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ABSTRACT OF THE DISSERTATION

Multifunctional mesoporous silica nanoparticles for drug and large molecule delivery

by

Ruining Wang
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2020

Professor Bruce Dunn, Chair

This thesis involves synthesis, derivatization and biomedical applications of
mesoporous silica nanoparticles (MSNs) based delivery systems. Chapter 1
introduces the background of MSNs including the advantages of MSNs, modification
on MSNs for multifunctionality; formation mechanism, a typical synthesis condition
for MCM-41 and following characterizaitons. In chapter 2 & 3, the synthesis and
application of target moiety functionalized MSNs for gene therapy in vitro and in vivo
are introduced. Chapters 4, & 5 introduce the relevant studies of utilizing MSN based
delivery system for the treatment of infectious disease, from a pharmacokinetic study

of moxifloxacin delivered by MSNs via different routes, to the enhanced efficacy of



MSN based treatment by materials optimizations via inhalation administration route.
Chapter 6 discusses the study of a general synthesis method for pore enlargement
in various types of MSNs. In Chapter 7, the design and preparation of a thin film
consist of ultra large pore-sized mesoporous silica spheres and polymer template
macropores is illustrated. Overall, these chapters demonstrate the successful
engineering of mesoporous silica nanoparticles and materials optimization and their
enhanced performance in biological applications from in vivo tumor shrinkage by
gene delivery to antibiotics delivery for enhanced bacterial killing efficacy in mouse

model.
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Chapter 1

Introduction to mesoporous silica nanoparticles for
multifunctional delivery applications



1.1 Introduction

Background

Since the successful synthesis of MCM-41 family in 1992%, mesoporous silica
nanoparticles (MSN) have been intensively studied. Various unique features of them
include, like large surface area, ordered and accessible pore channels, structural stability
and relatively biocompatibility and facile surface functionalization.?2 With the help of those
properties, MSNs have shown great potential in biomedical applications, particularly
serving as carriers for the delivery of small molecule drugs, macromolecular therapeutics
and/or even DNA/RNA for gene therapy.*® The extra protection and potential multi-
functionality of the MSNs offer much improved feasibility of new drugs for the treatment
of diseases like viral infection and cancer. In addition, with certain surface modification or
the use of well-designed nanovalves for pore blocking, the release of the cargo molecule
can be controlled; navigation of the carrier to specific target cells/organisms is realized,;
longer circulation time in body but a suppressed toxicity and side effect of the therapeutic

agents is also anticipated.5’

Additionally, the incorporation of other inorganic components could bring MSNs with
various functionalities. Core-shell geometry is often applied, where the inorganic
nanoparticle core offers extra properties, and silica mesoporous shell provides the
aforementioned advantages as cargo carrier. For example, CdSe/zZnS, CdTe/CdS
guantum dot systems have been demonstrated as promising core components for in vivo

fluorescent bio-imaging.®® Au nanoparticles could also be utilized for their well-known



plasmon resonance effect. Light that a suitable wavelength is illuminated on the
AUNP@MSN composite to induce internal heating, which opens up the thermal sensitive
nanovalve and release of cargo molecules.’® However, penetration depth of light into
body becomes a severe issue for the development of light-triggered release system.
Wavelength in the infrared region is considered favorable for its long penetration distance,
yet the energy of which is often not enough to activate the nanovalve to release drugs.
Oscillating magnetic field, on the other hand, will not suffer from the penetration problem,
thus can be utilized as a non-invasive external stimulus. Magnetic nanocrystals within the
oscillating field will generate heat for the operation of thermal sensitive nanovalves.
Moreover, magnetic iron oxide nanocrystals would potentially be utilized to navigate the

carrier for targeting purpose, or serve as MRI agent for imaging.!*

Another way of introducing multifunctionality into the MSNs based delivery systems is to
modify either the inner pore surface or outer surface by electrostatic force or chemical
conjugation of various types of functional moieties. For example, poly ethylene glycol
(PEG) is often coated on the surface of MSNs to enhance the circulation time of particles
in body.? The surface charge property can be varied by certain modification to enhance
loading efficiency or stabilize particles in solvent. For example, functional groups like
amine and phosphonate can be attached on either inner or outer surface of the MSNs by
co-condensation of (3-Aminopropyl) triethoxysilane (APTES)/ 3-
trinydroxysilylpropylmethylphosphonate (HTMP) during the reaction, or by post grafting
those small molecules with MSNs reflux in toluene. Surface modification can be
performed without the extraction of surfactant so that only outer surface is modified. By

using nanovalve to block the pore openings, the release of drugs can be realized in a



controllable fashion. As illustrated in Figure 1.1., scheme in graph (A) shows the process
of utilizing the surface silanol group (Si-OH) and silanol chemistry to put on functional
groups, and shown in graph (B) are some examples of commonly used silanes with

functional groups or stalks with nano valves on them.

Mesoporous Silica Nanopatrticles and formation mechanisms

Nano-sized mesoporous silica was first synthesized and reported by the groups of Cai'?
and Ostafin!4. Since then, MSNs with various morphologies, dimensions, pore sizes and
pore structures have been synthesized and investigated systematically.’® The
mechanism of the basic synthesis strategy applied can be briefly illustrated in Figure 1.2.
To generally describe the formation process:'¢17 (1) Cetyltrimethylammonium bromide
(CTAB) is used as the surfactant, which form micelle in aqueous solution. Positively
charged hydrophilic head groups are facing outward, while the long hydrophobic alkyl
chains tangle inward away from the aqueous environment. The shape of the micelle can
be semi-quantitatively described by the packing parameter P=Vo/ (ae X lo). In this equation,
Vo is the surfactant tail volume, ae is the equilibrium area per molecule at the aggregate
interface and lo is the tail length (shown in Figure 1.2.). Those values are all effective size
in water, thus they will be affected by each other, and synthesis conditions like
temperature, viscosity of the solution and concentration of surfactant. When the
concentration of surfactant exceeds the critical micelle concentration (CMC), surfactants
quickly assemble into micelle in a cooperative way to reduce the Gibbs free energy of the
system. (I) Ordered inorganic-organic hexagonal structure formed upon addition of silica
source tetraethyl orthosilicate (TEOS). This was proved by small angle X-ray scattering

(SAXS).*® (SAXS enables the study of particle correlations at the mesoscopic scale,
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where an abrupt change of electron density occurs at the interface between the silica
network and the void pore space.) The hydrolysis and condensation of TEOS in the
presence of base catalyst happens along with the self-assembling of micelles into
nanoparticles.

Hydrolysis: OH—+ Si(OR)4 — Si(OR)sOH + RO—

Condensation: SiO— + Si(OH)4 — Si—-O-Si + OH—
(1) Finally, the surfactant can be removed by ion exchange with acid or calcination.
Besides the commonly implied hexagonal packing of micelles in the case of MCM-41,
other mesophase structures have been revealed with the help of SAXS technique. Firouzi
et al.1® came up with a phase diagram of silica mesophases as illustrated in Figure.1.2.
In their work, the ordered stacking of micelles was investigated for synthesis with different
ratios between surfactant, silica source and base catalyst. As a result, different stacked
structures (hexagonal, cubic and lamellar) were observed. Later on, Monnier!’ and
Stuky?® raised the mechanism of “charge density matching”, where a lamellar phase was
first formed in the solution. Then, as the negatively charged silicate began to condense,
the positive charge density reduced, and they began to wrap around the surfactant,
forming hexagonal mesostructure. This process indicated the reaction would be heavily
influenced by the pH of the solution together with the condensation rate of the silicate.
As mentioned above, MSNs with various morphologies and pore structures can be
obtained by the adjustment of the synthesis conditions, including types of base, the pH of
the solution, the molar ratio between the reactants as well as Temperature, viscosity and

other parameters of the system.

A typical synthesis route of MCM-41 and following characterizations



A typical lab protocol for the synthesis of MCM-41 and following characterizations is
introduced in this section. 50mg cetyltrimethylammonium bromide (CTAB, Aldrich, 95%)
was dissolved in 25 mL water with 150 yL NaOH (2.0 M), the solution of which was heated
to 80°C under rapid stirring. After 30 minutes at this temperature, 270 pL
tetraethylorthosilicate (TEOS, Aldrich, 98%) was added dropwisely. The solution slowly
turned to transparent blue, indicating the nucleation and growth of silica nanoparticles.
Reaction was kept at 80°C for 2 hours, then the solution was cooled down to room
temperature, and the nanoparticles were collected by centrifugation at 7800 rpm. The
pellet from centrifugation was redispersed and washed with ethanol for three times, and

dispersed in ethanol for further use.

Approximately 50mg of MCM-41 can be collected from this synthesis, which gives a yield
of 62% wt. After synthesis, surfactant (CTAB) can be removed by acid extraction or
calcination at over 500°C. However, calcination may introduce aggregation of
nanoparticles, thus extraction with HCI or NH4NOs was applied in this work. The
nanoparticles were redispersed in ethanol with the presence of acid and refluxed for 6-12
hours. lon exchange occurred between the protons in solution with the positively charged
CTA", thus extrapolating the surfactant leaving behind mesoporous silica nanoparticles.
The amount of acid used here was overdosed to ensure a complete removal of the CTAB
for its cytotoxicity. The disappearance of the C-H peaks in IR around 2900 cm indicated

the removal of CTAB surfactant, as illustrated in Figure 1.3.

The overall and magnified TEM images for the morphology of the nanoparticles are
shown in Figure 1.4. An average particle size around 120 nm was observed from the low-

magnification image. The 2D hexagonal packing of the mesostructure can be clearly seen
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in the zoom-in picture. The inter-particle bridging effect was attributed to a fast
condensation rate of the silica, and can be characterized by dynamic light scattering
(DLS) shown in Table 1.1. When light is scattered by the particle in certain solvent, a
distribution of the particle hydrodynamic diameter can be revealed. Typically, a low
concentration of particle suspension was used (~100 ug/mL) to reduce particle collision
electrostatic interactions in the solvent. Ideally, the hydrodynamic diameter of the
nanoparticles should be less than 100-200 nm, otherwise they would be quickly repelled
from the circulation system.’ This synthesis method was considered as a typical synthesis
route for the preparation of MCM-41 nanoparticles before further modification in the later
chapters. Other characterization methods besides TEM, FTIR, DLS on the MSNs could
be zeta potential measurement, nitrogen gas adsorption/ desorption, thermogravimetric

analysis, etc.



1.2 Tables and figures

Effective
Run Polydispersity
Diameter (nm)

1 121.4 0.144
2 113.9 0.133
3 118.5 0.152

Table 1.1 DLS measurement results
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Figure 1.1. Scheme of surface modification on MSNs. (A) Process of surface chemistry

on silica silanol groups. (B) Commonly used silanes with functional groups.



Figure 1.2. Schematic of (A) the classical mesoporous silica (MCM-41) synthesis route,

(B) A typical scheme of surfactant.'®
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Figure 1.4. TEM images of MCM-41. Scale bar in the left image (A) is 100 nm, scale bar

in the right image (B) is 40 nm.
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Chapter 2

Mesoporous silica nanoparticles as vehicles for
delivering siRNA to ovarian cancer cells

This chapter is based on work done with collaborators Sophia A. Shahin, et. al. at
Beckman Research Institute, City of Hope for biological assays and mouse model tests.

A manuscript is prepared for submission and review.
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2.1 Abstract

In this chapter, a novel type of mesoporous silica nanoparticles based gene delivery
system is described. Hyaluronic acid was chosen as a targeting moiety and was
chemically conjugated to the MSNs. By targeting the overexpressed CD-44 on targeted
cell lines, the transfection efficiency of PEI@MSNs was greatly enhanced for the delivery
of siITWIST and subsequent gene therapy. Combined with bioassays, confocal
microscopy and flow cytometry, an optimized ratio between the HA moiety and the PEI
layer on the MSNs was determined. Physicochemical properties of the as prepared HA-
PEI@MSNs were investigated by TEM, DLS, Zeta potential, TGA, FTIR and N2
adsorption/desorption. Moreover, this novel nanoparticle delivery system was proved
effective in a preliminary mice model study for sensitizing multidrug resistance tumor

model when combined with chemotherapy.

2.2 Introduction

The downregulation of gene expression using small interfering RNA (siRNA) has become
a promising strategy for cancer therapy and related medical applications.~3 However, the
delivery of siRNA for clinical use remains challenging. For instance, siRNAs are rapidly
degraded by nucleases in biological fluids and will not cross cell membrane by itself, let
alone selectivity to targeted tissues.* Various types of gene vectors have been extensively
studied over the last decade that can be divided into two general categories of viral
vectors and non-viral vectors.>® Viral vectors are known for their high transfection

efficiency for the delivery of nucleic acid into targeted host cells,>” yet the clinical
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application is limited due to the strong immunogenicity and other potential adverse
effects. Therefore, various of non-viral vectors for gene delivery are proposed, including
lipidst®, polymer complex®!!, and inorganic nanoparticles?-4. Each of those non-viral
transfection agents had its own advantages and limitations. In general, the overall goal of
an optimized transfection agent is to achieve high transfection efficiency in vivo to specific
cells and tissues of interest, therefore diminishing unfavorable side effects on off-target

healthy tissues.*®

Positively charged polymer polyethylenimine (PEI) and its various derivatives and formed
nanoparticles are heavily studied and utilized in the last decade for the delivery of
negatively charged genes.16-18 Polyethylenimine, either in its linear form or branched
form, is complexed directly with the gene of interest or is complexed with other functional
chemical group or copolymer, forming uniform sized nanoparticles of 50 nm to 200 nm in
physiological conditions as delivery vehicles.!” Generally speaking, the transfection
efficiency increases with higher molecular weight of the PEI used in the system, yet the
cytotoxicity increases as higher positive charge density of the delivery system would
permeabilize cellular or nuclear membranes or bind cytoplasmic proteins.® Moreover, the
presence of free PEI residue would introduce additional cytotoxicity, yet some study has
shown the necessity of free PEI in the polyethylenimine delivery system to obtain high
transfection efficiency.?° On the other hand, mesoporous silica nanoparticles (MSNSs)
have been widely investigated as delivery vehicles with large surface area for drug
molecules accommodation.?? MSNs are utilized in several cases for gene delivery
because of their excellent biocompatibility and further chemical modification with ease for

multifunctionality incorporation.?>-2* Previously, we have reported a hybrid materials
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based delivery system, combining inorganic MSNs and organic PEI polymer, for the
delivery of a specific small interference RNA (siRNA) for gene therapy.?? siTWIST, as the
gene of interest for delivery, is responsible for down regulating the expression of TWIST1,
leading to the suppression of epithelial-mesenchymal transition (EMT) process and
multidrug resistance in ovarian cancer and ultimately reduce tumor burden and metastatic
diseases.?>?6 We have demonstrated that with PEI coating on MSNs surface and
SITWIST loaded within the PEI layer (SiTWIST-PEI@MSNS), the siTWIST was
successfully delivered and regulating the expression of siTWIST1 in vitro and in vivo.
Combined with chemotherapy of cisplatin treatment in a sequential manner, tumor burden

was effectively reduced in a mice model.?’

With the idea of further enhance the transfection efficiency of this PEI@MSNSs delivery
system, we combined a well-known targeting moiety of glycosaminoglycan, hyaluronic
acid (HA), via chemical conjugation to the PEI layer. The HA moiety will target the cluster
of differentiation 44 (CD44) that is overexpressed in cancer stem cells (CSC) and various
ovarian types of cancer cells, which would facilitate the uptake of the proposed delivery
system and potentially suppress the metastasis development.?8-32 We engineered and
optimized this novel type of delivery vehicle by fine tuning the composition and ratio of
targeting HA moiety and PEI layer component. The different compositions of
nanoparticles were subjected to confocal microscopy, western blot analysis and
Sulphorhodamine B Cell Survival Assays, finding the ideal ratio with the optimal
transfection efficiency in vitro. Based on these results, we finally estimated the siTWIST
knockdown efficiency of both metastatic and chemoresistant phenotype in a highly

metastatic ovarian cancer model in vivo.
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2.3 Experimental

Materials

Cetyltrimethylammonium bromide (CTAB, 95%), tetraorthoethyl-silicate (TEOS, 98%), 3-
(trinydro-xysilyl)propyl ~ methylphosphonate ~ (HTMP,  42% in  H20), (3-
Aminopropyltriethoxysilane (APTES, 99%), N-hydroxysulfosuccinimidesodium salt
(sulfo-NHS, 98%), MES monohydrate (MES-Buffer, 99%), Hyaluronic acid sodium salt
from Streptococcus equi (HA, 1.5-1.8 x 10E6 Da) and toluene (99.8%) were purchased
from Sigma. polyethylenimine, branched, M.W. 1,800 (PEI) (99%) was purchased from

Alfa Aesar. DyLight™ 680 NHS-Ester was purchased from Thermo Fischer.

Synthesis of PEI@MSNs

Polyethylenimine (PEI) coated MSNs were prepared according to a previously reported
method.*® In brief, cetyltrimethylammonium bromide (CTAB, 0.7 mmol) were mixed with
NaOH (2M, 1.7 mmol) in deionized water (120 mL). The solution was kept at 80 °C for an
hour when tetraethylorthosilicate (TEOS, 5.4 mmol) was added dropwisely. After 30
minutes, 3-(trinydroxysilyl) propyl methylphosphonate (HTMP, 0.5 mmol) was added to
the mixture dropwisely. The reaction temperature was maintained at 80 °C for 2 hours
after which the solution was cooled to room temperature and the as synthesized MSNs
were collected by centrifugation and washed thrice with water and ethanol. CTAB was
removed from the MSNs by suspending the MSNs (200 mg) in ethanol (80 mL) with the
addition of concentrated HCI (10 mL) and reflux for 1 hour twice. The particles were

washed with ethanol after each extraction step and finally dispersed in ethanol for further
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surface coating. Finally, low molecular weight branched PEI (1.8K) was electrostatically
attached to the MSNs by mixing MSNs (10 mg) with PEI ethanol solution (2.5 mg in 1mL)
by a rotating mixer twice. The as-prepared particles (denoted as PEI@MSNSs) were then
washed several times with ethanol/ DI water to remove un-bonded PEI, dispersed in 1X

PBS for further modification.

Fluorescently labeled MSNs were prepared by, first mixing (3-aminopropyl)
triethoxysilane (APTES, 0.2 mmol) with TEOS (4.5 mmol) then dropwisely adding in the
sol-gel reaction. After the removal of CTAB, re-disperse MSNs in DMF, then added in
DyLight 680 NHS-Ester (500 uL) that reacted with the amine groups mainly at the inner
pores. After dye labeling, the particles were washed and processed as described

previously for PEI coating.

Hyaluronic acid attachment

Hyaluronic acid (HA) was covalently conjugated to the amine groups in the PEI layer. In
a typical experiment, hyaluronic acid (HA, 10 mg) were first dissolved in MES buffer (5
mL) and stirred overnight to ensure hydration of the carboxylate group. Later, 10 mg EDC
and 5 mg NHS were added to the HA solution and stirred for 2 hours at room temperature
to activate the carboxylate group in the HA. In the meantime, the PEI@MSNSs (50 mg)
were dispersed in 10 mL fresh 0.1X PBS under vigorous stirring. After EDC-NHS
activation, 3.5 mg equivalent amount of HA in MES solution was slowly added into the
PEI@MSNs suspension and stirred for another 8 hours. The as-synthesized particles
were collected by centrifugation and washed thoroughly with DI water and finally stored

in 1X PBS for siRNA binding.
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Characterization of MSNs

The morphology of the as-synthesized MSNs, PEI@MSNs and HA-PEI@MSNs were
analyzed with a T12 Quick CryoEM (FEI). The size and distribution and zeta potential of
MSNs were measured by ZetaSizer Nano (Malvern Instruments Ltd., Worcestershire,
U.K.) by suspending particles in DI water with a concentration of 50-100 pg/mL. Fourier
transform infrared spectroscopy (FTIR) was operated by a JASCO FT/IR-420
spectrometer. Thermogravimetric analysis (TGA) was operated by a Perkin-Elmer Pyris
Diamond TG/DTA under air at a speed of 200 mLmint. Nitrogen adsorption-desorption
isotherms were performed on an Autosorb-iQ (Quantachrome Instruments) with the

temperature of 77 K. The pore size were calculated by a NLDFT model.

PEI@MSNSs suspension and stirred for another 8 hours. The as-synthesized particles

Cell culture

F2 cell lines were grown in RPMI 1640 (10% fetal bovine serum and 1%
penicillin/streptomycin) (Genesee Scientific) in a tissue culture incubator at 37°C, 5%
CO2, and 90% humidity. Cells were passaged every 2-4 days using 0.25% trypsin
(Genesee Scientific). Where indicated, cells were transfected with Lipofectamine 2000
(Thermo Fisher). F2 cells are cisplatin resistant cells taken from primary patient tissue

with high grade serous ovarian cancer and were a gift from Dr. Gil Mor at Yale University.

Flow cytometry and Intracellular localization imaging by confocal microscopy

Flow cytometry was performed using a LSR (Bec- ton Dickinson, Mountain View, CA). F2

cells were seeded into a 3.5 cm glass bottom tissue culture dish. Following attachment
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(24 hours), old medium was replaced with 2 mL fresh medium. Next, MSN-HA-siQ
(labeled with AlexaFluor® 647) was added to the cells at final concentration of 17.5 ng/pL
(MSN) and 5 nM (siQ) and incubated for an additional 48 hours. Cells were then labeled
with mCherry (Thermo Fisher Scientific). Lysosomes was labeled with LysoTracker
(Thermo Fisher Scientific). Confocal images were obtained using the Zeiss LSM700

Confocal Microscope (Zeiss AG).

Western blot analysis of twist expression

According to our previous reported procedure®3, following Lipofectamine 2000 or MSN-
HA delivery of siRNA, cells were pelleted and lysed in RIPA buffer (50 mM Tris HCL, 1%
NP-40, 0.1% SDS, 150 nM NaCl, 1 mM EDTA and 0.5% sodium deoxycholate). Protein
concentration was determined by BCA assay (Thermo Fisher). Following SDS-PAGE,
protein was transferred to Amersham PVDF membrane (Genesee Scientific) using a
BioRad Trans-Blot SD semi-dry transfer unit. After washing, blots were then blocked in
milk for one hour at room temperature or overnight at 4°C. Incubation with primary
antibody took place for one hour at room temperature or overnight at 4°C, Antibodies
were diluted in 5% milk, with 0.1-0.2% Tween-20. Antibodies used were TWIST 2cla
(Santa Cruz Biotechnology, Dallas, TX) at 1:250-1:500 dilutions, B-Actin, A1978 (Sigma
Aldrich, St. Louis, MO) at 1:2500-1:5000 dilutions; and Horseradish Peroxidase (HRP)
conjugated anti-mouse secondary antibodies. For westerns, the Syngene Pxi4 digital blot

imager and Michigan Diagnostics FemtoGlow chemilumescent substrate were used.

SRB assay

23



According to our previous reported procedure33, F2 cells were plated in 6 well plates and
allowed to adhere overnight. The following day, cells were transfected with siQ, SITWIST
using MSN-HAs. After 48-72 hours, cells were transferred to 96 well plates at 5,000 cells
per well and allowed to adhere overnight. The following day cells were treated with
cisplatin at a series of concentrations (cells not treated with cisplatin served as controls).
After 72 hours, cells were fixed in 10% trichloroacetic acid for 1 hour at 4°C, washed with
water, and dried. Cells were stained in 0.4% sulphorhodamine B (SRB) in 1% acetic acid
for 15 minutes at room temperature and then washed 3-4 times with 1% acetic acid until
no further color was present in the wash. Any stray SRB on the walls of the wells was
removed, and stained cells were dried for 10 minutes. SRB was solubilized in 10 mM Tris
base and color intensity was quantified by absorbance at 570 nm. Each condition was

normalized to its own untreated control.
In vivo study

The animal studies conducted in these experiments were done in accordance with the
protocol approved by the Institutional Animal Care and Use Committee at the City of Hope
Beckman Research Institute. High quality humane care for all animal subjects was
implemented for this study. A total of 20 female NOD.Cg-Prkdcscidll2rgtm1Wijl/SzJ (NSG)
mice (The Jackson Laboratory, Bar Harbor, ME) were used. Ten-week-old mice were
administered an IP of 2.5 x 106 F2 mCherry labeled primary ovarian cancer cells in 200
ML of RPMI media. For all studies, mice were placed into six groups: control, untreated,
MSN-HA-siQ, MSN-HA-siTWIST, CISPLATIN, and MSN-HA-siTWIST + cisplatin. Mice
received 105 pL of 500 ng/pL MSN complexed with 15 pL of 10 uM siRNA per week, with

one full dose (n=8 and n=4, respectively). This is equivalent to 2.5 mg MSN/week. Weekly
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3 mg/kg IP cisplatin injections were given starting two weeks after initial inoculation of
tumor cells to ensure all mice received same amount of chemotherapy. Lastly, animals

were euthanized via CO2z asphyxiation followed by necropsy.

Bioluminescent imaging of mice (using Xenogen IVIS 100 biophotonic imaging system,
STTARR) commenced seven days after injection of tumor cells in order to ensure
engraftment, and continued once a week for four weeks. Mice were given a 100 pL IP
injection of 20 mg/mL D-Luciferin (PerkinElmer, Waltham, MA). Ten minutes after the D-
luciferin injection, mice were anesthetized with isoflurane (2%-5%) and placed in the
biophotonic imager, and images were taken within two minutes. An alfalfa-free version of
the regular rodent diet (alfalfa-free CA-1) was administered to the siQ mice to prevent

autofluorescence from the regular diet.

2.4 Result and discussion

Synthesis and characterization of HA-PEI@MSN

Polyethylenimine (PEI) coated on MSNs for the delivery of siRNA has been tested to
efficiently knockdown Twist expression in breast cancer cell and ovarian cancer cell.3
Herein, hyaluronic acid (HA) was chosen as a targeting agent for CD44 receptors that
overexpressed on ovarian cancer cells. The amount of HA conjugated to MSNs was
carefully investigated. In principle, as the carboxylate group from HA would be
deprotonated in physiological conditions and possess negative charge, increasing
amount of HA conjugated would potentially hinder the capability of PEI to absorb siRNA.

Therefore, different amount of HA was employed to optimize the transfection efficiency.
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The HA-PEI@MSN particles were synthesized as depicted in Figure 2.1. (A). Briefly,
negatively charged phosphonate groups were modified to the outer surface of MSNs
during the sol-gel synthesis process, which will serve as anchor to electrostatically absorb
PEI polymer. After coating MSNs with PEI, the excess amine (-NH2) in the PEI were
utilized to react with carboxyl (-COOH) of hyaluronic acid through EDC-NHS coupling
reaction to form amide bond (-CO-NH-). Different weight ratios between HA and
PEI@MSN were tested for the synthesis, where the final products were denoted as HAx-
PEI@MSN (x mg HA per 10 mg of MSNs). As shown from the TEM images in Figure. 2.1.
(B), the morphology of the particles was not significantly changed after the coating of PEI
or the attachment of HA, while the pore channels became less obvious with further

surface modification, indicating the coating at mainly the outer surface as expected.

The sequential addition of PEI and HA polymer to the MSNs was monitored by zeta
potential measurement. Phosphonate functionalized MSNs (MSN-phos) possessed a
negative zeta potential of -35 mV. After PEI coating, the surface charge became positive
in PBS buffer. (Figure 2.2. (A)) different amount of HA addition (from 0.1 mg to 1.0 mg
per 10 mg PE@MSNSs) would yield a serial change in zeta potential from +17 mV to -18
mV. The change in zeta potential indicated the successful attachment of PEI and HA
polymer onto the MSNs. As expected, with increasing amount of HA used for the
conjugation, the zeta potential of particles in PBS became highly negatively charged, thus
might lose the ability to bind siRNA through electrostatic interaction. In addition, the
hydrodynamic radius of the as-synthesized HAX-PEI@MSNs were measured by dynamic
light scattering (DLS) as shown in Figure 2.2. (A). With an addition over 2 mg HA, the

final particle suspension was too viscous to be measured thus DLS not shown.
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The specific surface area and pore size of the particles were measured by a nitrogen
adsorption/desorption experiment. As shown in Figure 2.2. (C), the specific surface area
was 1158.6 m?/g for phosphonated MSNs. The surface area decreased to 534.9 m?/g for
PEI@MSN and further decreased to 146.3m?/g after the conjugation of HA. The result
was expected as sequential polymer coating on the outer surface would block the access
of N2 gas molecules to the interior mesoporous thus decreasing the specific surface area.
The pore size of the particles also varies with the sequential surface modification from 3.0
nm to 2.2 nm, which agreed with the TEM images, indicating some of the conjugation

occurred at the pore openings.
In vitro cellular uptake study

To evaluate the transfection efficiency of HA-PEI@MSN as gene delivery vehicle, we use
confocal microscopy to visualize the uptake of sSiRNA/MSNs complex. AlexaFluor-647
dye labeled siQ (control siRNA that has similar molecular structure with sSITWIST but not
bio-functional) was used as a model gene. The binding process of siRNA with MSNs was
performed according to our previous study.?” The HA-PEI@MSNs were labeled with
Dylight-680 as described in the experimental section. F2 cell line was chosen for its high
drug resistance and over expression of CD44 receptors. Flow cytometry study was
performed using nanoparticles with/without HA. After incubating nanoparticles with cells
for 1-hour, 2 hours, and 4 hours, cell culture was washed and monitored with flow
cytometry for Dylight-680 signal. From Figure 2.3. (A), the HA-PEI@MSNs were readily
uptaken by F2 cells after 1-hour of incubation and maximized at 4 hours. Comparing to
PEI@MSNs (with no HA), there was an obvious difference at 4 hours after incubating,

showing the enhanced targeting effect of hyaluronic acid. In addition, as shown in Figure
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2.3. (B), the SiQ AlexaFluor-647 alone was not present in the cell when used without the
nanoparticles. Co-localization of AlexFluor-647(siQ) and Dylight-680(HA-PEI@MSN) in
the late endosomes and lysosomes of the cells (Figure 2.4.) indicates the successful
uptake of siQ/HA-PEI@MSNs complex into the F2 cells. Moreover, as depicted in Figure
2.5., in vitro uptake of HA-PEI@MSNSs into F2 cells were analyzed using TEM at different
incubation time of 1-hour, 2-hour and 4-hour. From the 15t hour after incubation, MSNs

were observed in the cytoplasm of cells transfected.

Western blot analysis of Twist expression in 4T1 cell and F2 cell lines

4T1 triple negative breast cancer cell line was chosen to evaluate the knockdown efficacy
of HA-PEI@MSN/siRNA complex. As discussed in the synthesis section, different amount
of hyaluronic acid was applied in the conjugation reaction, yielding HAo, 0.3, 05, 0.7, 1.0-
PEI@MSNSs. Those particles were then complexed with siTWIST and incubated with 4T1
cells. As shown in Figure 2.6. (A), the suppression of Twist was observed early at 24
hours after incubation. With the addition of HA, the knockdown of Twist in 4T1 cells could
be maintained over 1 week. Based on the Western results above, MSN with no HA did
not completely knock down TWIST. This was shown from the presence of light band at
24 hour and the expression increased overtime, shown from the darker band at 48 hour,
72 hour, and then 1 week. 0.5 HA-tagged MSN resulted in a similar knockdown of TWIST
compared to no HA. However, TWIST expression were reduced after 1 week. 0.7 HA-
tagged MSN showed the complete knockdown of TWIST as early as 24 hour and greatly
reduced at 48 hour. TWIST expression started to reappear at 72 hour and 1 wk. Because
of its significance in knocking down TWIST, 0.7 HA-tagged MSN will be used in our animal

experiment study.
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To quantify the different amount of hyaluronic acid applied and attached to the MSNSs,
TGA was performed on sample MSN-phos, PEI@MSN and HAo.72.0-PEI@MSNs. As
shown in Figure 2.2. (D), about 17%wt of PEI was electrostatically attached to MSNSs,
while with the addition of 0.7mg HA (to 10 mg PEI@MSN), 2%wt of HA was conjugated

with a reaction efficiency of 35%.

F2 was then selected as a model resistant cell line for ovarian cancer. As shown in Figure
2.6. (B), at the first 24 hours after incubation, suppressed expression of Twist was
observed. As F2 was less drug resistant comparing to 4T1 cells, the knockdown was
maintained even after one week of treatment. This result showed that HA-PEI@MSNs
could significantly enhance the transfection efficiency of siTWIST and knockdown the
overexpression of Twist, which would potentially reduce the drug resistance in ovarian
cancer cells. With this composition of HA-PEI@MSNSs as the delivery vehicle, it was
shown in the Sulphorhodamine B (SRB) cell survival assays (Figure 2.6. (C)) that TWIST
knockdown via HAO.7-PEI@MSNSs significantly sensitizes F2 cells to cisplatin, with ICso

reduced from ~40 to ~20 yM.

Preliminary in vivo study with HA-PEI@MSNSs as transfection agent

As shown in Figure 2.7., tumor site was visualized by mCherry labeled F2 ovarian cancer
cell line under bioluminescence imaging. A reduction of tumor weight and tumor burden
were observed when using HA-PEI@MSNSs as transfection agent combined with cisplatin
as chemotherapy, showing an improved knockdown efficiency of TWIST expression
comparing to groups without the presence of MSNs or with siQ as a control non-

therapeutic gene. As a result, the survival study using Kaplan-Meier estimate curve
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showed a lest steepness with the presence of HA-PEI@MSNs and extend the half
survival time from 5 weeks of control group to 7 weeks with only cisplatin treatment to 10
weeks with HA-PEI@MSN transfecting siTWIST combined with cisplatin treatment. This
preliminary in vivo study showed great potential for the HA-PEI@MSNs as a novel

transfection agent for siTWIST.

2.5 Conclusion

In summary, we have designed and engineered a novel type of mesoporous silica
nanoparticles based siRNA delivery system. With the introduction of hyaluronic acid as
the targeting moiety, the transfection efficiency of PEI@MSNs was greatly enhanced for
the delivery of siTWIST by enhancing the uptake of MSNs via the overexpressed CD-44
on targeted cell lines. An optimized ratio between the HA moiety and the PEI layer on the
MSNs was found by combined bioassays and cell imaging techniques, showing the
improved gene knockdown performance and cellular uptake. In addition, this novel
nanoparticle delivery system was investigated in vitro, showing promising knockdown of
TWIST1 expression, combined with cisplatin chemotherapy, sensitizing the drug resistant
cell line to cisplatin treatment. A preliminary animal study using this new developed HA-
PEI@MSNSs delivery platform showed promising results to reduce the drug resistance. A
full animal study to statistically prove the in vivo efficacy of this novel transfection agent
is presented in the next chapter. In addition, other cancer models are being studied with

this HA-PEI@MSNSs as a promising theranostic platform.35:3¢

2.6 Figures
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Figure 2.1. (A) Synthesis scheme from MSNs-phosphonate to PEI@MSNs to HA-
PEI@MSNSs. (B) TEM images of MSN-phosphonate, PEI@MSN and 0.7 HA-PEI@MSN.

The scale bars are 200 nm, 100 nm and 50 nm, respectively.

31



200 ot al Jvn)

MABMSY A B3 BMA 13m0 s
"R«
o
{ i
el » WO~ * g
;. ! mi X ~.>o-nsv°-.
- 20 ] .
i 1 -
&30 4 !
B ’ { '.,."
> x4
MJ -~ -t
i vz:m‘ ".. R
e s ~v ‘,1 B — - = . .
<l B0 K0 2 e .m o oe P\ s 02 o4 28 /S D
Wpveirgh | ~ .
100) - M3 s
D b PENIN
DTWA
o4 4 THA
B S
Z
§ s
Em"
7% 4%
7%
70 o~
2095
R4 L 4 T L
00 a0 3o 20 am &0

Torpetyre { C)

32




Figure 2.2. physiochemical characterizations on the as-synthesized MSNs. (A) Left: DLS
sizes of PEI@MSN and HA-PEI@MSN nanoparticles with different amount of HA added,
measurement in DI water with 0.1 mg/mL concentration; Right: Zeta potential values of
PEI@MSN and HA-PEI@MSN nanoparticles with different amount of HA added,
dispersed in DI water with the same concentration. (B) FTIR spectrum of (a) MSN-
phosphonate, (b) PEI@MSN, (c) 0.7 HA-PEI@MSN, (d) 2.0 HA-PEI@MSN. (C) N2
adsorption-desorption isotherms and pore size analysis of MSN-phosphonate,
PEI@MSN and 0.7 HA-PEI@MSN. (D) TGA curves of MSN-phosphonate, PEI@MSN,

0.7 HA-PEI@MSN, and 2.0 HA-PEI@MSN.
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Figure 2.3. Measurement of cellular uptake. (A) Flow cytometry analysis to monitor the
binding of DyLight 680 doped nanopatrticles (with or without HA functionalization) with F2
cells (target cells) at different incubation time. (B) Confocal laser scanning microscopy
investigation of the target ability and co-localization of control siRNA (siQ labeled with
Alexa-647) delivered with HA-MSNs to F2 cells whole cell labeled with mCherry. (C)

Confocal laser scanning microscopy of siQ delivery without presence of HA-MSNSs.
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Figure 2.4. Confocal microscopy demonstrates MSN-HA delivery of si419H into F2 cells.
(A) HA tagged MSN-siQ complex distribution inside the cells after 24 hr. (B) LysoTracker
probe labelling the lysosomes inside the cells. (C) 4T1P eGFP ffluc cells. (D) Overlay of
the pictures, showing that MSN-siQ complexes were taken up by the cells and resided in

lysosomes.
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Figure 2.5. TEM images of F2 cells cellular uptake of HA-MSNs after different incubation
time period of 1-hour, 2-hour and 4-hour. HA-MSNs were pointed at by red arrows in the

images.
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Figure 2.6. (A) Western blot results showing the si419H TWIST knockdown in drug
resistant cell line 4T1P eGFP fluc, delivered by PEI@MSNs with no HA (blue), by HAo.s-
PEI@MSNs (Green) and by HAo.7-PEI@MSNSs (Red). (B) si419H TWIST knockdown in
cell line F2 with HAo7-PEI@MSNSs. (C) SRB cell survival assay reveals that TWIST
knockdown via HAo.7-PEI@MSNSs significantly sensitizes F2 cells to cisplatin (P = 0.0054),
ICs0 is reduced from ~40 yM to ~20 uM. (Statistical significance was determined by two-
way repeated measures ANOVA with Tukey’s multiple comparison test. *, P < 0.05; **, P

<0.01; *** P < 0.001; *** P < 0.0001.)
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Figure 2.7. (A) Bioluminescence imaging visualizing F2 tumors (untreated mice not
shown). Tumors treated with cisplatin has smaller tumor weight than siTWIST or siQ only
control mice, while those treated with siTWIST-HA@MSNSs plus cisplatin exhibit a further
decrease of tumor weight. (B) Mice treated with siQ have similar tumor burden with
TWIST knockdown mice. Cisplatin combined with siTWIST-HA@MSNSs treatment
eliminated much of the tumor mass as compared to cisplatin alone. Arrows indicate tumor
foci. (C) Kaplan Meier Curve showing the survival rate of mice with treatment of TC only,
cisplatin only and siTWIST-HA@MSNSs. (number of mice in experimental group: TC only,

cisplatin n=8; siTWIST-HA n=4)
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Chapter 3

Hyaluronic acid conjugated nanoparticle delivery of
SIRNA against TWIST reduces tumor burden and
enhances sensitivity to cisplatin in ovarian cancer

This chapter is based on work done with collaborators Sophia A. Shahin, et. al. at
Beckman Research Institute, City of Hope for biological assays and mouse model tests.
This study is summarized and published as follow:

Shahin, S. A., Wang, R., Simargi, S. ., Contreras, A., Echavarria, L. P., Qu, L., ... & Zink,
J. 1. (2018). Hyaluronic acid conjugated nanoparticle delivery of siRNA against TWIST
reduces tumor burden and enhances sensitivity to cisplatin in ovarian cancer.

Nanomedicine: Nanotechnology, Biology and Medicine, 14(4), 1381-1394.
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3.1 Abstract

TWIST protein is critical to development and is activated in many cancers. TWIST
regulates epithelial-mesenchymal transition, and is linked to angiogenesis, metastasis,
cancer stem cell phenotype, and drug resistance. The majority of epithelial ovarian cancer
(EOC) patients with metastatic disease respond well to first-line chemotherapy but most
relapse with disease that is both metastatic and drug resistant, leading to a five-year
survival rate under 20%. We are investigating the role of TWIST in mediating these
relapses. We demonstrate TWIST-siRNA (siTWIST) and a novel nanoparticle delivery
platform to reverse chemoresistance in an EOC model. Hyaluronic-acid conjugated
mesoporous silica hanoparticles (MSN-HAs) carried siTWIST into target cells and led to
sustained TWIST knockdown in vitro. Mice treated with siTWIST-MSN-HA and cisplatin
exhibited specific tumor targeting and reduction of tumor burden. This platform has
potential application for overcoming clinical challenges of tumor cell targeting, metastasis

and chemoresistance in ovarian and other TWIST overexpressing cancers.

3.2 Introduction

Recurrent epithelial ovarian cancer (EOC) is almost uniformly lethal. EOC is responsible
for 90% of all cancers of the ovaries;* and about 70% of women diagnosed with EOC are
already considered to be in advanced stage.! Despite successful initial surgery and
chemotherapy, over 65% of advanced EOC will reoccur, and only 15-30% of recurrent
disease will respond to chemotherapy.?= To this end, tumor recurrence and metastases

are primarily responsible for treatment failure in over 90% of patients with metastatic
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disease.® Thus, recurrent metastatic disease is a major clinical challenge without effective
therapy. The cancer stem cell (CSC) hypothesis explains the difficulty of treating these
cancers. Rare cells within a tumor exhibit characteristics of stem cells.” These CSC
sustain mutations that allow for expression of embryonic factors that contribute to
chemoresistance and metastasis.2® Currently, no EOC therapies target the CSC

specifically. Until such therapies are developed, recurrent tumors will remain untreatable.

Chemoresistant CSC have been shown to be the leading cause of relapse and metastasis
in many cancers.'® Activation of several mechanisms in CSCs, including drug efflux or
inactivation, signaling pathways that enhance survival, and altered DNA damage
response, is known to lead to chemoresistance.® Moreover, EOC tumors express high
levels of epithelial-mesenchymal transition (EMT) markers such as TWIST, which play a
vital role in cancer metastasis (Figure 1A).1%12 TWIST is found to upregulated in almost
all metastatic cancers, including ovarian.*>-'4 Furthermore, is it well known that TWIST
and EMT control chemoresistance and stemness in cancer (FigurelB).'>" TWIST
expression directly affects EMT markers by overexpressing N-cadherin and vimentin, and
down-regulating E-cadherin (FigurelB).*® Our group has shown knockdown of TWIST
leads to reduced tumor growth, burden, and angiogenesis in melanoma,*® and abridged
the invasive phenotype in triple-negative breast cancer.?° However, nuclear localization
makes targeting transcription factors such as TWIST nearly impossible with small
molecule drugs.?! To bypass this problem, we emply small interfering RNAs (SiRNAS).
We have developed a therapeutic siRNA against TWIST (Figure 1C), and have designed
a novel nanoparticle-based delivery platform to specifically target CSCs. We created a

polyethylenimine (PEI) coated mesoporous silica nanoparticle (MSN) conjugated with
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hyaluronic acid (MSN-HA). We have previously shown effective delivery to tumor cells
using a similar modality, both in vitro and in vivo of ovarian, melanoma, and breast

cancer.19.20.22

In this study, we aimed to build upon our previous work utilizing MSN nanopatrticle therapy
and introduce our novel siTWIST conjugated MSN-HA technology to a highly metastatic
ovarian cancer model. We hypothesized MSN-HA-siTWIST would knock down TWIST
and sensitize CSC to chemotherapeutics via HA-CSC targeting of its native ligand, CD44.
Additionally, we studied the tumor-specific targeting capability of our MSN-HAs resulting
in significant selectivity, with better delivery efficiency and improved antitumor therapeutic
effect as compared to current delivery systems, such as viral and non-viral vectors or lipid
and polymer vesicles.1922-25 We certify this novel MSN-HA-siTWIST drug delivery

platform a promising therapy to inhibit metastasis and acquired drug resistance in cancer.

3.3 Experimental

Cell Culture

F2 and Ovcar8 cell lines were grown in RPMI 1640 (10% fetal bovine serum and 1%
penicillin/streptomycin) (Genesee Scientific) in a tissue culture incubator at 37°C, 5%
C0O2, and 90% humidity. Cells were passaged every 2-4 days using 0.25% trypsin
(Genesee Scientific). Where indicated, cells were transfected with Lipofectamine 2000
(Thermo Fisher). F2 cells are cisplatin resistant cells taken from primary patient tissue

with high grade serous ovarian cancer and were a gift from Dr. Gil Mor at Yale University.

Optimization of Ovcar8 for in vivo use
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For mouse experiments, Ovcar8 cells were stably transfected with CMV-p:EGFP-ffluc
pHIV7 as described previously.?® This resulted in expression of an eGFP-firefly luciferase
(ffluc) fusion protein. Furthermore, to increase engraftment efficiency and homogeneity
of the cell population, Ovcar8 cells were passaged through mice. Ovcar8-GFP+ffluc cells
were injected intraperitoneally (IP) and allowed to form tumors. Cells were harvested after

37 days and used to establish the Ovcar8-IP line.
3.3.3 siRNA design

siRNAs against TWIST were designed based on shRNAs that were previously
validated.'®20 Sequences are: si419 guide, 5-AAUCUUGCUCAGCUUGUCCUU-3 and
si419 passenger, 5-GGACAAGCUGAGCAAGAUU-3'. Non-targeting control siRNA (siQ)
was AllStars Negative Control siRNA, labeled with AlexaFluor-647 from Qiagen. For in
vivo studies, 2’-O-methyluracil and inverted abasic ribose chemical modifications were

made to the si419 passenger strand, as illustrated in Figure 3A.1923

3.3.4 MSN-HA design and delivery

MSNs were synthesized utilizing the sol-gel method as described previously.'® First,
250mg 95% cetyltrimethylammonium bromide (CTAB) was dissolved in 120mL of water
with 875yl 2M sodium hydroxide solution, at 80°C. Next, 1.2mL of 98%
tetraethylorthosilicate was added. After 15 min, 300pl of 42% 3-(trihydroxysilyl) propyl
methylphosphonate was added, and the resulting mixture was stirred for 2hrs. Particles
were collected using centrifugation and washed with methanol. Acidic methanol was then
used to remove any remaining CTAB surfactants. Zeta potential at 50 pg/mL was 43.75

mV (Aldrich, St. Louis, MO).° Particles were ~120 nm in diameter, with 2.5 nm pores. 1.8
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kD-polyethyleneimine (PEI) was electrostatically attached to the particle surface to
provide positive charge, to which negatively charged siRNA is attached. HA is covalently
bonded to the amine groups in the PEI using EDC-NHS coupling reaction.?’” To complex
siRNA for in vitro experiments, 10 pL siRNA at 10uM was mixed with 70 uL MSNs at 500
pg/mL and 20 pyL water. The mixture was incubated overnight at 4°C on a roller. The
following day, 100 pL of MSN-siRNA was added to each well of a 6-well plate containing

1900 uL normal medium.

Fluorescent MSNs were prepared by adding 500 uL DyLight 680 NHS-Ester that reacted
with the MSN amine groups. After dye labeling, the particles were thoroughly washed and

dispersed in ethanol for later surface coating.

3.3.5 Fluorescence Microscopy

To verify cell uptake of the nanoparticle-siRNA complexes, cells were imaged
immediately before harvesting. Phase and fluorescent images to detect siQ-AlexaFluor-
647 were done using a Nikon TE-2000S-microscope and SPOT Advanced software

(Diagnostic Instruments).

3.3.6 Confocal Microscopy

Ovcar8-IP cells were seeded into a 3.5 cm glass bottom tissue culture dish. Following
attachment (24 hr), 2 mL of fresh medium replaced the old medium. Next, MSN-HA-siQ
(labeled with AlexaFluor® 647) was added to the cells at final concentration of 17.5 ng/uL
(MSN) and 5 nM (siQ) and incubated for an additional 48 hours. Cells were then treated
with LysoTracker Red (Thermo Fisher Scientific). Confocal images were obtained using
the Zeiss LSM700 Confocal Microscope (Zeiss AG).

54



Western Blotting

Following Lipofectamine 2000 or MSN-HA delivery of siRNA, cells were pelleted and
lysed in RIPA buffer. Protein concentration was determined by BCA assay (Thermo
Fisher). Following SDS-PAGE, protein was transferred to Amersham PVDF membrane
(Genesee Scientific) using a BioRad Trans-Blot SD semi-dry transfer unit. Blots were then
blocked in milk for one hour at room temperature or overnight at 4°C. Incubation with
primary antibody took place for one hour at room temperature or overnight at 4°C,
Antibodies were diluted in 5% milk, with 0.1-0.2% Tween-20. Antibodies used were
TWIST 2cla (Santa Cruz Biotechnology, Dallas, TX) at 1:250-1:500 dilution, p-Actin,
A1978 (Sigma Aldrich) at 1:2500-1:5000 dilution; and Horseradish Peroxidase (HRP)
conjugated anti-mouse secondary antibodies. For westerns, the Syngene Pxi4 digital blot

imager and Michigan Diagnostics FemtoGlow chemilumescent substrate were used.

Sulphorhodamine B Cell Survival Assays

Ovcar8-IP cells were plated in 6 well plates and allowed to adhere overnight. The
following day, cells were transfected with siQ or MSN-HA-si419. After 48-72 hours, cells
were transferred to 96 well plates at 5,000 cells per well and allowed to adhere overnight.
The following day cells were treated with cisplatin at a series of concentrations (cells not
treated with cisplatin served as controls). After 72 hours, cells were fixed in 10%
trichloroacetic acid for 1 hour at 4°C, washed with water, and dried. Cells were stained in
0.4% sulphorhodamine B (SRB) in 1% acetic acid for 15 minutes at room temperature
and then washed 3-4 times with 1% acetic acid until no further color was present in the

wash. Any stray SRB on the walls of the wells was removed, and stained cells were dried
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for 10 minutes. SRB was solubilized in 10 mM Tris base and color intensity was quantified

by absorbance at 570 nm. Each condition was normalized to its own untreated control.
Animal Studies

The animal studies conducted in these experiments were done in accordance with the
protocol approved by the Institutional Animal Care and Use Committee at the City of Hope
Beckman Research Institute. High quality humane care for all animal subjects was
implemented for this study. A total of 60 female NOD.Cg-Prkdcscidll2rgtm1Wijl/SzJ (NSG)
mice (The Jackson Laboratory, Bar Harbor, ME) were used. Ten-week-old mice were
administered an IP of 2.5 x 106 Ovcar8-IP cells in 200 pl of RPMI media. For all studies,
mice were placed into five groups: MSN-HA-siQ, MSN-HA-siTWIST, CISPLATIN, MSN-
SITWIST + cisplatin, and MSN-HA-siTWIST + cisplatin (n=8 or n=12). Previous reports
show no cellular uptake without MSNs,*° thus a siRNA-only group was not added to this
study. Bioluminescent imaging of mice (using Xenogen IVIS 100 biophotonic imaging
system, STTARR) commenced seven days after injection of tumor cells in order to ensure
engraftment, and continued once a week for four weeks. Mice were given a 100 pL IP
injection of 20 mg/mL D-Luciferin (PerkinElmer, Waltham, MA). Ten minutes after the D-
luciferin injection, mice were anesthetized with isoflurane (2%-5%) and placed in the
biophotonic imager, and images were taken within two minutes. An alfalfa-free version of
the regular rodent diet (alfalfa-free CA-1) was administered to the siQ mice to prevent
autofluorescence from the regular diet. Intravenous (IV) versus intraperitoneal (IP)
injections of MSN-HA-siRNA were conducted one week after the inoculation of Ovcar8-
IP cells and done once or twice per week for a total of seven weeks. Mice received 105l

of 500ng/pl MSN complexed with 15ul of 10uM siRNA per week, with one full dose (n=8
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and n=12, respectively). This is equivalent to 2.5mg MSN/week. Weekly 3mg/kg IP
cisplatin injections were given starting two weeks after initial inoculation of tumor cells to
ensure all mice received same amount of chemotherapy. Lastly, animals were euthanized
via CO2 asphyxiation followed by necropsy. Both primary tumors and disseminated
masses were dissected from adjacent tissue and weighed. Mice were imaged for
biodistribution studies. Tumors, spleen, kidney, uterus and liver were imaged ex vivo to
detect the location of both the Ovcar8-IP cells and MSN-HA. Efficacy data is presented

from mice dosed once per week with MSN-HA-siRNA.

Pathology

Hematoxylin and eosin (H&E) and CD44 staining was conducted on tumor samples
obtained at necropsy and were processed in The Pathology Core Laboratory at the City

of Hope Department of Pathology and Laboratory Medicine.

Quantitative PCR

Total cellular RNA was isolated using the RNeasy Plus kit (Qiagen). An equal amount of
RNA for all conditions was used as a template for cDNA synthesis using the iScript cDNA
Synthesis kit with provided random primers (Bio-Rad, Hercules, CA). Quantitative RT-
PCR (gPCR) was performed in triplicate using 500 ng/well cDNA and Maxima SYBR
Green Master Mix (Thermo Fisher Scientific) in 25 pL reactions. Cycling was conducted
in a Bio-Rad iQ5 thermal cycler for 40 cycles (95°C, 15s; 57°C, 60's; 79°C, 30 s) followed
by melt curve analysis. Data were analyzed using Bio-Rad iQ5 software (2-AACt method,

normalized to B-Actin).

Statistics
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All in vivo data was analyzed using one-way ANOVA with correction for multiple
comparisons, comparing all groups to CISPLATIN treatment group. Additionally, an
unpaired t-test with Welch'’s correction was used to compare tumor number and weight
between cisplatin alone and the combination cisplatin + si419H treatment groups. All
analyses were done using Prism 6 software: * p < .05, * p < .01, ** p < .001, *** p <

.0001

3.4 Results and discussion

MSN-HA delivered siRNA knocks down TWIST in vitro in an ovarian cancer model

Our previous work demonstrated the efficacy of our siRNA targeting TWIST (si419
sequence in Figure 1C).1%2022 Thys, we utilized Lipofectamine 2000 transfection to
examine the effect of si419 in Ovcar8-IP-eGFP cells. TWIST expression was knockdown
over 90% within 24 hours and completely inhibited as soon as 72 hours (Figure 1D). Once
our si419 was validated, we built upon our recent success with MSNs and introduced
MSN-HAs as a delivery vehicle, due to the fact that without a carrier, no siRNA enters
target cells (Figure 1E). The MSN-HA specifically targets CSCs through its native ligand
CD44.25282% Much work has focused on attempting to target CD44 in an attempt to
improve drug delivery to only malignant tissue and reduce off-target affects. The PEI is
electrostatically attached to the MSN surface to provide positive charge, to which
negatively charged siRNA is subsequently attached. Hyaluronic acid is covalently bond
to the amine groups in the PEI using EDC-NHS coupling reaction and seen using TEM
(Figure 2A, B and Supplementary Figure 1).2” In order to verify that MSN-HAs

successfully delivered siRNA into target cells, we conjugated MSN-HAs with AlexaFluor-
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647 tagged siQ control siRNA. Microscopy revealed increased cell uptake of labeled
siRNA in Ovcar8-1P-eGFP cells (Figure 2C). Our previous studies show 0.000082 mgs of
the original 0.0001mgs siRNA delivered remain on the MSN in culture.?® Furthermore,
MSN-HA complexed with siITWIST (MSN-HA-siTWIST) successfully knocked down
TWIST within 24 hours post transfection, and successfully uptake into cells as soon as

an hour (Figure 2D, Supplementary Figure 2).

Optimization of siTWIST sequence for in vivo therapy evaluation

In order to improve siRNA uptake in vivo, it was reformed to bypass the issues of nuclease
degradation and immune activation by siRNAs. We achieved this by chemically modifying
the si419 passenger strand to create si419 hybrid siRNA (si419H, Figure 3A). In order to
promote nuclease resistance of the siRNA duplex, 2’-O-methyl and inverted abasic ribose
(iaB) modifications were added.3?3! iaB avoids the loading of the passenger strand into
RISC, which then improves the potency of siRNA by safeguarding which duplexes bind

to TWIST mRNA, leading to efficient knockdown and successful silencing of TWIST.3°

MSN-HAs efficiently deliver siRNA and knockdown TWIST leading to chemosensitivity of

ovarian cancer cells

Confocal microscopy demonstrated that treatment of MSN-HA to Ovcar8-IP-eGFP cells
resulted in siQ co-localizing in the late endosomes and lysosomes of the cells, as
evidenced by LysoTracker dye overlay (Figure 3B). Specifically, this is the perinuclear
space of the cell, which was expected and have previously revealed.'®2022 Transfection
of MSN-HA-siTWIST in both Ovcar8-IP-eGFP and F2 cells caused robust knockdown of

TWIST as soon as 24 hours (Figure 3D). Furthermore, sulphorhodamine B (SRB) based
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cell survival assays revealed sensitization of both ovarian cancer cell lines to standard
chemotherapy, cisplatin, following MSN-HA-mediated TWIST (MSN-HA-siTWIST )
knockdown (Figure 3C, data only shown for Ovcar8-IP-eGFP cells). Cisplatin resistant
cells were significantly sensitized to the drug, with approximately one log difference in

IC50 (~60 to ~5 pM).

Ovarian tumor growth is significantly inhibited by MSN-HA-siTWIST and chemo

combination therapy

Mice were treated weekly for seven weeks with MSN-HA-siQ, MSN-HA-siTWIST,
CISPLATIN alone, MSN-siTWIST + cisplatin, or MSN-HA-siTWIST + cisplatin. After
seven weeks of therapy, mice in the negative control (siQ) group established significant
tumors which metastasized as illustrated by bioluminescent photon flux measurements
(Figure 4). The mice in the sITWIST treatment group produced relatively smaller tumors,
with a 40% drop in bioluminescent signal after seven weeks of therapy in comparison to
the siQ controls. The chemotherapy only treatment mouse group (CISPLATIN only) was
left with 60% less tumor than the siQ control. MSN-siTWIST with cisplatin, without HA,
provided similar results to our previous studies,®? reducing tumor volume an additional
20% compared to cisplatin alone; whereas the MSN-HA-siTWIST with cisplatin
chemotherapy treatment group (MSN-HA-siTWIST + cisplatin) exhibited the most
promising outcome, with almost 90% decrease in tumor burden as compared to the siQ

control and measured by bioluminescence (Figure 4).

The intraperitoneal cavity of mice from the MSN-HA-siTWIST + cisplatin group was

substantially healthier when compared to MSN-HA-siQ control mice (Figure 6A).
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Moreover, MSN-HA-siQ control mice developed great amounts of tumor, metastasis, and
ascites as compared to MSN-HA-siTWIST + cisplatin group (Figure 5 A-C) which showed
no large dispersed lesions. It is important to note that cisplatin + MSN-siTWIST hindered
cancer growth by almost 50%, cumulatively, (Figure 5, A-C), as shown previously.3?
However, MSN-HA-siITWIST + cisplatin combination therapy inhibited tumor growth to an
even more significant degree, with almost a 75% drop in number of tumor in comparison
to CISPLATIN alone and 90% compared to controls (Figure 5, A-C). A similar trend was
seen for proportion of mice developing ascites and metastasis (Figure 5 B-C).
Administration of the therapy, IP vs. IV did not appear to affect the positive outcome of

reduced tumor burden (Figure 5D).

MSN-HA-siTWIST combination therapy demonstrated EMT inhibition in ovarian tumors

Collected tumors were analyzed for the relative mRNA quantities of TWIST, Vimentin, N-
Cadherin, and E-Cadherin (EMT markers). There was a significant reduction in the
amount of TWIST, Vimentin, and N-Cadherin in the MSN-HA-siTWIST cisplatin
combination therapy treated mice when compared to the control mice (MSN-HA-siQ)
(Figure 6, B-D). The average relative reduction of TWIST and N-Cadherin for MSN-HA-
SITWIST + cisplatin mice was less than that of those treated with MSN-siTWIST + cisplatin
(no HA) (P = 0.001), though no significant difference was observed for Vimentin or E-
Cadherin. Thus, these data suggest inhibition of EMT is promising through the delivery of

TWIST siRNA utilizing MSN-HA as a delivery vehicle.

MSN-HAs only accumulate at tumor sites with no evidence of off targeting effects
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In order to determine if our novel MSN-HAs specifically localized at CSC tumor sites in
vivo, we performed fluorescent imaging of siQ treated mice at necropsy. Ovcar8-IP-eGFP
cells successfully produced primary tumors (ovaries) and at metastatic sites (Figure 7 B,
D and F). Moreover, MSN-HAs carrying siRNA only penetrated and accumulated inside
these primary tumors and metastatic sites (Figure 7 C and F), and not in any other
peritoneal tissue (Figure 8) or organ examined. Most importantly, tumor uptake of MSN-
HAs was significantly greater than that of MSNs without HA (Figure 7 B and C) in the
primary tumor site (ovary). This data validates the increased targeting effect HA provides
to the tumor sites. Moreover, overlay of GFP (tumor) and DYLIGHT (MSN-HA) fluorescent
filters further confirms MSN-HAs only accumulate at tumor sites with no evidence off
targeting signal (Figure 7F, 8A-C). Lastly, CD44 antibody staining confirms MSN-HA to

CD44 CSC specific targeting (Figure 8D).

DISCUSSION

Our data elucidate a mechanism of CSC regulation in EOC via MSN-HA-siTWIST chemo-
combination therapy, and proposes treatment strategies that specifically target CSCs to
arrest recurrent metastatic disease. We have developed a treatment strategy that
specifically targets CSCs to halt recurrent metastatic disease. Currently, no EOC
therapies target CSCs specifically. These cancer-related events include cancer invasion,
metastasis, and resistance to apoptotic signals, including chemotherapy. The process of
EMT allows epithelial cancer cells to undergo a phenotypic switch that confers upon these
otherwise polarized and immobile cells the capacity to become migratory and highly
invasive mesenchymal cells.3® Thus in cancer, EMT is a pre-requisite for metastasis.3* In

addition to the metastatic process, research in EMT has focused in two additional areas:
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1) the correlation between stemness and EMT;35-38 2) the association between EMT and
the development of drug resistance.3®*#? This work provides increasing evidence
suggesting a relationship between EMT, stemness, and drug resistance and there is a
need to understand how these processes correlate and how chemotherapy may
accelerate these changes. The outcome of this work may provide important insight into

these biological processes.

Among numerous drug delivery systems, such as viral and non-viral vector, or lipid and
polymer vesicles, nanoparticles are a preferred method of choice due to their vast
applications in medicine. MSNs are proven effective delivery vehicles of DNA vectors and
siRNA therapeutics. Viral and non-viral vectors have been investigated for gene
silencing;° however, numerous studies have shown that viral vectors are associated with
concerns of systemic toxicity and immunogenicity, even when locally injected into the
tumor site.1%43 Non-viral vectors are considered safer, however MSNs have large surface
area, tunable pore sizes, and encapsulate molecules such as drugs.10:2528.2943 | gstly,
silica has high electron contrast compared to polymers which facilitate TEM analysis and

enables quantification of the loading efficiency of SiRNA.10.24.2543

To our knowledge, this is the first example of silencing TWIST utilizing a novel MSN-HA
delivery system in ovarian cancer models. Here we show the efficacy of chemically-
modified-siRNA for in vivo use against TWIST in EOC models. Moreover, we demonstrate
substantial TWIST knockdown utilizing MSN-HA-siTWIST in vitro. TWIST has been
shown to be significantly associated with metastasis, EMT, drug resistance, and poor
prognosis,?#4-47 thus making it an optimal target for ovarian cancer therapy. We and

others have shown that the effective knockdown of TWIST leads to a decrease in motility,
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followed by an increase in chemotherapy sensitivity in ovarian cancer.?23247 The delivery
of our siRNA by MSN-HA was shown to have a profound effect on both TWIST silencing
and chemoresistance in the EOC model (Figure 3 C-D). These data add to the growing
evidence that TWIST is a clinically significant therapeutic target for the treatment of EOC

and other solid tumors.

MSN-siTWIST alone demonstrated sufficient delivery of siRNA cargo into ovarian cancer
cells in vitro and led to substantial knockdown of TWIST and chemosensitivity in vivo
(Figures 4 and 5) as compared to previous studies.??> However, the substantial
improvement of ovarian tumor chemosensitivity, reduction in tumor burden and profound
CSC tumor localization made by the MSN-HA-siTWIST in vivo cannot be ignored (Figure
5 and 7). Thus, this work validates si419H’s increased efficacy both in vitro and in vivo
via the utilization of MSN-HA-siTWIST. Moreover, fluorescence microscopy
demonstrated proper localization of MSN-HAs in the lysosomes of Ovcar8-IP-eGFP cells
(Figure 3B), and provided efficacious silencing of TWIST within 24 hours and complete
absence of expression within one week (Figure 3D), leading to significant
chemosensitivity (Figure 3C) in vitro. These findings strongly support our assertion that

TWIST is an important therapeutic target in ovarian cancer.

3.5 Conclusion

The great benefit of our system is safety and high specificity. The MSN-HA + siRNA only
localize to tumor sites and not to other tissues or organs, and do so at a significantly
greater rate than MSNs without HA. We have demonstrated that that PEI coating on the

nanoparticle facilitates MSN uptake into tumor cells.*® We suggest the possibility that

64



tumor associated macrophages are moderately responsible for the MSN-HA tumor
targeting and efficacy we have seen here and previously, however further research is
needed to determine this stance. By conducting treatments both IV and IP, we were able
to conclude no significant difference in effective therapy outcome (Figure 5D); thus,
supporting the IP route of administration in current human trials and its model for effective
TWIST targeting. TWIST is an embryonic protien and is silenced in adult tissues, limiting
on-target, off-tumor effects of the siRNA strategy, making IP injection of MSN-HA-
siTWIST an advantageous therapy. Furthermore, this work supports previous research
that MSNs are safe and non-toxic at the concentrations utilized in this experiment.19:49.50
Examination of most intraperitoneal organs at necropsy (uterus, heart, lung, spleen, liver,
or kidney) revealed no harm to the specimens, as supported and reviewed by a certified
veterinary pathologist. However, more work needs to be done on the possible side effects

caused by the siRNA, if any.

The future for these MSN-HAs is bright due to their significantly improved tumor targeting
and uptake compared to MSN alone, and their mesoporous nature as likened to other
metal based nanoparticles, such as gold or carbon. Additional work will exploit the MSN
pore structure by examining the potential to create nanovalves on the MSNs themselves
that could potentially encompass an open/close function so anticancer drugs can be
stored in the pores. Other work has shown the possibility for chemo drugs to be released
when MSNs encounter a low pH or an external provocation such as an oscillating

magnetic field.>1-5¢

Overall, this project serves to demonstrate that MSN-HAs can also be modified with

targeting moieties such as hyaluronic acid (HA). Since HA is a native ligand for CD44,
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which is overexpressed and correlates with worse prognosis in EOC,%"58 we showed here
enhanced uptake into tumors, especially in primary tumors, which in previous work
showed limited siRNA uptake in vivo.?? Thus, an MSN-HA-siRNA approach can deliver a
substantial advantage in an EOC model, and paves the way for future developments of
IP therapy delivery for ovarian cancer. Future work will continue to build upon our previous
work in order to study multifunctional MSNs, combining chemo drug delivery, in various

cancer models.

3.6 Figures
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Figure 1. A. TWIST schematic showing the basic DNA binding domain, helix-loop-helix
dimerization motif, and C-terminal protein-binding WR domain. B. Reactivation of TWIST
in cancers induces an epithelial to mesenchymal transition (EMT), which has been shown
to lead to metastasis and acquired drug resistance. C. Sequences of TWIST siRNA
(si419) targeting the coding region of TWIST mRNA. D. Validation of siRNA.
Lipofectamine 2000 was used to transfect Ovcar8 cells with si419. Western blot reveals
robust TWIST knockdown over three days post transfection. Non-transfection (NTF) is
shown as a positive control for knockdown. E. Without a carrier, no siRNA enters target

cells.
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Figure 2. A. Schematic of an MSN-HA with pore structure (white). MSN-HAs used in these
studies have a PEI coating (purple layer) which allow for a balance of charge interactions
to chemically bind siRNA (orange) and hyaluronic acid (HA) (green). Monomer structure
for PEI is shown below (red box). B. Transmission electron micrograph of MSN-HAs.
Particles are of uniform diameter, ~120 nm. C. Ovcar8-IP eGFP ffluc cells efficiently take
up MSN-HAs loaded with siQ-AlexaFluor-647. Scale bar, 100 um. D. si419 loaded onto
MSN-HAs produce highly efficient TWIST knockdown as early as 24 hours and lasting
one week post transfection. NTF and Lipofectamine were used as negative and positive

controls, respectively.
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Figure 3. A. In preparation for in vivo studies, si419 was chemically modified to include
2’-O-methyluracil and inverted abasic ribose caps on the passenger strand. This siRNA
is termed si419H. B. Confocal microscopy demonstrates MSN-HA delivery of si419H into
Ovcar8-IP cells. siQ-AlexaFluor-647 (blue) colocalizes with lysosomes and late
endosomes, as stained by LysoTracker (red), reflecting proper endosomal trafficking of
MSN-HAs to allow siRNA release. C. SRB cell survival assay reveals that TWIST
knockdown via MSN-HAs significantly sensitizes Ovcar8-IP cells to cisplatin (P=.00018).
D. Western blot confirms that si419H knocks down TWIST in Ovcar8-IP cells and F2 cells.
Knockdown is still effective one week post treatment. Comparison of MSNs alone vs
MSN-HAs reveals greater knockdown efficacy when using MSN-HAs (0.7 gr HA per 10

mg MSN-PEI).
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Figure 4. A. Bioluminescence imaging of Ovcar8-IP tumors. Tumors treated with cisplatin
emit noticeably weaker signal than siTWIST or siQ only control mice, while those treated
with SITWIST-MSNSs plus cisplatin exhibit a further loss of signal. SITWIST-MSN-HAS plus
cisplatin exhibit a greatest loss of signal. B. Quantification of bioluminescence for all
seven weeks of treatment as depicted in A for weeks 1 and 7. Units for luminescence are

photons/sec/cm?2/steradian.
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Figure 5. A. Quantification of total tumor observed in mice. Combination of cisplatin with
SiTWIST-MSNSs reduced tumor burden 20% in comparison to cisplatin alone (P =0.1880);
while combination of cisplatin with sSiITWIST-MSN-HA reduced this 75% (P =0.0012). B.
Quantification of total metastasis observed. Cisplatin, with or without TWIST knockdown,
produced a drop in tumor metastasis compared to controls (siQ and siTWIST). Addition
of sITWIST led to a significant decrease (P=0.0084) when compared to cisplatin alone;
while combination of cisplatin with siTWIST-MSN-HA reduced this even more (P
=0.0011). C. Quantification of total ascites collected. Cisplatin, with or without TWIST
knockdown, produced a drop in ascites comparing to siQ control. Addition of siTWIST led
to a significant decrease (P=0.0072) when compared to cisplatin alone; while combination
of cisplatin with siTWIST-MSN-HA reduced this even more (P =0.002). D. Quantification
of total tumor in grams observed in mice that received therapy via intravenous (IV) versus

intraperitoneal (I.P) injection. Results for both delivery vehicles are comparable.
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Figure 6. A. Mice treated with siQ only have greater tumor burden than TWIST knockdown
mice. Cisplatin and siTWIST treatment eliminated much of the tumor mass as compared
to cisplatin alone, but a combination of cisplatin and siTWIST-MSN-HA knockdown
yielded the cleanest peritoneal cavity at the conclusion of the experiment. Arrows indicate
tumor foci. One representative image shown per group (siQ, siTWIST and cisplatin n=8;
SiTWIST and siTWIST-HA n=12). B.—-E. qPCR results from tumors collected at necropsy.
Tumors exhibit loss of TWIST1 (B) and its target genes Vimentin (C) and N-Cadherin (D).
In each case, slighty greater knockdown is observed for siTWIST-MSN-HA than siTWIST-

MSN alone. E-Cadherin conversely is increased with loss of TWIST (E).
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Figure 7. A.-D. Necropsy images of mice and organs treated with MSN-HA Dylight 680
on consecutive days reveal highly specific tumor localization of SITWIST-MSN-HA
complexes as compared to siTWIST-MSN (No HA) alone (C). GFP fluorescence shows
all Ovcar8-1P tumor cells within the abdominal cavity (B and D). E.-F. Imaging of individual
organs reveals that negligible quantities of MSN-HAs are found in the heart, liver, kidney,
spleen, or lung. GFP and Diylight fluorescence is nearly all found in disseminated tumors,
including lesions on the liver, kidney and spleen surfaces, with most signal emitted from

the primary tumor. Units for luminescence are photons/sec/cm?/steradian.
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Figure 8. A. Mouse tumor tissue sections stained with hematoxylin and eosin (H&E) stain
after necropsy reveal significant tumor burden. B. GFP fluorescence reveals tumor cell
location. C. RITC fluorescence reveals highly specific nanoparticle tumor targeting; MSN-
HA nanopatrticles are only localized in tumor cells and not in control intestine. D. MSN-

HA co-localizes with CD44 on the membrane of tumor.
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Chapter 4

Nanoparticle formulation of Moxifloxacin and
Intramuscular route of delivery improve antibiotic
pharmacokinetics and treatment of pneumonic
tularemia in a mouse model

This chapter is based on work done with collaborators Daniel L. Clemens and Bai-Yu Lee,
et. al. at Division of Infectious Diseases, UCLA for bio-assays and mouse model tests.

This study is summarized and published as follow:

Clemens, D. L., Lee, B. Y., Plamthottam, S., Tullius, M. V., Wang, R., Yu, C. J,, ... &
Horwitz, M. A. (2018). Nanoparticle Formulation of Moxifloxacin and Intramuscular Route
of Delivery Improve Antibiotic Pharmacokinetics and Treatment of Pneumonic Tularemia

in a Mouse Model. ACS infectious diseases, 5(2), 281-291.
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4.1 Abstract

Francisella tularensis causes a serious and often fatal infection, tularemia. We compared
the efficacy of moxifloxacin formulated as free drug vs. disulfide snap-top mesoporous
silica nanoparticles (MSNs) in a mouse model of pneumonic tularemia. We found that
MSN-formulated moxifloxacin was more effective than free drug and that the
intramuscular and subcutaneous routes were markedly more effective than the
intravenous route. Measurement of tissue silica levels and fluorescent flow cytometry
assessment of colocalization of MSNs with infected cells revealed that the enhanced
efficacy of MSNs and the intramuscular route of delivery was not due to better delivery of
MSNSs to infected tissues or cells. However, moxifloxacin blood levels demonstrated that
the nanoparticle formulation and intramuscular route provided the longest half-life and
longest time above the minimal inhibitory concentration. Thus, improved
pharmacokinetics are responsible for the greater efficacy of nanoparticle formulation and

intramuscular delivery compared with free drug and intravenous delivery.

4.2 Introduction

Mesoporous silica nanoparticles (MSNs) are an attractive drug delivery platform for
several reasons, including an extremely large internal surface area that allows high drug
loading and a surface that can be readily modified for targeting of specific cells and
controlled drug release in response to environmental cues.>? For example, we have
devised MSNs functionalized with disulfide snap-tops that release their drug cargo

intracellularly in response to the intracellular redox potential.>* We have previously shown
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that intravenous (i.v.) administration of moxifloxacin (MXF) via disulfide snap-top redox-
operated MSNs (MSN-SS-MXF) is much more effective for treatment of pneumonic
tularemia in mice than an equivalent amount of free drug® (i.e. non-MSN encapsulated
drug). However, the basis for the enhanced efficacy was not determined. Nanoparticle
(NP)-delivered antibiotics have been proposed to have numerous advantages over free
drugs, including shielding the drug from excretion and metabolism, improved
pharmacokinetics,® and specific targeting of macrophages in the lung and
reticuloendothelial system, which are important host cells for intracellular pathogens, such
as Francisella tularensis®® and Mycobacterium tuberculosis.” The relative contribution of
various factors to the enhanced efficacy of MSN-delivered drug vs. free drug is often

unclear.

A study in Mycobacterium marinum infected zebrafish embryos demonstrated that
poly(lactic-co-glycolic acid) (PLGA) NPs administered i.v. are taken up by macrophages
that traffic into M. marinum containing granulomas,? consistent with the concept that a NP
platform can enhance drug delivery to infected cells and tissues. However, the study did
not examine whether i.v. administration of the PLGA-delivered drug was more effective
than other routes, e.g. the subcutaneous (s.c.) or intramuscular (i.m.) route, where

trafficking of NP-containing drug to the site of infection might be less effective.

Here we determined the efficacy of MSN-SS-MXF delivered i.v., s.c., or i.m. against lethal
respiratory infection with F. tularensis subsp. holarctica Live Vaccine Strain (LVS) in mice.
We show that equivalent amounts of MXF exhibit the following order of efficacy for
treatment of pneumonic tularemia in a mouse model: i.m. MSN-SS-MXF > i.v. MSN-SS-

MXF > i.m. free MXF > i.v. free MXF. We conducted additional studies to determine
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whether the improved efficacy of the MSN formulation and the i.m. route of administration
was attributable to improved delivery to infected cells or to improved pharmacokinetics.
While i.m. administered MSN-SS-MXF was the most effective, we found few or no MSNs
in the lungs of mice following i.m. administration, indicating that, for this NP platform,
enhanced trafficking of MSN-SS-MXF to the site of infection is not responsible for the
markedly enhanced efficacy of the i.m. route. On the other hand, the nanoparticle
formulation yields a longer half-life than free drug and i.m. administration yields an even
further prolongation of the half-life. In our model of pneumonic tularemia, time above the
minimal inhibitory concentration (t>MIC) is the best predictor of MXF efficacy, and
accordingly, i.m. administration of the nanoparticle formulation of MXF was superior to all

other routes and to free MXF.

4.3 Experimental

Bacteria

F. tularensis LVS was acquired from the Centers for Disease Control and Prevention
(Atlanta, GA). Frozen stocks of LVS and LVS expressing green fluorescent protein (LVS-
GFP) were prepared from cultures on GC Il agar with hemoglobin and IsoVitaleX
enrichment (BD BBL) and pre-titered for use directly in animal experiments. F. tularensis
subsp. novicida (F. novicida) was cultivated at 37°C with aeration in trypticase soy broth

(BD BBL) supplemented with 0.2% cysteine (TSBC) for use in the bioassay for MXF.

MSN-SS-MXF and DyLight 650-labeled MSN
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MSN-SS-MXF were prepared as previously described.2 Briefly, cetyltrimethylammonium
bromide (CTAB, 0.7 mmol) was mixed with NaOH (2 M, 1.7 mmol) in deionized water
(120 mL). The solution was maintained at 80°C during dropwise addition of
tetraethylorthosilicate (TEOS, 5.4 mmol). After 15 minutes, 3-(trihydroxysilyl) propyl
methylphosphonate (HTMP, 0.5 mmol) was added to the mixture. The reaction
temperature was maintained at 80°C for an additional 2 hours after which the MSNs were
collected by centrifugation and washed three times with water and ethanol. The MSNs
were modified with thiol groups by dispersing the MSNs and (3-mercaptopropyl)
trimethoxysilane in dry toluene and refluxing under nitrogen atmosphere. CTAB was
removed by suspending the MSNs (200 mg) in ethanol (80 mL) with the addition of
concentrated HCI (10 mL) and refluxing for 1 hour, twice. The adamantane moiety was
conjugated to the MSNs through formation of a disulfide bond. Typically, 1-
adamantanethiol (17 mg, 0.1 mmole) and thiol group modified MSNs (100 mg) were
mixed and suspended in anhydrous toluene (10 mL). The oxidizing reagent thiolcyanogen
was prepared separately by dispersing lead thiocyanate (800 mg) in 10 mL chloroform
and titrating with bromine (200 pl) dissolved in chloroform (10 mL). The resultant mixture
was filtered to obtain thiolcyanogen, which was slowly added to the MSN mixture at 4°C
under nitrogen atmosphere. The adamantane-modified MSNs (MSN-SS-Ada) were
washed thoroughly with toluene, ethanol and deionized water. MXF was loaded by
suspending MSN-SS-Ada (10 mg) in 1 mL of 40 mM MXF in PBS and rotating overnight.
B-cyclodextrin (40 mg) was then added to the solution as capping agent and the solution
rotated for an additional 6 hours. The loaded MSNs (MSN-SS-MXF) were washed

thoroughly prior to use.
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Dylight 650-labeled MSNs were prepared by first mixing (3-aminopropyl) triethoxysilane
(APTES, 0.2 mmol) with TEOS (4.5 mmol) and then adding the solution dropwise to the
basic CTAB solution. After removal of CTAB, MSNs were suspended in DMF, and DyLight
650 NHS-Ester (500 pl) was added to allow covalent coupling to the amine groups grafted
within the MSNs. After dye labeling, the particles were washed and processed as

described above for disulfide snap-top modification.

Physicochemical characterization of the MSN

Transmission electron microscopy (TEM) images of MSN were obtained using a
JEM1200-EX (JEOL) instrument (JEOL USA, Inc., Peabody, MA). Particle size and zeta
potential were measured by ZetaSizer Nano (Malvern Instruments Ltd, Worcestershire,

UK) with 50 ug/mL MSN dispersed in de-ionized water.

Measurement of MSN-SS-MXF release capacity

We used a modification of our previously described F. novicida bioassay® to determine
the maximum amount of MXF released from particles. MXF released from MSN-SS-MXF
in PBS or DMSO or acidified DMSO with and without 2-mercaptoethanol was measured

by determining inhibition of F. novicida growth in TSBC.

Mouse model of pneumonic tularemia

Female BALB/c mice, age 8-9 weeks (Envigo), were acclimated for one week prior to
infection with 4000 CFU (~6 x LDso) of F. tularensis LVS i.n. Two mice were euthanized
after infection (day 0) for determination of initial organ burden of F. tularensis. One day

later (day 1), 3 additional mice were euthanized to determine the level of F. tularensis
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immediately before the start of treatment. Mice were treated with one of three doses of
free MXF in PBS (3 mice/group for each dose) or one of two doses of MSN-SS-MXF (4
mice/group) i.v., s.c., or i.m. every other day (day 1, 3, and 5 for a total of three
treatments). Sham-treated mice (3 mice/group) received an equal volume of PBS i.v.
every other day on the same schedule. The mice were euthanized one day (day 6) after
their third treatment, the organs harvested (lung, liver, and spleen), and the number of
CFU determined by plating serial dilutions of organ homogenates on GCII chocolate agar
plates containing sulfamethoxazole (40 ug/mL), trimethoprim (8 pg/mL), and erythromycin
(50 pg/mL) to prevent growth of contaminants. Bacterial colonies were counted after
incubation at 37°C for 4 days. All animal studies were approved by and conducted
according to the procedures set forth by the UCLA Animal Research Committee (ARC #

1998-140).

Biodistribution of MSN-SS-MXF

BALB/c mice were fed a low silica diet and water throughout the experiment to optimize
measurement of silica in organs. The mice were infected with F. tularensis LVS i.n. and
administered either PBS i.v. or 0.28 mg MSN-SS-MXF i.v., s.c., or i.m. (4 mice/route)
every other day for a total of 3 treatments, and euthanized 24 h later, as described above.
Their organs were harvested, homogenized in PBS, digested with 67 - 70% HNOs,
evaporated, and reconstituted in a defined volume of 3-5 v/v% HNO3 solution for analysis

by ICP-OES (ICPE-9000, SHIMADZU, Japan).

Flow cytometry

96



BALB/c mice were acclimated for one week and infected with 4000 CFU LVS-GFP i.n. or
left uninfected (negative control). Two days later, the infected mice were injected i.v. or
i.m. with 1 mg of DyLight 650-labeled MSN or left untreated. Three days after infection
with LVS-GFP, ~24 h after injection with DyLight 650-labeled MSNs, the mice were

euthanized and their spleens and lungs harvested for analysis.

Single-cell suspensions of splenocytes were prepared by gently pressing the cells out of
the spleen sac, lysing red blood cells with PharmLyse (BD Pharmingen), washing the
cells, and filtering them through a 70-um nylon cell strainer (Falcon). Single-cell
suspensions of total lung cells were prepared by quickly chopping the lungs into small
pieces with a scalpel and digesting for 1 h in 10 mL PBS containing 300 U/mL
Collagenase type Il (Worthington) and 0.15 mg/mL DNase | (Worthington) at 37°C with
shaking (300 rpm). The lung cells were filtered through a 40-um nylon cell strainer
(Falcon), red blood cells lysed with PharmLyse, and the lung cells washed. Advanced
RPMI 1640 (Invitrogen), supplemented with 2% heat-inactivated fetal bovine serum, 2
mM l-alanyl-l-glutamine (Glutamax; Invitrogen), 10 mM HEPES buffer, 50 yM (-
mercaptoethanol, and penicillin (100 1U/mL)-streptomycin (100 ug/mL), was used as the
medium. Surface staining was performed in a 96-well V-bottom plate kept on ice. Lung
and spleen cells (2 to 4 x 10° cells per well) were blocked with 4 pg anti-mouse CD16/32
(TruStain fcX, BioLegend), stained with 0.2 pg PE-labeled anti-mouse F4/80 (1:100
dilution) (BioLegend), washed, and fixed in 1% formaldehyde in PBS. Fixed cells were
analyzed on an ImageStream Mark Il Imaging Flow Cytometer and 30,000 events at 60x
magnification were recorded for each sample gated by focus and aspect ratio vs. area

parameters to obtain predominantly single cells. High quality single-cell images were
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obtained by gating events post acquisition with IDEAS® software version 4.0 (Amnis)
using focus, aspect ratio vs. area, circularity, perimeter, diameter, and contrast
parameters. This further refinement resulted in ~10,000 to 14,000 images for samples of
lung cells and ~19,000 to 21,000 images for samples of spleen cells. Images with
internalized LVS-GFP or internalized DyLight 650-labeled MSN were identified using
intensity, max pixel, and internalization parameters. Samples from uninfected and/or
untreated (i.e. not injected with MSN) mice were used as negative controls to determine
where to draw the selection gates. Cells positive for F4/80 surface staining were gated
using a side scatter vs. intensity plot; an unstained control was used to determine the

location of the selection gate.

Drug dose-effect plots

The fraction of inhibition for samples treated with different doses of MXF was calculated
using bacterial CFU in base-10 logarithm (log CFU) with the equation: Fraction of
inhibition = 1 — (log CFU from sample treated with a known concentration of MXF or
releasable MXF from MSN-SS-MXF/log CFU from untreated sample). A median-effect
plot®10 for MXF or MSN-SS-MXF was generated using MXF or MXF-equivalent (MSN)
dose in base-10 logarithm as the X-axis and the fraction of surviving/killed bacteria in

base-10 logarithm as the Y-axis.

Determination of MXF blood levels by LC-MS

MXF blood concentrations were determined by a modification of published methods.%12
Heparinized blood (0.1 mL) was collected by retro-orbital bleed at sequential times after

administration of free MXF or MSN-SS-MXF i.v. or i.m. Ciprofloxacin (75 ng) was added
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to each sample as an internal standard and 9 volumes (0.9 mL) of acetonitrile were added
and mixed thoroughly. The sample was stored overnight at 4°C, mixed again by vortex
action, and insoluble material pelleted by centrifugation at 10,0009 for 10 minutes. The
supernatant was transferred to a new tube and dried under vacuum. The dried material
was resolubilized in 50 yl water and MXF was quantified by reverse-phase C18-LC-MS.
LC analysis was performed on a Waters LCT Premier (TOF) Mass Spectrometer (positive
electrospray ionization mode) with Acquity UPLC. Chromatographic separations were
achieved by an Acquity UPLC BEH C18 column (1.7 ym, 2.1 x 50 mm). The mobile phase
consisted of a water 0.3% formic acid/acetonitrile 0.3% formic acid mixture at a flow rate
of 0.2 mL/min, with a sample injection volume of 5 pL. Linearity and recovery were
assessed by spiking different MXF concentrations in mouse plasma with a ciprofloxacin
internal standard. Calibration curves were fitted by a linear regression method through
measurement of the ratios of peak areas corresponding to MXF and ciprofloxacin internal

standard.

Statistics

Our previous studies using the F. tularensis LVS mouse model of tularemia and the same
MSN-SS-MXF formulation showed differences between treatment group logio CFU
means of 3.3 standard deviations or larger.2 Therefore, we chose a sample size of 3 mice
per group to provide 80% power to confirm mean differences of 3.3 standard deviations
or larger using the p < 0.05 significance criterion. We expanded the nanoparticle
treatment groups to 4 mice per group for additional power to provide 80% power to
confirm anticipated differences of 2.5 standard deviations or larger between the various

nanoparticle treatment group means using the p < 0.05 significance criterion. Statistical
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analyses were performed using GraphPad Prism software (version 7.04). Means were
compared across groups by two-way analysis of variance (ANOVA) using the Tukey
criteria to adjust p values for multiple comparisons. Comparisons of mean bacterial log
CFU in the lung, liver, and spleen between mice treated with MSN-SS-MXF or an
equivalent amount of free MXF were based on a logit transform linear dose response
model for the log CFU results for free drug, not assuming parallel dose response
relationships.® The adjusted mean for treatment with free drug was computed under this
model, adjusted to the equivalent dose of MSN-SS-MXF, along with the corresponding p
value for comparing the adjusted free drug mean to the MSN-SS-MXF mean. A p value

of < 0.05 was considered statistically significant.

4.4 Results and discussion

Characterization of properties of MSN-SS-MXF

We examined the MSN by transmission electron microscopy (TEM) before (Fig. 1A-B)
and after surface modification for incorporation of the snap-top nanovalves (Fig. 1C-D)
and observed that the MSN were well dispersed and of uniform size. Dynamic light
scattering (DLS) measurement of the MSN-SS-MXF showed them to have a mean
hydrodynamic diameter of 182 nm. The MSN-SS-MXF exhibited a zeta potential of -30
mV in deionized water. The MSN-SS-MXF showed a total loading of 35.9% MXF (wt/wt
%), comprising 2.3% residual drug and a specific release (with DMSO and 2-
mercaptoethanol reducing agent) of 33.6%. These properties are very similar to those

which we have observed previously for these nanopatrticles.?
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Efficacy of MSN-SS-MXF and free MXF by 3 different routes of administration

We conducted two independent experiments to compare the treatment efficacy of MSN-
SS-MXF delivered via three different routes in a mouse model of pneumonic tularemia.
We infected BALB/c mice intranasally (i.n.) with 6 times the LDso of F. tularensis LVS and
one day later began treatment by the i.v., i.m., or s.c. routes with either free MXF (50 —
200 pg) or MSN-SS-MXF encapsulated MXF. In the first experiment, the MSN-SS-MXF
encapsulated MXF was given at a dose of 60 ug of MXF (Fig. 2A) and in the second
experiment the MSN-SS-MXF was given at doses of 50 and 100 ug MXF (Fig. 2B). Doses
were given every 48 hours for a total of 3 doses. We have found in a previous study that
this dosing is optimal in assessing efficacy of free vs. nanoparticle formulated MXF by
intravenous administration in a mouse model of pneumonic tularemia.® Higher doses or
more frequent administration causes an efficacy plateau (unmeasurable organ burden)

precluding comparisons of treatment efficacy.

In the first experiment, the number of live LVS [colony-forming units (CFU)] in the lung at
5 hours post-infection was determined to be 2.7 x 102 per lung. One day later, the bacterial
burden increased to 1.4 x 10° CFU per lung. Without treatment, the bacteria continued to
multiply in the lung and disseminate to other organs. At the end of the 6-day infection
period, the bacterial number had multiplied to more than 107 CFU in the lung and 10° —

107 CFU in the liver and spleen (Figure 2A).

In the first experiment, MSN-SS-MXF (60 ug) given by the i.m. route showed efficacy in
reducing bacterial burden in the lungs comparable to that of a 3.3-fold larger dose (200

pg) of free drug given by the same i.m. route. MSN-SS-MXF was also more effective by
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the i.m. route than the s.c. or i.v. routes. By the s.c. route, MSN-SS-MXF (60 pg) was
more effective than 100 pg of free MXF, and by the i.v. route, the efficacy of MSN-SS-
MXF (60 pg) was comparable to that of 100 pg of free MXF. In the liver, i.m. MSN-SS-
MXF (60 pg) was more effective than 100 pg of free MXF given i.m. and was more
effective than MSN-SS-MXF (60 pg) given i.v. or s.c. MSN-SS-MXF (60 pg) given i.m.
reduced bacterial burden in the spleen to a greater extent than 100 pg of free MXF by the
same route. MSN-SS-MXF (60 pg) given i.v. or s.c. also decreased bacterial burden to a

greater extent than 100 pg of free MXF by the same routes.

In the second experiment, the number of bacteria in the lung at 5-hours and 1-day post
infection was 1.5 x 102 CFU and 8 x 10* CFU, respectively. At day 6, the organ burden of
bacteria was approximately 107 CFU in the lung and 10° — 10® CFU in the liver and spleen
(Figure 2B). Similar to the first experiment, MSN-SS-MXF (50 ug) given i.m. was as
effective as a 4-fold higher dose (200 ug) of free MXF delivered by the same route in
reducing bacterial burden in the lung. Also as observed in the first experiment, MSN-SS-
MXF administered i.m. was more effective in reducing the lung bacterial load than equal
amounts of MSN-SS-MXF given s.c. or i.v. In the liver and spleen, the effect of MSN-SS-
MXF given by these three different routes could not be compared because bacterial
number in these organs was reduced to a level below the experimental detection limit

after treatment with three 50 ug doses, the lower of the two doses tested.

The design of these two experiments was the same except that, in the second experiment,
to facilitate comparison of the different treatment methods, we included two
concentrations of MSN-SS-MXF to match the lower (50 pg) and medium (100 ug) doses

of free MXF. The infection dose was slightly different between the two studies, but within
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the range of variation commonly seen in this type of animal infection model. Nevertheless,
both studies showed that MSN-SS-MXF was more potent than free MXF and the drugs

were more efficacious when given i.m. than i.v.

The median-effect equation®'° is widely used for modeling dose-response curves,3-1°
and we found that it accurately modeled our data. We used the median-effect equation to
model the dose — response relationship between free MXF, administered by each of the
routes, and reduction in bacterial burden in each of the organs, thereby allowing us to
calculate — for each route and for each organ — the dose of free drug that would yield a
comparable reduction in bacterial burden to MSN-delivered drug. We define the efficacy
ratio as the ratio of the free drug to MSN-delivered drug that yields the same reduction in
bacterial burden. Table 1 indicates the ratio of bio-equivalent amounts of MSN-SS-MXF
to free MXF given by the same route. The efficacy ratios in the lung for MSN-SS-MXF vs.
free MXF administered i.m., s.c., or i.v. were 2-3:1 in the first experiment and 3-4:1 in the
second experiment (Table 1). The i.m. route had higher MSN-SS-MXF:free MXF efficacy
ratios than s.c. and i.v. routes in liver and spleen in the first experiment and about the
same efficacy ratios as s.c. and i.v. routes in the liver and spleen in the second experiment
(Table 1); in the latter experiment, any potential improvements in the efficacy ratio by the
i.m. route could not be ascertained because the efficacy of MSN-SS-MXF was already at
a maximum, i.e., the bacterial burden in the liver and spleen - even with MSN-SS-MXF
administered i.v. - was already reduced to the limit of detection (Fig. 2). Table 2 shows
the ratio of the bio-equivalent amounts of MSN-SS-MXF and free MXF administered i.v.,
s.c., and i.m. relative to free MXF administered i.v. It is clear from Table 2 that MSN-SS-

MXF are more efficacious than free drug by all routes of administration. Moreover, in the
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lung after administration of the 50 pg dose of MSN-SS-MXF, the only site and dose level
where CFU were above the limit of detection, the i.m. and s.c. routes were more

efficacious than the i.v. route.

MXF formulated in nanoparticles and administered i.m. can act on F. tularensis at sites
of infection by one of the following mechanisms: 1) nanoparticles injected into the muscle
are taken up by macrophages and dendritic cells which then traffic via lymphatics and/or
blood to infected organs where they release the MXF; 2) nanopatrticles injected into the
muscle travel freely via lymphatics or blood to infected organs, where the nanoparticles
are taken up and release the MXF; or 3) nanopatrticles injected into the muscle are taken
up by cells in the muscle and free MXF is slowly released from muscle into the blood and
circulates to the rest of the body. The i.m. route of administration generally confers a
longer half-life than the i.v. route because the drug must transfer from the muscle into the
systemic circulation before it can be cleared by hepatic or renal mechanisms. The
nanoparticle formulation may have the advantage of conferring an even longer half-life by
further prolonging the release of drug from the muscle. The third mechanism can be
distinguished experimentally from the first two mechanisms by examining the lung and
spleen tissue for silica and nanoparticles, since the first two mechanisms require that
nanoparticles actually reach the infected organs after i.m. administration whereas the

third mechanism does not.

Analysis of MSN silica in mouse organs by ICP-OES following i.m., s.c., and i.v.

administration of MSN-SS-MXF
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To determine whether greater delivery of MSNs to infected tissues could account for the
greater efficacy of i.m. administration of MSN-SS-MXF, we measured MSN uptake into
organs using inductively coupled plasma optical emission spectrometry (ICP-OES). Mice
were given 3 doses, 48 hours apart, of MSN-SS-MXF i.v., s.c., or i.m. or 3 doses of PBS
I.v., killed 24 hours after the last injection, their organs digested with acid, and the amount
of silica assayed by ICP-OES. We found that the level of silica per gram of tissue in the
lung, liver, and spleen of mice treated with MSN-SS-MXF by i.m. or s.c. was comparable
to the background level of silica in mice receiving sham (PBS) injections (Fig. 3). Only in
mice treated with MSN-SS-MXF by the i.v. route were levels of silica in the organs greater

than that in sham-treated mice (Fig. 3).

Fluorescent MSNs are detected in the cells of infected organs after i.v. but not i.m.

administration

To assess the trafficking of MSNs to infected cells and tissues, we infected mice i.n. with
F. tularensis LVS that express GFP (LVS-GFP), and two days later injected DyLight 650-
labeled MSNs into the mice by the i.v. and i.m. routes. One day after injection, the organs
were digested enzymatically and by physical methods, immunostained with a fluorescent
antibody to F4/80 (a mouse macrophage marker), and the cells examined with an
ImageStream Mark Il flow cytometer to assess co-localization of the MSNs and LVS-GFP.
Whereas MSNs were present in infected F4/80+ macrophages of the lung and spleen (as
well as F4/80- cells) following i.v. administration, they were not present in any cells
(infected or uninfected) of these mouse organs after i.m. administration (Fig. 4). Thus, our
flow cytometry findings (Fig. 4) were consistent with our ICP findings (Fig. 3); only i.v.

administration of MSNs yielded detectable
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MSNSs in the lung tissue, whereas i.m. administration did not. These results indicate that
the MSN-SS-MXF do not travel to infected organs (lung, liver, or spleen) after i.m.
administration, leaving only the pharmacokinetic explanation as a viable mechanism for

the greater efficacy of MSN-SS-MXF when given by the i.m. vs. the i.v. route.

Pharmacokinetics of MXF in the blood following administration of free or MSN-SS-MXF

by i.v. and i.m. routes

Because our ICP analysis and flow cytometry analysis both indicated that i.m.
administered MSN-SS-MXF do not traffic to the lung, we used LC-MS to explore whether
improved pharmacokinetics could account for the greater efficacy of i.m. vs. i.v. MSN-SS-
MXF and the greater efficacy of MSN-SS-MXF vs. unencapsulated MXF. We
administered a larger dose of MXF for these pharmacokinetic studies (280 pg MXF)
because preliminary studies indicated that the lower doses (e.g. 50 pg) used in the
efficacy studies provided too few data points above the limit of detection to adequately
characterize and compare the PK profiles obtained with the different routes and
formulations. Because the pharmacokinetics of fluoroquinolones in general'®'” and MXF
in particular'®® have been shown to be linear, our PK-PD indices determined with the
280 pg MXF dosing in our PK studies can be extrapolated to the lower 50 — 60 ug dosing
used in our efficacy studies. The 280 ug MXF dose corresponds to 14 mg/kg and is not a
high dose, as it is lower than the 100 mg/kg dose that has been used in other mouse

infection models of tularemia?® and tuberculosis.?!

Mice were given equivalent amounts (280 pg) of free MXF or MSN-SS-MXF i.v. or i.m.

and blood was obtained at sequential times thereafter for determination of MXF
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concentration by LC-MS (Figure 5). Cmax values, defined as the highest concentrations
measured as assessed from the time — concentration plot (Fig. 5), were highest for i.v.
free MXF and i.v. MSN-SS-MXF, and lowest for i.m. MSN-SS-MXF (Table 3). The area
under the curve (AUC) calculated by the linear trapezoidal method was lowest for the i.v.
free MXF and similar for the i.v. MSN-SS-MXF, i.m. free MXF, and i.m. MSN-SS-MXF
(Table 3). When calculated by the linear-up, log-down trapezoidal method,?? i.m. MSN
showed the greatest AUC, but the difference does not appear to be great enough to
account for its markedly greater efficacy (Table 3). On the other hand, the i.m. MSN-SS-
MXF yielded a much longer half-life for MXF (6.9 hours) than i.v. MSN-SS-MXF (4.9
hours) and a considerably longer half-life than i.v. and i.m. free MXF (0.9 and 0.7 hours,
respectively). Because of its much longer half-life, the time above the MIC for a 280 pg
dose is longer following i.m. MSN-SS-MXF (24 hours) than i.v. MSN-SS-MXF (14 hours)
and dramatically longer than for free MXF administered either i.v. or i.m. (5.1 and 5.5
hours, respectively). The same rank order of PK-PD indices are obtained assuming linear
pharmacokinetics and extrapolating from the 280 pg dose used in our PK studies to the
50 pg dose used in our efficacy studies (Fig. 6 and Table 3). While all of the t>MIC values
are shorter using the lower dose, the rank order remains the same, with i.m. MSN-SS-
MXF being the longest (6.9 hours), i.v. MSN-SS-MXF the second longest (4.75 hours),
and the i.m. and i.v. free MXF being the shortest (3.62 and 2.87 hours, respectively). The
AUC/MIC and Cmax/MIC indices are proportionally decreased (Table 3). The t>MIC
values predicted for the 50 pug dose of free MXF or MSN-SS-MXF given by the i.m. or i.v.
routes correlate well with the observed lung CFU efficacy ratios, with a positive correlation

coefficient (R? = 0.992, Fig. 6B). AUC/MIC has a positive but weaker correlation with
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efficacy ratio (R? = 0.75, Fig. 6C), and Cmax/MIC shows a negative correlation with efficacy

ratio (Fig. 6D).

DISCUSSION

Research into antibiotic formulations, delivery platforms, and routes of administration has
the potential to improve therapeutic index by increasing efficacy and decreasing toxicities.
For example, in the case of fluoroquinolones, a liposomal formulation of ciprofloxacin
delivered by the inhalational route has been shown to be much more effective than oral
ciprofloxacin in a mouse model of pulmonary tularemia using the highly virulent Schu S4
strain of F. tularensis.?® Liposomal and nanoparticle formulations each have advantages
and disadvantages. While liposomal formulations are highly biocompatible and several
have already received FDA approval for marketing, mesoporous silica nanoparticles have
several potential advantages, including: 1) an extremely high drug loading capacity
because of their high internal surface area,?* 2) high physicochemical stability (e.g., they
are not subject to phospholipid hydrolysis, phospholipid oxidation, and have negligible
drug leakage), 3) a rigid structure that can be manufactured with different sizes and
aspect ratios to optimize tissue penetration and cellular targeting properties,?>26 4)
versatility in incorporation of design features to achieve stimulus controlled drug release
from the pores of the MSNs (e.g. in response to a change in redox potential, as in the
current study),'* and 5) facile modification of the surface of the MSNs by attachment of

ligands to promote specific cellular targeting.2427

We have demonstrated in a mouse model of pneumonic tularemia that MXF formulated

in redox-operated MSNs is markedly more efficacious than an equivalent amount of free
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drug and that this greater efficacy is further enhanced by administration of the MSNs i.m.
vs. i.v. The greater efficacy of the MSN formulation is not attributable to enhanced delivery
of the MSNs to infected cells or tissues, but instead to the markedly longer half-life of the

MXF and the markedly longer duration that blood levels of MXF are above the MIC.

Three different pharmacokinetic parameters have been correlated with antibiotic
treatment efficacy in various antibiotic-infection models: the ratio between peak blood
level and MIC (Cmax/MIC); the AUC/MIC ratio; and time above MIC (t>MIC).28-30 While
administration of free MXF or MSN-SS-MXF i.v. leads to much higher Cmax than
administration of MSN-SS-MXF i.m. (Fig. 5), the higher Cmax does not result in greater
efficacy (Fig. 6D), suggesting that t>MIC or AUC/MIC is a more important factor in
treatment efficacy in our model. While the linear trapezoidal method of AUC calculation
is the standard method described in FDA guidance for bio-equivalence studies,3! the
linear-up/log-down trapezoidal AUC is likely a more accurate estimation of AUC as it
corrects for the logarithmic as opposed to linear decline in MXF blood levels during the
elimination phase.?? Calculated by this method, the AUC/MIC ratio predicts the following
efficacy ranking: i.m. MSN-SS-MXF > i.v. MSN-SS-MXF = i.m. free MXF > i.v. free MXF.
On the other hand, t>MIC predicts an efficacy ranking of i.m. MSN-SS-MXF > i.v. MSN-
SS-MXF > i.m. free MXF = i.v. free MXF (Table 3 and Fig. 6C). Table 2 data (excluding
data for sites and doses at the limit of detection) show that the observed efficacy ranking
matches the t>MIC prediction rather than the AUC/MIC prediction (Fig. 6B). This suggests
that for our mouse model of tularemia, MXF efficacy is more time-dependent than
concentration-dependent, i.e. concentrations substantially higher than the MIC do not

provide more effective killing but concentrations above the MIC for a longer time do.
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Both the antibiotic and the infectious agent are critical in determining which
pharmacokinetic parameter is most important. In our system, i.m. administration of MXF
in redox-operated snap top nanoparticles led to a dramatically prolonged half-life and
prolonged t>MIC. While t>MIC was the best predictor of efficacy in our model of MXF
treatment of pneumonic tularemia, in other infection-antibiotic models, such as the clinical
response to aminoglycoside therapy, the higher Cmax/MIC ratio provided by i.v. free drug
may be more important to therapeutic efficacy. In addition, F. tularensis is exquisitely
sensitive to fluoroquinolones, with an MIC(50) of 25 ng/mL for MXF in our studies,
comparable to a published broth microdilution MIC(50) of 8 ng/ml for LVS3®? and 23 ng/ml
for a F. tularensis subsp. holarctica clinical reference strain.3? Other microbial pathogens
have a higher MIC(50) for fluoroquinolones and would require higher doses than used in
this study to achieve efficacy. For example, drug susceptible M. tuberculosis has an
MIC(50) of 120 ng/mlI*3 and the AUC/MIC ratio is the parameter found to be the best
predictor of fluoroquinolone efficacy in a mouse model of tuberculosis.®* We observed
that nanoparticle encapsulated MXF also provided a higher AUC after i.m. than i.v.
administration, and thus might also prove to be more effective for treatment of
tuberculosis. Many infectious disease treatments are now shifting to drugs and
formulations with longer half-lives as a means to improve treatment efficacy and to
decrease the need for frequent dosing. For example, thrice weekly dosing of teichoplanin
for treatment of out-patient bacterial infections,3® once weekly treatment with dalbavancin
for skin infections,3¢ three times a week maintenance dosing of bedaquiline for TB
treatment,®” and once monthly dosing of cabotegravir/rilpivirine for HIV-1 infection.3®

Nanoparticle formulations such as ours and selection of dosing route (e.g. i.m. vs. i.v.)
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can be used to modulate the pharmacokinetic profile, increasing both t>MIC and AUC, to

optimize treatment efficacy.

While we did not observe trafficking of our i.m. and s.c. delivered MSNs to lung, liver, or
spleen, it is possible that different formulations of NPs or that an intradermal (i.d.) route
of administration would have yielded more delivery of the MSNs to lung, liver, and spleen.
In this regard, it is noteworthy that i.d. delivered pluronic-stabilized poly(propylene sulfide)
NPs (<100 nm) have been shown to traffic through lymphatics to reach the blood and
then be taken up by mononuclear phagocytes in the spleen.®® Indeed, the i.d. delivered

NPs provided a 50% greater bioavailability in the blood than NPs delivered i.m.3°

4.5 Conclusion

We have shown in a model of pulmonary tularemia that MXF encapsulated within redox-
activated MSN is markedly more effective than free drug and that the i.m. route is more
effective than the i.v. route. We have shown that this increased efficacy is not attributable
to improved targeting, but instead to prolongation of the drug half-life and improved
pharmacokinetics. In these studies, our MSN-SS-MXF have not been modified to include
any specific targeting features, but instead rely on passive uptake. When given by the i.v.
route, uptake is primarily into cells of the mononuclear phagocytic system in liver, spleen,
and lung, which correlates well with the cells that are infected by F. tularensis. Indeed,
our fluorescence flow cytometry analysis confirmed successful targeting of the
nanoparticles administered by the i.v. route to infected cells in the lung. Nevertheless, we
observed higher efficacy when the MSN-SS-MXF was given by i.m. and s.c. routes that
did not lead to uptake of the nanoparticles by infected cells in these organs. While
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pharmacokinetic parameters proved more important than nanoparticle targeting in these
studies, it is possible that incorporation of additional design features that further enhance
nanoparticle targeting and delivery to lung tissue and to infected cells*®4! would enhance

the efficacy of the i.v. route of NP administration.

Abbreviations

ANOVA, analysis of variance; APTES, 3-aminopropyl triethozysilane; AUC, area under
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cetyltrimethylammonium  bromide; DLS, Dynamic light scattering; DMF,
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plasma optical emission spectrometry; i.v., intravenous; Kel, elimination rate constant; LC,
liquid chromatography; LC-MS, liquid chromatography-mass spectrometry; LDso, dose
causing 50% of untreated mice to die; LVS, Live Vaccine Strain; GFP, green fluorescence
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moxifloxacin; MSN-SS-Ada, adamantane-modified MSN; MSN-SS-MXF, MSN-disulfide
snaptop loaded with MXF; NP, nanoparticle; PBS, phosphate buffered saline; PD,
pharmacodynamics; PK, pharmacokinetics; PLGA, poly-lactic-co-glycolic acid; R?,
correlation of determination; s.c., subcutaneous; SD, standard deviation; SEM, standard
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ti2, half-life; t>MIC, time above MIC; TEOS, tetraethylorthosilicate; TEM, transmission
electron microscopy; TOF, time of flight; TSBC, trypticase soy broth supplemented with
0.2% cysteine; UPLC, ultra-performance liquid chromatography; wt/wt %, weight/weight
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4.6 Tables and figures
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Table 4.1. Efficacy ratios of MSN-SS-MXF:Free MXF

MSN-SS- Route of administration
MXF
V. S.C. i.m.
Experiment Organ Dose (Mg)

Experiment 1
Lung 60 2.10 2.40 3.36
Liver 60 1.43 1.46 2.09
Spleen 60 1.45 1.59 2.25

Experiment 2
Lung 50 1.84 3.28 3.58
100 2.95 3.42 4.58
Liver 50 4.19 4.19 4.11
100 2.11 2.07 2.04
Spleen 50 3.65 4.07 3.71
100 1.84 2.02 1.88
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Table 4.2. Efficacy ratios relative to i.v. free MXF in experiment 2

Route of administration

Treatment Organ MXF dose (ug) V. S.C. l.m.
Free MXF Lung 50 1.00 0.87 1.21
100 1.00 0.69 0.94
200 1.00 1.00 0.86
Liver 50 1.00 0.19 0.69
100 1.00 0.46 0.70
200 1.00 0.95 1.09
Spleen 50 1.00 0.49 0.98
100 1.00 0.69 1.16
200 1.00 0.90 0.89

MSN-SS-
Lung 50 1.85 2.87 3.07

MXF

100 2.86 3.09 3.17
Liver 50 4.20 4.23 4.15
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100 2.11 2.06 2.06

Spleen 50 3.57 3.61 3.57

100 1.80 1.78 2.26
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Table 4.3. Pharmacokinetic parameters of MSN-SS-MXF and free MXF after i.v. and
i.m. administration of a dose corresponding to 280 pg MXF and predicted values after a

dose of 50 ug MXF.

o o Free MXF MSN-SS-MXF
Pharmacokinetic parameters and indices
measured after a 280 pg dose of MXF V. i.m. V. i.m.
Ker (hours™) 0.76 0.93 0.14 0.10
tu2 (hours) 0.91 0.74 4.95 6.93
Cmax (ng/ml) 1.83 1.42 1.65 0.54
Linear trapezoidal AUCo-48n (ug-hours/ml) 2.54 3.42 3.56 3.49
Linear-up Log-down trapezoidal AUCo-4sh
(Mg-hours/ml) 1.66 2.62 2.70 3.33
t>MIC (hours) 5.14 5.50 14.65 24.06
Cmax/MIC 73.2 56.8 66 21.6
AUCo-48n/MIC 66.4 104.8 108 133.2
Free MXF MSN-SS-MXF
Pharmacokinetic indices predicted
after a 50 pug dose of MXF V. i.m. V. i.m.
Crmax (ng/ml) 0.33 0.25 0.29 0.10
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Linear-up Log-down trapezoidal AUCo-4sh

(Mg-hours/ml) 0.30

t>MIC (hours) 2.9
Cmax/MIC 13.07

AUCo-28n/MIC 11.86

0.47

3.6

10.14

18.71

0.48

4.8

11.79

19.29

0.59

6.90

3.86

23.79
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Figure 4.1. TEM image of MSN before (A - B) and after (C - D) surface modification to

incorporate redox-operated snap-top nanovalves. Size bars (A, C) 0.2 um; (B, D) 100 nm.
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Figure 4.2. Efficacy of MSN-SS-MXF and free MXF administered i.v., s.c., or i.m. in two
independent experiments. BALB/c mice were infected with F. tularensis LVS i.n. at day 0.
Mice were treated on day 1, 3, and 5 with free MXF (n = 3 mice/group) or MSN-SS-MXF
(n = 4 mice/group) at the dose and route of administration indicated. Control mice were
sham-treated with PBS i.v. Doses of MSN-SS-MXF indicated in the first (A) and second
(B) experiments were the amount of free MXF-equivalent delivered. Bacterial burdens in

the lung (top panel), liver (middle panel), and spleen (bottom panel) were determined one
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day after the last treatment on day 6. Data are mean £ SEM. Treatment efficacy between
groups was analyzed using two-way ANOVA with Tukey’s multiple comparisons test. ****,

p < 0.0001; *** p <0.001; **, p <0.01; *, p < 0.05; ns, not significant.
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Figure 4.3. Organ biodistribution of silica. The amount of silica in organs from F. tularensis
LVS infected mice was determined after administration of MSN-SS-MXF via the route
indicated. Data are mean + SD of 3 mice in the PBS i.v. group and 4 mice each in the

MSN-SS-MXF i.v., s.c., and i.m. groups.
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Figure 4.4. DyLight 650-labeled MSNs are detected in lung cells after i.v. but not i.m.
administration. (A, B) Imaging flow cytometry density plots of lung cells from mice infected
with LVS-GFP were obtained one day after i.v. (A) or i.m. (B) administration of DyLight
650-labeled MSNs. (C) Images from (A) showing DyLight 650-positive lung cells that are
also GFP-positive (i.e. infected with LVS-GFP). (D) Images from (B) showing DyLight

650-negative lung cells infected with LVS-GFP.
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Figure 4.5. Blood levels of MXF (plotted as natural log of pg/ml concentrations) after i.v.
or i.m. administration of 0.28 mg of MXF either as free drug or as MSN-SS-MXF. The
MXF MIC for LVS (0.025 pg/ml) is indicated with a dotted horizontal line. Blood MXF
levels were below the limit of detection at time points greater than 6 hours after i.v. and

i.m. administration of free MXF. Data are means = SEM of determinations from 3

mice/data point.
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Figure 4.6. Predicted blood levels of MXF after i.v. or i.m. administration of 50 pg of MXF

either as free drug or as MSN-SS-MXF (A) and plots of pharmacokinetic indices vs.

efficacy ratios (B-D). (A) Blood levels of MXF are calculated, assuming linear

pharmacokinetics by extrapolation from Fig. 5 and plotted as natural log of pg/ml

concentrations. The MXF MIC for LVS (0.025 pg/ml) is indicated with a dotted horizontal

line. (B-D) Pharmacokinetic indices for t>MIC (B), AUC/MIC (C), and Cmax/MIC (D) from

Table 3 are plotted on the x-axis and corresponding lung CFU efficacy ratios for the 50

Hg dose of MXF (free MXF or MXF encapsulated in MSN-SS-MXF, delivered i.m. or i.v.,

relative to i.v. MXF, Table 2) are plotted on the y-axis. The coefficient of determination

(R?) between the efficacy ratio and each PK index is shown in each plot.
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Chapter 5
Optimization of a disulfide snap-top MSNs delivery

system for inhalation administration of MXF with
enhanced in vivo efficacy
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5.1 Abstract

A MSN based disulfide snap-top nanovalve delivery system was optimized for in vivo
delivery of moxifloxacin via inhalation administrative route. An agqueous suspension of
MSN-SS-MXF was then aerosolized and delivered to F. tularensis Live Vaccine Strain
(LVS) infected mice using a nose only aerosolization device. The mice were exposed to
a total of 0, 0.1, 0.2, or 0.7 mg of MXF (as MSN-SS-MXF), and it showed that the
aerosolized nanoparticle treatments markedly reduced bacterial burdens in lung, liver
and spleen. Importantly, we recently have shown that inhalational delivery of MSNs
does not cause detectable toxicity (e.g. inflammatory cells, loss of cells, etc.) to lung
tissues, positioning us to study the efficacy of inhalational delivery of drug-loaded MSNs

against Tuberculosis (TB).

5.2 Introduction

Mesoporous silica nanoparticles (MSNs) have numerous advantages as drug delivery
platforms, including stability in biological conditions, uniformity, inherent lack of toxicity,
versatility in incorporating additional design features, and capacity to encapsulate high
concentrations of different types of cargo due to their ultra-high internal surface area,
yielding exceptionally high loading capacities.! MSNs can be functionalized with a variety
of different internal and external surface design features, including those that allow for
controlled release of cargo under specific environmental conditions.? Moreover, MSNs
are well tolerated, bio-degradable and do not bioaccumulate.® Our previous studies have

shown that intravenous (IV) administration of the TB drug INH via a pH controlled-release
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mechanism on MSNs results in much more rapid reduction in the lung, spleen, and liver
burden of Mtb than treatment with an equivalent amount of free drug in the mouse TB
model.* We have obtained similar results treating pneumonic tularemia in mice with MSNs
releasing moxifloxacin (MXF) by two different controlled-release mechanisms: pH and
redox.>® Intriguingly, we have found that intramuscular (IM) delivered redox-activated
MSNs loaded with MXF (MSN-SS-MXF) is more efficacious than IV administered MSN-
SS-MXF, and delivery of these MSNs by either route is much more efficacious than free
drug.® Those findings enable the platform of MSN-SS-MXF as a great candidate for the

delivery of anti-infectious drug moxifloxacin for the treatment of Tuberculosis (TB).

In addition, recent studies showed that using platforms of nanotherapeutics via inhalation
offered enhanced efficacy over other routs of administration’8. Moreover, we have found
that an inhalation route for MSNs administration could deliver this nanotherapeutics with
different surface charges directly to the lung macrophages.®° Therefore, we propose to
study the efficacy of inhalational delivery of antibiotics against the intracellular pathogen
Mtb. It could be expected that the inhaled nanoparticle therapy delivers high
concentrations of antibiotics directly to infected marcrophages in the lung, thus has the
potential to shorten the duration of treatment needed for relapse-free cure. It is
reasonable to hypothesize that aerosolized drug formulations have the potential to
improve the treatment of TB both by delivery of drug directly to infected region and also

by improving the pharmacokinetics of the drug in lung tissue.!

In this work, we optimized the synthesis of a previously proposed MSN based delivery
system, namely MSN-SS-MXF with improved water dispersibility that strictly required by

the inhalation route administration. In addition, the loading and release of MXF from the
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MSNSs was investigated and optimized. These studies enabled the delivery of MSN-SS-
MXF via inhalation route by aerosolization of MSNs and achieved an enhanced efficacy
of killing F. tularensis in a mouse model, exceeding the treatment efficacy of our previous
experiment using the intramuscular route of administration to a curable level for the

disease.

This chapter is based on work done with collaborator Daniel L. Clemens and Bai-Yu Lee

at Division of Infectious Diseases, UCLA for bioassays and mouse inhalation tests.

5.3 Experimental

Materials

Cetyltrimethylammonium bromide (CTAB, 95%), tetraorthoethyl-silicate (TEOS, 98%) 3-
trinydroxysilyl)propyl methylphosphonate (42% in H20), 1-adamantanethiol (95%), 2-
mercaptoethanol, lead thiocyanate (99.5%), B-cyclodextrin (297%), Hoechst 33342
(297%), and toluene (99.8%) were purchased from Sigma (St. Louis, MO). (3-
mercaptopropyl) trimethoxysilane, N-(2-Aminoethyl)-3-aminopropyltrimethoxysilane
(NAPTS, 90%) were purchased from Gelest (Morrisville, PA). Chloroform was purchased
from EMC (Billerica, MA). Bromine and 2,2'-Dipyridyldisulfide was purchased from Fisher

Scientific (Pittsburgh, PA). Chloroform was purchased from EMD (Billerica, MA).

Synthesis of Phosphonated MSNs

The synthesis of MCM-41 was based on well-established published procedures.
Cetyltrimethylammonium bromide (CTAB, 250 mg, 0.7 mmol) was dissolved in H20 (120

mL) and NaOH (875 pL, 2 M). The mixture was heated to 80 °C and kept stable for 30
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min, followed by adding a mixture of tetraethyl orthosilicate (TEOS, 1.2 mL) and
diethylphosphatoethyltriethoxysilane (DEPETS) (0.2 mL) drop-wise into the solution while
stirring vigorously. The solution was kept at 80°C for 2 h and as-synthesized nanoparticles

were centrifuged and washed thoroughly with methanol.

Synthesis of MSN-SS-ADA with thiocyanogen as oxidizing agent

The particles were synthesized according to our previous publication.® In a typical
synthesis, phosphonated MCM-41 (100 mg) was dispersed into dry toluene (10 mL),
mixed with (3-mercaptopropyl) trimethoxysilane (24 uL, 0.1mmol), and refluxed for 12 h
under nitrogen atmosphere. Thiol group modified MCM-41 (100 mg) was washed and
dispersed again in anhydrous toluene (10 mL) in a second step. To prepare thiocyanogen,
lead thiocyanate (800 mg) was dispersed in 10 mL chloroform and titrated by bromine
(200 pL) in chloroform (10 mL). The titration product mixture was filtered and the filtrate
containing thiocyanogen in chloroform was light yellowish. 1-adamantanethiol (17 mg, 0.1
mmol) and as-synthesized thiocyanogen were added into the MSN toluene suspension.
The disulfide oxidation reaction took four days under 4 °C and nitrogen gas atmosphere.
As-synthesized material was yellowish and washed thoroughly with toluene, methanol

and water.

Synthesis of MSN-SS-ADA with 2,2'-Dipyridyldisulfide as oxidizing agent

The particles were synthesized according to a previous publication with modifications.1?
Typically, MCM-41 (100 mg) was dispersed into dry toluene (10 mL), mixed with (3-
mercaptopropyl) trimethoxysilane (24 uL, 0.1mmol), and refluxed for 12 h under nitrogen

atmosphere. Then the as-synthesized thiolate MSNs (MSN-SH) were collected and
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washed with ethanol thrice and dispersed in ethanol (10 ml). 2,2'-Dipyridyldisulfide (50
mg, 0.113 mmol) is added to the MSNs ethanol suspension for stirring in dark overnight.
Afterwards, the as-synthesized MSN-SS-pyridine (MSN-SS-py) is then washed and
dispersed in fresh ethanol with a concentration of 10 mg/ml. Eventually, 1-
adamantanethiol (17 mg, 0.1 mmol) was dissolved into the MSN-SS-py suspension and
kept stirring and reaction in dark overnight. The resulting MSN-SS-adamantine (MSN-SS-
ADA) was collected by centrifugation and washed thoroughly by ethanol and DI water

before stored in DI water for later loading of moxifloxacin experiment.

Loading of MXF into MSN-SS-ADA and capping with beta-CD

The loading of MXF molecules were realized by dissolving MXF in DI water or 1X PBS
solution with a concentration of 36 mg/mL. As synthesized MSN-SS-ADA particles were
pre-washed with either DI-water or 1X PBS according to the later loading environment to
treat the inner pore environment of MSNs with the proper solvent. Afterwards, MSN-SS-
ADA particles were dispersed in MXF in DI water or 1X PBS solution with a concentration
of 10mg/ml and rotate overnight for the MXF molecule to diffuse into the pore structures.
Afterwards, 40mg of beta-cyclodextrin was added to the particle suspension and rotate
for another 4 hours for pore capping. Then the loaded nanoparticles, denoted as MSN-
SS-MXF, was washed with specific solvent and conditions by centrifugation and
resuspension. The drug molecule uptake and loading capacity was recorded by
measuring the concentration of MXF in loading and washing solution and the differences
was calculated for drug molecule uptaken by MSNs or loaded in MSNs after washing by

weight percent.
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Physicochemical characterization of the MSN

Transmission electron microscopy (TEM) images of MSN were obtained using a
JEM1200-EX (JEOL) instrument (JEOL USA, Inc., Peabody, MA). Particle size and zeta
potential were measured by ZetaSizer Nano (Malvern Instruments Ltd, Worcestershire,

UK) with 50 pg/mL MSN dispersed in de-ionized water.

Release of MXF from MSN-SS-MXF at given condition by UV-Vis absorption and

bioassays

We used a modification of our previously described F. novicida bioassay® to determine
the maximum amount of MXF released from particles. MXF released from MSN-SS-MXF
in PBS or DMSO or acidified DMSO with and without 2-mercaptoethanol was measured
by determining inhibition of F. novicida growth in TSBC. Similarly, release of MXF from
MSN-SS-MXF in PBS, DMSO or acidified DMSO was measured in a parallel experiment
by dispersing 10 mg MSN-SS-MXF in 1 mL of given solvent and rotate overnight for cap
opening and drug molecule release from the pores. Then the MSNs were spin down by
centrifugation and MXF concentration in supernatant was measured by UV-Vis absorption
base on Beer’s law and read out by standard curve interpolation. Uptake capacity is
defined as the discrepancy of MXF in loading stock solution and initial spin down
supernatant (uptaken by MSNs) devided by weight of MSNs in the solution. That is,
uptake capacity (wt %) = [(WMxF before loading - VWMXF after loading) / Wharticle)] X 100%. Release
capacity is defined as amount of MXF in supernatant of the release solvent after certain
time for drug molecule diffusion divided by weight of MSNs in the release solvent. That

is, release capacity (Wt %) = (Wreleased MXF / Woarticie) X 100%.
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Efficacy in Killing F. tularensis in a Mouse Model of Pneumonic Tularemia

Eight-week old, female, pathogen-free BALB/c mice purchased from Taconic were
acclimated for 1 week. Mice were infected by the intranasal route with 4000—8000 CFU
of F. tularensis LVS, a dose equivalent to about 6—12 times the LDso, respectively. Two
mice were euthanized 5 h after infection (day 0) to establish the number of bacteria in the
lung at the start of the experiment. An additional three mice were euthanized 1 d later
(day 1) to determine bacterial growth over that time period. Mice were then sham-treated
(3 mice/group), treated with free MXF (3 mice/group for each dose) or treated with MSN-
SS-MXF (4 mice/group for each dose) by tail vein injection every other day for a week
(days 1, 3, and 5 for a total of three treatments). Mice were euthanized 1 d after the last
treatment (day 6). Lungs, livers, and spleens from infected mice that were sham treated
or treated with free MXF or MSN-SS-MXF were homogenized in PBS, pH 7.4. The organ
homogenates were serially diluted and plated on GCII chocolate agar plates containing
sulfamethoxazole (40 ug mL™), trimethoprim (8 pg mL™1), and erythromycin (50 pg mL™)
to prevent growth of contaminants. The agar plates were incubated at 37 °C for 4 d at

which time the number of bacterial colonies on each plate was counted.

Statistics

Statistical analyses were performed using GraphPad Prism software (version 5.01) and
R 3.2.13 Means were compared across groups using one-way analysis of variance
(ANOVA) using the Bonferroni criteria to adjust P values for multiple comparisons.
Comparisons of mean bacterial log CFU in the lung, liver, and spleen between mice

treated with MSN-SS-MXF or an equivalent amount of free MXF were based on a logit
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transform linear dose response model for the log CFU results for free drug, not assuming
parallel dose response relationships. The adjusted mean for treatment with free drug was
computed under this model, adjusted to the equivalent dose of MSN-SS-MXF, along with
the corresponding P value for comparing the adjusted free drug mean to the MSN-SSMXF

mean. A P value of 0.05 or less was considered statistically significant.

5.4 Results and discussion

Previously, we have developed a novel MSNs based delivery system, where a disulfide
snap-top nanovalve was used to realize responsive release of anti-infectious drug
moxifloxacin (MXF) against pneumonic tularemia and showed enhanced efficacy over
that of equivalent amount of free MXF in a mice model.** Specifically, the disulfide bond
linking the nanovalve to the MSNs would respond to the high level of reducing
environment intracellularly in the macrophage, therefore upon bond broken and pores
opening up, the preloaded MXF molecules would diffuse out and induce localized high
dosage cytotoxicity. The operation of this disulfide snap-top functionality was proved
effective in a test tube, via bioassay and in vitro test of human macrophage and killing
Intracellular F. tularensis, and eventually tested in a Mouse Model of Pneumonic
Tularemia with over three fold more effective than the equivalent free MXF. Optimization
of the loading and release amount of MXF from individual MSNs is also essential for
maximize the treatment efficacy. We have investigated: a) the MSN'’s inner pore charges;
b) the MSN’s concentration of phosphonate groups; c) the MSN’s disulfide stalk surface
coverage; d) the loading concentration of MXF; and e) the loading pH, and found the

optimal conditions to be negatively charged phosphonated MSNs (10 uL DEPETS/10 mg)
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with disulfide stalk surface coverage of 10 umol loaded with 1 mL 40 x 1073 m MXF in
PBS solution (pH 7.4). The as prepared disulfide snap-top MSNs with MXF loaded (MSN-
SS-MXF) were administrated in the mice model via intravenous (i.v.), subcutaneous (s.c.),
and intramuscular (i.m.) routes. We have discovered that the i.m. route provided the
highest efficacy of treatment among the three, and detailed pharmacokinetic study was
presented in Chapter 4. Herein, we tested another promising administrative route of
inhalation, as previous study has shown the delivery of MSNs via inhalation would
relocate the MSNs directly to the lung macrophages where most of the infectious disease
happens.? In this work, we have studied and optimized the delivery of MSN-SS-MXF via
inhalation route in a mouse model for the treatment of F. tularensis. Special requirement
is raised by the inhalation administrative route as nanopatrticles have to be well-dispersed
in aqueous solution throughout the whole period of aerosolization process which would
take up to several hours. Therefore, optimizations for nanoparticle synthesis and
preparation will be discussed, together with loading and washing conditions for
maximization of MXF loading and release within the MSNs. Ultimately, the killing efficacy
of MSN-SS-MXF delivered via inhalation is studied and compared with the previous i.m.
route. With the enhanced efficacy in vivo, the inhalation route of the MSN-SS-MXF
delivery system manifested great potential in the treatment of various types of infectious

diseases.

Alternative synthesis routes of MSN-SS-MXF and modification of the synthesis to

enhance nanoparticle water dispersibility/ MXF loading & releasing

Two alternative synthesis route for preparing the MSNs modified with disulfide snap-top

stalk (MSN-SS-ADA) as illustrated in Figure 5.1. Four trials of inhalation experiments
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were selected and summarized in Table 5.1., showing corresponding moxifloxacin loaded
MSNs snap-top particles (MSN-SS-MXF) and modification applied, and the treatment
efficacy that is represented by bacteria colony forming unit (CFU) counts. As mentioned
in previous discussion, we first tested our previous MSN-SS-MXF delivery system in
water suspension for the first trial of inhalation route. However, as the aerosolization
process took over 4 hours, rather poor water dispersibility became a major issue for the
delivery as MSNs started to crash out of solution after first 15-20 min. This was not a
major concern for other administrative route such as i.v. or i.m. as we could sonicate
thoroughly the MSNs suspension at rather low concentration, thus MSNs would suspend
rather well in those cases. For inhalation treatment, the concentration of nanoparticle
aqueous suspension is normally 4-10 mg/mL which is 40-100 fold higher than that of i.v.
(for i.v. route, typically not over 100 ug/mL or even lower concentration) Therefore, a strict
requirement on MSNs water dispersibility is posted by this inhalation route. An alternative
synthesis method using 2,2'-Dipyridyldisulfide as oxidizing agent was investigated, the
as-synthesized MSN-SS-ADA was characterized by DLS and zeta potential for
comparison with the other method. TEM images of as synthesized particles were shown
in Figure 5.2. (B), where a rough surface can be seen for route 1 using thiocyanogen as
the oxidizer. From Table 5.1., it can be found that the DLS and zeta potential values were
rather similar for both synthesis routes, indicating at low concentration (tested at
approximately 100 ug/ml) MSN-SS-ADA formed by both methods would have similar
physiochemical property in agueous suspension. MSNs synthesized by route 2 using 2,2'-
Dipyridyldisulfide as oxidizing agent were tested in trial 2 of inhalation. The water

dispersibility was much improved as the MSNs were well suspended during an up to 6
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hour aerosolization process with the help of a stir bar at concentration of 4 mg/mL.
However, the loading and release of MXF was lower than the previous sample from 30%
to 18 %, showing limited killing efficacy in vivo. Meanwhile, a synthesis sequence with
route 1 was applied with the removal of CTAB surfactant before the oxidation process for
forming the disulfide bond. As shown in Figure 5.2. (C), the surface roughness was much
reduced and a picture of the sample showed a change of color from pale yellow to
brownish yellow. The as-synthesized MSN-SS-MXF with modification was tested in trial
3 of inhalation. With the improved water dispersibility and enhanced MXF release
capacity, an improvement of the treatment efficacy was shown as CFU went down from
7.51 to 5.75 with a 6-hour treatment. The optimization of loading and washing condition
to enhance the release capacity of MXF from MSNs was performed within each trial of
inhalation experiment on individual route of synthesis. This will be briefly introduced in the

following section.
Loading & washing conditions on the MXF release capacity

Optimization of loading and washing condition of MXF was conducted independently on
both synthesis route before applying sample for inhalation treatment. As we have already
found in our previous work®, the charge of inner pore walls and drug molecule, the
washing protocol, loading solution condition and nanovalve surface coverage are
important parameters for maximizing loading and release capacity of MXF. Herein, we
showed in Figure 5.2., washing with different solvent (DI water or 1X PBS) would provide
rather different release performance, indicating water is a better solvent to elucidating
MXF from MSNs. Also, it was shown in Figure 5.2. (B) that one time of water washing

would be sufficient to remove unloaded MXF from MSNSs.
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Improvement in MXF efficacy in a mouse model with optimized MSN-SS-MXF

With the optimized MSN-SS-MXF by synthesis modification and loading and washing
protocol optimization, the effect of different time duration of inhalation treatment with
MSN-SS-MXF aerosols was investigated in a mouse model in trial 4. In brief, mice were
infected by the pulmonary route with F. tularensis LVS on day 0 and given daily aerosol
treatments on days 1-3, delivering the indicated total amount of MXF in MSN-MXF format.
On day 4, the mice were killed and numbers of F. tularensis bacteria in lung, liver, and
spleen were determined. In Figure 5.3., the absolute weight value of tested mice and
weight change percentage showed that except for no treatment where body weight
dropped about 8% for the mice, 2, 4, 6 hours of treatment maintained the body weight.
The bacteria CFU count is illustrated in Figure 5.4. for different organs. The CFU in liver
and spleen was brought down to instrument detection limit. The CFU count in lung was
summarized in Table 5.2., as a 6-hour treatment offered the best killing efficacy with a

mean of 0.69 from no treatment of 7.38 in log scale.

5.5 Conclusion

We have optimized the synthesis of MSN-SS-MXF, a MSN based snap-top delivery
system with redox responsive disulfide linker for controllable release. The water
dispersibility of such particles was enhanced by using alternative synthesis route or
optimization of synthesis sequence. In the meantime, the loading and washing condition
of MXF in MSNs were investigated, where it was found that the loading solvent was crucial
as charge property and solubility of drug molecule would greatly affect the loading and
release capacity. Eventually, an optimized drug loading and washing protocol was applied
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with modified synthesis route, high amount of MXF delivery was achieved with inhalation
administrative route. As a consequence, much enhanced treatment efficacy on F.
tularensis infected mice was realized, bring bacteria CFU in lung down from 7.38 to 0.69
and that below detection limit in liver and spleen. With such low level of CFU counts, body
immune system would facilitate the complete removal of infection and the disease could

be considered curable.

5.6 Tables and figures
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MXF

caption

15t trial

2" trial

3 trial

4th trial

Synthesis

description

thiocyanoge

L 397 -27
n as oxidizer

2,2'-
Dipyridyldis
ulfide as
oxidizer

247 -36

Increased
surface —SH,
remove
surfactant 131 -37
first, then
thiocyanoge
n oxidizing

Minimium
washing 182 -30
with DI H20

Rel f
= ::;: s Release of
MXF
measured Inhalation trial brief summary

. measured
2/ TS by bioassa
absorption u H

Water dispersity: poor
MXF release capacity: high
31.3% 27.1%
MXF delivered to lung: low
CFU count change: NA
Water dispersity:good
MXF release capacity: low
17.1% 18.3%
MXF delivered to lung: low
CFU count change: 7.23 — 6.64
Water dispersity: good
MXF release capacity: decent

29.0% 20.7% MXF delivered to lung: decent
CFU count change: 7.51 —-5.75

Water dispersity: good
MXF release capacity: high
MXF delivered to lung: high

CFU count change: 7.38 — 0.69

89.4% 95.9%

Table 5.1. Summary of inhalation trials and MSN-SS-MXF samples used for specific trials

with a brief description of optimization on samples and nanoparticle characterizations and

inhalation treatment efficacy in CFU counts.
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DLS

196.8 335.6 222.6 557.1
(nm)
Zeta

-33.4£0.9 -9.3+1.7 -21.4+0.5 -8.5+2.1
(mv)

Table 5.2. DLS and zeta potential of MSN-SS-ADA and MSN-SS-MXF after washing and

dispersed in DI water (H) or in 1XPBS (P), respectively.
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7.62

2 7.47

3 7.07
Mean 7.38

2.10
2.64
2.36
2.37

0.75 0.24*
0.41 1.41
1.49 0.41
0.88 0.69

Table 5.3. The bacteria CFU count for 0, 2, 4, 6 hours of inhalation treatment of MSN-SS-

MXF nanoparticles on three independent mice. (*At limit of detection)
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Figure 5.1. Synthesis routes of disulfide snap-top MSNs (MSN-SS-ADA), (A) using 2,2'-

Dipyridyldisulfide as the oxidizing agent, (B) using thiocyanogen as the oxidizing agent.
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Figure 5.2. On the left: TEM images of as-synthesized MSN-SS-ADA with different
synthesis routes. (A) and (a), using 2,2'-Dipyridyldisulfide as oxidizing agent; (B), using
thiocyanogen as oxidizer, oxidize with presence of CTAB; (C) using thiocyanogen as
oxidizer, oxidize after removal of CTAB. On the right: picture of centrifuge tubes with as

synthesized MSNs colloidal suspension in H20 at concentration of 10 mg/mL.
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Figure 5.3. Loading and release of MXF at different conditions. (A) Release of MXF from
MSN-SS-MXF (wt.% shown in Y axis) with different loading and washing protocols,
A1/A2: loaded in 1XPBS, washed 3 times with 1XPBS and 2 times with DI H20; B1/B2:
loaded in 1XPBS, washed 5 times with DI H20. (B) Washing and release of MSN-SS-
MXF, loaded with 1XPBS, washing with 1XPBS and wt.% shown in Y axis. ST: stock
solution before loading, PE: elute solution, PW1: washing-1 supernatant, PW2: washing-
2 supernatant, PW3: washing-3 supernatant, TL: theoretical loading amount of MXF (=
ST-PE-PW1-PW2-PW3), PR: release measured by UV-Vis absorption, PRB: release

measured by bioassay.
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Figure 5.4. Scheme of inhalation treatment and experiment design for mice study.
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Figure 5.5. Treatment with MSN-SS-MXF prevents weight loss in mice infected with F.
tularensis. Mice with pneumonic tularemia were weighed daily during the course of
treatment. (A and B) Data shown are absolute weight change and percentage change of
mice, respectively. The mice were treated with inhalation duration of O, 2, 4, 6 hours, as

indicated.
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Figure 5.6. Mice were infected with F. tularensis LVS by the intranasal route. Bacterial
burden in the lung was monitored over the course of infection. The mice were treated with
inhalation duration of 0, 2, 4, 6 hours, as indicated. The effect of each treatment on F.
tularensis burden in lung, liver, and spleen was determined by assaying the bacterial CFU

one day after the final treatment.
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Chapter 6

A facile synthesis method of mesoporous silica
nanoparticles with different pore structures for pore
size enlargement via an emulsion-assisted sol-gel

process
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6.1 Abstract

This chapter presents a facile and general synthesis procedure for the preparation of
various types of mesoporous silica nanoparticles with enlarged pore size. By revisiting
previous synthesis methods for the pore expansion mechanisms, we discovered an
emulsion-assisted sol-gel reaction via a simple sonication process, resulting in MSNs with
expanded pore size and uniform and monodispersed morphology. Synthesis parameters
such as reaction temperature, addition of swelling agent to CTAB ratio and reaction pH
condition were investigated for the effect on pore swelling and particle morphology. The
necessity of the sonication process was also proved. The as-synthesized nanoparticles
were characterized by TEM, SAXS, DLS and N2 gas adsorption/desorption, confirming

that this synthesis method is facile and highly reproducible.

6.2 Introduction

In the last decade, mesoporous silica nanoparticle (MSNs) have been proven as a great
candidate as a promising drug delivery platform due to their high biocompatibility.1* The
normal pore size for MCM-41 is around 2.2 nm using CTAB as surfactant.®> However, this
limited size of pore is not large enough to withhold large molecules and/or DNA/SIRNA.
Typical dimension of a single strand 21-nt siRNA is 2.6 x 5.6 nm, which is right above the
pore size limit for normal MCM-41. Though it was reported that a normal Fe3sOs@silica
core-shell system can accommodate certain siRNA or even DNA strands®’, larger pore

size is still expected for a further increase in the cargo dimension. As a result, an ideal 4-
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6 nm large pore with good accessibility and tunability will be a target structural parameter

for the purpose of this study.®-1°

The enlargement of the mesopores is often realized by the addition of micelle swelling
agent, which will increase the size of the micelle.!! (Figure 6.1.) A variety of compounds
can be used as micelle expander, including benzene and its alkyl-substituted derivatives
(most notably, 1,3,5-trimethylbenzene, TMB), linear hydrocarbons and other hydrophobic
small molecules."13 However, the pore expansion often accompanies with a loss the
structure ordering.41% It is thus challenging to realize the swelling effect of the pore while
maintaining a reasonable structure of the particle for further use. Blocking the large pore
with nanovalves for controllable cargo release have only been reported with SBA-15, the
size of which is typically over 400nm and not suitable for biological applications.®
Therefore, the swelling effect for the plain silica and core-shell system were both
investigated with discussion on varying synthesis conditions. By simply mixing the
swelling agent with the reaction solution before adding TEOS, an enlarged pore size could
be expected with increasing ratio between the surfactant and swelling agent. Two typical
swelling agents (TMB and decane) are applied according to the literature.'’ In addition,
different types of base catalyst were used, and other aspects as reaction temperature,

adding sequence of reactants are also employed.

In this work, a facile, highly reproducible method for the synthesis of various types of
mesoporous silica nanoparticle or core-shell FesO4@MSNs with enlarged pore size is
introduced. A crucial sonication treatment is involved to facilitate the emulsion-assisted

sol-gel reaction for nanoparticle formation. Parameters such as reaction temperature,
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reaction pH and usage of swelling agent are also discussed, showing their effect on the

pore enlargement process.

6.3 Experimental

Materials

All materials were used as purchased without further purification.
Cetyltrimethylammonium bromide (CTAB, 95%), tetraorthoethyl-silicate (TEOS, 98%), 1-

adamantanethiol (95%), ethyl acetate (EA, = 99.7%), 2-mercaptoethanol, lead

thiocyanate (99.5%), 3-cyclodextrin (=297%), Hoechst 33342 (297%), and toluene (99.8%)
were purchased from Sigma (St. Louis, MO). (3-mercaptopropyl) trimethoxysilane, N-(2-
Aminoethyl)-3-aminopropyltrimethoxysilane (NAPTS, 90%) were purchased from Gelest
(Morrisville, PA). Chloroform was purchased from EMC (Billerica, MA). Bromine was
purchased from Fisher Scientific (Pittsburgh, PA). Chloroform was purchased from EMD

(Billerica, MA).

Synthesis of MSNs with enlarged pore size in aqueous precursor (without sonication)

A modified synthesis recipe was implanted for the large-pore MSNs synthesis. With
regard to the recipe for MCM-41 synthesis as mentioned in chapter 2 and 4, same amount
of reactants was used, while the molar ratio between reactants was kept as 1.0 CTAB:
2.2 NaOH: x TMB: 8.8 TEOS: 10115.0 H20: 8.8 Ethyl acetate. Typically, 50mg
cetyltrimethylammonium bromide (CTAB, Aldrich, 95%) was dissolved in 25 mL water

with 150 uL NaOH (2.0 M), the solution of which was heated to 80°C under rapid stirring.

After 30 minutes at this temperature, 270 uL tetraethylorthosilicate (TEOS, Aldrich, 98%)
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was added dropwisely. About 1 minute afterwards, a same volume of 270 pL ethyl acetate
was quickly added. The solution slowly turned to transparent blue, indicating the
nucleation and growth of silica nanoparticles. Reaction was kept at 80°C for 2 hours, then
the solution was cooled down to room temperature, and the nanopatrticles were collected
by centrifugation at 7800 rpm. The pellet from centrifugation was redispersed and washed
with ethanol for three times, and dispersed in ethanol for further use. Each individual
experimental trial under different synthesis conditions was labeled as S#-NaOH-1-x-T,
indicating the reaction was catalyzed with NaOH with a one to x molar ratio between
CTAB and TMB at certain temperature T. Likewise, when using alternative base catalyst
of ammonium hydroxide, samples were labeled as N#-NH4OH-1-x-T. Furthermore, a
double swelling agent method was applied with the addition of TMB and decane before
adding silica source. (An equilibrium dwell time of 2 hours was maintained for the addition
of each swelling agent to make sure the penetration of swelling agents.) The samples for
those trials are labelled as 1-9+3 as an example for the addition of 9 time decane and 3
time TMB with an order of adding decane first. (Same way of labelling samples was

applied for core-shell samples in the next discussion section.)

Synthesis of hexagonal/ radial type pore structured MSNs with enlarged pore size in

emulsion (with sonication)

Large pore MCM-41 derivative

In a typical synthesis, 0.1g CTAB (cetyltrimethylammonium bromide) is dissolved in 45
mL DI water in a 100mL round bottom flask. 350 puL sodium hydroxide solution (2M) is

added to the aqueous. After the CTAB is dissolved, 305 puL TMB (1,3,5- trimethylbenzene)
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is added to the solution. The flask is then brought to a water batch sonicator for continuous
sonication of 30 minutes twice (total 1 hour). The mixture turned from transparent to stable
white milky emulsion. In the meantime, an oil bath is heated and stabilized at a
temperature of 70°C. After the one-hour sonication, a stir bar is put in the flask and flask
is transferred to the oil bath. Approximately 15 minutes later when the temperature is
stabilized with the oil bath, 0.5mL TEOS (Tetraethyl orthosilicate) is added to the solution
dropwisely and 0.4 mL ethyl acetate is added to the solution 150 seconds after the
addition of TEOS. The reaction is kept at 70°C for 2 and a half hours. Then the mixture is
cooled to room temperature and product is separated from the aqueous mixture by
centrifugation (7800rpm) and washed with water and ethanol 2 twice each. (By

suspending the particle in water/ ethanol after centrifugation.)

To extract the surfactant (CTAB) and TMB, we suspend the particles in ethanol
(approximately one batch in 80 mL ethanol) and add 10 mL concentrated hydrochloride
acid. Refluxing the mixture for one hour. This process is done twice to fully remove the
CTAB. After this step, particles are washed and suspended in ethanol for storage/ later

use.

Large pore radial-pore MSNs derivative

In a typical synthesis for MSNs with radial pore structures, 100mg CTAB is dissolved in
25 mL of DI water in a 100mL round bottom flask. 112 pL NH4Cl (with a concentration
prepared as 100mg/mL) is added to the mixture together with an addition of 50 pL sodium
hydroxide solution (1M). After everything is dissolved, 457 pL TMB is added and again

the mixture is sonicated at same condition for 1 hour. Meanwhile, an oil bath at 83°C is
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prepared and stabilized. After the sonication, the flask is transferred to the oil bath and
kept waiting for approximately 15 minute for temperature equilibrium. After this, 375 pL
TEOS is added to the solution rapidly. The reaction is kept at this temperature for 2 and
a half hours. Afterwards, the product is collected in a same manner as described in the
previous procedure. CTAB is removed as described above. This type of particles was
having radial pore structures that is different from the above mentioned MCM-41 like

ones.

Synthesis of Fe304@SiO- core-shell particles with enlarged pore size in emulsion

Typically, 25mg CTAB is dissolved in 10 mL DI water in a 50 mL round bottom flask. 0.75g
iron oxide nanoparticles (with a concentration of 7.5 mg/mL dispersed in chloroform) is
then added on a balance to the round bottom flask. The mixture is sonicated in a water
bath for 10 min and then manually shaken in an oil bath at 70°C for 10 min to evaporate
the chloroform, forming a brownish transparent solution. 0.0125g Arginine is then added
to the mixture solution. After everything is dissolved, 114 uL TMB is added and the mixture
is sonicated at the same condition for 1 hour. Eventually the sonicated mixture in an
emulsion form is transferred back to the oil bath at 70°C and stabilize for 15 min before
adding in 100 uL TEOS and kept at this temperature for a 3-hour reaction. As synthesized

particles are collected and washed with CTAB removal as described before.

Physicochemical characterization of synthesized large pore MSNs/ core-shell particles

As synthesized pore enlarged MSNs were characterized for hydrodynamic sizes, zeta
potentials, and morphologies respectively. The shapes and porous structures were

characterized using transmission electron microscopy (JEOL JEM 2010, JEOL USA, Inc.,
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Peabody, MA). The nanoparticle sizes and zeta potentials in pure water were measured
by ZetaSizer Nano (Malvern Instruments Ltd., Worcestershire, UK). Nitrogen gas
adsorption/ desorption analysis was performed on an Autosorb-iQ (Quantachrome
Instruments) with the temperature of 77 K. All of the measurements were performed with
the nanoparticles suspended in filtered water or filtered cell culture media at 40 ug mL™?

nanoparticle concentration.

6.4 Results and discussion

Different type of MSNs with enlarged pore size were synthesized based on proposed
particle formation mechanisms.*! In general, tetraethyl orthosilicate (TEOS) was used as
a silica source, surfactant cetyltrimethylammonium bromide (CTAB) was the structure
directing agent for all types of MSNs; Different base catalysts in various amount were
used and effect on pore enlargement from changing reaction pH condition was studied.
The amount and combination of swelling agent: 1,3,5-trimethylbenzene (TMB) together
with decane was utilized at given conditions for pore swelling.® A sonication process was
introduced and the effect with or without the presence of sonication treatment on pore
expansion was investigated. Parameters and different reaction conditions were listed in

table 6.1. and will be further discussed in the later section.

The synthesis and characterization on different types of MSNs with enlarged pore size

without sonication

As discussed in previous literatures!!, a proposed pore swelling process was illustrated

in Figure 6.1., where before the TEOS hydrolysis and condensation process, the template
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agent, CTAB, forming micelles in the aqueous environment with its hydrophilic head
(charged ammonium group) pointing outward to the aqueous and the long hydrophobic
alkyl chain packed and facing away from aqueous, forming the core of the micelle. The
swelling agent, such as trimethylbenzene or decane, is essentially hydrophobic small
molecules, that once added to the CTAB aqueous solution, would be energetically
favored to enter the core region of the CTAB micelles, thus enlarging the overall size of
the micelle which would lead to pore size enlargement. The incorporation of swelling
agent into the aqueous micelle solution normally involved intensive stirring process to
facilitate the mixing.t%151% Furthermore, a relevant swelling mechanism involving the
incorporation of double swelling agents of TMB and decane can be explained in Figure
6.2.28 TMB molecules can interact with surfactant through electrostatic interactions
between the 11 electrons of the benzene core and the positively charged head group of
CTAB. As a result, TMB molecules would be stabilized at the outer surface micelles and
hinders further incorporation of other swelling agent molecules. This was the primary
reason why double swelling agent method was introduced, and might also be one

possible explanation for the solubility limit of TMB in CTAB micelles.

TEM images for the as-synthesized particles are shown as follows for each trial condition
in Figure 6.4. to Figure 6.6. The particle diameter and pore size estimated from the TEM
image were also reported accordingly. Initially, the reaction temperature was kept at 80
degrees, while the ratio between swelling agent and CTAB was increased. A double
swelling agent method was also applied according to a previous report'® as discussed
earlier. From the TEM images, overall morphology and patrticle size can be characterized.

Meanwhile, the pore size appeared to be enlarged with increasing swelling agent amount,
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yet the result is inconclusive since the swelling effect was not happening to all micelles.
Therefore, SAXS measurement was performed, which as a facile and quick technique
comparing to BET measurement, can provide the repeating distance of pored diameter
plus pore wall thickness.* Namely, a typical SAXS scan was employed through an incident
angle from O to 5 degrees, where mesostructure of the sample can be revealed. In
addition to the d spacing, the packing order can also be obtained from the diffraction
pattern. As shown in Figure 6.7., the diffraction pattern for sample NaOH-1-6-80 was a
typical shape that can be assigned to a 2D hexagonal structure, with each peak
corresponding to dio, d11 and dzo, respectively. This is a typical SAXS pattern for MCM-
41s, while as for other synthesis conditions, the two satellite peaks become shoulder-like
or even disappeared, which indicated a loss of the structural ordering. Result of SAXS

measurement will be shown and compared at the end of each synthesis conditions.

It was reported that temperature also played an important role for the swelling effect,
specifically at low temperature, swelling would be more obvious.!! The reason was
attributed to an increased solubility of swelling agent into the micelle. In detail, at high
temperature, the micelles become more loosely packed, thus the accommodation of
swelling agent is not secured. The effect of temperature was discussed with a comparison
between S4 and S5. The pore size seemed to be enlarged at a lower temperature, while
a surprisingly better size distribution was achieved at the same time. Meanwhile, the
ordering of the structure was patrtially lost for a lower temperature reaction, which can be
explained as a result of the reduced condensation rate. With further increased TMB
added, the size distribution was even bigger, while the size of pores changed little,

comparatively. As expected, the disturbance of synthesis from swelling agent became
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more severe beyond a SA to CTAB ratio of 8. The SAXS patterns of all samples were
collected and shown in Figure. 6.7. The shift of dio peak can be clearly seen to a lower
angle, indicating an enlarged repeating distance between the mesopores. A maximum
shift was achieved with sample S4 (1-8TMB), as dio was increased from 4.1452 nm for
sample without SA (Figure 6.4.) to 4.964 nm for S4. It was noticed that when comparing
peaks of raw data together, the peak of S4 seemed to be a broaden peak, while when
plotted out individually, a more obvious peak can be obtained. (Figure. 6.4. (b) (d)) The
broadening might be due to a broad distribution of the pore size for this sample since
pores are not evenly enlarged with the swelling agent. Meanwhile, the swelling effect for
S5 (1-12TMB) came out not as large as S4, which might be explained as, with this high
amount of SA added, phase separation between TMB and water happened, or the
solubility limit of TMB in CTAB micelle was reached. This experimentally supported as
after even 3 hours of equilibration, TMB oil phase was still observed in the aqueous
solution. This phase separation would also induce a large size distribution of particles
since the oil droplets can act as nucleation centers for the growth of silica, which was

supported by the TEM images.

TEM images combined with result from SAXS measurement indicated that the swelling
effect was not quite obvious with this synthesis condition, even a shift of the dio peaks
and enlargement of some pores under TEM were observed. Therefore, another synthesis
system was chosen with NH4OH as the catalyst instead of NaOH, where a lower
condensation rate of silica was expected. A typical synthesis route was similar to that with
NaOH, while a different molar ratio between the reactants was used according to the

literature. (1.0 CTAB: 32.8 NHs: 3.0 TMB: 9.0 decane: 5.5 TEOS: 491.7 EG: 6938.9
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H20).2° Notice that ethylene glycol was used and mixed into the aqueous solution before
the addition of swelling agents, the function of which was to gain a better dispersity and
a more round-shaped morphology of particles by increasing the viscosity of solution. The

samples were labelled in the same fashion as N#-NH4sOH-1-x-T, and TEM images of

From the ammonium hydroxide synthesis system, large pore MSNs were obtained and
visualized under TEM (in Figure 6.5. for sample N1-N6). The largest size of pores was
achieved with sample N5, where a double-swelling agent strategy was applied.
Comparing different synthesis conditions here, it can be seen that with the increasing
ratio between SA to CTAB, the pore structure was swelled up from not-barely seen to a
really opened-up fashion. When added 12 times of TMB, the pore structure was again
severely disturbed (N4). No obvious 2D hexagonal ordering can be observed from SAXS
or TEM, thus direct comparison between NH4OH samples to NaOH samples was not
proper besides a different condensation rate in the reaction. For sample N5 and N6, a
different adding sequence of swelling agents was applied, while a quite deviated swelling
effect can be observed. The effect of adding sequence of swelling agent was explained
as the steric hindrance of TMB molecules. A proposed mechanism was illustrated in
Figure. 6.2.18 TMB molecules can interact with surfactant through electrostatic
interactions between the 1T electrons of the benzene core and the positively charged head
group of CTAB. As a result, TMB molecules would be stabilized at the outer surface
micelles and hinders further incorporation of other swelling agent molecules. This was the
primary reason why double swelling agent method was introduced, and might also be one

possible explanation for the solubility limit of TMB in CTAB micelles.
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As shown in Figure 6.7., it was a little difficult to see clear peaks for some of the samples
with increasing pore sizes. ldeally, the diffraction peaks should be superimposed on the
background. While for the samples of this synthesis condition, the scattering curve
became shoulder-like shape with no obvious peaks. As for some samples that were
expected to have large pores, only a change of intensity was observed when curve was
compared to that of the sample holder. It can be speculated that the well-ordered
hexagonal packing of micelles was gone, where micelles were more loosely packed.
Meanwhile, the size of particle is smaller, especially comparing to the size of the pore,
which indicated that less repeating distance was found in one-unit cell of nanopatrticle.
Or, for sample N5, the peak (or shoulder) was further shifted to a lower angle into the
background. Therefore, BET measurement was performed so as to get a better idea of
those samples that didn’t show a clear “peak position” in the SAXS. (The result of BET
will be included and discussed together with the core-shell section.) The overall
morphology of the MSNs was not as good as that with the NaOH base, as smaller
particles with crosslinking to different extents were synthesized. Ethyl acetate was
introduced to this system with the purpose of reducing the crosslinking, yet no obvious
effect was observed. Further efforts would be expected to modify the morphology of the
particles, especially as for preparation of in vivo study, where crosslinking of particle might

induce aggregation of particles in circulation system.?!

Synthesis and Characterization of iron oxide MSN Core-shell composite

The synthesis method of iron oxide core/shell structure is based on the synthesis of MCM

41 and a typical synthesis protocol is described in the experimental section. Sample for
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the core-shell study was labelled as CS# arginine/NH4OH-1-x-T, the TEM images of

which are presented in below.

As shown in TEM images in figure 6.6., the overall morphology and dispersity for sample
CS1-CS5 can be well maintained in the core-shell system even with high amount of
swelling agent involved in the system. It was not surprising for this different behavior
comparing to the previous plain MSNs case. Since the iron oxide NCs would serve as
nucleation centers for the further condensation of silica, the growth mechanism was
believed to be quite different from that of plain silica. Inspired by the plain silica study, the
type of base catalyst was changed to ammonium hydroxide. Similar spherical particles
were obtained, while the pore structure was slightly different as more of a radial channel-
like morphology was obtained with NH4OH comparing to a “wormlike” pore structure for
the arginine case. It seemed that more swelling agent could be employed since the
structure of particle was well maintained. The SAXS data showed a shift of the dio peak
to a lower angle, and the BET measurement proved a maximum enlargement from CS3
of 3.78 nm, which was a 40% increment in size comparing to a reported 2.7 nm size for

normal FesOs@silica composite.

To briefly sum up, we found in the previous reaction conditions, with higher reaction pH
(NaOH over NH4OH), the pore structure was more regulated and well-defined, yet the
swelling agent tend to enter the micelles more easily as they are more loosely packed in
at lower synthesis pH condition. Temperature played an important role as it affected the
packing of the micelle as well as the hydrolysis and condensation rate of TEOS, leading
to a better pore expansion performance at relatively lower reaction temperature.

However, from previous experiments, the simple mixing by stirring provided a rather
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passive way for the swelling agents to reach the core of micelles in aqueous solution and
thus resulting in less control over the synthesis and might lead to aggregated nanoparticle

formation and inconsistent pore enlargement.

The synthesis and characterization on different types of MSNs having enlarged pore size

with sonication

Recent publications proposed an emulsion-assisted pore expanding synthesis, the
proposed mechanism is illustrated in Figure 6.3.%2, where the silica source molecule 1,4-
bis(triethoxysilyl)benzene (BTEB) gradually diffuse into the aqueous phase from the oll
phase, leading to lower concentration of hydrolyzed organosilica species that slowed
down the overall condensation rate. This is crucial for the formation of pore enlarged
MSNSs, because if the condensation rate is higher as shown in Figure 6.3. (d), where the
initial concentration of BTEB is higher, then dense organosilica formed instead of
enlarged mesoporous structure. Yet, this process required a 72-hour stabilization step
with very specific stirring speed. Herein, we proposed a facile and highly reproducible
synthesis method, utilizing a water bath sonication process to generate stable emulsion
of the oil in water, swelling agent (TMB) in CTAB aqueous solution system. A similar
process of hydrolysis and condensation of TEOS happened at the interface of the
emulsion and facilitated the formation of MSNs with enlarged pore size. Parameters of
reaction pH condition, reaction temperature and amount of swelling agent added in the
system are also investigated for their effects on the overall morphology of the MSNs and
enlarged pore formation. By varying those parameters, we realized the control of particle

size and pore size with monodisperse and uniform particle morphology.
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Three different types of mesoporous silica nanoparticles were synthesized according to
the experimental section, namely, pore expanded MSNs of MCM-41 type, MSN-b with
radial pore structure and Fe304@MSNSs core-shell particles. In Figure 6.8., TEM images
of those three types with or without the addition of swelling agent and pore expansion
process. It is clear as shown in the images that the pore size was enlarged while the
particle morphology was maintained as uniform spheres (a TMB/CTAB molar ratio of
12:1). When looking back at table 7.1., by comparing the base catalyst used for MCM-41
type and MSN-b both with sonication process, the TEM images of both particles with
same TMB/CTAB ratio (12:1) showed different pore structures. (Figure 6.9.) The pore
channels were almost 2D hexagonally packed within the MCM-41 type while pores were
radial-like for MSN-b type with bigger pore openings at the end of pore channels. This
can be explained that for the synthesis of MSN-b, the pH of the reaction was buffered by
the addition of NH4Cl, thus the packing of micelle was weaker than the NaOH counterpart,
so as a slower hydrolysis and condensation rate. Therefore, for the higher pH condition
for the MCM-41 type, the 2D hexagonal pore structure was maintained, while the
morphology of the MSN-b type was more monodisperse and uniformly spherical. The
temperature effect on the synthesis and pore swelling process was investigated with a
varying waiting time after the sonication before the addition of TEOS. The temperature of
the emulsion was approximately 40°C and the oil bath was set to 70°C. The exact reaction
temperature was not monitored as the addition of TEOS will introduce a temperature drop,
but the increasing waiting time before the addition of TEOS would lead to an increasing
reaction temperature. The size of the nanoparticle ranged from 80-90 nm to 50-60 nm as

the waiting time ranged from 30 min to 10 min, whereas the pore size of the MSNs almost
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remained unchanged. This indicated that temperature was not the determining factor for
pore expansion yet affecting the overall size of the synthesized nanoparticles. The
necessity of the sonication process and the amount of TMB needed for the reaction was
studied, with TEM images of MSNs synthesized at those different conditions illustrated in
figure 6.10. As shown in this figure, without the sonication process with a TMB/CTAB ratio
of 12:1, or with the sonication process but with a TMB/CTAB ratio of 4:1, no pore
expansion was observed. This indicates that it was crucial to have the sonication process
with enough amount of TMB as the oil phase introduced into the CTAB aqueous solution,
in another word, the formation of the emulsion is necessary for the formation of the pore
enlarged MSNs. This pore expansion method was then applied to the Fe3O4@MSNs
where the sonication treatment was again introduced after adding the TMB into the CTAB
solution for emulsion formation. Similarly, as the base catalyst used in the reaction is
arginine which was a rather weak organic base, and it would hydrolyze into a pH buffer
form, the rate of the TEOS condensation was therefore regulated and a similar radial pore
structure was formed. Comparing to previous experiments with change of swelling agent
of TMB and decane but no sonication and emulsion-assisted process, the later pore
expansion phenomenon was more obvious with the sonication process, giving a pore size

of 6.8 nm over 3.8 nm after pore enlargement.

6.5 Conclusion

The delivery or accommodation of large molecules such as gene, enzyme/protein or drug
molecules that are large in size could be essential for various kinds of biological

applications.?3-2’ Research had been done on the synthesis and possible mechanism of
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mesoporous silica or derivatives with enlarged mesopores size.?82° Previous synthesis
routes have been revisited in this work, finding that previous methods are often tedious
and time consuming, or difficult to reproduce. Herein, we described a facile and highly
reproducible synthesis method for making various types of MSNs with different pore
structures or for different application. The effects of swelling agent usage, reaction pH
and temperature conditions and the effect of sonification or emulsion formation process
were investigated, which enabled us to control the pore size and particle morphology.
This facile and highly reproducible synthesis method produced MSNs ranged from 50-90
nm and with typical pore size from 3 to 8 nm. Currently, this novel technique is utilized to
synthesis large pore MSNs for enzyme trapping for sensor applications and could be
promising for various of biological applications related to large molecule like protein or

enzyme accommodation.2©

6.6 Tables and figures
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Pore size increase from ratio 12:1
W/ WO to 16:1, particle morphology is
disturbed at high ratio

NaOH Hexagon TMB, TMB
(2Mm) al packed + decane
channels

. Pore size increase from ratio 12:1
Radial/ TMB, TMB ) .
NH,OH WO to 16:1, particle morphology is
random + decane . . .
disturbed at high ratio

NaOH
. Pore size increase with increasing
(1M) plus Radial TMB W/ WO .
ratio
NH4CI
. . Pore size increase with increasing
Arginine Radial TMB w

ratio

Table 6.1. Summary of parameters investigated for the synthesis of pore enlarged MSNs.
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Pore size
Sample | d spacing
by BJH Surface Area (m2/g)
ID (nm)
(nm)
CS2-1-6 6.0433 3.78 912.760
CS5-1-
5.5077 3.24 972.959
9+3

N5-1-9+3 NA 5.16 553.1

Table 6.2. BET and SAXS data summary for samples with most obvious swelling effect
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Figure 6.1. Schematics of micelle swelling with trimethylbenzene (TMB)1?
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Figure 6.3. Scheme of synthesis mechanism for oil-water phase assisted synthesis of

large pore MSNs.??
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Figure 6.4. TEM images of S1-S6. (1) (2), S1: NaOH-1-4TMB-80, D= 80+10 nm, Pore=

~2.82 nm. (3) (4), S2: NaOH-1-6TMB-80, D= 90+10 nm, Pore= (1.8+3.2)/2=2.5 nm. (5)
(6), S3: NaOH-1-3decane+3TMB-80, D= 60+10 nm, Pore= ~2.7 nm. (7) (8), S4: NaOH-
1-8TMB-80, D= ~70 nm with large particles, Pore= 3.0-3.3 nm. (9) (10), S5: NaOH-1-
8TMB-70, D= ~100 nm medium size distribution, Pore= 3.0-3.6 nm. (11) (12), S6: NaOH-

1-12TMB-70, D= wide size distribution, Pore= 2.5-4.0 nm.
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Figure 6.5. TEM images of N1-N6. (1) (2), N1: NH4OH-1-0-70, D= ~58 nm crosslinking,

Pore= NA. (3) (4), N2: NH4OH-1-8decane-70, D= ~58 nm crosslinking, Pore= ~3.6 nm.
(5) (6), N3: NH40OH-1-8TMB-70, D= ~38 nm crosslinking, Pore= 2.8-3.7 nm. (7) (8), N4:
NH4OH-1-12TMB-70, D= ~50 nm crosslinking and large particle, Pore=~4.2 nm and open
structure. (9) (10), N5: NH4OH-1-9decane+3TMB-70, D= ~50 nm crosslinking and minor
size distribution, Pore= 3.8-6.6 nm. (11) (12), N6 NH4OH-1-3TMB+9decane-70, D= ~40

nm crosslinking, Pore= 3.3-4.6 nm.
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Figure 6.6. TEM images of CS1-CS5. (1) (2), CS1: arginine-1-0-70, D= 705 nm, Pore=
~2.7 nm. (3) (4), CS2: arginine-1-4TMB-70, D= 705 nm, Pore= 2.8-3.7 nm. (5) (6), CS3:
arginine-1-6TMB-70, D= 755 nm, Pore= 2.8-3.7 nm. (7) (8), CS4: arginine-1-
9decane+3TMB-70, D= 70+5 nm, Pore= 3.6-4 nm. (9) (10), CS5: NH4OH-

9decane+3TMB-70, D= 70-80 nm, Pore=2.2*~5 nm
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Figure 6.7. SAXS measurement for MSNs synthesized with different bases: (a),(b) with

NaOH, (c),(d) with NH3H2O, (e)-(g) for core-shell samples
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Figure 6.8. TEM images of three different types of MSNs with/ without pore enlargement.
(@), (b): MCM-41 with cylindrical pore structures; (c), (d): MSNs with radial pore structures;

(e), (f): Fe304@MSN core-shell structures with radial pores.
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Figure 6.9. TEM images of radial MSNs with addition of different amount of swelling agent.

molar ratio between TMB/CTAB is 12:1 for (a), (b) and 16:1 for (c), (d), respectively.

184



Figure 6.10. TEM images radial MSNs, (a) adding 12:1 TMB/CTAB but without sonication;

(b) with sonication process and adding 4:1 TMB/CTAB.
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Chapter 7

Design and fabrication of thin films with ultra-large
mesoporous and macroporous hierarchical structure
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7.1 Abstract

Mesoporous silica spheres with ultra large mesopores of 15-20 nm were synthesized
using a triblock copolymer as a template. By mixing with micron size polystyrene spheres
as sacrificing templates, a thin film with dual pore sizes of 15-20 nm mesopores and 10
um macropores was fabricated. With the addition of TEOS glue solution (acidified TEOS
sol solution), the hierarchical structure of the as prepared thin film was maintained without
collapsing even with over 550°C calcination. Such dual pore-sized hierarchical structured
thin films are ideal as gas absorbents with proper modification of capture chemistry and

may show great potential in the field of biosensing, separations and cell engineering.

7.2 Introduction

Over the past few years, novel porous solid structures that were fabricated by self-
assembling binary colloidal spheres have attracted much attention worldwide.'~3 Such
often complex structures could be utilized as functional materials for the application of
mass separation?, tissue engineering®®, drug delivery’8, sensing®!® and catalytic
reaction't12, Wang and co-workers reported for the first time a three-dimensional
structured inverse binary opal fabricated by the self-assemble method.**'* However,
despite that self-assemble method via colloidal spheres is facile to implement and offer
great potential to scale up, there are several limitations associate it as well. Namely, the
size of the colloidal building blocks is typically limited to submicron by certain assembling

methods; the self-assembly process could be time consuming with days up to months;
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and most importantly, the as-formed binary porous structures are often fragile for further
tests.'® Therefore, it is necessary to develop a more rapid and cost-effective and robust
self-assemble method for practical applications with the as-assembled porous solid

structures.

Herein, a hierarchical porous thin film structure as gas absorbent was proposed and
realized via self-assemble method using fine-fixed size mesoporous silica spheres (MSS)
and polystyrene spheres (PSS) as illustrated in Figure 1.1. Ultra large pore silica
spheres’® were chosen to fulfill the requirement of accommodating 2-5 nm ultra-small
gold nanoparticles'’*® for gas capturing chemistry, and 10 um PSS was utilized as
sacrificing template to structure the network for passive gas flow as modeled in a
separated calculation study. A horizontal deposition self-assemble technique'® was
adapted to realize the rapid and scalable thin film fabrication process. In addition, a
solution of acidified TEOS sol was introduced to perform as glue to stabilize the porous
solid thin film structure without sacrificing the ultra large mesopores within the MSS
building blocks. Such thin film platform will be tested with further infiltration of gold

nanoparticles for gas sampling and storage.

7.3 Experimental

Materials
All chemicals are used as purchased without further purification. Potassium sulfate
(K2S0O4, =99%), 1,3,5-trimethylbenzene (TMB, 98%), tetraorthoethylsilicate (TEOS,

98%), ammonium fluoride (NHsF, =99%), Pluronic P123 polymer (Mw: 5,800) and
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polystyrene microspheres (PSS, 10 um) were purchased from Sigma (St. Louis, MO).

Sulfuric acid (H2SO4, =99%) and hydrogen peroxide (H202, 30% w/w in H20) were

purchased from Fisher Scientific (Pittsburgh, PA).

Synthesis of ultra large pore mesoporous silica spheres (MSS)

In a typical synthesis of mesoporous silica spheres (MSS), potassium sulfate (K2SOa, 3.6
g, 0.02 mol) and Pluronic P123 polymer (2.0 g) were dissolved in DI water (60 mL) mixed
with hydrochloride acid (HCI, 37%, 10 mL) in a 250 mL beaker with a 2-inch stir bar kept
stirring at 300 rpm for 2 hours at room temperature till the solution is clear. Afterwards,
1,3,5-trimethylbenzene (TMB, 2.32 mL, 15.8 mmol) was added into the mixture with
stirring for another 2 hours. Finally, tetraethylorthosilicate (TEOS, 4.61 mL, 20 mmol) was
added into the mixture at a rate of 600 pl/min with the stir on via a syringe pump. Another
10min stirring was kept after the TEOS addition was complete. Then, the stir bar was
removed and the mixture milky white mixture solution was poured into a 250 mL bottle
and kept at room temperature for 24-hour aging. Ammonium fluoride (NHsF, 24 mg, 0.65
mmol) was dissolved in DI water (2 mL) which was added to the mixture after first 24
hours aging. Then the bottle was transferred to an oven for a further aging process at 100
°C for 72 hours. The final white precipitate was dropped out and washed four times by
50:50 water/ ethanol mixture via centrifugation at 3000 rpm for 5 min. The white sample
was then collected and dried in an oven at 100 °C overnight. Finally, the sample as white

powders were calcined at 550 °C for 6 hours to remove the polymer template.

Silicon/ glass substrate cleaning and preparation

193



Silicon wafer was cut into 1.5 x 1.5 cm? pieces as working substrates. Glass substrate
was prepared by cutting microscope slide into 2.5 x 2.5 cm? pieces. The substrates were
first rinsed and cleaned in ethanol by sonication in water bath for 30 min. Then the
substrates were dried and soaked in fresh prepared piranha solution for 2 hours to clean
extra organic residuals on the surface. Finally, the Si/ glass substrates were rinsed with
water and ethanol then blow dried with N2 gas and placed in a sample petri dish before

further coating.

Fabrication of thin film of MSS and polystyrene spheres (PSS) on silicon substrate

The as-cleaned Si/ glass substrate in sample petri dish was transferred to a desiccator.
Onto the substrate, a mixture of MSS and PSS (with weight ratio of 1:1, 1:2 and 1:4) well
dispersed in 50:50 water/ ethanol solvent was evenly drop casted by a 100 mL
micropipette for 60 pl x 3 times. Then the film was allowed to dry-out overnight for solvent

evaporation.

Layer-by-layer deposition of MSS-PS films

The as-cleaned Si/ glass substrate in petri dish was placed in a desiccator. An initial layer
of MSS (25 mg) in 50:50 water/ ethanol solution (1 mL) was drop casted by a 100 mL
micropipette for 60 yL x 3 times. (denoted as MSS layer) The film was allowed to dry out
overnight then transferred to an oven and aging at 300 °C for 3 hours. After the thermal
treatment, the film was cooled to room temperature then transferred back to the
desiccator. A first layer of MSS-PSS mixture was formed by drop casting a 50:50 water/
ethanol suspension (60 pL x 3 times) of MSS-PSS (50 mg/ 50 mg) with a 100 mL

micropipette onto the film. (denoted as MSS-PSS layer) After drying out the previous
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layer, a 2nd layer and 3rd layer of MSS-PSS mixture was formed by repeating the drop
casting process as described above. Finally, the film was placed in an oven at 550 °C for

6 hours to remove the PSS template.

Prepare and addition of TEOS precursor solution to regulate macro-pores within the film

The TEOS sol solution (TEOS glue) was prepared by mixing tetraethylorthosilicate
(TEOS, 90%, 1 mL), DI water (1 mL) and hydrochloride (HCI, 73 uL), then this sol solution
was further diluted with methanol (8 mL). The TEOS sol solution was introduced into the
film structure by completely soaking each formed layer of MSS-PSS mixture with the
TEOS glue (60 uL, 3 times), then drying out the glue in desiccator before next layer

deposition.

Physicochemical characterization of synthesized MSS and as-prepared films

The structure of ground/ unground MSS powders were characterized using transmission
electron microscopy (JEOL JEM 2010, JEOL USA, Inc., Peabody, MA). The morphology
of as-synthesized films was characterized using Scanning Electron Microscope (JEOL
model 6700, JEOL USA, Inc., Peabody, MA). Nitrogen gas adsorption/ desorption
analysis was performed on an Autosorb-iQ (Quantachrome Instruments) with the
temperature of 77 K. The samples for the gas adsorption/ desorption analysis were
prepared as described before, as for MSS films was prepared by only depositing solution
of only MSS at a concentration of 100 mg/mL; while more or less TEOS samples were

prepared by using 60 uL or 20 uL TEOS glue per layer, respectively.
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7.4 Results and discussion

A hierarchical structured film device was proposed as illustrated in schematic figure 7.1.
The substrate was either silicon or glass. The primary particles within the film was a type
of mesoporous silica spheres (MSS) that had a diameter of around 2-3 um. Those
particles possessed ultra large pores that were template by a specific block copolymer
P123. The ultra large pores would serve as host for active materials such as 2-5 nm gold
nanoparticles or other organic moieties as gas capturing agent.1’.18 Besides the primary
silica particles, there were 10 um macropores interconnecting throughout the whole film
that were template by polystyrene spheres (PSS). Those macropores would serve as gas
flow channels that could potentially benefit the gas absorbing property. The PSS
templates were removed by calcination as depicted in figure 7.1. (B) and (C) as before
and after calcination. To enhance the mechanical property of this rather loose structured
film, the intra-particle space was filled with solidified TEOS sol solution (TEOS glue),
which after solidification would provide extra surface area due to the intrinsic mesoporous

that could benefit the gas transport.

Modified synthesis of mesoporous silica spheres

The primary mesoporous silica spheres (MSS) were synthesized according to previous
publications with certain modifications.®29 As the size of the MSS is highly sensitive to
the temperature for the aging process right after the addition of TEOS solution for the
nucleation and growth process, the initial aging temperature was decreased from 37°C to

room temperature (21°C), generating a smaller overall particle size from 4-5 pm as
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described in the original method to 2-3 um. The purpose of synthesizing a smaller size
particle is to increase the packing of MSS, namely increase the number of MSS at given
area. Simply from geometry stand point of view, the MSS would fall in the intra-particle
spaces created by the stacking of polystyrene spheres (PSS), the area of which is fixed
by the size of PSS. 10 um PSS was chosen over 50 um PSS for the reason of improved
mechanical stability and diminished difficulty for layer stacking. After the synthesis and
washing process, the sample was then dried at 80°C in a vacuum chamber. A fraction of
the sample was grounded in a mortar with mild pressure. The as-synthesized MSS w/ wo
grounding were characterized by transmission electron microscopy. As shown in Figure
7.2., (a) (b) (c) were TEM images of MSS particle without grounding, (a) showed an intact
MSS with an overall size of 2-3 um. With a closer look from image (b) and (c), we found
that MSS particles had rough surface that might be generated from the foam-like polymer
template. In image (d) (e) (f) of the grounded particles, we can see debris of the after-
grounding particles having porous structures. The ultra large pores with sizes of around

20 nm can be seen by directly measuring the pore openings.

Template hierarchical thin film with MSS/ PSS mixture

To realize the hierarchy thin film structure, different ratio (1:1, 1:2, 1:4) between MSS and
PSS dispersed in different solvent condition were tested first. Initial prototypes were
tested with sliced silicon wafer as the substrate. The Si substrate was cleaned by ethanol
and fresh piranha to remove excess organic residuals on the surface.?-23 As shown in
Figure 7.3. insertions, a solvent of 50:50 water/ ethanol mixture with a 1:1 ratio between

MSS and PSS gave the best film coverage and MSS-PSS distribution comparing to the
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1:2 and 1:4 ratio counterparts. By counting the number of PSS particles (yolk-shell shape
spheres seen in the SEM images due to charging effect), roughly a ratio of 106:55:45
(20:10:10) in a given area for the initial ratio of 1:4, 1:2 and 1:1 between MSS and PSS,
respectively. This correlates with the surface coverage phenomenon as shown in the
inserted picture as too much PSS added induced a worsen surface coverage of mixture
solution on the substrate while similar surface coverages were obtained for 1:2 and 1:1
conditions (a 1:1 ratio was chosen in later experiments to reserve limited PSS materials).
In figure 7.4., by comparing image (A) and (B), the top view SEM images showed the
morphology of the film before and after calcination to remove the PSS template. It was
found that the MSS were possibly reorganizing during the calcination process while the
PSS were getting burnt out. This led to a decrease in number of PSS cavities per area/
space before and after calcination. To preserve the macropores structure template by the
PSS, a specific composition of TEOS sol solution (TEOS glue) was introduced by
infiltrating each layer of MSS-PSS mixture after it's dried out before the calcination
process. The composition of the TEOS glue was modified from a previous publication?*
with further dilution to slow down the sol-gel process, allowing the gelation happening
while the solvent evaporated from within the film. After the film completely dried out, it
was then put through calcination to remove the PSS template. From Figure 7.5,
morphology was compared among MSS-PSS films with the addition of different amount
of TEOS glue. The films shown in the images were prepared with identical procedure and
conditions as described in experimental section, and the only difference was the amount
of TEOS glue added. (a) (b) (c) were SEM images of MSS-PSS film with more TEOS glue

of 60 pL per layer comparing to (d) (e) (f) of 20 uL per layer and (g) (h) (i) with no TEOS
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glue added. Image (a) was the MSS-PSS layer under high (X1,600) magnification where
the dark cavities were created by the 10um PSS templates and the approximately 2-3 um
spheres were MSS particles. As shown in image (b) at a lower magnification, the
macropores were well distributed throughout the structure. Porous structures underneath
the top layer can be seen as well. Under a low magnification (X130) in (c), uniform film
morphology was again illustrated. With less TEOS glue added condition shown in image
(d) (e) (f), less number of and less well-defined macro-cavities was observed at given
areas when comparing (d) (e) to (a) (b), indicating a reorganization process or
macropores collapse during the calcination process. While a rather uniform film
morphology was manifested in (f) at low magnification. On the contrary, with no addition
of TEOS glue, even less macro-porous structure was preserved with MSS re-stacking

during the PSS burnt out during the calcination.

Pore structure analysis with N2 adsorption/ desorption

As discussed above, the addition of the TEOS glue benefited the preservation of
macropores created by the PSS template and also strengthened the porous structure
during the calcination process. However, a question that whether the added TEOS glue
would block the ultra-large mesopores (15-20 nm) in MSS particles needed to be
answered. Nitrogen gas adsorption/ desorption analysis together with further pore size
distribution analysis were then performed to study mainly the mesoporous structures of
the film. We prepared 4 representative samples as described in experimental section,
namely the MSS powder, MSS film, MSS-PSS film with more TEOS glue and less TEOS

glue, respectively. From the Nitrogen adsorption/ desorption isotherms in figure 7.6., the
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overall shape the isotherms among samples was very similar. There was an “edge” or
hysteresis slope at around relative pressure of 0.48 for sample with TEOS glue, that might
be attributed to the intrinsic mesoporous from the solidified TEOS sol solution. Results of
NLDFT analysis on samples’ pore size distribution were shown in Figure 7.7. (An arbitrary
value was added to the data of samples with TEOS glue in the y-axis to separate the
curves.) From the pore size distribution curves, we observed that for baseline material
MSS powders, there were two primary peaks that located at around 18 nm and 20 nm
which was fairly consistent with observations from TEM imaging. There was a slight shift
of one major peak from 18 nm to around 16-17 nm when the MSS powders were drop
casted into films (MSS film). This might due to a stacking effect of the particles or a slight
pore shrinkage due to calcination process. Similar pore size distributions were observed
for the films with TEOS glue, where the two primary peaks were preserved. As indicated
from the adsorption/ desorption isotherms, there was an extra peak right over 5 nm,
(especially obvious for sample with more TEOS glue added) which could be attributed to
the intrinsic porous structure of the solidified TEOS glue. The specific surface area, pore
size distribution analyzed based on BJH, NLDFT model were listed in Table 7.1. There
was a rather big decrease of the specific surface area from MSS powder form to film form.
This could be attributed to the stacking of particles and possible bonded solvent within
the structure. Interestingly, there was an increasing trend of the surface area with more
TEOS glue added, which could be reasoned by that solidified TEOS sol solution as shown
in the TEM images forming the “wall” structures throughout the whole film, and that would
contribute certain extra surface area from the intrinsic pores. The pore size distribution

barely shifted when comparing across samples, while the bigger pore size derived from
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the adsorption branch over desorption branch was due to the windowed pore structures

that was commonly reported for polymer micelle template pore structures.

7.5 Conclusion

In this work, we demonstrated the fabrication of a thin film that consisted of 2-3 um silica
spheres with ultra large mesopores of 15-20 nm, and regulated macropores of
approximately 10 um templated by polystyrene spheres. This highly porous hierarchy
structure was preserved by an addition of specific amount of TEOS sol solution, which
would solidify to prevent structure from collapsing. Thin film morphology and opal-like
well-distributed macroporous structure was clearly illustrated by SEM imaging. The layer-
by-layer deposition technique enabled the tunablity over quantity of mesoporous silica
spheres applied with good reproducibility. The nitrogen gas adsorption/ desorption and
pore size distribution analysis proved that the addition of TEOS glue did not block the
mesopores within the silica spheres, in addition the resulting gelated silica with intrinsic
mesoporous could potentially benefit the gas capturing process.?® The loading of gold
nanoparticles with a 2-5 nm size into the MSS was achieved in a parallel study, where
specific capturing chemistry was designed for targeted gas molecules.’826 With the
implementation of the hierarchy thin film structure and the presence of macropores as
passive gas flow channels, application of gas absorbent and sensor is studied as current
work of this project. Other possible applications involving this well-designed thin film
structure include catalysis study!3152627 as the ultra large mesopores could easily host
bulky molecules like enzymes while the macropores would benefit potential mass

transport.?82° This highly porous structure with a bimodal (mesopores of around 20 nm
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and macropores of around 10 um) pore size could also facilitate research in cell
engineering,3>3! where the macropores could serve as cell chambers and the
mesoporous could host specific molecules such as drug molecules where their
functionality on isolated cell in a localized environment could be studied. With the tunable
size of the macropores (10 pm to 50 um polystyrene spheres) and the mesoporous
structure of the MSS, customized hierarchical structure for specific type of cell could be

designed and facilely fabricated.
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7.6 Tables and figures

MSS

446.0 24.6 16.2 19.9
powder

MSS film 263.4 26.3 15.6 17.3

MSS-PS10,
691.0 26.6 13.5 16.1

more TEOS

MSS-PS10,
366.2 25.4 16.0 17.3

less TEOS

Table 7.1. Specific surface area and pore size distribution of sample: MSS powder, MSS

film, more TEOS glue, and less TEOS glue.
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Figure 7.1. (A) a schematic figure showing the hiearchy structure compose of polysteren
spheres (PSS) and mesoporous silica spheres (MSS) and solidified TEOS glue on a
substrate. (B) SEM image of as prepared film before calcination and (C) SEM (top-view)

image of film after calcination.
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Figure 7.2. TEM images of (a) (b) (c) unground MSS particles, and (d) (e) (f) ground MSS

particle brittles.
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3.0kV X800

10gm WD 6.8mm

50kV X800 10gam WD 6.9mm

Figure 7.3. SEM images (top-view) of as-prepared PSS-MSS film with w/w raios between
PSS and MS: (a)(b) 1:1, (c)(d) 2:1 and (e)(f) 4:1. Insertion: picutre of as-made films.
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Figure 7.4. SEM images (top view) of template film before calcination (A) and after

calcination without TEOS glue added (B) or with TEOS glue added (C).
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Figure 7.5. TEM images of MSS-PSS film with different amount of TEOS glue added. Top
roll (&) (b) (c) were films with 60 pL TEOS glue per layer, mid roll (d) (e) (f) were films with

20 pL TEOS glue per layer, and bottom roll (g) (h) (i) were films with no TEOS glue added.
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Figure 7.6. Nitrogen gas adsorption/ desorption isotherms of sample MSS film, film with

more TEOS glue, less TEOS glue, and MSS powder.
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Figure 7.7. Pore size distribution grafts of sample MSS film, more TEOS glue, less TEOS

glue and MSS powder using NLDFT analysis.
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