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ABSTRACT OF THE DISSERTATION

The Designs, Syntheses and Medical Applicationdegoporous Silica Nanoparticle

Based Drug Delivery Systems

by

Zongxi Li
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2012

Professor Jeffrey I. Zink, Chair

The work covered in this thesis focuses on the ldpmeent of mesoporous silica
nanoparticle-based platforms for the controlledveey of therapeutic agents. The first
part of the thesis discusses the physical chenpecaperties of mesoporous silica
nanoparticles, including the studies on their uptaind release capacities and the
physical states of the encapsulated cargo moleadesy spectroscopic methods. The
second part of the thesis describes the organatifuralizations of the mesoporous silica
nanoparticles with novel cyclodextrin-based nanegaistems, achieving pH and redox

responsive controlled release mechanisms, as weliao size selectivity for the release



from a dual-loaded system. In the third part oftthesis, several examples of the
biomedical applications of the mesoporous silicanoparticle based drug delivery
systems are shown. This includes thevitro delivery of small interference RNA to
shutdown endogenous and exogenous gene expressiongells using the
polyethyleneimine coated nanoparticles, itheivo delivery of anti-cancer therapeutic to
achieve tumor suppression effects on mice modeld, thein vivo delivery of anti-
microbial therapeutic to achieve animal protectiivom anthrax lethal toxins. A
combination of all these areas of research demaestthe advancement of the
mesoporous silica nanoparticle based drug deliggstem towards utilization within

living organisms, and realization of medicine oe ttanoscale.



The dissertation of Zongxi Li is approved.

Paula L. Diaconescu

Fuyuhiko Tamanoi

Jeffrey I. Zink, Committee Chair

University of California, Los Angeles

2012



This dissertation is dedicated to Yue Zong and Miagg Li, my dearest parents



TABLE OF CONTENTS

LIST OF FIGURED AND TABLES viii
ACKNOWLEDGMENTS Xi
VITA Xiv
Chapter 1  Mesoporous Silica Nanoparticles (MSNs) as Drug Delivery Vehicles
1.1  Introduction 2
1.2 Tables and Figures 11
1.3 References 14
Part | Physical Chemical Propertiesof Mesoporous Silica Nanoparticles

Chapter 2 Measurement of Uptake and Release Capacities of M esoporous Silica
Nanoparticles Enabled by Nanovalve Gates

2.1 Abstract 19
2.2 Introduction 19
2.3 Results and Discussion 22
2.4 Conclusions 30
2.5 Experimental Section 30
2.6  Tables and Figures 38
2.7 References 49

Chapter 3 Spectroscopic Study of the Physical States of the Encapsulated Cargo
Moleculesin Mesoporous Silica Nanoparticles

3.1  Abstract 56
3.2 Introduction 56
3.3 Results and Discussion 58
3.4  Conclusions 72
3.5 Experimental Section 73
3.6  Tables and Figures 77
3.7 References 87
Part 11 Organic Functionalization of Mesoporous Silica Nanoparticlesfor

Applications as Controlled Release Vehicles

Chapter 4 pH-Operated Nanopistons on the Surfaces of M SNs

4.1 Abstract 91
4.2 Introduction 92
4.3 Results and Discussion 93
4.4 Conclusions 98
4.5 Experimental Section 99
4.6  Tables and Figures 103

4.7 References 108

Vi



Chapter 5

Controlled Release of Two Cargosin Succession from M SNs

5.1  Abstract 110
5.2 Introduction 110
5.3 Results and Discussion 113
5.4  Conclusions 119
5.5 Experimental Section 119
5.6  Tables and Figures 122
5.7 References 129
Part 111 Biomedical Applications of Mesoporous Silica Nanoparticles

Chapter 6  In Vitro Study of M esoporous Silica NanoparticlesassSiRNA Delivery

Vehiclesfor Cancer Gene Therapy

6.1  Abstract 137
6.2 Introduction 137
6.3 Results and Discussion 140
6.4  Conclusions 148
6.5 Experimental Section 149
6.6  Tables and Figures 157
6.7 References 162

Chapter 7 In Vivo Tumor Suppression Efficacy of

Nanoparticles-Based Drug Delivery System

Mesoporous Silica

7.1  Abstract 165
7.2 Introduction 165
7.3 Results and Discussion 167
7.4 Conclusions 175
7.5 Experimental Section 176
7.6  Tables and Figures 181
7.7 References 187
Chapter 8 Céll Protection towards Anthrax Lethal Toxins by EGA-Loaded
M esopor ous Silica Nanoparticles

8.1  Abstract 191
8.2 Introduction 191
8.3 Results and Discussion 193
8.4  Conclusions 194
8.5 Experimental Section 194
8.6  Tables and Figures 198
8.7 References 203
Chapter 9  Conclusions and Future Directions 205

Vi



Chapter 1

Figurel.1
Figurel1.2
Figure1.3

Chapter 2

Figure2.1
Figure2.2
Figure2.3
Figure2.4
Figure2.5
Figure 2.6

Figure2.7
Figure2.8

Figure2.9
Table2.1
Table2.2
Table2.3
Table2.4
Chapter 3

Figure3.1

Figure3.2
Figure 3.3
Figure3.4
Figure 3.5

Figure 3.6
Figure3.7

Figure 3.8

LIST OF FIGURESAND TABLES
M esopor ous Silica Nanoparticles as Drug Delivery Vehicles

Depiction of various types of theranostic nanomieeés
Depiction of pore opening control motifs

lllustration of the receptor-mediated endocytosisalti-
functional MSNs and intracellular drug release

M easurement of Uptake and Release Capacities of M esopor ous
Silica Nanoparticles Enabled by Nanovalve Gates

Pie charts of the distributions of Hoechst 3334RM@M-41
TEM images of the silica nanoparticles

X-ray diffraction patterns for the six types oficl nanoparticles
N, adsorption-desorption isotherms of the silica panticles
Scheme of the nanovalve-gated mesoporous silicapaaticles
The uptake capacity and release capacity of MCM#41
different loading concentrations of Hoechst 33342
Population of cargo molecules in a section of tesopore
The amount of Hoechst 33342 loaded in 1 mM and 0 m
solution and the amount released at pH 1 and 3

The effect of surface charge on particle loadingpcity
Properties of the Nanoparticles

Uptake efficiency (%) of the samples

Zeta potential and Hoechst 33342 coverage for MQMvith
different surface charges

Release capacity and release efficiency at pH 13and

Spectroscopic Study of the Physical States of the Encapsulated
Cargo Moleculesin Mesoporous Silica Nanoparticles

I.()-t, v(t)-t, I, (t)-t andl, (t)-t data collected on (sodium
bathocuproine disulfonate)Re(CGQ) water solution

I.(t)-t, r(t)-t data collected on dry dye-loaded MCM-41
I.(t)-t, r(t)-t data collected on dye-loaded MCM-41 in water
I.(t)-t, r(t)-t data collected on dye-loaded MCM-41 in toluene
Polarization profile of Hoechst 33342 in MCM-41afunction

of loading concentration

Synthesis and dimensions of (sodium bathocupraméfdnate)
Re(CO)CI

Emission spectra of (sodium bathocuproine disuli®na
Re(COXCl in MCM-41 compared to solution

Transmission electron microscope images of nomhoénd

viii



Figure 3.9

Table3.1

Chapter 4

Figure4.1
Figure4.2
Figure4.3
Figure4.4
Figure4.5
Chapter 5
Figure5.1
Figure5.2
Figure5.3
Figure5.4
Figure5.5
Figure5.6
Figure5.7

Chapter 6

Figure6.1
Figure6.2
Figure6.3

Figure6.4
Figure 6.5

hollow particles used in this study

Comparison of rigidochromic spectra of non-hollavd dollow
particles using different loading procedures

ro, Te @andz. values for five samples with the (sodium
bathocuproine disulfonate)Re(GQ) dye

Organic Functionalization of Mesoporous Silica Nanoparticles
towards Controlled Release Vehicles

Synthetic procedure for the mechanized silica nartagpe-based
nanopistons

nanopistons on mechanized phosphonate silica neieies 1
TEM images of the phosphonate silica nanoparticles

1%C and®*Si CP-MAS solid-state NMR spectra

Release profiles of the mechanized nanoparticldemuoH
control

Controlled Release of Two Cargosin Succession from M SNs

The schematic representation of the dual cargaselprocess
The synthetic procedure for MSNsaand MSNsH5

TEM images of the bare and functionalized MCM-41
nanoparticles

13C and®*Si CP-MAS solid-state NMR spectra of MSRiand
thep-CD-capped MSN4

Schematic representation of the release process

Release profiles of MSN3and MSNsH

Step-by-step release profile of dual-cargo load&Nsil

In Vitro Study of Mesoporous Silica Nanoparticles asssIRNA
Delivery Vehiclesfor Cancer Gene Therapy

Conceptual diagram of siRNA-mediated EGFP genacihg
utilizing mesoporous silica nanopatrticles as dejiweshicles
Western-blot analysis showing PEI-MSNPs can birdl@otect
siRNA from cleavage by RNaseA

Fluorescence microscopy and Western-blot analydtEd
MSNP-mediated EGFP silencing

Physiocochemical characterization of PEI-coated MSN
Simultaneous delivery of Dox and Pgp siRNA to thelaus
leads to a synergistic increase in cellular andeandox levels
in KB-V1 cells



Chapter 7
Figure7.1
Figure7.2
Figure7.3
Figure7.4
Figure7.5

Figure7.6
Chapter 8
Figure8.1
Figure8.2

Figure8.3

Figure8.4
Figure8.5

In Vivo Tumor Suppression Efficacy of M esoporous Silica
Nanoparticles-Based Drug Delivery System

Characterization of MSN

Antitumor effects of mesoporous silica nanopartideaded
with Camptothecin in mice

ICP-OES analysis of the Si concentration in urihenice
collected after injection of MSNs

Antitumor effects of CPT-loaded MSNs and FMSNs amhan
pancreatic cancer PANC-1 xenograft on nude mice

A human pancreatic cancer cell line, MiaPaca-2, ugsl for
xenograft establishment on nude mice

Dose-dependent tumor-suppressing effects of CPdelba
FMSNs

Cell Protection towards Anthrax L ethal Toxins by EGA-L oaded
M esopor ous Silica Nanoparticles

TEM image of the phosphonate modified MCM-41 péetic
Loading capacity test of the EGA-loaded patrticlssmg UV-vis
spectrophotometer

EGA loaded nanoparticles protect from LT-inducetbtiyxicity
in 4 (A) or 24 (B) hour assays

EGA-NPs protect from LT even after 2 months in solu
EGA protects rats from LT-mediated death



ACKNOWLEDGEMENTS

There are so many people | owe my thanks to in éetng my doctoral degree.
First 1 would like to acknowledge my advisor, Psxfer Jeffrey I. Zink. He is an amazing
scientist who does significant research and as#me time, is a great mentor who cares
about the learning and future of his students. mtwa thank him for allowing me the
opportunity to do research in his group, for teaghme the skills in experimental designs
and following through, publishing findings and pospng new ideas, leading a group as
well as being part of a collaborative team, and tmiwgortantly, for allowing me to
follow my own dreams. | also would like to thankofessor Paula L. Diaconescu and
Professor Fuyuhiko Tamanoi to serve on my dissertatommittee.

Next | would like to thank my dear colleagues &mehds in the Zink group, with
whom | shared five years of happy memories. | wdikd to thank Dr. Sarah Angelos
and Dr. Monty Liong for training me upon joiningetlyroup and with whom | worked
closely on a number of research projects. | wakyluoc be able to learn from these two
level-headed and hardworking people. Their dedioatand work ethics have great
impact on me in my graduate school years, and kedp guiding me into my future. |
would like to thank Dr. Daniel Ferris, Dr. Bryanaemtlerson, Juyao Dong, Angela
Hwang, Min Xue and Sui Yang for their hard work ouar collaborative projects. Our
research would not have been possible without émeigus contributions made by these
people. | would like to thank Dr. Sanaz Kabehie, Daroslav Klichko, Dr. Rachel
Stephenson, Dr. Phil Rutkowski, Dr. Ryan Hoekdina,Marcelle Dibrell, Dr. Yuen Lau

and Dr. Travis Pecorelli who graduated before meé s@t up great examples for us

Xi



younger generations. The amount of work they puaisisenior members to address group
businesses and maintain group equipments was edsenkeeping our research lab
running. | also would like to thank Courtney Thom@ania Guardado, Melissa Russel,
Derrick Tarn, Matt Kiesz and Janie Chen for beingdjfriends over the years, who will
take over the tasks of maintaining our group andtinge to put out exciting works after |
graduate.

| would like to acknowledge our generous collaboratoutside the Zink group,
without whom none of my work would have been pdssibirst | would like to thank Dr.
Fraser Stoddart and his postdocs Dr. Yanli ZhaoRmd&heng Wang for providing their
expertise on organic synthesis. Dr. Stoddart’s wettkics had a great impact on me. |
also learned a lot of paper writing and presemntasikills from working with his group.
Then | would like to acknowledge Dr. Fuyuhiko Tamgrhis postdoc Dr. Jie Lu and
graduate student Christopher Hom for their kindadmration on a number of projects.
Dr. Tamanoi has always been very supportive forthmeughout my graduate school
years. Dr. Jie Lu, as our main go-to person whenexeneed to do cell studies, has
helped us put out many high quality work. | resgeot for being a highly efficient and
hardworking scientist and have the pleasure of wgrkvith him. Another group we had
extensive collaboration with is Dr. Andre Nel's @asch group in the UCLA medical
school. | learned a lot about biological reseansti manotoxicology from working with
him and his group members Dr. Huan Meng, Dr. Tiaa Znd Dr. Zhaoxia Ji. As a
member of the Center of Environmental Implicatioh®anotechnology (CEIN) directed

by Dr. Nel, | also got the chance to interact wathentists in the microbiology field, in

xii



educational outreach programs and many helpful midimative staff members. Yet
another group of people | would like to thank is Bien Bradley and his postdoc Dr.
Eugene Gillespie for their work on the anthrax ddsdjvery project. We would not be
able to make all the progress without their willlegs to work with the dangerous
anthrax toxins. | also want to acknowledge Dr. d@&wmier Durand and his graduate
student Jeff Likoko for working on the loading ceia project during Jeff's stay in our
laboaratory.

Last but not least, | would like to thank my faméwpd friends outside of school.
My parents are the biggest driving force throughmwt life. | am so lucky to be their
daughter and to receive their endless love and®uppbhope by getting this degree |
make them proud and show that | will carry on thegatimism and kindness into all
things in my life. | would like to thank Jie Luo,infin Pan, JuanJuan Du, Xiaoming Zhu
Min Xue and Yuewei Sheng for being my close friersatal for being there for me
through good things and bad. We arrived in the é¢hBtates at the same time. They are
the brothers and sisters | never had. These pe@opléhe most precious treasures in my

life, and my endless source of energy. | cannoeseyigh thank you to them.

Xiii



VITA

1988 Born, Beijing, China

2007 B.S. Chemistry
Peking University
Beijing, China

2007-2009, 2012 Teaching Assistant

Department of Chemistry and Biochemistry
University of California, Los Angeles
Los Angeles, California

2009 UCLA Distinguished Teaching Award
2009 Baur Award for Excellence in Research
2009-2012 Research Assistant

Zink ResearcloGr

PUBLICATIONS
(*Co-First Author)

1. Cheng Want, Zongxi Li*, Justin W. Gaines, Yan-Li Zhao, Dennis Cao, O.
Altan Bozdemir, Michael W. Ambrogio, Marco FrascoMoussry Y. Botros,
Jeffrey 1. Zink, J. Fraser Stoddart. “Controlled |é¥se of Two Cargos in
Succession from Mesoporous Silica Nanoparticlégew. Chem,, Int. Ed.,
2012, DOI: 10.1002/anie.201107960.

2. Zongxi Li, Jonathan C. Barnes, Aleksandr Bosoy, J. Frasetdatit, Jeffrey I.
Zink. “Mesoporous Silica Nanoparticles in Biomediégplications.” Chem. Soc.
Rev. 2012, 41, 2590-2605.

3. Zongxi Li, Jeff Nyalosaso Likoko, Angels. Hwang, Daniel P. Ferris, Sui Yang,
Gaelle Derrien, Clarence Charnay, Jean-Olivier Bdydeffrey I. Zink. “Uptake
and Release Capacities of Nanovalve-gated StintliR&tease Systems based on
Mesoporous Silica Nanopatrticles.”Phys. Chem. C 2011, 115, 19496-19506.

Xiv



4. Jie Lu,Zongxi Li, Jeffrey I. Zink, Fuyuhiko Tamanoi. “In vivo tumeuppression
efficacy of mesoporous silica nanoparticles-bagsed delivery system: enhanced
efficacy by folate modification.Nanomedicine 2011, 8(2), 212-220.

5. Huan Meng, Sui YangZongxi Li, Tian Xia, Justin Chen, Zhaoxia Ji, Haiyuan
Zhang, Xiang Wang, Sijie Lin, Connie Huang, Z. Hadlgou, Jeffrey I. Zink,
Andre E. Nel. “Aspect Ratio Determines the Quantiffy Mesoporous Silica
Nanoparticle Uptake by a Small GTPase-Dependent rdpawocytosis
Mechanism.”ACSNano. 2011, 5(6), 4434-4447.

6. Yan-Li Zhao,Zongxi Li, Sanaz Kabehie, Youssry Y. Botros, J. Fraser Stodd
Jeffrey I. Zink. “pH Operated Nanopistons on thef&es of Mesoporous Silica
Nanoparticles.’d. Am. Chem. Soc. 2010, 132, 13016-13025.

7. Jie Lu, Monty Liong, Zongxi Li, Jeffrey I. Zink, Fuyuhiko Tamanoi.
“Biocompatibility, Biodistribution, and Drug-Delivg Efficiency of Mesoporous
Silica Nanoparticles for Cancer Therapy in AninfalBmall 2010, 6(16), 1794-
1805.

8. Huan Meng, Monty Liong, Tian XiaZongxi Li, Zhaoxia Ji, Jeffrey I. Zink,
Andre E. Nel. “Engineered Design of Mesoporousc&ilNanoparticles to Deliver
Doxorubicin and P-Glycoprotein siRNA to OvercomeufrResistance in a
Cancer Cell Line.’/ACS Nano 2010, 4(8), 4539-4550.

9. Christopher Hom, Jie Lu, Monty Liong, Hanzhi Lutongxi Li, Jeffrey I. Zink,
Fuyuhiko Tamanoi. “Mesoporous silica Nanoparticleacilitate Delivery of
SsiRNA to Shutdown Signaling Pathways in Mammaliall€” Small 2010, 6(11),
1185-1190.

10.Travis A. Pecorelli, Marcelle M. DibrelZongxi Li, Courtney R. Thomas, Jeffrey

l. Zink. “Multifunctional Inorganic Nanoparticle®f imaging, targeting, and drug
delivery.” Proceedings of SPIE 2010, 7576, 74760K0-12.

PATENTS

1. EGA: A Small Molecule Inhibitor of Microbial Virulece Factors That Require
Acidic Endosomes. PCT Int. Appgh Preparation.

2. Tuning Aspect Ratio of Mesoporous Silica Nanop#tigetermines The Quantity
of Cell Uptake. PCT Int. Appl. 61/466,581.

3. Mesoporous Silica Nanoparticle Based siRNA@Relivery System. PCT Int.
Appl. 61/363,945.

XV



Chapter 1

Mesoporous Silica Nanopatrticles (MSNs) as Drug\@eli Vehicles



1.1. Introduction
1.1.1. The "Magic Bullet" in Theranostic Nanomedicine and M echanized

M esopor ous Silica Nanoparticles (M SNs)

Various types of multifunctional theranostic nanaoiwaes for cancer
chemotherapies, which can travel within the blomeasn and deliver a concentrated drug
payload to the diseased tissues (Figure 1.1) hagr developed in the past few decades.
12 Several advantages in using these nanometer-sigkkry platforms include the
ability to control the drug release rate and themeefine tune the pharmacokinetics of the
drug, the accumulation of these nanomedicines atpithological region of interest
without damaging normal cells in surrounding healtlssues, and the possibility of
achieving controlled-release of the drug upon atitivm by one or more possible stimuli,
such as light, temperature, pH, and so on. Addilignan ideal nanomedicine would
possess the means - either extrinsically, or isically - to track the progress of the
accumulation in the tumor tissue of, as well as ridlease of, the therapeutic agent
through the use of radionuclidesr contrast agentsif these criteria are met, then the
idea of a personalized "concurrent therapy" canedadized through the use of various
types of multifunctional theranostic nanomedicines.

Mechanized mesoporous silica nanoparticles (i.e.NMSunctionalized with
nanomachines) offer a wide range of functionaliied are highly robust and modular as
they can be chemically modified to fit the circuarstes of almost any desired setting.
Possessing a high surface area-to-volume ratiowslldor increased surface

functionalization, while still maintaining great qosity, which allows the inorganic



platform to house appreciable amounts of cargo auithdestabilization of the silica
framework>® This introduction will focus on the synthesis gombperties of MSNs, as
well as on the supramolecular chemistry behind dbwetrolled release of cargo using
nanoscale switches with the ultimate goal of denrating the utility of this platform in
theranostic nanomedicine.
1.1.2. Synthesisand Properties of the Mesoporous Silica Nanoparticles

A base-catalyzed sol-gel process has been empldgedoroduce silica
nanoparticles with sizes suitable for biomedicalleations. The sol-gel process utilizes
the organosilane precursors (TMOS, TEOS, etc.)clwhby means of hydrolysis and
condensation reactions,

Hydrolysis: OH+ Si(OR), — SI(OR}0OH + RO
Condensation:  SiG Si(OH), — Si-O-Si + OH

lead to the formation of a new phase (sol). Thellsowdloidal particles within the sol
then condense into the gel pha®d&or example, the Stéber process has been widely
applied for the preparation of monodispersed sifiaaoparticles between 50 and 2000
nm size, using the ammonia-catalyzed hydrolysisetrhethylorthosilicate (TEOS) in a
water-alcohol solution®

Using micelles formed by a cationic surfactantrestemplating agent, the silicate
source can be directed to condense around the lanidemplate into ordered silica
structures. Mesoporous silica materials were Bigtthesized by two different research
groups for catalytic applicatiorté. ** Although the materials made by the original

procedures are mainly mesoporous silica sheets dusthrganized morphologies, there



have been continuous efforts in making these nad$erinto smaller size and
homogeneous morphology in order to increase thekcdmpatibiliy. Grun et al. first
prepared submicromter-scaled MCM-41 particles usinmodified Stober synthesis.
Later on, MCM-41 silica particles of 100 nm werdadbed by using a dilute surfactant
solution™® Mesoporous silica nanoparticles below 50 nm hés® lreen obtained using a
double surfactant system or dialysis procd8ddetal or metal oxide nanocrystals around
10 nm in diameter can be incorporated into the M&NnNng the particle synthesis to
provide additional functionalities. This type ofopedure has been used to embed gold,
silver and iron oxide (including doped iron oxidajo the MSN<' *” The metal/metal
oxide cores can provide a variety of additionalctionalities to the MSNs, such as
antimicrobial activity through dissolved metal ipnglasmonic effects or magnetic
properties including MRI capabilities.

In a typical synthesis of the 100 nm MCM-41 type somorous silica
nanoparticles, the silica source, tetraethylorffcade (TEOS), is added into a heated
basic (pH 11) aqueous solution of the templatingastant, cetyltrimethylammonium
bromide (CTAB). 100 nm diameter nanopatrticles arened through base-catalyzed sol-
gel condensation around the hexagonally packedlimisguctures: ° After aging, the
resulting nanoparticles are refluxed in acidic hlwdo decrease the interactions between
the surfactant and the silica frame, and removedimplating agent from the mesopores.
X-ray diffraction and electron microscopy confirimat the hexagonal arrays of pores

remain intact after the surfactant removal procd$e solvent extracted particles are



spherical in shape, roughly 100 nm in diameter, ematain 2D-hexagonally arranged
pores 2-3 nm in diameter.

The ease of introducing various organic functiaralups, either through covalent
bonding or electrostatic interactions, provides hhigvel of versatility and many
mechanized features to the mesoporous silica mierThe covalent attachment of
functional groups usually involves introducing angastructures in the form of silanes,
which can be attached using co-condensation orgymshetic grafting methodg.The
co-condensation method allows the hydrolysis offtimetional silanes while the particles
are forming, therefore the guest molecules arerpwated into the resulting silica
frameworks. In contrast, post-synthetic graftingaduces the functional groups mainly
to the exposed silica surface after the MSNs am@dd, which can be performed either
before or after the surfactant remoVaBesides covalent attachment, functional moieties
can also be introduced to the MSNs through eletettiosgnteractions. This usually makes
use of the negative charges from the free” §f@ups on the particle’s surface. For
example, cationic polymers (such as polyethylena@ncan be electrostatically adsorbed
onto the silica nanoparticles to provide nucleic &inding propertie$?*

Another crucial property that makes mesoporousgasiinaterials promising for
drug delivery applications is their ability to epsalate different types of cargo
molecules within their pore channels. This is im@aot because the encapsulation may
protect many therapeutic agents from enzymatic atkdion. The particles are usually
loaded by soaking them in a drug solution. The dnadecules are incorporated by the

particles through adsorption. The interactions leetwthe cargo molecules and the



particle usually include hydrogen bonding and etetatic interactions. The uptake
capacities of the MSNs are correlated with the ifipesurface areas of the materiéfs.
The loading and release efficiencies of the paticre also affected by the electrostatic
interactions between the cargo molecules and tita surfacé>* When combined with
the functional modifications on the MSNs, the page are only allowed to be released
in a controllable fashion at the targeted disedissdes, with no premature release during
their circulation within the bloodstream. This csignificantly reduce the adverse side
effects of the drug and increases the overall eartic efficacy.
1.1.3. How to achieve controllable cargo delivery

Based on the above described properties of mesapa@itica nanoparticles, the
obvious way to use them as a delivery system ligad the drugs by adsorbing them onto
the particles and then release them by dissolutisie the target media. In this case,
there is no control over the pore openings andrésalting system performs sustained
release. The rate of the release would highly démenthe solubility of the drug in the
surrounding solvent. If the drug molecules are lighater soluble, they would be
released as soon as the particles are suspendsd agueous biological media, which
would not be advantageous over a solution doseeosame drug. If the drug molecules
are hydrophobic, the particles do provide somerobower the release of the drug. Once
hydrophobic drugs are loaded into the MSNSs, theass of the drugs in an aqueous
media is minimal. Only when the particles come imntact with a hydrophobic
environment, for instance upon addition of a sudat; the hydrophobic cargo is then

releasedIn vitro studies have shown that the interactions betwegticjes and the cell



membrane phospholipids during the particle end@tytcan cause the release of the
encapsulated hydrophobic drus.

MSNs-based controlled release systems have beeeloped by applying
mechanical controls over the pore openings. Hislymers that are either adsorbed or
covalently bonded to the surface of the MSNs hargesl as a mechanized controlled
release systef.Under their “closed” condition, the polymer chatightly wrap around
the particle surface, each blocking multiple poggerings. Then the polymers are
induced by certain stimuli to undergo swelling otliag so that the pore openings are re-
exposed and cargo is released through the unblqoies$. A second method to achieve
controllable release is to form chemical bondsdliyeover the pore openings that can
later be cleaved upon stimulatithA third way to mechanically block the pores is to
attach bulky groups such as Au or CdS nanocrystadsthe pore openingsThese bulky
groups serve as gatekeepers for the encapsulatgo. @emoval of the bulky blocking
groups via chemical methods initiates cargo release

When bulky groups are assembled by non-covalemtrantions, they become
nanomachines, such as “nanovalves” and “snap-topihines These nanomachines
usually contain a static stalk covalently attachedhe particles surface and a bulky
cyclic moving component which encircles the stalt mon-covalent interactions. The
nanomachines are designed to undergo large amglitadtions upon stimuli. The
blocking and un-blocking of the pore openings iBi@ged by such motions. It is worth
noting that in such designs the attachment of natbmes may not cover all the pore

openings on the particle surface perfectly. Pasiduch as MCM-41 have pore channels



that are not inter-connected, which allows the wasprocedures to remove cargo from
any pores that have faulty machines. Yet anothgrtawachieve controlled release is by
derivatizing the pore interiors of the MSNs. Onelsexample is the “nanoimpeller”

machine that takes advantage of the rapid cis-tremmerization of the azobenzene
groups upon light activatiofi. Figure 1.2 is a schematic illustration of the abov
described pore controlling mechanisms.

These mechanized controlled release systems cawlkel d variety of internal and
external power supplies. The first type of stimukiprovided by chemicals. Systems can
be designed to be responsive to external chemditians, or to the internal chemical
changes within organs and cells, such as pH changeytoplasmic enzymés> * Since
the addition of chemical stimulants is not alwagadible forin vitro and in vivo
experiments, the biological applications of chemicasponsive controlled release
systems are limited by the types of chemical chamgyésting in the cells and organisms.
The second type of stimuli is electrical, usingaedeactions to trigger the release. This
can be accomplished by external means, like dyegiplying electrodes, or by internal
means, e.g. using the internal reducing conditinsisle cells** *?Light has been applied
as another external power supply for controlleceaseé systenf§: #° The in vivo
application of light stimuli is limited by the tigs penetration ability of the stimulating
light. External heating can be used to triggerrlease of the mechanized MSNs. Heat
can also be made an internal stimulus when itmegeged by magnetic nanocrystals in an
oscillating magnetic field’ All of the above-described power supplies triggee

operation of the mechanized MSNs either by causimgctural changes to polymer



coatings, or by causing molecular or supramoleaulations of the “gatekeeper” groups,
which in turns lead to the un-blocking of the popenings.
1.1.4. Cellular Uptake and Biocompatibility of M SNs

Before MSNs can be effectively applied as drugvaeli systems, their cellular
uptake and cytotoxicity properties have to be itigased. The cellular uptake of the
MSNs can be studied by attaching fluorescent dydeoates to the nanoparticles,
enabling the visualization of the MSNs by fluoresz® and confocol microscopy.
Fluorescent dye molecules, such as fluoresceihientanate (FITC) and Rhodamine B
isothiocyanate (RITC), can be bonded to the surfatethe particles by co-
condensatioR® Cellular uptake of the MSNs and their good biocatiplity was
confirmed with both healthy and cancer cell liAg$> **No cytotoxicity is observed up
to 100pg/mL for non-modified 100 nm MSN€; %" 334yhich is well above the effective
particle concentrations required for most therapemtatments. Several research groups
have demonstrated that cell uptake and cellularcitgxof the MSNs depend on the
particle’s size, shape, surface charge and furattigroups> ° Cell staining experiments
in conjunction with the fluorescently labeled MSallbw the study of the cellular uptake
mechanisms and the particle location inside thks ¢Eigure 1.3). Small MSNs (< 200-
300 nm) are normally taken up by cells via enddiytpathways, which could end up
taking various routes such as the clathrin-depemndesveolin-dependent, receptor-
mediated or the clathrin and caveolin independesthanism, depending on the shape,
size and surface functionalization of the nanopiasi The endocytic mechanisms for

MSNs have been summarized in recent revigwdhe endocytotic process consists of



the particle interacting with the cell surface| ceémbrane invagination and pinching off.
The nanoparticles upon uptake are located insigl@mtidlocytic vescicles which fuse with
the early endosomes and then to the sorting endesonie remaining fraction of the
early endosomes then matures into late endosomfseb@using with the acidic
lysosomes. The MSNs end up inside these acidic (f-etganelles in cells. It has also
been shown that nanoparticles with surface grobps dan be protonated facilitate the
“proton sponge effect”, which leads to the endodoesaape of the uptaken particfés.
This enables the membrane impermeable cargoesasublydrophilic drugs, DNA and
siRNA molecules to be released from the membranmdbed endosomes and travel to
their effective sites.

In the following chapters, my latest advancementdaveloping the mesoporous
silica nanoparticle based drug delivery systems lvélpresented in three major aspects.
Chapters 2 & 3 focus on the physical chemical prigee of the mesoporous silica
materials that make them suitable for drug loagingposes. Chapters 4 & 5 describe the
organic functionalization of mesoporous silica naemicles with two novel
nanomachines to achieve highly controllable stimesiponsive cargo release from these
particles. Finally, three different biomedical apgtions of the mesoporous silica
nanoparticle based drug delivery systems will bewsh in Chapters 6, 7 and 8,
demonstrating theiin vitro siRNA delivery,in vivo tumor shrinking and anti-anthrax

therapeutic efficacies.
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1.2. Figuresand Tables
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Figure 1.1. Various types of theranostic nanomedicines arectgpin "attack mode"
over a site of tumor growth in this cartoon repreagon. Conjugated targeting ligands
are shown as circles or semi-circles. Cargo, catgdayor housed internally, is shown as
green spheres. Purple spheres represent imbeddé@stoagentsA multifunctional a)
polymeric nanogel) polymeric micellec) gold nanoparticleg) iron oxide nanoparticle,
€) siRNA ensconced in a liposome delivery vector, 8nd stimuli-responsive capped
mesoporous silica nanoparticle are shown.
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Figure 1.2. Pore opening control motifs designed for mesopomilisa nanoparticl
based stimuli responsive delivery systems, showmg blocking and unblocking by
the formation and breaking of calent bonds between molecules (e.g. coum:
attached within the pore channels; b) the shrinkind swelling of polymer chains coat
on the particle surface; c) attachment and remafabulky groups (e.g. Au, Cd
nanocrystals) over the pore opening) threading and dethreading of a cyclic to
molecule in this “snapep” design consisting of a [2]rotaxane with a lyultopper; e
shuttling of a cyclic molecule between two recogmzsites along a molecular ste
towards and away from the pore op¢g in a supramolecular “nanovalve” design
azobenzene molecules tethered within the pore dtarimnder the diffusion of tr
encapsulated cargo molecules, whereas the waggatigmresulting from the c-trans
photoisomerization of the azobenzene pls the cargo molecules out of the mesopo
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Figure 1.3. lllustration of the receptor-mediated endocytosis moulti-functional
mesoporous silica nanopatrticles and intracellutag delease. a) Cell surface receptors
recognizing the targeting groups on the MSN surfégecell surface invagination and
pinching during particle intake; c) internalized MSwithin an early endosome; d)

intracellular drug release from the MSNs.
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Chapter 2

Measurement of Uptake and Release Capacities obpdesus Silica Nanoparticles

Enabled by Nanovalve Gates
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21. Abstract
The uptake and release capacities of mesoporoica Plrticles are measured on
nanovalve-gated stimulated release systems, usingatar soluble biological stain,
Hoechst 33342, as the cargo model. Five differgmies of mesoporous silica
nanoparticles: 2D-hexagonal MCM-41, swollen pore MAZ1, rod-like MCM-41,
hollow mesoporous nanoparticles and radial mesasor@noparticles are studied and
compared. Solid silica nanoparticles are used axdntrol. Because of the presence of
the nanovalves, the loaded and capped particlebeavashed thoroughly without losing
the content of the mesopores. The quantity of Hete8B342 molecules trapped within
the nanoparticles and released upon opening thevabms are systematically studied for
the first time. The loading conditions are optintizgy varying the Hoechst concentration
in the loading solutions. Surprisingly, increasthg Hoechst concentration in the loading
solution does not always result in a larger amadirdoechst being trapped and released.
Among the five types of mesoporous silica nanopiai the radial mesoporous
nanoparticles and the swollen pore MCM-41 particdeew the highest and lowest
release capacity, respectively. The uptake capacdire correlated with the specific
surface area of the materials rather than thearmal volume. The uptake and release
behaviors are also affected by charge and spatbrfs.
2.2.  Introduction

Mesoporous silica nanoparticles with therapeutiensgjintegrated into their pore
channels that can be released in a controllabledashave received increasing attention

as a drug delivery platform® The effective pore capacity of the these mesoposilica
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nanoparticles is of great importance because ierdebes the maximum amount of
therapeutic agents that can be kept within the paricles and released at the targeted
diseased tissues autonomously or upon externallstiPore volumes of the materials
can be measured by gas adsorption/desorption reashéut the pore capacity for large
molecules released for biological studies in aqeeanvironment requires the
measurement of the actual number of molecules thade and released out of the pores.
However, without a gate keeper for the pore opening pore capacity of mesoporous
silica materials cannot be accurately measuredgestihe outer surface of these loaded
nanoparticles cannot be cleaned extensively bef@reelease study. It has been difficult
to quantitatively distinguish the amount of cargtually loaded inside the pore channels
from that absorbed on the outer surface of the madge

The uptake and release properties of mesoporoica shaterials have been
studied using open-pore sustained release systelaisy particle features have been
shown to affect the uptake and release propertfesn@soporous silica materials,
including the particle’s shagespecific surface area, pore stZ8,pore structuré! and
surface functional groups®'’ These studies have been carried out with both
hydrophobic and hydrophilic cargo molecules. Thadlag capacity measured for these
open-pore systems involves the amount of cargo cutde loaded inside the mesopores
as well as those on the outer surface of the giiaterials.

In this study, we show for the first time how thesasurement of mesoporous
silica effective pore capacity is enabled using anavalve gated system. The

nanoparticles are loaded with a water-soluble okl stain, Hoechst 33342, and
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assembled with an acid-responsive supramoleculaovadves using a previously
described procedur&.Due to the presence of the nanovalve gate, thiclear can be
washed extensively after loading and capping tcorenthe cargo molecules adsorbed on
the particle outer surface. To measure the amolirtoechst 33342 molecules trapped
inside the mesopores, the pH of the media was migtaxjusted to open the nanovalve,
but also brought below the isoelectric point of fileca for the maximal removal of the
content.

Because of the control provided by the gatekeepapvalves, the details of the
stages of uptake and release of the cargo dye eadlifterentiated. In a typical
measurement, the particles are loaded in an agud¢oeshst 33342 solution. The amount
of Hoechst taken up by the particles (in the irieépores and on the external surface) is
calculated from the concentration difference ofsbkition before and after loading. The
“Uptake efficiency” is defined as the total amowftHoechst taken up by the particles
divided by the total dye amount in the original smn (expressed in percent). The
amount of Hoechst not uptaken by the particlesdeiby the total dye amount in the
original solution (expressed in percent) is defirmasd‘Left in loading solution” (Figure
2.1a). The above stage is referred to as the ugakage.

The next stages determine the fate of the uptakenndolecules. The loaded
particles are capped withCD and then washed extensively with water. Thal nount
of Hoechst removed from the particles during cag@nd washing is measured from the
collected washing solution, and is defined as “linstapping and washing” (Figure 2.1b).

Then the gatekeeper valves are opened by acidifyiagwvater and the amount of dye
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molecules that are released into the solution igsmed. The amount of Hoechst released
divided by the total uptaken amount (in percentjleéined as the “Release efficiency”.
Finally, the amount (in percent) of the dye pernmilye‘Retained” on the particles after
release is quantified (Figure 2.1b). These stagesuat for all of the dye take up by the
particles.

The mass of dye measured in the uptake efficietaxyesdivided by the mass of
the particle is defined as the “Uptake capacitypfessed in wt %). The mass of dye
measured in the release efficiency stage dividethbymass of the particle is defined as
the “Release capacity” (in wt %). The uptake arldase efficiency/capacity values are
compared for different loading concentrations. Va&ues for five types of bio-relevant
mesoporous silica nanoparticles with different nmolpgies are measured using the
method described above. Solid silica nanopartialesused as a control. The effects of
particle surface charges were also studied. Alluptake and release experiments were
carried out in aqueous solutions, providing biotadly relevant results.

2.3. Resultsand Discussion
2.3.1. Propertiesof the Silica Nanoparticles

The sizes and morphologies of the six types ofcailnanoparticles were
investigated by transmission electron microscopeMY as shown in Figure 2.2. The
solid nanoparticles (SNPs), the 2D-hexagonal MCM(MICM-41s) and the swollen
pore MCM-41 (SMCM-41s) are spherical in shape, hade an average particle size of
100 nm. The SNPs have a smooth surface, and noubweso-porosity was observed.

The MCM-41sexhibit uniformly sized 2D-hexagonally ordered oglical pores,
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whereas the SMCM-41s have the same pore arrangaseMCM-41s, but bigger pore
sizes.

X-ray diffraction patterns of all the samples anewn in Figure 2.3. The position
of the main (100) peak was used to calculate therptanar spacingsig for the
materials. The @ values as well as the distances between porersem{@a = 2d/%%) are
summarized in Table 2.1. As expected, the SNP2tlshrow a diffraction pattern, due to
their lack of porosity. The MCM-41s show a diffract pattern with a distance between
pore centers of 4.7 nm. The SMCM-41s have a muafpdodistance of around 6.8 nm.

The N, adsorption-desorption isotherms for the three $asngwre shown in Figure
2.4, and the BET surface areas and pore volumegwalre listed in Table 2.1. Except for
the SNPs, all samples exhibit a pronounced stethein isotherm for relative pressure
0.2-0.7, due to the capillary condensation of g inside the primary mesopores. The
condensation step on the isotherms is steep for M@Mand SMCM-41s, indicating a
narrow pore size distribution for these three sasnplhe step for SMCM-41s takes place
at a significantly higher relative pressure comgaxethose for MCM-41s and RMCM-
41s, which is representative of a larger pore size.

The specific surface area values of the sample® walculated by the BET
method. Primary mesopore sizes of the samples e#celated using three methods: the
BJH method; geometrical considerations of an itdiriexagonal array of cylindrical
pores (averaged pore diameter (APD) = 1.2d36hV,/(1+ pVp))*?); and the method

based on the model of simple cylindrical pores gigshre BET surface area and primary
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mesopore volume (P= 4V,/Sget). The specific surface area and pore size valethé
three samples are summarized in Table 2.1.
2.3.2. Optimization of the Loading Conditions & Distribution of the Cargo

Molecules

To optimize the loading conditions, the MCM-41 pdes were loaded in five
different concentrations of Hoechst 33342 solutbmM, 10 mM, 20 mM, 30 mM and
40 mM. Loading was achieved by soaking 50 mg ofRhAMTES-modified MCM-41
particles in 1 mL of the Hoechst 33342 solution $odays at room temperature. The
theoretical maximum uptake capacity is governedtly total amount of Hoechst
molecules in the loading solution. The experimenfabke capacity was obtained as the
difference between the amounts of Hoechst in tipesatant before and after soaking.
The nanovalves on the Hoechst 33342-loaded samgliesclosed by capping withCD.
The closed particles were washed extensively toventhe adsorbed dye molecules on
the exterior surface. Finally the Hoechst-loaded;D-capped, MCM-41 particles were
suspended in an acidic solution (pH=4ahd the amounts of Hoechst released from the
samples were measured by UV-vis spectrophotometer.

The uptake and release capacity are defined regplgchs the ratio (expressed in
weight percent) of the weight of the Hoechst talkpror released by the particles to the
total weight of the tested sample (ExperimentaltiSec4.5.6). The percent uptake and
release efficiency are defined respectively as gbeentage of Hoechst taken up or
released by the particles in the total Hoechst arhon the loading solution. The

theoretical maximum uptake capacity is determireed the experimental uptake and
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release capacities for the MCM-41 samples loaded fiue different loading
concentrations are plotted in Figure 2.6. At 10 miMg uptake of Hoechst has already
reached its saturation amount of 10 wt% of theiglag. No excess amount of dye could
be taken up when the concentration of the solutiamhich the particles were loaded was
increased beyond 10 mM.

On the other hand, the release capacity increasedX.4 wt% at 1 mM to 5.4 wt%
at 10 mM, but decreased as the loading concentrdt@ame higher. This surprising
decrease at high concentrations is attributed ¢oiriterference with capping when the
concentration of Hoechst in the solution is verghhiThe hydrophobic moieties on the
Hoechst molecules compete with the PhAMTES groupghe particle surface to be
encircled by then-CD caps. At the loading concentration of 10 mMe ttimount of
Hoechst left in the bulk solution after uptake églngible compared to the excess amount
of a-CD added for capping, indicating that capping @iniM was unaffected. However,
the surplus of Hoechst in the 40 mM loading solutieas significant high enough to bind
to most of the added-CD, so there was not enougkCD to cap the nanovalves. Thus a
large amount of the loaded Hoechst molecules washed out of the particles in the 40
mM case before the release experiment. As showkigare 2.6, the cargo to particle
ratio of 1.7 by weight was the optimal loading ciioth to maximize the release capacity,
at which 50% of the loaded Hoechst molecules camrleased at pH 1.

2.3.3. TheUptake Capacity and Uptake Efficiency of the Silica Nanoparticles
The uptake capacity and uptake efficiency valuesthe SNPs, SMCM-41 and

MCM-41 types of silica nanopatrticles loaded in 1 navid 10 mM Hoechst 33342
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solutions are summarized in Table 2.2. At 1 mM Inga&oncentrations, the SNPs had an
uptake efficiency as low as 3%, due to their latkarosity to accommodate the cargo
molecules. The other samples reached 100 % uptdikeermcy, meaning that all the
Hoechst dye molecules in the loading solution waken up by the nanoparticles after
three days of loading. This demonstrated thatnguthe loading process, the Hoechst
solution does not simply diffuse into the poreshe materials, equilibrating the Hoechst
concentration inside the pores and the bulk salutiestead, the Hoechst molecules have
a strong interaction with the inner pore wall soefaand the cargo molecules are
concentrated inside the pores. The interactionois fhydrogen bonding and electrostatic
attraction between the positively charged Hoecl3342 molecule and the negatively
charged silica surface as will be discussed later.

The uptake efficiency is affected by the spatiaitiétions of the particles. When
loaded in the 10 mM Hoechst solutions, the differemmples exhibited quite different
uptake efficiencies. The samples did not reach 10p%ake efficiency as in the case of 1
mM loading concentration. This indicates that aisdton point has been reached. The
uptake efficiency values have a direct relationshith the specific surface areas rather
than with the pore volumes of the samples. Foraimst, the SMCM-41s have a larger
pore volume than the MCM-41s, yet have a much &nalptake efficiency. The
correlation between the uptake efficiency and tivéase area of the sample suggests that
the loading process is adsorption-controlled dukeanteraction between drug and wall.

The density of Hoechst on the parti¢lessirface was calculated from the uptake

efficiency. The percent coverage was calculatedcbsnparing the amount of area
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covered by all the adsorbed Hoechst molecules thehotal surface area of the material
using the equation: Percent coverage (%) = (Areanef Hoechst moleculexnumber of
adsorbed Hoechst molecule/surface area of the @a*&i00%, where the area covered
by one Hoechst 33342 molecule is estimated fromn@raw to be 1.9 nfy and the
number of adsorbed Hoechst molecules is calcufaved the uptake capacity. According
to the results listed in Table 2.3, the area cavésethe cargo molecules is about 20% of
the entire particle surface area. This illustrates very high adsorbing capacity of the
particle surface. Similar calculations were carr@d for the MCM-41 sample loaded
with 1 mM Hoechst, and the SMCM-41 sample loadethwi0 mM Hoechst. The
Hoechst percent coverage values are 3% and 20%atasgly. The populations of cargo
molecules in a section of the primary mesoporeslaogv/n in Figure 2.7.
234. The Cargo Reease Capacity and Release Efficiency of the Silica

Nanoparticles

The Hoechst loaded samples were capped sm@iD and then washed extensively
with water until no Hoechst could be detected | Washing supernatant. The washings
remove residual Hoechst molecules on the outemasesf that would otherwise cause
overestimation of the release capacity of the Hsechhe acid-responsive release of
Hoechst 33342 from the six types of the nanovabgped silica nanoparticles was
monitored in aqueous solution using time-resolwadihescence spectroscopy. A laser
beam at 448 nm was directed through the soluti@mvelthe samples to monitor the
emission of any released Hoechst 33342 moleculgbarsolution. The samples were

kept in pH 7 water for at least an hour to obtaimageline before any triggered release.
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The flat baselines observed in all cases indidedddakages from the systems at neutral
pH are negligible. It also proves the residual Heedrom the loading solution was
successfully removed by washing. Then the pH ofsthletion was adjusted to 1 using
HCI to open the nanovalve and the emission intgmagiHoechst 33342 increased rapidly
upon lowering the pH, indicating theCD caps have been removed, followed by the
release of the cargo.

The cargo release capacity of the samples was meghdly suspending the
Hoechst loaded, nanovalve-capped particles in aticasolution at pH 1 or 3 for 24
hours. The supernatant was then collected and tdezi$t concentration measured by
UV-vis absorbance. The release capacity and reletimgency at pH 1 and 3 for the
different silica nanoparticles loaded with 1 mM @f@mM Hoehcst solution are given in
Table 2.4. The amounts of Hoechst adsorbed duheddading process and the amount
released upon lowering the pH for each of silicaaparticles are shown in Figure 2.8.

The release capacity is affected by the spatiabfacThe samples loaded in the 1
mM Hoechst solution had a release capacity clogkdin uptake capacity, meaning that
most of the loaded Hoechst molecules are eventuelgased from the particles upon
opening the nanovalve. However, the samples loaddte 10 mM Hoechst solution had
a release capacity of about 50% of the their uptagacity, indicating that only half of
the loaded Hoechst molecules can be released. Biagearticles have the same surface
conditions in both cases, the difference in thelease behaviors is explained by the
spatial hindrance during the release process. Awslhn Figure 2.7, the 10 mM Hoechst

loaded particles have a large population of cargoleoules within their primary
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mesopores, and the cargo molecules are denselegatke mobility of the Hoechst
molecules is reduced in this rigid environment.isltalso likely that several tightly
adsorbed Hoechst molecules block the pathway witienpores when they are arranged
very close to each other. In such cases, the carglecules located deeper the pores
would not gain enough mobility to overcome the kboge, and therefore remained inside
the pores. This is not a problem for the samplagddd in 1 mM Hoechst solution, since
only 3% of the inner pore wall surface was covdrgdhe cargo molecules. The adsorbed
Hoechst molecules had much less spatial hindrahesthey are being released.

The mobility of the cargo molecules is also affdctey their electrostatic
interaction with their surroundings, with the lagghtly adsorbed molecules being more
mobile and vice versa. The release capacity oM#-41 samples with three different
surface charge conditions are shown in Figure Ph@. MCM-41(0) and the MCM-41(-)
had similar release efficiencies of about 50%. éw IpH, the phosphonate groups are
mostly protonated, and therefore perform similadythe OH surface. However, the
MCM-41(+) showed nearly 100% release efficiency.e Témine surface groups are
protonated in acidic conditions, which provide puigsive force on the positively charged
Hoechst molecules and enable them to move effigient of the pores. Further evidence
of the charge effect is that the release capaditiesll the systems are higher at pH 1
than pH 3. Since the nanovalves are completely apdioth cases, the higher release
capacity at pH 1 can be explained by the greatatopation of the particle surface (the
isoelectric point of silica is pH 2) as well as tHeechst molecules, causing repulsion

between them, hence higher mobility of the cargéemdes.
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At this point, it is interesting but difficult toompare the uptake capacity results
obtained here with those reported in previous jgakbns without control of the pore
openings. The impacts of surface area and surfzsexge on the uptake capacity observed
here is consistent with those in previous studiesvicM-41, MCM-48 and SBA type
mesoporous silica materidfs 3% 3> 2 *previous research on ibuprofen loaded MCM-41
has shown up to 30 wt% uptake capatity® However, ibuprofen is hydrophobic, and its
interaction mechanism with the silica surface fedent from that of positively charged
Hoechst 33342. Ibuprofen has a more spherical shagdts size is about 1/3 that of a
Hoechst molecule, enabling them to be more clopaliked inside the pores. Because
previous studies were performed on uncapped systdisnguishing the molecules
loaded into the pore interiors vs. the ones adsbdrethe exterior surface could not be
achieved. In this paper, insights of the uptake r@tease properties of a nanovalve-gated
system are obtained.

24. Conclusions

The uptake and release capacities were studied tHer nanovalve-gated
mesoporous silica nanoparticles. The trapped alehgable amounts of a hydrophilic
cargo, Hoechst 33342, were measured for five tgh@sesoporous silica nanopatrticles,
with the solid silica nanoparticles as the contiidie loading conditions were optimized
using the MCM-41 sample. As the Hoechst concewtnais increased in the loading
solution, the uptake capacity of MCM-41 increased then stabilizes at the point of
saturation. On the other hand, the release capatifCM-41 at pH 1 first becomes

higher with the increasing loading concentratiohent decreases as the loading
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concentration is increased further. This unexpettedd is explained by the binding
between the Hoechst 33342 molecule anchtl® cap at higher loading concentrations,
which results in a lower capping efficiency. Thetake capacities were found to be
correlated with the surface areas of the materibf® cargo release efficiency upon
opening the nanovalves is affected by both theasartharge of the materials and the
population of cargo molecules within the poresréasing the cargo populations inside
the mesopores results in the spatial hindrancehfertrapped molecules, thus a lower
percentage of the trapped Hoechst 33342 can besezlaipon opening the nanovalves.
25. Experimental

Materials. All analytical and reagent grade materials wereedusas purchased:
cetyltrimethylammonium bromide (CTAB) >98%, Sigma],
tetradecyltrimethylammonium bromide (TTAB) [99%, gBia-Aldrich], tetraethyl
orthosilicate [98%, Aldrich], tetramethoxysilicat@MOS) [>99%, Sigma-Aldrich],
mesitylene $99%, Sigma-Aldrich], dodecylamine (DDA) >98%, Aldrich],
polyvinylpyrrolidone (PVP-10) 398%, Aldrich], 3-(trihydroxysilyl)propyl
methylphosphnate, mono sodium salt [42 wt%, satutio water, Aldrich], N-(2-
aminoethyl)3-aminopropyl trimethoxysilane9s%, Gelest], sodium hydroxide (NaOH)
[certified ACS, Fisher], hydrochloric acid (HCl)ddified ACS plus, Fisher], ammonium
hydroxide [GR ACS, EMD], methanol [99.9%, Fishegthanol [200 proof, Pharmaco-
AAPER], toluene $99.5%, EMD)], ethylene glycol>P9.5%, Fluka], perfluorooctanoic

acid [96%, Aldrich], N-phenylaminomethyl triethoxigme (PhAMTES) $95%, Gelest],
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Bisbenzimide H 33342 (Hoechst 33342P8%, Aldrich], a-cyclodextrin ¢-CD) [98%,

Sigma).

General Methods: The transmission electron microscope (TEM) imageshe silica
nanoparticles were collected on a CM 120 (Philipsctton Optics, Eindhoven, The
Netherland) instrument in the California NanoSystimstitute (CNSI). Microfilms for
TEM imaging were made by placing a drop of theiplatsuspension in methanol onto a
200-mesh copper TEM grid (Ted Pella, Inc., Redd®Wy) and dried at room temperature.
Powder X-ray diffraction (XRD) patterns were cotkett using an X'Pert Pro
diffractometer (Philips) equipped with CuaKradiation. N adsorption-desorption
isotherms were obtained at 77 K on a Quandrchronnda& Area and Pore Size
Analyzer. The stimulated release profiles were iabthusing an Acton SpectraPro 2300i
CCD and a CUBE 445-40C (Coherent Inc., Santa Ca#g,USA) laser. UV-vis spectra
were collected on a Cary 5000 UV-vis-NIP spectrapheter. Zeta-potential values for
the samples were measured by ZetaSizer Nano (Mel@struments Ltd.,

Worcestershire, UK).

Preparation of the nanoparticle: Solid nanoparticles of 80-100 nm diameters (SNPs)
were synthesized using a modified Stober mefAid8A dilute solution of TEOS (8 mL /
20 mL ethanol) was added drop-wise to a stirringtsmn of ammonium hydroxide and
ethanol (volume ratio 8:100), and left to stir avght. The particles were collected by

centrifugation, washed twice with ethanol, and diusing a rotatory evaporator.
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The swollen pore MCM-41 mesoporous silica nanopadi (SMCM-41s) were
prepared using procedures similar to those prebjomsblished’® CTAB (0.5 g, 1.33
mmol) was dissolved in deionized water (240 mL)efhmesitylene (3 mL, 25 mmol)
was added and the solution was heated to 80 °ON@®H (1.75 mL) water solution was
added followed by the addition of TEOS (3 mL, 14 abmAfter 2 hours, the particles
were collected by centrifugation and washed by rethaThe products were solvent
extracted in acidic methanol for more than 6 holite extracted particles were washed
with methanol and dried under vacuum.

To prepare the 2D-hexagonal MCM-41 mesoporousasii@noparticles (MCM-
41s)*® CTAB (250 mg, 0.67 mmol) was dissolved in deiodit&O (120 mL) with a 2M
NaOH water solution (0.875 mL). The mixture wasretl and heated to 80 °C when
TEOS (1.25 mL, 6 mmol) was slowly added into thiugon. The TEOS was allowed to
hydrolyze for 2 hours and the reaction was cooledrdto room temperature. The
products were collected by centrifugation and wedsbg methanol. To remove the
templating surfactant molecules from the mesopog&€) mg of the as-synthesized
MCM-41s were suspended in acidic methanol. The unéxtvas refluxed under nitrogen
for 12 hours. The solvent extracted particles veaiéected by centrifugation, washed by
methanol and dried under vacuum.

To prepare the rod-like MCM-41 mesoporous silicaaparticles (RMCM-41s)
with aspect ratio 2.%%" CTAB (0.6 g, 1.6 mmol) was dissolved in deionizésD (288
mL) with 2M NaOH water solution (2.1 mL). The sotrt was stirred and heated to

80 °C. Then perfluorooctanoic acid (20 mg, 0\06ol) was added as a co-templating
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agent. After 30 min, TEOS (4 mL, 19 mmol) was skpatided into the solution, and the
mixture was stirred for another 2 hours. The pre¢slweere collected by centrifugation
and washed by ethanol. To remove the templatindasant molecules from the
mesopores, the as-synthesized RMCM-41s were sus@eimd acidic ethanol, and
refluxed under nitrogen for 12 hours. The solvexttaeted particles were collected by
centrifugation, washed by ethanol and dried undeuum.

The preparation method of the hollow mesoporousparticles (HNPs) has been
published in our previous work.To prepare the HNPs, PVP-10 (0.5 g) was dissaived
an ethanol/EHO mixture (2:8 v/v). In another flask, DDA (1.3 §,mmol) was dissolved
in ethanol (5 mL) under strong sonication. The gofuwas stirred and heated to 30 °C
and the DDA solution was added. After 30 min ofrstg, TEOS (5 mL, 24 mmol) was
slowly added into the solution, and the mixture wtsed for 3 hours. The product were
collected by centrifugation and washed by ethafia. remove the DDA and PVP
molecules from the particles, the as-synthesizedP$iMere suspended in ethanol and
refluxed under nitrogen for 12 hours. The solvexttaeted particles were collected by
centrifugation, washed by ethanol and dried undeuum.

In a typical synthesis of the radial mesoporousoparticles (RNPs), TTAB (84
mg, 0.25 mmol) was dissolved in the mixture of de&ed water and ethylene glycol as
co-solvent (volume ratio 3:1). Then TMOS (0.24 niL56 mmol) was subsequently
added to the solution at 60 °C under intensiveristjr The hydrolysis and
polycondensation stages were carried out underc bamnditions at pH of 12. The

colloidal mixture was stirred overnight. Afterwarttse resulting white precipitate was
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recovered by centrifugation and dried in air at’80 The template was eliminated from
the RNPs by calcinating the sample in air at 450fGC8 hours at a heating rate of

2 °C-min’.

Modification of the MCM-41 Outer and Inner Pore Wall Surface with Charged Groups:
The synthetic methods for the OH surface MCM-41sendescribed above. To modify
the outer and inner pore wall surface with negétiveharged groups, the solvent
extracted MCM-41 (250 mg) were suspended in deathizHO. Then 3-
(trihydroxysilyl)propyl methylphosphonate (12@L, 0.5 mmol) was added, and the
mixture was refluxed under nitrogen for 24 houfhe phosphonate modified MCM-41s
were collected by centrifugation, washed with methand dried under vacuum.

To modify the outer and inner pore wall surfacehwpbsitively charged groups,
the solvent extracted MCM-41s (250 mg) were suspénch ethanol. Then N-(2-
aminoethyl)3-aminopropyl trimethoxysilane (114, 0.5 mmol) was added, and the
mixture was refluxed under nitrogen for 24 houi$ie amine modified MCM-41s were

collected by centrifugation, washed with ethana dned under vacuum.

Construction of the Acid-responsive Nanovalves: The methods for the assembling the
acid-responsive nanovalves have been describedrimprevious work? Typically, the
solvent extracted nanoparticles (100 mg) were swdgaein dry toluene (10 mL). Then
PhAMTES (3@L, 0.1 mmol) was added into the particle suspensiather stirring. The

mixture was stirred at room temperature under géarofor 24 hours. The product were
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collected by centrifugation, washed extensivelyhwitethanol, and dried under vacuum.
Hoechst 33342 molecules were loaded into the naticles by soaking 50 mg of the
PhAMTES-modified nanoparticles in 1 mL aqueous sotuof Hoechst 33342 at room
temperature for 3 days. Finally, the Hoechst 33®848ed samples were capped with
CD (0.1 g, 0.1 mmol) at room temperature for 24reotlihe final products were collected
by centrifugation, washed with deionized water lumti Hoechst 33342 can be detected in
the washing supernatant. The particles were drebkruvacuum prior to the stimulated

release studies.

Simulated Release Sudies: To acquire the release profiles, 3 mg of the Hoe88842
loaded nanoparticles were placed in one corner gliass cuvette. 3 mL of deionized
water was carefully added into the cuvette to awagdating the particles. The emission
spectra of the Hoechst 33342 in the upper solutiere collected at 1 second intervals,
using a 448 nm laser beam (10 mW) to excite therdgkecules as they were released
from the nanoparticles. The baseline was colleetedH 7 for 2 hours. Adjusting the
solution to pH 1 with addition of HCI triggered thelease of Hoechst 33342. The release
profiles were obtained by plotting the fluorescemtnsity at 530 nm, which is the
emission maximum of Hoechst 33342, as a functiotiroé. The solution was gently

stirred in the cuvette throughout all stimulatel@@ase experiments.

Uptake Efficiency and Release Capacity Measurements. The uptake efficiency of the

samples was obtained by measuring the absorbandeeauhst 33342 left in the loading
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solution after soaking for 3 days. The value wantcompared with the absorbance
before loading to calculate the uptake efficienthptake Efficiency (%) = ((Aefore
Aatte)/Apetord X100 %.

The release capacity of the samples at pH 1 an8 pldre acquired respectively.
3 mg of the Hoechst 33342 loadedCD capped nanoparticles were suspended in 1 mL
of pH 1 and pH 3 solution of HCI respectively fag¥ Bours. The particles were separated
from the solution by centrifugation, and the supéant was kept for the measurement of
released dye concentration by a UV-vis spectropheter. The release capacity at a
certain pH is defined as the weight percent of Hee83342 can be released from the
tested amount of nanoparticle under that pH. Releapacity (Wt %) = (Wieased dyd

Wparticle) %100 %.
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2.6. Figuresand Tables

a) Left in loading solution b) Lostin capping and washing

Figure 2.1. Pie charts of the distributions of Hoechst 3334M@M-41 under uptake,
wash and release conditions. a) Results of Hoeliisibution during the loading proce:
“Uptake Efficiency”: the Hoechst molecules takert ofi the solution by the particle
during the loading process; “Left in loading solutiotfie Hoechst molecules not tak
up by the particles. b) Results of the distributadnthe Hoechst molecules taken up
the particles. “Lost in capping and washing”: theeldhst molecules removed frome
particles when the-CD cap was added and the capped particles wereediadReleast
efficiency”: the Hoechst molecules that were redehsinder pH 1; “Retained”: tt
Hoechst molecules remaining in the particles dfterpH 1 release. The numerical \es
refer to MCM41 particles loaded in a 10 mM Hoechst solutiodiasussed in the te
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Figure 2.2. TEM images of thesilica nanoparticles. &olid silica nanoparticle
(SNPs); b) Swollen pore MCM41 (SMCM-41s); c) 2Ckexagonal MCM41
(MCM-415s); d) Rodike MCM-41 (RMCM-41s); e)Hollow silica nanoparticle
(HNPs); f)Radial mesoporous silica nanoparticles (RI. Scale bar equals 40 r
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Figure 2.5. Uptake, trapping and release of Hoechst 33342 mt@ecby the
nanovalvegated mesoporous silica nanopartic 1) and 2) Uptake of Hoech
33342 by the nanoparticles (surface and pores)M&ynified particle befor
capping and washing; 4) Dye trapped in pores afggping and washing o
molecules from the surface; 5) Cargo moleculesasgld by uncapping theres.

42



%)

g of NP |

b
M,

Weight Percant of Hoechst

Figure 2.6. The uptake capacity and release capacity of 41 at different loadini
concentrations of Hoechst 33342. m: Theoretical maximum uptake capacity; ®:
Experimental uptake capacity; A: Release capacity at pH 1.

43



o

0
%]
i

(%]

=~
ul

Q.

Figure 2.7. Population of cargo molecules in a section of then@gry mesopore; a) 1 ml
Hoechst loaded MCM; b) 10 mM Hoechst loaded M(-41; c) 10 mM Hoechs
loaded SMCM41. d) Sketch of a Hoechst 33342 molecule adsashessilica surfac

44



(Wt %)

ount of Hoechst 33342 (
n

[¢]

Am

Figure 2.8. The amount of Hoechst 33342 loaded in 1 mM and Msulution and the
amount released at pH 1 an

45



)

ing sol. (%)

£

Amount of Hoe/Total Hoe

T
MCM-41 (0) MCM-41 (-) MCM-41(+)
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Table 2.1. Properties of the Nanoparticles Calculated froma){Diffraction Pattern and

N2 Adsorption-Desorption Isotherms.

Seer (M?/g) (m\ﬁ;g) 269 d 100 (NM) (n":‘n) Davis (nm) (E])f;)“a APD (nm)
SNP 75 - - - - - - -
SMCM-41 828 112 156 5.88 6.53 5.41 4.64 6.14
MCM-41 1023 083  2.16 4.09 4.72 3.25 3.39 3.99
RMCM-41 1064 077 215 4.11 4.74 2.88 3.38 3.95
HNP 1150 1.99 2.37 3.73 431 - 3.42, 30 -
RNP 1257 062  2.60 3.39 3.92 1.98 2.19 3.13

adetermined from the desorption brangtrimary mesopore size and large inner-core maceopiae,
respectively.

Table 2.2. Uptake Efficiency (%) of the Samples at 1 mM ar@l 1M Loading

Concentration.
loading Conc. SNP SMCM-41 MCM-41 RMCM-41 HNP  RNP
L mM uptake efficiency (%) 3 100 100 100 100 100
uptake capacity (wt %) 0.04 1.40 1.40 1.40 1.40 1.40
10 mM uptake efficiency (%) 2 59 73 93 97 100
uptake capacity (wt %) 0.2 8.2 10.2 13.0 13.6 13.9

Table 2.3. Zeta Potential and Hoechst 33342 Coverage for MAMwith Different

Surface Charges Loaded in 10 mM Hoechst 33342 iSolut

. zeta potential uptake Hoe density  Hoe coverage percent
particle (mv) efficiency (%)  (n/100 nm?)  area (hm?n) coverage (%)
MCM-41(-) -33 98 12 8 25
MCM-41(0) -16 73 9 11 20
MCM-41(+) 31 60 7 14 15
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Table 2.4. Release Capacity and Release Efficiency at phtdl3afor the particles loaded

with 1 mM and 10 mM Hoechst solution.

1 mM Hoechst 10 mM Hoechst
pH 1 pH3 pH1 pH 3
release release release release release release release release

capacity efficiency capacity efficiency capacity efficiency capacity efficiency
(wt %) (%) (wt %) (%) (wt %) (%) (wt %) (%)
SNP 0.04 95 0.03 78 0.1 51 0.1 38
SMCM-41 1.31 93 1.20 86 4.0 49 3.5 42
MCM-41 1.32 94 1.19 85 5.4 52 49 47
RMCM-41 1.31 93 1.19 85 7.1 55 6.5 50
HNP 1.34 95 1.21 87 7.6 56 6.8 50
RNP 1.35 97 1.21 86 8.4 60 7.8 56
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Chapter 3

Spectroscopic Study of the Physical States of timapsulated Cargo Molecules in

Mesoporous Silica Nanopatrticles
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3.1. Abstract

In the last chapter we have demonstrated how magdoacan be loaded into the
mesoporous silica nanopatrticles, the next logitap svould be to study the physical
states of these encapsulated cargo molecules. #&stigns include how mobile are the
cargo molecules, and how rigid is the solvent iasfte pore channels. In this chapter, we
answer these two questions using the fluoresceppelarization and rigidochromism
method, respectively. First, the time-resolved rfbsacence depolarization and
preliminary results for five samples of a Re compldye will be presented to
guantitatively describe the dye mobility. Then teswf a steady-state depolarization
study will be shown for MCM-41 samples loaded iffedent dye concentrations. Finally,
the rigidochrmic studies on non-hollow and holloartles will be described to show
the difference in the internal environments fofetént particle morphologies.
3.2.  Introduction

Mesoporous silica nanoparticles have attractechtate in recent years as easily-
functionalized nano-sized containers for drug daelyvapplications. Many sizes and
shapes of mesoporous silica nanopatrticles witlefft pore morphologies exist for this
purpose, and these are commonly derivatized witri@ty of molecular machines. Since
these systems are primarily designed to delivega;aknowledge of the nanoparticles’
internal environments is essential. However, thf®rmation is difficult to obtain via
traditional nanopatrticle characterization methods.

Molecular probes are capable of relaying vast artsoohinformation about their

environments, including cargo mobility, local visdy, solvent reorganization ability,
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and local polarity, pH, and solvent conditidnsthese probes interact with their
environments in a variety of ways, producing chanigeemission intensity and spectral
position. In this chapter, we use molecular dyest thxhibit large polarization and
rigidochromic changes depending on their enviroris1éWith these molecular dyes, we
investigate the internal environments of mesoporsiuga nanoparticles and the
molecule/matrix interactions involved in these stmes.

The first type of experiment we performed providefdrmation on the mobility
of the cargo molecules encapsulated in the porennghs of mesoporous silica
nanoparticles measures. In these experiments, lilbee$cent cargo molecules in the
samples were irradiated by polarized light, andhttiee fluorescence anisotropy of the

emitted light was measured. The experimental sistijustrated below.

Z
Incoming
Beam 1 ¢ a
—_— -
p @ ¢
A ‘L Lo L
Polarizer 1 *“& IJ_
y
Polarizer 2

The sample is considered to be a collection ofwariy oriented fluorophores. When it is

irradiated with polarized light, fluorophores withansition dipoles aligned with the

57



electric field vector of the incoming radiation gyeeferentially excited, which is often
referred to as photoselection. This results ini@iyrtpolarized fluorescence emission.
The degree of polarization of the emitted light da determined by measuring the
intensity of the emission paral(@|) and perpendiculdr,) to the polarization of the

excitation beam. A decrease in the emission p@taz indicates an increase of the
cargo mobility.

The second type of experiment we performed utilthesiigidochromic properties
of certain fluorophores. Rigidochromic probes eigreze dipole shifts during excitation,
temporarily creating a higher energy state wher ghlvent and probe dipoles are
misaligned. If the solvent dipoles are slow to reor because they are in a rigid
environment, emission occurs from this higher epestate, causing blue-shifts in the
probe’s emission band maxima. If the environmentasy fluid (i.e. reorganization
occurs quickly), the emission band will occur atlomger wavelength. Therefore,
rigidochromic probes can reveal intricate detailsthee local environments. Since the
probes’ luminescences in different environmentseappat different wavelengths, a
variety of local environments can be detected amdstigated concurrently.

3.3. Resultsand Discussion
3.3.1. Time-resolved Fluorescence Anisotropy Studies

The strength of the oscillating electric field iflight wave can be expressed as
E = Acos(kx — wt + @), whereA is the amplitude of the light wave. The energyiedr
by this light wave can be expressed by its intgnsit Intensity is proportional to the

square of amplitude « 4%). Now if we take a light wave vector that oscilla@@san
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angle6 from the vertical direction, we can see that thgioal amplitude does not equal
to the sum of its vertical and horizontal composeAf + A, + A,, but the original
intensity value can be expressed as the sum ofstivertical and horizontal components,

IO=I||+IJ_

A=A, cosd Ay I= I, cos’0 I,

A=A, sind I,= 1, sin%6

Since the intensity of a light wave vector in angection can be broken down into its
vertical and horizontal components, the intensitgrounpolarized light can be expressed
as the sum of a vertical and a horizontal compoattite same intensity.

The emission light signals we detect in the fluoesse depolarization
experiments are considered partially polarized civimeans that they contain a polarized
component and an unpolarized component. The injeasthe polarized component can
be expressed as a vertical vector. The intensitthefunpolarized component can be
expressed as a vertical vector and a horizontaoverf the same length. The overall
intensity of the partially polarized light is a supnposition of the polarized and the

unpolarized components.

Partially polarized Polarized Unpolarized
light portion portion
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When the excitation laser beam is polarized invitical direction, the vertical
direction is defined as the parallel direction, a&hd horizontal as the perpendicular
direction. Therefore the emission intensity in plaeallel and perpendicular directions can
be expressed by the intensity of the polarized angolarized components in this

partially polarized light beam.

{1” = Ip + Iu
IJ_ = Iu
Therefore,
{Ip = I” - IJ_
It = I” + IJ_

Herein, we define the polarization valu®) ©f this emission light to be the intensity of
the polarized component over the total emissioenisity.

L, =1

L L+

The above equation applies when the light is oobagzed in two dimensions. However,
this is not true for a sample that emits three-disnenally, in which case there are two
perpendicular components of the same strength.tdtaéemission intensity would then
be,

I = Iy +2I,
We define the intensity of the polarized componavdr the total emission intensity in

this case as fluorescence anisotrapy (

I, Iy +2I,
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Additionally, theG factor is defined as the relative sensitivity lod detector between the

parallel and the perpendicular directions.
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If a fluorophore at angl® absorbs the vertically polarized excitation ligtite
emission given out in the parallel direction is
Iy = cos?6 -1,
The emission in the perpendicular direction is
I, = sin%8-sin%¢ - I,

We then averagein?g over all thep angles,

2T 2 2 2 ;
Js Szm e _ 1 nsin2<pd<p _ if 71— cos2¢ o = 1 2¢—sin2p, 1
fondQD 2m J, 2m ),

2 =5 4 0 =3

The emission in the perpendicular direction thecobees
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I, = sin?0-sin@ -1, = %sinze -1y
Ther value for this particular molecule,

1 .
-1 cos®0 Iy —5sin®6 Iy 3cos?6 — 1
B 2

T

cos?0 -1y + 2 -%sinze o
Now if we would like to calculate the overallvalue for all the molecules in the sample,
we need to take into account the probability of @etule at the anglé to absorb the
excitation light (proportional toos?8), and the population of molecules at the arjle
(proportional to the size of the conénd).

Py = cos?0 - sinf
Therefore, the overall parallel intensity is

T

" 1 2
I = Iof Pgcos?6do = IO_[ cos*0sin6do = (—EIOCOSSQ)g =<l
0 0

Similarly, the overall perpendicular intensity is

T

T (2T 1 .
I, = IO_[ f Py sin?0sin’@dedd = EIO,[ cos?0sin36do
0o Jo 0

1 (" 11 1
= ——Iof c0s%0(1 — cos?0)dcosd = —=1,(= cos30 — =cos°0)F
2°° ), 23 5

~15°°

Thus when the molecules do not move, the anisotngdye due to the absorption

probability at different angles can be calculated a

2 2
o _hi—L _ 5h—15h 2
= - _Z
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This is the maximum value one can get. Correspondingly, the maxinRwalue is

_h-hL 1
L+1, 2

For a certain fluorophore, the orientation of itsiting dipole moment may be different
from the absorbing dipole moment. If there exigtsaaglea between the two dipole
moments, the loss in the emission polarizationtduhis angle is

3cos’a — 1
rz = —2

In a frozen solution containing a collection of imipiized fluorophores, the fluorescence
anisotropy are calculated upon taking into accdhatphotoselection during excitation
and the angle between the absorption and emissinsition dipoles,

2 3cos’a—1 3cos’a—1
e e

In the case of liquid solutions, the rotationalfusfon of the fluorophores occurs on a
comparable timescale of the fluorescence decays [Baids to the depolarization of the
emitted radiation. In non-viscous solvents at rotamperature, the experimentally
observable r value of free fluorophores decays eepbally due to the rotational

tumbling motion of the molecules. The lifetime bfst decay is defined as the rotational

correlation timere.

r(t) = roe_t/fc

_ 3cos?a —1 oo = Li(t) —I.(t)
5 1,0 + 21.(0)

The total emission intensity decays over time adl, wehere ¢ is the fluorescence

lifetime for this particular fluorophore.
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1.(8) = loe™ T7r = Iy(£) + 21,.(t)
The expressions for the parallel and perpendidatansity as a function of time can be

solved from the above two equations.

1 4 ¢, 3cos’a—1] ¢
(@) =1y [§+(E)e /TCTl e~

3cos?a — 1] _t)
T e TF

1) =1o E ~ e e
The expressions fag(t), r(t), I;(t) andl, (t) are the main fitting equations for our
time-resolved fluorescence anisotrpy data.

The fluorescence anisotropy can also be observeteady-state data collection
modes. In the steady-state mode, samples are ilaied continuously at constant
incident light intensity. Since the illuminationnté is significantly longer than the
fluorescence lifetime, steady-state experimentdgiel time-averaged view of anisotropy.
The steady-state anisotropy is mathematically e@efias the normalized average of the

time-resolved anisotropy(t) , weighted by the total time-dependent fluorescence

emission/,(t).

_Jy r®n@adt
Jy 1@ dt

When the fluorophores in two samples are in simdavironments and have similar
fluorescence lifetimes, the steady-state anisotispgn easy analysis to determine the
relative mobility of the fluorophores in these te@amples.

The time-resolved fluorescence depolarization erparts were performed on an

aqueous solution of (sodium bathocuproine disuliyie(COJCI. The fluorescence
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lifetime 7z obtained from the fluorescence decay when no gelawas placed in front of
the detector is 0.99 = 0.Qis. The initial r value is 0.010 £ 0.001, and théational
correlation timer, fitted from ther (¢t)-t , 1, (£)-t andr(t)-t curves are 0.17, 0.26 and 0.11
us, respectively (Figure 3.1). When the same expmmrimwere performed on a solid state
sample, the initial r value becomes 0.28 + 0.02ictvis significant higher than that of
the solution sample. The rotational correlationetity 2.30 + 0.05us is also longer.
These results demonstrate the lower mobility of diye molecules in the solid state
sample. The fluorescence lifetime for the solid glEn{0.51 +0.03:s), on the other hand,
is slightly shorter than the solution sample, whielm be explained by the intermolecular
energy transfer between the solid state dye mascul

The Re complex was then loaded into MCM-41 meogposilica nanoparticles
and the time-resolved fluorescence decays wereurezh®n a dry sample of the loaded
particles, and on samples that are immersed inrwat®luene. The initial r value for the
dry sample is 0.39 £+ 0.01, which is very closehe maximum r (Figure 3.2). This can
be explained by the low mobility of dye moleculelsen they reside in the pore channels
with no solvent around. The rotational correlatione fitted from the-(¢t)-t curve is 3.43
+ 0.09us, which is much higher than that for the dye solusample. This also proves
the slow rotational motion of the encapsulated chygecules. The fluorescence lifetime
can be fitted from the.(t)-t curve using a biexponential function, with the two
components at 1.6 and 0.44, respectively. This demonstrates that there ae t
populations of dye molecules in the sample witliedént lifetimes. The 0.4gs lifetime

is close to that of the solid state dye sample, tnedefore corresponds to the dye
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molecules that have little or no interaction witle ssilica matrix. It has been observed for
other fluorophores that the fluorescence lifetireedmes longer when the dye molecules
are attached to a matrix. The population with theorescence lifetime of 1.Gs
corresponds to the dye molecules that are moréytigdsorbed onto the pore walls.

When the dye-loaded particles are immersed in wéiterinitial r value (0.04 =
0.01) decreased to the level of the solution sarffptgure 3.3), which shows that solvent
molecules are getting into the pore channels angesdo increases the mobility of the
encapsulated dye molecules. Two different companeherged while fitting the
rotational correlation time. from ther(t)-t curve, showing two separate dye populations
with different rotational diffusion rates. One b&ttwo populations haszaof 0.09 + 0.05
us, which is close to the solution value, and theeettorresponds to the dye molecules
that are dissolved into the solvent. The other teabile population has a longgrof 2.1
+ 0.4 us, which corresponds to the dyes that stay witihenpiore channels.

The p andz, values for the dye-loaded particles immersed lnetee are 0.19 +
0.01 and 1.11 £ 0.04s, respectively (Figure 3.4), which are higher ttia@ values in
water, but lower than the values for the dried iplrtsample. These results demonstrate
that the the dye molecules have a lower mobilitytaluene than in water, which is
consistent with the higher viscosity of tolueneeTRe dye molecule does not dissolve in
toluene, therefore only one rotational correlatiome was obtained from th€t)-t curve.
The results for the above five samples have demaiestthat theyr rr andz. values from
the time-resolved fluorescence anisotropy measuresmean be used to describe the

relative dye mobility within each sample. The résalre summarized in Table 3.1.
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3.3.2. Steady-State Fluorescence Anisotropy Studies

The water-soluble dye Hoechst 33342 was chosdmegsrtbe for the steady-state
fluorescence anisotropy studies primarily for @sgke change in polarization in different
environments. All studies done in this subsection were performeing MCM-41
nanoparticles of ~100 nm in diameter, with ~2.5 nmepoThese nanoparticles were
capped using the acid valve described (see Methaus)washed many times to ensure
that the observed emission from the Hoechst dygimates from inside the pores.
Observed polarization values for the dyes in them®particles (see Figure 3.5) ranged
from P = 0.1 toP = 0.3. This is typical of the polarization rangeHnechst molecules
reported in the literature’

Figure 3.5 is a polarization profile of capped M@M-samples with different
loading concentrations of Hoechst dye. The poléorpavalues for these samples are
comparable because the fluorophores are locatedinmilar environments, and the
fluorescence lifetime of the Hoechst molecules\a® similar. The profile exhibits a
maximum polarization at 1 mM loading concentratibat at high loading concentrations
reaches a polarization minimum of ~0.13. It was eigxk that polarization would

increase steadily at higher loading concentratibasthe opposite was found.

One likely explanation for this is the occurrerafeForster Resonance Energy
Transfer (FRET) at higher concentrations that redube polarization of the emission.
Studies of Hoechst in cell nuclei by Peterson ethalve concluded that losses due to
energy transfer between Hoechst molecules can teadignificantly diminished

polarization values, depending on concentration.
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The likelihood of FRET transfer depends on theraye distances between dyes
and the Forster distand®. The Forster distance, where intermolecular enérgysfer

becomes 50% efficient, is given by

R,%=9.78-16*n" @ J)
where«?is the orientation factor that depends on the tai@m of the dipoles of the
donor and accepton is the refractive index of the medium (1.345 faater near 400
nm)2 @ is the quantum vyield of the donor, ahi$ the spectral overlap integral given by
J=[Fp(N)es () A*dA /] Fp(A)dA
whereFp is the fluorescence intensity of the donor and the molar absorbance of the
acceptor.

Ro was calculated for this system to be 1.3 nm usiogpiption and emission
spectra of Hoechst and PhotochemCAD 2.1 softiéfafEhis assumes an orientation
factor (%) of 2/3, meaning that the Hoechst dyes are in mdam orientation.
Calculations using data from a recent loading cipatudy* suggest that there are on
average 10 Hoechst molecules loaded per 75 nm-M@g/1-41 pore at a loading
concentration of 1 mM, and a maximum of 40 Hoeahsltecules loaded per 75 nm
MCM-41 pore at loading concentrations of ~5 mM aighér. Taking a typical pore to
be cylinder-shaped, this results in an averagamtst between dye molecules of 4.6 nm
at a 1 mM loading capacity, and 3.2 nm at a 3 matliog capacity. A 3.2 nm distance
between molecules with a Forster distanceReE1.3 nm results in less than a 1%
likelihood of energy transfer. However, this caltidn assumes that all molecules are

evenly spaced, so the real distance between Hoecblgcules is less than 3.2 nm.
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Moreover, the quantum yield of Hoechst is likelyoe much higher when it is interacting
with the pore wall (i.e. increases from .034 tov##en in solution to when intercalated in
single stranded DNA) and also displays a blue-ghifits emission from 490 to 466.
Taken together, these two changes increase théeFdistance from 1.3 nm to 1.9 nm,
and increase the likelihood of transfer betweennvatecules with an average distance of
3.2 nm to 49%? Although a FRET efficiency less than 5% will néfeat polarization to a
significant degree, the calculated transfer efficieis probably underestimated by the
calculations in this section because: (1) the abél pore volume is likely smaller than
estimated due to crowding from the linker and cgleldrin cap, (2) the orientation factor
k% may increase due to the molecules aligning vélyiga the pores, (3) the lifetime has
been shown to increase when Hoechst interacts @WRIA (in solutions of double
stranded DNA Hoechst's lifetime increases almasfdéd relative to aqueous solutions)
so it could also increase due to electrostaticacteons with the silica surface of these
particles and (4) the quantum yield of the dye raténg with the silica surface is
probably even higher than .22 (in solutions of dewdtiranded DNA Hoechst's quantum
yield increases to .38). Therefore, a moderate amnaiuFRET transfer is expected in our
system, but the degree to which this occurs is ankn

According to the polarization profile in Figure 3the system appears to reach a
minimum polarization at a concentration of 3 mMg awoes not change significantly past
that value. A recent study by Li et“aindicates that the Hoechst loading capacity for
MCM-41 particles reaches a maximum value betweemMLand 10 mM, and past this

point dye loading concentration increases haveffezteon amount of dye uptake. It is
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possible that the minimum polarization values seethe 3-10 mM part of Figure 3.5
indicates that maximum loading capacity for thesetigdes occurs at 3 mM. The
polarization does not change significantly past goint because the concentration of dye
inside the pores has reached its maximum.

3.3.3. Rigidochromic Studies

Since Hoechst undergoes only minor wavelength tsshih nanoparticle
environments, rhenium-based complexes were chagengidochromic measurements.
While CIRe(CO)(2,2'-bipyridine) is typically used for rigidochrammeasurements in
sol gelst? it is not entirely soluble in water and requirdsohol/water mixtures to
dissolve fully. Since even small quantities of &lalbcan release the acid valve cap, we
instead synthesized a water-soluble rigidochroniienium-based complex, (sodium
bathocuproine disulfonate)Re(CGQ]J, that has been used previously as a probe for th
setting of gypsum plaster (synthesis shown in Eigi6)? This complex also exhibited
polarization changes, but to a lesser degree tiarobserved in Hoechst.

Rigidochromic probes exhibit a change in dipolemmeat upon excitation,
temporarily creating a high energy configurationewh the nearby solvent molecule
dipoles are misaligned, resulting in a high enexggfiguration. If the solvent molecules
reorient quickly, no effect will be seen. Howeviérthe solvent is slow to reorient (or if
the lifetime of the dye is very short), emissionllvaccur while in this high energy
configuration. The resulting degree of blue-shéeis in the spectrum depends on the

solvent's reorganization ability.
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The rhenium complex [(sodium bathocuproine diswdtejRe(COXCI] fluoresces
at 590 nm in water. Its spectrum broadens condiierghen trapped inside MCM-41
nanoparticles (see Figure 3.7), indicating thatdie is experiencing a wide variety of
environments. While a majority of the emission lisebshifted (as expected when solvent
mobility is hindered), some emission appears todoeshifted (indicating there may be
areas inside MCM-41 where solvent reorganizatioanisanced). The fact that this red-
shifted population is seen with the anionic rhenidge and not cationic Hoechst is
thought to depend on the low degree of electrastateraction between the negatively
charged pore walls and the negatively charged Agelitionally, the rhenium probe
contains hydrophilic and hydrophobic regions thet eteract with water and the pore
walls in multiple ways. More work is needed to yudharacterize the interactions of the
rhenium complex and solvent with the silica watiside the pores.

The internal environments within non-hollow andlbwal particles were compared
by loading the Re complex into both types of péeticTo make more efficient use of the
hollow patrticles, a modification of the loading pealure was used. In this new procedure,
modeled after other successful methods involvingseoutive dye impregnation and
drying cycles to increase loading capadity** the particles were loaded with 1 mM
rhenium dye three times, fully drying the particlesder vacuum between each loading
step. Emission spectra of the non-hollow and holfasticles (Figure 3.8) loaded with
each method are plotted in Figure 3.9. With a higba&ding dose, the dye emission from
the non-hollow particles had a larger P value atdimission maximum, but no significant

change in peak position. This indicates a densekipg of dye molecules with no change
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in solvent environment. However, when the hollowtipkes are loaded three times, the
emission maximum red shifted, along with a slightr@ase in P value. This indicates
that the dye molecules are within a less rigid emment and are less densely packed,
which can be an indication of dye molecules entetlre hollow cavity. These results
demonstrated the different internal environmentshiwi the non-hollow and hollow
particles.
34. Conclusions

Two types of spectroscopic methods were used tdysthe mobility of the
encapsulated cargo molecules in mesoporous séinaparticles and the internal solvent
rigidity of these particles. The fluorescence depmbtion studies, which can be
performed in time-resolved and steady-state fashiprovide information on the cargo
mobility. Time-resolved experiments on five diffetesamples with a Re complex probe
demonstrated that the mobility of the dye molecullesreases in the order of dye
solution > dye-loaded particles in water > dye-kxgbarticles in toluene > solid-state
dye samples > solid-state dye-loaded particlesadytstate fluorescence depolarization
studies on Hoechst 33342 loaded MCM-41 particlenatestrated that the polarization
values depend on the loading concentrations. Asoing concentration increases, the
P values first increase due to the increase inpayiing density, and then decrease due
to the intermolecular energy transfer between rimghing dye molecules.

The rigidochromic studies on non-hollow and hollparticles loaded with the
water soluble Re complex were able to show theemdffct internal environments

between the two types of particles. When the hojpanticles are loaded with more cargo,
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the red shift in the cargo emission indicates thatmolecules are being forced into the
hollow cavity of these particles. This red shiftemission maximum is absent in the non-
hollow patrticles.
3.5. Experimental

Polystyrene (Aldrich) was vacuum distilled to reraahe inhibitor, but all other
analytical and reagent grade materials were usedpwashased without further
purification or modification: cetyltrimethylammomubromide (CTAB) $98%, Sigma],
tetraethyl orthosilicate (TEOS) [98%, Aldrich], Taydrofuran (THF) [Sigma Aldrich],
Rhenium pentacarbonyl choride, 98%, ACROS Orgameshocuproinedisulfonic acid,
disodium salt hydrate, 97%, ACROS Organics, Bisheitde H 33342 (Hoechst 33342)
[>98%, Aldrich], sodium hydroxide (NaOH) [certifiedGS, Fisher], hydrochloric acid
(HCI) [certified ACS plus, Fisher ], methanol [deed ACS, Fisher], ethanol [certified
ACS, Fisher], acetone [certified ACS, Fisher], amnimo hydroxide solution [28 wt%,
certified ACS, Fisher], sodium dodecyl sulfate (§DSigma Aldrich], Potassium
persulfate  (KPS) [Sigma  Aldrich], 1-pentanol [SigmaAldrich],  N-
phenylaminomethyl)triethoxysilane (PhAMTES)95%, Gelest], and-cyclodextrin -
CD) [98%, Sigma]. The water-soluble rigidochromicolpe (sodium bathocuproine
disulfonate)Re(CQKI was synthesized according to the procedure gweviolger et al.
(see Figure 3.6).

Synthesis of MCM-41 Mesoporous Slica Nanoparticles: To prepare the 2D-
hexagonal MCM-41 mesoporous silica nanoparticle€M41 nanoparticles), CTAB

(250 mg, 0.67 mmol) was dissolved in deionize®©H120 mL) with a 2M NaOH water
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solution (0.875 mL}.The mixture was stirred and heated to 80 °C wHe®S (1.25 mL,

6 mmol) was slowly added into the solution. TEOSaHowed to hydrolyze for 2 hours
and the reaction was cooled down to room tempexafline product was collected by
centrifugation and washed with methanol. To remineetemplating surfactant molecules
from the mesopores, 250 mg of the as-synthesizedVIMC nanoparticles were
suspended in acidic methanol. The mixture was xetlwnder nitrogen for 12 hours. The
solvent extracted particles were collected by deigfation, washed by methanol, and
dried under vacuum. Transmission electron microgdéjpgure 3.8) and powder x-ray
diffraction (not shown) techniques were used faralterization and reveal the existence
of highly ordered hexagonally-packed pores.

Synthesis of Mesoporous Hollow Spheres. Mesoporous hollow spheres were
synthesized around polystyrene spheres (PS). PSespiwvere made with the following
procedure: a 250 mL round-bottom flask was filleithviitOO mL water, KPS (0.2 g; 0.74
mmol), and SDS (0.14 g 0.49 mmol). Solution wasedifor 1 hour at room temperature.
Another 10 mL flask was filled with styrene (5 @ shmol) and 1-pentanol (0.1 g; 1.13
mmol). N, was bubbled through the two flasks for one hout a@ter solution was
heated to 76C while being stirred at 600 rpm. At a temperanfr&0°C, the styrene and
1-pentanol mixture was added dropwise to the smiufhis solution was stirred at 600
rom for 12 hours at 78C. White sol solution was obtained then centrifugad washed
three times with a 1:1 ethanol/water solution.

Mesoporous hollow spheres were prepared by coetltolyrowth of the

mesoporous silica wall in PS spheres in an ethaatéf mixture. CTAB (0.64 g) was
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dissolved in water (120 mL) and PS (0.265 g) arhmtl (45 mL) were added to the
solution. The mixture was stirred at room tempegmtior one hour, and then 28 wt%
ammonium hydroxide solution (0.11 mL) and TEOS (§)8were added. The above
reaction mixture was continuously stirred for anliidnal 48 hours and heated to &D
for 24 hours. The white solid product was centrgfdigand washed with a 1:1 solution of
water and ethanol three times and dried in a vacaowen overnight. The CTAB
surfactant was removed by stirring the as-syntleesizample (500 mg) in 80 mL of
methanol with 0.3 grams of ammonium nitrate at°60for 15 minutes. The resulting
solid was centrifuged, washed with cold ethanok¢htimes, and dried under vacuum.
The PS was extracted by stirring in THF (50 mL) I@rhours at room temperature. The
product was centrifuged, washed with a 1:1 acefd#ié/solution three times, and dried
under vacuum. Both extracting procedures were attedutwice to fully extract CTAB
and PS, and TEM (CM 120 microscope located at Qralid NanoSystems Institute)
confirmed the presence of intact hollow nanopatiaf diameter ~130 nm with ~80 nm
hollow interiors (see Figure 3.8).

Construction of the Acid-Responsive Nanovalves: The methods for the assembling
the acid-responsive nanovalves have been desdrilmd previous worK. Typically, the
solvent extracted nanoparticles (100 mg) were swigxkin dry toluene (10 mL). Then
30 uL (0.1 mmol) of N-phenylaminomethyltriethoxysilameas added into the particle
suspension under stirring. The mixture was stialecbom temperature under nitrogen for
24 hours. The product was collected by centrifugatwashed extensively with methanol,

and dried under vacuum. Dye molecules were loadkedtihe nanoparticles by soaking 50
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mg of the PhAMTES-modified nanoparticles in 1 mluaqus solution of the dye at room
temperature for 3 days. Finally, the loaded samwle® capped with-cyclodextrin (0.1
g, 0.1 mmol) at room temperature for 24 hours. Tihal product was collected by
centrifugation and washed with deionized water. pagicles were dried under vacuum
prior to the spectroscopic measurements, and plectdte end of an NMR tube for the
spectroscopic analysis. Prior to spectroscopicyaiglthe particles were rewetted with
deionized water to resolvate the dyes inside thiego

Spectroscopic Techniques. In the time-resolved fluorescence depolarization
studies, samples were excited by a Optical Par&r@scillator MagicPrism (OPOTEK),
bumped by a Brilliant Compact Pulsed Nd:YAG las@uéntel). Time-resolved data
were collected by a PI-MAX intensified CCD cameRxifceton Instruments). In the
steady-state fluorescence depolarization studiestienium probe was excited using the
407 nm line from a Coherent I1302C krypton ion lased the Hoechst probe was excited
using the 351 nm line from a Coherent I306C argomlaser. The dyes are relatively
robust, but all laser powers were less than 5 mittmize damage to the linker and
acid-valve in the capped system. Emission was adeliethroughout the visible region
using an Acton 2300i monochromator and a CCD (Rtort Instruments). A Glan-
Thompson polarizer was used to select out paral®l perpendicular emission
components, and a polarization scrambler was wsegtitice polarization-related spectral
bias. The optics were tested with an isotropictlggurce, with a resulting error of <0.5%

between parallel and perpendicular intensity measants.

76



3.6. Figuresand Tables
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Figure 3.1. I.(t)-t, r(t)-t, I (t)-t andI, (¢)-t data collected on (sodium bathocuproine

disulfonate)Re(CQKI in aqueous solution.
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Figure 3.2. A) I,(t)-t andB) r(t)-t data collected on dry MCM-41 particles loaded

in 2.5 mM (sodium bathocuproine disulfonate)Re(§3D¥yolution.
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Figure 3.3. A) I,(t)-t and B) r(t)-t data collected on water immersed MCM-41

particles loaded in 2.5 mM (sodium bathocuproirsulionate)Re(CQYI solution.
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Figure 3.4. A) I.(¢t)-t andB) r(t)-t data collected on toluene immersed MCM-41

particles loaded in 2.5 mM (sodium bathocuproirsuldonate)Re(CQYEI solution.
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Polarization profile of Hoechst in MCM-41
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Figure 3.5. Polarization profile of Hoechst 33342 in MCM-41 agunction of loading
concentration. Error bars represent standard demsbf the data trials.
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1.2 nm

Figure 3.6. Synthesis and dimensions (sodium bathocuproine disulfonate)Re((;Cl.
The final product has dimensions of roughly 1.5xi5 nm
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Figure 3.7. Emission spectra ((sodium bathocuproine disulfonate)Re(Cl in MCM-
41 compared to solution. The dashed trace is thss@n intensity seen from the we-
soluble rhenium complexes loaded into M-41 nanoparticles and capped with the ¢
valve. The MCM41 nanoparticles were wetted with deionized watérrpgo spectra
analysis in order to resolvate the dye moleculsglenthe pores. The solid trace is a
mM solution of the rhenium complex fre-rotating in deionized water (emissi
maximum = 590 m). The rhenium dyes experience a wide range of@mwients whel
loaded in MCM41, some hindering and some promoting solvent egorgtion ability.
Both traces are normalized to 1.0 for cla
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Figure 3.8. Transmission electron microscope images of MCMddoparticles (left)

and hollow-core MCM-41 nanoparticles (right) usedhis study. The hexagonal pore
structure is clearly seen in the TEM image on &fe MCM-41 and other mesoporous
silica-based structures are popular due to thegattity, robustness, and non-toxicity.
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Figure 3.9. Comparison of rigidochromic spectra of non-hollomdahollow particles
using different loading procedures. A) Non-hollowCM-41 particles loaded 1 time; B)
Non-hollow MCM-41 particles loaded 3 times; C) Holl particles loaded 1 time; D)
Hollow particles loaded 3 times.
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Table 3.1. The g, 7= and 7. values for five samples with the (sodium bathocumgo

disulfonate)Re(CQLI dye.

Initial anisotropy ¢

Fluorescence

Rotational correlation

lifetime ¢ (us) time 7. (us)
Solid-state dye 0.28 +0.02 0.51 +0.03 2.30+0.05
Solution dye 0.010 £ 0.001 0.99 +0.01 0.105 £ 0.00
. 1.6+0.1
+ +
Dry particle 0.39+0.01 044+ 002 3.43 +£0.09
. 3.3+x0.7
+ +
Particle in toluene 0.19+0.01 093 +0.04 1.11 +0.04
) ) 1.21 £ 0.08 0.09 £ 0.05
+
Particle in water 0.04 £0.01 0.20 + 0.01 91404
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Chapter 4
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4.1. Abstract

The development of drug delivery systems for tlhgeed and on-demand release
of pharmaceutical products has risen rapidly toobee a contemporary challenge in the
field of nanobiotechnology. Biocompatible mechadizphosphonate-clothed silica
nanoparticles have been designed and fabricatedhich the supramolecular machinery,
which covers the surfaces of the nanoparticlesaveh like nanopistons, releasing
encapsulated guest molecules in a controlled fashinder acidic conditions. The
mechanized nanoparticles consist of a monolayef-ofclodextrin rings positioned
selectively around the orifices of the nanoporesthef mesoporous nanoparticles. A
Rhodamine B / benzidine conjugate has been pre@aréderves as the nanopistons for
movement in and out of the cylindrical cavities\pded by the3-cyclodextrin rings on
the surfaces of the nanoparticles. Luminescencerawpnts indicate that the mechanized
nanoparticles are able to store small cargo madscule.g., 2,6-naphthalenedisulfonic
acid disodium- within their nanopores at neutral pH and thenasdethem as a result of
passage through the cavities of flreyclodextrin rings as soon as the pH is lowered to
5. In further investigations, the phosphonate-cedersilica nanoparticles were
functionalized selectively with th@-cyclodextrin rings, but, on this occasion, theesev
linkers attaching the rings to the orifices surming the nanopores contain cleavage
imine double bonds. TH&-cyclodextrin rings on the surface of the nanopkes serve as
gates for the storage of large cargo moleculesh sag& Rhodamine B, inside the
nanopores of the nanoparticles under neutral congit Since imine bonds can be

hydrolyzed under acidic conditions, tifiecyclodextrin rings can be severed from the
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surface of the nanoparticles when pH is decrease@, treleasing the large cargo
molecules. The results described here presenn#isant step towards the development
of pH-responsive nanoparticle-based dual drug dgliwehicles that are potentially
capable of being interfaced with biological systeifise author acknowledges Dr. Yanli
Zhao for his help on the organic synthesis desdribehis chapter.

4.2. Introduction

In this chapter, we employed phosphonate-coveltad sianoparticles to prepare
MSNs in which S-CD rings are immobilized selectively around thefices of the
nanopores of the nanoparticles and the gates am@pistons which can be induced to
move in or out of the cylindrical cavities providieg the3-CD rings.

The phosphonate-covered silica nanoparticles weepaped from tetraethyl
orthosilicate (TEOS) and 3-(trihnydroxysilyl)propyhethylphosphonate monosodium
(TPMP) by a surfactant-directed self-assembly mstaevhereby the surfaces of the
nanoparticles are covered fully with propyl metthdpphonate units. After the surfactant
— cetyltrimethylammonium bromide (CTMA) has been removed from the nanopores of
the nanoparticles under acidic conditions, theiaa# around entrances to the nanopores
are exposed for further functionalization. Thistatic strategy has made it possible for
us to functionalize, only and specifically, the egpd areas- namely, the orifices
surrounding the entrances to the nanopores in daodatign the nanopores, th@CD
rings, and the nanopistons in a co-linear mannee. fabrication process ensures that the
FCD rings are only located at the orifices of thenopores on the surface of the

nanoparticles. A schematic representation of tlkist generation of MSNs is shown in
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Figure 4.1. Their design is fashioned accordingh® following blueprint;5-CD rings
persubstituted on their 6-positions with Kkinetigalstable linkers, serve as the
monocylinders which are linked covalently around trifices of the nanopores of the
phosphonate-covered silica nanoparticles. RhodaBiihkenzidine conjugates fulfill the
role of the nanopistons, which have been desigrmednbve in and out of the
nanosylinders provided by the cavities of RED rings” % in response to changes in pH
to ~ 5 (Figure 4.2). In addition, 2,6-naphthalenelfiisic acid disodium (NDAD) has
been employed as the cargo inside the nanoporase %ioth Rhodamine B and the
NDAD cargo have characteristic fluorescent propsrtive can monitor the operation of
the nanopistons by following the changes in thamihescent properties.
4.3. Resultsand Discussion

The size and shape of the phosphonate silica nardes 2 were evaluated
(Figure 4.3) using TEM. The nanopatrticles are rdyigpherical in shape and around 100
nm in diameter. They possess perfect hexagonal poaeoarrays with an average
nanopore diameter of 2 nm. The nanoparticles digovgypical XRD patterns of the
MCM-41-type hexagonal mesoporous silfcAn interplanar spacingd{o) of about 3.8
nm was calculated from these patterns. After theoparticles have been functionalized
with the B-CD rings, the shape of the nanoparticlesappears, had experienced no
obvious changes, at least as judged by TEM and XRdicating that th€8-CD-capped
MSNSs retain the characteristic of mesoporous sigaoparticles.

CP/MAS Solid-state NMR experiments provide direatence for the formation

of the-CD capped nanoparticles. On examination of eCP/MAS solid-state NMR
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spectrum (Figure 4.4a) of the capped nanopart&;l€3 the signals resonating around 22
ppm can be attributed to the characteristic peékéighatic carbons andm on the linker
between th@3-CD ring and the phosphonate silica nanopartialethe signals resonating
around 45 ppm can be assigned to the charactepisdiks of the carborss b, ¢, h, i, and
k on the linker, (iii) the signals resonating arous@, 73, 84, and 104 ppm can be
attributed to the characteristic carbon peaks gf G35, C4, and G on the 3-CD
skeletorr, (iv) the signals resonating around 130 ppm caasségned to the characteristic
peaks of the aromatic carbods e, andf on the phenyl groups, and (v) the signals
resonating around 165 ppm can be attributed tahiagacteristic peaks of the carbans
andj. From an examination of tHéC CP/MAS solid-state NMR spectrum (Figure 4.4b)
of the nanoparticleg, we know that the carbon nuclei of the TPMP uait® contribute
to the signals resonating around 9, 22, and 65 fpra?°Si CP/MAS solid-state NMR
spectrum (Figure 4.4) of the nanoparticles 6 shtws silicon peaks around60 and
-105 ppm, correspondingl0 to the functionalizeccail{T region) and bulk silica (Q
region), respectively. Although the silicon nudleithe nanoparticles 2 also give rise to
two peaks which are attributed to the phosphonititea T region) and bulk silica (Q
region), the peak arount0 ppm in the phosphonate-covered silica nanopesti is of
relatively low intensity compared with that obsetfer the capped nanoparticles 6.

On the basis of the lardé value (8605 85 M™) for the complex between th
CD ring and the plug, the extent to which the plagsupy the-CD heptapuses on the
nanoparticles under neutral conditions could benegéd. Despite the fact that the plugs

bind with the-CD rings on the surfaces of the mechanized natiofesr at the interface
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of the aqueous solution and tB€CD monolayer, we assumed that the sites of hosstgu
binding between the plugs and tBeCD rings are equivalent and independehiThus,
the formation constant for complexation of the plag single-CD ring on the surface
of a mechanized nanoparticle at the interface vgasiraed to be comparable to e
value for this host-guest pair in aqueous solutionthe particular procedure for the
preparation of the silica nanoparticle-based nastops, the initial concentrations of the
B-CD rings and the plugs were calculated to be .46° and 2.0 x 18 M, respectively;
from these, we computed the concentration of tmepdex formed in this reaction.

The calculations assume that the phosphonate-abwaliea nanoparticles are
fully attached to thg>-CD heptapuses with on2CD ring position as an extension over
each nanopore (somewhat like a porch outside tra filoor of a house). During the
preparation of the silica nanoparticle-based nastops (see the Experimental Section),
50 mg of the phosphonate-covered silica nanopestiahd a solution volume of 10 mL
were used. Thus, the concentration of J#€D ring is [3-CD]y ) 2.46 x 1¢ M [(total
weight of the nanoparticle/weight of individual mgarticle/Avogadro constant) x
(number of -CD rings on one nanoparticle)/(volume of solutigry [(0.05 g)/(7.62 %
10%° g)/(6.02 x 1023 mdl) x (2260)/(0.01 L)], and the concentration of fhieg is
[plugo ) 2.0 x 10° M (0.02 mmol/0.01 L). For the complex of&CD ring with a plug,
Kt is defined as

K — [complex],,
77 IplugleqB — CDleq
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where “eq” subscripts denote equilibrium concerdgret. Using the measurd¢ value
(8605+ 85 M™) in this equation gives

[complex].q

8605 M1 =
[plug]eq [.B - CD]eq

[complex].q

(Ipluglo — [complex].q) x (I8 — CDlo — [complex].q)

B [complex].q
~ (2.0Xx 1073M — [complex].q) X (2.46 X 10~5M — [complex].,)

which can be solved to obtain a concentration @&2x 10° M for the complex.
Therefore, the percentage of plugs filling RE€D heptapuses on the nanoparticles at the
concentrations in question was 100% x (2.32 R M)/(2.46 x 10° M) ) = 94%. In view

of this high coverage, it is hardly surprising ttfa silica nanoparticle-based nanopistons
do not exhibit any serious leakage under neutnaditons.

The operation of the mechanized silica nanoparbalsed nanopiston$ was
monitored in aqueous solution by fluorescence spscbpy. A sample of the NDAD-
loaded nanopatrticles (5 mg) was placed in the cavha cuvette, and distilled @ (5
mL, pH 7) was added very carefully to the cuvetas not to disturb the nanoparticles.
A laser probe beam directed into the solution wasduto excite the released cargo
molecules. The emission intensities of these mddscwere collected as a function of
time and used to generate a release profile. ThefpiHe solution was adjusted to the
desired value by the addition of HCI solution (WM). The percentage of the cargo
released was calculated using absorbance spegisoszenable quantitative comparison

of the release efficiency. Since there are tworélgsoent units- the Rhodamine B unit on

96



7 and the NDAD carge in the system based on pH-operating release, watoned the
release profiles of the nanoparticles using twerlasurces, one laser source operating at
448 nm was used to monitor the Rhodamine B unitthadther laser source at 377 nm
was used to monitor the NDAD cargo. Figures 4.5h4Bb show the release profiles of
Rhodamine B unit and NDAD cargo from the mechanizdita nanoparticle-based
nanopistons1, respectively. The flat baselines (black curvesllidate that both
Rhodamine B unit and NDAD cargo do not leak from thechanized silica nanoparticle-
based nanopistons under neutral conditions. The emission intensitythe solution
before any pH-triggered release was monitored ver 40 minutes. The pH value of the
system was then decreased from 7 to 4 by the additi 0.1 M HCI. As the protonated
plug 7 leaves the cavity of th@-CD ring on the nanoparticles, the NDAD cargo is
released from the nanopores of the nanoparticles vem monitor the fluorescence
changes of the solution in order to evaluate thhgacatorage and release abilities of the
mechanized nanoparticles in response to the pHgesarAfter the pH is lowered, the
emission intensities of both the Rhodamine B unil he NDAD cargo in solution
increased immediately, confirming that the posltiveharged plug7 is no longer
blocking theB-CD ring on the nanopores of the nanoparticle amdurn, the NDAD
cargo in the nanopores is released into the solutiva control experiment, the NDAD-
loaded nanoparticlegwithout plug7 showed a sustained release profile when the loaded
nanoparticles were not washed. However, when thdDHdaded nanoparticles were
washed thoroughly, there was no fluorescent changa after lowering the pH value of

the solution. The reason for the difference liethmfact that the NDAD cargo molecules
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had escaped through the unblock®&D rings on the nanopores of the nanopatrticles
during the washing process.

44. Conclusions

On the basis of the tenets of supramolecular chigftisand mechanostereochemistty,
we have described the nanoscale fabrication andrepplensive operation of
phosphonate-covered mesoporous silica nanopabiaded nanopistons®CD rings
were attached covalently with structural precisiaoound the orifices of the nanopores of

these protected nanoparticles, creating an inotcgarganic material that constitutes an

integrated system. The introduction of ti#CD rings around the orifices of the
nanopores on the spherical surfaces of the nandpartaffords much greater
stereoelectronic control over the entrapment ahehse of small-molecule cargos than
we have achieved previously in our design and ¢albion of mechanized silica
nanoparticles. The next generation of this pariculass of nanoparticles allows for
much more delicately controlled monolayers of nastops covering their surfaces. The
F-CD rings not only constitute a chemical modifioatiof mechanized mesoporous silica
nanoparticles but also impose stereoelectronicrabapon the orifices of the nanopores
at the surfaces of the nanoparticles. As far asndneopistons on the surfaces of the
mechanized silica nanopatrticles are concernedhibdamine B/benzidine plug can slide
in and out of the cylindrical cavities provided the £CD rings on the surfaces of the
nanoparticles in order to control the trapping astkase of the cargo molecules in
response to pH changes. A few carefully chosen tsgmopic techniques have

demonstrated that the nanopistons are able topocate cargo molecules inside the
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nanopores of the nanoparticles under neutral pHitons but release them when the pH
is lowered just a little. Fluorescent molecules avehosen as the cargos in order to
establish a proof-of-principle operation of nantp®perated mesoporous silica
nanoparticles.
45. Experimental

The phosphonate-covered silica nanoparti2legere prepared using an approach
similar to that described in literatuteCetyltrimethylammonium bromide (0.50 g, 1.4
mmol) was dissolved in a mixture of distilled® (240 mL) and 2 M NaOH (1.75 mL),
and the solution was stirred under an atmospher&,ofind heated up to 8€C.
Tetraethylorthosilicate (2.5 mL, 2.33 g, 11.2 mmags then added to the solution. After
15 min, 3-(trihydroxysilyl)propylmethylphosphonatgnosodium (0.65 mL, 0.81 g, 3.4
mmol) was slowly added to the mixture solution.ekfthe solution was stirred at 8C
for 2 h, it was cooled down to room temperature #red nanoparticles which formed
were filtered, washed with MeOH ang®i and dried at room temperature overnight. In
order to remove the surfactant from the nanoporfesh® nanoparticles, they were
suspended in a mixture of MeOH (50 mL) and coneg¢edr HCI (3 mL) and the solution
was heated under reflux for 24 h. The nanoparti2legere then filtered and washed
thoroughly. The product was dried under vacuumrpiooits characterization by solid-
state NMR spectroscopy, transmission electron meope (TEM), and powder X-ray
diffraction (XRD).**C CP/MAS solid-state NMR (300 MHz): 65, 22, 9 ppm.

The isocyanato-functionalized nanoparticBsvere prepared using an approach

modified from one published in the literatdfe.The phosphonate-covered silica
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nanoparticles2 (100 mg) were suspended in anhydrous PhMe (15 and 3-
isocyanatopropyltriethoxysilane (%, 0.05 g, 0.2 mmol) was added to the solution. The
reaction mixture was stirred at room temperaturdeuran atmosphere of,Nvernight.
The isocyanato-functionalized nanopartic3esere isolated by centrifugation, washed by
PhMe and MeOH, and dried under vacuum.

The isocyanato-functionalized nanoparticl8s (50 mg) were suspended in
anhydrous PhMe (15 mL) and 4-(2-hydroxyethoxy)b&tetayde (0.02 g, 0.15 mmol)
was then added to the solution. The reaction mextwas stirred under reflux in an
atmosphere of Novernight. The formyl-functionalized nanopartickes/ere obtained by
centrifugation, washed by PhMe and MeOH, and duieder vacuum.

The formyl-functionalized nanoparticlds50 mg) and anhydrous Mgg@.02 g,
0.2 mmol) were suspended in anhydrdls-dimethylformamide (20 mL) and diamino-
[3-CD derivative5 (0.03 g, 0.02 mmol) was then added to the soluiighile the solution
mixture was being stirred at room temperature iraemosphere of Nfor 6 h, NaBH
(0.01 g, 0.25 mmol) was added to it slowly &) After the solution had been stirred for
2 h at 0°C, the reaction was quenched withkCHat room temperature. TigeCD-capped
nanoparticle$ were isolated by centrifugation, washed iHand dried under vacuum.
3¢ CP/MAS solid-state NMR (300 MHz): 165, 130, 184, 73, 50, 45, 22, 9 ppiTSi
CP/MAS solid-state NMR (300 MHzy:60,-105 ppm.

The B-CD-capped nanoparticle8 (50 mg) were added to an aqueous buffer
solution (pH 7) containing 2,6-naphthalenedisulfoacid disodium (10 mL, 1.0 mM).

The reaction mixture was stirred and sonicated agimize the dispersion. The solution
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was then stirred under an atmosphere pbiernight to allow 2,6-naphthalenedisulfonic
acid disodium to diffuse into the nanopores ofritaaoparticles. The plug(0.02 g, 0.02
mmol) was then added to the reaction mixture. Atiter solution had been stirred under
an atmosphere of Nor 4 h, the mechanized silica nanoparticle-basetpistond were
obtained by centrifugation, washed by aqueous bsfitution, and dried under vacuum.
The fresh nanoparticles were used immediately f@r laser investigation involving
fluorescence spectroscopy and release profiles.

Cargo-loaded nanoparticles were examined emplogingpectroscopic set-up.
The nanoparticles (5 mg) were placed in the cooher cuvette. Distilled O (pH ~7, 5
mL) was added to the cuvette in a dropwise fasmasrder to prevent the nanoparticles
from dispersing into the solution. A 1 mm stirribgr was added to the cuvette. The
solution in the cuvette was stirred slowly so as twoperturb the nanoparticles. The
solution was monitored by a CCD, which collects ¢ina@ission spectra of the solution. A
laser probe beam directed into the solution canZbove the bottom of the cuvette was
used to excite the released cargo molecules. Aldaifilter lens was mounted in front of
the CCD detector to remove the scattered probe b&am fluorescence spectra of the
released cargo molecules were collected in onerseitervals during the course of the
experiment. The fluorescence intensity at the @onssiaximum of the cargo molecules
was plotted as a function of time in order to gatera release profile. Activation of
releasing the cargo molecules from the nanopastieles accomplished by adjusting the

pH values of the solution with addition of HCI stdun (0.1 M). The percentage of the
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cargo release was calculated using UV-Vis absarpspectroscopy, thus enabling

guantitative comparison of the release efficiency.
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4.6. Figuresand Tables
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Figure 4.1. Synthetic procedure for the mechanized silica nartape-based nanopistons
1.

103



od

u e ¥y

Il s 154

A~~~ SO3Na N

oo [ "
Na0,S o?
-z 2

Decreasing pH NH v
——' (TNH é‘
-~ [ — .
L ()

‘_,o Hb‘L
D,_\-Q D’]
.NH o]
)
1 o T

Figure 4.2. Schematic representation of nanopistons on meobdnpghosphonate-
covered silica nanoparticles. According to the simdch of the nanopore and tffeCD
ring, the ideal mode is that one nanopore is fonetized with ong3-CD ring as shown
in the figure.
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Figure 4.3. TEM images of the phosphonate-covered silica namicfes 2 at (a) low and
(b) high resolution.
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Figure 4.4. °C and®°Si CP-MAS solid-state NMR spectra. (a) 13C CP-MASdsstate
NMR spectrum of thg-CD-capped nanopatrticlés (b) 13C CP-MAS solid-state NMR
spectrum of the phosphonate-covered silica nanofes®. (c) 29Si CP-MAS solid-state
NMR spectrum of the capped nanopartiéde$he carbon nuclei of th8CD ring and the
linker are defined alongside the structural formula
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Figure 4.5. Release profiles of the mechanized nanoparticleseupH control. (a)
Release profile of the mechanized silica nanoparbased nanopistond while
monitoring the emission (565 nm) of the Rhodaminari on the plugr. (b) Release
profile of the mechanized silica nanoparticle-basadopistonsl while monitoring the
NDAD cargo emission at 415 nm. (c) Release praffléhe mechanized nanoparticlgs
while monitoring the Rhodamine B cargo emissiobGi nm.
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Controlled Release of Two Cargosin Succession from M SNs
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51.  Abstract

The goal of drug delivery systems is to deploy drtega specifically targeted part
of body, and then control the therapy administrabyg means of either a physiological or
chemical trigger. In order to administer therapeatmbinations and produce synergistic
action, well-organized multidrug release systemsclvitan control the administration
order, timing and dosing of each individual drugisinbe established. In this chapter, we
describe an on-command dual cargo release systesed banj-cyclodextrin -CD)
modified mesoporous silica nanoparticles (MSNs)vimch two differently-sized cargos
were loaded into MSNs step-by-step and then reteasep-by-step after the release
mechanisms were triggered by different stimuli.aAproof of concept, we first released
the small cargo (e.g., coumaric acid) by lowering pH and expelling a methyl orange
plug fromp-CD, and then release the large cargo (e.g., Ho@3%l12) after cleavage of
disulfide bonds. The results reported here reptesersignificant step toward the
development of programmed multidrug delivery systeand may potentially be used to
deliver different drugs for combination therapythe future. The organic synthesis of the
machine components described in this chapter wdsrpeed by Dr. Cheng Wang in the
Stoddart group at Northwestern Univeristy.
5.2.  Introduction

Combination drug therapya regimen in which multiple drugs with different
therapeutic outcomes are used in parallel or iruesece, has become the dominant
strategy in the clinical treatment of HIV/AID'iabetes, and cancet,For example, in

cancer therapy, the U.S. Food and Drug Administrai{FDA) approved the use of
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Avastin in combination with Carboplatin and Padlébfor the initial systemic treatment
of patients with lung cancer in 2006. Unlike morestpy, combination therapy
maximizes therapeutic efficacy against individuabets and is more likely to overcome
mechanisms behind drug resistance. Such combintitemapy also has the potential to
increase the odds of a positive prognosis and eedaaomful side effects.

On account of the shifting interests of the phamunécal industry, researchers
have moved away from the development of new druglidates toward new ways to
deliver well-known drugs. Drug delivery systems,iethcan administémedically active
molecules to diseased cells in a targeted and atedr manner, have gained much
attention in the past couple of decades. Polyfhdesdrimers, micelles® vesicleg and
nanoparticle¥ have all been investigated for their use as plessitug delivery systems.
Most of the so-far developed drug delivery systemwmvide either delivery of a single
drug or simultaneous deliveryof multiple drugs. It is difficult, however, witthese
systems to contrtd the administration order, timing and dose of dadividual drug in a
comprehensive way. While it is possible to delittee cocktail of drugs using several
different co-administered drug delivery systemgs #pproach comes with disadvantages.
For example, it is extremely difficult to exposeveral co-administered drug delivery
systems to the same target at the right time, &wdifficult to control the dosage rates
and ratios of each individual drug. In order to auster chemotherapeutic combinations
and produce synergistic actions, a well-organizedtidrug release system which can
provide combination therapy by controlling the ese behavior of each drug

individually needs to be invented.
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Mesoporous silica nanoparticles (MSNs) have atdittwidespread research
interest in the past decade for use in functionatemals. They have large surface
exteriors and porous interiors that can be hardeaseaeservoirs for small molecule drug
storage. It has also been demonstratttht MSNs are nontoxic to cells and can undergo
cellular uptake into acidic lysosomes by endocgtashen they are 100~200 nm in
diameter, making them a popular canditfatéor drug delivery systems. In particular,
MSNs can be functionalized with molecular, as vasl supramolecular, switches that
control the release of internal cargo/drug molesuteresponse to external stimuli. On-
command release systems which respond to a ranggmafli, including pH changé',

" competitive binding® redox activatiort? biological trigger® and

light-initiation,*
temperature-controlled releaSehave been reported by us and others. To the bestro
knowledge, however, all the on-command releaseesystreported thus far cannot
release multiple drugs step-by-step.

Cyclodextrins (CDs), especially because of thepatslity to fornf? inclusion
complexes with guest molecules that dissociatdenface of the right external stimuli,
have been a target of intensive resegpe@yclodextrin -CD), which is comprised of
seven D-glucopyranosyl units with top and bottomitess of 6.0 and 6.5 A, respectively,
have been usétlas gatekeepers in drug delivery systems. Theifumaitzation of MSNs
surface withs-CD rings provides us with a way to establish al dasgo release system.
The -CD rings on the surface of the nanoparticles eawmesas a gate for the storage of

large cargo molecules (>6.0 A). Since the nanoparesot fully occupied by large cargo

molecules there issome space for small cargo mieledx6.0 A) to diffuse into the
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nanopores through the middle of theCD cavity, which are sealed inside after the
formation of a complex betweghCD and a plug. Moreover, the nanopatrticles wiktfi
of all release the small cargo molecules when thgspare removed from the cavities of
the 5-CD rings; then, the large cargo molecules willrbleased after cleaving ti#eCD
rings from the surface of the nanopatrticles.

In this chapter, an on-command dual cargo relegs¢ers based onf-CD
modified MSNs is described, in which two differgnslized cargos are loaded into MSNs
1 in sequence and then released in succession,dbyfiall, lowering the pH and then by
adding a reducing agent as described schematicallyigure 5.1. Thes-CD rings,
persubstituted on their seven C6 positions andséven linkers covalently connected to
the surface via disulfide units, serve as the gapkrs for the large cargo Hoechst 33342
molecules. The small cargo,coumaric acid (CA), is then diffused into the pohannels
of the nanoparticles through the cavityfe€D rings. Thes-CD cavity is then capped by
a plug, specifically methyl orange (MO), which wsdected because it moves in and out
of thecavities of thes-CD rings in response to changes in pH. The snaajac molecules
are released after protonation of MO, and then,ldhge cargo molecules are released
after cleavage of the disulfide bonds. Since bbéhHoechst 33342 and CA cargos have
characteristic fluorescent properties, the duakast process step-by-step can be
monitored by tracking the changes in their emissipectra.

53. Resultsand Discussion
Hoechst 33342 and CA were chosen as the fluorescanrgos to trace the

independent release process because, firstly,izeeos Hoechst 33342 (~20 A) and CA
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(~4.5 A) are optimal for them to act as the largd amall cargos, respectively, and
secondly, their fluorescent spectra are distingbshdifferent. The synthetic procedure
for the preparation of MSN4 is shown in Figure 5.2. To engineer the dual-loaded
system, the bare MCM-41 nanopartiéfeswere first functionalized with 3-
isocyanatopropyltri-ethoxysilane, which were theaated with propargyl eth&rto offer
the alkynyl-functionalized MSN2. The FT-IR spectrum (see Supporting Informatidi, S
of MSNs 2 shows a peak at 2150 dmindicating the presence of=C bonds. The
structure of the MSNL was confirmed (see Figure 5.3) by transmissiorcteda
microscopy (TEM) to be hollow and consisting of g@mwith an average diameter of 2.5
nm. Following addition of per-6-azig®-CD to the mixture of MSN£ and Hoechst
33342, the Hoechst 33342-loaded MSBIsvas formed by means of a series of click
reactions. CA was then allowed to diffuse througg ¢avities of thg-CD caps into the
pores. After that, thg-CD openings were blocked with MO plugs thanks ¢stiguest
interactions. The MSN#& loaded with both Hoechst 33342 and CA cargos esiould
be obtained in a stepwise manner.

In order to gain insight on the fundamental mect@anof release in MSN§,
Hoechst 33342-loaded MSswere assembleh which thes-CD units were connected
covalently onto the particle surface using disdfichits. The mechanism of operation of
the Hoechst 33342-loaded MSKsis shown in Figure 5.58After cleavage of the
disulfide bonds by a reducing agent, the Hoech8&433cargo will be released. This
mechanism is designed so that the release can teatiadly triggered by glutathione

from the cell cytosof® and the system would thus operate autonomouskimwiiving
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cells. The Hoechst 33342-loaded MS8Isvere synthesized according to the approach
outlined in Figure 5.2. After normal work-up, thanoparticles were washed with acidic
water (pH=3). It is worth emphasizing that it isyw@nportant to wash the nanopatrticles
with acidic water because the Hoechst 33342 dyeébeaadsorbed on the outer surface of
the nanoparticles and also dissociated from thécpaisurface upon lowering the pH.
Therefore, without an acidic wash, the Hoechst 238¢e could come out after lowering
the pH while operating the dual-loaded system M3Nsterfering with the independent
release processes.

The release of Hoechst 33342 from the MSNwas monitored by a 351 nm
probe beam to track the fluorescence intensithefréleased dye as a function of time. A
sample of MSNS3 was placed in the corner of a cuvette and pH 7 mates slowly
added into the cuvette without disturbing the jpéed. A flat baseline shows that the
Hoechst 33342 molecules are held within the padicinder neutral aqueous conditions,
without any premature release. The pH of the smhutvas then lowered to 3.5 to confirm
that negligible Hoechst 33342 is released singlyldwering the pH. After that, 2-
mercaptoethanol (ME) was used as the reductarieave the disulfide bonds. Upon the
addition of ME, the release of the Hoechst 33342emdes was observed (Figure 5.6a)
as a rapid increase of the fluorescence intensiiyrel 500 nm as a function of time. The
release of the Hoechst 33342 could not be detguted to the addition of ME, an
observation which indicates there was no detectiglaleage and all the Hoechst 33342

was sealed inside the nanopores. Fluorescencesitytemas used to calculate that 0.20
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umol of Hoechst 33342 was released from 5 mg of MShfier ~2 h, corresponding to a
release capacity of 2.5 wt%.

In order to test whether the CA cargo can diffuge the nanoparticles through
the cavities of-CD, a pH-operated system, MSNs was designed. A schematic
representation of the operation of CA-loaded M3Nis shown in Figure 5.5b. After
lowering the pH, the protonated MO molecules mowefom the cavities of-CD, and
the CA cargos will be released. There are thresoreafor choosing MO as the piston to
form a complex with-CD. Firstly, the formatiogonstant K) for the comple® between
S-CD and MG'is 4550 M*'at pH 7which is much stronger than that (408"\of -CD
with CA. Secondly, theK; of f-CD with MO decreasé5to 292 M' at pH 2. This
difference results in the release of cargo. Thésegsponsive MSNs may potentially be
interfaced with biological systems, because thedgmal pH levels in cancer cells are
somewhat lowéf°than pH levels in healthy cells. Finally, the ¢sige of the protonated
MO does not interfere with the tracing of eitherddbst 33342 or CA.

The synthetic protocol for producing MSNsis shown in Figure 5.2. After
reaction of MSN< and 6-azidg3-CD by means of a series of click reactions,#f@D-
capped MSNs! were isolated. MSNg were characterized by TEM arttC and*°Si
cross-polarization magic-angle-spinning (CP-MAS)dsstate NMR spectroscopy (See
Figure 5.4). The TEM (see Figure 5.3) results shioat the shape of the nanoparticles
experiences no obvious changes compared to bare MICMhe*C and?°Si CP-MAS

solid-state  NMR experiment (see Figure 5.3) cleadhows the successful
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functionalization of nanoparticles wirCD rings. The MSN$ were finally obtained
after the MSNg!l were loaded with the CA cargo and then capped &M plug.

The operation of the MSNswas followed by fluorescence spectroscopy (Figure
5.6b). A sample (5 mg) of CA-loaded MSHsvas placed in the corner of a cuvette and
H,O (2 mL, pH 7) was added very carefully to the ¢tezeAn excitation beam of 351 nm
was introduced to the solution above the nanopesti@and the fluorescence intensity of
the released CA in the solution was measured aadién of time. A flat baseline at pH
7 indicates that no CA could be released underralecdnditions. The pH of the solution
was adjustedf to 3.5 by the addition of HCI solution (0.1 M). Apid increase in the
emission intensity around 425 nm shows that thec@®&o was released from the pores
of the nanoparticles upon lowering the pH. UV-Vissarption spectrophotometery was
used to calculate the fact that ~06f0l of the CA was released from 5 mg of MSHs
corresponding to a release capacity of ~1.7 wt%a bontrol experiment, we prepared
CA-loaded nanoparticles without the MO plugs. Thelgo showed a release after
lowering the pH to 3.5 (see Figure 5.6b). Since shAws affinity fors-CD, it can also
be used as a plug to some extent. However, thaseleapacity corresponds to a
maximum of ~0.14%which is much lower than that of the CA-loaded MShsThe
reason for this difference lies in the fact the 8#ws much loweK; compared to MO
with 5-CD, an observation which means CA can escape thooeigh thes-CD rings
during the washing process for CA-loaded nanogestiwithout MO plugs. Another CA-
loaded nanoparticle was prepared and capped bgdarhantylamine plug. In this case,

no fluorescence changes were observed even afterifgg the pH to 3. This observation
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can be explained by the stromg between protonated l-adamantylamine gndD
(~10%, #*which means that even protonated 1-adamantylamitheemain in thes-CD
cavities, thus not allowing the small cargo to éleased.

From all these individual systems, it is very cléat changing pH can induce the
release of CA, whereas the release of Hoechst 383#2only be triggered by the
addition of ME, separately. The MSNEk (Figure 5.2) was synthesized by loading
Hoechst 33342 and CA step-by-step. The dual relesargo molecules from the dye-
loaded MSN4l was monitored by fluorescence spectroscopy. A samipMSNs1 (5 mg)
was placed in the corner of a cuvette, an® KR mL, pH 7) was added very carefully to
the cuvette. The CA cargo was released first &teering the pH, an observation which
was confirmed by the release profile (Figure 5.Tag fluorescence spectra (Figure 5.7b)
for the solution before and after CA release weeadtically different. According to the
UV-Vis absorption measurements, ~0@Bol of the CA was calculated to be released,
corresponding to a 0.42 wt% release capacity. Atibat, since the existence of the
released CA in solution may interfere with the momng of the subsequent release
process upon ME addition, we removed the solutimova the nanoparticles and added
fresh HO into the cuvette carefully. Again a flat baselgm®wed that negligible Hoechst
was released from the nanoparticles into pH 7 aggienedia. The release profile in
Figure 5.7a indicates that the cargo Hoechst 3332 only be released upon ME
addition, and the calculated released amount ofckkie33342 was ~0.22mol. The
fluorescence spectra are shown (Figure 5.7c) ®sthution before and after the Hoechst

33342 release. These results have demonstratedcheasly the fact that MSN& can
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hold two cargos successfully and more importamédigase CA first, after decreasing the
pH, and then Hoechst 33342, after addition of ME.
54. Conclusions

In summary, a dual cargo release system was estatlin which two different
size cargos were loaded into MSNs and then releasgulby-step triggered by two
different stimuli. The functionalization of the MSNurface with-CD rings not only act
as a gatekeeper for large cargo but also allowsthall cargo diffuse into the pore
channels and then be capped by a plug. Fluoresteleicules were chosen as cargos in
order to establish a proof-of-principle operatian this dual cargo release system. The
results in this study demonstrate that the smagjacaan be released first by lowering the
pH, and then the large cargo can be releasedthéieeavage of the disulfide bond.

The results reported here present a significaqt &ieard the development and
production of a multidrug delivery system. Thisteys has the potential to treat human
diseases where combination therapy is desiredieln of the lower lysosome pH levels
and the presence of higher concentrations of dia¢ in cancer cells, further
investigations will employ this integrated nanosystto carry two anticancer drugs (i.e.,
cisplatinum and doxorubicin) and performvivo dual drug release.

55. Experimental

Synthesis of MSNs 3: MSNs 2 (50 mg) were soaked in an aqueous solution of kitec
333422 (1 mL, 3.0 mM) overnight at room temperatukesolution of Per-6-azidg-
cyclodextrin (0.03 g, 0.3 mmoi DMF (2 mL) was then added, followed by the abait

of sodium ascorbate (2 mg, 0.01 mmol) and CuSB0 (0.75 mg, 3umol). The
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reaction mixture was left to stir for 3 days atmotemperature to allow the preparation of
a layer off-CD on the surface of the nanoparticles by mearsssafries of click reactions.
The nanopatrticles were then filtered and washel @opious amounts of MeOH, acidic
H,0 (pH 3) and KO, and then dried under vacuum to afford MSN$he fresh MSNS
were used immediately for the laser investigatimwelving fluorescence spectroscopy

and release profiles.

Synthesis of MNs 5: 5-CD capped MSN4 (50 mg) were added to coumaric acid aqueous
solution (1 mL, 1.0 mM). The suspension solutiorswhaken at room temperature for 24
hours to allow the coumaric acid to diffuse inte tmnopores of the nanoparticles. The
loaded particles were centrifuged to remove thditaasolution. Methyl orange (50 mg)
was then added to the pellet and re-suspendeg@n(BL5 mL). After the solution was
left on a shaker at room temperature for anotherh2#MSNs5 were obtained by
centrifugation, washed with & (10 times), and dried under vacuum. Release estudi

were carried out immediately.

Yynthesis of MSNs 1. To prepare the dual-loaded system, MSN50 mg) were soaked in
an aqueous solution pfcoumaric acid (1 mL, 1.0 mM) at room temperature24 hours.
The loaded nanoparticles were then centrifugeceoore the loading solution. Methyl
orange (50 mg, 0.15 mmol) was then added to thietpehd re-suspended in,® (0.5

mL). The mixture was left on a shaker for anothérhdurs at room temperature. The
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resulting MSNsL were collected by centrifugation, washed yDH10 times), and dried

under vacuum. Release studies were carried out diantedy.
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5.6. Figuresand Tables
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Figure 5.1. The schematic representation of the dual cargaselg@rocess. The dual
cargos can be released step-by-step by first logethe pH and then adding
mercaptoethanol. For silica nanoparticles modifieth s-CD rings, thes-CD rings are
randomly distributed on the surface.
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MSNs 2

MCM-41

Figure 5.2. The synthetic procedure for MSNsand MSNSs5. Utilizing supramolecular
chemistry and mechanostereochemistry, dual cartfoechst 33342 and CA) were
loaded into MSNL step-by-step. Although th&CD rings are randomly distributed on the
MSNs surface, the ideal mode is to have one naedpaoictionalized with ong-CD ring
according to the size match of the nanopore ang@-tBP ring, as shown in the figure.
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Figure 5.3. TEM images of the bare and functionalized MCM-4hayzarticles. (a) Bare
OH-surface MCM-41 mesoporous silica nanoparticl@3; MSNs 4; (c) Dual-loaded
MSNs1 assembled step-by-step.
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Figure 5.4. *C and?°Si CP-MAS solid-state NMR spectra of MSI8sand thes-CD-
capped MSN4. a)*C CP-MAS solid-state NMR spectrum of MSRisb) *C CP-MAS
solid-state NMR spectrum of MSN& c) °Si CP-MAS solid-state NMR spectra of
MSNs 4. The carbon nuclei of the linker and theCD ring are defined alongside the

structural formula.
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Figure 5.5. Schematic representation of the release procesg bfSNs3, which was
prepared from Per-6-azigbCD and alkynyl-functionalized MSN2 in the presence of
Hoechst 33342 by means of a series of click reastib) MSNs5, which was prepared
from 5-CD capped MSN4 and a MO plug in the presence of CA.
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Figure 5.6. Release profiles of a) MSN& while monitoring emission of Hoechst 33342
at 500 nm following the addition of ME; b) MSMNand CA-loaded nanoparticles without
the MO plugs, while monitoring emission CA aftewkring the pH at 425 nm.
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Biomedical Applications of Mesoporous Silica Nandizdes
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Chapter 6

In Vitro Study of Mesoporous Silica Nanopatrticles as siRb&ivery Vehicles for

Cancer Gene Therapy
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6.1. Abstract

The functionalization of the surface of mesoporsili€a nanoparticles (MSN)
with a phosphonate group allows electrostatic lmigdf positively charged anti-cancer
drugs to the porous interior, from where the dragld be released by acidification of the
medium under abiotic and biotic conditions. In &iddi, phosphonate modification also
allows exterior coating with the cationic polympolyethylenimine (PEI), which endows
the MSNs to contemporaneously deliver the negatieblarged nucleic acids. In this
chapter, it will be demonstrated that mesoporolisasnanoparticles coated with PEI can
deliver small interfering RNA (siRNA) to silenceatrsgene expression. It will also be
shown that these PEI-MSNs can be functionalized effectively deliver a
chemotherapeutic agent doxorubicin (Dox) as wellPgp siRNA to a drug-resistant
cancer cell line (KB-V1 cells) to accomplish celllikg in an additive or synergistic
fashion. The biological experiments were perforrbgdhe collaborator in the research
groups of Dr. Fuyuhiko Tamanoi and Dr. Andre E. BeUCLA.

6.2. | ntroduction

Genetic diseases are illnesses caused by abnoematitgenes or chromosomes,
including hemophilia, Huntington’s disease, andcean They can be caused by both
genetic and environmental predispositions. Smadirfaring RNA (siRNA) is a powerful
tool to inhibit gene function because it can belgagpplied to any therapeutic target,
providing revolutionary potency and selectivity mfproved targeted therapeutits.
However, poor intracellular uptake, instability,danon-specific immune stimulation are

obstacles associated with current methods of siRNgonucleotide delivery. Therefore,
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developing a stable, highly effective siRNA deliesystem with optimal cellular

integration and low toxicity is of utmost importancin the studies described in this
chapter, we successfully use a nanocomplex asseafbbplyethylenimine (PEI) and

mesoporous silica nanoparticles (MSNs) to protect deliver siRNA into human cells,

and effectively shutdown both exogenous and endngegene signals.

In order to bind negatively charged nucleic aciasl anprove uptake, silica
materials are typically modified with positivelyanged organic adjuncts, such as poly-I-
lysine (PLL) or polyethyleneimine (PEYf' Consequently, we incorporated the cationic
polymer, PEI (Figure 6.1D), to effect SIRNA encdpson in MSNs (PEI-MSNs; Figure
6.1E). Additionally, PEI is reported to promote oparticles’ endosomal escape due to
its “proton sponge effect’®; > ®although in our previous study, the MSNs were pleske
to be able to release loaded cargo out of endadyses into cytosol.As discussed below,
PEI-MSNs are biocompatible, possess high affirstytheir particular payload, sequester
their payload, and allow delivery of their conten®EI/SiIRNA complexes alone have
been used for nonviral gene delivery but their ity has been an obstacleitovivo
application$ Compared to other nonviral transfection vehicksh as Lipofectamine
2000 and PEI/siRNA complexes, PEI-MSNs showed mlask cytotoxicity to cell$,
suggesting that PEI-MSNs are a less toxic alteraafior siRNA delivery. Moreover,
having the porous structure would provide the pmkssi of both binding of sSiRNA on
the nanopatrticles surface and loading of small oudss, such as chemotherapeutic drugs,

within the pores, providing dual delivery of druaysd nucleic acid$**
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There are a number of circumstances where dual @ndgsiRNA delivery could
achieve a synergistic therapeutic outcome. One pbans the restoration of drug
sensitivity in cancer cells by the knockdown of geithat are involved in the resistance
to one or more chemotherapeutic agents. An exaisptbee inducible P-glycoprotein
(Pgp) gene that encodes for a gene product knowimeasiultiple drug resistance protein
1 (MDR-1)? Pgp is constitutively expressed in normal celishsas capillary endothelial
cells in the blood brain barrier but also is sel@ty overexpressed in carcinomas of the
stomach, breast, pancreas, and cervix in respanse number of chemotherapeutics
agents: If overexpressed, Pgp could lead to drug resistéecause MDR-1 contributes
to the formation of a drug efflux pump that prewerhe intracellular buildup of
chemotherapeutic ageritsBecause Pgp overexpression is one of the majohanésms
of multiple drug resistance (MDR) in cancer cetispckdown of Pgp gene expression by
nanoparticle siRNA delivery could help to restohe tintracellular drug levels to the
concentrations required for induction of apopt@sig cytotoxicity. Thus, dual drug and
SsiRNA delivery by nanoparticles can be used to owee drug resistance in MDR cancer
cells.

To test the utility of MSN as a dual delivery ptath, we used the drug-resistant
squamous carcinoma cell line, KB-V1, to see if kgeckdown restores doxorubicin
(Dox) sensitivity. KB-V1 cells exhibit MDR as a 6 of Pgp overexpression.To
effectively engineer particles to deliver Dox adlves Pgp siRNA, it was necessary to
demonstrate that particle functionalization by #tachment of negative (phosphonate)

as well as positive (PEI) surface groups is fumally effective. Moreover, since PEI
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delivery of siRNA constructs to the cytosol reqairatermediary lysosomal processing,
we were also interested to determine whether tidoeytic route is appropriate for Dox
delivery. We demonstrate that Dox can be stablgch#d to the porous interior by a
proton-sensitive electrostatic binding interacttbat allows effective drug release from
the acidifying LAMP-1-positive compartment. Pgp BiR co-delivery increases
intracellular Dox concentrations with improved dgtdac killing. The improvement of
Dox resistance provides proof-of-principal testingt MSN can be engineered to provide
contemporaneous drug and siRNA delivery by effectige of charge and the state of
protonation or deprotonation at the particle swefac

6.3. Resultsand Discussion
6.3.1. PEI-MSN-Mediated EGFP Silencing in PANC-1 Cells

The ability of PEI-MSNs to complex with siRNA wasrdirmed by UV
absorption measurements and gel assays. PEI-MSisimgeibated with enhanced green
fluorescent protein (EGFP) siRNA overnight at 4 ttCallow loading. They were then
washed with phosphate buffered saline (PBS) saiutioremove any unbound siRNA.
Double-stranded siRNA has 11 base pairs per tLith,axdiameter of 2.6 nriT.Since our
nanoparticles have an average pore diameter airf,5t is plausible for siRNA to enter
MSN pores if they adopt the necessary orientatitowever, because PEI coats both the
external and pore nanoparticle surfaces, it is niikedy that the majority of bound
siRNA attaches to the external surface since nocpéar siRNA orientation is required.
The gel assay showed negligible release of siRNA&nwhound to PEI-MSNs during

electrophoresis (Figure 6.2, Lane 4). To confirra thinding between PEI-MSNs and
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SiRNA, absorption measurements determined thatrdg®f PEI-MSNs could sequester
approximately 0.35 nmol of siRNA (approximately thg@ mg* siRNA/MSN; Figure
6.1C). Agarose gel electrophoresis analysis alsbbshed that PEI-MSNs could protect
siRNA from enzymatic cleavage. It has been preWougported that carbosilane
dendrimer nanoparticles exhibit a protective effent nucleic acid$® We sought to
determine if the same was true for MSNs followihg published protocdf. Similar to
our UV absorption experiment, PEI-MSNs were load&tt EGFP siRNA by incubating
them overnight at 4 °C. After washing with PBS émiove unbound siRNA, RNase A
was added to the complex in solution, incubate®l’étC for 1 h, and heparin was used to
liberate siRNA from the PEI-modified nanoparticlesmediately before running on the
gel. Naked siRNA was completely degraded by RNasdréatment prior to gel
electrophoresis (Figure 6.2, Lane 2), while siRMN#amed in the gel wells due to their
union with MSNs showed no signs of RNase degradatibatsoever (Figure 6.2, Lane
4). The small amount of siRNA that was not boundhe MSNs in the sample was
presumably degraded due to RNaseA (Figure 6.2, danenally, the bound siRNA was
found to be still intact following exposure to RNa#é treatment and subsequent
dissociation from MSNs by heparin (Figure 6.2, La)eThe size of the releasedsiRNA
was the same as that released from PEI-MSNs (Lanas5a control, we also released
bound siRNA with heparin then exposed the dissedi@omplex to RNase to confirm
that free siRNA could still be degraded (Figure, &@ne 6). Thus, we have shown that
PEI-modified MSNs are able to efficiently complektwsiRNAs and protect their SIRNA

payload from enzymatic degradation, an importardifig if PEI-MSNSs are to be utilized
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in in vivo therapies. Next, we wanted to determine the isthalar fate of PEI-MSNs as
SiRNA carriers. In particular, it was of great inmf@nce to provide evidence of activity of
the siRNA inside cells. This capability was testadPANC-1 cells stably expressing
EGFP (PANC-1/EGFP) through Lipofectamine 2000-miediadransfection. To test the
specificity of knockdown, two different types ofRMNAwere used for nanocomplex
formation: SIRNA against EGFP and a scrambled siRBEfuence as a control.
Ahomogenous suspension of the EGFP siRNA-loadedMP s in fetal bovine serum
(FBS)-free media was added to PANC-1/EGFP cellddtermine if the nanoparticles
were able to transport siRNA into cancer cells sirehce EGFP expression. The EGFP
transgene was chosen for our initialvitro experiments because EGFP’s fluorescence
properties facilitated analysis of silencing ef#tioecy (Figure 6.1A). As EGFP emits
strong green fluorescence (509 nm) under UV exeitgB95 nm), we used fluorescence
microscopy to monitor the distribution of EGFP-eegBing cells following treatment
(Figure 6.3A). As seen in Figure 6.3A g and h, siRINaded PEI-MSNs caused
dramatic decrease in the number of fluorescens ¢eimpare Figure 6.3Ad and h). As a
comparison, a suspension of the same concentratiBGFP siRNA in FBS-free media
was transfected into the cells by lipofectamine@(figure 6.3Ae, f). It appears that the
use of siRNA-PEI-MSNs provides comparable or evetien efficacy of delivering
siRNA in silencing EGFP compared with Lipofectami(fégure 6.3A, B, the down-
regulation by siRNA-PEI-MSNs in PANC-1 cells is 8%). Control formulations with
scrambled siRNA introduced through lipofectamine RiI-MSNs revealed that gene

silencing was highly specific. These results sugggethat sSiRNA-loaded PEI-MSNs are
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capable of sequestering and protecting siRNA, altveting it intracellularly to affect
transgene shutdown. Having proven that PEI-MSNs dehver siRNAto silence
transgene expression, the next logical step wassilence an endogenous gene.
Accumulating genetic and cancer biology studiescete a prominent role for Akt in
cancer cell growth and survival, and have culmithatethe aggressive development of
PI3K/Akt pathway inhibitors as cancer therapieSherefore, we decided to test firstly
the effect of delivering siRNA against Akt by PEISNs to human cancer cells. A
homogenous suspension of the Akt siRNA-loaded PENS! in FBS-free media was
added to PANC-1 cells and incubated as describ#teiexperimental Section. Western-
blot analysis indicated that upon incubation wiiRNA-loaded nanoparticles, Akt
expression was attenuated (Figure 6.3C, comparesLa4, and 5). As a positive control,
Akt siRNA was also introduced through Lipofectam@00 transfection into PANC-1
cells, and Akt expression was reduced to a sindégyree as with nanoparticles (Lane 3).
Thus, siRNA-loaded PEI-MSNs are capable of delhgersiRNA into cancer cells to
effect gene silencing of endogenous targets. Tthdéurinvestigate the shutdown of
endogenous gene by PEI-MSN delivery of siRNA, wet tested K-ras signaling with a
siRNA against K-ras, which is another critical &trdor cancer therapeutics, because
activated mutations of K-ras are found in varioasaers, including pancreatic cancers.
As shown in Figure 6.3D, expression of p-Erk, @&clirdownstream molecule of K-ras,
was significantly reduced by PEI-MSN-mediated siRkbdmpare Lanes 1, 4, and 5).

The total Erk level, on the other hand, was unckdng
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6.3.2. Simultaneous Délivery of Dox and Pgp SsSRNA to KV-V1 Cells

To assess the efficacy of Pgp siRNA delivered by &dated particles, Pgp
expression was followed by Western blotting. Thesndnstrated 80 or 90% reduction in
MDR-1 expression in cells treated with PEI-coatedtiples that contain the 10 and 25
kD polymers, respectively. This efficacy was maimea in Dox-loaded MSN. Scrambled
SiRNA-PEI-MSN was used as a negative control te it any impact by the siRNA
delivery method. No Pgp knockdown was seen in ¢thansbled siRNA-MSN group. The
PElcoated particles were also more effective thencommercially available transfection
agent, Lipofectamine 2000, which is widely usedniolecular biology.

An important consideration in the use of PEI ispitgential cytotoxicity" In this
regard, we have recently shown that polymer sizysplan important role in the
cytotoxicity that results from proton sequestratioy unsaturated PEI amines in the
lysosomal compartment. Thus, before the performance of Dox-induced cydotty test,
it was necessary to compare the cytotoxic poteotidlISN coated with different PEI
polymer length. In brief, the findings were that M$oated with the 25 kD polymer
shows considerable toxicity in the MTS assay whwan particle concentration is >25
ug/mL. By contrast, particles coated with 10 kD Pidve no toxic effects if the
concentration is kept <10@g/mL and the exposure time is limited to <24 h.
Consequently, we used MSN at doses <1@OnL and for exposure time periods <24 h
in the drug delivery studies to avoid effects off embility. Although no cytotoxicity
was seen with the 1.8 kD PEI polymer, this partisleelatively ineffective for sSiRNA

delivery and Pgp knockdown.
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We have recently demonstrated th&SN are capable of loading and releasing
water insolubledrugs (paclitaxel and camptothecin) byplaase transfer mechanism that
can be reversed by ethanwalashing of the particles to demonstrate the rofe
hydrophobicity in MSN drug entrapmeht’* A key question was whether similar
effective packaging ofvater-soluble Dox, is possible at physiological pHhere the drug
(pKa = 8.2) carries a positive charg@ne conceivable approach is electrostatic
attachmentto the negatively charged MSN surface. To test gussibility, Dox was
loaded in MSN decorated with OBOOH, or phosphonate groups. These particles were
also compared to positively charged particles deedrwith amine groups. After
washing of the drugbounghrticles and quantification of Dox releaseHh@l, the loading
capacities of OH-, COOH-, anghosphonate-MSN were 1.2%, 4.2%, and 8.4% (w/w),
respectively. By contrast, amine-decorateakticles showed low (<0.1%, w/w) Dox
binding capacity. The principle of electrostatiading toa negatively charged particle
surface was also demonstratbdough the use of a cationic dye, HoecB3842, which
bound to a negative but not a positM&N surface. Importantlyglectrostatic binding of
Dox to the phosphonasurface was not negated when the particles ais@ecoated with
10 or 25 kD PEI polymers; these partictesmonstrated an equivalent loading capacity to
the uncoated phosphonate particles.

Importantly, Dox could be released in a time depemdnanner from the
phosphonate-MSN oPEI-phosphonate-MSN surface by lowering of the tsmhupH.
The Dox release profile was naffected by the siRNA binding to PEI on the exterio

surfaceof the particle. This establishes the possibilitattintracellulardrug release
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should be possible if the particles are capalblgaining entrance to acidifying cellular
compartmentsTo determine whether this is possible KiB-V1 cells, we studied the
intracellular localization ofFITC-labeled MSN in relation to lysosomal costagqiny
fluorescent labeled anti-LAMP-1 antibody. Indeednfocal microscopy confirmed >55%
colocalization otthe green-labeled particles with the red-labelsd$pmes. Moreover, in

a subsequent confocstiudy we demonstrated that released Dox from P&lkdparticles
after entrance into the lysosome coudéch the nucleus, which was brightly stained by
the fluorescent drug. Please notitkat some of the drug was retained in particles
localizedin the peri-nuclear region. This visual imageanged completely when cells
were treated witiNH4CIl; most Dox remained confined to the lysosomaipartment
with little or no nuclear staining. This suggeshatt the interference itysosomal
acidification by NHCI prevents effective Doselease to KB-V1 nuclei.

We have already discussed tiedative inefficiency of free Dox to induce KB-V1
cytotoxicity as a result of the rapid rate by which the dwap being exported by the
overexpressed Pgp. IntracellulBlox concentration can be determined by measuring
cellular Dox fluorescence intensity in a microplateader (Figure 6.5A). The
comparatively low drug uptakafter treatment with free Dox was slightly improvieg
delivering the drugvia the phosphonate-MSN. Whilidhe total amount of intracellular
drug increased wheheing delivered by particles coated with the 10 RBI polymer
(Figure 6.5A), little of the drug reached thacleus as determined by confocal imaging
(Figure6.5B). Interestingly, the intracellular Dox conasibn increased significantly in

the presence of siRNA (Figu@5A) so that there was also a significant increiase
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nuclear Dox staining by 72 h (Figure 6.5B). Thisittastswith most of the Dox being
confined to the endosomabmpartment in cells not receiving siRNA, suggestinat
although PEI-MSN may take more Dox into ¢ells, any released drug is rapidly
extruded from thecell before reaching the nucleus (Figure 6.5B).sTéuiggestghat
knocking down Pgp expression allows a sufficienargity of the drug being slowly
released from the particle to entdne nucleus where it induces cytotoxicity. A
guantitative measurement of Dox release to the nucldusugh the use of Image J
software confirmed a statisticallignificant increase of the drug in KB-V1 nucleteaf
delivery by siRNA-PEI-Dox-MSN as compared to freexDor Dox loaded into the
particles without siRNA(Figure 6.5C). Dox delivered by PEI-MSN in the neseof
siRNA significantly enhances intranuclear Dogncentration when compared to free
Dox or Dox deliveredy MSN or PEI-MSN without siRNA.

To reconcile these findings with improved cell ikitj, we used the MTS assay to
compare KB-V1 cytotoxicityunder incremental Dox concentratiddn the basis of the
calculated 1G, values of the varioutormulations, it was possible to rank the killing
efficiency as follows: siRNA-PEI-Dox-MSN > PEI-Dox-MSN Dox-MSN > free Dox.
Moreover, the Ig, value of the siRNA-delivering MSN was approximat@&y times
lower than the 16y of free Dox or other Dox-loadegharticles. This suggests an additive
effect betweerthe drug and the siRNA that are being delivdrgdSN. Although it was
not possible to restore drggnsitivity to the level seen in KB-31 cells, weaultbclearly
observe a much higher percentage of apopt®BeV1 cells after treatment with Dox-

loaded MSN thatodeliver siRNA as compared to free Dox or Dox \deed by non-
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SiRNA delivering particles. Weonfirmed the flow cytometry data through the u$e o
another apoptosis assay using TUNEL staining, whiehwed an identicatend. Failure
to fully restore drug sensitivity could lmkie to extremely high levels of Pgp expression
and/oradditional drug resistant pathways in KB-V1 thateweot targeted in the current
research. Because of the duratadriime it takes for the SiRNA to exert its effeate also
analyzed cell viability after longer treatment pés (e.g., 96 h) but did not observe any
improvementin cytotoxicity. Inaddition, we also treated the KB-V1 cells by coausii
tration of Dox and Tariquidar, which is a potendagffective Pgp inhibitor in human
clinical trial, to see if wean restore KB-V1 sensitivity to that seen in KBells.While
this combination significantly improves cell kilancapability in KB-V1 cells, it is
incapable of completelyestoring Dox sensitivity to the level seen in KB-&lls.

6.4. Conclusions

We have successfully shown nanocomplex assemblyeleet PEI-MSNs and
siRNA. Introduction of PEI to MSNs significantly proved the encapsulation of SIRNA
and its release, compared to siRNA/PEI complex,levht the same time conferring
protection from enzymatic degradation. The lattedihg is of notable significance
because it supports the possibility of utilizingliMESNs inin vivo silencing applications.
Our technique offers a unique opportunity to fadecwell-defined and homogenously
distributed nanocarriers for siRNA delivery.

Intracellular siRNA release is the proposed medmarof gene silencing observed
with PEI-MSNs. The exact mechanism and timing sumding the release of nucleic

acids from MSNs remains to be determined; howeyenge silencing has been detected,
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indicating that a dissociation event has occurfevious work in our laboratory has
shown that MSNs localize to the lysosome of mamamakells upon cellular uptake
before releasing their conteritd? This parallels the suggested theory that PE| gsnfe
increased gene delivery to nanoparticles due td'pkston sponge effect”, allowing
endosomal escape> ° This provides the possibility of using PEI-coatd$Ns forin
vivo siRNA delivery for biomedical applications.

MSNSs can also be functionalized to act as a dualetyg vehicle for Dox and Pgp
siRNA in a drug resistant cancer cell line. To ione the drug sensitivity of KB-V1 cells,
we used phosphonate attachment to deliver theaswgell as the siRNAia a lysosomal
processing pathway. This dual delivery system ioed the intracellular Dox levels to
the extent that it improves cytotoxic killing inishKB-V1MDR cell line. This strategy
could be an effective new approach for the treatnoércancers that develop multiple
drug resistance.

6.5. Experimental

Synthesis of nanopatrticles and loading of siRNA:chemicals for the synthesis
of the nanoparticles were purchased from Sigma+&idr The PEI-MSNs were
synthesized by first dissolving 100 mg cetyltrimgéimmonium bromide (CTAB,
Aldrich, 95%) in a solution of 48 mL water and 3B sodium hydroxide (2 M) and
heating to 80 °C. After the temperature had stadulj 0.5 mL of tetraethylorthosilicate
(Aldrich, 98%) was added into the aqueous solutiontaining CTAB surfactants. After
15 min, 127 mL of 3-(trihydroxysilyl)propyl methyhosphonate (Aldrich, 42%) was

added into the mixture, and the solution was stirffer another 2 h. The resulting
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particles were centrifuged and washed with methahbé surfactants were removed
from the pores by dispersing the particles in aitsmh of 20 mL methanol and 1mL
hydrochloric acid (12.1 M) and refluxing the mix¢ufor 24 h. The materials were then
centrifuged and washed with ethanol. 5mg of pasiakere then dispersed in a solution
of 2.5 mg polyethyleneimine (PEI 1.2, 1.8, 10, 7y land 1 mL absolute ethanol, stirred
for 30 min, and then washed with ethanol and desxhivater.

The synthetic siRNA and negative control sequentzegeting the EGFP
transgene were purchased from Ambion, CA (AmbioFEGIRNA, Cat AM4626). The
synthetic siRNA sequences for human K-ras (sen§2)AUGGUCCUAGUAGGAAALt,
Antisense, 5-UUUCCUACUAGGACCAUAGQgt) were purchadesin Ambion Applied
biosystems, for human Akt from Cell Signaling (SaBilence Akt siRNA I, #6510). All
SiRNA sequences were prepared in DepC-treated Wwatefinal concentration of 50 mM
and stored at the appropriate temperature.

To load siRNA onto nanoparticles, PEI-MSNs wereated with siRNA at a
nanoparticle: siRNA ratio of 1:25 by mass in FB&efrmedia at 4 °C. After 24 h, the
mixture was centrifuged and the supernatant wasveth By using a spectrophotometer,
the absorption measurements of the original saludiod the supernatant were compared
to determine the amount of SiRNA that was loadetb dhe PEI-MSNs. The siRNA-
loaded PEI-MSNs were then resuspended in the atigimlume and vortexed to disperse
the loaded nanoparticles.

Because Dox is positively charged under physiokgoH, it was necessary to

demonstrate that phosphonate or other anionic rggoups are effective for drug
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binding, including binding in particles that haveeln coated with PEI. To demonstrate
this principle, we decorated particle surfaces wahboxylate (COOH) and amine groups
in addition to phosphonate and silanol (OH groupi$le surface functionalization was
achieved by mixing organoalkoxysilanes (made uetiranol) with TEOS before adding
the mixture into the CTAB solution.23 For carboxglamodification, 50uL of
cyanoethyltriethoxysilane was mixed with 500 of ethanol and 50QL of TEOS, then
added into the surfactant solution. After the stteat removal process, the particles were
further heated in a solution of 50% sulfuric aaidhydrolyze the cyanide groups into
carboxylic groups. For amine modification, 7@ of aminopropyltriethoxysilane was
first mixed with 500uL ethanol and 50QL TEOS, and then this mixture was added to
the surfactant solution. After 2 h, the solutionswaoled to room temperature and the
materials were washed with methanol before theastaht removal process was
performed.

Cell culture: The human cancer-cell line PANC-1 waaintained in Dulbecco’s
modified Eagle’s medium (DMEM; GIBCO) supplementeith 10% FBS (Sigma), 2%
L-glutamine, 1% penicillin, and 1% streptomycin ctosolutions. The medium was
changed every three days, and the cells were pas$shy trypsinization before
confluence.

Gel electrophoresis and RNase protection assays. [potective-effect
experiments, siRNA-loaded PEI-MSNs or siRNA aloneravincubated with 0.25%
RNase (Sigma) for 1 h and then loaded on a 4% agagel containing 0.0125%

ethidium bromide and run at 100 V for 30 min. Tease the bound siRNA, PEI-MSNs
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loaded with siRNA were treated with 16.6 uL™ heparin in DEPCtreated water
immediately before gel electrophore¥is.

Fluorescence microscopy: PANC-1 cells were seed@&dwell plates at a seeding
density of 5x104 cells/well 24 h prior to the expent. Following attachment, the
medium was changed and the cells were transiemahgfected with the EGFP transgene
(2.3 mg/mL/well) using Lipofectamine 2000 (Inviterg) to constitutively express high
levels of the protein. Following incubation for 4k@at 37 °C, the medium was changed
to serum-rich medium to allow the cells to recovdter 24 h, the cells were then treated
with nanopatrticles loaded with EGFP-targeted siR{0AL mg nanoparticles/mL/well),
SsiRNA (dose equivalent to that in the nanoparticdatment) along with the transfecting
agent Lipofectamine 2000, nanoparticles containsggambled siRNA, or empty
nanoparticles. All the treatments were carried iouthe respective growth medium
without serum. After 24 h incubation with the treants, cells were washed with PBS
and incubated in serum-rich media for 48 h. Therffscence of the nanoparticles at an
excitation wavelength of 395 nm was used to confiimoccurrence of GFP expression.
PANC-1 cells that were transiently transfected wite EGFP transgene were incubated
with PEI-MSNSs for 48 h and then washed with DMEMdwen and PBS to wash off the
nanoparticles that did not enter the cells. Thésagére then monitored by fluorescence
microscopy with an excitation wavelength of 395 rangd emission wavelength of 509
nm. The green emission was passed through a 53bamdpass filter. The emissions
were collected by using two photomultiplier tubeSFP exhibits intense green

fluorescence under UV light. This property alloviag tuse of fluorescence to study the
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distribution of GFP in PANC-1 cells. PANC-1 celleme incubated with siRNA-loaded
PEI-MSNSs or siRNA suspended in PBS (160 nm) foh4&ashed three times with PBS,
and then examined by fluorescence microscopy udsfdight.

Western-blot analysis: PANC-1 cells were seedetiZiwell plates at a seeding
density of 1.5105 cells/well 24 h prior to the eppeent. Following attachment, the
medium was changed and cells were then treated nailoparticles containing Akt- or
K-rastargeted siRNA (175 mg nanoparticles/mL/weliRNA (dose equivalent to that in
the nanoparticle treatment) along with the trartgigc agent Lipofectamine 2000
(Invitrogen), nanoparticles containing scrambldé@NA, or empty nanopatrticles. All the
treatments were prepared in serum-free DMEM. Afgdr h incubation with the
treatments, cells were washed with PBS and incdlateerum-rich DMEM to allow for
recovery.

Proteins were separated by gel electrophoresispmtyacrylamide gel containing
SDS and then transferred to nitrocellulose memlstamee membranes were blocked
with tris-buffered saline (TBS) containing 5% (w/sBimmed milk. After being washed
with TBS containing 0.1% Tween 20 (Sigma), the memnbs were incubated overnight
at room temperature with the first antibody (antpdor Akt, K-ras or p-Erk, Cell
Signaling) diluted in TBS. After washing, the mebes were incubated for 2 h at room
temperature with the second antibody (Santa CruseBhnology, CA). Bands were
detected with an ECL system (Amersham Pharmacise&hiok.K., UK).

SIRNA-PEI-MSN Exposure and Assessment of PGP EspesPgp siRNA-PEI-

MSN complexes were freshly prepared as describeseablhe siRNA duplex consists
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of 5-r(CGGAAGGCCUAAUGCCGAA) dTdT (sense) and 5-
r(UUCGGCAUUAGGCCUUCCG) dTdG (antisense) strandsstfi5 L of 250 ngfiL
Pgp siRNA or scrambled siRNA was added to 1§0of PEI 1.8 kD-MSN (N/P ratio =
80), 100ug of PEI 10 kD-MSN (N/P ratio = 80), or 125 of PEI 25 kD-MSN (N/P
ratio =10), in 5uL of aqueous solution. After incubation at room pamrature for 30 min,
the complexes were stabilized by 1 mg/mL BSA anehttransferred into 1 mL of
complete DMEM. KB-V1 cells were plated at 2 x°X@lls per well, then exposed to the
complexes for 16 h. After exposure, the medium wegsaced with fresh DMEM
containing 10% FCS and cultured for a further 56Cllls then were harvested for
immunoblotting as outlined in the Supporting Infaton, section S1. A commercially
available cationic liposomal transfection agentp@fectamine 2000) was used as a
positive control. Protein abundance was quantibgddensitometric scanning using a
laser Personal Densitometer Sl and Image Quamwait(Amersham Biosciences).
Determination of Intracellular Dox ConcentrationoXDuptake in KB-V1 cells
was quantitatively evaluated in a microplate readét2 h; 5 x 104 cells were placed into
a 96-wells plate and treated withp®/mL free Dox or the equivalent amount of drug
loaded into MSN before or after PEI coating, withwathout attachment of Pgp siRNA.
Following the washing of the cells in cold PBS, th&racellular Dox fluorescence was
detected at excitation and emission wavelength8&%/%60 nm in a microplate reader
(SpectraMax Mb5Microplate Reader, Molecular Devidé¢SA). Moreover, we also
captured confocal images at the end of experimeraige J software (version 1.37c, NIH)

was used to analyze the nuclear fluorescence.
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Assessment of Cytotoxicity and Apoptosis in KB-VEIE Treated with Dox-
Loaded Particles in the Absence and Presence o§iRi)A: To measure cytotoxicity of
the different Dox formulations, KB-V1 cells were#ated with free Dox, Dox-MSN, PEI-
Dox-MSN, and siRNA-PEI-Dox-MSN, respectively. Fdret latter two particle types,
incubation time was for 16 h before replenishmérihe old medium with fresh complete
DMEM and performance of a MTS assay at 72 h. Orbdmes of the absorption readout
at 490 nm, the IC50 of free and Dox-loaded MSN weleulated. We also assessed the
induction of apoptosis at 72 h through the use whéxin V-SYTOX Blue. Briefly, 5 x
10° cells were harvested and stained by FITC-AnnexiSYTOX Blue working solution
(Annexin V, Trevigen; SYTOX Blue, Invitrogen) atam temperature for 15 min. The
cells were washed in binding buffer before perfamoea of flow cytometry (Becton
Dickinson, Mountain View, CA). Data analysis wasfpaned by BD CellQuest. To
confirm the flow data in which there may be a minwerlap of Dox with FITC-Annexin
V, a TUNEL detection kit was used according to thanufacturer’s instructions to
confirm the induction of apoptosis. Briefly, 72 dllbwing treatment with free Dox or
Dox-loaded particles, cells were washed, fixed, g®imeabilized before TUNEL
staining. The number of TUNEL-positive cells wassessed under a fluorescent
microscope (200x%). At least 3 fields were countgdhe same investigator to calculate
thepercentage of TUNEL positive cells.

Statistical AnalysisData represent the mean standard deviation forichipl or

triplicate measurements in each experiment, whiels wepeated at least three times.
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Differences between the mean values were analygdddsided Student'stest or one

way ANVOA, and results were considered statistjcsifjnificant afp < 0.05.
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6.6. Figuresand Tables
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Figure 6.1. A) Conceptual diagram of siRNA-mediated EGFP gsihencing utilizing
mesoporous silica nanopatrticles as delivery vesidtelycation adjuncts (i.e., PEI) allow
binding between nucleic acids and MSNs. B) Scaneiegtron microscopy images of
the MSNs. C) Quantitative binding assay between-fuFkace-modified MSNs and
EGFP siRNA. siRNA and PEI-MSNs were mixed and edativernight at 4 8C, and then
spun down at 5000 rpm for 1 min to pellet the MSNke supernatant containing
unbound siRNA is quantified and subtracted from #tartingamountofsiRNA to
determinethe percentage of siRNAboundto PEI-MSNs.fifajority of SIRNA remains
attached to PEI-MSNs. D) Binding between nanopagiand siRNA is mediated by an
electrostatic interaction between positively chdr§&l on the surface of the MSNs and
negatively charged siRNA reagents. E) Schematigena part of the surface of PEI-
MSNSs.
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Lane 1 siRNA

Lane 2 siRNA+RNase
Lane 3 MSN+RNase

Lane 4 MSN(siRNA)+RNase
Lane 5 MSN(siRNA)+Hep
Lane 6 | MSN(siRNA)+Hep+RNase
Lane 7 | MSN(siRNA)+RNase+Hep

Figure 6.2. PEI-MSNs can bind and protect siRNA from cleavbyeRNaseA. PEI-
MSNs loaded with siRNA are treated with RNase Anga&), or with heparin (Lane 5),
or with RNaseA followed by heparin (Lane 7), or &ep followed by RNase A (Lane 6),
as described in the Experimental Section. The sesnwkre run on a gel and visualized.
Lane 1 shows gel migration of siRNA. In Lane 2,d/Rafter RNase A treatment was
analyzed by gel electrophoresis. siRNA bound toMMENs was retained in the gel wells
and showed no sign of degradation (Lane 4). PEI-st8dbund siRNA was intact
following incubation with RNase A and subsequergsdciation by heparin (Lane 7).
siRNAdissociated fromPEI-MSNsby heparin isshowind 5. On the other hand, sSIRNA
that dissociated from PEI-MSNs by heparin was digplawhen exposed to RNase A

again (Lane 6).
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Figure 6.3. A) Visualization of PEI-MSN-mediated EGFP silergiwith fluorescence
microscopy. a,b) Untreated PANC-1 cells as a negatbntrol. ¢,d) EGFP-expressing
PANC-1 Cells. e,f) EGFPexpressing PANC-1 cells gfacted with EGFP siRNA by
lipofectamine as a positive control. g,h) EGFP-esping PANC-1 cells treated with
EGFP siRNA-loaded PEI-MSNs. Left: phase imagestilgiorescent images. B)
Western-blot analysis ofPANC-1cells transfectedhw@3FP and subsequently knocked
down with eGFP-specific siRNA delivered by the Ligctamine 2000 or PEI-MSNs
loaded with eGFPsiRNA. C) Western-blot analysif8INC-1 cells treated with sSiRNA
against Akt delivered by the chemical transfectieagent, Lipofectamine 2000 (Lane 3)
or siRNA-loaded PEI-MSNSs (Lane 5). Lane 1 shows ikintreated cells. Lane 2 shows
Akt in cells treated with scrambled siRNA deliveteg Lipofectamine. Lane4 shows Akt
in cells treated with PEI-MSNs loaded with scramdld&RNA. D) Western-blot analysis
of p-Erk in cells treated with siRNA against K-raslivered by Lipofectamine (Lane 3)
or with PEI-MSNs loaded with siRNA against K-rasafle 5). Lanes2 and 4 show p-Erk
in cells treated with scrambled siRNA delivered biypofectamine and PEI-MSNSs,

respectively.
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(B)
Size in H,O Size in BSA Size in Zeta Potential in
1 2
MSNE Exterier Gait fif) CDMEM (nm) H,0 / CDMEM (mV)
PEI 1.8 kD-MSNP 1201 360 294 129.5/-4.6
PEI 10 kD-MSNP 758 241 261 134.1/-3.8
PEI 25 kD-MSNP 1152 247 252 +31.7/-3.7

Figure 6.4. Physiocochemical characterization of PEI-coated\M@&) TEM image of
phosphonate-MSN before and after coating with thekD PEI polymer. The arrows
indicate that the polymer decorates the MSN surfiagk leaves the porous interior
accessible to drug loading. (B) Particle size aeth zpotential in pure water, after
stabilization with 1 mg/mL BSA in water, or in DMEMell culture medium, were
measured. None of the size and zeta potentialatataot significantly changed when the
MSN were loaded with Dox and siRNA.
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Figure 6.5. Simultaneous delivery of Dox and Pgp siRNA to theleus leads to a
synergistic increase in cellular and nuclear Dasele in KB-V1 cells. (A) Quantitative
comparison of Dox levels using a fluorescent reaadicellular drug levels 72 h after
introduction of treatment, using 2 _g/mL free Doxtbe equivalent amount of drug
loaded into MSN before or after PEI coating or [B&ting followed by the attachment
of Pgp siRNA. (B) Confocal images showing drug ¥ptan KB-V1 cells that treated
with 5g/mL free Dox or the equivalent amount ofgltaaded into various MSNs for 72 h.
Please note that while free Dox could not be maiathintracellularly, Dox delivered by
MSN (Dox-MSN) were retained in the particles thatdlized in the peri-nuclear region.
PEI-Dox-MSN significantly enhanced particle uptakenpared to the unmodified MSN.
However, while much of the drug remained confinedhe particles, nuclear staining
could be observed when Pgp siRNA was added tgtatform. Thus, Pgp knockdown is
likely effective at maintaining the Dox that iseaked from the particles long enough to
allow the drug to find its way to the nucleus. Tde#l membrane was stained by Alexa
633-conjugated WGA (cyan color). Dox staining isr@d. (C) Quantitative analysis of
the nuclear fluorescence signal in KB-V1 nuclei wa&sformed by the use of Image J
software.
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Chapter 7

In Vivo Tumor Suppression Efficacy of Mesoporous Silicadzarticle-Based Drug
Delivery System
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7.1. Abstract

Mesoporous silica nanoparticles (MSNs) are a primgignaterial for drug
delivery. In this chapter, thdrug delivery capability of MSNs is demonstratedf@ijowing
tumor growth in mice treated with camptothecin-leddMSNs. These results indicate that
MSNs are biocompatiblgreferential accumulate in tumors, and effectiwajiver drugs to
the tumors and suppressmor growth.Dramatic improvement of the potency of tumor
suppression was obtaineég surface modifying MSNs with folic acid. Dose @egent
tumor suppression was obsenaxiablishing 0.5 mg of CPibaded MSNs per mouse as
a minimum dose sufficient for achieving compldtenor growth inhibition. Renal
excretion of MSNs was also confirmed with TEM inmagi These findingsighlight
attractive features: biocompatibility, renal clesm@a and tumesuppressing ability of
MSNs asa drug delivery system. The biological experimadscribed in this chapter
were performed by Dr. Jie Lu at UCLA.

7.2.  Introduction

We and other groups have shown that MSNs could desl @s druglelivery
vehicles, gendransfection agents, cell markers, and carriers noflecules-*?
Conjugation with specific ligands or antibodiesgtsas folic acid, allows the targeting of
nanoparticles to special cell types, such as carelés. In our previous studies, we have
successfully incorporated a representative hydrbighanticancer drug, camptothecin
(CPT), into the pores of MSNs and delivered thegdmua variety of human cancer cells
to induce cell death. These results suggest tlkeansoporous silica nanopatrticles can be

used as a vehicle to overcome the insolubility [mwbof many anticancer drugs:> *#
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Many studies also showed the biocompatibility of W&3n vitro with culture cells as
well asin vivo with animalst**®

The most important question regarding the use &foperous silica nanoparticles
as a drug delivery vehicle for cancer therapy ianexing its success for delivering
anticancer drugs to tumors and suppressing thewtgrin animal study. Although there
are many cell studies demonstrating that MSNs arg promising materials for drug
delivery in tissue culture cells, there are fewdsts that extended the successnofitro
studies to animal settings. The versatility of M3Memises a new drug delivery vehicle
with better blood circulation times, biocompatityiliand clearance from the animal
body* *® which envisions promising nanomaterials for futehiaical application. We
were the first to demonstrate, in our previous gtutdat MSNs are very effective for
antitumor drug delivery and that the tumor suppossswas significant with a
subcutaneous human breast cancer xenograft in‘fhloethat study, the subcutaneous
tumors in mice were virtually eliminated by treatirwith CPTFloaded MSNs or
CPT-loaded folatemodified MSNs (FMSNSs), proving that the high diegding ability,
low toxicity, and tumofaccumulating effect of MSNs provide a promisinggddelivery
vehicle for cancer therapy. However, much more warkneeded. It is important to
examine whether MSNs are capable of suppressingrttypes other than breast cancer.
It is also important to employ different adminisioa conditions as well as to optimize
the dosages of MSN administration in animal. We alsnted to further examine the

effects of targeting MSNs.
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In this chapter, animal tumor studies of MSNs oealst cancer and pancreatic
cancer xenografts will be presented. It will be whahat CPTloaded MSNs and folic
acidconjugated MSNs (FMSN) (folate receptargeting) (Figure 7.1) exhibit significant
tumor suppression effects. Different dosages wdse @&xamined to obtain dose
dependent inhibition of tumor growth. In the prdsstudy, we also addressed our
previous preliminary observation that MSNs are etext. We show that MSNs excreted
in the urine have similar features to those in@gateluding their size.

7.3. Resultsand Discussion
7.3.1. Invivotumor suppressing effect of drug-loaded FM SNs

Thirty nude mice with established xenografts of laanbreast cancer cell MCF-7
were randomly divided to 5 groups, and the intraapeeal injections were started when
the average tumor diameter reached 3 mm (14th flay iaoculation). Animals in the
first group received saline solution as controlo@r 2 was treated with camptothecin
dissolved in DMSO and diluted in saline. Group 3waated with plain FMSNs without
loading. Group 4 was treated with FMSNs loaded W@fT (the final concentration of
CPT is the same as group 2). Group 5 was treatddrv-MSNSs loaded with CPT. All
injections were done twice per week until the ehthe experiment (the 68day). Each
mouse was injected 18 times in total. The averamgy lweights are shown in Figure
7.2A. Only one mouse in group 2 exhibited sevexeity at the 45th day, manifested by
shivering, inactivity, severe necrosis of the tailaxic gait and sudden drop of body

weight (approximate 16.3 g). 50 mg/ml Amoxicillin (amoxirop, Pfizer Inc) was
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administered in thdrinking water, but no improvement was observedradtdays. This
mouse was therefoeuthanized on the 51st day.

As shown in Figure 7.2B, the tumors in the congnaup (group 1) and FMSNs-
treated group (group 3) kept growing, showing & gaswing period after the inoculation
of 17B-estradiol pellet on the 31st day. No significanffedence of average tumor
volumes was observed between these two groupsestilgg FMSNs themselves did not
affect the tumor growth in mice. Inhibition of tumgrowth was significant in the CPT-
treated group (group 2). At the end of this expenim(the 68th day), administration of
CPT suppressed the tumors to approximately 14%ootral, suggesting that it is
effective tumor-suppressing agent when dissolveldMS50. However, from day 48, the
average tumor volumes in groups treated with CRildd FMSN or CPT-loaded F-
FMSN (group 4 and 5) continuously declined, showagjer tumor-shrinking effects. On
the 62nd day, no obvious subcutaneous tumors weitdes(Figure 7.2B, C).

The results of the histopathological examination noice’s organs and the
hematology and serology examinations are summaime&dipporting Information Table
3. Mild subacute splenomegaly, hepatomegaly, bahteenomegaly and cardiomegaly,
based on percentage of body weight, were obsenvell isurviving mice, which are
common and non-specific findings in nude mice. Mddnoderate lymphoid hyperplasia
and moderate chronic bilateral adrenal capsulapgib were also detected in all mice
except the control mice. In addition, mildly elex@thematocrite was also seen in all
mice. The blood test from mice of group 2 (CPT tedamice) showed moderately to

severely elevated liver enzymes (ALT, AST), modenat severe hypoalbuminemia and
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hypoproteinemia, mildly elevated creatinine kinase well as mildly to moderately
decreased levels of calcium and phosphorus. Gro(tpedted with FMSN alone) only
showed mildly elevated ALT and AST. In the groupsndl 5 (treated with FMSN-loaded
CPT and F-FMSN-loaded CPT, respectively), seveoelgildly to moderately elevated
liver enzymes (ALT, AST) were detected.
7.3.2. Biocompatibility and excretion of MSNsin theurine

We have shown previously that MSNs prepared abowdiacompatible and that
they are excreted efficiently after administratioto mice!* In that study using nude
mice, we found that a majority of MSNs injectedoirthe mice bodies was excreted
through urine within four days by measuring Si a@mtcation in the urines with
inductively coupled plasma optical emission spentty (ICROES)* This feature of
MSNSs is important in designing tumor suppressiompeexnents in mice, as their
excretion can influence the schedule of MSN admvai®n. Therefore, we addressed
this excretion issue by examining the concentrabbr®i in the urine again, but with
regular mice this time. A total of 1 mg of MSN avIBEN was injected into three mice for
each kind of particle, which corresponds#65 g of Si. Urine and feces were collected
into separate collection tubes before and afterintfextions at different time points as
described in the methods for ICP analysis of Sceatrations. As shown in Figure 7.3B,
within the first 24 h after injection, approximaté&8 g of Si was detected in urine of the
MSN-injected mice, and 78g in the FMSNinjected mice. In the second day, 4§ and
42 ng of Si was detected in the urine of MSN and FM&dted mice, respectively.

Figure 7.3A shows cumulative amount of Si deteclidte renal excretion decreased in
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the following days. Within 6 days, approximately036) and 35Qug of Si were detected
in the urine and feces from MSN and FMSNinjectedamiespectively (Figure 7.3). A
part of the urine was examined with electron micope to confirm that the Si detected
represents that of intact silica nanopatrticles,fravth broken pieces. As shown in Figure
7.3C, MSNs were detected in the urine and the reatiofes recovered had the same size
as that of injected nanoparticles. Pores were lgleacognizable, suggesting the urine
excretion of intact nanoparticles. Thus, it appebet MSNs can be excreted within a
week after their administration. Taken togethehvatir previous results, it appears that
the majority of MSNs administered into mice candxereted. This led us to conclude
that twice per week administration of MSNs shoulovle effective means of delivering
anticancer drugs.
7.3.3. Tumor suppressing effect of CPT-loaded MSNs on PANC-1 xenograft in

nude mice

To examine the ability of MSNs to deliver anticandeugs and to suppress tumor
growth in mice, we used camptothecin (CiRdgded MSN as well as CH®aded folate
modified MSN (FMSN) on human pancreatic cancer geafs (PANG1) established on
nude mice. The amount of Chdaded MSN was determined based on our previous
experiments? In that study, we examined acute and long terricityxprofiling of MSN
and FMSN in mice, and determined that 1 mg per m@es day is the highest dosage
that can be injected into mice safely without indgcany toxicity to the animals. And
this concentration of both CH®aded MSN and FMSN was proved to be able to

completely eliminate the subcutaneous breast tunmothat study. In addition, in our
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previousin vitro studies, we observed similar ekilling effects of CPHoaded MSN and
FMSN on human breast cancer and pancreatic caslidines. Therefore, we decided to
test the tumor suppressing effect of GBaded MSN and FMSN with the concentration
of 1 mg per mouse.

25 nude mice with established xenografts (descrilmedlethods) of human
pancreatic cancer cells PANC were randomly divided into 5 groups (n = 5) and
intraperitoneal injections were started when therage tumor diameter reached 3 mm
(14th day after inoculation). Animals in the firgtoup received saline solution as a
control. Group 2 was treated with camptothecinalied in dimethyl sulfoxide (DMSO)
and diluted in saline. Group 3 was treated with n\dSNs without loading. Group 4
was treated with MSNs loaded with CPT (the finah@entration of CPT is the same as
group 2). Group 5 was treated with folmedified MSNs (FMSNSs) loaded with CPT.
Injections were performed twice per week until émel of the experiment (the 52nd day).
Each mouse was injected 12 times in total. The agesbody weights are shown in
Figure 7.4A. No obvious body weight loss was obsémn all the treated mice compared
with the control mice group. Untill the end of iof®ns, no mouse showed severe
toxicity, defined by shivering, inactivity, sevanecrosis of the tail, ataxic gait, or sudden
drop of body weight.

As shown in Figure 7.4B, the tumors in the congmup (group 1) and in the
empty MSNtreated group (group 3) kept growing, showing a f@®wing pattern,
ending up with big tumors (average tumor volumes agproximately 50850 mni at

the 52nd day). No significant difference in averageor volumes was observed between
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these two groups, confirming again that MSNs thévesedo not affect the tumor growth
in mice. On the other hand, the administration BfTdbaded MSN (group 4) showed a
significantly slower tumor growth, ending up withuah smaller tumors (approximately
250 mn in average at the 52nd day). Noticeably, the tsniothe group 5 (CRbaded
FMSN) stop growing from the 24th day, remainingateely smaller tumors within the
whole treatment period, ending up with a very srhathors at the end of experiment (90
mm® in average). 4 out of 5 tumors in this group dneost completely eliminated at the
end (Figure 7.4C). In the group 3 (CPT treated jmite average tumor volumes are not
significantly different from the control group, gnshowing a slightly smaller average
tumor volumes at the end of experiment, as showRigure 7.4B. This was due to a
variation of tumor volumes in this group; althougbut of 5 tumors in this group showed
smaller volume, there is one unusually big tumaoone mouse.
7.3.4. Tumor suppressing effect of CPT-loaded MSNS/FMSNs on MiaPaca-2

xenogr aft in nude mice

In the next experiment, we used a different panreancer cell line. The tumors
are established with cultured MiaP&aells on nude mice as described in Methods. 7
days after the inoculation, palpable tumors onnaite reached -3 mm in diameter,
therefore the treatments were started in a mannagtas to that described above for
PANC-1 xenografts. The body weight of all mice showedlilsir increase and no obvious
body weight loss was observed as shown in FigirA,7and all mice were active during

the entire period.
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As shown in Figure 7.5B, the tumors in the contotl MSN groups showed a
slow but stable growth. CPT treatment inhibited tbenor growth slightly with this
xenograft model, reducing the tumor volume to appnately 60% of the control.
Dramatically, the CPToaded MSNs showed a swift inhibition of the tungyowth.
After only one week of the treatment, the tumorghis group were shrunk significantly.
By the end of experiment (the 25th day), the tumeese barely palpable, having an
average tumor volume of approximately 60 fneomparing to 200 miin the control
group. Even more significantly, the tumors in ClBaded FMSN treated group
disappeared after 11 days of injection (4 timemjefctions). 4 out of 5 mice in this group
did not bear visible tumors any longer at the ehdexperiment, and the 5th mouse
showed a very tiny subcutaneous tumor only (appnaiely 1 mm in diameter). Figure
7.5C shows representative pictures of mice in gactp at treatments.

7.3.5. Dose-dependent tumor -suppressing effects of CPT-loaded FM SNs with SCID
mice

The above experiments showed that MSNs loaded@®h can suppress growth
of xenografts tumors from 3 different human cancell lines. Among them, the
MiaPaca2 xenograft showed most drastic tumor shrinkingeaff For these three
experiments, we applied the highest dosages of MBaisare possible and safe for the
animals. It is therefore logical to determine thgimal dosage that will be similarly
effective, hence less stress and burden to theasimAnd also to vary the experiment,
we tested SCID mice for this experiment insteachuwde mice. 25 shaved SCID mice

were subcutaneously transplanted with Ix@aPaca2 culture cells. 14 days after the
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inoculation, palpable tumors on all mice reacheir@m in diameter, and then the mice
were divided into 5 groups and the treatments vgémeted. Mice in group 1 (control)
received injection of saline solution as descriladdve. Group 2 mice received 1 mg
CPTloaded FMSN per mouse per injection (0.2 mL, 5 nigmthe final concentration
of CPT was~7.8 uM). Group 3 mice were injected with 0.5 mg G®aded FMSN per
mouse per injection (0.2 mL, 2.5 mg mLthe final concentration of CPT wa8.9 uM).
Group 4 mice were injected with 0.25 mg ClBaded FMSN per mouse per injection
(0.2 mL, 1.25 mg mL}, the final concentration of CPT wad.9 uM). Group 5 mice
were injected with 0.125 mg CH®aded FMSN per mouse per injection (0.2 mL, 0.6 mg
mL™%, the final concentration of CPT was0.9 uM). All injections were through
intraperitoneal and twice per week. As shown inuFeg7.6A, the dosages used did not
alter the body weight gain of all mice.

The MiaPac& xenografts in SCID grew much slower than thoseude mice
and also responded to ClR¥aded MSNs slower (Figure 7.6B). The tursappressing
effects appeared only after the 39th day (treate@% days, 8 injections). As expected, 1
mg of CPFFMSNs completely inhibited the tumor growth at dred of the experiment
(the 57th day). The same suppression effect wae\ath in the group treated with 0.5
mg/mouse. Further reducing dosage to 0.125 mgteesud weaker suppression of tumor
growth, final average tumor volume in this groujnigethe middle of the control and 0.5
mg group, suggesting a dedependent response. A large deviation of tumormekiin

the group treated with 0.25 mg was observed; 20bUi mice in this group bearing
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unusual large tumors. Overall, these results shoat FMSNs loaded with CPT are
effective in blocking growth of pancreatic tumorSID mice.
7.4.  Conclusions

In the present study, we have shown that @Riled MSNs are effective in
suppressing tumor growth of a human breast carm®ogeaft, MCF-7 and two different
human pancreatic cancer xenografts, PANé&nd MiaPaC&. In addition, we used two
different animal species, nude mice and SCID midee growth of PANGL tumors in
the nude mice treated with CAdaded MSNs was significantly suppressed, ending up
with very small tumors or almost complete elimipatiat the end of the treatment. With
MiaPaCa2 xenografts in nude mice, we observed regresditimeatumor only one week
after the treatment and the tumor was completayiehted by the end of the treatment.

Our work also confirmed and extended our intriguifigervation that MSNs are
excreted. This phenomenon is confirmed in the mtesteidy. The clear TEM images of
MSNSs in the urine solidify this excretion. The MShi® excreted through urine without
breakdown or degradation. He al. reported that MSNs with sizes ef45 nm were
safely excreted through the renal rotitezurther work is needed to understand the
mechanism of excretion through kidney. Howevercain be pointed out that our
observations suggesting that the MSNs can be cddapen the animal body reinforces
the idea that MSNs can be used safely to suppuessrtgrowth.

Our findings provide compelling evidence of FMSNsiperior biocompatibility
at concentrations adequate for pharmacological iGgimns, capability of reducing

adverse side effect of anticancer drugs, quick Ireclaarance, and excellent
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tumorsuppressing effect with anticancer loading. Anddowoncentration even showed
similar encouraging results. These point to thaéufes of MSNs as a promising drug
delivery system for cancer therapy.

7.5. Experimental

Synthesis of mesoporous silica nanoparticles MSNsewsynthesized by first
dissolving FITC (5.5 mg) in absolute ethanol (3 mLlbefore adding
aminopropyltriethoxysilane (APTS; 12 ul). In another container,
cetyltrimethylammonium bromide (CTAB; 0.5 g) wassblved in a solution of distilled
water (240 mL) and sodium hydroxide (2 M, 1.75 ntlhyt was heated to 80 °C and
stirred vigorously. The FITC/APTS solution wasrgltt under an inert atmosphere for 2 h
before adding tetraethylorthosilicate (TEOS; 2.5 nfnce the temperature of the CTAB
solution had stabilized, the ethanol solution cmitg TEOS and FITC/APTS was added.
After 15 min, 0.63 mL 3rihydroxysilylpropyl methylphosphonate was slovagided to
the mixture. After 2 h, the solution was cooledré@m temperature and the particles
were filtered and washed with methanol using geflifunnel. The particles were allowed
to dry at room temperature overnight. To remove dhdactants from the pores of the
particles, particles (850 mg) were dissolved incdutson of methanol (90 mL) and
hydrochloric acid (12.1 M, 5 mL) and refluxed fot B. The particles were then filtered

and washed thoroughly to remove the surfactantaiabdund FITC.

Synthesis of folic-acid-conjugated FMSNs and drug loading: To attach folic acid to

MSNSs, 20 mg of particles were washed with and gsnded in DMSO. In a flask, folic
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acid (0.1 mg, Sigma, 98%) and APTS (0.0b) were mixed in DMSO (1 mL).
N-hydroxysuccinimide (0.03 mg, Aldrich, 98%) and
1-(3-dimethylaminopropyh3-ethylcarbodiimide hydrochloride (0.05 mg, Alfa Aesa
98%) was then added into the mixture and stirred2fb. In a separate flask containing
toluene (4 mL) and the MSNs—-DMSO suspension, thedAPTS solution was added
and the mixture was stirred for 20 h at room terapge. The materials were recovered
by centrifugation, washed twice with toluene, andedl under vacuum. To load
camptothecin (CPT; Sigma, 95%), 10 mg of the plagievere suspended in a solution of
drugs (1 mg) and DMSO (0.25 mL) for 4 h. After aénging the drugoaded FMSNs
from the suspension and removing the supernatanpletely, the materials were dried
under vacuum. The drdgaded FMSNs were then washed and sonicated witkerwa
before being resuspended in aqueous solution.derdo determine the amount of drugs
inside the FMSNSs, the aqueous dtagded FMSN suspension was incubated at 4 °C for
6 h before centrifugation to show that the drugsewet being slowly released from the
mesopores. The resulting supernatant was mixed tvélprevious supernatant solution
from the washing process and measured by UV/Visrakisn spectroscopy. The pellet
of drugloaded FMSNs was resuspended and sonicated in DBISD collected by
centrifugation. The process was repeated two morest £15 min, total time) to ensure
that the drugs were completely removed from theepoifhe DMSO (or methanol)

supernatants were then measured using UV/Vis atisorp

177



Cells and culture: The human pancreatic cancer cell lines, PAN@Gnd MiaPac,
obtained from American Type Culture Collection, wemaintained in DMEM
supplemented with fetal calf serum (10%, Sigma, M@Jjutamine (2%), penicillin (1%),
and streptomycin (1%). The medium was routinelyngeal every 3d and the cells were

separated by trypsinization before reaching conttye

Animals. All animal experiments were performed followingetprotocols approved by
the UCLA Animal Research Committee. Sweekold female BALB/c regular or
BALB/CANNCrj-nu nude, or NOD/nCrCi#Prkdc SCID (Severe combined
immunodeficiency) mice (purchased from Charles Rivaboratories) were maintained
in disposable plastic cages with hardwood chipgliedin an aiwconditioned room with
a 12h-light-12h-dark cycle and given food (oriental CRJrirradiated with 30 Gy rays

and filtered tap water ad libitum.

Human cancer xenograph establishment: For xenografts established from cultured cells,
1 x 107 human pancreatic cancer cells, MiaPaallected in ice cold DMEM (0.2 mL)
containing 50% Matrigel (BioScience), were s.ceatgd into the right lateral abdominal
wall of the nude mice. Mice were then randomly déd into treatment or vehicle groups
after tumors ok3 mm in diameter were palpable. For PAlNGenograft establishing,
the culture cell transplantation in nude mice did produce reliable subcutaneous tumor
in our first trial, therefore, 3 mice were firstigoculated with 1 x 107 PANQ cells

subcutaneously. 1 month later, all tumors were radpwashed with PBS, cut into small
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tumor chunks from the margins of tumors with simitze, randomly transplanted
subcutaneously into the right side of back of otln@munity compromised mice. Mice
were then randomly divided into treatment or vehigtoups after tumors 6f3 mm in
diameter were palpable. For each experiment, thintge with the abovenentioned
established xenografts were randomly divided inggdaups. Animals in group 1 received
injection of saline solution (0.2 mL, 0.9%) througttraperitoneal. Animals in group 2
received i.p. injection of CPT (0.2 mL, 7u8/, dissolved in DMSO, and then diluted in
saline to achieve the final concentration; thelfe@ncentration of DMSO was <1.5%).
Animals in group 3 received i.p. injection of MSK&2 mL, mg mL-1). Animals in
group 4 received i.p. injection of MSNs loaded W&RT (0.2 mL, 5 mg mL-1, the final
concentration of CPT was7.8 uM). Animals in group 5 received i.p. injection of
folic-acidconjugated MSNs (FMSNs) loaded with CPT (0.2, BLmg mL-1). All
injections were done twice per week from the rigiter corner of the abdomen until the
end of the experiment. The tumor volume and bodigltevere monitored every other
day and the tumor volume was calculated using tbkowing formula: tumor
volume=4t/3:LW2/8 where L is the length and W is the width lo¢ tumor. On the final

day, all mice were sacrificed and subjected to @ayo

Measurement of MSN excretion in urine: To examine the excretion of MSN from urine
and feces, special singheouse metabolic cages (Tecniplast) were used.egular mice
were housed in the metabolic cages. 0.5 mg of M@NSMSNs were i.p. injected into

the mice. Urine and feces were collected into sgparollection tubes before and after
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the injections at different time points. The colégt urine were sent to the molecular
instrumentation center at UCLA for ICP analysis if and also subjected to TEM

imaging examination.
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7.6. Figuresand Tables
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Figure 7.1. Characterization of MSN. A) Scanning electron nscape (left) and
transmission electron microscope (right) image$MISN. B) Schematic illustration of
MSNs modified with folic acid targeting ligands tive surface.
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Figure 7.2. Antitumor effects of mesoporous silica nanoparticleoaded with
Camptothecin in mice. Thirty nude mice with xendtgraof human breast cancer cell
MCF-7 were divided to 5 groups (n=6), and the pér&oneal injections were started
from the 14th day after inoculation. Animals wengected with either saline solution as
control, or camptothecin (CPT), or FMSNs withouadong (FMSN), or FMSNs loaded
with CPT (FMSN/CPT), or FFMSNs loaded with CPT (M&N/CPT), respectively,
twice per week until the end of the Submitted t@eskment (the 68th dayA. The
average body weights are shown as means + theasthddviation (SD). One mouse in
the CPT-treated group was euthanized on the 5)3stdda to manifestation of severe
toxicity. B. The average tumor volumes are shown as means stdinelard deviation
(SD). *, p value < 0.05; **, P value < 0.0C. Representative images of mice from
different groups. Red arrows indicate the locabbsubcutaneous tumors.
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Figure 7.3. ICP-OES analysis of the Si concentration in urine o€encollected after
injection of MSNs. A total of 1 mg of MSNs or FMSM&s injected into three mice for
each kind of particle, which corresponds=#65 pg of Si. Urines were collected before
and after the injections at different time poirds ICP analysis of Si concentrations. The
amount of Si in urines in each single day is shaw{B) and the total cumulative amount
is shown in (A). TEM examination of the nanopagglin urine smear confirmed the
shape and size of MSNs or FMSNs (C).
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Figure 7.4. Antitumor effects of CPdoaded MSNs and FMSNs on human pancreatic
cancer PANCL xenograft on nude mice. 25 nude mice with esthbti xenografts of
human pancreatic cancer cells PAld@vere randomly divided into 5 groups (n = 5) and
intraperitoneal injections were started when therage tumor diameter reached 3 mm
(14th day after inoculation). Animals in the firgtoup received saline solution as a
control (control). Group 2 was treated with camipéain dissolved in dimethyl sulfoxide
(DMSO) and diluted in saline (CPT). Group 3 wasated with empty MSNs without
loading (MSN). Group 4 was treated with MSNs loadeth CPT (the final
concentration of CPT is the same as group 2) (MEN)C Group 5 was treated with
folatemodified MSNs (FMSNs) loaded with CPT -l#SN/CPT). Injections were
performed twice per week until the end of the expent (the 52nd day). Each mouse
was injected 12 times in total. A) Average body giws are shown. B) The average
tumor volumes are shown as means = SD. C) Imagesbmfutaneous tumors collected at
the end of experiment.
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Figure 7.5. A human pancreatic cancer cell line, MiaRac¢avas used for xenograft
establishment on nude mice. 7 days after the iatiom when palpable tumors on all
mice reached-3 mm in diameter, the treatments were startedsimaar manner to that
with PANC-1 xenografts. A) Average body weights are shownTBg¢ average tumor
volumes are shown as means + SD. C) Images of sempi@ive nude mice with
subcutaneous tumors at the last day of experinrergreown.
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Figure 7.6. Dosedependent tumesuppressing effects of CHdaded FMSNs. 25 shaved
SCID mice were subcutaneously transplanted withGZXMiaPac& culture cells. 14
days after the inoculation when palpable tumorgalbmice reached-3 mm in diameter,
the mice were divided into 5 groups and the treatm&vere started. Mice in group 1
(control) received injection of saline solution.od@p 2 mice received 1 mg ChHdaded
FMSN per mouse per injection (0.2 mL, 5 mg mL-2% timal concentration of CPT was
~7.8 uM) (1 mg as shown in figure). Group 3 mice wereeatgd with 0.5 mg
CPT-loaded FMSN per mouse per injection (0.2 mL, 2.5 mdg-1, the final
concentration of CPT was3.9 uM) (0.5 mg as shown in figure). Group 4 mice were
injected with 0.25 mg CPRToaded FMSN per mouse per injection (0.2 mL, 1.25 m
mL-1, the final concentration of CPT wa%.9 uM) (0.25 mg shown in figure). Group 5
mice were injected with 0.125 mg CHRdaded FMSN per mouse per injection (0.2 mL,
0.6 mg mL-1, the final concentration of CPT wds9 uM) (0.125 mg shown in figure).
All injections were through intraperitoneal anddw/iper week. A) Average body weights
are shown. B) The average tumor volumes are sh@avmeans + SD. C) Images of
representative SCID mice with subcutaneous tumbthealast day of experiment are
shown.
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Chapter 8

Cell Protection towards Anthrax Lethal Toxins by &Goaded Mesoporous Silica

Nanoparticles
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8.1. Abstract
High-throughput screening allows thousands of camps to be screened for a specific
activity in a relatively short period of time. Ihe case of phenotypic screens, however,
the bulk of the work must be expended on determgingxactly how these small
molecules alter the phenotype. In the case of thenkediated macrophage lysis screen,
possible targets include all steps of toxin entrtp ithe cell and cytosolic sensing of the
toxin with eventual death. This chapter descriltes dharacterization of the compound
called EGA, which was the most protective compotdgehtified in the screen, using
biochemical and cell-based experiments. We find B8&A is an inhibitor of LT-
mediated toxicity bothin vitro and in a Fisher rat model of intoxication. The cell
experiments described in this chapter were perfdrime our collaborator, Dr. Eugene
Gillespie in the Bradley group at UCLA, and theraal experiments were performed by
Diane Thomas from UCSD.
8.2. Introduction

Anthrax is a potentially fatal disease of humand animals caused by infection
with the bacteriunBacillus anthracis. The disease is still endemic in many parts of the
world and has garnered significant attention du¢héobioterror attacks of 2061The
lethal toxin (LT) produced bfacillus anthracis appears to contribute to anthrax disease
in two distinct phases: 1) an early phase wheral ltmxin production limits the immune
response, aiding in the bacterium’s establishmémtfection & multiplication and, 2) a
late phase where high systemic concentrations causé-organ damage, vascular

leakage and death of the host. Animal models inelidaat purified LT can recapitulate
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many symptoms of the disease without the needhierorganisni.’ As such, a central
goal of the field has been to determine how LT dg@sahe host on molecular, cellular
and systemic levels, and what, if any, defenseshtbs& has to detect LT and limit
infection.

EGA is a novel inhibitor of LT-mediated cytotoxigitliscovered in a screen of
the Chembridge library, a collection of largely batacterized “drug-like” compounds.
Biochemical evidence of blocks to toxin pore forioatand cleavage of toxin target
proteins, led to the conclusion that EGA is a nowdlibitor of toxin trafficking.
Preliminary experiments indicate that EGA is protecwhen co-administered with LT
in a rat intoxication model.

Observations using light and electron microscoplyttethe conclusion that EGA
forms crystals in aqueous solution at concentratiahove 30 uM. Additionally, the
structure of the compound and its predicted loglBevauggested it would be very non-
polar and hydrophobic. In fact, when we first afpe@d to administer the drug to rats, we
could not achieve the intended therapeutic doseniraqueous solution. The specific
delivery of drugs is a significant pharmaceutidahltenge, and several different vehicles
for drug transport are being studied. We decidethke advantage of mesoporous silica
nanoparticles, which are being studied for delivefy sSiRNAs, DNAs, and small-
molecules (Figure 8.F)3

In order to further assess the therapeutic fdagimf EGA, we sought to
determine its efficacy in a rat model of LT-induceéath. Animals ranging from

zebrafish to non-human primates have been utilazethodels to study the effects of LT.
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The Fisher rat intoxication model is unique becdLliBeauses death in these animals in
as little as 37 minutes, whereas mice and othenasitypically take several days to
die!* As in human disease, rats display pleural edena mpid shock, though
pulmonary damage may be secondary to onset of ¢httka Sprague Dawley rat
infusion model, LT caused blood pressure and hedet changes, but did not induce
cytokines, nitric oxide, histopathological changastapid deatti? The cause of vascular
collapse in rodents is not known, but it appeaet #tandard shock therapies such as
‘fluid support’ or norepinephrine treatment eitletacerbate LT-mediated shock or have
no effect, respectivel}*® Though the rapid time to death in rats is NirpEpehdent,
this is a good model to assessvivo efficacy of toxin entry inhibitors since entry
processes are likely conserved in all relevantetacglls of LT.
8.3. Resultsand Discussion

Phosphonate-treated mesoporous silica nanopar{idgsl) were incubated in a
solution of EGA and then the EGA solution was reptband particles were washed. The
amount of drug bound to the particles was deterchitee be approximately 2.5%
weight/weight (Figure 8.2). The efficacy of the E®aded nanoparticles was assessed
using the macrophage cytotoxicity assay (Figure.8/8e observed that EGA-loaded
nanoparticles suspended in PBS fully retained Liibihory activity in vitro even after
being stored on the bench for two months (Figudd. &he LT challenge experiment in
the Fisher rat was then performed by collaboratbrs, Diane Thomas and Marianne
Manchester. Twenty milligrams of EGA-loaded nantiplas and LT (4Qug PA + 12ug

LF) in PBS vehicle were co-injected into Fishersrdtrough the tail vein and animals
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were monitored for the next 14 days. The five aanénimals injected with LT alone
died between 57-79 minutes, while the three animncalénjected with LT and EGA-
loaded nanoparticles survived for the entire lerudtthe experiment (Figure 8.5).
8.4. Conclusions

These preliminary experiments indicate that EGAd&shnanoparticles may hold
therapeutic potential as inhibitors of LT. The netdp will be to test EGA in infection
models and/or intoxication models in animal modetge reminiscent of human anthrax.
Another area of future study will be to determiiee tparticles efficacy if they are
administered before or after LT, rather than cedtgd with LT. Ultimately, it would be
informative to see if EGA alone is capable of pctitey animals in a B. anthracis spore
infection model. EGA may also have therapeutic vahee beyond anthrax toxin
inhibition. We have shown that it is an effectivehibitor of several pH-dependent
bacterial toxins. Future studies could focus ors¢hend other bacterial toxins, as well as
considering a role for EGA in pH-dependent viratingn
85. Experimental
Materials. All analytical and reagent grade materials wereedusas purchased:
cetyltrimethylammonium bromide (CTAB)>98%, Sigma], tetraethyl orthosilicate
(TEOS) [98%, Aldrich], 3-(trihydroxysilyl)propyl ntaylphosphnate, mono sodium salt
[42 wt%, solution in water, Aldrich], sodium hydide (NaOH) [certified ACS, Fisher],

hydrochloric acid (HCI) [certified ACS plus, Fishemethanol [certified ACS, Fisher].
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General Methods: The transmission electron microscope (TEM) imagkshe silica
nanoparticles were collected on a CM 120 (Philipsctton Optics, Eindhoven, The
Netherlands) instrument in the California NanoSystastitute (CNSI). Microfilms for
TEM imaging were made by placing a drop of theiplartsuspension in methanol onto a
200-mesh copper TEM grid (Ted Pella, Inc., Redd®Wy) and dried at room temperature.
Powder X-ray diffraction (XRD) patterns were cotkett using an X'Pert Pro
diffractometer (Philips) equipped with CwKadiation. UV-vis spectra were collected on

a Cary 5000 UV-vis-NIP spectrophotometer.

Synthesis of Phosphonate modified MCM-41 mesoporous silica nanoparticles: To
prepare the 2D-hexagonal MCM-41 mesoporous silaseoparticles (MCM-41s), CTAB
(250 mg, 0.67 mmol) was dissolved in deionize®©H120 mL) with a 2M NaOH water
solution (0.875 mL). The mixture was stirred andtbed to 80 °C when TEOS (1.25 mL,
6 mmol) was slowly added into the solution. 15 nsulater, 3-(trihydroxysilyl)propyl
methylphosphnate (325L, 1.35 mmol) was added and the TEOS was allowed to
hydrolyze for 2 hours and the reaction was cooledrdto room temperature. The
products were collected by centrifugation and wdsbg methanol. To remove the
templating surfactant molecules from the mesopog&€) mg of the as-synthesized
MCM-41s were suspended in acidic methanol. The unextvas refluxed under nitrogen
for 12 hours. The solvent extracted particles veaieected by centrifugation, washed by

methanol and dried under vacuum.
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Particle loading with the anti-lethal toxin drug: Solvent extracted particles (250 mg)
were suspended in DMSO (5 mL) with 4-bromobenzaldeh N-(2,6-
dimethylphenyl)semicarbazone (50 mg, 0.144 mmdip particles were stirred at room
temperature for 2 days. The loaded particles weleated by centrifugation and dried
under vacuum for 2 days. To measure the loadingaigpfor the drug loaded particles,
the loaded particles (6 mg) were suspended andcatedi in DMSO (1 mL). The
suspension was then centrifuged and the supernatentollected for the measurement
of the drug concentration using the UV-vis spedopy. The amount of drug released
from this sample was converted into loading capdeixpressed in weight percent of the

sample).

Bone-marrow derived macrophage LT viability assay with WST-1: Femur exudates from
C57BI/6 or C57BI/6NIrplb (129S1) transgenic animakye cultured for seven days in
DMEM supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin/glutamine (Gibco), 2% 14-2@nditioned media and incubated in
a 5% CQ humidified incubator at 37°C.

Cells were seeded at 2.0%1t®lIs/well in each well of a 96-well plate in DMEM
(Cellgro, 10-017CV) the night before the experimérite next day, media was shaken
out and replaced with 30L of DMEM supplemented with HEPES (Cellgro, 15-038C
for intoxication. Compounds were added at 2x cotraéion in a 5QuL volume of media
and cells were incubated for one hour. Then, LF &#d were added to a final

concentration of 400 ng/mL for three hours. Mediasvshaken from plate and a 1:10
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dilution of WST-1 viability reagent was added. Gellere incubated for another hour and
absorbance at 450 nm was measured using Victol&¥ peader (Perkin Elmer).

Fisher Rat LT intoxication: Fisher Rats were injected with 500 ul i.v. in tlad tein
containing 20 mg of the EGA loaded nanoparticlés,ug PA, and 12 ug LF in PBS
vehicle. Animal survival was monitored overnightdamean time to death was also

recorded.
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8.6. Figuresand Tables
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Figure 8.1. TEM image of the phosphonate modified MCM-41 udes.
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Figure 8.2. Loading capacity test of the EGA-loaded particlEke amount of EGA

released was measured using UV-vis spectroscopy.
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Figure 8.3. EGA loaded nanoparticles protect from LT-inducetbtyxicity in 4 (A) or

24 (B) hour assays. (A) RAW264.7 cells were seédededia at 2.0 x T0cells/well on
each well of a 384-well plate in a 40 puL volume $irdeen hours before the experiment.
Mesoporous silica nanoparticles loaded with EGAABE®PS) or unloaded silica
nanoparticles (Control-NPs) at 6x concentrationenaatded to wells in a volume of ten
pL and cells were incubated for 80 minutes. L®&xatoncentration was added to wells
in a volume of ten pL, resulting in a final conaation of 500 ng/mL PA and LF. Cells
were then incubated for 4 hrs. The addition ofriakiutes the NPs to the final
concentration indicated on the graph. After 4 A/BPRlite was added to assess cell
viability (B) RAW264.7 cells were seeded in medi2® x 1§ cells/well on each well of
a 384-well plate in a 40 puL volume 40 hours betbeeexperiment. Mesoporous silica
nanoparticles loaded with EGA (EGA-NPs) or unloadiida nanoparticles (Control-
NPs) at 6x concentration were added to wells inlarae of ten pL and cells were
incubated for 90 minutes. LT was added to a fiealcentration of 500 ng/mL PA and
LF and cells were incubated for 24 hrs. The addigbtoxin dilutes the NPs to the final
concentration indicated on the graph. After 24 AiEPlite was added to assess cell
viability.
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Figure 8.4. EGA-NPs protect from LT even after 2 months in §olu RAW264.7 cells
were seeded at 2.0 x€ells/well on each well of a 384-well plate thghtibefore the
experiment. EGA-NPs or Control-NPs were added @om2nutes followed by addition
of LT to a final concentration of 500 ng/mL LF + PBells were incubated for 3 hrs
before addition of ATPlite to assess viability.
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Figure 8.5. EGA protects rats from LT-mediated deatfischer rats were injected with
EGA-loaded nanoparticles + LT, soluble anthraxnaegceptor anti-toxin (SCMG2) + LT,
LT alone, or PBS vehicle only and mean time to li@as measured. The tail vein was
injected with 500 ul PBS containing 20 mg of the/AlBaded nanoparticles, 40 ug PA,
and 12 ug LF. A 2:1 molar ratio of sSCMG: PA wasdias a positive control for
protection, with the total amount of SCMG2 bein§4x 10" moles. Animal survival
was monitored for 14 days and mean time to deathalg recorded. Five rats were
injected with LT only, five with PBS only, five witLT + sCMG2, and three with LT +
EGA/MSN.
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Chapter 9

Conclusions and Future Directions

205



In this dissertation, the advancements on the noeeap silica nanoparticles
based drug delivery sustems have been demonstratdading the results of physical
chemical studies, the organic functionalizationsl &momedical applications of these

materials.

In the physical chemical studies, it is demonstrateat mesoporous silica
nanoparticles have high surface area and pore itgpand can hold large amounts of
payload within their pore channels. By attaching #tid-responsive nanogate on the
particle surface, particles can hold water-solutdego molecules without leakage and
only release them upon pH activation. The uptake r@hease capacities have a direct
relationship with the specific surface area amoifigrent types of particle morphology.
Time-resolved and steady-state fluorescence depafi@mn experiments were used to
guantitatively measure the mobility of the dye ncoles encapsulated in mesoporous
silica nanopatrticles, and the results were compbheddeen different solvent and loading
conditions. The rigidochromism experiments on fesment dye loaded hollow and non-
hollow particles demonstrated their different inedrenvironment and different physical

states of the encapsulated cargo molecules.

The organic functionalizations of the particleoallthe introduction of various
designs of nanomachines to the particle surfacetlandealization of stimuli-responsive
release mechanisms. By attaching a cyclodextriedasanopiston machine, two
different acid-responsive release pathways have loegnonstrated. Cargo with sizes

smaller than the cyclodextrin cavity can be reldastepH 5 following the removal of the
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piston molecules. Cargo with sizes larger thancyaodextrin cavity, on the other hand,
can be released at pH 6 following the cleavagehefdyclodextrin cap. These systems
have been improved so that the two release mecharase combined on one particle,
which is loaded with two cargoes of different siZéksis dual-loaded system releases the
smaller cargo under acidic pH, and the larger cargder reducing conditions, therefore
demonstrating size selectivity during cargo reledsewever, this work is only one
example of many multifunctional designs enabledHhiy highly modular system Current
efforts in our research group include varying tksigns of each building block to obtain
targeted drug delivery systems, as well as systeatsare responsive to light, enzymes

and other internal or external stimuli.

In the biomedical applications of the mesoporolissshanoparticle based drug
delivery systems, it has been demonstrated thaeghearticles are well tolerated by cells
and living animals at their effective dosage. Ptilyeneimne coated particles have been
used to deliver small interfering RNA into livingelts, and demonstrated good gene
silencing effect. The co-delivery of anti-canceugirand the siRNA that shuts down
proteins involved in multiple drug resistance leadssignificantly higher therapeutic
effecacy. Mesoporous silica nanoparticles loadet twdrophobic anti-cancer drug have
been shown to have strong tumor shrinking effectsanimal models. The particles
modified with folate targeting groups have sigrafit higher tumor suppressing
efficiency on certain cancer types. Particles loadéh anti-microbial agents have also
successfully protected animals from anthrax letbain induced death. These are all

exciting advancements towards the utilization ofsop®rous silica nanoparticle based
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drug delivery systems in living organisms. Howevérther investigations on the
biodistribution of these materials are still needBésigns in nanomachiens, targeting
agents and polymer coatings will be improved artdgrated to abtain highly selective

and on-command delviery systems.
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