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ABSTRACT OF THE DISSERTATION

Superparamagnetic Core/Shell Silica Nanoparticles

for Stimuli-Responsive Drug Delivery, Therapeutics, and Diagnostics

by

Fang-Chu Lin
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2021

Professor Jeffrey I. Zink, Chair

There is currently a high unmet medical need for chemotherapy and early diagnostics for
cancer. Conventional direct administration of chemotherapeutic agents shows several major
drawbacks, including restricted cellular penetration, low therapeutic indices, and low specificity
to tumor cells thus consequently off-target toxicity in healthy cells. Nanoparticles with an
enhanced permeability and retention (EPR) effect provide both delivery and diagnostic modalities
and show promise for addressing these challenges in cancer therapy. Superparamagnetic iron oxide
nanoparticles (SPIONs) that respond to external magnetic fields can generate heat in the presence

of an alternating magnetic field (AMF). Owing to this unique property, SPIONSs are being used in



clinics as magnetic resonance imaging T> contrast agents and as AMF-induced therapeutic agents
to treat cancers. Mesoporous silica nanoparticles embedded with SPIONs (SPION@MSNs)
possess the advantageous features of both the SPION core and the shell, i.e., localized magnetic
heating and a high payload of various cargo molecules such as anticancer drugs. A part of this
dissertation focuses on the development of SPION@MSNs as a heat-activated drug delivery
platform in which the precise drug release can be directly controlled by using AMF. To expand
our knowledge base in this application, we first studied the local heating mechanism of SPIONs
in suspension and in MSNs. We carried out this investigation by using fluorescence depolarization
based on detecting the mobility-dependent polarization anisotropy of two luminescence emission
bands corresponding to the luminescent SPION core and the shell of the SPION@MSNSs. Utilizing
magnetic heating, we designed magnetically-activated and enzyme-responsive SPION@MSNs
with extra-large pores for in vivo delivery and release of anticancer peptides on-demand. In
addition, we introduced the design of MSNs-based delivery vehicles with a supramolecular
capping system that traps the cargos in the pores of nanoparticles and only releases the cargos in
response to ultrasound. Finally, by employing surface functionalization of silica, we developed
new fluorinated ferrofluids that can be encapsulated in a microdroplet for measuring
microenvironment stiffness, which has been shown to relate to tumor progression. Altogether,
these works show the full potential of SPION core/shell nanoparticles for advancing cancer therapy

and diagnostic.
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Chapter 1 Introduction

In the first part of Chapter 1, I provide a background of the field and an overview of the research
work of my dissertation. In the second part of Chapter 1, I provide abstracts of Chapters 2 to 7 in

my dissertation.

1.1 Biomedical Applications of Superparamagnetic Iron Oxide Nanoparticles (SPIONs)
Core/Shell Mesoporous Silica Nanoparticles

Superparamagnetic iron oxide nanoparticles (SPIONs), with a particle size below the
superparamagnetic diameter (~25 nm) and are a single domain, attain a unique property called
superparamagnetism.! SPIONs generate heating in the presence of an alternating magnetic field
(AMF). Owing to their low cost, low toxicity, and unique magnetic properties, SPIONs, in
particular Fe3O4, have been intensely studied and used in biomedical applications.>? Magnetic
hyperthermia utilizing SPIONs for cancer treatment has been shown to play an effective
therapeutic role due to the ability to selectively target cells of interest and induce local heat upon
application of AMF while minimizing secondary effects in surrounding healthy tissues.® Studies
have shown that the localized hyperthermia utilizing SPIONs increases the efficacy of radiation,
surgery, and chemotherapeutics.>* In addition, the quick response of SPIONs to the applied
magnetic field allows the immediate withdrawal of magnetization by removing the external field
and therefore was used to prevent the possible agglomeration after the particles are introduced into
biological systems.> The inherent magnetic resonance imaging (MRI) contrast of SPIONs was also
used to monitor the particle localization and concentration for diagnostic applications.?

The mesoporous silica nanoparticles (MSNs) discussed in this dissertation are made by the

sol-gel synthesis of silica and the self-assembling surfactant templating of the pores. The original
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materials were multi-sized aggregates, but further research led to the controllable synthesis of
spherical particles with primary sizes of less than 100 nm with mesopores between 2 — 10 nm.*®
The ubiquitous MSNs utilized in biomedical studies reported in the literature are spheres
containing pores templated by surfactants such as cetyltrimethylammonium bromide or chloride
(CTAB or CTAC) with two-dimensional hexagonal (or less commonly radial) pore morphology.
The tubular pores are about 2.5 nm in diameter, and one gram of particles has a surface area of
about 1000 m? and a pore volume of about 1 cm?. Because typical anticancer drugs have a density
of about 1g/cm?, the carrying capacity can be 100 wt%. However, because of imperfect molecular
packing, this upper limit is rarely achieved, and therefore the development of high drug load
formulations through optimizing the nanocarriers is necessary. The pore dimensions of MSNs can
be readily expanded or contracted. By using organic “pore swelling agents” such as 1,3,5 trimethyl
benzene or other organic additives/solvents the pore diameters can be increased by several nm,
and by using smaller or larger surfactants the pore diameter can be decreased by a nanometer or
increased up to 10 nm or larger. These remarkable properties of MSNs have made them excellent
candidates for different biomedical applications.

MSNs that are formed around SPIONs are called SPION core/shell mesoporous silica
nanoparticles (SPION@MSNs). They offer unparalleled opportunities for nanotheranostics of
cancer. SPION@MSNs exploit their unique features such as surface functionalization and high
pore volumes for controlled and targeted drug delivery. The incorporation of an iron oxide
nanoparticle core that responses to the AMF further facilitates the on-demand release of drugs on
the targeted sites which helps avoid premature drug release that may result in undesired effects on

the normal cells. SPIONs can also be coated with a layer of dense silica shell to generate



SPION@SiO; nanoparticles, where such dense silica shell not only allows easiness of surface
functionalization but also tuning of silica shells with a thickness of 5 — 250 nm.’

In light of the importance of SPION@MSNsSs in the field of cancer therapeutics, many studies
in the field have focused on improving on-demand drug delivery and release systems by employing
stimuli-responsive nanocaps such as thermosensitive or thermally degradable pore blockers. In
Chapter 2 of my dissertation, the advanced works in the field which focus on the design of stimuli-
responsive mesopore capping systems will be discussed. As I am compelled by the mechanisms,
properties, and applications of core/shell nanoparticles, my dissertation work is largely involved
with core/shell systems and can be grouped into five chapters (Chapter 3-7), including (a) analysis
of AMF-induced local heating mechanism of SPIONs and SPION@MSNs, (b) design of
SPION@MSNs as an AMF heating-activated drug delivery platform, (c) synthesis of new
fluorinated ferrofluids using SPION@SiO, nanoparticles for in vivo mechanosensing, (d)
development of ultrasound-responsive SPION@MSNs for controllable drug and release
monitoring, and (e) investigation of magnetic hyperthermia-induced cancer immunotherapy. In (a,
Chapter 3) a sensitive detecting method utilizing fluorescence depolarization was reported to
examine the local AMF-induced heating mechanism of novel luminescent SPIONs in both
suspensions and in drug-delivery mesoporous silica nanoparticles for spatial control of
therapeutics delivery and release. In (b, Chapter 4) a magnetically activated and enzyme-
responsive SPION@MSNs with extra-large pores to deliver and release anticancer peptides on-
demand, where the nanoparticles can shrink xenograft tumors in mice without harming the animals.
In (c, Chapter 5) we introduced a novel and facile synthesis of ferrofluids in the fluorous phase.
While the optimal goal of this study is using the fluorous magnetic droplets to optimize in vivo

mechanical force measurements based on microdroplet deformation, we envision seeing more



applications in theranostics and medical device coating. In (d, Chapter 6) we discussed the design
of different MSNs-based or core/shell-based nanoplatforms that respond to the ultrasonic
stimulation. We anticipate that the change of surrounding environment of SPIONs core can
generate MRI contrast change for monitoring drug delivery and release and advancing precision
medicine. In (e, Chapter 7) a predictive mathematical model was developed by integrating thermal-
responsive heat shot protein synthesis and cell death to obtain the optimal temperature and
exposure time for producing the desirable antitumor immune activation. Magnetic hyperthermia
has been used in clinics to treat glioblastoma multiforme cancer, and we foresee the potential of
such application in other disease treatments.
1.2 Abstracts of the Dissertation Chapters
1.2.1 Magnetism, Ultrasound, and Light-Stimulated Mesoporous Silica Nanocarriers for
Theranostics and Beyond

Stimuli-responsive multifunctional mesoporous silica nanoparticles (MSNs) have been
studied intensively during the past decade. A large variety of mesopore capping systems have been
designed, initially to show that it could be done and later for biomedical applications such as drug
delivery and imaging. On-command release of cargo molecules such as drugs from the pores can
be activated by a variety of stimuli. This paper focuses on three noninvasive, biologically usable
external stimuli: magnetism, ultrasound, and light. We survey the variety of MSNs that have been
and are being used and assess capping designs and the advantages and drawbacks of the
nanoplatforms’ responses to the various stimuli. We discuss important recent advances, their basic
mechanisms, and their requirements for stimulation. On the basis of our survey, we identify
fundamental challenges and suggest future directions for research that will unleash the full

potential of these fascinating nanosystems for clinical applications.



1.2.2 Probing the Local Nanoscale Heating Mechanism of a Magnetic Core in Mesoporous
Silica Drug-Delivery Nanoparticles Using Fluorescence Depolarization

In the presence of an alternating magnetic field (AMF), a superparamagnetic iron oxide
nanoparticle (SPION) generates heat. Understanding the local heating mechanism of a SPION in
suspension and in a mesoporous silica nanoparticle (MSN) will advance the design of
hyperthermia-based nanotheranostics and AMF-stimulated drug delivery in biomedical
applications. The AMF-induced heating of single-domain SPION can be explained by the Néel
relaxation (reorientation of the magnetization) or the Brownian relaxation (motion of the particle).
The latter is investigated using fluorescence depolarization based on detecting the mobility-
dependent polarization anisotropy (r) of two luminescence emission bands at different wavelengths
corresponded to the europium-doped luminescent SPION (EuSPION) core and the silica-based
intrinsically emitting shell of the core—shell MSN. The fluorescence depolarization experiments
are carried out with both the free and the silica-encapsulated SPION nanoparticles with and
without application of the AMF. The r value of a EuSPION core-mesoporous silica shell in the
presence of the AMF does not change, indicating that no additional rotational motion of the
core—shell nanoparticles is induced by the AMF, disproving the contribution of Brownian heating
and thus supporting Néel relaxation as the dominant heating mechanism.
1.2.3  Self-Contained Nanocapsules Carrying Anticancer Peptides for Magnetically

Activated and Enzyme-Cleaved Drug Delivery

A self-contained nanocapsule for nonspecific cytotoxic anticancer drugs delivery and release
activated by an enzyme and an alternating magnetic field (AMF) is introduced. This specific
prodrug-like drug delivery platform is based on an esterase, an oligomer-based separating barrier,

and ester-linked anticancer peptides melittin encapsulated together in the enlarged pore spaces of



the mesoporous silica nanoparticles. A superparamagnetic iron oxide nanoparticle core embedded
in the center acts as a nanoheater to stimulate a cascade drug release. Each pore space was designed
as a reaction nano-vial for the activation of the drug release when the solution inside of the nano-
vial is heated. By employing a thermo-responsive separating barrier as a shield of the peptide drug
as well as a separator between the ester-containing peptides and the esterase, the nonspecific
cytotoxic effect of the drug and off-target drug release are avoided because the drugs remain
inactive in the absence of AMF stimulation. When AMF heating actuates the removal of the
separating barrier and exposes the peptide drugs to the enzymes, drugs release can be activated. In
vivo antitumor experiments further revealed that the nanocapsules exhibited excellent
biocompatibility and high tumor-targeting/inhibiting efficiency. The selected esterase, which is in
close proximity to the ester-containing peptide drug, efficiently cleaves the ester bonds, thereby
causing a catalytic release of peptide drugs and intensified anticancer efficacy.
1.2.4 A Facile Method to Synthesize Fluorinated Ferrofluids for Measuring Mechanics in
Living Systems

Fluorinated ferrofluids were prepared through a biphasic ligand attachment method, where
the covalent grafting of perfluoro ligands onto the colloidal SPION@SiO: nanoparticles enables
phase transfer of colloids from an aqueous phase to a perfluorocarbons (PFCs) oil phase. Two
different perfluoroalkyl silanes, perfluorodecyltriethoxysilane (PFDTES) and perfluoropolyether
(PFPE), with molecular weight (MW) differ by more than 10 times were used as surfactants in this
system. We explore chemistry-material relationships between the surfactants and nanoparticles
and optimize the silanization process to achieve perfluoro-functionalized SPION@SiO»
nanoparticles that are non-ionic and are highly soluble in the PFCs oil. It was found that the low-

MW PFDTES pre-grafted on the SPION@SiO> nanoparticles can assist with the attachment of



high-MW PFPE (MW= 4000-8000 g/mol) via silanol polymerization, resulting in a nanoparticle
total silane attachment of more than 70 w%. This unique approach can be used for the attachment
of a variety of high-MW silanes for extended applications in biomedical fields.

1.2.5 Drug Delivery by Ultrasound-Induced Binding Affinity Change

Superparamagnetic Iron oxide nanoparticles (SPIONs) have been intensely studied and used
in biomedical applications. SPIONs are excellent T> contrast agents for magnetic resonance
imaging (MRI), one of the leading imaging modalities in cancer diagnostics. Recent advances in
MRI-guided high-intensity focused ultrasound (MRgHIFU) show promises in the drug delivery
platforms where the release of drugs can be triggered by ultrasound (US) energy. In this study, we
demonstrated that the anticancer drugs in mesopores of SPION@MSNs can be blocked via the
binding between host and guest, where uncapping events occur in response to the US-induced
lowering of binding affinity, leading to anticancer drug release.

1.2.6 Nano-Therapeutic Cancer Immunotherapy Using Hyperthermia-Induced Heat
Shock Proteins: Insights from Mathematical Modeling.

Nano-therapeutic utilizing hyperthermia therapy in combination with chemotherapy, surgery,
and radiation are known to treat various types of cancer. These cancer treatments normally focus
on reducing tumor burden. Nevertheless, it is still challenging to confine adequate thermal energy
in a tumor and obtain a complete tumor ablation to avoid recurrence and metastasis while leaving
normal tissues unaffected. Consequently, it is critical to attaining an alternative tumor-killing
mechanism to circumvent these challenges. Studies have demonstrated that extracellular heat
shock proteins (HSPs) activate antitumor immunity during tumor cell necrosis. Such induced
immunity was further shown to assist in regressing tumors and reducing recurrence and metastasis.

However, only a narrow range of thermal doses is reported to be able to acquire the optimal



antitumor immune outcome. Consequently, it is crucial to understand how extracellular HSPs are

generated. In this work, a predictive model integrating HSP synthesis mechanism and cell death

model is proposed to elucidate the HSP involvement in hyperthermia cancer immune therapy and

its relation with dead tumor cells. This new model aims to provide insights into the thermally

released extracellular HSPs by dead tumor cells for a more extensive set of conditions, including

various temperatures and heating duration time. Our model is capable of predicting the optimal

thermal parameters to generate maximum HSPs for stimulating antitumor immunity, promoting

tumor regression, and reducing metastasis. The obtained nonlinear relation between extracellular

HSP concentration and increased dead cell number, along with rising temperature, shows that only

a narrow range of thermal dose is able to generate the optimal antitumor immune result. Our

predictive model is capable of predicting the optimal temperature and exposure time to generate

HSPs involved in the antitumor immune activation, with a goal to promote tumor regression and

reduce metastasis.
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2.1 Introduction

Chemical and materials research involving mesoporous silica has developed rapidly in the
past decade, driven initially by interest in this new type of structurally ordered nanomaterial and
accelerated by the potential applications in catalysis and especially biomedical drug delivery. Most
of the materials can be synthesized on the benchtop at moderate temperatures, and the resulting
silica structures can be readily derivatized with a huge variety of organic, inorganic and
biomolecules that have functions varying from supramolecular nanomachines to cancer cell
targeting ligands. In this Perspective we focus primarily on mesoporous silica nanoparticles
(MSNs), which are made by the sol-gel synthesis of silica and the self-assembling surfactant
templating of the pores. The original materials were multi-sized aggregates, but further research
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ultimately led to controllable synthesis of spherical particles with primary sizes of less than 100
nm with mesopores between 2 — 10 nm in diameter Figure 2.1a).!> The attractive features of
MSN:Ss, such as porous frameworks and surface functionality, allow various types of fabrication
methods and have led to advanced applications of MSNs in multiple fields.>” Various advanced
architectures of MSNs such as large-pore MSNs (LPMSNSs, Figure 2.1b), hollow MSNs (HMSNSs,
Figure 2.1c), or core-shell MSNs (Figure 2.1d) have also gained significant interest for
multifunctional biomedical purposes.'?

Over a decade ago during the initial excitement about all things nano, (popularized by the
title of Feynman’s lecture “There’s Plenty of Room at the Bottom™),” there was great fascination
and interest in supramolecular structures, especially in the synthesis and properties of molecules
in molecules such as rotaxanes that could function as nanomachines.!%!! Around the same time,
self-assembled and templated porous nanostructures described above also became popular. It was
a logical extension to try to put molecules in the pores and cap the pores with nanomachines. Early
studies involved materials synthesis, emptying the self-assembled surfactants from the pores, and
filling them with molecules from a solution. Examples include proteins,'? hydrophobic drugs,'?
and fluorescent dyes.!*!> Alternatively, the desired molecules could be dissolved in the initial sol
used in the synthesis and become incorporated during the templating and gelation process.! Many
early studies used macroscopic aggregates or thin films for luminescent molecules, polymers, or
living cells encapsulation.!”1?

The next challenge required not only filling the pores in the nanoparticles with molecules
such as drugs but also trapping them in the pores with controllable nanomachine caps.?*23 The
pores essentially became tiny capped bottles in the particles; the challenge was to controllably cap

the particles and uncap them at will. Today there are literally hundreds of types of caps designed
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to be specifically opened by a chosen stimulus.??->* For biomedical drug delivery applications, the
stimuli must be biocompatible and feasible to control.?> How can a particle deep in a tumor in the
interior of an organism be controlled? Two classes of control have been developed: autonomous
chemical stimulus that exists at the desired biological site (such as pH change in a tumor or cancer
cell), and external stimuli that can non-invasively penetrate the body and tumor and open the cap.

The emphasis of this Perspective is on external control of nanoparticles potentially useful for
medical therapy. We first discuss recent developments in trapping and releasing molecules from
the pores using biocompatible external stimuli and some of the advanced capping systems of MSN
carriers designed for the three types of stimuli — magnetism, ultrasound, and light (Figure 2.2).
Light stimulation has the best spatial resolution but the poorest tissue penetration; magnetism has
great tissue penetration but the poorest resolution. The major application of interest is drug delivery,
but we will also discuss briefly diagnosis and targeting. The clinical relevance of these stimuli will
also be highlighted. We then provide our insights on the future directions the field could take to
advance biomedical applications and accelerate clinical translation of MSNs-based drug delivery
platforms.
2.2 Alternating Magnetic Field Control of Nanocaps

Magnetic fields have the best penetration of tissue of the three external stimuli discussed in
this Perspective. Superparamagnetic iron oxide nanoparticles (SPIONs) become heated in the
presence of an alternating magnetic field (AMF). Thus, a material such a SPION in the core of a
MSN (SPION@MSN, Figure 2.1d) can be stimulated by AMF to activate thermosensitive caps
and release drugs. The SPION core is able to raise the local temperature in the vicinity of SPION,
rendering rapid heat distribution on the SPION@MSN surface that activates a thermo-sensitive

capping system without overheating the particles’ surroundings. Magnetic heating of SPIONS is
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caused by Néel and Brownian relaxation; the former involves the internal orientation of the
magnetic moment whereas the latter is related to the physical rotation of the particle as a whole.?®
Though the Néel and Brownian relaxation coexist, Neel relaxation is the dominant contributor to
the heating.?” SPIONs by themselves in AMF have shown great promise for site-selected
hyperthermia treatment of tumors.?® In this section, we will focus our discussion on the key
advances in AMF-mediated uncapping of SPION@MSNs for selective and on-command drug

release.

2.2.1 AMF-Stimulated Supramolecule-Based Nanocaps

In 2010, the first in vitro study of SPION@MSNSs reported their capability of effectively
actuating supramolecular nanovalves and releasing anticancer drugs upon exposure to an AMF
(Figure 2.3).” The nanovalve consists two parts, an alkylammonium thread attached on the
particle surface and a cucurbit(6)uril ring, where cucurbit(6)uril interacts with the thread via the
formation of a pseudorotaxane stabilized by the hydrogen-bonding and London forces. Because
the thread-ring binding decreases with increasing temperature, magnetic heating of the core caused
release of the ring and triggered drug release from the pores. The feasibility of using this
magnetically activated system to release chemotherapy drug doxorubicin (DOX) for inducing
apoptosis in a breast cancer cell line demonstrated that AMF-responsive delivery systems hold
significant promise for on-demand anti-cancer drug release. A recent AMF-activated nanoplatform
was further designed to simultaneously deliver multiple drugs. AMF-responsive SPION@MSNs
were co-assembled with LPMSNs loaded with the antimicrobial peptide melittin (MEL).>® The
localized heating from the SPION was responsible for the activation of the caps and release of the
antibiotic ofloxacin (OFL) encapsulated in the mesopores of SPION@MSNs. This delivery

platform was not only AMF-sensitive but also respond to pathogen cells, realizing co-releasing of
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multiple drugs (large-molecular-weight MEL and small-molecule-weight OFL) to treat multidrug
resistance (MDR) of pathogens. In addition, the delivery platform can achieve high-efficiency
targeting with pathogenic biofilms under the stimuli of AMF heating and pathogens. The dual
drug-loaded co-assemblies were shown to have a strong capacity to thoroughly eradicate in vivo
pathogenic biofilms from implants and efficiently prevented host tissue infection and inflammation.

Another example of an AMF-responsive nanocap is based on attaching a bulky adamantane-
B-cyclodextrin (-CD) moiety to the surface of SPION@MSN via a thermally reversible Diels-
Alder reaction (Figure 2.4).3! The dissociation of the bulky gatekeeper, followed by the
unblocking of pores, was stimulated by a heat-triggered cycloreversion under an AMF. The test-
tube experiments showed that a large amount of fluorescein was released upon local heating from
37 °C to 65 °C, whereas almost no leakage was observed at 37 °C. Another advance was to use an
AMEF trigger to tune drug dosage to realize temporal, and spatial control of therapeutics delivery.*?
In this study, an adamantane-{3-CD complex was conjugated on the SPION@MSN via an aliphatic
azo-containing compound. Cleavage of the azo bond under AMF heating triggered the release of
cargo DOX. The cargo could be released in stepwise manner by applying multiple sequential
exposures to AMF, and the viability decrease of pancreatic carcinoma cells (PANC-1) was well-
correlated with increase of the AMF exposure, thereby suggesting their potential use for advancing
precision medicine.
2.2.2 AMF-Stimulated Polymer-Based Nanocaps

The use of thermolabile azo bonds in the design of an AMF-responsive polymeric capping
system was first established by incorporating the azo moieties into the backbone of the linear
polymer polyethylene glycol (PEG).** Biocompatible and thermo-degradable azo-PEG was

covalently conjugated to the surface of SPION@MSNSs. The C-N bonds of the azo moieties were
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cleaved site-specifically upon AMF exposure, resulting in the release of N gas, the generation of
lower molecular weight fragments, and most importantly the release of the entrapped cargo.
Neither the polymeric capping system nor the generated degradation products exhibited
cytotoxicity on NIH 3T3 fibroblast cells, indicating the feasibility of using this polymer-based
capping system for biomedical applications.

In addition to bond breaking of caps for drug delivery, thermo-responsive phase changing
polymers have been used. Poly(N-isopropylacrylamide) (PINIPAM) can switch reversibly from a
hydrophilic, linear state to a hydrophobic, globular state when heated above the lower critical
solution temperature (LCST) of 32 °C. Taking advantage of this property, a thermo-responsive
PINIPAM-based copolymer cap was designed to simultaneously administer several drugs for
improving the treatment efficiency against MDR cancers.>* The copolymer was made by cross-
linking PINIPAM with branched polyethyleneimine (PEI) chains that retain negatively charged
proteins by electrostatic or hydrogen bonding interactions. The attached protein on the hydrated
polymer aids in blocking the release of small molecules trapped inside the pores. When the
temperature is raised above LCST under AMF, the PINIPAM phase transition causes polarity
inversion; the tridimensional polymeric network change was followed by the subsequent release
of fluorescein from the mesopores, and the release of proteins attached into the polymer branches.
Such dual release, accompanied by the synergic effect associated with hyperthermia, improves the
efficacy of antitumor therapy. The next step was to generate PNIPAM-based nanocaps with a
LCST that is suitable for in vivo drug delivery applications. Studies have shown that different
phase-transition temperatures (38 — 44 °C) of the copolymer can be obtained by adjusting the
amount of hydrophilic co-monomer, thus a more clinically feasible capping system can be

achieved.®

15



2.2.3 AMF-Stimulated Biomolecule-Based Nanocaps

Given the importance of biocompatibility and high cellular uptake of nanoparticles for
efficient intracellular drug release, many efforts have been made to develop biomolecule-based
capping systems. Ideal candidates are biocompatible and biodegradable peptides that can self-
assemble at physiological temperature to block the pore openings and disassemble at elevated
temperature to open the pore entrance. Such self-assembling peptides were shown to successfully
trap the anticancer drug DOX, and the temperature-sensitive disassembling process efficiently
responded to AMF for controlled drug release, resulting in efficient killing of PANC-1 cells.
DNA, which undergoes a sharp melting transition (dehybridization process) that can be tuned in
the range of physiological temperature through changes in the surface density of the
oligonucleotides on the nanoparticles and the chain length, is useful as a cap for drug delivery
platforms.?”-*® Single-stranded DNA-modified magnetic silica particles’ mesopores can be capped
via the hybridization with magnetic crystals conjugated with complementary DNA sequence.*”
Owing to the presence of magnetic species, these MSNs were capable of heating the surrounding
media to hyperthermia level (47 °C), inducing dehybridization, and releasing a model drugs
fluorescein in an on and off sequence due to the reversible dehybridization/hybridization of the
DNA. In another study, double-stranded DNA was employed to gate the pore entrance of
SPION@MSN and to deliver the anticancer drug DOX.3® In this study, In vitro experiments were
conducted to show that the SPION@MSN-DNA complex could release DOX fast at 50 °C via the
denaturation of DNA capping chains triggered by the AMF heat. The low cytotoxicity of the
nanoparticle complex and the effective cell uptake of the particles in murine breast cancer 4T1
cells was also demonstrated, suggesting their potential in biomedical applications. Future work

using oligonucleotide-based AMF-responsive capping systems should focus on tuning the critical
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release temperature, i.e. DNA melting temperature, by changing the length of single-stranded
DNA oligonucleotides.*

While treatment by combining hyperthermia and controlled drug delivery was shown
successfully in both in vitro and in vivo studies, to make such systems clinically applicable, careful
operation is required to ensure that the desired temperature is reached, but not exceeded, and that
healthy tissues injury is minimal. The safety limit for humans is that the product (H X f) of
magnetic field amplitude (H) and frequency (f) should not exceed the value 5 x 10°Am~1s1,
Therefore, it is necessary to mitigate the risks of tissue overheating that is associated with necrosis,
where necrotic tissues release cellular contents into the extracellular space and promote tumor
progression. To address these concerns and advance the design of hyperthermia-based
nanotheranostics, a recent study implemented dual-luminescent SPION@MSN to investigate the
local heating mechanism of a SPION in suspension and in a MSN and determined that the Néel
relaxation was the dominant contributor to the heating of a SPION@MSN.?’ In another study, the
MSN interior temperature was measured optically and was shown to have a much higher
temperature than that of the bulk solution during AMF exposure.*! These results all suggest high
promise of AMF-stimulated drug delivery in biomedical applications, especially for selective and
on-command drug release.

2.3 Ultrasound Control of Nanocaps

The tunable dual thermal and/or mechanical effects of ultrasound can be used to stimulate a
wide variety of nanocap designs and produce highly versatile and advantageous methods for
controlling MSN-based drug delivery systems. The heat produced by ultrasound can be applied to
the thermo-sensitive capping systems discussed in the previous section, and the additional

mechanical effects can be applied to uncap pores via other ultrasound responsive mechanisms such
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as bond breaking. Ultrasound can be carefully modulated by tuning frequency, power density, duty
cycles, and exposure time.*> The depth of penetration and potential cavitation can be tuned by
changing the frequency. The intensity of the ultrasound plays a major role in not only the cavitation
effects but also the thermal effects.*? By focusing ultrasound waves into a small volume — the focal
point — which is usually several cubic millimeters,* high intensity focused ultrasound (HIFU) with
an intensity of >3 W/cm? and deep tissue penetration capability offers a noninvasive method for
nanoparticle-enabled delivery of drugs. HIFU can locally trigger cargo release at a specific location
with little or even no side effects because its intensity is strong only at the focal point. Current
therapeutic applications utilize both the thermal effects of HIFU, which benefit from the rapid
temperature rise at HIFU focal point to induce coagulative necrosis, and mechanical (cavitation)
effects that break chemical bonds.** Combined with imaging methods such as low frequency
ultrasound or magnetic resonance imaging (MRI), HIFU is able to ablate the tumor tissue precisely
with minimal invasion and has been used to treat solid tumors such as prostate, rectal, pancreatic,
breast, bladder, brain, and bone.*** In addition, HIFU can temporarily disrupt the blood—brain
barrier (BBB) and help the therapeutic agents into the brain.*® In the following sections, we will
discuss how ultrasound responsive capping systems control the pore entrance accessibility and

advance the cargo delivery systems and the development of nanotheranostics.

2.3.1 Ultrasound-Stimulated Supramolecular-Based Nanocaps

Cavitation is one of the major mechanical effects produced by ultrasound. It depends on a
broad variety of parameters such as ultrasound frequency and the presence of bubbles or cavitation
nuclei.*? It was demonstrated that MSNs can be drug carriers and inertial cavitation nuclei at the
same time; the mechanical strain induced by the acoustic cavitation can help enhance and control

the drug release.*’*8 For example, B-CD-capped MSNs with hydrophobic internal channels were

18



designed for the delivery of the hydrophobic cancer drug paclitaxel (PTX), where the loaded
hydrophobic PTX and the gas stored in the hydrophobic mesopores acted as an ultrasonic
cavitation nuclei.*® In addition to the excellent synergistic effect in vitro and the high
biocompatibility in vivo, it was demonstrated that this delivery platform could significantly inhibit
the 4T1 mammary tumor growth by more than 3-fold when compared with the MSNs without
hydrophobic modification.

Thermal effects generated in biological tissues by ultrasound were also utilized by dibenzo-
crown ether periphery nanovalves on SPION@MSNss for ultrasound-responsive drug delivery and
tumor cell imaging. The mesopores were blocked by the interaction between cations (Na* or Cs")
and the oxygen-rich, electronic donating crown ether’s ethylene glycol chains.** The blocking
agents dissociated from dibenzo-crown ethers by the energy gained from ultrasound, leading to 3-
fold enhanced DOX release. The in vitro biological evaluation revealed that the nanoparticles are
biocompatible and are taken up by L929 normal fibroblast cells. The embedded SPIONs caused
the spin-spin T2 relaxation time changes; the attained dark contrast on the MRI images further
demonstrates their potential use as theranostic agents.

HIFU can be guided by an imaging technique such as MRI or low-frequency ultrasound

imaging.*>->!

Due to this attractive feature, many multifunctional nanoparticles have been
developed to realize both diagnostic and therapeutic outcomes. For example, a theranostic
approach that can control and monitor drug release using magnetic resonance-guided high intensity
focused ultrasound (MRgHIFU) was developed (Figure 2.5).° In this method, a SPION@MSN
structure was used: the mesoporous silica shell provides large pore volume for cargo storage and

delivery and the water access to the paramagnetic SPION core changes after drug release, leading

to T> MRI contrast change. The HIFU-responsive cap containing an aliphatic azo-containing

19



compound was attached to the nanoparticle surface and control drug release. Using this design, the
image contrast changes can be used to measure cargo release and the therapeutic efficacy. The
process was visualized in human pancreatic cancer cells. It brings possible applications of
assessing the precision of HIFU-triggered drug release, and drug dose painting.
2.3.2 Ultrasound-Stimulated Polymer-Based Nanocaps

The cavitation caused by ultrasound can also be applied on MSNs coated with polymer-based
capping systems. The synergy between MSNs and polymer was shown to enhance the ultrasonic
susceptibility and reliability of ibuprofen drug release,> where the convection increase due to the
effects of cavitation increased the diffusion rate of the drug and facilitated faster drug release.
Additionally, high intensity ultrasound can cause irreversible biological changes such as cancer
cell eradication and is capable of inducing chemical change for cargo release.>® For example, the
ultrasound stimulation can result in a change of polymer conformation and the subsequent release
of DOX in LNCaP tumor cells (Figure 2.6). By further coating the polymer-grafted MSNs with a
PEI layer, it can enhance nanoparticle internalization into Decidua Mesenchymal Stem Cells
(DMSNSs), where DMSNs acted as transporters to the tumor tissue.* Such engineered
nanoparticles were shown to release Calcein-AM in vivo after 10 min of ultrasound application
and the DOX-loaded PEl-coated nanoparticles could be retained in DMSNs for 6 days and
exhibited high migratory capacity toward the tumor homogenate, leading to the effective uptake
of DMSNSs. The release of DOX, which only occurred when the platform is exposed to ultrasound,
resulted in the reduction of N-Nitroso-N-methylurea cell viability. Future approaches of polymeric
delivery systems should focus on the enhancing the efficiency of particle internalization into cells

for better treatment efficacy and clinical applications.
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HIFU is being used in the clinic. There are several designs of capping systems that are
responsive to HIFU that demonstrate promising potential for applications. A reversible ultrasound-
responsive hybrid nanocarrier based on alginate-coated MSN was designed to utilize mechano-
responsive chemical bond breaking and reforming of the capping systems for realizing HIFU-
controlled cargo release.> It was demonstrated that 100% of the cargo can be released after HIFU
irradiation with low in vitro cytotoxicity. In another study, polydopamine (PDA) coated MSNs
were shown to release DOX due to ultrasonic cavitation, where the pulsatile drug release could be
controlled by switching the HIFU on and off.>® PEG was also designed to cap the pore in a
biofriendly MSN drug delivery platform for MRgHIFU.>” The PEG-coated nanocarriers enabled
the HIFU-triggered release of FDA approved gadolinium-based contrast agent, Gd(DTPA)*
without hyperthermia because cavitation induced by HIFU could lead to PEG cleavage and
degradation. With MRgHIFU, real time spatial- and temporal-control of cargo release in three-
dimensional space can be realized. The study further demonstrated that the dose of cargo release
was correlated to HIFU stimulation times and power levels. The significance of this platform for
future biomedical applications was supported by ex vivo results demonstrating that MRgHIFU
achieved selective stimulation spatially in the presence of nanoparticles. This platform is
promising for precise therapy that delivers drugs to a specific tissue in real time.

2.4 Light Control of Nanocaps

Light energy is an important stimulus for biomedical applications. An important advantage
of light over magnetism and ultrasound is its high spatial resolution, but a limiting disadvantage is
its low penetration depth into tissue. The most important growth area in current photo-stimulated
drug delivery research involves the use of low energy light (red and near infrared (NIR)) because

of its deeper penetration depth compared to that of visible and UV light. This topic will be
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discussed in more detail below. Important medical applications not involving drug release and thus
not discussed here include photodynamic therapy via production of reactive oxygen species, °® and
photo-induced hyperthermia kill cells by heating.>

The six most important processes used to stimulate drug delivery using light are a)
photochemical bond cleavage (photodissociation), b) supramolecular bond cleavage (mechanical
bond cleavage), ¢) photoisomerization, d) photo-induced redox reactions, ) photoinduced acidity
changes (photoacids) and f) photo-induced thermolysis. In most cases, a large molecule or polymer
is held in place over MSN pore openings and the photon causes it to move away from the pore by
cleaving a bond holding it in place, by changing the bonding constant holding a supramolecular
structure together, by causing a structural change in the molecule itself, or by local heating. %419
(Purely photothermal effects are similar to those caused by magnetic and ultrasonic heating that
were discussed in the previous two sections.) Photoexcitation of molecules that act as
“transducers”, such as photo reductants and photo acids, can in turn activate pore unblocking, for
example by breaking disulfide bonds by reduction or pH-sensitive supramolecular bonds by
acidification.
2.4.1 NIR Light-Responsive Nanocaps

UV and visible light can provide enough energy to break chemical bonds in molecules, but
they suffer from poor penetration depth and may induce tissue injury. NIR light can minimize the
scattering from the tissue and achieve centimeter penetration depth. The penetration of the laser
beam is deepest when the wavelength of laser is between 700 — 1300 nm, which is called the
biological window.5%®! The penetration depth of the laser beam in the tissue also depends on the

extinction coefficient of different components in the tissues. Although the penetration depth of
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NIR light is higher than that of UV and visible light, the photon energy of NIR light is too low to

stimulate the cleavage of most chemical bonds or excite photo-isomerization reactions.

Two methods of overcoming the energy limitation are currently being studied: coherent two-
photon absorption, and sequential multiphoton upconversion. The former requires specific types
of molecules with large two-photon absorption cross-sections,®? and the latter requires designed
combinations of IR-absorbing ions or molecules.®® The result of the two-photon absorption process
is excitation to an excited electronic state, with twice the energy of the individual photons, that can
cause bond cleavage and photo-isomerization. The advantages of two-photon excitation are that it
can penetrate deeper in tissue with low scattering losses, inflict lower damage on healthy cells, and
have high spatial resolution. However, the efficiency of two-photon absorption is low and varies
with the square of the light intensity; pulsed lasers with high power densities are necessary for this
process.® Despite these physical constraints, examples of two-photon energy for stimulating cargo
release caused by directly cleaving the bonds between nanoparticles and capping molecules have
been reported using coumarin derivatives as the linkers.®> ¢ Additionally, molecules with high
two-photon cross sections can act as “transducers” by transferring energy to another molecule that
in turn causes cargo release. For example, a fluorophore can be activated by two-photon absorption
and transfer energy by Forster resonance energy transfer (FRET) to an active component,
functionalized azobenzene derivatives that are photo-regulators of mass transport in pores.’” They
were attached in the vicinity of two-photon responsive fluorophores with a high two-photon
absorption cross sections. FRET caused photo-isomerization of azobenzene, leading to cargo
release (Figure 2.7).%8

A photo-redox-active molecule (one that becomes a strong reducing agent in an excited

electronic state) can be excited by two-photon energy and reduce disulfide bonds in a linker
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holding a nearby capping molecule and thereby releasing it. A photoreduction system using a
photo-transducer with high two-photon cross-section released electrons to reduce disulfide bonds
holding cyclodextrin caps on MSNs when activated by two-photon absorption.®® In this design,
EDTA was used to inhibit the back electron transfer from the oxidized photo-transducer. After
pulsed 800 nm laser excitation, the cleavage of disulfide bonds released Rhodamine B cargo.
Another photo-redox example also involving photocleaving disulfide bonds for releasing anti-
cancer drugs used nanogates on mesoporous organosilica nanoparticles loaded with DOX.”
Disulfide nanogates were photocleaved by two-photon energy and DOX was released from the
pores. In an in vitro study, 70% of MCF-7 breast cancer cells were killed after photoexcitation.

In addition to coherent two-photon absorption, sequential absorption of two NIR photons can
stimulate upconverting nanoparticles (UCNP) that emit UV light. Absorption of the emitted light
by appropriate linker molecules can dissociate the chemical bonds between a nanoparticle and a
cap. For example, MSNs with rare earth cores in MSN shells were loaded with DOX and capped
with B-CD bonded to the particles with photosensitive Pt(IV)-containing linkers. When excited
with NIR light, the UCNPs emitted UV light that was absorbed by the linker and broke the linker
bonds releasing both Pt(IV) pro-drugs and the DOX from the pores.”! In vitro experiments showed
that the double-drug release system induced cell death under NIR irradiation, and in vivo mouse
studies showed that the nanoparticles had better efficacy under NIR light compared to that using
UV light due to higher penetration depth of the NIR. Owing to their diverse and abundant
mechanisms, utilization of light as an external stimulus has shown great potential for trigger-

responsive drug delivery.
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2.5 Outlook and Perspectives

Though considerable progress and advances have been made over the past decade towards
externally controlled MSN-based drug delivery (and other innovative applications) by exploring
different capping systems, challenges for their use in biomedical applications need to be addressed
to achieve clinical translation. To summarize and look toward the future, we point out various
research opportunities and practical consideration involved in preclinical development and clinical

translation of external responsive MSN-based nanocarriers.

2.5.1 Research Opportunities Taking Advantage of Modern Clinically Available Medical
Devices

External triggers discussed in this Perspective are attractive because the triggering events can
be controlled remotely outside of human bodies. The high promise for external stimuli for various
therapies has been evidenced by their progress in clinical trials and usages. HIFU was FDA
approved and was first applied in the clinic in 2004 to treat uterine fibroids under the guidance of
MRI.”? SPION-AMF-based therapy in phase-I and phase-II clinical trials of glioblastoma and
prostate cancer treatments showed promising results.?® The patients are treated by the
NanoActivator® (MagForce, Germany) device that generates the AMF. Our perspective is that
AMF and HIFU are the two stimuli of the future that provide wide-open opportunities for taking
advantage of newly available clinical instrumentation. Along with them, new stimuli-responsive
drug delivery nanoparticles will be needed to exploit instruments that will become available in the
future. For example, external electromagnetic stimuli such as radiofrequency (RF) waves (100 kHz
to 300 GHz)”*~7° or microwaves (100 MHz to 3 GHz)’® have been suggested as stimuli of drug
release. The low-power RF field can transmit throughout the brain, resulting in improved drug

penetration across the BBB for an efficient drug delivery to glioma cells. The magnetic cores of
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Fe;04@MSNs doped with ZnO have microwave-absorbing and thermal conversion properties and
can generate local heat under microwave radiation, suggesting a new path toward thermo-
stimulated drug delivery platforms.”® Despite the promising results, further research is needed to
confirm their exploitability in clinics.

Throughout this Perspective, examples of exceptional performances in vitro and in vivo of
each type of stimulus have been demonstrated. It is important to note that all stimuli discussed in
this Perspective produce heat. Although the heat can be controlled and can help trigger cargo
release on-demand, it can be dangerous to human tissues if too much is produced. Stimuli with
low power is generally safer but requires caps that respond sensitively. While stimuli with periodic
or short pulses may provide a better control of the release profile, the attained treatment efficiency
should be carefully compared with other conditions. Appropriate parameters for each stimulus
must be carefully analyzed for its usage in vivo. Analysis on these external stimulations should be
conducted to make sure that stimuli only aim at the desired groups (e.g., nanocaps) but not the
other components (e.g., protective coating or targeting ligands) of nanocarriers because these
components play a crucial role in enhancing their performance in living organisms, as will be
discussed next.

2.5.2 Research Directions Based on Surface Engineering for Enhancing Targeting Efficacy

A key feature of a nanoplatform to combat a disease is its capability of specifically targeting
the diseased cells without affecting the normal healthy tissues. To achieve the optimal treatment
efficacy, the nanoparticles carrying the cargo need to be capable of reaching the location of interest
and interact exclusively with the targeted cells. Active targeting via the specific interaction
between ligands decorating the surface of the nanocarriers and the receptors overexpressed on the

target cells has been used to enhance nanoparticle uptake.””-’® MSN-based nanoplatforms offer an
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array of potential solutions for the development of receptor-based active targeting. For example,
short-stranded DNA or RNA oligonucleotides with a specific sequence, the aptamer, could be
developed to serve as not only the stimuli-responsive capping system but also the targeting ligands
on the nanoparticle surface. As another example, a supramolecular cap discussed above can be
functionalized with targeting agents such as folic acid to add targeting functionality and thus
achieve the enhanced selective targeting of cancer cells.*® Polymer coated MSNs can be further
covered with an oppositely charged polymer with targeting functionality via electrostatic forces;
for example, the interactions between the anionic PEI and cationic hyaluronic acid (HA).”
Methods of introducing different functional groups to the surface of nanocarriers, such as polymers
with various surface functionalities, are worth investigation in further prospective studies to
append both targeting and capping agents to the particle surface for enhancing cell and tumor
uptake as well as stimuli-responsive release of a drug.

Studies also showed that the interactions between cells and nanoparticles are highly sensitive
to the nanoparticle surface chemistry. For example, by fusing zwitterionic lipid-based vesicles on
MSNs — the so-called “protocells”, individual cell targeting and delivery can be achieved.®
Moreover, nanoparticles with zwitterionic surfaces have been shown to offer low nonspecific
binding with the bioenvironment and high cell uptake,’! suggesting that the nanoparticle surface
charges (i.e. those of the charged functional groups of the capping systems ) should be
appropriately designed and optimized for in vivo targeting applications. The development of new
approaches such as coating the MSN surfaces with biomolecule-based layers to mimic exosomes
or cell membranes will also be an interesting field to focus on for a more direct targeting and
enhanced treatment efficacy.®?> By building a protein corona shield on the MSNs functionalized

with targeting agents, it was demonstrated that the interactions between MSNs and biological
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systems can be regulated, avoiding the clearance of MSNs by macrophages and retaining their
targeting ability in vitro and in vivo.** Apart from surface modification of the MSN surface, the
aspect ratios of the particles were shown to have impact on cellular uptake mechanism and
different aspects of cellular function.®* Such evidence suggests that the unique characteristic
features of MSNs (e.g., both surface and structure) will play an important role in enhancing
therapeutic efficacy.

2.5.3 Research Opportunities Using Core-Shell, Large-Pore and Hollow MSNs

Monitoring the dose in real time is another very challenging and important topic to pursue for
the advancement of precision medicine. Discussed earlier in this Perspective, measuring and
controlling the drug release from SPION@MSNs can be realized using MRgHIFU.>” When using
light as the stimulus, fluorescence quenching is a possible future direction to achieve real-time
monitoring of drug release by capturing the change of emission intensity or wavelength before and
after drug release. To further advance light-stimulated platforms and allow the observation of the
light-based processes in deep tissue, shortwave infrared (SWIR) light appears promising. HMSNs
that have mesopores that open into a large cavity has been used for optical imaging with SWIR
via the assembly of SWIR-emissive J-aggregates in HMSNs.% This development resulted in a
significant improvement in depth penetration, contrast, and sensitivity and is therefore worthwhile
to be further explored for advancing therapeutic drug monitoring.

MSN-based platforms can also be designed for enhancing MRI contrast. While it is known
that microbubbles can enhance ultrasound imaging and air-filled MSNs can serve as a HIFU-
responsive ultrasound contrast agent,%®%7 air, which provides paramagnetic susceptibility when
compared with the surrounding diamagnetic water, is also a source of contrast in MRI.3® We

anticipate that the future design of gas-encapsulated MSNs can be used as MRI contrast agents
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that can be triggered by the external stimuli that we discussed in this Perspective. In addition to
improving MRI contrast via utilization of gas, a spotlight technique was developed to enhance
MRI contrast specifically at the targeted tissue with ~1.5 mm? resolution.* This technique is based
on periodic HIFU responsive MSNs modified with Gd(DTPA)? and PNIPAM. These MSNs can
generate reversible MRI contrast changes. Spectral analysis extracts periodic signal changes, and
a modulation enhancement map is reconstructed with a contrast enhancement of almost 100-fold
at HIFU focal point compared to conventional MRI protocol. This spotlight technique can
potentially be utilized to identify detailed tissue structure as well as enhance MRI contrast change
with a wide variety of applications. Combined with the drug delivery features of MSNs, we
envisioned that it would open more possibilities in the field of theranostics.

In addition to utilizing regular MSNs in the advancements of diagnosis, LPMSNs (Figure
2.1b) have great potential for the encapsulation of large biomolecules such as peptides and proteins
that are increasingly important new therapeutic agents. The delivery of RNA or DNA to date
mainly involved the outside surfaces of particles. Recently, LPMSNs are being investigated for
gene therapy and to deliver relatively large biomolecules such as siRNA, IL-4 cytokines, and
antigenic protein.”® The pore tunability of MSNs was used to regulate antigen delivery efficacy
and demonstrated the enhanced immune response intensity by using MSNs with large pores.’!
These strategies could lead to more advanced designs of MSN-based vaccines for cancer
immunotherapy, which is a rapidly developing area. LPMSNs have been employed to encapsulate
smaller functional nanoparticles to realize MR cancer diagnosis/imaging®?, bimodal MR/NIR
imaging,” and biosensing.”* They have also been used to immobilize enzymes without capping by
utilizing physical adsorption.” Similar to the chemical amplifier where a nanogate controls the

access to an encapsulated enzyme,”® a more advanced design of mechanized particles that involves
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a catalyst-based production of amplified response when triggered can potentially increase
detection sensitivity and be used as a controllable sensor to identify targeted signals from
circulating cancer cells.”’

The growing usage of the LPMSNs requires design and testing of large stimuli-responsive
caps. Burst release of the encapsulated cargo sometimes occurs after the drug administration,
resulting in a significant decrease in the number of cargo drugs that can reach the pharmacological
target in the body. While it can be envisioned that suitable pore gatekeepers can minimize leakage
and premature release of cargo, not many supramolecular-based nanocaps that can block the large
pore openings have been reported.”® We think the design and synthesis of stimuli-responsive
capping systems for LPMSNs will open up new opportunities in both theranostic and biosensor
applications.

It is interesting to note that HMSNSs are underutilized in spite of their potentially large storge
capacity. HMSNSs have been used to trap a large quantity of nitric oxide (NO) donors that released
NO in response to ultrasound, resulting in an excellent in vivo effect in inhibiting the Panc-1
tumor.”® Because the internal cavity of a HMSN is connected to the particle surface through the
mesoporous channels, these kinds of particles merit further applications.”

2.6 General Considerations

An obvious and extremely important component of the design of capping systems is that the
material must function in relevant biofluids (e.g., blood, cytosol) at or near the physiological pH
of 7.2. Nanomachines that function beautifully in distilled water may not operate at all in the
presence of proteins (e.g., albumins) or other common biomolecules. Equally importantly, the
particles must be dispersible (minimal aggregation) in the biofluids. Well known strategies for

increasing dispersibility, for example by attaching PEG polymers to the particle’s surfaces, may
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decrease the number of capping molecules that can be attached and also interfere with their
operation. Despite the successful utilization of MSNs in vitro and in vivo, full understanding of
their biocompatibility in biological systems is needed before their translation to the clinic.
A second and extremely important constraining consideration is the toxicity of the final
nanoparticle. Spherical MSNs have been shown to be safe, but each new cap or attached molecule
creates a new particle that must be tested for safety. This constraint means that when designing a
new capping system, not only the cap and all other molecules attached must be nontoxic, but also
all of the degradation products resulting from the response to stimulation must also be nontoxic.
Other essential factors for the MSN-based carriers’ uses in clinics include ensuring high purity
and uniformity of nanoparticles, which sometimes may be challenging. It will be necessary to
establish cost-effective and scalable methods to fabricate various kinds of well-dispersed high-
quality MSNs with good reproducibility in order to receive approval from the FDA.

Ultimately, MSNs possessing capping systems that respond to one or more external stimuli
hold great promise for biological applications such as diagnostics and therapeutics. Despite their
promise, to advance and succeed in clinical trials, well-defined parameters for the stimuli should
be established and more effort should be focused on addressing, identifying, and solving the
potential toxicity of the designed nanosystems. The system should be kept as simple as possible
through first utilizing its intrinsic properties to the fullest extent before incorporating any other
component for improvement of treatment efficacy. The challenges that nanosystems face for use
in various applications are multi-faceted. Successful clinical translation of nanoparticles depends
on cooperation between physicochemical and biomedical sciences and interdisciplinary research
in academic, industrial, and clinical settings to address the real clinical challenges.®? Finally, to

accurately compare preclinical results, to improve existing nanoparticles, and to design promising
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new nanosystems, more effort on the standardization of the laboratory practices and preclinical
characterization, including physicochemical, in vitro, and in vivo characterization, is necessary.
Such a standard can help future researchers recognize the critical healthcare needs when designing
the nanoparticles and speed up the advancement of MSN-based nanosystems using past
experiences. If all the challenges can be appropriately solved and requirements can be met,
triggered MSN-based drug delivery nanocarriers that avoided deleterious off-target effects can
strengthen the treatment efficacy and offer a very promising research field with high impact for

therapeutic applications.

2.7 Figures

Figure 2.1 TEM images of the most common spherical mesoporous silica nanoparticles (MSNs)
used for biomedical drug delivery. (a) Tubular pores ~2.5 nm in diameter in a two-dimensional
hexagonal array. The pores are commonly templated with cetyltriammoniumammonium bromide
(CTAB) surfactant. (b) “Large pore” MSNs with dendritic center-radial oriented pores ~ 4 nm in
diameter. The pore size can be changed using “swelling” agents, larger molecular weight
templating surfactants, or a hydrophilic and hydrophobic solvent mixture. (¢) Hollow MSNs. The
hollow center is frequently formed by condensing mesoporous silica around a spherical
nanoparticle that is then dissolved and leaves behind a spherical void. (d) Core-shell MSNs with
radial pores. This important example contains a superparamagnetic iron oxide (SPION) core. Scale
bar: 100 nm
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Figure 2.2 Schematic representations of capping systems over pores and their responses to
external magnetic field, ultrasound, or light stimuli that cause cargo molecules trapped in the
capped pores to be released. Top: the phase change of polymer caps on a SPION@MSN that is
stimulated by heat from a superparamagnetic core in an alternating magnetic field (AMF). Middle:
bond cleavage of linker-based caps that are triggered by ultrasound. Bottom: the dissembling of
supramolecular caps that are activated by light. In all cases the trapped cargo molecules (orange
spheres) diffuse out of the pores after the stimulation opens the cap. Note that the pores are not
drawn to scale and that each illustration only shows a few of many pores in a nanoparticle.

Cucurbit(6)uril Nanovalve

Alternating
Magnetic
Field

Figure 2.3 AMF activation of a nanovalve. The bulky cucurbit(6)uril caps trap cargo molecules in
the pores of a SPION@MSN. Upon heating of the core by the AMF, the temperature-dependent
binding constant of the cucurbit(6)uril to the diamine thread decreases, resulting in the disassembly
of the nanovalve and subsequent release of cargo. Image adopted with permission from ref 2°.
Copyright 2010 American Chemical Society.
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Figure 2.4 AMF-responsive bulky molecular caps are attached to pore openings by thermally
reversible Diels-Alder reactions and trap the cargo inside the pores. When the temperature is raised
by AMF heating of the core, a cyclo-reversion reaction is triggered, leading to dissociation of the
bulky caps and allowing cargo molecules to diffuse out of the mesopores. Image adopted from ref
3! with permission from The Royal Society of Chemistry.
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Figure 2.5 Capping system stimulated by high-intensity focused ultrasound (HIFU) to control
drug release from MSNs. The release is imaged by magnetic resonance imaging (MRgHIFU). (a)
On the left, doxorubicin (DOX) is trapped in the mesopores by B-CD caps that are held in place
by thermo-sensitive azo bonds. On the right, after the HIFU stimulation is turned on, the thermo-
sensitive bonds are cleaved by HIFU, the cap is opened and DOX is released. The increased water
access to the superparamagnetic iron oxide core causes the T> MRI contrast to change. (b) TEM
images of core-shell MSNs, and (c) the bond cleavage reaction stimulated by HIFU. Image adopted
from ref >° with permission from The Royal Society of Chemistry.
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Figure 2.6 An ultrasound-responsive copolymer grafted on the surface of MSNs changes
conformation in response to ultrasound irradiation. The cargo is retained in the pores when the
polymer is coiled. Ultrasound irradiation induces the change in polymer conformation to extended
coil-like, unblocking the pore openings and allowing the trapped cargo to be released. The image
adopted from ref. >3 Copyright 2015 American Chemical Society.
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Figure 2.7 The mechanism of a two-photon infrared light-activated transducer for cargo release.
(a) An azobenzene “nano-impeller” is in its trans configuration in its ground electronic state. (b)
When excited with 760 nm two-photon energy, the fluorophore with a large two photon absorption
cross-section transfers the energy to azobenzene via fluorescence resonance energy transfer
(FRET). (c) The excited azobenzenes in the pores undergo reversible trans-cis isomerizations and
act as nano-impellers; the large amplitude motions allow the cargo molecules to escape from the
pores. Image adopted from ref ®® with permission from John Wiley and Sons.
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Chapter 3 Probing the Local Nanoscale Heating
Mechanism of a Magnetic Core in Mesoporous
Silica Drug-Delivery Nanoparticles Using
Fluorescence Depolarization

This chapter of the dissertation was reproduced with permission from J. Am. Chem. Soc. 2020,
142, 5212—-5220. Copyright 2020 American Chemical Society. Lin F.-C. designed and performed
all the experiments. Jeffrey 1. Zink was the P.I. In addition, detailed theory and synthesis of

SPIONs was included in this chapter.
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3.1 Introduction

Superparamagnetic iron oxide nanoparticles (SPION), possessing both therapeutic
(hyperthermia) and imaging (MRI) features, are of importance in biomedical applications. The
inherent T>-weighted magnetic resonance imaging (MRI) contrast change caused by SPIONs has
been extensively exploited in cancer diagnosis and treatment monitoring."? In addition, SPIONs
have also been tailored for use as drug delivery agents for cancer therapeutics.!** Noninvasive
alternating magnetic fields (AMF) in conjunction with SPIONs makes possible on-command

hyperthermia cancer treatment and immunotherapy.’~” Due to the heating ability of SPIONs that
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can be directly controlled by using AMF, they are widely developed for heat-activated drug
release. !

Magnetic induction heating generated by SPIONs when subjected to an AMF depends on the
relaxation time for reorientation of magnetic moments in the SPIONSs resulted from the thermal
fluctuations at a finite temperature.” The magnetization of each particle only starts to respond to
the applied magnetic field when the temperature is above the so-called blocking temperature (T),
where the thermal energy overcomes the anisotropy barrier and magnetic moments of each particle
begin to fluctuate.!® The magnetically-induced heating of single-domain SPIONs can be caused
by two basic relaxation mechanisms, Néel relaxation and Brownian relaxation.> Néel relaxation
involves the internal rotation of the magnetic moment with respect the crystalline axes, whereas
the rotation of the particles as a whole was termed Brownian relaxation.>!!

The Néel-Brownian magnetization relaxation of SPIONs in an AMF has been studied from a
theoretical point of view.!? The calculations predict that the rotation of magnetic nanoparticles in
a liquid as a whole occurs when the AMF amplitude is smaller than the particle anisotropy field.!?
However, when a large amplitude of AMF is applied, particles will only oscillate slightly,
accompanied by sharp jumping of the magnetization vector from one magnetic potential well to
another.!? In another theoretical study, a trend of decreasing specific absorption rates with higher
dispersion viscosity of magnetite nanoparticles due to the changes in free particle rotation was
calculated, implying the presence of a Brownian relaxation heating component.!! Previous
discussion on magnetite particles with a range of particle sizes also pointed out that Brownian
relaxation process tends to dominate when the particle size is larger than 8 nm.” Despite of the

theoretical studies on various aspects of the magnetic nanoparticle behavior in a liquid, the
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relaxation contributions of SPION encapsulated in MSN (SPION@MSN) in AMF of moderate
amplitude and frequency have not yet been investigated experimentally.

Mesoporous silica nanoparticles (MSNs) are mechanically, thermally and chemically stable
silica matrices containing pores with large internal volume, and are suitable carriers of cargo
molecules such as anticancer drugs that can be stimulated by heat to release the drugs.!® Studies
using MSN for the delivery and release of drugs at a selectively targeted site with AMF temporal
control have been reported.!3~'® In these systems, the thermo-responsive gatekeepers on the surface
of MSNs (tens of nanometers from the magnetic core) mediate the release of drugs through the
localized nanoscale AMF heating of the core SPION. Given the importance of confining sufficient
thermal energy at the suitable heating range and carrying out spatial control of therapeutics
delivery and release while leaving particles’ surroundings unaffected,’ it is necessary to understand
the local SPION heating mechanism for the development of a more selected and precise local
heating upon AMF trigger. Studies have exploited biological'”!® and chemical methods! to
demonstrate that the temperature rise localized in the magnetic nanoparticles immediate
surroundings. Evidence of a temperature gradient between the MSN and the bulk solution during
AMF exposure was also established by the direct use of a nanothermeter.?’ The nanoparticles
become much hotter than the surroundings; however, the dominant mechanism for generating this
local heat is still unclear.

The goal of this study is to investigate the mechanism of the local heating processes on the
nanoscale of the particle and help optimize hyperthermia-based drug release platforms with such
understanding of the mechanism. Based on the reported theoretical results,”!!122! both Néel
relaxation and Brownian relaxation could possibly occur when a big amplitude of the AMF as

compared to the particle anisotropy field is applied on the SPIONs with average particle size larger
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than 10 nm, which were synthesized and used in this study. In this work, we adopted a sensitive
detection method utilizing fluorescence depolarization technique?>2° to examine if there is a
change in the motion of SPION@MSNSs stimulated by AMF. We also synthesized a novel dual-
luminescent EUSPION@MSNSs with two-separated emission peaks, one from the europium-doped
luminescent superparamagnetic core (EuSPIONs) and another from MSN shell, to individually
probe the rotating motion of the SPION core and MSN skeleton upon the AMF actuation. Based
on the results collected by exposing EuSPION@MSNS to different experimental conditions, we
conclude that no additional motion is caused by an AMF, thus contradicting the Brownian
explanation and implicating that Néel relaxation dominates the nanoscale heating.
3.2 Theory of Magnetic Heating by SPIONs

The magnetic heating is accomplished by rotating the magnetic moment of each SPION
against an energy barrier. The heating of magnetic fluids subjected to an alternating magnetic field
(AMF) can be explained by the linear response theory (LRT),?® which was developed based on the
assumption that the heat generation is only due to the rotational relaxation of non-interacting single
domain nanoparticles. The LRT model shows an expression of the power dissipation (P),

P = pomy fH? (D

, where |1, is the free space permeability, X is the out-of-phase component of the complex
ferrofluid susceptibility, f is the rotation frequency, and H is the magnetic field intensity. This
expression agrees with our previous induced heating results which showed that, by varying
experimental conditions such as magnetic field induction power and the exposure time to the

magnetic field, different heating temperatures could be obtained.?” Equation (1) can be rewrote as,

2mft

_ 2
P= T[HOXOHOfl + (ZT[fT)Z (2)
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, Where x, is the actual susceptibility and t is the effective relaxation time. This equation displays
the high dependence of the power dissipation on the two relaxation processes involved in the heat

generation, including the Brownian relaxation (characterized by the parameter 1z ) and Néel

relaxation (characterized by the parameter ty ), since the effective relaxation time (% = ti + ti) is
B N

dependent on the collective contributions of both relaxation processes. The particle that has
undergone Brownian relaxation produces heat by friction (shear) between SPIONs and the
surrounding fluid if conditions such that the rotation of the magnetic moment results in the rotation
of the particle itself, that is, particles are free enough to rotate following the applied AMF.?® The
other process that involves the thermal energy dissipation through the rearrangement of atomic
dipole moments within the SPIONs is known as Néel relaxation where the magnetic moment
rotates following the main AMF while the particle itself remains fixed.?’ Due to the difficulty of
confining sufficient thermal energy in a tumor while leaving healthy tissues unaffected, it is
important to retrieve information, such as heating parameters, of SPIONs via for the optimization
of treatments.
3.3 Synthesis of Lanthanide Ions (Ln)-Doped Luminescent SPIONs

A new class of Ln-doped luminescent SPIONSs, possess both optical and magnetic properties
associated with their f-block electronic configurations, is introduced. Three different dopants —
uranium, terbium, and europium, were incorporated in SPIONs. The Ln-doped SPIONs were
synthesized by a thermal decomposition of Fe-oleate in the presence of Ln-oleate (Tb-oleate or
Eu-oleate) or uranyl acetate. This synthesis method aims to achieve three goals: (1) a new emission
peak at a wavelength that is different from the intrinsic luminescence generated by the defect sites
of silica skeleton, (2) spherical morphology of Ln-SPIONs for the easiness of silica coating, and

(3) preserved superparamagnetic property of Ln-SPIONs for the magnetic heating under an AMF.
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From the emission spectrum of SPIONs with different dopants, it can be seen that only the
Eu-doped SPIONs generate an emission peak centered at a 550 nm that is different from that of
the silica shell (Figure 3.1), whereas both U-doped and Tb-doped have an emission peak at around
450 nm that is overlapping with the emission peak of the silica shell. With the emission peak of
Eu-SPION:S fall within the targeted wavelength range, the synthesis procedure of Eu-SPIONs was
further optimized so that both morphology and superparamagnetic properties of SPIONs can be
preserved after Eu ions doping. It can be seen that complex structure of the as-synthesized Fe
oleate by changing washing procedures would influence the morphology of Eu-doped iron oxide
nanoparticles.’® The morphology of Eu-doped iron oxide nanoparticles changed from a spherical
shape (Figure 3.2C) to cubic shape (Figure 3.2B) with an additional ethanol/acetone washing step.
This can be explained by the presence/absence of oleic acid, in which oleic acid played an
important role in controlling the crystal growth along the <100> or <1 11> direction of magnetite.’!
The magnetic properties of Eu-doped iron oxide nanoparticles can be improved from a
paramagnetic state to a superparamagnetic state by carrying out the synthesis in trioctylamine or
benzyl ether, respectively (Figure 3.2A). Tg of Eu-doped iron oxide nanoparticles synthesized
under different conditions were also measured. Ts of Eu-SPIONs is below 200 K whereas
paramagnetic Eu-doped iron oxide nanoparticles obtained T that are above 200K. After synthesis
optimization, spherical Eu-SPIONs that exhibit luminescence at room temperature were prepared
for extended analytical applications using optical methods
3.4 Results and Discussion
3.4.1 Possible Motions of the Core and the Shell caused by AMF

The Brownian heating mechanism of the magnetic core in MSNs could be proven if

movement caused by the AMF of the embedded EuSPION and the silica shell were observed. The
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two possible motions in the presence of the AMF are shown in Scheme 3.1. In (a) neither the core
nor the shell rotates additionally in response of the applied AMF and in (b) oscillation of embedded
core in AMF drives silica shell to rotate with it due to the strong interaction between the
hydrophobic ligands on the core and the silica framework. In the case of (a), Néel relaxation would
be the dominant mechanism of the heat production. If the SPION core does not physically re-
orientate in the AMF, the rearrangement of atomic dipole moments within the SPIONs must occur
to generate the observable temperature increase. In the cases of (b), the friction caused by physical
rotations of the magnetic core-shell nanoparticles heat up the surroundings, indicating that
Brownian relaxation contributes to the nanoenvironment temperature change of the
EuSPION@MSN.
3.4.2 Steady-State Degree of Polarization Measurements for AMF-Induced Motions

In this study, the possible motions of the embedded EuSPION and the silica shell caused by
the AMF was measured through steady-state fluorescence depolarization spectroscopy using the
instrument arrangement shown in Figure 3.3. The steady-state depolarization was primarily
determined by the stationary orientational distribution of the luminescent molecules at equilibrium
state.’? Therefore, the molecule orientation was monitored by the steady-state degree of anisotropy,
r, given by

. L -1
I"+21J_

(3)

where [ and I, are the emission intensities parallel and perpendicular to the polarization direction
of the exciting light, respectively. Upon the excitation of a molecule by a polarized continuous-
wave light source, the molecules that are aligned with the oriented field vector of the laser beam
absorb the light and emit at a later time depending on the fluorescence lifetime.?*> The r can take
values between 0 and 0.4. When the laser-excited probe molecule can freely tumble and entirely
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randomize before emitting at a later time due to the rapid motion, r = 0. A maximum value of 0.4
indicates that the emitter cannot reorient freely. In the case when the rotational correlation time
(tc) *33* of a particle is much longer than its fluorescence lifetime, where the particle rotates too
slowly to cause depolarization during the fluorescence lifetime, the fluorescence is only partially
depolarized leading to a residual anisotropy.*? The residual anisotropy values (0 <r < 0.4) describe
the average angular distribution of the fluorescent probe and thus serve as an index of the angular
range of the probe molecules. Therefore, if Brownian relaxation occurs the degree of constraints
of probe molecules will be altered in the presence of AMF. The additional orientation of the
EuSPION core and intrinsically emitting silica shell of an EuUSPION@MSN (> 50 nm) will further
depolarize its emission with respect to the vector of excitation, resulting in a decrease of r.
Accordingly, the obtained r results were used to analyze the rotating motion of the free cores and
the core-shell nanoparticles. After applying AMF, r of the magnetic core and the shell of a core-
shell nanoparticle decrease in the case of the Brownian relaxation. On the other hand, r values
remain the same on condition that no physical rotation occurs which corresponds to the Néel
relaxation shown in Scheme 3.1.
3.4.3 Synthesis and Properties of the Luminescent EuSPION

EuSPIONs with diameters of 12 nm (Figure 3.4a) were synthesized by a modified thermal
decomposition method?>*¢ and europium was used as a dopant to make the SPIONs luminescent.
The dopant molar ratio (Eu: Fe) of 0.125 was measured by ICP-OES. The luminescence spectrum
of the particles consists of a broad emission band between 450-700 nm centered at around 525 nm
(Figure 3.5a, Figure S 3.1a). The excitation spectrum monitored at 550 nm consists of a broad
band between 275-525 nm (Figure S 3.1b). A similar band was also observed by monitoring the

emission at 600 nm (Figure S 3.1b). The origins of the emission are the 5d — 4f transitions of the
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divalent Eu ions in the host Fe3O4 crystals. The lowest energy excited state electronic configuration
of Eu?" is 4f%5d! instead of 4f° for Eu*". The outer 5d subshell, which is more sensitive to the
surrounding crystal anions compared with the deep-lying 4f subshell, splits to several sublevels
according to its crystal symmetry and results in a broad-band emission.?”-*8 The occurrence of both
divalent and trivalent Eu ions in the EuSPION was confirmed by the XPS (Figure S 3.1¢). The
high-resolution scan binding energy (BE) spectra of europium with an incompletely occupied 41-
subshell exhibits splitting into two separated signals at BE positions of 1135.3 eV and 1165.3 eV
corresponding to Eu**3ds; and Eu**3ds2, respectively (Figure S 3.1¢).3° Along with the Eu** ions,
doublet positions at 1127.2 eV and 1156.2 €V are in agreement with literature values for Eu?*
ions.? The XPS data also contain peaks from the core levels of Cis, O1s, and Feop (Figure S 3.1c¢).
The peaks at 709.0 eV and 722.1 eV were assigned to Fezpsz» and Feapi/2, respectively (Figure S
3.1c). Note that to access a deeper penetration depth, Ar* ion sputtering was performed to strip
away surface ligands (oleic acid); the intensities of the carbon and oxygen peaks decreased after
the surface ablation process.
3.4.4 Magnetic Properties of Superparamagnetic Luminescent EuSPION

The doping of europium ions resulted in the decrease of the saturation magnetization (Ms)
from ~56 emu g'! for SPION to 32 emu g'! for EuSPION (Figure S 3.2a), which agrees with the
lowering of M reported in the literature.*>*! The EuSPION still possessed superparamagnetic
properties at room temperature. The M-H loop showed a zero coercivity at 300 K (Figure 3.4b)
and the occurrence of hysteresis at a temperature of 5 K (Figure 3.4b, inset), which is below Tp =
98 K. T, which describes a transition from a magnetically blocked state to a superparamagnetic
state, was determined by measuring the temperature dependence of the magnetization in zero-

field-cooled (ZFC) and field-cooled (FC) states in an applied magnetic field of 50 Oe (Figure
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3.4¢). The presence of the magnetization difference between the ZFC and FC modes also indicates
a superparamagnetic behavior of the synthesized EuSPION.?! Studies have shown that the
physiochemical properties of magnetic particles can be affected by the surface modification.*>*3
Therefore, the M-H loop (Figure S 3.3a) and M-T loop (Figure S 3.3b) of the magnetic core
coated with the mesoporous silica shell were also measured. Although both M values of
SPION@MSNs and EuSPION@MSNSs decreased slightly when compared with Ms value of the
respective magnetic core, field-dependent magnetization curves showed the magnetic properties
of the EuSPIOs and SPIONs were preserved after the silica coating (Figure S 3.3).

The superparamagnetic EuSPIONs were heated by an AMF that was generated using an
induction coil and oscillation frequency of 375 kHz. The final bulk temperature in ethanol after
approximately 1.5 min of AMF exposure increased from 26 to 29 °C using the highest induction
power for SPION@MSN and EuSPION@MSN measurements whereas the temperature rose less
than 1°C when low induction power was used. Note that the temperature localized in the core
should be higher than the measured bulk temperature. The majority of our measurements were
carried out at the temperature mentioned above except for one control experiment with a starting
temperature of 50°C. To characterize the heating of EuSPION under AMF exposure, specific loss
power (SLP) was determined from the temperature-time profile of EuSPION in cyclohexane
(Figure S 3.2b). The temperature of the cyclohexane solution containing EuSPION with a
concentration of 4mg/mL achieved 45°C after 6 min of AMF actuation. The SLP of the SPION
was calculated to be 137.9 W/g with an AMF power of 5 kW. Using the measured Tg of EuSPION,
the anisotropy constant (Kesr = 4.7 x10° J/m®) and the anisotropy energy (Hk = 564 Oe) were

calculated (See SI).
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3.4.5 Fluorescence Anisotropy Measurements of Free EuSPION

Polarized emission spectra of EuSPION were measured from particles dispersed in organic
solvents because the particles, with the hydrophobic end of the coated oleic acid facing outward,
do not disperse well in polar solvent. The spectra and anisotropy results are shown in Figure 3.5a.
The r values for the free EuSPION in hexane are 0.036 both with and without application of the
AMF. An oscillation frequency of 375 kHz corresponds to the rotation of the magnetic vector of
the AMF by one radian in 4.2 x 107 s. The rotational correlation time 7., defined as the average
time for a molecule to rotate over one radian, is related to the rotational diffusion coefficient (Dror)
of the particles by the equation of 1. =t/<6?>=1/(2Dyot) (See SI). Using the hydrodynamic size of
particles acquired by DLS (Figure S 3.4a) and the viscosity of dispersions, the calculated t. =
2.0x107s of free EuSPION dispersed in hexane is smaller than the time AMF needed to rotate one
radian. To be able to observe the possible motion triggered by the AMF (decrease of r) and examine
the dependence of particle motion on solvent viscosity, we dispersed the EuSPIONs in
cyclohexane (approximately 3 times more viscous than hexane at room temperature). Due to the
increased viscosity, the calculated . increased from 2.0x10”7 s to 6.5x10” s, which is longer than
the time the AMF needs to rotate one radian. In other words, the rotational frequency of the AMF
is higher than the Brownian diffusion rotation frequency of the EuSPIONs dispersed in
cyclohexane. As expected, because r and 7. are related to the bulk viscosity, r increased to 0.062
due to the slower rotational motion of the particles in cyclohexane (Figure 3.5b). The capability
of our method to detect the small r variation between particles that are rotating relatively fast (small
1) but at different speeds also indicates that further orientation of particles induced by the AMF
could be observed as well. Nevertheless, the value r = 0.062 was unchanged upon application of

the AMF with different strengths, implying no further motion of the EuSPIONSs is triggered. Even
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though Brownian relaxation is calculated to dominate for particles with diameters > 6 nm,* the
results suggest that the local heating generated by the EuSPION is dominated by the Néel
relaxation. The predominance of Néel relaxation as the origin of the local heating is possibly due
to the moderate Hk of the EuSPION in comparison to the applied field Ho, where the magnetic
mode, the magnetization oscillations, can be realized.!?

Figure 3.5b shows that when EuSPIONs were measured in the solid form, the emission
spectra of I; and I, are almost the same, indicating an isotropic depolarization (r = 0) possibly
caused by energy transfer between closely packed Eu ions. The zero r value serves as a negative
control for all the r measurements.

3.4.6 Luminescence of the MSN shell

Mesoporous silica has an intrinsic emission in UV-VIS range, peaking at around 450 nm as
shown in Figure 3.6b. The surfaces of the MSNs in an ambient environment are typically covered
by siloxane (Si-O-Si) and silanol groups (Si-OH). The origin of the blue-green photoluminescence
from the mesoporous silica network has been assigned to two adjacent facing germinal silylene
groups and to a silylene-dioxasilirane pair.*>-4¢
3.4.7 Fluorescence Anisotropy Measurements of Core Shell EuSPION@MSN

EuSPION@MSN was made by synthesizing a mesoporous silica shell around the EuSPIONs
(Figure 3.4d). The independent luminescences from the superparamagnetic core and the silica
shell in the green (550 nm, (Figure 3.6a)) and blue (450 nm, (Figure 3.6b)) regions of the
spectrum make it possible to measure simultaneously the effects of the AMF on the motions of the
components. The emission spectrum of the core-shell EUSPION@MSN (Figure 3.6¢) is the sum
of the spectra of the individual components. These two bands were fit to the emission spectra of

the EuSPION@MSN (Figure 3.6d), and the best fit showed that at 450 nm the spectrum from the
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silica contributed 75% to the total and the EuSPION core contributed 25%. To calculate the r
values for each component, the parallel and perpendicular intensities were measured at 450 nm to
maximize the contribution from the silica and at 550 nm to maximize that from the EuSPION
(Figure 3.7a). The r value calculated from the 450 nm polarized emission spectra was r = 0.180 £
0.003 and that from the 550 nm emission was r = 0.178 + 0.004 (Figure 3.7b). The motions of the
two components are the same within experimental error, implying that the core rotates at the same
speed as the shell. These values also did not change in the presence of the magnetic field, i.e., no
statistically significant decrease in r in the AMF is evidence of no Brownian component to the
mechanism of AMF-induced heating. These results verify scenario (a) in Scheme 3.1 and show
that Néel relaxation is the dominant contributor to the interior temperature rise. Note the decrease
in intensity of the fluorescence spectra with increasing AMF is possibly due to the temperature-
dependent quantum yield of luminescence.
3.4.8 Fluorescence Anisotropy Measurements of Dye-Doped SPION@MSN-RITC

Further measurements and evaluation of the r measurements were conducted by attaching the
fluorescent dye RITC to the core-shell particles (SPION@MSN-RITC) and simultaneously
measuring the luminescence of the silica shell and the attached dye (Figure 3.8a). It was reported
that 1. of RITC molecules that move freely in solution is in the picosecond time scale while 1. of
dye molecules that are electrostatically bound to the nanoparticles is in the nanosecond time
scale.’? The silica luminescence of SPION@MSN-RITC has r =0.094, similar to that of the un-
doped silica shell (Figure S 3.5¢); whereas, the RITC dye attached to the silica skeleton gives
much smaller r =0.023 (Figure 3.8b). There are two possible explanations for the small value of
r. First, closely spaced RITC molecules attached to interior pore walls or on the outer surface may

undergo energy transfer and thus randomize the polarization. Secondly, many of the dyes on the

57



outer surface are still mobile as a result of the long APTES bond and thus depolarize the
fluorescence. The observed r value is similar to that of free dye (r < 0.05) reported in the
literature.>> Upon AMF application, neither r values of the attached dyes nor the silica shell
decreased, indicating no additional motion of the SPION@MSN-RITC is activated.

3.4.9 Fluorescence Anisotropy Measurements of Silica Nanoparticles without a Core

Polarized luminescence spectra of MSNs with a diameter similar to that of the
EuSPION@MSNSs discussed above were collected for r calculations. Without AMF, the MSNs
have an r value (r = 0.168) that is almost the same as that of the EuSPION@MSN (r = 0.178).
After applying AMF, r of the MSNs was not altered by AMF as expected due to the absence of the
magnetic core. In the interest of obtaining a positive control for the depolarization experiments as
well as further inspecting the slower motion and size effect of particles on r, we synthesized a
bulkier and heavier PEI-MSN that is almost twice the size of the MSNs discussed above. The
emission maximum of the PEI-MSN slightly shifted due to the attachment of the polymer (Figure
3.9a). Because r of the probe molecules depends on the degree of constraints, the obtained r of
0.262 was indeed much larger than the value collected using MSN and other nanoparticles with a
smaller size (Figure S 3.6), and the results correspond well to the measured 1. (Table 3.1).

The high r value of PEI-MSN has a larger range of variation and allowed measurement of the
decrease of r with temperature due to the disrupted degree of orientational constraint. It was
observed that r of PEI-MSN did not decrease significantly until a temperature of 60°C was reached
(by bulk heating), which is far higher than the temperature reached during the depolarization
measurements (Figure S 3.7). Because the highest bulk temperature rise caused by the AMF was
30°C, the thermal effect from Brownian rotational diffusion motion on the measured r was

negligible. Consequently, the lowering of r, if any, will be due to the mechanic alternation by AMF.
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For EuSPION@MSN (at a bulk temperature of ~25°C or 50°C), we did not observe the lowering
of r resulted from the whole particle fluctuation along with the vector of AMF (Figure 3.7, Figure
S 3.8). Even when measuring SPION@MSN with a larger core size of 19 nm (Figure S 3.5c,
Figure S 3.5f) that can possibly generate interior heat with more contribution from Brownian
relaxation, the rotating motion of the whole particle, i.e., the decrease of the shell r, was still not
seen when it was subjected to the AMF (Figure S 3.5e). It can thus be concluded that the interior
heating of the EUSPION@MSN is dominated by the Néel relaxation mechanism. An observed
nonlinear temperature rise when exposed to low and high power actuation also reflects the higher
sensitivity of Néel relaxation to the applied magnetic field strength,*” which further reinforce our
conclusion.
3.5 Conclusions

We have utilized fluorescence depolarization to investigate the possible AMF-induced
rotational motions of a SPION in suspension and in the core of an MSN based on the residual
anisotropy values obtained from the polarized luminescence intensities from the SPION core and
intrinsically emitting silica shell. The emission peaks, which are separated by a wavelength of
approximately 100 nm, were used to individually probe the motions of the magnetic core and shell
under variable AMF induction powers when the particles were dispersed in solvents with different
viscosities. The bulk temperature proportionally increased with the magnetic field induction power;
however, we observed no additional rotational motion for either the free SPIONs or the silica
encapsulated SPION nanoparticles in the presence of AMF. These results show the absence of a
Brownian contribution to the heating and thus suggest that Néel relaxation is the dominant
contributor to the local heating of the magnetic nanoparticle. To our knowledge, this is the first

optical study of the nanoscale heating mechanism of the silica-encapsulated magnetic core. The
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unique dual-luminescence approach can also be employed to analyze relative core and shell
motions of various kinds of nanoparticles used in hyperthermia-based nanotheranostics.
3.6 Experimental Section
3.6.1 Materials and Chemicals

Sodium hydroxide (NaOH) (Fisher), Hexadecyltrimethylammonium bromide (CTAB)
(>99%, Sigma), tetraethyl orthosilicate (TEOS) (>99%, Sigma), ethyl acetate (>99.5%, Sigma),
L-Arginine (>98%, Sigma-Aldrich), polyethyleneimine, branched, M.W. 1,800 (PEI) (99%, Alfa
Aesar), 3-(Trihydroxysilyl)propyl methyl-phosphonate, monosodium salt, 42 wt% solution in
water (HPMP) (Aldrich), aminopropyltriethoxysilane (APTES) (Sigma-Aldrich), rhodamine B
isothiocyanate (RITC) (Sigma), iron(IIl) chloride hexahydrate (FeCl3-6H>0) (>98%, Aldrich),
europium(II) chloride hexahydrate (EuCl3-6H20) (99.9%, Aldrich), Sodium oleate (99%, TGI),
oleic acid (90%, Aldrich), hexane (>98.5%, Fisher), cyclohexane (>99%, Macron), chloroform
(99.9%, EMD), benzyl ether (98%, Aldrich), ammonium nitrate (95%, Alfa Aesar) were used. All
chemicals were reagent grade and used without further purification or modification.
3.6.2 Nanoparticles Synthesis
Synthesis of MSNs. Unfunctionalized MSNs were synthesized following a previously reported
procedure with a slight modification.*® In brief, 250 mg of CTAB was dissolved in 120 mL water,
followed by the addition of 875 puL of NaOH solution (2.000M) under stirring. The solution
was heated at 85°C for 30 min. After the temperature stabilized, 1200 pL of TEOS and 0.8 mL of
ethyl acetate were added dropwise to the solution under vigorous stirring. The solution was kept
at 85°C with stirring for another 2 h. After the solution was cooled to room temperature, the
nanoparticles were collected by centrifugation (12 min at 7830 rpm), washed 2x with ethanol and

then were dispersed in 50 mL of ethanol containing 1g of ammonium nitrate for surfactant removal.
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The solution was refluxed at 60°C for 1 h under stirring. Afterward, the nanoparticles were washed
2x with water and 2x with ethanol. The removal procedure was repeated twice, and the
nanoparticles were redispersed in 20 mL of ethanol.

Synthesis of PEI-MSNs. The attachment of PEI on the surface of MSN was performed according
to a published procedure.*® A similar experiment was carried out as that for MSN. Instead of
adding ethyl acetate, the solution was heated at 85°C for another 30 min, followed by the addition
of 250 uL. of HPMP solution (diluted to 1.5 mL with water) under vigorous stirring. Stirring was
continued for 1.5 h at 85°C, and the solution was allowed to cool to room temperature. The
surfactant was extracted with the same removal procedure. Afterward, the nanoparticles were
mixed with PEI (4:1) for 1 h twice, washed 2x with ethanol, and redispersed in ethanol for
measurement.

Synthesis of SPIONs. SPIONs were synthesized by a modified thermal decomposition
method.?>3¢ Briefly, FeCl3:6H>0O (2 mmol) and sodium oleate (0.2 mmol) were dissolved in a
mixture of solvent (14 mL) composed of ethanol, Millipore water, and hexane with a ratio of 4:3:7.
The resulting solution was refluxed at 70°C for 4 h. The solution was transferred to a separatory
funnel, and the top organic layer containing the Fe-oleate was washed 3x with warm water (3x 5
mL). Afterward, hexane was allowed to evaporate at 70°C overnight. The Fe-oleate complex
precursor was dispersed in 10 mL of benzyl ether containing 1.5 mmol of oleic acid. The mixture
was degassed with N> under stirring for 30 min at room temperature. Then, the mixture was heated
to 200°C at a heating rate of 3°C min™!, kept at that temperature for 2h, and then heated to 300°C
with the same heating rate. The mixture was allowed to reflux and age at this temperature for 1 h

before cooling down to room temperature under No. After that, ethanol was added to precipitate
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the black product. The precipitate was collected by centrifugation, washed 3x with ethanol, and
redispersed in hexane containing 50 pL of oleic acid.
Synthesis of EuSPIONSs. A similar experiment was carried out to that for SPION to synthesize
EuSPION. Besides the Fe-oleate complex, Eu-oleate complex was also prepared using 0.2 mmol
of EuCls3-6H>O. Two washed complexes were combined together and heated at 70°C overnight to
evaporate hexane. All other procedures were the same.
Synthesis of SPION@MSN, EuSPION@MSN, and SPION@MSN-RITC. The synthesis of
SPION@MSN started with transferring SPION from the organic layer to aqueous layer with the
help of CTAB.!3!¢ In brief, SPION were dissolved in chloroform at a concentration of 2.5 mg/mL.
140 mg of CTAB was dissolved at 45 mL of Millipore water at 37°C. Two milliliters of the SPION
solution were added to the transparent CTAB solution, and the mixture was sonicated for 10 min
and probe-sonicated (40% output) for another 5 min to generate an oil-in-water emulsion. The
resulting emulsion was heated at 70°C for 15 min to evaporate chloroform. The clear colloidal
SPION in aqueous solution was probe-sonicated for another 5 min before heated to 80°C. After
solution temperature was stabilized, 20 mg of L-Arginine was added, followed by the dropwise
addition of TEOS (225 pL). The solution was allowed to react under stirring at 80°C for 3 h, and
the same surfactant removal procedure was carried out. EuSPION@MSN were synthesized
following the same procedure except EUSPION were used instead of SPION. A similar synthesis
procedure was carried out to that for SPION@MSN-RITC except RITC-APTES solution was
added with the TEOS.*
3.6.3 Optical Measurements

In the static fluorescence anisotropy studies, the emission anisotropy was measured at a dilute

concentration (< Img/mL) where the scattering of exciting and emitting light was minimized. The
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sample in a quartz cuvette was excited at 377 nm continuously by a vertically polarized Coherent
CUBE diode laser with a polarization ratio of 100:1. Before transmitting through the sample
solution, the laser spot was focused to about 100 pm, allowing for good spatial resolution. The
luminescence of the sample was guided to a Glan-Thompson polarizer placed in front of the
monochromator with a 300 groove/mm grating. The polarizer allowed only parallel or
perpendicular emission components to pass through at a given time. To test the set-up of the optics,
an isotropic light source was used, and the resulting intensity difference between parallel and
perpendicular measurements was < 0.5%. A 435 nm cut-on filter was placed in front of the
polarizer. A depolarizer (scrambler) was placed in front of the slit to reduce the polarization bias
caused by the grating (Figure 3.3). The slit was wide-open (300 pm) to eliminate deflection effects
when turning the polarizer. Luminescence data in image mode was also collected before
measurements to make sure all the pixels containing luminescence signals fall within the defined
ROI on the CCD chip. During the experiment, each polarization measurement was carried out with
an exposure time of 5s. Emission spectra were recorded in the 435-700 nm range. For each
experimental condition, the measurement was repeated five times. For collecting the emission of
solid EuSPION, the laser beam was shined on the powder loaded in a capillary tube.
Fluorescence excitation spectra were measured with a Horiba Fluorometer PTI QM-400.
Parameters were set as following: Slit= 5nm, step size= 1s, integration= 0.1s, bios=-0.25. Spectra
were collected after automatic background correction. Data processing were conducted using
MATLAB software. (1) Spectra De-noise: the ‘cmddenoise’ function from MATLAB wavelet
toolbox was applied to all spectra. Wavelet ‘sym4’ was used. The level of the decimated wavelet
transform was set 5 and the number of intervals was set 3. Default threshold rule was used. (2)

Spectra Fitting: the ‘Isqcurvefit’ function was used to estimate the emission components of the
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EuSPION@MSN spectra at different wavelengths. The emission peaks at 435-472 nm and 532-
546 nm of EuSPION@MSN were fitted by multiplying the same wavelength ranges of MSN and
EuSPION emission spectrum, respectively, with different ratio-factors using nonlinear least-
squares solver.
3.6.4 AMF-Induced Superparamagnetic Heating

Magnetic heating was carried out using a Magnetic Hyperthermia System manufactured by
MSI Automation, Inc. The five-turn copper coil diameter and height were 50 mm, the oscillation
frequency was 375 kHz, and the induction power was set at 5 kW for the “high power”
measurements and 2.5 kW for the “low power” measurements. The magnetic field strengths were
250 Oe and 125 Oe for the high and low power settings, respectively.
3.6.5 Characterization

Superconducting quantum interference device (SQUID) Quantum Design MPMS7
magnetometer was used to confirm the superparamagnetic behavior of the SPION and EuSPION.
The field-dependent magnetization of SPION and EuSPION were measured at both 5K and 300K
and the M vs. T in an applied magnetic field of 50 Oe. Measurement of Specific Loss Power (SLP)
was carried out to investigate the heat-generation efficiency of EuSPION. The EuSPIONS were
dispersed in cyclohexane (4 mg/mL) in a 2 mL vial. The temperature of the bulk was recorded as
a function of AMF (5 kW) trigger time. The sample was well insulated from the coil and the
minimum heat transfer from the coil to the solvent was subtracted from the data. The calculation
of specific heat loss power of EuSPION is shown in Supporting Information.
Inductively coupled plasma optical emission spectroscopy (ICP-OES) using a Shimadzu ICPE-
9000 instrument was carried out to determine the iron/europium ratio of EuSPION quantitatively.

5 mg of EuSPION powder was dissolved in 10 mL of the nitric acid solution for digestion and was
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diluted with 2.5% nitric acid for measurement. 0-20 ppm calibration curves for iron and europium
were created. X-ray photoelectron spectroscopy (XPS) was carried out using a Thermo Scientific
ESCALAB 252 Xi to confirm the presence of europium. For the high-resolution scans, 40 eV pass
energy with 0.1 eV step size was used. The cleaning process was performed by bombarding the
surface of a sample (2x2mm) for a few minutes using high kinetic energy Ar" ions. Carbon signal
was set to 285 eV for energy calibration. Transmission electron microscopy (TEM) images were
required on a Tecnai T12 Quick CryoEM and CryoET (FEI) with an operating voltage of 120 kV.
A suspension (0.2mg/mL, 5 pL) of SPION or MSN nanoparticles in hexane or ethanol,
respectively, was dropped on a 200-mesh carbon-coated copper grid, followed by solvent
evaporation at room temperature. Zeta-potential analysis and dynamic light scattering (Zeta/DLS)
were acquired on a ZetaSizer Nano (Malvern Instruments Ltd., Worcestershire, U.K.) in Millipore
water and hexane for MSN and SPION, respectively. Zeta-potential values confirmed the
successful attachment of PEI polymer on the surface of MSN. DLS gave the average diameter of
particles at room temperature.
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Scheme 3.1 Two possible scenarios of the nanoparticle rotational motion under AMF exposure.
Scenario (a) shows that only the internal magnetization vector moves (Néel relaxation) whereas
scenario (b) shows that the entire particle moves (Brownian relaxation).
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Figure 3.1 Emission spectra of Ln-doped SPIONs (Ex. 377 nm) in hexane, including U-SPIONS,
Eu-SPIONSs, and Tb-SPION:S.
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Figure 3.2 Field-dependent magnetization curves (M-H loop) at 300K, ZFC/FC modes of
Temperature-dependent magnetization curves (M-T loop) under an applied magnetic field of 50
Oe, and TEM images of EuSPIONSs synthesized under different experimental conditions.
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Figure 3.3 Experimental arrangement combining AMF with fluorescence spectroscopy.
Components are as follows: (A) sample, (B) five-turn AMF coil, (C) collecting lens, (D) focusing
lens, (E) polarizer, (F) depolarizer, (G) monochromator, (H) CCD detector. The sample was
excited by a vertically polarized laser pulse with an excitation wavelength of 377 nm.
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Figure 3.4 (a) TEM image of EuSPIONs. (Black bar scales 50 nm) (b) Field-dependent
magnetization curves (M-H loop) of EuSPIONs at 300K and 5K (inset: magnification of M-H
curves from -2000 to 2000 Oe at 300K and 5K). (¢) ZFC/FC modes of Temperature-dependent
magnetization curves (M-T loop) of EuSPIONSs under an applied magnetic field of 50 Oe. Blocking
temperature of EuSPIONs was determined to be 98K. (d) TEM image of EuSPION@MSNs.
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Figure 3.5 (a) Polarized emission spectra of EuSPIONs (Ex. 377 nm) in hexane, cyclohexane, and
in solid form. (b) Corresponding r collected at 55045 nm in different AMF strengths.
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Figure 3.6 The normalized emission spectra for (a) EuSPIONs, (b) MSNs, and (c)
EuSPION@MSNS s (Solid line: I dots: I}). (d) Fitting of EuSPIONs and MSNs emission peaks in
emission spectra of EUSPION@MSNSs. Silica shell and EuSPIONs contribute approximately 75%
intensity to the emission of EUSPION@MSNs at 450nm and 550nm, respectively.
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Figure 3.7 (a) Polarized (I, and I, ) emission spectra of EuSPION@MSNSs (Ex. 377 nm) in ethanol.

(b) r of luminescent magnetic core and silica shell of EuUSPION@MSNSs in different AMF strength.
(Luminescence of shell collected at 450+5 nm and core at 55045 nm).

(a) ) (b)
a0

(1)

3.0 = Doped
RITC
%?2 0 _
g 00 BAMF 0
- B AMF low |
AMF high

0.1h (1) _WFree RITC
| @

-
o

0.0b— 0.0 A
450 550 650 450 550 650 450 550 650
Wavelength (nm)

Figure 3.8 (a) Polarized emission spectra of SPION@MSNs-RITC and free RITC dye in ethanol
(at the 570 nm emission maximum). The blue band that corresponds to the silica shell only
appeared when SPION@MSNs-RITC was measured. (b) r of the silica shell and the doped RITC
dye in different AMF strengths collected at 465+5 nm and 570+5 nm, respectively. (Ex: 377 nm)

69



4
x10 04
1 I B AMF 0
30 B AMF low
EMSN 03] AMF high
BPEI-MSN ’
2> I
7]
5 20
£ 0.2+
=
1.0 014
0.0L

. . — 0.0-
450 550 650 450 550 650 PEI-MSN MSN
Wavelength (nm)

Figure 3.9 (a) Polarized emission spectra of MSNs and PEI-MSNs in ethanol (Ex. 377 nm). (b) r
of various MSNs in different AMF strengths. The wavelength with maximum emission peak
intensity (MSN=465+5 nm and PEI-MSN=500+5 nm) was used to calculate each r. For each
experimental condition, the measurement was repeated five times.
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Figure S 3.1 (a) Polarized and depolarized emission spectra of EuSPIONs with an excitation
wavelength of 377 nm. (b) Fluorescence excitation spectra of EuSPIONs monitored at 550 and
600 nm. EuSPIONs were dispersed in hexane for the optical measurements. (¢) High-resolution
XPS spectra of EuSPIONs and the enlarged Eu and Fe regions of EuSPIONs XPS spectra.
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Figure S 3.2 (a) Field-dependent magnetization curves (M-H loop) of SPIONs and EuSPIONs at
300K. (b) Temperature-time profile of a cyclohexane solution (4mg/ml) containing EuSPIONSs in
AMF. (Image: EuSPIONSs respond to an external magnetic field.)
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Figure S 3.3 (a) Field-dependent magnetization curves (M-H loop) of SPION@MSNs and
EuSPION@MSNs at 300K. Both M; values of SPION@MSNs (~46.5 emu/g) and
EuSPION@MSNSs (~24.4 emu/g) decreased when compared with the M; value of the respective
magnetic core. (b) ZFC/FC modes of Temperature-dependent magnetization curves (M-T loop) of
SPION@MSNs and EuSPION@MSNSs under an applied magnetic field of 50 Oe (Solid: ZFC,

Dots: FC). Blocking temperatures were determined to be 143K and 90K for SPION@MSNs and
EuSPION@MSNSs, respectively.
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Figure S 3.4 (a) Characterization of the nanoparticles’sizes using DLS. (b) The positive zeta

potential value shows the successful attachment of PEI-MSNs. The nanoparticles were dispersed
in deionized water (pH=7).
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Figure S 3.5 Polarized emission spectra, r, and TEM images of (a) PEI-MSNs, (b) MSNs, (c)
SPION@MSNS, and (d) EuSPION@MSNS in ethanol. (Scale bar: 50 nm) (e) r calculated from the
silica shell photoluminescence of particles under different induction powers of AMF. (5005 nm
for PEI-MSNs and 45045 nm for the others) (f) TEM images of SPIONs (Scale bar: 50 nm). Each
bar is the average of five measurements. The induction power was set at 5 kW for the “high power”
measurements and 2.5 kW for the “low power” measurements.
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Figure S 3.6 Comparison of r calculated from the emission spectra of PEI-MSNs (50045 nm),
EuSPION@MSNs (shell: 450+5 nm blue band, core: 550+5 nm green band), SPION@MSNs-
RITC (shell: 465+5 nm blue band, doped RITC on shell: 570+5 nm), EuSPIONSs in cyclohexane,
EuSPIONs in hexane, and dry EuSPION powder (550+5 nm) with different AMF induction
powers (5 kW for the “high power” measurements and 2.5 kW for the “low power” measurements).
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Figure S 3.7 (a) Polarized emission spectra and the r of PEI@MSNs in ethanol measured at
temperatures of 25, 35, 50, 60, and 70°C. (b) r started to decrease after reaching a threshold
temperature (~ 60°C). The decrease of emission intensity shown on the polarized emission spectra
is due to the temperature-dependent quantum yield of luminescence.
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Figure S 3.8 (a) Polarized emission spectra and the r of EUSPION@MSNSs in ethanol measured at
~25°C in the absence of AMF (AMF 0), in the presence of AMF (AMF low and AMF high), and
at ~50°C of the pre-heated sample followed by AMF exposure using the high induction power.
The difference of r values at different experimental conditions is minimal, indicating Néel
relaxation is the only heating mechanism presents at a temperature range of 25°C-50°C. The
induction power was set at 5 kW for the “high power” measurements and 2.5 kW for the “low
power” measurements.

Calculation of specific loss power (SLP) , The anisotropy constant (Ker), and the anisotropy
field (Hk) of EuSPION:

SLP = (CVy/m)(dT/dt)

where C is the volumetric heat capacity of the solution, Vs is the volume of solution, m is the mass

of the particle, and dT/dt is the initial slope of the temperature rise vs. time curve for the particle

heating. Therefore, SLP of EuSPION in cyclohexane:

_2.75843JmL™1K"1 x1 mL
4%x1073g

SLP X o =137.9 Wg™!

The anisotropy constant (Kefr) of the EUSPION can be estimated by the measured Tg based on the
following equation:
T = Kefr V/(25K3B)

where Kz is the Boltzman constant and V is the volume of the particle.
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_ 25X 98K x 1.38x107% x3m?-kg-s?-K™*
eff = 4 x X (12 X 1079)3 m3

= 4671% 103]-m™3

= 4.671 x 10* erg- cm™3
The particle anisotropy field (Hk) can be estimeated using the calculated Kefr, as shown:
Hx=2 Kefr /Ms
where the saturation magnization (M) in units of emu/ cm?® was obtained assuming that the density
of EuSPION is similar to that of magnetite (p= 5.175 g/cm?).

_ 2x4671x10*erg-cm™®
"~ 32emu-g1x5.175g cm™

Hg s = 564.13 erg-emu™" ~ 0.5H,

where Ho is the magnetic field strength.

Calculation of rotational diffusion coefficient of particles:

Drot = kT/frot

where k is Boltzmann’s constant, T is the temperature, and fioc = 6NV is defined as a friction
coefficient where 1 is an effective microscopic viscosity and V is the hydrodynamic volume of a
sphere. fiot can be written with respect to the radius (R) of the particles,

fro=6nV=8nnR?>

The mean-square angular deviation of the angle 6 by which a vector bound to a particle rotates
about a single axis in time t is

©H=2Doit

The rotational correlation time (t.) is defined as the average time for a molecule to rotate over one
radian, which gives

Tc = 1/(2Drot)

Note that in order to compare with the Brownian time constant of Brownian relaxation, the one-

dimensional system was used for calculating 1. of particles.
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Sample Emitter Te AMF 0 AMF low AMF high
EuSPION EuSPION | n/a -0.002+0.001 | -0.006+0.003 | 0.011+0.006
EuSPION hexane EuSPION | 2.0x107 | 0.036+0.002 | 0.036+0.006 | 0.036+0.002
EuSPION cyclohexane EuSPION | 6.5x10”7 | 0.061£0.007 | 0.054+0.002 | 0.049+0.002
EuSPION@MSN MSN 1.1x10° | 0.178+0.004 | 0.176+0.010 | 0.173+0.009
EuSPION@MSN EuSPION | 1.1x10° | 0.180+0.003 | 0.182+0.012 | 0.202+0.011
Free RITC RITC n/a 0.023+0.001 | n/a

SPION@MSN-RITC RITC n/a 0.023+0.001 | 0.026+0.001 | 0.029+0.001
SPION@MSN-RITC MSN 8.4x10° | 0.094+0.001 | 0.094+0.002 | 0.093+0.001
SPION@MSN MSN 2.0x10* ] 0.123+0.007 | 0.118+0.002 | 0.116+0.007
MSN MSN 1.7x103 | 0.168+0.007 | 0.168+0.012 | 0.160+0.003
PEI-MSN MSN 5.3x10° ] 0.262+0.002 | 0.260+0.005 | 0.262+0.006

Table 3.1 r of all measurements in the absence/presence of the AMF. The 1. of each nanoparticle
in the absence of the AMF was calculated. The 1. of each nanoparticle correlated well with the
obtained r. Larger 1. gives rise to larger r and vice versa. The magnetic vector of a AMF with an
oscillation frequency of 375 kHz takes 4.24 x 107s to rotate one radian.
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Chapter 4 Self-Contained Nanocapsules Carrying
Anticancer Peptides for Magnetically Activated and
Enzyme-Cleaved Drug Delivery

This chapter of the dissertation is based on the collaborative work with Professor Qilin Yu at
Nankai University when he was a visiting scholar in the Zink lab. Co-author contributions: Lin, F.
C.and Yu, Q. designed and performed experiments. Yu, Q. conducted cell and animal experiments.

Lin, F. C. and Yu, Q. drafted and reviewed the manuscript. Jeffrey I. Zink was the P.I.
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4.1 Introduction
Enzyme-activated prodrug delivery strategies are being increasingly investigated.! While
several clinically successful prodrugs have been developed,>* due to the ubiquity and

heterogeneity of enzymes with defined specificity in biology,'

elaborative design of the prodrug
is still needed to overcome the limitations. First, the problem of unwanted side effects resulting
from the distribution of human enzymes throughout the body has to be addressed. Although
overexpression of cancer-related enzymes is mainly found in the areas of tumors, the wide tissue
distribution of some prodrug-activating enzymes, such as aminopeptidase N, carboxylesterases,

aldehyde oxidase, and glutathione S-Transferase, among others, can still cause untimely prodrug

activation.!? In addition, tumor heterogeneity leads to different enzyme expression patterns
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between tumors and various enzyme activities between patients, resulting in uncertain prodrug
activation.>? As a result, it is necessary to optimize substrate specificity and catalytic efficiency of
enzymes for rapid, efficient, and selective cleavage of the prodrug at the targeted site. In order to
address these problems and to meet the needs of medical applications, a prodrug-like nanocapsule
that can activate the release of anticancer drugs contained itself in an efficient and controlled
manner is presented in this study.

Melittin (MEL), a water-soluble cationic peptide comprised of 26 amino acids
(GIGAVLKVLTTGLPALISWIKRKRQQ), is the principal toxin component of bee venom and
plays an important role in host defense.*¢ In China and many other Asian countries, melittin,
together with other bee venom components, is widely used in the treatment of arthritis, rheumatism,
erectile dysfunction, and skin disease, based on bee-sting therapy.”® Moreover, this peptide has
been demonstrated to have strong anticancer activities by disruption of membrane structures,
induction of cancer-cell apoptosis, and suppression of angiogenesis through the VEGFR
pathway.”!2 However, its clinical application is frequently undesirable due to its non-specific
cytotoxicity to normal cells, especially its activity of inducing hemolysis.!*!* Therefore, it is
necessary to develop MEL-delivery systems for their safe application in cancer therapy.!>!®* MEL
was thus chosen as the model drug delivered in our nanocapsules.

Over the past years, nanoparticle-mediated drug delivery, which can protect cargos from
premature degradation or release, has received considerable attention for cancer therapy. Studies

have demonstrated internal cellular stimuli-responsive prodrug nanoparticles,!”°

single external
stimuli-activated 2° and multiple stimuli-responsive prodrug nanoparticles?!-*? that combine both

external and internal stimuli for cancer therapy. External stimuli offer remote-control drug delivery

in a spatial and temporal manner.?’-2> Noninvasive magnetically-induced heating stands out among
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the external stimuli being used in clinics, including heat, light, and ultrasound, due to its
controllable localized heating and full penetration depth through tissue.?*** Magnetic fields in
conjunction with superparamagnetic iron oxide nanoparticles (SPIONs) have attracted much
attention for on-command hyperthermia treatment and immunotherapy.?>-2” Magnetic nanoparticle
hyperthermia by using iron oxide nanoparticles (NanoTherm, MagForce Nanotechnologies),
which is called “intratumoral thermotherapy”, has culminated in clinical trials of such
hyperthermia therapy on patients affected by glioblastoma multiforme and prostate tumors.?8-3!

Intrinsically biocompatible mesoporous silica nanoparticles (MSNs) are excellent candidates

32-34

for the drug delivery platform due to their cargo-carrying characteristics such as mesopores
with a large internal volume and high surface area with easy surface functionalization capability.?>~
37 Most importantly, the tunable pore structure and enlargeable pore size features of MSNs also
enabled the delivery of large therapeutic biomolecules such as enzymes,*® siRNA*°, cytokines,*’
and a protein antigen and toll-like receptor.*! SPIONs embedded in MSNs (SPION@MSNs)
possess the advantageous features of both the SPION core and the mesoporous silica shell, i.e.,
localized magnetic heating and a high loading capacity of various cargos, respectively.*~** Such
a combination of both materials in a single core-shell nanostructure helps confine sufficient
thermal energy at the suitable heating range, allowing spatio-temporal control of a therapeutic
cargo release while leaving the particles’ surroundings unaffected.

In this study, we used an extra-large-pore SPION@MSNs, denoted SPION@EXpMSN:Ss, as
the drug delivery vector for the design of the self-contained nanocapsules, where the pore structure
of SPION@EXpMSNSs provides ample space for multi-cargo delivery. The pore space of each

SPION@EXpMSNs was visualized as a reaction nano-vial for the activation of the peptide drug

release when the reacting solution inside of the nano-vial is heated to an elevated temperature. The
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concept of a heated nano-vial for a chemical reaction was based on the observation that the
temperature inside a core-shell SPION@MSN under an AMF is much higher than the macroscopic
bulk temperature.*® The design principle is that drugs in the nano-vials remained “inactive”
without application of the stimuli application and, before escaping from the pore, turned “active”
through nanoscale heating of the nanoscopic volumes by means of an AMF, allowing triggered
drug-release in a controllable manner.
4.2 Results and Discussion
4.2.1 Synthesis and Magnetic Properties of SPIONs and SPION@EXpMSNs

The design of the self-contained nanocapsules was carried out by encapsulating the peptide
drug MEL, chitosan oligosaccharide (Cos), and pig liver esterase (PLE) together in the large pore
space of SPION@EXpMSNs (Scheme 4.1), where the SPION acts as a heat source under AMF.
MEL was first conjugated on the pore wall of the SPION@MSNSs via an ester bond to avoid the
premature drug release burst, and then the PLE was placed in the same interior pore space with
MEL. The ester was separated from the esterase by introducing a barrier between them. Such a
separating barrier, formed by Cos, was made thermoresponsive by incorporating azo bonds into
the backbone. Cos was secured on top of the MEL via electrostatic attraction. Finally,
biocompatible polyethylene glycol (PEG) bound over the pore openings blocked the pore
entrances and kept the large PLE from escaping out of the pores. The successful securing of the
cargo within the particle pores by PEG has been shown in our previous reports.?34¢

To achieve heating under AMF, monodispersed SPIONs were prepared (Figure 4.1a).%
SPIONs can be well suspended in organic solvents such as hexane and chloroform due to the
coating of oleic acid with the outward-facing hydrophobic end. To achieve a controlled drug-

delivery under AMF, SPIONs were encapsulated inside a mesoporous silica matrix with extra-
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large mesopores (Figure 4.1b). A superconducting quantum interference device (SQUID) was
used to measure the magnetic properties of SPIONs and SPION@EXpMSNs. The saturation
magnetization of SPIONs and SPION@EXpMSNs are 82 emu/g and 68 emu/g, respectively
(Figure 4.1c,d). Although the saturation magnetization was reduced by the introduction of the
mesoporous silica, possibly due to the surface spin disorder effects,**** the SPION@EXpMSNs
still possessed superparamagnetic properties. The field-dependent M-H loops showed that both
SPIONs and SPION@EXpMSNs display zero hysteresis loops at 300 K and the occurrence of
hysteresis at a temperature (5 K) below the blocking temperature, Tg (Figure 4.1¢,d, insets). The
blocking temperatures were estimated from the measurement of magnetization as a function of
temperature using two standard states, the zero-field-cooled (ZFC) state and the field-cooled (FC)
state. The reversible behavior of the ZFC-FC magnetization curve found for the temperature above
the T also validated that both SPIONs and SPION@EXpMSNs are superparamagnetic non-
interacting single-domain particles (Figure 4.1e,f).** The small difference in T between SPIONs
and SPION@EXpMSNSs is probably due to the surface-silica-coating effects’® leading to the
slightly decreased anisotropy constant (Kefr) for SPION@EXpMSNSs.

To investigate the heat-generation efficiency of SPIONs under AMF, the specific loss
power (SLP) was measured and calculated using eq 1, where C is the volumetric heat capacity of
the solution, V; is the volume of solution, m is the mass of the particle, and dT/dt is the initial slope

of the temperature rise vs. time curve for the particle heating:

_ CVg dT

SLP m

eq l

AMF with a maximum induction power = 5 kW, magnetic field strength = 250 Oe, and oscillation
frequency = 375 kHz was used. The SLP of the SPIONs was calculated to be 153.2 W/g (See SI)

and the temperature of the cyclohexane solution containing the SPIONs with a concentration of 3
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mg/mL leveled off at 45°C after 6 min magnetic actuation (Figure S 4.1). The SLP values of the
SPIONSs in different induction powers of AMF are also shown in SI. The temperature of the
SPIONSs’ immediate surroundings is higher than the measured bulk temperature* and the effect of
increase of the hydrodynamic volume on the interior heating efficacy of the SPIONSs after the silica
coating should be minimal since Néel relaxation was determined to be the dominant heating
mechanism.’! We envisioned that such heating performance of SPIONs made them a suitable heat
source for the thermal-induced drug releasees without impairing the activity of esterase and the
anticancer activity of the ester-linked MEL drugs.
4.2.2 Synthesis and Characterization of Peptide Drug-Loaded SPION@EXpMSNs

The 30+5 nm pore of SPION@EXpMSNs offered space for MEL conjugation and the other
components. Transmission electron microscopy (TEM, Figure 4.1b) showed that the average
particle size of the monodispersed SPION@EXpMSNs was 128+2 nm and the extra-large
mesopores were well distributed over all particles. The pore walls of the mesoporous silica shell
were functionalized with amine groups. To covalently bond the peptide drug MEL via an ester
linker, SPION@EXpMSNs were first modified with B-CD, obtaining SPION@EXpMSN-CD,
which exposes both abundant hydroxyl groups and B-CD cavities in the pores. The B-CD served
two purposes: (1) to produce esters in the pore wall by heating the hydroxyl groups in the presence
of alcohols and (2) to provide binding spots on the particle surface for the PEG via the adamantane-
cyclodextrin inclusion. Such B-CD modification helped circumvent problems introduced by multi-
step molecule attachments. The ester bond was formed by reacting the hydroxyl groups of B-CD
with succinic anhydride, and a carboxyl group was exposed by the other end of the succinic acid.
The generated carboxyl functionalized core-shell particle was denoted as SPION@EXpMSN-Suc.

The SPION@EXpMSN-Suc was finally reacted with MEL by the EDC/NHS reaction, obtaining
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SPION@EXpMSN-MEL (Figure 4.2a). TEM images revealed that both the SPION core and the
pore structure remained in the final SPION@EXpMSN-MEL (Figure 4.2b). FT-IR spectra
showed that SPION@EXpMSN-CD, SPION@EXpMSN-Suc, and SPION@EXpMSN-MEL had
obvious adsorption peaks of -OH and -C-O-C-, -COOH and -COO-, -COOC- and -CO-NH-
(Figure 4.2¢). An increase in the size of the modified nanoparticles (with an average polydispersity
0f 0.140~0.157) as compared to the initial SPION@EXpMSNs (with an average polydispersity of
0.074) was observed in DLS analysis, indicating that slight aggregation of these nanoparticles
occurred after the modifications (Figure 4.2d). {-potential analysis was also conducted to further
validate the attachment after each step. The change of (-potential from a positive value to a
negative value indicated the presence of carboxyl groups from the succinic acid, and the {-potential
turned positive again after the drug attachment due to the positively-charged peptide drug MEL
(Figure 4.2e). These results proved the successful modification of functional groups on the
nanoparticles in each step.
4.2.3 Synthesis and Characterization of the Thermoresponsive Separating Barrier

The barrier introduced to the pore space not only prevented the MEL from being exposed to
the normal cells but also served as a separator between the PLE and the ester bond-linker
containing the MEL. The removal of the separating barrier resulting from the AMF-induced
heating allows the direct contact of the trapped esterase with the ester bond, leading to the ester
bond cleavage and the release of the conjugated drug. The heat-responsive separator was
synthesized by forming an amide bond between the amine groups of chitosan and the carboxylate
on 4,4'-azobis(4-cyanovaleric acid) (ACVA). The resulting products were designated as CosA.
The excess of ACVA was present in the reacting solution to optimize the cross-linking. The

successful chemical bond formation between Cos and ACVA was validated by FTIR (Figure S
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4.2a) and '"H-NMR (Figure S 4.2b). The absorptions at v = 1656 cm™ from amide I C=0 bending
and v= 1079 cm’! from C-O-C stretching were assigned to the amide bonds and C-O-C groups,
respectively, in the backbone of Cos. Two bands at v = 3400 and 3260 cm! in the IR spectrum due
to N-H stretching vibrations indicated that some primary amines are still present in the backbone
of CosA. The successful conjugation of ACVA to the primary amine of Cos through secondary-
amide-bond formation was evidenced by a new characteristic absorption (amide II) at v= 1550
cm’!. Additionally, the appearance of absorption at v = 2243 cm! (nitrile stretching) and
absorption bands at v =2933 and 2966 cm™! (C-H stretching) from ACVA suggested the successful
conjugation of ACVA with Cos. Newly emerging absorption at v = 1712 cm™' (C=0 stretching)
also supports the presence of carboxylic group from ACVA. 'H-NMR peaks stemming from the
methyl groups of ACVA further confirmed the successful attachment of ACVA on Cos (Figure S
4.2b). By comparing the decrease of amine functional groups on glucosamine with the increase of
methyl groups from ACVA, it was determined that approximately 44.4% of amines on the Cos
were replaced by the ACVA (See SI).
4.2.4 PEG Screen on Particle Exterior Surfaces for Enzyme Trapping in Particle Pores
To achieve heat-responsive controlled release of MEL, SPION@EXpMSN-MEL was first
covered by as-synthesized CosA through the electrostatic attraction between positively charged
MEL and negatively charged ACVA grafted on CosA. The remaining pore spaces of
SPION@EXpMSN-MEL+CosA were further loaded with PLE, followed by binding of Ada-
modified PEG (PEGAda) on the particle surface via the host-guest interaction between B-CD and
Ada to avoid the escape of PLE from the pores. The final particle, with PLE trapped inside the
pores by the PEG porous screen, was termed SPION@EXpMSN-MEL+CosA+PLE+PEGAda.

The successful binding of PEGAda was demonstrated by the improved colloidal stability shown
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in DLS analysis, where the decrease in size distribution was due to the prevention of aggregation
by steric repulsion between the surface PEG (Figure S 4.3a). A reduction of {-potential value for
the obtained PEGylated nanoparticles also indicated the binding of PEG on the particle surface
(Figure S 4.3b). Enzymatic assays revealed that the PEG porous screen trapped most of the PLE
in the pores, with only a small amount of PLE escape (<5%) from the nanoparticles (Figure S 4.4).
4.2.5 AMF-Triggered Enzyme Activation for Release of Drugs

To ensure the substrate specificity of the selected enzyme PLE, SPION@EXpMSN-MEL was
first treated with free PLE, and then the MEL release resulting from the enzymatic activities was
assessed by detection of fluorescence intensity of the FITC-MEL released to the supernatants. As
expected, the addition of PLE induced the rapid release of MEL from SPION@EXpMSN-MEL.
Without applying any external trigger, >75% of MEL was released 5 min after the PLE addition
and >95% of MEL was released after 30 min (Figure S 4.5), showing that PLE effectively
triggered MEL release from the mesopores of the particles owing to its catalytic effect to break
down ester bonds between f-CD and succinic MEL.

The on-demand AMF-triggered drug release property of SPION@EXpMSN-
MEL+CosA+PLE+PEGAda, with MEL drug well-shielded in the pore space by the thermo-
responsive CosA, was then analyzed. Under no AMF stimulation, only a very low level of MEL
(<5%) was released from the SPION@EXpMSN-MEL+CosA+PLE+PEGAda (Figure 4.3a). This
result is similar to that of PLE-free nanoparticles, indicating that the separating barrier CosA on
MEL prevented PLE from approaching the ester bonds (Figure S 4.6). In contrast, after exposure
to AMF stimulation, MEL was released from SPION@EXpMSN-MEL+CosA+PLE+PEGAda in
a time-dependent manner. The release efficiency of MEL achieved >50% after 30 min of AMF

treatment and reached ~70% after 60 min due to the enzyme catalytic activity while the PLE-free
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nanoparticles remained at very low levels of MEL release (<5%) even after 60 min of AMF
treatment (Figure 4.3a). These results indicated that AMF induced the cleavage of the C-N bond
of the azo moieties on CosA and allowed direct contact between PLE and ester bonds for release
of MEL from SPION@EXpMSN-MEL+CosA+PLE+PEGAda via catalytic hydrolysis. The
results also further confirmed that CosA plays an essential role in this drug delivery system for
realizing external-triggered ester bond cleavage and drug release. It is important to note that, during
AMF treatment, the bulk temperature of the system only increased from 21 °C to 28 °C even after
60 min (Figure 4.3a), indicating that the system could avoid heating-related damage to normal
tissues. The cleavage of the C-N bonds is resulted from the nanoscale heating internally from the
SPION core. 2444551 Because the heat generated by the magnetic core and the heating efficiency
of SPION is associated with the AMF amplitude,* the release efficiencies of FITC-MEL from
SPION@EXpMSN-MEL+CosA+PLE+PEGAda under different AMF induction powers were also
carefully analyzed. It can be seen that the higher the AMF induction power, the greater the release
of MEL (Figure 4.3b).

AMF-triggered drug release was further investigated during co-incubation of the
SPION@EXpMSN-MEL+CosA+PLE+PEGAda with the PANC-1 tumor cells. Under no AMF
treatment, the FITC-tagged MEL (FITC-MEL)-containing nanocapsules adhered to the surface of
the tumor cells; no colocalization of FITC-MEL with the intracellular lysosomes was observed
(Figure 4.3c, top). Remarkably, after AMF treatment for 30 min, FITC-MEL entered into the cells
and colocalized with lysosomes (Figure 4.3c, down). This result indicated that AMF could
efficiently trigger MEL release from the nanocapsules, allowing diffusion of the released MEL

into the intracellular lysosomes.
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4.2.6 Cancer Cell Death by Induced AMF-Triggered Drug Release

To evaluate the cell-killing capacity of the peptide drug-loaded nanoparticles, we first tested
the toxicity of SPION@EXpMSN-MEL to PANC-1 cancer cells in the presence of PLE
(SPION@EXpMSN-MEL+PLE). Hoechst 33342/PI staining and fluorescence microscope
analysis revealed that the addition of SPION@EXpMSN-MEL+PLE led to obvious diffusion of
FITC-MEL into the cells and consequent extensive cell death (Figure S 4.7a), with the percent of
dead cells reaching up to 90% (Figure S 4.7b). This result indicated that PLE-catalyzed MEL
release was enough to kill most of the tumor cells.

Taking advantage of the heat-responsive CosA for the controlled release of MEL, the toxicity
of SPION@EXpMSN-MEL+CosA+PLE+PEGAda to cancer cells can be regulated by AMF. As
expected, without AMF treatment, there was no obvious cell death (<10%) observed for the
SPION@EXpMSN-MEL+CosA+PLE+PEGAda, which is similar to the results obtained by the
PLE-free nanoparticles (SPION@EXpMSN-MEL and SPION@EXpMSN-MEL+CosA). The
negligible cell death can be explained by the observable extracellular distribution of FITC-MEL
(Figure 4.4a), where such distribution indicated MEL remained in the pores of nanoparticles when
no AMF was applied. Hence, these results demonstrated that SPION@EXpMSN-
MEL+CosA+PLE+PEGAda is an excellent drug delivery vector for eliminating nonspecific
cytotoxicity. At ambient temperature, CosA remained in contact with MEL and provided a strong
inhibitory effect on the toxicity of MEL contained in the pore space. The low cell death level also
indicated that SPION@EXpMSN-MEL+CosA+PLE+PEGAda offers a good degree of
biocompatibility (Figure 4.4b).

To demonstrate the AMF-regulated cytotoxic effect of MEL, the cancer cells were treated

with AMF for 30 min. It can be seen that, while the PLE-free nanoparticles only led to slight cell
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death (<20%), SPION@EXpMSN-MEL+CosA+PLE+PEGAda caused extensive cell death
(>90%) after 30 min of AMF treatment, implying that the release of MEL was caused by the
enzymatic activities of PLE (Figure 4.4¢, d). Moreover, remarkable diffusion of FITC-MEL into
the cancer cells after AMF treatment can be observed from the merged image of the fluorescence
analysis, confirming the release of MEL from SPION@EXpMSN-MEL+CosA+PLE+PEGAda
under AMF application (Figure 4.4c).

CCK-8 assay results showed that, without the AMF stimulation, there was no decrease of
PANC-1 cell viability after 12 h of incubation with each type of MEL-containing
SPION@EXpMSN (Figure 4.5). These results not only showed the good biocompatibility of
SPION@EXpMSNs but also indicated that the use of SPION@EXpMSN-MEL+CosA+PLE to
deliver MEL can efficiently reduce the nonspecific cytotoxic effects despite MEL being in close
proximity to the trapped esterase. CCK-8 assays with the AMF actuation were also performed to
evaluate the cell-killing capability of MEL released from the SPION@EXpMSN-
MEL+CosA+PLE+PEGAda. Consistently, AMF caused the massive reduction (>80%) in the
viability of the cells treated with the SPION@EXpMSN-MEL+CosA+PLE but had almost no
impact on cell viability of the cells treated with PLE-free nanoparticles (Figure 4.5). These results
further proved that non-specific cytotoxicity of MEL can be bypassed, and MEL released from
SPION@EXpMSN-MEL+CosA+PLE in response to AMF can efficiently kill the tumor cells. The
viability results of various composites were compared with that of PANC-1 cells treated by free
MEL, which shows that there is no significant difference between the SPION@EXpMSNs group
(Figure 4.5) and the free MEL group (Figure S 4.8). The released MEL, in fact partially modified
by succinate, exhibited comparable cytotoxicity to an equivalent amount of the native pure MEL

(Figure S 4.8, Figure S 4.9), indicating that the succinate modification in the released MEL had
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no impact on the cell-killing capacity of MEL. Together, these results revealed that active MEL
was efficiently released from the nanocapsules triggered by AMF heating, leading to severe death
of the tumor cells. The high efficiency of MEL release could be attributed to the close contact
between the enzyme and its corresponding ester targets after AMF-triggered removal of CosA.
Because the coexistence of the trapped enzymes and the enzyme-activated drug linkers offers
continuous and close access of the enzymes toward the drug, leading to an enhanced catalytic
effect, not only can a tailored release profile be achieved by utilizing this responsive drug delivery
platform, but also a moderate AMF heating is enough for rapid and efficient activation of drug
release and intensified killing of cancer cells. This operating system shields the normal cells from
the nonspecific cytotoxicity of drugs, circumvents the off-target effects of a drug due to the
ubiquity of esterase in vivo,>> and realizes on-demand spatial and temporal drug release upon the
application of AMF.
4.2.7 In vivo Antitumor Efficiency of the Nanocapsules under AMF Stimulus

For in vivo application of the SPION@EXpMSN-MEL+CosA+PLE+PEGAda, hemolysis
assays were first performed to investigate their toxicity to blood cells. After 30 min of incubation,
free MEL, similar to the positive control (Triton X-100 treatment), led to drastic hemolysis of the
blood red cells. In contrast, the SPION@EXpMSN-MEL+CosA+PLE+PEGAda, similar to
SPION@EXpMSN-MEL and SPION@EXpMSN-MEL+CosA, did not lead to obvious hemolysis
after 30 min of co-incubation (Figure 6a). Therefore, hemolysis can be efficiently prevented by
encapsulating MEL in the nanocapsules.

To evaluate the tumor-targeting efficiency of the SPION@EXpMSN-
MEL+CosA+PLE+PEGAda, MEL was first tagged by Cy35, and then loaded into the nanocapsules.

After 6 h of intravenous injection into the PANC-1 tumor-burden mice, the fluorescence of CyS5
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in the mice was examined by an animal imaging system. Whole-body imaging showed that the
SPION@EXpMSN-MEL+CosA+PLE+PEGAda were mainly accumulated at the tumor tissues,
and partially distributed in the lung and liver (Figure 6b). Hence, the SPION@EXpMSN-
MEL+CosA+PLE+PEGAda exhibited good tumor-targeting efficiency, which may be attributed
to the enhanced permeability and retention (EPR) effect.

The antitumor capacity of the nanocapsules with the aid of AMF was further evaluated in the
tumor-burden mice. On the 14th day after nanocapsule injection and AMF treatment, the tumors
were sampled from the mouse for photographing and weighing (Figure 6¢, 6d). While both
SPION@EXpMSN-MEL, SPION@EXpMSN-MEL+CosA slightly reduced tumor sizes and
weights, the SPION@EXpMSN-MEL+CosA+PLE+PEGAda had a severe impact on tumor
growth, leading to a remarkable reduction of tumor weight (=<80%, Figure 6d). Histopathological
observation further revealed that the tumor tissues treated by SPION@EXpMSN-
MEL+CosA+PLE+PEGAda exhibited severely disrupted structures, while those treated by
SPION@EXpMSN-MEL or SPION@EXpMSN-MEL+CosA had intact structures (Figure 6e),
confirming severe tumor damage caused by SPION@EXpMSN-MEL+CosA+PLE+PEGAda. In
addition, the treatment of the nanocapsules did not lead to an obvious change in mouse body weight
and normal organ weight (Figure S10), nor caused obvious impact on the tissue structures of the
tested organs (Figure 6f), suggesting good biosafety of the nanocapsules. Together, these results
revealed that the nanocapsules had good biocompatibility and high tumor-targeting/inhibiting
efficiency.

4.3 Conclusion
We designed and tested a self-contained nanocapsule for delivery of an enzyme-cleavable

nonspecific cytotoxic anticancer peptide drug MEL, where the release of MEL was activated by
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AMF. The successful encapsulation of esterase, the oligomer-based separating barrier, and ester-
linked anticancer drug MEL together in the large pore space of the mesoporous silica nanoparticles
was demonstrated. This drug delivery system is superior due to its capability of not only shielding
the nonspecific cytotoxicity of the MEL but also realizing the co-delivery of ester-linked MEL and
enzyme for realizing one-time, one-dose treatment. Most importantly, upon stimulation, the
trapped esterase with selected substrate specificity can bypass the problem of differential
hydrolysis of ester bonds in biological environments resulting from the in vivo heterogeneity of
esterase activity and thus assure the spontaneous hydrolysis of the ester-containing peptide drug.
In addition to preventing unwanted side effects caused by untimely drug release, these self-
contained nanocapsules activate and release the drugs on-demand and in a highly efficient manner
due to the high local concentration of specific enzymes near the ester-linked anticancer drug MEL.
As a result, by using this nanocapsule, we demonstrated both in vitro and in vivo that the
nanocapsules exhibited excellent biocompatibility and high tumor-targeting/inhibiting efficiency
and, with just moderate AMF heating, an intensified anticancer efficacy could be achieved.

4.4 Experimental Section

4.4.1 Materials and Chemicals

Iron(IIT) chloride hexahydrate (FeClz-6H20) (>98%, Aldrich), sodium oleate (99%, TGI), oleic
acid (90%, Aldrich), tri-n-octylamine (95%, Fisher), hexadecyltrimethylammonium bromide
(CTAB) (>99%, Sigma), tetraethyl orthosilicate (TEOS) (>99%, Sigma), ethyl acetate (>99.5%,
Sigma), ammonia solution 28-30%, (3-aminopropyl)trimethoxysilane (97% APTMS) (Sigma-
Aldrich), hexane (>98.5%, Fisher), chloroform (99.9%, EMD), 4,4’-Azobis(4-cyanovaleric
acid)(ACVA) (>98%, Aldrich), chitosan oligosaccharides (Cos)(TGI), 4-(dimethylamino)

pyridine (Sigma Aldrich), succinic anhydride (=98%, Sigma Aldrich), 1-ethyl-3-(3-

96



dimethylaminopropyl) carbodiimide (EDC)(Sigma), N-hydroxysulfosuccinimide
(NHS)( >99%,CovaChem), PEG-NH, (MW = 10,000)(Sigma), 1-adamantane ccarboxylic acid
(ADACA)(Sigma). Melittin (MEL) and FITC-MEL were synthesized by GenScript and
ChinaPeptides, respectively. Tosyl-B-CD was synthesized based on the method reported by
Yang.>*

4.4.2 Characterization

A superconducting quantum interference device (SQUID, Quantum Design MPMS7
magnetometer) was used to investigate the superparamagnetic properties of the SPION and
SPION@EXpMSN. The field-dependent magnetization of SPION and SPION@EXpMSN were
measured at both 5 K and 300 K in an applied magnetic field of 50 Oe. The blocking temperature
of each sample was obtained by running a M vs T loop (from 2 K to 300 K) in an applied magnetic
field of 50 Oe. Measurement of Specific Loss Power (SLP) was performed to investigate the heat-
generation efficiency of SPION. The SPIONs were dispersed in cyclohexane (3 mg/mL) in a2 mL
vial. The temperature of the bulk was recorded as a function of AMF trigger time. The sample was
well insulated from the coil, and the minimum heat transfer from the coil to the solvent was
subtracted from the data. The temperature-increase profile of the cyclohexane solution and the
calculation of specific heat loss power of SPION are shown in Supporting Information.
Transmission electron microscopy (TEM) images were required on a Tecnai T12 Quick CryoEM
and CryoET (FEI) with an operating voltage of 120 kV. The sample was prepared by dropping a
suspension (0.2 mg/mL, 5 uL) of SPION or SPION@EXpMSN in hexane or ethanol, respectively,
on a 200 mesh carbon coated copper grid, followed by solvent evaporation at room temperature.
Zeta-potential analysis and dynamic light scattering (Zeta/DLS) were acquired on a ZetaSizer

Nano (Malvern Instruments Ltd., Worcestershire, U.K.) in Millipore water and hexane for
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SPION@EXpMSN and SPION, respectively. Zeta-potential values confirmed the successful
functionalization in the pore space of SPION@EXpMSN after each step. DLS gave the average
diameter of particles after each step at room temperature. Fourier-transform infrared spectroscopy
(FTIR) analyses were performed on FTIR (JASCO FT/IR-420) spectrometer in the range of
4000—400 cm™!,

AMF-Induced Superparamagnetic Heating

Magnetic heating was carried out using a Magnetic Hyperthermia System manufactured by MSI
Automation, Inc. The five-turn copper coil diameter and height were both 50 mm. The samples
were placed in the center of the coil with the help of a non-conducting holder to avoid direct contact
with the coil. The induction power, magnetic field strength, and oscillation frequency were 5 Kw,
375 kHz, and 250 Oe, respectively.

Drug-Release Assays

To investigate release efficiency of the nanoparticles induced by PLE, 1 mg of SPION@EXpMSN-
MEL was suspended in 1 mL of PBS (pH 7.4), and then 10 U of PLE were added into the
suspension. After incubation at 37 °C for the indicated time, the suspensions were sampled and
centrifuged, and the fluorescence intensity of the supernatants were measured by a fluorescence
microplate reader (Perkin Elmer, USA). To evaluate AMF-responsive MEL release, 1 mg/mL of
SPION@EXpMSN-MEL, SPION@EXpMSN-MEL+CosA, or SPION@EXpMSN-
MEL+CosA+PLE+PEGAda was treated by AMF (5 kW, 375 kHz) for the indicated time, followed
by measurement of fluorescence intensity of the supernatants. Release efficiency (% Release) of
cleavable MEL is defined as the MEL contents released from the nanoparticles divided by the total

MEL contents thoroughly released by PLE in the absence of CosA. The percent of PLE release

98



was calculated by PLE activity in the nanoparticle-suspending solution divided by PLE activity in
the nanoparticles x100%.

Cell Viability Assays

To determine tumor cell-killing capacity of the nanoparticles, the human pancreatic cancer PANC-
1 cells were cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS) for 24
h. SPION@EXpMSN-MEL, SPION@EXpMSN-MEL+CosA, or SPION@EXpMSN-
MEL+CosA+PLE (100 mg/L) were then added into the well cultures. After 12 h of incubation, the
cells were then treated by AMF (5 kW, 375 kHz) for 30 min, followed by 24 h cell culturing. Cell
viability was then evaluated by the Hoechst 33342/PI staining method and the CCK-8 assay kit.
Hemolysis Assays

To investigate the hemolysis effect of the nanocapsules, fresh mouse blood was sampled from
healthy BALB/c nude female mice. Blood red cells were isolated from 1 mL of the mouse blood
by centrifugation at 1, 500 rpm for 5 min, and then suspended in 5 mL of PBS buffer. The
nanocapsules (100 mg/L), free MEL (6 uM), or Triton X-100 (0.5%, positive control) were added
into the red cell suspensions. After incubated at 37 °C for 20 min, the suspensions were
photographed for hemolysis evaluation.

In vivo Antitumor Model

To evaluate in vivo antitumor capacity of the nanocapsules, the BALB/c nude female mice were
pre-inoculated at the hind leg sites by PANC-1 cells with 1x107 cells/mouse. After 5 days of
culture, the nanocapsules were injected intravenously into the mice (200 mg/kg). After 2 h of
nanocapsule circulation, the mice were treated by AMF (375 kHz, 5 kW) for 30 min. Four mice

were used for each group. The mice were further fed for 14 days and killed. The tumors were
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sampled, photographed, and weighted. The animal experiments were approved by the Nankai
Ethical Committee in compliance with the Chinese law on experimental animals.

Statistical Analysis

Each experiment was performed with three replicates. The results indicate the means + SD.
Difference between groups was compared by one-way analysis of variance (ANOVA) test (P <
0.05). Statistical tests were performed using the SPSS software package (version 20, IBM).

4.4.3 Nanoparticles Synthesis

Synthesis of SPIONs. A modified thermal decomposition method was used to synthesize
SPIONs.*” Briefly, 2.5 mmol of FeCl3-6H,0 and 7.5 mmol sodium oleate were dissolved in a
solvent mixture (14 mL) composed of ethanol, Millipore water, and hexane (4:3:7). After 4 h of
refluxing at 70°C, the resulting solution was transferred to a separatory funnel, where the top
organic layer containing the Fe-oleate was washed 3X with water and ethanol. Afterward, the
resulting organic layer was transferred to a 3-neck round bottom flask and was kept at 70°C
overnight to evaporate hexane. The Fe-oleate complex precursor along with 2-fold molar ratio of
oleic acid were dispersed in 10 mL of tri-n-octylamine. Under stirring, the mixture was degassed
with N> for 30 min at room temperature and then heated to 200 °C at a heating rate of 3 °C min’..
After keeping at 200 °C for 2 h, the mixture was heated to 320 °C with the same heating rate and
was allowed to reflux and age at this temperature for 1 h. Afterward, the mixture was cooled down
to room temperature under N> and ethanol was added to precipitate the black product. The
precipitate was collected by centrifugation, washed 3X with a mixture of ethanol and acetone, and
redispersed in hexane containing 50 puL of oleic acid.

Synthesis of Amine-Functionalized SPION@EXpMSNs. SPION@EXpMSNs were

synthesized based on a published approach with some modifications.***! The synthesis of
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SPION@EXpMSN s started with transferring SPIONSs to an aqueous layer with the help of CTAB
surfactant templates,> followed by the organic addictive-induced emulsion formed in the CTAB
micelles that led to the enlarged pores.***! The silica coating was then achieved by hydrolysis and
condensation of TEOS in the presence of the surfactant micelles.>> 6 mg of SPIONS stabilized with
oleic acid were dispersed in 1.2 mL chloroform. In a glass vial, 200 mg CTAB was dissolved in
10 mL of Millipore water at 37°C, followed by the addition of the prepared SPION solution. To
transfer SPION from the organic layer to aqueous layer with the help of CTAB, the mixture was
vortexed and sonicated for 10 min and probe-sonicated (40% output) for another 5 min to generate
an oil-in-water emulsion. After evaporating chloroform at 75°C for 10 min, the clear colloidal
SPION in aqueous solution was obtained. After another 5 min of probe-sonication for confirming
the absence of chloroform, the solution was cooled down to room temperature. Under stirring, the
resulting solution was added to a mixture of solvent composed of 95 mL of Millipore water, 5 mL
of methanol, and 20 mL of ethyl acetate. After mixing for 5 min, 3 mL of ammonia hydroxide was
quickly added into the mixture, and then 300 pL of TEOS was added into the reaction solution.
The solution was allowed to react for 15 h under stirring. The as-synthesized SPION@EXpMSN
were collected by centrifugation, washed 2X with ethanol, and then were dispersed in 50 mL of
ethanol containing 1 g of ammonia nitrate for CTAB surfactant removal. The solution was refluxed
at 60°C for 1.5 h under stirring, followed by 1X washing with water and washing twice with
ethanol. The removal procedure was repeated twice, and the nanoparticles were dispersed in 20
mL of ethanol. For amine functional group modification, 90 mg of as-synthesized
SPION@EXpMSN were dispersed in 40 mL of ethanol, and 30 pL of APTMS was added with
stirring. After reacting under stirring for 15 h, amine-functionalized nanoparticles were washed

three times with ethanol and redispersed in ethanol.
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Synthesis of Peptide Drug-loaded SPION@EXpMSNs. To covalently conjugate the peptide
drug MEL on the pore wall, 10 mg of SPION@EXpMSNs with amino groups exposed on their
surfaces were first suspended in 20 mL of DMSO, and then 100 mg of Tosyl-CD was added into
the suspensions. The mixture was magnetically stirred at room temperature for 24 h, obtaining
SPION@EXpMSN-CD. The nanoparticles were then centrifuged, washed with DMSO and dHO,
and dried by vacuum. Next, 10 mg of SPION@EXpMSN-CD were dissolved in 20 mL of DMF,
and then 0.268 g LiCl was added into the solution. The mixture was heated to 85 °C under magnetic
stirring, followed by addition of 0.15 g 4-(dimethylamino) pyridine, 9.6 puL of pyridine, and 0.1 g
succinic anhydride under nitrogen. The mixture was kept at 85 °C for 18 h under magnetic stirring.
After cooling down to room temperature, the nanoparticles were centrifuged, washed with
deionized H>O and ethanol. After vacuum drying, SPION@EXpMSN-Suc were obtained. 10 mg
of SPION@EXpMSN-Suc were dissolved in 10 mL of 50 mM MES buffer (pH 6.0), and then 50
mg of EDC and 55 mg of NHS were added into the solution, followed by addition of 4 mg of MEL
or FITC-MEL. The mixture was magnetically stirred at 4 °C for 24 h. The nanoparticles were
centrifuged, washed by dH>O, and dried, obtaining the final SPION@EXpMSN-MEL. The
loading capacity of MEL by SPION@EXpMSN-Suc is 22.0% (w/w), which is calculated by the
mass of MEL loaded into SPION@EXpMSN-Suc divided by the mass of SPION@EXpMSN-Suc
used for loadingx100%.

Synthesis of CosA. CosA was synthesized using carbodiimide crosslinker chemistry. The
activation of the carboxylate groups was performed in MES buffer solution with an adjusted pH
of 6.00. Briefly, 40 mg of ACVA were dissolved in 5 mL of MES buffer solution, followed by the
addition of 60 mg of EDC and 30 mg of NHS, each in 1 mL of MES buffer solution. The solution

was allowed to react for 45 min, then was added with 2 mL MES buffer solution containing 50 mg
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of Cos. After the molecules were crosslinked for 24 h, 30 mL of ethanol was added into the reaction
solution to precipitate the final CosA product. The precipitate was re-dispersed with a minimal
amount of water and washed with 20 mL of ethanol X2. The resulting product was lyophilized to
remove the remaining water and stored at room temperature for further measurement.

Synthesis of PEGAda. To synthesize adamantane-modified PEG, 10 mg of 1-adamantane
carboxylic acid were dissolved in 5 mL of NaOH (10 mM), and then were added into 50 mL of 50
mM MES buffer (pH 6.0). After addition of 20 mg of EDC and 22 mg of NHS, the solution was
magnetically stirred at room temperature for 30 min. 50 mg of PEG-NH2, (MW = 10,000) were
then added into and dissolved in the MES buffer (pH 6.0) containing the activated adamantane.
The mixture was stirred for another 24 h, followed by dialysis using a dialysis bag (Cutoff MW =
4000) for 7 days. The final PEGAda was obtained by vacuum drying. To cap PLE in the
nanoparticles, PEG-Ada (2 mg) was added into 1 mL of PBS (pH 7.4) containing 2 mg of
SPION@EXpMSN-MEL or 2 mg of CosA and PLE-loaded SPION@EXpMSN-MEL
(SPION@EXpMSN-MEL+CosA+PLE), followed by shaking at 4 °C for 24 h. The nanoparticles
were centrifuged and washed by PBS, obtaining SPION@EXpMSN-MEL+PEGAda or

SPION@EXpMSN-MEL+CosA+PLE+PEGAda.
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4.5 Schemes and Figures
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Scheme 4.1 (a) Schematic illustration of the encapsulation of peptide drugs and the AMF-triggered
release of the peptide drugs from the pore of a core@shell large pore mesoporous silica
nanoparticle (side view and top view). (b) Chemical synthesis steps of the ester linker-peptide
drugs, the thermal-sensitive chitosan oligosaccharide barrier, and the PEG porous screen. The large
pore in the nanoparticles provides ample space for containing the ester linker (red)-peptide drugs
(orange), the thermal-sensitive separating barrier (green), and the enzymes (yellow). The enzymes
were trapped by the PEG porous screen (black). The thermal-sensitive barrier is broken by AMF
heating and pieces of it escape through the porous screen, allowing the enzymes to catalyze the
cleavage of the ester bonds holding the drugs. The drugs are released and diffuse through the
porous screen. (b) Systematic order of attachment of the components: red and orange = green =
yellow = black.
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Figure 4.1 TEM images of (a) SPIONs and (b) SPION@EXpMSNs (inset: the enlarged
SPION@EXpMSNs and a pore size of approximately 30 nm distributed over the particle). Field-
dependent magnetization curves (M-H loops) of (¢) SPIONs and (d) SPION@EXpMSNs at 300
K and 5 K (inset: magnification of M-H curves from —2500 to 2500 Oe). ZFC/FC modes of
temperature-dependent magnetization curves (M-T loops) of (e) SPIONs and (f)
SPION@EXpMSNs under an applied magnetic field of 50 Oe. Results from M-H and M-T loops
showed that both the core and core@shell nanoparticles possess superparamagnetic characteristics.
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Figure 4.2 (a) Scheme of the step-by-step conjugation of the B-CD, succinic acid (Suc), and
peptide drug melittin (MEL) on the pore wall of SPION@EXpMSNs to obtain
SPION@EXpMSN-MEL. (b) TEM images of SPION@EXpMSN-MEL. (c) FT-IR spectra, (d)
DLS size distribution, (e) (-potential values of SPION@EXpMSNs, SPION@EXpMSN-CD,
SPION@EXpMSN-Suc, and SPION@EXpMSN-MEL, respectively.
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Figure 4.3 (a) Release profile of FITC-MEL from SPION@EXpMSN-
MEL+CosA+PLE+PEGAda. (With or without PLE) and bulk temperature rise under different
AMF exposure time (AMF was off at 0 min; AMF induction power = 5 kW). (b) Release of FITC-
MEL from SPION@EXpMSN-MEL+CosA+PLE+PEGAda under AMF for 30 minutes with
different induction power (0 ~5 kW) at an AMF frequency of 375 kHz. The samples were well-
insulated from the coil to minimize the heat transfer from the coil. Asterisks (*) indicate significant
difference between the SPION@EXpMSN-MEL+CosA+PLE group and other groups (P<0.05).
(c) Confocal images of the PANC-1 tumor cells treated by the SPION@EXpMSN-
MEL+CosA+PLE with no AMF stimulation (- AMF) or with AMF stimulation for 30 minutes (+
AMF). The blue-emitting nuclei and red-emitting lysosomes of PANC-1 cells were stained by
Hoechst 33342 and LysoTraker Red, respectively. The white arrows show the internalization of
FITC- MEL to the lysosomes, indicating that MEL can be triggered and released by an external

AMF.
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Figure 4.4 Cell death induced by SPION@EXpMSN-MEL, SPION@EXpMSN-MEL+CosA, or
SPION@EXpMSN-MEL+CosA+PLE with no AMF stimulation (- AMF (a) and (b)) or with AMF
stimulation for 30 minutes (+ AMF, (c) and (d)). (a,c) Fluorescence images of the treated PANC-
1 cells with the blue-emitting nucleus and red-emitting dead cells stained by Hoechst 33342 and
PI, respectively. (b,d) Statistical analysis of dead tumor cells. FITC indicates the distribution of
FITC-MEL. The merged image shows that AMF heating initiated the triggered release of FITC-
MEL, which then diffused into the cancer cells and caused significant killing of cancer cells.
Asterisk (*) indicates significant difference between the SPION@EXpMSN-MEL+CosA+PLE
group and other groups (P<0.05). The control group is cells without nanoparticle treatment.
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Figure 4.5 CCK-8 assays of PANC-1 cells treated by SPION@EXpMSN-MEL,
SPION@EXpMSN-MEL+CosA, SPION@EXpMSN-MEL+CosA+PLE+PEGAda, and free
MEL with the same initial concentration (6 uM). Cell viability treated with different MEL-
contained core@shell nanoparticles under (a) no AMF treatment and (b) under AMF treatment.
Asterisk  (*) indicates significant difference between the SPION@EXpMSN-

MEL+CosA+PLE+PEGAda group and other groups (P<0.05). The control group is cells without
nanoparticle treatment.
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Figure 4.6 In vivo antitumor efficiency of the nanocapsules under AMF treatment. (a) Hemolysis
assays of free MEL and the nanocapsules (three different groups: SPION@EXpMSN-MEL,
SPION@EXpMSN-MEL+CosA, and the SPION@EXpMSN-MEL+CosA+PLE+PEGAda). The
nanocapsules (100 mg/L) or free MEL (6 uM) were added into red cell suspension in PBS. The
mixtures were incubated at 37 °C and photographed. The control group is cells without
nanocapsules treatment. (b) Distribution of the SPION@EXpMSN-MEL+CosA+PLE+PEGAda
nanoparticles in the PANC-1 tumor-burden mouse after 6 h of injection (50 mg/kg). The black
arrow indicates the tumor site. Note that the nanocapsules accumulated mainly in the tumor tissues.
(c) Tumor weights, (d) tumor volumes, (e) histopathological images of the tumor tissues, and (f)
histopathological images of the organ tissues of the three different groups after 14 days of
intravenous injection of nanocapsules and AMF treatment (30 min, 375 kHz, 5 Kw). Asterisks (*)
indicate significant difference between the groups (P<0.05).

110



45 =5 - -
e 375 -

—~ —A—25
O
40 —v—125 e . o
o - °
=]
§ [ °
@ 35
§35 o 1 »
= ~ A A
< 30 [ S
i) [ i A
5 / °
= o
» /. v v v

25-{WoeA A vy v v

»AA v
yvy v
20 T

v v T T T L4 T hd T T
0 50 100 150 200 250 300 350 400
AMF Trigger Time (s)

Figure S 4.1 Temperature-time profile of a cyclohexane solution (3 mg/mL) containing SPION in
AMF with a power of 5, 3.75, 2.5, and 1.25 kW. The initial slope (dT/dt) of the profile was used
to calculate the specific loss power (SLP) of SPION by equation 1, as shown:

CxV,dT 276]-mL'K1xV, 1K . .
dt 3x10%g  <6s 33W-e
where C is the volumetric heat capacity of the solution, Vg is the volume of solution, and m is the
mass of the particle. SLP3 75w, SLP2.skw, and SLP1 25w are 92.0, 46.0, and 9.9 Wg'!, respectively.

SLPS kKW —

(b)

Transmittance (%)

Amide Il
Amide | C=O bending C-0-C siretching 4.0 3.5 3.0 2.5 2.0 ppm

NH, stretching

40 T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure S 4.2 Characterizations of CosA. (a) FTIR analysis, and (b) '"H-NMR of CosA. The
integrated '"H-NMR spectrum was used to calculate the ACVA attachment on Cos.
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Figure S 4.3 (a) DLS size distribution and (b) Zeta potential of SPION@EXpMSN-MEL (before
PEGAda addition) and SPION@EXpMSN-MEL+PEGAda (after PEGAda addition).
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Figure S 4.4 Release of PLE from the SPION@EXpMSN-MEL+CosA+PLE+PEGAda
nanoparticles, which are capped by PEGAda. The percent of PLE release was calculated by PLE
activity in the nanoparticle-suspending solution divided by PLE activity in the nanoparticles

%x100%. PLE activity was evaluated by DCFDA hydrolysis assays.
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Figure S 4.5 Time-dependent release profile of FITC-MEL from SPION@EXpMSN-MEL
triggered by free PLE via the catalytic effect. % Release = release efficiency of cleavable MEL.

—o-SPION@EXpMSN-MEL
-o—-SPION@EXpMSN-MEL+CosA
-o-SPION@EXpMSN-MEL+CosA

+PLE+PEGAda
100
- AMF
o 80 1
(2]
©
9 60 -
(0]
4
X 40 A
20 A
0 T

0 10 20 30 40 50 60
Time (min)
Figure S 4.6 Time-dependent release profile of MEL from SPION@EXpMSN-
MEL+CosA+PLE+PEGAda with no AMF stimulation. CosA has a strong inhibitory effect on the

toxicity of PLE-contained nanoparticles, leading to the minimized nonspecific cytotoxicity of the
SPION@EXpMSN-MEL+CosA+PLE+PEGAda.
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Figure S 4.7 Cell death of PANC-1 cells treated by SPION@EXpMSN-MEL+PLE (no PEGAda).
(a) Fluorescence microscopy images of the cells. (b) Statistical analysis of dead cells. Panels from
left to right: PANC-A cells with the blue-emitting nucleus stained by Hoechst 33342, green
emission from FITC-MEL, red-emitting dead cells stained by PI, and the merged images. *
indicates significant difference between the groups (P<0.05). The control group is cells without
nanoparticle treatment.
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Figure S 4.8 Impact of native MEL doses on viability of tumor cell viability. * indicates significant
difference between the groups (P<0.05). Note that the remaining cell viability at high MEL
concentration (6 uM and 12 uM) is due to the limitation of the assay (resulting from background
luminescence), which was based on detecting fluorescence. PI staining results showed the
complete cell killing at an equivalent MEL concentration (6 uM).
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Figure S 4.9 Viability of the PANC-1 tumor cells treated by released MEL from the nanocapsules
(100 mg/L) triggered by AMF (30 min) and native MEL (6 uM, same as the concentration of
released MEL from the nanocapsules). Both the nanocapsule-released MEL and the native MEL
caused comparable decrease in cell viability, indicating that the remaining succinate group at MEL
has no impact on the cell-killing efficiency of MEL. Note that there is no significant difference

between the released MEL group and the initial MEL group (P < 0.05).
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Figure S 4.10 Body and organ weights in the mice treated by the nanocapsules. Note that the
nanocapsules have no obvious impact on the weights of both the bodies and the tested organs,
including the liver, the lung, the heart, the kidney, and the spleen (P<0.05).
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Notel: Calculation of ACVA attachment on Cos by the integrated "H-NMR spectrum.

COS-ACVA 'H-NMR (400 MHz; 1% v/v CD3COOD/D:0): 8y (ppm) = 1.5-2.0 (6H, H;C-C(CN)),
3.0-3.4 (2H, GIcN(H-2)), 3.4-4.1 (11H, GIcN(H-3, H-4, H-5, H-6) + GlcNAc (H-2, H-3, H-4, H-
5, H-6)).

COS "H-NMR (400 MHz; 1% v/v CD3COOD/D20): 8y(ppm) = 2.1 (3H, methyl protons of the
acetylated glucosamine residues), 3.0-3.4 (2H, GIcN(H-2)), 3.4-4.1 (11H, GIlcN(H-3, H-4, H-5, H-
6) + GlcNAc (H-2, H-3, H-4, H-5, H-6), pyranose rings).

ACVA 'H-NMR (400 MHz; (CD3)S=0): 8y (ppm) = 1.5-2.0 (6H, H3C-C(CN)), 2.0-2.5 (8H,
2xCH2CH>COO).

3.4-4.1 ppm: GIcN(H-3, H-4, H-5, H-6) + GIcNAc (H-2, H-3, H-4, H-5, H-6) = 11 H
3.0-3.4 ppm: GIcN(H-2) =2 H

1.00/0.18=5.6 = 11 H2H=15.5

0.18 2 0.11 =9 NH> - 5 NH, = 4 NH> (4 NH> of glucosamine being replaced)
ACVA methyl group=6 H

Therefore, 6 H X 4 = 24 H, which matches the integral of the region at 1.6-1.8 ppm.

As a result, approximately 4/9 NHz (= 44.4%) was replaced by ACVA.
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Chapter 5 A Facile Method to Synthesize Non-Ionic
Fluorinated Ferrofluids for Measuring Mechanics
in Living Systems

This chapter is based on collaborative work with Professor Ellen Sletten’s group at UCLA and
Professor Otger Campas’s group at UCSB. The study aims to optimize in vivo mechanical force
measurements (in vivo mechanosensing) based on microdroplet deformation by the fluorinated
ferrofluids that are encapsulated in the microdroplet under the application of external magnetic

fields. Lin, F. C. designed and performed all the experiments. Jeffrey I. Zink was the P.I.
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5.1 Introduction

Ferrofluids, possessing both magnetic properties and liquid behaviors, consist of single-
domain magnetic nanoparticles, so-called superparamagnetic iron oxide nanoparticles (SPIONs),
in a carrier liquid. The biorthogonal perfluorocarbons (PFCs) oils are of interest in this work
because of their unique properties such as phase separation from organic and aqueous solutions.
PFCs have been utilized as PFC nanoemulsions for therapeutic applications, such as, blood
substitutes,! photosensitizer carriers,” gene delivery systems,* and for diagnostic purposes, such as,

YF-MRI**® and ultrasound’® contrast agents.” PFCs have also been used to form cell-sized oil
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microdroplets for the measurements of cellular forces within developing three-dimensional (3D)
tissues in vivo.'%!! By encapsulating ferrofluids in PFC oil microdroplets, the magnetically
responsive microdroplet technique enables both direct measurements of local material properties
of the cellular microenvironment and local application of mechanical forces within developing
tissues.!? The formation and stabilization of both PFC nanoemulsions and microdroplets depend
highly on their surface chemistries that are controlled by surfactants.!%!3 The presence of chemical
contaminants, e.g., ionic surfactants, in the commercially available fluorinated ferrofluids can
disrupt the interfacial tension between the liquid-liquid interface and affect the stability of the
droplets. To expand the applications of fluorinated ferrofluids, it is essential to control the chemical
functionalization of SPIONs with appropriate surface chemistry.

Stable PFCs oil-based ferrofluids have been difficult to synthesize. The stability of ferrofluids
depends highly on the surfactants attached, where these surfactants have two major functions: (1)
assure a distance between the magnetic particles to overcome the forces of attraction caused by
van der Waals forces and magnetic attraction in order to prevent agglomeration of magnetic
nanoparticles and (2) serve as the outer layer of the magnetic particle that is compatible with the
liquid carrier.!* Tonic surfactants are normally introduced into commercially-available PFCs oil-
based ferrofluids to stabilize the ferrofluids, restricting them from applications that can only
function well in the absence of ionic surfactants. The conventional strategy to synthesize
fluorinated magnetic nanocrystals is to exchange ligands on the crystal surface with fluorinated
ones.!>!1® For this ligand-exchange approach, ligands are non-covalently bonded and therefore the
presence of free ionic surfactant cannot be fully avoided. Also, the magnetic nanocrystals tend to
agglomerate and aggregate under high magnetic field gradients and separate out from the liquid

carrier. Such ionic contaminants due to the loosely attached surfactants can be bypassed by
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introducing a thin layer of silica of which the surface comprises abundant hydrophilic silanol
groups that can form chemical Si-O-Si bonds with silanes such as fluoroalkyl silane.!”-!® Here, we
introduce new fluorinated ferrofluids by chemically grafting fluoroalkyl silanes on the surface of
SPION@SiO; nanoparticles via silanization, where the ionic contaminants can be avoided and
excellent chemical stability of fluorinated ferrofluids is achieved. We demonstrate that larger-sized
fluoroalkyl silanes with molecular weights (MW) of 4000-8000 g/mol can be grafted on
SPION@SiO:; nanoparticles with the assistance of low-MW fluoroalkyl silanes. This opens a new
and facile method for attaching both short and long silanes on the surface of magnetic nanocrystals
to synthesize non-ionic fluorinated ferrofluids for extended applications.
5.2 Results and Discussion

SPION@SiO; nanoparticles were prepared by using a reverse microemulsion method
(Figure 5.1a),'" and monodispersed SPIONs with diameters of 20 + 5 nm were synthesized by a
modified thermal decomposition method (Figure 5.1b). SPIONSs are stabilized by oleic acid and
therefore can be suspended in low-MW non-polar hydrocarbon oils such as hexane. After silica
coating, SPION@Si0: nanoparticles can be suspended in polar solvents such as ethanol. A dense
silica shell was chosen to coat SPIONs due to its feasibility of reducing the shell thickness to <5
nm by tuning the amount of TEOS and ammonia so that the magnetic ratio of the core/shell
nanoparticles can be maximized (Figure 5.1¢, Figure S 5.1).!° Note that the water phase generated
by the ammonia should be adjusted to provide a more confined space for the silica shell forming
process so that surface roughness of SPION@SiO» nanoparticles can be reduced (Figure S 5.1).
Two perfluoroalkyl silanes, perfluorodecyltriethoxysilane (PFDTES), 1, and perfluoropolyether
(PFPE), 2, with MW differing by more than 10 times were used as surfactants to coat the surface

of SPION@Si0; nanoparticles via chemical Si-O-Si bonds.
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5.2.1 Synthesis of SPION@SiO:-1 Using Biphasic Approach

To monitor the attachments of perfluoroalkyl silanes on SPION@SiO: nanoparticles and
prevent self-condensation of silanes, a biphasic approach was implemented where the ethanol
solution of SPION@SiO: nanoparticles and the PFCs solvent containing excess perfluoroalkyl
silanes form a two-phase system (Figure 5.2a). An aliquot of water was added to the ethanol phase
to promote the hydrolysis of perfluoroalkyl silanes. Scheme 5.1 shows an illustration of
silanization and phase transfer processes. When two phases are mixed, ethanol-soluble 1 diffuse
through both phases, become hydrolyzed due to the presence of water in the ethanol phase, and
undergo condensation with the abundant silanol groups on the SPION@Si0: nanoparticles to form
Si-O-Si bonds. When SPION@SiO: nanoparticles are functionalized with a sufficient amount of
perfluoroalkyl silanes, they become soluble in the PFCs phase. The attained non-ionic fluorinated
ferrofluids (SPION@Si0O>-1) are highly soluble in HFE7700 PFCs oil and respond to an applied
external field without agglomeration or coagulation (Figure S 5.2).
5.2.2 Attaching of Silane 2 via Direct-Coating Approach

To improve the solubility of fluorinated SPION@Si0: nanoparticles in PFCs oil, 2 that has a
linear silane length that is approximately 5 times longer than 1 is used to functionalize
SPION@SiO; nanoparticles. Different experimental conditions for the biphasic approach were
applied to attach 2 on the nanoparticles surface (listed in Table 5.1); however, none of them
facilitates the silianization and the phase transfer of nanoparticles (Figure 5.2a). This is due to the
insolubility of 2 in the ethanol phase which restricts 2 from having contact with silanol sites on
SPION@SiO; nanoparticles. Utilizing solubility of 2 in PFCs oil, a direct coating approach was
implemented to attach 2 on SPION@SiO: nanoparticles. In this approach, SPION@SiO»

nanoparticles were dispersed in PFCs oil containing an excess amount of 2. Silanization occurred
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quickly due to the high reactivity between methyl silanes and the silanol groups, such a fast
silanization process was also compared with that of the 1, which is an ethyl silane. As shown in
the TGA measurement, 28.9% and 9.8% of 2 and 1 were attached to the SPION@SiO:
nanoparticles through the direct coating approach, respectively (Figure S 5.3). SPION@SiO»-2 or
SPION@Si0:-1 was sequentially added with 1 or 2, respectively, in which the increase of 24.7%
was observed in the case of SPION@Si0O;-1-2 (Figure S 5.3). This weight% increase indicates
the poor surface coverage of SPION@SiO: nanoparticles by 1 via the direct coating due to the
slower silanization process of ethyl silanes; the remaining unreactive silanol groups on the
SPION@Si0;-1 surface allow the sequential attachment of 2. In addition, TGA results show that
the total silane attachment of SPION@SiO2-1-2 is almost 10% more than that of SPION@SiO:-
2-1, suggesting the use of low-MW surfactants to enhance the attachment of larger-sized
surfactants. Such attachment of 2 can be attributed to the polymerization of silanols of 1 and 2, as
shown by the schematic illustration in Figure 5.2¢. Note that although fluorinated ferrofluids were
attained by using the direct coating approach, aggregation was observed, leading to challenges in
obtaining reliable Dynamic Light Scattering (DLS) result. In addition, after drying in air,
fluorinated ferrofluids synthesized by using a direct coating approach solidified and could not
redisperse back to the PFCs oil, indicating the chemical instability of this ferrofluid system.!4
5.2.3 Synthesis of SPION@SiO:-1-2 Using a Combination of Biphasic and Direct-Coating
Approach

DLS measurement shows SPION@Si0O2-1 synthesized by the biphasic method attain an
average size of 57.7 nm and a polydispersity index (PDI) of 0.148, indicating the absence of
nanoparticle aggregation (Figure 5.3a). Accompanied by the positive initial confirmation of rapid

silanization between 2 and SPION@SiO: nanoparticles in a PFCs oil via the direct-coating
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approach, fluorinated ferrofluids containing both 1 and 2 were prepared via a two-step procedure:
biphasic and then direct coating. After SPION@Si0-1 were phase-transferred to the PFCs oil via
the biphasic approach, the washed SPION@SiO:-1 were re-dispersed in PFCs oil and were
introduced with 2 to generate SPION@Si0,-1-2. The successful attachment of 2 was confirmed
by the TGA results, which show a 10% increase after the attachment of 2 via the polymerization
of silanols (Figure 5.2b). DLS shows an average SPION@Si0,-1-2 nanoparticle size of 117.5 nm
with a PDI of 0.161, demonstrating the successful preparation of monodispersed nanoparticles.
TGA results show the comparison of weight% loss between the direct coating approach (24.7%)
and the biphasic approach (10%), where less of 2 attachments using the biphasic approach is
possible due to the fewer number of unreactive silanol sites on the surface of SPION@SiO>-1.
5.2.4 Synthesis of SPION@SiO:-[1+2] with 70% Total Silane Attachment Using Biphasic
Approach

The previous results indicated that 2 can be attached on nanoparticle surfaces via
polymerization with the silanols of the pre-grafted silanes and via formation of Si-O-Si bonds with
the silanol sites on the exposed surface of SPION@SiO> nanoparticles. To further optimize the
attachment of 2 as well as the total silane attachment, co-addition of 1 and 2 were performed via
the biphasic approach to generate SPION@SiO»-[1+2]. In this approach, both silanes 1 and 2 are
introduced initially in the PFCs phase, where attachments of 2 on nanoparticles occur immediately
after SPION@SiO; nanoparticles are able to access the PFCs phase once a sufficient amount of 1
are attached on the surface of the nanoparticles. This co-addition approach accelerates the phase
transfer (ethanol to PFCs) process (Figure 5.2a) and maximizes the chance of 2 to attach on the
remaining silanol sites on the surface of the nanoparticles and on the silanol sites of attached 1

before these silanol sites are fully reacted with free 1 present in the reaction. As a result, silane 1
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not only brings SPION@Si0> nanoparticles and the absorbed water residues to the PFCs phase
but also creates additional silanol sites for 2 to attach via polymerization, as shown in the schematic
illustration (Figure 5.2¢). In addition, smaller-size 1 are able to access the free spaces in the
outermost layer formed by fluoroalkyl silanes, facilitating more silane attachments via the Si-O-
Si polymerization. The enhanced attachment of 2 was confirmed by the TGA measurement
(Figure 5.2b), where the weight% increased from 41.0% to 57.0% when both 1 and 2 are present
in the biphasic system. Noted that with the same experimental condition mentioned above for the
biphasic approach, but in the absence of 1, SPION@SiO; nanoparticles remained in the ethanol
phase, where such of result also demonstrates that silane 1 plays an essential role in the attachment
of 2. The grafting 2 on SPION@SiO2 nanoparticles with the assistance of 1 was further confirmed
by increasing the amount of 1 in the co-addition biphasic approach, where the TGA result shows
that 69.3% of total attached silane can be achieved (Figure 5.2b).

The resulting fluoroalkyl silanes functionalized SPION@SiO; nanoparticles were further
characterized by TEM, DLS, and FTIR. TEM image shows that the SPION@SiO,-[1+2] are
monodispersed (Figure S 5.4) and the DLS results show that SPION@Si0»-[1+2] with volumetric
ratio (1:2) of 4 and 2 obtained a larger average nanoparticle size of 130.5 nm (PDI=0.254) and
99.4 nm (PDI=0.226), respectively (Figure 5.3a), resulted from the increase in hydrodynamic
diameter due to the addition of the outermost fluoroalkyl silane layer. In the FTIR spectrum
(Figure 5.3b), the two peaks at v = 802 and 1101 cm™! arise from the Si-O-Si symmetric and
asymmetric stretching, respectively, in the unfunctionalized SPION@SiO: nanoparticles and the
peak at v = 950 cm™! corresponds to the Si-OH groups. After grafting of fluoroalkyl silanes, the

appearance of two bands in the FTIR spectrum due to C-F stretching at v = 1149 and 1207 cm’!
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shows the presence of C-F bonds attached to the surface of SPION@SiO: nanoparticles (Figure
5.3b).

To further validate that both 1 and 2 are both chemically grafted on the surface of the
nanoparticles, the attachment of negative control silane 3 to the surface of SPION@SiO:
nanoparticles was also performed by using the same biphasic approach. It was previously observed
that attachment of 3 is sensitive to ultrasonication, where SPION@SiO» nanoparticles-3 suspended
in PFCs phase would transfer back to ethanol phase under ultrasonication (Figure S 5.5a),
suggesting the unstable attachment of 3 on nanoparticles. From the TGA measurement, it can be
seen that while loosely-attached 3 decomposed at a temperature of 150 °C, 1 and 2 attached on the
SPION@SiO; nanoparticles started to decompose when a temperature of > 300 °C is reached,
indicating the chemical stability of the attached 1 and 2 via the formation of the Si-O-Si bonds
(Figure S 5.5b). Interestingly, when co-addition of 1 and 3 was performed via the biphasic
approach, the resulting SPION@SiO> nanoparticles-[1+3] remained in the PFCs phase under
ultrasonication (Figure S 5.5a). The improved stability of the 3 attached on the SPION@SiO-
nanoparticles via co-addition was further confirmed by the TGA measurement, where no
decomposition occurs at 150 °C (Figure S 5.5b). This interesting result further verifies the co-
addition of low-MW surfactant with high-MW surfactants facilities the attachment of high-MW
surfactants 2 and generates stable and non-ionic fluorinated ferrofluids with a total silane
attachment of almost 70%.

5.3 Conclusion

In this study, new fluorinated ferrofluids were prepared through a biphasic ligand attachment

method, where the magnetic nanoparticles were first coated with a thin silica layer, allowing

perfluoroalkyl silanes to covalently graft to nanoparticles surface to eliminate the presence of ionic
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contaminants. It was demonstrated that high-molecular-weight surfactants can be grafted on the
surface of SPION@SiO; nanoparticles in the presence of/with the assistance of low-molecular-
weight surfactants, achieving a total silane attachment of 70 %. The mechanism of silane
attachment was proposed and discussed. These new non-ionic fluorinated ferrofluids with
enhanced fluoroalkyl silane attachment offer extended applications in biomedical fields.

5.4 Experimental Section

5.4.1 Materials and Chemicals

Chemicals. Iron(III) chloride hexahydrate (FeCl3-6H20) (>98%, Aldrich) , sodium oleate (99%,
TGI), oleic acid (90%, Aldrich), Igepal CO-520 (Sigma), oleic acid (Sigma), tri-n-octylamine
(95%, Fisher), tetraecthyl orthosilicate (TEOS) (>99%, Sigma), 1H,1H,2H,2H-
Perfluorodecyltriethoxysilane (PFDTES, 1, 97%, Sigma), 1H,1H,2H,2H-
Perfluorodecyltrimethoxysilane (PFPE, 2, 20% in fluorinated hydrocarbon, MW = 4000-8000
g/mol, 22-46 repeat units, Gelest), silane PFPE (3, MW = 989 g/mol, Surfactis Technologies),
ammonia solution 28-30%, hexane (>98.5%, Fisher), cyclohexane, chloroform (99.9%, EMD).
HFE7700, HFE7200, HFE7100, perfluorohexane, and perfluoroctane.

5.4.2 Characterization

Transmission electron microscopy (TEM) images were required on a Tecnai T12 Quick CryoEM
and CryoET (FEI) with an operating voltage of 120 kV. The sample was prepared by dropping a
suspension (0.2 mg/mL, 5 pL) of nanoparticles in hexane, ethanol, or HFE7100 on a 200-mesh
carbon coated copper grid, followed by solvent evaporation at room temperature. Dynamic light
scattering (DLS) measurements were acquired on a ZetaSizer Nano (Malvern Instruments Ltd.,
Worcestershire, U.K.) in ethanol and HFE7700 for SPION@ SiO; and Fluoro- SPION@ SiO-,

respectively. Fourier-transform infrared spectroscopy (FTIR) analyses were performed on FTIR
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(JASCO FT/IR-420) spectrometer in the range of 4000-400 cm™!. TGA was performed on a
PerkinElmer Pyris Diamond TG/DTA machine under air flow. Sample was loaded in aluminum
pans, and the data were recorded from 50 to 100 °C at a scan rate of 20 °C/min, stayed at 100 °C
for 30 min to remove water residuals, 100 to 600 °C at a scan rate of 15 °C/min, and finally stayed
at 600 °C for 1 h. An empty aluminum pan was used as the reference.

5.4.3 Nanoparticles Synthesis

Synthesis of SPION@SiO:; Nanoparticles. SPION@SiO2 were synthesized based on a published
reverse-microemulsion approach with some modifications.!” In a typical synthesis of
SPION@Si0O; nanoparticles, 0.6 g Igepal CO-520 was dispersed in cyclohexane (19.4 mL) and
sonicated for 20 min in a 50 mL three-necked flask. Then oleic-acid capped SPIONs dispersed in
cyclohexane (9 mL) were added into the cyclohexane/Igepal mixture. After 15 min of sonicating
and 4 h of magnetic stirring, 140 uL of ammonia was added into the mixture, and the system was
sealed and stirred for another 3 h. 160 pL was injected into the mixture dropwise, and the system
was kept under magnetic stirring for 36 h at room temperature before adding 5 mL of methanol to
disrupt the emulsions. The precipitate was collected and washed with ethanol twice, and the as-
obtained nanoparticles were dispersed in ethanol for further uses. Shell thickness of SPION@SiO»
can be reduced by decreasing/tuning the TEOs and ammonia.

Synthesis of Perfluoro SPION@SiO:-1. Biphasic exchange method was implemented for the
PFDTES attachment. In an Eppendorf tube, various amounts 500 pL of perfluoro solvent PFH and
ImL ethanol of SPION@SiO: nanoparticles suspension (4mg/mL) forms two-phase system. 1 was
added directly into the two-phase system, followed by the addition of an aliquot of water (volume
ratio of Ethanol: 1: water = 20: 1: 0.5 and 40: 1: 0.5 for 1% and 2"¢ addition, respectively.) The

suspension was allowed to rotate for 2 days to bring the SPION@SiO»-1 nanoparticles down to
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the perfluoro phase. SPION@SiO,-1 nanoparticles were washed with solvent mixture (ethanol:
HFE7200 = 5:1) two times before re-suspended in HFE7700.

Synthesis of SPION@SiO2-1 or SPION@Si0:-2 Nanoparticles by Direct Coating. Solvent
exchange (centrifugation/redispersion) was first performed to transfer SPION@SiO> nanoparticles
from ethanol to HFE7100 because 1 is not soluble in ethanol. 50 pL of 1 was added directly to
SPION@SiO; nanoparticles suspension (20 mg/mL). The suspension was sonicated for Ih,
followed by overnight rotation to make sure nanoparticle surface are covered by 1. The
SPION@Si0O:-1 nanoparticles were washed with solvent mixture (ethanol: HFE7200 = 5:1) for
two times before re-suspended in HFE7700. Same procedure was performed for synthesizing
SPION@Si0:-2 nanoparticles except that 50 uL of 2 was added to nanoparticles suspension.
Synthesis of SPION@SiO:-1-2 or SPION@Si0:-2-1 Nanoparticles by Direct Coating. The
washed SPION@Si0O2-2 or SPION@SiO>-1 nanoparticles were re-suspended in HFE7100
containing 50 pL of 1 or 2, respectively. The suspension was placed in sonication bath for 1 h and
allowed to undergo silanization overnight at room temperature.

Synthesis of SPION@SiO2-1-2 Nanoparticles (Biphasic + Direct Coating). SPION@SiO>
nanoparticles were first transferred to the perfluoro phase with the same procedure as that of
SPION@Si0>-1 nanoparticles. The washed SPION@SiO»-1 nanoparticles were re-dispersed in
200 pL of HFE7100. The remaining procedures for 2 attachments are the same as that of
SPION@Si0:-2 nanoparticles. The final SPION@SiO»-1-2 Nanoparticles were re-suspended in
HFE7700.

Synthesis of SPION@SiO:-[1+2] Nanoparticles. Biphasic exchange method was implemented
for co-attachment of 1 and 2. In an Eppendorf tube, 500 pL of PFH (containing 200 and 50 pL of

1 and 2) and ImL ethanol of SPION@SiO; nanoparticles suspension (4mg/mL) forms two-phase
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system, followed by the addition of aliquot of water (volume ratio of Ethanol: 1: water =20: 1: 0.5
or 20: 1: 0.5 for 1t addition and 40: 1: 0.5 for 1%t and 2"¢ addition. The two additions were separated
by 1 day. The suspension was allowed to rotate for 2 days to bring the 1 and 2-functionalized
nanoparticles down to the perfluoro phase. SPION@SiO»-[1+2] nanoparticles were rotated for an
additional 5 days, allowing complete surface coverage, and finally washed with solvent mixture
(ethanol: HFE7200 = 5:1) two times before re-suspended in HFE7700. Synthesis of SPION@Si0»-
3 and SPION@Si0»-[1+3] nanoparticles are similar to that of SPION@Si0:-1 and SPION@SiO:-
[1+2] nanoparticles.
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5.6 Figures, Scheme, and Table
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Figure 5.1 (a) Schematic illustration of fluorinated ferrofluids. SPIONs were first coated with a
thin layer of silica for attachment of fluoroalkyl silanes. TEM images of (b) SPIONs and (c)
SPION@Si0:, and photo of (c¢) fluorinated ferrofluids under an application of external magnetic
field. Organic solvent = hexane, aqueous solvent = ethanol, and fluorous solvent = HFE7700.
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Scheme 5.1 Proposed mechanism of fluoroalkyl silane attachment and phase transfer of
SPION@SiO; nanoparticles.
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Figure 5.2 (a) Photos of the results of using the biphasic approach for attachment of 1 only, 2 only,
or 1+2. Co-addition of 1 and 2 accelerates the phase transfer of SPION@SiO> nanoparticles
whereas no phase transfer was observed in the absence of 1. (b) TGA results of silane attachments
by using biphasic approach, biphasic + direct coating approach, and biphasic co-addition approach.
(c) Schematic illustration of the enhanced total silane attachment via both the silanization between
2 and silanol sites on exposed SPION@SiO> nanoparticles surface and the polymerization between
silanols of 1 and 2.
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Figure 5.3 (a) DLS and (b) FTIR of comparison between the unfunctionalized SPION@SiO»
nanoparticles (pre) with fluoroalkyl silanes-functionalized by using biphasic approach, biphasic +
direct coating approach, and biphasic co-addition approach.

135



Figure S 5.1 TEM images of SPION@Si0: nanoparticles with (a) 15 nm silica shell thickness, (b)
rough silica surface when only TEOS was reduced, and (c) 5 nm and (d) 3 nm silica shell thickness
when both TEOS and ammonia were adjusted.

Figure S 5.2 Photos of the ferrofluid attraction to a magnet. SPION@SiO>-1 fluorinated
ferrofluids were synthesized by using the biphasic approach.
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Figure S 5.3 TGA results of silane attachment via direct coating approach.

(b)

Figure S 5.4 TEM images of (a) unfunctionalized SPION@Si0O; nanoparticles and (b) fluoroalkyl
silanes-functionalized SPION@Si0: nanoparticles (SPION@SiO»-[1+2]) via biphasic approach.
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Figure S 5.5 (a) SPION@Si0O:-3 in PFCs phase returned to the ethanol phase after 5 min of
ultrasonication, indicating the loosely absorbed silanes. SPION@SiO»-[1+3] remained in PFCs
phase after sonication, suggesting the improved stability of attached 3 on nanoparticles with the
assistance of 1. (b) TGA of comparison between non-chemically bonded/absorbed silanes
(negative control) with chemically bonded silane. The unstable silane layer generates a degradation

peak at a temperature of 150°C.

Upper phase solvent Ethanol
Weight of nanoparticles(mg) | 6 | 6 | 2] 6 | 6 | 6 | 3 | 3 3 6
Lower phase perfluoro solvent PFH PFO | PFH
Perfluoro solvent amount (uL) 200 500 | 200 | 500 | 200
Amount of 2 (uL) 20 | 50 | 50 | 100 | 50 | 100 | 100 | 100 | 100 | 100
Water (uL) 100 | 100 | O 0 [200]200 ] 100 | 300 | 300 | 100

Table 5.1 Different biphasic conditions tested to graft 2 on SPION@SiO» nanoparticles. Upper
phase contains 1 mL of solvent. Solvent mixture of 3:1: 1: 0.1 Ethanol/ HFE7100/PFH/H2O or 3:1:
1: 0.1 Ethanol/ HFE7100/H2O was also tested. The reactions were allowed to be rotated for 1 week.
The silanization of 2 with SPION@SiO> nanoparticles was monitored by the phase transfer of
SPION@Si0; nanoparticles, where SPION@SiO- nanoparticles remained in the upper phase even

with prolonged reaction time (>1week).
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Chapter 6 Drug Delivery by Ultrasound-Induced
Binding Affinity Change

This chapter of the dissertation is based on the collaborative work with Professor Holden Wu’s
group at UCLA Radiology. The goal of this study is to design and develop a core/shell drug
delivery platform where the drug release can be triggered by high-intensity focused ultrasound
(HIFU) and the release process can be monitored by magnetic resonance imaging that is coupled

with the HIFU. Lin, F. C. designed and performed all the experiments. Jeffrey 1. Zink was the P.I.

6.1 Introduction

Magnetic resonance imaging (MRI) offers noninvasive deep tissue penetration and attains
3D capabilities to imaging soft tissue, vessel, and lesion with high spatial and temporal resolutions.
With the application of contrast agents such as SPIONSs, the large magnetization can generate local
magnetic field inhomogeneity, leading to enhanced MRI contrast change. Although the inherent
MRI contrast of SPIONs allows one to monitor the particle localization and concentration and
detect tumors, it is often difficult to distinguish the dark signal generated by the SPIONs from the
other dark signals due to local field inhomogeneity and the artifacts resulted from the tissue
interface and background noise. The demand for methods to monitor the injected drug delivery
platform as well as drug release in real-time remains. Recent advances in non-invasive high-
intensity focused ultrasound (HIFU) with mm-sized energy-focusing ability that can be guided by
MRI or low-frequency ultrasound (US) imaging can offer switchable contrast changes for
monitoring drug release via the change of SPIONs’ surrounding environment.!? This advanced
technique also shows the high promise of US-responsive nano-platforms for controllable cargo
delivery.?
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US-responsive nanocaps for controllable drug delivery have been extensively studied in
the field. The uncapping occurs due to US-induced bond breaking, pH change, polymer
morphology change, etc., leading to the release of cargos on demand.® This work focuses on the
design of capping systems based on host-guest inclusion complexes where B-cyclodextrins (B-CDs)
can interact with diverse guest molecules. The association constant (K.) for the guest-B-CD
inclusion complexes depends on a variety of factors, including the size or orientation of guest
molecules, substituent groups in the benzene ring on the guest molecule, pH and temperature, etc.*
8 The interaction between host and guest, indicated by the K,, decreases when bulk temperature
increases.* The combination of mechanical and thermal effects of US is anticipated to lower the
binding affinity between host and guest, allowing drug release.

6.2 Results and Discussion
6.2.1 US-Induced Lowering of Binding Affinity between Host and Guest

The drug delivery systems are designed based on surface modification of nanoparticles with
phenol groups (guest), and after drug loading, the mesopores can be capped by introducing host [3-
cyclodextrin which forms an inclusion complex with the guest. Scheme 6.1 shows that three guests
were studied, including the naphthyl group (Nap), N-phenylaminopropyltrimethoxysilane
(PhAPTES), and N-phenylaminomethyltriethoxysilane (PhAMTES). Based on the molecule size
and number of phenyl rings, the K. of PhnAPTES and PhAMTES is estimated to be one order
magnitude lower than K, of Nap, which is approximately 2000 M-!. PhAPTES and PhAMTES
with different hydrocarbon lengths were compared to optimize the drug loading efficiency, where
PhAPTES with shorter length was expected to reduce the chance of drugs to diffuse out. In addition,
different hosts such as f-CDs and a-CDs with six and seven glucopyranose units, respectively, are

also studied to minimize the pre-leakage of drugs before US stimulation.
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To attach Nap, the surface of MSNs was functionalized with amine groups by hydrolysis and
condensation of APTES, and Nap can form thiourea with amines via isothiocyanate-amine
coupling (Figure 6.1a). The successful attachment of Nap on the surface of MSNs was confirmed
by (-potential measurements, FTIR (Figure 6.1¢), and UV-Vis (Figure 6.1d). {-potential values
of MSN-NH; and MSN-Nap are +37.03 and +39.19, respectively. The appearance of two bands in
the IR spectrum of MSN-Nap due to amide absorption (amide II) at v= 1550 cm™! and thiocarbonyl
atv=1100 cm™! supports the successful conjugation of Nap on MSNs. The UV-Vis peak intensity
corresponds to Nap also becomes stronger as the concentration of MSN-Nap increases which
further confirms the presence of Nap on MSNs. TEM image shows that the average diameter of
MSN-Nap is 110 nm £ 5 nm (Figure 6.1b). From the dynamic light scattering (DLS) the average
diameter is 91.8 nm at room temperature with a polydispersity index (PDI) below 0.2, showing
that MSN-Nap are monodispersed in water.

For drug release testing, MSN-Nap dispersed in water were loaded with doxorubicin (DOX)
for 24 h and capped with B-CDs in excess for 24 h. The uptake efficiency and capacity were found
to be 7.75% and 18.5% when a DOX loading concentration of 3 uM was used. Different triggering
conditions were tested, including 10 min probe sonication (40% amplitude), 30 min heating at 50
°C, 1h heating at 80 °C, and 5 or 10 min HIFU stimulation (20%, 30%, 40%, and 50% amplitude).
None of the conditions can trigger the DOX release, indicating the inclusion complex formed by
Nap and B-CD is too strong to separate. As a result, nanocarriers that have inclusion complexes
with lower K, were synthesized. In this case, MSN-PhAPTES and MSN-PhAMTES were
synthesized based on the procedures reported previously®!'? and were loaded with DOX, followed
by capping with B-CDs and o-CDs. It was found that for MSNs with inclusion complexes of

PhAPTES-a-CD, PhAPTES-B-CD, PhAMTES-a-CD, and PhAMTES-B-CD, the loading
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efficiencies are 8.40%, 9.74%, 13.79%, and 20.13%, and loading capacities are 21.1%, 24.5%,
34.7%, and 50.7%. The results indicate that more DOX can be encapsulated in the mesopores
when a shorter silane length of guest and the bulkier host is used. Triggered drug release by the
US was then performed on these nanoparticles. It can be seen that both US and bulk solution
heating can alter the binding affinity of host-guest and release DOX in a controllable manner
(Figure 6.2a). While a previous study showed that MSN-PhAPTES-B-CD can only release cargos
at a pH < 5.0,° it can be seen that, with the assistance of US, 7.05% and 12.96% of DOX can be
released at a pHs 6 and pH 7, respectively (Figure 6.2b). Future studies will focus on enhancing
the drug release by using HIFU which offers both mechanical and thermal forces.
6.2.2 US-Induced Contrast Change Due to Bubble Generation and Phase Change of
SPIONs’ Surrounding Environment

In light of T> contrast change due to the exchange of the released drugs and the incoming
water molecules in the pores of MSNs embedded with a superparamagnetic iron oxide nanoparticle
core (SPION@MSNs),? extra-large-pore SPION core-shell nanoparticles (SPION@EXpMSNs)
were synthesized for the encapsulation of perfluorocarbons (PFCs). The heat generated by the US
can cause the continuous gasification and bubbling of liquid PFCs and thus promote the signal
enhancement of ultrasound imaging.!! In this case, PFCs are perfluorohexane, which has a boiling
point of 56 °C. The surface of SPION@EXpMSNs was modified with biocompatible polyethylene
glycol (PEG) to improve particle stability. To realize PEG modification via EDC/NHS reaction,
amine-functionalized MSNs were first prepared, The successful attachment of APTMS and PEG
on the surface of MSNs was confirmed by {-potential measurements and DLS, where DLS shows
a decrease of average particle size and {-potential changes from +20 to -32 after PEG modification

(Figure 6.3a). In addition, average particle size increases after encapsulation of PFCs and

144



decreases upon gasification of PFCs by heat (Figure 6.3a). The prepared SPION@EXpMSN-
PFH-PEG were used to test the T contrast change induced by the US due to the change of the

surrounding environment of the magnetic core.

Air bubbles, due to their positive susceptibility compared with diamagnetic water, are also a
source of T contrast in MRI.!? Tt is hypothesized that the release of temperature-sensitive PFCs
from the pore space of the SPION@EXpMSNs under the US trigger could generate multiple-stage
changes in MR Tz contrast (Figure 6.3b). Stage-1 T2 contrast change is a result of the PFCs bubbles
generated at a higher temperature upon the US trigger. The generated PFCs bubbles obtain a
magnetic susceptibility that differs from that of water and thus produces nanoscale magnetic field
gradients. Such gradients cause faster dephasing of the surrounding proton nuclear spins on water
molecules, leading to T> contrast change. Variable temperature (VT) experiments using 14T NMR
were performed to obtain T2 values at room temperature and at an elevated temperature of 65 °C.
T2 % change was calculated to analyze T> contrast change induced by the PFCs bubbles, where a
>30% T2 % change was observed (Figure 6.3b). T2 % change decreased gradually with respect to
time because fewer of PFCs were left in the nanoparticle pores for PFCs bubbles generation. The
VT experiments were conducted 1 day or 1 week after PFCs encapsulation, suggesting that PFCs
can be stably kept in the pore spaces at room temperature. It was observed that a stage-2 T> contrast
change can be generated when the immediate surroundings of the SPIONs undergoes a phase
change (hydrophobic PFCs to liquid water) (Figure 6.3b). The gasification of PFCs emptied out
pore spaces of the SPION@EXpMSNs, allowing water molecules to enter. Such increase of water
access of SPIONs improves the T» effect on the encountering proton spins, leading to another
contrast change. Future work will focus on how the T»-%-change differs with respect to

temperature and particle concentration.

145



6.3 Conclusion

This study represents a proof of concept for the US-induced binding affinity change of an inclusion
complex-based nanocap for the release of anticancer drugs. We also demonstrated that the change
of the surrounding environment of the SPIONs core from a PFCs oil phase to an aqueous phase,
accompanied by the generation of bubbles due to the gasification of PFCs, can generate multi-step
T2 contrast change. Future work will combine these two modalities for the development and design
of new theranostic platforms that can be applied to a clinically available instrument such as MRI-
guided HIFU.

6.4 Experimental Section

6.4.1 Materials and Chemicals

Iron(IIT) chloride hexahydrate (FeCI3-6H20) (>98%, Aldrich), sodium oleate (99%, TGI), oleic
acid (90%, Aldrich), tri-n-octylamine (95%, Fisher), hexadecyltrimethylammonium bromide
(CTAB) (>99%, Sigma), tetracthyl orthosilicate (TEOS) (>99%, Sigma), ethyl acetate (EA,
>99.5%, Sigma), (3-aminopropyl)triethoxysilane (97% APTES) (Sigma-Aldrich), (3-
aminopropyl)trimethoxysilane (97% APTMS) (Sigma-Aldrich), 1-naphthyl isothiocyanate, N-
phenylaminopropyltrimethoxysilane (PhAPTMS), and N-phenylaminomethyltriethoxysilane
(PhAMTES), hexane (>98.5%, Fisher), chloroform (99.9%, EMD), I-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC)(Sigma), N-hydroxysulfosuccinimide
(NHS)( 299%,CovaChem), COOH-PEG-COOHCOOH ((M; = 1983, 6568, and 24695 Da).

6.4.2 Characterization

Transmission electron microscopy (TEM) images were acquired on a Tecnai T12 Quick CryoEM
and CryoET (FEI) with an operating voltage of 120 kV. Zeta-potential analysis and dynamic light

scattering (Zeta/DLS) were acquired on a ZetaSizer Nano (Malvern Instruments Ltd.,
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Worcestershire, U.K.). Fourier-transform infrared spectroscopy (FTIR) analyses were performed
on FTIR (JASCO FT/IR-420) spectrometer in the range of 4000—400 cm™'.

6.4.3 Nanoparticles Synthesis

Synthesis of MSNs. MSNs were synthesized using a sol-gel reaction in the presence of cationic
surfactant templates. Briefly, 0.25 g CTAB was dissolved in a 120 mL of deionized water
containing 875 puL of NaOH solution (2 M). Under vigorous stirring, the solution was heated to 85
°C in an oil bath and kept at this temperature for 30 min. 1.2 mL of TEOs was added dropwise into
the solution followed by the addition of 0.79 mL EA. The reaction was stirred for another 2 h
before cooling to room temperature. The final product was washed with ethanol three times to
remove unreacted precursors and free surfactants.

Synthesis of MSN-Nap. APTES was first functionalized on MSNs for the attachment of Nap.
Briefly, 150 mg MSNs were dispersed in 60 mL anhydrous toluene in an oven-dried round bottom
flask. The whole solution was further dried under vacuum before heating up the solution to 90 °C.
Under Nz environment, 100 pL. APTES was added and then the reaction mixture was heated to
130 °C and refluxed overnight. APTES-modified MSNs (MSN-APTES) were washed twice with
ethanol. To remove CTAB template, MSNs-APTES were dispersed in a NH4NO3 ethanol solution
(2 g/100 mL). The reaction mixture was heated to 60 °C and refluxed for 1 h. The surfactant
removal process by extraction was repeated twice. After the extraction, MSN-APTES were
centrifuged and further washed with deionized H>O and ethanol twice. 140 mg of MSN-APTES
and 100 w% of 1-naphthyl isothiocyanate were stirred and reacted in 40 mL ethanol overnight to
obtain the final MSN-Nap. The final product was washed with ethanol twice to make that sure

unattached 1-naphthyl isothiocyanate are washed away.
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Synthesis of MSN-PhAMTES and MSN-PhAPTES. The synthesis of both MSN-PhAMTES
and MSN-PhAPTES is similar to that of MSN-APTES. Under N> environment, 50 uL PhAMTES
or PhAPTES was added to 100 mg MSNs in ethanol and then the reaction mixture was refluxed
overnight in 20 mL anhydrous toluene.

Synthesis of SPIONs. A modified thermal decomposition method was used to synthesize
SPIONSs.!3 Briefly, 2.5 mmol of FeCl3-6H,O and 7.5 mmol sodium oleate were dissolved in a
solvent mixture (14 mL) composed of ethanol, Millipore water, and hexane (4:3:7). After 4 h of
refluxing at 70 °C, the resulting solution was transferred to a separatory funnel, where the top
organic layer containing the Fe-oleate was washed 3X with water and ethanol. Afterward, the
resulting organic layer was transferred to a 3-neck round bottom flask and was kept at 70 °C
overnight to evaporate hexane. The Fe-oleate complex precursor along with 2-fold molar ratio of
oleic acid were dispersed in 10 mL of tri-n-octylamine. Under stirring, the mixture was degassed
with N for 30 min at room temperature and then heated to 200 °C at a heating rate of 3 °C min’..
After keeping at 200 °C for 2 h, the mixture was heated to 320 °C with the same heating rate and
was allowed to reflux and age at this temperature for 1 h. Afterward, the mixture was cooled to
room temperature under Nz and ethanol was added to precipitate the black product. The precipitate
was collected by centrifugation, washed 3X with a mixture of ethanol and acetone, and redispersed
in hexane containing 50 pL of oleic acid.

Synthesis of Amine-Functionalized SPION@EXpMSN. SPION@EXpMSNs were synthesized
based on a published approach with some modifications.!*!> The synthesis of SPION@EXpMSN
started with transferring SPIONSs to an aqueous layer with the help of CTAB surfactant templates,'®
followed by the organic addictive-induced emulsion formed in the CTAB micelles that led to the

enlarged pores.!*!> The silica coating was then achieved by hydrolysis and condensation of TEOS
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in the presence of the surfactant micelles.'® 6 mg of SPIONSs stabilized with oleic acid were
dispersed in 1.2 mL chloroform. In a glass vial, 200 mg CTAB was dissolved in 10 mL of Millipore
water at 37 °C, followed by the addition of the prepared SPION solution. To transfer SPION from
the organic layer to aqueous layer with the help of CTAB, the mixture was vortexed and sonicated
for 10 min and probe-sonicated (40% output) for another 5 min to generate an oil-in-water
emulsion. After evaporating chloroform at 75 °C for 10 min, the clear colloidal SPION in aqueous
solution was obtained. After another 5 min of probe-sonication for confirming the absence of
chloroform, the solution was cooled to room temperature. Under stirring, the resulting solution
was added to a mixture of solvent composed of 95 mL of Millipore water, 5 mL of methanol, and
20 mL of ethyl acetate. After mixing for 5 min, 3 mL of ammonia hydroxide was quickly added
into the mixture, and then 300 puL of TEOS was added into the reaction solution. The solution was
allowed to react for 15 h under stirring. The as-synthesized SPION@EXpMSN were collected by
centrifugation, washed 2X with ethanol, and then were dispersed in 50 mL of ethanol containing
1 g of ammonia nitrate for CTAB surfactant removal. The solution was refluxed at 60 °C for 1.5
h under stirring, followed by 1X washing with water and washing twice with ethanol. The removal
procedure was repeated twice, and the nanoparticles were dispersed in 20 mL of ethanol. For amine
functional group modification, 90 mg of as-synthesized SPION@EXpMSN were dispersed in 40
mL of ethanol, and 30 uLL of APTMS was added with stirring. After reacting under stirring for 15
h, amine-functionalized nanoparticles were washed three times with ethanol and redispersed in
ethanol.

Synthesis of SPION@EXpMSN-PHF-PEG. SPION@EXpMSNs were synthesized based on a
published approach with some modifications.!*!*> Activation of COOH on PEG was first carried

out using EDC/NHS carbodiimide reaction. Briefly, 3mg of COOH-PEG-COOHCOOH was
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dispersed in 600 pL of MES buffer (pH 6.5), which was followed by addition of 400 uL. MES
buffer containing 4 mg of EDC and 2 mg of NHS. The mixture was stirred for 1.5 h to allow the
activation of COOH group. Amine-functionalized SPION@EXpMSNs powder from
lyophilization (2 mg x 3 tubes) was vacuum sealed in 2 ml Eppendorf tubes, and then PFH (100
uL) was injected into each tube. The powder was immersed in PFH, followed by 5 min sonication
in ice bath. After evaporation of PFH, 100 pL of water was added into the PHF-filled
SPION@EXpMSN. The PHF-filled SPION@EXpMSN suspension was then added into the
activated PEG solution, and then stirred for 5 h for the formation of carbodiimide bond. The
nanoparticles were washed with cool water and dispersed in water (0.07 mg/mL) for NMR

measurements.
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6.5 Figures and Tables
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Chapter 7 Nano-Therapeutic Cancer Immunotherapy
Using Hyperthermia-Induced Heat Shock Proteins:
Insights from Mathematical Modeling

This chapter of the dissertation was adapted and reprinted with permission from Fang-Chu Lin,
Chao-Hsiung Hsu, and Yung-Ya Lin. Int J Nanomedicine. 2018, 13, 3529-3539. This work is
published and licensed by Dove Medical Press Limited. Lin, F.C. proposed and designed the study.
Lin, F.C. and Hsu, Chao-Hsiung designed and generated the mathematical model. Jeffrey 1. Zink

and Yung-Ya Lin were co-P.Ls.

7.1 Introduction

The combination of nanomedicine and hyperthermia for cancer treatment is receiving
increased attention. For example, it was shown that, by utilizing gold nanorods and laser irradiation
as an external heating source, hyperthermia in combination with chemotherapy led to more than
90% of cell inviability.! Alternating magnetic-field hyperthermia for cancer treatment has also
been shown to play an effective therapeutic role due to its ability to selectively target the cells of
interest and induce local heating while minimizing secondary effects in surrounding healthy
tissues.? Drug delivery systems incorporated with magnetic nanoparticles can also take advantage
of induced heating under alternating magnetic fields to perform desired drug release.> A much
improved tumor ablation after alternating magnetic-field hyperthermia was shown to be achieved
when intravenous injection of magnetic nanoparticles was administrated.> Also, methotrexate-
coupled magnetic nanoparticles in combined treatment with hyperthermia was employed, aiming
to bypass severe side effects in non-target organs resulting from the heterogeneous tumor cell

responses.* These hyperthermia studies mainly focused on directly killing tumor cells. Operating
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accurate tumor ablation to achieve complete tumor elimination and thus avoid metastasis, however,
is still problematic. Consequently, to circumvent these challenges, attaining an alternative tumor-
killing mechanism, such us hyperthermia-therapies-activated immunomodulation, is critical in
cancer treatment.’

There is a rapidly growing interest in the combination of immunotherapy with hyperthermia
for cancer treatment. Primary tumors treated with hyperthermia have led to spontaneous regression
of untreated, distant metastases due to the heat-induced anti-tumor immune response.® It was
demonstrated that local hyperthermia treatment, applied to identified tumors in inducing anti-
tumor immune responses activated by extracellular heat shock proteins (HSPs), potentially reduces
the risk of recurrence and metastasis.® Also, the level of HSPs in the sera of patients has been
shown to be significantly higher after alternating magnetic field hyperthermia, where the increased
serum levels of HSPs resulted in a better survival rate.’

HSPs are a family of proteins that are produced by cells in response to exposure to stressful
conditions, including exposure to heat, cold, and UV light. HSPs are named according to their
molecular weight. For example, the 70 kilodalton HSPs (HSP70s) are a family of conserved
ubiquitously expressed HSPs, existing in virtually all living organisms. The Hsp70s are an
important part of the cell's machinery for protein folding and help to protect cells from stress. In
this study, we will focus on HSP70 due to its immunogenic properties in the extracellular
environment® and develop a model for interpreting he reported experimental data.” (Note: we will
denote HSP70 simply by HSP from now on.) Studies have shown that hyperthermia-induced
necrotic cell death correlated with HSP release.!® HSPs secreted into the extracellular space during
cell necrosis act as danger signals and trigger an adaptive anti-tumor immune mechanism. Tumors

undergoing heat stress by hyperthermia were followed by the release of tumor antigens which
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would be chaperoned by extracellular HSPs released from necrotic tumor cells. The HSP tumor-
antigen complexes facilitate the presentation of tumor antigens, induce anti-tumor immunity, and
activate immune cells.!! Many of HSP-antigen complexes bind to and activate antigen-presenting
cells (APCs).!2 Once APCs phagocytose HSP-antigen complex, APCs can present the antigens to
cytotoxic T cells and initiate adaptive immune responses.!'® The interaction of HSP with APCs has
driven the development of HSP-containing vaccines. Vaccines designed to deliver antigens
directly to dentritic cells have been shown to generate impressive immune responses and protection
from tumor challenge.!* HSP-containing nanovaccines based on superparamagnetic iron oxide
nanoparticles have demonstrated superior improvement in tumor targeting due to overexpression
of HSP receptors on glioma and boost-up of anti-tumor responses.!>!® As a result, HSP can aid in
tumor targeting and anti-tumor immune activation.

It is crucial to understand how temperature influences the immune system. Heat-induced cell
necrosis is often mediated by externally-applied thermal stress, which also elicits an up-regulation
of HSPs to protect cancer cells undergoing heat stress.!””!® Moderate hyperthermia with
temperature <43°C was reported to promote thermotolerance, the ability possessed by intracellular
HSPs to tolerate future hyperthermia treatments, by inducing HSP expression in cells.!” As a result,
the applicability of the hyperthermia treatment may be initially limited due to thermotolerance
resulted from the up-regulation of intracellular HSP,?° which also assists in inhibiting apoptosis by
protecting against cell injury.® Study showed that HSP release starts at 41°C, reaches a maximum
at43°C, and is completely diminished at 45°C .° Hyperthermia at a temperature above 43°C triggers
protein denaturation which leads to cellular death.?! Also, it was observed that when primary
tumors were heated to 45°C instead of 43°C, the resistance against secondary tumors was not

established.!® On account of these results, we expect to see an increase in HSP synthesis when an
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elevated temperature at around 41°C is applied. Such increase is mainly contributed by the
intracellular HSP induction. HSP amount will then achieve a maximum at around 43°C due to the
release of extracellular HSPs and then decrease when the temperature is raised further. Regarding
heating exposure time, studies showed that irreversible cell damage only occurs after prolonged
heat exposure when cell lines or tissues are exposed to temperatures of around 40 — 50°C .°
Heating cells or tissues to temperatures = 42°C for one or more hours could result in significant
cell killing.?? This result can serve as a predicted approximate exposure time associated with the
optimal temperature to achieve maximum extracellular HSP generation. Moreover, HSPs are
thought to secrete into the extracellular space during cell necrosis, whereas it was observed that
the secretion still takes place in the absence of cell death.?? For this reason, the existence of a
secretory pathway was proposed.??

This study investigated the secretion and synthesis of extracellular HSPs that are involved in
anti-tumor immunological processes and its relationship with necrotic cells. Because only
extracellular HSPs participate in immune activation, the study focused on the extracellular HSPs
released from the necrotic cells after the cytotoxic temperature is achieved. Along these lines, we
propose a new model which is capable of considering the amount of extracellular HSPs by
incorporating HSP synthesis with cell death. Moreover, it has been reported that there seems to be
a narrow range of optimal temperature for the heated tumor to induce adaptive immune
responses.!? Such temperature dependence indicates that different temperatures provide a different
levels of impacts on the induced immune responses and highlights the need to understand
temperature effects across a relatively narrow range of thermal dose. Thus, the proposed model
will provide an informative analysis on thermal parameters for addressing the issue of temperature

sensitivity in stimulating anti-tumor immunity. The model parameters will be analyzed to find the
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heating temperature and the exposure time that optimize the release of extracellular HSPs, which
are correlated with cell death under thermal stress and bring out the greatest anti-tumor immune
outcome.
7.2 Materials and Methods
7.2.1 Induction and Generation of HSPs

It is essential to consider the effect on the cellular responses, such as the upregulation of HSPs
that occurs under heat stress due to thermotolerance effect, with a dynamic analysis. To account
for such HSP-induced thermotolerance, which is triggered by the heat-shock response (HSR), a
mathematical model of HSP-based HSR mechanism is introduced.!3?*% It can be seen from the
mathematical model that HSP is the main component of this hyperthermia-involved mechanism.
The model depicts the induced dynamical HSP synthesis by an external temperature stimulus and
its interactions with key intracellular components in the HSR mechanism. In this work, the model
used to calculate HSP synthesis induced at elevated temperatures is constituted by twelve reactions,
where one of the rate constants shows the temperature dependence of the whole model.>*?> The

temperature-dependent rate constant describes the fraction of protein denaturation (native proteins

ki : : o
— denatured proteins) as a function of temperature and is written as

0.4

KT ~ my, X (1 - ﬁ) x 1473 min~!  Te[37451°C (1)

, where my is a time-scale dependent multiplier -- a variable used to fit the experimental data in
the right units. k;; was approximated from the experimental data of differential scanning
calorimetry?®?” and is proportional to the function which describes the response of the substrate

(i.e., the denatured protein) to the temperature.
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7.2.2 HSP Synthesis and Cell Death Model Integration

It was suggested that HSP induction and the initiation of thermotolerance are due to the HSP’s
protective tendency when they are exposed to stressors® as well as the significant injury or
dysfunction of some targeted tissues.?®?’ Also, the improved thermotolerance of the feeblest organ
and cell systems further gives rise to the thermotolerance development.*® Studies showed that heat
stress that correlates with widespread cellular injury is relevant to the cell necrosis, while cell
surface HSPs or those that are released from necrotic cells into extracellular environment
participate in cellular anti-tumor immune activation.!!*® Therefore, to take the number of free
extracellular HSPs as the index of the anti-tumor immune activation, the previously discussed HSR
mechanism model is proposed to be integrated with a cell death model. This integration is based
on an assumption that the number of antigens is in excess such that all extracellular HSPs can form
complexes with tumor antigens. In this work we only look at the immunomodulatory activities
exerted by the free HSP at extracellular localization that are released from the heat-induced dead
cells without considering the activation of immune cells due to the membrane HSP expression.>!

In this study, a three-state cell death model proposed by O’Neill*? was used to approximately
determine the number of dead tumor cells in terms of heating temperature and exposure time. This
model was chosen over Arrhenius-based models because it deals with continuous dynamic
temperatures instead of a discrete, single-temperature heating that would create a marked
discontinuity at temperatures around 43°C. The model contains three compartments: fully alive

(A), fully dead (D), and vulnerable (V) compartments. These three compartments are related to

each other by
ke ks
AZV->D (2)
kp
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The transition from fully alive (A) to vulnerable (V), i.e., an injured state, is represented by a
forward rate constant, k¢, while a backward rate constant, ky,, represents a self-healing process
from vulnerable (V) to fully alive (A) state. The simplification made in the three-state cell death
model, where the transition from vulnerable (V) to fully dead (D) possesses the same forward rate
constant, k¢, is based on an assumption that there is just a single damage process which accounts
for all physiological damages, thus both transitions lead to the same result. The forward rate

constant in this cell death model is defined as,*?

ke = ke ele (1-A4) (3)

, where k¢ is a scaling constant and Ty, (°C) sets to let the rate of the exponential increase with
temperature. The exponential curve accounts for the insignificant thermal damage at body
temperature and the fact that the already-damaged tissue is more prone to further damage.*? Also,
the inclusion of (1-A) considers the nonlinear influence from the damaged state of surrounding
cells on the reaction dynamics. Therefore, the three-state cell death model allows the fitting of data
over a wider thermotherapeutic temperature range than single-state models, including the
beginning phase when cells are first exposed to the heat shock.

Heating duration time, 1, and the temperature, T, are the two experimental parameters that
are often applied in the basic experimental practices. The free extracellular HSP concentration
generation rate, S(t, T), is the product of the HSP concentration and the number of dead cells per

unit of time:

S(t, T) = [HSP](t, T) % %‘:T) 4)

Here [HSP](t, T) is the HSPs produced from HSR mechanism and D(t, T) is the fraction of cells

in the dead state from three-state cell death model. Both [HSP](t, T) and D(t, T) depend on
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heating temperature and duration time in a nonlinear manner. The total free extracellular HSP
concentration ([HSP]r) can be calculated by taking the integral of S(t, T) over the heating period
respective to each temperature from 37 - 45°C. This equation is expected to help examine the
relation between thermally induced HSP expression and cell death and qualitatively predict [HSP]t
at each temperature and with different exposure times. The incorporation of cell death model into
HSR mechanism model provides a macro aspect of how heat-generated dead tumor cells are related
to HSPs produced from HSR mechanism, while such mechanism provides a micro description of
how HSP increases due to the presence of denatured/misfolded proteins.
7.3 Results and Discussion
7.3.1 Analysis of Rate Constants

In the proposed mathematical model, besides the temperature setting, rate constants are also
adjustable for the model analysis. Changing rate constants produces an increase or decrease in the
fraction of cells in a compartment and alters the HSP synthesis under different degrees of heat
stress. Due to the integration of the HSR mechanism and three-state death cell model, as shown by
Eq. (4), the forward rate constant, k¢, which corresponds to the dead-cell fraction shown in Eq. (2),
should relate to the denatured/misfolded protein, which is governed by the rate constant, k.5, in
the HRS mechanism to some extent. Consequently, the total HSP synthesis, which is
hypothetically correlated with the dead-cell number, should vary when different k¢ values are used.
As shown in Figure 7.1A, four k¢ values, 0.10, 0.16, 0.20, and 0.30 min™ were chosen to
demonstrate how changing k¢ value influences the total HSP production. Although a larger k¢
value ought to correlate with a larger dead cell fraction compared with when a smaller k¢ value is
used, dramatic increase of HSP synthesis was observed when k= 0.16 min was used, while k¢

=0.20 or 0.30 min™! showed nearly unchanged [HSP] under a more enhanced heat stress, indicating
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that severe cell death at higher temperature does not necessarily give the most HSP synthesis. This
phenomenon might be a result of the fact that the increase of HSPs in response to heat stress takes
time to develop, and cells do not have sufficient time to express developed HSP under rapid
necrosis.*?

The backward rate constant, Ky, in the three-state cell death model®? was determined from the
experimental results, where each experiment was conducted with a fixed heating time and
temperature and was assumed to be invariant with temperature. However, k;, describes the
biological healing process, as shown in Eq. (2), and therefore is relevant with the thermotolerance
effect of HSP. For this reason, k;, must have a coupling relation with the HSR mechanism, which
includes a temperature-dependent k., as shown in Eq. (1). Such coupling relation can be achieved
by employing Eq. (4), and upon the integration, ky, will no longer be temperature independent.
Figure 7.1B shows the results of HSP synthesis at different temperatures with increasing ky, values
0.12, 0.23, 0.47, and 0.61 min™!, respectively. Although a larger ky, value results in a decrease in
the dead cell fraction, ky, = 0.47 min’! gives a significantly higher production of HSP compared
with the other chosen values, which, whether is larger or smaller than ki = 0.47 min’!, shows a
slow decrease in [HSP]r when heating temperature is increased from 37°C to 45°C, as can been
seen in Figure 7.1B. Owing to the coupled reactions in the HSR mechanism model,
constants k¢, ky,, and k ;; are all related with each other, making all parameters in the proposed
[HSP]-cell death model temperature-dependent.

The fact that the cell undergoes a harsh thermal variation might have an inverse effect on the
activation of adaptive immune responses. It is possible that HSP expression increases when tumor
cells struggle to survive under milder heating conditions.?* Although HSP can be increased by heat

to generate anti-tumor immune responses that retarded tumor growth, it required some time to
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develop the immune response.* Rate constant analysis in Figure 7.1 shows that with a specific
chosen k¢ or ky, value, synthesis of HSP responds to a gradual increase in temperature, achieving
a maximum at a specific temperature, and decreases when the temperature is further raised. Such
observation indicates that heating exposure time, 1, plays an important role in generating HSP and
implies that there is an optimal heating temperature, T, corresponding to the exposure time, 7, to
give an optimal HSP synthesis.
7.3.2 Analysis of Optimal HSP Synthesis

To achieve the release of extracellular HSP for immune activation, a critical temperature
needs to be exceeded, where it was reported that cytotoxic temperatures for tumor cells are those
over 42.5°C.>* Studies of HSP in the mouse melanoma cell line’ showed that the onset of HSP
release was at 41°C, achieves maximum at 43°C, and the release is completely diminished at 45°C.
Also, it was shown that heating primary tumors at 43°C activated anti-tumor immunity and
induced resistance against rechallenge.!? With respect to these in vitro results, the proposed [HSP]-
cell death model was analyzed to see if the simulated results agree with the experimental data.
Figure 7.2 shows that, by adjusting either k¢to 0.15 min™ orky, to 0.62 min™', maximum HSP
synthesis can be achieved at 43°C. The initiation of HSP synthesis was under milder thermal stress
(< 43°C), which resulted from the thermotolerance effect present in the weakest cell systems due
to intracellular HSPs. These intracellular HSPs do not contribute to the activated anti-tumor
immunity because the temperature for tumor cell cytotoxicity is not yet reached. HSPs heated at a
temperature above 42.5°C will be released from the dead tumor cells, travel to and enter the
extracellular milieu, recognize the antigens released from the cytotoxic tumor cells, and activate
the anti-tumor immunity. It can be seen in Figure 7.2 that a maximum HSP synthesis is achieved

at the cytotoxic temperature of 43°C, followed by a gradual decrease when the temperature
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continuously increases. This result again suggests that extracellular HSP synthesis does not
respond linearly to the increase of temperature. It agrees with our previous argument that a milder
cytotoxic heating temperature could be more stimulatory than a higher one. A milder temperature
that is sufficient to cause tumor cell necrosis can help prevent overheating the surrounding tissues
if an accurate prediction of the tissue response can be achieved. It has to be noted that, in
combination with a more focusing and localized hyperthermia treatment, an even more milder
temperature (<42.5°C) could potentially achieve the same efficiency of anti-tumor immunity.>®
Note that this model focuses on immune activation at cytotoxic temperatures rather than the
immunomodulatory activities under fever-like hyperthermia exposure such as lymphocyte
function;® as a result, it is more suitable to use this model to analyze the parameters for that of
localized hyperthermia treatment than that of a whole-body hyperthermia.
7.3.3 Effect of Heating Duration Time on HSP Synthesis

The results in Figure 7.1 and Figure 7.2 pointed out the importance of heating duration time,
T, in synthesizing HSP. Duration of heating might induce clustering in the plasma membrane and
changes in membrane fluidity, which could affect the induced immunity.’” Studies have shown
that heating tumors at 43°C for 30 min expressed the largest amount of HSP, activated anti-tumor
immunity, and led to a reduction in metastases.”!* Consequently, to achieve the optimal anti-tumor
immune activation, heating duration time is a crucial parameter to analyze. Table 1 shows the
optimized parameter values, while in Figure 7.3 A the optimized results are shown in terms of HSP
generation rate and accumulated HSP against heating duration time. Using either the optimized k¢
or ky, value, a maximum HSP synthesis at 43°C was achieved. Nevertheless, despite using the
optimized K value, dead cell fraction still increases when temperature is raised from 38°C to 45°C

(Figure 7.4), indicating the production of HSP is not linearly related with dead cells number. This
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observation also implies that it might not be necessary to completely diminish the tumor cells to
activate HSP-induced anti-tumor immunity. Although HSPs were synthesized at a slightly faster
rate when a higher temperature (44°C or 45°C) was applied, as shown in Figure 7.3A, a higher
[HSP] was generated after heating at 43°C for approximately 100 min. Comparably, assuming
under the same condition, HSPs were generated at a much slower rate (and also less amount were
obtained) when using heating temperatures that are close to body temperature. Figure 7.3B shows
the optimized ky, result in terms of accumulated HSP against heating time. HSP accumulation at
temperatures 44°C and 45°C, although accumulating faster when the initial heating is applied,
leveled out before HSP synthesis at temperatures 43°C and achieved its maximum (slightly > 100
min), with a lower final [HSP]. A similar result was obtained when using the optimized k¢ value
(Figure 7.5). The heating duration is defined as the time required for each specific temperature to
reach its final accumulated [HSP]. It can be seen that, even though the difference of heating
duration between the cytotoxic temperatures, 43°C, 44°C, and 45°C, is small, the final HSP
accumulation at 43°C is significantly higher than the other two temperatures. It shows that a
relatively milder cytotoxic temperature can achieve a much-desired HSP production. By
comparing with the HSP synthesis performed at 43°C, a lower temperature (38°C) only produces
approximately 4-fold less amount of [HSP]r with a much longer heating duration (about 6-fold
longer), as can be seen in Figure 7.3B.

Figure 7.6 shows the optimal HSP synthesis with respect to duration time, t, and heating
temperature, T, ranged from 37°C to 45°C. It can be seen that, to achieve a maximum HSP
synthesis at 43°C, it requires approximately 100 mins of duration time. Such an increase in HSP
synthesis is not visible for other heating temperatures, even if a longer duration time is applied.

The calculated optimal heating duration time (100 min) is longer compared to that in the previous
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in vitro studies.®!3

It is crucial to include the biological factors that might modify the response
because in vitro studies may not accurately reflect the cellular response in a physiologically
relevant in vivo environment.?’ In vitro experiments are not able to include all the real-time
regulation of HSP synthesis, whereas the HSR mechanism model used in this study consists of a
system of twelve nonlinear ODEs describing the evolution of the key variables in the HSP
synthesis regulation with respect to temperature. Sensitivity to hyperthermia varies among
different kinds of cancer cells,* and the heating efficiency also depends on how temperature is
administered to the cells.?” Moreover, HSPs might secrete into extracellular space through a
possible pathway.?® As a result, it is necessary to put factors such as parameter dependency upon
different cell lines, cell incubation times, and heat administrating methods, into consideration to
achieve an optimal extracellular HSP synthesis.
7.4 Conclusion

Traditional cancer treatments normally focus on reducing tumor burden while stimulation of
systemic self-defense against metastatic tumors has not been taken into much consideration.® Due
to intracellular HSP’s role of cell-protective chaperons, previous studies often focus on minimizing

HSP expression in the targeted tumor region,'!

while maximized extracellular HSP expression
could induce anti-tumor immunity. In our previous work, we developed magnetic resonance nano-
theranostic hyperthermia using nontoxic, biocompatible magnetic nanoparticles to target and
accumulate at the lesions to generate enhanced contrast for early lesion detection and generate heat
to kill lesion cells directly through hyperthermia or indirectly through thermal activation and

control releasing of drugs.’$43

In this study, instead of focusing on producing a direct cell-killing
effect, hyperthermia treatment serves to induce the anti-tumor immune system activated by the

extracellular HSPs released from the heat-treated necrotic tumor cells. Such immunity is expected
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to detect and attack all metastases. We incorporate cell death model with extracellular HSP
expression to investigate HSP synthesis under various temperatures and exposure times.

The model produced a maximum extracellular HSP synthesis at 43°C with an approximate
exposure time of 100 min, which is in agreement with the significant cell death obtained when
cells or tissues are heated up to temperatures = 42°C for one or more hours. Discordant results of
exposure time required to achieve a maximum extracellular HSP synthesis at 43°C between the
proposed model and in vitro data may be due to the possible effects of different cell lines**? or a
possible secretory pathway into extracellular space for HSPs.?* The maximum amount achieved at
43°C was then followed by a decrease in HSP synthesis when the temperature is further raised,
suggesting that extracellular HSP synthesis does not respond linearly to the increase in temperature.
Such outcome confirms that a milder cytotoxic heating temperature could be more stimulatory
than a higher one. In conclusion, our model is capable of predicting the optimal temperature and
exposure time to generate HSPs involved in the anti-tumor immune activation, with a goal to

promote tumor regression and reduce metastasis.
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Figure 7.1 Total HSP generated at each temperature, in a.s.M (arbitrary scale molarity). (A) When
k¢ values are adjusted to 0.10, 0.16, 0.20, and 0.30 min™!, respectively. (B) When ky, values are
adjusted to 0.12, 0.23, 0.47, and 0.61 min’!, respectively. A higher heating temperature, a larger
k¢, or a smaller ky, do not necessarily give the maximum HSP synthesis, indicating both heating

temperature, T, and heating duration time, T, are crucial parameters to achieve optimal immune
activation.
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Figure 7.2 Total HSP generated at each temperature. Comparison between the chosen k¢ and ky,
values. After each rate constant adjustment, a maximum HSP synthesis at 43°C can be achieved

and HSP amount decreases, if the temperature is further raised. k¢ = 0.15 and ky, = 0.62 min"".
a.s.M (arbitrary scale molarity).
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Figure 7.3 Maximum HSP synthesis is achieved at 43°C by using either the optimized k¢ or k.
Results for cytotoxic temperatures (=43°C) are significantly different from those that are around
the body temperature. (A) HSP generation rate, S(t, T), for different heating temperatures using
the optimized kj;, value. a.s.M/min. (B) Heating duration time and the accumulated HSP at
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Figure 7.4 Dead cell fraction rate, , generated by cell death model using the optimized k¢

value. Even though maximum HSP was obtalned at 43°C, when heating temperature is raised, cells
still die at a faster rate and the final dead cell fraction increases along with the applied temperatures.
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Figure 7.5 Heating duration time, t, and the accumulated HSP at different temperatures, T, using
the optimized k¢ value. A maximum final accumulated HSP was achieved at 43°C despite an
enhanced HSP generation at higher temperatures when heat is applied initially. a.s.M (arbitrary
scale molarity). The dashed line is for the result obtained at body temperature 37°C, as a reference.
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Figure 7.6 Maximum HSP synthesis with respect to heating temperature, T, and duration time, T,
using the optimized k¢ value. Duration time is approximately 100 mins to achieve maximum HSP
synthesis at 43°C. Maximum amount of HSP generated at the other temperatures is smaller than
the amount achieved at 43°C, even a longer heating time is applied.

Parameter  Optimized value

k¢ 0.15 min’!
ky, 0.62 min™!
m,, 0.015

T, 40.5 °C

Table 7.1 List of [HSP]-cell death parameters and values for optimized results.
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