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This thesis involves synthesis, derivatization and biomedical applications of
mesoporous silica nanoparticles (MSNs) and Fe;O,@SiO, core/shell nanoparticles.
Chapter 1 introduces the development of MSNSs including the mesopore formation
mechanism, synthesis conditions and their capability to act as stimuli responsive drug
delivery platforms. In chapter 2, the synthesis optimization of different kinds of
particles and their surface derivatization are introduced. Chapters 3 & 4 give specific
examples of successful optimization and in vitro and in vivo applications of MSNs
derivatized with pH-sensitive nanovalves and disulfide snap-tops for delivering the

antibiotic moxifloxacin. It is shown that a high release capacity is necessary to reach a



high efficacy ratio compared with free drug. Chapter 5 discusses the uptake and
release capacities of Fe30,@SiO, core/shell nanoparticles when modified with
pH-sensitive nanovalves, and its thermally stimulated cargo release behavior when the
surrounding temperature increases or an oscillating magnetic field is applied. In
Chapter 6, successful distribution of Fe;0,@SiO, core/shell nanoparticles in biofilms
and on-command release of cargo inside biofilms are shown. Overall, these chapters
demonstrate the successful modification of both the outer and interior pore surfaces of
MSNSs, and their capability to act as biocompatible controlled release platforms that

are more effective in killing pathogens than an equivalent amount of free drug.
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Chapter 1

Mesoporous Silica Nanoparticle (MSNs) as Drug Delivery Vehicles



1.1. Introduction
1.1.1. Mesoporous Silica Nanoparticles (MSNs)

Mesoporous materials are defined as inorganic solids with pore diameters
between 20 and 500 A. Ordered mesoporous silica materials are synthesized through
interaction between silica sources such as tetraethyl orthosilicate (TEOS), tetramethyl
orthosilicate (TMOS), etc. and structure directing agents including cationic/anionic
surfactants and polymers, in either acidic or basic media. Examples of these types of
materials include MCM-41, MCM-48, SBA-15, etc. and their morphologies can be
mesoporous thin films, monoliths, particles, rods and so on synthesized with different
methods. By means of utilizing different surfactants, reaction pH and temperature, the
mesopore size and materials morphology can be successfully tuned. For example, the
pore size of SBA-15 can be tuned up to 30 nm by using triblock polymer pluronic
P123.7° We are particularly interested in MCM-41 type mesoporous silica
nanoparticle (MSNSs) due to their appropriate size and intrinsic properties to act as
drug delivery vehicle. MCM-41 type particle possesses ordered 2D hexagonally
packed mesopores about 2.2 nm diameter and high surface areas greater than 1000
m?g™. The best-known was firstly reported by Mobil Research and Development
Corporation in 1992.> 7 From then on, a lot studies have been undertaken on its
physical and chemical properties, mesostructure formation mechanism, morphology
and size control as well as application in drug delivery and release as nano carrier.
The MCM-41 material was initially developed as catalyst and catalyst supports due to

its high surface area and relative stable framework. Gradually researchers found its

2



great potential as therapeutics nanocarrier, because MSNs has excellent
biocompatibility, nano-meter size for bio-distribution and accumulation in cancer
tissues as well as high surfaces area which can be modified with various functional
groups to change its surface properties, including positive/negative charges,
hydrophilicity/hydrophobicity, dispersibility in different solvent media and so on.
Additionally, we have developed mechanized MSNs with its surfaces functionalized
with nanomachines, and in this way we realized the idea of applying MSNs as
anticancer/antibiotics nano carrier and on-demand controlled release system to the
pathological sites and release drugs upon specific internal stimuli, such as pH,
reducing chemicals, enzymes, or external stimuli including light, magnetic field etc.®
1.1.2. Mesostructure formation mechanism

Silica source can be inorganic silicate (fumed silica, sodium silicate) or
organosilane (TMOS, TEOS) and the latter one was utilized in the synthesis of
mesoporous  silica  nanoparticles. We used the cationic  surfactant
alkyltrimethylammonium halide (cetyltrimethylammonium bromide (CTAB)) as
structure directing agent, and sodium hydroxide as catalyst. When Mobil researchers
first reported the synthesis and characteristic of MCM-41, they proposed the
mechanism as “liquid crystal templating”. The mesostructure is dependent on the
concentration of surfactant and the length of its hydrophobic group. Two possible
pathways were suggested as shown in Figure 1.° In the first pathway hexagonal
lyotropic liquid crystals formed first and then silicate would condense around them,

while in the second pathway 2-D hexagonal structure is affected by silicate precursor.
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Pathway 2 is understood as cooperative self-assembly process to form the
mesostructure, which is mediated by the silicate species. The main difference between
these two pathways is whether or not addition of the silicon precursor has influence
on the formation of hexagonally packed micelle arrays.

In 1995, A. Firouzi et al. proposed the idea of “silicatropic liquid crystal”
mechanism, and they showed that organic molecules self-assemble themselves into
silicatropic liquid crystals in the presence of multiply charged silicate oligomers.™
The formation of silicatropic liquid crystals happened when the surfactant
concentration was much lower than CMC. Figure 2. shows the silicatropic liquid
crystal formation process. There is ion exchange between surfactant and silica sources
and D4R (double four-ring, [SigO20]® ) silicate anions preferentially interact with
positively charged ammonium head group of the surfactant. Another reason for this
cooperative organization is that the D4R anions and ammonium cations have similar
projected area.

In addition, Firouzi et al. also investigated the silicate-surfactant mesophase by
means of X-ray diffraction, which supported the cooperative self-assemble
mechanism. They made use of neutron scattering and the results showed that the
surfactant in solution firstly formed isotropic spherical or cylindrical micelles.
Ordered inorganic-organic hexagonal structure formed upon addition of a silica
source, which was revealed by XRD with a narrow scattering pattern. They also
showed the influence of reactant concentrations on the morphology of final silica

materials.



Electrostatic interaction is also playing an important role in the silicatropic liquid
crystal formation process. The silica precursor is usually assigned as | and surfactant
assigned as S. The known isoelectric point of silica is pH~2, so the interaction
between silicate and surfactant in pathway 2 can be represented in the form of S*I—
complex. Moreover, if the reaction takes place in acidic solution, there will be a
positively charged silica I" and negatively charged halide counteranion X as S*X 1
system. Moreover, positively charged metal ions can be introduced as S~ Ml to
synthesize doped M41S mesopourous materials.

1.1.3. Synthesis of Mesoporous Silica Nanoparticles (MSNs)

Due to the isoelectric point of silica at pH 2, the hydrolysis and condensation pH
can be divided into three regions: pH <2, 2 <pH <7 and pH > 7. In terms of SBA-15
with ordered pores up to 30 nm, the big pore formation only happens at pH 1-2. In
acid-catalyzed hydrolysis, the alkoxide group is protonated and becomes electrophilic
which is attacked by a water molecule. A transition state formed and a hydroxyl group
is attached to the silicon by inversion of the silicon tetrahedron. In acid-catalyzed
condensation, a protonated silanol group becomes electrophilic and is attacked by a
silicate. At pH 2-7 there is no silica gel formed or amorphous silica. When pH > 7, the
solubility of silicate and condensation rate is higher than that in acidic solution.
Particle can grow to hundreds of nanometers dependent on the temperature.

The synthesis of mesoporous silica nanoparticles (MSNSs) is based on interaction

between surfactant and silica source through sol-gel process in basic water-ethanol

solution. In base-catalyzed hydrolysis, hydroxyl anion attacks the silicon and replaces
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the OR group by inversion of the silicon tetrahedron. In base-catalyzed condensation,
a nucleophilic deprotonated silanol group attacks a neutral silicate as shown.™

In Base:

Hydrolysis: OH + Si(OR); — Si(OR)3;0H + RO

Condensation: SiO~ + Si(OH)4 — Si-O-Si + OH

In 1997, Grin et al.'?> came up with the method of synthesizing micrometer- and
submicrometer- size spheres of ordered mesoporous oxide MCM-41, modified from
Stober’s synthesis method.*® The reaction took place in ammonium hydroxide
water/ethanol solution at room temperature. And in 2001, Cai. et al.** synthesized 110
nm diameter MSNs using low concentration of CTAB in sodium hydroxide solution,
proposing that self-assembly silicate micelles in strong base solution facilitate the
formation of nanospheres. In 2004, Suzuki et al. synthesized MSNs with diameters of
20-50 nm using a double surfactant system.'

In a typical synthesis of MCM-41 type MSNs that were synthesized and used for
the research | this thesis, tetraethylorthosilicate (TEOS) was employed as silica
precursor and added to heated sodium hydroxide aqueous solution as catalyst,
containing cetyltrimethylammonium bromide (CTAB) surfactant template as structure
directing agent. After hydrolysis and condensation in the sol-gel process, the MSNs
formed in the aqueous solution and aged for two hours. The surfactant CTAB was
extracted by refluxing particles in acidic methanol/ethanol solution or ammonium
nitrate methanol/ethanol solution by making use of ion exchange. The particle

morphology, 2D hexagonal mesopores structure, pore size, and surface area were
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characterized by Transmission Electron Microscopy (TEM), X-ray diffraction (XRD)
and N, absorption/desorption measurement.
1.1.4. Controlled Release System and Biological Application

As shown in Figure 3, MSNs can be modified with various materials and methods
to realize different functionalities: 1. The inner space can be embedded with magnetic
nanocrystals to induce hyperthermia and magnetic resonance imaging;'® 2. The
particle surface can be conjugated with fluorescent molecule for in vitro and in vivo
fluorescence imaging; 3. Polymers (PEI/PEG)Y" or lipid bilayers are coated
surrounding the MSNs to decrease the particle aggregation and improve their stability
in solutions; 4. Nanomachines are developed to trap the cargo inside the pores and
open only upon certain stimuli; 5. Targeting ligands are attached on the particle
surface to selectively bind to the receptor on the cell membrane, which is
overexpressed in cancer tissues.'®

To apply MSNs as an effective delivery and release system, we need to consider
not only the nano-carrier, but also the properties and structures of cargo molecules. In
terms of the drug molecules, they can be generally divided into two categories:
hydrophilic and hydrophobic. Successful MSNs bio-applications as a delivery system
for hydrophobic anticancer drugs have been reported.’® Some important anticancer
drugs have very low solubility in aqueous media and cannot be effectively
administered through the intravenous route. Loading hydrophobic molecules is
relatively straightforward and does not need a complex trap system because the drug

solubility in aqueous media is so low that they barely escape from the MSNs when
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administered through the intravenous route in vivo. And the drugs will be released in
hydrophobic regions of the cell compartment as proved by in vitro study.
Incorporation of hydrophobic drugs into MSNs overcomes the solubility and
dispensability issue and improves the effective concentration in pathological sites.
Therefore MSNs have advantageous pore structures and chemical properties to load
and release hydrophobic drugs.

In term of the delivering hydrophilic drugs, we need to employ a “nanomachine”
system to trap the cargo inside mesopores to prevent pre-mature release, which are
specified as “nanovlave” and “snap-top” described in chapter 3 and 4.The
nanomachine can open at target sites upon external or internal stimulation, including
pH, reducing chemical, light, external oscillating magnetic field etc.'® 22> When
assembling the nanomachnies onto MSNs, the surfaces are derivatized with organic
stalks, and after loading the cargo a bulky cyclic molecule is used as a cap to encircle
the stalk through hydrophobic-hydrophobic interaction. Upon the internal or external
stimuli, there will be stalk conformational change, which leads to decrease of its
binding affinity with the cap. Besides, we can also modify the inner mesopores of
MSNs and one example is the “nanoimpeller” design. An azobenzene molecule
exhibits trans-cis isomerization upon activation by specific wavelength light. This
conformational movement helps impel the cargo out of the mesopores.

Besides the superiority of storing and release of drugs, MSNs also show
biocompatibility and effective uptake by cells. There is no cytotoxicity observed for

100 nm MSNs when the concentration is lower than 100 pg/mL. MSNs have been
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widely applied as anti-cancer drug delivery systems due to an important property:
enhanced permeability and retention (EPR) effect. It was first discovered by Yasuhiro
Matsumura and Hiroshi Maeda® in 1986. They found that macromolecules
accumulate much more in tumor tissues than other normal tissues. This is due to the
special structure of tumor cell system, which has leaky vasculature and lacks effective
lymphatics drainage. The endothelial cells of blood vessel walls are poorly aligned
with fenestrations or gaps among cells, which help enhance the retention of
nanocarriers among tumor cells as well as extravasate endothelial cell boundaries. At
the same time, surrounding healthy cells are not affected. Nanocarriers will have long
circulation time and blood half-life due to EPR effect. Moreover, the particles are
taken up by cells through endocytosis, in which the particles are engulfed by the cell
membrane and formed the endosomes. When the endosomes fuse with acidic
lysosomes, the particles end up staying in acid environment (pH ~4.5). Some
anticancner therapeutics such as doxorubicin (DOX) are cell membrane permeable
and thus will not be blocked by the endosome when release in its acidic compartment.
Nevertheless, endosome escape is required when loading membrane impermeable
therapeutics such as hydrophilic drugs, DNA etc. And several methods have been
proposed to facilitate endosome escape, such as surface modification with groups that
can be protonated such as amines (“proton sponge effect”), using photosensitizer to

generate reactive oxygen species to rupture and so on.*
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2.1. Introduction
2.1.1. MSNs synthesis optimization

The MCM-41 formation mechanism has been studied for a long time and
explained as a result of interaction between charged surfactant micelles and silicates,
as well as hydrolysis and condensation under certain pH. In terms of the experiment’s
procedure, the constant temperature, stirring speed and reaction pH all influence the
shape and morphology of synthesized MCM-41 particles. When all the parameters are
controlled accurately we can get particles with about 100 nm diameter and 2D
hexagonal porous structure observed under TEM.™ 2 Figure 2.1 (a) and (b) are
unsuccessful MCM-41 particles synthesized when (a) pH is lower than typical value
of 12, and (b) temperature is unstable during reaction. Generally speaking, in acidic
solution condensation rate is slower than hydrolysis rate and in base solution the other
way around. The reaction temperature affects the hydrolysis and condensation rate as
well as the nucleation process. Figure 2.1 (c) shows successfully synthesized
MCM-41 by utilizing cetyltrimethylammonium bromide (CTAB) as structure
directing agent, and tetraethyl orthosilicate (TEOS) as silica source in basic aqueous
solution. These particles have uniform size distribution and typical mesoporous
structure. It is also observed that there are crosslink among part of the partilces, and to
solve this problem we find that adding ethyl acetate help reduce the crosslink between
particles and improve the uniform size distribution as shown in Figure 2.1 (d).
Moreover, the hydrodynamic size of MCM-41 synthesized from the method without

ethyl acetate measured by DLS usually shows 200 nm diameter, while the particles
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synthesized with the modified procedure shows around 100 nm diameter.?

We also synthesized 50 nm MSNs making use of a double surfactant method.*
Besides cetyltrimethylammonium bromide (CTAB), a polymer pluronic F 127 was
added to the aqueous solution which prevents the particle from growing bigger in the
aging process. Figure 2.2 shows the morphology and porous structure of the 50 nm
MSNs. A worm-like mesoporous structure was observed, which has a different
loading capability from that of the 2D hexagonal structure. The smaller size MSN
significantly improve the enhanced permeability and retention (EPR) effect when
coated with polyethylene and polyethylene glycol as reported by our group.” It is also
shown that 50 nm particles have a higher uptake by macrophages than 100 nm
particles in Figure 2.11.

2.1.2. Fes0,@SiO; core/shell nanoparticle synthesis optimization

We synthesized FesO,@SiO; core/shell nanoparticle to make use of the magnetic
core for targeting and thermally triggered release. It is known that magnetic
nanocrystals can generate heat under an oscillating magnetic field. In a traditional
Fe30,@Si0, synthesis, 10 nm iron oxide nanocrystal was transferred into CTAB
aqueous solution, mixed with base solution at 80 <C and followed by adding TEOS.®
Particles synthesized by this method have a wide size distribution and a significant
percentage of particles have multicores inside the silica shell. We want to synthesize
Fe;0,@SiO, with only one core in each particle to make sure all the particles increase
to the same temperature and response to the oscillating magnetic field in the same

manner. We adjusted the pH slightly higher or lower to improve the particle quality as
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shown in Figure 2.3. Different amounts of NaOH solution was added into the reaction,
and the Fe;O,@SiO; particle became more uniform when a small amount of base was
added. This result indicates a relation between reaction pH and Fe30,@SiO; size
distribution. Lower pH can decrease the condensation rate and increase hydrolysis
rate. We also observed a lot of free silica without Fe;O4 core.

After trying various methods and conditions, we found that the method reported
by Hyeon is most repeatable and as-synthesized particles exhibit single Fe3O,4 core in
each particles with very narrow size distribution.® The modified method decreases the
reaction temperature to 70 <C and extends the reaction time form 2 hours to 3 hour to
allow sufficient time for particle aging. Moreover, an additional reagent ethyl acetate,
is mixed with the aqueous solution, which lowers the reaction pH so that both the
condensation and hydrolysis rate change. Moreover, the particle size can be tuned by
adjusting the Fe3O4/TEOS ratio. Figure 2.4 shows particles from 80 nm to 50 nm
synthesized by using different amount of Fe3O4 mixed with constant amount of TESO.
This can be explained as the more Fe3O, cores, the larger the number of particles and
the thinner the mesoporous silica shells. These particles all incorporate a 10 nm Fe30,
core. We also tried 20 nm Fe3O,4 using the same method and got uniformly distributed
particles without crosslink as shown in Figure 2.5. We also observed that the
mesoporous structure in these Fe;O,@SiO, core/shell nanoparticle is radial instead of
2D hexagonal, which will influence the uptake and release capacity which will be
introduced in Chapter 5.

2.1.3. Derivative MSNs with different charges
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MCM-41 exhibits a zeta potential of about — 10 mV due to deprotonation of
surface silanol groups in neutral water. Phosphonate groups or amine groups can be
post-grafted onto as-synthesized particles to make the surface negatively charged or
positively charged.™ ” The porous structure and particle shape are not affected by the
grafted reagents. In a typical synthesis, 3-trinydroxysilpropylmetheylphosphonate was
used for post-grafting the phosphonate group resulting in around -40 mV surface
charge, and 3-aminopropyltriethoxysilane was used for post-grafting amine groups to
make surface charge around 40 mV. The charge density can be tuned by varying the
functional groups concentration on the particles. As shown in Figure 2.6,
phosphonated particles have the advantage of less aggregation than plain particles,
because the phosphonate groups reduce hydrogen bonding among the particle and
electrostatically repel each other, while the amine groups can interact with silanol
groups by hydrogen bonding.

Besides the post-grafting method, we are also using the co-condensation method
to improve the inner pore surface charge modification by either phosphonate groups
or amine groups. In this method, alkoxysilanes with charged groups are mixed with
TEOS and added to the aqueous solution drop-wise. In this way, the functional groups
are incorporated into the particle framework as well as inner pores surfaces. As shown
in Figure 2.7 (a), co-condensation of 3-trihydroxysilpropylmetheylphosphonate with
TEOS result in micrometer size particles, because the two silanes have different
hydrolysis and condensation rates, 3-trinydroxysilpropylmetheylphosphonate has

hydroxyl groups which immediate condense in base solution. We found another silane
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diethylphosphatoethyltriethoxysilane, which has same triethoxy groups as TEOS and
is expected to have similar hydrolysis and condensation rate as TEOS. Figure 2.7 (b)
shows that co-condensation of diethylphosphatoethyltriethoxysilane with TEOS
preserves the particle size as well as the mesorporous structure. The method also
applies to 3-aminopropyltriethoxysilane co-condensation with TEOS as shown in
Figure 2.7 (c).
2.1.4. Derivative Fe30,@SiO, with phosphonate groups

Fe30,@Si0, core/shell nanoparticle can be modified with phosphonate groups or
amine groups using the same method as MCM-41, namely post-graft or
co-condensation. We observed that co-condensation of phosphonate lead to different
pore sizes of Fe;0,@SiO, comparing to those in unmodified particles as shown in
Figure 2.8, which doesn’t happen to MCM-41. Based on the N adsorption-desorption
measurement and XRD spectra shown in Figure 2.9, phosphonated Fe;0,@SiO, by
co-condensation has a surface area of 570 m?/g, total pore volume of 0.55 cc/g, and
pore size of 2.5 nm after surfactant extraction. The unmodified Fe;O,@SiO; has a
surface area of 530 m?/g, total pore volume of 0.66 cc/g, and pore size of 4.5 nm. The
smaller pores size of co-condensed particle is due to coverage of phosphonate groups
on the inner pores surfaces of FesO,@SiO, nanoparticle, and we believe this indicates
successful modification of the inner pore, which is essential to improve drug loading.
2.1.5. Florescent dye labeled MSNs

When cells are incubated with MSNs, we need to prove that the particles are

taken up by the cells.®> One method to trace the distribution of MSNs in cells is to
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label the particles with fluorescent dyes and monitor them using fluorescence
microscopy. The two most widely used molecules in vitro are fluorescein
isothiocyanate (FITC) and rhodamine isothiocyanate (RTIC). Figure 2.10 shows the
synthesis pathway to make fluorescent dye precursor. The isothiocyanate chemical
(FITC/RITC) are mixed with 3-aminopropyltriethoxysilane (APTES) in anhydrous
ethanol under N, for 2 hours to produce the precursor, which can be incorporated into
the particles by post-grafting or co-condensation. As shown in Figure 2.11 (a), (b) and
(c), RITC labeled MSNs emitting red fluorescence were found surrounding the
macrophage nuclei and bacteria. In figure 2.10 (d), fluorescence images prove that
FITC labeled MSN were avidly taken up by pancreatic cancer cells over time.

Another dye we used to conjugate on the particle is Nile blue, which is a
hydrophobicity indicator. There is no emission fluorescence in aqueous environment
and blue fluorescence emission in hydrophobic environment or nonpolar solvents.
The dye molecule doesn’t have an isothiocyanate group, but we react its amine groups
with 3-iodopropyltrimethoxysilane (IPTMS) and then post-graft them on the particles.
The synthesis pathway is shown in Figure 2.12 (a). The amine groups can react with
carbon next to the iodo group through nucleophilic reaction. And the reaction is
catalyzed by N, N-diisopropylethylamine (DIEA). The blue fluorescence image in
Figure 2.12 (b) indicates that there are lots of hydrophobic regions in the cells, such as
phospholipid bilayers, protein hydrophobic regions, and so on.

In terms of the in vivo studies, we utilized another NIR fluorescent dye, DyL.ight

680 NHS ester, to attach on the particles.” In the same way as FITC or RITC, Dylight
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680 NHS ester was first mixed with APTES in anhydrous ethanol under inert
atmosphere for 12 h, and then post-grafted on MSNs in the same solution. By means
of this labeling method, we are able to detect the fluorescence of the particles and
measure their intensities in different organs. As shown in Figure 2.13, 50 nm MSNs
were found to accumulate more than 100 nm particles in lungs and livers. This result
helps us to determine the preferred particle size for in vivo study.
2.1.6. MSNs functionalized with pH-sensitve nanovalves and disulfide snap-top
We have developed three different kinds of pH-sensitive nanovalves to trap and
release drugs. As shown in Figure 2.14, all of them consist of a stalk with a bulky

group and a cap.” % 1°

The a-cyclodextrin (a-CD) or B-cyclodextrin (B-CD) acts as cap
to trap the cargo inside and binds to the organic moiety through
hydrophobic-hydrophobic interaction. When the pH is lower than 6, the binding
affinity between the protonated stalk and cap immediately decreases, leading to
dissociation of the cap and cargo release. The stalks are attached over the pores by a
two-step synthesis and both of the aniline alkane amine and benzimidazole groups
have pKa around 6, which determine the release pH of the nanovalve.

In addition, we also developed a disulfide snap-top as shown in Figure 2.15. The
capping mechanism is similar as pH-sensitive nanovalve, and the release property is
realized through cleavage of disulfide bond by reducing agent. Particles enabled with
different nanovalves exhibit different uptake and release capacities. The optimization

and application of pH-sensitive nanovalve and disulfide snap-top will be extensively

discussed in Chapters 3, 4, and 5.
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2.1.6. Fes0,@SiO; core/shell nanoparticle coated with phase change materials
We are developing a thermal-sensitive material for capping the pores as well as
releasing the drug/dye molecule from core/shell nanoparticles when the temperature is
above 37 <C. One of the designed systems is to make use of paraffins, which has
different melting points dependent on the hydrocarbon chain length.** As shown in
Figure 2.16 (a), to improve the coating of paraffin by hydrophobic-hydrophobic
interaction, octadecyltrimethoxysilane was first attached on the particles. It is reported
by Amoros that three paraffin materials heneicosane, docosane and tetracosane have
melting points of 39 <C, 42 <C and 50 <C respectively. We choose heneicosane for the
coating material because its 39 <T melting point is slightly higher than human body
temperature (37 <C). We expect the drug to be trapped inside the pores at body
temperature and released when the environmental temperature is above the melting
point. Fe30,@SiO, were first loaded with Hoechst in aquesou solution and then
modified with octadecyltrimethoxysilane in acetonitrile. The particles were washed by
acetonitrile and transferred to hexane mixed with paraffin. The gated particles were
further washed with water to remove the surface absorbed dye molecule.
Time-resolved fluorescence spectroscopy was utilized to observe released dye
fluorescence intensity over time. Figure 2.16 (b) proves that at room temperature and
40 <C there is no obvious release observed from the particles. Particles were placed at
the bottom of a cuvette and a laser beam directed through the supernatant. The
fluorescence spectrum from the supernatant was collected at 1s intervals over the

course of the experiment. Although the paraffin starts melting at 39 <C, its diffusion is
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too slow in aqueous solution to uncap the pores and release the dye molecule. Further
increase to 60 <T facilitates the melting and diffusion of heneicosane in water, and a
significant Hoechst release was observed. After reaching the maximum release point,
there is a little decrease of fluorescence intensity caused by the thermal heating for
around 16 hours. This platform has the potential to be applied for in vitro study under
oscillating magnetic fields, which requires further optimization of release capacity.

Due to the coating of paraffin, the particle surface is very hydrophobic and
particles don’t disperse well in aqueous solution. To solve this problem, we tried to
derivatize the particle surface with
2-[methoxy(polyethyleneoxy)9-12propyl]trimethoxysilane which helps improve its
hydrophilicity.

Another phase change material we utilized is 1-tetradecanol (1-TD) with a
melting point of 39 <T.**™* As shown in Figure 2.17 (a), 1-TD was coated around the
particle through interaction between its hydrocarbon chain and ethyleneoxy repeating
units in the polymer. The particles were first loaded with rhodamine 6G and attached
with 2-[methoxy(polyethyleneoxy)9-12propyl]trimethoxysilane in methanol. After all
of the methanol evaporated under heating, 1-tetradecanol (1-TD) and hot water were
added and stirred for 1 hour. There was a phase separation of excess 1-TD and
particles dispersed in aqueous solution. The coated particles were centrifuged down
and washed with cold water to remove surface impurities. Figure 2.17 (b) shows that
uncapped particles release the dye when heated up to 37 <€ and 50 <C, which

indicates thermal heating facilitate the cargo molecule diffuse out of the pores. In
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contrast, particles capped with 1-TD has no release at 37 <C and moderate release at
50 <C. The non-release behavior at 37 <T is due to capping of 1-TD below its melting
temperature. On the other hand, this system needs lots of improvement and
optimization since the release capacity is low.
2.1.7. MSNs derivatized with other thermal-sensitive polymer

Two other polymers were utilized because of their thermal properties.
Polycaprolactone diol with a molecular weight of 2000 has a softening point of 55 <C.
The hydroxyl group can react with isocyanate group from the linker shown in Table
2.1. Particles were first derivatized with linkers and loaded with dye solution, and
then coated with a layer of polymer. Polyethylene glycol (PEG) also reacted with
3-(triethoxysiyl)propylisocyanate and PEG with a molecular weight of 1400-1600
was coated around the particles. Both systems exhibit release behaviors under 65 <C
as shown in Figure 2.18. However, we didn’t apply these two systems for in vitro or in
vivo study because they don’t exhibit a high release capacity.
2.2 Experimental Section
Matierals: All chemicals are used as purchased: Cetyltrimethylammonium bromide
(CTAB, 95%), tetraorthoethylsilicate (TEOS, 98%), 3-(trihydro-xysilyl)propyl
methylphosphonate (42% in H,0), 3-iodopropyltrimethoxysilane (IPTMS, 95%),
N,N’-dimethylformamide  (99.8%), p-anisidine (99%), o-cyclodextrin (>
98%),B-cyclodextrin (> 98%), Hoechst 33342 (>97%), propidium iodide (PI) ( >
95%), toluene (99.8%), fluorescein isothiocyanate (> 97.5%), rhodamine B

isothiocyanate (mixed isomers), nile blue (= 75%), triethylamine (> 99%),
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1-tetradecanol, polycaprolactone diol, and polyethylene glycol were purchased from
Sigma (St. Louis, MO). N-phenylaminomethyltriethoxysilane (PhAMTES),
Chloromethyltrimethoxysilane (90%), and
N-(2-Aminoethyl)-3-aminopropyltrimethoxysilane (NAPTS, 90 %) were purchased
from Gelest (Morrisville, PA). Chloroform (99%) was purchased from EMD
Millipore (Billerica, MA). Fe304 (20 nm, 50 mg) was purchased from Ocean
NanoTech (San Diego, CA).

Synthesis of MCM-41: The synthesis of MCM-41 was based on well-established
published procedures. Cetyltrimethylammonium bromide (CTAB, 250 mg, 0.7 mmol)
was dissolved in H,O (120 mL) and NaOH (875 uL, 2M). The mixture was heated up
to 80 <C and kept stable for 30 minutes, followed by adding tetraethyl orthosilicate
(TEOS, 1.2 mL) drop-wise into the solution while stirring vigorously. For
phosphonated MCM-41, 3-(trihydroxysilyl)propyl methylphosphonate (315 pL) was
added into the solution 15 minutes after adding TEOS. For amine modified MCM-41,
N-(2-Aminoethyl)-3-aminopropyltrimethoxysilane (90 %) was mixed with TEOS
before adding to CTAB solution. The solution was kept at 80 <T for 2 hours. The
synthesized nanoparticles were centrifuged and washed thoroughly with methanol.
Modified Synthesis of MCM-41: Cetyltrimethylammonium bromide (CTAB, 250 mg,
0.7 mmol) was dissolved in H,O (120 mL) and NaOH (875 pL, 2M). The mixture was
heated up to 80 <C and kept stable for 30 minutes, followed by adding tetraethyl
orthosilicate (TEOS, 1.2 mL) drop-wise into the solution while stirring vigorously.

Ethyl acetate (1.2 mL) was added into the mixture right after adding TEOS, and the

27



solution was kept at 80 <C for 2 hours.

Traditional Synthesis of FesO,@SiO,: The typical synthesis method of Fe;O,@SiO;
core/shell silica nanoparticles is based on the synthesis of MCM 41 procedure and
scaled down from 120 mL to 10 mL H,O. An alkaline aqueous solution (9 mL H,0,
70 uL 2.0 M NaOH) was heated to 80 °C and kept steady while stirring rapidly.
Cetyltrimethylammonium bromide (20 mg) was dissolved in 1 mL water. 100 pL of
iron oxide in toluene solution (5 mg/mL) was transferred to a 10 mL flask and blown
dry by air. After that 1 mL of chloroform was added to disperse the iron oxide again to
get a dark solution and this was mixed with the 1 mL aqueous CTAB solution
prepared before. Chloroform was boiled off the solution upon heating, and the
oil-in-water microemulsion finally became clear brown. This mixture was sonicated
for a few minutes to make sure there was no aggregation of iron oxide nanoparticles.
The iron oxide mixture was added to the base solution, and after around ten minutes
the temperature was steady at 80 °C. Finally, tetracthyorthosilicate (TEOS, 100 pL)
was added into the solution stirring for 2 hours at 80 <C. When the reaction finished,
Fe;0,@SiO, was washed with methanol or ethanol twice or three times. The
centrifuged iron oxide core/shell silica nanoparticles are dark brown. To get
negatively charged particles, diethylphosphatoethyltriethoxysilane (10 puL) was mixed
with 100 pL TEOS to co-condense the phosphonate groups with silica, and to make
positively charged particles, APTES (20 pL) was mixed with the as-synthesized
particle (100 mg) in anhydrous ethanol under N, and stirred overnight.

Modified Synthesis of Fe;O,@SiO,: The synthesis procedure is very similar to the
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traditional method, except that reaction was undertaken at 70 <C for 3 hours and ethyl
acetate was added right after TEOS. A solution of 9 mL water, 60 pL 2.0 M NaOH
was heated to 70 <C and kept steady while stirring rapidly. Cetyltrimethylammonium
bromide (CTAB, 20 mg) was dissolved in 1 mL water. 90 - 170 uL of iron oxide in
toluene solution (5 mg/mL) was transferred to a 10 mL flask and blown dry by air.
After that 1 mL of chloroform was added to disperse the iron oxide and this was
mixed with the 1 mL aqueous CTAB solution prepared before. Chloroform was boiled
off the solution upon heating, and the oil-in-water microemulsion finally became clear
brown. This mixture was sonicated for a few minutes to make sure there is no
aggregation of iron oxide nanoparticles. The resulting solution was added to the base
solution and the temperature was steady at 70 <C after 10 mins. Then, 100 pL
tetraethyorthosilicate (TEOS, Aldrich, 98%) and 0.6 mL ethyl acetate were added in
sequence into the solution and the mixture was stirred vigorously for 3 hours at 70 <C.
When the reaction finished, the silica nanoparticles were washed and centrifuged with
methanol or ethanol twice or three times. Iron oxide mesosporous silica nanoparticles
synthesized with this method is uniformly monodispersed and there is little necking
among the nanoparticles. As-synthesized FesO,@SiO, (20 mg) was dispersed in 8 mL
methanol, mixed with 5.4 mg ammonium nitrate and refluxed under N, for 30 minutes.
The Fe3O0,@SiO, without surfactant template was collected by centrifugation and
washed with methanol for twice.

Labeling of MSNs: In terms of post-grafting method, in a 2 mL centrifuge tube,

RITC/FITC (1 mg) was mixed with APTES (2.4 uL) in 600uL anhydrous ethanol and
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rotated for 2 hours. MSNs (10 mg) was mixed with 30 uL of the RITC solution and
refluxed in toluene for 12 hours. Labeled particles were washed with toluene and
methanol. In terms of co-condensation, the RITC/FITC and APTES mixture was
directly mixed with TEOS and added drop-wise to the base solution for making
MCM-41. As for nile blue attachment, 3-iodopropyltrimethoxysilane (IPTMS) was
added into MSNs toluene dispersion and refluxed under N, overnight. The linker
modified MSNs were washed with toluene and dispersed in toluene again, followed
by mixing with nile blue and N, N-diisopropylethylamine (DIEA). For labeling
MSN with NIR fluorescent dye, DyLight 680 NHS ester (0.1 mg) was mixed with
APTES (0.5 pL) in 1 mL anhydrous ethanol under N, at room temperature for 12
hours, and then the as-synthesized precursor was mixed with MSN in toluene an
refluxed in toluene under N, overnight.

Synthesis of Anilinoalkane (ANA) Nanovalve: As-synthesized MCM-41 (100 mg) was
washed and dispersed in anhydrous toluene, mixed with 3-iodopropyl
trimethoxysilane (IPTMS, 20 uL, 0.1mmol) and heated up to 40 <C under N, for 12
hours. The IPTMS modified nanoparticles were washed with toluene to remove
unreacted agents and re-dispersed in anhydrous toluene, and mixed with p-anisidine
(123.2 mg, 1 mmol) and triethylamine (TEA, 420 uL, 3 mmol). The solution was
refluxed under N for another 24 hours. The final product was centrifuged and washed

with toluene, methanol and water to be ready for drug/dye loading process.

Synthesis of 1-Methyl-1H-benzimidazole (MBI) Nanovalve: MCM-41 (100 mg) was

washed and dispersed in anhydrous toluene, mixed with
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chloromethyltrimethoxysilane (15 pL) and refluxed for 12 hours. The modified
MCM-41 was washed by toluene and dimethyoformamide (DMF) and dispersed in 8
ml DMF. Tetrabutyammonium iodide (2 mg), benzimidazole (12 mg) and
triethylamine (150 puL) were added into the solution and the mixture was heated up to
70 <C under N, for 24 hours. As-synthesized nanoparticles were washed with DMF,

methanol and water thoroughly.

Disulfide Snap-top Attachment on Phosphonated MSNs: MCM-41 (100 mg) was
dispersed into dry toluene (10 mL), mixed with (3-mercaptopropyl) trimethoxysilane
(24 pL, 0.1mmol), and refluxed for 12 hours 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. 1l-adamantanethiol (17 mg, 0.1
mmole) 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.

Paraffin Coating on Fe;0,@SiO,: Fes0,@SiO, (10 mg) was loaded in 1 mL Hoechst
aqueous solution (5mM) first and then transferred to acetonitrile (2 mL) mixed with

trimethoxyoctadecylsilane (85 pL) at room temperature overnight. The Hoesht loaded
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MSNSs were washed with acetonitrile and dispersed in 8 mL hexane. Heneicosane (0.1
g) added into the solution and this mixture was sonicated for 15 minutes in the water
bath, followed by another 15 minutes stirring at room temperature. The particle was
washed twice by centrifugation and the particles were placed under vacuum to remove
trace am amount of acetonitrile and hexane.

Stimulated Release Studies: The release was monitored by time-resolve fluorescence
spectroscopy. To measure Hoechst release from Fe3O,@SiO, and detect its
fluorescence emission in supernates, dried FesO,@SiO, powder was put in the corner
of a glass vial containing 10 mL DI water. A probe laser beam (5 mW 377 nm) was
passed through the supernatant fluid in the glass vial such that released Hoechst was
excited. The fluorescence was detected and collected by a charge-coupled device
(CCD) detector and a computer at 1 s intervals over the course of the experiment. The
release profile was the plot of the integrated emission peak area between 480 nm to
520 nm as a function of time. The temperature was controlled on a hotplate.
1-tetradecanol (1-TD) Coating on Fe3O,@SiO,: Fe30,@SiO, (20 mg) was loaded in
5 mL Rhodamine 6G (5 mM) methanol solution for 12 hours and then mixed with
2-[methoxy(polyethyleneoxy)9-12propyl]trimethoxysilane (20 pL) stirring under N,
overnight. The methanol solvent evaporated in air and 1-tetradecanol (1-TD) was
added into the flask together with 6 mL water at 80 <C stirring for 1 hour. The mixture
was transferred into another glass vial to separate the oil and water phase. 1-TD
coated Fe3O,@SiO, in water was centrifuged and washed by cold water for 4 times.

The particles were placed under vacuum. The release was characterized in water and
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the sample was placed in a tube soaked into a water bath. The temperature was
controlled on the hotplate.

Polycaprolactone diol/Polyethylene Glycol Grafting on MSNs: MSNs (100 mg) was
loaded in 1mL aqueous Hoechst solution (5 mM) and dried by air. The loaded
particles were dispersed in toluene, followed by adding
isocyanatepropyltrimethoxysilane  (ICPES) and  polymer  polycaprolactone
diol/polyethylene glycol (0.1 mmol) and refluxed under N, overnight. The Hoechst
loaded MSNs were washed by methanol and deionized water. The release was

characterized by time-resolve fluorescence spectroscopy.
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2.3 Figures

Figure 2.1. TEM images of MCM-41 synthesized (a) in pH lower than 12, (b)
unstable temperature during reaction, and particles of good quality synthesized by (c)
traditional method without ethyl acetate (d) and with ethyl acetate. With ester addition
in the synthesis, the particles are more uniformly distributed and have fewer

crosslinks among them than before.

Figure 2.2. (a) & (b)50 nm MSNs with worm-like mesoporous structure synthesized

from double surfactant method.
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Figure 2.3. Fe30,@Si0, synthesized by traditional method exhibit wide size
distribution, non-uniform Fe;O, distribution and free silica. The particles were
synthesized with different amounts of M NaOH (a) 70 uL, (b) 60 uL, (c) 50 uL, (d)

35puL.

Figure 2.4. Fe;0,@Si0, exhibit different sized upon mixing different amount of
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Fe304 (5 mg/mL in toluene) with aqueous base CTAB solution. (a) 80 nm

Fe3O4@Si02, 90 },lL, (b) 70 nm F6304@Si02, 130 },lL, (C) 60 nm F6304@Si02, 150 },ll_

(d) 50 nm F6304@Si02, 170 },lL

Figure 2.5. Fe30,@SiO, with 10 nm Fe3O4 core (a), (b), (c) and 20 nm core (d). All of

the particles has radial mesoporous structure instead of 2D hexagonal porous.
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Figure 2.6. Phosphonated MCM-41 have less aggregation problem due to weaker
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hydrogen bonding and negative charge repulsion.®

Figure 2.7. MCM-41 co-condensed with (a) 3-trihydroxysilpropylmethylphosphonate
lead to particles with micrometer size, while (b) diethylphosphatoethyltriethoxysilane
and (c) 3-aminopropyltriethoxysilane preserve the 100 nm size and mesoporous

structure.
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Figure 2.8. Fe30,@SiO, modified with diethylphosphatoethyltriethoxysilane by

co-condensation  (a), (b), and unmodified Fe;0,@SiO; (c), (d). Both particles have

Intensity (a.u.)

radial mesoporous structure but different sizes.
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Figure 2.9. N, adsoprtion-desorption isothermals of (a) phosphonated Fe;0,@SiO; by
co-condensation, (b) plain FesO,@SiO,, and XRD spectra of (c) phosphonated

Fe;0,@SiO, by co-condensation and (d) plain Fe;0,@SiO..

FITC

Figure 2.10. Mixing APTES with FITC or RITC at room temperature under N,
atmosphere produces fluorescent dye precursor, which can be incorporated into MSNs

by post-grafting or co-condensation.
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Figure 2.11. (a) F. tularensis-infected human monocyte derived macrophoages

nucleus were stained with DAPI as blue fluorescence and bacteria were expressing
GFP as green fluorescence, (b) RITC labeled MSNs distribution and (c) merged
image showing that particles overlap with bacterial. (d) Upper panel shows
microscopy images of pancreatic cancer cellsand lower panel shows FITC labeled

particles taken up by cancer cell over time.
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Figure 2.12 (a) Synthesis pathway of attaching Nile blue onto the MSNs. (b)
Fluorescence image of MSNs labeled with nile blue taken up by MiaPaca-2 cell line
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Figure 2.13. 50 nm and 100 nm MSNs labeled with Dylight 680 NHS ester were used
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to determine their biodistribution in different organs.
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Figure 2.14. Synthesis of three pH-sensitive nanovalves (a) aniline alkane nanovalve,
(b) 1-Methyl-1H-benzimidazole (MBI) Nanovalve and (c)

(1-Propyl-1H-benzimidazole (PBI)) Nanovalve
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coated with heneicosane to trap the Hoechst dye inside the pores. When temperature
is increased above the metling point of the paraffin, the coating layer dissociates from
the particle and dye is released. (b) The gated particles were dispersed in water and
heated up to 40 <C at 1% hour, and there is no obvious release. After another 1.5 hours,
further increase of temperature to 60 <C leads to a significant release from the particle.
There is a response delay which is caused by the diffusion of hydrohpbic paraffin in

aqueous solution.
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Figure 2.17. (a) 2-[methoxy(polyethyleneoxy)9-12propyl]trimethoxysilane was
attached onto the particle, and 1-tetradecanol was used as capping material over the
pores. When the surrounding temperature is higher than the melting point of 1-TD
39 <C, dye/drug can be released from the pores. (b) Capped functionalized particles
exhibit no release at room temperature and 37 <C, while there is a slight release at

50 <C. In contrast, particles without the 1-TD cap have obvious releases at 37 <C and

50 <C.
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Figure 2.18. Particle coated with polycaprolacone diol (a) and polyethylene glycol (b)

release Hoechst at 65 <C.
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Table 2.1. Thermal-sensitve polymers and linkers to functionalize MSNs

Polymer Linker Soften Molecular
point Weight

Polycaprolactone diol 3-(Triethoxysilyl)propyl— 55°C 2000
isocyanate

o

(o]
H%D\/\\/‘\/Ho/“\/o\u/\oPL\/“\/"\/o]\H
n n

Polyethylene glycol 3-(Triethoxysilyl}propyl-  45- 1400-1600

. isocyanate 50°C
Ao
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Chapter 3

Mesoporous Silica Nanoparticles with pH — Sensitive Nanovalves for Delivery of

Moxifloxacin Provide Improved Treatment of Lethal Pneumonic Tularemia
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3.1. Abstract

We have optimized mesoporous silica nanoparticles (MSNs) functionalized with
pH-sensitive nanovalves for the delivery of the broad spectrum fluoroquinolone,
moxifloxacin (MXF), and demonstrated its efficacy in treating Francisella tularensis
infections both in vitro and in vivo. We compared two different nanovalve systems,
positive and negative charge modifications of the mesopores, and different loading
conditions — varying pH, cargo concentration, and duration of loading — and identified
conditions that maximize both the uptake and release capacity of MXF by MSNs. We
have demonstrated in macrophage cell culture that the MSN-MXF delivery platform
is highly effective in killing F. tularensis in infected macrophages, and in a mouse
model of lethal pneumonic tularemia, we have shown that the drug-loaded MSNs are
much more effective in killing F. tularensis than an equivalent amount of free MXF.
3.2. Introduction

Francisella tularensis is a facultative intracellular bacterial pathogen that causes
tularemia, a serious and potentially fatal disease.! Because F. tularensis has
extraordinarily high infectivity, causes serious morbidity and mortality, is readily
cultured on a large scale, is relatively easily dispersed, and was developed as a
biological weapon during World War Il by Japan and in the Cold War by both the U.S.
and the former Soviet Union,** it is classified as a Tier 1 Select Agent. Pneumonic
tularemia, the type of tularemia of greatest concern in a bioterrorist attack, has a very
high morbidity with at least half the patients requiring hospitalization, and can be fatal,

resolve slowly® or relapse® even in a setting where awareness is high and appropriate
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treatment is available. Therefore modalities allowing more effective and rapid
treatment of tularemia are needed. Nanoparticles are attractive as drug delivery
platforms for tularemia treatment because the nanoparticles are avidly taken up by
cells of the mononuclear phagocyte (reticuloendothelial) system - such cells are the
primary host cells in which F. tularensis resides and multiplies. By releasing high
concentrations of antibiotic in the host cells that are infected by F. tularensis,
nanoparticles have the potential to have a greater efficacy than free drug while
simultaneously limiting off-target toxicities. Nanoparticle delivery platforms also
have the advantage of shielding the drug from metabolism and clearance, thereby
providing more favorable pharmacokinetics than free drug.

Considerable research has been devoted to the use of MSNs for delivery of
chemotherapeutic agents for cancer; relatively less has been devoted to their use for
treating infectious diseases. In the case of nanotherapeutics for cancer, uptake by
macrophages is a problem to be overcome. In contrast, for infectious diseases caused
by pathogens that reside and multiply within macrophages, such as F. tularensis, the
fact that the host mononuclear phagocytes internalize nanoparticles more efficiently
than other cells provides an advantageous targeting strategy with potential to increase
efficacy and decrease systemic toxicities. Intravenously injected nanoparticles, or
nanoparticles delivered by other routes of administration, are preferentially taken up
by macrophages of the mononuclear phagocyte system and accumulate in liver, spleen
and lung,”® a distribution that mirrors the tissues infected by F. tularensis and many

other important intracellular pathogens that cause serious human diseases, including
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those that cause tuberculosis, Legionnaires’ disease, Q-fever, Salmonellosis,
Listeriosis, Leishmaniasis, and chlamydial, mycoplasmal, and rickettsial infections.
Mesoporous silica nanoparticles (MSNs) offer a biocompatible multifunctional
platform with intrinsically high surface area and porosity capable of delivering
chemotherapeutic agents and antibiotics.'®** MSNs readily accommodate
stimulus-responsive functionalizations to enable on-command release of drug cargo in
response to a variety of stimuli, including pH,***" light,'® and remote magnetic

2022 and in

actuation,'® and have shown superiority over free drug both in cell culture,
animal models.Z An important parameter that influences the amount of MSNs that
must be administered to animals or humans for therapeutic efficacy is the “release
capacity”, defined as the ratio between the masses of releasable drug and of silica.
The uptake and release capacity of a MSN platform depends on the properties of both
the nanoparticles and the cargo molecules, including the cargo molecule size, charge
in various solutions, and hydrophilic/hydrophobic properties. Herein we have
systematically optimized moxifloxacin (MXF) loading of MSNs functionalized with
pH sensitive nanovalves. We have studied two different pH sensitive nanovalve
systems, both of which remain closed at the pH of blood (7.4) but open at pH 6 or
lower and release cargo within endosomal compartments, which acidify to pH ~5 or
less. We chose the most promising MSN-nanovalve platform for further optimizations
based upon physical and chemical properties of MSNs and MXF.

Here, we report the optimization of our MSNs functionalized with

pH-sensitive nanovalves for delivery of the fluoroquinolone antibiotic MXF, which
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has been shown to be more effective than Ciprofloxacin at preventing relapse of
tularemia in a mouse model.** We demonstrate that our optimized delivery platform,
MSN-MBI-MXF, is safe in vivo and much more efficacious than an equivalent
amount of free drug in treating F. tularensis infection in a mouse model of pneumonic
tularemia.
3.3. Results and Discussion
3.3.1. Construction of Two pH-sensitive Nanovalve Systems

We have previously developed two pH-sensitive nanovalve systems based on the
MCM-41 framework." ** Both nanovalves consist of a stalk covalently attached to
the pore entrances of MCM-41 and a cap molecule cyclodextrin (CD), which interacts
with the organic moiety of the stalk through hydrophobic-hydrophobic interaction and
traps the cargo inside the pores. The first nanovalve is composed of an anilinoalkane
(ANA) stalk and o-CD as the capping molecule. The pK, of the nitrogen of
p-anisidine is approximately 6, and at pH 7.4 the binding affinity between a-CD and
the hydrophobic stalk is high. When the stalk is protonated the binding constant
dramatically decreases, thereby causing the a-CD cap to dissociate from the stalk and
the cargo to be released. The second nanovalve system has a
I-methyl-1-H-benzimidazole (MBI) stalk with pK, about 6, and B-CD as the capping
molecule because of its suitable cavity size and stable association with the
benzimidazole moiety at physiological pH 7.4 (Figure 3.1). When benzimidazole is
protonated at pH 6 or lower, the binding affinity between benzimidazole and B-CD

decreases, leading to dissociation of the cyclodextrin. Both nanovalves are closed
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tightly at physiological pH 7.4 and only open and release cargo at pH 6 and lower
when the hydrophobic interaction between cyclodextrin and the organic stalk moiety
is weakened and interrupted.

After the stalks were attached to MCM-41, the MSN-ANA and MSN-MBI
nanoparticles were loaded in MXF aqueous/PBS solution overnight and then the
a-CD or B-CD capping molecule, respectively, was added to the mixture with stirring
overnight. The MXF solution concentrations before and after loading were measured
and calculated based on UV-Vis spectroscopy measurements. The amount of MXF
taken up by the MSNs (including inside pore channels and on external surfaces) was
calculated from this concentration difference. The mass of MXF taken up by the
MSNs divided by their mass is defined as “uptake capacity” (expressed in wt %).
After washing the mechanized MSNs sufficiently to remove MXF on the outer
surface, the nanoparticles were dispersed in neutral water, and then acid was added to
decrease the pH and release the drug (Figure 3.2A). When MSNs were placed at the
corner of a cuvette in neutral solution, no MXF was detected in the supernatant fluid
by fluorescence measurement. When the solution pH was adjusted to 6 by adding HCI,
immediate release of MXF was observed (Figure 3.2B). It is known that the pH within
the lysosome is lower than 6; thus, the nanoparticles should release the drug after
being endocytosed into the lysosome compartment. This drug would then be available
to diffuse to F. tularensis, which resides and replicates in the cytosol of the cell,*

where the pH is neutral. The amount of MXF released was calculated based on the

supernatant MXF concentration measured by UV-Vis. The mass of released MXF
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divided by the mass of particle is defined as “release capacity” (expressed in wt %).
The porous structure is preserved after these modifications (Figure 3.2C) and the
hydrodynamic diameter is around 100 nm.

3.3.2. Enhancement of Uptake Capacity by Charge Modification of the Mesopore
Channels

To optimize the uptake and release capacities, we must consider five relevant
factors: charges of cargo molecules and MCM-41 inner pore channels, nanovalve
synthesis pathway, loading solvent pH, MXF concentration and loading time. MSNs
with the MBI stalks (MSN-MBI) were selected as the initial model; when
investigating the effects of one factor on the uptake and release capacities, all of the
other parameters were kept constant.

MXF is a fourth generation fluoroquinolone used to treat various bacterial
infections including F. tularensis. It has two ionizable groups with pK, of 6.3 and 9.3.
Based on the calculation of the molecular species distribution, at pH 7, 83.3% of
MXF molecules are zwitterionic, 17% are positively charged, and almost none are
negatively charged (Table 3.1). MXF has a positive net charge at neutral pH. A
negatively modified inner pore readily attracts positive cargo molecules, but the
release may be slow and incomplete after the cap dissociates due to the electrostatic
interaction between cargo molecules and inner pores at the pH of acidifying
endosomal compartments.”’ On the other hand, a positively charged inner pore
surface will lead to lower uptake capacity than when negatively charged but may

promote expulsion of the positive cargo molecules upon protonation. To modify the
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MSN inner pores with either negative or positive charges, we synthesized MCM-41
with co-condensation of phosphonate or amine silanes respectively (Figure 3.3A).
Phosphonate silane-modified MSNs exhibited a zeta potential of -46.28 mV and
amine-silane modified MSNs exhibited a zeta potential of 38.76 mV as measured in
DI water. MSN-MBI (10 mg) was dispersed in 2 ml of a 5 mM MXF aqueous
solution and uptake capacity was measured as described above. Amine modified
MSN-MBI (indicated as “+) had a very low uptake capacity compared with that of
phosphonate modified MSN-MBI (indicated as “-”) (Figure 3.3B). This result
indicates that MXF with a positive net charge diffuses poorly into positively charged
inner mesopores, resulting in very low uptake and release capacities. Phosphonated
particles, on the other hand, show much greater uptake of MXF, potentially providing
a much greater release capacity.

We next tested two different MBI stalk synthetic pathways to optimize the
efficiency of attachment. In the first pathway, we first reacted benzimidazole with
chloromethyltrimethoxysilane to produce the MBI stalk, and then covalently attached
this to the MCM-41 surface. This method has the disadvantage that, in the presence of
small amounts of water or moisture, the MBI stalk readily hydrolyses and undergoes
self-condensation prior to coupling to the nanoparticle. In the second pathway, we
covalently attached chloromethyltrimethoxysilane to the silica surface first and then
coupled it with benzimidazole to form the MBI stalk. We compared the uptake
capacities of negatively charged MSN-MBI nanoparticles prepared by these two

pathways and found that MBI stalk attachment by pathway II had a higher uptake
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capacity than attachment by pathway I, consistent with greater MSN surface coverage
by the MBI stalks and hence greater trapping of drug in the pore channels.
3.3.3. Uptake and Release Capacity Utilizing Different Nanovalves

Both MSN-ANA and MSN-MBI were tested and proven to work effectively in
our previous papers when loaded with doxorubicin, Hoechst 33342, or propidium
iodide (PI).">** However, we know that the uptake capacity and release capacity of
the MCM-41 nanovalve system is dependent upon the size and charge of the cargo
molecule, as well as the length of the stalk and the outer diameter of the CD. We
measured and compared the uptake capacity of MXF utilizing these two systems in
order to find the best one for subsequent in vitro and in vivo studies.

Because negatively charged inner pores provided greater uptake of MXF, we
used phosphonated MCM-41 and compared the uptake and release of MXF of
MSN-ANA-MXF, which has a-CD as cap, and MSN-MBI-MXF which has 3-CD as
cap. The same amount of phosphonated MCM-41 with one or the other nanovalve
was loaded in 1 ml 10 mM MXF PBS solutions and stirred for one day.
MSN-MBI-MXF had a much higher uptake capacity (7.4 wt%) and release capacity
(1.02 wt%) than MSN-ANA-MXF (Table 2). The superior uptake and release
capacity of the MSN-MBI-MXF is likely attributable to better trapping of the MXF
within the pores. The B-CD has a 15.6 A outer diameter compared with 14.6 A for
a-CD while MCM-41 has an average pore diameter of 22 A."* The larger B-CD has
more steric hindrance and blocks the MSN pores more effectively than the smaller

a-CD. Moreover MSN-MBI has a shorter stalk length that positions the B-CD cap
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closer to the MSN surface, again providing more effective steric hindrance to prevent
MXF leakage. For both types of MSNs, the uptake capacity was greater than the
release capacity in aqueous acid, indicating that some MXF remains bound to the
MSNs and is not released in aqueous acid conditions, possibly reflecting binding of
MXF to MSN via hydrophobic interactions.
3.3.4. Uptake of MSN with pH Sensitive Nanovalves by Human Macrophages
Nanoparticles are generally taken up well by cells of the mononuclear phagocyte
system and, where this is not desired, require special surface modifications to
minimize their uptake by macrophages in applications such as cancer therapeutics.”®
However, in our system, uptake by macrophages is desired, since F. tularensis
replicates in host mononuclear phagocytic cells. Our MSN platform is designed to
operate by uptake of the particles by macrophages, followed by release of drug within
acidified endo-lysosomal compartments. To determine whether our MSNs are
internalized by F. tularensis-infected macrophages, we examined the uptake of
rhodamine-labeled MSNs by F. tularensis-infected human macrophages, using both
peripheral blood monocyte-derived macrophages and differentiated macrophage-like
THP-1 cells. We observed abundant uptake of MSN-MBI-MXF for both the
monocyte-derived macrophages and the differentiated THP-1 cells (Figure 3.4).
Uptake of the nanoparticles by both types of macrophages increased with time and
with nanoparticle concentration.

3.3.5. In Vitro Efficacy of MSN-ANA-MXF and MSN-MBI-MXF in Killing F.

tularensis in Human Macrophages.
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To investigate whether these two different types of pH-sensitive a- and B-CD
nanovalves are functional under biological conditions, we assessed the efficacy of
MSN-ANA-MXF and MSN-MBI-MXF in a macrophage infection model of F.
tularensis.”’ Differentiated human THP-1 macrophages were infected with F.
tularensis Live Vaccine Strain (LVS) and either not treated or treated with increasing
concentrations of a) MXF, b) MSN-ANA-MXF, or ¢c) MSN-MBI-MXF for one day.
At the end of the treatment period, the number of viable bacteria remaining in the
macrophages was determined to evaluate the F. tularensis killing effect exerted by
each treatment. With no treatment, F. tularensis LVS grew 2.5 logs over one day.
Similar levels of bacterial growth were also observed in infected macrophages treated
with control MSNs (no MXF loading) indicating that the nanoparticle carriers alone
do not possess any bactericidal activity (Figure 3.5B and C). All treatments including
MXF, MSN-ANA-MXF and MSN-MBI-MXF killed F. tularensis in macrophages in
a dose- dependent manner (Figure 3.5A, B and C). However, when compared at the
same concentration, MSN-MBI-MXF was much more potent than MSN-ANA-MXF
in killing F. tularensis. For example, MSN-MBI-MXF at 1 ng/mL reduced bacterial
colony forming units (CFU) by 3.4 logs compared with the level in the untreated
group at one day, whereas the same concentration of MSN-ANA-MXF reduced
bacterial CFU by only 0.2 logs compared with the untreated control group. The
minimal inhibitory concentration in our macrophage assay is 4 upg/mL for

MSN-ANA-MXEF and it falls to between 0.25 and 0.5 pg/mL for MSN-MBI-MXF.
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We prepared supernate from MSN-ANA-MXF and MSN-MBI-MXF after an
hour of incubation with 100 mM maleic acid, pH 1.8 (Acid Release) and assayed its
capacity to kill F. tularensis in the infected macrophage. While the acid-released
solution prepared from 0.5 and 1 ug/mL MSN-MBI-MXF reduced F. tularensis CFU
in macrophages by 1.6 and 2.5 logs, respectively, the solution prepared from 1 pg/mL
of MSN-ANA-MXF reduced bacterial number by only 0.2 logs (Figure 3.5D and E).
Supernates obtained from MSN-MBI-MXF or MSN-ANA-MXF at neutral pH
(Neutral Fluate) had no effect in the infected macrophage bioassay. This study
demonstrates that 1) the pH operative valves on MSN-MBI-MXEF are tightly closed at
neutral pH and open at acidic pH, 2) MXF eluted under acidic pH retains biological
activity, 3) MSN-ANA-MXF and MSN-MBI-MXF kill F. tularensis LVS in
macrophages in a dose-dependent fashion, and 4) MSN-MBI-MXF has greater
efficacy than MSN-ANA-MXF, most likely because of its higher MXF uptake and
release properties.

Acid-released solution obtained from 1 pg/mL of MSN-MBI-MXF exerted the
same inhibitory effect on F. tularensis as 0.016 pg/mL MXF in our macrophage
bioassay, indicating a 1.6% (wt/wt) aqueous acid release capacity. Based on this
estimation, 0.5 pg/mL of MSN-MBI-MXF could release 0.008 pg of MXF in the
acidified endolysosomes. In our F. tularensis-infected macrophage assay,
MSN-MBI-MXF at 0.5 pg/mL had a biological effect equivalent to that exerted by
free MXF at a concentration of 0.016 pg/mL, indicating an efficacy ratio of 2

(MSN-MBI-MXF : free MXF), as nanoparticle-delivered drug appeared to have an
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efficacy twice that of the same amount of free drug in killing F. tularensis in
macrophages in vitro. However, this efficacy ratio is likely an over-estimation since
some of the yellowish color of MXF still remained on MSN-MBI-MXF after maleate
treatment. In lieu of a possible hydrophobic interaction between MXF and MSN, we
used acidic DMSO solution for measuring drug release capacity in subsequent in vivo
studies.

3.3.6. Maximization of Uptake and Release Capacity by Optimization of Loading
pH

Our in vitro study indicated that it is important to obtain a high release capacity in
order to achieve high efficacy. Therefore we sought to increase further the uptake and
release capacities of MSN-MBI-MXF.

Specifically, we prepared MXF in different pH solutions for use in the loading
process to take advantage of electrostatic interactions based on positively or
negatively charged inner pore channels. It is known that MXF has a positive net
charge below pH 7.4 and negative net charge above pH 7.4 (Table 3.1). Therefore we
loaded phosphonate modified MSN-MBI (10 mg) (indicated as “-”) in pH 4 and pH 7
MXEF solution (5 mM, 2 ml) in order to attract positive MXF molecules and increase
uptake capacity. However, this acid loading presents some practical problems in
experiments. The pH 4 loading helps improve uptake capacity as expected. However,
it results in lower release capacity than neutral loading. Because the nanovalve can
open at pH 6, loaded MSN-MBI must be transferred to neutral solution before

capping. The additional steps of centrifugation and dispersion of uncapped
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MSN-MBI-MXF in neutral water cause significant leakage of MXF from the particle
pores before capping can be completed. We loaded amine modified MSN-MBI (10
mg) (indicated as “+”) in pH 7, 10, and 12 MXF solutions (5 mM, 2 ml) to attract
negative MXF molecules. We observed that uptake capacities as well as release
capacities increased as pH was increased (Figure 3.6). Among these five conditions of
loading, amine modified MSN-MBI in pH 12 loading gave the highest uptake
capacity; however, the release capacity was still no better than pH 7 loading with
phosphonate modified MSN-MBI. Using a pH 12 loading solution may gradually
degrade the MSNs within 24 hours and cause stalks to detach from the pores, enabling
MXEF to leak out of the pores during washing.

We found that loading phosphonated MSN-MBI with MXF in pH 7.4 PBS
yielded the highest uptake and release capacity among all conditions (Figure 3.7).
When phosphonate modified MSN-MBI (10 mg) was loaded in 1 ml 20 mM MXF in
PBS (pH 7.4), its uptake capacity increased more than 10 times compared with its
loading in neutral solution. Considering stalk protonation and deprotonation
equilibrium, MSN-MBI is more tightly closed with 3-CD at pH 7.4 than it is at pH 7.
Negatively charged mesopores also have strong electrostatic interaction with positive
MXF molecules. Moreover, compared with strong base, the pH 7.4 loading solution
will not cause hydrolysis of silica nanoparticles and degradation of the nanovalves
attached at the entrances of pore channels. All of these factors contribute to the

highest uptake capacity.
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We have found that a higher MXF loading concentration resulted in a higher
uptake and release capacity. MSN-MBI loaded with 40 mM MXF in PBS had an
uptake capacity twice that of MSN-MBI loaded with 20 mM MXF in PBS, and the
release capacity reached 8.1 wt% compared with 6.2 wt% for MSN-MBI loaded with
20 mM MXF. Moreover, when we compared uptake efficiency, which is defined as
the percentage of MXF taken up by MSN from the original solution (expressed in
percent), almost 70% of MXF in high concentration solution was taken up by
nanoparticles. We also observed that a loading time of 24 hours was appropriate to
allow MXF to diffuse into pore channels and reach equilibrium. Simply extending
loading time did not increase uptake and release capacity. We tested phosphonated
MSNs modified with two different nanovalves (ANA, MBI); the MSNs were loaded
in MXF in PBS at low concentration (10mM) and washed extensively with PBS
buffer. The MSN-ANA and MSN-MBI showed uptake and release capacities of 20 wt%
/0.24 wt% and 51.4 wt% / 1.6 wt%, respectively; therefore MSN-MBI still showed
the best performance in the final optimized condition (Table 3). In conclusion,
phosphonated MSN-MBI loaded with MXF in PBS showed the highest release
capacity, 6 — 8 wt%, among all systems tested; this was highly reproducible and this
MSN loaded with MXF in PBS was employed in subsequent F. tularensis in vitro and
in vivo studies.

3.3.7. Influence of Washing on Release Capacity
In the washing process, the mass of MXF washed away each time divided by the

mass of particle is defined as “residual” (expressed in wt %), of which the final
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residual is reflected as the starting baseline in a release profile. Through measurement
by UV-Vis spectroscopy, the amount of residual drug in supernatant did not increase
after dispersing and rotating particles in neutral water overnight, which indicated that
the residual was not due to release or leakage, but caused by non-trapped MXF
dissociating from the MSN-MBI-MXF surface. In the release process, we dispersed
particles in neutral deionized water and observed no leakage from MSN-MBI as
indicated by the flat baseline in the release profile. After adding HCI to adjust the pH
to 5, we measured an immediate increase in fluorescence intensity from the MXF
released into the supernatant. The release profile reached a plateau after 14 hours, and
the concentration of completely released MXF was measured by UV-Vis
spectroscopy after 24 hours.

We investigated how the washing process influences particle release capacity. In
testing drug-loaded nanoparticles, we routinely wash them to remove free MXF
adsorbed on the external surface of the MSN to insure that the great majority of the
drug is released via the nanovalves. However, excess washing will gradually degrade
the silica nanoparticle surface due to siloxane group hydrolysis. Moreover, it will
remove some of the cyclodextrin caps by disrupting host-guest interaction equilibrium.
Therefore, it is important to determine the optimal number of washing steps that
strikes an acceptable balance between removing MXF from the external surface and
maintaining relatively high release capacity. MSNs washed 15 times did not have
any residual surface MXF detectable by UV-Vis absorption measurement (Figure

3.8A); however, their release capacity was only 1.6 wt%. In contrast, MSNs washed 8
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times had 2.5 wt% residual and 6.9 wt% release capacity. MSN-MBI-MXF washed
21 times had almost zero residual in the last few washes. There is an non-linear decay
of the amount of MXF washed away each time, with the first 8 washes removing
around 95 % of the total amount of MXF (Figure 3.8B). We found that washing 8
times is enough to remove most of the MXF on the MSN external surface and at the
same time constrain damage to surface modifications.
3.3.8. In Vivo Efficacy of MSN-MBI-MXF in Treating Pneumonic Tularemia

It is important to test nanoparticle delivery systems in vivo as well as in vitro.
Nanoparticles that are effective in an in vifro system may fail in an in vivo model due
to issues of efficacy, such as inadequate uptake by target organs or premature release
of drug, and issues of toxicity, e.g. due to induction of coagulopathy,’® hemolysis,’!
organ toxicities or inflammatory responses.’> After the above optimizations of our
MSNss so as to achieve high uptake and release capacity, we assessed the efficacy of

3334 1 the first in vivo

MSN-MBI-MXF in a mouse model of pneumonic tularemia.
experiment (Experiment 1), mice were infected by the intranasal route with ~8000
CFU of F. tularensis LVS, a dose approximately 11 times the LDsy of 700 CFU.
Without treatment, the mice succumbed rapidly to the infection and suffered severe
weight loss (Figure 3.9A). Mice treated with MSN-MBI-MXF (with a drug release
capacity of 6.88 wt%) maintained their weight, indicating that the nanoparticle was
well tolerated by the mice and helped to control the severe bacterial infection.

Without treatment, bacteria multiplied to high numbers in the lungs of the mice

(Figure 3.10A). However, treatment with MSN-MBI-MXF (loaded with 138 pg MXF)
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reduced bacterial burden in the lung by 4.0-logs, more so than treatment with 400 pg
of free MXF (Figure 3.10C). Treatment with MSN-MBS-MXF reduced bacterial
burden in the spleen by 4.3-logs to a level similar to that with 400 pg of free MXF
which was below our experimental limit of detection. All treatments reduced bacterial
burden in the liver to a level below the experimental detection limit. On the basis of a
median-effect plot, the efficacy of the MSN-MBI-MXF was 4.5 fold and 3 fold the
efficacy of free MXF in the lung and spleen, respectively. This study demonstrates
that MSN-MBI-MXF administered intravenously is much more efficacious than free
MXF in treating F. tularensis infection in mice.

In a subsequent in vivo experiment (Experiment 2), we evaluated another batch of
MSN-MBI-MXF (with a drug release capacity of 8.08 wt%). Mice were infected with
~4000 CFU of F. tularensis LVS (~6 x LDsg) by the intranasal route. One day later,
mice were sham-treated or treated with 640 pg of MSN-MBI-MXF (with ~ 50 pug of
releasable MXF) or with one of the three doses of MXF (50, 100, and 200 pg) equal
to 1x, 2x, and 4x the amount of the releasable MXF from 640 pg of MSN-MBI-MXF
by acidic DMSO. As observed in the first in vivo study, sham treated mice suffered
substantial weight loss but mice treated with free MXF or MSN-MBI-MXF did not
(Figure 3.9B). MSN-MBI-MXF treatment reduced the bacterial burden by 2.8 logs in
the lung, 3.2 logs in the liver, and 3.3 logs in the spleen to a level close to that
achieved by 100 pg free MXF (Figure 3.10D). Thus, in the treatment of pneumonic
tularemia in mice, MSN-MBI-MXF had an efficacy twice the equivalent amount of

free MXF in the lung, spleen, and liver. Again, we observed no toxicity in the mice
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from MSN-MBI-MXF treatment. Thus, these two experiments both demonstrated
superiority of MSN-MBI-MXF over an equivalent amount of free MXF. In the first
experiment, bacterial CFU were reduced in the lungs compared with that achieved by
free drug, and the difference was statistically significant; comparisons in liver and
spleen could not be made because sterilization was achieved at the doses used for all
treatments. In the second experiment, we reduced the dose of MSN-MBI-MXF to
prevent “bottoming out” of the values in the liver and spleen and showed that the
MSN-MBI-MXF treatment reduced bacterial CFU more than an equivalent amount of
free drug in these organs, a difference that was statistically significant. Bacterial
burden in the lungs was also reduced more in the MSN-MBI-MXEF treated animals
than in animals treated with an equivalent amount of free drug, though this trend did

not reach statistical difference at this lower dose of MSN-MBI-MXF.
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3.4. Conclusion

Intracellular pathogens that reside in mononuclear phagocytes present an ideal
target for nanotherapeutics because nanoparticles are readily taken up by cells of the
Mononuclear Phagocyte System and have the potential to deliver high concentrations
of antibiotics selectively to the intracellular compartment, thereby providing increased
efficacy with reduced systemic exposure and off-target side effects.

We have optimized MSNs with pH-sensitive nanovalves for uptake and release of
the antibiotic MXF. We evaluated a) two different pH-sensitive nanovalves; b)
modification of the MSN’s inner pores with positive or negative charges; c) loading
of the MSNs with MXF in different pH solutions; and d) loading MSNs with different
drug concentrations and loading durations. @ We found that phosphonated
MSN-MBI-MXF loaded in pH 7.4 PBS gave the highest uptake and release capacity.
We demonstrated that this delivery system released MXF efficiently in F.
tularensis-infected macrophages and that it was 2.7 fold more effective than the
amount of free drug released from the particles by aqueous acid. We demonstrated in
a mouse model of lethal pneumonic tularemia that MSN-MBI-MXF was well
tolerated and was more effective than a 2- to 4-fold greater dose of free MXF in
reducing bacterial load in the lung. Our MSN-MBI-MXF delivery system has the
potential to provide more effective treatment than free drug, shortening the duration
of treatment of intracellular infectious diseases such as tularemia, tuberculosis,
Q-fever, and Legionnaires’ disease and reducing systemic toxicity of the MXF. By

providing high concentrations of antibiotic directly to the site of infection, the
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nanoparticle delivered drug also has the potential to decrease the emergence of drug
resistance. Further optimization of our platform may be possible by incorporation of
additional functionalizations to increase targeting to infected tissues and macrophages,
employment of different delivery modalities, such as aerosol delivery, or utilization of
other internal and external stimulus-response systems.

3.5. Experimental Section

Materials: Cetyltrimethylammonium bromide (CTAB, 95%), tetraorthoethylsilicate
(TEOS, 98%) 3-(trihydro-xysilyl)propyl methylphosphonate (42% in H,0),
3-iodopropyltrimethoxysilane (IPTMS, 95%), N,N’-dimethylformamide (99.8%),
p-anisidine (99%), a-cyclodextrin (>98%), B-cyclodextrin (>97%), benzimidazole
(98%), tetrabutylammonium iodide (98%), Hoechst 33342 (>97%), triethylamine
(>99%), and toluene (99.8%) were purchased from Sigma (St. Louis, MO).
Chloromethyltrimethoxysilane (90%), and
N-(2-Aminoethyl)-3-aminopropyltrimethoxysilane (NAPTS, 90 %) were purchased
from Gelest (Morrisville, PA).

Synthesis of MCM-41: 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, 2M). The mixture was heated up
to 80 <T and kept stable for 30 minutes, followed by adding tetraethyl orthosilicate
(TEOS, 1.2 mL) drop-wise into the solution while stirring vigorously. For
phosphonated MCM-41, 3-(trihydroxysilyl)propyl methylphosphonate (315 pL) was

added into the solution 15 minutes after adding TEOS. For amine modified MCM-41,
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N-(2-Aminoethyl)-3-aminopropyltrimethoxysilane (90 %) was mixed with TEOS
before adding to CTAB solution. The solution was kept at 80 <C for 2 hours. The
synthesized nanoparticles were centrifuged and washed thoroughly with methanol.
The successful synthesis of nanoparticles is very sensitive to the temperature and
stirring speed.

Synthesis of Anilinoalkane (ANA) Nanovalve: As-synthesized MCM-41 (100 mg) was
washed and dispersed in anhydrous toluene, mixed with 3-iodopropyl
trimethoxysilane (IPTMS, 20 pL, 0.1mmol) and heated up to 40 °C under N, for 12
hours. The IPTMS modified nanoparticles were washed with toluene to remove
unreacted agents and re-dispersed in anhydrous toluene, and mixed with p-anisidine
(123.2 mg, 1 mmol) and triethylamine (TEA, 420 pL, 3 mmol). The solution was
refluxed under N, for another 24 hours. The final product was centrifuged and washed
with toluene, methanol and water to be ready for drug/dye loading process.

Synthesis of 1-Methyl-1H-benzimidazole (MBI) Nanovalve: MCM-41 (100 mg) was
washed and dispersed in anhydrous toluene, mixed with
chloromethyltrimethoxysilane (15 pL) and refluxed for 12 hours. The modified
MCM-41 was washed by toluene and dimethyoformamide (DMF) and dispersed in 8
ml DMF. Tetrabutyammonium iodide (2 mg), benzimidazole (12 mg) and
triethylamine (150 pL) were added into the solution and the mixture was heated up to
70 T under N, for 24 hours. As-synthesized nanoparticles were washed with DMF,

methanol and water thoroughly.
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Surfactant Template Extraction: Nanovalve-modified MCM-41 (100 mg) was
dispersed in methanol (60 mL), mixed with concentrated HCI (12 M, 2.3 mL) and
refluxed for 8 hours under N, and then washed extensively with methanol and water.
Drug Loading and Washing: 10 mg of nanovalve-modified MCM-41 was suspended
in MXF PBS solution at various concentrations overnight. f-CD (40 mg) was added
to the suspension and mixed for 12 hours to make sure the capping molecule reached
an equilibrium with stalks on the nanoparticle surface. Loaded and capped
nanoparticles (10 mg) were centrifuged down in a 2 mL tube and the supernate kept
for UV-Vis absorbance measurement. Filtered PBS was added into the tube and
nanoparticles were suspended and sonicated again. This washing process was
repeated and the number of times the nanoparticles were washed was the same for
each group being compared.

Uptake Capacity and Release Capacity Measurement: After measuring UV-Vis
absorbance of MXF remaining in the PBS loading solution and of standard MXF PBS
solution with known concentrations of 0.01 mM, 0.02 mM and 0.025 mM MXEF, the
amount of unloaded MXF concentration was calculated based on Beer’s law. Uptake
capacity (wt %) = [(WMXF before loading — WMXEF after loading) / Wparticle)] x
100 %. In the optimization experiments, the loaded MSN-MXF particles were
dispersed in pH 4.5 HCI solution for 24 hours and then centrifuged down to measure
the concentration of MXF released into the supernate. Release capacity (wt %)

=( Wreleased MXF / Wparticle ) <100 %. In our in vitro and in vivo studies of the
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efficacy of the nanoparticles in treating F. tularensis infection, MSN-MXF was
dispersed in pH 1 HCI/DMSO solution to measure the maximum release capacity.
Stimulated Release Studies: To measure MXF release from MSNs and detect MXF
fluorescence emission in supernates, dried MSN-MXF powder was put in the corner
of a glass vial containing 10 mL DI water. A probe laser beam (5 mW 377 nm) was
passed through the supernatant fluid in the glass vial such that released MXF was
excited. The fluorescence was detected and collected by a charge-coupled device
(CCD) detector and a computer at 1 s intervals over the course of the experiment.
Baseline spectra were collected for 1 hour to confirm that there was no MXF leakage,
and then 1 M HCI solution was added to adjust the pH to 4.5. The release profile was
the plot of the integrated emission peak area between 480 nm to 520 nm as a function
of time.

Physisochemical Characterization of Nanovalve Modified 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 DI water.

Bacteria: F. tularensis subsp. holarctica Live Vaccine Strain (LVS) was obtained
from Centers for Disease Control and Prevention (Atlanta, GA). LVS glycerol stocks
were prepared as described and stored at -80<C.** For in vitro macrophage
experiments, a vial of the LVS frozen glycerol stock was thawed in a 37 <C water

bath and cultivated on GCII chocolate agar plates for 3 days before use. For in vivo

73



mouse experiments, a vial of pre-titered LVS frozen stock was used directly to infect
mice and immediately afterward serially diluted and plated on GCII chocolate agar to
confirm the bacterial numbers used to infect. For fluorescence studies, LVS
expressing superfolder green fluorescent protein (LVS-GFP) was grown on GCII
chocolate agar containing kanamycin at a concentration of 10 ug/mL for 3 days prior
to use for infecting macrophages.

Macrophages: Human peripheral blood monocytes were prepared from the blood of
healthy donors and cultivated in Teflon wells for 5 days to differentiate them into
monocyte derived macrophages.” Human THP-1 monocytic cells (American Type
Culture Collection, TIB-202) were maintained in RPMI-1640 (Lonza) supplemented
with 10% fetal bovine serum (Mediatech), 2 mM GlutaMAX (Life Technology),
penicillin (100 IU) and streptomycin (100 pg/mL) at 37 °C, 5% CO, — 95% air
atmosphere. Prior to usage, THP-1 cells were differentiated into macrophages with
100 nM phorbol 12-myristate 13-acetate (PMA; Sigma) in antibiotic-free RPMI with
10% fetal bovine serum.

Assessment of MSN Efficacy in Macrophages: PMA-differentiated THP-1 cells were
plated at 1 x 10° cells per 200 pL per well in 96-well plates (Matrical) and infected
with 10° F. tularensis LVS for 90 min. The infected THP-1 macrophages were
washed and incubated with fresh medium alone or fresh medium containing MXF,
control MSNs (no MXF loading) or MXF-loaded MSNs. F. tularensis LVS infection
and growth in THP-1 macrophages was determined by harvesting the bacteria from

the infected macrophages at 2 hours and 1 day post infection. For all treatment groups,
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the infected macrophage cultures were incubated in the continued presence of the
treatment for one day (the free drug or nanoparticles were neither washed away nor
re-added). Thereafter, F. tularensis LVS was harvested from the infected
macrophages to assess the effect of treatment. The bacteria were harvested by lysing
the macrophage monolayers with 1% saponin in PBS for 5 min at room temperature,
serially diluted, and plated on GCII chocolate agar. Bacterial colony forming units
(CFU) on agar plates were enumerated after incubation at 37 <C for 3 days.

Assessment of MSN Efficacy in Mice: Animal procedures were conducted according
to protocols approved by the UCLA Animal Research Committee and NIH Guidelines
for the Care and Use of Laboratory Animals in Research. In two experiments
(Experiment 1 and Experiment 2), female Balb/c mice (Taconic) of approximately 18
g were provided with standard diet ad libitum and acclimated for one week. Mice
were infected by the intranasal route with ~8000 (Experiment 1) or ~4000
(Experiment 2) CFU of F. tularensis LVS. Two mice were euthanized 5 hours after
intranasal infection (day 0) to determine the number of bacteria delivered to the lung
at the start of the experiment. An additional 3 mice were euthanized one day later (day
1) to determine bacterial growth during that period of time. Mice were then
sham-treated or treated with MXF or MSN-MBI-MXF by tail vein injection every
other day (day 1, day 3, and day 5) for a total of 3 treatments. Mice were euthanized
one day after the last treatment (day 6). Lungs, livers, and spleens from infected mice
that were sham-treated or treated with MXF or MSN-MBI-MXF were homogenized

and serially diluted for plating on GCII chocolate agar containing sulfamethoxazole
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(40 pg/mL), trimethoprim (8 pg/mL), and erythromycin (50 pg/mL). Bacterial CFU
on the agar plates were enumerated after incubation at 37 <C for 4 days.

Median-Effect Plots: We used median-effect plots®® to compare the relative efficacy of
MSN-MBI-MXF and free MXF. The fraction of inhibition for samples treated with
different amounts 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 MSN-MBI-MXF or MXF/log CFU from untreated sample). A
median-effect plot for MSN-MBI-MXF or MXF was generated using MXF or MXF
equivalent (MSNs) dose in base-10 logarithm as the X-axis and the fraction of
surviving bacteria divided by the fraction of killed bacteria in base-10 logarithm as
the Y-axis.

Statistics: Statistical analyses were performed using the Student’s t-test. A P value of

0.05 or less was considered statistically significant.
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3.6. Figures and Tables
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Figure 3.1. Chemical structures of the stalks (top) and caps (bottom) of two

nanovalves. Left: the ANA (stalk) and a-CD (cap); Right: the MBI (stalk) and -CD

(cap)
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Figure 3.2. (A). Attachment of two different pH-sensitive nanovalves on MCM-41
surface. When the stalk is protonated, the cap molecule a-CD or B-CD dissociates

from it due to the decrease of the binding constant between them. (B)
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MSN-MBI-MXF drug release profile. There is no leakage at pH 7, as indicated by the
flat baseline; drug release starts when the pH is lowered to 6 by addition of acid. (C)

TEM image of MCM-41 showing its hexagonal pore structure.
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Figure 3.3. (A) Uptake capacity of MSN-MBI with different inner mesopore charges
and stalk synthetic pathways. From left to right, samples are: slightly negatively
charged underivatized MSN with stalk MBI synthesized by pathway I; negatively
charged MSN-MBI by pathway I; positively charged MSN-MBI by pathway I;
negatively charged MSN-MBI by pathway II; and positively charged MSN-MBI by
Pathyway I: synthesize the whole stalk first and then attach it on

MCM-41; pathway II: attach first part of stalk on MCM-41 first and then synthesize
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the whole stalk. Negatively charged MCM-41 with nanovalve-MBI, synthesized by
pathway II has highest uptake capacity, and positively charged MCM-41 uptakes
almost nothing. (B) MSN mesopores modified (left to right) with amine (+),

unmodified silanol (-), or phosphonate (-).
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Figure 3.4. Confocal microscopy image of a F. tularensis- infected THP-1

macrophage that has taken up RITC-labeled MSN-MBI. Human macrophage-like
THP-1 cells were infected with GFP-expressing F. tularensis for 90 min, washed, and
incubated with 12.5 ng/mL of RITC-labeled 100 nm MSN-MBI. After 3 hours, the
cells were washed; the plasma membrane was stained with WGA-AlexaFluor 633; the
cells were fixed; and nuclei were stained with DAPI. (a) LVS-GFP (green, arrows)
and DAPI-stained nucleus (blue); (b) RITC-labeled MSN-MBI (red, arrowheads); (c)
merged red, green, and blue color image; (d) contours of the cell are stained with
WGA-AlexaFluor 633 (gray scale); (e) gray scale image superimposed onto merged
color image, with the WGA-AlexaFluor 633 gray scale channel made partially
transparent to allow the other channels to be seen. Scale bars, 10 pm. The experiment

was done twice with similar results.
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Figure 3.5. In vitro efficacy of MXF-loaded MSNs functionalized with two different
types of pH-sensitive nanovalves. Human THP-1 macrophages were infected with F.
tularensis LVS and treated with (A) MXF, (B) MSN-ANA-MXF or (C)
MSN-MBI-MXEF. Viable bacteria were determined by enumerating colony forming
units (CFU) of F. tularensis in the macrophage monolayer. Impact of the drug

released from (D) MSN-ANA-MXF and (E) MSN-MBI-MXF by maleate pH 1.8 was
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assessed in the infected macrophage bioassay. Data shown are means of triplicate

platings per macrophage monolayer, n = 1.
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Figure 3.6. Uptake and release capacity of negatively charged MSN-MBI loaded at
pH 4 or 7 and positively charged MSN-MBI loaded at pH 7, 10, or 12 MXF aqueous
solution. MXF has positive net charge in solution at pH < 7 and MCM-41 is
negatively charged. Decreasing the loading pH from 7 to 4 increases uptake
capacity, but, not release capacity because the nanovalve is open at pH 6 and particles
must be transferred to neutral solution before capping. Most of MXF diffuses out of
the pores because of these extra steps. At pH 7, positively charged MCM-41 repels
MXEF and leads to very low uptake and release capacities. MXF has negative charge
when solution pH > 7, and increasing pH dramatically improves uptake capacities.
However, loading at pH 12 does not lead to highest release capacity because particles

degrade in base solution within 24 hours.
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Figure 3.7. Uptake capacity, uptake efficiency and release capacity of phosphonated
MSN-MBI loaded in 20 mM MXF aqueous solution (pH 7), 20 mM MXF PBS
solution (pH 7.4) and 40 mM MXF PBS solution (pH 7.4). At same concentration 20
mM MXF, PBS loading increases the uptake more than 10 times than neutral water
and release capacity got increased to 6.2 wt%, which is more than 3 times of 1.7 wt%
from neutral loading. Increasing the loading concentration to 40 mM further improves
uptake capacity to almost 120 wt% and release capacity 8.1 wt%. In terms of uptake
efficiency, MSN-MBI uptakes around 70 % MXF from original solution for both 20

mM and 40 mM MXF loading.
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Figure 3.8. (A) Release profiles show that the more times the MSN are washed, the
lower the amount of residual and release capacity. When particles were washed 15
times, there was negligible residual drug detected from the particle surface (no
fluorescence detected). A small amount of residual was observed when drug loaded
particles were washed 8 times. The experiments were repeated three times and all of
them show the same relation between washing and release capacity. (B) The amount

of MXF washed away each time decreases as the number of washes increases; the
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decrease for each step is ~30 %. The first eight washes contribute ~95 % to the total

amount of MXF ultimately removed by washing.
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Figure 3.9. Treatment with MSN-MBI-MXF prevents weight loss caused by
pneumonic tularemia. A and B show two independent mouse experiments
(Experiment 1 and Experiment 2, respectively) in which the percentage change in
weight of F. tularensis-infected mice was monitored over the course of the
experiments. The mice were sham treated, treated with one of three doses of MXF
as a free drug, as indicated, or treated with MSN-MBI-MXF (loaded with 138 ug

MXF in Experiment 1 and 50 pg MXF in Experiment 2). Data shown are means of 3
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— 4 mice per group. The experiment was done twice and both experiments are shown

above.
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Figure 3.10. /n vivo efficacy of MSN-MBI-MXF assessed by assay of F. tularensis

burden in the mouse organs in two independent experiments, Experiment 1 (A and C)

and Experiment 2 (B and D). Mice were infected with F. tularensis LVS by the

intranasal route. (A and B) Bacterial burden in the lung was monitored over the

course of infection. One day post-infection, mice were sham treated, treated with one

of three doses of free MXF, as indicated, or treated with MSN-MBI-MXF (loaded

with 138 pg in Experiment 1 shown in A and 50 pg in Experiment 2 shown in B) by

tail vein injection on days 1, 3, and 5. (C and D) Mice were euthanized one day after
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the last dose of treatment (day 6) to enumerate bacterial numbers in the lung, liver,

and spleen. § Bacterial CFU below limit of detection. *P < 0.05 by one-tailed t-test.

Data shown are means + S.E. for 3 — 4 mice per group. The experiment was done

twice and both experiments are shown above.

Table 3.1. MXF molecular species distribution under different pH

MXF Species in solution (calculated ratio %)
Positively charged Negatively Charged
pH 4 pH 7 pH7.4 pH 8 pH 10 pH 12
*H,N...COOH 99.50 16.60 7.30 1.90 0.01 0.01
"H,N...COO 0.49 83.30 87.80 93.50 16.60 0.20
HN...COO" 0.01 0.10 4.80 4.60 83.30 99.79

% fully protonated form ("HoN...COOH) = 100 / (1+10PPKal 4 1¥"PH-pKal-pKazy "o
zwitterions ("HoN...COOHY) = 100 / (1+10PX*PH 1 10PHPKa2y "of fy]ly deprotonated
form (HN...COOH") = 100 - % ("H,N...COOH) - % ("H,N...COOH)*®

Table 3.2. Uptake and release capacity of phosphonated MSN with pH sensitive

nanovalves
Sample Uptake capacity Release capacity (wt %)
(wt %)
MSN-ANA-MXF (a-CD cap) 2.8% 0.16 %
MSN-MBI-MXF (3-CD cap) 7.4% 1.02%

Table 3.3. Uptake capacity of MXF loaded MSN with different nanovalves (at low

concentration)

Sample Uptake capacity
(wt %)
MSN-ANA-MXF 20%
MSN-MBI-MXF 51.4%
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Chapter 4

Redox-triggered Release of Moxifloxacin from Mesoporous Silica Nanoparticles
Functionalized with Disulfide Snap-Tops Enhances Efficacy Against Pneumonic

Tularemia in Mice
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4.1. Abstract

Effective and rapid treatment of tularemia, especially the inhalational form, is
needed to reduce morbidity and mortality of this serious and potentially fatal
infectious disease. The etiologic agent of tularemia, Francisella tularensis, is a
facultative intracellular bacterial pathogen which infects and multiplies to high
numbers in macrophages. Nanotherapeutics are particularly promising for treatment
of infectious diseases caused by intracellular pathogens whose primary host cells are
macrophages because nanoparticles preferentially target and are avidly internalized by
macrophages. We have developed a mesoporous silica nanoparticle (MSN)
functionalized with disulfide snap-tops that has high drug loading and selectively
releases drug intracellularly in response to the intracellular redox potential. These
nanoparticles, when loaded with Hoechst fluorescent dye, release their cargo
exclusively intracellularly and stain the nuclei of macrophages. We demonstrate the
utility of the nanoparticles by comparing the efficacy of the antibiotic moxifloxacin
delivered by MSNs vs. administered as free drug in macrophages infected with F.
tularensis and in a mouse model of pneumonic tularemia. The MSNs loaded with
moxifloxacin killed F. tularensis in macrophages in a dose-dependent fashion and had
the same potency as an equivalent amount of free drug. In vivo, MSNs loaded with
moxifloxacin prevented weight loss, illness, and death in the F. tularensis challenged
mice, markedly reduced the organ burden of F. tularensis in the lung, liver and spleen,
and were significantly more efficacious than an equivalent amount of free drug. This

study provides an important proof-of-principle for the potential therapeutic use of a
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novel nanoparticle drug delivery platform.
4.2. Introduction

Francisella tularensis is a highly infectious bacterium that causes a life
threatening disease, tularemia. Inhalation of as few as 25 bacteria is sufficient to cause
severe illness. Its extremely high infectivity, ease of dissemination by the air borne
route, and capacity to cause severe disease motivated its development as a biological
weapon by Japan during the second World War? and by both the U.S. and the former
Soviet Union during the cold war.®>  Although effective antibiotics for treatment of
tularemia are available, intensive care is frequently required, relapse and
complications are frequent, and the infection can be fatal even with appropriate
treatment. Concern over its potential for use as a biological weapon has led to its
federal classification as a Tier 1 Select Agent. It has been estimated that deliberate
dispersal of F. tularensis over a large city would overwhelm health care facilities and
result in thousands of deaths.* Development of more effective treatment for tularemia
has the potential to reduce the number of patients requiring intensive care and to
reduce the duration that such care is required. Because F. tularensis causes disease
primarily by replicating intracellularly within host macrophages,” a delivery strategy
that targets macrophages and delivers high concentrations of antibiotic to the
macrophages has the potential to provide more effective treatment.

After systemic administration, nanoparticles are avidly taken up by
macrophages of the mononuclear phagocyte system in the lung, liver, and spleen.®®

Because these are the cells infected by F. tularensis, a nanoparticle delivery system
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has the potential to deliver high concentrations of antibiotic to the site of infection
while minimizing systemic exposure. Nanoparticles also have several other
advantages over free drug, including shielding the drug from metabolism and
excretion and providing more favorable pharmacokinetics. While several different
nanoparticle delivery platforms have been studied for antibiotic delivery, including
liposomes, solid lipid particles, poly-L-lactide (PLGA), and biological materials such
as gelatin, chitosan, and alginates,” *> mesoporous silica nanoparticles (MSNs) offer
several important advantages, including structural and chemical stability, uniformity,
inherent lack of toxicity, capacity to encapsulate exceptionally high concentrations of
different types of cargo, and versatility in incorporating rational design features,
including stimulus responsive drug release systems.**’ In this work, we have
developed a stimulus-responsive MSN platform for treatment of tularemia that
delivers the antibiotic moxifloxacin (MXF) intracellularly in response to the
intracellular redox potential.

Living cells have more reducing power than extracellular medium or plasma
because of numerous redox couples that are kept primarily in the reduced state by
metabolic processes such as glycolysis, mitochondrial electron transport, and the
pentose phosphate pathway. These redox couples include NADH/NAD,;
NADPH/NADP; thioredoxin/oxidized-thioredoxin, cysteine/cystine, and glutathione
(GSH)/GSSG, with the latter redox couple being quantitatively the most abundant
inside cells, with cytosolic GSH concentrations in the 1 -10 mM range.'®

Extracellularly, in culture medium and in plasma, the cysteine/cystine redox couple is
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quantitatively the most important. Disulfide snap-top MSNs release cargo selectively
intracellularly because the redox potential is much lower in the intracellular than in
the extracellular environment!® % On the basis of the intracellular
glutathione/glutathione disulfide ratio, the redox potential is estimated to range from
-250 mV in rapidly dividing cells to -200 mV in differentiating cells to -160 mV in
cells undergoing apoptosis.?*  Different compartments within the cell also maintain
different ambient potentials; for example, based on the thioredoxin redox poise, the
cytoplasm, nucleus, and mitochondria exhibit redox potentials of -280, -300, and -340
mV, respectively.?’ On the other hand, the GSH/GSSG redox couple in plasma has a
redox potential of -140 mV?* and the much more abundant cysteine-cystine is even
more oxidized, with a redox potential of -80 mV.?* A similar situation is replicated
in cell culture model systems, as human cell lines regulate the redox state of the
cysteine-cystine couple in their culture medium to approximately -80 mV.** Prior to
addition to cultured cells, cysteine-free RPMI-1640 has a relatively high redox
potential of -37 mV and RPMI supplemented with 0.45 mM cysteine has a redox
potential of -182 mV.

While the concept of redox responsive disulfide snap-top functionalized

MSNSs has been reported previously,* %

their functionality in cells or in animals as a
means of effective antibiotic drug delivery to kill intracellular bacteria has not
previously been described. Although streptomycin and aminoglycosides are

historically considered the treatment of choice for tularemia, they cross membranes

poorly, have relatively high minimum inhibitory levels against F. tularensis, have side
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effects of ototoxicity and nephrotoxicity, and are difficult to administer. Doxycycline
or ciprofloxacin are recommended for post-exposure treatment in a mass casualty
setting.>  In contrast to aminoglycosides, fluoroquinolones cross membranes readily
and have much lower minimal inhibitory concentrations against F. tularensis.
Ciprofloxacin has been used successfully both in animal models of tularemia® and in
the treatment of clinical tularemia infections.?” In a mouse model of pneumonic
tularemia comparing ciprofloxacin, gatifloxacin, and MXF, while all three
fluorquinolones showed efficacy during the treatment phase, both MXF and
gatifloxacin were superior to ciprofloxacin in preventing relapse, indicating greater
efficacy in eradicating the F. tularensis.?® Because of its potent antimicrobial activity
against F. tularensis as well as potent activity against many other important
intracellular human pathogens, including Mycobacterium tuberculosis,® Listeria
monocytogenes,*® Mycoplasma, Chlamydia, Shigella, and Salmonella, we developed
our redox-responsive disulfide snap-top MSNs (MSN-SS-MXF) for delivery of MXF.
In this study, we demonstrate that our MSN-SS-MXF delivery platform
releases its antibiotic cargo intracellularly in macrophages, is effective in killing F.
tularensis in infected macrophages in a cell culture model, and is a much more
effective treatment than an equivalent amount of free drug in a mouse model of
pneumonic tularemia.
4.3. Results and Discussion
4.3.1. Synthesis of Disulfide Snap-top MSNs

To utilize MSNs to deliver MXF into macrophages and release the drug
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intracellularly in a controlled fashion, we developed a disulfide snap-top attached to
the surface of the MSN so as to trap drug inside mesopores. The synthesis procedure
is illustrated in Figure 4.1. A silane stalk (3-mercaptopropyl) trimethoxysilane was
attached on the surface of MSN first and then 1-adamantanethiol reacted with the
silane linker in the presence of the oxidant thiocyanogen to form a disulfide bond
(Figure 4.2). Disulfide modified MSN was then mixed with MXF PBS solution for 24
hours, followed by adding B-cyclodextrin (B-CD) as the capping molecule which
formed a stable complex with the adamantyl group. In reducing environments (e.g.
after addition of glutathione or after uptake by macrophages), the disulfide bond is
cleaved and cargo is released. The strong binding affinity between the adamantyl
group and B-CD ensure that cargo is trapped inside the pores and prevents premature
leakage before reaching target cells.

MXF is a fourth generation fluoroquinolone active against both Gram-positive
and Gram-negative bacteria. It has a UV-Vis maximum absorption peak at 288 nm in
PBS allowing spectroscopic measurement of its concentration. We measured the
absorbance of MXF in solution before and after loading the nanoparticles (Figure 4.3)
and used the difference in concentration to calculate the amount of MXF taken up by
the particles (including inside pore channels and on external surfaces). The mass of
MXF taken up by particles divided by the mass of MSNs is defined as “uptake
capacity” (expressed in wt%). After washing mechanized MSN with PBS sufficiently
to remove MXF from the outer surface, the nanoparticles were dispersed in deionized

water or PBS and then an excess amount of 2-mercaptoethanol was added to cleave
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the disulfide bond and release the drug. The mass of released MXF divided by the
mass of the particle is defined as “release capacity” (expressed in wt%)
4.3.2. Optimization of Uptake and Release Capacity

Release capacity of a nanoparticle delivery system is an important factor that
impacts in vivo efficacy, as a higher release capacity allows a greater amount of drug
to be delivered to target cells with the same number of MSNs. We exploited charge
interactions between the cargo molecules and the MSN inner pores to achieve a high
uptake and release capacity. MXF has two ionizable groups with pKa’s of 6.3 and 9.3,
and the extent to which the drug is positively charged, neutral, or negatively charged
is pH-dependent. Hence, the pH of the loading solution markedly impacts uptake
capacity. In PBS buffer with pH 7.4, 87.8% of MXF molecules are zwitterionic
species, 7.3% molecules are positively charged, and 4.8% are negatively charged.
We modified the inner pores of MSNs with either amine groups or phosphonate
groups to make the inner environment positively or negatively charged, respectively.
Positively charged cargo interacts electrostatically with negatively charged inner
pores, thereby increasing the uptake capacity; however, strong electrostatic interaction
between cargo molecules and pore channels may also slow the rate of cargo release.®
On the other hand, positively charged inner pores electrostatically repulse the
positively charged cargo molecules, thereby decreasing the uptake capacity but
facilitating and increasing the rate of cargo release.

Before attaching snap-top caps, we measured the uptake capacity of MSNs with

different inner pore charges and found that with positively charged mesopores the
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uptake capacity was near zero, indicating that it is too difficult for MXF molecules
with a positive net charge to diffuse into positively charged MSN channels. Use of
negatively charged inner pores dramatically increased the uptake capacity to 30 wt%
and the release capacity to 3 wt% (10 mM MXF in a volume of 1 mL PBS) (Table
4.2A). Other experiments showed that a further increase in negative charge on inner
pores does not improve uptake and release capacity. Inner pore modification was
achieved by co-condensation of two silanes, in which
diethylphosphatoethyltriethoxysilane (DEPETS) was mixed with tetraethyl
orthosilicate (TEOS) and then added to heated base solution in a dropwise fashion.
Different amounts of DEPETS (10pL, 25uL and 35 pL) were mixed with TEOS (60
ulL) to make more negatively charged inner pores, and these nanoparticles showed
similar release capacity of ~2-3 wt% under the same loading conditions (Table 4.2B).
This result suggested that the amount of phosphonate groups inside the pores is
saturated and hence the attraction of positively charged MXF molecules is
maximized.

We also tested loading MXF-SS in solutions of different pH because in acidic
solutions, most of MXF molecules are positively charged and interact with negatively
charged inner pores, resulting in a higher uptake capacity. However, lowering pH may
also render phosphonate groups on inner pores partially protonated and thus less
negatively charged, resulting in a lower uptake capacity. Experiments showed that
loading with pH 3 MXF solution (1 mL 10 mM) resulted in 9.6 wt% uptake capacity,

which is much lower than the 22.2 wt% uptake capacity obtained when loading with
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pH 7.4 MXF solution (1 mL 10 mM). The enhanced uptake capacity at pH 7.4 is due
to more negatively charged mesopores at this pH (Table 4.2C).

Moreover, we compared the uptake capacity of MSNs (10 mg) with 10 pmol
disulfide stalk surface coverage with that of MSNs with 20 pmol surface coverage.
We hypothesized that the higher surface coverage would cap more MXF molecules
inside the pores. However, we obtained uptake capacities of 22.2 wt% and 19.7 wt%
with surface coverage of 10 umol and 20 pmol, respectively, which indicated that
higher surface coverage with the silane stalks may increase the surface
hydrophobicity of MSNs and lower the uptake of the hydrophilic drug MXF (Table
4.2D). Therefore, 10 pmol disulfide stalk surface coverage provided a satisfactory
balance between hydrophobicity and capping MXF within pores so as to achieve high
uptake.

To obtain a higher uptake and release capacity, we loaded the same amount of
MSN-SS with a more concentrated MXF PBS solution (40 mM MXF in a volume of
1mL PBS vs. 10 mM MXEF in a volume of 1mL PBS). This yielded an uptake and
release capacity of 135 wt% and 51 wt%, respectively, the highest release capacity yet
obtained (Table 4.2E). This result indicates that the osmotic gradient of the loading
system is an additional major factor impacting uptake and release capacity of
MSN-SS-MXF. Considering a) the MSN’s inner pores charges; b) the MSN’s
concentration of phosphonate groups; ¢) the MSN’s disulfide stalk surface coverage; d)
the loading concentration of MXF; and e) the loading pH, we 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 pmol loaded with 1mL 40 mM MXF in
PBS solution (pH 7.4).
4.3.3. Measurement of MSN-SS-MXF Release Capacity

To obtain an accurate determination of MSN-SS-MXF release capacity, we used
two different methods of measurement, UV-Vis spectroscopy and F. novicida bioassay,
based on the physical property and biological activity of MXF, respectively.
Measuring dye/drug UV-Vis absorption in aqueous solution is commonly used to
determine release capacity. Because not all MXF molecules were released from
mesopores in PBS, we dispersed MSN-SS-MXF in DMSO with 2-mercaptoethanol to
completely release the MXF and determine the maximum release capacity. By UV-Vis
measurement, MSN-SS-MXF released 9 wt% MXEF in pure PBS, and after adding
2-mercaptoethanol, released a total of 21 wt% MXF. When MSN-SS-MXF is
dispersed in DMSO, B-CD dissociates from the adamantyl group because of
hydrophobic-hydrophobic interaction with DMSO. As shown in Table 4.1, by UV-Vis
measurement, MSN-SS-MXF released 73 wt% MXF in pure DMSO, and the release
capacity increased further to 133 wt% upon the addition of a reducing agent to cleave
the disulfide bond. We suspected that this may reflect dissociation by DMSO of some
byproducts from the MSN surface that overlap with MXF in their absorption spectrum,
thus causing the DMSO eluates to overestimate the drug release capacity. To
circumvent this complication, we developed a bioassay, based on inhibition of F.
novicida growth in broth, to measure the amount of drug released from

MSN-SS-MXF in PBS or DMSO with and without 2-mercaptoethanol. Using the F
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novicida bioassay, we measured a release capacity for MSN-SS-MXF of 12 wt% in
PBS and a total of 18 wt% after addition of reductant, similar to the measurements
obtained by UV spectroscopy under these aqueous conditions. However, when
MSN-SS-MXF was dispersed in DMSO and DMSO with 2-mercaptoethanol, the
bioassay measurement showed a release capacity of 48 wt% and 51 wt% respectively,
lower than the 73 wt% and 133 wt% determined by UV-Vis spectroscopy. The high
release capacity in DMSO alone and the minimal increase with the addition of
2-mercaptoethanol indicates that dissociation of B-CD from the adamantyl stalk has a
release effect similar to disulfide bond cleavage. From these studies, we concluded
that the release capacity of 51 wt%, measured by the bioassay, is the most accurate
measurement of the maximum release capacity for MXF.
4.3.4. Disulfide Snap-Top MSNs Release Cargo at Physiological GSH
Concentrations

Quantitatively, GSH is the major reducing agent in cells, with intracellular
concentrations of approximately 10 mM in healthy cells.** ** To determine whether
the disulfide snap-tops operate at physiological concentrations of GSH, we loaded
disulfide snap-top MSNs with Hoechst 33342, a membrane permeant probe for
double-stranded DNA, and incubated them with 0 — 16 mM GSH in PBS for 18 hours
at room temperature. The nanoparticles were pelleted by centrifugation and the
supernates were diluted 20-fold with RPMI culture medium and added to monolayers
of human macrophage-like THP-1 cells. The cells were incubated for 3 hours at 37 °C,

stained with WGA-AF633 to label the plasma membranes, fixed, and the Hoechst
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staining of the nuclei measured by fluorescence microscopy. We observed
increasing Hoechst staining of the cell nuclei with increasing GSH concentrations in
the physiological 1 — 10 mM range, confirming that the snap-top valves function at
physiological intracellular concentrations of GSH (Figure 4.4).
4.3.5. Release of Cargo in Response to Intracellular Environment

To investigate whether the disulfide snap-top valves work properly inside of cells,
we used the MSNSs to deliver Hoechst 33342. We added Hoechst loaded disulfide
snap-top MSNs and eluate prepared from the MSNs in PBS (non-reducing condition)
to THP-1 macrophages and incubated at 37 <C for 18 hours. We observed that nuclei
of THP-1 cells were stained after incubation with Hoechst 33342 loaded disulfide
snap-top MSNs, but not after incubation with the PBS eluate of the MSNs (Figure
4.5). These results provide strong evidence that the disulfide snap-top valves open to
release cargo in the intracellular reducing environment.
4.3.6. Disulfide Snap-top MSNs are Taken Up by Human Macrophages and Kill
intracellular F. tularensis

We assessed the efficacy of the disulfide snap-top MSNs loaded with MXF
(MSN-SS-MXF) in a macrophage model of F. tularensis infection. We infected
THP-1 macrophages with F. tularensis Live Vaccine Strain (LVS) and treated the
infected macrophages with serial two-fold increasing concentrations of
MSN-SS-MXF or free MXF. The infected macrophages that were not treated were
lysed at 3 hours and 1 day post infection to monitor bacterial growth. All infected

macrophages that were treated were lysed at 1 day post infection to determine the
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impact of each treatment on bacterial viability in macrophages by enumerating colony
forming units (CFU).

While with no treatment the bacteria grew 2.5 logs in one day, treatment with
MSN-SS-MXF (6.25 — 400 ng/mL) or MXF (1 — 64 ng/mL) reduced bacterial CFU in
macrophages in a dose-dependent manner (Figure 4.6A and C). The amount of
releasable drug loaded on the disulfide snap-top MSNs was determined by the level of
bacterial killing using supernatants prepared from the MSNs under a) aqueous PBS
non-reducing condition; b) aqueous PBS with reducing agent 2-mercaptoethanol; and
c) organic DMSO with reducing agent 2-mercaptoethanol. By comparing the amount
of killing by supernatants prepared from MSN-SS-MXF with the amount of killing by
free drug (Figure 4.6C), we determined the releasable drug loading under aqueous
non-reducing, aqueous reducing, and organic reducing conditions to be 4.9 wt%, 9.9
wt% and 27.4 wt%, respectively. The higher percentage of drug release under organic
reducing conditions indicates that MXF is strongly absorbed to MSN through
hydrophobic interactions. Hence, in addition to a reducing condition, a hydrophobic
environment, such as DMSO or an intracellular environment is required for efficient
release of MXF from the disulfide snap-top MSN carrier.

Based on the drug release capacity of 27.4 wt%, the impact of MXF delivered
by various doses of the MSN-SS-MXEF in killing of F. tularensis LVS was compared
with that of free drug using a median-effect plot.** As shown in Figure 4.6D, the
median-effect plot of the MSN-SS-MXEF is almost superimposable on that of the free

drug, indicating that MXF delivered by the disulfide snap-top MSN has an efficacy
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equal to that of free MXF in the in vitro macrophage model of F. tularensis LVS
infection.

4.3.7. MSN-SS-MXF is Much More Efficacious Than an Equivalent Amount of
Free MXF in a Mouse Model of Pneumonic Tularemia

We assessed the efficacy of the MSN-SS-MXF in a mouse model of pneumonic
tularemia established previously for evaluation of vaccine candidates.®*™" In the first
of two experiments (Experiment 1), mice were infected by the intranasal route (i.n.)
with 4000 CFU of F. tularensis LVS, a dose equivalent to about 6 times the LDs,. One
day later, the bacterial number in the lung increased by 1.5 logs. Without treatment,
the bacteria continued to grow in the lung and disseminate to other organs. At the end
of the 6-day infection period, the bacterial number reached approximately 10 in the
lung and 10° - 10° in the liver and spleen (Figure 4.8A and C). One day after infection,
mice were treated with 50, 100 or 200 pg of free MXF or 260 pg of the
MSN-SS-MXF (loaded with 91 pg free MXF) per dose by tail vein injection every
other day for a total of 3 treatment doses. During the course of infection, sham
(PBS)-treated control mice suffered significant weight loss, whereas mice treated with
free MXF or MSN-SS-MXF maintained their body weights (Figure 4.7A).

Bacterial burden in the lung, liver and spleen was determined on Day 6, one day
after the last treatment dose. With 34.9 wt% release capacity measured under organic
reducing conditions, the total amount of intracellularly releasable MXF from 260 pg
of MSN-SS-MXF per treatment dose was calculated to be 91 pg. Treatment with

MSN-SS-MXF reduced the bacterial burden in the lung and spleen by 3.9- and
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4.3-logs, respectively; a reduction greater than that achieved by free MXF at the dose
of 200 pg (Figure 4.8C). MSN-SS-MXF treated animals also showed reduced
bacterial burden in the liver to a level below that of free MXF at a dose of 100 pg.
The differences in bacterial burden reduction in the lung and spleen between
treatment with MSN-SS-MXF loaded with 91 g MXF and treatment with an
equivalent amount of free MXF (adjusted mean computed from the logit scale linear
dose response curve for three doses of free drug as described in methods) were highly
significant with P-values of 0.00001 and 0.00002, respectively; however, in the liver,
the difference between treatment with MSN-SS-MXF and an equivalent amount of
free MXF did not reach statistical significance. These results demonstrate that
treatment with MSN-SS-MXF is more efficacious than treatment with an equivalent
amount of free MXF in the lung and spleen with an efficacy ratio (MSN-SS-MXF :
free MXF) of ~3-4 : 1 in the lung and spleen, and an efficacy ratio of ~1 : 1 in the
liver.

In Experiment 2, we assayed the efficacy MSN-SS-MXF using two doses (230 pg
and 460 pg) of the MSN [51 wt% release capacity] and three doses (50 pg, 150 pg
and 300 pg) of free MXF. Mice were infected by the intranasal route (i.n.) with 2400
CFU of F. tularensis LVS, a dose equivalent to about 4 times the LDso. Over the
course of the F. tularensis infection, weight loss in sham control mice was observed
after day 3 and declined steadily afterward to the end of the experiment (Figure 4.7B).
In contrast, there was no net weight loss for mice treated with free MXF or

MSN-SS-MXF. This confirms the observation made from the previous experiment

111



that the MSNs are well tolerated by the mice. Organ bacterial burdens were lowered
in mice treated with increasing concentrations of MXF administered as free drug. In
the lung, mice treated with 50, 150, and 300 pg of MXF reduced bacterial burden
from the level in sham-treated animals by 1.3, 2.3, and 2.9 log CFU, respectively.
With a 51 wt% release capacity, mice treated with 230 pg and 460 ug MSN-SS-MXF
per dose could release 117 ug and 235 ug MXEF in vivo. The differences in bacterial
burden reduction in the lung between mice treated with MSN-SS-MXF loaded with
117 or 235 pg MXF and mice treated with an equivalent amount of free MXF
(adjusted mean) were highly significant with a P-value of 0.0001 for MSN-SS-MXF
loaded with 117 pg MXF vs. an equivalent amount of free MXF and a P-value of
0.0006 for MSN-SS-MXF loaded with 235 g vs. an equivalent amount of free MXF.
Looked at another way, CFU in the lungs of mice treated with MSN-SS-MXF loaded
with 117 pg releasable MXF was 0.75 logs lower than that of mice treated with 300
ug of free MXF, the highest dose of free MXF tested in the experiment (Figure 4.8B).
Thus, MXF delivered by the disulfide snap-top MSN is more efficacious than 3-fold
the equivalent amount of free MXF in the lung.

Bacterial burden in the liver and spleen at 5 hours and 1 day post-infection
were below the limit of detection for the experiment. By day 6, treatment with both
doses of MSN-SS-MXF (loaded with 117 and 235 g MXF) kept bacterial CFU
below the level obtained by treatment with 300 pg MXF, the highest dose of free
MXEF tested in the experiment. In the spleen, the bacterial burdens in mice treated

with either dose of MSN-SS-MXF were below the experimental limit of detection. In
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contrast, F. tularensis LVS were detected in the liver as well as in the spleen of mice
treated with all three doses of free MXF (Figure 4.8D). In this second mouse
experiment, the difference in reduction of bacterial burden between mice treated with
MSN-SS-MXF loaded with 117 g MXF and mice treated with an equivalent amount
of free MXF (adjusted mean) was statistically significance for both the spleen (P
value = 0.00003) and the liver (P value = 0.002). These results demonstrate that
MSN-SS-MXF is much more efficacious than an equivalent amount of free MXF in
the lung, spleen, and liver with an efficacy ratio (MSN-SS-MXF : free MXF) of ~5: 1
in the lung, ~3 : 1 in the spleen, and ~3 : 1 in the liver.

We evaluated the biodistribution of the snap-top MSN following tail vein
injection 24 hours after single or repeated doses in infected mice by inductively
coupled plasma optical emission spectrometry (ICP-OES) analysis of the silicon
content in the animal organs. The MSNs were euthanized 24 hours after a single dose
(Figure 4.9A) or after 3 injections administered every other day over 5 days (Figure
4.9B). In both cases, the silica of the MSNs is found predominantly in the lung, liver,
and spleen, the same three organs that are preferentially targeted by F. tularensis.
Organs from infected mice that received repeated i.v. injections of PBS were also
subjected to ICP-OES analysis. The amount of silica found in these control organs
was negligible, indicating a very low background silica level in the organs (Figure
4.9C).

4.4. Conclusions

Numerous serious human infections, including those caused by
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Mycobacterium tuberculosis, Salmonella, Brucella, Legionella pneumophila, and F.
tularensis, are caused by microbes that replicate intracellularly in macrophages of the
mononuclear phagocyte system. These pathogens exploit the intra-macrophage niche
as a source of nutrients and a shelter against host defenses. The macrophage can also
pose an obstacle to conventionally administered antibiotics that must cross its plasma
membrane and often additional intracellular membranes enclosing the pathogen.
Because nanoparticles are preferentially internalized by macrophages of the
mononuclear phagocyte system, they are attractive as a drug delivery platform for
infections cause by these pathogens. A nanoparticle delivery platform that releases
drug exclusively intracellularly has the potential to release high concentrations of
drug into infected cells, thus providing for a greater killing efficacy relative to free
drug and at the same time limiting systemic exposure to the drug and off-target
toxicities. The nanoparticle delivery platform also has the potential to improve the
pharmacokinetic profile of the drug by shielding it from excretion and metabolism
before it reaches its target cells. Key to the success of such a nanoparticle delivery
system is a nanovalve mechanism that releases the drug cargo only after uptake of the
nanoparticle into the host cell. Several different mechanisms have been developed to
provide for autonomously controlled release of drug cargo from mechanized
nanoparticles in response to the intracellular environment, including pH, competitive
binding, enzymatic activation, and redox potential.>” % 3L 34 Each system has
unique chemistry and must be optimized for its drug cargo to achieve maximum

loading and controlled release. In the case of the important antibiotic MXF, we have
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demonstrated that we can achieve very high loading and controlled intracellular
release at physiological GSH levels using MSNs functionalized with disulfide
snap-tops. Indeed, loading and release of MXF into MSN-SS-MXF were far superior
(release capacity 5-fold greater) to that achieved in a previous study in which we
utilized pH-gated MSNs.* Consistent with this, the MSN-SS-MXF were more
efficacious than the MXF-loaded pH-gated MSNs in treating pneumonic tularemia in
mice, as evidenced by higher efficacy ratios vs. free drug in the lung, spleen, and
liver."* MSNs taken up by macrophages will enter the endosomal-lysosomal pathway,
which may have a lower concentration of GSH than the cytosol. In addition,
y-interferon (often elevated in infections) has been shown to lower GSH levels in
macrophages.” However, lysosomes have a powerful vy-interferon-inducible
lysosomal thiol reductase (GILT)*® capable of cleaving disulfide linkages, including
those present in P-CD-based polyrotaxanes therapeutics for lysosomal storage
disease.”’

Modification of the mesopores with phosphonate groups has allowed us to
increase the loading and release capacity of our MSNSs, and functionalization of the
MSNs with a disulfide-cleavable capping system provides for very tight closure of the
mesopores under extracellular conditions, preventing premature release of drug cargo,
yet allows for ready opening of mesopores and release of mesopore-bound drug cargo
in response to the intracellular environment. While redox-responsive disulfide gate
mechanisms have been described,™® ?° they have not previously been tested in vitro or

in vivo for safety or efficacy in the delivery of an antibiotic for treatment of an

115



intracellular pathogen. Ma et al. used a similar cap and thread system for delivery of
doxorubicin by disulfide snap-top MSNSs in a cell culture system and in zebra fish,*®
although we have used a different synthetic route for attaching the adamantane.
Most of the previously reported MSN disulfide-snap-tops have used a different
chemistry for their redox sensitive gates.**

We have shown that our disulfide snap-top MSN loaded with MXF is safe and
well tolerated in vitro and in vivo. Importantly, we demonstrated the successful
treatment of a serious infectious disease, pneumonic tularemia, using the
MSN-SS-MXF. In our cell culture model, the MSN-delivered MXF showed efficacy
equivalent to that of free MXF. In contrast, in our in vivo mouse model of pneumonic
tularemia, the MSN-delivered MXF was three to five times more efficacious than free
drug. The difference in efficacy ratios for our in vitro vs. in vivo models likely reflects
the fact that with the in vitro model, the macrophages in cell culture wells are exposed
to a constant concentration of drug over the course of the experiment whether it is
released from the MSNs or administered as free drug. In contrast, in the mouse model
of pneumonic tularemia, the efficacy of the MXF administered as free drug is reduced
because it is subject to metabolism and excretion and there is no preferential targeting
of free drug to tissues or cells that are infected by F. tularensis. Hence, the
MSN-delivered MXF can achieve higher levels in the infected tissues and host cells
than free MXF. Indeed our ICP-OES analysis demonstrated preferential uptake of the

MSN by lung, liver, and spleen, which are the main tissues infected by F. tularensis.

In addition, because MSN-encapsulated drug is shielded from metabolism and
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excretion, it is likely to have a more favorable Area Under the Curve/Minimal
Inhibitory Concentration (AUC/MIC) ratio compared with free drug. The 3- to 5-fold
enhanced efficacy of MSN-SS-MXF compared with free drug serves as
proof-of-principle that this platform has potential to provide more effective treatment
for tularemia as well as other important infections caused by bacteria that multiply
intracellularly in macrophages. With our current design, the MSNs passively target
infected macrophages, but it is likely that even greater enhancement of therapeutic
efficacy can be achieved by surface modifications (e.g. targeting to specific cellular
receptors) that further enhance targeting to infected tissues and uptake by
macrophages or by use of an aerosol delivery device that delivers the MSNs directly
to the lung, as has recently been demonstrated for liposomally encapsulated
ciprofloxacin in treatment of tularemia.®

4.5. Experimental Section

Materials:  Cetyltrimethylammonium bromide (CTAB, 95%), tetraorthoethyl-silicate
(TEOS, 98%) 3-(trihydro-xysilyl)propyl methylphosphonate (42% in H,0),
l-adamantanethiol  (95%), 2-mercaptoethanol, lead thiocyanate (99.5%),
B-cyclodextrin (>97%), Hoechst 33342 (>97%), 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).
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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 H,O (120 mL) and NaOH (875 uL, 2 M). The
mixture was heated to 80 < and kept stable for 30 minutes, followed by adding a
mixture of tetraethyl orthosilicate (TEQS, 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 hours and
as-synthesized nanoparticles were centrifuged and washed thoroughly with methanol.
Disulfide Snap-top Attachment on Phosphonated MSNs: MCM-41 (100 mg) was
dispersed into dry toluene (10 mL), mixed with (3-mercaptopropyl) trimethoxysilane
(24 pL, 0.1mmol), and refluxed for 12 hours 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. 1l-adamantanethiol (17 mg, 0.1
mmole) 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.

Loading of MXF and Drug Release Test by Continuously Monitored Fluorescence

Spectroscopy: MCM-41 (10 mg) with disulfide snap-tops was suspended in 1 mL of
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40 mM MXF in PBS solution and rotated overnight. B-cyclodextrin (40 mg) was
added into the solution as capping agent to prevent the drug from leaking out. After
mixing the solution for another 12 hours, MXF loaded MCM-41 with disulfide
snap-tops (MSN-SS-MXF) was dried under vacuum overnight. Release of MXF from
MSN-SS-MXF in solution was measured by fluorescence spectroscopy using a 5 mwW
377 nm laser beam to excite MXF in solution within a glass vial and a charge coupled
device (CCD) connected to a computer to detect and collect emitted fluorescence.
Specifically, the dried MSN-SS-MXF powder was put at a corner of the bottom of the
glass vial containing 10 mL DI water. Baseline fluorescence spectra were collected for
1 hour to establish that there was no MXF leakage, and then 2-mercaptoethanol (200
pL) was added to the suspension. This resulted in a dramatic increase in fluorescence
emission in the supernatant fluid, indicating release of MXF. A release profile was
constructed by integration of MXF emission peak area from 480 nm to 520 nm. After
collecting data for 17 hours, by which time the MXF was released completely, the
MXF concentration in the solution was calculated based on the UV-Vis spectrum and
standard curve by Beer’s law.

Bacteria: Francisella tularensis subsp. holarctica Live Vaccine Strain (LVS) was
obtained from the Centers for Disease Control and Prevention (Atlanta, GA). For in
vitro experiments, LVS was grown from frozen stock on GCII chocolate agar plates
for 3 days prior to being used to infect macrophages. For in vivo experiments,
pre-titered LVS frozen stock was used directly to infect mice and was serially diluted

and plated on agar plates after infection to confirm bacterial CFU in the stock. For use
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in the bioassay, F. tularensis subsp. novicida strain Utah 112 (F. novicida) was grown
at 37 <C with aeration in trypticase soy broth supplemented with 0.2% cysteine
(TSBC).

F. novicida Bioassay: MXF was eluted from 1 mg/mL of MSN-SS-MXF under a)
aqueous conditions by PBS; b) aqueous reducing conditions by PBS and
2-mercaptoethanol; and c¢) organic reducing conditions by DMSO and
2-mercaptoethanol; mixed by end-to-end rotation for 1 hour at room temperature; and
centrifuged at 10,000 g for 10 min. The supernates (1.5 puL) were added to F
novicida in 3 mL trypticase soy broth supplemented with 0.2% L-cysteine (TSBC) at
a starting optical density (O.D.) at 540 nm of 0.05. F. novicida broth cultures were
grown at 37 <C with shaking at 200 rpm for 6 hours. At the end of the incubation, the
O.D. of the bacterial broth cultures was measured. The amount of releasable MXF
from the nanoparticles was determined by comparing the O.D. of the bacterial
cultures treated with the supernates to the O.D. of the cultures treated with standard
concentrations of MXF.

Macrophages: Human monocytic THP-1 cells (ATCC TIB 202) were maintained in
RPMI-1640 (Lonza) with 10% fetal bovine serum (Cellgro), 2 mM GlutaMAX (Life
Technology), penicillin (100 1U) and streptomycin (100 pg/mL). Prior to use, the
THP-1 cells were suspended in culture medium without antibiotics and treated with
100 nM phorbol 12-myristate 13-acetate (PMA; Sigma) for 3 days to mature the cells
into a macrophage-like cell type.

Efficacy in Killing F. tularensis in Infected Macrophages:PMA-differentiated THP-1
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macrophages were infected with F. tularensis LVS at a multiplicity of infection ratio
of 10 bacteria to 1 THP-1 cell for 90 min at 37 <C, 5% CO, — 95% air atmosphere.
Infected monolayers were washed to remove extracellular bacteria. Fresh medium
with or without MXF or MSN-SS-MXF was added to the infected macrophage
monolayer. The cultures were incubated in the continued presence of the treatment for
one day. F. tularensis LVS was harvested from untreated cultures at 30 min and 1 day
post infection to determine bacterial growth without treatment and from infected
cultures at 1 day to assess the effect of treatment. The bacteria were harvested by
lysing the infected macrophages with 1% saponin in PBS and the lysate was serially
diluted and plated on GCII chocolate agar plates. Bacterial CFU on agar plates were
counted after incubation at 37 C, 5% CO, — 95% air atmosphere for 3 days.

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 one week. Mice were infected by the intranasal route with 4000 —
8,000 CFU of F. tularensis LVS, a dose equivalent to about 6-12 times the LDsg
respectively. Two mice were euthanized 5 hours after infection (day 0) to establish the
number of bacteria in the lung at the start of the experiment. An additional 3 mice
were euthanized one day 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 3

treatments). Mice were euthanized one day after the last treatment (day 6). Lungs,
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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 pg/mL), trimethoprim (8 pg/mL), and erythromycin (50 pg/mL)
to prevent growth of contaminants. The agar plates were incubated at 37 <C for 4 days
at which time the number of bacterial colonies on each plate was counted.
Biodistribution of MSN-SS-MXF In Vivo: F. tularensis-infected mice were either
sham-treated (3 mice) or treated with MSN-SS-MXF once (3 mice) or 3 times over 5
days (3 mice) and euthanized 24 hours later, at which time their organs were
harvested, homogenized in PBS, digested with 0.1% HNOj; and analyzed by
ICP-OES (ICPE-9000, SHIMADZU, Japan).

Median-effect Plots: Relative efficacies of free MXF and MSN-SS-MXF were
subjected to median effect analysis. The fraction of inhibition for samples treated with
different amount 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** 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 bacteria divided by the fraction of killed
bacteria in base-10 logarithm as the Y-axis.

Statistics: Statistical analyses were performed using GraphPad Prism software

(version 5.01) and R 3.2. Means were compared across groups using one way
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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 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 or less was considered statistically significant.

Study approval: All experiments with mice were conducted within the guidelines and
according to the protocol approved by the UCLA Institutional Animal Care and Use

Committee.
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4.6. Figures and Tables
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Figure 4.1. Disulfide snap-top system synthesis and release mechanism. (A) First, a

silane stalk (3-mercaptopropyl) trimethoxysilane is attached to the surface of the
MSN. Subsequently, 1l-adamantanethiol is reacted with the silane linker in the

presence of the oxidant thiocyanogen to form a disulfide bond. Disulfide modified
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MSNs are then loaded with MXF, followed by the addition of B-cyclodextrin (B-CD)

as the capping molecule. (B) The disulfide bond on the thread is cleaved by the

reducing agent, 2-mercaptoethanol in the laboratory or glutathione inside cells,

removing the bulky B-CD cap and releasing MXF from the pores of the nanoparticle.
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Figure 4.2. Adamantyl group attachment was confirmed by 13C-CPMS NMR

spectroscopy
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Figure 4.3. MSN-SS-MXEF is released by MXF in DI water when 2-mercaptoethanol

is added and cleaves the disulfide bond.
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Figure 4.4. Hoechst dye release from MSN-SS snap-top by physiological
concentrations of GSH. Snap-Top nanoparticles (1 mg/mL) loaded with the
membrane permeant DNA stain Hoechst 33342 were incubated with various
concentrations of GSH ranging from 0 — 16 mM, as indicated, overnight at room
temperature. The nanoparticles were pelleted by centrifugation and the supernate
was diluted 20-fold with RPMI culture medium and added to THP-1 cells. Cells were
incubated for 3 hours at 37 °C, stained with WGA-AlexaFluor 633, fixed, and
examined by fluorescence microscopy with fixed exposure and gain settings. Data are
relative fluorescence intensity of the Hoechst staining per cell as quantitated using

CellProfiler.
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Figure 4.5. MSN-SS-Hoechst but not their PBS eluates stain the nuclei of THP-1 cells.
THP-1 macrophages were incubated with snap-top MSNSs loaded with the membrane
permeant DNA stain Heochst 33342 (MSN-SS-Hoechst) or the PBS elulate from
MSN-SS-Hoechst for 18 h, fixed with 4% paraformaldehyde, and incubated with
Alexa Fluor 633-conjugated wheat germ agglutanin (WGA) to stain the plasma
membrane of the cells. Images were acquired with a Nikon Optishot microscope
equipped with SPOT RKT camera using SPOT software and fixed exposure and gain

settings.
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Figure 4.6. MSN-SS-MXF is as effective as MXF in killing F. tularensis in human
macrophages. PMA-differentiated THP-1 macrophages were infected with F.
tularensis LVS and treated with various doses of MSN-SS-MXF (A), eluates prepared
from MSN-SS-MXF incubated in aqueous PBS with and without reducing agent
2-mercaptoethanol (BME) or in DMSO with BME (B) or free MXF (C). Bacterial
colony forming units (CFU) in the macrophages with or without treatment were
determined at 30 min and 24 hours post infection. (D) The impact of MSN-SS-MXF
and MXF treatment on bacterial viability was compared using median-effect analysis.
Median-effect curves generated by CompuSyn for free MXF and an equivalent
amount of MXF on the nanoparticle (MSN) were plotted in the same graph. Log(D) is

dose of free MXF or MXF equivalent of MSN-SS-MXF in logarithm; Log(Fa/Fu) is
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the division of the fraction of bacteria killed (Fa) by the fraction of bacteria surviving

(Fu) in logarithm.
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Figure 4.7. 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 percentage change in weight of mice in two
independent experiments. The mice were sham-treated, treated with three different

doses of the broad spectrum antibiotic MXF administered as a free drug, or treated
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with one or two doses of MSN-SS-MXF, as indicated.
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Figure 4.8. In vivo efficacy of MSN-SS-MXF in two independent experiments,
Experiment 1 (A and C) and Experiment 2 (B and D). Mice were infected with F.
tularensis LVS by the intranasal route. (A and B) Bacterial burden in the lung was
monitored over the course of infection. One day post-infection, mice were
sham-treated (3 mice/group), treated with one of the three doses of free MXF as
indicated (3 mice/group), or treated with MXF delivered by the disulfide snap-top
MSN (MSN-SS-MXF) by tail vein injection (4 mice/group). (C and D) 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. The equivalent amount
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of free MXF for the MSN-SS-MXF is shown in parenthesis. Statistics were analyzed
using one-way ANOVA with Bonferroni post-test correction. **p < 0.01, ***p <

0.001. Error bars represent standard errors. 8Bacterial CFU below limit of detection.
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Figure 4.9. Distribution of MSN-SS-MXF in animal organs. Mice were injected via

tail vein with a single dose (A) or three doses (B) of MSN-SS-MXF (460 pg) every

other day over 5 days or sham-treated with three doses PBS every other day over 5

days

(C) and euthanized 24 hours after the last injection. Lung, liver, spleen, heart

and kidney were assayed for silica by ICP-OES analysis. A similar distribution pattern

is observed after a single (A) or three repeated injections (B) of MSN-SS-MXF, with

the majority of the silica found in the liver, lung and spleen. Sham-treated mice

showed low background levels of silica in their organs; note different scales in the

three figures (C). Data represent means *standard errors of results from 3 mice per

experimental condition with 3 technical repeats per mouse.
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Table 4.1. MSN-SS-MXEF release capacity measurement with methods I and Il

Measurement PBS (wt%o) PBS +p-ME DMSO DMSO
+p-ME
UV-Vis 9.14 % 21.11 % 72.68 % 133.28 %
Bioassay 11.97 % 18.05 % 48.00 % 51.26 %

Table 4.2. Optimization of Uptake and Release Capacity

A. Influence of inner pore charges on MSNs uptake and release capacities

Inner Pore Charges Uptake Capacity (wt%) Release Capacity (wt%)
Positive ~0 ~0
Negative 30.0 3.0

B. Influence of amount of phosphonate groups on MSN-SS uptake and release

capacities

Amount of DEPETS (uL) | Uptake Capacity (wt%) Release Capacity (wt%)

10 28.8 2.9
25 17.0 2.4
35 22.0 2.1

C. Influence of loading pH on MSN-SS uptake capacity

Loading pH Uptake Capacity (wt%)
3 9.6
7.4 22.2

D. Influence of disulfide stalk surface coverage on MSN-SS uptake capacity

Amount of Disulfide Stalk Surface Uptake Capacity (wt%)
Coverage (10 mg MSNs)
10 pmol 22.2
20 pmol 19.7
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E. Influence of MXF loading concentration on MSN-SS uptake and release capacities

MXF Loading Uptake Capacity Release Capacity (wt%)
Concentration (Wt%)

10 mM 30 3

40 mM 135 ol
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Chapter 5

Measurement of Uptake and Release Capacities of Fe;0,@SiO, Mesoporous Silica
Nanoparticles Modified With pH-Sensitive Nanovalve and its thermally triggered

release test
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5.1. Abstract

Uniformly size distributed Fe3O,@SiO, core/shell nanoparticles were synthesized,
with different core sizes and particle diameters. Fe;0,@SiO, has a radial mesopore
structure originating from the core instead of a 2D hexagonal mesoporous structure.
The central space occupation by iron oxide core and its surrounding stabilizing
ligands were expected to influence its capacity for loading. We have investigated how
much drug can be uptake and released with this specific structure. Hoechst 33342, a
fluorescent stain for DNA in nuclei was employed as the drug model. Experimental
results show that uptake capacity increases with loading concentrations and reaches a
saturation point of around 15 wt% when loaded from a 20 mM Hoechst solution. On
the other hand, the release capacity increases at first and reaches highest value at 10
mM Hoechst loading, and then gradually decreases due to increase of binding
between excess Hoechst and cyclodextrin (CD) caps from the pH-sensitive nanovalve
introduced in chapter 3. Therefore the optimal loading concentrations for uptake
capacity and release capacity are different. Moreover, we find that external heating
triggers a small amount of Hoechst release, compared with the release caused by pH
change. The Fe3O,4 core can generate heat and increase its surrounding temperature
under an oscillating magnetic field. However, the temperature change of
superparamagnetic Fe3O,4 exposed to oscillating magnetic pulses is not sufficient to
trigger the release of Hoechst or Propidium iodide (PI) effectively.
5.2. Introduction

There has been extensive research on utilizing mesoporous silica nanoparticle for

148



drug delivery by chemically modifying its outer surface with polymer, nanovalve,
protein, etc. We are making use of the inner space of MSNs, and synthesizing
mesoporous silica materials surrounding other materials to combine physical and
chemical properties of various materials. Magnetic nanocrystal is one of the nano
materials which can serve as a therapeutic and imaging reagent.! Combining magnetic
nano materials with MSNs helps induce hyperthermia effect and T,-weighted
magnetic resonance imaging contrast.? Iron oxide with diameter smaller than 20 nm
has single domain and behaves as superparamagnetic material.> With embedded iron
oxide, the Fe3O,@SiO; core/shell nanoparticle has the advantages of generating heat,
which can facilitate controlled drug release when exposed to oscillating magnetic
field, as well as targeting tissues through attraction of permanent magnet and serving
as MRI contrast to observe distribution for in vivo study.*®

The synthesis methods of Fe30,@SiO, have been developed for several years. It
is not difficult to coat FesO, with mesoporous silica layer; however, the resulting
core/shell nanoparticles always have a wide size distribution and imperfect sphere
shape. Moreover, the iron oxide core is not evenly embedded into each particle, and
the resulting particles may contain none, single, or multiple cores. Among the
reported methods, Hyeon? and co-workers successfully developed a method to make
uniformly dispersed and single core Fe;0,@SiO,, by adding ethyl acetate. Utilizing
this uniformly distributed single core Fe;0,@SiO,, we modified its surface with
pH-sensitive nanovalve to investigate its uptake and release capacities.**

Different from MCM-41 mesoporous silica nanoparticles, the uptake and release
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capacities of Fe30,@SiO, core/shell nanoparticle are lower because of radial porous
structure instead of 2D hexagonal array, central space occupation by Fe3;O4and the
stabilizing agent oleic acid surrounding iron oxide. Therefore it is important to
determine the optimal loading condition for Fe;O,@SiO, modified with pH-sensitive
nanovalve. In bio-application, the amount of silica nanoparticles that will be injected
into mice is determined based on its uptake and release capacities. A higher value of
release capacity indicates lower amount of silica nanoparticle, which in crucial to
prevent in vivo toxicity caused by excess materials. Moreover, external heating may
also affect the dissociation of cyclodextrin cap from organic moiety on the stalk. And
it is possible to make use of superparamagnetic iron oxide core to facilitate controlled
drug release in acidic environment by means of exposing to oscillating magnetic field.
5.3. Results and Discussion
5.3.1. Improvement of Fe;0,@SiO, Synthesis with Controlled Size Distribution
After transferring oleic acid stabilized Fe;O, from chloroform to CTAB aqueous
solution, we coated the Fe3O,4 core with mesoporous silica layer, following the same
method as synthesizing MCM-41. As shown in Figure 5.1, the as-synthesized
Fe3;0,@SiO; has a broad size distribution and some particles do not have Fe;O,4 core
inside. The Fe;0,@SiO,was synthesized using different amounts of NaOH solution
(70 pL, 60 pL, 50 pL, and 35 pL ) to adjust the hydrolysis and condensation rate. It is
shown that with lower amount of base in the reaction, we got single core
Fe3;0,@SiO, with a little narrower size distribution; however, there are many small

free mesoporous silica nanoparticles and crosslinks between each other.
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With modified methods reported by Hyeon, we synthesized Fe;O,@SiO, with much
more uniform size distribution than with previous method, and the diameters ranges
from 50 nm to 80 nm when using different concentrations of Fe3O4 as shown in
Figure 5.2. Moreover, this method can be applied for different size Fe3O4 cores as
shown in Figure 5.3. Core/shell particles with 10 nm and 20 nm Fe3O,4 core were
both successfully synthesized. We were using 10 nm Fe3O,@SiO, with a diameter of
50 nm as delivery model for further uptake and release capacity test.

We have the hypothesis that when ethyl acetate was mixed with the base solution,
there are two factors changed in the reaction: First the pH and second the TEOS
hydrolysis and condensation rate. Hydrolysis of ethyl acetate itself lowers the pH of
the reaction mixture (pH = 12), which increases the condensation rate. Moreover, one
of the ethyl acetate hydrolysis products is ethanol, which is also the product TEOS
hydrolysis, thus moving the TEOS hydrolysis reaction equilibrium to the left, and
slowing the hydrolysis rate. In a short period of time, fewer amounts of hydrolyzed
TEOS will lead to less silica formed in the condensation reaction.

5.3.2. The Uptake and Release Capacity of Fe;0,@SiO, Core/Shell Nanoparticle

The structure of pH-sensitive nanovalve and cargo molecule used in this model to
measure uptake and release capacities are shown in Figure 5.4A. The
N-phenylaminomethyltriethoxysilane (PHAMTES) stalk was attached on the outer
surface of 10 nm Fe;O,@SiO;, with 50 nm diameter. The a-CD interacts with the
stalk through hydrophobic-hydrophobic interaction with a high non-covalent binding

affinity at neutral or physiological pH. When the pH is lower than 3, the stalk is
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protonated, leading to dissociation of a-CD because of binding affinity decrease. As
as result, the mesopores will be unblocked and cargo molecules diffuse out.? Figure
5.4B shows the release profile of Hoechst from Fe3O,@SiO,. At pH 7, the
pH-sensitive nanovale is very tight to cap the cargo molecule inside the pores, and
there is no Hoechst leaking out as indicated by the flat baseline. When the pH is
adjusted to 3, there is a dramatic increase of Hoechst concentration detected by the
time-resolved fluorescence spectroscopy. After around five hours, the release profile
reached a plateau, which means the release process finished and there is an
equilibrium between the Hoechst concentrations inside and outside the pores. This
figure shows that Fe30,@SiO, enabled with a pH-sensitive nanovale can deliver and
release Hoechst as expected, and the radial mesopores can be tightly blocked by the
nanovalve.

In the loading and release process, uptake efficiency is defined as the percentage
of Hoechst that is taken up by FesO,@SiO, from the original loading solution.
Uptake capacity is defined as the weight of total Hoechst taken up by Fe3O,@SiO;
divided by the weight of particle, and release capacity is defined as the weight of
total released Hoechst from Fe;0,@SiO, divided by the weight of particle.™

After FesO,@SiO, was attached with pH-sensitive nanovalve, equal amounts of
the particles were loaded with various Hoechst concentrations in aqueous solutions,
ranging from 1 mM to 30 mM. the Fe;0,@SiO; particles were dispersed in the
loading solution for 24 hours and then mixed with a-CD to encircle the stalk and cap

the mesopores for 12 hours. Finally the test samples were centrifuged down in a 2 ml
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tube. The uptake efficiency was calculated from the Hoechst concentration difference
in the supernatant before and after loading, and the uptake capacity was calculated
with known particle weight after drying under vacuum. As shown in Figure 5.5A the
uptake efficiency was more than 90 % when loading in 1 mM Hoechst, and
decreased to around 20 % with 10 mM and 20 mM Hoechst, and finally down to
around 13 % with 30 mM Hoechst loading. So when the loading concentration is
very low at 1 mM, 90 % of the cargos diffuse into the pores, while this percentage
decreases to 20 % when loading concentration increases 10 or 20 fold. The weight of
Hoechst taken up by particles (inside the mesopores and absorbed on the outer
surface) shown in Table5.1 exhibits a clear uptake trend when increasing the loading
concentration. For the same amount of particles (17 mg), the Hoechst weight loaded
and absorbed increases from 0.57 mg to 2.49 mg. Comparing the experimental
results of 20 mM and 30 mM Hoechst loading, we found that even though the uptake
efficiency decreased from 20 % to 13 %, the actual amount of Hoechst taken up by
particles were almost the same. This is reflected when comparing the uptake capacity
shown in Figure 5.4. B. And this result implies that increase loading concentration
helps increase uptake capacity, however, there is a saturation point due to the total
surface area and total pore volume of Fe;0,@SiO,. Further increase of the
concentration above a certain value, e.g. 20 mM in our situation, won’t lead to higher
uptake, because the surface area of Fe3O,@SiO, was completely occupied by
Hoechst through both capping with a-CD and absorbing by electrostatic interaction.

We also investigated the release capacity for these particles loaded with different
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Hoechst concentrations. Before being dispersed in acidic aqueous solution for release
study, the Fe;0,@SiO;, particles were washed extensively with deionized water to get
rid of Hoechst absorbed on the outer surface of Fe;0,@SiO,, as well as from any
pores uncapped by the nanovalves. As shown in Table 1 and Figure 5.5. B., the
release capacity surprisingly increased from 0.6 wt % to 1.09 wt % and finally
deceased to 0.24 wt % when increasing loading concentrations. The explanation is
that when the Hoechst loading solution concentration is higher than 10 mM, the
organic moiety of unloaded Hoechst will compete with the PhAMTES stalk and bind
to a-CD, which leads to uncapping some of the mesopores and further leaking of
Hoechst. This is especially obvious when loading concentration goes up to 40 mM
with a lot of excess Hoechst in solution. When the concentration is low at 1 mM,
most of cargo is loaded and capped inside the pores and the amount of surplus
Hoechst is negligible compared with a-CD. In terms of the release capacity value, it
is lower than that of MCM-41 for two reasons. Firgt, with radial mesopore structure
Fe;04@Si0; has a surface area of 530 m?/g and total pore volume of 0.67 cc/g, while
MCM 41 has a surface area of 1000 m%g and total pore volume of 0.8 cc/g.
Therefore Fe;0,@SiO, has less inner surface absorption of hydrophilic dye through
electrostatic interaction and packing in the pores. Second, there are oleic acid ligands
as stabilizer around the Fe3O,4 core, and their hydrophobic hydrocarbon chain is
toward the silica shell which may decrease the hydrophilic cargo loading. Overall
among the four concentrations we applied for Fes0,@SiO; loading, 10 mM Hoechst

aqueous solution gives the highest release capacity, while 20 mM results in highest
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uptake capacity.
5.3.3. Influence of external heating / oscillating magnetic field on Hoechst
release from Fe;O0,@SiO;

It is known that temperature has impacts on molecule thermodynamic behaviors
and the binding affinity between host and guest molecules. We increased the bulk
solution temperature to investigate if increase of surrounding temperature will trigger
dissociation of CD from the stalk and dye release. At the same time, the release due to
external thermal heating was compared with the total amount of cargo released from
pH change. As shown in Figure 5.6., we loaded particles with Hoechst and PI to test
their release from Fe3O,@SiO, enabled with pH-sensitive nanovalves. The solid
particles were placed at the corner of a glass vial and the concentration of Hoechst/PlI
in the supernatant was detected by the time-resolved fluorescence spectroscopy.
Figure 5.6. A. shows that in the first hour, there was no Hoechst dye releasing from
the mesopores at pH 7. When the solution was heated up to 84 °C by external hotplate
heating, there was a slight increase of Hoechst fluorescence detected in the
supernatant. However, part of the increase was caused by the temperature sensitive
emission of Hoechst molecule, which was reflected by the decrease of fluorescence
intensity when external heating was turned off. After the particle solution cooled
down to room temperature for around one hour, HCI solution was added to adjust the
pH to 3 to release the rest of Hoechst from pores. Comparing the Hoechst release
from pH change and external heating, we found that more than 90 % of Hoechst was

released within 2 hours when lowering pH to 3, and less than 10 % Hoechst release
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was caused by external heating. Therefore external heating helps release small amount
of Hoechst, however, the total release amount is much less than that caused by pH
change. And the release rate in acidic solution at room temperature is higher than that
in heated solution.

Moreover, we loaded Fe;0,@SiO, with PI, which is another widely used cargo
molecule, considering its different size from Hoechst. As shown In Figure 5.6. B.,
there is no release in the first hour at pH 7 and room temperature. Heating up to 84 °C
helped release less than 5 % of Pl and most of PI got released afer adjusting the pH to
3. Both release results from two cargos indicate that heating itself cannot supply
sufficient energy for CD to dissociate from the stalk and trigger cargo release
effectively. This may be caused by the relative stable binding affinity between the
nanovalve stalk and cap within this temperature range (25 to 84 °C).

Superparamagnetic iron oxide can induce a huge temperature increase when
exposed to oscillating magnetic field. After coated with mesoporous silica shell and
placed in aqueous medium, the magnetic Fe3O,@SiO, increases local and
surrounding temperature to different extents depending on the oscillating magnetic
field intensity and particle size. As shown in Figure 5.7., 13.5 mg 10 nm Fe30,@SiO,
was placed in 1 mL of water in centrifuge tube and exposed to external oscillating
magnetic field for 40 minutes. The supernatant temperature increases from room
temperature 27 °C to a maximum of 38 °C within 25 minutes and is constant
thereafter due to equilibrium between heat generation and dissipation. This

experiment proves that the magnetic Fes0,@SiO, nanoparticles can generate heat
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under oscillating magnetic field. Taking into account the heat dissipation of solution
surround Fe;0,@Si0,, the particle surface temperature increase should be higher than
the bulk solution. We tested Fe;O0,@SiO, loaded with Hoechst or Pl under the
oscillating magnetic field to see if there is any thermally triggered release. As shown
in Figure 5.8. The fluorescence intensity was detected over time and an oscillating
magnetic pulse with duration of 2 minutes was applied 3 times for Hoechst loaded
particles and 6 times for Pl loaded particles. In terms of Hoechst, the oscillating
magnetic field caused spikes in the signal, and there is no obvious release based on
the fluorescence intensity profile. For PI, the gradually decrease of fluorescence
intensity indicated no release and it was possibly affected by oscillating magnetic
field. Comparing this experimental result with external heating, we think the particle
local temperature is much lower than 84 °C, which does not supply enough energy to
dissociate a-CD from the stalk and release the cargo.
5.4. Conclusions

We successfully synthesized uniformly distributed and well dispersed
Fe;0,@SiO, by adding ethyl acetate into the reaction mixture and used this synthesis
with 10nm and 20 nm Fesz04, as well as various Fe;O, concentrations to obtain
different sizes of core/shell nanoparticle. We chose the 10 nm Fe;O4 with 50 nm silica
shell diameter to test its uptake and release capacity with Hoechst as cargo molecule.
The core/shell particles were modified with pH-sensitive nanovalves to trap Hoechst
and the release was triggered at pH 3. The experimental results show that when the

loading concentrations increase from 1 mM to 40 nm, the highest uptake capacity is
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reached at 20 mM, while the highest release capacity is reached at 10 mM Hoechst
loading. The pores are saturated with Hoechst when loading concentration is higher
than 20 mM as calculated from the weight of Hoechst taken up by the particles. In
other words, high uptake capacity does not necessarily mean high release capacity,
because there may be a lot drug absorbed on the outer surface or loaded in the
uncapped pores, and those cargo molecules will be removed in the sample washing
process. Moreover, there is competitive binding between Hoechst and the stalk
organic moiety to a-CD. Therefore it is of importance to find an optimal loading
concentration to reach highest release capacity.

External heating does help release a small amount of cargo, but not as much as
the amount of cargo release triggered by pH change. This can be explained as the
thermal energy (84 °C) is not enough for a-CD to dissociate from the stalk. Both tests
with Fe;O,@SiO; loaded with Hoechst and PI1 proved this point. Moreover, exposing
magnetic FesO,@SiO;, to an oscillating magnetic field does not supply enough
thermal energy to disturb the non-covalent hydrophobic-hydrophobic interaction
between a-CD and phenyl amino stalke, which can be explained based on the external
heating experiment as well as the temperature change around the core reported by our
group before.

5.5. Experimental Section
Matierals: All chemicals are used as purchased: Cetyltrimethylammonium bromide
(CTAB, 95%), tetraorthoethylsilicate (TEOS, 98%), a-cyclodextrin ( > 98%), Hoechst

33342 (>97%), propidium iodide (PI) ( > 95%), toluene (99.8%), and Fe3O4( 10 nm,
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5 mg/mL in toluene) were purchased from Sigma (St. Louis, MO).
N-phenylaminomethyltriethoxysilane (PhAMTES) was purchased from Gelest
(Morrisville, PA). Chloroform (99%) was purchased from EMD Millipore (Billerica,
MA).

Traditional Synthesis of FesO,@SiO,: The typical synthesis method of Fe;O,@SiO;
core/shell silica nanoparticles is based on the synthesis of MCM 41 procedure and
scaled down from 120 mL to 10 mL H,O. An alkaline aqueous solution (9 mL H,0,
70 uL 2.0 M NaOH) was heated to 80 <C and kept steady while stirring rapidly.
Cetyltrimethylammonium bromide (20 mg) was dissolved in 1 mL water. 100 pL of
iron oxide in toluene solution (5 mg/mL) was transferred to a 10 mL flask and blown
dry by air. After that 1 mL of chloroform was added to disperse the iron oxide again to
get a dark solution and this was mixed with the 1 mL aqueous CTAB solution
prepared before. Chloroform was boiled off the solution upon heating, and the
oil-in-water microemulsion finally became clear brown. This mixture was sonicated
for a few minutes to make sure there was no aggregation of iron oxide nanoparticles.
The iron oxide mixture was added to the base solution, and after around ten minutes
the temperature was steady at 80 <C. Finally, tetracthyorthosilicate (TEOS, 100 pL)
was added into the solution stirring for 2 hours at 80 <C. When the reaction finished,
Fe;0,@SiO, was washed with methanol or ethanol twice or three times. The
centrifuged iron oxide core/shell silica nanoparticles are dark brown.

Modified Synthesis of Fe30,@SiO,: The synthesis procedure is very similar to the

traditional method, except for that reaction was undertaken at 70 <C for 3 hours and
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ethyl acetate was added right after TEOS. A solution of 9 mL water, 60 uL 2.0 M
NaOH was heated to 70 <T and Kkept steady while stirring rapidly.
Cetyltrimethylammonium bromide (CTAB, 20 mg) was dissolved in 1 mL water. 90 -
170 pL of iron oxide in toluene solution (5 mg/mL) was transferred to a 10 mL flask
and blown dry by air. After that 1 mL of chloroform was added to disperse the iron
oxide and this was mixed with the 1 mL aqueous CTAB solution prepared before.
Chloroform was boiled off the solution upon heating, and the oil-in-water
microemulsion finally became clear brown. This mixture was sonicated for a few
minutes to make sure there is no aggregation of iron oxide nanoparticles. The
resulting solution was added to the base solution and the temperature was steady at
70 <C after 10 mins. Then, 100 pL tetraethyorthosilicate (TEOS, Aldrich, 98%) and
0.6 mL ethyl acetate were added in sequence into the solution and the mixture was
stirred vigorously for 3 hours at 70 <C. When the reaction finished, the silica
nanoparticles were washed and centrifuged with methanol or ethanol twice or three
times. Iron oxide mesosporous silica nanoparticles synthesized with this method is
uniformly monodispersed and there is little necking among the nanoparticles.
As-synthesized Fe;0,@SiO, (20 mg) was dispersed in 8 mL methanol, mixed with 5.4
mg ammonium nitrate and refluxed under N, for 30 minutes. The Fe3O,@SiO,
without surfactant template was collected by centrifugation and washed with
methanol for twice.

Attachment of pH-sensitive Nanovalve on Fe;O0,@SiO, and cargo loading: 100 mg

as-synthesized Fe;0,@SiO, anhydrous toluene 4 times and dispersed in toluene (10

160



mL), mixed with PhRAMTES (30 pL) and refluxed under N, for 24 hours. The
anilinoalkane modified Fe30,@SiO, was collected by centrifugation and washed with
toluene, methanol and deionized water. Particles were then soaked in 1 mL Hoechst (1
mM, 10 mM, 20 mM and 30 mM) for 24 hours, followed by adding a-CD (200 mg,
0.1 mmol) and rotated for another 3 days at room temperature. The Hoechst loaded
Fe;0,@SiO, with pH-sensitive nanovalve was washed with water to get rid of dye
absorbed on the outer surface or not capped. The resulting product was dried under
vacuum for 12 hours and weighed by analytical scale.

Uptake and Release Capacity Measurement: UV-Vis spectra were collected on a Cary
500 UV-Vis-NIP spectrophotometer. UV-Vis spectra work function was calibrated
with Hoechst standard solution (0.01 mM, 0.02 mM, 0.025 mM). Uptake capacity
(Wt %) = [(Whoechst before loading — VWHoechst after loading) / VWparticle)] <100 %. In term of
release capacity, loaded particle FesO,@SiO, was dispersed in pH 3 HCI solution for
24 hours and then centrifuged down to measure the concentration of MXF released
into the supernate. Release capacity (Wt %) = ( Wireleased Hoechst / Warticle ) <100 %.
Stimulated Release Studies: To measure Hoechst release from Fe;O,@SiO, and detect
Hoechst fluorescence emission in supernates, weighed and dried Fe;O,@SiO, powder
was put at the corner of a glass vial containing 10 ml DI water. A probe laser beam (5
mW 377 nm) was passed through the supernatant in the glass vial such that released
Hoechst was excited and emitted fluorescence was detected and collected by a
charge-coupled device (CCD) detector and a computer in 1 s intervals over the course

of the experiment. Baseline spectra were collected to confirm that there was no
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Hoechst leakage, and then 1M HCI solution was added to adjust the pH to 3. The
release profile was constructed by integration of maximum emission peak area from
480 nm to 520 nm as a function of time. For external heating experiment, a hotplate
was utilized to heat up the bulk solution and the temperature was calibrated before the
release experiment.

Temperature change induced by magnetic FesO,@SiO,: FesO,@SiO; (13.5 mg) was
placed at the bottom of a centrifuge tube with 1mL deionized waterand placed in the
center of a water-cooled copper coil. The copper coil can generate an oscillating
magnetic field with highest frequency of 500 kHz and maximum amplitude of 37.4
kAm™. The machine was turned on for 40 minutes continuously and supernatant
temperature was detected at 1% minute, 2" minute, 5" minute, 10" minute etc. with a
5 minutes interval.

Oscillating magnetic field stimulated release: The glass via contain water and
magnetic Fe;0,@SiO, was placed inside a water-cooled copper coil. Oscillating
magnetic pulses were produced by manually turning on and off the machine with
duration of 2 minutes. The position of glass vial was adjusted so that the probe laser
beam can penetrate through the supernatant without being blocked by the copper coil.
Physiochemical Characterization of Fe30,@SiO,: Transmission electron microscopy
(TEM) images of Fe30,@SiO, were obtained using a JEM1200-EX (JEOL) instrument
(JEOL USA, Inc., Peabody, MA). UV-Vis spectra were collected with Cary 5000

UV-vis-NIP spectrophotometer.
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5.6. Figures and Tables

Figure 5.1. TEM of Fe30,@SiO; synthesized without ethyl acetate using different

amount of 2M NaOH (a). 70 uL, (b). 60 uL, (c). 50 puL, (d). 35uL.

Figure 5.2. TEM of different size Fe;0,@SiO, synthesized with ethyl acetate and
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different amount of Fe3O4/ Toluene (5 mg/mL) (a). 80 nm Fe30,@SiO,, 90 uL, (b).
70 nm Fes0,@SiO,, 130 pL, (c). 60 nm Fe30,@SiO,, 150 pL (d). 50 nm

FE304@Si02, 170 HL

Figure 5.3. TEM of as-synthesized Fe;0,@SiO, showing uniform size distribution

and radial mesoporous structure with (a, b, ¢). 10 nm core and (d). 20 nm core
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Figure 5.4. A. Structure of mechanized Fe30,@SiO, modified with pH-sensitive
nanovalve and its working mechanism. The stalk is composed of aniline alkane and
the cap is a-CD. When the pH is lower than 3, the stalk is protonated and the cap
dissociates from it. The cargo molecule is Hoechst 33342. B. Release profile of
mechanized Fe;O,@SiO, loaded with Hoechst cargo. The baseline is flat at pH 7,
indicating there is no leakage and when decrease pH to 3 there is a dramatic increase
of Hoechst fluorescence intensity which is caused by the release of cargo molecule

into supernatant solution.
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Hoechst was immersed in pH 7 water, and after one hour hotplate was applied to heat
up to the bulk solution to 84 < for 5.5 hours. After stopping external heating to
allow the sample solution to cool down to room temperature, HCI was added in to
adjust pH to 3. Obviously there was a dramatic increase of released Hoechst in the
supernatant. The release profile shows that external heating did not help much
Hoechst diffuse out of the pore as we expected and the amount of Hoechst released
out is negligible compared adding HCI. Moreover, the Hoechst fluorescence is
sensitive to temperature and the release percentage decreased a little when lowering
temperature. Detection stopped after 13 hours when the profile reached a plateau. B.
Fe;0,@SiO, attached with pH-sensitive nanovlave and loaded with Propidium
lodide (PI) was immersed in pH 7 water at first. One hour later the solution was
heated up to 84 < for around 6 hours, followed by adding HCI to lower the pH to 3.
External heating has no significant effect on Pl release compared with lowering pH

triggered release.
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Figure 5.8. A. Fe;0,@SiO, attached with pH-sensitive nanovlave loaded with
Hoechst. Particles were placed in pH 7 water and baseline was collected for 110
minnutes. Three oscillating magnetic pulses of were applied at an interval of 30
minis, and each pulse last for 2 minnutes. No obvious release was observed. B.

Fe;0,@SiO, attached with pH-sensitive nanovlave loaded with Propidium lodide.
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Particles were placed in pH 7 water and baseline was collected for 75 minnutes..
Seven oscillating magnetic pulses of were applied at an interval of 30 minis, and

each pulse last for 2 minnutes. There is still no obvious release with P1.

Table 5.1. Uptake Efficiency, Weight of Uptake Hoechst, Uptake Capacity and
Release Capacity of Fe30,@SiO, when loaded with 1, 10, 20 , 30 mM Hoechst

aqueous solution

Hoechst Uptake Weight of Hoechst Uptake Release
Concentration Efficiency Loaded & capacity Capacity
(mM) (%) Absorbed (mg) (wt %) (wt %)
1 92.3 0.57 33% 0.60 %
10 21.0 1.29 7.61% 1.09 %
20 20.5 2.52 149 % 0.60 %
30 13.5 2.49 15.7 % 0.24%
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Chapter 6

Application of Fe30,@SiO, Mesoporous Silica Nanoparticles in Drug Delivery to

Biofilms

6.1. Abstract

A biofilm is bacterial community that formed on a biological surface, for example
the interface between artificial implants and human tissues. It may cause serious
infections which cost lots of extra medical sources, treatment and money. It is always
a challenge to deliver antibiotics to those specific sites and kill the bacteria. Herein we
developed magnetic FesO,@SiO, particles, which consist of a super paramagnetic
iron oxide core and a shell of mesoporous silica, as well as nanovalve to trap and

release on-demand different cargos including dyes and antibiotics. We investigated the
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distribution and targeting of this system into biofilms and find the particles can
effectively penetrate into the biofilm and stay stable with the magnetic forces from
rare earth magnet. Moreover, negatively charged particles preferentially absorb in the
biofilm in comparison to positively charged particles due to electrostatic interaction. A
permalloy micro-pillar substrate amplifying the magnetic forces results in an increase
amount of particles embedded in the biofilm when magnetized by the rare earth
magnet. We also loaded Fe3O,@SiO, with Hoechst, and it exhibited tremendous
release when adding onto the biofilm. The pH-sensitive release of Hoechst implies the
potential application of Fe;O,@SiO, system to deliver antibiotics and Kill bacteria
throughout the biofilm.
6.2. Introduction

Biofilms are microbial films formed and attached on the surface of biological or
synthetic implants. It is caused by microbial growth and may lead to serious
device-induced infections inside the human body. The formation of biofilm was
discovered in early 1970’s, and it is still a challenge nowadays to eradicate biofilms in
medical surgeries.® The biofilm we are treating has been found formed at the surface
of catheters, one of the most well-known examples of devices-induced biofilms. The
catheter associated infections cost extra money and medical sources every year. 2
Biofilms significantly reduce the bacteria’s susceptibility to antibiotics and cannot be
eradicated by traditional antibiotic therapy for several reasons. The biofilm itself
synthesizes extracellular polymeric substances (EPS), which consist of proteins,

nucleic acids, polysaccharides, and lipids as a barrier layer. It is very difficult for free
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antibiotics to diffuse through this barrier. Moreover, there are other interactions
between the enzymes of outer layers of biofilm and antibiotics that inactivate the free
drug or alter its target sites. 3 Researchers have developed various methods to
prevent biofilm formation such as synthetic device surface modification, as well as
other drug controlled release systems, including liposomes, polymers, microeulsions,
and metal nanoparticles.*”’

Herein we developed the controlled drug delivery system based on Fe;O,@SiO;
mesoporous silica nanoparticles modified with pH-sensitive nanovalves.® Compared
with liposome or polymer systems, the FesO,@SiO, with nanovlaves can trap the
cargo much tighter to prevent premature release and inactivation due to biofilm
enzymes. Moreover, with magnetic core Fe3Oy, the particles can be transported and
positioned by a rare earth magnet for targeting.” Silica nanoparticles have higher
mechanical strength than liposomes or polymers, which makes it easier for them to
penetrate through the biofilm to eradicate bacteria and mechanically disrupte the
biofilm. Furthermore, Fe3O,@SiO, has relatively high release capacities for
delivering antibiotics and metal ions as reported by our group.™
6.3. Results and Discussion
6.3.1 Distribution of Fe;0,@SiO, in Biofilms with rare earth magnet

In order to deliver and release antibiotics to the target site, the particle needs to be
able to adhere to and penetrate the biofilms. We investigated the distribution of
Fe30,@SiO; on biofilms with or without rare earth magnet. As shown in Figure 6.1, a

biofilm was grown on a glass slide and red fluorescein labeled Fe;O0,@SiO, was
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dispersed on top of the biofilm. Fe;0,@SiO, has the advantage of being attracted by a
magnet and penetrates biofilm EPS layers. In order to determine the influence of
magnet, bioflim slides were divided into two groups. In one group, a rare earth
magnet was placed underneath the glass slide for 1 minute, followed by removing and
adding buffer to wash the biofilm. In the other group, after adding the particles on
biofilm, we directly washed the surface without the magnet underneath. The particles,
biofilm, and nuclei were labeled with red, green and blue fluorescent dyes
respectively, and observed using a fluorescence microscope. The results show that the
red fluorescence intensity from particles in the biofilm with the rare earth magnet
underneath is much stronger than the group without magnetic attraction. It indicates
that most of the Fe;0,@SiO,, particles stay on the surface of the biofilm and are easily
washed away by the washing supernatant. When the Fe;0,@SiO, was attracted by the
magnet, they can be forced to enter the biofilm and remain stable after washing
several times with buffer. Moreover, the empty space within the EPS network is
completely filled with the magnetic particles as shown in the merged figure, thus
supplying the platform to release drugs within the biofilm and reach a much higher
local concentration than free drug. Therefore external magnetic field attraction
significantly helps target the magnetic Fe;0,@SiO, particles into the pathological site,
and this is of great importance in preventing the particles from being removed by
circulating fluids in human body.

It is also found that the interaction between magnetic Fe;0,@SiO, and the rare

earth magnet varies with different positions. As shown in Figure 6.2, on one glass
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slide, the difference between red fluorescence intensities from particles at the edge
and center of rare earth magnet were observed. More particles are attracted and
remained in the biofilm at the edge of rare earth magnet than the center. And in terms
of the particle distribution at the edge of the magnet, there is an obvious difference of
the total amount of particles left in the biofilm with and without rare earth magnet.
However, this does not happen to particles at the center of the magnet. The magnetic
field at the center is very weak, and this can be explained as the magnetic field at the
edge of rare earth magnet has highest magnetic intensity perpendicular to the glass
slide to attract magnetic particles, while the magnetic field vector at the center is
parallel to the biofilm and has smallest intensity perpendicular to the biofilm to pull
down the particles.
6.3.2. Distribution of Modified Fe;0,@SiO; in Biofilms

In order to determine the influence of particle surface modification on its
distribution in biofilms, we modified particles with phosphonate groups or amine
groups to make it negatively charged or positively charged. Moreover, another group
of particles were derivatized with pH-sensitive nanovalve to determine if the organic
moiety of stalk has any influence on their interactions with biofilms. Figure 6.3A
shows the structure of nanovalve on Fe;O,@SiO,. The nanovalve consists of a
1-methyl-1-H-benzimidazole (MBI) stalk and $-CD as the cap to trap the cargo. This
nanovalve was designed to open and release the cargo when pH is lower than 6. The
cargo molecule used here was Hoechst dye, which stains the DNA of cells in the

biofilm and emits blue fluorescence under the fluorescence microscope. The
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environmental pH of the biofilm varies in different areas and the local pH of some
areas are lower than 6,™ thus opening the nanovalve of the particle and releasing the
Hoechst dye. Figure 6.3B and C show that the morphology and size of Fe30,@SiO,
are not affected after attached with the pH-sensitive nanovalve, and the particles
preserve their uniform size distribution and dispersion after the whole modification
procedures.

Fe;0,@SiO, with different surface modifications were added on top of the
biofilm and washed as aforementioned. As shown in Figure 6.4A, compared with the
other two groups of particle, there is a much larger number of negatively charged
Fe;0,@SiO, absorbed in the biofilm due to electrostatic interaction. The red
fluorescence intensity is proportional to the particle concentration. The number of
Fe30,@SiO, attached with pH-sensitive nanovalve in biofilm is lower than
negatively charged ones and higher than positively charged particles, because the
silica surface was slightly negatively charged. Few of the positively charged
Fe30,@SiO, particles remained in the biofilm even when the concentration was
increased to 10°/mL. The cationic or anionic property of biofilms is dependent on the
type of bacteria and their hydrophobicity/hydrophilicity. In our experiment, the
bacterium grown is staphylococcus aureus, which is gram-posiitve bacteria and its
EPS is primarily cationic. Therefore the particles can be modified with positive or
negative charge depending on the primary bacteria to obtain maximum uptake by the
biofilm.®> In Figure 6.4B the Fe30,@SiO;, enabled with pH-sensitive nanovalve

exhibit on-commend release of Hoechst into the biofilm, and the release amount is
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proportional to the number of particles remained in the biofilm, indicated by the blue
fluorescence in the figures. When the concentration of Fe30,@SiO; is 10°/mL or
10°/mL, the released Hoechst is too little to be detected, and further increase of
Fe;0,@SiO, concentration to 10°/mL and 10%/mL leads to significant increase of
detectable Hoechst fluorescence. These results indicate that the biofilm has a positive
net charge, so that it has strong electrostatic attraction to negatively charged particles.
Moreover, the biofilm environmental pH is low enough to open the pH-sensitive
nanovalve and release the cargo. It also implies the potential usage of this system to
delivery antibiotics into the biofilm.
6.3.3. Distribution of Modified Fe;0.@SiO, in Biofilms on two different
substrates

A permalloy micro-pillar substrate was fabricated, which consists of 80 % nickel
and 20 % Iron. With this magnetic substrate, the magnetic force can be amplified
between the Fe;O,@SiO; and rare earth magnet, which will facilitate the penetration
of particles into the biofilm. Figure 6.5A shows the surface structure of the permalloy
micro-pillar substrate (magnetic ratcheting array) and bare polystyrene chip in
bright-field view. The substrate was immersed in the bacterial medium and inoculated
with staphylococcus aureus bacteria, and the biofilm formed on the substrate
randomly without pattern. As shown in Figure 6.5B first row, it is found that most of
the particles distribute along the permalloy micro-pillar pattern after placing the rare
earth magnet beneath the substrate. Moreover, the FesO,@SiO, changed the pattern of

biofilm by mechanical disruption indicated by the green fluorescence, which was due
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to amplified magnetic force from the permally micro-pillar substrate and the rare earth
magnet. In comparison, there is no such change when particles were added to the
biofilm inoculated on the polystyrene chip, although both of the samples have rare
earth magnet underneath the substrates. Figure 6.5C shows the X and Y cross section
of Fe30,@SiO, distribution and biofilm itself. In terms of the magnetic ratcheting
array, which is the permalloy substrate, both particles and biofilm were rearranged
into array patterns as indicated by the cross section fluorescence. The distribution of
partices and biofilm on polystyrene substrate is random without specific patterns.
Moreover, the X and Y cross section taken using confocal microscope prove that the
magnetic particles can penetrate into the biofilm all the way to the bottom of the film,
and this in-depth distribution is facilitated with the magnetic ratcheting array.
6.4. Conclusions

We investigated the distribution of various modified Fe3O,@SiO, nanoparticles in
biofilms grown on different substrates. First, we prove that magnetic force from a rare
earth magnet is strong enough to pull the particles into the biofilm that they stay in the
biofilm after washing several times. Second, it is shown that negatively charged
Fe3;0,@SiO; particles have stronger electrostatic interaction with the biofilm network
than positive ones, which ensures that most of the particles penetrate and stay in the
biofilm after washing, even without using the rare earth magnet underneath. In terms
of Fe;0,@Si0O, derivatized with pH-sensitive nanovalves, a moderate number of
particles stay in the biofilm due to the slightly negatively charged silica surface.

Moreover, the successful delivery and release of Hoechst from Fe;0,@SiO;
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strengthen the possibility of using this magnetic controlled release system for
antibiotics to kill the bacteria. Third, we fabricated a permalloy micro-pillar substrate
which amplifies the magnetic forces. It is proved that with magnetic ratcheting array,
more particles are drawn into the biofilm as observed from the cross section
fluorescence. In addition, the amplified magnetic force can be used for mechanical
disruption and the biofilm will be rearranged or even peeled off by the magnetic
Fe30,@SiO, movement. This mechanical disruption could provide increased
antibiotic efficacy for treatment of biofilm infections on implants such as catheters or
prosthetics.

6.5. Experimental Section

Matierals: All chemicals are used as purchased: Cetyltrimethylammonium bromide
(CTAB, 95%), tetraorthoethylsilicate (TEOS, 98%), N,N’-dimethylformamide
(99.8%), B-cyclodextrin ( > 98%), Hoechst 33342 (>97%), benzimidazole (98%),
tetrabutylammonium iodide (98%), triethylamine (>99%), toluene (99.8%) and
rhodamine B isothiocyanate (RITC) were purchased from Sigma (St. Louis, MO).
Chloromethyltrimethoxysilane (90%), diethylphosphatoethyltriethoxysilane (95%),
and aminopropyltriethoxysilane (APTES) were purchased from Gelest (Morrisville,
PA). Fe304 (20 nm, 50 mg) was purchased from Ocean NanoTech (San Diego, CA).
Chloroform (99%) was purchased from EMD Millipore (Billerica, MA).

Synthesis of Fe3O,@SiO;: A solution of 9 mL water, 60 uL 2.0 M NaOH was heated
to 70 C and kept steady while stirring rapidly. Cetyltrimethylammonium bromide

(CTAB, 20 mg) was dissolved in 1 mL water, followed by mixing with 500 uL of iron
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oxide in chloroform (2.5 mg/mL) Chloroform was boiled off the solution upon
heating, and the oil-in-water microemulsion finally became clear brown. This mixture
was sonicated for a few minutes to make sure there is no aggregation of iron oxide
nanoparticles. The iron oxide solution was added to the base solution and the
temperature was steady at 70 ‘C after 10 minnutes. 100 mL of silica precursor
tetraethyorthosilicate (TEOS, Aldrich, 98%) and 0.6 mL ethyl acetate were added in
sequence into the solution and the mixture was stirred for 3 hours at 70 ‘C. When the
reaction finished, the silica nanoparticles were washed and centrifuged with methanol
or ethanol twice or three times. Iron oxide mesosporous silica nanoparticles
synthesized with this method is uniformly monodispersed without necking among the
nanoparticles. To get negatively charged particles,
diethylphosphatoethyltriethoxysilane (10 pL) was mixed with 100 pL TEOS to
co-condense the phosphonate groups with silica, and to make positively charged
particles, APTES (20 uL) was mixed with the as-synthesized particle (100 mg) in
anhydrous ethanol under N and stirred overnight.

Synthesis of 1-Methyl-1H-benzimidazole (MBI) Nanovalve: FesO,@SiO; (10 mg) was
washed and dispersed in anhydrous toluene, mixed with
chloromethyltrimethoxysilane (3 pL) and refluxed for 12 hours under N,. The
modified Fe;0,@SiO, was washed by toluene and dimethyoformamide (DMF) and
dispersed in 8 ml DMF. Tetrabutyammonium iodide (0.4 mg), benzimidazole (2.4 mg)
and triethylamine (30 pL) were added into the solution and the mixture was stirred

and heated up to 70 <C under N, for 24 hours. As-synthesized nanoparticles were
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washed with DMF, methanol and water thoroughly.

Label of Fe3O,@SiO,: In a 2 mL centrifuge tube, RITC (1 mg) was mixed with
APTES (2.4 uL) in 600uL anhydrous ethanol and rotated for 2 hours. FesO,@SiO;
attached with MBI stalk (10 mg) was mixed with 30 pL of the RITC and refluxed in
toluene for 12 hours. Labeled particles were washed with toluene and methanol.
Surfactant template extraction: RITC labeled Fe;0,@SiO, with MBI stalk (10 mg)
was dispersed in 10 mL methanol, mixed with 16 mg ammonium nitrate and refluxed
under N, for 30 minutes. The particles were collected by centrifugation and washed
with methanol for twice.

Loading and Release of Hoechst: RITC labeled Fe3s0,@SiO, (5 mg) with MBI stalk
was dispersed in 1 mL Hoechst PBS solution (5 mM) and placed on the rotator for 24
hours. The cap B-CD (20 mg) was added into the loading solution and mixing for
another 12 hours. The loaded particles were washed 5 times with PBS buffer and there
is no Hoechst fluorescence observed in the supernatant under UV light. In order to
completely release the Hoechst from Fe;0,@SiO,, 1 mg of the particles were
dispersed in HCI aqueous solution (pH 1) for 12 hours and centrifuged down to
measure the supernatant concentration through UV-Vis. The measured release
capacity was 19 wt%. Release capacity (Wt %) = ( Wheleased Hoechst / Woarticle ) <100 %.
Physiochemical Characterization of Fe30,@SiO,: Transmission electron microscopy
(TEM) images of Fe3O,@SiO, were obtained using a JEM1200-EX (JEOL) instrument
(JEOL USA, Inc., Peabody, MA). UV-Vis spectra were collected with Carry 5000

UV-Vis-NIP spectrophotometer.
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FesO,@SiO, Dispersion in Biofilm: The glass slide/polystyrene chip/permalloy
micro-pillar substrate was immersed in bacterial medium and inoculated with ~1000
Staphylococcus aureus bacteria in a 12 well plate, followed by culturing at 37 °‘C for 3
days. Substrates were removed and placed in fresh well plate with warm bacterial
media. RITC labeled Fe;0,@SiO, was added to the bacteria medium with various
concentrations (10°/mL, 10%mL, 107/mL, and 10%/mL). A large 1” square rare earth
magnet (Neodymium ferrite, N-52 grade, 0.5T surface field strength) was placed
beneath the substrates to draw the particles onto the film for 1 minute. The biofilm
was incubated at room temperature for another 1 hour, and then washed with sterile
filtered PBS. Bacteria were stained with DAPI nuclear strain (10pg/mL) and biofilm
was stained with lectin binding protein 568. The substrate with biofilm and particles

were washed with PBS again and imaging was done with fluorescence microscope.

6.6. Figures
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Figure 6.1. Fe30,@SiO, was dispersed on the biofilms grown on a glass slide. A rare
earth magnet was placed underneath the glass slide of one group of biofilms to target
the particles into bioflims, and the other group was not treated with magnet. Both
groups of biofilms were washed with buffer to remove free particles on the biofilm.
Fe;0,@SiO, was labeled with red fluorescein and observed under fluorescence scope.
The fluorescence from particle shows that the rare earth magnet effectively attract
Fe;0,@SiO; into the biofilm while there are only few particles left in the other group.
The merged picture shows that empty space within the matrix is fulfilled with

Fe;0,@SiO, particles enforced by the magnet.
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Figure 6.2. Fe30,@SiO, was dispersed on the biofilm, attracted by the rare earth
magnet and washed by buffer as aforementioned. The particle distributions at two
positions above the magnet on the biofilm were observed under fluorescence
microscopy: at the edge of magnet and center of magnet. The particles at the edge of
magnet were effectively attracted into the biofilm compared with no magnet. And the
number of particles at the center magnet area left in biofilms was not higher than that

without magnet.
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Figure 6.3. A. Structure of Fe;O,@SiO, modified with pH-sensitive nanovalve and
loaded with Hoechst dye. The nanovavle open at pH 6 and the caps dissociate from
the stalk, release the cargo from inside mesopores. B. TEM of As-synthesized
Fe;0,@SiO, with uniform size distribution around 50 nm. C. Fe;0,@SiO; attached
with MBI nanovalve stalk preserved the integrity of nanoparticle and uniform

distribution.
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Figure 6.4. A. Distribution of positively charged Fe;0,@SiO,, negatively charged
Fe30,@SiO,, and pH-sensitive modified Fe;0,@SiO, in biofilms with various
particle concentrations (10%/mL, 10%/mL, 10’/mL, and 10%/mL). All the samples were
washed after adding the particles. The Fe3O,@SiO, fluorescence intensity was
proportional to particle concentration. In terms of the number of particles left in
biofilms, positively charged particles had smallest amount left, and negatively
charged particles had largest amount, while those modified with pH-sensitive
nanovalve was in the middle due to slight negative charge. B. The pH-sensitive
nanovalve open in the acidic environment of biofilm as indicated by the fluorescence
of Hoechst when particle concentration was above 108/mL. The fluorescence intensity

of DNA labeled by Hoechst was proportional to the concentration.
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Figure 6.5. A. Bright-field view of the surface of permalloy micro-pillar substrate and

polystyrene substrate. B. Red fluorescence is from Fe;O,@SiO,, green fluorescence is
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from biofim and blue fluorescence is from the bacteria cell nucleus. The merging
picture showed the co-localization of particles and biofilm. The upper panel is
particles adding to biofilm on permalloy micro-pillar substrate, which attracted the
Fe;0,@SiO; along the micro-pillar pattern. And the lower panel is particles added to
the biofilm on polystyrene substrate. C. Top view and XY cross section pictures by
confocal microscope showed the more particles penetrated into the biofilm on
magnetic ratcheting array than polystyrene substrate, because magnetic ratcheting
array amplified the magnetic force to particles when rare earth magnet was placed
underneath. The movement of magnetic particles also disrupts the biofilm and

changed its pattern along the magnetic ratcheting array.
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