoporous organosilica (PMO) nanopatrticles synthesized isdbignconsist entirely of
curcumin and ethane derivatives serving as constituents that are crosslinked by siloxane
bridges, without any addesilica. These mesoporous curcumin nanoparticles (MCNs) exhibit
very high surface areas (over 10@8/g), narrow particle size distribution (around 208)

and a strikingly high stability in simulated biological media. Additionally, the MCNs sHow

high autofluorescence and were used as a cargo delivery system-irelivexperiments. A
supported lipid bilayer (SLB) efficiently seals the pores and releases Rhodamin B as model

cargo in HelLa cells.

Another innovative multifunctional namoaterial that is ggied in controlled drug delivery

comprisescyclodextrinrbasednanoparticlesin Chapter 9 we report on the synthesis of a
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novelbiocompatiblematerial entirely consisting of covalently crosslinked organic molecules.
T h ecydodextrin structures were aginked with a rigid organic linker molecule to obtain
small (~150nm) and highly watedispersable nanoparticles. The nanoparticles can be
covalently labeled with dye molecules to effectively track thenm ivitro cell experiments.
Very fast celuptakekinetics were observed on Hela cells revealing particle uptake within
less than an howtue to sugareceptor mediated endocytasfdditionally, theparticlescan

be loaded with different cargo molecules showingrpbponsive release behavior. Successful
nuclei staining withHoechst33342 and effective cell killing with doxorubicin as cargo

molecules were showin live-cell experimentsrespectively

In summary different novel stimuli-responsive releasemechanisms(enzymeresponsive,
temperaturgesponsive, pHesponsivewere investigated for MSNs and proveniinvitro,
ex vivoandin vivo experiments. Additional toxicity studies and targetapproacheseveal
the great potential as well @®ssiblepitfalls of this family of nanomateria in future drug
delivery applications. Walsoestablished twmew nanoparticle systesnwith reduced silica
content or completely silicikee chemistry to expand the repertoire of powerful

multifunctionalnanocarriesystems
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1 Introduction

1.1 Introduction to nanotechnology

In December 1959 Richard Feynman, an American theoretical physicist, gave a lecture in
front of an audience at the California Institute of Technology in Pasadena which is now

considered to be the founder s charta of mo d

ABut I am not afraid to c o-indghe dreatfutiredwe cahi n a l
arrange the atombe way we want; the very atoms, all the way down! What would happen if

we could arrange the atoms one by one the w
behave like nothing on a large scale, for they satisfy the laws of quantum mechanics. So, as

we go @wn and fiddle around with the atoms down there, we are working with different

| aws, and we can expect to do different thin

His ideas of denser computer circuitry, better electron microscopes and adapting concepts of
small, but complex, biolog& systems later led to the invention of groundbreaking
microscopy techniques, e.g. scanning tumgelmicroscopy (STM) and atomic force
microscopy (AFM), and higiperformance storage systems lilkdillipede which were
invented by IBM researchefs’ In a general definition, nanomaterials are objects with at least
one dimension being smaller than 106, leading to drastically different properties compared
to bulk materials. The change in opticakattical or magnetic properties partially due to

the drasticincrease in surface atoms with decreasing s@apared to the total number of
atoms in amaterial’ As oneof the first researchers recognizing the huge scientific and
application potential of nanotechnolggy 1974 Norio Taniguchi characterized it as the
separation, deformation or formation of materials formed from few atoms or mol2diiles.

field of nanoscience experienced another big push in the late eighties and early nineties with
1




1.1 Introduction to nanotechnology

the discovery of carbehased nammaterial$:® The groundbreaking work of Harry Kroto and
Sumio lijima on fulerenes and singlend multiwalled carbon nanotubes provided materials
with possible applications in power engineering, semiconductor industry and fmsage
biological and medicapurposes With the continuous improvement of characterization and
imaging techniqued is possible to develop and charactenmmomaterialsn less and less
time and with greatly increasing information contemtg, high-resolution transmission
electron microsapy allows for the direct imaging of the atomic structure of a mat:fai-

field optical nanoscopy methods, such as stimulated emission depletion (STED) or
photoactivated localization microscopy (PALM), provides lateral resolution in the nanometer
range even for fluorophotiebeled living cells® ** This toolbox of Nobel prizé awarded
characterization techniques in combination with proper preparation approathes

nanotechnology one of the most dynamic growing fiegldstientific and industrialesearch

In general, two prepation approaches can be used to synthesize nanomaterials and fabricate
nanostructures, namely tapwn or bottorrup? The bottoraup approach includes treelf
assemblyof components at the atomic level (atoms, molecules, ciistercomplex and
stable nanostructures. Typlcexamples are the formation of nanoparticles from colloidal
dispersionsor quantum dot formation during epitaxial growth. In contrast, thedtopn
approach starts with larger initial structutkatare then reduced to nanoscale with externally
controlled processes. Photolithography, electbeam lithography, etching or ball milling are
just a few examples for tegiown approachethat are usetb achieve thesynthesis of stable
nanostructureswith great structural control in the case of lithography comparisonto
bottomup synthesis of nanoparticlesop-down milling processsoften leadto nanomaterials
with moreinhomogenousnorphologes and broader particle size distributiomghereas more

homogenous nanoobjeatan besynthesized following thbottomup approach.




1. Introduction

One of the most demanding and most promising diglchanotechnology in the next century

will be the development of effective and controllable nanosystems for targeted cancer therapy.
Since cancer is a widespread disease with almdahaillion new cases in Germarmper

year alone and a high general mortality rathe demand for innovative therapies is
enormous® The following introduction guides the reader through differpreparation
methods forsilica- and nonsilicabased mesoporous nanopagschnd describeslifferent
applicatiors of these materials in conventional drug delivery, imaging, sensintpagédneral

biomedical purposes.

1.2 Introduction to porous nanomaterials and their biomedical
application
According to the International Union of Applied Chemistry (IUPAC) notation, porous
materials are classified into three general categories depending on their pore size.
Microporous materials exhibit pore sizes less thamm2in diameter and macromus
materials have pore sizes bigger thamB(Q) whereas mesoporous materials lie in between
(from 2 to 50nm)** Due to their corresponding difference in optical, electriaeorption
and physiological properties porous nanomaterials have an emergiety W@ possible
applications in energy conversion and storage, biomedicine and microelectronics, just to name
a few™ Prominent representatives in the class of porous materials are zeolitespnyeit
frameworks (MOFs)covalent organic frameworks (COFshesoporous silica nanoparticles

(MSNSs) and supramolecular nanoparticles (SNPs)

In general, zeolites are crystalliperousaluminosilicate materialsonsisting of cornesharing
MOa tetrahedra (M = Si, Al, P, et¢.Wwhich are beingused at large industrial scale for
separation, ion exchangmd catalysis applicatiori8*® These microporous crystals recently

reached the nanoscahath colloidal stability and particle sizes under 208, which brings

3



1.2 Introduction to porous nanomaterials and their biomedical application

along unique properties and expatitge area of zeolite applications towards optoelectrpnics
chemical sensing, and medicifleThe sizecontrolled synthesis of nanozeolitesn be
achieved via controlled hydrothermal conditions in a water/surfactant/organic solvemtemixt
(emulsion method’ The hydrophilic/lhydrophobic properties of these nanomaterials can be
finely tuned by changing th&amework composition or adjusting the applied synthesis
conditions. A recent exampfer nanozeolites used in biomedical applications was shown by
the group ofde Colawhere PEGylated and antibodynodified L-Zeolite nanocrystals
exhibited fast and targed cancer cell uptake.However, some limitationof zeolite
materialssuch asthe sensitivity to deactivation by irreversible adsorptias well as their
limited pore size and structural rigidignd limited tunability, encouraged scientists tocus

on the investigation of ber porous materials for biomedical applicatiéhs.

MOFs are another prominent representative of microporous matewdlsh attract
increasing scientific interest ovre past decad®OFs areframeworkstructures consisting

of inorganic metal iosand organic linker molecweThis newclass of crystalline materials
with exceptiondly high surface areas and high thermal stability was first introduced by Omar
M. Yaghiin 1995% Another great adv#age of MOFs is the finely tunable compositamd
structuredue to their versatile coordination chemistiyhich makes themattractive for

different applications such as gas storage, catalysis and sepgfation

The chemical tailorability and the structural diversity of M@Fsbased on the nearly infinite
number of combination possibilities for metal ions with specific functionalized organic
moleculeghatare connected vimolecular linkers usingoordnative bonds. This leads to the
creation of a welbrdered crystallindrameworkand provides the possibility to adjust pore
sizes and structures, to design the shape of the material and to implement different

functionalities within the materigFigurel-1).

4




1. Introduction

*Q

Organic ‘link’  Metal oxide

Extended MOF structure

Figure 1-1. Schematic illustration of a MOF synthesis strategy®

In recent years different grouggve focusedn scaling down the bulk matesaio the

nanometer length scalevhich offers new application fields for MOFs with the obvious

advantages of nanomaterials fiornedical purpose®.?®

Template synthesis

Controlled precipitation

Amorphous
structures

Crystalline
structures

Emulsion

Metalion
emuision

Figure 1-2: Schematic illustration of different synthesis strategies to achive MOF nanostructures?’




1.2 Introduction to poras nanomaterials and their biomedical application

The different bottorup approaches used for the synthesis of MOF nanoparticles are shown in
Figure 1-2 including templateassisted synthesis, controlled solvothermal precipitation and

microemulsion techniques.

Much effort was then put in the functionalizatiohthe outer surfacandthe enhancement of
the specificdrug loading capacity of the synthesized MOF nanopatrtildading to uptake in
cancer cells and controlled drug release beh&VidrThe bridge to achieve mesoporosity
with large pore sizes of up to B@n in the formdy microporous MOFs was closedringthe
last few yearsThis makes these materials even more promisargthe delivery d larger

therapeutic agent$°

Mesoporous silicdhased materialare another important classf porous nanoparticlefor
biomedical applications and basic scientific investigatioiise whole research area of
synthesizing mesoporous silica systems started back in 1991, when scientists from the
American Mobil Oil Company suessfully investigated the M41S systeth§hese were the

first structured mesoporous silica systems synthesized basiacatalyzed sebel process.

Three different mesoporous representatives were synthesized througfassesibled liquid
crystal templating mechanism: the metidied hexagonal MCM4(Figure 1-3 a), the cubic

MCM48 (b), and the lamellar MCM5(x).




1. Introduction

Figure 1-3: Structures of mesoporous silica systems: MCM41 (a), MCM48 (b), MCM50 (¢¥.

The downsizing of these materials to the nanoscale led to the synthesis of mesoparaus sil
nanoparticles (MSNs) with high colloidal stabilityhich quickly attracted growing attention

as drug delivery systems for targeted carberapyand as bioimaging devicé$* MSNs

can feature avell-defined and tunable porositjynable pore sizes and pore shapgegh
loading capacitygood control over synthesis and introduction of egrell functionalization,

and the possibility to attach different functionalizations for targeting and regtdifferent

types of cell$? Generally, the synthesis 8SNs used in this work followa basecatalyzed
hydrolysis and condensation of the silica sourcth@presence of an organic templaide
organic template forms micelles in the aqueous reaction medium and strongly influences the
resulting pore diameter and shdp@®epending omeaction parameters such tasnperature,

pH value and surfactant to solution ratio the micelles form lamellar (g = 1), spherical (g = 1/3)
or cylindrical (g = 1/2) structure&or this purpse the characteristic parameter g is defined
as the surfactant packing paraméfer.

)

o

Equation 1-1.| = surfactant packing parameter,1r= Volume of the micelles of the organic template#:

surface interface of micelles®= micelle diameter.




1.2 Introduction to porous nanomaterials and their biomedical application

Figure1-4 shows schematically threelfassembly of ionic surfactasandamphiphilic block
copolymer moleculesnto micelles acting as structure directing agents (SDAQr the
synthesis of ordered pars nanostructures.dély centered cubic (bcc) packed spheres (BCC),
hexagonally ordered cylinders (HEX), gyrsifla3d), hexagonally perforated layers (HPL),
modulated lamellae (MLAM), lamellae (LAM), cylindrical micelles (CYL), and spherical

micelles (MIC)are common structures that can be formed by organic template malecules

LAM

MLAM

Figure 1-4: Schematic illustration of different template shapes ofonic surfactants andamphiphilic block-

copolymers®

In case of a common MSN synthesis, the positively charged headgroups of the surfactant
molecules are attrged to the anionic groups of theydrolyzedsilica precursor (usually
tetraethyl ortho silicate, TEOS) by Coulomb forces. Subsequently, the silica source condenses

and forns Si-O-Si bridges around the micellar templateln a subsequent step the
8




1. Introduction

condensatio proceeds and the silica framework is built around the surfactant mit%lles.

slow down the reaction rate of the condensation process, and therefore controlling the particle
size, the complexing agent triethanolamine (TEAQ beadded to the reaction mixtutéln
cooperation with a small amount of ammonium fluoride this leagsmtticlesthat arewell-

defined and controlled in size and shape. The mesoporous systgenesally made
accessibleupon template extiction in boiling organic solvents or calcination at high

temperaturegFigure1-5).

Micelle A @ @‘

Formation y Alignment Arrangement
T @Y M Q@G T
Surfactant / o’
@@ 1
- ~0<5i-O0~

1
O
Silica Source

Figure 1-5. lllustration of a template-assisted MCM41 synthesis procedur&

Because of their favourable particle size, the exceptional pore parameters and the possibility
to specifically functionalize the inner and outersurface, these MSNs are prominent
representative for nanoparticles in biomedical applications. Ine tfollowing chaptes;
different materiad classes such as MSNSs, periodic mesoporous organosilica nanoparticles
(PMOs) superparamagnetic hybrid nanoparticksd supramolecular structuref®r high-
performancemultifunctional drug delivery and biomedigataging and sensing are presented

in detail.

1.3 Multifunctional drug delivery systems

1.3.1. Mesoporous silica nanoparticles

Mesoporous silica nanoparticld®MSNs) are widely studied for possible applications in

targeted drug delivery because of their exceptionaenads properties such as porosity,

9



1.3 Multifunctional drug delivery systems

biocompatibility andfavorableparticle size$**° However, the possibility to sitspecifically
functionalize MSNs makes them even more attractive for further tigasns and
applications in biomedicine and hagiest chemistry. Especially the delayed co
condensation approaateveloped in our groufeads to controlled andspatially segmented
distribution of different functionalization of the pores and the extesnd#ace of MSNs
(Figure1-6).>* In a first step of the synthesis procedaeprganosilane precursor (green) and
tetraethyl orthosilicate (TEOS) are mixed in an aqueous template solution containing the basic
catalyst. This leads to the formatiof a functionalized nanoparticle corEhe nanoparticle
growth iscontinuedn a second step by the addition of a specific amount of pure TEOS (blue)
resulting in an unfunctionalized silica shell around the functionalized éite.the addition

of a secad organotriethoxysilane (RTES, R represents an organic moiety, red) and TEOS the

external surface with a different functionality is formed.

Figure 1-6: Delayed cecondensation approach for the synthesis afore-shell functionalized MSNs.

The introduced functionalization can be used for various applications. The functionalization
of the internal pore structure can lead to controlled anddedihed interactions between the
pore walls and the correspondiegrgo molecules, e.g. to trigger the release only at the
desired spot. The functionalization of the external surface can increase colloidal staility

with varying the surface charge the interaction with living cells and other biological substrates

10
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can be influenced.Different stimuli-responsive capping systenean be attached on the
external particle surface by introducing specific organic moietigs. capping systemsan
open and close the pore systemthe nanoparticles by usingell-definedand cmtrolled
trigger mechanismsAdditionally, the external surface can be modified with specific targeting
ligandsthatare able to recognize overexpressed receptors at cancer cell surfaces tohelease
cargo efficiently ando discriminate between healtlaynd cancerous celigith more efficient
uptake kinetic§? With the great advantages of all the aforenmed functionalizatiomnd

the additional high storage capaciySNs can be developed as secific vehicles with the
possibility to adjust properties to requirementagure 1-7 shows schematically the
illustration of MSNscontaining the necessary features for a stiradponsive controlled

release of the loaded cargo into the cytosol of a targeted cell.

11
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Bl inner pore functionalization Q stimuli-responsive gatekeeper

. targeting ligand )  drug molecule

Z} fluorescent dye ‘ silica

Figure 1-7: MSNs as highly functionalized drug delivery vehicles.

Thestimuli-responsiveyatescan be specifically cleaved ®therexternal (lighttemperature,
magnetic, ultrasound) or internsiimuli (pH, redox, enzymefo releasehe cargofrom the
particlesat the desired siteThe fluorescent dye attached to the outer surface of the particle
allows for monitoring the cellular uptake by using different fluorescence microscopy
methods. The advantages of such a complex drug delsyestem compared to common
chemotherapeutic approachesludecontrollable release of the cargod potentiateduction

of sideeffects by specific attack of cancer tissue. Therefare,principle thedamage of

healthy tissue by highly toxic chemotheeajics can be avoided.

In the last decade, various studies were published using different capping and trigger
strategies to achieve controlled drug delivery with MSNs, which are schematically shown in

Figurel-8. A few selected examples are described in the following.
12
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O e N

/\ Loading/
l —— Capping
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External
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3 Gatekeepers e Drug molecule

Type I Type Il Type 111 Type IV
Nanoparticles Liner molecules Macrocyclic compounds  Multilayers
(NPs)

e A IO &

Figure 1-8: Different gatekeeper strategies on the pore outlets of MSNs for controllattug delivery.>?

Different nanoparticles, such as3;Bg, Au, CdS or ZnO, can be covalently bound to the
external particle surface and can be used to block the pore entrances of MSNs before being
removed by applying seific external or internal triggePs>> An early example was shown

by Lin et al. where iron oxide nanoparticles, covalently bound to the surface via-redox
responsive cleavable disulfide linkers, could be removed from the pore entrances by applying
external magnetic fields in combination with the -@eternal reductive milieu to achiev
controlled cargo releas@lIn a similar redoxresponsive mechanism CdS nanoparticles where

used to release neurotransmitters ang anolecules’

In a second type of gatekeepers, linear molecules like polymers are often used to achieve
efficient and controllable pore closure. A pekponsive and reversible capping system was
introduced by covalently attaicty poly(2-vinylpyridine) (PVP) which uses the change in
hydrophobicity upon protonation in the endosomal cell compartments to opepotn

systent® Moreover, high colloidal stability was achieved due to an additionally coupled PEG
13




1.3 Multifunctional drug delivery systems

shell which offers the ability to covalently attach a wide variety of dyes, targeting ligands and
other functionalities at the outer periphery. Other polyrikespoly(N-isopropylacrylamide)
(PNIPAM) were used as a temperatsensitive capping system oRISNs>® These
nanoparticlepolymer composites show temperatdependent uptake and release of different
cargos. The response is correlated to the lower critical solution teomeetBCST) of the
polymer and its corresponding phase transition from a random coil to a globular structure at
reduced temperatures. Ultrasound can also be used as an externafdriggédymergrafted

MSNs, exploiting the change in hydrophobicity of the corresponding polymer and therefore

effectively contrding the cargo release uptime action ofemote stimulf®

In another general type of capping systems macrocyclic compounds such as cyclodextrins,
crown ethers, cucurbit[6]urils or proteins are attached to the pore outlets of MSNs through
covalent or norcovalent interactions that can be cleaved by certain stimuli, thereby clearing
the pore entrancé$® Cyclodextins were developed as a prominent representative for
macrocyclic gatekeepers on MSNs and combined with various external or internal triggers.
The group of Fraser Stoddartleffrey Zinket al. developed different pHesponsive systems
usually consisting o& layer of b-cyclodextrin f-CD) rings positioned selectivebround the
orifices of themes@ores ofsilica nanoparticlesUnder neutral conditions even large cargo
molecules (e.g. rhodamine) could be stored effectively in the porous system whereas under
slightly acidic conditions the cargo was releasgmbn removal of the cyclodexttfi’
Another cyclodextrifbasedpH-responsive capping system was investigated by &inal.

who postsynthetically functionalizeSNswith polyethylenimine (PEI}? This surface was
subsequently complexed with cyclodextrinBy. slight acidification (pH-5) afterwards, the

PEI backbone gets positively charged and the cyclodextrine caps are detawhethe

surface. As an early example for protemated MSNsan enzymemediated capping system

14
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based on the we#itudied biotiravidin complex was developed by Schlossbauer et al.
Herein, biotinfunctionalized MSNs with encapsulated cargo molecule® wapped by the
bulky protein avidin from egg white via noncovalent interacwith the biotin molecules on
the external particle surface. After addition of the protease trypsin, simulated asm&eoadil

trigger, the linkage between biotin and awigias cleaved and the cargo could be rele&sed

Figure 1-8 shows a fourth general type of pore blockers, which is multilayers such as
supported lipid bilayers (SLB) or layered double hydroxidé&.Recently, Bein and eo
workers caolld demonstrate different systems consisting of MSNs coatedawi®LB and
equipped with different external trigger mechanisms. The SLB was shown to seal the pores
and to prevent premature release of the loadhedo. Upon activation oén incorporated
photosensitizewith red light,the subsequergeneration of reactive oxygen species initiated
cargo release due to rupture of the SIHhotosensitizers are promising components of
nanocarrier systems for efficient drug delivery because ttay simultaneouslycause

endosomal escape and controlbadgorelease in combination with SE&atedVISNs.

In order to effectively trigger efficient cargo release within the cancerous,ttasgeting of
cancer cells with nanoparticles v&ewed as a mising approacho avoid unwanted side
effectsobserved withclassic chemotherapeutidsspecially in anticancer chemotherathe
limited selectivity ofthe clinically used cytostatic agertsvards tumor cells is responsible
for many undesired side effis. Nonspecific toxicity to normal cellsan cause these severe
side effects angrevents an effectivéilling of malignant cellsrequiring a higher drug
dose’®®° Nanoparticles with sizes smaller than 500 areoften takenup via endocytosis
where theyare engulfed by the cell mendme andransferred amtracellularendosomal or
lysosomalvesicles’ 8 A passive targeting approach based on nanoparticles reliéseon
enhanced permeabilitgnd retention (EPR) effectvhich is described as the tendency of

particles(in the nanometer size rarjgsuch as nanoparticles, liposomesmacromolecular
15




1.3 Multifunctional drug delivery systems

drugs, to preferentially accumulate in tumor tis§tiBumorousand inflamedissues typically
reveal increased permeable vascularities aa@ lacking effective lymphatic drainage
Additionally, a lack of ceHspecific interactions mighaffect the therapeutic efficieg and
induce multiple drug resistance (MD&®’ The cellular uptake kinetics are strongly
dependent on the size of the applied nanoparticlesro as well asn vivo. It was shown that
the cellular uptakef specific nanoparticleim vitro on HelLa cellgs highly sizedependent in

the order 50 nm > 30 nm > 110 nm > 280 nm > 17Ghi.

In order to overcome the pitfall of unspecific cell uptaked to enhance the specificity
achieved by the EPR effedifferent targeting ligaas, like folic acid or the epidermal growth
factor (EGF), can be employaadl order to exploit the overexpression of certain receptors on
tumor cell surfaceswhich will lead to enhanced binding to tumor cells and subsequent
interaction with targeting ligarsd Figure 1-9 showsan overview of different overexpressed

cell membrane receptors on cancer cells used in preclinical investigations of cancer treatment.
This active targeting can promote specific nangearbinding and cancegell uptake. In
particular, active nanoparticleased targeting of tumor cells has emerged as a potential
therapeutic approach to increase drug doséhkin the tumor while reducing systemic
toxicity.?> 9 Cdl-specfic targeting can be achieved by engineering of nanoparticles with
defined ligands on their surface that bind to receptors which are specifically overexpressed on
cancer cellsOne pominent examplés nanoparticles that target the epidermal growth factor
receptor (EGFR). This receptor is overexpressed in several types of carieding breast
carcinoma, colon carcinoma, and lung cariéétanoparticles areften functionalized with

EGFR ligands and dened todeliver either silencing agentsgainst defined oncogenes or
chemotherapeutic druddThese naoparticles are then preferentially recognized and bound

by tumor cells overexpressing EGFRnd are rapidly taken up into the cell by receptor
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mediated endocytosis where the drug is releasiedcellularlyto specifically kill the tunor

cell®*

Major receptor type

Specific receptor(s)

Overexpression in cancer cell type

G protein coupled receptors (GPCR

Bombesin receptor (BnR)

Lung, prostate, breast, pancreatic,
head/neck, colon, uterine, ovarian,
renal cell, glioblastomas,
neuroblastomas, gastrointestinal
carcinoids, intestinal carcinoids, and
bronchial carcinoids.

Somatostatins receptors (SSTRs)

Small cell lung, neuroendocrine tumo
prostate cancer, breast cancer,
colorectal carcinoma, gastric cancer,
hepatocellular carcinoma

Endothelin receptors (ETRS)

Melanoma tissues

Integrins

h Aj Ad 2F LI NIAQ

drug targeting

(o]

Activated endothelial cells and tumor
cells (such as U87MG glioblastoma
cells), ovarian cancer cells.

Folate receptors (FRs)

Cwhx Cwi I|YyR

M%st tissues including breast cancer

w
cells.

Transferrin receptors (TfRS)

Two types of receptors only have beg
described so far

Breast, ovary, and brain cancers suc
glioma and glioblastomas.

Epidermal growth factor receptor
(EGFR)

EGFR (or ErbB1, HER1), ErbB2 (HH
neu in rodents), ErbB3 (HER3) ang
ErbB4 (HER4)

Lung, breast, bladder, and ovarian
cancers.

Fibroblast growth factors (FGFRSs)

A hallmark of FGFRs is the presencs
an acidic, serine-rich sequence

Breast, prostate, bladder, and gastric
cancer

Sigma receptors (SRs)

S1R and S2R

Non-small cell lung carcinoma, prosta
cancer, melanoma, and breast cance

Others

Follicle stimulating hormone recepto
(FSHRs)

Ovarian surface epithelium

Biotin receptors (BRs)

Leukemia

C-type lectin receptors (CLRS).

Asialoglycoprotein receptor (ASGPR

Hepatocytes, dendritic cells,
5nacrophages

NRP-1

Human vascular cells

Figure 1-9. Summary of overexpressed cell membrane receptors aifferent cancer cells’”

Another prominent ligand used on mesoporous silica nanopatrticles is the small molecule folic

acid (FA) which has been widely investigated analshshown a notable enhancement in

uptake efficiency and kinetics of MSN nanocarriers on different cancer cell*§p&%.1n

general, he attachment of targeting ligands onto éx¢ernalsurface of spherical MSNs is
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1.3 Multifunctional drug delivery systems

often achieved by using long spaaaolecules, such as PEG chains or other linear
branchedpolymers. This linkage provides high flexibility to obtain efficient binding of the
targeting ligands to the cell membrane receptorsnother example, the grp of Wilner et

al. exploited the overexpression of transferrin receptors on breast cancer cells and
glioblastoms by synthesizing specific aptamers via a modified stable nucleic acid lipid

particle (SNALP) protocol which led to enhanced cancer cell uptake in various esiflin

In obvious contrast to the evgrowing number of sophisticated nanoparticksedcell-
targeting strategiesthat effectively target tumor cells vitro, only few studies showed
successful tumecell specific targeting and controlled cancer cell killingvivo. Evenfewer
nanoformulationsiavefound their way into linical studies and practic& This translational

gap is partly due toinsufficient dataon cell-specific targetingin vivo and the lack of
physiologically and clinically releva animal model$® % Although the main research
interest in the nanoparticle field lies on the investigation of effective active itayget
approachespne of the few clinically relevant exampkeso far isDOXIL®, a PEGylated
doxorubicin formulation, which is exploiting exclusively passive targeting pathways via the
EPR effect? Active tumor targeting without nanoparticles is shown by HERCEPTidm
Roche, a humanized monoclonal antibody that can bind effectively to the HER2 receptors

which are overexpressed on breast cancer cells.

Another important bioapplication of MSNs ia vitro and in vivo imaging. With the
possibility to functionalize MSNs specifically with different dye moleculesoocombine
them with other materials the field of application ranges from optical microscaopsdoetic
resonance imaging, and to ultrasonic imaging, near infrared imaging and other
techniques®*'® To investigate cellular internalization dfie nanoparticlesMSNs can be

covalently modified by the conjugation withfluorescent dye molecules, such RS C or
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RITC. He et al. used fluoresceumodified MSNSs in order to investigate the particle shape and

106

size on the uptake kinetics in A375 cancer déligure1-10).

D
NSR240 NLR450
B
NS100

NSR240

C \ '
NS100 NSR240 NLR450

Figure 1-10. Confocal microscopy images of A375 cells after W incubation at 37°C with MSN

nanoparticles with different functionalization. Fluorescent images of the cell nucleus (&, G), images of
MSN-FITC fluorescence in cells (B, E, H)image of MSNFITC fluorescence supemposed on the nucleus
(C, F, 1).2%®

Mesoporous silica nanoparticles were successaglyipped with different functionalitie®
become excdlent bimodal imaging probes for intracellular labeling andvivo magnetic
resonance imaginfMRI) contrast agentdviou et al. showed the firsin vivo application of
magnetieMSN hybrids via direct injection into mice for MRI experimetftsYang et al.
synthesized theranostic nanoparticles that can act as an effective MRI/NIRF bimmagial

probe andoperatein combination withan effectivedrug delivery systenthat shows great
19




1.3 Multifunctional drug delivery systems

potential in cancer diagnosis and therd§\By functionalizing MSNs specifically with near
infrared (NIRF) dyes, such as Cy7, in combination with an incorpbied@ oxide core this

platform can be used for NIRF and magnetic resonance imagingnofdus tissuén vivo
(Figurel-11).
Specific receptor-

mediated
end m:\ tosis

Fluorescence
excitation 1h

(b)
I\ IRF '
Tumor lmagmg '.'::_-:.\ MRI

.f
.__, tdl"[.,l.tll]!.. ¢

24h
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Figure 1-11. (a) Schematic representation of PTXoaded FeO,@mSiO, NPs for tumor targeting, MR,
fluorescence imaging and chemotherapy. (bn vivo NIRF imaging of the pure NIRF dye (Cy7), MRTN
and Fe0,@mSiO,-NH-Cy7 in A549 lung cancer tumorbearing mice (marked with a circle) at 1 and 24 h
post injection. The first column showsthe bright field images of the tumorbearing mice. (c)In vivo MRI

of a tumor-bearing mouse (SW620 tumor, marked with the circle) whout injection (i), and at 1 h post
injection of MRTN (i) and Fe;0;@mSiO, nanorattle (iii). **®

1.3.2. Periodic mesoporous organosilica

In recent years, periodic mesoporous organosilica materials (PMO) have attracted muc
attention for biomedical applications. Since thiass ofinorganicorganic hybrid materials
offers a wide variety of tunable mesopores and an almost unlimited diversity in the chemical
nature of the wad, it holds great promise in a variety of fielsisch as chemical sensitff**°
catalysi$*®*?° and biomedical applicatiort§*** Since the independent discovery of this new
class of mesoporousaterials in the groups of Inagaki, Stein and Ozin in 16%%° PMO

materals, synthesized by using bridged silsesquioxanes as precursors, have recently been
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prepared at the nanoscafé™®® Figure 1-12 shows the schematic synthesis route of
mesoporous and ngorous organosilica materials with without the presence of TEOS as
silica source.These differenttypes of organosilica composite nanomateriatn be
distinguished in the following four categories: mesoporous organosilica;porons

organosilica, periodic mesoporous organosilica, andpaoaus silsesquioxane NPs.
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Low to Intermediate
Organic Content

Organically-Doped Organically-Doped Organically-Doped Organically-Doped
Pore Wall Pare Interior Matrix Surface

000\ @00\ /6000 /om0
ORGANOSILICAHYBRID NPs PRECURSOR

@ Silica source (e.g. TEOQS) (2] Organcalkoxysilane (3] Bridged crgancalkoxysilane (4] Templating agent (e.g. CTAB)

Si(EtO), Rysi_0) RySi-__-SiR; :'

-
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Figure 1-12. Structures and synthdic pathways of various organosilica nanocomposites: organicaly

doped mesoporous silica NPs (A and B), organicaligoped (C) and surfacefunctionalized (D) non-porous
silica NPs, periodic mesoporous organosilica NPs (E and Fand non-porous silsesquioxae NPs with or
without surface functionalization (H and G respectively). Cetyltrimethylammonium bromide (CTAB) is a
typical surfactant in soli gel processes. Organoalkoxysilane and bridged organoalkoxysilane precursors

can possess ethoxy or methoxy R groupgNot sensu strictobut generally with a disorganized low micro

or mesoporosity™!

The PMOstructurs arebased only on silsesquioxanes, which implies that the synthesis must
be performed in the absence of a silica source (e.g. tetraethoxysilanehaarttiere is
sufficient porosty to be considered a mesoporous material, which is often a major synthetic
challenge**® Mesoporous organosilica NPs could be prepared byoodensation of a silica
source (e.g. tetraethoxysilane (TEOS)) with a mono or a bridged organoalkoxysilane in a

templated aqueous solution whitdads tonanoparticleswith functional poregFigure 1-12
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A, B). A templateassisted sefjel synthesis route with bridged organoalkoxysilanes without
additional TEOS as thellica source affords particles with much higher organic wall content
(Figure 1-12 E, F). Without using any template during the synthesis procedangporous
organosilica or silsequioxane particles can be prepadnedre 1-12 C, D, G, H). Different
approaches were used to synthesize PMO nanoleartivith simple, lowmolecularweight
organosilane bridging groups. In a -g@l process using Pluronic P123 as the template,
Landskronet al. synthesized rodlike nanoparticles with adjustable aspect fatidssing
cetyltrimethylammonium bromide (CTAB) as the micellular template and an amimonia
cdaalyzed solgel reaction, Huoet al. prepared highly ordered and dispersable PMO
nanoparticles with methane, ethane, ethylene and benzene organic bridging groups within the

porewalls (Figure1-13).2%

\ / 100 7
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Figure 1-13. TEM images of ethylene (a, b), methylene (c, d), ettynylene- (e, f), and phenylenebridged
PMO NPs (g, h) at low and high magnificatior*®

In another approaghhe group of Shet al. usel silicaetching chemistry to obtain hollow
PMO nanoparticles that were used for némmedical applications for the first tinf&:

Recently, the group of Durand reported the synthesis of biodegradable PMO nanospheres and
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nanorods with a idulfide-containing organic bridging grouhe morphology and size of
these nanostructures was controlled by adjusting the ratio of bis(triethoxysilyl)ethane and
bis(3-triethoxysilylpropyl)-disulfide (Figure 1-14).**®> These mixed PMO nanospheres and
rods wereused as a biodegradable nanocarrier for doxorubicin in breast cancer cell lines. In
the group of Kashalet al, enzymatically degradable silsesquioxane nanoparticles were
synthesized and used as fluorescent nanoprobes fitro imaging of cancer celfs® Zink

and ceworkers developed different liglatctivatable and ptlesponsive hybrid materialgrf

drug delivery applications"**°
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Figure 1-14. Schematic representation of the size and morphology control in ethenyleteidged PMO (a),
ethynylene-bis(propyl)disulfide-bridged PMO (bid), and non-porous bis(propyl)disulfide bridged
silsesquioxane NPs (e) by the variation of the E/DIS precursor ratio in the reaction media. TEM images of
NPs obtained from E/DIS ratios of 100/0, 90/10, 75/25, 50/50, a®d.00 (4 e respectively)'**
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Besides the described drug delivery applications, PMO nanoparticles were alsdmatees

as bioimaging tools i vitro andin vivo experimentsDue to the great variety of organic
components that could be incorporated into organosilica nanostructures, several strategies
have been explored to endow the particles with imaging cajpediilithe first approach of
bioimagingvia PMO nanoparticles involved the synthesis of a hybrid material consisting of
Nile red dyes and a large conjugated molecule as the main organic components. This structure
was used to generate Forster resonance eresggfer (FRET) upon twphotorexcited
fluorescencemaging in the neainfrared rangeand allowed for successfuh vitro particle
tracking™*® Another important aspect of bioimaging was successfully investigated in the
group of Lin. By synthesizing a biodegradable polysilsequioxaite an extremely high
incorporation of paramagnetic Gd(lll) centers, this material was explored as an efficient
contrast agent for magnetic resonance imaging (MRIHerein, a disulfideontaining
Gd(lll) diethylenetriamine pentaacetate (BGAPA) silane precursor was reacted in a base
catalyzed reverse microemulsion experiment to form biodegradable nanoparticles. The
Gd(lll)-containing nanoparties showed high jFweighted sensitivity and were demonstrated

in in vitro MR imaging of human lung and pancreatic cancer cells. With the ability to
incorporate additional specific photosensitizgito the organosilica wall material of PMO
nanoparticles these structures can also be used in photodynamic therapy (PDT). Upon
appropriate laser irradiatippphotosensitizers can generate reactive oxygen species, such as
singlet oxygen 0,).2** %3 Hayashi and ceworkers recently reportedone of the most
advanced PDBtudies inin vivo therapy byusingorganosilica NPgonsisting of pgshyrin
building blocks as well as iodoprdpsilanes as the main organic componégRigure1-15A,

B).}** The synthesized monodisperserd spherical particlesombire photodynamic and
photothermal therapy (PTTp effectively treat tumebearing mice.The relative quantum

yield of the production of singlet oxygen in thegarticleswas enhancedia the external
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1.3 Multifunctional drug delivery systems

heavy atom effecof the incorporatedodine affording a higher yield (0.85) than that of
photosensitizers currently used in @ and clinical trials(0.3 to 0.77)* With laser
irradiation at 650m the nanopartickreated mice showed a tumor growth ten times lower
than the control group and survived the pbete experimental time of ten wegl&gurel1-15

C, D).
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Figure 1-15. Synthesis of iodineporphyrin containing organosilica hybrid nanoparticles and their
PDT/PTT combination therapy by the enhancement ofO, generation via the heavy atom effect and the
conversion of the energy absorbed from photons into heat (A). TEM image of the -agnthesized
nanoparticles (B). Tumor growth behavior (C) and the survival period of mice(D) (circle: mice without
treatment, diamond: mice injected with nanoparticles, triangle: mice exposed to LED light, square: mice

exposed to LED light after injection of nanoparticles):**

Due to their uniguecapability of introducing an almost unlimited number of organic
constituents into the wall structure of porous nanoparti€l®8) nanomaterials constitute a
very promising new area of reseaiohthe following decadeThe remarkable control of the

synthesis and compoit of such particles offerwaide variety of possible application fields.
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1.3.3. Magnetic nanocomposites

Nanocomposites with a magnetically responsive core and a functional outer shell have
attracted increasing attention because of their unique functionality sepdrability**®
Especially the coating of superparamagnetic iron oxide nanocrystals with a multifunctional
mesoporous silica shellas opened um wide range of applications including magnetic
resonance imaging (MRI), hyperthermia treatment, applications in toxin removal, waste
remediation, catalysis, reactive sorbents, and targeted drug delivery, since they combine
different advantageous propegié one multifunctional nanocompostfé**®° The first step

in the exploration of these nanocomposites is dfethesis of small and stable magnetic

nanoparticles (NPs).

-
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Figure 1-16. Schematic illustration of different methods for preparation of magnetic nanoparticles: A)

synthesis of magnetic NPs smaller than 3@m, and B) synthesis of magnetic NPs larger than 100 nht.
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1.3 Multifunctional drug delivery systems

Magnetic NPs can be synthesized withnamber of different compositions and phases
includingpureiron oxides such as magrtet{Fe;0;) and ma-§eOg)nor allogs sch

as FePt, as well as spirtgpe ferromagnets such as NiPg. Using different synthesis
approaches, such as -preciptation, thermal decomposition, the emulsion method or
hydrothermal synthesis small and stable faghality magnetic nanocrystals can be prepared
Figure1-16 A).**?°° Because of their exceptional stability under a large range of conditions,
the most common method for the protloie of magnetidNPs with particle diameters below
30nm is the chemical eprecipitation of iron salts. The polyol method adifferent self
assembly approaches are generally adapted for the synthesis of magnetic nanopartiales with
particle size largethan 100nm

Figure1-16 B). Nanosizedmagnetic NPs with particle diameters smaller thamr@0exhibit
superparamagnetic properties without a permameagnetic moment but just one single
crystal domainwhich allows for targeting of biological samples by exposure to an external
magnetic field:>® 1°7

Due to their hydrophobic exterior after the synthesiagnetic NPs consisting of iron oxide

can aggregate rapidly into large clusters and thus lose their unique properties associated with
the presence of single particles. In order to prevent this behtheamagnetic NPs have to be
coated with different matials to prevent them from irreversible aggregation. This can be
achieved by generating a cesbell structure with the magnetic nanocrystal as the inner part

and an outer, more hydrophilic mesoporous silica shell built around it.

Hyeon and coworkers wetthe first who reported back in 2008 the synthesis of magnetic NPs
coated with fluorescently labeled mesoporous silica shells that were utilized as drug
nanocarriers® With the usage of cetyltrimethylammonium bromide (CTAB) as the

surfactant different tasks in this specific synthesis approach were addressed. The surfactant
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molecules tansfer the asynthesized hydrophobic iron oxide NPs to the agqueous phase via a
ligand-exchange process. Additionally, the surfactant molecules can act as a template for the
following sokgel reaction of the silica source creating eshell particles wh a magnetic

core and a mesoporous silica shell after subsequent template extriaiciioe1-17).

e,

* Water transfer * S, Sol-gel
i ‘ : ugmg CTAE / iig reacllan

Nanocrystals Namcr',rstals Nanocrystallmesoporous silica
in organic phase in aqueous phase Corelshell nanocomposite

Figure 1-17. Synthesis scheme for the coating of hydrophobic magnetic nanoparticles with a mesoporous

silica shell**®

The obtained nanocomposites feature high surface aregmesndolumes in addition to the
ability to react to externally applied magnetic fielddich makes these vehicles prising

candidates for targeted drug delivéry.®°

Zink and ceworkers showed an early example of successfwitro drug release by using a
magnetiesilica hybrid nanomateriaf® These nanoparticleseatured a nanovalve that
remained closed at physiological temperature and opened when asataésult oéxternal
magnetic heating procedures. Thaterial demonstrated successful doxorubicin release in the
breast cancer cell line MDMB-231 in the presence of the oscillatimggneticfield (Figure
1-18). The local heating caused by timcorporated nanocrystafacilitated the release of
doxorubicin from the silica pores, inducieffectiveapoptosis in thén vitro experimentsin

contras, nonloaded particles showddss toxicity due to hypertnmia effectsonly. Thus,
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1.3 Multifunctional drug delivery systems

both hyperthermia and drug delivery contributed to cell daaththe nanoparticles showed a

synergstic effect

g’ 30 g’ 30 (EJ’ 30 4
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Figure 1-18. Results of MDA-MB-231 cancer cells exposure tmagnetic mesoporous silica hanoparticles.
Color scheme: green, fluorescently labeled nanopatrticles; red, doxorubicin (DOX); yellow, merged green
and red. Nanoparticles containing DOX were taken up into the cells, but before the AC field was applied,
no drug release (images 1 and 2) and negligible cell deafpbPo; panel (b), left bar] occurred. Images 3 and
4 show the effects of the magnetic field on nanoparticles without DOX in the pores. Heatiraf the
particles accounted for 16% of the cell killing [panel(b), middle bar]. Images 5 and 6 demonstrate DOX
release after a 5 min AC field exposure, which caused 37% of the cell death [panel b, right b&t.

Another approach was investigated by Kahal. who reported on the dual function of a
silicaiiron oxide hybrid nanoparticle combined with a stimulus responsive gatekeeper
attached to the external surface of the nanomat&fialhe gatekeeper can be stimuli
responsivly cleaved in the presence of increaseductive miliey as it is present in the
cytosol of cancer cellgrigure 1-19 shows images of the hybrid material with incorporated

iron oxide coresand the response of A549 cancer cdltsvards doxorubicirloaded
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nanoparticles. In this case the magnetic cores were used as an additional MR imaging probe

featuring significant reduction of the transverse relaxation tigne T

(d) Fe@Si-CD-  Fe@Si-DOX-
Control PEG CD-PEG

TUNEL
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(e)
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60 {1 ®Fe@Si-CD-PEG
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Relativefold/ DAPI
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Figure 1-19. TEM (a, ¢) and SEM (b) images of mesoporous silica nanoparticles with a magnetic core of
22nm. Representative photomicrographs of A549 cells after treatment with plain nanoparticles and
doxorubicin-loaded nanoparticles (d) Cell-viability study where relative fluorescence intensities were

quantified and normalized to the fluorescence intensity of DAPI (&}°?

In summary, magnetic nanocomposites with wvdelfined mesoporous structures, shapes, and
tailored properties are of growing scientific and technological interest. Because of their
chemical and physical stability, and the functional and magnetipepies provided by
magnetic cores,hese nanocomposites hold promise as important drug nanocarrier systems.
Moreover, they can additionally serve as imaging agents for magnetic resonance and fluorescence

imaging.

1.3.4. Supramolecular nanoparticles

SupramoleculananoparticleYSNPs) have increasingittracted attentioms drug delivery

systems and newiral gene vectors in preclinical studies and even in clinical tfaf§®
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1.3 Multifunctional drug delivery systems

SNPs are particles in which different building blocks are brought together bgowafent
interactions resulting ithe controlledassembly ofargerstructurs *®’ The assembly is either
based on electrostatic interactionshgdrophobichostguest interetions.**® **°In contrast to
conventional chemical syntheswhich is capable of forming armteaking covalent bonds,

the formation of supramolecular complexes requires the combination of several elemental
noncovalent interactions and an additional geomettioditwithin the interaction structure.
Prominently used host molecules in supramolecular chemistry are pillararenes, crown ethers,

polypeptides, calixarenes, cucurbiturils, and different metallo structifes.

The most widely used host entity family in the formation of SNPs by far is cyclodextrin.
Cyclodextrins (CDs) are cyclic oligosaccharides composed of six, seven, or eight D(+)
glucoseuni ts | i-lkeamkbdbgesy whi,chb arCd®, resgeciely U
(Figure 1-20).™ These different oligosaccharides are frequently used in the medical field

because of their biocompatibility and their low toxicif§’®

| 1534 | l 169 &

P—— i ——

l 1374

198 194

Figure 1-20.Mo | ecul ar structures and <iDme B8P dban-6D, vari ous

CDs have a hydrophilic exterior and a hydrophobic cavity inside the oligosaccharide rings
which can be used to encapsalalifferent kinds of guest and cargo molecdféd®* The
encapsulation is based on supramolecular-gosst interactions, such as hydrogen bonding,
vanderWaals forces or hydrophobic interactions, and is used in various application fields

such ashiomedicine, catalysis, environmental protection and sépargrocesse¥> The
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hydr ophobi cCDccanvformn ynclusion complexes with several guest moieties
(adamantane, azobenzene, ferrocene, cholesterol, etc.) to form nanostructures through a
controlled selassembly proces§® Wang and cavorkers introduced a controlled self
assembly process of supramolecular nanopartitiesis achieved byadjusting the molar

rati o of -@IThisnsefa s s emibl y approach is ter med
strategy in which APEG and AdPAMAM with the guest adamantyl groups serve as the
bricks whi [ polynmee bedritgl the bhost functionaliserves as the mortar

(Figure 1-21). The size othe structures can be controlled via modifying the polymer length

and polymer to cyclodextrin ratiG’

A f____u i B Ad-PAMAM Z \
L LAY

polymar i )

i777777 7 {Ad-PAMAM : PEI-CD = 4:1)

/i"*"fﬂ o
0 I 3 4 5 & B

Ad-PAMAM : PEI-RCD Ratie
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1.3 Multifunctional drug delivery systems

Figure 1-21. ( A) Gener al P-Egrdfted tpolyoner mediatedbby adamantyl PEG (AdPEG).

(B) Synthesis, and (C) size control of supramolecular nanoparticles assembled®yE | T b C BPEG, and
Ad-PAMAM with the Abricks and mortarodo strategy, presertl
100 nm*¥

A prominent example for supramolecular structures already reaching clinical tgalensby
Eliasof et al, where the cyclodextripoly(ethylene glycol) copolymer conjugated to
camptohecin, a classic hydrophobic cytostatic agent, is investigated for the therapy of
pancreatic cancer, non smaéll lung cancer, breast cancer and col@lecancer® The
drug-cyclodextrinPEG conjugates se#fssembled into nanopatrticliggmtare called CRLX101

(Figurel-22).

Camptothecin (CPT)

SR o O B
Cy PP 7 >
1 b b1 q A5 \ g b J 0
v 5 < WL Y N é £ ‘é | é eeoe
, g oy’ J =) CIC
H ’/\ » ~
'I.— J\VV’“"
0"'\'71 X i e e
[3-Cyclodextrin (CD) | . I'\ )
Repeat Unit Polymer Nanoparticles

Figure 1-22. Schematic synthesis of CRLX101, a nanopharmceutic comprised of camptothecin conjugated

to a linear, cyclodextrin-poly(ethylene glycol) (CDPEG) copolymer and formulated into nanoparticles'®®

Camptothecin is known to be a potent intobibf topoisomerase 1 po 1), which is an
important and validated drug target for cancer therapy today. Topo 1 remains a highly
attractive drug target because it is essential for basic cellular processes including DNA
replication, recombination, and transcription, which ardiqdarly upregulated in rapidly

dividing tumor cells®

The supramolecular assembly CRLX101 was successfully investigated using a lymphoma

xenograft modelin vivo featuring efficient therapy and prolonged animal survival rates
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compared to the control group and simultaneously applied irinotecan, a conventional

lymphoma drugFigure1-23).*%°

35



1.3 Multifunctional drug delivery systems
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Figure 1-23. Efficacy study of CRLX101 compared to irinotecan using a lymphoma xenograft in mice. A)
bioluminescence study using luciferase activity of the incorporated tumors. Weekly dosing 3x at
100mg/kg (irinotecan), 5mg/kg (CRLX101, triangles), and 10mg/kg (CRLX101, diamonds). B)
corresponding survival graphs. CRLX101 achieved 55.6% complete tumor response at Day 125 post
treatment at the 10mg/kg dose, while no complete tumor responses were observed in irinoteeasated

mice andthe control group.*®

Even thoughthere are examples of susséul applicatios of SNPs in the biomedical field,
the noncovalent interactiomcould limit their use for drug delivery applications, since they

might degrade easily before they reach their targett any new guest molecule that is
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incorporated or loadkinto the particle needs to be optimized in its interastisith the
particle structure. Thus, covalently crosslinked cyclodextrin materials could facilitate their
breakthrough for drug delivery applicatioriRecently, different approaches were used to
prepare covalently crosslinked CD molecatetaining materials. One is through

cr os s | -Chpoly-ettyylengglycol (PEG) inclusion complexes by using epichlorohydrin.
The nanomaterial was obtained after extracting the PEG chains that penetrated the

hydragphobic cavity'**

In another approach, Dichtet al. polymerizedb-CD in a nucleophilic aromatic substitution
reaction vith tetrafluoro terephtaloniteland obtaineca mesoporous bulk materi#that was

used to rapidly remove organic micropollutants from waste Witdn chapter 9 the
successful synthesis of covalently crosslinked cyclodextrin nanoparticles is shown in detail
which makestiis innovative and biocompatible nanocarrier concept a promising platform for

the developmet of controllable and efficient theranostic systems.
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2 Characterization

Various techniquesdhave beenused to characterize the synthesis, functionalization and
applications of the investigatednomaterialsThe sizeand the agglomeration behavuarthe
nang@articlesin different solventsan be investigated by Dynamic Light Scattering (DLS)
measurements. By measuring Zeta potertti@lsurface chargef thedifferent nanomaterials

can be detenined. The porous structure and morphological parameters can be investigated
with nitrogen sorption measurements;ray Diffraction (XRD), Transmission Electron
Microscopy (TEM)and Scanning Electron Microscopy (SEMjibrational spectroscopy
(infrared ad Raman spectroscopgnd solidstate nuclear magnetic resonance spectroscopy
(ssNMR) are necessary toharacterizedifferent functional groups and organic compounds
attached to the nanoparticles. The amount of attachéacorporatedbrganic moieties was
evaluatedby thermo gravimetric analysis (TGA). By means of fluorescence and UV/VIS
spectroscopy théading capacity and stimuiesponsive release of fluorescence diyem

the porous nanocarriersan be exploredTemperature and pHresponsive sensingf
nanoparticles was also investigated with fluorescence spectroscopy. Different fluorescence
microscopy techniques were used in doadl imaging.Nuclear magnetic resonance (NMR)
spectroscopyf liquids andmass spectroscopy are helpful totsnvestigte the successful
synthesisof organic compoundsSuperconducting quantum interference device (SQUID)

measurements were used to explore the superparamagnetic behavior of hybrid nanoparticles

2.1 Dynamic light scattering

Hydrodynamic radii of nanopatrticles tolloidal solutions and their degree of agglomeration

in different solvents can be investigated watynamic light scatteringQLS) measurements.
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2.1 Dynamic light scattering

Typical reliable values of measured diameters of colloidal nanomaterials lie in the range
between 1 and 100@m. The theoretical background of this method is based on the Brownian
motion of nanoparticles. The Brownian motion is the movement of particles due to
temperature > & and the deflection is due tandom collision with molecules in a colloidal
solution surrounding the particleUsually, a DLS setup is composed of a laseurce, a
sample holder with thermostat, a photodetector and an autocorrelation soRigare.2-1

shows a schematic illustration of a DLS measurdrsetup. By illuminating the sample with

a laser beam, the scattering of this beam is correlated with the collision of the particles. A
monochromatic laser beam is directed through the cuvette filled with a diluted suspension of
nanoparticles and the staed light is collected andnalyzedwith a photomultiplier and a

photo detector system.
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2. Characterization
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Figure 2-1. Schematic illustration of a DLS measurement setup.

If the size of theparticles is small compared to the wavelength of the light source, Rayleigh
scattering occurs equally in all directions. The constructive and destructive interference of the
scattered light gives intensity fluctuations, acsdled speckle pattern. Thigfpern contains
information about the m@ment of the scatterers, i.the nanoparticles in the measured
solution. The resulting detected size is always the hydrodynamic radius rather than the real
size of the objects. The changes in the speckle patteranatyzed with the help of a digital
correlator and the fluctuations in intensity are correlated over time with a second order
autocorrelation function:

oo™ ta

] 2-1.
dot O
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2.1 Dynamic light scattering

Equation 2-1: 2nd order autocorrelation function; g: wa v e  d e t delayttioe, |; Intdhsity.

This function decays exponentially towards long delay times and can be related to a first order

autocorrelation function g1.:

QA op T QAN 2-2.

Equation 2-2: 1st order autocorrelation function; g:wa v e d e t ded tao/r ,tcoraeation fabtor.

The diffusion coefficient D can be obtained from a single expalefunction when

assuming a monodisperse dilute dispersion of nanopatrticles:

At Q 2-3.

Equation 2-3: D: Diffusion coefficient.

The StokesEinstein equation gives the relatidetween this diffusion coefficient and the

hydrodynamic diameter of spherical particles:

0 —, 2-4.

Equation 2-4: StokesEinstein equation; k: Boltzmann constant, T:temperature,  sblvent viscosity, d:

hydrodynamic diameter.

If the measured solution contains polydisperse nanopatrticles, size distribution effects have to
be taken into account by the application of Mie theory or Rayleigh scattering. While Rayleigh
scattering is used to seribe the elastic interaction of unpolarized light with particles smaller

than the wavelength of the light, Mieeory describes the scattering of larger particles:
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2. Characterization

2-5.

Equation 2-5: Scattering intensity; looint ensi ty of i stattering ange, R:disgicetq thed :

p ar t i wavatengthefincoming light, n: refractive index of the material, d: diameter of particles.

Since the scattering intensity is proportional fphig particles contribute much more to the
scattering intensity as compared to small ones. This effect leads to agstwetion of the

size in polydisperse samples and thus needs to be considergd mvdluation. To solve this
issue, the intensithased measurement data of the DLS can also be presented as-volume
weighted (d) or numbeiweighted (d) distributions, giving the real size distribution of
polydisperse samples. Dynamic light scattering $lplmeasurements in this work were
carried out on diluted suspensions using a Malvern ZetaSaeo instrument with a W

HeNe | a s e mm)(@ra ancavaaBcBe photo detector.

2.2 Zeta potential

The charge of the outer surface of nanoparticles can bstigated by measuring the Zeta
potential.For this purposehe electrostatic potential of the sample is measured depending on
changing pH values of the surrounding medium. Nanoparticles in an aqueous dispersion
feature a zeta potential, which is the alekinetic potential difference between a stationary
layer of ions in a liquid attached to the dispersed particles and the liquid medium in the
surroundings. Particles in these aqueous colloidal ®rmions can exhibit surface charges
thateither originate from the adsorption of charged species, ionization of functional groups at
the external particle surface, or differential loss of charged species from the particle. The

charged particle surfaces adt the distribution of ions in the dispersion medigenerating

55



2.2 Zeta potential

layers of counter ions close to the surfaliee resulting electrical double layehich exists
aroundindividual particlesis shown

Figure2-2.

Electrical double layer

+
+
+
+
+
Particle with negative _
surface charge
= Slipping plane
Stern layer ==
Zeta potential
/

Potential [m V]

Distance from particle suface

Figure 2-2. Negatively charged particle surrounded by an electric double layer.

Both layers consist of ions that are charged oppositely to the nanoparticle. Theooutary

(of the double layerjs called slipping plane and the inner layer with more egnsacked
counter ions is called Stern layéefhe Stern layer as well as thépping plane is very
sensitive towards pH changes of the surrounding medium.z&taepotential is measured
indirectly by determination of the electrophoretic mobility. order to measure the zeta
potential of a sample, an electric field is applied ecexsapillary cell containing the particle
suspensiorand the electrophoretic mobility is observed. Particles inside the dispersion that

possess a specific zeta potential will migrate towards the electrode of opposite charge
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2. Characterization

whereby the migration velocityg proportional to the magnitude of the zeta potential. Using
the technique of Laser Doppler Velocimetry (LDV), this velocity within the dispersion is
measured.The frequency shift of the laser liglita= = nmp Gdsed by the different
migration velocitis of nanoparticles is recorded as the particle mobilitys mobility is
transformed into zeta potentiay the application of an appropriate theory together with the
i nput of the dispersantds viscosity. heThe

electrophoretic mobility and the zeta potential.

o @
¥ Y c | t
O'_

Equation 2-6: Henry equation; .= electrophoretic mobility, = dielectric constant of the samplel

Henry function, = viscosity,v= zeta potential.

With low electrical fields and small particles (diameter < 86 the Henry function
becomes approximately, Which leads to the Hiick&nsager approximation that was finally
used to calculate the zepmtential of particles in colloidal solutiofisThe Smoluchowski
approximation is suitable for particles lager than 200 nm in diameter and for suspensions
containing more than 1 mM salt concentrations. A typical plot shows the zeta potential of the
sample depending on the set pH val@ethe isoelecic point the zeta potential equals zero.
Zeta potentialmeasurements in this work were carried out on diluted suspengadhs
mg/mL) using a Malvern Zetasiz&fano instrument with ahW HeNe | as683nm)( o

an avalanche photo detectord an MPT2 titration system

2.3 Nitrogen sorption

Nitrogen sorption experimentsf a gasadsorbateon a porousadsorbentgive information

about thespecific surface area, the pore volume and the size and shape of the corresponding
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2.3. Nitrogen sorption

pore systenof a materiaP ® The weak interactions occurring during physisorptphysical
adsorptionneasurements are mainly vearWaals forces such as dipedgole interactions,
London forces or hydrogen bonding. Chemisorpf{aremical adsorptionhowever, involves
the formation of covalent chemical bonds between the adsorbate and the. Sinfs@eocess

is thus less preferrefbr the determination of porogiparametersHerein nitrogen gas was
used as the adsorbate because it is not reacting with the analyzed sample raterial.
amount of the adsorbed nitrogen gas at different pressurest acdnstant temperatureear

its boiling point (77 K) is used to generate sorption isothermstypical physisorption
measuremest(Figure 2-3). The increase in the adsorbgds volume by the subisate is
measured as a function of the partial presdboeing the measurement an equilibrium state is

established between the adsorptive gas and the adsorbate depending on the relative pressure

p/po.
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Figure 2-3. Six major types of sorption isotherms defined by the IUPAC.

The quilibrium isotherms are obtained by plotting the adsorbed volume as a funcpfp. of
The IUPAC classifies six major types adsrptionisotherms Figure 2-3, Table 2-1), each

type being charaetistic for materiad with certain porstructures

Isotherm type Interpretation for corresponding material

I Chemisorption isotherm or physisorption in microporous materials, whe
plateau is reached after filling of the micropores

Il Nonporous andhacroporous materials with high energies of adsorption

Il Nonporous and macroporous materials with low energies of adsorption

v Mesoporous materials with high energies of adsorption, often contain hysi
loops attributed to mesoporosity

\% Mesoporous materials with low energies of adsorption, often contain hyst
loops attributed to mesoporosity

VI Several possibilities, including multiple pores sizes and multiple distinct ene

of adsorption

Table 2-1. Major t ypes of sorption isotherms classified by IUPAC.

High surface area materials with micorporous systems (pore sizes upnd like metal
organic frameworks (MOFs), covalent organic frameworks (COFs) or zeolites eypmbit t
isotherms with a very st increase in adsorbed gas volume at low relative pressures,

corresponding to thpore filling of the micropores of the material. These materials can reach
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2.3. Nitrogen sorption

surface areas of over 7000/mmaterial’ Most of the particles obtained in this work exhibit
type IV isotherms, which are typical for mesoporous materpbre sizes between 2 and

50 nm). In contrast to microporous materials, the sorption behavior in mesoporous materials is
alsodependingon the attractive interactisrbetween the fluid molecule3his leadsto the
occurrenceof multilayer adsorptionrandcapillary condensation in the pores of the material at
relative pressureabovep/p & 0.2. The pore walls are coverdxy a multilayeradsorbed film

at the onset of the pore condensafidbue to resulting vawerWaals forces during the
measurement more energy has to be appliedrtmve the adsorbed gas molecules from the
solid when the external pressure paduced during the desorption process. Hence, adsorption
and desorption curveypically do notcompletelyoverlap when the pores are bigger than
4nm in diameter. Generally, wide variety of shapes for hysteresis loops is known
corresponding to different pore shapefhe type of hysteresis loop formed by
adsorption/desorption isotherms is determined by different mechanisms of condensation and
evaporation and depends upon ffEe and theshape of pore3The most common ones are

depictedn Figure2-4.
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Figure 2-4. Different types of hysteresis loops corresponding to differeriore shapes?

There are many mathematical methods to calculate the porosity of particles. The most

commorty used models are the Langmuir, Freundlich or Brun&memettTeller (BET,

Equation 2-7: BET equation;» = amount of the adsorbate at a relative pressuse, =

capacity of a single monolayeg= BET constantss equilibrium pressurass= saturation
vapor pressure of the sampl@pproaches’ *? 1* Besides simple approximations like a
uniform surface and equal binding sites, the used BET appraaotincludes multilayer

adsorption.

Equation 2-7: BET equation; = = amount of the adsorbate at a relative pressufg, = = capacity of a single

monolayer, = BET constant,== equilibrium pressure, === saturation vapor pressure of the sample.

The BET plot of (p/p)/[n(1-p/po)] versus p/p gives a linear relatiaghip with a slope of (€

1)/n,C and intercept 1/4C. Based on these data and the required space of one adsorbed
molecule on the surface of the particle, the specific surface area of the adswatezrdlcan

be calculatedTo calculate the pore size distributjotlensity functional theory (DFT) or

Monte-Carlo based simulations are the most accurate mbtelitrogen sorption
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2.4. X-ray diffraction

measurements ithis work were either performed on Quantachrome Instruments NOVA
4000e or Autosorb at /. For the measements a minimum of Bg of the dried sample
were used. Sample outgassing was usually performed &ClaAd 10mTorr for 12 hours.

For enzymecontaining or temperatugensitive samples, the outgassing temperature was set
to room temperature. The corpesmding pore volumes and pore sizes were calculated with a
NLDFT equilibrium model for M on silica or carbon with cylindrical pores. To estimate the

specific surface areas of the different sam@eBET model was used.

2.4 X-ray diffraction

X-ray diffraction (XRD) is a commomondestructivetechnique in materials science that is
widely used forthe investigationof crystalline materials, providing information grhase
composition, lattice parametersnit cell dimensions, and size of crystalline domains.
Additionally, XRD can be used for the characterization of periodically ordered
mesostructures, e,gnesoporous silicar organosilicananoparticleshowspecific refletions

in smallangle X-ray diffraction (SAXS) which can be used to calculate the pr@ore
distance within the amorphous mateffalin general,X-ray diffraction is based othe
scatteringof a monochromatic Xay beanby atoms in a periodic threimensonal structure
having a periodicity similar to the-kKay wavelengthsHerein, thescattered Xrays interfere
constructively and give the diffraction patteninen the material is periodically structured.
The used Xrays are generatemh a cathode ray tubby heating a filament to produce
electrons.These electrons are acceleratedards a target anodégypically Cu, Mo or C9
using hgh voltage.The collision of the accelerated electrons with the anode mdtadilto

the emission of a continuous radaati (Bremsstrahlung) and characteristiaay radiation.

By knocking outinner shell electrons from the anode atoms and electrons from higher energy
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2. Characterization

levels filling up the resulting vacancies characteristic Xay photons are emittedlhe
generated Xay bean is filtered through a monochromatand directed onto the sampke.
copperanode is thenost commoly used target materiavith a resultingwavelength of Cu
KU radiation of 1.5418 P Constructive I nt

incident Xrays with the sample satisfies the Bragg equation

CQOE+ & _ 2-8.

Equation 2-8: Br aggods Matae aspacimgnP= scattering angle, = =order of reflexes, f=

wavelength.

Figure2z5s hows a graphic il lustration of Braggds

Figure 2-5. lllustration of the Bragg relation; Constructive interference occurs when the path difference is

a multiple integer of the wavelength of theX-rays.

The distances between the atoms in the material analyzed correspond to the wavelength of the

X-rays, so thiathe crystalline structure can be determined. The crystallite sizes can be
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2.5. Electron microscopy

calculated by using the broadening of the witas in the diffraction patternkor this

purposethe Scherrer equation is used

0 — 2-9.

Equation 2-9: Scherrer equation; = mean size of the crystalline domainslt= dimensionless shape factor
with a typical value of around 0.9 for spherical particles,s= full width at half maximum (FWHM) of the

reflection corrected for the intrinsic instrumental broadening, ¥ = wavelength, = diffraction angle.

Because of the pore walls consisting of amorphous $dicanost of the materials synthesized
in this workand due to the small domain sizes and limited plarity the observable reflexes
appear quite broad. Themoderatelyorderedwormlike channels of the rseporous systemf

the nanoparticlestudied hereare responsible for receiving only first order reflections in the
small angle rangec(— p f). X-Ray diffraction pattermwere investigated on a Bruker D8
Discoverydiffractometer ind/d BraggBrentano scattering geometry usingfiitered CuKy
radiation with & = 1.5406 4. Smaltangle experiments were performed to analyze the
mesoporous structure of the samples. \Addgle experiments and diffraction patterns on a
STOE Stadi MP with MeK; radiation withe-= 0.71184 were performed to investigate the

metal oxide phases.

2.5 Electron microscopy

Electron microscopy is a very important technique to characterize materials concerning their
structure and composition on the nanoscé&dptical microscopes using wavelengths of
roughly 4007 800nm have a resolution limit due to the Abbe restriction with a maximum
resolution of about 250m. In order to image very small features (smaller than about half the

wavelength of visible light), an electromicroscope can be usEdSince theachievable
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2. Characterization

resoltion in microscopy is directly proportional to the wavelength of the electromagnetic
waves used to image a specimen, waves of short wavelengths are needed. These short
wavelengths in electron microscopy are produced by accelerating electrons to very high
kinetic energies. Primary electrons are accelerated by an anode and then focused by several
electromagnetic coils ¢o the specimen. In general, thel emission or field emission is

used to generatelectrons from a tungsten filamefthese electrons athenacceleragd by

an anoddo energie®f up to 400 ke\and focused by condenser lenses.

2 2-10
- Go 10

Equation 2-10: Equation to calculate the wavelength of the electrong;= wavelength; |: Planck constant,

0O = mass of the electrong = acceleration energy.

Atomic resolutioncan beobtained with he generated small wavelength of the electrons
which makes electron microscopyedestined for studying cell parametgrsre dimensions
and morphologies of nanomaterials. Different processes can occur when the electron beam
hits the surface of the specimen. Accelerated electrons can undergo elastic scattarrge
inelastically scatteredOthers jusipass through theample without interactiofFigure 2-6).
Typical signals used for imaging includeansmitted electrons in TEM applicat®and
secondary electrons (SE)and backscattered electronsBE) in SEM mode.
Cathodoluminescencéuger electrons and characteristiaa§¢sare usedor quantitative and
semiquantitative analyses of materials as well eédsment mapping Bremsstrahlung
(continuum) radiation is a continuous spectrum oefa}s from zero to the energy of the
electron beanand produces a large background signal. To obtain the characteristys Xor

analysis ths background has to be removed.
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2.5. Electron microscopy

incident electron beam

back-scattered e's characteristic X-rays

Bremsstrahlung X-rays

secondary e’s
visible light (cathodoluminescence)
Auger e's
heat
sample surface
diffracted e's

transmitted e's

Figure 2-6. Electron beamspecimen interactions leading to different processés.

For TEM investigations the specimen has to be very tleoause only transmitted electrons

are detected on the CCD detector. Electron radiation is ionizing and tleerafointeract in

many different ways with the analyzed sample. This can lead to radiolysis where chemical
bonds within the sample structure atestroyed.Further limiting factors in the usage of
electron microscopgre spherical aberrations, chromatic aberrations and astignta@®he
spherical aberration is limiting the level of details by bending electrons more strongly which
are further away from the optical axes. For this reason, a point is imaged as a disc. The
chromatic aberration creates the same effect by bending electrons with higher energy more
strongly than others. These aberration errors can be reduced with a specgerenat of
concave lenses and a monochromakagure 2-7 shavs schematic constructisrand beam

paths of a transmission electron microscap®l a scamng electron microscope
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Transmission (TEM) Scanning (SEM or STEM)

L electron gun electron gun

condensor 1
condensor kenses
condensor 2
specimen
T objective lens scan coils
intermediate kens objective lens
specimen
projector lens
annular dark field
detector {only STEM)
image

Figure 2-7. Schematic construction of a transmission electron microscope and a scanning electron

microscope?!

Besides imaginga TEM can also be used to create an electron diffraction pattern. Electrons
are negatively chargedvhich canlead to strong interactions with the subject matter and
therefore they are diffractedyelectron density and atomic nuclei. By inserting an aperture
between the sample holder and the detector into the beam path of the TEM column, selected
area electron diffraction (SAED) patterns can be obtained. Furthermore, both TEM and SEM
can be used tanalyze the chemical and electronic structure of a sample. Fquutpsse

energy dispersiv&-ray (EDX) analysis or electron energy loss spectroscopy (EELS) in TEM
mode can be carried out. TR&EM measurements were either performed on a Jeol2END
operating at 20&V and a basic CCD detection system or vatkEI Titan 80300 equipped

with a field emission gun operated at 80 kV. SEM images were obtainedaWEOL JSM

6500F scanning electron microscope equipped with a field emission gun opegafekhat
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2.6. Infrared spectroscopy

2.6 Infrared spectroscopy

Infrared (IR) spectroscopy is an extremely powerful analytical method for both qualitative
and quantitative analysis of nanomateriélere,the sample is illuminated with infrared light

(range 0f4007 4000cm’Y) to excitevibrational energy states

0 @3 2-11.

Equation 2-11: Equation for exciting energy states; |: Planck constant, JF velocity of the light, h’'=

wavenumber.

In general, molecules possessingetectric dipolethatchanges during vibrational excitation

are IR activé”® The frequency of the incident light has to mfatthe frequency of the
oscillating bond of the irradiated molecule. The energetic difference between two vibrational
states is often characteristic for a specific bond or functional group. In the near infrared (NIR)
region (0:8 e&m f w4000 chl), asoally higher h8rdhicsmfwibrations

can be found. In the mid infrared (MIR) region§2 ¢ m t o 50 *¢rmQ0 ci)0 0 0
fundamental vibrations occur, and the™far
to 10 cm') usually features rotational or phonon modes. By absorbing energy from infrared
light illumination, molecules can be stimulated excited vibratioral and rotational states.

The quantum mechanical model of the anharmonic oscillator is used to describe the

transitiors between different vibrationatates Figure2-8).
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E y e
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¢ R
Figure 2-8. Potential of the harmonic(dashed line) and anharmonicfgll line) oscillator.?®

By analyzing the characteristic vibrational modes of different functional graupspossible

to obtain information about the chemical bonding within t@ecules and the rsicture in

the specimenThe intensity of the transmitted or scattered light is measiRadeasurements

in this work were performed with small amounts of sample on a ThermoScientific Nicolet

iN10 IR microscopén absorption modwith a liquid nitrogercooled MCTFA detector.

2.7 Raman spectroscopy

In contrast to IR spectroscopg molecule is Ramaactive when the activated vibrations
create a change olarizaility (deformation in the electron cloutf)When light is scattered
from a moleculemost photons are elastically scattenetiich meanghattheyhave the same
energy as the incident photons. However, a shmaition of light (approximately 1 in
10’ photons) isinelastically scattered(usually lower frequeries compared tdhe incident

photon$ leading to the Raman effect. Raman scattering can occur with a change in
69




2.7. Raman spectroscopy

vibrational, rotational or electronic ener@f a molecule.To characterize a sample with
Raman spectroscopy, usually monochromatic light generated by a laser is used. The
interaction between light and the electron shell of molecules causes scattering réudison
measuredand theintensity of scattered lights plotted versus the energy differenceain
Raman spectrumRayleigh, Stokes or Anttokes scatteringan be observeth a Raman

experimen{Figure2-9), dependingn absorbing or desorbing energy from the laser beam.

S, S S,
---------- — N,
T l_ - e ——
N, N,
v A
N, No Ny
Sg S¢ So
Stoles-Raman-Scattering Rayleigh-Scattering  Antistokes-Raman-Scattering

Figure 2-9. Raman excitation and relaxation processes.

Since the elastic Rayleigh scattering shows no change in frequency, ibismtetrestfor the
analysis of a molecuds excitation process In inelastic Raman scattering the scattered light
can either be shifted to lower frequencies (Stokes Raman) or higher frequencieStohes
Raman) with respect to thacident frequency ofphotons Because of its higher intensity,
Stokes scattering isostly used for the analysis. Comparable to IR spectroscopy, different
functional groups show characterisicatteringfrequencies which can be used to determine
information about the chemical environment in the sample anafyZete nanomaterials in

this work were measured on a Raman spectrometer equipped withla&Hel a s emm). ( & =6 3 3
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A confocal LabRAM HR UV/VIS (HORIBAJobin Yvon) Raman microscope (Olympus
BX 41) with a SYMPHONY CCD detection system was used. In this case, the dried samples
were directly measured on a glass plate. Raman spectraaigermeasuredon a Bruker

Equinox 55 FTIR/FTNIR, set iRaman mode, witla laser power of 10GW.

2.8 Thermogravimetric analysis

Thermogravimetric analysid'GA) is used to determine the mass loss of a sample related to
the temperature of a heating ramp. With temperatures up te®@ached organic moieties

or adsorbed guestatecules can be gravimetrically measured and quantitatively analyzed.
Besides other reactions, pyrolysis and evaporation of the attached molecules take place. By
controlling the atmosphere during the measurement process with inert gas or synthetic air,
oxidation of the sample can be controlled. The probe is heated with a constant temperature
ramp and sample weighis measurediepending on the applied temperattfr@he obtained
thermograms include quantitative information about the amount of organic moieties attached
to the analyzed material&dditional differential scanning calorimetry (DS@xperimentsan

be carriel out simultaneously with the TGA measureméntDSC, the temperature of the
sample isncreased anthe amount ofequiredheat is compared tinat ofan inert reference
material With thisinformation a weight loss step observed in TG either be atbutedto

an endothermic or an exothermic process. Therefloedemperature stabijitof materials as

well as exothermiqweight losses connected to combusti@n)endothermic(desorption)
processesan be investigated. Thermogravimetric analysis (TGA) of approximatetyglof

dried bulk powder was performed on a Netsch STA 440 C TG/DSC. The measurements
proceed at a heating rate of KGnin up to 90C°C in a stream of synthetic air or nitrogen of

about 25mL/min.
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2.9 Fluorescence spectroscopy

By means oflfiorescence spectroscothe fluorescence of samples can be investigatpdn
excitation of electnic ground states with applied laser lighbnradiative deactivation takes
place, according to FrakkC o n d o n 6 s subsefuenemis3idn ef a photon with lower
energy than the incident laser beam by reaching the electrical gstateds called

fluorescencé’ This procesincludes different stages as can be sedtigure2-10,

Absorption Fluorescence

Internal
CONVErsion

TS IS N

Si 0

Energy
Intensity

Absorption Fluorescence

hv AT, = hv B

S o A 4 =
[ Wavelength

Figure 2-10. Mechanism of the fluorescenc@rocess.

I n a first absorption st epis gemeratpdhby ainoexternal o f (
source (incandescent lamp or laser light) and absorbed by the fluorophore materiehnThis

result in an excitation of the electron from the electromimugd state (§ to an excited

electronic state (@ This process is very fast, taking place within femtoseconds.
Subsequently, a process called intec@iversion takes place usually withiri L0 ns. This
nonradiative transition of the electron frofmet excited state ¢pto the relaxed excited state

(S1) is caused by vibrational relaxation of the fluorophores. In the last step, the excited
electron falls back to the ground statg) (Bhile emitting a photoBwi t h | oweg) ener g

than in the absotjn process. This is the reasahy fluorescence leads to a rsHift of the
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2. Characterization

emitted wavelength in comparison with the incident photons. The difference between the
corresponding maxima of absorption and emission spe(trgure 2-11) is called
bathochromicStokesshift and is due to the previously described energy loss in the non

radiative deactivation proces.

Stokes shift
==

Excitation Energy
Ausuajuj uoissnuy

Wavelength (nm)

Figure 2-11. Schematic absorption and emission spectra of a fluorescence dye.

In addition to fluorescencetherrelaxationprocesses can occur that caudallabackof the
excited electrons to the ground stateor into other related states.g. quenching,
photobleaching,fluorescence energy transfer and intersysterassing which leads to
phosphorescence.Fluorescace spectra in this work were recorded on a PTI
spectrofluorometer with a xenon short arc lamp (U8XE USHIO) and a photomultiplier
detection system (model 810/81#pr the release experiments a ROTH Visking type 8/32

dialysis membrane with a moleculart-off of 14000 g/mol was used.
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2.10 UV/VIS spectroscopy

In UV/VIS spectroscopy electromagnetic waves in the visible and the ultraviolet range are
used toilluminate molecules in solutions or solids. The absorption of light of aiBpe
wavelength leads to eitation of valence electrons to higher energy states. The energy of the
absorbed photons by the molecules corresponds to the energy difference of the states and can

give information about the electronic properties of the analyzed sample. The concenfration

an analyte in the absorbing species can be determined using Lématr 6 s | a w:
. N O
0 a e%) - wa 2-12.
Equation 2-12: Lambert-Beers law; == Absorbtion, k= Intensity of incident light, l=Intensity of

transmitted light, £= Molar extinction coefficient, {% Concentration of the analyte == Path length through

the cuvette.

An UV/VIS spectrometer setup usually exists of a light so(ateaterium lamp for U\fange,
tungsten lamp for visible ranged monochromator, a detector and a cuvette hdtiethe

analyte Figure2-12).

UV/VIS measurements the fdlowing work were performed on &erkin Elmer Lambda
1050 spectrophotometer with a deuterium arc lamp and a tungsten filainerdetector was
a standard CCD systengmall sample amounts were measured on a NanoDrop 2000c

spectrophotometer from Therrk@sher Scientific.
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Deuterium Lamp
Tungsten lamp

Photomultiplier

Grid mirror

Reference

Concave grating

Sample Sector mirror

Figure 2-12. Schematic UV/VIS setup®®

2.11 Fluorescence microscopy

Fluorescence microscopy is a powerful method in nanosciences to detect and investigate cell
particleinteractions. The instrument is capable of imaging the distribution of single molecular
species based solely on fluorescence emission. With fluorescenaesceojay, the precise
location of intracellular components labeled with specific fluorophores and additional labeled

nanoparticles can be monitored.
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Figure 2-13. Schematic setup of a basic upright fluoresence microscopé’

High spatial resolution in 3D and a high timesolution is crucial to gaiproper information.

In general, fluorescence microscopy can also be used to investigate environmental parameters

such as pHyiscosity, refractive index, ionic concentrations, membrane potential, and solvent

polarity in living cells and tissuesrigure 2-13 shows a schematisetup of a basic

fluorescence microscope with incident reflected light illumination. The microscope usually

consists of a trinocular observation head that is coupled to a cooled-chaped @vice

(CCD) camera systenT.wo illumination sources are useahe for transmitted light and the

other for the excitation of fluorescence processes (tungstiegen for UV range and

mercury aredischarge for visible range, respectivelfjternatively, lasers can also be used

for illumination.
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Spinning Disk Microscope Configuration
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Figure 7
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Figure 2-14. Schematic illustration of spinning disc microscop&?

Different optical excitation filters are needed to isolate one specific wavelength for the
excitation of fluorophores in the sample. It is possible to separate excitation and emission
light in the same pathway optically via a dichroic mirror. This is duehe previously
described Stokes shift of excitation and emission wavelehgthis caseonly the emission

light is collected by the objectivendan additional emission filter helps to suppress unwanted
background lightTo study living cellsand cellparticle interactions in this worla spinning

disc microscope was usdeigure2-14 shonvs schematically the setup sdfich aspinning disc
microscope.A confocal microscope is improved in comparison to a simple fluorescence
microscope by introducing pinholes in thecigation and detection pathway block the out
of-focus fluorescencé& hereby,especially the axial resolutias increasegdwhich is given by

the Rayleigh criterion:
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2.11 Fluorescence microscopy

GE _

Q6060 Fds 2-13.

Equation 2-13: Axial resolution of confocal microscope.-+. _‘;_;+.axial resolution, = refractive index,

{ wavelengthd 88 numerical aperture.

Spinning disc confocal microscopes arethar improved confocal microscopes. Herein, the
usual pinholes are substituted with a spinning disk unit consisting of two fast rotating discs.
One disccontainsmultiple lenseghatare concemically arranged. On the other disc there are
pinholesthat allow for multiple simultaneous scans. With the combination of these fast
rotating discs many confocal spots can be screened over the sample. This leads to a faster
imaging compared to a scanningnfocal microscope and to a significant increase in time
resolution. However, strong lasers are needdn using this method because much light

gets lost while passing through the pinisol@onfocal microscopy for liveell imaging in this

work was perfoned on a setup based on the Zeiss Cell Observer SD utilizing a Yokogawa
spinning disk unit CSX1. The system was equipped with a 1.40 NA 100x Plan apochromat

oil immersion objective or a 0.45 NA 10x air objective from Zeiss. For all experiments the
expogsire time was 0.% and zstacks were recorded. DAPI and Hoechst 338y&swere

imaged with approxintaly 0,16W/mn?¥ of 405nm, GFPand the caspas¥/7 reagent were
imaged with approximately 0.A8/mn¥ of 488nm excitation light. Atto 633 was excited

with 11mW/mnf at 639nm. In the excitation path a quadge dichroic beamsplitter
(FF410/504/582/66®i01-25x36, Semrock) was used. For tewmlor detection of
GFP/caspas8/7 reagent or DAPI/Hoechst 3334Rd Atto 633, a dichroic mirror (560m,
Semrock) and banpass filters 525/50 and 690/60 (both Semrock) were used in the detection
path. Separate images for each fluorescence channel were acquired using two separate

electron multiplier charge coupled degi(EMCCD) cameras (PhotometricsEvdle
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2.12 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is frequently used as an indispensable
physical methodo analyze the behavior of certain nuclei in external magnetic fiedds.afRd
precise analysis afrganic reaction products, determination of molecular structures in solids
and liquids, as well as the study of dynamics in organic, inorganic, and biological systems can
be obtained with a small amount of sam@aly isotopeswith an intrinisic nuclear spiip

unequal to zero and thereéaontaining a magnetic momeptan be measured
® rip 2-14.

Equation 2-14: Magnetic moment; & magnetic moment; 2= gyromagnetic constant,¥ nuclear spin.

By applying an external magnetic field these magnetic moments spin towards the applied
direction. With the resulting angular momemta resonance frequency (Larmour frequency)

is obtained

15 [P 2-15.

Equation 2-15: Larmour frequency; = Larmour frequency; #= gyromagnetic constants B= external

magnetic field.

In an external magnetic field these spin states are not degenerate and spdittantoenergy

levels. The difference in energy between the two states is given by

Q

Equation 2-16: >U’|-,—— Different energy Ievels,l Planck constant,ae= Larmour frequency.
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2.12 Nuclear magnetic resonance spectroscopy

The resonance frequeies and therefore the energy transisoare influenced by the
individual chemical and magnetic environment of the different nuclei. Because of this
property, NMR spectroscopy can be used to investigate the electronic environment and
chenical structure of a molecule. In solgate NMR (ssNMR) thanternuclear dipolalipole
interactions and the anisotropy of the chemical shift result in the broadening of the signals in
the corresponding spectrum. These anisotropic interactions can beagdichby using magic

angle spinning (MAS) during the measurem@igure2-15). To this end the sample holder

is rotated at a very high frequenfysuwally between 1 and 10(Hz) at the magic angle of

54A740606 wi t h ectioasftheappliedmagnetidfield. d i r

4B, '\ A

9]

Figure 2-15. Schematic illustration of the sampleholder rotating at the "magic angle" of 54.74 degrees

with respectto the direction of the magnetic field>*

In this work, approximately 108g of sSNMR samples were measured on a Bruker Avance
[1-500 (500 MHz, 11.74 T) instrumentiquid NMR samples were dissolved in the
corresponding eluterated solvent and measured either on a Bruker or a JEOMH0

instrument.
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2.13 Superconducting quantum interference device

A superconducting quantum interference devi@QUID) was used to measure the
magnetization of nanoparticles and to investigate their possible superparamagnetic behavior.
Figure2-16 shows schematicalljyhe setup of such deviceasvo Josephson junctions can split

a superconducting pattvhile sustaimng a maximum supercurrent. With a magnetic material,
and therefore a certain amount of magnetic flux piercing through the loop, the amplitude of
the electricalcurrent is modulated and can be monitor&tis modulation is used to

determine the properties of magnetic materials.

Electric current
or heat flow

Magnetic fl

ux

0/Q,

Figure 2-16. a) Schematic illustration of a SQUID containing two Josephson junctions. b) The maximum
electrical current (I, black, left axis) flowing through the device from left to right can be fully modulated

by the amount of magnetic flux (i) passing through the lop.3*
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2.13 Superconducting quantum interference device

Magnetic nanomaterials in this womkere examined in a Quantum Design MPMS XL5
SQUID-magnetometer (Superconducting QUantum Interference Device) operating in a
temperature range between K8nd 380K and with magnetic fieldsrém -50kOe to
+50kOe. The homogenized samples were weighed out in gelatine capsules with familiar
diamagnetic properties and subsequently fixed in a plastic straw. Measurements were
accomplished via the software MPMS MultiVu, whereas the program SQUitegsor was

used to convert and correct the data. Origin was used to process the output data files.
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3 Protease mediated release of chemotherapeutics from
mesoporous silica nanoparticles to ex vivo human and mouse

lung tumors

This chapter is based on tfelowing publication:

Sabine H. van Rijt, Deniz A. Bolikbas, Christian Argyo, Stefan Datz, Michael Lindner,
Oliver Eickelberg, Melanie Konigshoff, Thomas Bein, and Silke Meird&S Nan®015 9,

237F2389.

Abstract

Nanoparticles allow for controlled and targeted drug delivery to diseased tissues and therefore
bypass systemic side effects. Spaéimporal control of drug release can be achieved by
nanocarriers that respond to elevated levels of disgasgfic enzyme. For example, matrix
metalloproteinase 9 (MMP9) are overexpressed in tumors, are known to enhance the
metastatic potency of malignant cells, and have been associated with poor prognosis of lung
cancer. Here, we report the synthesis of mesoporous s#icaparticles (MSNs) tightly
capped by avidin moleculesa MMP9 sequencspecific linkers to allow for sitselective

drug delivery in high expressing MMP9 tumor areas. We provide ymbodncept evidence

for successful MMPriggered drug release from NS in human tumor cells and in mouse

and human lung tumors using the novel technologgxo¥ivo3D lung tissue cultures. This
technique allows for translational testing of drug delivery strategies in diseased mouse and
human tissue. Using this method weow MMP9mediated release of cisplatin, which
induced apoptotic cell death only in lung tumor regions mafsknutant mice, without causing

toxicity in tumorfree areas or in healthy mice. The MMP9 responsive nanoparticles also
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Introduction

allowed for effective combirtarial drug delivery of cisplatin and proteasome inhibitor
bortezomib, which had a synergistic effect on the toxicity. Importantly, we demonstrate the

feasibility of MM9 controlled drug release in human lung tumors.

Healthy tissue

) MSN Elcargo @ avidin ' cleavable HP linker - MMP 2/9

3.1 Introduction

In the past decade, theaiof nanoparticles as inert carriers for therapeutics has revolutionized
the field of drug delivery. Such nanocarrier systems have shown advantageous features
resulting in improved accumulation of active drugs at disease sites, and have contributed to
reduced systemic toxicity. However, release systems of many drug carriers rely on
spontaneous degradation of the nanoparticleivo (e.g., hydrolysis), and do not allow for
controlled drug release. Controlled drug delivesgn be achieved by exploiting the
(patho)physiologic characteristics of biological microenvironments, such as reducing
conditions, changes of pH (e.g., acidic endosomal compartments), or altered levels of disease
specific enzymesk-or example, matrixmetalloproteinases 2 and 9 (MMP2 andP®)Vare

overexpressed in advanced stages of cancer including lung cancer, whereas they are
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minimally expressed in healthy tisstidndeed, elevated levels of MMP9 in the tumor
microenvironment enhance the metastatic potency of malignant cells and covitdtenor
progression, angiogenesis, or metastasisparticular, increased expression of MMP9 has
been associated with poor prognosis of lung cahCeBpecific peptide sequences can be
exploited asproteasesensitive linkersto allow for controlled release of chemotherapeutics
from nanoparticles, as recently shown by the use of MMP2/9 sensitive peptides for drug
delivery/™® Consequently, the use of MMP2/9 responsive nanoparticles represents a
promising strategy for local treatment of aggressive lung cancer.

Multifunctional mesoporous silica nanoparticles (MSNs) are attractive carriers for drug
delivery* They offer unique properties such as tunable pore sizes and pore volumes for high
drug loadingcapacity, and efficient encapsulation of a wide variety of cargo moletules.
Additionally, these carriers can be selectively functionalized at specific sites within the
nanoparticlé® For example, an outer shell functionalization enables the attachafent
external functions exclusively on the outer surface of the particle, which do not interfere with
the pore environment. This can be exploited to create stnegponsive pore sealing for
controlled drug releasé? For example, MSN pore closing can hehieved by utilizing
biotin-avidin complexation, which serves as a bulky biomolebaleed valve blocking the
entrances of the MSN por&s.

In this work, we developed avidtapped MSNs functionalized with linkers that are
specifically cleaved by MMP3hereby allowing for controlled release of chemotherapeutics
from the MSNs in high MMP9 expressing lung tumor areas. We demonstrate efficient
protease sequenspecific release of the incorporated chemotherapeutic cisplatin (CP), as
well as combination tement with proteasome inhibitor, bortezomib (Bz), in two lung cancer
cell lines. To assay therapeutic effectiveness in diseased tissue, we established a novel

experimental setip using 3D lung tissue cultures (RDC) of mouse lung cancer tissue. This
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tedinique allows for spatitemporal resolution and quantification of nanopartiokediated

drug delivery in the preserved 3D environment of diseased mouse and human lung tissue. We
here demonstrate MMP®@ediated tumeosite selective drug release and tumdt death in

mouse and human lung tumors revealing the feasibility of MMP9 controlled drug site

selective delivery for treatment of lung cancer.

3.2 Results and Discussion

Synthesis and characterization of MMP9 responsive MSN#ccording to previous reports,

the MSNs were synthesized by a-gel proceduré® 2% In the present work, the external
surface of the MSNs was coated with a heptapeptide (HP) linker ¢MSfénsisting of a

biotin functionality on theperiphery (for detailed synthesis procedure, refer to Sl). This HP
sequence is selectively recognized by MMP9 for proteo(B®NMGLP, cutting sequence
shown in boldf* As a negative control, MSNs containing a rw@avable heptapeptide
(NHP) attacheda the outer surface of the particles were synthesized gU3Nn this NHR

biotin linker, the specific cleavage site for MMP9 is lost due to an exchange of a single amino
acid (RSWMLLP, exchanged amino acid shown in bold). After dye/drug uptake into the
mesopores of both particle types, the glycoprotein avidirk[E av. diameter ~8m) was
attached to the outer surface of the partiglasion-covalent linkage to the biotin groups. The
particles have been termed throughout the script as cMSN (Mi#RSable linkers) or
ncMSN (MMP9 norcleavable linkers). Avidin shows high affinity to biotin, and therefore
acts as a bulky gatekeeper to block the mesopores of the silica nanoparticles. The complete
synthesis strategy and characterization of the particledejgicted in Figure 3-1.
Comprehensive characterization of the synthesized MSNs involved a range of physiochemical
methods; thermogravimetric analysiseta potential, dynamic light scattering, nitrogen

sorption, and infrared (IR) spectroscoffifigure 3-1Bi F, respectively),all of which
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confirmed thesuccessful synthesis of cMS&f ncMSN. See alsd@able 3-1 and SI for
additional information. From these data, we conclude that the attachment of the avidin
gatekeepersia short heptapeptidbiotin linkers (cleavable and naleavable for MMP9) to

the external surface of MSNs was successful. In order to provigIi@9-specific release
behavior of our nanoparticle system, release experiments with fluorescein were performed as
previously reporte® Only upon the addition of recombinant MMP9 to the particle
suspension, an increase in fluorescence intensity overwaseobserved reaching a plateau
after about 16 h. Importantly, no release of the preloaded fluorescein was observed for MSNs
containing a nostleavable heptapeptide linker (hcMSNdure 3-1G). Furthermore, MMP2

was also able to induce fluorescein release from the particles, but with slower kinetics,
compared to MMPO9Higure S3-1D). This is not surprising as MP2 has differential enzyme
kinetics compared to MMP9, and has been shown to degrade several substrates that are not
degraded by MMP9 and vice verSdor this reason, we chose to contintighwIMP9 in the

in vitro studies. However, it is important to note that both enzymes are overexpressed in lung
cancer and so we expect a cumulative effect on cargo reétfess@* °> The cMSN particles

could uptake the drug cisplatin very efficientlp.44+ 0.02mg/mg cMSN and showed
specific release of cisplatin when incubated with recombinant MMP9, whereas no release of
cisplatin could be detected in the absence of MMP&blg 3-3). Furthermorethe avidin
capped particles preloaded with fluorescein (cM&irescence) showed stability of the
capping system for up tb6 h (Figure S3-1F). Colloidal stability of our particles was retained

for up to 7 days (168 hours), after which time agglomeration of the MSNs could be observed
in solution (Figure S3-1G). In addition, longerm cargo release experiments of fluorescein
loaded cMSN in HBSS buffer solution (ho MMP9) showed that the particles were stable for at

least 28 daysHigure S3-1H), similarto what we previously observed for related MSNs with

89



Results and Discussion

organic coatingé®> %’ Consequently, above experiments validate highly specific release

behavior of fluorescein and cisplatin from cMSNs by recombinant MMP2/9 enzymes.
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Figure 3-1. Synthesis and characterizationof MMP9 responsive mesoporous silica nanoparticles. A)
Synthesis scheme of core (green, thiol groups) shell (red, amino groups) functionalized mesoporous silica
nanoparticles (MSN). (i) EDC amidation of amino groups with carboxy groups of the MMP9 cleavablHP
(HP, red) or the MMP9 non-cleavable HRbiotin linker (NHP, blue) results in a covalent attachment to the
external particle surface (MSNyp, MSNywp). (ii) After cargo incorporation (cisplatin (CP) or bortezomib
combination treatment (CT), yellow star), (iii) the strong binding affinity of biotin to avidin leads to
blocking of the mesopores for MSNs with MMP9 cleavable linkers (cMSN) and MMP9 nenleavable
linkers (ncMSN). Characterization of MSNs. B) Thermogravimetric analysis, C) zeta potential
measurenents, D) dynamic light scattering, E) nitrogen sorption isotherms, and F) infrared spectroscopy
(all curves are shifted by a value of 0.02 along the-axis for clarity) of MSN (black), MSNyr (red),
MSNnrp (blue), and cMSNs (green). G) Release kinetics dtibrescein from the MSNs before and after
MMP9 administration.

90



3. Protease mediated release of chemotherapeutics from mesoporous silica itéesfmagx
vivo human and mouse lung tumors

BET surface area [Pore volum®& |DFT pore siz&
Sample Particle siz&(nm)

(m?/g) (cm?/g) (nm)
MSN 106 £9 1150 0.67 3.6 £0.1
MSNpp 142 +13 882 0.55 3.6 +0.1
cMSN 164 £15 90 0.05 -10
MSNnHp 142 £17 825 0.52 3.6 £0.1

Table 3-1. Structural parameters of functionalized MSNs.

Particle size refers to the peak value of the size distribution derived from DLS measurements.
PPore volume was calculated up to a pore size mh&o remove the contribution of inter

particle textural porosityDFT pore size refers to the peak value of the pore size distribution.

MMP9 responsive release of cargo using lung cancer celld/le next nvestigated MMP9
mediated release of the chemotherapeutic drug cisplatin in two human lung cancer cell lines
(A549 and H1299as a function of cell viability. MMP@lose responsive release of cisplatin
from the nanoparticles, and subsequent induction c&-degendent cell death was observed

in both celllines Figure3-2A and B).

It is important to note thahe MSNs were preloaded by diffusing a defircisplatin solution

into the particles, after which the particles were sealed and washed. In the figures, these
loading concentrations are referred to as loaded cisplatin concentrations. However, the
amount of cisplatin released from the particles, tiwseffective cisplatin concentration the

cells or tissue were exposed to, was much lower, as the incorporated amount is lower than the

provided amount in the stock solution. Of note, we observed high cisplatin MSN loading of
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440+ 0.02pg/mg MSN, when dfising 10 mM cisplatin stock solution into the poréke
cisplatin concentration released from the particles was estimated to be an order of 10 fold less
(then the used stock solution), when compared to free cisplatin as determined by a dose
responseviability curve of direct cisplatin treatment in A549 and H1299 cefigre S

3-2A). To determine if celsecreted MMP9 was able to open the particlesc&b49 and
H1299 cells were transiently transfected with MMP9 cDNA and overexpression of active
MMP9 was validated with gelatin zymographsidqure S3-2B). MMP9 overexpressing cells
responded to cisplatin loaded MSNs with pronounced loss of cell viability compared to empty
vector transfected control cells. This demonstrates that thesemafed concentrations of
MMP9 were able to trigger the release of chemotherapeutic drugs from stspdinsive
MSNs Figure 3-2C). Importantly, cisplah-loaded MSNs containing nesleavable linkers
(ncMSN-CP) did not induce any cell death in either cell likggQre 3-2D) indicating tight
sealing ofthe particlesimportantly, noAloaded MSNs were found to be nontoxic at the dose

applied 60 pg/mL) (Figure3-2E).

Because MSNs can efficiently empsalate multiple drugs, these carriers offer a unique
opportunity for combinatorial drug delivery, which overcomes the problem of acquired drug
resistancé® Proteasome inhibitors are promising combinatorial drugs as suggested by
multiple clinical trials,since they effectively inhibit proliferation of tumor cells, sensitize
them to apoptosis, and overcome drug resistdhBertezomib (Bz) is FDAapproved for
treatment of multiple myeloma and mantle cell lymphoma, and is currently tested in phase Il
clinical trials for lung cancel In our setup, nanoparticles loaded with ntoxic doses of
cisplatin and Bz when used on their own, induced significant cell death in the presence of
MMP9 when applied ircombination Figure 3-2F). Augmented cytotoxicity was largest for

the lowest cisplatin dose (M), with an increasedytotoxicity of over 3%% in the presence

of Bz. This was a remarkable 5 to 10 foldrig&se in cytotoxic potency for naoxic doses of
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a single drug. Cells exposed to MSNs loaded with cisplatin and Bz (e®§Nh the absence
of MMP9 showed no significant loss in ceflability (Figure 3-2F, white bars) indicating
again tight sealing of the patrticles. These results demonstrated that the combinatorial delivery
of cisplatin and Bxia nanopatrticles induced an additive cytotoXiieet and thus allow for a

reduction of drug doses.

A) H1299 B) A549 C) H1299
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Figure 3-2. MMP9 responsive release in lung cancer cells. Controlled release of cisplatin from cMSN as
measured by percent cell survival after 24 exposure, incubated with; 0 (white bars), 0.5 (lighgrey bars),

or 1 pg/mL (dark-grey bars) MMP9 for in H1299 (A) and A549 cells (B), or C) with MMP9 cDNA (grey
bars) or empty vector transfected cells (white bars) in H1299. D) ncMSN particles encapsulaimisplatin
incubated in presence of Jug/mL MMP9 for 24 h did not result in significant cytotoxicity in H1299 (light
grey bars) and A549 cells (dark grey bars). E) Cytotoxicity of cMSNs determined by WST assay in
H1299 and A549 lung cancer cell lines &r 24 h of exposure. F) Controlled release of cMSN loaded with
cisplatin alone (CP, light grey bars) and in combination with 1 uM bortezomib (CT, dark grey bars) in
MMP9 cDNA transfected A549 cells, in comparison to empty vector transfected A549 cells (iéhbars).
Untreated cells were set to 10@6 survival, * means a significant decrease in percent cell survival

compared to control (p < 0.05). Values given are average of three independent experiments + SD.

Application of 3D lung mouse and human tissue ctures. Having shown the feasibility of
MMP9 mediated drug release from the avidin capped MSNs in lung tumor cell lines, we next
aimed to validate MMP9 responsive drug release in the complex setting of lung tumor tissue.

For that purpose, we made use ofoael 3D ex vivotissue culture method. This technology
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involves the preparation @ vivotissue cultures from healthy and tumoral mouse and human
lungs, which can be cultured for up Todays Figure 3-3A). For our purposes, mouse and
human lung tissue slices of 200 pum thickness were exposed for 24 to 72 h to MSNs that had
been covalently labeled with Atto633 in their core. After treatment, lung temes were

fixed and stained using immunofluorescenégyiire 3-3B). As a model for murine lung
tumors, we used transgenic mice carryirgpantaneously activated&s mutation, which are
highly predisposed to a range of tumor types, however predominantly show early spontaneous
development of lung cancer after only a few weeks of&g@his mouse model does not only
carry the most common natton, i.e. Kas, observed in human lung cancer patiéfts but

also closely resembles spontaneous tumor developwegmincogene activation as seen in
humans. Human material was obtained from freshly excised lung tumor tissue from
consenting patientslumor lesions were clearly detectable in both mousssk&ind human
patient derived 3ELTC as characterized by loss of parenchymal lung structure and the
appearance of dense cell populatiofgre 3-3B, phalloidin staining). Staining of 3DTC

with a Kras antibody confirmed its overexpression irral§ tumor and nofiumor tissue,
compared to low expression in A0C of wild-type (WT) mice. MSNs suspendadculture
media distributed evenly and reproducibly in the tissugufe S3-4B). Nonloaded particles
were not toxic to the 3ITC for up to 72 h of exposure asvealed by the absence of
apoptotic caspase activation Figure S3-4C). High MMP9 expression was detected in tumor
lesions of Kas mutant mice and in tumorous humasstie by MMP9 immunofluorescence
staining, and by immunohistochemistry of para#imbedded lung tissusde S). MMP9
expression was highest in eagdilase neoplasms and staining was most pronounced at the
invading peripheries of the tumorsFigure S 3-4D). These data confirm MMP9
overexpression in Ks mouse and human lung tumors, validating this model as suitable for

MMP9-mediated drug dalery.
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A) lung slices (3D-LTC) B) WT mouselung Kras mutant mouse lung

Phalloidin
DAPI
: Kras
3 b3 e - DAPI
WT healthy  Kras mutant
C) mouse mouse
Human healthy lung Human tumor lung
MMP9
DAPI

Figure 3-3. 3D human and mouse ex vivo tissue culture. A) 200 um thick WT and Kras mouse and human
lung tissue slices were kept under normal culture conditions, Kras mouse tumors can be easily ohser
with bright -field microscopy (5x objective). B) Confocal microscopy images of WT mouse and Kras
mutant mouse 3DLTC with (from top to bottom) phalloidin, Kras, and MMP9 staining using
immunofluorescence and immunohistochemistry. C) 3D images of tumorguand tumor-free lung tissues
from human with (from top to bottom) phalloidin, and MMP9 staining using immunohistochemistry

(Hemat. = hematoxylin). The scale bar is 50 pm.

MSN mediated MMP9 responsive drug delivery to Kras mutant mouse lungsdaving
estabished the 3ELTCs of Kras mouse lung tumor tissue as a powerful tool for MMP9
mediated drug deliveryia nanopatrticles, we next evaluated therapeutic effectiveness of drug
release from our functionalized nanoparticles (cMSN). For that, lung tissue dligga
mutant mice were exposed to particles that contained different concentrations of cisplatin

(cMSN-CRow and cMSNCR,gn; 5x higherconcentration), or a combination of low doses of
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cisplatin with bortezomib (cMSICT) for 24 or 48 h.Comparing cell death caused by
cisplatin released from the MSNs to that of direct cisplatin administration innoutro
experiments, we estimated that the cisplatin concentration released from the particles is at the
order of 10 fold less. Next, we eSlizshed the dose for direct cisplatin application by exposing

the lung tissue slices to various concentrations of the drug. At the reported concentrations we
observed a significant amount of apoptosis of approx. 12 % of cells after 24 h and 20 % after
48 husing the higher dose ofsplatin Figure3-4D, F), as indicated by a significant amount

of caspas@& positive stainingKigure S3-6A, B andFigure S3-7A, B). Based on our in vitro
findings of about 10fold less encapsulatmicisplatin into the MSNs we encapsulated 10x
higher doses of cisplatin solution inside the MSNs to be able to achieve a similar effect and
applied those to the lung slices (Sesble 3-2 for an overview of used doses). Importantly, a
similar induction of tumor cell death was observed for both, the encapsulated drugs and the
drugsalonefor all tested doses and tirp@ints, showing that the chosdoses were effective

and comparable to each othEBrgure3-4C-F).

Strikingly, all nanoparticles containing chemotherapeutic(s) induced apoptbgis damor
lesions of Kas lungs, while not affecting tumefree regions in the sam¢ras lung tissues
(Figure3-4A). In addition we observed a dogkependent therapeutic effect on apoptotic cell
death, with the combination therapy (cMEN) being most effectiveln contrast, Kas
mutant mouse 3L TC exposed to comparable doses of free {@ocapsulated) drug(s) (CP
or CT), resulted in apoptotic celkdth that did not discriminate between tumorous and non
tumorous tissue Of note, MSNs with noitleavable linkers encapsulating both drugs
(ncMSN-CT), did not cause any significant apoptotic cell deathr@skumors or in healthy
tissue in Kas lungs Eigure 3-4B upper panel). In addition, healthy lungs of WT mice
exposed to drugpaden nanoparticles (cMSET) did not show significant signs of apoptosis,

whereas exposa to comparable doses of free (remcapsulated) drugs caused apoptotic cell
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death that distributed evenly in the healthy tissue further proving the selective cytotoxic effect
of our MSNs. The dosand time dependent therapeutic effects of the MSNs vgerantified

by counting the number of apoptotic cells versus the total number of cells in lung tissue slices
containing tumors of comparable size (fégure S3-6 andFigure S3-7 for the images used

for quantification). Of note, cell death in the tumor area wat® B% fold higher compared to

the nomtumor area upon nanoparticleediated drug delivery. This was even more
pronounced after 48 lirigure3-4E). The effect was highest for the combination therapy with

a 25fold increase in apoptotic tumor cell death while exposure rak kKung tissue to Bz

alone did not cause any significant apoptoBigure S3-8A). In contrast to the nanopartiele
mediated drug delivery, tas lungs exposed to comparable doses of cisplatin £ Bortezomib
for 24 h and 48 h showed a similar degree of apoptotic cell death in the tumor atuehnoon

areas Figure3-4D and F). Only for the highest doses (fgPand CT) a small but significant
increase in tumor cell death was observed. This might be attributed to the increased

effectiveness of cisplatin towardsfast vi di ng and &l eakyd tumor

97

c

€



Results and Discussion
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Figure 3-4. Therapeutic efficacy of MMP9 responsive MSNs in Kras mutant mouse lungs. A) Kras mutant
mouse 3DLTC exposed to MSN particles encapsulating either a low dose of cisplatin (cMSBPIlow), high
dose of cisplatin (c(MSNCPhigh), low dose of cisplatin in combindon with Bz (cMSN-CT), or to
comparable doses of the free drugs (CP/ CT) for 48 h. B) Kras mouse 200C exposed to MSNs with non
cleavable linkers encapsulating combination treatment (ncMSMCT) for 48 h (upper panel) and WT
mouse 3DLTC exposed to MSNs wih MMP9-cleavable linkers encapsulating combination treatment
(CMSN-CT), or free (nonencapsulated) drugs (CT) for 4&h (lower panel). The scale bar is 50 pm.
Comparable sized tumors were chosen for microscopy (indicated by dotted line), tumdfnee refers to
images that were made in a nottumor area of a Kras 3D-LTC. Nuclear staining (DAPI) is shown in blue,
apoptotic marker (cleaved caspas® positive) in green and Atto633 labelled MSN patrticles in red. Images
shown are representative for three independenexperiments (see also Figure S6, S7). Quantification of
apoptotic cells (cleaved caspas®) per number of counted nuclei (DAPI) in tumor and tumorfree areas in
Kras 3D-LTC after C, D) 24 h of exposure and E, F) 48 h of exposure to MSN particles encapdirg
drugs (cMSN-CP/CT) or free (non-encapsulated) drugs (CP/CT), respectively. Notreated control slices
(white bars) and control MSNs (i.e., ncMSNCT) (light grey bar, 48 h exposure) were also included in the
study. * means a significant increase in ag@osis compared to a nortumor control area (p < 0.05). Values

given are average of thre independent experiments + SD
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As represented in Fig. 1 Label (loaded) drug concentrations

e . cMSN-CPRow 2 mM cisplatin

CMSN-CPRyigh 10 mM cisplatin

CcMSN-CT 2 mM cisplatin + 1 uM Bortezomib
e ﬁ{ NcMSN-CPow 2 mM cisplatin

NCMSN-CPRhigh 10 mM cisplatin

NCMSN-CT 2 mM cisplatin + 1 uM Bortezomib

CPRow 0.2 mM cisplatin

CPhigh 1 mM cisplatin

CT 0.2 mM cisplatin + 0.2 VM

Bortezomib

Table 3-2. Drug doses used for the mouse lung tissue slices experiments.

Importantly, MSNs induced apoptosis correlated with MMP9 expression in tumor lesions

(Figure 3-5A, Figure S3-8B). Detailed analysis of the 3DTC revealed that apoptosis took

place throughout the tumor while the particles remained mainly on the top of the tissue, where

they associated with the tiss(feigure 3-5B and Figure S3-8C). This observation suggests

that the particles are first immobilized on the tissue and subsequently cleaved by

overexpressed MMP9 on the surface of the tissue, and the released chemotherapeutic(s)

effectively diffuse into the tissue. A similar distribution of apoptotic cells was obddor

3D-LTC exposed to the drug alonéigure 3-5B andFigure S3-8C). This indicates that deep
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penetration of nanoparticles into the tumor tissue is not required as the released drugs
effectively diffuse throughout the tissudoreover, we confirmed that the cytotoxic effects
were mainly restricted to epithelithmor cells by cestaining of 3DLTCs with cleaved
caspass and the epithelial cell type markercBdherin Figure 3-5C Figure S3-8D). These

dataclearly demonstrate tumor siselective drug delivery byur nanopatrticles.

A B
) Tumor ) cMSN-CT

DAPI MMP-9 Cleaved caspase-3 Merged (no DAPI)

Tumor-free

Cleaved caspase-3

DAPI, E-cadherin,

Figure 3-5. A) Kras 3D-LTC exposed to cMSNCT for 48 h with MMP9 antibody co-staining (magenta,
maximum intensity projections of the different channels, white dots in merged image showrelct overlay)

in tumor (top) and tumor-free (bottom) areas. B) Exposed Kras 3ELTC, only showing the calculated
number of particles, nuclei and apoptotic cells per 3ELTC tissue slice from the side where tumor tissue is
located. Red spots represent the taulated particles, blue spots represent the nuclei, and green spots
represent the apoptotic cells in ctMSNCT exposed 3BLTC (above panel), and CT exposed 3 TC
(below panel). Original stainings were omitted for clarity. C) Kras 3BDLTC exposed to cMSNCT for 48 h
with E-cadherin antibody costaining (magenta, orthographic representation using a 63x objective). The
nuclear staining (DAPI) is shown in blue, apoptotic marker (cleaved caspas) in green. The fluorescence
signal originating from Atto 633 labeled MSN particles was omitted from the images for clarity (for A and

C). Scale bar is 50 pm.

MMP9 responsive drug delivery to human lung tumorsln a final step, we set out to assess
protease responsive drug delivery from our nanoparticles in human lumgstuRor that
purpose, we used 3DTCs from freshly excised human lung cancer tissue obtained from

different donors. Cisplatioaded nanopatrticles (cMS8PR,,) induced pronounced apoptotic
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cell death inhuman cancer tissue after 72 h of exposure. Thieleded well with particle
density on the tissud-igure 3-6A). Furthermore, therapeutic effectiveness of the cM3N
was not dependent on the tuntgpe as apoptotic cell death was induced both in metastatic
and primary lung tumord={gure 3-6A). Untreated control tissue showed only a minor degree
of apoptosis which might be attributed to the tissue cutting proceHBiger¢ 3-6A). Human
3D-LTCs exposed to neoleavable MSNs (ncMSICP) did not Bow significantly more
apoptosis compared to control tissues (Figure 6A, middle panel) confirming MMP9 sequence
specific drug release. Importantly, cMSDMR,, particle exposure did not induce any
apoptosis in healthy human tissueigure 3-6B). MSN induced apoptosis was observed
throughout the tumor tissudrigure S 3-9). The therapeutic effect of the particles was
confirmed by quantification of cleaved casp&sevels by western blot analysis using whole

3D-LTC homogenateg=jgure3-6C).
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Control ncMSN-CP,,,, cMSN-CPy,,,
Human lung 9
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Figure 3-6. Therapeutic effect of MMP9 responsive MSNs in human lungs.A) human lung
adenocarcinoma and B) human healthy lung 3ELTC exposed to cMSNCPy,,,, or ncMSN-CP,q,, for 72 h.
Non-exposed control slices were included in the studNuclear staining (DAPI, blue), cleaved caspasg
(green) and MSNs (red) The scale bar is 50 pumlmages shown are representative for three different cuts
within the tumor (see also Figure S C) Western blot analysis of human 3ELTC exposed to cMSNCPy,,,
and ncMSN-CPy,,, for 72 h.

Nanoparticles as drug delivery carriers have received a lot of attention in the last decades and
several formulations have been approved by the FDA and EuropeanimdsdAgency for

the treatment of canc&tMany of these formulations offer improved pharmacodynamics over
the free drug by increasing their bioavailability, and tumor delivery efficiency. In addition,
nanoparticles such as MSNs can be developed folaititva therapy/, which is advantageous

for treatment of lung cancer as drugs are directly administered in the target organ, bypassing

thegastrointestinal tract and the liver, and problems associated with stability throughout blood
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circulation become irtevant.Indeed, our preliminary data indicate that the particles are well
distributed in the lungs and have low lung toxicity. The drug release of nanocarries such as
liposomes and polymers is sustained (i.e. slow release of drugdiroeethat is not
cortrollable). A promising approach to further increase the tuspecificity and
effectiveness of nanopatrticles is the ability to release high concentrations of drugs only in the
extracellular matrix in close proximity to the tumor site. Cassparcific extacellular
enzymes can be used to achieve this goal. For example, MMP9 is overexpressed in lung
tumors, known to enhance the metastatic potency of malignant cells, and is associated with
poor prognosis in lung cance?.The feasibility and promise of MMP2/responsive drug
therapy has previously been demonstratedhivivo mouse xenografts of the pancréas,
fibrosarcomd; glioblastoma (brain}?> and hepatoma (livef}, demonstrating that this is a
promising technology for treatment of a variety of cascslo suchn vivo data for NSCLC

lung cancer currently exists.

In the present study, we report the synthesis of novel mesoporous silica nanoparticles
containing an MMP9 responsive avidin capping system. MkBponsive MSNs were
reported only in three sties recently by Singlet al,*® Zhanget al,** and by Xuet al*
However, these studies did not report a MMP9 sequspeeific capping system for
controlled drug delivery from the MSNk the study by Singlet al, the MSNs were coated

with a polymershell consisting of MMP substrate polypeptides with a degradable sequence.
However, need for improvement over control of drug release is required for these
nanocarriers.n the study by Zhangt al, MSNs were coated with a polyanion layer
preventing partile uptake by healthy cells, which could be removedMMP cleavage in
MMP2 expressing colon and squamous cancer cell lines. After (tumor) cell uptake of the

particle, cargo release (doxorubicin) was obtained by a rdde&n release mechanism. In
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anothe study by Xuet al, gelatin was used both as a gatekeeper and as a degradable substrate
for MMPs in gelatincoated MSNs and showed efficacy in a MMP2 overexpressing colon
cancer cell line and a xenograft mouse model. Nevertheless, the efficiency oéalorg ®©

prevent premature drug release was poor in this system. In contrast, here we showed effective
MMP2/9 sequencspecific release of loaded cargo from the biomolecajgped MSN

system in two norsmalklcell lung cancer cell lines and in mouse ananho lungs. To
achieve this, we developed a noeal vivotissue culture application (3DTC) to test our
particles.The 3DLTC technique allows for high resolution and spaéimporal imaging of

the therapeutic effect of nanoparticles in selected areasterest (e.g. diseased versus
healthy areas) within the complex 3D structure of lung (cancer) tissue. While previous reports
have used 3R.TC predominantly for shotterm toxicological analysis of nanoparticlé?

we studied the therapeutic effectranoparticles in relevant disease models. As a model for
murine lung tumors, we used transgenic mice carrying a spontaneously activaked K
mutation, which show early spontaneous development of lung cancer after only a few weeks
of age. As this model cle$y reflects the human pathophysiology, we believe that therapeutic
strategies that are confirmed in this model are more likely to translate to humans than the
commonly used xenograft mouse models. Furthermore, finding therapeutic strategies that
work aganst Kras tumors is promising as rids mutations result in aggressive cancers, are
generally correlated with poor prognosis, and are associated with reduced responsiveness to
many existing therapi€§:*® Additionally, this technique allowed us to confirmrdindings

also in diseased human tissue, which represents a major advance in closing the gap between
drug development and application in the clinics. Using this method, we shoun thiab

MMP9 concentrations are locally highly expressed in mousss Kumor and in patient
derived explanted tumor tissue compared to healthy mouse and human lung tissue. Because

MMP9 expression has been reported as a clinical marker for tumor progression and
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metastasié’ it is possible that these highly MMP9 positive tummeas represent metastasis
prone tumor cells. A link between MMP9 expression and metastasis was also shown in mice
where MMP9 deficient mice had a reduced number of metastatic coléM&4P9 mediated

drug delivery may thus most likely target metastatimdu cell areas and therefore may
effectively reduce tumor invasion and metastasis. Indeed, only MMp@&ssing kKas tumor

areas were affected by MSN treatment as revealed by spatio temporakedogition
imaging, whereas healthy lungs from WT mice amdlthy areas in tumdsearing mouse

lungs remained unaffected. In contrast, slices exposed to freeficapsulated) drugs had an
even distribution of apoptosis in tumor, tunfme and healthy lung tissue. Accordingly,
guantification of the therapeutidfect showed that the MSNs were 10 to 25 fold more
effective in tumor tissue, whereas the free drug was less thald ghore effective in tumor
tissue compared to the turAibee areas in the same tissue slices. Furthermore, oWwT8D

data proved the syrgistic effect of our combinatorial drug delivery strategy and agrees very
well with ourin vitro data where we observed &6 fold increase in cytotoxic potency upon
combinatorial drug delivery. Using proteasome inhibitors in combination with a commonly
used chemotherapeutic is a novel approach for treatment of cancer in general, and for lung
cancer in particular. A phase Il clinical trial study with bortezomib in combination with
carboplatin (another platinumased chemotherapeutic) showed promising nessjorfree

and improved overall survival rates for treatment of-sorall cell lung cancer (NSCLCY.

Our report is the first in which nanopartiddased controlled release of a proteasome inhibitor

in combination with cisplatin shows greatly enhancetitamor activity. Finally, we provide

proof that these particles are also effective in human metastasis and adenocarcinoma lung
cancer. We show that MMP9 sensitive MSNs encapsulating cisplatin cause significant
apoptosis in human lung tumor d0°Cs but notin healthy human lung tissue AOXCs. This

effect was MMP9 sequence specific as no apoptosis was induced for MSNs contairing non

105




Experimental Part

cleavable linkers encapsulating the same cisplatin concentration. To our knowledge, we are
the first to show the effectivenesdé MMP9 responsive drug delivery to human patient

derived tissue.

3.3 Conclusion

In summary, this study shows the feasibility of MMP9 mediated drug release in human lung
tissue and in an advanced mouse model (Kras mutant mice) that closely reflects the human
pathophysiology. Specifically, our novel drug delivery system using MMP9 responsive MSN
particles could be used to effectively deliver a combination of two drugs, bortezomib and
cisplatin, in a stimuicontrolled manner, and potentiate a synergistic eféetectively to

(metastatic) tumors in mouse and human ex vivo tissue slices.

3.4 Experimental Part

Materials. Tetraethyl orthosilicate (TEOS, Fluka,98 %), triethanolamine (TEA, Aldrich,

98 %), cetyltrimethylammonium chloride (CTAC, Fluka, 25 in H,O), mecaptopropyl
triethoxysilane (MPTES, Fluka, 80%), aminopropyl triethoxysilane (APTES, Sigma
Aldrich, 99%), ammonium fluoride (NkF, Fluka), ammonium nitrate (N\NO3, Fluka),
hydrochloric acid (HCI, 3%60), BioPLGMWSR (HRbiotin, GenScript, 96.%6), Bio-
PLLMWSR (NHRbiotin, GenScript, 90.%), N-(3-dimethylaminopropybNé
ethylcarbodiimide hydrochloride (EDC, AldrichN-hydroxysulfosuccinimide sodium salt
(sulfoNHS, Aldrich), avidin, egg white (Merck, Calbiochem), fluorescein disodium salt
dihydrate(Acros), calcein acetoxymethyl ester (caledidl, Sigma Aldrich), cisplatin (Sigma
Aldrich), bortezomib (Bz, Velcade, Millennium Pharmaceuticals), cleaved caSpm#@ody

(Asp175) (Cell signaling, 9661), -€adherin antibody (BD biosciences, 610181)a¥
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anti body (Santa Cruz, SC30) , MR &ntibady (Cellb o d y
Si g n a |-tubnlig {Geneték) and secondary Alexafluor antibodies (Invitrogen) were used
as received. Ethanol (EtOH, Aldrich, absolute), dimethylsulfoxide (DMSd@rick), and

HBSS buffer (Gibco) were used as solvents without further purificatiowlisBiled water

was obtained from a Millipore system (i) Academic A10).

Synthesis proceduresParticle synthesis of MSNs containing SH groups in the core particle
and NH, groups on the particle surface (MSN). A mixture of tetraethyl orthosilicate (TEOS,
1.63g, 7.82mmol), mercaptopropyl triethoxysilane (MPTES, 1&g, 0.48mmol) and
triethanolamine (TEA, 14.8, 95.6mmol) was heated under static conditions at®Gor
20min in a polypropylene reactor. Then, a solution of cetyltrimethylammonium chloride
(CTAC, 2.41mL, 1.83mmol, 25wt% in H,O) and ammonium fluoride (N4f, 100mg,
2.70mmol) in O (21.7g, 1.21mmol) was preheated to 8C, and rapidly added to eh
TEOS solution. The reaction mixture was stirred vigorously (pat) for 20min while
cooling down to room temperature. Subsequently, TEOS (188,2.922mmol) was added

in four equal increments every three minutes. After anotheniBOof stirring atroom
temperature, TEOS (19r8g, 92.5umol) and aminopropyl triethoxysilane (APTES, 2§,
92.5umol) were added to the reaction. The resulting mixture was then allowed to stir at room
temperature overnight. After addition of ethanol (b@0), the MSNs wre collected by
centrifugation (19,000pm, 43,146cf, for 20min) and redispersed in absolute ethanol. The
template extraction was performed by heating the MSN suspension under refi@, (@D
bath temperature) for 4%6in in an ethanolic solution (D mL) containing ammonium nitrate
(NH4sNO3, 29), followed by 45min heating under reflux in a mixture of concentrated

hydrochloric acid (HCI, 1onL) and absolute ethanol (90L). The mesoporous silica
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nanoparticles were collected by centrifugation andhedswith absolute ethanol after each

extraction step.

Heptapeptide functionalization (M§Nand MSNyp). Bio-PLGMWSR (HRbiotin 96.3%,
5.1mg, 4.6umol) or BioPLLMWSR (NHRbiotin, 90.1%, 5.0mg, 4.0pumol) were dissolved

in 100pL DMSO. The solution wasdiluted by addition of 40QL H,O. Then, EDC (0.8ng,
5.2umol) was added, and the reaction mixture was stirred fam5at room temperature.
Subsequently, sulfoNHS ¢hg, 5.0umol) was added, and the reaction mixture was stirred for
another 5min at roomtemperature. This mixture was added to a suspension containmg 50

of MSN-NH; oyt in a total volume of 8L (EtOH:H,O 1:1). The resulting mixture was then
allowed to stir at room temperature overnight. The MSNs were thoroughly washed with EtOH
and HO (3 times) and finally collected by centrifugation (19,00, 43,146Gc¢f, 20min).

The HRbiotin or NHRbiotin functionalized MSNs were stored as colloidal suspension in

absolute ethanol.

Cargo loading.1 mg of MSNs (MSNp or MSNynp) were immersed in 5000 HBSS buffer
containing fluorescein disodium salt dihydraten{i1), calceirAM (20 uM or 50uM),
cisplatin (2uM, 10uM, 20uM, or 100uM), or a combination of cisplatin and Bz (81 +

1uM, 10puM + 1M, or 20uM + 1puM) for 2h at room temperature. Afigards, the
particles were coated with avidin. Fluoreseleiaded particles were washed once by
centrifugation and redispersion prior to the addition of avidin. All other samples were coated

with avidin without a previous washing procedure.

Avidin capping(cMSN and ncMSN). Ing of loaded or noipaded MSNs (in 50QL HBSS
buffer) were added to 5Q€. HBSS buffer containing fng of avidin. The solution was
mixed by vortexing for Sec and allowed to react for 8tin under static conditions at room

temperatue. The resulting suspension was then centrifuged (280 2200rcf, 4min,
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15°C) and washed three times with HBSS buffer. The particles were finatligpersed in

HBSS buffer and used for cuvette release experimemtsviro studies.
For details orcharacterization of the MSNSs, please refer to the Supporting Information.

Cell culture. The human noismall cell lung cancer (NSCLC) cell lines, A549 and H1299,
were obtained from ATCC (American Type Culture Collection, Manassas, USA). Both cell
lines weae maintained in DMEM media (Gibco, Life Technologies). Media were
supplemented with 1% FBS (fetal bovine serum) andA penicillin/streptomycin. All cells

were grown at 37C in a sterile humidified atmosphere containirip £0,.

WST-1 assay.Cytotoxicity of the nonloaded MSNs was assessed using the YWSiEsay
(Roche). Briefly, 1.5 x 1bcells/well were seeded in 96ell plates. 24 after seeding, the

cells were exposed to MSPAVI or MSNny2 particles for 4 or 24. After treatment, 1QL

of WST-1 reaent solution (Roche) was added to each well, and the cells were incubated at
37°C for 30min. Absorbance was measured at ABDusing a Tristar LB 941 plateader

(Berthold Technologies).

MTT assay. The MTT assay was performed to assess cell viabifigr aisplatin or Bz

release from the particles. Briefly, 1 x*1ells/well for H1299 and 0.5 x i@ells/well for

A549 were seeded in 98ell plates. 48 after seeding, cells were exposed tqugOmL MSN

particles that had been loaded with solutionsigplatin with or without Bz, in the presence

of 0, 0.5 or lug/mL of recombinant MMP9 (Enzo life sciences) in 50 pL of fresh media. In

the case of transfected cells, I24fter seeding, the cells were transfected with QdLBf

MMP9 cDNA (DNASU) or emptyector cDNA per well using SatisFectiShtransfection
reagent (Agil ent Technol ogi es) , abtcatter di ng

transfection, the cells were exposed tougdmL cMSN particles that had been loaded with
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solutions of cisplatin,n 50uL of fresh media. After treatment, LA of freshly prepared
solution of 5mg thiazolyl blue tetrazolium bromide/mL PBS (Sigma) was added to each well,
and the cells were incubated at °&€ for 1h. The supernatant was then aspirated, and the
violet crystals were dissolved in 5Q isopropanol + 0.26 Triton X-100. Absorbance was
measured at 570m, using a Tristar LB 941 plateader (Berthold Technologies).
Experiments were done in triplicate. Data analyses were performed in Prism graphpad

(version6) software.

Zymography. To assess catalytically active MMP9 expression and transfection efficiency in
A549 and H1299 cells, gelatin zymography was performed. In short, collected cell culture
supernatants were centrifuged to get rid of cellular debdstlzen electrophoresed on %0

SDSgels containing % gelatin substrate in naneduci ng condi-ti ons
mercaptoethanol), so that the proteins could renaturate afterwards. After electrophoresis, the
enzymes were renaturated by incubation with 92.9riton-X-100 in developing buffer

(50mM Tris, 200mM NacCl, 5mM CaCl, pH7.5) for 1h at room temperature, to ensure that

the proteins were catalytically active. Afterwards, the gels were incubated in developing
buffer at 37°C for 24h, to allow for tke enzyme reaction to proceed. Thereafter, the gels were
stained using PAGBIlue™ ( Fer ment as) protein staining, a

instructions. Gels were analyzed using the Chemith&RS+ software (BioRad).

Animals. 129S/SvKras™™J (K-ras”?) mutant mice were obtained from The Jackson
Laboratory, Bar Harbor, Maine, USA and crised with FVBNCrl WT females obtained

from the Charles River Laboratories, Sulzfeld, Germany for seven generations. Animals were
kept in rooms maintained a&bnstant temperature and humidity with a 12/12 h light/dark

cycle, and were allowed food and water ad libitum. All procedures were conducted according
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to the international guidelines and with the approval of the Bavarian Animal Research

Authority in Germay.

Human tissue.The experiments with human tissue were approved by the Ethics Committee
of the LudwigMaximilians-University Munich, Germany (LMU, project Nr. 482). All
samples were provided by the Asklepios Biobank for Lung Diseases, Gauting, Germany
(Project Nr. 333L0). Written informed consent was obtained from all subjects. Tumor or

tumorfree tissue from patients who underwent lung tumor resection was used.

Human and mouse precision cut lung slicing (3LTC). The whole procedure was
performed uder sterile conditions. WT FVB as well agas mutant mice with lung tumor
burden were anaesthetized with a mixture of ketamine and xylazin hydrochloride (bela
pharm, Germany). Kas mice of approx. 3 months of age which had several tumor lesions in
each lung tissue slice were used. After intubation and diaphragm dissection, lungs were
perfusedvia the right ventricle with sodium chloride solution (Braun Vet Care, Germany).
Using a syringe pump, airways were filled with warm 2%iow melting agarose soloti
(Sigma, Germany) prepared in DMEM/F12 (Gibco, Germany) supplemented with 1%
penicillin/streptomycin and amphotericin B (Sigma, Germany). Later, tracheae were knotted
with a thread to keep the liquid agarose inside the airways. Afterwards, the lungsuoiseel

and transferred into tubes loaded with cultivation medium, left to cool on ice to allow for the
solidification of the agarose. Finally, lobes were separated and cut with a vibratome (Hyrax
V55, Zei ss, Ger many) t o-LTC weré culavhteddos @ todhree 2 0 0
days. The amount of sections per mouse varied between 30 to 50 slices. Directly after cutting,
mouse 3BLTC were exposed to 50 ug/mL of CP, CT or to Atto 633 labelled M&ixscles
containing CP or CT, administered direcdthyo the medium. For human 3DI'C, tumorous

and tumotfree regions excised from lung cancer surgeries were used. Airways atftaenor
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segments were filled up with 3 Wb agarose dissolved in DMEM/F12 as described aboae,
respective bronchi. Both tharhorous and tumeree segments were then cut to a thickness

of 300 em with the vibratome. Di-LT€owerty af t
exposed to 50 pg/mL of MSNsarticles containing CP or CT, administered directly into the

medium. Human and mou8®-LTC were treated for either 24 or 48 h.

Immunofluorescence.3D-LTC were fixed with acetone/methanol 50/50 vol% solution for 10
min, washed with PBS, blocked for 1 h with Roti®@munoBlock (Carl Roth, Germany) at
room temperature, and incubated witln@ary antibody at 4°C overnight. Afterwards, 3D

LTC were washed with PBS, incubated with secondary antibody for 2 h at room temperature,
again washed with PBS and finally stained with DAPI. Stained.BD were mounted using
fluorescence mounting medium (B®, USA) and evaluated using confocal microscopy
(LSM710, Carl Zeiss, Germany). 3D reconstruction and quantification of cell death inthe 3D
LTC were conducted using the IMARISx64 software (version 7.6.4, Bitplane, Switzerland).

Maximum intensity projectios were made using ZEN2009 software (Carl Zeiss, Germany).

Immunohistochemistry. Lung segments were placed in 4% (w/v) paraformaldehyde after
exciscion and processed for paraffin embedding. 3 um thick sections on slides were subjected
to quenching of endgenous peroxidase activity using a mixture of methan@ikbr 20 min,
followed by antigen retrieval in a decloaking chamber. From this step on, the slides were
washed with TBST after each incubation with the reagents throughout the procedure. The
sectiors were incubated firstly with Rodent Block M (Zytomed Systems, Germany) for 30
min, and then with the primary antibody, i.e. MMP9 (Millipore, USA) or IgG, control for 1 h.
The cuts were then incubated with Rabbit on RodertPARmer for 30 min which was
followed by Vulcan Fast Red, AP substrate solution (both Biocare Medical, Concord, USA)

incubation for 1615 min. The sections were counterstained with hematoxylin (Carl Roth,
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Germany) and dehydrated respectively in consecutively grading ethanol and ¢ydtime

AppliChem, Germany) incubations. Dried slides were mounted in entellan (Merck, Germany).

Study design and statistics.The therapeutic effect of the particles was assessed by
immunofluorescent stainings using an apoptosis marker (cleaved c&3pasg was
investigated on lung tissue slices from 15 differeraKmutant animals that were cut and
exposed to the MSNs or free drugs in three independent experiments. Similarly sized tumors
were chosen for the imaging from a minimum of 3 different mice qelividual staining. In
addition, each staining was performed a minimum of 3 times per mouse. Three representative
images of 3 different mice were chosen for the quantification as shown in Figure 4. The
guantification was done blinded using the IMARISx64tware (version 7.6.4, Bitplane,
Switzerland). For the controls, 9 WT FVB mice were cut in 3 independent experiments, and
stained and quantified according the same principle. For comparison of two groupsyone
ANOVA analysis was performed. A-yalue lower than 0.05 was considered statistically

significant

Western Blotting. Human 3DLTC were lysed in RIPA buffer (50 mM Tris HCI, pH 7.5, 150

mM NaCl, 1% NP40, 0.5% sodiumdeoxycholate, 0.1% SDS) supplemented with protease
inhibitor cocktail (Complete”, Rocte). Protein content was determined in the supernatants
using the Pierce BCA protein assay kit (Thermo Scientific). For western blot analysis, equal
amounts of protein were subjected to electrophoresis on 12%P3IE& gels and blotted

onto PVDF membranes. &inbranes were treated with antibodies using standard Western blot
techniques. The ECL Plus Detection Reagent (GE Healthcare) was used for chemiluminescent

detection and membranes were analyzed with the ChefDtRS+ (Bio-Rad).
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3.6 Appendix

Materials and Methods. Transmission electron microscopy (TEM) was performed ak®00

on an FEI Titan 8@00 equipped with a fiel@mission gun. For sample preparation, the
colloidal solution of MSNs was diluted in absolute ethanol, and one drop of the suspension
was then deposited on a copper grid sample holder. The solvent was allowed to evaporate.
Dynamic light scattering (DLS) and zeta potential measurements were peatfame
Malvern ZetasizeNano instrument equipped with amW HeNe laser (633im) and an
avalanche photodiode detector. DLS measurements were directly recorded in diluted colloidal
aqueous suspensions of the MSNs at a constant concentratiomgsmL for all sample
solutions. Zeta potential measurements were performed using thenadetasizer titration
system (MPT2), based on diluted NaOH and HCI as titrants. For this purpaseg, df the

MSN sample wasliluted in 10mL bi-distilled water. Thermogravietric analyses (TGA) of

the extracted bulk samples (approximatelynig) were recorded on a Netzsch STA 440 C
TG/DSC. The measurements proceeded at a heating rate°Gfrilh up to 900C, in a
stream of synthetic air of aboR5 mL/min. Nitrogen sorptioomeasurements were performed

on a Quantachrome Instrument NOVA 4000e186 °C. Sample outgassing was performed

for 12 hours at a vacuum of b@Torr at 120°C. Pore size and pore volume were calculated
with an NLDFT equilibrium model ohitrogenon silica, based on the desorption branch of
the isotherms. In order to remove the contributibrthe interparticle textural porosity, pore
volumes were calculated only up to a pore size om8 A BET model was applied in the
range of 0.05 0.20p/p0to ewaluate the specific surface area. Infrared spectra were recorded
on a ThermoScientific Nicolet iN10 HRicroscope in reflecticiabsorption mode with a
liquid-N2 cooled MCTFA detector. ICFOES measurements have been performed\daran

Vista RL (radial) @D Simultaneous IC®ES instrument. Timbased fluorescence spectra

were recorded on a PTI spectrofluorometer equipped with a xenon short arc lamp (UXL
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75XE USHIO) and ghotomultiplier detection system (model 810/814). The measurements
were performed in BSS buffer at 37C, to simulate human bodgmperature. For time

based release experiments of fluorescein, a custade container consisting of a Teflon

tube, a dialysis membrane (ROTH Visking type 8/32, MWCO 14¢d®0l), and a
fluorescence cuvette weeused (Figure S2JThe exci tati on wavahength
S3 for fluoresceilloaded MSNs. Emission scans (505 650nm) were performed every

5 min. All slits were adjusted to 1rf@m, bandwidth &m. The release of calceitM, hence

the staining othe cells from the particles was assessed using confocal microsecephly

prepared calcebM containing MSN or MSNctlparticles wereincubated with 0, 1 or

2¢ g/ mL recombinant MMP 9h gt &%Cznoa tHermbbck that wasn c e s )
shaking mildly at 700rpm. After the incubation time, the particles were removed by
centrifugation, and theells were incubated with the supernatants fom®® so that the
releasectalceinrAM could be taken up by the living cells. Afterwards, the nucldhefcells

were counterstained with Hoechst (Enzo life sciences). Liveiwgebing was performed

using a confocal microscope (Zeiss LSM 710).

Characterization of the particles The coreshell functionalized MSNshave been
synthesized by a delayed-condensigon approach, resulting ifunctionalization of the
external particle surface with amino groupsiditionally, the inner pore system has been
decorated with thiol groupd-his additional core functionalization offers a site for covalent
attachment o€argo via cleavable linkers, or binding of fluorescent dyes for particle tracking,
which are important for particle tracking in in vit@nd in vivo studies. Sample MSN
consisted of nansized mesostructured particlesabbut 70nm, as derived from trangssion
electron microscopy (TEMFigure S3-1A). The TEM image shows a spherical particle

shape, and the woriike structure of the mesopores is clearly visible. Dymafight
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scattering (DLS) measurements revealed a mean particle size afri(J@able3-1) and good
colloidal stability. This apparent difference in partisiee, conpared to TEM, is attributed to
the involvement of thénydrodynamic diameter and weak transient agglomeration of a few
nanoparticles during the DLS measuremehtgportantly, a narrow particlaze distribution

and no significant agglomeration were obsenaftbr eachsynthesis step (particle size
distribution, sed-igure3-1D). After themodification of the MSNs witlthe short heptapeptide
linkers andfurther attachmem of avidin, the mean particle sizes increased, due to these
additional organic layersT@ble 3-1and Figure 3-1D). Thermogravimetrianalyses showed
stepwise additional weight loss for the samplesNMSand fully functionalized MSNs
(MSN), compared to MSMkes during heating from 150 900°C (Figure 3-1). This
confirmed efficient attachment of the short orgameptapeptide linker and the bulky protein
avidin (+3% and +23% additional weight loss, respectively). The zeta potential
measurements showed no significant change in the surface chatifferent pH values of

the MSNyp and MSNp samples, compared to S3MN,akeq CONfirming that the quantity of
charged groups at the externsurface was notincreased by the attachment of the
heptapeptide linker@nainly consisting of unprotonable residues). The isoelectric points were
around pH= 6. Only after attachmentf éhe avidin (cMSN), a drastichange in the surface
charge of the coated nanoparticleas observed around pH= 7 (Figure 3-1C). Avidin-
capped MSNs still showed positisarface charge at neutral pH values, which was due to
various functionalgroups in the protein sequence including arginine, lysine, and histidine
residues. Nitrogen sorption measurements were performed toirganmation about the
porosity and the surface area of the functionaliZk®Ns.Figure 3-1E shows typichtype 1V
isotherms for MSNMSNHP, andMSNNHPamples with inflection points at around @&y,
indicating mesoporous structure for these samples. Furthermore, nitrogen seqtenms

showed a small hysteresis loop at around @@ for all sampleswhich is attributed to
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interparticle textural porosityFHgure 3-1E). Relativelyhigh BET surface areas and pore
volumes were obtained for the MSidnoparticles. A sumary of the porosity parameters is
given in Table 3-1. A reduction in specific surface area and pore volume occurred for the
MSNs containing the heptapeptide linkers (MSNIHRd MSNNHP, Table 3-1). This
reduction in BET surface area and pore volume, comparadftmctionalized MSN, can be
attributed to the increased sample weightadgition of nonporous organic material (HP
biotin andNHP-biotin), and to tk blocking of some pores towards the access of nitrogen
molecules byfrozen organic moieties in the surface layer of the nanoparticlesnarhaw

pore size distribution, with a maximum at around r$1§ confirmed an accessible porous
system even after moatation with the heptapeptide linkersF{gure S 3-1B). After the
attachment of avidin to the silica nanoparticles (c(MSN), we obtained a type Il isotherm,
indicatingloss of specific surface area and pore volukigure 3-1E). These data shothat

the mesopores of the avidooated MSNs were blocked for thecess of nitrogemoleailes,
proving that avidin is a suitable gatekeeper eficiently seal the mesopores of our
nanoparticles. Infrared spectroscopyMSNHP and MSNNHPshowed a band at 16541
(C=0 stretchingvibration), which can be attributed to the amide bonds of the short
heptapeptide linkerd~{gure 3-1F, for full spectra seEigure S3-1C). Subsequently, this band
was fully obscured after the modification with avidin (MSN), and typical amide vibration
bands of high intensity (amide I: C=O stretchivipration at 164m’; amide It N-H
deformation and @\ stretching vibration at 153&m™) were detectedyroviding evidence for

the presence of the avidin protein. Additionally, infrared spectra &1&MN samples showed
typical bands of the silica framework {SiSi) between 1000 an#i300cm™. Two additional
bands at 780 and 9@®™* were also present (asymmetric stretching and bending vibrations of

Si-OH groups).
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Figure S 3-1. Additional characterization of mesoporous silica nanoparticles. A) Transmission electron
micrograph of sample MSN. B) DFT pore size distribution, and D) infrared spectroscopy data (full range)
of MSN (black), MSNHP (red), MSNNHP (blue), and avidincapped ¢MSNs (green). D) Release kinetics of
fluorescein from the MSNs before (black dots) and after (red dots) MMP2 administration (100% of
released fluorescein is defined as the total amount being released from MSN after addition of MMP9). E)
Custom-made releasesetup consists of a reservoir for the particles (Teflon tube) (a), a dialysis membrane
(b), and a fluorescence cuvette (c). F) Lontgrm stability of avidin capping for MSNs (MSN) in the
absence of MMP9 (100% of released fluorescein is defined as the tcamount being released from cMSN
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3. Protease mediated e@lse of chemotherapeutics from mesoporous silica hanoparticles to ex

vivo human and mouse lung tumors

after addition of MMP9). G) Long-term particle size stability assay of cMSN measured by DLS
investigating the aggregation behavior in HBSS buffer solution for 28 days. H) Lontgrm cargo release

experiment of fluorescein baded cMSN in HBSS buffer solution (no MMPR9) for 28 days. The amount of

fluorescein released (nmol/mg MSN) has been determined by s measurements.

Uptake of CP 440+ 0.02pg/mg MSN

Release of CP (+ MMB) 7 +0.8pg/mg MSN

Release of CP- MMP-9) 0 pug/mg MSN*

Table 3-3. Quantification of the uptake and release of cisplatin (CPhby/from cMSN. Release behavior has
been investigated in the presence (+) and absenepdf MMP -9. Data derived by ICROES measurements.

Values given are average of three independent measurements + SWalues < LOD (Limit of Detection).

Z

- A549 Empty Empty MMP3 MMPS 025 05 1
100
wvector  wector cOMA  cDNA pgml pogdml pofml
& H1299 25453 H1299 A543 H1299 MMP-9 MMPQ MMP-2
.
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% survival
g
1

—

=]

0 2 4 6 8 10
Cisplatin (M)

Figure S 3-2. A) Doseresponse survival curve of cisplatin (norencapsulated) in A549 and H1299 cells
after 24 h exposure. B) Gelatin zymography, assessing MMP9 activity in cell culture supernatants of

empty vector (first two lanes) @ MMP9 cDNA (middle two lanes) transfected A549 and H1299 cells,
compared to 0.25, 0.5 and 1 pg/mL recombinant MMP9 (outer three lanes).
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recMMP-9
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Figure S 3-3. Confocal microscopy images showing A) calcein staining as a result of MMPresponsive
release of calceirAM (CI-AM, green) from MSNs containing MMP-9 cleavable or norcleavable linkers
(MSNypAVI and MSN wpAVI), after 2 h incubation with 0, 1, or 2ug/mL MMP -9 administration in A549

cells and B) in H1299 cells. C) dosmsponsive calcein staining (green) as a result of increasing calcéiiv
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3. Praease mediated release of chemotherapeutics from mesoporous silica nanoparticles to ex
vivo human and mouse lung tumors

concentrations directly administered to A549 and D) H1299 cells. Hoechst was used as a counterstain for

nuclei (blue). Pictures show representative micrographs from three independent experiments. Image sizes
are 450x 450 pum.
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Figure S 3-4. Experimental setup of precision cut lung slices (3ELTC) using healthy wild-type (WT) and
Kras mutant (Kras) mice. A) Kras 3D-LTC in a tumor -free region stained with Kras antibody, B)
Calculated amount of particles per 3BLTC using Imaris software over 24 slices, C) Toxicity of avidin
capped MSNs in WT lung 3DLTC slices after 72h of exposure. D) WT and Kas 3D-LTC stained with

MMP9 antibody. Scale bar is 50 pum. E) 1gG control for MMP9 immunohistochemistry in WT and Kas
mouse tissue.
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cMSN-CP,,,, cMSN-CP,,,;,

ase-3, MSNs, DAPI

Figure S 3-5. WT 3D-LTC exposed to cMSNCP),,, ctMSN-CPyg4, and CPR,, and CP,g, The nuclear

staining (DAPI) is shown in blue, apoptotic marker (cleaved caspas®) in green. Scale bar is 50 pm.
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3. Protease mediated release of chemotherapeutics from mesoporous silica nanoparticles to ex
vivo human and mouse lung tumors
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Appendix

Tumor-free Tumor Tumor-free Tumor
C) CT CT cMSN-CT cMSN-CT

Tumor-free
control

Figure S 3-6. Maximum intensity projections of Kras mutant mouse 3DLTC exposed for 24h to A) low
dose of cisplatin (CR,) and MSN encapsulated CR,, (cMSN-CPy,,) B) high dose of cisplatin (CRg,) and
CMSN-CPyign and C) low dose of cisplatin in combination with Bz (CT) and cMSRCT D) untreated

controls. Comparably sized tumors were chosen for the imaging (indicated by dotted line), tumdree
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3. Protease mediated release of chemotherapeutics from mesoporous silica nanoparticles to ex
vivo human and mouse lung tumors

refers to images that were made in a netumor area of a Kras 3D-LTC. Nuclear staining (DAPI) is shown
in blue, apoptotic marker (cleaved caspas8) in green andAtto 633 labeled MSN particles in red. Scale

bar is 50 um. Unexposed control slices were included in the study.
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3. Protease mediated release of chemotherapeutics from mesoporous silica nanoparticles to ex
vivo human and mouse lung tumors

Figure S3-7. Maximum intensity projections of Kras mutant mouse 3DLTC exposed for48h to A) a low
dose of cisplatin (CR,,) and cMSN encapsulated CR, (c(MSN-CPyy,,), B) a high dose of cisplatin (CRgn)
and cMSN-CPygn, and C) low dose of cisplatin in combination with Bz (CT) and cMSMCT. D) untreated

controls and MSN with non-cleavable linkers encapsulating a low dose of cisplatin in combination with Bz
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