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Cardiovascular diseases are a leading cause of death. Although the existing
therapies can lower early mortality rates and reduce the risk of further heart attacks, patients
can suffer from existing damage for their rest of life due to the very limited regeneration
capacity of heart. Therefore, many efforts have been made to regenerate and repair cardiac
tissue via stem cells. However, stem cell therapy in cardiovascular diseases treatment is
challenged by mis-injection, poor survival, and low retention of cells. Solutions to these
challenges can be multimodal imaging contrast agents, sustained or controlled drug
delivery, and magnetic manipulation of cells, all of which bring attention to
nanotechnology. In this dissertation, I will demonstrate how nanotechnology can benefit
stem cell therapy with inorganic silicon-based nanomaterials and mesenchymal stem cells.
Mesenchymal stem cells (MSCs) are used in this dissertation because they are particularly
promising due to their abundance, potent proliferation, and multi-lineage differentiation
capacity.

First, the role of hybrid nanoparticles in multi-modal imaging and theranostic
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nanomedicine and an introduction to medical imaging modalities and therapeutic methods
are reviewed.

The second chapter describes a novel discoid silica nanoparticle, which offered the
most enhanced ultrasound signal of MSCs compared to three other classical silica
structures including Stober silica, mesoporous silica, and mesocellular foam silica.

The third chapter first introduce the biocompatibility of silicon carbide
nanomaterials. Silicon carbide nanowires inhibited proliferation and differentiation of
MSCs while silicon carbide nanoparticles showed no impact on the MSCs’ viability and
functions. In the second part, the potential of silicon carbide nanoparticles in stem cell long-
term imaging/tracking via photoacoustic and photoluminescence imaging is shown.

The fourth chapter studies the drug adsorption behavior of organosilica
nanoparticles with intrinsic amine groups.

Last, a biocompatible multi-functional silica-iron oxide nanoparticle is designed.
This nanoparticle increases MRI and ultrasound contrast, cell viability, and retention of
MSCs. In vivo studies show that labeling stem cells with this nanoparticle increase the stem

cell therapy efficacy in murine animals injured by a ligation/reperfusion surgery.
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Chapter 1.

Application of inorganic hybrid nanoparticles in multi-modal imaging

and theranostic nanomedicine



1. Introduction

A microscopic system that can help doctors diagnose and treat diseases has
fascinated the public and researchers since 1966. The emergence of nanotechnology in the
1980s pushed this dream closer to reality. Efforts towards building a multifunctional
nanomedicine device include studies in multimodal imaging and theranostic
nanomedicine® 2. These tools can diagnose patients using a variety of imaging modalities

and can deliver cargo for imaging and/or therapy.

1.1. Definition and categories of nanomaterials

Nanomaterials are materials that have unique properties as a function of their
intrinsic features smaller than 1000 nm. These materials typically differ in physical
properties from bulk materials®. Nanomaterials that are popular in biology and medicine
can be either man-made or natural. Man-made nanomaterials include carbon nanotubes*”,
graphene® ™!, liposomes'?®®, dendrimersi®?, polymers?*?7, silicon?® and silicas?®** and
other sol-gels®, quantum dots®°, up-conversion nanoparticles (UCNPs)*45,
superparamagnetic iron oxide nanoparticles*®>°, other metal oxides nanoparticles®**, and
noble metals®>®°. Natural nanomaterials used in nanomedicine are mainly
deoxyribonucleic acid (DNA)%%, In nanomedicine, these nanomaterials are commonly
synthesized in the form of nanoparticles which range in size between one and several

hundred nanometers® 54,

1.2. Properties of nanomaterials
Regardless of the underlying material, nanoparticles have a large surface area and

high surface-to-volume ratio. These particles are comparable to the size of DNA plasmids,



antibodies, enzymes, other biological macromolecules as well as cell products like
exosomess. This large surface area enables a high loading capacity of functional molecules
such as therapeutics and imaging agents. Also, some nanoparticles have large porosity
which is beneficial to high loading. Important factors that influence the nanoparticles’
biodistribution include size, surface charge, dispersity, and hydrophobicity®. Generally,
nanoparticles with a size smaller than 8 nm will be rapidly cleared by the kidneys. Larger
nanoparticles between 30 to 200 nm can accumulate in tumors by the enhanced
permeability and retention (EPR) effect®’. The small size of nanoparticles also benefits cell
endocytosis® . The surface properties are also important for nanoparticles because
altering the surface chemistry of a nanoparticle will change its hydrodynamic size and
surface charge as well as its reactivity (e.g., binding affinity).

Nanoparticles with positive surface charge are often more toxic because of
complications such as hemolysis and platelet aggregation. Positively charged nanoparticles
can also have shorter circulation half-lives than negative and neutral counterparts®’.
Hydrophobic nanoparticles will be rapidly cleared by the reticuloendothelial system
(RES)®®.

While nanoparticles share a small size and high surface area, they differ in terms of
the endogenous properties that govern their biocompatibility. The advantages and
disadvantages as well as applications of various nanoparticles are presented in Table 1.1.
Carbon nanotubes are pseudo one-dimensional nanomaterials that can penetrate through
different cellular barriers. The high specific surface area and void in the center of carbon
nanotubes can be used for drug delivery*’. Graphene is a two-dimensional (2D) sheet of

sp?-hybridized carbon atoms packed into a honeycomb lattice. The high surface area gives



graphene a high adsorption capacity for molecules

8-11

Table 1.1. The primary advantages, disadvantages, and main biological applications of common
nanoparticle types. (NP: nanoparticles; SPION: superparamagnetic iron oxide nanoparticles; CT:
computerized tomography; MPI: magnetic particle imaging; MRI: magnetic resonance imaging;
PALI: photoacoustic imaging’; PDT: photodynamic therapy; PTT: photothermal therapy; RES:
reticuloendothelial system). Reprinted with permission from JCIS2,

Nanomaterials  Advantages Disadvantages Applications
Carbon Extravasation, small in one Toxic in certain Raman, PAI,
nanotubes*”’ dimension formats, non- drug delivery

Graphene® !

Liposomes!?15

Dendrimersi6-20

Polymer NPs?!-
26, 71

DNA60-63
Silica NPs2%-35
Quantum

dots37-40

UCNPs#-45

SPION#6-%0

Other metal
oxide NPs°1-53
Noble metals
NPSSS—SQ, 72

High thermal conductivity,
Flexible, large surface area

Biocompatible, load both
hydrophobic and hydrophilic
cargos, fuse with cells

Controlled morphologies and
degradation, high ligand
density, homogeneity
Biocompatible, wide variety,
high encapsulation

Exquisite size control,
functional designs

Tunable morphologies, easy
surface modification,
biocompatible, degradable
Tunable emission, single
excitation, good
biodistribution

Narrow emission spectra, long
luminescence lifetime
chemically stable

MRI T2-weighted contrast,
stable, biodegradable

Tunable morphology,
degradable
Tunable, stable, inert,
thermally conductive,
plasmonic

biodegradable
Non-biodegradable,
Poor dispersibility

Unstable storage,
rapid leakage of
hydrophilic drugs,
low encapsulation
Multistep synthesis,
high cost

Unstable structure,
drug leakage
Unstable

Poor biodistribution

Toxic components,
non-biodegradable

Low brightness,
size, surface, laser
power density
dependent quantum
yield

Weak signal, high
dose, RES
accumulation

Poor
biocompatibility
Weak signal, low
drug loading, poor
biodistribution,
non-biodegradable

Biosensors, PTT,
drug delivery, optical
image

Ultrasound,
lipofection,

drug delivery

Drug delivery,
gene delivery,
blood substitution
Ultrasound,

drug delivery
Drug delivery

Ultrasound, drug
delivery, define
sentinel lymph nodes
Optical imaging,
PTT

Optical imaging,
PTT, photo-induced
drug delivery,
biosensors

MRI, MPI,
hyperthermia,
directing, separation
Antimicrobial agents,
drug delivery

CT, PAI, PDT,

PTT




Liposomes are spheres composed of lipid bilayer similar to biological membranes.
Liposomes have been used to load cargos such as therapeutic molecules, nucleic acids, and
fluorocarbon gas to achieve drug delivery, lipofection, and ultrasound contrast agents.>1°
Dendrimers are highly branched polymers that can form nanoparticles with voids to load
drugs and genes. Dendrimers can also be used as a blood substutite!®2°, DNA origami
utilizes the nanoscale folding of DNA and has been applied to drug delivery®®-%3, Quantum
dots are luminescent zero-dimensional particles, and their photoluminescence can be
manipulated to specific wavelengths by controlling the particle diameter. They are
commonly used in fluorescence/luminescence imaging®’-.

UCNPs are nanoparticles that absorb two or more incident photons of relatively
low energy’®. These are then converted into one emitted photon with higher energy. These
nanoparticles usually contain transition metals and are used for bio-imaging**°.
Superparamagnetic iron oxide nanoparticles have also been widely used as MRI contrast
agents and manipulators combined with magnetic fields*¢-%°. Other commonly investigated
metal oxides nanoparticles include titanium oxide, zinc oxide, and manganese oxide (MnQO)
nanoparticles®>3, Noble metal nanoparticles are usually nanoscale particles composed of
gold and/or silver, and these have surface plasmon resonance (SPR) that can enhance the
sensitivity of several spectroscopic measurements such as fluorescence, Raman scattering,
and second harmonics’™ 6. Other emerging nanomedicines include fullerenes’’,

nanoclays’®, and micelles’.

1.3. Potential and challenges of nanomaterials in medicine
Nanomedicine based on the above nanomaterials has been reported to improve the

medical imaging and treatment of various diseases, such as cancers®®®, degenerative



diseases®* 8, heart disease®® &, diabetes?® 8, and toxin detection®®. Some nanomaterials

are commercially available for their medical applications. For example, Abraxane, Doxil,
and Megace ES are Food and Drug Administration (FDA)-approved nanotechnology-
based drugs used to treat cancers®. Moreover, there are many nanomaterials that are
currently in clinical trials. For instance, Cornell Dots (C-dots) are a nanoparticle-based
diagnostic tool that is used for imaging tumors®! and currently in clinical trials. However,
these commercial nanosystems have only one function.

Indeed, diagnosis and therapy are currently two separate steps. Multiple
nanosystems are needed if each nanosystem can only perform one of those functions, but
can results in problems with interference and dosage. First, nanosystems may interfere with
each other causing unexpected side effects or decreasing the diagnostic and/or treatment
efficacy. Second, using a higher dosage of materials increases the risk of toxicity.
Therefore, developing multifunctional systems has a critical role in improving human
health.

Multifunctional diagnostic and therapeutic incorporate several nanomaterials into
one host material. This material must be compatible with a wide variety of functional
molecules and/or nanoparticles. Silica nanoparticles are an excellent example for a host
material because they demonstrate multi-functionality, biocompatibility, stability, and

biodegradability.

1.4. Advantages of silica nanoparticles

Silica nanoparticles have many advantages for medicine. First, the chemistry is
easily tuned to create nanomaterials with defined sizes, shapes, and surface properties®.
The easily modifiable chemistry in silica is essential for optimal biocompatibility and
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biodistribution®® %, Silica nanoparticles synthesis has a history spanning over 60 years.
Monodispersed amorphous silica nanoparticles were first synthesized by Kolbe in 1956%
and was then improved by Stéber and Fink in 1968%. Stober’s method tunes the size of
silica nanoparticles from tens of nanometers to several micrometers in diameter by
changing the ratio of catalyst and precursor. In the early 1990s, “Template”-guided
synthesis methods for mesoporous silica nanoparticles were reported by scientists from
Japan and the Mobil corporation®8, Examples of tunable silica nanomaterials include
solid spheres® %, mesoporous particles®®®°, mesoporous hollow spheres'®: 1% rattle-typed
spheres®?, foam-like nanoparticles!®®, nanotubes'®, mesoporous red blood cell-shaped
nanoparticles, etc. Figure 1.2 show examples of silica nanoparticles with different
morphologies®. In addition, the surface of silica nanoparticles can be easily modified with
functional molecules'® including spacers for colloidal stability’®, antibodies for active
targeting'®’, fluorophores for imaging'%, magnetic nanoparticles®® for manipulation or
MRI, gating molecules to stimulate drug release!®®, functional groups to tune surface

charge®, and therapeutic agents'* (Figure 1.21).



20nm

| proteins  Sensitive coverage /PEG

Magnetic
nanoparticles

Loaded ~+—External

drug functionalization
Fluorescent
/ molecules
Targeting
agents Anchored prodrug

% N
MRI contrast Other imaging
agent contrast agent

Figure 1.2. TEM images and modification scheme of silica nanoparticles. TEM images of solid
Stcher silica nanoparticles (A, E), MCM-41 mesoporous silica nanoparticles (B, F), mesocellular
foam silica nanoparticles (C, G), and exosome-like silica nanoparticles (D, H) (Adapted from

reference®). (1) Multifunctionality of silica nanoparticles. PEG is polyethylene glycol. Reprinted
with permission from JCIS?,

Silica nanoparticles may have good biocompatibility because they degrade to
nontoxic silicic acid in vivo™?'4, and silicic acid is naturally found in many tissues and
can be excreted from the body through urine!®. However, the toxicity depends on their
dosage®'®, crystallinity®> 15 116 particle size®> 7 118 surface propertiest” '° and
administration route'?® 2, Higher dosage increases the risk for toxicity. Crystal silica

nanoparticles are toxic and cause silicosis!*®. But amorphous silica has been used as a food



additive for decades because of its excellent biocompatibility®> 11° Smaller particles have
been reported to be less biocompatible than larger ones®® "+ 118 possibly due to the
increased specific surface area. However, this is still controversial’??. Decreasing the

119 The size and

surface hydroxyl groups increases the silica nanoparticles biocompatibility
surface properties of amorphous silica nanoparticles can easily be tuned to increase the
biocompatibility. Nanoparticles administered orally have less immunotoxicity than
intravenous, intraperitoneal, and subcutaneous route, but also lower bioavailability with
less availability for the immune cells to interact with the nanoparticles?.

Silica nanoparticles are intrinsically stable, and moreover their degradability and
circulation time can be tuned'?*1?®, Generally, silica nanoparticles carry drug in their
mesopores and release the drug through diffusion. Therefore, stability is important to
enable the silica nanoparticles to be retained in the body and release the drug. This stability
also guarantees no drug leakage from capped porous silica nanoparticles that release drug
as a function of external stimuli*?®'?’. Though silica nanoparticles are usually cleared by
the human body within a short time, surface modifications such as PEGylation can prolong
the circulation period of silica nanoparticles'?. On the other hand, imaging contrast agents
need to be quickly cleared to decrease background signal and prevent interference with
future scans. In this case, increasing the pore size of silica nanoparticles and doping them
with metal ions can accelerate their degradation to get a short circulation time'4 126,

Finally, pure silica nanoparticles have intrinsic theranostic potentials stemming
from high acoustic mismatch with most soft tissues. Also, silica nanoparticles can be

customized to label cells and tissues and therefore increase their ultrasound contrast after

transplantation®? 6% 129130 The therapeutic effects of silica nanoparticles result from their



large surface area and porous structures. The large surface area provides plenty of
conjugation sites or physical binding sites for therapeutic molecules**!*3 and the pores in
the silica nanoparticles can physically hold and protect cargo!3+13,

In summary, silica nanoparticles are ideal for nanomedicine and biomaterials
research due to their various morphologies, facile chemical modification, tunable pore size
and porosity, biocompatibility, tunable stability and biodegradability, and theranostic

potential.

2. Synthesis, modification, and integration of silica nanoparticles

2.1. Synthesis of silica nanoparticles

Silica nanoparticles can be prepared via bottom-up or top-down methods. Bottom-
up synthesis usually involves catalyzed hydrolysis and condensation of silica sources®> °.
The top-down synthesis of silica nanoparticles includes electrochemical etching of silicon
wafer and pyrolysis of quartz sand!® 37,

Bottom-up synthesis is very common in laboratory research because it is simple,
safe, and can make various morphologies. Bottom-up synthesis typically uses an aqueous
or ethanol-based solvent, and this method usually involves silica sources, catalysts, and
templates. The most prevalent silica source is an alkoxide of silicon scuh as tetraethyl
orthosilicate (TEOS). The alkoxide first hydrolyzes and produces silicate species and
alcohol (Equation 1.1). The silicates then condense and form Si-O-Si linkages (Equation
1.2). In addition, organosilanes such as aminopropyl-trimethoxysilane and
mercaptopropyl-methoxysilane are usually used as co-precursors, which can introduce
functional groups to the silica nanoparticles surface?.

Si(OR)4 + H20 - (RO)sSi(OH) + ROH Equation 1.1
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(RO)sSi(OH) + (HO)Si(OR)3 = (RO)sSi-O-Si(OR)3 + H2.0 Equation 1.2

R represents alkyl groups and is usually methyl or ethyl groups. The hydrolysis of
silica sources can be catalyzed either by acids or bases. Under basic conditions, the
polymerization and condensation of silicate species are reversible, which makes it easier
to obtain homogenous silica products. On the contrary, highly acidic conditions lead to
rapid hydrolysis and precipitation of silica particles. The production of silica nanoparticles
can be accelerated by decreasing pH, but that often results in poly-disperse products®.
Templates are used to generate porous structure in the silica nanoparticles. The most
common templates are surfactants that form micelles in solvents and create mesopores that
are smaller than 5 nm. This pore size is suitable for small molecule cargos. Larger pores
are needed to load macromolecules and small nanoparticles such as quantum dots. To
enlarge silica nanoparticles pores, polymers and pore expanding agents are normally
used'®, Interestingly, cells and organs can also be used as templates!3® 140,

Top-down methods are more hazardous to implement because they require highly
corrosive hydrofluoric acid (electrochemical etching) or high temperatures (>1500 °C,
pyrolysis)'*t. Moreover, tuning silica nanoparticles morphology is difficult using top-down
methods. For example, fumed silica nanoparticles prepared by pyrolysis are nonporous and
range in size from 5 to 50 nm. These nanoparticles are commonly used as light abrasives
in toothpaste or as anticaking agents and desiccants. On the contrary, the silica
nanoparticles obtained by electrochemical etching have an irregular 2D porous structure.
The direct products from electrochemical etching are porous silicon stand-free films. To
create porous silica nanoparticles, the silicon films are broken down by sonication and then

oxidized!3" 142,

11



2.2. Surface modification of silica nanoparticles

The surface of silica nanoparticles can be modified with polymer chains either
chemically (by covalent bonding) or physically (by physisorption)**. Physical
modification is usually reversible. It is not as common as chemical modification due to the
instability of the non-covalent bond*#,

Subsequent chemical modification is enabled by the silanol and siloxane groups on
the silica. The number and form of the silanol groups changes as a function of synthesis
route'®®. Colloidal silica nanoparticles are almost completely hydroxylated, and all silanols
have hydrogen bonds. Fumed silica nanoparticles have much lower silanol contents—only
about half of the surface has silanols. Approximately 10% of the silanols on fumed silica
nanoparticle surfaces are isolated. Heat treatment can decrease the silanol content on both
types of silica nanoparticles.!®

Silanol groups are the main reason underlying the facile modification of silica
nanoparticles. These groups can react with abundant and commercially available silane
reagents. Silanes then introduce other functional groups onto the surface of silica
nanoparticles. The most frequently used silanes have amine or sulfur groups at the end of
an alkylsilane along with various PEG-silanes. Amine or thiol-ended groups offer a facile
linker chemistry with commonly used linking moieties such as N-hydroxysuccinide (NHS)
functionalized molecules, isothiocyanates, maleimides, etc!?” 145, Both of these functional
groups can also be used to tune the surface charge of the silica nanoparticles® 146,
Alkylsilanes are used for hydrophobic surface treatment and to increase the echogenicity
of silica nanoparticles!*’. PEG-silanes graft PEG onto silica nanoparticles, improve the

particles stability in biological fluids, and prolong the in vivo circulation time*® 14°. Table
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1.3 presents the most frequently used silanes for nanoparticle surface modification and

their functions.

Table 1.3. The most frequently used silanes used for surface modification on silica nanoparticles
(NPs) and their functions. Reprinted with permission from JCIS?,

Silanes Function  Application
Group

(3-aminopropyl)trimethoxy  -NH, Reduced aggregation®,
silane (APTMS) fluorescent labeling®,
(3-aminopropyl)triethoxy surface charge modification®,
silane (APTES) DNA binding and protection from enzymatic cleavage*®
(3-mercaptopropyl)- -SH Conjugate with maleimides'?’,
trimethoxy silane thiol/disulfide exchange reactions to attach
(MPTMS) oligonucleotides*®?,

surface charge modification33 152
Polyethylene glycol-silane -PEG Increased circulation time*®,
(PEG-silane) reduced aggregation and increase particle dispersity in

aqueous solution'?®
Alkylsilane Alkyl Hydrophobic coating>,

chain Increase ultrasound contrast!

Carboxyethylsilanetriol -COOH Functionalize silica NPs and provide reactive sites for

amine!%
3-trihydroxysilylpropyl -POs— Functionalize silica NPs and provide reactive sites for
methylphosphonate amine®®’
(3-isocyanatopropyl)- -NCO Functionalize silica NPs and provide reactive sites for
triethoxy silane amine!%®

2.3. Formulations/functions of silica in integrated nanoparticles

Silica mainly exists as a core, shell, or matrix for doping in integrated nanoparticles.
Table 1.4 summarizes the major functions of silica as a function of its formulation in the
nanoparticles along with relevant literature sources. The synthesis of nanoparticles with a
silica core involves the preparation of silica nanoparticles followed by a multi-step
modification!®”: %160 The synthesis of the silica core is similar to the preparation of silica

nanoparticles—mainly polymerization and condensation of silica sources®.
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Table 1.4. Functions of silica in integrated nanoparticles. Reprinted with permission from JCIS?.

Formulations Function

Silica core High dielectric constant enhances light absorption®6!
Therapeutic reservoir for drug delivery?°®: 162 163
Increase ultrasound contrast'*

Silica shell Facilitates functionalization of NPs surface!6 164
Amplifies photoacoustic signal®®
Therapeutic reservoir for drug delivery*©®
Enhances colloidal and chemical stability of the core®’
Separates core from outside layer'®®
Decreases cytotoxicity of core!®®

Silica matrix Prevents photobleaching of fluorophores'4®
Decreases cytotoxicity!4 170. 1711

Similarly, the core/silica shell structures are made via a multistep procedure®®®.
Generally, the silica shell is formed by growing a layer of silica on the surfaces of other
nanomaterials such as gold nanoparticles, gold nanorods, quantum dots, and iron oxide
nanoparticles. The surfaces should have a significant chemical or electrostatic affinity for
silical’?, otherwise the surfaces need to be activated. For example, the surfaces of gold
nanomaterials have a weak has and therefore stabilizers are typically used on the surface
of gold to prevent coagulation. Therefore, the gold surface is usually treated with MPTMS
before coating with silica”.

Doping functional ions, functional groups, and/or molecules into the silica matrix
is another method to create multi-functional nanoparticles’ 17, There are two methods to
dope silica nanoparticles. The first method is a one-pot sol-gel synthesis that mixes silica
sources with a wide variety of organic dye molecules, metal ion chelators, or even iron
oxide or quantum dots!”®. The other method is reverse microemulsion, which is suitable
for doping hydrophobic organic dyes into silica nanoparticles’®-*"®, This method involves

creating a homogeneous mixture of water, oil, and surfactant molecules; the dye molecules
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often need to be modified to increase their affinity for silical’®.

One big challenge for the translation of hybrid silica nanoparticles is simplified
synthetic steps that integrate both cargo and carrier. It is currently difficult to achieve one-
pot synthesis whereby the cargo is loaded into the nanoparticles as they are being
synthetized. This is due to the multiple components involved—especially when sensitive
therapeutic/diagnostic molecules are added. Thus, post-synthetic loading remains common
to retain the biological activity of the sensitive molecular cargo. However, this method is
time-consuming and inefficient, which is difficult to be used industrially. Future research

efforts should design creative ways to solve this problem.

3. Biomedical applications of integrated silica nanoparticles

3.1. Imaging modalities

Imaging reveals internal structures under the skin and bones. The right choice of
imaging modality is critical to diagnose disease and assess the therapy efficacy.
Conventional medical imaging includes nuclear imaging, magnetic resonance imaging,
radiography, optical imaging, and US imaging®.

3.1.1. Nuclear imaging

Nuclear imaging uses trace amounts of radionuclides labeled compounds to provide
diagnostic information*”. The radionuclides will be taken by the patients, decay, and then
emit gamma rays or high-energy photons. The gamma rays or photons have significant
energy and therefore can penetrate the body. Then, the gamma rays or photons are captured
by an external, position-sensitive gamma-ray detector and form an image of the distribution
of the radionuclides'’®. Therefore, unlike other imaging modalities, nuclear imaging offers

not anatomical images but functional images.
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There are two major nuclear imaging modalities: single photon emission computed
tomography (SPECT) and positron emission tomography (PET). Both modalities can
collect data from multiple angles and form tomographic images’®. However, SPECT and
PET form images with different signals. SPECT uses radionuclides emitting gamma rays,
and directly produce images with the gamma rays®®. While PET uses radionuclides that
emit positrons. The emitted positrons then annihilated with an electron quickly and
simultaneously produces two high-energy photons. These photons are detected by the PET
camera and provide data for images®®: 1€,

3.1.2. MRI

Medical MRI uses strong magnetic fields, radio waves, and field gradients to excite
hydrogen atoms and detects the relaxation signal from nuclei of hydrogen atoms to generate
anatomic images. There are two types of relaxation signal including longitudinal relaxation
(T1) and transverse relaxation (T2). The longitudinal relaxation time is known as T1 or
spin-lattice relaxation, and it depends on the strength of the external magnetic field as well
as the internal motion of the molecules (i.e., the interactions with environment)®®. The
spinning hydrogen proton with an electrical charge behaves like a small magnet8. When
an external strong magnetic field is applied, the spins align parallel to the main magnetic
field, causing a longitudinal magnetization. This longitudinal magnetization can be flipped
over and rotated into transverse magnetization by an RF pulse. The spins will relax back
to longitudinal once the RF is retrieved!®2. T1 contrast is commonly enhanced by the
gadolinium which is strongly paramagnetic due to its seven unpaired electrons. The T2 is
the decay of transverse magnetization, and it is independent on the strength of the external

magnetic field'®!. The T2 contrast is usually enhanced by ferromagnetic and
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superparamagnetic iron oxide nanoparticles which can behave like a small magnet and
introduce magnetic fields to hydrogen protons in tissues. Except T1 and T2, the proton
density also contributes to the MRI signal intensity and hence image contrast. Based on the
primary signal, there are three different MR images, including T1-weighted, T2-weighted,
and proton density-weighted (or intermediate-weighted).

The MRI modality is attractive due to its high resolution, unlimited penetration
depth, and non-ionization radiation. However, it is limited due to the poor temporal
resolution, high cost, and only anatomic information. Therefore, many efforts are made to
improve the temporal resolution and retrieve functional, metabolic, or molecular
information by MR 183,

3.1.3. Radiography

Medical radiography uses ionizing electromagnetic radiation, mainly X-rays, to
image internal structures. X-rays have high energy and can pass through the human body.
In the body, some of the X-rays are absorbed or scattered causing attenuation of the beam.
The attenuation is dependent on the tissue density. Tissues of high density and/or high
atomic number lead to more X-ray attenuation and show as lighter grey or white on a
radiograph. Less dense tissues lead to less X-ray attenuation and show as darker'®,
Although the contrast between soft and bones is high, the contrast between soft tissues is
low. To improve the contrast, contrast agents are developed. The most common contrast
agents for radiography are based on barium or iodine.

An advanced radiography is CT. CT combines cross-sectional images obtained
with the X-rays and produces a grey-scale 3D anatomic image of the subject being

scanned®®®, The detected signal is attenuation of X-ray beam related to the tissue density.
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expressed in Hounsfield units (HU). In CT, water is assigned an attenuation value of 0 HU;
the HU of muscle, bone, fat, and air are 40, 500, -120, and -1000 respectively*8,

CT is a relatively simple imaging modality. It has high spatial resolution and fast
acquisition time. Moreover, the penetration depth is unlimited for humans. However, CT
involves exposure to high energy radiation, which may cause damages to tissues. And it
primarily provides anatomical information only. The sensitivity and contrast between soft
tissues are poor.

3.1.4. Optical image

Optical imaging is a relatively straightforward technique. It uses light to visualize
cells or tissues, which interact with light by absorption, attenuation, scattering, and
transmission. The most common optical imaging techniques include the light microscopy,
fluorescence imaging, and bioluminescence imaging. Light microscopy includes bright
field, dark field, and differential interference contrast. The incorporation of light
microscopy and staining technology provides not only anatomical but also functional
information. Fluorescence imaging needs fluorescent entities to produce signals. The
fluorescent entities can be proteins, chemical dyes, and quantum dots. Two important
properties of fluorescence entity are the excitation/emission spectra and photostability.
Quantum dots have broad excitation, narrow and symmetric emission, high quantum yield,
high molar extinction coefficient, and good photo and chemical stability, compared to
organic dyes'®®. Bioluminescence imaging is based on the light produced by the enzymatic
oxidation reaction of luciferase with its substrate. Bioluminescence imaging has a higher
signal-to-noise ratio than fluorescence imaging, because bioluminescence imaging doesn’t

need an excitation light.
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The advantages of the optical imaging include low cost, user friendly, good
temporal resolution, and multiplex capabilities. However, this image modalities are limited
to cell, small animals, and ex vivo studies due to the poor tissue penetration depth.
Therefore, the current optical imaging is not suitable for clinical use®,

3.1.5. US image

Medical US imaging produce cross-sectional images of the body by ultra-high-
frequency acoustic waves'®. The US transducer has a component called piezoelectric
crystal, which can transfer electrical signals to acoustic waves or the reverse. The acoustic
waves are emitted by the US transducer, travel in the tissues, reflected back to the
piezoelectric crystal, and transferred to electrical signals. The reflected acoustic waves are
also named echoes, and the ability to reflect sound waves is echogenicity. Different tissues
have various echogenicity and produce contrast in the US images. High, low, and no
echogenicity are also named as hyperechoic, hypoechoic, and anechoic respectively. Pure
fluid reflects is anechoic and shown as black on the US images; gas-filled structures and
bones are hyperechoic and shown as white or light grey on the US images. Therefore, gas-
filled microbubbles are used as ultrasound contrast agents.

Resolution and penetration depth are highly relevant to the ultrasound frequency.
However, a dilemma exists in frequency selection. At high ultrasound frequency, the
resolution is improved but the penetration depth is decreased due to the short wavelengths
of high frequency ultrasound waves®,

US imaging has many advantages compared to other imaging modalities. First, US
imaging is super safe and therefore can be used for pregnancy examinations. It is because

US imaging involves no ionizing radiation. Second, US imaging has good spatial

19



resolutions, lower to 50 pm which can indentiy subtle differences in the bodies'?®. Third,
this imaging modality has excellent temporal resolution, so it is considered as a real-time
imaging modality. Fourth, US images offers quantitative information. Fifth, US imaging is
easily accessible and affordable. On the other hand, US images mainly offers anatomical
information and shows no multiplexing. However, these limitations can be partially
overcome by an emerging US based imaging modality — PAI.

PAI transducers emit infrared light but detect acoustic signals and produce images
with these acoustic signals’. PAI combines the advantages of US imaging and multiplexity
and good contrast of optical imaging. Although the penetration depth is compromised, PAI
offers more functional information such as oxygenation and deoxygenation*e®,

3.1.6. Magnetic particle imaging

Magnetic particle imaging (MPI) is an emerging imaging modality. It measures the
magnetic fields generated by magnetic particles and produces tomographic images*®’. This
imaging modality needs a tracer, which is usually superparamagnetic iron oxide
nanoparticles. MPI emerged in 2001 and is a pretty new technique compared to other

imaging modalities.

3.2. Therapeutic methods
Therapeutic methods based on nanoparticles include target delivery of therapeutic
molecules, controlled release of therapeutic molecules, and hyperthermia therapy,
photodynamic therapy.
3.2.1. Target delivery
Target delivery means selectively delivery of therapeutics to target areas in the
body to maximize the therapeutic efficacy and minimize the side effects. Target delivery
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is particularly urgent in chemotherapy for cancer treatment. Chemotherapy is accompanied
with dramatic side effects and cause huge pain to patients, because the cancer drugs are
also toxic to and kill normal tissues. Target delivery can diminish or even eliminate the
side effect by only deliver toxic therapeutics to cancer. There are two types of target
delivery: passive and active targeting.

Passive targeting takes advantages of the properties of the delivery system and the
disease pathology to preferentially accumulate the drug at the site of interest and avoid
non-specific distribution*, The most famous passive target is enhanced permeability and
retention (EPR), which is realized by the hyper-permeable and aberrant newly-formed
blood vessels in the tumors. However, the EPR has a strict size requirement for drugs*®®.
First, the drugs should be small enough to permeate the aberrant vascular of cancer, but big
enough to escape from renal clearance and unable to penetrate through tight endothelial
junctions of normal vascular. Nanoparticles can easily achieve the size requirement and
fulfill target delivery of small therapeutics such as doxorubicin and paclitaxel. Another
passive targeting uses specific stimuli-responsive delivery system that can release the
encapsulated cargos only when such stimuli present (refer to the Controlled release).

Active targeting means the drug delivery system will only present at the targeted
diseased sites. This system usually needs a special ligand on the surface that can
specifically bind to a marker of the diseased cells or tissues. The common disease markers
of cancer include folic acid, integrin receptors, HER2, epidermal growth factor receptors,
transferrin acceptors, and other peptides*e®,

3.2.2. Controlled release

Controlled release refers to the delivery of therapeutic molecules in response to
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stimuli or time. The advantages of controlled release include to superior control of drug
exposure over time, to assist drug in crossing physiological barriers, to protect drug from
premature elimination, and to release drugs to diseased tissues while isolate drugs from
normal tissues. Controlled release also increases patient compliance by reducing frequency
of administration or providing an easy administration method. The mechanisms of
controlled release nanosystems are diverse, including dissolution, partitioning, diffusion,
osmosis, swelling, erosion and degradation®®®. Stimuli for controlled release are also
versatile’®®, including heat®1%4, magnetic field®® 19 1% electronic field'®’, photo!'® 1%
199 pH1%9. 200,201 radox29?, enzyme?®®, and antibody-antigen reaction?%4,
3.2.3. Radiation therapy

Radiation therapy, also called radiotherapy, uses ionizing radiation to control or kill
malignant cells. This therapy is mostly applied to cancer treatment, because radiation can
control cell growth?®, lonizing radiation kills cells by damaging their DNA. Radiotherapy
is often used together with surgery, chemotherapy, and/or immunotherapy. However, the
side effect and aftermath of radiotherapy is unpredictable because radiation may cause
harm to the normal tissues?%: 297,

3.2.4. Hyperthermia therapy

Hyperthermal therapy is a heat treatment — using carefully controlled heat for
medical purposes?®®21%, There are three different mechanisms for hyperthermia therapy
based on the intensity of heat: intensive hyperthermia, moderate hyperthermia, and mild
hyperthermia?® 21,

First, intensive hyperthermia can be used to kill diseased cells, and this method also

called thermal ablation. The aimed temperature for thermal ablation is very high, usually

22



above 50<C. This high temperature will also kill normal cells, and therefore, it can only be
administered locally. Also, the temperature and area need to be controlled precisely.

Second, moderate heat (in the range of 40 to 42<C) can damage cells directly, but
more important, it make the cells more vulnerable to other therapy. For examples, heated
cells are more sensitive to radiation, chemotherapeutic medications, and
immunotherapeutic agents. Due to the relatively high temperature and harm to healthy
tissues, moderate hyperthermia therapy is usually used for regional, a large part of the body
such as an entire organ or limb. It is also combined with radiotherapy or chemotherapy.

Third, mild hyperthermia reaches a temperature close to a naturally high fever, so
that the natural immune system may be stimulated. It can also be combined with
chemotherapy along with other treatments to boost the patient’s immune system. Mild
hyperthermia can be applied to the whole body because of the mild heat. However, the
efficacy of mild hyperthermia may be diminished by a natural physiological response
called thermotolerance.

3.2.5. Photodynamic therapy

Photodynamic therapy (PDT), also called photoradiation therapy, phototherapy, or
photochemotherapy. Photodynamic therapy uses light to activate a special photosensitizing
agents or nanoparticles to kill cancer cells. This therapy can decrease side effects due to
the inactive state of drugs at tissues without light. However, photodynamic therapy cannot
treat cancers deep in the body due to the poor penetration of light through skin and tissue.
Except commercial photosensitizing agents such as Photofrim®, Levulan®, and
Metvixia® cream, gold nanoparticles®*> 22 and graphene/graphene oxide?** shows great

promises in the photodynamic therapy. Moreover, PDT can also be fulfilled with silica
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nanoparticles integrated with photon upconverting nanoparticles or photosensitizer, such
as porphyrin and [2-devinyl-2-(1-hexyloxyethyl)pyropheophorbide]?'5-28,
3.2.6. Immunotherapy

Immunotherapy uses the patient’s immune system to fight diseases such as cancer.
Immunotherapy can be fulfilled either by activating a person’s own immune system or
dosing the patients with external immune system components. For example, although the
immune system has the potential of recognizing and eliminating cancerous cells?*, the
poor immunogenicity of patients can not completely remove the tumor cells nor prevent
the tumor recurrence. However, the immune system may be boosted by immunotherapy to
effectively eliminating tumor cells due to the decreased antigen presentation of tumor cells

and down-regulated immune responses of the patients.??°

3.3. Theranostic and multimodal imageable silica nanoparticles

Theranostic and multimodal imageable nanoparticles are nanoparticles that act as
both diagnostic and therapeutic agents. Theranostic nanoparticles are valuable tools for
identifying and selecting patients followed by treating selected patients positively.
Multimodal nanoparticle contrast agents combine the advantages of different imaging
modalities.

In this context, a variety of diagnostic information can be obtained depending on
the particle design. For example, theranostic medicines can provide insights into the
availability of a molecular target in the tissue, the vascular permeability and retention of
the molecule, the drug release from the particle, and the response of the target tissue??.,

Nevertheless, the silica components in these integrated systems play various

important roles in stabilizing and protecting the core nanoparticles or dopants. They offer
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multiple chemical modification methods and serve as a therapeutic reservoir to achieve
target delivery and/or controlling release. For example, coupling fluorophores into silica
nanoparticles can diminish the effect of fluorophore photobleaching. Peng et al. developed
intracellular pH sensitive nanoparticles that can detect cellular pH from pH 4-7%. These
nanoparticles are silica nanoparticles doped with two fluorophore sensors. Silica increases
the stability and sensitivity of the fluorophores and allows for high quantification and
measurement reversibility by diminishing photobleaching of the dyes.

Silica can also decrease the toxicity of nanoparticles that contain toxic components
such as heavy metals. Doping functional elements such as lanthanide ions into silica is
another useful strategy to make multifunctional nanoparticles. For example, gadolinium
(Gd) is a commonly used MRI T1 contrast agent, but it is toxic due to its accumulation in
tissues like brain, bone, and kidneys??2. Silica nanoparticles doped with gadolinium not
only improve the MRI contrast but also decrease the toxicity of Gd.

Rieter et al. added a paramagnetic monolayer of silylated Gd complex onto a
luminescent [Ru(2,2’-bypyridine)s]Cl> core by a water-in-oil reverse microemulsion
method®”®. This nanoparticle offers fluorescent and MRI signals due to the [Ru(2,2’-
bypyridine)s]Cl, core and the Gd in the silica shell. The silica is also conjugated with
diethylenetriaminetetraacetate (DTTA), which provides seven binding sites for Gd** ions
to minimize the toxicity of nanoparticles owing to the leaching of Gd®* centers. The
nanoparticle is sufficiently small (<50 nm) to be endocytosed by monocyte cells and allows
multimodal in vitro imaging of the cells. The authors are using this nanoparticle as target-
specific contrast agents for optical and magnetic resonance (MR) imaging of rheumatoid

arthritis in micel™.
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Our group previously designed a multimodal silica nanoparticle which has a
fluorescent, ultrasound, and MRI signal*’*. The ultrasound contrast can increase the
contrast of the stem cells and guide the injection of stem cells, and the MRI signal is
proportional to the cell numbers, which can be used to track the cell numbers after injection.
The nanoparticle was prepared based on the Stcher method including fluorescein
isothiocyanate (FITC)-conjugated organosilanes with TEOS; GdCls was used for Gd
doping. Silica produces ultrasound contrast because it has a high acoustic impedance
mismatch with cells and soft tissues. Silica reflects more ultrasound, and thus the silica
materials have more ultrasound signal than soft tissues in ultrasound images. The size of
these nanoparticles can be tuned, and the ultrasound contrast of these nanoparticles is size
dependent. This nanoparticle is used to label and track stem cells to improve stem cell
therapeutic efficacy.

Later work developed a theranostic system using this nanoparticle by introducing
pores into the silica nanoparticle!!*. The nanoparticles retain the multimodal imaging
signals—ultrasound, MRI, and fluorescence. Sectioning transmission electron microscopy
(TEM) images show these nanoparticles are located in the cytoplasm of the cell. Moreover,
the pores are used to load a prosurvival agent for stem cells and slowly release the insulin-
like growth factor (IGF) inside cells. This system increases cell survival up to 40%
(p<0.05) versus unlabeled cells under in vitro serum-free culture conditions.

Sweeney et al. used a similar silica nanoparticle doped with gadolinium oxide and
conjugated with tetramethylrhodamine-isothiocyanate (TRITC) to improve real-time
monitoring and staging of mouse bladder cancer models??3. They injected murine flanks

with MB49 cancer cells, and then injected silica nanoparticles to examine differences in
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MRI signal between tumors and bladder epithelium. The integrated silica nanoparticles
enhanced both T1 and T2 weighted MRI signals in the tumors, allowing detailed in vivo
evaluations. The localization of particles helped delineate the tumor’s edges, which are
usually difficult to detect. This system can potentially be used for theranostic purposes, as
therapeutic carriers for anticancer agents, and diagnostic tools for tumor visualization.

Lin et al. developed a theranostic targeting mesoporous silica nanoparticle with
multiple imaging modalities by doping and surface conjugation??*. The nanoparticles are
doped with europium (Eu) and Gd ions. These ions introduce fluorescence and magnetism
to the mesoporous structure, and thus the nanoparticles can be used as a fluorescent tool.
The MRI indicates the location and size of the tumor. The doped nanoparticle is then
conjugated with the anticancer drug camptothecin (CPT) by disulfide bonds. This disulfide
bond can be cleaved by a high concentration of intracellular glutathione for intracellular
controlled release. Moreover, the surface of the nanoparticle is modified with folic acid,
which can be used to target most human cancer cells. In vitro and in vivo studies show that
these integrated silica nanoparticles can target, image, and destroy the tumors in mice.

Silica is also highly useful for assistance in functionalizing nanoparticles.
Fluorescent and radio-opaque nanoparticles can be used for CT, MRI, and diffuse optical
tomography'®*. They have a silica core that is doped with tris(2,2’-bipyridyl)
dichlororuthenium(ll) hexahydrate. The core is surrounded by a layer of n-
(trimethoxysilyl-propyl)ethyldiamine tri-acetic acid trisodium salt that traps paramagnetic
Gd** ions. Finally, the particles are wrapped by an additional silica shell layer containing
amine groups on the surface that can be used for functionalization. This multimodal

(optical, radiology, CT, and MRI) contrast agent can help in the preoperative diagnosis and
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in the intraoperative surgical resection of tumors or other surgical lesions®*,

Mesoporous silica-coated MnO nanoparticles also show great potential as MRI
contrast agents for cell tracking®. These nanoparticles have a MnO/SiO, core shell
structure, and the nanoparticles are named as HMnO@mSiO, nanoparticles where the
symbol @ usually means inside. The innate r1 relaxivity of MnO provides the MRI signal
of the nanoparticle. The silica increases the biocompatibility of MnO core. This
nanoparticle can label MSCs in vivo and shows intense signals. Moreover, the MRI signal
can be detectable 14 days after the injection.

The MnO/SiO2 core shell structure can also be used for a theranostic and
multimodal imaging system. Choi et al. embedded MnO/SiO- core/shell nanoparticles into
porous poly(propylene fumarate) (PPF) scaffolds and used the MRI signal change to
monitor the release of nanoparticles from the PPF scaffold surface. The anti-cancer drug
doxorubicin (DOX) was loaded on the surface of the MnO/SiO2 NPs by electrostatic
interaction between the drug with the negatively charged porous silica surface??®.
Additionally, the porous silica shell can also enhance the water- dispersibility of the core
and minimize the leakage of the core ions. Moreover, silica shell prevents the aggregation
between MnO nanocores and therefore increases the dispersity of MnO nanocores.

Monaco et al. synthesized a core-shell FesO4s@SiO.@Au nanosystem coated with
11-(4-mercaptobenzamido) undecanoate, poly(lactic-co-glycolic acid)-b-PEG-NH2, and
folic acid??®. This nanosystem provides in vivo targeting capabilities and MRI-PA dual
imaging signals. The combination of MRI and PAI offer mutual benefits—it overcame the
depth and resolution limits of PAI and the temporal resolution of MRI. The MRI signal is

produced by iron oxide while the PA signal is produced by the gold shell. The multilayer
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nanoparticles are then embedded in the so-called polymeric micelles to improve their
biocompatibility??®. The researchers then conjugated folic acid on the polymeric micelle
surface to get a water-soluble nanocarrier that actively targets folate receptors that are often
overexpressed in solid tumors. Their final system is highly biocompatible and can be
manipulated to build other targetable nanostructures.

Mesoporous silica shells can also improve the performance of gold nanorods
(AuNRs) in biomedical applications. AuNRs show great potential in multiple imaging
modalities and therapies including CT, PA, PDT, and PTT. However, AUNRS have a low
drug loading capacity and suffer from clustering, aggregation, and shape deformation.
Zhang et al. fabricated a mesoporous silica shell coated AuNRs and loaded doxorubicin to
the nanoparticle. These particles enable imaging, chemotherapeutics, and hyperthermia
within a single nanoparticle platform for cancer treatments??’. The silica forms a protective
layer outside the AuNRs and prevents them from aggregation. The silica-coated nanorod
showed stable surface plasmon resonance. In addition, the release of doxorubicin from the
nanoparticle can control the pH and near infra-red laser. Moreover, the system can Kill
cancer cells by photothermal therapy. These properties make this nanoplatform a potential
candidate for new therapeutic modalities such as image-guided drug delivery,
hyperthermia, and combination therapy.

Kircher et. al. synthesized novel nanoparticles for MRI, photoacoustic, and Raman
imaging in brain tumors??®. These triple-modality contrast agents are used to delineate
detailed brain tumor margins to remove more tumor tissue. These contrast agents are
created with a 60-nm gold core, a Raman-active layer, a silica shell, and a gadolinium

coating. These nanoparticles are highly sensitive and detectable in the picomolar range for
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all three modalities. In addition, it was shown that particles injected intravenously
accumulated within the brain tumor but not in the adjacent healthy tissue, which allows for
a noninvasive brain tumor delineation. This nanoparticle-based triple-modality contrast
agent offers more accurate brain tumor imaging and resection.

Other than the functions mentioned above, Chen et al. also found that the silica
shell can amplify the photoacoustic intensity of gold nanorods'®®. The group studied the
relationship between photoacoustic signals and heat transfer properties in silica coated
AuNRs. They found that the additional silica layer acted as a signal amplifier by reducing
interfacial heat resistance between gold and a range of solvents. The addition of a silica
layer 0-20 nm thick increased photoacoustic signal by up to 3-fold, peaking at 20 nm
thickness. The addition of a silica layer to AUNRs appears to be a beneficial way to increase

their utility as contrast agents for PAI.

3.4. Monitoring the release of therapeutic molecules

The real-time monitoring capabilities of molecules can provide an abundance of
physiological and pathological information of the patients. Theranostic devices with
integrated real-time monitoring abilities are emerging and offer more feedback on
treatment. Integrated silica nanoparticles also show great potential in the field for real-time
monitoring of molecules.

The silica component is an ideal cargo carrier. In 2005, Gruenhagen et al. monitored
adenosine triphosphate (ATP) release from MCM-41 silica nanoparticles??®. ATP was used
as a model cargo and the release mechanism was studied through the use of ATP-activated
luciferase, which produces bioluminescent signal with ATP exposure. Due to the capability

of real-time monitoring for cargos during release, the authors found the release kinetics of
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encapsulated molecules can be controlled by changing the capping molecules.

Lai et al. (2013) reported a versatile fluorescence resonance energy transfer
(FRET)-based drug delivery system!!. These nanosystems consist of a coumarin-labeled
cysteine tethered mesoporous silica nanoparticles as the drug carrier and a FITC-pB-
cyclodextrin (CD) as redox-responsive molecular gate blocking the pores. A FRET donor-
acceptor pair of coumarin and FITC was integrated within the pore-unlocking event. The
presence of glutathione (GSH) in the environment of the particle provokes a redox
response, unblocking the particle’s pores and releasing the encapsulated drugs. The extent
of drug-release can be controlled by the ratio of FITC-B-CD to GSH and monitored by
pathological cell viability and FRET signals.

Lai et al. developed a polypeptide-wrapped mesoporous silica coated multicolor
up-conversion nanoparticle (UCNP@MSN) as a drug delivery system. This is
advantageous because the drug release can be monitored in real-time®°. They
functionalized the system with zinc-dipicolylamine analogue (TDPA-Zn?*) and wrapped it
with polypeptides to entrap the loaded drug—DOX. The TDPA-Zn?* and polypeptide layer
caused DOX to quench the ultraviolet (UV) emission upconverted from incoming NIR by
the upconversion nanoparticles. ATP displaced the peptides because it has a higher binding
affinity with TDPA-Zn?*. When ATP displaced the peptides, DOX was released through
the open pores of the particles. The release can then be monitored through ratiometric
changes in luminescence resonance energy transfer (LRET). The authors also showed that
this system could be further functionalized with receptors like folic acids to distinguish
different diseases.

Liu et al. synthesized an NIR-triggered nanosensor that monitors drug-release by
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using upconverted luminescence and MRI simultaneously?!. The nanosensor is composed
of UCNPs surrounded by a mesoporous silica shell as well as doxorubicin and azobenzene
to create a FRET donor-acceptor pair with UCNP. They found that under NIR exposure,
drugs loaded into the particles were released, which led to a steady increase in MRI and
upconverted luminescence signals. DOX quenched the upconverted emission from
UCNPs, and its release increased the upconverted luminescence signal intensity. The
loaded drug also made it less likely for water molecules to bond with Gd3* ions. When
DOX was released, water from the surrounding environment diffused into the particle and
interacted with Gd**. This increased the T1 MRI signal intensity.

The silica component can also act as fixative for small molecules to offer contrast
for monitored drugs. Wang et al. conjugated St&ber silica nanoparticles with methylene
blue to monitor the blood concentration of heparin in real time33. Methylene blue is an FDA
approved dye and it shows thermal expansion when it absorbs infrared light, which is also
known as photoacoustic signal. The authors showed that heparin could increase the
photoacoustic signal of methylene blue, and moreover, the signal increase is proportional
to the concentration of heparin within the clinical dosage range. Silica nanoparticles were
used to immobilize the methylene blue and prevent this dye from diffusing into the
circulation. Silica adsorbs methylene blue through electrostatic forces, and the surface
charge of the silica nanoparticles affects the sensitivity of detection. Thiol modified silica
nanoparticles are more sensitive than non-modified ones. PAI is based on ultrasound
imaging. PAI inherits the real-time imaging performance and the signal is stable over time.
Therefore, this method can monitor the heparin concentration changes without waiting for

long time. This system can also detect low molecular weight heparin, which is not
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detectable by the conventional method—activated partial thromboplastin time (aPTT).
Though the real-time monitoring capabilities of molecules can provide abundant of
physiological and pathological information of the patients as well as feedback for
treatments, the development of such devices is still in its nascent stage because of the
limitations of real-time imaging modalities. Therefore, more efforts are needed for real-

time imaging modalities.
4. Conclusions and prospective

Silica is critical for integrated nanoparticles and offers great potential in theranostic,
multimodal imaging, and real-time monitoring for molecules. Silica nanoparticles are
easily made and tuned to various morphologies. They also show great biocompatibility and
tunable degradability. Silica nanoparticles themselves can be used for drug delivery and
ultrasound imaging contrast agents. Moreover, silica nanoparticles can be easily combined
with other inorganic and/or organic components, which offers more features. Integrated
silica-based nanoparticles can be used in nuclear imaging, MRI, radiography, optical
imaging, ultrasound imaging, and magnetic particle imaging. The integrated particles can
also be used in target delivery, controlled release, radiation therapy, hyperthermia therapy,
photodynamic therapy, and immunotherapy. Extensive research has shown the great
potential of integrated silica nanoparticles in theranostic and multimodal imaging.

Despite the huge number of studies on silica-based integrated nanoparticles for
applications in bio-imaging and drug delivery, they have not made a significant impact in
the clinic yet. The only silica-based integrated nanoparticle close to FDA approval are C-
dots, which exhibit positron emission tomography (PET) and optical dual-modality

imaging®2. More studies are needed to improve their colloidal stability, optimize
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biodistribution, and customize biodegradation to promote the translation of these
nanomedicines. Moreover, similar to all the other nanomedicine systems, increasing the
targetability of integrated silica nanoparticles is critical to their translation with respect to
manufacturing, cost, toxicity, and imaging and therapeutic efficacy—targetability of
nanoparticles affects the actual drug dose at the desired location?3,

We have summarized recent work that used integrated silica nanoparticles to
monitor biomolecules. However, most of the systems are based on fluorescence, which is
limited for in vivo and clinical study because of poor penetration depth of light. Therefore,
developing new real-time imaging modalities with high penetration depth is necessary.
Ultrasound imaging and photoacoustic imaging are techniques with both real-time
capability and increased penetration depth?**. However, the field is still premature due to
the lack of designs for combining ultrasound/photoacoustic contrast agents with other

functional materials. We expect that more integrated nano-designs will be studied to offer

theranostic systems that also provide real-time feedback in vivo.
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Chapter 2.

Discoid silica nanoparticles as a novel ultrasound contrast agent for stem

cell imaging

35



1. Introduction

Stem cells are promising in regenerative medicine as a treatment for heart diseases,
diabetes, alopecia, and neurodegenerative diseases®®8% 225 2% However, the long-term
efficacy of stem cells is relatively low perhaps in part due to poor cell viability after

implantation and a lack of cell retention in the treatment area®®’

. These issues are partially
due to mis-injection of stem cells or injection into highly fibrotic tissues?3® 2%, Fortunately,
mis-injection can be prevented by real-time imaging guidance to ensure sufficient cell
delivery?*? to the desired locations. Ultrasound imaging*'# 241245 in particular has shown
significant potential in imaging stem cell therapy because of its high temporal resolution
relative to the gold standard of magnetic resonance imaging (MRI)?4% 246, Ultrasound is
also more affordable than alternative strategies such as MRI, positron emission
tomography (PET), and computed tomography (CT). However, the use of ultrasound in
stem cell imaging/tracking is limited by the low contrast of these cells above the adjacent
tissue?*’. While Doppler imaging®*, elastography®*°, and thermoacoustic techniques?>°
have all been validated to improve contrast, novel ultrasound contrast agents are also active
area of research® 251-253,

Silica nanoparticles are an effective in vivo ultrasound contrast agent02 114 242, 254-
2% They can efficiently label stem cells because of their nano-scale size, stability'!*, and
biocompatibility'*® 257 258 Moreover, silica particles are multi-functional®®* 2% 260 \jith a
tunable morphology?®® 262, and these modifications in nanoparticle shape can markedly
increase the echogenicity of the individual silica nanoparticles'®?. Gd-tagged silica

nanoparticles can also offer multimodal imaging with clear biodegradation!!* 242, Other

work has used rattle-type mesoporous silica nanospheres to create multiple
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convex/concave interfaces to increase the ultrasound contrast!??, and silica microbubbles
synthesized via polystyrene templates have been used for contrast-enhanced ultrasound?®,
In this study, we combine these advances and report a completely novel silica nanoparticle
with a concave mesoporous structure to enhance ultrasound signal. The discoid silica
nanoparticles (DSN) have a shape surprisingly reminiscent of exosome extracellular
vesicle, and therefore they are also named exosome-like silica nanoparticles (ELS). The
DSN improve the ultrasound contrast of cells by increasing not only the echogenicity of

the nanoparticles but also their affinity to stem cells.

2. Methods

2.1. Chemicals

Hexadecyltrimethylammonium bromide (CTAB, >99%), ammonium hydroxide
(NH4OH), tetraethyl orthosilicate (TEOS, >99%), bis(triethoxysilyl) ethane (BTSE), bis(3-
trimethoxysilyl-propyl)amine (TSPA, 90%), Pluronic P123, hydrochloric acid, mesitylene,
and fluorescein isothiocyanate (FITC) were purchased from Sigma Aldrich Inc. Sodium
hydroxide (NaOH, ACS), ammonium fluoride, and ammonium nitrate (NHsNO3z, ACS)
were purchased from Fisher Scientific, Acros, and Marcon respectively. Ultrapure agarose
was obtained from Life Technologies. The (3-aminopropyl)triethoxysilane (APTES) was
purchased from MP Biomedicals. Ethanol was purchased from VWR. All chemicals were
used as received without any further purification processes. The water was Millipore grade

with a resistivity larger than 18.2 MQ-cm at room temperature unless specified.

2.2. Synthesis of silica nanoparticles

We synthesized discoid silica nanoparticles with emulsion template method and
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two silica sources—BTSE and TSPA. First, 0.4 mmol CTAB, 0.085 ml 26% ammonia
solution, 0.6 mmol decane, and 0.4 mmol dimethylhexadecylamine (DMHA) were mixed
in 150 ml water. The mixture was then sonicated in a water bath at 50°C for 2 h followed
by emulsification using an ultrasonic cell disruptor (20 KHz, 600 W; Bilon92, Shanghai)
at ambient temperature for a total of 30 min. The prepared white emulsion was transferred
to an oil bath at 50°C and then stirred at 700 rpm for 30 min. After that, 2.5 mL of ethanol
solution containing 4 ml of silica sources was added slowly. The mixture was stirred for
60 min and then allowed to stand at room temperature for 12 h. After the surfactant-
containing nanoparticles were spun down at 20,000 rpm, the solid products were washed
thrice with 1 wt% NaCl in methanol for 30 min in sonication bath to remove the template.
The discoid silica nanoparticles were centrifuged, washed, and then dispersed in deionized
water. The effect of the ratio between BTSE and TSPA on the morphologies of discoid
silica nanoparticles was also studied, and the studied ratios of BTSE:TSPA included 5:0,
4:1, and 3:2. All discoid silica nanoparticles used for ultrasound imaging and cellular work
were done at a BTSE:TSPA ratio of 3:2.

The Stéber silica nanoparticles were made according to the Stober method®, and
the size was tuned by slightly changing the quantity of ethanol, water, ammonia, and/or
TEOS. Specifically, aliquots of NH4OH (1, 1.8, 2.2, 2.8, and 4.4 ml) and water (4.2 or 5
ml) were added to 50 ml ethanol. The mixture was stirred for 5 minutes before adding 3.5
or 4.2 ml TEQS, and then stirred for another 2 hours. The temperature was maintained at
30°C throughout the procedure. Then, the Stcoer silica nanoparticles was centrifuged and
washed with ethanol thrice, followed by drying in 50°C oven.

The MCM-41 mesoporous silica nanospheres were prepared by CTAB-templated,

38



base-catalyzed condensation reaction of TEOS 254, First, 40 mg CTAB were dissolved in
96 ml water and then preheated to 80°C while stirring. Then, 0.7 ml 2 M NaOH were added
to the solution while stirring and continued stirring for 30 minutes at 80°C. We added 1.4
ml TEOS to the mixture and stirred it gently for 2 hours. The product was then filtered and
rinsed with water and ethanol twice, and finally calcined in a furnace at 600°C for 5 hours.

The mesocellular foam silica nanoparticles were synthesized in aqueous
hydrochloric acid using P123 as a template and mesitylene as a micelle expander according
to the literature!®® 265 with minor modifications. First, 2.43 g P123 were added into 90 mL
1.6 M HCI in an Erlenmeyer flask at room temperature, followed by adding 400.8 mg
CTAB, 24.4 mg ammonium fluoride, and 1.6 ml mesitylene. The mixture was stirred at
room temperature for 2 hours and then added 5.5 ml TEOS dropwise under vigorously
stirring. The mixture was stirred for another 5 minutes after the addition of TEOS. The
reaction was allowed to incubate at 38°C overnight, and then the particles were centrifuged
and rinsed with ethanol and water thrice. Particles were dried and calcined at 600°C for 5
hours.

The four silica nanoparticles were conjugated with FITC to study the interaction
between silica nanoparticles and cells. An amino-silane conjugate of the dye was first made
by mixing 1 mg dye and 100 ul APTES in 1 ml ethanol with overnight rotation under room
temperature. Then the mixture was divided evenly into 4 tubes with 4 mg Stcher silica
nanoparticles, MCM-41 mesoporous silica nanospheres, mesocellular foam silica
nanoparticles, and discoid silica nanoparticles, and rotated overnight. The products were

washed thrice with ethanol, dried, and stored in dark for later use.
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2.3. Characterization

Transmission electron microscopy (TEM) images of silica nanoparticles were taken
with a JEOL JEM-1200 EXII operating at 120 kV or JEM-2100F operating at 210 kV. Size
distributions were analyzed by TEM images as well as nanoparticle tracking analysis
(NTA, LM10, Malvern) with a 532 nm laser. The particle-concentrations for 1 mg/ml of
Stcher silica nanoparticles, MSC, mesocellular foam silica nanoparticles, and discoid silica
nanoparticles solutions were also determined by NTA with camera level at 14 and detect
threshold at 5. The four particle solutions were diluted 100- to 10,000-fold prior to analysis
and studied with NTA before and after 30 minutes of sonication in bath (KENDAL
ultrasonic cleaner, Model 928, Power 60W). The N2 adsorption-desorption isotherms at 77
K were measured on a Micrometitics Tristar 3000 system. Zeta potentials of the four types
of nanoparticles were measured in 50% PBS via DLS (Zetasizer, Malvern). Inductively
coupled plasma optical emission spectrometer (ICP-OES, Optima 3000DV, Perkin Elmer)
was used to quantify the number of silica nanoparticles endocytosed by cells after

sonication in 10 N NaOH.

2.4. Cell culture, labelling, and cytotoxicity assay

We seeded human mesenchymal stem cells (hnMSCs, Lonza, PT-2501) in a T75
flask at 5000 cells/cm? in growth media (Lonza, PT-3001). These cells were labelled with
8 ml 250 pg/ml silica nanoparticles in fresh cell culture media without any transfection
agents. The cells were then incubated under standard conditions for 7.5 hours. We washed
the cells with sterile PBS to ensure all the free silica nanoparticles were removed. Cells
were then detached by adding 2 ml of TrypLE Express (Life technologies). We scanned

these labelled cells with ultrasound both in vitro and in vivo. Additionally, we treated
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hMSCs and also ovarian cancer cells (OV2008, Thermo Fisher Scientific) with silica
nanoparticles of different concentrations (0 to 1000 pug/ml) and studied the cell viability by
using CellTiter 96® AQueous One Solution cell proliferation assay (MTS, Promega). After
incubation with silica nanoparticles for 4 hours, 20 i of the assay reagent was pipetted
into the samples in 100 i of growth media. This was allowed to incubate under standard
conditions. After 4 hours, we transferred 80 pl of the sample solutions to a new plate and
read the absorbance at 490 nm. Epifluorescence microscopy used an Evos microscope (Life
Technologies) and Hoechst 33342 (NucBlue® Live ReadyProbes® Reagent, Thermo

Fisher Scientific) for nuclear staining.

2.5. In vitro phantom preparation and ultrasound imaging

All the in vitro ultrasound imaging was performed in agarose phantoms. Agarose
was added to water at 1% and boiled with stirring and then keep warm at 60°C. The agarose
solution was then mixed with nanoparticle solutions or cell solutions at a ratio of 1 to 1. To
avoid the aggregation of nanoparticles, the nanoparticle solutions were sonicated in water
bath for 30 minutes prior to mixing with agarose, and then the mixture was vortexed. The
cell solutions were vortexed both before and after mixing with agarose too. We quickly
and carefully pipetted 250 pl mixture into the well of 96-well plate or agarose phantom. A
blank control was also made with 0.5% agarose solution for all experiments. The solidified
samples were covered with fresh 1% agarose for protection. Ultrasound imaging used a
VEVO 770 high-resolution in vivo micro-imaging system with transducers (VisualSonics)
RMV-706 at 40 MHz and RMV-710B at 25 MHz. The imaging parameters were 100%
power, 71 Hz frame rate for RMV-710B, and 34 Hz frame rate for RMV-706. The distance

between the imaging transducer and phantom was maintained throughout the scan. At least
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five fields of views (FOVSs) for each sample were collected.

2.6. In vivo ultrasound imaging

All animal studies were performed in accordance with IACUC S15050 at
University of California, San Diego. Human mesenchymal stem cells were incubated
together with 250 pg/ml discoid silica nanoparticles in growth media for four hours. Then,
the free particles were removed by washing with PBS thrice. The labelled cells were
detached, spun down, resuspended, and then counted by hemocytometer. The pellets with
1, 0.4, 0.2, 0.05 million cells were resuspended in 150 | of 50:100 media:matrigel and
injected subcutaneously into nude mice with a 28.5 gauge catheter. Images were obtained

by 3-D mode and conditions include a 40 MHz transducer at 0.0076 mm per step.

2.7. Data analysis

Data means, standard deviations, and p values were calculated in Microsoft Excel
2016. Unless otherwise noted, all error bars represent the standard deviation. A two-tailed
Student’s t-test was used for significance and p values<0.05 were considered to be
significant. TEM particle sizes of nanoparticles were analyzed with ImageJ 1.48v%%¢. For
irregular particles, the Feret diameter was adopted. Ultrasound signals were also analyzed
by ImageJ 1.48v. Specifically, B-mode ultrasound images were first exported from the
ultrasound scanner as 8-bit images. Then, we drew a region of interest (ROI) inside the
sample and managed it with ROI manager in the ImageJ. We measured the mean gray value
of the same ROI in at least five different fields of views (FOVs) per sample by ImagelJ
1.48v and then calculated mean and standard deviation of the mean gray values for each
FOV, which ranged from 0 to 255. Detection limits were calculated at 3 standard deviations
above the mean of the background signal.
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2.8. Calculations for the density of MCM-41 mesoporous silica nanospheres
Nvp =W Equation 2.1
W-Total weight of nanoparticles; N-Total number of nanoparticles; v—VVolume of

one nanoparticle; p—Density of one nanoparticle.

N w .
b _ 21 Equation 2.2
Navzpz W3

Both MCM-41 mesoporous silica nanospheres and Stcher silica nanoparticles are
spheres. Therefore, when the total weight of St&ber silica nanoparticles and MCM-41

mesoporous silica nanospheres are the same, equation 2 can be converted to:

P1 _ N2 D2y3 Equation 2
>~ M. (Dl) quation 2.3

NTA measurements indicated that there are (76.9 +3.2) x<10*° and (17.6 +1.4)
<101 for 1 mg/ml of Stcoer silica nanoparticles and MCM-41 mesoporous silica
nanospheres. The average size of St&ber silica nanoparticles and MCM-41 mesoporous
silica nanospheres are 160 nm and 154 nm. Therefore, the density of Stcher silica
nanoparticles is 2.04 times of MCM-41 mesoporous silica hanospheres. It is noteworthy

that equations 2.1-2.3 only fit for spheres.

2.9. Calculations for the nanoparticles/cell

NTA measurements indicated the number of particles in a 1 mg/mL sample was
(76.9 +£3.2) <10%0, (17.6 +1.4) <10, (12.8 +1.6) <10, and (13.7 £0.3) <10 particles/ml
for St&ber silica nanoparticles, MCM-41 mesoporous silica nanospheres, mesocellular
foam silica nanoparticles, and discoid silica nanoparticles, respectively. The Si content in
Stcber silica nanoparticles-, MCM-41 mesoporous silica nanospheres-, mesocellular foam

silica nanoparticles-, and discoid silica nanoparticles-labeled hMSCs were 0.40, 0.05, 0.75,
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and 1.11 ng/cell determined by ICP-OES. We converted the mass of Si to NPs first
according to the NPs formula. Then, the number of NPs/cell was calculated by multiplying
number of nanoparticles in 1 mg/ml solutions by mass of NPs per cell. The nanoparticles

formulas and calculated nanoparticles/cell are listed in Table 2.1.

Table 2.1. NTA and ICP-OES results, particles formulas, and calculated NPs/cell.

Particles SSN MSN MCF DSN or ELS
Concentration of NPs in 1 mg/ml 76.9 176 128 137
solutions (x10%*° NPs/ml)

Si (ng/cell) 0.40 0.05 0.75 1.11
NPs formula SiOz SiOz SiOz Siol,scl,aNo_z
Si:NPs 0.47 0.47 0.47 0.37
NPs (ng/cell) 0.86 0.11 1.60 3.02
Number of NPs/cell (million) 0.66 0.19 2.05 4.14

3. Results and discussion

3.1. Synthesis and characterization of discoid silica nanoparticles

We fabricated discoid silica nanoparticles via an emulsion soft-template method
(Figure 2.2A). The soft templates were an oil-in-water emulsion made of
hexadecyltrimethylammonium bromide (CTAB) (green), dimethylhexadecylamine
(DMHA) (cyan), and decane (yellow) (step 1). The silica sources were then added to the
emulsion and allowed to condense on the surface of the CTAB via an ammonia catalyst
(step 2). After extracting the templates in a methanolic sodium chloride solution, the
products were lyophilized (step 3). Electron microscopy images illustrate the shape and
size similarities between the discoid silica nanoparticles and exosomes (Figure 2.2 B, C,
and F). When we studied the nanoparticles with TEM (Fig. 2.2) we found that

nanoparticles have morphology remarkably reminiscent of exosomes—small extracellular
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vesicles (30-150 nm) secreted by cells. Like exosomes, discoid silica nanoparticles have a
unique curvature and cup-like discoid shape. This shape offers a double
scattering/reflection interface to increase echogenicity'®?.

During the fabrication, the silica source is critical to forming the exosome-like
structure. Three common silica sources, tetraethyl orthosilicate (TEOS), bis(triethoxysilyl)
ethane (BTSE), and bis(3-trimethoxysilyl-propyl) amine (TSPA) were investigated. We
found TEOS is too stiff and brittle to produce discoid silica nanoparticles (data not shown).
However, discoid silica nanoparticles were formed with the co-condensation of BTSE and
TSPA. The BTSE offered a rigid framework for the particles, and TSPA allowed the
nanoparticles to collapse by changing the overall stiffness—a hollow rigid sphere formed
with only BTSE (Fig. 2.2D) and no particles formed with only TSPA (Fig. 2.2G). This
role of TSPA is consistent with Lin et al. who found that TSPA could change the overall
stiffness of silica shell and render them more elastic to form silica microbubbles?®’. Discoid
silica nanoparticles prepared with different ratios of BTSE and TSPA are shown in Figure
2.2 E (4:1) and F (3:2) with yields of 37.2% and 35.7%, respectively.

While most silica nanoparticles are negatively charged due to the presence of
hydroxyl groups, the discoid silica nanoparticles have positively charged amine groups
embedded in the framework. This results in a positive nanoparticles surface charge to
improve affinity with the negatively charge cell surface via a charge-dependent mechanism
literature?®. The zeta-potential of final silica products (nanoparticles or gel) changed with
the fraction of TSPA and was the highest at 40% TSPA (~30 mV; Figure 2.2H). The
discoid silica nanoparticles made with 40% TSPA were also the largest (~140 nm; Figure

2.2H), and a preliminary study showed that larger nanoparticles have more echogenicity
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(Fig. S2) Therefore, discoid silica nanoparticles made with 40% TSPA were characterized
and selected for stem cell imaging. We found the sonication output power and sonication
time during the emulsion as well as the incubation time didn’t influence the discoid silica
nanoparticles size.

Porous discoid silica nanoparticles with a mean diameter of ~140 nm was prepared
with 40% TSPA. The size of the discoid silica nanoparticles was analysed with both TEM
and nanoparticle tracking analysis (NTA). Both size distributions are shown in Figure 2.21.
The average TEM size is 138 nm for the discoid silica nanoparticles (N=298). Additionally,
a small peak near 500 nm in the NTA size distribution might indicate aggregation. The
discrepancy between TEM and NTA size distributions is because that NTA measures the
hydrodynamic size of the particles and nanoparticles forms aggregations in water. Unlike
other biomedical applications?® 27, the aggregation is preferred in the stem cell tracking
because aggregations of nanoparticles inside the cells increase the ultrasound signal®*?. The
N2 adsorption-desorption isotherms of discoid silica nanoparticles indicated the existence
of mesopores on the discoid silica nanoparticles (Figure 2.2H). The BJH pore volume and
desorption pore size of discoid silica nanoparticles were determined empirically to be
around 1.79 cm®/g and 5.4 nm (Figure 2.2H inset); the BET surface area of discoid silica

nanoparticles was 694 m?/g.
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Figure 2.2. Novel discoid silica nanoparticles around 140 nm were prepared via an emulsion
template method. (A) Schematic of the discoid silica nanoparticles fabrication and morphology.
TSPA (red) changed the overall stiffness of silica shell and render them more elastic?®’ to form the
discoid silica nanoparticles. (B) TEM image of exosomes (black arrow; adapted with permission
from reference?*). (C) SEM image of typical discoid silica nanoparticles indicates the similarity of
shape and size between discoid silica nanoparticles and exosomes. (D-G) TEM images of silica
products made with (D) 0%, (E) 20%, (F) 40%, and (G) 100% TSPA (red). Hollow spheres were
obtained when no TSPA was added (D); a silica gel was formed with only TSPA (G). (H) Zeta-
potential and TEM size distribution of silica nanoparticles synthesized with different fractions of
TSPA indicated that the 40% TSPA samples were the largest and had the most positive surface
charge, and these samples were used for subsequent analysis and cell tracking. (G) Size
distributions of discoid silica nanoparticles synthesized with 40% TSPA. NTA showed a larger
mode size than TEM because NTA measures the hydrodynamic size of discoid silica nanoparticles
and nanoparticles form aggregations in water. (H) N adsorption-desorption isotherms of discoid
silica nanoparticles made with 40% TSPA indicated the existence of mesopores on the discoid
silica nanoparticles. The BJH desorption pore size of the discoid silica nanoparticles is 5.4 nm
(inset). Reprinted with permission from RSC®,
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3.2. Echogenicity of discoid silica nanoparticles

We analysed the echogenicity versus particle size, porosity/density, surface area,
pore structure, and shape of silica nanoparticles with discoid silica nanoparticles and three
classical silica nanoparticles including the Stéber silica nanospheres (SSN)%, the MCM-
41 mesoporous silica nanospheres (MSN)®, and the mesocellular foam silica nanoparticles
(MCF)™03,

3.2.1. Effect of particles’ size on the echogenicity of Stcher silica nanoparticles

According to the literatures?’> 2’3 and our studies, the ultrasound signal can be
affected by particle size (Figure 2.3). Echogenicity of Stcher silica nanoparticles with
different sizes (Figure 2.3) were measured at identical particle counts. The ultrasound
intensity plateaus at 358 nm and declines when the size is 492 nm. The 358 nm Stcher
silica nanoparticles have ultrasound signal that is 64.8%, 69.5%, and 36.7% higher than
the 260 nm particle and 18.9%, 20.5%, and 22.9% than the 492 nm particles at 1.25x10,
2.5x10% and 5x10%° particles/ml, respectively (p<0.0005) (Figure 2.3C).

Echogenicity of all Stcher silica nanoparticles increased with concentrations, but
the linearity of ultrasound signal as a function of concentration is different. The R? values
are 0.993, 0.999, 0.998, 0.952, and 0.932 for St&ber silica nanoparticles of 60, 160, 260,
358, and 492 nm, respectively (Figure 2.3D). The signal for the 358 nm and 492 nm

particles at 5x10%° particles/ml drops compared to the linear fitting (Figure 2.3D).

48



0 60 90
Diameter (nm)

120

J

120 140 160 1
Diameter (nm)

0 200

280

Il
200 240
Diameter (nm)

Diameter (nm)
]
|

}__‘

|
s M
450 500 550
Diameter (nm)

~ 400

@)

80-

@
b

Ultrasound Signal (a.u.)
N S
.O o

M 60+10nm

M 160+11nm
M 260+15nm
M 358+15nm
14 492+17nm

ns
o

u O
W A O O N OO 0
o O O O O O o
1 L 1 L 1 1 J

20+

Ultrasound signal (a.u.)

| |

i

0.00 1.25 2.50 5.00
Concentration (10" particles/ml)

® 60 nm
® 160 nm
A 260 nm
Vv 358 nm
492 nm

0 1

2 3 4
Concentration (10" Particles/ml)

Figure 2.3. Ultrasound intensity as a function of size. (A) TEM images and (B) size distributions
of Stcher silica nanoparticles with different sizes. (C) Ultrasound signal of Stcher silica
nanoparticles changes with size and particle concentration. The samples were scanned in an agarose
phantom at 40 MHz. (ns: non-significant; s: significant). The ultrasound contrast increases as a
function of Stcher silica nanoparticles size, but then reaches a plateau at 358 nm and declines at
492 nm. The 358 nm Stcher silica nanoparticles produce more signal than 260 nm and 492 nm
nanoparticles (p<0.0005). Ultrasound intensities of all five Stcoer silica nanoparticles increase with
particle-concentrations. (D) The linear relationship between ultrasound signal and particle-
concentrations. The R-square values suggest that the most linear behavior occurs with particles
smaller than 260 nm. Error bars represent the standard deviation of five replicate measurements.

Reprinted with permission from RSC®,
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3.2.2. Effect of ordered 2D pores/channels on the ultrasound signals

We compared the ultrasound signal of similar sized Stcher silica nanoparticles and
MCM-41 mesoporous silica nanospheres (Figure 2.4) at identical particle-concentrations
to determine the impact of the channels on acoustic signals. Figure 2.4 shows the
ultrasound images and processed data of Stcber silica nanoparticles and MCM-41
mesoporous silica nanospheres at the same particle-concentrations scanned at 40 MHz. As
expected, both nanoparticles have increased signal as a function of concentration. The
ultrasound signals of Stéber silica nanoparticles at 2.5x10'2, 5.0x10'?, 1.0<10* and
2.0x10*® particles/ml are 38%, 48%, 36% and 38% higher than that of MCM-41
mesoporous silica nanospheres. Moreover, echogenicity of MCM-41 mesoporous silica
nanospheres was lower than that of St&ber silica nanoparticles at all the measured
concentrations. Porosity greatly increased the surface area, and the BET surface area of
Stcher silica nanoparticles is more than 10 times lower than that of MCM-41 mesoporous
silica nanospheres?%* 27275 However, even though larger surface area may bear more air
nanobubbles, the increased surface area in MCM-41 mesoporous silica nanospheres didn’t
improve its echogenicity. Additionally, both particles were suspended in Millipore water
without any degas procedures. Therefore, we may conclude that the echogenicity of silica

nanoparticles is hardly attributed to air nanobubbles on their surfaces.
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Figure 2.4. Effect of 2D pores/channels on ultrasound signal. (A) Ultrasound images and (B)
ultrasound intensity of Stcher silica nanoparticles and MCM-41 mesoporous silica nanospheres
scanned at 40 MHz. Both the ultrasound images and image processing indicate that the nonporous
Stcher silica nanoparticles produce higher ultrasound contrast than porous MCM-41 mesoporous
silica nanospheres. Error bars represent the standard deviation of five replicate measurements.
Reprinted with permission from RSC,

Instead, the negative effect of pores on the MCM-41 mesoporous silica nanospheres
may be attributed to two mechanisms. First, pores can decrease density of particles and
thereafter reduce the impedance (production of density and velocity) mismatch between
nanoparticles and their surroundings and eventually decrease the echogenicity of MCM-41
mesoporous silica nanospheres. As shown in Figure 2.5, the echogenicity of Stcher silica
nanoparticles was about 11% to 48% (the difference was concentration dependent) higher
than that of MCM-41 mesoporous silica nanospheres. In addition, the density of the MCM-
41 mesoporous silica nanospheres was about 50% lower than St&ber silica nanoparticles
because more of their volume is empty space. We conclude that the lower signal is because
the MCM-41 mesoporous silica nanospheres have a lower impedance mismatch (product
of density and velocity) with their surroundings and thus less echogenicity than St&oer

silica nanoparticles.
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Second, the ordered and penetrating 2D channels on the MCM-41 mesoporous
silica nanospheres (Figure 2.5) may have decreased the effective backscattering interfaces
and therefore weakened the echogenicity. The effect of porous structure on echogenicity is

discussed in the next section.
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Figure 2.5. TEM images of SSN (A, E), MSN (B, F), MCF (C, G), and DSN (or ELS) (D, H). Both
SSN and MSN are spherical, while MCF and DSN have flatter surfaces. HRTEM images (E-H)
show that all particles except SSN are porous. The MSN have ordered and penetrating 2D channels,
while the MCF and DSN have disordered and non-penetrating pores. (1, J) In vitro echogenicity of
the four silica nanoparticles. All scans used 40 MHz with concentrations determined on (1) weight
basis and (J) particle basis. Error bars represent the standard deviation of five replicate
measurements. * represents p < 0.05, unpaired Student’s t-test. Reprinted with permission from
RSC¥,
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3.2.3. Echogenicity of discoid silica nanoparticles
Morphologies of all nanoparticles are shown in Figure 2.5. The average TEM sizes
of St&ber silica nanoparticles, MCM-41 mesoporous silica nanospheres, mesocellular foam
silica nanoparticles, and discoid silica nanoparticles was 160 nm, 154 nm, 125 nm, and 138
nm respectively. The NTA size also indicated that the mesocellular foam silica
nanoparticles was the smallest followed by discoid silica nanoparticles, MCM-41

mesoporous silica nanospheres, and Stcher silica nanoparticles (Figure 2.6).
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Figure 2.6. NTA size distributions of Stéher silica nanoparticles, MCM-41 mesoporous silica
nanospheres, mesocellular foam silica nanoparticles, and discoid silica nanoparticles. Size
distribution of nanoparticles suspensions sonicated in water bath for 30 minutes before the NTA
measurement. The hydrodynamic radii of Stcber silica nanoparticles, MCM-41 mesoporous silica
nanospheres, mesocellular foam silica nanoparticles, and discoid silica hanoparticles are 246, 208,
202, and 208 nm respectively. Reprinted with permission from RSC*.

The discoid silica nanoparticles exhibited the strongest echogenicity among four
nanoparticles at identical mass concentrations (Figure 2.5). The ultrasound signal of
discoid silica nanoparticles at 0.25, 0.5, and 1 mg/ml was 2.25-, 2.39-, and 1.76-fold of that
of Stcber silica nanoparticles; the signal was 1.72-, 1.85-, and 1.46-fold of the ultrasound
signal of MCM-41 mesoporous silica nanospheres; and it was 1.64-, 1.76-, and 1.62-fold
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of that of mesocellular foam silica nanoparticles. The theoretical LOD of discoid silica
nanoparticles (3 standard deviations above background) was 0.77 pg/ml; this value was
7.10, 3.56, and 2.61 pg/ml for St&ber silica nanoparticles, MCM-41 mesoporous silica
nanospheres, and mesocellular foam silica nanoparticles, respectively. The higher
echogenicity of discoid silica nanoparticles could allow a lower nanoparticle dose to
produce the same ultrasound contrast and may therefore increase the biocompatibility.
When compared at identical particle numbers, the mesocellular foam silica nanoparticles
showed the highest signal (discoid silica nanoparticles were second highest; Figure 2.5).

The BJH pore volume of discoid silica nanoparticles were determined empirically
to be 1.79 cm®g, and that of MCM-41 mesoporous silica nanospheres and mesocellular
foam silica nanoparticles were reported to be 2.23 and 1.73 cm®/g?®°. Correspondingly, the
echogenicity of mesocellular foam silica nanoparticles and MCM-41 mesoporous silica
nanospheres was the highest and the lowest among three porous silica nanoparticles
(Figure 2.5). Additionally, the porosity of discoid silica nanoparticles is higher than
mesocellular foam silica nanoparticles, and there are more discoid silica nanoparticles than
mesocellular foam silica nanoparticles when their mass concentrations are the same. This
may explain why echogenicity of the discoid silica nanoparticles was slightly lower than
that of mesocellular foam silica nanoparticles with the same particle numbers, but it was
higher than the echogenicity of mesocellular foam silica nanoparticles with the same mass
concentrations (Figure 2.5).

TEM images show that both mesocellular foam silica nanoparticles and discoid
silica nanoparticles have pores, but these are disordered and do not penetrate deep into the

nanoparticle cores as in the MCM-41 mesoporous silica nanospheres (Figure 2.5). This
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suggests that the ultrasound waves are unlikely to be transmitted, but are rather more likely
to be backscattered. We conclude that discoid silica nanoparticles and mesocellular foam

silica nanoparticles have more effective backscattering interfaces'®?

introduced by
disordered and non-penetrating 3D pore structure and that this is responsible for their
increased echogenicity. Both mesocellular foam silica nanoparticles and discoid silica
nanoparticles have higher echogenicity than Stcber silica nanoparticles (Fig. 2.5). The
echogenicity of the mesocellular foam silica nanoparticles was 100%, 117%, 152%, and
118% higher than that of the Stcher silica nanoparticles; the echogenicity of the discoid
silica nanoparticles was 46%, 51%, 91%, and 61% higher than that of Stcber silica
nanoparticles. This indicated that the effective backscattering interfaces played a more
important role in improving the echogenicity than impedance mismatch.

Therefore, the echogenicity of silica nanoparticles could be increased by
introducing irregular external surfaces, double convex/concave external surface,

disordered non-penetrating 2D pore structure, and/or disordered 3D pore structures that

create multiple concave and convex structures to produce backscatter?,

3.3. Biocompatibility and affinity of discoid silica nanoparticles to stem cells

We characterized the labelling and cytotoxicity of the discoid silica nanoparticles
with human mesenchymal stem cells (hMSCs). All silica nanoparticles were incubated
separately with the hMSCs under the same conditions without any transfection treatments.
We evaluated the impact of discoid silica nanoparticles on hMSC metabolism and viability
by MTS, and EthD-I11l assays (Figure 2.7). MTS assay (well-known assays for detecting
the cell metabolism) indicated no decrease on cell metabolism between the cells with no

discoid silica nanoparticles and those up to 1000 pg/ml. For comparison, the other three
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classical silica nanoparticles were also biocompatible at a dosage up to 1 mg/ml (Figure

2.8) similar to the literature!# 242,

1000 500 250 125 63 31 0 POS
[ELS particles] (pg/ml)

Figure 2.7. hMSCs labeling and cytotoxicity of DSN (or ELS). (A) TEM images of DSN-labeled
hMSCs indicated aggregation of DSN inside the cells. DSN located both inside and on the cells.
Arrows indicate the DSN, and Nuc indicates nucleus. (B) Higher magnification TEM image
indicated that the DSN retained the unique curvature after entering the hMSCs. (C) Epifluorescence
microscopy with hMSCs nucleus in blue and DSN fluorescently tagged in green. The majority of
DSN were specifically bound to the hMSCs. (D) Cytotoxicity of DSN to hMSCs was determined
by MTT and EthD-Ill assays. MTT assays indicate no decrease on DSN-labeled cell metabolism.
“POS” indicated positive control of hMSCs with cytotoxic agent. (Data presented as mean with
standard deviations; *represents p < 0.05, unpaired Student’s t-test). Reprinted with permission
from RSC*2.

TEM images show that discoid silica nanoparticles entered the cells and were
contained in endosomes (Figure 2.8, Figure 2.9). High resolution TEM imaging clearly
showed the unique curvature and discoid shape of discoid silica nanoparticles inside the

hMSC (Figure 2.8); most discoid silica nanoparticles were aggregated in the cytosol. Other
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TEM images illustrated clusters on both the cell interior and periphery indicating
endosomal uptake of discoid silica nanoparticles (Figure 2.10). Epifluorescence
microscopy showed that the majority of discoid silica nanoparticles (green via fluorescein
label) were bound to the hMSCs (Figure 2.8) similar to St&ber silica nanoparticles, MCM-

41 mesoporous silica nanospheres, and mesocellular foam silica nanoparticles (Figure

2.11).
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Figure 2.8. Cytotoxicity of SSN, MSN, and MCF. MTS assay indicated SSN, MSN, and MCF
were nontoxic even up to 1 mg/mL. Reprinted with permission from RSC®2.
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Figure 2.9. TEM images of (A) unlabeled hMSCs, (B) SSN-, (C) MSN-, and (D) MCF-labeled
cells indicate all silica nanoparticles can be endocytosed by hMSCs without transfection reagents.
All the cells were incubated under the same conditions except that different types of silica
nanoparticles were used. Nuc stands for the nucleus, and the arrows indicate the silica
nanoparticles. Reprinted with permission from RSC®2,

Figure 2.10. TEM images of DSN-labeled hMSCs indicate the endosomal uptake of the DSN. No
transfection reagents were used. Nuc stands for the nucleus, and the arrows indicate the DSN.
Reprinted with permission from RSC%,
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MSN

MCF

Figure 2.11. Epifluorescence images with hMSCs nucleus in blue and silica nanoparticles
fluorescently tagged in green. The overlay images indicate most of the silica nanoparticles were
specifically bound to the hMSCs. Reprinted with permission from RSC*2.

Next, we gquantified the numbers of silica nanoparticles per vesicle inside hMSCs
observed by TEM. The average discoid silica nanoparticles, Stcber silica nanoparticles,
MCM-41 mesoporous silica nanospheres, and mesocellular foam silica nanoparticles
numbers per vesicle were 285, 6, 4, and 30. For a more global analysis, we measured the
Si content per cell via ICP-OES after the labelled cells were dissolved in concentrated base.
We measured 1.11 ng Si/cell which equals to 4.14 million discoid silica nanoparticles per
discoid silica nanoparticles-labelled hMSC. The Si content per cell for discoid silica
nanoparticles-labelled hMSCs was 2.8-, 22.2-, and 1.5-times higher than that in St&oer
silica nanoparticles-, MCM-41 mesoporous silica nanospheres-, and mesocellular foam

silica nanoparticles-labelled hMSCs, respectively. Also, the particle number per cell in

59



discoid silica nanoparticles-labelled hMSCs was 6.3-, 21.8-, and 2.02-times larger than that
in St&ber silica nanoparticles-, MCM-41 mesoporous silica nanospheres-, and mesocellular
foam silica nanoparticles-labelled hMSCs, which were 0.66, 0.19, and 2.05 million
nanoparticles/cell, respectively (The calculations for nanoparticles/cell were based on the
ICP-OES and NTA data). We rationalize that these differences were due to the differences
in surface charge. Zeta-potentials of discoid silica nanoparticles, St&ber silica
nanoparticles, MCM-41 mesoporous silica nanospheres, and mesocellular foam silica
nanoparticles were +30.0 mV, -38.7 mV, -32.0 mV, and -23.1 mV, respectively. The
unique positive charge on a silica particle seen here via the novel TSPA chemistry is what

facilitates this increased cell labelling.

3.4. Discoid silica nanoparticles increasing ultrasound contrast of stem cells

The echogenicity of discoid silica nanoparticles-labelled hMSCs was increased
versus unlabelled cells and cells labelled with other silica nanoparticles. After the hMSCs
were incubated with nanoparticles for four hours at 250 pg/ml, an agarose phantom with
the same cell number was scanned with ultrasound at both 25 and 40 MHz. B-mode
ultrasound image of discoid silica nanoparticles-labelled hMSCs was much brighter than
unlabelled hMSCs with the same cell number with both frequencies (Figure 2.12). We
then analyzed the mean gray value of these ultrasound images using five different FOVs
for each sample with ImageJ software®®®. The discoid silica nanoparticles increased the
echogenicity of hMSCs by 3.63-fold. While all four silica nanoparticles increased the
echogenicity of hMSCs (Figure 2.12), the discoid silica nanoparticles increased it the most.
Moreover, the echogenicity improvement was related to the nanoparticles

endocytosed/bound by cells (Figure 2.12).
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Figure 2.12. DSN significantly increased the echogenicity of hMSCs. Cells were incubated with
different types of silica nanoparticles under identical conditions. The labeled cells with the same
number were then scanned with ultrasound. Both ultrasound images (A) and ultrasound intensity
analysis (B) show that DSN increase the echogenicity of hMSCs. The signal of DSN labeled cells
was 3.63-fold of unlabeled cells. Other silica nanoparticles including SSN, MSN, and MCF also
increased the echogenicity of hMSCs but not as strong as the DSN. The differences in ultrasound
signals between DSN- and MCF-labeled cells were significant. (C) The ultrasound signals (40
MHz) of cells were positively related to the nanoparticles endocytosed by or bound to the hMSCs.
The average nanoparticles/cell was determined by ICP-OES after the cells were incubated in
different nanoparticles with the incubation conditions. Reprinted with permission from RSC?2,

We then modified the Stcher silica nanoparticles, MCM-41 mesoporous silica
nanospheres, and mesocellular foam silica nanoparticles with the APTES, incubated these
modified nanoparticles with hMSCs, and then compared the hMSC ultrasound signal to
the cells labelled with unmodified nanoparticles. APTES-modified mesocellular foam
silica nanoparticles remarkably increased the ultrasound signal of hMSCs than unmodified

mesocellular foam silica nanoparticles; APTES-modified MCM-41 mesoporous silica

61



nanospheres slightly increased the ultrasound signal of hMSCs than unmodified MCM-41
mesoporous silica nanospheres; while APTES-modified St&ber silica nanoparticles did not
increase the ultrasound signal of hMSCs compared to the unmodified Stéher silica
nanoparticles. This result may be because of the difference in zeta potential after
modification. We checked the zeta potential of the modified and unmodified St&ber silica
nanoparticles, MCM-41 mesoporous silica nanospheres, and mesocellular foam silica
nanoparticles. The APTES-modification increased the zeta potential of mesocellular foam
silica nanoparticles to +21.2 mV, that of MCM-41 mesoporous silica nanospheres to + 10.6
mV, and that of Stéber silica nanoparticles to only +3.65. According to the literature8,
silica nanoparticles uptake by hMSCs can be regulated by a threshold of positive surface
charge. Moreover, even compared to the APTES-modified nanoparticles, the discoid silica
nanoparticles still had the highest ultrasound signal (Figure 2.13). These results indicate
that the high ultrasound contrast of discoid silica nanoparticles labelled hMSCs derived

from both the high ultrasound signal and high cells uptake of the discoid silica

nanoparticles.
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Figure 2.13. Ultrasound signal of unlabeled hMSCs (CTRL) and hMSCs labeled with SSN, MSN,
MCF, DSN, amine modified SSN (SSN+), amine modified MSN (MSN+), and amine modified
MCF (MCF+). The modification increased the cell labeling efficiency of MCF significantly and
that of MSN slightly, while the same modification does not increase the cell labelling efficiency of
SSN. However, the DSN still have the highest cell labelling efficiency even compared to the
APTES-modified nanoparticles. Reprinted with permission from RSC%,
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The discoid silica nanoparticles also increased the in vivo echogenicity and
ultrasound sensitivity of hMSCs. The discoid silica nanoparticles-labelled hMSCs were
subcutaneously injected with a matrigel carrier into nude mice. PBS and unlabelled cells
were also injected as controls. In vivo ultrasound images demonstrated significant increase
of echogenicity of transplanted discoid silica nanoparticles-labelled stem cells compared
to unlabelled cells (Figure 2.14). Discoid silica nanoparticles increased the in vivo
echogenicity of hMSCs 3.3-fold times with 200,00 cells (Figure 2.14). Therefore, the
discoid silica nanoparticles increased the sensitivity of stem cells via ultrasound. The
theoretical limit of detection (LOD) of discoid silica nanoparticles labelled hMSCs was

475 cells—nearly 50-fold higher than the LOD of unlabelled cells.
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Figure 2.14. In vivo ultrasound images and quantification of cells echogenicity. In vivo ultrasound
images of (A) PBS, (B) 1 million DSN-labeled hMSCs, (C) 0.2 million unlabeled hMSCs, and (D)
0.2 million DSN-labeled hMSCs. (E) Quantification of In vivo echogenicity of hMSCs shows
ultrasound signal of both unlabeled and DSN-labeled cells were cell number dependent. Bars stands
for standard deviation. The LOD of DSN labeled and unlabeled hMSCs was 475 and 21,364 cells

respectively. Reprinted with permission from RSC%,

4. Conclusions
In summary, discoid silica nanoparticles increased both the in vitro and in vivo
echogenicity of stem cells via strengthened particle echogenicity as well as improved cell
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labelling efficiency. The incorporation of TSPA—an elastic silica source containing an
amine group—to the discoid silica nanoparticles not only provide the exosome-like shape
but also increases the zeta-potential, which increases the cell uptake. The unique curvature
and discoid shape provide more effective ultrasound backscattering interfaces to enhance
the ultrasound contrast of individual discoid silica nanoparticles nanoparticle. This novel
discoid silica nanoparticles nanoparticle increases the cell contrast and enables real-time
cell tracking/imaging by affordable ultrasound. Noticeably, for stem cell treatment,
injected cells tend to die because of hostile environment?® 27, As mesoporous silica
nanoparticles have been demonstrated to load and control release various drugs?®* 278 27,
the discoid silica nanoparticles could also be loaded with prosurvival reagents?%-282 to
increase the cell viability. In addition, these discoid silica nanoparticles are easily
chemically modified. While we labelled them with fluorescein here, they could also be

coated with a radionuclide or a gadolinium ion for multimodal imaging.
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Chapter 3.

Biocompatibility of silicon carbide nanomaterials and their application
in stem cell long-term imaging/tracking via photoacoustic and

photoluminescence imaging
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Chapter 3.1 Cellular toxicity of silicon carbide nanomaterials as a function of

morphology
1. Introduction

Silicon carbide (SiC) is temperature tolerant, radiation resistant, and chemically
inert?®® 284 SiC is a wide bandgap semiconductor with high breakdown electric field

285 Due to

strength, high saturated electrons’ drift velocity and a high thermal conductivity
these unique electrical properties, SiC has become a promising bio-sensor for a variety of
medical applications?®28 including glucose sensing®®®, DNA detection®®, and neural
probing®!. SiC is also used to coat medical devices and implants due to its excellent
strength, small density (in comparison with metals), stability, and chemical inertness?®2,

SiC nanomaterials also have highly strong and stable luminescence®®® 2%, Versus
organic dyes and fluorescent proteins, SiC nanomaterials have a higher quantum vyield,
lower photobleaching, and more stable fluorescence. Cubic symmetric SiC (3C-SiC)
nanoparticles have intense photoluminescence in the visible spectral range in aqueous
solutions®®. These SiC nanoparticles maintain their uniform dispersity and luminescent
properties in aqueous solutions after storage in air for over 7 months®®. SiC nanowires
with an oxidized layer have recently shown markedly enhanced optical emission from
organic photosensitizers resulting in efficient energy transfer?®. SiC nanomaterials are also
more biocompatible than quantum dots because SiC does not release heavy metal ions to
the surrounding biological environment?®’.

The strong luminescence and nano-scale size make SiC nanomaterials great

candidates for labeling and tracking live cells®® 28 2% Botsoa et al. demonstrated that 3C-

SiC nanoparticles can enter 3T3-L1 fibroblasts with no toxicity after one week of
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incubation?®. The photoluminescence of 3C-SiC nanoparticles enables cell-tracking using
fluorescence imaging. SiC nanowires (SICNWSs) can also enter epithelial cells, breast
cancer cells, and normal human dermal fibroblasts?®*. These studies highlight the
significant potential of SiC nanoparticles (SICNPs)?%® and SICNWSs?%® 3% including a role
in cell tracking to understand the fate of stem cells and to improve the efficacy of stem cell
therapy®.

However, it is critical to understand the cytotoxicity of nanomaterials, including
SiC, before using them for cell tracking. Previous work showed that macrophages,
fibroblasts, and osteoblast-like cells have a dose-dependent toxicity response to both alpha-
and 3C-SiC with no measurable toxicity below 0.1 mg/mL3%%, Cacchioli et al. proved the
cytocompatibility of the SICNWs to epithelial cells, breast cancer cells, and normal human
dermal fibroblasts by analyzing cell proliferation, cell cycle progression, and oxidative
stress?®. However, Mzyk et al. showed that SiC nanoparticles prepared by plasma
activated chemical vapor deposition were toxic to mouse fibroblasts®®.

These controversies have limited the translation and development of SiC
nanomaterials for medical applications. Such controversies arise from the complexity of
factors that affect the cytotoxicity of nanomaterials. Unlike nanoparticles that are
intrinsically toxic because they contain and release heavy metal ions®®> 304 SiC
nanomaterials could have great biocompatibility because they contain low amounts of toxic
elements—silicon, carbon, and oxygen (due to surface oxidation). However, the
cytotoxicity of nanomaterials also depends on dosage, morphology, structure, and surface

properties!t6: 119 284,305 hegjdes their elemental compositions®®.

For example, Napierska et al. found that the cytotoxicity of monodisperse silica
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nanoparticles in human endothelial cells are size-dependent: The smaller silica
nanoparticles showed higher cytotoxicity than larger particles!’. The shape of
nanomaterials is another factor that affects their cytotoxicity. Silver nanowires have a
significant antimicrobial activity but low cytotoxicity to human cells versus silver
nanoparticles®”’. Crystallinity also affects cytotoxicity. Zhang et al. found that crystalline
silica particles induced apoptosis and generated toxic reactive oxygen species (ROS) while

119 The same group also found

amorphous silica nanoparticles are generally biocompatible
that the toxicity of amorphous silica nanoparticles depends on the concentration of
hydroxyl groups on their surface and the potential to generate ROS*?°,

Although there have been previous studies on the cytotoxicity of SiC-based
nanomaterials®*, there are very few reports with human mesenchymal stem cells (hMSCs).
Mesenchymal stem cells (MSCs) have a great capacity for self-renewal while maintaining
their multipotency, therefore, MSCs have been widely investigated as regenerative
medicine. To understand the toxicity of nanomaterials to hMSC is important to develop
nanomaterials for hMSCs tracking as well as to understand the complex toxicity of
nanomaterials before in vivo applications. We present here a careful study on the
differences in cytotoxicity between SICNWs and SiCNPs to hMSCs in vitro. Our study
focuses on the cytocompatibility of different shapes of SiC nanomaterials and how that
affects the metabolism, viability, adhesion, proliferation, migration, oxidative stress, and

differentiation ability of hMSCs. We also compared the cytotoxicity of SICNWSs to hMSCs

and a breast cancer cell line.
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2. Methods

2.1. SiC nanomaterials synthesis and characterization

The SiC nanowires (SICNWSs) were synthesized in a polymer pyrolysis chemical
vapor deposition (PPCVD) route similar to our previous report?®®. The polymethylsilane
(PMS) used in this work was provided by the National University of Defense Technology
(Changsha, China) 3%, Briefly, 4.0 g PMS was mixed well with 5.0 g activated carbon fine
powder (100 mesh, with a BET surface area of 390 m?/g) in a ceramic boat (30 mm %60
mm) to make a slurry, followed by pushing the slurry into the center of a tubular corundum
furnace (® 41 mm, 1200 mm in length). A cleaned graphite substrate (30 mm <50 mm)
was placed at downstream of the slurry. The furnace was heated to 1300°C at 10°C/min
with ultra-high-purity argon atmosphere at 5mL/min. The samples were maintained under
these conditions for 3 h, and then allowed to cool to room temperature naturally. Finally, a
large amount of a cotton-like nanowires was found covering the graphite substrate. We
collected the nanowires and then grinded them in a ball mill for 0.5h. The SiC nanoparticles
were purchased from US Research Nanomaterials, Inc (#US2161 and #US2022). Both SiC
nanoparticles and nanowires were sterilized by heating to 600°C for 2 hours before cell
labeling. SEM images of SiC nanomaterials were taken using an FEI Quanta FEG 250
SEM at an accelerating voltage of 5 kV (Zeiss, Germany). EDX spectra were performed at
an accelerating voltage of 20 KV. TEM images were performed on a JEOL 1200 EX Il

with a Gatan Orius 600 camera.

2.2. Cell culture and labeling
The hMSCs were purchased from Lonza and were used between passage 2 and 10.
The growth media were also purchased from Lonza. The seeding density is around 5,000
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cells/cm? unless specified. Cells were passaged when they reached about 90% confluence
with TrypLE Express (Life Technologies) with about 5-8 days between each passage.
Labeling with SiC nanoparticles or nanowires was performed without any exogenous
transfection agents. The SiC nanomaterials were added to media and allowed to incubate
for 4 hours. The adherent cells were washed three times with excessive PBS before

detachment or other treatment.

2.3. SEM and EDX sample preparation

Cells were cultured in 6-well plate until 80% confluence and then incubated with 1
ml of 50 pg/mL SiC nanoparticles or nanowires for 4 hours. Cells without any
nanomaterials were used as control. After 4 hours, cells were washed with sterilized PBS
thrice, detached, isolated from the media, and then resuspended and kept in 500 L 0.1%
glutaraldehyde in PBS for 30 minutes. We then centrifuged and resuspend the cells in PBS.
Drops of cells were added onto sterile plastic slides. The cells were immersed in 0.1%
glutaraldehyde again for 60 minutes right after the drops were dried in the air. We then
transferred the plastic slides carefully to 0.5% glutaraldehyde and left them in the solution
for 1h. After that, the cells were dehydrated through a series of alcohols and
hexamethyldisilazane (Sigma Aldrich) then critical point dried with liquid CO2 (Tousimis
AutoSamdri 815A, USA). Samples were then sputter coated with an iridium layer using a
coating device (Emitech K575X Sputter Coater). SEM images were taken using an FEI
Quanta FEG 250 SEM at an accelerating voltage of 5 kV (Zeiss, Germany). EDX spectra

and mapping were performed at an accelerating voltage of 20 KV.

2.4. Differentiation experiments
Low passage number (< 6)) MSCs were used for differentiation experiments and
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done at least in duplicate. Cells were plated and incubated as described above. Stained cells
were imaged with a bright field microscopy (Keyence BZ-9000, Germany).

For osteogenic inducted differentiation, standard media was replaced with
osteogenic media (hMSC Osteogenic BulletKit, Lonza PT-3002) after the cells were
labeled with SiC nanomaterials. Standard media was used for non-induced cells. The media
for both induced and non-induced cells was changed every 2-3 days. Once week after the
non-induced unlabeled cells reached 100% confluence, all cells were fixed with 70%
ethanol on ice for one hour and then stained with freshly made 2% Alizarin Red in water
for 7 minutes followed by water washes until no excess stain was removed. Dissolving the
colored complex in 10% acetic acid and measuring the optical density at 402 nm
quantitated the degree of osteogenesis.

For the adipogenic protocol, standard media was replaced with adipogenic
induction media (hMSC Adipogenic BulletKit, Lonza PT-3004) after the cells were labeled
with SiC nanomaterials. The cells were then incubated in maintenance media and induction
media for 2-3 days alternatively. Once week after the non-induced unlabeled cells reached
100% confluence, all cells were fixed in 10% formalin for 45 minutes and washed with
water then 60% isopropanol. Oil red O (Sigma Aldrich) was used to stain the adipogenic
cells. The stain solution is freshly made by adding 18 mL water to 27 mL of 3 mg/mL Oil
Red O in isopropanol followed by filtration after 10 minutes. The cells were allowed to

stain for 5 minutes and then washed with water.

2.5. Cell metabolism, viability, and oxidative stress
Cell metabolism was studied after labeling hMSCs with SiC nanomaterials using

CellTiter 96® AQueous One Solution cell proliferation assay (MTS, Promega). After co-
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incubated with SiC nanomaterials for 4 hours, 20 L of the assay reagent was pipetted into
the samples in 100 L of growth media. This was allowed to incubate under standard
conditions for 4 hours. We then transferred 80 pL of the sample solutions to a new plate
and read the absorbance at 490 nm on a spectrophotometer (SpectraMax M5, Molecular
Devices). Cell viability was studied with calcein AM cell viability assay kit (Biotium).
Labeled cells were incubated with 100 L of the reagent assay (containing 2 M calcein
AM) for around 1 hour and then the fluorescence was read at 517 nm with an excitation at
494 nm on a spectrophotometer (SpectraMax M5, Molecular Devices). Quantitative ROS
measurement was performed by staining cells with 2',7'-dichlorofluorescin diacetate
(DCFDA, Sigma Aldrich) assay. H2O»-treated cells and nontreated cells were routinely
included as positive and negative controls, respectively. The fluorescence intensity was
read at 530 nm with an excitation at 485 nm on a spectrophotometer (SpectraMax M5,

Molecular Devices).

2.6. Cell adhesion, proliferation, and migration

For cell adhesion assessment, we detached unlabeled and SiC-labeled hMSCs and
then seeded them at the same initial density onto plates. Twenty-four hours after seeding,
the non-adherent cells were removed by aspirating the media and washing with PBS.
Attached cells were then harvested, counted, and then quantified as a percentage of the
initial seeding number. For cell proliferation, we repeated these above procedures 1, 3, and
6 days after seeding. The cell numbers on day 3 and 6 were normalized to day 1. For cell
migration ability assessment, cells were labeled in 6-well plate when reached to around
60% confluence. Cells were allowed to grow overnight after remove the free

nanomaterials. Then, a gap among cells were created by scraping cells away with a pipette
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tip. The gap was imaged repeatedly with light microscopy over 3 weeks. Cells inside and

outside the gap on the microscope images were counted with ImageJ.

2.7. Surface marker and cytokine secretion analysis

Cluster of differentiation proteins CD73 (clone: REA804), CD90 (clone: REA897),
and CD105 (clone: 43A4E1) on hMSCs were evaluated by flow cytometry (FACSCanto
2, BD Biosciences). The following fluorophores-conjugated monoclonal antibodies and
corresponding isotypes were used (Miltenyi Biotec): CD73-PE, CD90-FITC, and CD105-
APC. For cytokine secretion analysis, cells were incubated in fresh growth media for 48
hours after labeling. Then the cell media was collected, and cytokines in the media were

analyzed with a human inflammation MAP® v.1.0 profile (Myriad RBM).

2.8. RNA isolation and RT-PCR analysis

The total amount of cellular RNA was extracted from cells in two T25 flasks when
the confluence reached to 90%, using GeneJet RNA Purification Kit (Thermo Scientific,
#K0731). RNA was quantified by using a NanoDrop 2000 (Thermo Scientific). One
microgram of total RNA was reverse transcribed and quantitative PCR was performed.

Samples were normalized to EFla, and the ratio change to unlabeled cells was calculated.

3. Results and discussion

3.1. characterization and surface modification of SIC nanomaterials

We synthesized SICNWSs by polymer pyrolysis chemical vapor deposition®®°. The
SiICNWs were grown on clean graphite. To remove the potential impurities from graphite,
the products were calcined at 600°C in air for 2 hours. The SICNPs were made by chemical

vapor deposition. We also calcined these SICNPs at 600°C in air for 2 hours.
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The SICNPs are 78.8 £18.0 nm (abbreviated as SICNP80, n = 200) and 603.2 +
97.6 nm (abbreviated as SICNP600, n = 179) by TEM, respectively. The width of the
SICNW were 82.3 +£12.4 nm (n=199). Their morphologies and elemental analysis data are
shown in Figure 3.1. The Pt and Ir arise from the coatings used for scanning electron
microscopy (SEM). Elemental analysis showed a small peak for oxygen in the SiC
nanomaterials, which indicates oxidation of the surface of SiC nanomaterials similar to the
literature?4. The oxidized layer can be modified with functional moieties. In this study, all
SICNPs and SiCNWs were modified with (3-aminopropyl) triethoxysilane-conjugated
fluorescein isothiocyanate (FITC); and green fluorescence overlaps with their intrinsic
luminescence (Figure 3.2). This indicates that we can modify the SiC nanomaterials with

targeting molecules for specific cell imaging.
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Figure 3.1. Characterization of SiC nanomaterials. TEM images of SICNW (A) and SiCNP with
an average size of around (B) 80 nm (SiCNP80) and (C) 600 nm (SiCNP600). SEM images of (D,
G) SiICNW and (E, H) SiCNP80 and (F, I) SICNP600. The width of SICNW is around 80 nm. EDX
spectra of (J) SICNW, (K) SiCNP80, and (L) SiCNP600 show the presence of silicon, carbon, and
oxygen. The oxygen in the EDX spectra is due to the oxidation of the SiC nanomaterials surface.
The Pt and Ir stem from the coatings for SEM sample preparation. Reprinted with permission from
Elseviers®.

3.2. Labeling hMSCs with SiC nanomaterials

Next, we used these materials to label stem cells because stem cell labeling with
exogenous contrast agents is a common method to track cells and may improve the efficacy
of stem cell therapy®* 6% 71310 e incubated hMSCs with SICNWSs, SiCNP80, and
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SICNP600 for four hours. The free nanoparticles were washed away with three rounds of
sterile PBS. The SiC nanomaterials showed fluorescent signals in both FITC and Texas
Red channels. We can use this signal to track the location of hMSCs under a fluorescence

microscope (Figure 3.2).

DAPI FITC TEXAS RED OVERLAY

Unlabeled

SiCNP600-labeled SiCNP80-labeled SiCNW-labeled

Figure 3.2. Labeling hMSC with FITC-conjugated SiC nanomaterials. FITC was conjugated onto
the oxidized surface of SiC nanomaterials through silane. Fluorescence of FITC (green) overlaps
with the photoluminescence of SiC nanomaterials (red) approves the SiC surface oxidization and
modification. Blue fluorescence is from hMSC nucleus stained with NucBlue®. All the SiC
nanomaterials can label hMSCs. The scale bars are 50 pm. Reprinted with permission from
Elsevier3®,

Next, untreated cells and all three SiC-treated hMSCs were imaged with SEM and
analyzed with energy dispersive X-ray spectra (EDX) (Figure 3.3). Figure 3.3 A-D show

unlabeled hMSCs as well as those labeled with SICNP80, SICNP600, and SICNWSs. The
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area in the red dotted rectangles is enlarged in Figure 3.3 E-H and provides more details
on the cells’ surface morphology. Non-treated hMSCs are covered by microvilli and small
vesicles similar to other reported SEM images®'t. A Si peak is seen for the SiCNPs- and
SICNWs-labeled hMSCs but not control hMSCs (Figure 3.3 I-L). EDX mapping of cells
also shows that the SiC-labeled hMSCs have Si all over the cells while control cells have
negligible Si signals. (Figure 3.4). The SiC nanomaterials on cell surface have been
removed before sampling, and the Si signal is thus derived from the SiCs that enter the
cells at an accelerating voltage 20 KV. The SiCNWs-labeled hMSCs have a wire-like
structure protruding from the membrane (Figure 3.3H), which could be microvilli for
adhesion or tunneling nanotubes®?. EDX mapping proves that most of these wire-like
structures are SICNWs because they contain silicon as indicated by the green arrows
(Figure 3.4). One wire-like structure is broken into two parts and does not contain silicon

(red arrow), and it is very likely to be a microvillus or tunneling nanotube.
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Figure 3.3. SEM and EDX of hMSCs. SEM images of (A) unlabeled hMSCs, (B) hMSCs labeled
with SICNP80, (C) SiCNP600, and (D) SiCNWs. Images (E-H) are enlarged areas from the
rectangular in (A-D) respectively. EDX spectra of (1) unlabeled hMSCs, (J) hMSCs labeled with
SICNP80, (K) SiCNP600, and (L) SICNWs. Cells labeled with SiC nanomaterials show a Si peak
while the unlabeled hMSCs has no Si peak. Iridium peaks are due to the coatings for SEM sample
preparation. Reprinted with permission from Elsevier®®.
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Figure 3.4. EDX mapping of unlabeled and SiC-labeled hMSC show the presence of Si on the
cells. The background Si on unlabeled hMSC is from hexamethyldisilazane during drying. The red
arrow indicates the microvilli that does not contain silicon, and green arrows indicate the SICNW.
SiCNP80 and SiCNP600 mean SiC nanoparticles with an average size of 80 nm and 600 nm,
respectively. SICNW means SiC nanowires. Reprinted with permission from Elsevier3®,
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3.3. Cytocompatibility of SiC nanomaterials

Knowing that these SiC nanomaterials can enter hMSCs and track the stem cell
location under fluorescence microscopy, we next investigate the impact of SiC
nanomaterials on hMSCs metabolism, viability, oxidative stress, adhesion and
proliferation, migration, and pluripotency.

We found that SICNWs-labeled hMSCs have similar effects on the metabolism,
viability, and oxidative stress as SICNPs-labeled and unlabeled hMSCs. The metabolic
activity was  studied with an  MTS  [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]. SiC nanomaterials up to 400
o/mL did not cause a significant decrease in the cellular metabolism of hMSCs versus
unlabeled cells (Figure 3.5A). The cell viability was also studied with a calcein AM assay.
The results showed no decrease in cell viability for all three SiC nanomaterials from 0 to
400 g/mL after hAMSCs were incubated with the nanomaterials for 4 hours (Figure 3.5B).

The oxidative stress was measured with a 2',7'-dichlorofluorescin diacetate ROS
assay (details are included in the Supporting Information). Cells exposed to 100 pg/mL of
SiC nanomaterials for 4 hours produced low levels of ROS regardless of the morphology
of SiC nanomaterials (Figure 3.5C). All three assays discussed above were performed
within 24 hours after the 4 hours of labeling with SiC nanomaterials. Therefore, we may
conclude that SICNWSs has a similar short-term effect on hMSCs as both SiCNP80 and
SICNP600. The SiC nanomaterials have no acute cytotoxicity to hMSCs within 0 to 400

g/mL. However, that was not the case for long-term viability studies.
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Figure 3.5. Influence of SiC on hMSCs viability, oxidative stress, adhesion, proliferation, and
migration ability. (A) The MTS assay showed no significant decrease in cellular metabolism at any
combinations of materials and concentrations (up to 400 pg/mL) (p > 0.05). (B) A calcein AM cell
viability assay shows no significant decrease in viability at any concentrations from 0-400 ug/mL
(p > 0.05). (C) SiC labeling did not generate intracellular reactive oxygen species. (D) SICNWSs
decreased the adhesion ability of hMSCs by more than 50%. (E) SiCNWSs greatly decreased
proliferation of h(MSCs. (F) Migration assay shows hMSCs can migrate after labeling with SICNWs
and SiCNPs. However, there are much less cells in the scratched area on the seventh day in hMSC
labeled with SICNWs than the other three cells. Scale bar is 500 pm. Dashed black lines are added
to guide the eye. *** represents p < 0.005 compared to hMSC groups, unpaired Student’s t-test.
Standard bars present standard deviations at least four replicates. Reprinted with permission from
Elsevier®,

For adhesion and proliferation assays, hMSCs were exposed to SiC nanomaterials
(0.1 mg/mL) and then detached and re-plated, similar to procedures as stem cell therapy.
Approximate 67%, 56%, 64%, and 31% of unlabeled, SICNP80-, SiCNP600-, and
SiICNW-labeled hMSCs adhered to the flask 24 hours after the seeding (Figure 3.5D). This

indicates that SICNP80 and SiCNP600 decreased the adhesion ability by 17% and 4%,
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respectively, but the SICNW:s decreased the adhesion ability of hMSCs by 54%. Long-term
proliferation studies were performed 3 and 6 days after re-plating. The proliferation rate of
SICNW:-labeled hMSCs on days 3 and 6 relative to day 1 are 98% and 115% respectively.
The SICNWs-labeled hMSCs had a proliferation rate that was 65% and 123% lower than
the unlabeled hMSCs on day 3 and 6, while both SICNP80- and SICNP600-labeled hMSCs
had a proliferation rate that was less than 20% and around 50% lower than the unlabeled
hMSCs on day 3 and 6, respectively (Figure 3.5E).

We also performed a migration assay to evaluate the long-term viability of SiC-
labeled hMSCs. The original cell density for all four groups was approximately 5,000
cells/cm?. Cells were removed with a pipet tip, and the hMSCs were allowed to migrate for
seven days. One week later, the cell density in the scratched area of unlabeled and SiCNPs-
labeled hMSCs were around 5,400 cells/cm? and it was only about 1,800 cells/cm? for
SiICNWs-labeled hMSCs (Figure 3.5F).

These data showed that SICNWs were more toxic to hMSCs than SICNPs at
identical labeling concentrations. To confirm that the toxic effect is not because of
impurities or endotoxins in the SICNWs, we performed a control experiment by checking
the impact of SICNWs on cancer cell lines. Similar to prior reports?®*, SiCNWSs do not
affect the viability, proliferation, and migration ability of cancer cells. Resazurin assay
shows the cell viabilities of SICNW-labeled OV2008 and MCF-7 are over 95% even when
the feeding concentration of SICNWs is up to 0.4 mg/mL (Figure 3.6A). The proliferation
rate of SICNW-labeled MCF-7 is around 97.7%, 96.3%, 99.6%, and 95.6% to that of
unlabeled MCF-7, respectively (Figure B). Unlabeled and SICNWs-labeled MCF-7 were

plated at a density around 100,000 cells/cm? on the first day for migration assay. Three
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days later, the cell density in the scratched area for unlabeled and SICNWs-labeled MCF-
7 increased from 0 to 286,207 and 289,796 cells/cm? respectively (Figure 3.6C).
Additionally, the SICNWSs can label breast cancer cells and track these cells under

fluorescence microscopy (Figure 3.7).
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Figure 3.6. Influence of SiC on Cancer cells. (A) Viability assay shows that the SICNWSs do not
decrease cell viability in both OV2008 and MCF-7 at concentrations up to 400 pg/mL. (B)
Proliferation study shows that SICNW has negligible effect on the proliferation of MCF-7. (C)

Migration assay shows the MCF-7 can migrate after labeled with SICNW. Scale bar presents 200
pm. Reprinted with permission from Elseviers®.
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Unlabeled
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Figure 3.7. Labeling MCF-7 with SiC nanomaterials. Blue fluorescence is from hMSC nucleus
stained with NucBlue®, green is from the GFP on the MCF-7, and the red is from the
photoluminescence of SiC. The scale bars are 100 pm. Reprinted with permission from Elsevier®.

3.4. Effects of SiC nanomaterials on functionality of hMSC

In regenerative medicine, stem cells are often expected to differentiate and replace
cells in damaged tissues®, which makes it critical that nanomaterial labels do not interfere
with hMSC multipotency. Thus, we studied the impact that these SiC nanomaterials had
on hMSC multipotency—we found that the effect is morphology-dependent. The SICNP80
and SICNP600 do not affect the potency of hMSC, while SICNWs prevent hMSCs from
differentiating into osteogenic and adipogenic cell types (Figure 3.8). The hMSCs were
first exposed to SICNPs or SICNWs at 100 jg/mL for 4 hours and then treated with normal
media, osteogenic induction media, or adipogenic induction media. Calcium deposits were
detected by Alizarin Red S staining and fatty lipid vacuoles were stained red by Oil Red O
staining three weeks later. Microscopy images show the presence of SiC nanomaterials in
hMSCs even after three weeks (Figure 3.8). The SICNP600- and SICNP80-labeled cells
differentiated into both osteogenic and adipogenic lineages similar to control (unlabeled)
hMSCs (Figure 3.8). However, cells labeled with SICNWs failed to differentiate into
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osteocytes or adipocytes even after treatment with differentiation induction media (Figure
3.8). We also quantified the degree of osteogenesis by dissolving the color compounds and
measuring optical density. The SICNWs-labeled hMSCs could not be differentiated into

osteogenic lineages (Figure 3.9).
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Figure 3.8. hMSCs pluripotency is retained after labeled with SiCNPs but not SiCNWs.
Photomicrographs were obtained three weeks after labeling with SiC nanomaterials, and these
images clearly showed the presence of SiC nanomaterials in hMSCs even after three weeks. The
first two rows were labeled with Alizarin Red S to detect osteogenic cells; the bottom two rows
were labeled with Oil Red O to detect adiopenic cells. Non-induced cells did not have adipogenesis
or osteogenesis. Unlabeled cells could be induced to either osteocytes or adipocytes. Cells labeled
with SiC nanoparticles could also differentiate, but the SICNWs-labeled cells did not differentiate.
All images have the same magnification and the scale bar in the upper-left image presents 100 pm.
Reprinted with permission from Elsevier3®,
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Figure 3.9. Quantification of the degree of osteogenesis by optical absorbance. (A) Photograph of
osteogenic induced hMSCs are stained with Alizarin red, an indicator for calcific deposition by
cells of an osteogenic lineage. Only SICNW treated hMSCs shows no color change, which indicates
the SICNW prevent the hMSC from differentiating to osteocytes. (B) The red component in the
wells are dissolved in 10% acetic acid, and the absorbance at 402 nm was read. 1-8 correspond to
the wells in (A). Reprinted with permission from Elsevier3®.

3.5. Effects of SiC nanomaterials on phenotypes of hMSC

To understand the mechanism by which SICNWs dysregulate hMSCs, we studied
the phenotypes, cytokine secretion, and gene expression levels of SICNWs-labeled hMSCs
versus unlabeled and SiCNPs-labeled hMSCs. Surface marker proteins (or cluster of
differentiation) of hMSCs—CD73, CD90, and CD105—were analyzed with flow
cytometry (Figure 3.10A). Around 67.9%, 52.7%, and 62.5% of SICNWs-labeled hMSCs
remained positive for the CD73, CD90, and CD105 respectively, while over 96% of
SICNP80- and SiCNP600-labeled hMSCs retained these three markers. It is well-accepted
that hMSCs should be CD73, CD90, and CD105 positive®:3315, The CD105 antigen, also
known as endoglin, serves as a receptor for the growth and differentiation factors
Transforming growth factor beta 1 (TGF-p1) and 3 (TGF-B3)%6. CD73 is a membrane-
bound enzyme that catalyzes the conversion of adenosine monophosphate to bioactive

adenosine at neutral pH3'’. CD90 is an activation-associated cell adhesion molecule38, The
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SICNWs-labeled hMSCs have similar morphology to neurons under microscope (Figure
3.11). In conclusion, the SICNWs decreased immunophenotype of hMSCs as well as

stemness, while SICNP80 and SiCNP600 have less impact.
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Figure 3.10. Molecular changes of hMSC labeled with SiC nanomaterials. (A) Phenotypes on the
surface of SiC-labeled hMSCs. Less SiCNWSs-labeled hMSCs remained positive for the CD73,
CD90, and CD105 when compared to SICNP80- and SiCNP600-labeled hMSCs. Unlabeled cells
were used as a control and treated with the same antibodies. 1gG conjugated with FITC, PE, and
APC were used as isotypes. (B) Cytokines secreted by hMSC after labeled with different SiC
nanomaterials. SICNWs-labeled hMSCs secreted 7.2 and 7.8 times more of MCP-1 and IL-8 than
unlabeled hMSCs, and they secreted MMP-3 and C3 less than half of unlabeled cells. MCP-1 and
IL-8 are pro-inflammatory cytokines. C3 is important to activate the complement system and
MMPs play an important role in promoting the differentiation, angiogenesis, proliferation, and
migration of hMSCs. SICNWSs have more impact on MCP-1, IL-8, MMP-3, and C3 secretion than
SiCNPs600, which may cause the differences in cytotoxicity to hMSCs between the SICNW and
SiCNPs. Reprinted with permission from Elsevier3®.
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Figure 3.11. Bright field image of SICNW-labeled hMSC. Red arrows indicate SICNWs that are
along with cell antennas. Scale bars are 100 pm. Reprinted with permission from Elsevier3®.

3.6. Effects of SiC nanomaterials on genes expression of AMSC

We next investigated the gene expression levels in SICNWs- and SiCNP600-
labeled and unlabeled hMSCs via real-time polymerase chain reaction (RT-PCR). The
genes of interest included: 1) senescence-associated genes: cyclin-dependent kinase

inhibitors CDKN1A (P21), CDKN2A (p16) and CDKN2B (p15), P53. 2) proliferation-
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related genes: cyclin-dependent kinase 4 (CDK4), MKi67, and CDKL1. 3) adipose-specific
genes: lipoprotein lipase (LPL), peroxisome proliferator-activator receptor-gamma?2
(PPARG). 4) bone-specific genes: alkaline phosphatase (ALP), bone sialoprotein (BSP). 5)
cartilage-specific genes: aggrecan (AGN), and collagen type Il alpha 1 (COL2A)3!9-321,
The housekeeping gene elongation factor-1o (EF1a) monitored RNA loading. The fold
changes of gene expression in SICNWs-labeled hMSCs versus unlabeled cells for all
studied genes are within 200%, and the changes are similar to SICNP600-labeled hMSCs
(Figure 3.12). Therefore, the cytotoxicity of SICNWs to hMSCs is unlikely due to the

changes of gene expression in hMSCs.
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Figure 3.12. Molecular changes of hMSC labeled with SiC nanomaterials. Representative gene
expression of all the SiC-labeled cells were within one-fold of unlabeled hMSC. Error bars presents
standard errors of 3 replicates. Reprinted with permission from Elsevier®,

3.7. Effects of SiC nanomaterials on cytokine secretion of hMSC
We evaluated cytokine secretion from unlabeled and labeled hMSCs because the

cytokines can explain nanoparticle immunotoxicity'?2. Secretome analysis of SiCW- and
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SICNP600-labeled and unlabeled hMSCs showed that 23 of the 46 analyzed proteins were
detectable in cell culture media. Cytokine concentrations from the SICNWs-labeled cells
were within one-fold (50%-200%) of unlabeled hMSC except for complement protein 3
(C3), matrix metalloproteinase-3 (MMP-3), monocyte chemotactic protein 1 (MCP-1), and
interleukin-8 (IL-8) (Figure 3.10B). SICNWs-labeled hMSCs secreted 7.2 and 7.8 times
more of MCP-1 and IL-8 than unlabeled hMSCs. In comparison, the SICNP600-labeled
hMSCs secreted 1.4 times more MCP-1 and 3.1 times more IL-8 compared to unlabeled
hMSCs.

Both MCP-1 and IL-8 are pro-inflammatory cytokines. MCP-1 is a key chemokine
that regulates migration and infiltration of monocytes/macrophages®??, and IL-8 is a
chemokine that plays a key role in the activation of neutrophils and their recruitment to the
site of inflammation'??. Gerszten et. al. found that both MCP-a and IL-8 can trigger the
adhesion of monocytes onto monolayers®?. SICNWs-labeled hMSCs increased secretion
of IL-8 and MCP-1 likely to improve the cells adhesion and migration ability undermined
by SICNWs as shown by the adhesion and migration studies'?2. These increased IL-8 and
MCP-1 levels might prevent hMSCs from differentiating because IL-8 and MCP-1 could
inhibit adipocyte differentiation32*,

SiCNWs-labeled hMSCs secreted MMP-3 and C3 levels less than half that of
unlabeled hMSCs (Figure 3.10B). C3 plays a central role in the activation of the
complement system, and C3 deficiency causes susceptibility to bacterial infection3? 326,
MMPs play an important role in promoting the differentiation, angiogenesis, proliferation,
and migration of hMSCs®?’. Specifically, MMP-3 is responsible for remodeling the

extracellular matrix, which is necessary for wound repair, organismal growth and
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development, and mediation of immune response®?®, SICNW:s can be internalized by cells
through direct penetration®®*, and the SEM images of SiCNWs-labeled hMSCs (Figure
3.3D&H, Figure 3.4) also show SiCNWs protruding hMSCs membranes. Moreover,
clusters of SICNWs can penetrate hMSCs membrane and puncture the cell membrane,
which may lead to undesired exchange between hMSCs and the environment (Figure 3.13).
Thus, a deficiency in MMP-3 could hinder wound repair mechanisms. The SiICNP600-
labeled hMSCs had MMP-3 and C3 levels that were 88% and 105% that of unlabeled

hMSCs, respectively.

Figure 3.13. Magnified SEM image of SICNW-labeled hMSC. Red arrow indicates the slot on cell
membrane caused by a cluster of SICNWs. Scale bar is 1 pum. Reprinted with permission from
Elsevier®.
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4. Conclusion

Here, we have provided a comprehensive analysis on the impacts of SiC
nanomaterials to hMSCs in terms of metabolic activity, viability, oxidative stress, adhesion,
proliferation, migration, pluripotency, phenotype, gene expression levels, and cytokine
secretion (all procedures are described in the Supporting Information). Our results indicate
that the cytotoxicity of SiC nanomaterials to hMSCs is shape-dependent—SiCNWs is toxic
to hMSCs but SICNPs (both 80 nm and 600 nm) show no toxicity at the same labeling
concentration.

Therefore, SICNPs have great potential as optical contrast agents for hMSCs
tracking—they have stable and strong luminescence?®* 2°* but also good cytocompatibility
to hMSCs. However, the SICNWs were shown to be toxic to hMSCs 24 hours after labeling.
The SIiCNWs adversely affect hMSCs adhesion, proliferation, migration ability,
multipotency, phenotypes, and cytokine secretion. Importantly, SICNWSs should not be
used with hMSCs because of the negative impact they have on hMSCs ability to
differentiate into the osteogenic and adipocytic lineages®?® 3*°, The toxic effect of SICNWs
to hMSCs may be due to the excessive production of pro-inflammatory cytokines MCP-1

and IL-8 and deficiency in MMP-3 and C3.
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Chapter 3.2 Silicon carbide nanoparticles as a photoacoustic and photoluminescent

dual-imaging contrast agent for long-term cell tracking
1. Introduction

Silicon carbide (SiC) materials are used as dental implants, bone prosthetics,
coronary heart stents, and brain-machine interfaces devices.®** Bulk silicon carbide
materials are biocompatible, durable, resilient, and inert. Thus, they are often used as
coatings for biomedical devices to prevent leakage of ions and/or reduce biofouling.>** The
emergence of silicon carbide nanomaterials two decades ago has resulted in several novel
biomedical applications like cell imaging.?

Silicon carbide quantum dots have been used as photoluminescent probes for cell
imaging. For silicon carbide, the word photoluminescence more accurately describes the
luminescent property than fluorescence due to the delayed emission time.33 Silicon carbide
guantum dots have strong photoluminescence due to their highly improved radiative
recombination rates in such small clusters—only few nanometers. Botsoa et al. reported
using silicon carbide quantum dots with a cubic symmetry crystalline structure (-SiC) to
image living 3T3-L1 fibroblast cells via fluorescence microscopy.?® Fan et al. synthesized
B-SiC quantum dots via electrochemical etching and used these quantum dots to label
human fetal osteoblast cells.®*® Zakharko et al. demonstrated that the silicon carbide
guantum dots could label fibroblast cells and the photoluminescence of these quantum dot-
labeled cells could be greatly enhanced via localized plasmons.3* Beke et al. showed that
silicon carbide quantum dots made by chemical etching could image live neuron cells via

two-photon microscropy.3®®

In addition, sub-micron silicon carbide nanoparticles (SICNPs) could also enter and
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visualize cells via nonlinear photoluminescence signals.33® 3% For example, Rogov et al.
labeled 3T3-L1 fibroblast cells with 3C-SiC nanoparticles larger than 100 nm and then
imaged the labeled cells with nonlinear microscopy.>*® Boksebeld et al. used folate-
modified 3C-SiC nanoparticles with a diameter of 150 nm to label cancer cells via multi-
photon microscope.®¥” The non-centrosymmetric crystalline structure and relatively large
diameter (associated with a large two-photon absorption cross-section) of SiC
nanoparticles provided an intense emission peak. Previously, we demonstrated the ability
of silicon carbide nanoparticles of approximately 80 nm and 600 nm to track human
mesenchymal stem cells (nMSCs) via photoluminescence. 3%

While many studies have shown the utility of silicon carbide nanoparticles for in
vitro cell imaging, there is little evidence that these nanoparticles can be used for in vivo
cell tracking—perhaps because photoluminescence has poor tissue penetration depth.>
This poor penetration of photons limits the use of silicon carbide nanomaterials in cell
therapy applications that require in vivo tracking of transplanted cells. Photoacoustic
imaging is an emerging technique combining the contrast and spectral tuning of optical
imaging and high temporal and spatial resolution of acoustic imaging.®® 3* The improved
penetration depth of photoacoustic imaging over optical and fluorescent imaging gives it
an advantage for in vivo systems.”® Here, we show for the first time that the silicon carbide
nanoparticles generate photoacoustic signals and can track cells in vivo.

In this work, we used silicon carbide nanoparticles to track mesenchymal stem
cells. Mesenchymal stem cells are a promising regenerative medicine but their retention is
poor.* It is important to track long-term the injected cells—including the cell location, cell

numbers, and cell fate.®¥ Silicon carbide nanoparticles have great potential in tracking
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mesenchymal stem cells due to their biocompatibility.3®® Here, we compared the
photoluminescence and photoacoustic intensities of silicon carbide nanoparticles with
three sizes. Then, we used the one with the strongest photoluminescence and photoacoustic
intensities to label and track stem cells. This nanoparticle can image mesenchymal stem cells
in vitro via fluorescence microscopy and, moreover, track stem cells in vivo via
photoacoustic imaging. Both the photoluminescence and photoacoustic signals of this
nanoparticle in mesenchymal stem cells are stable for over 10 days. The
photoluminescence of this silicon carbide nanoparticle in mesenchymal stem cells were

seen even when the cells differentiated to adipocytes and osteocytes.

2. Methods

2.1. Nanoparticle characterization

Silicon carbide nanoparticles of different sizes were purchased from US Research
Nanomaterials Inc. (US2161, US2022, and US2011) and were calcined at 6000C for 2
hours before use as described previously.3%®

Particle sizes were analyzed with TEM images that were taken on a JEOL1400-
Plus with a Gatan Orius 600 camera. High resolution TEM (HRTEM) images were
obtained via a FEI Tecnai F20 operated at 200 kV, and the element mapping was performed
in this electron microscope in STEM mode. STEM images and EDX spectra were taken on
a HD-2000 STEM (Hitachi) and Quantax EDS (Bruker) at an accelerating voltage of 200
kV. X-ray diffraction (XRD) patterns were scanned on a Rigaku Miniflex XRD unit
operating at 40 kV and 40 mA using Cu Ko radiation (A = 1.5418 A) with a 20 step size of

0.02°within 20-80< Zeta potential was measured via a Malvern Zetasizer ZS90.

Absorbance spectra of SICNPs (20 jg/mL) were obtained with a UV-vis microplate
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reader (SpectraMax M5, Molecular Devices). Photoluminescence spectra of SiCNPs
suspended in water (20 ug/mL) were examined with the same UV-vis microplate reader
under the time-resolved fluorescence mode. To maximize the signal intensity, the
integration time was set to 1.5 ms and 100 flashes were recorded per read.
Photoluminescence spectra were also recorded via a customized fiber-coupled
spectrometer (Princeton Instruments). A layer of SiC nanoparticles were added on glass
slide, dried, and then excited by 325 nm or 442 nm UV light (~10 mW) at an angle of ~45°
relative to the sample plane. The emission spectra were collected through a 20x objective
and recorded by the fiber-coupled spectrometer. A 450 nm long pass filter was applied in
front of the spectrometer when the particles were excited by 442 nm light using the same
optical setup laser.

Photoacoustic scans were obtained using a Vevo LAZR from Visualsonics.>*
SICNP samples were resuspended in water at a concentration of 1 mg/mL. Samples were
then loaded into polythene tubing and scanned with an array photoacoustic transducer
(LZ250, Visualsonics, Inc.) operating at 25 MHz center frequency. The photoacoustic
spectra between 680 nm and 970 nm were scanned with a step size of 5 nm. To determine
the limit of detection by photoacoustic imaging, SICNPs were resuspended in water at
different concentrations (100, 50, 25, 10, 5, and 0 ug/mL) and scanned with a wavelength
at 725 nm. The limit of detection was defined as the concentration that had a signal intensity

at 3 standards deviations above the mean.

2.2. Cell culture
Human mesenchymal stem cells (hMSCs, cat #: PT-2501) and cell culture media

(cat #: PT-3001) were purchased from Lonza. Human MSCs from passage 2-10 were used.
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Mouse mesenchymal stem cells (mMMSCs, cat #: MUBMX-01001) were purchased from
Cyagen. Mouse MSCs were used between passages 8-12 and were cultured with
Dulbecco’s Modified Eagle Medium (DMEM) from Gibco supplemented with 10% fetal
bovine serum (Sigma) and 1% antibiotic-antimycotic (Thermo Fisher Scientific). Cell
media was replaced every 2-3 days. Cells were grown to 80-90% confluency. For passage
and usage, cells were detached with 0.25% Typsin-EDTA (Gibco), then centrifuged at
1,000 rpm for 5 minutes, resuspended, and counted by hemocytometer.

For labeling condition studies, hMSCs were plated into a 6-well plate and grown
until fully confluent. Then, 2 mL of SICNPs suspensions in cell media at concentrations of
0, 50, 100, and 200 pg/mL were added to each well separately. After a specific incubation
time (1, 4, or 8 hours), cells were washed with PBS thrice to remove free nanoparticles and
then collected. The cell labeling capacity was then quantified by thermogravimetric
analysis (TGA) and photoacoustic imaging independently. TGA experiments were
performed with approximately 400,000 cells resuspended in 20 L of Millipore water using
a Perkin-Elmer STA 6000 Simultaneous Thermal Analyzer. The labeled cells were heated

from 25 to 600°C at a heating speed of 10°C/min and then held at 600°C for 2 hours.

SICNPs were also analyzed by TGA as a positive control. For photoacoustic imaging,
labeled cells were dispersed in a 1:1 warm mixture of PBS: agarose (1%), added in to
polyethene tubes, cooled, and then scanned.

The cytotoxicity of SICNP620 to mesenchymal stem cells was studied by plating
cells into a 96-well plate at a density of 5,000 cells/well. Cells were incubated with
SICNP620 suspensions at different particle concentrations—400, 200, 100, 50, 25, and 0

pug/mL. Positive controls included 400 pg/mL SiCNP600 and media only. Eight replicates
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were tested. After 48 hours, an 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) (Promega) assay was performed by adding 100
uL of a 1:10 v/v MTS:media solution to each well. The cells with MTS reagent were
incubated for four hours. Next, to avoid any interferences of nanoparticles on the
absorbance, 70 uL of supernatants from each well were transferred to a new plate, and the
absorbance was read at a wavelength of 490 nm.

The effect of SICNP620 on the proliferation of mesenchymal stem cells was also
studied. Cells were plated in a 96-well plate at a density of 3,000 cells/well and then
incubated with SICNP620 suspensions at different particle concentrations—400, 200, 100,
50, 25, and 0 pg/mL for different durations—1, 2, 3, and 4 days. Positive controls included
200 pg/mL SiCNP600 and media only. Eight replicates were tested for each concentration
and duration. At each time point, a Resazurin (Sigma-Aldrich) assay was performed by
adding 100 puL of a 1:10 v/v Resazurin:media solution to each well, followed by incubation
for 4 hours. We then transferred 70 pL of the supernatant from each well to clean wells and

read the fluorescence at an excitation of 550 nm and emission of 585 nm.

2.3. In vitro photoluminescence imaging of cells

Photoluminescence imaging was conducted via EVOS fluorescence microscope
with a Texas Red channel, which corresponds most closely to the emission wavelength of
SiC. SICNP620-labeled (50 pg/mL of SICNP620, incubated 4 hours) and unlabeled cells
were plated separately in a 6-well plate. Cell morphology was then recorded with
photoluminescence imaging on different days for three weeks. Cells plated in other wells
were treated with adipogenic or osteogenic induction media for three weeks. The

morphology changes were recorded with bright field and photoluminescence imaging.
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2.4. In vivo cell tracking by photoacoustic imaging

All animal studies were carried out in accordance with the regulations set by the
Institutional Animal Care and Use Committee (IACUC) of the University of California,
San Diego. Unlabeled mMSCs and SiCNP620-labeled mMSCs were detached, counted,
resuspended in PBS, and kept in ice. Subcutaneous injections were performed by mixing
the cell solution and cold Matrigel (Corning) ata 1:1 v/v ratio. Then, 100 puL of the mixture
was injected subcutaneously into the mouse and immediately scanned with a photoacoustic
transducer (LZ250, Visualsonics, Inc.) operating at 25 MHz center frequency. The

photoacoustic scans were also performed 3, 7, and 14 days after the injections.
3. Results and discussion

Silicon carbide nanoparticles with three different sizes were synthesized via plasma
chemical vapor deposition by US Research Nanomaterials, Inc (US2011, US2022, and

US2161). The average size of these nanoparticles was 33412 nm, 78 =16 nm, and 624

94 nm based on their TEM images (Figure 3.14 a-d), which were subsequently labeled as
SICNP30, SiCNP80, and SICNP620. Additionally, SICNP30 and SiCNP80 are more
circular than SICNP620: the circularity of SICNP30, SICNP80, and SICNP620 were 0.90
+0.03, 0.89 £0.13, and 0.61 +=0.09. All three SICNPs were negatively charged in water,
where the pH lies above the isoelectric point of 3C-SiC.3*° The zeta potentials of the
nanoparticles from smallest to largest were -19.0, -25.3, and -30.7 mV. According to Chung
et al., the differences in zeta potential of these SICNPs would have insignificant effects on

their cell uptake.?®®

101



200 nm
d g 40 B SiCNP30
= 30 =SiCNP80
§ 20 @ SiCNP620
3 10
(3]
)

120
430
460 T
490 F

h 111
l 200 220 311
N - A A —SiCNP30
Jh———-ni A e —SiCNP80
. Y A A sicNP620
20 40 60 80
20 (Degree)

Figure 3.14. TEM images of SiCNPs with average sizes of (a) 30 nm, (b) 80 nm, and (c)
620 nm. The circularity of SICNP30, SICNP80, and SiCNP620 were 0.90 + 0.03, 0.89 +
0.13, and 0.61 + 0.09. (d) TEM size distributions of SiCNPs. High resolution TEM images
and fast Fourier transformation patterns of (e¢) SICNP30, (f) SICNP80, and (g) SiCNP620
show a typical diffraction pattern of a cubic crystal structure along the [110] zone axis. The
measured lattice spacing of the (111) plane for the three types of silicon carbide particles
are 2.54A, 2.58A and 2.57A, respectively. (h) X-ray diffraction spectra of all SICNPs show
peaks around 26 of 35.77°, 41.54°, 60.2°, and 72.04°, which corresponds to the SiIC(111),
SiC(200), SiC(220), and SiC(311) peaks of cubic 3C-SiC (powder diffraction file card 96-
901-8857).
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We characterized the crystal structure of these nanoparticles in more detail to
confirm that these particles have similar crystalline structure. The fast Fourier transform
patterns in the high resolution TEM images are typical diffraction patterns for a cubic
crystal structure along the [110] zone axis. The measured lattice spacing of the (111) plane
for the three nanoparticles are 2.54A, 2.58A and 2.57A, respectively (Figure 3.14 e-g).
Those measured spacings are close to the standard values of powder diffraction file card
96-900-8857. X-ray diffraction spectra of all SICNPs show peaks around 20 35.77< 41.54<
60.2< 72.04< and 75.79< which corresponds to the SiC(111), SiC(200), SiC(220),
SiC(311), and SiC(222) peaks of cubic 3C-SiC (PDF 96-901-8857) (Figure 3.14h). 3C-
SiC, or PB-sic polytype, iS the most thermodynamically stable polytype and has the lowest
thermal conductivity.>*! The other peaks match with SiO2 peaks (powder diffraction file
card 96-412-4080, 96-900-0779, 96-901-4487) and are likely due to the glass sample
holder.

After confirming the crystal structure of these particles, we investigated the effect
of size on light absorption and photoluminescence. SICNPs (20 pg/mL) showed size-
dependent light absorption (Figure 3.15a). The absorbance spectra of SICNP30 and
SICNP80 showed that their absorbance decreased with increasing wavelength, which are
similar to the absorbance of 3C-SiC nanocrystals smaller than 10 nm. The sharper decrease
in absorbance of SICNP30 than SICNP80 may indicate more quantum-confinement events
in the smaller SICNPs.33 Remarkably, SICNP620 has a very broad absorbance peak at 560
nm (2.2 eV) corresponding to the bandgap of bulk 3C-SiC. The increased absorbance
intensity of SICNP30 and SiCNP80 in the short wavelength range may be due to the high

contribution of Rayleigh scattering for smaller particles. The scattering effect diminishes
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with increasing wavelength, explaining the gradual decline in absorbance intensity.
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Figure 3.15. Optical properties of all SICNPs. (a) Absorbance spectra of SiICNP suspensions. (b)
Excitation spectra (emission 540 nm) and (c) emission spectra at varying excitation wavelengths
of SICNP suspensions. (d) Emission spectra of dry SICNPs using a laser excitation source of 325
nm. The intensities were normalized. Black, red, and blue represent SICNP30, SiCNP80, and
SICNP620, respectively.

The photoluminescence of all SICNPs were examined at varying excitation and
emission conditions. The excitation spectra of 2 mg/mL SiCNPs in water were studied at
emission 540 nm with a UV-vis microplate reader (SpectraMax M5, Molecular Devices).
The excitation peaks of SICNP30, SICNP80, and SiCNP620 were around 280 nm, and the
intensity increased with increasing particle size (Figure 3.15b). The emission spectra of

these SICNPs suspensions were scanned with excitations at 270, 280, 300, and 350 nm
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(Figure 3.15c). SICNP620 showed the highest photoluminescence intensity among all
SiCNPs. The photoluminescence of SICNP620 was approximately 2-fold of SICNP80 and
8-fold of SICNP30 when the excitation wavelength was 280 nm. The emission spectra of
dry SiCNPs were also studied with a 10-mW laser (325 nm). The emission peaks of
SICNP30, SiCNP80, and SiCNP620 were 538 nm (2.3 eV), 568 nm (2.2 nm), and 614 nm
(2.0 eV), respectively (Figure 3.15d), indicating a red-shift of photoluminescence as the
particle size increases.

The photoluminescence mechanisms of silicon carbide nanoparticles is
complicated and remain controversial.>*> The photoluminescence of silicon carbide
nanoparticles can be linear and non-linear. The linear photoluminescence may be produced
by quantum confinement effect in the small features**® or the amorphous fractions of
silicon carbide nanoparticles and the Si-O bonds on the surfaces. This might be one reason
for the stronger photoluminescence of SICNP620 than SICNP30 and SiCNP80, because
SICNP620 showed the lowest circularity—0.6 compared to 0.9 of SICNP 30 and SiCNP80.
Second, the non-linear photoluminescence can be second-harmonic generation or two-
photon excitation fluorescence (photoluminescence is used in this paper because it more
accurately describes the luminescent property than fluorescence due to the delayed
emission time.332),3%6.337 A |arger diameter is favored for the non-linear photoluminescence
because the two-photon absorption cross-section is larger.3¥” This might be another reason
for the strongest photoluminescence of SICNP620 among the three nanoparticles.

Next, we compared the photoacoustic properties of these silicon carbide
nanoparticles. The photoacoustic spectra show that all particles had a broad wavelength

signal at a concentration of 1 mg/mL in water (Figure 3.16a). The nanoparticles were then
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scanned at a fixed wavelength of 725 nm, and SICNP620 had the highest photoacoustic
intensity (Figure 3.16b). The photoacoustic intensity of SICNP30 and SICNP80 were 23%
and 82% of that of SICNP620, respectively (Figure 3.16¢). Hence, we conclude that the
photoacoustic intensity increased with increasing particle size. This is expected because
the absorbance of near-infrared light by SICNP620 was higher than both SICNP30 and
SICNP80 (Figure 3.15a) and particles with a larger cross-section, provided that the
material and light fluence are the same, will have a greater photoacoustic signal.3#4 34
Interestingly, the largest nanoparticle had both the strongest photoluminescence and
photoacoustic intensity. Photoluminescence and photoacoustic intensity are typically
inversely related due to competing radiative and non-radiative decay pathways when the
light absorbance is constant.®*® However, we see here that both photoluminescence and
photoacoustic signal increase with increasing size, which was very likely due to the
increased light absorption by larger particles (Figure 3.15a).

We also studied the relationship between nanoparticle concentration and
photoacoustic signal with the SICNP620 because SiCNP620 showed the highest
photoacoustic signals. The photoacoustic intensity of SICNP620 was linearly dependent
on the particle concentration (Figure 3.16d). The limit of detection of SICNP620 was

measured to be 10 pg/mL.
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Figure 3.16. Photoacoustic properties of SiCNPs. (a) Photoacoustic spectra, (b) photoacoustic
image and (c) corresponding quantification of photoacoustic intensity at 725 nm. (d) Photoacoustic
signal of SICNP620 was linearly dependent on the particle concentration. The limit of detection of
SiICNP620 was found to be 10 ug/mL. Error bars are standard deviations of 5 regions of interests.

Given the strongest photoluminescence and photoacoustic signals of SICNP620
among the three SICNPs, we used SiCNP620 for stem cell imaging and tracking. We first
studied the cytotoxicity of SICNP620 to mouse mesenchymal stem cells at different
concentrations via a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, or MTS, assay (Promega). No significant decrease in cell
viability was found when the SiCNP620 concentration was smaller than 400 pg/mL
(Figure 3.17a). Moreover, the SICNP620-labeled cells showed a similar growth rate

compared to unlabeled cells at labeling concentrations of 50-200 g/mL (Figure 3.17b).
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Figure 3.17. Biocompatibility and labeling conditions of SICNP620 in MSCs. (a) No significant
decrease in cell viability was seen for labeling concentrations smaller than 400 pg/mL. (b) Cells
labeled with SICNP620 at different concentrations showed similar growth rates to that of unlabeled
cells. Error bars are standard deviations of 8 replicates. (¢) A linear relationship is seen between
labeling concentration and photoacoustic signal for four hours of labeling. (d) For a labeling
concentration of 50 ug/mL, a labeling time of four hours was optimal. () Photoacoustic intensity
was linearly dependent on the concentration of SICNP620-labeled cells (50 pg/mL, 4 hours
incubation), and the limit of detection was 37 cells/uL. Error bars are standard deviations of 5
measurements.

Then, we studied the labeling ability of SICNP620 to mouse mesenchymal stem
cells. The overall labeling capacity which is the average number of nanoparticles entered
a cell was evaluated with photoacoustic imaging. The labeling concentration and
incubation time affected the labeling capacity. The photoacoustic signal increases with
increasing labeling concentration (Figure 3.17c¢), and a labeling time of 4 hours was found
to be optimal (Figure 3.17d). Cell labeling capacity was also quantified with

thermogravimetric analysis. At labeling concentrations of 50 pg/mL and 200 pug/mL, the
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cell labeling capacity were 1.87 and 6.88 ng SiCNP/cell, occupying 0.25% and 0.93% of
the cell volume, which was higher than reported for silica nanoparticles.'’* For all future
experiments, stem cells were labeled with a particle concentration of 50 pg/mL unless
otherwise specified. There was a linear relationship between photoacoustic intensity and
the number of SICNP620-labeled cells (50 pg/mL) (Figure 3.17e), and the limit of
detection of these labeled cells was approximately 37 cells/piL.

The SICNP620-labeled mesenchymal stem cells were visible under a fluorescence
microscope using a Texas Red filter cube (the excitation is 585 nm and the emission is 624
nm). Unlabeled cells showed no photoluminescence signal (Figure 3.18). The
photoluminescence of SICNP620 was stable and the labeled stem cells showed strong
photoluminescence signals even 11 days after labeling, suggesting the ability of SICNP620
for long-term imaging and tracking of stem cells. Unlabeled and SiCNP620-labeled
mesenchymal stem cells were treated with adipogenic and osteogenic induction media. The
SICNP620-labeling did not affect stem cell differentiation. Moreover, SICNP620 could
track mesenchymal stem cell-derived adipocytes and osteocytes (Figure 3.18).
Interestingly, for the adipogenic induced cells, the SICNP620 could enter and therefore

track the lipid vesicles as well.
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Figure 3.18. Fluorescence image (top) and its overlay with bright field image (bottom) of
unlabeled and SiCNP620-labeled cells. SICNP620-labeled mesenchymal stem cells are
still visible under fluorescence microscope 11 days after labeling, indicating the long-term
cell imaging ability of SICNP620. In addition, adipocytes and osteocytes differentiated
from SiCNP620-labeled mesenchymal stem cells still show photoluminescence three

weeks after labeling.
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To demonstrate the potential of these particles for in vivo cell tracking, we
subcutaneously injected SICNP620-labeled mouse mesenchymal stem cells into a nude
mouse and scanned the cells with photoacoustic imaging. Figure 3.19a shows the
photoacoustic spectra of injected cells. The photoacoustic intensity from 680 to 730 nm
was decreased compared to the photoacoustic spectra of SICNP620 only (Figure 3.16a),
which may be due to the reduced tissue penetration of shorter wavelengths compared to
the longer wavelengths. As a result, all cell implants were scanned in 3-dimensions at 770
nm. The photoacoustic intensity increased as the labeled cell concentration increased and
then saturated when the cell concentration reached 20,000 cells/pL (Figure 3.19b-c). The
in vivo limit of detection of SICNP620-labeled cells was 7,800 cells/pL. Unlabeled cells
showed no photoacoustic signal even at a high cell concentration. Continuous monitoring
of the cell implants showed that we could still track SICNP620-labeled cells for 14 days

after injection via photoacoustic imaging (Figure 3.19d).
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Figure 3.19. Tracking SiCNP620-labeled mesenchymal stem cells in vivo. (a)
Photoacoustic spectrum of labeled MSCs implanted at varying cell concentrations. Labels
represent injection concentrations in cells/uL. (b) Quantified photoacoustic intensity of
injected SICNP620-labeled cells at a wavelength of 770 nm. Error bars are standard
deviations of 5 ROIs. (¢) Photoacoustic and ultrasound overlay images of the injections.
(d) Long-term tracking of the 20,000 cells/uL implant shows that cells are still visible over
a period of 14 days.

4. Conclusion

Long-term cell tracking is important to understand cell fate post-injection and
provides insight for subsequent treatment. In this paper, we report for the first time that
SiCNPs have intrinsic photoluminescent and photoacoustic signals, which enable SICNPs
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to image cells in vitro and track cells in vivo. The SICNPs were capable of long-term
tracking of stem cells even after differentiation due to stable and strong luminescence.
These nanoparticles showed excellent biocompatibility and labeling capacity for
mesenchymal stem cells. Thus, SICNPs are promising for long-term stem cell imaging and
tracking.

Future work involves understanding the mechanisms of photoacoustic excitation
and optimizing the photoacoustic intensity of SICNPs by surface modification. Coating
with additional silica or etching could potentially change the photoacoustic intensity by
reducing the thermal interfacial resistance between the nanoparticle and surrounding
medium.*%® Ongoing work will be quantifying cells and monitoring the cell fate in vivo
with photoacoustic imaging. The ability of these nanoparticles to track differentiated stem

cells and other cells will also be performed in our next steps.
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Chapter 4.

Adsorption and desorption behaviour of organosilica nanoparticles with

an intrinsic secondary amine: an efficient and reusable carrier for drugs
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1. Introduction

Mesoporous silica nanoparticles are made from surfactant templates and offer high
surface areas'®® 3#’. They can be routinely made on the gram scale and are commercially

available. Mesoporous silica nanoparticles have great potential in drug delivery vehicles'*

264, 219 transfection vectors®*®

, and imaging agents®® 192 349 They also have promising
utility in adsorption due to their high surface area and facile/tunable adsorption-desorption
characteristics via surface coating. Indeed, mesoporous silica nanoparticles have been
modified with amine groups to adsorb anionic molecules®%32 or carboxylate groups to
adsorb cationic molecules®>* %,

However, these surface modification approaches do not take full advantages of the
high surface area of mesoporous silica nanoparticles because the surface functionalization
does not cover the entire nanoparticle surface®®. Moreover, these functionalized amine
groups are unstable®” 38, These two limitations can be overcome by integrating amine
groups directly into the nanoparticle frame3?, and amines are an efficient binding site for
anionic drugs®®. In this paper, we designed and fabricated organosilica nanoparticles
(OSNP) with intrinsic secondary amine groups and then tested their adsorption mechanism
and capabilities using phenol red, methylene blue, rose Bengal, and rhodamine B as model
drugs.

The adsorption studies demonstrated that the neutral OSNP could adsorb either
anionic or cationic molecules by tuning the surface charge of the material via pH. At neutral
pH, the OSNP bound negatively charged molecules selectively from a mixture of positively
and negatively charged molecules. Moreover, the OSNPs have a relatively high adsorption

capacity within several minutes and could be reused at least 10 times without any decrease
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in adsorption capacity. We applied the Langmuir and Freundlich isotherm models and

calculated the pseudo-first-order and pseudo-second-order adsorption kinetic constants.

2. Methods

2.1. Chemicals

Hexadecyltrimethylammonium bromide (CTAB, >99%), ammonium hydroxide
(NH4OH), bis(triethoxysilyl) ethane (BTSE), bis(3-trimethoxysilyl-propyl)amine (TSPA,
90%), dimethylhexadecylamine (DMHA), rhodamine B, sodium chloride, decane, and
hydrochloric acid were purchased from Sigma Aldrich Inc. Phenol red was from Acros
Organics. Methylene blue and rose bengal disodium were purchased from the Fisher
Scientific. Ethanol was purchased from VWR. Methanol was provided by Alfa Aesar.
Millipore water with a resistivity larger than 18.2 MQ-cm was used unless specified

otherwise.

2.2. Organosilica nanoparticles synthesis

The OSNP synthesis used organosilicate precursors. First, we mixed 0.4 mmol
CTAB, 0.085 ml 26% ammonia solution, 0.6 mmol decane, and 0.4 mmol DMHA in 150
ml water. The mixture was sonicated in a water bath at 50°C for 3 hours, emulsified with
an ultrasound probe for 30 minutes, and then stirred at 50°C for 30 minutes. In a separate
tube, the TSPA and BTSE were mixed in ethanol and then sonicated in a water bath for 30
minutes. The OSNP properties were tuned by adjusting the ratio of TSPA to BTSE. The
TSPA percentages were 0, 20, 40, 60, 80, and 100% with a 0.40 mL total volume of TSPA
and BTSE. The silica mixture was then slowly added to the emulsified solution of CTAB.

The final mixture was stirred for an additional 2 hours at 50°C followed by standing
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overnight at 50°C. The mixture was then centrifuged, washed with 1% NaCl in methanol

thrice, washed with ethanol thrice, and resuspended in water.

2.3. Characterization

The OSNP were imaged with a JEOL JEM-1200 EXII transmission electron
microscope (TEM) operating at 120 kV. A JEM-2100F operating at 210 kV was also used
for some samples. The hydrodynamic radius and zeta potential were measured with a
Zetasizer from Malvern via dynamic light scattering (DLS). The N2 adsorption-desorption
isotherms at 77 K were measured on a Micrometitics ASAP 2020 system. FT-IR spectrum
was performed on a Spectrum Two™ spectrometer from PerkinElmer. The nitrogen in the
OSNP was analyzed using a Perkin EImer CHN analyzer. Solid-state 2°Si NMR spectra
were recorded using a Bruker AMX-600 spectrometer. X-ray photoelectron spectroscopy
(XPS) analysis was performed using a Kratos Axis Ultra DLD instrument with
monochromatic Al (Ka) radiation. The data were analyzed using Casa-XPS software, and
two different components were fit to the N 1s signals. The energy difference between these
components was fixed at 1.8 eV®®. An inductively coupled plasma optical emission
spectrometer (ICP-OES, Optima 3000DV, Perkin Elmer) was used to quantify the loss of
OSNP during desorption. The pH was measured with a Milwaukee MW 102 pH/Temp
Meter. All absorbance measurements used a SpectraMax M5 spectrophotometer from

Molecular Devices.

2.4. Adsorption studies

Adsorption was done at pH 7 with 80% TSPA nanoparticles at room temperature
unless otherwise specified. First, 5 mg of OSNP with different compositions, zeta potential,
and surface areas were added separately to 1 mL of 0.5 mg/ml (1.33 mM) phenol red. Upon
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mixing, the tubes were vortexed, reacted overnight, and then the supernatants were
collected after centrifugation.

To study the influence of pH on the adsorption capacity 100 L samples at various
pH 1 to 13 were added to 100 L of 0.5 mg/ml (1.33 mM) phenol red with vortex. These
solutions were then added to 100 pi of Millipore water containing 2 mg of OSNP. This
was allowed to stand for 10 minutes before supernatant collection.

lonic strength was tuned with NaCl. NaCl solutions of different ionic strength were
created and then mixed with 4 mg/ml (10.63 mM) phenol red at a ratio of 2:1. The mixtures
were then added separately to 40 mg/ml OSNP solutions at a ratio of 3:1. The final mixtures
were vortexed, allowed to stand for 30 minutes, and then the supernatant was collected.

To study the effect of dye concentration, phenol red at 0 to 5 mg/ml (13.29 mM)
were prepared, and then 2 mg of OSNP were added to 200 i of each solution. The
mixtures were vortexed, reacted for 30 minutes, and then the supernatant was collected for
absorbance spectroscopy.

We then studied the effect of adsorbent dosage. The 30 L of OSNP aqueous
solutions from 0 to 80 mg/ml were mixed with 240 i of 0.1 mg/ml (0.27 mM) phenol red
and 90 pL of 0.01 M HCI solution. These mixtures were vortexed and reacted for 30
minutes before supernatant collection for absorbance spectroscopy.

To test the reusability of OSNP on phenol red adsorption, 0.5 mg/ml (1.33 mM)
phenol red was mixed with a pH 2 solution of OSNPs at a volume ratio 1:1. The OSNP
were added to these phenol red solutions for 5 minutes. The supernatant was then collected
via centrifugation. The particles were rinsed with water once to remove free dye and then

treated with 300 L of 0.0167 M NaOH for 5 minutes to detach the phenol red from the

118



OSNP. We collected the supernatant and then washed the pellets with water. These
procedures were repeated 10 times.

For the selective adsorption of anionic dye, phenol red (0.04 mM or 0.4 mM) and
methylene blue (0.04 mM or 0.4 mM) were mixed at three molar ratios: 10:1, 1:1, and 1:10.
Then OSNP (80% TSPA) were added and allowed to adsorb dyes for 5 minutes before
collection of supernatants.

To understand the adsorption mechanisms, we compared the OSNP absorption of
phenol red, rose bengal, methylene blue, and rhodamine B. The 1.4 mg of OSNP made of
80% TSPA were added to 0.1 ml pH 7 or pH 13 solutions. Then, 0.1 ml 0.2 mM of phenol
red, rose Bengal, rhodamine B, and methylene blue were added to both solutions
separately. The mixtures were vortexed, reacted for 5 minutes, and centrifuged.

Finally, we studied the adsorption kinetics and isotherms. The OSNP were added
to phenol red solution at a ratio of 0.5 mg OSNP: 0.1 ml dye. The dye concentration varied
from 0.015 mg/ml (0.04 mM) to 2 mg/ml (5.31 mM). The mixture was vortexed, allowed
to react for 5, 10, 20, 40, 60 minutes or 2.5, 5, 10, 24, and 73 hours. The supernatant was
then collected by centrifugation. For the isotherm study, OSNP aqueous solutions at
different concentrations were made; 100 pL of each solution was then mixed with 100 piL
of 5 mg/ml (13.29 mM) phenol red. These mixtures were vortexed and allowed to react for

30 minutes before supernatant collection.

2.5. Adsorption data analysis
The absorbance spectra of phenol red vary with pH. Under basic conditions, there
is a peak at 557 nm, while at pH < 7.5 the absorbance shifts to ~425 nm. For consistency,

we used the 557 nm peak and diluted the standards and the samples with 0.1 M NaOH prior
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to spectral analysis. The absorbance spectra were then read, and the absorbance at 557 nm
was used to quantify the phenol red concentration. The adsorption capacity was calculated
as the milligram or millimole of dye immobilized on the nanoparticles per gram of
nanoparticles. A standard curve of phenol red was made for each day. The means, standard

deviations, and standard errors were calculated with Microsoft Excel.
3. Results and discussion

We prepared an inherently cationic mesoporous silica nanoparticle, which shows
relatively high and fast adsorption to phenol red. First, we characterized the material’s
physical properties and binding capabilities. We then performed several control
experiments to understand the mechanism of binding. Finally, we quantified the binding

via kinetic and isotherm studies.

3.1. Nanoparticle synthesis and characterization

Six organosilica samples were made with different volume fractions of TSPA, i.e.,
the percentage of TSPA relative to BTSE and TSPA. This fraction was changed from 0%
to 100%. The product made with 100% TSPA was macroscopic and is not a nanoparticle
(Figure 4.1). The other samples were less than 150 nm. The 0, 20, 40, 60, and 80% OSNP
were 128 nm, 101 nm, 136 nm, 106 nm, and 59 nm, respectively (Figure 4.1). This size
change may be due to the amine in the TSPA (inset, Figure 4.2)—these groups can catalyze
the reaction between silanes to form siloxane bonds and accelerate the
hydrolysis/polymerization®!. This fast hydrolysis and polymerization prevents the
diffusion of precursors and makes it difficult to generate large particles®. Typical yields
were 47%, 36%, 37%, 74%, 93%, and 101% for the 0, 20, 40, 60, 80, and 100% TSPA
batches. The higher yield at higher TSPA concentrations might be because of the catalytic
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Figure 4.1. Characterization of the organosilica products. The organosilica products were prepared
with TSPA and BTSE at different ratios. Panels (A-F) are TEM images of OSNP with different
initial quantities of TSPA (0, 0.08, 0.16, 0.24, 0.42, and 0.4 mmol, respectively, corresponding to
0%, 20%, 40%, 60%, 80%, and 100% (v/v) of TSPA over total silica sources). (G) The amount of
nitrogen in the OSNP increases as the TSPA fraction increases. (H) Zeta-potential of OSNP made
with different fraction of TSPA shows a more positive surface charge as more TSPA is incorporated
into the nanoparticle. Error bars in panel H represent the standard deviations of 6 measurements.
(1) N2 adsorption-desorption isotherms of OSNP made with different fractions of TSPA indicate
the mesoporous structure of OSNP. Reprinted with permission from ACS?,
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Figure 4.2. Phenol red adsorption capacity of OSNPs. Capacity changes with (A) TSPA, (B)
nitrogen content, (C) zeta potential, and (D) BET surface area. Of the four parameters, the
adsorption capacity is only positively dependent on the TSPA and nitrogen content. Error bars
represent the standard error for more than 3 measurements (RT, t=16 hr, 5 mg OSNP, 0.5 mg/ml
or 1.33 mM phenol red). Samples with more positive zeta-potential sequestered more phenol red,
but no further increase in adsorption capacity when the zeta potential was over 20 mV. The

adsorption capacity increased up to a surface area of 220 m?/g and then decreased with increasing
surface area. Reprinted with permission from ACS3.

The condensation of OSNP made with 80% TSPA was examined with solid state
NMR. The OSNP is composed of 54.4% T2 and 27.1% T2 species®®? (Figure 4.3). Washing
with a NaCl/methanol solution effectively removed the templates as confirmed by FT-IR
spectroscopy: the absorbance peaks at 2925, 2857, and 1462 cm™ disappeared after
washing (Figure 4.4), which correspond to the asymmetric, symmetric stretching, and

bending vibrations of the C-H bonds in decane and CTAB3%,
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Figure 4.3. Solid state NMR of the OSNP made of 80% TSPA (yellow). The nanoparticle contains
27.1%, 54.4%, and 18.3% of T2 (-59 ppm, blue), T3 (-68 ppm, red), and Q* (-112 ppm, purple)
species. Reprinted with permission from ACS®.
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Figure 4.4. Template removal efficiency by NaCl/methanol solution. The FT-IR absorbance peak

at 2925, 2857, and 1462 cm* disappeared after washing with NaCl/methanol solution.The 2925,

2857, and 1462 cm™ peaks correspond to the asymmetric, symmetric stretching, and bending
vibrations of the C-H bond. Reprinted with permission from ACS?.
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The nanoparticle composition affects the amine content, zeta potential, and surface
area of the products. The nitrogen content in the organosilica made of 100%, 80%, 60%,
40%, 20%, and 0% TSPA were 4.23, 3.60, 3.14, 2.40, 1.92, and 0.03 mmol/g. The result
showed the amount of nitrogen was positively dependent on the TSPA added (Figure 4.1).
The zeta became more positive with increasing TSPA and plateaued between 20% and
60%—higher TSPA concentrations (80%) had slightly lower zeta value (Figure 4.1). On
the other hand, the surface area and pore volume increase as the TSPA fraction increases
from 0% to 60% and then decrease at 80% TSPA (Figure 4.1). The BET surface areas of
0%, 40%, 60%, and 80% TSPA OSNPs were 66, 140, 362, and 216 m=Zy. Their BJH pore
volumes were 0.18, 0.58, 0.74, and 0.64 cm®/g. All samples have a type 1V isotherm with

a hysteresis loop at P/P, > 0.5 indicating a mesoporous structure.

3.2. Optimization and evaluation of phenol red adsorption capacity

The adsorption capacity is dependent on the TSPA fraction and the amine content.
As show in Figure 4.1, the OSNP composition changes the amine content, zeta potential,
and surface area. However, the adsorption capacity only increased as the TSPA and
nitrogen (amine) content increased (Figure 4.2). The TSPA-containing nanoparticles
removed 7- to 18-fold more dye than TSPA-free control nanoparticles. The most efficient
removal occurred at 80% TSPA fraction. However, there was no such trend between
adsorption capacity and zeta potential or surface area (Figure 4.2). More positive OSNP
(over +20 mV) sequestered more phenol red from the solution, but further increase in zeta
potential did not increase dye sequestration. The adsorption capacity increased with surface
area and reached a maximum near 220 m?/g; it then decreased with increasing surface area.

Next, we studied the effect of pH, ionic strength, dye concentration, and adsorbent
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dosage on the adsorption capacity (Figure 4.5). Wastewater can have a variety of pH
values. For example, the pH of tannery waste water varies between 2.0 and 12.8 during
different operations®®*. Thus, it is important for a remediation tool to work under a broad
range of pH values. The pH is particularly important because it affects the surface charge
of the adsorbents (Figure 4.5) and dye ionization (Figure 4.5). The adsorption capacity of
OSNP toward phenol red was stable from pH 2 to 11 (Figure 4.5) but changed dramatically

atpH 1.2, 11.6, and 12.5.
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Figure 4.5. Effect of pH, ionic strength, dye concentration, and adsorbent dosage on phenol red
adsorption capacity of OSNP. (A) The absorption capacity was reduced at extreme basic (pH > 11)
or acidic (<2) conditions. (B) OSNP is positive at pH 8.1, and it becomes negative at pH 9.6. (C)
Adsorption capacity decreased as the ionic strength increased to 1 M and then decreased slowly as
the ionic strength further increased. (D) The adsorption capacity was linearly dependent on the dye
concentration when it is low. Panel (E) shows that the absorption capacity increased as the dye
concentration increased and reached a peak at 1.67 mg/ml (4.4 mM), which then decreased as the
concentration further increased to 3.3 mg/ml (8.8 mM). (F) The adsorption capacity decreased as
the dosage of adsorbent increased. Error bars represent the standard deviation. (G) The structure of
phenol red changes as the pH changes. The first acid dissociation constant is 1.2 and the second
dissociation constant is 7.7. Reprinted with permission from ACS?.
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The poor adsorption capacity at pH 1.2 is likely due to a structural change in phenol
red (Figure 4.5). At low pH (< 1.2), the phenol red is zwitterionic®®® and it is difficult for
the phenol red to be adsorbed by the OSNP through electronic attraction forces. In addition,
more than 70% of the amines on the OSNP are protonated at pH 1 as shown by XPS
compared to only ~24% at pH 2 (Figure 4.6); hence, hydrogen bonding is difficult at pH
1. On the other hand, OSNP at pH 12 or 13 cannot adsorb any phenol red due to the
electrostatic repulsion forces between the negative OSNP and the deprotonated negative

phenol red (Figure 4.5).
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Figure 4.6. XPS spectra. N1s spectra of the OSNP made of 80% TSPA at (A) pH 1, (B) pH 2, (C)
pH 7, (D) pH 11, and (E) pH 12. The protonated N is in green while the deprotonated N is in red.
There is more protonated nitrogen in more acidic solutions. The table shows the percentage of
protonated and deprotonated N1s. Reprinted with permission from ACS®.

lonic strength is another important parameter in regulating the adsorption of
charged moieties because it can compete with the dye or adsorbents in the solution. To

understand the effect of ionic strength on the adsorption capacity of the OSNP, the ionic
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strength was adjusted with NaCl to a broad range from 0 M to 4 M. Figure 4.5 shows that
the adsorption capacity decreased as the ionic strength increased from 0 to 0.5 M, and then
decreased slowly as the ionic strength further increased to 4 M, which indicates the
adsorption mechanism may be due to the electrostatic interactions.

The effect of dye concentration was studied from 0 to 0.33 mg/ml (0.88 mM)
because typical effluent dye concentrations are 0.001 mg/ml to 0.25 mg/mi®®. The
adsorption capacity is linear with the phenol red concentration (Figure 4.5), but plateaus
near 2 mg/ml (5.31 mM) (Figure 4.5) because the active binding sites on the nanoparticles
become saturated at high dye concentrations.

We studied the effect of adsorbent dosage (0, 0.038, 0.075, 0.15, 0.3, 0.6, 1.2, and
2.4 mg) on the adsorption capacity. The capacity increased with decreasing adsorbent dose
(Figure 4.5). Remarkably, the adsorption was performed at RT, pH = 2.6, 0.067 mg/ml
(0.177 mM) phenol red; the maximum adsorption reached to almost 201 mg/g (0.53

mmol/g) at adsorbents dosage of 37.5 L.

3.3. Selective adsorption of anionic dye

We tried to extract phenol red from a mixture of phenol red and methylene blue.
The OSNP adsorbed only phenol red (> 95%) even at phenol red:methylene blue ratios of
1:10and 1:1 (Figure 4.7); no methylene blue was adsorbed. At phenol red:methylene blue
of 10:1, around 84% of phenol red and 5% of MB was adsorbed (Figure 4.7). The inset
shows the color change of each dye and their mixtures before and after adsorption. The
OSNP turned pink after exposure to phenol red suggesting that the OSNP are basic. The
color differences in the insets between the dyes are due to the concentration changes

(Figure 4.7).

127



350 450 550 650 750
Wavelength (nm)

B 0.8' ; E ;
§o.5-
©

0 il --MB —PR
30'4 «+=PR+MB [
a8 0.2 ==PR+MB+NP

< | %
0.0
350 450 550 650 750
Wavelength (nm)

Caopg g d,
2301 \»H/‘\
£2.0- \
£1.0- p \
0.0%—A

350 450 550 650 750
Wavelength (nm)

Figure 4.7. Selective adsorption of anionic dye. Absorbance of phenol red, methylene blue, and
their mixture before and after addition of OSNP at different phenol red:methylene blue ratios. (A)
10:1, (B) 1:1, and (C) 1:10. The inset images show that the OSNP turned pink after being added to
the mixture indicating the basic nature of the OSNP. The absorbance spectra of the supernatants
show only adsorption for phenol red but not methylene blue. Reprinted with permission from ACS?.

3.4. Reusability of the OSNP

Reusability is a critical property of adsorbents due to cost and environment
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concerns. To achieve good reusability, desorption should be easy and release active sites
for re-adsorption. In this study, the phenol red was adsorbed by the OSNP in acidic
solution, followed by desorption in NaOH (0.017 M) solution. Figure 4.8 shows the
significant change of supernatant after adsorption in acidic dye solution and after washing
with 0.017 M NaOH. The OSNP turned from white to pink after phenol red adsorption,
and turned back to white after washing with NaOH solution (Figure 4.8).

The adsorption/desorption was performed 10 time. The dye removal efficiency is
97.7%, 99.4%, 99.5%, 99.4%, 99.2%, 99.3%, 98.9%, 98.6%, 98.4%, and 98.1% from cycle
1 to 10 (standard deviation of 0.62%); the corresponding average dye recovery efficiency
are around 77.4%, 79.6%, 78.1%, 82.2%, 78.3%, 77.6%, 80.0%, 77.0%, 79.2%, and 79.9%
(standard deviation of 1.6%) (Figure 4.8). The zeta potential of the OSNP after adsorption
and desorption is also “recyclable”. The zeta potential of OSNP increased after adsorption
of phenol red, and returned to baseline after desorption (Figure 4.8). The changes in the
zeta potential were consistent between cycles. This indicates that the dye removal and
recovery were stable for at least 10 cycles.

ICP-OES was used to measure the silicon loss during desorption with NaOH. The
accumulative loss of OSNP after 10 cycles is around 0.65% (Figure 4.8). The average
OSNP loss per cycle is 0.065%, which means the OSNP will be depleted after more than
1500 cycles. However, the adsorption capacity was not diminished due to this loss of
OSNPs. This might be because additional intrinsic amine groups are found throughout the
OSNP, i.e., there will be new binding sites on the surface even when the original binding

sites are partially lost.
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Figure 4.8. Reusability of OSNP for dye adsorption. (A) The OSNP can be reused for phenol red
adsorption (t=5 min, pH=2 treatment, RT, 0.25 mg/ml or 0.66 mM phenol red, 2 mg of OSNP).
Error bars represent the standard deviation for 3 measurements. (B) The OSNP changed from white
to pink after addition to phenol red solutions and centrifugation due to adsorption (Ads.), but they
became white again after base treatment due to dye desorption (Des.). (C) Change of zeta potential
after dye adsorption and recovery of zeta potential after dye desorption. NPs represents the original
OSNP; A1, A2, and A3 represents NPs after adsorption in cycles 1, 2, and 3; D1, D2, and D3
represents NPs after desorption in cycle 1, 2, and 3. (D) The accumulative loss of loss in the first
10 cycles. (E) The color of supernatant after desorption was more intense than after adsorption
indicating a high adsorption and desorption efficiency. Reprinted with permission from ACS®,
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Moreover, the CHN analysis indicated that there were 7.2 pmol of nitrogen binding
sites per 2 mg of OSNP (Figure 4.1), and for each reuse cycle there were 0.13 pmol of
phenol red bound to 2 mg OSNP (Figure 4.8). Therefore, even under the worst-case
scenario in which each nitrogen can participate in only one binding event, the OSNPs could

still be reused more than 50 times.

3.5. Adsorption mechanism

We hypothesized that the adsorption of phenol red by OSNP is due to both
electrostatic attraction as well as hydrogen bonding. The amine groups can form a strong
hydrogen bond (29 kJ/mol) with the hydroxide on phenol red®”. To verify our hypothesis,
we compared the adsorption of OSNP to four dyes including methylene blue, rhodamine
B, phenol red, rose bengal (Figure 4.9) with acid dissociation constants (pKa) of 3.8%68,
3.7%° 7.7%5 and 4.7%'0, respectively.

At pH 7, nearly all phenol red and rose bengal were adsorbed, but not the methylene
blue or rhodamine B (Figure 4.9). At pH 7, methylene blue is positive, phenol red*® and
rose bengal are negative, rhodamine B is zwitterionic and the OSNP is positive (Figure
4.5). Phenol red and rose bengal are attracted by the OSNP, while methylene blue is
repelled by the OSNP. At pH 13, the OSNP is negative (Figure 4.5), and the adsorption
behavior changed dramatically: only a small amount of phenol red and rose bengal were
adsorbed, but nearly all methylene blue is adsorbed. Thus, we conclude that electrostatic
forces are the primary adsorption mechanism because much more negative phenol red were
adsorbed compared to zwitterionic rhodamine B at pH 7, when both of them can form

hydrogen bonding with the amine on the OSNP.
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Figure 4.9. Adsorption mechanism. (A) Adsorption of OSNP to four dyes, including (B) phenol
red (PR, pKa=7.7%%), (C) methylene blue (MB, pKa=3.8%%), (D) rose bengal (RB, pKa=4.7°"%), and
(E) rhodamine B (Rh. B, pKa=3.7%%°). Positive OSNP (at pH 7) has a high adsorption to negative
RB and PR, a low adsorption to zwitterionic Rh. B, and no adsorption to positive MB; while the
negative OSNP (at pH 13) has a high adsorption to MB, small adsorption to RB, PR, and Rh. B.
Reprinted with permission from ACS2.

To further confirm the contribution of hydrogen bonding, we compared the
adsorption of rose bengal and phenol red at 0.3 mM at pH 7, when only phenol red can
form hydrogen bonds with the OSNP. The results showed about 97.5% of phenol red and
94.9% of rose bengal were adsorbed. Therefore, we found that the amine loading level is
the most important factor governing dye adsorption. The mechanism of adsorption is

mainly electrostatic forces and hydrogen bond arising from the amine groups on the OSNP.

3.6. Kinetics

The adsorption of phenol red happened immediately upon contact, and the
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adsorption efficiency is related to the initial dye concentrations. When the dye
concentration is equal to or smaller than 0.08 mg/ml (0.21 mM), about 100% of the dye is
adsorbed within 5 minutes (Figure 4.10). At other concentrations, the dye adsorbed within
the first 5 minutes. This is over 85% of the dye adsorbed within the first hour. We also
performed a long-term adsorption at 0.5 mg/ml (1.33 mM). The results showed that most
adsorption occurred within the first 30 minutes; more dye can be sequestered slowly over

the subsequent 3 days (Figure 4.10).
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Figure 4.10. Adsorption kinetics. (A) Short-term adsorption efficiency of phenol red by OSNP is
different when the dye concentration changes. The adsorption efficiency decreases as the dye
concentration increases. (B) Long-term adsorption when the dye concentration is 0.5 mg/ml (1.33
mM) (pH=7, RT, 0.75 mg of OSNP). The inset shows the PR adsorption within the first 5 hours.
Most adsorption happened within the first 30 minutes. More dye can be sequestered slowly over
the subsequent 3 days. Error bars represent the standard deviations for 3 measurements. Plots based
on (C) pseudo-first-order and (D) pseudo-second-order adsorption models show that the pseudo-

second-order adsorption model is a better fit for the phenol red adsorption. Reprinted with
permission from ACS®,
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To evaluate the rate and mechanism of mass transfer of phenol red from liquid
phase to the OSNP surface, pseudo-first-order and pseudo-second-order kinetics models

were investigated to understand the mechanism of phenol red sorption onto the OSNP. The

371

pseudo-first-order model was summarized by Lagergren®’* as seen in equation 4.1. The

372

pseudo-second-order rate equation was described by McKay and Ho*’“ and is shown in

equation 4.2.
K .
log(Qe — Q) = log Q¢ — (2_333) Equation 4.1
t 1 1 .
e mert ot Equation 4.2

Here, Qe and Q are the adsorption capacities (mg/g) at equilibrium and at time t;
K1 (2/min) and K> (g/mg min) are the rate constants. Figure 4.10 shows the graphs plotted
based on two kinetics models, and Table 4.11 summarizes the values of Qe, K1, Ko, and
R2. The results show that the adsorption of phenol red is better described by the pseudo-
second-order kinetics model, which indicates that the rate limiting step involves

chemisorption of the adsorbate onto the adsorbent®*,

Table 4.11. Parameters of pseudo-first-order and pseudo-second-order kinetics for the adsorption
of phenol red on the OSNP. Reprinted with permission from ACS®.

Kinetic models Qe K1 K, R?

Pseudo-first-order 87.24 mglg 0.19 min? - 0.9597
(0.23 mmol/qg)

Pseudo-second-order 83.21 mg/g - 0.0033 g¢/mg min ~ 0.9959
(0.22 mmol/qg) (1.24 g/mmol min)

3.7. Isotherms
Adsorption isotherms are valuable tools to assess the distribution of solute between

the solid and liquid phases, and the adsorption isotherm parameters reflect the adsorption
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capacity and energy change during adsorption®”®. We applied both Langmuir and

Freundlich isotherm models to the phenol red-OSNP system (Figure 4.12).
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Figure 4.12. Effect of adsorbent dosage on phenol red removal efficiency and adsorption
isotherms. (A) The adsorption increased as the OSNP amount increased. Error bars represent the
standard deviation of 3 measurements. (B) Langmuir adsorption isotherms shows a linear plot
(R?=0.9977), which indicates that the adsorption of phenol red is a monolayer and occurs at specific
homogeneous sites within the adsorbent. (C) The Freundlich adsorption isotherms are less linear
with R?=0.9392 compared to the Langmuir adsorption. Reprinted with permission from ACS?.

We studied the isotherms by change the adsorbent dosage (0, 0.038, 0.075, 0.15,

0.3, 0.6, 1.2, and 2.4 mg). The total amount of adsorbed dye increased with the dose of
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adsorbent and reached almost 100% with 2.4 mg OSNP (Figure 4.11) because there were
more active sites for adsorption.

The Langmuir adsorption isotherm'® 373 assumes that adsorption occurs at specific
homogeneous sites within the adsorbents and forms a monolayer on the homogeneous

surfaces. The linear form of the Langmuir equation is:

1 1 1 .
— = E ion 4.
% = om | bomce quation 4.3

Here, Qe is the amount of adsorbate adsorbed per unit mass of adsorbent (mg/g), Ce
is the equilibrium concentration of the adsorbate (mg/L), Qm (mg/g) is the theoretical
maximum adsorption capacity, and b (L/mg) is the energy of adsorption. Another important

Langmuir constant is separation factor (RL), which is defined by equation 4.4:

1
T bCy+1

R, Equation 4.4

Where Co (mg/L) is the initial adsorbate concentration. The separation factor is
related to the feasibility of the adsorption including unfavorable (R.>1), linear (R.=1),
favorable (O<R.<1), and irreversible (R.=0)*"“.

The Freundlich adsorption isotherm®™ 76 is an empirical equation based on the
assumption that adsorption process occurs at heterogeneous surfaces having different
available binding sites with unequally energies of adsorption. Therefore, this isotherm
indicates that the adsorption is not a monolayer and the adsorption sites with greater affinity

are occupied first. The Freundlich model is given by the relation:
Log Q. = Log Ky +~Log Ce Equation 4.5
Where K is the Freundlich constant, corresponding to adsorption capacity; and 1/n

is the heterogeneity factor—a parameter for adsorption intensity and surface heterogeneity.
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The favorable range of 1/n is between 0 and 1°7'.

Figure 4.11 fit the Langmuir and Freundlich isotherms to the phenol red-OSNP
systems, respectively. The calculated parameters are shown in Table 4.13. The linear
relationship between 1/Qe and 1/Ce indicates that the Langmuir isotherm holds for the
phenol red-OSNP system (Figure 4.11). The linear relationship between 1/Qe and 1/Ce also
explained why the adsorption capacity increased when the dye concentration increased
(Figure 4.10). Both Langmuir and Freundlich models indicated the favorable adsorption
of phenol red by the OSNP. In addition, the adsorption of phenol red by the OSNP is better

estimated by the Langmuir isotherm than the Freundlich.

Table 4.13. Langmuir and Freundlich isotherms parameters for the adsorption of phenol red on
OSNP. Reprinted with permission from ACS?.

Parameters Values
Langmuir Qm 175.44 mg/g (or 0.46 mmol/g)
b 0.04 L/mg (or 15.05 L/mmol)
RL 0.26
R? 0.9977
Freundlich Ks 10.74 mg/g (or 0.03 mmol/g)
1/n 0.47
R? 0.9392

The theoretical maximum Langmuir adsorption capacity was calculated to be
175.44 mg/g (0.47 mmol/g). The adsorption capacity of the OSNP to phenol red is higher
than most reported natural or synthetic adsorbents. We compared the theoretical Langmuir
maximum adsorption capacity of the OSNP for phenol red with other reported adsorbents
for phenol derivatives and found that the OSNP were better than 67 of 77 reported

adsorbents including both commercial and non-commercial sources derivatives®’ 37 378,

379
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4. Conclusions

An organosilica nanoparticle with intrinsic active binding sites for drug adsorption
was synthesized and characterized. The binding property of the OSNP primarily depends
on the amount of amine groups on the nanoparticles. The OSNP made with 80% TSPA has
the highest adsorption capacity. The OSNP adsorbs molecules through electrostatic
attraction and hydrogen bonding. The OSNP can adsorb either anionic or cationic
molecules by changing the particle zeta potential. Taking advantage of this unique
adsorption property, we demonstrated the OSNP can extract phenol red from its mixture
with methylene blue. We believe the OSNP can also be used for similar species including
in drug delivery or imaging agents.

Using phenol red as a model drug, we found the experimental maximum drug
adsorption is over 200 mg/g (0.53 mmol/g), and the theoretical maximum adsorption is
around 175 mg/g (0.47 mmol/g). The adsorption efficiency can reach 100% at room
temperature and neutral pH when the phenol red concentration equals the typical
concentration in cell culture media. Adsorption occurred within 5 minutes. The Langmuir
model was a better fit than the Freundlich model. Moreover, the OSNP can be reused for
over 10 cycles without diminishing the adsorption and desorption efficiencies.

In a summary, the high yield, high adsorption capacity, and excellent reusability
highlight the utility of OSNPs for environmental remediation, drug delivery, and carriers
for imaging agents. The results highlight that OSNPs with amine groups are an effective
adsorbent material. They have fast adsorption, high removal efficiency, high adsorption

capacity, tunable adsorption ability for different molecules, and reusability.
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Chapter 5.

Increases efficacy of stem cell therapy via triple-functional inorganic

nanoparticles
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1. Introduction

Cardiovascular disease remains a leading cause of death®® in part because human
hearts have a limited regeneration capacity.*! Consequently, many efforts have been made
to regenerate/repair cardiac tissue via stem cells. 330 382-385 Mesenchymal stem cells (MSCs)
are particularly promising due to their abundance, potent proliferation, and multi-lineage
differentiation capacity, and expressing of paracrine factors.® 37 There are three main
mechanisms by which MSCs improve cardiac function: endogenous stem cell recruitment,
replacement of apoptotic cells, and secretion of paracrine factors to increase proliferation
and reduce inflammation. "

Unfortunately, stem cell therapy is limited by mis-injection into highly fibrotic

388 poor cell survival due to ischemia and inflammation, 3% 3 and low cell retention

tissues,
in cardiac tissue.?’® We and others'!# 171 3% 391 haye ysed nanoparticles as imaging
agents,'’* drug delivery vehicles,*'* and/or scaffolds®® to improve stem cell therapy.
Although various nanoparticles have shown potential in stem cell tracking,!’* pro-
survival,** or manipulation,®*-3% translation has been limited by the niche utility of each
particle type. Therefore, a hybrid multi-functional nanoparticle that can simultaneously
track cells, deliver therapeutic drugs, and retain cells is highly desired.3%®

This work combines imaging, drug delivery, and cell directing capabilities into a
single triple-function silica-iron oxide nanoparticle (SIO). This nanoparticle can guide cell
injection in real-time, track cells by multi-modal imaging, increase viability, and increase
cell retention by magnet-manipulation (Figure 1). We have previously reported that

mesocellular foam silica nanoparticles (MCF) could significantly increase the ultrasound

contrast of human MSCs (hMSCs).32 Here, we show that this foam-like structure can also
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offer sustained release of cargo to increase the survival of hMSCs. The same system can
be coated with superparamagnetic iron oxide nanoparticles (SPIO) for MRI imaging or
manipulation of cells with an external magnet. The resulting product—called SIO here—
increased the efficacy of stem cell therapy and improved heart function in a murine model
of myocardial infarction. We also then evaluated its toxicity and the mechanism of

myocardium repair.

Stem Cell Therapy 1.US contrast
V4 agent: MCF
£ SlO-labeled 2.Pro-survival
—_hMSCs @ £ agent: IGF

3.Retention &
MRI contrast

IGF-loaded Sl0  29€Nt: SPIO

Figure 5.1. Schematic of treatment approach with multi-functional silica-iron oxide nanoparticles
(SI0). The SIO increase ultrasound (US) and magnetic resonance imaging (MRI) contrast of human
mesenchymal stem cells (hMSCs). They can also increase cell retention via the iron oxide
nanoparticles embedded in the silica and an external magnet. Moreover, the SIO improve cell
viability with sustained release of insulin-like growth factor (IGF).

2. Methods

2.1. Materials
Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)

(P123), hexadecyltrimethylammonium bromide (CTAB), mesitylene, tetraethyl
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orthosilicate (TEOS), iron (Il) chloride hexahydrate, and ammonium hydroxide were
purchased from Sigma-Aldrich. Hydrochloric acid (HCI) was purchased from J.T. Baker.
Ammonium fluoride (NHsF) was purchased from Acros Organics. Iron (111) chloride

tetrahydrate was purchased from Fisher Chemical.

2.2. MCF nanoparticles fabrication

MCF were fabricated via a combination of micelle-templated sol-gel'®® and
sonication-gradient centrifugation methods.**’ First, HCI (90 mL, 1.6 m) was added to P123
(2.4 g) and stirred until the polymer was fully dissolved. Then, CTAB (400 mg), NH4F (25
mg), and mesitylene (1.6 mL) were added followed by stirring at 700 rpm for 2 hours.
Next, TEOS (5.5 mL) was added dropwise with stirring at 1000 rpm followed by another
5 minutes of stirring. The mixture was then allowed to stand without stirring at 38°C for
18 hours. The products were collected and washed three times with ethanol followed by
calcination (in a KSL-1100X furnace by MTI Corporation) at 600°C for 5 hours. To make
MCF and optimize their size distribution, calcined particles were ground, sonicated for 2
hours, and then centrifuged at 500 rpm for 5 minutes. The supernatant was collected and
centrifuged at 1000 rpm for 5 minutes. Again, the supernatant was collected and
centrifuged at 8000 rpm. Optimized MCF in the pellet were collected, lyophilized, and

stored for later use.

2.3. S10 synthesis

SIO were made by growing SPIO onto the MCF in situ. First, Millipore water
(resistivity > 18.2 ohms) (1 mL) deoxygenated by N> bubbling was added to MCF (120
mg). Next, iron (111) chloride tetrahydrate (432 mg) and iron (1) chloride hexahydrate (159
mg) were added to the mixture. The vials were sealed, and N> was bubbled through once
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more followed by sonication for 5 minutes. Then, the catalyst sodium hydroxide (12 mL,
0.5 m) was added dropwise under vigorous stirring followed by stirring for another hour at
room temperature. The nanoparticles were collected and centrifuged at 10,000 rpm for 10
minutes. Free iron oxide nanoparticles, which were small and stayed in the supernatants,
were removed by removing the supernatants. The pellet was then suspended and washed

with Millipore water. The centrifugation and washing process were repeated twice more.

2.4. Characterization

TEM images were taken on a conventional TEM (JEOL1400-Plus). High resolution
imaging was conducted on HRTEM (FEI Tecnai F20) operated at 200 kV. The objective
lens astigmatism of HRTEM (FEI Tecnai F20) was corrected by using a standard carbon
grating replica with Au/Pd particles. The ring in the live FFT pattern of the amorphous
carbon film was tuned to be nearly perfect round, which indicates the reducing of
astigmatism. Based on this corrected objective lens parameters (deflection currents), the
SIO TEM samples were subsequently loaded and characterized. The elemental mapping of
the SIO was performed on this HRTEM in scanning TEM (STEM) mode. During the
optimization of reaction conditions, Z-contrast images and EDX spectra were taken on a
STEM (Hitachi HD-2000) equipped with EDS detector (Bruker Quantax) at an accelerating
voltage of 200 kV.

DLS measurements were obtained using a Malvern ZS 90, Malvern Instruments.
The absorbance was measured over time on a UV-vis spectrometer (SpectraMax from
Molecular Devices) for colloidal stability evaluation. The nitrogen adsorption-desorption
analysis was done at 77 K on a Micromimetics ASAP 2020 system. Magnetic hysteresis

loops were measured by sweeping the field from -7 T to 7 T at 300 K on a Quantum Design
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MPMS3 superconducting quantum interface device (SQUID) magnetometer.

2.5. IGF loading and release from SIO

IGF was loaded to SIO by mixing SIO (16 mg) and IGF (100 L, 1 g mL™?) in
Millipore water and stirring in an ice water bath in the dark for 18 hours. The particles were
then centrifuged at 8,000 rpm for 5 minutes followed by washing with water thrice. The
supernatant was collected, and the amount of IGF remaining in the supernatant were
measured by BCA assay. The loading capacity and efficiency were then calculated based
on this result. A negative control was performed without nanoparticles. The IGF-loaded
SIO were then lyophilized, refrigerated, and used within 7 days.

For the release study, IGF-loaded SIO (2 mg) were suspended to PBS (100 L)
preheated to 37°C. The release system was sealed and rotated in a 37°C oven. At designated
time points, the nanoparticles were centrifuged at 14,000 rpm for 5 minutes, and the

supernatant was collected. The pellet was then resuspended in fresh preheated PBS (100

HL).

2.6. Cell culture and labeling

The hMSCs (PT-2501, Lonza) were seeded at 5,000 cells cm in mesenchymal
stem cell growth media (PT-3001, Lonza) in an incubator with standard cell culture
conditions. Cells used for SIO biocompatibility experiments were between passage 2 and
6. Cells used for MRI and ultrasound imaging were between passage 6 and 10. Cells for
animal injections were passage 5 with the same lot number. Media was changed every 3-4
days and cells were passaged every 5-8 days at around 90% confluence using Trypsin-
EDTA (0.25%, Gibco). All cells were labeled without transfection agents, and unless
otherwise specified, the labeling was performed by incubating the cells with nanoparticles
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(200 ng mL™) for 4 hours in a standard incubator unless specified. Labeled cells were then

washed thrice with sterile PBS to remove free particles.

2.7. SIO labeling conditions and half-life in hMSCs

To optimize SIO labeling conditions, we performed two experiments that varied
the labeling concentration and the labeling time. For the first experiment, cells were labeled
with 0, 100, 200, 400, and 800 pg mL* of SIO for four hours. For the second experiment,
cells were labeled for 1, 2, 4, 6, 16, and 24 hours at 200 pg mL™. Cells were then detached,
counted, and analyzed for iron content by ICP-OES. To determine the half-life of SIO in
hMSCs, we labeled cells at a concentration of 200 ug mL* for four hours. Then, we plated
50,000 cells into four T25 flasks. On days 0, 1, 4, 7, and 14, cells were analyzed by ICP-

OES for iron content.

2.8. Biocompatibility of SIO to hMSCs

Cytotoxicity and proliferation assays were performed with a Resazurin assay
(Sigma Aldrich). For cytotoxicity, cells were plated into a 96-well plate at a density of
10,000 cells/well and allowed to adhere for overnight. Then, SIO (200 L) at varying
concentrations were added to the cells. After 72-hour incubation, the media with
nanoparticles was removed and cells were washed thrice with PBS. Then, 10:1 v/v
media:Resazurin (100 uL) was added to all groups and allowed to incubate for 4 hours.
Fluorescence was then measured at excitation and emission wavelengths of 550 and 585
nm, respectively.

For proliferation, unlabeled and S10-labeled hMSCs were plated at a density of
5,000 cells cm in 96-well plates. Viable cell numbers were then detected with the same
Resazurin assay on different days. The effect of SIO on hMSCs’ viability was further
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confirmed with a calcein/EthD-111 live/dead cell assay (Biotium). A positive control was
created by adding CTAB (10%) to cells and incubating for 4 hours. All groups and an S10-
only control were analyzed with flow cytometry (FACSCanto 2, BD Biosciences).

The effect of SIO on cell differentiation were assessed in vitro. Unlabeled and SIO-
labeled hMSCs were plated in 6-well plate with approximately 70% confluency. Then the
cells were treated with osteogenic and adipogenic induction media (PT-3002 and PT-3004,
Lonza) with media changed every 3 days for 3 weeks. To better visualize the
differentiation, adipogenic induced cells were stained with Oil Red O (Sigma Aldrich) and
osteogenic induced cells were stained with a von Kossa staining kit (Fisher Scientific).
Control cells were treated with growth media. Stained cells were then observed with a
microscope (BZ-X710, Keyence).

For the scratching/migration assay, cells were plated at a density of 5,000 cells cm-
2 and allowed to grow overnight. A line was then scratched with a pipet tip leaving a gap
between the cells. This area was then marked and imaged daily till the gap was completely
refilled by migrating cells.

Phenotypes of hMSCs were detected by flow cytometry. First, unlabeled and S10-
labeled hMSCs were detached, centrifuged, and then resuspended in 100 L labeling buffer
(PBS with 2 mM EDTA and 0.5% BSA) containing 10 L of each antibodies or isotype
controls. The antibodies were CD73-PE (Clone AD2, 130-097-943, lot # 5170202055),
CD90-FITC (Clone DG3, 130-097-930, lot # 5170202054), and CD105-APC (Clone
43A4E1, 130-099-125, lot #5170202046) from Miltenyi Biotech, and the isotypes were
mouse IgG-PE, mouse IgG-FITC, and mouse IgG-APC (Clone I1S5-21F, Miltenyi Biotech).

The effect of SIO on cytokine secretion was studied by detecting cytokines in the
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cells culture media. S10-labeled and unlabeled cells were plated at a density of 5,000 cells
cm in a 6-well plate and allowed to incubate 48 hours. The media was then collected, and
the cytokines in the media were analyzed with a Luminex human 62-plex (Human Immune

Monitoring Center, Stanford University).

2.9. Long term pro-survival effect of IGF-loaded SIO

Cells were plated into a 96-well plate at a density of 9,000 cells/well and allowed
to grow for 2 days. The media was then replaced with 100 L incomplete media (MSCBM
from Lonza) containing free IGF (200 ng mL™?), free BSA (200 ng mL™?), IGF-loaded S10
(562 g mL™Y), or nothing. Three more control groups were included: cells with growth
media (also known as complete media), incomplete media without cells, and IGF-loaded
nanoparticles without cells. Viable cell numbers were then detected with the Resazurin
assay (the same procedure with the cytotoxicity and proliferation assays) on days 1, 2, 4,

and 7.

2.10. Magnet-assisted cell direction and retention

To control the propagation of cells, SIO-labeled cells were detached and
resuspended in 5 mL growth media and added to T25 flasks. A magnet was taped on the
outside of the cell growing wall (becoming sidewall due to the standing flask) of the flask.
Control groups included S10-labeled cells without an external magnet on the flask and
unlabeled cells with an external magnet. The flasks were then put into the incubator
overnight. The magnets were removed 2 days later. The area in the magnetic field was
observed with a microscope (EVOS, Thermo Fisher Scientific) daily for 4 weeks. The

flasks were held vertically except during the microscopic imaging.
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We also investigated the cell retention under different shear stresses (7 — 35 dyne
cm) created with a peristaltic pump. Cells were loaded into the tube (inner diameter 0.86
mm) without passing the squeezing point. A magnet was then placed by the tube and cells
were observed under an EVOS microscope. Cells were stained with Qtracker 800 (Thermo
Fisher Scientific) for better visualization. Then, the flow direction was reversed, and the
cell solution was collected with different flow rates (2.8, 5.2, 8.5, 11.2, 13.0, and 14.6 mL
mint). The cell concentration before and after the experiment were determined with a
hemocytometer. Retention was calculated as (cell concentration before - cell concentration

after)/cell concentration before.

2.11. In vitro or ex vivo ultrasound and magnetic resonance imaging

SIO or SlO-labeled hMSCs were suspended in 0.5% hot agarose solution at
different concentrations of 0, 0.025, 0.05, 0.1, 0.2, 0.25, 0.4, 0.5, 2.5, and 5 mg mL™ for
nanoparticles or 0, 10,000, 50,000, 150,000, 300,000, 600,000 cells/60 L, injected to a
384-well plate while it is hot, and then cooled down before imaging. Ultrasound imaging
of the phantom was performed with a 40 MHz-centered linear transducer (MS550) on a
VEVO 2100 system (VisualSonics, Fujifilm). MR imaging was performed on a Bruker 7T
magnet with Avance Il hardware, equipped with a 72 mm quadrature transmit/receive coil,
and using a RAREVTR_T 2 Series pulse sequence in ParaVision version 5.1. For T2
measurements, the following parameters were used: TR = 5000 ms; TE = 12.6, 17.7, 62.8,
87.9, 113.0, 138.1, 163.2 ms; FOV (field of view) = 6.91 % 3.12 cm; slice thickness = 2
mm; and matrix size = 256 < 116. Relaxivities were calculated by linearly fitting plots of

1/T2 (s1) versus Fe ion concentrations (uM).
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2.12. In vivo retention of SI10

All animal studies were performed in accordance with the Institutional Animal Care
and Use Committee (IACUC) at the University of California, San Diego (UCSD). Mice
were anesthetized with 1 - 2 % isoflurane. S1O in 50% Matrigel (40 L of 10 mg mL™)
were injected into the left ventricle myocardium close to the apex with a 31G BD insulin
syringe. The injection was guided by ultrasound imaging with a 40 MHz-centered linear
transducer (MS550) on a VEVO 2100 system (VisualSonics, Fujifilm) in real-time and
assisted by an injection arm came with the VEVO 2100 system. Immediately after the
injection, the mouse was cleaned and a magnetic harness was put onto the mouse with the
magnet close to the heart apex. The harness was adjusted not to hinder normal movement
of the animal, and the mouse was monitored twice daily. For the SIO control group, no
magnetic harness was used on the animals. For the magnet control group, animals were put
on magnetic harness but no injections. After 7 days, the iron content in hearts were
determined with inductively coupled plasma mass spectrometry (iCAP RQ-ICP-MS,
ThermoFisher). ICP-MS was used here because the concentration of the elements could be

low and ICP-MS is more sensitive than ICP-OES.

2.13. Ischemia/reperfusion surgery

C57B6 (12 weeks old) were anesthetized with a cocktail of ketamine (50 mg kg™)
and xylazine (5 mg kg™) by i.p. injection for initial induction and then isoflurane (0.75 -
1.5%) for complete induction of anesthesia. Animals were ventilated throughout the entire
procedure (PhysioSuite, Kent Scientific Co). With thoracotomy, LAD coronary artery
occlusion was performed by tying an 8-0 prolene suture ligature on a piece of 2-0 silk

suture. After 60 minutes of ischemia, 20 pL of 1:1 v/v DMEM:Matrigel or the same matrix
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containing unlabeled or IGF-loaded SlO-labeled hMSCs (5 million cells mL™) were
injected intramyocardially below the ligation point close to apex. All cells injected were
passage number 5 from a same donor. Reperfusion was started by removing the 2-0 silk
suture from around the LAD coronary artery. The chest is closed once the mouse is

hemodynamically stable.

2.14. Ultrasound imaging-guided intramyocardial injection and echocardiography

For the ultrasound-guided intramyocardial injection, animals were anesthetized
with 1 - 2% isoflurane and mounted to a warm animal bed with four contact electrode
sensors for electrocardiography. A 40 MHz-centered linear transducer (MS550) on a
VEVO 2100 system (VisualSonics, Fujifilm) was adjusted to show parasternal long axis
view of heart and align with syringe fixed on a mechanic injection assistant arm.

Animals for echocardiography were anesthetized with 0.25 - 1% isoflurane and
underwent echocardiography using a VEVO 2100 ultrasound system (VisualSonics,
SonoSite FUJIFILM) with a 40 MHz-centered linear transducer (MS550) as described
previously.>* The heart rate was controlled within 450 and 500 beats per minute. Cardiac
function and structure were quantified in vivo by 2-dimensional (2D)/speckle-tracking
echocardiography by the software VEVO Lab (VisualSonics, Fujifilm). Ejection fraction
(EF), global longitudinal strain (GLS), and average peak strain values were determined and

calculated as echocardiography-based parameters of LV contractility.

2.15. In vivo magnetic resonance imaging

Invivo MR imaging was performed on a MRS4700 scanner with 4.7 T magnet (MR
Solutions Ltd, UK). Animals were anesthetized with 1 - 2% isoflurane and immobilized on
a mouse holder with a prone position during the scan. Scanning sequence cardiac IR
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segmented FLASH was used and the parameters were: TR =7 ms; TE = 2 - 64 ms; FOV
(field of view) = 3.5 % 3.5 cm2; slice thickness = 2 mm; and matrix size = 192 x 192.

Electrocardiography and breath rate were gated for the imaging.

2.16. Histology

Postmortem heart and body weights were measured and hematoxylin-eosin-stained
heart, lung, liver, and spleen tissue were studied. Cardiac interstitial fibrosis was evaluated
on trichrome-stained sections. We quantified six random hearts from each group and each
heart was sectioned to 10 pm with every 10th section collected. We analyzed 4 to 13 slices
for each group and calculated the percentage of fibrosis with four continuous slices that
showed a maximum fibrosis and a coefficient of variation less than 15%. These sections
were then scanned with a microscope under 40X magnification. For fibrosis quantification,
Fibrosis was calculated by count of blue pixels/count of blue and red pixels. The red and
blue pixels were distinguished by changing the color threshold with software ImageJ and
the count of these pixels were measured. Color threshold settings for the entire heart (both
red and blue pixels) was RGB color space with the Triangle thresholding method. The
fibrosis (blue pixels) was quantified with pixels with a hue between 150-195 by the
Triangle thresholding method. Heart sections were also stained with iron staining kit from
Sigma Aldrich to visualize the SIO. The presence of injected hMSCs in the heart was
evaluated by immunostaining for CD73-PE (Clone REA804), CD90-FITC (Clone

REA897), and CD105-APC (Clone 43A4E1) from Miltenyi Biotech.
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3. Results and discussion

3.1. SIO nanoparticles synthesis, optimization, and characterization

SIO were made by growing SPIO in situ on MCF without any surface modification
(Figure 5.2a). The MCF were chosen because they showed good ultrasound contrast to
cells and great potential as a nano-container or reactor due to their relatively big pore size.®
396,397 The MCF were fabricated via a bottom-up sol-gel micelle-templating.®® These silica
particles became smaller and monodisperse after 8.5 hours sonication (Figure 5.3).2*” The
MCF we used to make S10 were 383167 nm (n=570), and the diameter of the MCF pores
were 16.643.6 nm (n=589) stacked in 3-dimensions (Figure 5.4).1% These relatively large
pores allow MCF to be reactive sites and be loaded with proteins.

To make silica and iron oxide hybrid nanoparticles, we first tried to load SPI1O
directly to the MCF. This method is straightforward, but the pre-formed SPIO blocked the
pores (Figure 5.5). This could lead to decreased drug loading. Thus, we developed an in
situ growth method to achieve the goals: the SP1O were grown on both the externl surfaces
and pore walls of MCF to form SIO. First, the MCF were dispersed in a solution of FeCls
and FeCl. in an ultrasonic bath. Liquid catalyst-alkaline solution was added into this
suspension with stirring, and iron oxide nanoparticles formed gradually on the surface and
in the pores of MCF (Figure 5.2a). The MCF and liquid reactants were mixed well, so iron
oxide nanoparticles could grow throughout the MCF instead of blocking the pores. The in
situ growth method uses MCF as nano-reactors, which avoids the formation of large iron

oxide nanoparticles because of the size confinement of the silica pores.3®’
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Figure 5.2. SIO synthesis, optimization, and characterizations. (a) Schematic synthesis of SIO.
SPIO were grown in situ on calcined MCF prepared by a micelle-templated sol-gel method. (b)
TEM image and EDX element mapping of a representative SIO. The mapping shows that the iron
is well dispersed in the MCF. (c) HRTEM analysis indicates the presence of both crystal and
amorphous regions. The lattice spacing of panel i is about 2.97A, which agrees well with the lattice
spacing of (220) planes of cubic Fe;0.. Below the HRTEM image, the fast Fourier transformation
(FFT) patterns confirm the crystalline and amorphous features of panels i and ii. The amorphous
structure is typically found in silica nanoparticles made with low-temperature sol-gel method,**
sonication, and gradient centrifuge.'® (d) Low magnification TEM image of multiple SIO show
that SIO were irregularly shaped. () TEM size distribution of the SIO. The average size of SIO is
380 nm. The diameter is the average of Feret and MinFeret measured by ImagelJ. Feret diameter is
the longest distance between any two points along the selection boundary, also known as the
maximum caliper. MinFeret diameter is the shortest longest distance between any two points along
the selection boundary. (f) Nitrogen adsorption-desorption analysis indicates that both MCF and
SIO were mesoporous. We also tested a product with catalyst but no iron precursors (SIO, no Fe).
Increased pore volume and pore size in this product indicates the dissolution of silica during in situ
growth. (g) Deposition of SP10 increased the colloidal stability of SIO compared to the MCF. The
absorbances were normalized to the first time point.
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Figure 5.3. Size and PDI of MCF. Both average DLS size and polydispersity index of MCF
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Figure 5.4. Characterization of optimized MCF. (a) TEM image and (b) size distribution (n=570)
of MCF sonicated for 8.5 hours. The diameter is the average of Feret and MinFeret measured by
ImageJ. Feret diameter is the longest distance between any two points along the selection boundary
also known as the maximum caliper. MinFeret diameter is the shortest longest distance between
any two points along the selection boundary. (c) Higher magnification TEM image shows the 3-
dimensional porous structure of MCF. (d) Schematic illustration of MCF porous structure.%
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Figure 5.5. STEM image and EDX mapping of product made by loading pre-formed SPIO into
MCEF. Grey is the Z-contrast image. Red is silicon, green is iron, and yellow is oxygen. The white
arrows indicate the SP1O blockades.

Next, we optimized the conditions for in situ growth of SPIO. The SPIO growth
needs alkali as a catalyst, but the silica can be dissolved by the alkali. The alkali
concentration, type of cationic ions in the alkali, temperature, and reaction time are all
important for iron oxide formation and the silica dissolution. A lower pH and lower
temperature decrease the extent of silica dissolution in alkali. Sodium ions and prolonged
reaction time increases the magnetite crystal size, which increases the saturation
magnetization.®® Removing oxygen also improves the SPIO magnetization.®®® We
investigated these factors and concluded that the optimal growth occurred at 1 hour of
reaction at room temperature in the presence of 0.5 M NaOH and nitrogen protection.

The products made with the optimized reaction conditions showed a good dispersity
of iron in the MCF (Figure 5.6). Energy-dispersive X-ray (EDX) mapping of a typical SIO
showed that the iron was dispersed together with silicon and oxygen throughout the entire
SIO (Figure 5.2b). SIO showed both crystal and amorphous regions under high resolution

TEM (HRTEM). The fast Fourier transformation (FFT) pattern in frame i of Figure 5.2c
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shows crystalline features with a lattice spacing of 2.97A, which agrees well with the lattice
spacing of (220) planes of cubic FesO4. (2.966 A on PDF#65-3170). XRD pattern of the
SI0O matched with the crystal structure of magnetite (PDF# 96-101-1033) (Figure 5.7). In
addition, this crystal region is a particle rather than a shell, which indicates the SPIO were
formed during the in situ growth. The FFT from frame ii (Figure 5.2c) indicates an
amorphous structure typical of silica made with a low-temperature sol-gel method.*'® The
distorted white centers of FFT patterns of both crystal and amorphous regions are due to

objective stigmatism from magnetite (Figure 5.2c).*%®

Fe

)

3 4 é 6 7

Fe
.

3 4 5 6 7
Fe
+I

3 4 & 6 7
Fe

Fe

il ded Al
T T T T l1
3 4 5 6 7

Energy (keV)

Figure 5.6. EDX mapping and spectra of SIO under different reaction conditions: (A) 0.7 M
ammonia, 60 minutes, RT; (B) 0.5 M sodium hydroxide, 10 minutes, 100°C; (C) 0.5 M sodium
hydroxide, 30 minutes, RT; (D) 0.5 M sodium hydroxide, 60 minutes, RT. The last condition was
chosen as an optimized reaction condition. Pink, yellow, cyanine, and green indicate silicon,
oxygen, iron, and copper, respectively.
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The saturation magnetization of the S10 also proved that the iron oxide in the SIO
was FesOs. The saturation magnetization of SIO at room temperature was 52 emu/g
(Figure 5.8). According to the ICP-MS analysis, the Fe-to-Si mass ratio in SIO was 1.34.
Therefore, the saturation magnetization of iron oxide in the SIO was 91 emu/g. The
saturation magnetization indicated that the iron oxide in SIO was Fe304, whose saturation
magnetization is 90 emu/g.*°* In addition, the small coercivity (0.1 Oe) and the shape of

hysteresis loop (Figure 5.8) confirmed that the SIO is superparamagnetic.*%
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Figure 5.7. Powder X-ray diffraction pattern of SIO (blue) and magnetite from the database (red).
Peaks marked with asterisks were from the sample holder.
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Figure 5.8. Hysteresis loop of SIO. Hysteresis loop indicates that SIO are superparamagnetic. The
nitrogen protection during in situ growth of SPIO significantly increased the saturation
magnetization of S1O. The measurement temperature was 300 K.

The S10 were irregularly shaped (Figure 5.2d), and their size distribution is shown
in Figure 5.2e. Their average size was 380166 nm (n=500), which is about the same as
the starting MCF due to the balance between silica dissolution and SPIO deposition. The
surface area, pore volume, and average pore size of MCF were 394 m?/g, 0.50 cm®/g, and
9.2 nm, respectively. With the alkali catalyst but no iron precursors, the pore volume and
pore size were increased to 0.741 cm®/g and 12.2 nm, which suggested dissolution of silica
in the presence of the alkali. The surface area, pore volume, and pore size of SIO were
respectively 333 m?/g, 0.62 cm®/g, and 9.2 nm, indicating the conjugation of SP1O on the
MCEF (Figure 5.2f).

The colloidal stability of SIO was also improved after SPIO-conjugation. The
colloidal stability was determined by measuring the absorbance of a nanoparticle

suspension in a cuvette over time. As shown in Figure 5.2g, only 29% of SIO settled after
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24 hours versus 49% of MCF settled within 15 minutes at the same concentration. This
implies that only 29% SIO settled after 24 hours. The increased colloidal stability may be
due to the increased absolute value of zeta potential, which led to stronger electrostatic
repulsion between particles. Dynamic light scattering (DLS) results showed that zeta
potential of silica nanoparticles increased from -10 mV to 29 mV after deposition of

positive SP10.4%3

3.2. Cell uptake of SIO

Optimized SIO could be taken up by hMSCs without any transfection agents. SIO
concentration and incubation time affected the cell uptake capacity. The cell uptake of SIO
increased with the SIO labeling concentration ranging from 0 to 800 pg/mL (Figure 5.9a).
Approximately 21%, 38%, 29%, and 24% of the total nanoparticles were taken up or
adhered to the hMSCs when the labeling concentrations were 50, 200, 400, and 800 jg/mL.
We chose 200 g/mL as the labeling concentration in order not to overdose the cells. The
cell uptake of SIO reached maximum at 4 hours and decreased slightly afterwards when
200 g/mL of S10 were used (Figure 5.9b). The cell uptake of SIO at 4 hours was 2.19 +
0.34 ng/cell when the SIO labeling concentration was 200 pg/ml. This labeling condition
was chosen for the late experiments unless specified.

The half-life of SIO in MSCs was studied via ICP analysis. The results showed that
the cell uptake of SIO decreased exponentially versus time (Figure 5.9c). The half-life of
SIO in hMSCs (passage 5) was 6.7 days, which was close to the doubling time of the
cells—7.2 days. Therefore, the dilution of SIO in hMSCs may mainly be due to the division

of cells.
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Figure 5.9. Effect of labeling condition and half-life of nanoparticles inside hMSCs. (a) Loaded
SIO increased as the incubation concentration of SIO increased. Error bars are standard deviations
of six measurements. (b) The incubation time changed the amount of loaded SIO slightly, with a
peak at 4 hours. Error bars are standard deviations of six measurements. (c) Loaded SIO decreased
as time went, which is likely due to the division of cells. According to the exponential fitting curve,
the half-life of SIO in hMSCs was around 6.7 days. Error bars are standard deviations of three
replicates.

Cell uptake of SIO was confirmed with transmission and fluorescence microscopy,
iron staining, TEM image, and flow cytometry. Most of bright S10 in the transmitted image
colocalized with the cells; fluorescence microscopy confirmed the nuclei (blue) and SIO
(green) as shown in Figure 5.10a. Iron staining studies also showed the colocalization of
iron (blue) and cells (pink) in the SIO-labeled cells; while there is no iron in the unlabeled
cells (Figure 5.10b). TEM image indicates that the SIO were taken up by hMSCs via
phagocytosis and the SIO maintained their shape (Figure 5.10c).*% Flow cytometry
analysis showed that approximately 93% out of 10,000 cells were labeled with S10 after 4

hours of incubation (Figure 5.10d).
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Figure 5.10. SIO enter and label hMSCs. (a) Photomicrographs of SIO-labeled hMSCs show the
presence of FITC-conjugated SIO (green) together with hMSC. Blue indicates the hMSC nuclei.
(b) Microscope images show unlabeled and SIO-labeled hMSCs stained with potassium
ferrocyanide and pararosaniline solutions (iron staining kit from Sigma Aldrich). Blue, pink, and
red indicate the presence of iron, cytoplasm, and nuclei respectively. (c) Sectioning TEM image of
SIO-labeled hMSC indicates the presence of SIO in cytoplasm. (d) Flow cytometry shows more
than 92.5% of hMSCs were labeled with FITC-conjugated SIO (red solid line).
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3.3. Biocompatibility of SIO

We next measured the impact of SIO-labeling on hMSCs. A Resazurin assay
showed the cell metabolism were 85.3% (p=0.00041) and 98.5% (p=0.65) of unlabeled
cells when the SIO-labeling concentration was 2 and 1 mg/ml SIO, respectively (Figure
5.11a). This indicates the excellent biocompatibility of the S10. Cell counting experiments
showed that the SIO did not inhibit the proliferation of hMSCs—the doubling time for
SIO-labeled and unlabeled hMSCs were 3.6 and 3.7 days, respectively (Figure 5.11b). The
shorter doubling time here than previous was likely due to the different cell batch and
passage numbers. A calcein/ethidium homodimer Il live/dead assay showed only 0.4%
cell death after SIO-labeling which was negligible compared to the cell death of unlabeled
cells, which is 0.2% (Figure 5.11c).

The impact of SIO-labeling on phenotypes (CD73, CD90, and CD105)%® were
studied with flow cytometry (Figure 5.11d). 30,000 and 10,000 events were run for S10-
labeled and unlabeled hMSCs, and over 4,500 cells were analyzed for all the samples. We
gated the fluorescence signals with unlabeled cells, and the gate was set where 99% of
unlabeled cells treated with antibodies were included. Results showed that 95.8%, 95.8%,
and 97.3% of the SlO-labeled hMSCs maintained the CD73, CD90, and CD105
phenotypes.

SIO-labeled hMSCs retained their multipotency. Unlabeled and SIO-labeled
hMSCs treated with adipogenic induction media were both stained red with Oil Red O,
which indicates the presence of fatty lipid deposits in both cells. Also, both cells treated
with osteogenic induction media were stained black by von-Kossa staining indicating the

presence of calcium deposits (Figure 5.11e). Therefore, we could conclude that the SIO-
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labeling did not affect the adipogenic and osteogenic differentiation capacities of hMSCs.
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Figure 5.11. Biocompatibility of SIO. (a) A Resazurin assay showed no significant decrease in cell
viability at SIO concentrations below 1 mg/ml. Error bars are standard deviations of 6 replicates.
*** p < 0.0005. (b) The exponentially-fitting curves for proliferation of SIO-labeled and unlabeled
hMSCs are similar, and the doubling time for S1O-labeled and unlabeled hMSCs were 3.6 and 3.7
days. Error bars are standard deviations of 8 replicates. (c) Calcein/ethidium homodimer 11l
live/dead assay shows only 0.4% of cells died after labeled with SIO. (d) Flow cytometry showed
SIO-labeled hMSCs maintained the phenotypes—CD73, CD90, and CD105. Black and red lines
are unlabeled and SIO-labeled hMSCs, respectively. Dashed lines are isotype control with isotype
mouse 1gG; solid lines are hMSCs stained with specific binding antibodies. (e) SIO-labeled hMSCs
maintained their adipogenic and osteogenic differentiation ability. (f) SIO-labeled hMSCs showed
normal migration. (g) Fold change of cytokines secreted by SIO-labeled and unlabeled hMSCs.
S1O-labeled hMSCs secreted more than 200% of I1L1B, IL27, IL7, IL8, and MIP1B and less than
50% of TGFB than unlabeled ones. Grey bars indicate a statistically non-significant (P > 0.05)
change in expression; red bars indicate significance (P < 0.05), two-tailed homoscedastic test. Error
bars are standard deviation of four replicates.

164



The SIO-labeled cells could still move as seen in a migration assay (Figure 5.11f).
For the unlabeled hMSCs, the cell density in the scratched area on day 3 was approximately
9290 cells/cm?, which was 147% of the initial cell density in the unscratched area. For the
S10-labeled hMSCs, the cell density in the gap on day 3 was approximately 8871 cells/cm?
or 143% of the initial cell density in the unscratched area. This result indicated that the
SIO-labeling did not inhibit cell migration.

Although SIO-labeling showed no negative impact on metabolism, viability,
proliferation, differentiation, phenotypes, and migration ability, it did affect the
concentration of multiple cytokines in cell media. Secretome analysis showed a general
increase in levels of cytokines with the addition of SIO. Noticeably, 50 out of 56 detected
cytokines showed a change less than 1-fold upon the addition of SIO (Figure 5.11g). SI10-
labeled hMSCs secreted 3.79-fold of IL1B, 2.93-fold of IL27, 2.47-fold of I1L7, 2.04-fold
of IL8, and 3.18-fold of MIP1B compared to unlabeled ones, and the changes are
significant (p < 0.05 when two-tailed homoscedastic t-test were used). The addition of SIO
led to significant decrease in TGFB secretion (0.36-fold of TGFB secreted by unlabeled

hMSCs, p < 0.05 with two-tailed homoscedastic t-test) (Figure 5.119).

3.4. Functions of SIO—imaging, sustained release, and cell directing

The in situ SPIO-conjugation increased the nanoparticles’ colloidal stability, zeta-
potential, and saturation magnetization. These properties enable SIO to increase the
efficacy of stem cell therapy through triple-functions: enhancement of ultrasound and MRI
contrast of cells, sustained release of pro-survival agents to increase cell viability, and
magnetic-assisted manipulation of cells to improve retention.

First, SIO have high ultrasound and MRI contrast compared to soft tissues, which
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allows guided real-time injection through ultrasound imaging and tracking of SIO-labeled
cells via MRI.11:4% We evaluated the T2-based MRI signal of S1O with spin echo imaging.
The LOD of SIO with T2-weighted MRI (7T) was 43.7 pg/mL. The relaxivity per Fe was
32 48.8 mM st similar to commercial agents.**® In vivo MRI also showed a high contrast
between S10 and myocardium (Figure 5.12). The ultrasound signal of SIO was tested with
a 40-MHz transducer, and the LOD was 22.6 jg/mL (Figure 5.13). We then labeled
hMSCs with SIO and scanned with MRI and ultrasound imaging. SIO increased both MRI
and ultrasound contrast of hMSCs (Figure 5.14a) and could be used to count cells (Figure
5.15) down to 20 cells/pL via MRI and 152 cells/pL via ultrasound imaging. Therefore,
the T2 weighted MRI can exhibit excellent sensitivity for cell tracking that complements

the excellent temporal resolution of ultrasound.*%”
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Figure 5.12. MRI contrast of SIO. (a) MRI of SIO in agarose phantom with different
concentrations. Two columns are two replicates. The scan was performed with repetition time 5,000
ms and echo time 12.6 ms at 4.7 T. (b) Relaxivity of SIO per Fe was found to be 31.8 mM1s™.
Error bars are standard deviations of two SIO batches. (c) In vivo MRI image showed a high MRI
contrast of SIO against myocardium.

e
|y =277.6x+38.9
R?=0.9299

0 01 02 03
[SIO] (mg/mL)

Figure 5.13. Ultrasound contrast of SIO. (a) Ultrasound image of SIO in agarose phantom with
different concentrations from 0 to 5 mg/mL. The scan was performed a linear transducer (MS550,
VisualSonics) with 40 MHz. (b) Relationship between ultrasound signal and SIO concentration.
Error bars are standard deviations of five fields-of-view. (¢) In vivo ultrasound images showed the
contrast of SIO against myocardium.
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Figure 5.14. Multi-functions of SIO. (a) Ultrasound and T2-weighted MR images of unlabeled (top
row, the cell numbers were 0k, 10k, 50k, 150k, and 300k from left to right) and S10-labeled hMSCs
(bottom row, the cell numbers were 10k, 50k, 150k, 300k, and 600k from left to right). These
images show the enhancement of both MRI and ultrasound signals of hMSCs after SIO-labeling.
MRI was done with a repetition time of 1,400 ms and an echo time of 15 ms at 4.7 T. (b) Cumulative
release profile of IGF from SIO. Error bars are standard deviations of triplicates. (¢) In vitro survival
of hMSCs treated with free IGF, free BSA, IGF-loaded SIO (IGF@SI10), incomplete media (ICM),
and complete media (CM). No cells and nanoparticles (NP) only groups are control groups with
only incomplete media or media containing nanoparticles. Error bars are standard deviations of six
replicates. The asterisks show the p-value compared to incomplete media group. * p < 0.05, *** p
< 0.0005. (d) MRI shows the long-term retention of SIO in the left ventricle wall only with presence
of magnet. Azure dotted circles show the outlines of left ventricles. Yellow arrows indicate the
locations of SIO. (e) Overlay of fluorescence and microscope images show that SIO and magnet
could improve the retention of hMSCs in laminar flow with a shear stress at 27 dyne/cm?. Both
cells were stained with fluorescent quantum dots for visualization. (f) Suspended SIO-labeled
hMSCs could be directed by an external magnet to the side wall of flask. These attracted cells could
adhere to and grow on the side wall. In contrast, no cells would grow on the same location without
SIO-labeling or without a magnet.
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Figure 5.15. MRI and US signal of SIO-labeled hMSCs. (a) MRI signals of SIO-labeled hMSCs
in agarose phantom was linearly dependent on cell concentrations. (b) Relationship between
ultrasound signals and concentration of SIO-labeled hMSCs in agarose phantom.

The second function of SIO was drug delivery to enhance cell survival,38® 408
Figure 5.16 shows that the SIO made with in situ growth method kept the high loading
capacity of MCF. The loading cargo was a protein—insulin-like growth factor (IGF, 7.6
kDa)—a pro-survival agent that can improve cell viability.*'* The IGF loading capacity of
SI0 was 7.36 mg/g, and the loading efficiency was over 98% when the IGF-to-nanoparticle
mass ratio was 0.0075. The IGF loading capacity of SIO was only 1.2% lower than that of
MCEF (7.45 mg/g). Both nanoparticles had a similar linear dependence relationship between

the loading capacity and IGF-to-nanoparticles ratio (Figure 5.16).
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Figure 5.16. Loading capacity of the MCF and SIO. (a) The loading capacities of both the MCF
and SI0 showed a linear dependence on the mass ratio of IGF:nanoparticles. The loading capacity
between these two nanoparticles were similar. (b) Loading capacities of SIO showed a linear
dependence on the mass ratio of IGF:nanoparticles within 0 - 0.1.
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Moreover, SIO demonstrated better sustained IGF-release ability than MCF. We
were unable to detect any release from IGF-loaded MCF within one week via a
bicinchoninic acid (BCA) assay (Figure 5.17). To confirm that we had loaded IGF in the
first place, we mixed IGF-loaded MCF with the BCA solution and saw a high concentration
of protein. We therefore concluded that MCF was unable to release IGF at detectable
concentrations. This is likely due to strong electrostatic forces between the negatively-
charged MCF (-10 mV) and positively-charged IGF at neutral pH.*%® On the other hand,
SIO were positively-charged (29 mV). We found that IGF-loaded S10 showed sustained

release of IGF over one month (Figure 5.14b): 23.7%, 34.8%, and 45.1% of the loaded

IGF was released on days 1, 7, and 29, respectively.
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Figure 5.17. No IGF release from IGF-loaded MCF. The BCA assay produces a purple color in
the presence of protein. No IGF release was seen from MCF. After one week of incubation, the
IGF-loaded MCF turned when stained with the BCA agent (Left), however, no IGF was detected

in the release media.
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In vitro cell survival assays suggested the released IGF from SIO were still
functional as pro-survival agents. hMSCs were treated with IGF-loaded SIO, free IGF, free
bovine serum albumin (BSA), incomplete media without FBS (positive control), and
complete media (negative control) for one week. To mimic cell transplantation, the cell
media were not replaced with fresh media once cells were plated. The comparison between
IGF and BSA groups indicated that IGF is a pro-survival agent for hMSCs.'** Free IGF
significantly increased the viability of hMSCs on days 1-4, but not on day 7 (Figure 5.14c).
IGF-loaded SI10 significantly increased the cell viability by 26%, 57%, and 53% on days
2, 4, and 7 versus incomplete media underscoring the importance of sustained release.
Furthermore, the viability of hMSCs treated with IGF-loaded S1O showed no significant
(p = 0.09) decrease compared to complete media on day 7 suggesting that the sustained
release of IGF from SIO increased the long-term survival of hMSCs.

The third function of SIO was to increase cell retention by magnet-manipulation.
We first investigated the retention of SIO with a magnet. First, an in vitro retention study
showed that SIO stayed in static tissue mimics—0.5% agarose gel*® attracted by a
magnetic field (Figure 5.18). An in vivo study showed a significantly (p=0.036, one-pair,
type two t-test) higher S10 retention in the left ventricle wall of mice with magnet after 7
days. Approximately 15% of the SIO were detected in the hearts of mice with magnet
(n=9), while no SIO were detected in those without magnet (n=8). The magnet was
embedded in a jacket held close to the apex of mouse as shown in Figure 5.19. Seven days
after injection, SIO were still visible in the left ventricle by in vivo MRI when a mouse was
wearing a jacket with an external magnet while most SIO were gone on day 7 compared to

post-injection when a mouse was wearing a jacket without magnet (Figure 5.14d). These
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results suggested that SIO in the rodent myocardium could still be retained by an external

magnet.

Water 0.1% agar 0.25% agar 0.5% agar
4 mg/mL

4 mg/mL
. MCF-SPIO MCF-SPIO

Figure 5.18. Demonstration of SIO retention in mimicking tissues. The maximum pull force of the
cubic magnets is about 10 newtons. Almost all the nanoparticles were pulled out from water within
one minute and from 0.1% agarose within 1 hour. However, the retention of 0.25% and 0.5%
agarose is strong, and the nanoparticles cannot be pulled out by these magnets. The 0.5% agarose
gel has a similar mechanical properties as soft tissues.*
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Figure 5.19. In vivo study of SIO retention at mouse heart apex by external magnet harness. (a)
Design of the magnetic harness. Total weight of each harness is controlled within 10% of the mouse
body weight. (b) Mouse wearing a magnetic harness. (c) Ultrasound image indicates the distance
between the magnet and apex is approximately 3.4 mm. (d) The pull force of the magnet as a
function of distance (adopted from K&J Magnetics).

Next, we studied the effect of SIO-labeling on cell retention by a magnet. The
magnet-enhanced retention of S10 also increased the retention of SIO-labeled hMSCs. The
retention of S1O-labeled hMSCs was 58.14% when the shear stress was 27 dyne/cm?
(Figure 5.14e), which is higher than the mean wall shear stress of left ventricle of both
mice and humans.*** However, all unlabeled hMSCs were removed under the same
conditions. We also quantitated the retention of cells versus shear stress from 7 to 35
dyne/cm? and found that the retention of SIO-labeled hMSCs decreased as the shear stress
increased (Figure 5.20). The cell retention was approximately 85% when the shear stress

was 12.8 dyne/cm?, which is the mean wall shear stress in the human left ventricle.4*2
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Figure 5.20. Retention of SIO-labeled hMSCs versus shear stress. (a) Overlay of fluorescence and
microscope images show the retention of SIO-labeled hMSCs with the presence of magnet in
laminar flow with a range of shear stress 7 - 35 dyn/cm?. The mean wall shear stress in left ventricle
of human is 12.8 dyn/cm?.412 Cells were stained with fluorescent quantum dots for visualization.
(b) Retention of SIO-labeled hMSCs was dependent on the shear stress.

Further studies showed that suspended S10-labeled hMSCs could overcome gravity
and be attracted by an external magnet to the flask side wall. These attracted cells could
adhere to and grow on the side wall. The cells density of SIO-labeled hMSCs with an
external magnet was approximately 5,850 cells/cm?; otherwise, the cell densities were 0
cells/cm? (Figure 5.14f). After being attracted and adhered to the side wall, the SIO-labeled

hMSCs could continue growing on the side wall without the magnet (Figure 5.21).

Day 7

Figure 5.21. Growth of SIO-labeled hMSCs on the side wall of a flask. The SIO-labeled cells were
attracted by an external magnet and started to adhere on the side wall of flask on the first day. The
cells continued growing after removal of the magnet.
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3.5. SIO-labeled hMSCs improve left ventricular function

In vivo experiments used the murine ischemia/reperfusion model in four groups:
healthy control, negative control (no treatment), hMSC treatment, and IGF-loaded SI10-
labeled hMSC treatment. The study timeline is shown in Figure 5.22a. Animals from the
latter three groups received a 60-minute ischemia by left anterior descending (LAD)
coronary artery ligation followed by intramyocardial injection with 20 pL media, 0.1
million hMSCs, or 0.1 million IGF-loaded SIO-labeled hMSCs and followed by
reperfusion. Echocardiography*'® was used to evaluate the cardiac function on days 7, 30,
and 60 after the surgery.

The treatment with stem cells were confirmed with immunofluorescence images.
Only animals treated with stem cells, both unlabeled and S10-labeled, showed the presence
of CD73-PE, CD90-FITC, and CD105-APC (Figure 5.22b) in their left ventricles. In
addition, iron staining, ex vivo MRI, and H&E staining showed that SIO only presented in
the hearts from S1O-labeled hMSCs (Figure 5.22 c, d). Moreover, the intramyocardially
injection of hMSCs and SIO-labeled hMSCs did not change the pathology of other organs

and showed no toxicity (Figure 5.23).
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Figure 5.22. Timeline and confirmation of treatments in myocardium after 60 days. (a) Timeline
for surgery, treatment, and echocardiograph. Hearts were collected and sliced more than 60 days
after injection of hMSCs. (b) H&E staining (first row) and immunofluorescence (second row)
images of heart slice from injured groups. The third to seventh rows show higher magnification
images of the outlined regions (highlighted with red rectangles) from the second row. The results
indicated the presence of hMSCs’ phenotypes CD73, CD90, and CD105 in heart slices from both
hMSC control and IGF-loaded S10-labeled hMSCs. (c) Ex vivo MRI showed the presence of SIO
(pointed by red arrow) only in the IGF-loaded S1O-labeled hMSCs treatment group. (d) Iron
staining of heart slices from each group. Iron was stained blue, myocardium cells were stained dark
pink, and fibrosis was stained light pink. The result shows the presence of iron only in IGF-loaded
SIO-labeled hMSCs treatment group.
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Figure 5.23. H&E staining of organs from four groups. Arrows point at brown segments which
indicate the presence of S1O. No observable differences were found in liver, lung, and spleen among
the four groups.

Echocardiography showed that unlabeled hMSCs decreased heart function on day
60 compared to the baseline. The hMSC control group had a decrease (-15%) in the mean
LVEF on day 60 (Figure 5.24a); and the mean change in LVEF of hMSC control group
were -17% on day 60 and nonsignificant compared to the negative control group (Figure
5.24b). This outcome is inconsistent with other reports, however, inconsistent outcome of
stem cell therapy in treating myocardial infarction is common in the pre-clinical and
clinical trials.8® The inconsistency in outcomes with MSCs between studies may be due to

the cell dosage, routes of administration, donor variance, culture expansion, and
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immunogenicity.** 4* For example, most reported clinical trials with allogenic MSCs

caused no significant changes in the LVEF while most autologous MSCs increased the

LVEF.416
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Figure 5.24. SIO-labeled hMSCs improved heart functions and decreased cardiomegaly. (a)
Comparison of mean LVEF among four groups (n=12) from baseline, day 30, and day 60. IGF-
loaded S10-labeled hMSCs significantly increased LVEF and absolute value of GLS on both day
30 and 60 compared to the baseline. Error bars are standard errors (n=12). * p < 0.05, ** p < 0.005.
(b) Change of LVEF on day 60 from baseline for individual subjects. Error bars are standard
deviations (n=12). ** p < 0.005 (two-tail and type two t-test was used). (c) Mean global longitudinal
strain (GLS) of each group (n=12) from baseline, day 30, and day 60. (d) Photos show frontal view
(top row) and transverse view (bottom row) of a representative heart from each group. (¢) Mean
heart-to-body weight ratio of each group. Error bars are standard errors (n=11 for hMSC ctrl group
and 12 for the other three groups). * p < 0.05, ** p < 0.005, *** p < 0.0005. (f) Representative
heart slices stained with trichrome staining from each group. Blue indicates fibrosis and red
indicates myocardium. RV: right ventricle. (g) Quantitative analysis for fibrosis. Error bars are
standard deviations for six animals.
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On the other hand, IGF-loaded S10-labeled hMSCs significantly improved the
heart functions of mice with ischemia-reperfusion injuries. First, IGF-loaded SIO-labeled
hMSC injection significantly improved the left ventricular ejection fraction (LVEF) of
diseased mice (Figure 5.24a). There were no significant differences between baseline
LVEF among the diseased groups, which suggested the injuries were created equally. The
increases in mean LVEF were 11% and 21% on days 30 and 60, respectively. Changes in
LVEF from baseline for individual animals in each group were also analyzed. Only 2 of 12
animals from the IGF-loaded S10-labeled hMSC treatment group had a decrease in LVEF
on day 60 compared to day 30, but this occurred in 6 of the 12 animals for the other three
groups (Figure 5.25). The mean change in LVEF of labeled hMSCs treatment group on

day 60 were 22%, which increased significantly compared to the negative control group.

b * %

QO

Left: Day 30
Right: Day 60

[=1]
?

mD30

mD60

N
?

P

(LVEF - LVEF,)/LVEF, (%)

?

K

-7 M\.
|

i
g

(LVEF - LVEF o)/LVEF, (%)

-20
-104
-40
20
60 T T T 1
Healthy Neg hMSC SIO- hMSC ctr

ctrl ctrl ctrl hMSC -30-

Figure 5.25. Change of LVEF for individual animals. (a) Change in LVEF from baseline for
individual subjects (n=12 for all four groups). Grey and red indicates the increase and decrease of
ALVEF on day 60 compared to day 30. (b) Mean change in LVEF of each group show that the
IGF-loaded S10-labeled hMSC had significantly improved heart function compared to the other
groups on both day 30 and 60. The asterisks showed the significance in change compared to
negative control group. Error bars are standard errors (n=12). * p < 0.05, ** p < 0.005 (two-tail and
type two t-test was used).
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IGF-loaded S10-labeled hMSCs also significantly increased the global longitudinal

strain (GLS)—an index of left ventricular (LV) systolic dysfunction.*!” There were no

significant differences between baseline GLS among the diseased groups. The increase in

GLS on day 30 and 60 was 24% and 34% compared to the baseline (Figure 5.24c). We

also analyzed radial strain by dividing LV myocardium to 49 nodes (Figure 5.26). Animals

treated with IGF-loaded S10-labeled hMSCs had an increased average radial strain in the

nodes close to the apex on day 60 compared to day 30.
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Figure 5.26. Radial strain analysis. (a) Schemes of the 49 nodes on the LV myocardium. Average
radial strain of each node for (b) healthy control group, (c) negative control group, (d) hMSC
control group, and (e) IGF-loaded SIO-labeled hMSC treatment group. Error bars are standard
deviations (n = 12).
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To further confirm this improvement, we studied the cardiomegaly by measuring
the heart-to-body weight ratio and the pathological changes in the hearts. IGF-loaded S10-
labeled hMSCs transplantation diminished cardiomegaly. The average heart-to-body
weight ratio of healthy control, negative control, hMSC control, and IGF-loaded SIO-
labeled hMSCs treatment groups were 5.740.7, 8.242.0, 8.640.8, and 7.13).8 mg/g,
respectively (n=12 for all groups) (Figure 5.24d&e). IGF-loaded S1O-labeled hMSCs
transplantation decreased the cardiomegaly by 43% (p = 0.041) compared to the negative
control group.

Heart slices were stained with trichrome staining for fibrosis analysis. Figure 5.24f
showed a representative heart slice from each group, and fibrosis tissues (blue) were seen
from the slices of all diseased groups. We quantified 6 random hearts from each group and
each heart was sectioned to 10 pm with every 10th section collected. We analyzed 4 to 13
slices for each group and calculated the percentage of fibrosis with 4 continuous slices that
showed a maximum fibrosis and a coefficient of variation less than 15%. The average
percentage of fibrosis for negative control, hMSC control, and labeled hMSC treatment
groups were 19.249.0%, 18.7#12.1%, and 14.633.9% (Figure 5.24q). Therefore, IGF-
loaded SIO increased the efficacy of stem cell therapy in treating ischemia-reperfusion
injuries in mice.

Hence, all measurements including echocardiography, heart-to-body weight ratio,
and pathological change showed that the IGF-loaded SIO-labeling improved the stem cell
treatment efficacy, which indicates the functionality of the SIO. Stem cells may improve
the LVEF due to the paracrine factors, recruitment of autologous cells, and decreasing

apoptosis of the local cells. Although the IGF-loaded S10-labeled hMSCs increased the
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LVEF, without the hMSCs, the particles alone are unlikely to improve the LVEF because
they cannot mediate the local paracrine factors, which has been proved by Roell et al.*8
Hence, another mechanism for this improved stem cell therapy efficacy is likely
due to the increased cytokine levels causing by nanoparticles-labeling. We compared the
secretome of IGF-loaded S1O-labeled to unlabeled hMSCs. A general increase in levels of
cytokines was seen with the addition of IGF-loaded S10. Many proteins broadly implicated
in cardiac regeneration, including vascular endothelial growth factor (VEGF), hepatocyte
growth factor (HGF), basic fibroblast growth factor (FGFB), stem cell factor (SCF), and
monocyte chemotactic protein-1 (MCP-1) (Figure 5.27). IGF-loaded SIO-labeling
significantly decreased the secretion of transforming growth factor beta (TGFB) to 22% (p
< 0.05 when two-tailed homoscedastic t-test were used), which is beneficial because TGFB
stops cell cycle and lead to apoptosis.**® Noticeably, while the SIO alone labeled hMSCs
secreted significantly more proinflammtory cytokines than unlabeled hMSCs, the IGF-

loading decreased this undesired effect caused by the SIO (Figure 5.11g & Figure 5.27)

-
2
83
5
c
32
32
@
3
1
=}
w
2o
(o] [™ w Srm oL Jdg oo OO TNNg S O WL @ W W T TR T .
E S IR P R L R N R L R P - B R o
e 25082y o ==22d%dag =8 ] o o 2o
B2EIEEzEEE2S0F208ELT0T §FELEB23I705 706270 00758
] = =
'6we> | = °© 5 @ E;_ 3 w o 3 =
w 4

Figure 5.27. Effect of IGF-loaded SIO on secretome of hMSCs. Fold change of cytokines secreted
by IGF-loaded S1O-labeled and unlabeled hMSCs. Cytokines secreted by the IGF-loaded SIO-
labeled cells were within 1-fold (50% - 200%) of unlabeled cells, except TGFB, NGF, MIP1B, and
IL1B. Grey bars indicate a statistically non-significant (P > 0.05) change in expression; red bars
indicate significance (P < 0.05), two-tailed homoscedastic test. Error bars are standard deviation of
four replicates.
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4. Conclusions

We prepared a superparamagnetic mesocellular foam silica-FesO4 nanoparticle via
an in-situ growth method. The in situ SPIO-conjugation increased the nanoparticles’
colloidal stability, zeta-potential, magnetization, and sustained-release profile for IGF. The
optimized SIO allowed the enhancement of ultrasound and MRI contrast of cells, sustained
release of pro-survival agents to increase cell viability, and magnet-assisted manipulation
of cells to improve retention. Moreover, these nanoparticles changed the cytokine levels
and improved the efficacy of stem cell therapy. While this structure does not directly report
viability, both echocardiography and histology studies showed that SIO-loaded with IGF
increased the efficacy of stem cell therapy in treating ischemia-reperfusion injury in mice.
This could be improved by studies that correlated an exogenous agent such as the

nanoparticles described here versus a reporter gene known to report viability.
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APPENDIX

Chapter 1:

SPR, surface plasmon resonance; CT, computerized tomography; MPI, magnetic
particle imaging; MRI, magnetic resonance imaging; T1, longitudinal relaxation; T2,
transverse relaxation; PAI, photoacoustic imaging; SPECT, single photon emission
computed tomography; PET, positron emission tomography; PDT, photodynamic therapy;
PTT, photothermal therapy; RES, reticuloendothelial system; US: ultrasound; TEOS,
tetraethyl orthosilicate; HU, Hounsfield units; EPR, enhanced permeability and retention;

AUGR, Gold nanorod; NPs, nanoparticles; PEG, polyethylene glycol.

Chapter 2:

DSN, discoid silica nanoparticles; ELS, exosome-like silica nanoparticles; SSN,
Stcher silica nanospheres; MSN, MCM-41 mesoporous silica nanospheres; MCF,
mesocellular foam silica nanoparticles; TSPA, bis(3-trimethoxysilyl-propyl)amine; BTSE,
bis(triethoxysilyl) ethane; hMSCs, human mesenchymal stem cells; NTA, nanoparticle

tracking analysis.

Chapter 3:

SIiC, silicon carbide; 3C-SiC, silicon carbide with cubic symmetric structure; NP,
nanoparticles; SICNWs, silicon carbide nanowires; SICNPs, silicon carbide nanoparticles;
SICNP8O, silicon carbide nanoparticles with an average size of 80 nm; SICNP600, silicon
carbide nanoparticles with an average size of 600 nm; FITC, fluorescein isothiocyanate;
MSCs, mesenchymal stem cells; ROS, reactive oxygen species; FDA, food and drug

administration; SEM, scanning electron microscope; TEM, transmission electron
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microscope; HRTEM, high resolution transmission electron microscope; FFT, fast Fourier
transformation; XRD, X-ray diffraction; EDX, energy dispersive X-ray spectra; PA,
photoacoustic; RT-PCR, real-time polymerase chain reaction; CDKN, cyclin-dependent
kinase inhibitors; CDK, cyclin-dependent kinase; LPL, lipoprotein lipase; PPARG,
peroxisome proliferator-activator receptor-gamma2; ALP, alkaline phosphatase; BSP,
bone sialoprotein; AGN, aggrecan; COL2A, collagen type II alpha 1; EFla, elongation
factor-1a; C3, complement protein 3; MMP-3, matrix metalloproteinase-3; MCP-1,

monocyte chemotactic protein 1; IL-8, interleukin-8.

Chapter 4:

OSNP, organosilica nanoparticles; CTAB, Hexadecyltrimethylammonium
bromide; DMHA, dimethylhexadecylamine; DLS, dynamic light scattering; XPS, X-ray
photoelectron spectroscopy; ICP-OES, inductively coupled plasma optical emission

spectrometer; pKa, acid dissociation constants.

Chapter 5:

SIO, silica-iron oxide; MCF, mesocellular foam silica; SP1O, superparamagnetic
iron oxide nanoparticles; P123, Poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol); MSCs, mesenchymal stem cells; hMSCs, human MSCs; SQUID,
superconducting quantum interface device; PBS, phosphate-buffered saline; CD, cluster of
differentiation; DMEM, Dulbecco's modification of Eagle medium; MSCBM,
mesenchymal stem cells basal medium; IGF, insulin-like growth factor; FOV, field of
view; 2D, 2-dimensional; EF, ejection fraction; GLS, global longitudinal strain; VEGF,
vascular endothelial growth factor; VCAM-1, vascular cell adhesion molecule-1; MCP-1,
monocyte chemotactic protein 1; MMP-3, matrix metalloproteinase-3; TIMP-1, tissue
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inhibitor of metalloproteinase-1; A2Macro, alpha-2-macroglobulin; B2M, beta 2
microglobulin; BCA, bicinchoninic acid; LAD, left anterior descending; PE,
phycoerythrin; FITC, fluorescein isothiocyanate; APC, allophycocyanin; H&E,

Haemotoxylin and Eosin; LVEF, left ventricular ejection fraction; LV, left ventricular.
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