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ABSTRACT OF THE DISSERTATION

Biodegradable Porous Silicon Nanomaterials for Imaging and Treatment of Cancer

by

Luo Gu

Doctor of Philosophy in Chemistry with Specialization in Multi-Scale Biology

University of California, San Diego, 2012

Professor Michael J. Sailor, Chair

Cancer is the second leading cause of death, claiming ~0.56 million lives in the
U.S. every year following heart diseases (~0.62 million). From 1991 to 2007, mortality
associated with heart diseases decreased 39%; by contrast, the death rate of cancer only
decreased by 17% in spite of intensive research and improved therapeutics. The
stagnation of conventional medicine and the complexity of cancer demand new
therapeutic strategies.

As an emerging approach, the use of nanomaterials as cancer diagnostic and
therapeutic agents has shown promising results due to their unique physical and chemical
properties. To date, more than two dozen nanoparticle-based products have been

approved for clinical use and they show advantages over conventional therapeutics.
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However, translation of many other nanomaterials has been impeded due to concerns
over toxicity and biodegradability. This dissertation presents the development of
biodegradable luminescent porous silicon nanomaterials and their potential applications
for imaging and treatment of cancer.

After a brief introduction to nanomedicine and the biomedical applications of
porous silicon, Chapter 2 presents a method of making silicon nanoparticles with porous
structure and intrinsic luminescence (LPSiNPs). The low toxicity and biodegradability of
LPSiNPs are demonstrated in vitro with human cancer cells and in vivo with mouse
model. The in vivo clearance of intravenously injected LPSiNPs is studied by tracking the
emission of the nanoparticles with fluorescence imaging.

Chapter 3 presents a diagnostic application of LPSiNPs. Time-gated fluorescence
imaging of tumors using LPSiNPs with long emission lifetime is developed. This
technique can effectively eliminate interference from short-lived tissue autofluorescence
and improve the detection sensitivity.

Chapter 4-6 demonstrate the therapeutic applications of porous silicon
nanomaterials. In Chapter 4, magnetically-guided delivery of anticancer drug to cancer
cells in vitro is achieved using magnetic, luminescent porous Si microparticles. Chapter 5
demonstrates that porous silicon nanoparticles can be used as photosensitizer and
generate cytotoxic singlet oxygen when irradiated by light. The phototoxicity of the
nanoparticles against cancer cells is also studied. Finally, the use of LPSiNPs for immune

activation is investigated in Chapter 6.
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CHAPTER I:

Introduction



1.1 Motivation

About forty years ago, President Richard Nixon signed the National Cancer Act
of 1971, declaring the “War on Cancer”. This act provided a strong stimulus for research
to improve the understanding of cancer and to develop more effective treatments, in the
hope of finding a cure for cancer'. However, forty years later cancer remains the second
leading cause of death, claiming ~0.56 million lives in the U.S. every year following
heart diseases (~0.62 million)z, Fig 1.1. From 1991 to 2007, the death rate of cancer only
decreased by 17% in spite of intensive research and improved therapeutics; by contrast,
mortality associated with heart diseases decreased 39% in the same period” (Fig 1.2). The
stagnation of conventional medicine and the complexity of cancer demand new

therapeutic strategies.

1.2 Nanotechnology in the treatment of cancer

The invention of scanning tunneling microscope in 1981 and the discovery of
fullerenes in 1985 accelerated the emergence of modern nanotechnology which is the
engineering of matters between molecular scale and micrometer scale’”. Materials of
nanometer size show distinct chemical and physical properties compared to the same
substance at the bulk or molecular form. For example, semiconductor cadmium selenide
(CdSe) with the size of a few nanometers emits visible luminescence under excitation,
and the emission wavelength is dependent on the size of the nanoparticles® (Fig 1.3a);
iron oxide nanoparticles display superparamagnetism® (Fig 1.3b); Carbon nanotubes have

the highest tensile strength among known materials’ (Fig 1.3c).



Due to their unique chemical and physical properties, the in vivo use of
nanomaterials as diagnostic and therapeutic agents has shown promising results in the
treatment of cancer®”. In addition to the above mentioned properties, nanoparticles are
much easier to engineer compared to molecular drugs due to their larger physical sizes.
Diagnostic, therapeutic, and targeting components can be simultaneously integrated into a
single nanoparticle to achieve multifunction or synergistic effect®. Furthermore,
intravenously injected nanoparticles can circulate in the body and passively accumulate
in tumor tissues due to the enhanced permeability and retention (EPR) effect 5 1011
having decreased systemic side effects than that normally seen in the use of small
molecular drugs'®. Another advantage of using nanoparticles to delivery molecular drugs
is that this approach can potentially bypass multi-drug resistance (MDR), a mechanism
cancer cells commonly develop against chemotherapy. Cancer cells can overexpress
MDR transporters that actively pump chemotherapeutic drugs out of the cell.
Nanoparticles can overcome such resistance by entering the cells through endocytosis
and releasing the drugs intracellularly’.

To date, more than two dozen nanoparticle-based products have been approved

.. . .. 13-14
for clinical use and they show advantages over conventional medicine

. For example,
Feridex® is an injectable solution containing dextran coated superparamagnetic iron oxide
nanoparticles (Fig 1.4a). It is approved by US Food and Drug Administration (FDA) as
magnetic resonance imaging (MRI) contrast agent. Clinical use of Feridex” show
improved MRI contrast of liver lesions in patients, which can potentially aid early

detection of tumors'® (Fig. 1.4b). Doxil®, a liposome-encapsulated form (~100 nm

vesicles composed of a lipid bilayer) of the anticancer drug doxorubicin, is used to treat



ovarian cancer and Kaposi’s sarcoma that have not improved or that have worsened after
treatment with other medications (Figl.4c). This nanoparticle formulation of doxorubicin
prolongs the circulation time of the drug and enhances its accumulation in tumors (Fig
1.4d). Furthermore, Doxil® shows reduced cardiotoxicity compared to free doxorubicin
due to decreased cardiac uptake'’. Abraxane™, an injectable suspension containing
paclitaxel albumin-bound nanoparticles, is another example of nanoparticle-based
anticancer therapeutic. Paclitaxel is a small molecule that is used to treat breast, ovarian,
and lung cancers. However, it has a poor solubility in water and its common solvent for
clinical use polyoxyethylated castor oil has certain toxicity. The albumin nanoparticle
bound formulation of paclitaxel (Abraxane®™) overcomes this problem since albumin is a
natural protein that carries water-insoluble molecules such as certain vitamins and
hormones found in humans. In addition to the reduced toxicity, Abraxane”™ also shows

improved response rate in patients compared to conventional paclitaxel injection'.

1.3 Limit of nanomaterials for biomedical applications

Although more than two dozen nanoparticle-based products have been approved
for clinical use, translation of many other nanomaterials has been impeded due to
concerns over toxicity and biodegradability: heavy-metal-containing quantum dots have
been shown to be toxic in biological environments'’; needle-shaped carbon nanotubes
display structural toxicities'®; gold nanopartilces do not degrade within an acceptable
time for in vivo use. Therefore, it is critical that the nanomaterials have low toxicity and
can be harmlessly eliminated from the body in a reasonable period of time after they

perform their diagnostic or therapeutic function.



1.4 Porous silicon

Porous silicon was accidentally discovered by Dr. Uhlir at Bell laboratories in
1956, but it did not attract much interest from researchers until Canham, Gosele, and
Lehmann reported visible photoluminescence of porous silicon caused by quantum

1922 Using quantum confined porous silicon for optoelectronics did not live

confinement
up to the hope because of the indirect bandgap and low electroluminescence efficiency of
the material. However, the increased study of porous silicon at the same time revealed its
unique properties which make this material suitable for other applications™.

Porous silicon (Fig. 1.5) can be prepared by anodic etching of single-crystal Si in
HF-containing electrolyte. Its pore size and porosity can be easily adjusted by changing
the etching current density, electrolyte, and wafer doping. The pore diameter of porous
silicon can vary from a few nanometers to a few microns, and the porosity can be as low

as 20% to 90% depending on the etching conditions. Due to the porous structure, porous

silicon also has large specific surface areas (typically >200m*/g)>.

1.5 Toxicity and biodegradation of porous silicon

Safety is always the first and most important criterion for any chemicals or
materials used in vivo. Silicon, the 2nd most abundant element in the earth’s crust, is
considered as an essential trace element in humans®. It is widely distributed in various
mammalian (including human) tissues™ " in the form of orthosilicate (SiO4*). The main

functions of silicon in humans are ossification of bone and possible functions in the

connective tissues. A study of silicon concentration in human serum showed that the



silicon level is highest in infants and lowest in pregnant women (Fig 1.6), suggesting
pregnant mothers provide silicon to the growing fetus for incorporation in bone structure
and mineralization and for connective tissue development™. The main sources of silicon
in our diet include grains, vegetables, and beverages. In the US, the mean daily silicon
intake is ~ 20-50 mg*°.

Orthosilicate is the primary degradation product of porous silicon®**. The
degradation rate of porous silicon can be controlled by its porosity, pore size, physical
dimension, and surface chemistry”> **. Studies have shown that porous silicon has low
toxicity and are degradable in biological environments. For example, the material has

3031 as implants in eye tissues’”, and

been investigated in the culture of mammalian cells
as intraocular drug delivery vehicles™. However, most of the toxicity and degradation
studies were focused on porous silicon films or microparticles in local tissues; little has
been done on the nanoparticles of porous silicon. In Chapter 2 of this dissertation,
luminescent porous silicon nanoparticles (LPSiNPs) are developed, and their cytotoxicity,
systemic toxicity, distribution and degradation are studied using human cancer cells in
vitro and mouse model in vivo. The results show that LPSiNPs are biocompatible, have
low systemic toxicity, and can degrade into components cleared by the kidneys®’.
Reported toxicity from porous silicon including the release of silane (SiHs) when
the surface hydride of freshly etched porous silicon reacts with water’*. However, aging
or oxidation of porous silicon can avoid such problem®. Another potential toxicity of
porous silicon is hemolysis. Studies have shown that high concentration of silica

nanoparticles can destruct red blood cells®®. Although this phenomena has not been

observed in porous silicon nanomaterials, oxidized porous silicon nanoparticles could



potentially be hemolytic due to its chemical similarity to silica nanoparticles. However,

surface coating can be used to effectively reduce the hemolytic activity of silicon oxide®.

1.6 Porous silicon for biomedical applications

Due to its biodegradability, low toxicity, large pore volume, tunable pore size, and
intrinsic photoluminescence, porous silicon has shown considerable potential for
biomedical applications® .

In 1995, Canham first demonstrated that porous silicon film can induce
hydroxyapatite growth on its surface in simulated body fluid, suggesting the potential use
of porous silicon as bioactive material for tissue engineering”’. Lin et al showed that
porous silicon chips could be used as low power biosensors to detect picomolar DNA
oligomers or proteins”. Cheng et al studied the long-term toxicity and degradation of
porous silicon microparticles in vitreous humor (Fig. 1.7). The results show the
microparticles have good biocompatibility and stability, which suggests the material can
be used as intraocular drug delivery system®. A first human study using radioactive
Phosphorus-32 (**P) doped porous silicon microparticles as intratumoral implants to treat
liver cancer showed that the treatment was safe and well tolerated. An antitumor response
was also observed in the early stage of this clinical study. For oral drug delivery, Salonen
and Foraker et al demonstrated that porous silicon microparticles could be used to carry
poorly water-soluble drugs, protect them from biological environments, and better

delivery the drug molecules across intestinal cell monolayers***!

. Recently, Low et al
studied the biocompatibility of various types of porous silicon membranes in tissues of

the eye. They found thermally-oxidised, aminosilanised porous silicon membrane elicited



very little host reaction following implantation into the rat eye and the material supported
the attachment and growth of human ocular cells. Their finding suggests porous silicon
can be potentially used to deliver cells to the ocular surface as a treatment for corneal
epithelial stem cell dysfunction32. RNA interference (RNAI) is a powerful approach for
silencing genes associated with a variety of pathologic conditions. However, in vivo
delivery of interfering RNA has been a challenge due to lack of safe, efficient, and
sustained system. The delivery of small interfering RNA (siRNA) using porous silicon
has been demonstrated recently*?. Porous silicon macroparticles loaded with liposomes
containing siRNA against an oncogene resulted in sustained gene silencing for 3 weeks in
ovarian cancer model*”. In the study shown in Chapter 4, magnetic luminescent Si
microparticles with  porous nanostructures are prepared by incorporating
superparamagnetic iron oxide nanoparticles into the intrinsically luminescent porous Si
matrix to provide a composite that is simultaneously fluorescent and magnetic (Fig. 1.8).
The anticancer drug doxorubicin is loaded into the dual-functional microparticles, and the
drug is delivered to human cervical cancer (HeLa) cells in vitro under the guidance of a
magnetic field, demonstrating magnetic manipulation, fluorescent tracking, and localized
delivery of a molecular payload®.

So far, most of the biomedical applications of porous silicon have been focused
on using porous silicon films or mciroparticles; the study on porous silicon nanoparticles
has been limited due to lack of efficient preparation method®”. Chapter 2, 3, 5, and 6
present some of the first applications using porous silicon nanoparticles as cancer
diagnostic and therapeutic agents, demonstrating the unique properties of porous silicon

nanoparticles and their advantages in biomedical applications.



Specifically, Chapter 2 provides a biofriendly method of making silicon
nanoparticles with porous nanostructure and intrinsic luminescence (LPSiNPs). The
nanoparticles can carry anticancer drug payload and their intrinsic photoluminescence
enables monitoring of both accumulation and degradation in vivo.

Chapter 3 focuses on the diagnostic application of LPSiNPs. We show that the
long emission lifetime of LPSiNPs can allow time-gated fluorescence imaging of tumors,
eliminating interference from short-lived tissue autofluorescence or interferences from
other exogenous fluorophores.

In Chapter 5 and 6, the therapeutic applications of porous silicon nanoparticles are
explored. Chapter 5 demonstrates that porous silicon nanoparticles can be used as
photosensitizer and generate cytotoxic singlet oxygen when irradiated by light. The
phototoxicity of the nanoparticles against human cancer cells is also studied in vitro.

In Chapter 6, the use of LPSiNPs for immunemodulation is explored. We found
that LPSiNPs have low intrinsic immunogenicity to antigen presenting cells (APC) due to
their inorganic chemical composition and low similarity to natural pathogens or other
“danger signals” normally presented to the immune system. However, when coated with
agonistic CD40 antibody, the nanoparticles are able to substantially amplify the
antibody’s activation potency on APC, equivalent to using ~30-40 fold larger
concentration of the free antibody. The amplification effect suggests that a nanoparticle-
based CD40 antibody therapeutic may amplify the potency and decrease the dose

required in the clinical application of CD40 mAb.
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US Mortality, 2007

Rank Cause of Death ::;tzfs ;/.;:tfhasll
1. Heart Diseases 616,067 254
2. Cancer 562,875 23.2
3. Cerebrovascular diseases 135,952 5.6
4.  Chronic lower respiratory diseases 127,924 53
5.  Accidents (unintentional injuries) 123,706 5.1
6. Alzheimer disease 74,632 3.1
7.  Diabetes mellitus 71,382 2.9
8. Influenza & pneumonia 52,717 2.2
9.  Nephritis* 46,448 1.9
10. Septicemia 34828 14

*Includes nephrotic syndrome and nephrosis.
Source: US Mortality Data 2007, National Center for Health Statistics, Centers for Disease Control and Prevention,

2010.

Figure 1.1 Mortality in the US based on the cause of death, year of 2007.
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Change in US Death Rates* from 1991 to 2007

Rate Per 100,000

400 -

B 1991
I 2007

2151

313.0
300 +

Heart diseases Cerebrovascular Influenza & Cancer
diseases pneumonia

* Age-adjusted to 2000 US standard population.
Sources: US Mortality Data, National Center for Health Statistics, Centers for Disease Control and
Prevention, 2010.

Figure 1.2 Change in US death rates of diseases, from 1991 to 2007.
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Figure 1.3 Examples of some common nanomaterials. (a) Photograph of
photoluminescent quantum dots under ultra-violet excitation. (b) Photograph of a
solution containing superparamagnetic iron oxide nanoparticles (ferrofluid). The
ferrofluid forms an interesting pattern in response to a magnetic field. (¢) Computer
modeled carbon nanotube. Image credit: (a) and (b), Felice Frankel Photography; (c),

Digital Art/Corbis.
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Figure 1.4 Examples of nanoparticle-based products that have been approved for
clinical use. (a) Transmission electron microscope image of Feridex®. (b) Magnetic
resonance imaging (MRI) of liver before (left) and after (right) use of Feridex (images are
adapted from ref. 15). (¢c) Schematic diagram showing the composition of Doxil® (Image
credit: Janssen Biotech, Inc.). (d) Doxorubicin levels in malignant pleural effusions in
patients treated with free doxorubicin and Doxil (figure is adapted from ref.12).
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Figure 1.5 Porous silicon. (a) Photographs of porous silicon chips etched with various
current densities and frequencies. (b) Scanning electron microscope images of porous
silicon showing its porous nanostructure.
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Figure 1.6 Serum silicon concentration of various age groups. M: male; F: female; F
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Figure 1.7 Long term toxicity and degradation of hydrosilylated porous Si particles
in the eye (rabbit model). (a) Photograph taken under a surgical microscope
immediately after intravitreal injection of hydrosilylated porous Si particles. Particles can
be observed suspended in the centre of the vitreous. (b) Fundus photograph obtained 3
months after injection. The particles are dispersed in the vitreous, and many demonstrated
a distinctive blue color corresponding to partial degradation and dissolution. (¢)
Dissecting microscope image of a rabbit eye cup, with hydrosilylated porous Si particles
(small arrows) distributed on a normal-looking retina. Photograph was obtained 4 months
after injection. (d) Scanning electron microscope image of the hydrosilylated porous Si
particles sampled from a rabbit eye 4 months after intravitreal injection. The sharp edges
and pitted surface of the particles indicate a very slow erosion process™.
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Figure 1.8 Fluorescence microscopy image of magnetic, luminescent porous silicon
microparticles. The bright orange color is from the intrinsic luminescence of the
particles. The insert is a schematic diagram showing the composition of the
microparticles.
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2.1 Abstract

Nanomaterials that can circulate in the body hold great potential to diagnose and
treat disease'®. For such applications, it is important that the nanomaterials be
harmlessly eliminated from the body in a reasonable period of time after they perform
their diagnostic or therapeutic function. Despite efforts to improve their targeting
efficiency, significant quantities of systemically administered nanomaterials are cleared
by the mononuclear phagocytic system (MPS) before finding their targets, increasing the
likelihood of unintended acute or chronic toxicity. However, there has been little effort
to engineer the self-destruction of errant nanoparticles into non-toxic, systemically
eliminated products. Here we present luminescent porous silicon nanoparticles (LPSiNP)
that can carry a drug payload and whose intrinsic near-infrared (NIR) photoluminescence
allows monitoring of both accumulation and degradation in vivo. Furthermore, in
contrast to most optically active nanomaterials [carbon nanotubes (CNT), gold
nanoparticles (GN), and quantum dots (QD)], LPSiNP self-destruct in a mouse model
into renally cleared components in a relatively short period of time with no evidence of
toxicity. As a preliminary in vivo application, we demonstrate tumor imaging using
dextran-coated LPSiNP (D-LPSiNP). These results demonstrate a new type of
multifunctional nanostructure with a low-toxicity degradation pathway for in vivo

applications.

2.2 Introduction
The in vivo use of nanomaterials as therapeutic and diagnostic agents is of intense

interest due to their unique properties such as large specific capacity for drug loading?,
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strong superparamagnetism’, efficient photoluminescence'”, or distinctive Raman
signatures®, among others. Materials with sizes in the range of 20-200 nm can avoid
renal filtration, leading to prolonged residence time in the blood stream that allows more
effective targeting of diseased tissues. Many biodegradable polymeric nanoparticles that
can encapsulate hydrophilic or hydrophobic drugs have been developed for in vivo
therapeutic applications™®”, and some of them have been approved for clinical use.
However, organic molecule-based nanoparticles generally require the addition of a
molecular tag in order to allow in vivo monitoring by fluorescence. Although CNT, GN,
and QD have demonstrated potential for in vivo imaging due to their unique optical
properties"™*®, clinical translation has been impeded due to concerns regarding the

%9 the toxicity of degradation byproducts'®, or the

biodegradability of such materials
toxic structural characteristics of the nanomaterials themselves''. Although efficient
renal clearance can mitigate toxic effects, optimized formulations can leave significant

12 Furthermore, the

residual heavy metals or other toxic constituents in MPS organs®
hydrodynamic size required for renal clearance (< 5.5 nm)'? may be too small to allow
the incorporation of functional components such as multivalent targeting ligands, and
rapid renal excretion reduces the time available to the nanomaterial to perform its
function. A more desirable design criterion for improving the biocompatibility of
nanomaterials would involve the incorporation of controllable rates of self-destruction,
through which components could be hierarchically degraded into harmless, renally-
cleared products after performing their in vivo function.

Electrochemically etched porous silicon has exhibited considerable potential for

biological applications due to its biocompatibility'®, biodegradability'®, encoding
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property for multiplexed detection'®, and tunable porous nanostructure for drug delivery'®.
Furthermore, since the discovery of photoluminescence of porous silicon in 1990'7,

luminescent (porous) silicon nanoparticles have been produced by several methods'®?,

2122 L -
. For in vivo use, silicon

some of which are amenable to biological applications
nanoparticles provide attractive chemical alternatives to heavy metal-containing QD,
which have been shown to be toxic in biological environments'®. Additionally, silicon is
a common trace element in humans and a biodegradation product of porous silicon,
orthosilicic acid (Si(OH)4), is the form predominantly absorbed by humans and is
naturally found in numerous tissues. Furthermore, silicic acid administered to humans is
efficiently excreted from the body through the urine®. In this work, we show that porous
silicon nanostructures with intrinsic NIR luminescence can be used for in vivo monitoring,

they can be loaded with therapeutics, and they can be engineered to resorb in vivo into

benign components that clear renally within specific timescales (Fig. 2.1a).

2.3 Experimental

Preparation of luminescent porous silicon nanopartiels (LPSiNP): Porous silicon
samples were prepared by electrochemical etch of a single-crystal, (100)-oriented p-type
silicon wafer (0.8-1.2 mQ cm, Siltronix) by application of a constant current density of
200 mA/cm® for 150 s in a 3:1 (v/v) electrolyte of 48 % aqueous HF/ethanol. A
freestanding film of the porous silicon nanostructure was then removed from the
crystalline silicon substrate by application of a current pulse of 4 mA/cm® for 250 s in a
solution of 3.3% (by volume) 48 % aqueous HF in ethanol. The freestanding hydrogen-

terminated porous silicon film was placed in deionized (DI) water and fractured into
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multi-sized particles by sonication overnight. The particles were then filtered through a
0.22 pm filtration membrane (Millipore). The nanoparticles were further incubated in DI
water for ~ 2 weeks to activate their luminescence in the near-infrared range. Finally, in
order to remove dissolved silicic acids during the activation and obtain porous silicon
nanoparticles in a size range of 20-200 nm, the activated nanoparticles were spun down
in DI water at 14,000 rpm for 30 min, the supernatant containing silicic acids and smaller
nanoparticles (< 20 nm) was removed.

For LPSiNP with different porous nanostructures, porous Si samples were
prepared by electrochemical etch of a single-crystal, (100)-oriented p-type silicon wafer
(0.8-1.2 mQ cm, Siltronix) by application of a constant current density of 50 mA/cm” for
300 s, 200 mA/cm? for 150 s or 400 mA/cm? for 150 s in a 3:1 (v/v) electrolyte of 48 %
aqueous HF/ethanol. A freestanding film of the porous silicon nanostructure was then
removed from the crystalline silicon substrate by application of a current pulse of 4
mA/cm’ for 250 s in a solution of 3.3% (by volume) 48 % aqueous HF in ethanol. The
freestanding hydrogen-terminated porous silicon film was placed in deionized (DI) water
and fractured into multi-sized particles by sonication overnight. The particles were then
filtered through a 0.22 pm filtration membrane (Millipore). The nanoparticles were
further incubated in DI water for ~ 2 weeks to activate their luminescence in the near-
infrared range. Finally, in order to remove dissolved silicic acid and obtain porous
silicon nanoparticles in a size range of 20-200 nm, the activated nanoparticles in DI water
were spun down at 14,000 rpm for 30 min, the supernatant containing silicic acid and

non-porous smaller nanoparticles (< 20 nm) was removed.
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For LPSINP with different sizes, the particles were then filtered through a 0.45
um filtration membrane (Millipore) after overnight sonication process. The nanoparticles
were further incubated in DI water for ~ 2 weeks to activate their luminescence in the
near-infrared range. First, LPSiNP with larger sizes (hydrodynamic size = ~ 270.3 nm)
were obtained by centrifugation at low speed (at 6,000 rpm for 10 min) and removal of
the supernatant. The nanoparticles were then filtered through a 0.22 pm filtration
membrane. Secondly, LPSiNP with medium size (hydrodynamic size = ~ 125.7 nm,
which are the LPSiNP used mainly in this study) were obtained by centrifugation at high
speed (at 14,000 rpm for 30 min) and removal of the supernatant. Lastly, LPSiNP with
smaller size (hydrodynamic size = ~ 14.5 nm) were obtained from the supernatant.

To prepare D-LPSiNP, a dextran coating was applied. A 1 mL aliquot of an
aqueous dispersion of 0.5 mg of LPSiNP was mixed with a 1 mL aliquot of water
containing 100 mg of dextran (MW ~20,000, Sigma). The mixture was stirred overnight,
rinsed three times using a centrifugal filter (100,000 Da molecular weight cut-off,
Millipore, inc.), the particles were resuspended in water and then filtered through a 0.22

pm filtration membrane.

Nanoparticle characterization: Scanning electron micrographs (SEM) were
obtained with a Hitachi S-4800 field-emission instrument. A 20 uL drop of ethanol
containing LPSiNP was directly placed onto a polished silicon wafer and the solvent
allowed to dry in air. Dynamic light scattering (Zetasizer Nano ZS90, Malvern
Instruments) was used to determine hydrodynamic size and zeta potential of LPSiNP or

D-LPSINP (in DI water). To analyze porous nanostructure (pore surface area, pore size,
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and pore volume) of LPSiNP, N, adsorption isotherms (interpreted with the BJH and
BET models) were measured on a Micromeritics Accelerated Surface Area and
Prosimetry analyzer (ASAP 2020).

The photoluminescence (PL, Aex = 370 nm and 460 nm longpass emission filter)
and absorbance spectra of LPSiNP or D-LPSiNP in DI water were obtained using a
Princeton Instruments/Acton spectrometer fitted with a liquid nitrogen-cooled silicon
charge-coupled device detector, and a Hewlett-Packard 8452A UV-vis diode array
spectrophotometer, respectively. Fluorescence images of D-LPSiNP in DI water
subjected to different excitation wavelength bands were obtained using an IVIS 200
imaging system (Xenogen). (GFP: 445-490 nm and 1 s exposure time, DsRed: 500-550
nm, 2 s exposure time, Cy5.5: 615-665 nm, 8 s exposure time, and ICG: 710-760 nm, 20
s exposure time). The emission filter used was ICG (810-875 nm).

The photostability (photobleaching) of LPSiNP was evaluated relative to organic
dyes commonly used in biological imaging (fluorescein, Cy5.5 and Cy7). The LPSiNP
and dyes (dispersed or dissolved in aqueous solution) were illuminated with a 100 W
mercury lamp, and fluorescence intensities were monitored using a fluorescence
microscope (Nikon Eclipse LV150) equipped with a thermoelectrically cooled CCD
camera (Photometrics CoolSNAP HQz). Excitation (355 £ 25 nm for LPSiNP, 480 + 20
nm for Fluorescein, 650 + 22 nm for Cy5.5, and 710 = 35 nm for Cy7) and emission (435
nm long pass for LPSiNP, 535 + 25 nm for Fluorescein, 710 + 25 nm for Cy5.5, and 800
+ 35 nm for Cy7) were used for these experiments. The fluorescence intensities were
monitored at 0.5 or 1 min intervals. The quantum yield (QY) of LPSiNP in ethanol was

measured using the comparative method, using Rhodamine 101 (QY = 100%, Sigma) in
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ethanol as the standard. The Fourier-transform infrared (FTIR) spectra of as-etched
porous silicon films and LPSiNP were obtained in the absorption mode using a Thermo
Scientific Nicolet 6700 FTIR spectrometer equipped with a diamond Attenuated Total

Reflectance (ATR) accessory.

In vitro degradation: A series of samples containing 0.05 mg/mL of LPSiNP or
D-LPSiNP in 1 mL of PBS solution were incubated at 37 °C. An aliquot of 0.5 mL of
solution was removed at different time points and filtered with a centrifugal filter (30,000
Da molecular weight cut-off, Millipore, inc.) to remove undissolved LPSiNP. 0.4 mL of
the filtered solution was diluted with 4.6 mL HNOs (2 %(v/v)) and subjected to analysis
by inductively coupled plasma optical emission spectroscopy (ICP-OES, Perkin Elmer
Optima 3000DV). The silicon concentration in the original solution was determined by
incubating the solution in PBS at 37 °C for 72 h and measuring the silicon concentration

without filtration. The decrease in PL of the above samples over time was also monitored.

Drug loading and cytotoxicity: 0.5 mg LPSiNP (0.5 mg/mL) was mixed with 0.05
mg doxorubicin (DOX, Sigma) in DI water at room temperature overnight and then
rinsed three times using a centrifugal filter (100,000 Da molecular weight cut-off,
Millipore, inc.). The amount of DOX incorporated into LPSiNP was determined by
incubating DOX-loaded LPSiNP (DOX-LPSiNP) in a 0.3 M HCI 70% ethanol solution
overnight and comparing the fluorescence with a standard curve (~ 43.8 ng DOX per 1
mg LPSiNP). Release kinetics of DOX from DOX-LPSiNP (0.05 mg/mL) in PBS at

37°C was measured by filtering out DOX-LPSINP from the solution at each time point
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using the centrifugal filter and measuring fluorescence of free DOX left in the solution at
590 nm (Aex = 480 nm).

For drug-mediated cytotoxicity experiments, MDA-MB-435 human carcinoma
cells were incubated with LPSiNP, DOX-LPSiNP or free DOX (at different
DOX/LPSiINP concentrations) for 48 h and rinsed with cell medium three times. The
cytotoxicity of LPSiNP, DOX-LPSiNP or free DOX was evaluated using the MTT assay
(Chemicon). For nanostructure- or size-related cytotoxicity experiments (without DOX),
HeLa cells were incubated with the LPSiNP (at different LPSiNP concentrations) for 48
h and rinsed with cell medium (no phenol red) three times. The cytotoxicity of LPSiNP
was evaluated using the Calcein assay [fluorogenic intracellular esterase sensor Calcein
acetoxymethylester (Calcein AM), Invitrogen]. Cell viability was expressed as the
percentage of viable cells compared with controls (cells treated with PBS). The
cytotoxicity of the LPSiNP was also examined by observing morphology of live cells

using an inverted optical microscope (Nikon).

In vitro fluorescence imaging: HeLa cells (3000 cells per well) were seeded into
8-well chamber glass slides (Lab-Tek) and incubated overnight. A 50 pg per well
quantity of LPSiNP was added and the cells incubated for 2 h at 37 °C in the presence of
10% fetal bovine serum (FBS). The cells were then rinsed three times with cell medium,
fixed with 4% paraformaldehyde for 20 min and then observed in the fluorescence
microscope (370 nm or 488 nm excitation and 650 nm long pass emission filter) and in
the Radiance 2100/AGR-3Q BioRad Multi-photon Laser Point Scanning Confocal

Microscope. For confocal fluorescence microscopy, the cells treated with LPSiNP were
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imaged using 488 nm Ar ion laser excitation and a 650 nm long pass emission filter. For
multi-photon fluorescence microscopy, the cells treated with LPSiNP were imaged using
750 nm Mai-Tai laser excitation. The DAPI and LPSiNP signals were separated using

495 dichroic filter and 560 nm long pass filter.

In vivo degradation, toxicity, and circulation: All animal work was performed in
accordance with the institutional animal protocol guidelines in place at the Burnham
Institute for Medical Research, and it was reviewed and approved by the Institute’s
Animal Research Committee. LPSiNP or D-LPSiNP (in 200 uL PBS solution) were
intravenously injected into BALB/c mice at a dose of 20 mg/kg body mass. For in vivo
degradation studies, the mice were sacrificed 1 day, 1 week and 4 weeks after injection
by cardiac perfusion with PBS under anesthesia, and the brain, heart, kidney, liver, lung,
and spleen were collected. The tissues were weighed and then digested with a solution of
HNOs (0.5 mL, ~15.7 M), H,0O, (0.1 mL, 30%) and HF (0.03 mL, 5%) for 2 days. A
solution of H3;BO;3 (0.235 mL, 0.4 M) was added and the mixture diluted with HNO;
(10.50 mL, 2%). The silicon concentration in the samples was determined using ICP-
OES.

For the in vivo toxicity studies, the mass of each mouse was monitored for 4
weeks after injection and compared with control mice (PBS-injected). The sections of
kidney, liver, and spleen tissues harvested from the mice 1 day and 4 weeks after
injection were stained with haematoxylin and eosin and then examined by a pathologist.
To determine blood half-lives, the blood (100 uL) was collected from the periorbital

plexus at several different times after injection using heparinized capillary tubes (Fisher),
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and then immediately mixed with 100 uL of 10 mM EDTA (in PBS) to prevent
coagulation. The blood samples were digested and prepared as mentioned above for the

organs. The total silicon concentration in the blood was measured using ICP-OES.

In vivo fluorescence imaging: Aliquots of LPSiNP (20 puL of 0.1 mg/mL in PBS)
were injected subcutaneously and intramuscularly into the left and right flank,
respectively, of a nude mouse, and imaged immediately with GFP excitation (445-490
nm) and ICG emission filter (810-875 nm) using the IVIS 200 imaging system.

For systemic administration, LPSiNP or D-LPSiNP (in 200 pL PBS) were
intravenously injected into nude mice at a dose of 20 mg/kg body mass. The mice were
imaged under anesthesia several different times after injection using the IVIS 200
imaging system. The organs (bladder, brain, heart, kidney, lymph nodes, liver, lung, skin,
and spleen), harvested 24 h after injection, were also imaged. For in vivo fluorescence
tumor imaging, the nude mouse bearing an MDA-MB-435 human carcinoma tumor (~0.5
cm, one side of flank) was used. The tumor area was imaged under anesthesia several
different times after intravenous injection of D-LPSiNP at a dose of 20 mg/kg body mass
using the IVIS 200 imaging system. The tumor and muscle around the tumor harvested
24 h after injection, were also imaged. The excitation filter used was Cy5.5 (615-665 nm).
The emission filter used was ICG (810-875 nm). For fluorescent histological analysis,
sections of liver, spleen, and tumor tissues were fixed with 4% paraformaldehyde, stained
with DAPI, and then observed with 370 nm excitation and 650 nm long pass emission

filter using the fluorescence microscope.
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2.4 Results and Discussion

Luminescent porous Si nanoparticles (LPSiNP) were prepared by electrochemical etching
of single-crystal silicon wafers in ethanolic HF solution, lift-off of the porous silicon film,
ultrasonication, filtration of the formed particles through a 0.22 pm filtration membrane
and finally activation of luminescence in an aqueous solution (Fig. 2.2). During the
activation step, silicon oxide grows on the hydrogen-terminated porous silicon surface,
generating significant luminescence attributed to quantum confinement effects and to
defects localized at the Si/SiO, interface (Fig. 2.3 and 2.4)>'*'.  The preparation
conditions were optimized to provide pore volume and surface area suitable for loading
of therapeutics and long in vivo circulation times while maintaining an acceptable
degradation rate (Fig. 2.5 and 2.6). As a result, the medium-sized (126 nm) particles
prepared by electrochemical etching at 200 mA/cm” for 150 s were chosen for the study
presented here. The LPSiNP appear spherical and fairly uniform in the scanning electron
microscope (SEM), with a well-defined micro- and meso-porous nanostructure (Fig.
2.1b). The pore diameters are on the order of 5~10 nm (Fig. 2.5a and 2.5b). The mean
hydrodynamic size measured by dynamic light scattering (DLS) is ~126 nm, consistent
with the SEM measurements.

The intrinsic photoluminscence of LPSiNP under UV excitation appears at
wavelengths between 650 and 900 nm (Fig. 2.1¢), suitable for in vivo imaging due to low
tissue adsorption in this spectral range®*. The materials display greater photostability
relative to fluorescein or the well-known NIR cyanine fluorophores, CyS5.5 and Cy7 (Fig.
2.7). The quantum yield of LPSiNP in ethanol was determined to be ~10.2 % (relative to

Rhodamine 101 standard) (Fig. 2.8), which is in accord with previously reported values
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2122 When placed in

for other water-soluble luminescent silicon/silica nanoparticles
biological solution (phosphate buffered saline, PBS, pH 7.4, 37 °C) at a mass
concentration less than the solubility of silicic acid (0.1~0.2 mg/mL SiOz)zs, LPSiNP lose
their luminescence in a short time and dissolve (Fig. 2.1d). A blue-shift of the
luminescence spectrum during degradation is indicative of a shrinking in size of the
semiconductor fluorophore (Fig. 2.9). No detectable (by DLS) LPSiNP remain after 8 h
of incubation. However, degradation is slowed by addition of a molecular or polymeric
surface coating (see below).

The anti-cancer drug doxorubicin (DOX) was incorporated into the LPSiNP
(DOX-LPSiNP, ~ 43.8 ug DOX per 1 mg LPSiNP) to test their potential for therapeutic
applications. The positively charged DOX molecules are bound to the negatively charged
porous SiO, surface by electrostatic forces. Loading of DOX increases the zeta potential
of the nanoparticles from -52 mV to -39 mV. A relatively slow release of the drug is
observed at physiological pH and temperature, reaching significant levels within 8 h (Fig.
2.1e). The appearance of free silicic acid in solution as a function of time, indicative of
degradation of the LPSINP, correlates with the DOX release profile. The rate of
degradation of DOX-LPSINP is somewhat slower than bare LPSiNP. We postulate that
the presence of DOX molecules inhibits the nanoparticle dissolution process by slowing
the rate of SiO, hydrolysis at the LPSINP surface. DOX-LPSINP exhibit similar or
slightly greater cytotoxicity relative to free DOX, while bare LPSiNP show no significant
cytotoxicity (Fig. 2.1f).

Next, we tested biodegradability and biocompatibility of LPSiNP in vitro and in

vivo. The LPSINP formulation is relatively non-toxic to HeLa cells in vitro within the
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tested concentration range (Fig. 2.5e, 2.6¢, 2.10a and 2.11). For in vivo studies, LPSiNP
(20 mg/kg) were injected intravenously into mice. As with many other nanomaterials®
*12the injected LPSiNP accumulate mainly in the MPS-related organs such as the liver
and the spleen (Fig. 2.10b). However, the LPSiNP accumulated in the organs are
noticeably cleared from the body within a period of 1 week and completely cleared in 4
weeks. The mechanism of clearance is attributed to degradation into soluble silicic acid
followed by excretion. This result contrasts with the slow clearance generally observed
for other types of inorganic nanoparticles with diameters > 5.5 nm™*®. Over a period of 4
weeks, the body weight of the mice injected with LPSiNP increased slightly in a pattern
similar to the control mice (Fig. 2.10c), indicating that the mice continue to mature
without any significant toxic effects.

Since the degradation of highly localized LPSiNP may induce subsequent damage
in the organs related to nanoparticle clearance, in vivo toxicity of LPSiNP was further
examined in kidney, liver, and spleen tissues of mice 1 day and 4 weeks after LPSiNP
injection. Histopathologically, no significant toxicity was observed in these tissues
relative to the controls (Fig. 2.10d). Hepatocytes in the liver samples appeared
unremarkable, and there were no inflammatory infiltrates. However, the sinusoids in
between the rows of hepatocytes contained Kupffer cells (macrophages) that appeared
swollen 1 day after injection. The cells returned to the normal morphology 4 weeks after
injection, implying that LPSiNP were taken up, degraded (presumably by lysosomes),
and the soluble products were subsequently released from the cells. Spleen samples
showed no significant change in morphology of the lymphoid follicles or in the size of

the red pulp after LPSiNP injection. Kidney samples also showed no remarkable change
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in the morphology. Although the in vivo toxicity results shown here are preliminary, the
LPSiNP show promise as non-toxic biodegradable inorganic nanomaterials.

We next investigated the possibility of imaging cells in vitro and organs in vivo
using the intrinsic photoluminescent properties of LPSiNP. Significant luminescence of
LPSiINP was observed in HeLa cells using excitation wavelengths of 370 nm, 488 nm,
and 750 nm (two-photon excitation) 2 hr after incubation, attributed to non-specific
cellular uptake of the silica-based nanomaterials®® (Fig. 2.12a and 2.13). To examine
their potential for in vivo imaging, subcutaneous and intramuscular injections of LPSiNP
dispersions (20 pL aliquots, 0.1 mg/mL) into the left and right flank of a nude mouse,
respectively, were administered. The mouse was imaged in a fluorescence mode (GFP
excitation filter, 445-490 nm and ICG emission filter, 810-875 nm). The signals from
both injections were clearly observed without any skin autofluorescence although the
near-skin fluorescence intensity is larger than the signal emanating from deeper tissue
(Fig. 2.12b). The fluorescence spectrum of LPSiNP allows imaging in the NIR-emission
range, a convenient window for in vivo imaging due to the low levels of NIR
autofluorescence of mouse skin excited with visible light'~’.

We next examined whole-body fluorescence imaging of nude mice using LPSiNP
administered by intravenous injection. To prevent rapid degradation after injection and
to increase their blood half-life, LPSiNP were coated with the biopolymer dextran by
physisorption®® (D-LPSiNP, Fig. 2.14). The coating process increased the size and zeta
potential of the nanoparticles (from 125 nm to 151 nm and from -52 mV to -43.5 mV,
respectively). Bare LPSiNP or D-LPSiNP were injected and imaged at different time

points (Fig. 2.12¢, 2.12d, and 2.12¢). A significant fraction of the bare LPSiNP were
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immediately removed by renal clearance, presumably due to their degradation into
smaller (< 5.5 nm) nanoparticles'”. The remaining nanoparticles were observed to
accumulate in the liver and the spleen, consistent with the histology data discussed above.
The D-LPSiNP exhibit a somewhat different pattern in their uptake by the MPS-
related organs. These nanoparticles accumulate and degrade in the liver slowly relative
to bare LPSiNP, which is consistent with the in vitro degradation and in vivo blood half-
life data (Fig. 2.14c and 2.14d). Biodistribution and histological studies of the organs
harvested from the same mice 24 h after injection are consistent with the whole-body
fluorescence imaging data (liver < spleen for LPSiNP and liver > spleen for D-LPSiNP)
(Fig. 2.12f and 2.12g). These results indicate that the intrinsic luminescent properties of
LPSiNP allow the non-invasive monitoring of their biodistribution and degradation in a
live animal as well as the microscopic observation of their localization in the organs.
Lastly, we evaluated the potential of LPSiNP to image tumors in vivo. In order to
detect and image deep-tissue diseases such as tumors by fluorescence, the excitation
wavelength for the nanoparticle should be in the NIR range in order to maximize tissue
penetration and minimize optical absorption by physiologically abundant species such as
hemoglobin®*. LPSiNP emit in the NIR (810-875 nm) and they can be excited with red
or NIR radiation (615-665 nm or 710-760 nm) (Fig. 2.15a) or by two-photon NIR
excitation (Fig. 2.13). Similar to some of the NIR-emitting semiconductor QD?, the
quantum efficiency of LPSiNP decreases with longer excitation wavelengths. However,
the quantum yield is sufficient to allow their observation in internal organs using a

conventional fluorescence imaging system.
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Injection of the D-LPSiNP formulation (20 mg/kg) into a nude mouse bearing an MDA-
MB-435 tumor results in passive accumulation of the nanomaterial in the tumor, as
revealed in the NIR fluorescence image (Fig. 2.15b). The ex vivo fluorescence images

and histology confirm the presence of D-LPSiNP in the tumor (Fig 2.15¢ and 2.15d).

2.5 Conclusions

This study represents the first example of the imaging of a tumor and other organs
using biodegradable silicon nanoparticles in live animals, and it is important because of
the biodegradability and low in vivo toxicity observed. The LPSiNP injected
intravenously are observed to accumulate mainly in MPS-related organs and are degraded
in vivo into apparently non-toxic products within a few days and removed from the body
through renal clearance. These larger (100 nm-scale) silicon-based biodegradable
nanoparticles overcome many of the disadvantages of smaller (< 5.5 nm) nanocrystals'*
such as fast clearance from circulation, low capacity for drug loading, and toxicity of the

4,12 . ..
2. We believe the reduced in vivo

residual particles that do not escape MPS uptake
toxicity of this multifunctional inorganic nanomaterial provides a promising pathway for

clinical translation.
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Figure 2.1 Characterization of luminescent porous Si nanoparticles (LPSiNP). (a)
Schematic depicting the structure and in vivo degradation process for the (biopolymer-
coated) nanoparticles used in this study. (b) Scanning electron microscope image of
LPSiINP (inset shows the porous nanostructure of one of the nanoparticles). Scale bar is
500 nm (50 nm for the inset). (c¢) Photoluminescence (PL) emission and absorbance
spectra of LPSiNP. PL is measured using UV excitation (A = 370 nm). (d) Appearance
of silicon in solution (by ICP-OES) and photoluminescence intensity (Aex = 370 nm and
Aem = maximum peak intensity at each time point) from a sample of LPSiNP (50 pg/mL)
incubated in PBS solution at 37°C as a function of time. (e) Release profile depicting
percent of doxorubicin (DOX) from DOX-loaded LPSiNP (DOX-LPSiNP) released into
a PBS solution as a function of time at 37 °C. Data were obtained by filtering out DOX-
LPSiINP from the solution at each time point using a centrifugal filter and measuring the
fluorescence intensity of free DOX left in solution (Aem = 590 nm A = 480 nm). Error
bars indicate s.d. (f) Cytotoxicity of DOX-LPSiNP, bare LPSiNP, and free DOX towards
MDA-MB-435 human carcinoma cells, quantified by MTT assay. The cells were
incubated with the samples for 48 h.
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Figure 2.2 Schematic diagram of the synthesis of luminescent porous silicon
nanoparticles (LPSiNP). A porous silicon layer with a pore size range of 5-10 nm is first
etched into the single-crystal silicon substrate in ethanolic HF solution. The entire porous
nanostructure is removed from the Si substrate by application of a current pulse. The
freestanding hydrogen-terminated porous silicon film is then placed in an aqueous
solution and fractured into multi-sized particles by overnight ultrasonication. The
particles are then filtered through a 0.22 um porous filtration membrane to obtain the
porous silicon nanoparticles. Finally, the nanoparticles are incubated in an aqueous
solution to activate their luminescence.
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Figure 2.3 FTIR spectra of porous silicon film and luminescent porous silicon
nanoparticles (LPSiNP) shown in Fig. 2.2. The hydrogen-terminated surface of the as-
etched porous silicon film is converted to silicon dioxide in the porous silicon
nanoparticles. The oxide layer passivates the nanoparticle surface and also generates
interfacial oxides, giving rise to a strong NIR photoluminescence.
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Figure 2.4 Photoluminescence spectra of LPSiNP. The spectra were acquired during
activation of LPSiNPs in deionized (DI) water at room temperature (1 d indicates 1 day
after immersion in DI water). Note the increase in PL intensity and slight blue-shifting of
the peak maximum with time.
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Figure 2.5 Characterization of three types of LPSiNP prepared with different
porous nanostructures. (a) Analysis of porous nanostructures of LPSiNP by SEM and
gas adsorption (BET/BJH) methods. The particle size values (by Dynamic Light
Scattering, DLS) are the means plus/minus one standard deviation for three batches of
LPSiNP, and the pore size values (by SEM) are averages of > 10 different pores from
randomly selected LPSiNP. (b) Pore size distributions and pore volume in LPSiNP
determined by gas adsorption (BJH and dV/dw methods). (c¢) Photoluminescence spectra
of LPSINP (Aex = 370 nm). (d) In vitro degradation of LPSiNP in PBS solution at 37°C
as a function of time. Note that LPSiNP prepared using the etching condition with a
current density of 50 mA/cm?” show slightly slower degradation relative to the other two
preparations of LPSiNP, suggesting that the their lower porosity may be responsible for
the slower degradation. (e) Cytotoxicity of LPSiNP by calcein assay. HeLa cells were
incubated with LPSiNP for 48 h and then viability was evaluated using the fluorogenic
intracellular esterase sensor calcein acetoxymethylester (Calcein AM).
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Figure 2.6 Characterization of LPSINP with different average particle sizes,
prepared using the same etching conditions (200 mA/cm? for 150 sec). The suffixes -
S” “-M” and “-L” refer to small (15 nm), medium (126 nm), and large (270 nm) particles.
(a) Effect of nanoparticle size on the blood circulation half-life in mouse (n = 3). Note
that the LPSiNP-M show the longest circulation times relative to LPSiNP with other sizes.
The LPSiNP-S are cleared rapidly by the kidney due to their small size (close to the
typical renal clearance range of < 5.5 nm) while the LPSiNP-L are cleared rapidly by the
spleen or lung non-specifically due to their large size. The size and zeta potential values
obtained by DLS are the means plus/minus one standard deviation for three lots of
LPSiNP. The blood half-life values were obtained by fitting the concentration of silicon
in each blood sample at each time point to a single-exponential equation using a one-
compartment open pharmacokinetic model'. (b) Photoluminescence spectra of the
LPSINP with different sizes (Aex = 370 nm). (c¢) Cytotoxicity of the LPSiNP with
different sizes by Calcein assay. HelLa cells were incubated with LPSiNP for 48 h and
then their viability was evaluated using the fluorogenic intracellular esterase sensor
Calcein acetoxymethylester (Calcein AM).
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Figure 2.7 Photostability of LPSiNP compared to conventional fluorophores.
Changes in fluorescence intensity of LPSiNP dispersed in aqueous solution exposed to air
during continuous exposure to a 100 W mercury lamp, compared with organic dyes
commonly used in biological imaging experiments (Cy5.5, Cy7, and fluorescein).
Excitation wavelengths of 355 £ 25 nm for LPSiNP, 480 + 20 nm for fluorescein, 650 +
22 nm for Cy5.5, and 710 + 35 nm for Cy7, and emission wavelengths of 435 nm (long
pass) for LPSiNP, 535 £ 25 nm for fluorescein, 710 + 25 nm for Cy5.5, and 800 £+ 35 nm
for Cy7 were used for these experiments. The fluorescence intensities were monitored
with a thermoelectrically cooled CCD camera.
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Figure 2.8 Quantum yield (QY=10.2%) of luminescent porous Si nanoparticles
(LPSiNP) compared to Rhodamine 101 (QY=100%)’.
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Figure 2.9 Evolution of photoluminescence spectrum of LPSiNP during degradation
under physiological conditions (in PBS at 37 °C). The maximum intensity of the
photoluminescence spectrum at each time point was used for Fig. 2.1d.
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Figure 2.10 Biocompatibility and biodegradability of luminescent porous Si
nanoparticles (LPSiNP). (a) In vitro cytotoxicity of LPSiNP towards HeLa cells,
determined by Calcein assay. LPSiNP at the indicated concentrations were incubated
with cells for 48 h. (b) In vivo biodistribution and biodegradation of LPSiNP over a
period of 4 weeks in mouse. Aliquots of LPSiNP were intravenously injected into the
mouse (n = 3 or 4, dose = 20 mg/kg). The silicon concentration in the organs was
determined at different time points after injection using ICP-OES. Error bars indicate s.d.
(¢) Change in body mass of mice injected with LPSiNP (n = 3, dose = 20 mg/kg)
compared with PBS control (n = 4). There is no statistically significant difference in the
mass change between control (PBS) and LPSiNP over a period of 4 weeks. Error bars
indicate s.d. (d) Liver, spleen, and kidney histology. Livers, spleens, and kidneys were
harvested from mice before, 1 day, and 4 weeks after intravenous injection of LPSiNP
(20 mg/kg). Organs were stained with hematoxylin and eosin. The arrows indicate the
LPSiNP taken up by macrophages in the liver. The scale bar is 50 um for all images.
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Figure 2.11 Optical microscope images of HeLa cells incubated with LPSINP at
various concentrations. (a) 0 mg/mL, (b) 0.013 mg/mL, (c) 0.05 mg/mL, and (d) 0.2
mg/mL of LPSiNP were incubated with HeLa cells. The cells were rinsed three times
using cell medium (no phenol red) 48 h after incubation and immediately imaged using
an inverted optical microscope. The scale bar is 20 pm.



51

1o o

4 =

ot 192]

100 a

-

/ o

Z

w

o

Subcutaneous Intramu -
injection injection (a3

()
—h

&S 3E B8 & 5 50 0 5 PBS LPSINP D-LPSINP

LPSiNP

D-LPSiNP
D-LPSINP LPSiINP  PBS

Figure 2.12 In vitro, in vivo and ex vivo fluorescence imaging with luminescent
porous Si nanoparticles (LPSiNP). (a) In vitro cellular imaging with LPSiNP. HeLa
cells were treated with LPSiNP for 2 h and then imaged. Red and blue indicate LPSiNP
and cell nuclei, respectively. The scale bar is 20 um. (b) /n vivo fluorescence image of
LPSINP (20 pL of 0.1 mg/mL) injected subcutaneously and intramuscularly on each
flank of a mouse. (c) In vivo images of LPSiNP and dextran-coated LPSiNP (D-LPSiNP).
The mice were imaged at multiple time points after intravenous injection of LPSiNP and
D-LPSiINP (20 mg/kg). Arrowhead and arrow with solid line indicate liver and bladder,
respectively. (d) In vivo image showing the clearance of a portion of the injected dose of
LPSiNP into the bladder, 1 h post-injection. Li and BI indicate liver and bladder,
respectively. (e) Lateral image of the same mice shown in (¢), 8 h after LPSiNP or D-
LPSiINP injection. Arrows with dashed line indicate spleen. (f) Fluorescence images
showing the ex vivo biodistribution of LPSiNP and D-LPSiNP in mouse. Organs were
harvested from the animals shown in (c), 24 h after injection. Li, Sp, K, LN, H, BI, Lu,
Sk, and Br indicate liver, spleen, kidney, lymph nodes, heart, bladder, lung, skin, and
brain, respectively. (g) Fluorescence histology images of livers and spleens from the
mice shown in (¢) and (f), 24 h after injection. Red and blue indicate (D-)LPSiNP and
cell nuclei, respectively. The scale bar is 50 um for all images.
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Figure 2.13 In vitro cellular imaging with LPSiNP. HeLa cells were treated with
LPSiNP for 2 h, fixed and then imaged. (a) Fluorescence microscope images of cellular
uptake and binding of LPSiNP. The nanoparticles can be imaged in vitro under both
excitation wavelengths indicated on the left side of the images (Aem = 650 nm long pass).
(b) Confocal fluorescence microscope images of cellular uptake of LPSiNP (Aex = 488
nm and Ay, = 650 nm long pass). (c¢) Multi-photon fluorescence microscope image of
celluar uptake of LPSINP (Aex = 750 nm). The LPSiNP are clearly observable inside the
cells under two-photon excitation conditions as well as with single-photon excitation, in
agreement with previous observations with porous silicon chips’. The scale bar is 20 pm.
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Figure 2.14 Characterization of dextran-coated luminescent porous silicon
nanoparticles (D-LPSiNP). (a) Dynamic light scattering size data obtained from
LPSiNP and D-LPSiNP. Note that the size and zeta potential increases from 125 nm to
151 nm and from -52 mV to -43.5 mV after dextran coating, respectively. Although
these samples display a relatively large size distribution, there are several FDA (US Food
and Drug Administration)-approved nanoparticle formulations that span this range, such
as liposomal doxorubicin (Doxil®), albumin-bound Paclitaxel (Abraxane®), and dextran-
coated iron oxide nanoparticles (Feridex™). (b) Photoluminescence spectra of LPSiNP
and D-LPSiNP with UV excitation (A = 370 nm). (c¢) In vitro degradation of LPSiNP and
D-LPSIiNP (in PBS at 37 °C). Degradation is monitored as the intensity of
photoluminescence from the nanoparticle. (d) Blood concentration of silicon (by ICP-
OES) for mice (n = 3) injected with LPSiNP or D-LPSiNP as a function of time. LPSiNP
are cleared in a short time (blood half-life: 27.6 £ 1.8 min) while D-LPSiNP circulate for
a longer period of time (blood half-life: 82.0 = 15.8 min).
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Figure 2.15 Fluorescence images of tumors containing dextran-coated luminescent
porous Si nanoparticles (D-LPSiNP). (a) Fluorescence images of D-LPSINP as a
function of concentration using different excitation filters (GFP: 445-490 nm and 1 s
exposure time, DsRed: 500-550 nm, 2 s exposure time, Cy5.5: 615-665 nm, 8 s exposure
time, and ICG: 710-760 nm, 20 s exposure time). The emission filter used is ICG (810-
875 nm). (b) Representative fluorescence images of mouse bearing an MDA-MB-435
tumor. The mouse was imaged using a Cy5.5 excitation filter and ICG emission filter at
the indicated times after intravenous injection of D-LPSIiNP (20 mg/kg). Note that a
strong signal from D-LPSiNP is observed in the tumor, indicating significant passive
accumulation in the tumor by the EPR effect. (c¢) Ex vivo fluorescence images of tumor
and muscle around the tumor from the mouse used in (b). (d) Fluorescence images of a
tumor slice from the mouse in (b). Red and blue indicate D-LPSiNP and cell nuclei
(DAPI stain), respectively. The scale bar is 100 pm.
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3.1 Abstract

Fluorescence imaging is one of the most versatile and widely used visualization
methods in biomedical research. However, tissue autofluorescence is a major obstacle
confounding interpretation of in vivo fluorescence images. In this study, I discovered the
unusually long emission lifetime (5-13 ps) of porous silicon nanoparticles and the
methods for turning their lifetime without changing the chemical nature of the
nanoparticles. Their long emission lifetime can allow the time-gated imaging of tissues in
vivo, completely eliminating shorter-lived (< 10 ns) emission signals from organic
chromophores or tissue autofluorescence. Using a conventional animal imaging system
(eXplore Optix) that is not optimized for such long-lived excited states, we demonstrate
improvement of signal to background contrast ratio by > 50-fold in vitro and by > 20-fold
in vivo when imaging porous silicon nanoparticles. Time-gated imaging of porous silicon
nanoparticles accumulated in a human ovarian cancer xenograft following intraveinous
injection is demonstrated in a live mouse. This technology potentially permits the
multiplexing of images in the time domain by using separate porous silicon nanoparticles

engineered with different excited state lifetimes.

3.2 Introduction

Fluorescence imaging has become a dominant in vitro and in vivo visualization
method in biomedical research due to its high sensitivity, its high spatial resolution, and
its ease of use' . In vivo imaging of exogenous fluorescent probes that target diseased
tissues has also shown promising results in clinical settings, such as the early detection of

breast cancer, the outlining of tumor margins during surgery, and endoscopic diagnosis of
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cancer micrometastasis' . However, the method is limited by tissue attenuation
(scattering and absorption of the excitation or the emission light) and by tissue
autofluorescence®’. To minimize tissue attenuation effects, researchers have concentrated
on near-infrared (NIR) fluorophores that are excited and emit in the spectral window

between wavelengths of 650 - 950 nm®''.

However, tissue autofluorescence still
produces a substantial background signal in this spectral range that severely limits the
quality of images, especially when very low concentrations of the fluorescent probe
accumulate at the target site'”.

The endogenous fluorophores responsible for tissue autofluorescence have decay
lifetimes of ~ 1 - 10 ns, depending on the type of tissue’. It has been proposed that late
time-gating (i.e., capturing the signal at a delayed time after excitation) could be used to
image molecular or quantum dot imaging probes in the presence of this interference'*"”.
However, there is a lack of biocompatible NIR fluorophores with fluorescence lifetimes
significantly greater than 1-10 ns, due to the quantum mechanical selection rules
associated with organic molecules or direct gap semiconductors” .

Electrochemically etched porous silicon has shown considerable potential for in
vivo applications due to its biodegradability, its low toxicity, its large specific capacity

for drug loading, and its intrinsic photoluminescence'’**

. We have recently developed
porous silicon nanoparticles (LPSiNPs) that have intrinsic NIR photoluminescence (~
650 - 900 nm)>. They show low systemic toxicity and can degrade in vivo into renally
cleared components. The porous nanostructure of LPSiNPs also enables the incorporation

and delivery of drug payloads®" **. Here, we report biodegradable NIR LPSiNPs with

tunable long luminescence lifetimes (5.1-13.4 ps). Using a commercial time-domain
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imager (eXplore Optix) followed by a late time-gating algorithm, interference from
endogenous or exogenous fluorophores are eliminated from the signal of LPSiNPs. An

example of tumor imaging with this method show much improved sensitivity.

3.3 Experimental

Preparation of polyethylene glycol-coated Iluminescent porous silicon
nanoparticles (PEG-LPSiNPs): LPSiNPs were prepared following a previously described
method®2%:  (100)-oriented p-type single-crystal Si wafers (0.8-1.1 mQ-cm resistivity,
obtained from Siltronix, Inc.) were electrochemically etched by application of a constant
current density of 200 mA/cm” for 150 s in an electrolyte containing aqueous 48%
hydrofluoric acid and ethanol in a 3:1 ratio. The resulting porous Si films were lifted
from the Si substrate by application of a current pulse of 4 mA/cm” for 250 s in a solution
containing 3.3% (by volume) of 48% aqueous HF in ethanol. The porous Si film was
fractured by ultrasound and filtered through a 0.22 pm membrane. Finally, the
nanoparticles were mildly oxidized by soaking in deionized water for 2 weeks to activate
photoluminescence. The activated nanoparticles were rinsed with deionized water 3 times
by centrifugation. LPSiNP samples were prepared at the following etching current
densities: 50 mA/cm® for 300 s, 200 mA/cm? for 150 s, or 400 mA/cm? for 150 s. The
activation step involved soaking of the LPSiNPs in deionized water for various periods of
time: 2 weeks, 6 weeks, or 10 weeks. To prepare PEG-LPSiNPs, a 0.6 mL aliquot of an
ethanolic dispersion (0.5 mg/mL LPSiNPs) was mixed with a 0.5 mL aliquot of 6 mg/mL

mPEG-Silane (MW 5k, Laysan Bio, Inc.) in ethanol. The mixture was stirred for 16 h at
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room temperature. The nanoparticles were rinsed 3 times with ethanol and then 3 times

with water. The samples were collected by centrifugation between each rinsing step.

Size, photoluminescence, and decay lifetime measurement of LPSiNPs: Dynamic
light scattering (Zetasizer Nano ZS90, Malvern Instruments) was used to determine the
hydrodynamic size of the nanoparticles. Transmission electron microscope (TEM)
images were obtained with a FEI Tecnai G* Sphera. Scanning electron microscope (SEM)
images were obtained using a Philips XL30 field emission ESEM operating in secondary
electron emission mode. The photoluminescence (PL, A.x = 370 nm, 460 nm long pass
emission filter) spectra of LPSiNPs or PEG-LPSiNPs were obtained using a Princeton
Instruments/Acton spectrometer fitted with a liquid nitrogen-cooled silicon charge-
coupled device (CCD) detector. The PL decay data of the nanoparticles were acquired
using a Horiba Scientific FluoroLog-3 spectrofluorometer using a time correlated single
photon counting (TCSPC) method. A 456 nm NanoLED (Horiba Scientific) at 10 kHz
repetition rate was used as the excitation source. The photon signal was collected at 650
nm at 22 °C. Although the decay curves were nonexponential, the time at which the PL
intensity of the nanoparticles decreased to 1/e of the initial value after excitation was used

as the average decay lifetime.

Cell lines and mice: Two human ovarian carcinoma cell lines SKOV3 and 2008
were used in this study. 2008 cells were transduced with lentiviral vectors containing the
red fluorescent protein mCherry sequence (pLVX-mCherry, Clontech). The cells

expressing mCherry (2008-mCherry) were sorted by flow cytometry and maintained in
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RPMI-1640 medium with 10% fetal calf serum (Invitrogen). Female nu/nu nude mice
(Charles River) were maintained in specific pathogen-free facilities at the University of
California, San Diego. Animal protocols were approved by the Institutional Animal Care

and Use Committee.

In vitro and in vivo fluorescence imaging: A time-domain fluorescence imaging
system eXplore Optix (ART Advanced Research Technologies, Inc.) was used to image
fluorophore solutions and cell suspensions in vitro, and mice in vivo. A 470 nm laser with
40 MHz repetition rate was used as the excitation source and a 590 nm longpass filter

was used as the emission filter for all imaging experiments.

Comparing PEG-LPSiNPs and Cy3.5 in the time-domain: For in vitro imaging, an
aliquot of PEG-LPSiNPs in aqueous dispersion (50 pL, 0.1 mg/mL) was placed in a
microtube, and an aliquot of Cy3.5 NHS ester (GE Healthcare) in aqueous solution (50
pL, 0.01 mg/mL) was placed in a separate microtube. The microtubes were placed next
to each other and imaged at the same time with the Optix imaging system. For in vivo
imaging, PEG-LPSiNPs (20 pL, 0.5 mg/mL) and Cy3.5 (20 pL, 0.02 mg/mL) were
injected subcutaneously into the right and left shoulder of a nude mouse, respectively.

The mouse was imaged with the Optix imaging system immediately after injection.

Comparing PEG-LPSiNPs and mCherry in the time-domain: For in vitro imaging,
aliquots of PEG-LPSiINPs (20 pL, 0.2 mg/mL) and 2008-mCherry cell suspension (20 pL,

~1 million cells) were placed in separate microtubes and imaged at the same time with
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the Optix imaging system. For in vivo imaging, a nude mouse bearing a 2008-mCherry
tumor (~0.7 cm) on each side of the shoulder was used. An aliquot of PEG-LPSiNPs
dispersion (50 pL, 0.2 mg/mL) was injected into the tumor on the right shoulder of the
mouse, and the mouse was imaged with the Optix imaging system immediately after

injection.

In vivo fluorescence imaging of tumor: a nude mouse bearing a SKOV3 tumor
(~0.5 cm, left flank) was used in this study. A PEG-LPSiNPs saline dispersion was
injected intravenously into the mouse at a dose of 10 mg/kg body mass through the tail
vein. The mouse was imaged at several different time points for 24 h post-injection. The
tumor and muscle in the vicinity of the tumor were harvested and imaged 24 h after

injection.

Data analysis and time gating: The Optix imaging system data were analyzed
using OptiView (ART Advanced Research Technologies, Inc.) to calculate the in vivo
decay lifetimes of the fluorophores or tissue autofluorescence. Continuous wave (CW)
fluorescence images were obtained by reconstructing the fluorescent signal collected
within the full 25 ns imaging time-window from the data using MATLAB (MathWorks,
Inc.). Time-gated (TG) fluorescence images were generated by extracting the fluorescent
signal collected between 20.5 and 21.5 ns of the imaging time-window (18-19 ns after the

excitation pulse) from the data with MATLAB.

3.4 Results and Discussion
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LPSiNPs were prepared by electrochemical etching of single-crystal Si in HF-
containing electrolyte, followed by lifting-off of the porous layer, ultrasonic fracture,
filtration of the resulting nanoparticles through a 0.22 pm filter membrane, and finally
activation of luminescence by treatment in an aqueous solution following the published
procedure®. To prepare LPSiNPs with various luminescence lifetimes, we used three
different etching current densities: 50 mA/cmz, 200 mA/cmz, and 400 mA/cm’. The
resulting nanoparticles have similar mean hydrodynamic sizes (Fig. 3.1a), and all three
types of LPSiNPs display NIR photoluminescence (Amax ~ 800 nm, Fig. 3.2). The
luminescence of porous Si is attributed to quantum confinement effects and interface

defects?’?

. However, different with conventional II-VI quantum dots, porous Si has
much longer luminescence lifetime (us - ms for porous silicon vs. tens of ns for quantum
dots) due to the indirect band gap. Furthermore, because the porous Si matrix is an
assembly of “Si dots” and contains a distribution of interface states, its luminescence
decay is multiexponential®’. Here, we use the time at which the photoluminescence
intensity decreases to 1/e of the initial value after excitation as the average decay

e 30-31
lifetime

. The decay lifetime of LPSiNPs is on the microsecond timescale and tunable
by simply adjusting the etching conditions without changing the overall size of the
nanoparticles (Fig. 3.1a and Fig. 3.3). In addition, their decay lifetime can be further fine
tuned by adjusting the aqueous activation process post-etching (Table 3.1). We
hypothesize that the NIR photoluminescence and long decay lifetime of LPSiNPs would

allow complete rejection of tissue autofluorescence and other short-lived fluorescent

interference using a late time-gating method.
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For the time-gated fluorescence imaging study presented here, the LPSiNPs were
prepared using electrochemical etching at a current density of 200 mA/cm* with a two-
week aqueous activation treatment. The nanoparticles were coated with 5 kDa
polyethylene glycol (PEG) by reaction with a PEG-silane (PEG-LPSiNP, Fig. 3.1b). The
mean hydrodynamic diameter of the PEG-LPSiNP formulation (measured by dynamic
light scattering, DLS) was 168 nm, consistent with transmission electron microscopy
(TEM) measurements (Fig. 3.4). The photoluminescence spectrum from the PEG-
LPSiNPs (Aex = 370 nm) appeared at wavelengths between 600 and 900 nm (Fig. 3.1c¢),
and the decay lifetime was 12 us (Aem = 650 nm, 22 °C). This lifetime is >1000 times
larger than that typical of tissue autofluorescence or common fluorescent imaging dyes
(Fig. 3.1d and 3.1e).

We first tested whether the long-lived photoluminescence from PEG-LPSiNPs
could be separated from the fluorescence of conventional fluorophores in the time
domain. To demonstrate the potential for practical applications, we used a commercial in
vivo imaging system (eXplore Optix, ART Inc.). This instrument uses pulsed laser
diodes and time-correlated single photon counting (TCSPC) to quantify fluorescence
intensity and lifetime’>. When imaged using a 470 nm excitation laser and a 590 nm
longpass emission filter, the intensity of fluorescence from an aqueous solution 10 pg/mL
of the common imaging dye Cy3.5 was comparable to an aqueous suspension 100 pg/mL
in PEG-LPSiNPs (Fig. 3.5a). The laser we used operates at a repetition rate of 40 MHz,
corresponding to a time window between pulses of 25 ns. The duration of an individual
pulse from the laser is < 0.1 ns. Although the Cy3.5 sample and the PEG-LPSiNP

sample showed similar fluorescence intensity when integrated over the entire 25 ns
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window (Fig. 3.5a), gating of the signal at times between 20.5 and 21.5 ns of the imaging
window (18 and 19 ns post-pulse after correcting for synchronization) yielded a strong
signal from the PEG-LPSINP sample (50 times greater than background), while the
signal from the Cy3.5 sample was at or below the noise level of the instrument (Fig. 3.5b
and 3.5c¢). This improvement in image contrast is due to the rapid decay of fluorescence
from the organic fluorophore (0.6 ns lifetime); the signal from the nanoparticle is
essentially constant for the duration of the 25 ns period between pulses (Fig. 3.5b). As a
result, only the PEG-LPSiNP sample was visible under late time-gating conditions (Fig.
3.5¢).

We next investigated the possibility of eliminating tissue autofluorescence or
interference from exogenous fluorophores when imaging PEG-LPSiNPs in vivo. A 20 pL.
aliquot of PEG-LPSiNPs (0.5 mg/mL) and a 20 pL aliquot of Cy3.5 (0.02 mg/mL) in
normal saline were injected subcutaneously into the right and left shoulder of a nude
mouse, respectively (Fig. 3.5d). When imaged under pseudo continuous wave (CW), or
steady-state conditions (i.e., no time gating), the two injection points had intensities
comparable to the brighter autofluorescent tissues (Fig. 3.5¢). However, the fluorescence
intensity-time decay curves of the relevant regions reveal a distinct persistence of signal
only for the PEG-LPSiNPs (Fig. 3.5g). Application of the late time-gating algorithm (1 ns
gate, 18 ns post-excitation) revealed a distinct spot in the PEG-LPSINP injection point,
with negligible intensity from the Cy3.5 injection or from background tissue
autofluorescence (Fig. 3.5f). Simple analysis of pixel intensities revealed a 20-fold
increase in image contrast with the time-gated (TG) image relative to the CW image (Fig.

3.5e and 3.5f). It is possible that excitation crossover (bleed-through of the excitation
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source scattered from the tissues), a common problem for in vivo fluorescence imaging,
may also contribute to the background signals in the CW fluorescence images. Since the
pulse width of the excitation laser was <0.1 ns, the time-gating method was also able to
remove this potential interference.

Genetically expressed fluorophores such as fluorescent proteins are widely used
in biomedical research, so we next tested time-gated imaging of PEG-LPSiNPs in the
human ovarian carcinoma 2008 cell line expressing the red fluorescent protein mCherry
(2008-mCherry), Fig. 3.6a. The fluorescence lifetime of mCherry is ~1.4 ns**, Fig. 3.6b.
In vitro imaging of PEG-LPSiNPs and 2008-mCherry cells showed that the signal from
the nanoparticles was readily distinguishable using late time-gated imaging (Fig. 3.6¢ and
3.6d).

The PEG-LPSiNPs were also readily distinguishable from mCherry in vivo. A
nude mouse bearing a 2008-mCherry tumor xenograft on each shoulder was imaged. The
CW image displayed fluorescence from both tumors as well as strong tissue
autofluorescence (Fig. 3.7a and 3.7b). Late time-gated imaging was not able to
distinguish the fluorescence of mCherry from tissue autofluorescence due to their similar
short fluorescence lifetimes (Fig. 3.7b). PEG-LPSiNPs (50 pL, 0.2 mg/mL) were then
injected into the tumor on the right shoulder of the mouse, and the mouse was imaged
again under CW conditions. The tumor injected with nanoparticles was brighter than the
control tumor in the CW image, but tissue autofluorescence and the signal from the
control tumor were still clearly visible (Fig. 3.7c). In contrast, signals from both the
control tumor and tissue autofluorescence were completely eliminated in the time-gated

image (Fig. 3.7¢). Ex vivo fluorescence images confirmed the presence of PEG-LPSiNPs
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in the tumor, and they demonstrated the effectiveness of time-gated imaging of PEG-
LPSiNPs in ex vivo tissues (Fig. 3.7d to 3.7f).

Finally, we evaluated the potential of imaging tumors using intravenously injected
circulating PEG-LPSiNPs as the fluorescent probe. Intravenously injected nanoparticles
can passively accumulate in tumor tissues due to the enhanced permeability and retention
(EPR) effect’*®. However, the efficiency of this process is low and generally only a

3738 This creates a

small fraction of injected nanoparticles accumulates in a tumor
challenge for in vivo optical imaging because tissue autofluorescence can overwhelm the
signals from the fluorescent probe. To evaluate the ability of late time-gated PEG-
LPSiNPs to remove tissue autofluorescence in this situation, PEG-LPSiNPs (10 mg/kg)
were injected intravenously into a nude mouse bearing a human ovarian carcinoma
SKOV3 xenograft tumor (Fig. 3.8a). Fluorescent images of the mouse were intermittently
acquired over a 24 h time period post-injection. No signal from the nanoparticles was
observed in either the CW or the TG images immediately after injection (Fig. 3.8b), and
only weak fluorescence was detected in the tumor 1 h after injection. However, the signal
from the nanoparticles was too low to be differentiated from tissue autofluorescence even
with time-gating (Fig. 3.8c). As time progressed more PEG-LPSiNPs accumulated at the
tumor, and the TG image obtained 4 h post-injection clearly revealed the site of the tumor
(Fig. 3.8d). No contrast between tumor and normal tissue was observed in the CW image
due to the pronounced autofluorescence signals. The intensity ratio between the tumor
and normal tissues increased from ~1 in the CW image to 3 in the TD image (Fig. 3.8d).

The signal from the tumor then decreased substantially 24 h post-injection (Fig. 3.8e) as

the nanoparticles degraded and cleared from the host®. Ex vivo fluorescence images
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indicated that a small, but detectable quantity of PEG-LPSiNPs remained in the tumor 24

h post-injection (Fig. 3.9).

3.5 Conclusions

Although the commercial time-domain imager used in the present study to
identify and track the silicon-based nanoparticles has very good (sub-nanosecond) time
resolution and excellent detector sensitivity, it is limited in the delay time that can be
applied due to the repetition rate of the pulsed laser. A less sophisticated imaging system,
with an ability to gate at a modest (>100 ns or even longer) delay time, is expected to
yield even better image quality from PEG-LPSiNPs due to the long (microseconds)
emission lifetimes of this probe (Fig. 3.1d). If we assume tissue autofluorescence has a
single exponential decay with 10 ns lifetime, then its intensity would drop to the order of
10* times of its initial value 1 microsecond after excitation; whereas PEG-LPSiNPs
would still remain > 80% of its initial intensity at the same time (Fig. 3.1d).

In contrast to conventional molecular probes, the decay lifetime of LPSiNPs can
be flexibly tuned without changing the chemical nature of the probe, using a mild
aqueous treatment (Table 3.1). This provides the possibility of multiplex imaging using
multiple nanoparticle probes and various time gates. Furthermore, the slow change in
emission lifetime that occurs upon degradation in aqueous media allows the nanoparticle
to report on its age in the system. In addition to their unique optical properties, the low
toxicity and biodegradable characteristics of LPSiNPs overcomes some of the
disadvantages of cytotoxic or non-biodegradable fluorescent probes currently used for in

vitro or in vivo imaging.
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Figure 3.1 Characterization of polyethylene glycol-conjugated luminescent porous
silicon nanoparticles (PEG-LPSiNPs). (a) Table comparing hydrodynamic diameter,
surface chemistry, and emission lifetime of LPSiNPs prepared at the indicated etch
current densities. (b) Schematic diagram depicting the PEG surface chemistry on the
LPSiNPs. Photograph of PEG-LPSiNPs in water, obtained under UV light illumination.
(¢) Steady-state photoluminescence spectrum of PEG-LPSiNPs (A = 370 nm). (d)
Normalized photoluminescence intensity-time trace for PEG-LPSiNPs after pulsed
excitation (Aex = 456 nm, A = 650 nm, 22 °C). (e) Fluorescence lifetimes of commonly
used fluorophores and tissue autofluorescence” .
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Figure 3.2 Steady-state photoluminescence (PL) spectra of LPSiNPs in deionized
water. Samples were prepared at etching current densities of 50 mA/cm?, 200 mA/cm?,
or 400 mA/cm” as indicated. All samples were activated in deionized water for 2 weeks
prior to data acquisition. Excitation wavelength was A= 370 nm.
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Figure 3.3 Photoluminescence decay curves for LPSiNPs ;)
current densities of 50 mA/cmz, 200 mA/cmz, or 400 mA/cm”, as indicated. Inset
shows scanning electron microscope (SEM) images of the porous nanostructures of the
porous Si films prior to nanoparticle formation.
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Figure 3.4 Transmission electron microscope image of polyethylene glycol coated
LPSiNPs (PEG-LPSiNPs). Scale bar is 500 nm.
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Figure 3.5 In vitro and in vivo comparison of time-domain fluorescence
characteristics of porous Si nanoparticles (PEG-LPSINPs) and the common imaging
fluorophore Cy3.5. a, Steady-state, or continuous wave (CW) fluorescence images of
Cy3.5 (0.01 mg/mL) and PEG-LPSiNPs (0.1 mg/mL) samples in microtubes (Aex = 470
nm, Aem = 590 nm longpass). b, Normalized intensity decay of the fluorescence signals
from the Cy3.5 and PEG-LPSiNPs samples shown in (a) as a function of time after
excitation pulse. The vertical orange bar depicts the time window used in the time-gating
algorithm (20.5-21.5 ns of the 25 ns imaging window, which is 18-19 ns after excitation
pulse) to obtain time-gated (TG) fluorescence images. ¢, The same image shown in (A),
but with the time-gating algorithm applied. The image of the Cy3.5 sample almost
completely disappears. d, Bright field image of a nude mouse injected subcutaneously
with PEG-LPSiNPs (20 pL, 0.5 mg/mL) and Cy3.5 (20 pL, 0.02 mg/mL). The arrow
indicates the injection site of PEG-LPSiNPs, and the arrowhead indicates the injection
site of Cy3.5. e, CW fluorescence image of the region of the mouse indicated by the
white box in (d), obtained with the Optix imaging system. Regions identified as T1, T2,
and T3 are the injection site of PEG-LPSiNPs, the injection site of Cy3.5, and the
abdomen, respectively. f, The same image shown in (e), but with the time-gating
algorithm applied. Signals from the Cy3.5 dye (T2) and from tissue autofluorescence
(T3) almost disappear. The intensity ratio of PEG-LPSiNPs to tissue autofluorescence
was calculated by comparing the CW to the TG signal intensities of PEG-LPSiNPs (T1,
arrow) and tissue autofluorescence (T3, hollow arrow) as indicated in (e). g, Normalized
intensity decay of the fluorescence signals from T1, T2, and T3 in (e), as indicated. The
vertical orange bar depicts the time window used in the time-gating algorithm for (f).
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Figure 3.6 Comparison of PEG-LPSiNPs and mCherry in the time-domain. a, Bright
filed image of microtubes containing an aqueous dispersion of PEG-LPSiNPs (left, 20
pL, 0.2 mg/mL) or 2008-mCherry cell suspension (right, 20 pL, ~1 million cells). b,
Fluorescence decay of above samples measured with Optix imaging system. c,
Continuous wave (CW) fluorescence image of the PEG-LPSiNPs and 2008-mCherry
samples in (a). d, Time-gated (TG) fluorescence image of the PEG-LPSiNPs and 2008-

mCherry samples in (a).
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Figure 3.7 Time-gated fluorescence images comparing PEG-LPSiNP with
fluorescent protein mCherry in a nude mouse bearing mCherry-expressing tumors.
a, Bright field photograph of mouse containing two tumors, one on each shoulder.
Tumors are indicated with white arrows. b, CW and TG fluorescence images of the
tumors, showing low differentiation of the expressed mCherry and tissue
autofluorescence in the time-domain. ¢, CW and TG fluorescence images of the tumors
after injection of PEG-LPSiNPs (50 pL, 0.2 mg/mL) into the right shoulder tumor (on the
top of the image, indicated with dashed white circle). d, Ex vivo bright field image of the
PEG-LPSiNP-injected tumor (T"), a control tumor (T") and muscle tissue excised from
the animal post-injection. e, CW fluorescence image of the excised tissues in (d). f, TG
fluorescence image of the tissues in (d).
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Figure 3.8 Time-gated fluorescence images of mouse bearing SKOV3 xenograft
tumor after IV (tail vein) injection of PEG-LPSiNPs, as indicated. a, Bright field
image of a nude mouse bearing a tumor at the flank. The arrow indicates the site of the
tumor. b-e, CW and TG fluorescence images of the region indicated with the white box
in (a) immediately (b), 1h (¢), 4 h (d), or 24 h (e) post-injection of PEG-LPSiNPs (10
mg/kg body weight). The signal to background (tissue autofluorescence) ratio described
in the text was calculated by comparing signal intensities at the sites indicated by the
black asterisk (PEG-LPSiNPs) and the black circle (tissue autofluorescence) as indicated
in (d) in both CW and TG images.
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Figure 3.9 Ex vivo fluorescence images of SKOV3 xenograft tumor and muscle in
the vicinity of the tumor. The tissues were harvested from the mouse intravenously
injected with PEG-LPSiNPs 24 h post-injection. a, Bright field image of the SKOV3
tumor (T) and muscle (M) in the vicinity of the tumor. b, Time-gated fluorescence image
of the tissues in (a).




81

Table 3.1 Photoluminescence decay lifetimes of LPSINPs prepared at different
etching current densities and activation durations.

Lifetime (ps)

Etching current DLS size  Surface
density (mA/cm?) (nm) 2 weeks 6 weeks 10 weeks
activation activation activation

50 143 oxide 5.1 6.6 6.9
200 160 oxide 10.0 10.7 11
400 159 oxide 12.1 13:2 13.4

The luminescence of porous Si is attributed to a combination of quantum confinement
effects and interface defects*. Because the porous Si matrix is an assembly of “Si dots”
and contains a distribution of interface states, its luminescence decay is multiexponential.
Here, we use the time at which the photoluminescence intensity decreases to l/e of the
initial value after excitation as the average decay lifetime™*".



82

Chapter three, in part of full, is a reprint (with co-author permission) of the
material as it appears in the following publication: Gu, Luo; Hall, David J.; Qin,
Zhengtao; Howell, Stephen B.; Sailor, Michael J., “In Vivo Time-gated Fluorescence
Imaging with Biodegradable Luminescent Porous Silicon Nanoparticles”, submitted. The

author of this dissertation is the primary author of this manuscript.
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4.1 Abstract

Magnetic manipulation, fluorescent tracking, and localized delivery of a drug
payload to cancer cells in vitro is demonstrated, using nanostructured porous silicon
microparticles as a carrier. The multifunctional microparticles are prepared by
electrochemical porosification of a silicon wafer in a hydrofluoric acid-containing
electrolyte, followed by removal and fracture of the porous layer into particles using
ultrasound. The intrinsically luminescent particles are loaded with superparamagnetic
iron oxide nanoparticles and the anti-cancer drug doxorubicin. The drug-containing
particles are delivered to human cervical cancer (HeLa) cells in vitro, under the guidance
of a magnetic field. The high concentration of particles in the proximity of the magnetic
field results in a high concentration of drug being released in that region of the Petri dish,

and localized cell death is confirmed by cellular viability assay (Calcein AM).

4.2 Introduction

Multifunctional microparticles that are simultaneously magnetic and fluorescent
have attracted interest because they can be manipulated with an external magnetic field
while being tracked by fluorescence imaging in real time.'” Several examples of
potential uses have been demonstrated: immunoassays for bacterial spores or

10-13

explosives,” cell-based or DNA assays, gene expression profiling,"* chemical

sensing," and safety controls of medical devices.'® Preparation of such multifunctional
microparticles generally involves incorporating the fluorescent (organic fluorophore,
quantum dot) and magnetic (iron oxide nanoparticle) components into a non-functional

1-2,7,13,17-19

matrix like silica spheres or polystyrene beads. Issues associated with this
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6121718 a5 well as

approach include quenching or leakage of the luminescent species,
photobleaching (in the case of organic ﬂuorophores).zo'21 Although quantum dots
typically display greater stability than organic dyes, toxicity of heavy-metal-containing
quantum dots** limits their use in many biological applications.

Intrinsically luminescent silicon nanostructures offer an alternative fluorophore
that can be as photostable as the conventional II-VI quantum dots,”** but with lower in-
vivo or in-vitro toxicity.”** Silicon is an essential trace element that is widely distributed

30-31

in various mammalian (including human) tissues in the form of orthosilicate (SiO4").

Orthosilicate is the primary product of porous Si degradation in vitro and in vivo, and the

32:33
d.

low toxicity and biocompatibility of porous Si has been demonstrate Moreover,

porous Si nanostructures can act as a host matrix for molecules, enzymes, proteins,

. . : e 343
magnetic nanoparticles, or other species. 7

In this work, magnetic luminescent Si
microparticles with porous nanostructures are prepared by incorporating
superparamagnetic iron oxide nanoparticles into the intrinsically luminescent porous Si
matrix to provide a composite that is simultaneously fluorescent and magnetic. The
anticancer drug doxorubicin is loaded into the dual-functional microparticles, and the
drug is delivered to human cervical cancer (HeLa) cells in vitro under the guidance of a

magnetic field, demonstrating magnetic manipulation, fluorescent tracking, and localized

delivery of a molecular payload.

4.3 Experimental
Preparation of Luminescent Porous Si Microparticles: Porous silicon samples

were prepared by an anodic electrochemical etch of boron doped p-type Si wafers
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(0.0008-0.0012 Q—cm resistivity, <100> orientation, Siltronix, inc.) in 3:1 (v:v) 48 %
aqueous HF:ethanol. A Teflon etch cell that exposed 8.8 cm” of the polished Si wafer
surface was used. Samples were etched at a constant current density of 200 mA cm™ for
150 s. The porous Si film was then removed from the crystalline Si substrate by
application of a current pulse of 4 mA cm™ for 250 s in a solution of 3.3 % aqueous HF
in ethanol. The free-standing porous Si film was immersed in a sodium borate buffer
solution (6.2 mg mL™, pH = 9.2) for 5 min to activate the visible to near-IR emission, and
it was then washed with deionized water several times. The luminescent porous Si film
was placed in deionized water and fractured into microparticles by ultrasonication for 5 h
(FSS5, Fisher Scientific). The small fragments were removed by filtration through a 5 um

filter membrane (Millipore).

Preparation  of Magnetic, Luminescent  Porous Si  Microparticles:
Superparamagnetic iron oxide (FesO4) nanoparticles were synthesized following a
published method.*® The iron oxide nanoparticle suspension was diluted with 3 parts
acetone to 1 part nanoparticle suspension in order to make the final concentration of iron
oxide ~0.6 mg mL™". The luminescent porous Si microparticles were then added to the
iron oxide nanoparticle suspension and stirred for 5 min in air at room temperature. The
particulate product was isolated from solution by centrifugation and rinsed several times
with acetone and water to remove the free iron oxide nanoparticles. The porous Si/iron
oxide composite was then thermally oxidized and dehydrated in air at 100 °C overnight to

further trap the iron oxide nanoparticles in the porous Si matrix.
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Characterization: Scanning electron microscope (SEM) images were obtained
using a Philips XL30 field emission ESEM operating in secondary electron emission
mode. N, adsorption isotherms (interpreted with the BET and BJH models)” were
measured on a Micromeritics ASAP2020 analyzer. The photoluminescence spectra were
obtained using a Princeton Instruments/Acton spectrometer fitted with a liquid nitrogen-
cooled silicon charge-coupled device detector (Aex = 370 nm and 460 nm longpass
emission filter). The size of the iron oxide nanoparticles was characterized by
transmission electron microscopy (2000EX, JEOL) and by dynamic light scattering (DLS)
(Zetasizer Nano ZS90, Malvern Instruments). Magnetization data were collected using a
Quantum Design MPMS2 SQUID magnetometer operating at 298 K. To quantify the
amount of iron oxide contained in the composite particles, they were dissolved in
hydrofluoric acid and the iron concentration of the solution was measured by atomic
emission using an inductively coupled plasma instrument fitted with an optical emission
spectrometer (ICP-OES, Optima 3000DV, Perkin Elmer). The Fourier-transform infrared
(FTIR) spectra of as-etched porous silicon films and Iluminescent porous Si
microparticles were obtained in absorption mode using a Thermo Scientific Nicolet 6700
FTIR spectrometer equipped with a diamond attenuated total reflectance (ATR)
accessory. N, adsorption isotherms (interpreted with the BET and BJH models) were
measured on a Micromeritics ASAP2020 analyzer. The photostability of magnetic,
luminescent porous Si microparticles was evaluated relative to the organic fluorophore
fluorescein absorbed on silica microbeads. Both samples were dispersed on glass slides
and were illuminated with a 100 W mercury lamp, and fluorescence intensities were

monitored periodically (1 m intervals) during the experiment using a fluorescence
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microscope (Eclipse LV150, Nikon) equipped with a thermoelectrically cooled CCD
camera (CoolSNAP HQ2, Photometrics). Excitation (355 + 25 nm for magnetic,
luminescent porous Si microparticles, 480 & 20 nm for fluorescein) and emission (435 nm
long pass for magnetic, luminescent porous Si microparticles, 535 + 25 nm for

fluorescein) filters were used for these experiments.

Drug loading and release: Doxorubicin (DOX) was loaded into the magnetite-
containing porous Si microparticles by mixing 1 mg of particles with 0.5 mL of an
aqueous solution that was 1 mg mL™ in DOX for 1 h in air at room termperature. The
particles were harvested from the solution using a permanent rare earth magnet and
rinsed 5 times with water to remove free DOX. The amount of DOX incorporated into the
microparticles was determined by extracting the drug into a 1:1 water:ethanol solution
0.5 M in HCI and comparing the optical absorbance with a standard curve (A = 480 nm,
SpectraMax Plus 384, Molecular Devices). HPLC-MS was used to compare the structure
of DOX extracted from porous Si microparticles (by ethanol) and DOX standard. A
Thermo LCQdeca mass spectrometer coupled with an HP1100 LC system was employed
for LC-UV-MS analysis. Electrospray ionization (ESI) was used and operated under
positive ion mode. The UV detection wavelength was set to monitor 480 nm. A Shiseido
C-18 column (MGIII, 2.0mm ID x 50 mm) was used for separation with a flow rate of
0.20 ml min"'. LC mobile phase A consisted of 5% methanol in water with 0.1% formic
acid, and LC mobile phase B consisted of pure methanol with 0.1% formic acid. The LC
gradient started from 20% B and was increased to 95% B in 18 min, then reduced to 20%

B in 2 min, and then held at 20% B for 3 min. An Xcalibur 1.2 system was used for data
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acquisition and processing. The release of adsorbed DOX into aqueous buffer solution
was studied by incubating 0.2 mg of DOX-loaded magnetic, luminescent porous Si
microparticles in 1 mL of phosphate buffered saline (PBS) at 37 °C, with the solution
replaced daily. At each time point, the particles were isolated from the aqueous phase by
centrifugation, and the optical absorbance of the supernatant was measured to determine
the amount of released DOX. Because DOX is moderately unstable under physiological
conditions,” *'* the stability and degradation profile of free DOX in PBS under the
above release conditions was determined by monitoring its optical absorbance. The drug
release data were corrected using the degradation profile at each time point.
Fluorescence microscopy images of the DOX-loaded microparticles were acquired using
a fluorescence microscope (Eclipse LV150, Nikon) fitted with a thermoelectrically
cooled CCD camera (CoolSNAP HQ?, Photometrics), using an excitation wavelength of

360 nm and an emission filter with a bandpass at 720 + 80 nm.

In vitro cytotoxicity of DOX and DOX with magnetite: HeLa cells were incubated
with different concentrations of free DOX or a mixture of DOX and iron oxide
nanoparticles for 48 h. Cytotoxicity was evaluated using MTS assay (Promega). The
mass ratio of DOX to iron oxide was fixed at 98:8, which is the same as in the loaded

porous Si microparticles.

Localized delivery of DOX to HeLa cells: HeLa cells were seeded into 60-mm
Petri dishes with 4 mL of cell media and cultured for 2 days (the cell confluency was ~

90%). The DOX-loaded magnetic luminescent porous Si microparticles (0.1 mg to 0.4
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mg, depending on the experiment) were then added and attracted to an edge of the Petri
dish with a rare-earth permanent magnet. The Petri dish was agitated for 1 min with the
magnet attached and then incubated at 37 °C for 8 or 24 hours without any agitation. A
comparison of non-guided DOX delivery was conducted by incubating 0.1 mg of DOX-
loaded magnetic luminescent porous Si microparticles with HeLa cells using the
procedure described above but without the use of a magnet. Cell viability was examined
by observing morphology of the cells using a phase contrast microscope (TE 300, Nikon)

and by a fluorescent viability stain assay (Calcein AM, Invitrogen, inc.).

4.4 Results and Discussion

Magnetic, luminescent porous Si microparticles were prepared as outlined in Fig.
4.1a. Electrochemical etching of highly doped p-type single-crystal Si wafers in an
aqueous HF solution containing ethanol produces a porous layer, which is removed from
the Si substrate with a secondary current pulse. In order to activate photoluminescence,
the porous Si layer is mildly oxidized in an aqueous borate buffer solution (pH = 9.2).
The film is then fractured by ultrasonication and filtered to remove fragments < 5 pm in
size. Scanning electron microscopy (SEM) reveals uniform microparticles, with an
average size of 19 =4 pm (n = 50, S.D.) and an average pore diameter of 21 + 4 nm (Fig.
4.1b). Fourier-transform infrared (FTIR) spectroscopy indicates that the oxidation step
removes surface Si-H species from the material, generating a silicon oxide shell (Fig. 4.2).

The microparticles display a strong orange to near-IR photoluminescence (Fig.
4.3a), which is attributed to quantum confinement effects in the silicon cores and to Si-

27,38-39

SiO, interfacial defects generated during the activation step. Nitrogen
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adsorption/desorption measurements reveal a type IV isotherm with a pronounced
hysteresis loop, indicating the nanostructure of the microparticles is mesoporous (pore
diameters 2-50 nm). The specific surface area (BET method) and pore volume (BJH
method) are 520 m* g and 0.712 cm’ g, respectively (Fig. 4.4a).

Magnetic properties were imparted to the luminescent porous Si microparticles by
infusion of iron oxide nanoparticles. Superparamagnetic Fe;O4 nanoparticles with mean
diameters of 13 + 2 nm (measured by transmission electron microscopy) were
synthesized following a published method.*® The nanoparticles were infused into the
luminescent porous Si microparticles by placing the microparticles in an aqueous solution
of iron oxide nanoparticles as described previously.”**' Once loaded, the microparticles
were harvested from the suspension by centrifugation, and the iron oxide nanoparticles
were trapped in the porous Si matrix by thermal oxidation/dehydration of the isolated
particles in air at 100 °C for 8 h.

The luminescent microparticles retain their overall size upon infusion of iron
oxide nanoparticles. However, the average pore diameter (12 + 3 nm), surface area (373

> g') are reduced compared to the iron-free

m® g"') and pore volume (0.577 cm
microparticles (Fig. 4.1c and Fig. 4.4b). The intrinsic photoluminescence of the iron
oxide-containing microparticles is similar to the iron-free microparticles, although a
slight blue shift in the emission spectrum is consistently observed. This blue shift is
attributed to a decrease in size of the emissive Si nanoparticles within the porous Si
matrix, caused by the oxidation process (Fig. 4.3a).** The magnetic composite materials

exhibit similar photostability to other inorganic solid state nanoparticles. Like quantum

dots deriving from II-VI compounds, the porous Si microparticles are significantly more
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photostable compared with fluorescent organic dye molecules, and they are resistant to
photobleaching when exposed to UV light (Fig. 4.5). The quantity of iron oxide
nanoparticles loaded in the porous Si microparticle carriers is 0.8 % by weight (based on
mass of Fe;04, measured by inductively coupled plasma-optical emission spectrometry,
ICP-OES). Superconducting quantum interference device (SQUID) data indicates that the
magnetic nanoparticles retain their superparamagnetic characteristic when incorporated in
the luminescent porous Si host, with a saturation magnetization value of 0.37 emu g
(based on mass of the composite microparticles, Fig. 4.3b). Because the microparticles
contain both magnetic and fluorescent functions, they can be manipulated with an
external magnetic field and tracked by fluorescence imaging (Fig. 4.3c-f).

As indicated by the BET data, the microparticles still possess free open volume
after loading of the iron oxide nanoparticles. This potentially allows the incorporation of
an additional payload. In this work, the anticancer drug doxorubicin (DOX) was loaded
as a test molecule payload, using a simple adsorption protocol. The iron oxide containing
porous Si microparticles were exposed to an aqueous solution of DOX for 1 h, and the
particles were harvested from the solution with the aid of a rare earth permanent magnet.
The DOX molecules are sufficiently strongly adsorbed that they are not readily removed
by rinsing with pure water. However, the DOX molecules are slowly leached into a
phosphate buffered saline solution over a period of several days (Fig. 4.6c).
Approximately 0.109 mg of DOX was loaded per milligram of magnetic luminescent
porous Si microparticles (9.8% by mass). Based on the measured (BET) surface area, the
theoretical percent loading of a monolayer of DOX, is 4.4%, which is significantly

smaller than the experimental result. The larger loading of DOX measured
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experimentally represents multilayer adsorption, attributed to electrostatic interactions
between the positively charged DOX molecules and the negatively charged silicon oxide
pore walls, and self-association via m - m stacking interactions between DOX
molecules.***

It has been reported that freshly etched porous Si (H-terminated) is a strong
reducing agent that can react with molecular drugs such as DOX.* Therefore, UV-Vis
spectroscopy and high-performance liquid chromatography-mass spectrometry (HPLC-
MS) were performed to determine if the chemical composition and the structure of the
DOX molecules loaded into the magnetic luminescent porous Si microparticles remain
intact. The UV-Vis absorption spectrum of DOX extracted from the porous Si
microparticles is identical with the DOX standard (Fig. 4.7). In addition, DOX extracted
from the porous Si microparticles displays a single peak in the HPLC trace, with a
retention time identical to that of the DOX standard (Fig. 4.6a). Finally, mass
spectrometry yields a spectrum identical to the DOX standard (Fig. 4.6b), indicating that
there is no significant chemical reaction between DOX and the porous Si matrix in the
timescale and conditions of the present study. This lack of reactivity is attributed to the
fact that the microparticles used in the present study are more extensively oxidized,
presenting an inert SiO; surface to the DOX molecules (Fig. 4.2).

The DOX-loaded magnetic luminescent porous Si microparticles exhibit a
continuous release at physiological pH and temperature; 90% of the adsorbed drug is
released in 9 days (Fig. 4.6c). Fluorescence microscope images indicate degradation of
the porous Si matrix during the release period (Fig. 4.6d), and no particles were

observable by optical microscopy after day 9 under these release conditions. The
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degradation and dissolution process provides a mechanism by which the mesoporous
drug carrier can be eliminated once it has performed its function, and this process can be
monitored through the intrinsic luminescence of the porous Si matrix.

Free radical formation by means of cellular reduction of Fe (III) has been

implicated in the observed cardiotoxicity of doxorubicin.*®

Cell viability assays were
performed to determine if the iron oxide nanoparticles co-loaded with DOX increase the
overall cytotoxicity of the formulation. HelLa (human cervical cancer) cells were
incubated with free DOX together with iron oxide nanoparticles (using the same
DOX:Fes;0;4 ratio as that in the loaded porous Si microparticles) for 48 h, and the cell
viability was evaluated by MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay. No  significant
difference in cytotoxicity was observed for the experiments with or without Fe;O4
nanoparticles (Fig. 4.8). This is attributed to the relatively small iron content in the
microparticle formulations (Fe;04:DOX mass ratio = 8:98).

The ability of the magnetic, luminescent porous Si microparticles to deliver DOX
to HaL a cells in vitro under magnetic guidance was assessed. HeLa cells were seeded and
cultured in a 60-mm Petri dish. A 0.10 mg quantity of DOX-loaded magnetic luminescent
porous Si microparticles were added and attracted to one edge of the Petri dish using a
rare earth permanent magnet. The Petri dish was agitated for 1 min with the magnet in
place and then incubated for 24 h without agitation.

After incubation, the particles were still accumulated at the edge of the Petri dish

in the vicinity of the magnet, and cell death was apparent in a small region (diameter ~1

cm) surrounding the particles (Figure 4.9a-d). Phase contrast microscope images obtained
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along a radius of the Petri dish, beginning at a spot | mm from the magnet location and
ending at the center of the dish (Fig. 4.91), reveal the distance dependence of cell death.

4748 are detected at the

Few live cells, and a large quantity of light-refracting dead cells
spot closest to the magnet, where the DOX-loaded microparticles are concentrated (Fig.
4.9a). The ratio of live to dead cells increases further away from the edge where the
microparticles are located, and the ratio increases dramatically at a distance >10 mm from
the microparticles; the center of the dish contains what appears to be only live cells (Fig.
4.9b-d). The phase contrast microscopy results are supported by fluorescence microscopy,
using the fluorogenic viability stain calcein acetoxymethylester (Calcein AM), an
intracellular esterase activity probe (Fig. 4.9¢-h).* The data indicate that the porous Si
microparticles can deliver and release the drug doxorubicin to kill HeLa cells, and that
the effect can be localized under the influence of an external magnetic field and reduce
unintended systemic toxicity of the drug.

As a control, a Petri dish containing HeLa cells was incubated with the same
quantity of DOX-loaded magnetic, luminescent porous Si microparticles, but in the
absence of an applied magnetic field. A uniformly dispersed and relatively lower density
of dead cells was observed in the Petri dish after 24 h incubation in this control
experiment (Fig. 4.9j and 4.9k). Similarly, HeLa cells incubated with 1 pg mL™ of free
DOX (equal to the quantity of DOX released from 0.10 mg of microparticles within 24 h)
showed dispersed cell death throughout the Petri dish, consistent with the known
cytotoxicity of the drug (Fig. 4.10). To verify the localized death of cells was not caused

by the particles themselves, drug-free magnetic, luminescent porous Si microparticles

were incubated with HeLa cells under the influence of a magnet. No dead cells were
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observed and the morphology of the cells remained normal (Supplementary Information,
Fig. 4.11).

The effect of the quantity of particles on cell viability was also tested. A series of
experiments employing 0.1, 0.2, and 0.4 mg of DOX-loaded microparticles were
incubated in separate Petri dishes, each containing a similar quantity HeLa cells for 8 h
under the influence of a magnetic field. The quantity of dead cells was observed to

increase with increasing concentration of microparticles (Fig. 4.12).

4.5 Conclusions

In summary, microparticles containing both fluorescent and magnetic functions
have been prepared by incorporating iron oxide nanoparticles into an intrinsically
luminescent porous silicon matrix. A large quantity of doxorubicin (9.8% by mass) can
be loaded into the composite microparticles, and a prolonged release of the drug is
observed that is coincident with the physical degradation of the microparticulate carriers.
Under the guidance of a magnetic field, in vitro localized delivery of the drug to cancer
cells can be achieved, which provides a strategy to decrease the systemic toxicity of
molecular drugs. Moreover, the low toxicity of the silicon and iron constituents of the
composite microparticles, and the ability to load very dissimilar payloads into the porous
Si matrix suggest that the approach may be of use for bioassay and therapeutic
applications such as regional chemotherapy for the treatment of ovarian cancer through

intraperitoneal administration.
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Figure 4.1 Preparation and characterization of magnetic luminescent porous Si
microparticles. (a) Schematic depicting the synthesis of magnetic luminescent porous Si
microparticles. A porous Si layer is first etched into a single-crystal Si wafer in ethanolic
HF solution. The porous layer is removed from the substrate by application of a current
pulse (“Lift-off”), and the freestanding porous Si fragments are then dispersed in a mild
oxidant (aqueous borate) to activate photoluminescence. The luminescent fragments are
then fractured into microparticles by ultrasonication. Finally, magnetite nanoparticles are
loaded into the microparticles and locked into place by mild oxidation in air (100 °C).
Scanning electron microscope (SEM) images of luminescent porous Si microparticles
before (b) and after (c) loading of magnetite nanoparticles. Insets of both images reveal
the porous nanostructures. Pore sizes before and after magnetite loading are 21 = 4 nm
and 12 + 3 nm, respectively. The diameter of the magnetite nanoparticles used in this
experiment is 13 = 2 nm. The scale bars are 100 um (100 nm for the insets).
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Figure 4.2 FTIR spectra of porous silicon film and luminescent porous silicon
microparticles, prior to loading of magnetite nanoparticles. Oxidation of the porous
Si film during microparticle production removes the surface Si-H species and generates a
surface oxide.



10

W

1.0 - iron oxide
+ iron oxide

0.8+

0.6

0.4

0.2

Fluorescence Intensity (a.u.)

0.0

500 600 700 800 900 1000 1100
Wavelength (nm)

04 -
o
E 0.3}
3 0.2
c 0.1t
RS
T
30_-5 -0.1 1
& 02|
©
= -03L
04 L T | | )
-4000 -2000 0 2000 4000

External Magnetic Field (Oe)

Figure 4.3 Optical and magnetic characterization of porous Si microparticles. (a)
Photoluminescence emission spectra of porous Si microparticles before and after loading
of magnetite nanoparticles (excitation wavelength 370 nm). The intrinsic
photoluminescence of the Si nanostructure is not significantly altered upon loading of
iron oxide nanoparticles. (b) Room-temperature magnetization curve of porous Si
microparticles loaded with iron oxide (magnetite) nanoparticles. Magnetization data are
based on total mass of the composite microparticles. (c) Photograph of magnetic,
luminescent microparticles suspended in water. (d) Corresponding image obtained under
UV light. (e) The microparticles from (c) are attracted to a rare earth magnet and can be
pinned to the side of the glass vial. (f) Corresponding image obtained under UV light.
The appearance of orange color at the meniscus of the liquid is due to luminescence light
emanating from the pinned particles refracting at the air/water interface.
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Figure 4.4 N, adsorption/desorption isotherms of porous Si microparticles before (a)
and after (b) loading of magnetite nanoparticles. The adsorption/desorption
measurements reveal a type IV isotherm with a pronounced hysteresis loop, indicating
the nanostructure of the microparticles is mesoporous (pore diameters 2-50 nm). The
specific surface area (BET method) and pore volume (BJH method) are 520 mz/g and
0.712 cm’/g, respectively for the material before loading of magnetite. After loading of
magnetite, the specific surface area (373 m’/g) and pore volume (0.577 cm’/g) are
decreased. Based on the BJH model, the average pore size of the luminescent porous Si
microparticles does not change significantly upon loading of iron oxide nanoparticles:
calculated diameters before and after loading are 4.67 and 4.95 nm, respectively. Note:
the calculated pore sizes are different from the SEM results because the BJH model
includes the branched pores inside the microparticles and it may not be an ideal fitting for
this material.
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Figure 4.5 Photostability of porous Si microparticles. Intensity of fluorescence as a
function of time for magnetic, luminescent porous Si microparticles compared with the
organic dye fluorescein absorbed on silica microbeads. Both samples were dispersed on
glass slides and exposed to a 100 W mercury lamp for the duration of the experiment.
The significant decrease of fluorescence intensity of the fluorescein sample is attributed
to photobleaching induced by oxygen and oxygen-induced free radicals.
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Figure 4.6 Characterization of DOX loaded magnetic, luminescent porous Si
microparticles. (a) HPLC analysis of DOX standard and DOX extracted from magnetic
luminescent porous Si microparticles (UV-Vis detection wavelength at 480 nm). (b) Mass
spectra of above samples separated by HPLC at retention time of 9.7 min. The signals at
m/z 543.8 and 566.0 are [DOX + H]" and [DOX + Na]", respectively; the signals at m/z
544.8 and 545.8 correspond to the expected isotopic pattern for [DOX + HJ". (c)
Cumulative release of DOX from magnetic luminescent porous Si microparticles in
aqueous PBS buffer solution (error bars indicate 1 S.D.). Data obtained from optical
absorbance measurement (480 nm) of the supernatant. (d) Fluorescence microscope
images of the microparticles after 6 days under release conditions (excitation wavelength
360 nm, emission filter bandpass 720 + 80 nm). Scale bar is 100 pm (20 um for the
inset).
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Figure 4.7 UV-Vis absorption spectra of DOX standard in ethanol and DOX
extracted from DOX loaded magnetic luminescent porous Si microparticles in
ethanol. The spectra are normalized for comparison.
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Figure 4.8 In vitro cytotoxicity of doxorubicin (DOX) alone compared to DOX plus
iron oxide nanoparticles towards HeLa cells. The mass ratio of DOX to Fe;Oj 1s 98:8,
which is the same as that loaded in the porous Si particles. The cytotoxicity was
determined by MTS assay.
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Figure 4.9 Magnetic field guided delivery of DOX using magnetic luminescent
porous Si microparticles. (a-d) Phase contrast microscope images of HeLa cells 24 h
after incubation with DOX-loaded magnetic luminescent porous Si microparticles,
showing magnetically guided delivery of doxorubicin. The position of each image
relative to the external magnet is depicted in image (i). The microparticles were attracted
to an edge of the Petri dish during incubation by means of a rare earth magnet placed
external to the dish. (e-h) Fluorescence microscope images of HeLa cells stained with
Calcein AM. Each image e-h is obtained at the approximate location as image a-d,
respectively. (j, k) Phase contrast and fluorescence microscope images of a control dish
of HeLa cells (24 h incubation with DOX-loaded magnetic luminescent porous Si
microparticles) obtained without magnetic guidance. The image is representative of the
entire dish, which shows no significant variation in cell morphology or fluorescence
intensity as a function of position. Scale bar for all images is 100 um.
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Figure 4.10 (a) Phase contrast and (b) fluorescence microscope images of a control
dish of HeLa cells (24 h incubation with 1 pg/mL free DOX). The image is
representative of the entire dish, which shows no significant variation in cell morphology
or fluorescence intensity as a function of position. Scale bar for all images is 100 pm.
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Figure 4.11 Phase contrast microscope images of HeLa cells after 24 h incubation
with drug-free magnetic, luminescent porous Si microparticles. The particles were
accumulated at the edge of the Petri dish under the influence of a magnet, similar to the
experiment represented by Figure 4. Images (a-d) were obtained at the same locations of
the Petri dish as illustrated in Figure 4i. Scale bar is 100 um.
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Figure 4.12 Phase contrast microscope images of HeLa cells after 8 h incubation
with different quantities of DOX-loaded magnetic, luminescent porous Si
microparticles. (a-d): 0.1 mg particles; (e-h): 0.2 mg; (i-1): 0.4 mg. The microparticles,
visible as reddish flakes on the left hand side of images (a), (e), and (i), were attracted
with a magnet to an edge of the Petri dish during incubation. Images (a-d) were obtained
at different locations of the Petri dish as illustrated in Figure 4i. Images (e-h) and (i-1)
were obtained at locations corresponding to (a-d), respectively. Scale bar is 100 pm.
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Chapter four, in part of full, is a reprint (with co-author permission) of the
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Microparticles for Localized Delivery of Molecular Drug Payloads”. Small 2010, 6 (22),
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5.1 Abstract

Porous Si nanoparticles, prepared from electrochemically etched single crystal Si
wafers, function as photosensitizers to generate 'O, in ethanol and in aqueous media.
The preparation conditions for the porous Si nanoparticles were optimized to maximize
(1) the yield of material; (2) its quantum yield of 'O, production; and (3) its in vitro
degradation properties. The optimal formulation was determined to consist of
nanoparticles 146 + 7 nm in diameter, with nominal pore sizes of 12 + 4 nm. The
quantum yield for 'O, production is 0.10 + 0.02 in ethanol and 0.17 + 0.01 in H,O.
Human cervical cancer HeLa cells treated with 200 pg/mL porous Si nanoparticles and
exposed to 48 J/cm® white light (infrared filtered, 80 mW/cm” for 10 min) exhibit > 40%
cell death in vitro, while controls containing no nanoparticles show 10% cell death. The

dark control experiment only yields < 2% cytotoxicity.

5.2 Introduction

Photodynamic therapy (PDT) can be an effective clinical treatment for certain
types of cancer because of its relatively low systemic toxicity and its non-invasive
nature.! The operational principle for PDT involves the conversion of ground-state
molecular oxygen (‘O,) to singlet oxygen ('0,) by energy transfer from a photoexcited
molecule (a photosensitizer). The highly reactive 'O, causes lethal damage to cancer cells
and destruction of tumor vasculature.>” Despite the advantages of the therapy itself,
photosensitizers in use today display toxic or other side effects that limit their use. For
example, the first-generation photosensitizer Photofrin® lacks a long wavelength

absorption band and it exhibits prolonged residence time in the normal tissues of the
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body. If not protected from sunlight and other forms of bright light, the skin and eyes of
the patient can become severely damaged. It takes only a few minutes of exposure to
induce a light sensitivity response, and this sensitivity can persist for 4-12 weeks after
administration of the therapeutic.* More promising second-generation photosensitizers,
such as Photosens®, are based on a phthalocyanine motif with a strong long wavelength
absorption band. However, most phthalocyanines and their relatives are hydrophobic,
requiring delivery systems for clinical use,” and patient photosensitivity remains a
problem.” Third-generation photosensitizers involve second-generation photosensitizers
modified with targeting molecules for better tumor selectivity.®

Recent studies using nanoparticle hosts containing conventional organic
photosensitizers have demonstrated improved water solubility and biocompatibility.” "
However, most of these approaches use non-functional silica or polymer-based

nanomaterials as the carriers, and there is still a risk of the photosensitizer payload

leaking from the carriers into the body before reaching the target. Nanomaterials that can

16,17 18,19

intrinsically generate 'O, when photoexcited, such as TiO,'*'” and quantum dots, can

overcome such problems. However, concerns regarding biodegradability,”’ toxicity of

2124 and relatively low 'O, quantum yield'® of such materials

degradation by-products
have impeded their clinical application.

It has been recently discovered that the quantum-confined domains in porous Si
films can generate 'O, when excited with visible light, and this energy transfer process is
very efficient due to the extremely long lifetime of the excitons and the large specific

25,26

surface area of porous Si. Porous Si has low toxicity, and most importantly, it is

biodegradable and biocompatibile.”’”! Silicon is a common trace element in humans and
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the primary biodegradation product of porous Si, orthosilicic acid (Si(OH)), is the form
predominantly absorbed by humans and is naturally present in numerous tissues.*>* We
have previously found that porous Si nanoparticles administered in vivo (mouse model)
can accumulate in tumors and then degrade into components that are rapidly cleared by
the kidneys in a relatively short period of time.” In this study, we show that porous Si
nanoparticles can generate 'O, and kill cancer cells in vitro following illumination with a
commercial halogen light or a light-emitting diode (LED) panel. This study represents the
first in vitro demonstration of photodynamic killing of cancer cells using porous Si
nanoparticles, and it illustrates the potential for this nanomaterial as a non-toxic,

biodegradable alternative to molecular PDT agents used in the clinic today.

5.3 Experimental

Reagents: Boron-doped p-type Si wafers (0.0008-0.0012Q—cm resistivity, <100>
orientation) were obtained from Siltronix. Aqueous hydrofluoric acid was purchased
from EMD Chemicals. Methylene blue (MB), Rose Bengal (RB) and 1,3-
diphenylisobenzofuran (DPBF) were obtained from Sigma-Aldrich Chemicals. Singlet
oxygen sensor green (SOSG) reagent was purchased from Molecular Probes, inc. RPMI-
1640 cell media, fetal bovine serum (FBS), trypsin and Dulbecco’s phosphate buffered
saline (DPBS) were obtained from Thermo Scientific. CellTiter 96® Aqueous MTS

Reagent Powder was purchased from Promega.

Preparation of Porous Si Nanoparticles: Porous Si nanoparticles were prepared

by anodic electrochemical etch of Si in 3:1 (v/v) 48 % aqueous HF:ethanol. A Teflon etch
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cell that exposed 8.8 cm” of the polished Si wafer surface was used. Samples were etched
at a constant current density of 50, 100, 200, 300, or 400 mA/cm?® for 150 s. The porous
Si film was then removed from the crystalline Si substrate by application of a current
pulse of 4 mA/cm® for 250 s in a solution of 3.3% aqueous HF in ethanol. The
freestanding porous silicon film was fractured into nanoparticles by ultrasonication for
~16 h in ethanol under a nitrogen gas atmosphere. The large fragments were removed by
filtration through a 0.45 pm nylon filter membrane (GE Osmonics Labstore). The porous
Si nanoparticles were collected on a 100 kDa Amicon Ultra-4 membrane (Millipore) and
washed 3 times with ethanol. FT-IR spectra were acquired using a Nicolet 6700

spectrometer equipped with a Smart-iTR attenuated total reflectance attachment.

Characterization of Porous Si Nanoparticles: Scanning electron microscope
(SEM) images were obtained using a Philips XL30 field emission ESEM. Dynamic light
scattering (Zetasizer Nano ZS90, Malvern Instruments) was used to determine the

hydrodynamic size of the porous Si nanoparticles.

Detection of Singlet Oxygen by Chemical Trapping: DPBF was used as a 'O,
trapping reagent in ethanol solution. In a typical experiment, 2 mL of an ethanol solution
containing 0.08 mM DPBF and 10 pg/mL porous Si nanoparticles was placed in a sealed
quartz cuvette. A 150 W tungsten halogen lamp (Fiber-Lite MI-150, Dolan-Jenner
Industries) filtered through a short pass infrared and a bandpass filter (454 — 500 nm) was
used as the light source. The absorbance of the solution at 410 nm was measured every 1

min for a 10 min period with an ultraviolet-visible spectrophotometer (SpectraMax Plus
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384, Molecular Devices). The decrease of the absorbance caused by photobleaching of
DPBF was measured and corrected in all experiments. The natural logarithm values of
absorption of DPBF at 410 nm were plotted against the irradiation time and fit by a first-
order linear least-squares model to get the decay rate of the photosensitized process. The
'0, quantum yield of porous Si nanoparticles in ethanol was calculated using rose bengal
as a standard (Pgg = 0.86 in ethanol). The 'O, quantum yield of porous Si nanoparticles
in aqueous solution was determined using the SOSG assay for 'O,; the fluorescence
spectrum (LS50B spectrofluorimeter, Perkin-Elmer instruments) was integrated in the
wavelength range from 500 nm to 570 nm for solutions containing 5 uM SOSG and 10
pug/mL PSiNP in water, using an excitation wavelength of 488 nm. The absolute quantum
yield for 'O, generation by porous Si nanoparticles in H,O was calculated using rose

bengal as a standard and assuming @gp = 0.75 in H,O.

Cell Culture and In Vitro PDT: Human cervical cancer HeLa cells were cultured
in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) at 37 °C in a
5% CO; atmosphere. For in vitro PDT tests, the cells were seeded in 96-well plates at a
density of 1x10* cells/well and cultured for 24 h. An aliquot of 200 mL of PBS buffer
containing 0, 50, 100 or 200 pg/mL of porous Si nanoparticles was injected, and
immediately afterwards the cells were exposed to a 150 W tungsten halogen lamp filtered
with a shortpass infrared (IR) filter for 10 min at different intensities to apply a total light
dose of 30 or 48 J/cm?. Alternatively, an LED panel (Amax =458 nm, FWHM = 22 nm) at
a light dose of 6, 12, or 18 J/cm? was used. The control cells were maintained in the dark

for the same period of time. After exposure, the buffer containing the nanoparticles was
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removed, the cells were washed twice with PBS solution, and they were then either
subjected to cell viability assays or placed under the microscope for observation of
morphology. For the cell viability experiments, the plates were further incubated in
RPMI 1640 medium supplemented with 10% FBS for 24 h and assayed using the
CellTiter 96® AQueous One Solution Cell Proliferation (MTS) assay according to the

instructions provided by the vendor.

5.4 Results and Discussion

Porous Si nanoparticles were prepared by electrochemical etching of single-
crystal silicon wafers in ethanolic HF solution, lift-off the porous Si film, ultrasonication,
and finally filtration of the formed particles through a 0.45 pm membrane (Fig. 5.1). To
study the effect of the pore size in the nanoparticles on the generation of singlet oxygen,
porous Si nanoparticles with different average pore sizes (7.9—17.6 nm) were prepared by
using various etching current densities from 50 mA/cm? to 400 mA/cm’ (Table 5.1). The
as-prepared nanoparticles possess a hydrogen-terminated surface (Fig. 5.2), and their
average hydrodynamic size measured by dynamic light scattering (DLS) is ~ 100-200 nm.
Scanning electron microscope (SEM) images reveal a well-ordered mesoporous
nanostructure (Table 5.1).

The generation of 'O, by photoexcited porous Si nanoparticles in ethanol was
detected using the chemical trapping reagent 1,3-diphenylisobenzofuran (DPBF). DPBF
reacts with 'O, irreversibly, undergoing a 1,4-cycloaddition that is detected as a decrease
in the intensity of the DPBF absorption band at 410 nm.>**” As shown in Fig. 5.3a, the

absorption intensity of the solution containing porous Si nanoparticles and DPBF
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decreases gradually as a function of time under light irradiation (halogen lamp fitted with
an IR filter and a 454-500 nm bandpass filter), while the change is negligibly small in the
absence of light (Fig. 5.3b). DPBF was observed to undergo slight decomposition under
the irradiation conditions (in air), even in the absence of porous Si nanoparticles (Fig.
5.4). The data presented here are corrected for this self-photobleaching. To confirm that
the decomposition of DPBF is caused by 'O, instead of a direct reaction with
photoexcited porous Si nanoparticles, the photolysis reaction was carried out in a solution
depleted of O, (by N, purge for 30 min). The decrease of the absorption of DPBF in O,—
depleted solution was negligible compared to that of the air-saturated solution (Fig 5.3d).
The dependence of the reaction on dissolved O, provides clear evidence that 'O, is
generated by the porous Si nanoparticles in the photosensitized process. The
photosensitization reaction accelerates with increasing nanoparticle concentration (Fig.
5.5).

The quantum yield for 'O, generation by porous Si nanoparticles was determined
using a comparative method.”™® A plot of optical absorbance at 410 nm as a function of
irradiation time is consistent with a first order reaction (Fig. 5.3¢c). The 'O, quantum yield
9

was calculated by comparison with a standard photosensitizer,’

kPSiNP I S

Dpging = D *

(M

IPSiNP ks

where kpsine and ks are the rate constants for decomposition of DPBF by porous Si
nanoparticles and by a standard photosensitizer, respectively. Ipsinp and /s represent light
absorbed by the porous Si nanoparticles and by the photosensitizer standard, respectively,

which are determined by integration of the optical absorption bands in the wavelength
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range 454500 nm. In order to evaluate the method and our experimental setup, the 'O,
quantum yield of methylene blue (MB) was determined to be 0.53 using rose bengal (RB,
@rgp = 0.86 in ethanol®) as a standard, which is in good agreement with the published
data ( @y = 0.52 in ethanol *°). Similarly, by taking RB as a standard, the 'O, quantum
yield of the porous Si nanoparticles as a function of average pore size was determined.
As reported in Table 5.1, the intermediate pore size of 9.2~11.8 nm appears to be

optimal for 'O, generation. In the present study, nanoparticles made using an etching
current density of 200 mA/cm” were chosen for the in vitro tests, because this preparation
provided a compromise between maximizing the total yield of nanoparticles and
maximizing the 'O, quantum yield.

Singlet oxygen generation by porous Si has been studied,” and it is thought to
undergo the following processes: (1) porous Si is photoexcited into a singlet energy state;
(2) the material undergoes intersystem crossing to a long-lived triplet state; (3) energy
transfer from the excited triplet state on porous Si to the triplet ground state of oxygen
C0y), generating singlet oxygen (‘O,). The 'O, excited state can then relax back to the
ground state O, via radiative or nonradiative (collisional) deactivation.”® For gas-phase
oxygen, the efficiency of 'O, generation has been reported to increase with increasing
porosity of the porous Si film.*' Moreover, for gas-phase oxygen the radiative
deexcitation route dominates, while nonradiative relaxation is the main relaxation
pathway for 'O, in solution.” In the present work, no specific dependence of 'O,
quantum yield on porosity was observed. This is attributed to the process by which the

nanoparticles are prepared; ultrasonic fracture of the porous Si film into particles changes
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the pore morphology and it generates fresh reactive surfaces that are readily oxidized.
The degree of oxidation is dependent on pore size,” and surface oxides may enhance
nonradiative pathways and hinder triplet-triplet energy transfer.**

The concentration of 'O, in aqueous solution was further quantified using singlet
oxygen sensor green (SOSG) reagent, which is highly selective for 'O, and does not have

any appreciable response to hydroxyl radical ( « OH) or superoxide ( * O,) species.” In

the presence of 'O,, SOSG emits strong green fluorescence (excitation/emission maxima
~504/525 nm), which corresponds to the formation of an endoperoxide by the reaction of
'0, with the anthracene component of SOSG.*® When the assay solution containing
porous Si nanoparticles was irradiated with light from a tungsten halogen lamp (filtered
through a short pass infrared and a 454-500 nm bandpass filters), the fluorescence
emission intensity at 520 nm was observed to increase gradually (Fig. 5.6a). An
equivalent sample maintained in the dark showed no increase in fluorescence signal (Fig.
5.6b). The rate of SOSG endoperoxide formation followed first order kinetics (Fig.
5.7),*" and the quantum yield for 'O, generation by porous Si nanoparticles in water was

determined to be 0.17+0.01 using Eq. 1 (relative to @gg = 0.75 in H,0*). In support of

the conclusion that the observed signal was due to 'O, generation from photoexcited
porous Si nanoparticles, no increase in fluorescence was observed for an irradiated
sample that had been deoxygenated (by sparging with nitrogen gas for 30 min), or that
contained SOSG alone (no nanoparticles, Fig. 5.7).

The phototoxicity of porous Si nanoparticles toward cancer cells was tested in
vitro using the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) cell viability assay. HeLa cells were irradiated for 10 min
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in a PBS buffer containing 0, 50, 100 and 200 pg/mL porous Si nanoparticles. As shown
in Fig. 5.8, cell viability decreased with increasing concentration of porous Si
nanoparticles and with increasing light intensity. The maximum degree of cell death
observed with the experimental protocol of Fig. 5.8 was ~41%. Minimal cytotoxicity was
observed in the dark, even with porous Si nanoparticle concentrations as large as 200
pug/mL, indicating a low level of dark toxicity for the nanoparticles themselves. The
morphology of HeLa cells exposed to 100 pg/mL porous Si nanoparticles in the dark for
10 min, or with light exposure up to 60 J/ecm® (100 mw/cm®, 10 min) but without
nanoparticles, showed no significant change compared to an untreated control (Fig. 5.9).
However, under the same light exposure conditions, HeLa cells in the presence of porous
Si nanoparticles lost their adherent nature and shrank to assume a spherical-like
morphology (Fig. 5.9d). Similar phototoxicity characteristics were observed using a blue

(Amax = 458 nm, FWHM = 22 nm) LED panel as the light source.

5.5 Conclusions

In conclusion, porous Si nanoparticles function as intrinsic photosensitizers to
generate measurable quantities of 'O,. The measured quantum yield of 'O, by
photoexcited porous Si nanoparticles was 0.10 + 0.02 in ethanol and 0.17 + 0.01 in H,O.
Porous Si nanoparticles irradiated with blue light show phototoxicity toward human
cancer cells (HeLa) in vitro. Although the porous Si nanoparticles used in this study are
not as effective as conventional molecular PDT agents (based on ICsy values), they
overcome some of their shortcomings: (1) the nanoparticles are not cytotoxic in the

absence of light; and (2) they degrade quickly to apparently non-toxic byproducts in
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buffer or culture media, minimizing the possibility of long-term patient photosensitivity.
However, the rapid dissolution of the nanoparticle formulation used in this study limits its

prospects for in vivo studies.
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Figure 5.1 Synthetic procedure followed to prepare porous Si nanoparticles from a

single crystal silicon substrate.
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Figure 5.2 Fourier-transform infrared (FT-IR) spectrum of a typical porous Si
nanoparticle preparation. The dry nanoparticle sample was measured using an
attenuated total reflectance (diamond ATR) attachment.



131

a) b) DPBF + PSiNP - Light
16 16 g
14 1.4
1.2 1.2
@ [ 1]
g 1 g 1
Sos £08
2 2
06| 006
< <
04 04}
0.2 02}
U N " " " ; 0 i 1 L 1l
360 380 400 420 440 460 360 380 400 420 440 460
) Wavelength/ nm Wavelength/ nm
C
0.45 d) 0.45
3 £
= - o & - ——
o 035 > So3s
- <
E B
g 025/ o 025
e 2
[ o
£ 2
o
@ 0.15 —=—DPBF + PSiNP - Light _§ 015 —=—air saturated + Light
< —=— DPBF + PSiNP + Light & —=—N, saturated + Light
=
— 005 5 005
0 2 4 6 8 10 0 2 4 6 8 10
Irradiation time/ min Irradiation time / min

Figure 5.3 Generation of singlet oxygen from porous Si nanoparticles. Time course of
the absorption spectrum of the singlet oxygen indicator DPBF with porous Si
nanoparticles (PSiNP) (a) in the presence of and (b) in the absence of light. Solution
measurements were obtained in air-saturated ethanol. (c) Decay curves of the
(background-corrected) 410-nm absorption bands from (a) and (b). (d) Decay curves of
the (background-corrected) 410-nm absorption band from DPBF in irradiated solutions
containing PSiNP, in either air-saturated or Nj-saturated solutions.
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Figure 5.4 Time course of the absorption spectrum of (a) air-saturated DPBF and (b)
N,-saturated DPBF (0.08 mM) under irradiation (IR filtered halogen lamp, same
conditions as in Fig 5.3). Solution measurements were obtained in ethanol.
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Figure 5.6 Normalized fluorescence spectra of SOSG incubated (25 °C) with porous
Si nanoparticles (PSiNP) (a) in the presence and (b) in the absence of light.
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Figure 5.7 Detection of singlet oxygen generation from porous Si using SOSG.
Increase in fluorescence intensity of SOSG endoperoxide as a function of irradiation time
in the presence of SOSG alone, SOSG with RB and SOSG with porous Si nanoparticles
(PSiNP) in air and in N, saturated solution, respectively.



136

100 | & 2 g .

\\ =
\\
80_ \%\‘
-.__"'--__

X
= :% —— -
a2 e 1 TTme-s -
o
=
T 40|
O —=—Dark

ool T 50mWicm?, 10 min

~= 80mW/cm?, 10 min
0 ] ] ]

0 40 80 120 160 200
Porous Si nanoparticles (ug/mL)

Figure 5.8 Photoinduced toxicity exhibited by HeLa cells treated with porous Si
nanoparticles. The medium containing the porous Si nanoparticles (PBS buffer) was
replaced with cell growth medium (RPMI-1640 medium supplemented with 10% FBS)
immediately after irradiation. Cell viability quantified by MTS assay. Illumination was
accomplished with a (IR filtered) halogen lamp. Each data point represents the mean of
three independent experiments.
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Figure 5.9 Phase contrast microscope images of HeLa cells treated with porous Si
nanoparticles (PSiNP) and control experiment. HeLa cells were treated with (a) PBS
in the dark for 10 min (dark control), (b) 100 pg/mL PSiNP in the dark for 10 min, (c)
PBS under 60 J/cm? light irradiation for 10 min (light control), and (d) 100 pg/mL PSiNP
under 60 J/cm” light irradiation for 10 min. The scale bars are 50 pm.
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Table 5.1 Characteristics of porous Si nanoparticles (PSiNP) prepared with
different etching current densities.

50 mA/cm? 100 mA/cm? 200 mA/cm? 300 mA/cm? 400 mA/cm?

PSiNP
size(nm) 1097116 129.6%5.5 146.4+6.6 170.5+4.3 157.8+ 1.5
Poresize 79429

(nm)

Dpsppll  0.0740.02 0.12+0.03 0.10+£0.02 0.05£0.01 0.05+£0.01

[a] PSINP size (nm) represents the average hydrodynamic size measured by DLS. [b]
Pore size (nm) represents the average pore size of the freestanding film measured by
SEM. [c] Plan-view images of freestanding porous Si films, showing the pore
morphology scale bar is 50 nm. [d] Morphology of porous Si nanoparticles prepared from
the films in [c]. Scale bar is 1 um. [e] 'O, quantum yield of the porous Si nanoparticles.
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Chapter five, in part of full, is a reprint (with co-author permission) of the
material as it appears in the following publication: Xiao, Ling; Gu, Luo; Howell, Stephen
B.; Sailor, Michael J., “Porous Silicon Nanoparticle Photosensitizers for Singlet Oxygen
and Their Phototoxicity Against Cancer Cells”, ACS Nano 2011, 5 (5), 3651-3659. The

author of this dissertation is a co-author of this manuscript.
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6.1 Abstract

One of the fundamental paradigms in the use of nanoparticles to treat disease is to
evade or suppress the immune system in order to minimize systemic side effects and
deliver sufficient nanoparticle quantities to the intended tissues. However, the immune
system is the body’s most important and effective defense against diseases. It protects
the host by identifying and eliminating foreign pathogens as well as self-malignancies.
Here we report a nanoparticle engineered to work with the immune system, enhancing the
intended activation of antigen presenting cells (APCs). We show that luminescent porous
silicon nanoparticles (LPSiNPs), each containing multiple copies of an agonistic antibody
(FGK45) to the APC receptor CD40, greatly enhance activation of B cells. The cellular
response to the nanoparticle-based stimulators is equivalent to a 30-40 fold larger
concentration of free FGK45. The intrinsic near-infrared photoluminescence of LPSiNPs

is used to monitor degradation and track the nanoparticles inside APCs.

6.2 Introduction

Nanomaterials of porous silicon have attracted intense interest for imaging and
treatment of diseases including cancer due to their biocompatibility, large specific
capacity for drug loading, non-toxic degradation products, and efficient
photoluminescence'”. One of the main barriers to any nanoparticle intended for in vivo

10-12

use is the surveillance by the immune system  °. For example, the mononuclear

phagocyte system (MPS) recognizes and intercepts substantial quantities of systemically

11-13

administered nanoparticles before they can reach the diseased tissues’ ~°, and this can

lead to significant damage to major organs such as liver, spleen, etc., especially when the
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nanomaterials carry lethal anticancer drugs. In contrast, approaches to intentionally
activate the body’s own immune system to fight against diseases can be quite effective'*
2 The goal of active immunotherapy is to elicit or amplify an immune response to
harness the body’s inherent defenses against foreign pathogens and self-malignancy. The
experimental use of nanomaterials for such active immunotherapies has not been
explored to a great extent in part due to the limited understanding of the interactions
between the immune system and nanomaterials’. Nevertheless, recent studies have
shown that some nanoparticle-based vaccines can be much more potent than soluble

22-30

peptide or protein antigens™ ", and it has been proposed that nanovaccines are more

adaptable and perhaps safer than viral vaccines®' >

Most studies using nanomaterials in immunotherapies focus on antigen delivery,
with little emphasis on the ability of nanomaterials to alter the potency of
immunomodulators. In addition, the majority of nanovaccine systems are based on lipids
or polymers such as poly(lactic-co-glycolic acid) (PLGA), or polystyrene™>***3° many
of which display some intrinsic immune stimulation that may limit their use for
immunotherapies (due to unintended stimulation of APCs) or that may interfere with the
function of loaded immunomodulators. For many immunotherapeutic or
immunomodulation applications, a desirable criterion is that the nanomaterial itself
shows low intrinsic immune stimulation.

CDA40 is a co-stimulatory receptor as well as a member of the family of tumor
necrosis factor (TNF) receptors found on APCs such as dendritic cells, B cells, and

40-42

macrophages Agonistic monoclonal antibodies to CD40 (CD40 mAb) can activate

APCs and improve immune responses when used in combination with antigens or
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18, 43-44

vaccines . In addition, CD40 mAb can produce substantial antitumor efficacy and

4548

can also potentially be used to treat chronic autoimmune inflammation™ . However, the

therapeutically effective dose of CD40 mAb is high and the high dose can result in severe

. 47,49
side effects*”

. We have recently developed nanoparticles based on luminescent porous
silicon that display low systemic toxicity and degrade in vivo into renally cleared
components” "', The porous nanostructure and intrinsic near-infrared
photoluminescence of porous silicon nanoparticles (LPSiNPs) enable the incorporation of
drug payloads and the monitoring of distribution and degradation in vivo'. In this study,
we show that when multiple copies of the CD40 mAb FGK45 are incorporated onto a
LPSiNP, the activation potency on B cells is significantly amplified, equivalent to using

~ 30-40 fold larger concentration of free FGK45. LPSiNPs without FGK45 appear inert

to B cells.

6.3 Experimental

Preparation of FGK45 loaded luminescent porous silicon nanoparticles (FGK-
LPSiNPs): LPSiNPs were first prepared using a previously described method', **. In
brief, (100)-oriented p-type single-crystal Si wafers (0.8-1.2 mQ cm, Siltronix) were
electrochemically etched in an electrolyte containing aqueous 48% hydrofluoric acid and
ethanol in a 3:1 ratio. The resulting porous Si films were lifted from the Si substrate,
fractured by ultrasound and filtered through a 0.22 um membrane. Finally, the
photoluminescence of the nanoparticles were activated by soaking in deionized water for
14 d. To prepare FGK-LPSiNP, an avidin coating was first applied. A 1 mL aliquot of an

aqueous dispersion of 0.2 mg of LPSiNP was mixed with a 0.08 mL aliquot of water
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containing 0.04 mg of avidin (Thermo Fisher Scientific, Inc.). The mixture was stirred for
1 h at room temperature, rinsed with water three times by centrifugation. The particles
were resuspended in water to 0.2 mg/mL and were then mixed with a 0.045 mL aliquot of
water containing 0.022 mg of biotin-conjugated FGK45 (Enzo Life Sciences, Inc.;
FGK45 is a monoclonal antibody to mouse CD40). The mixture was stirred for 1 h at
room temperature, rinsed with water three times by centrifugation to remove any excess
FGKA45. The supernatant of each wash was combined and the quantity of excess FGK45
in the supernatant was measured by micro BCA (bicinchoninic acid) protein assay

(Thermo Fisher Scientific, Inc.) to calculate the quantity of FGK45 loaded on LPSiNP.

Nanoparticle characterization: Transmission electron micrographs (TEM) were
obtained with a FEI Tecnai G* Sphera. Dynamic light scattering (Zetasizer Nano ZS90,
Malvern Instruments) was used to determine the hydrodynamic size of the nanoparticles.
The photoluminescence (PL, A.x = 370 nm and 460 nm long pass emission filter) spectra
of LPSiNP or FGK-LPSINP were obtained using a Princeton Instruments/Acton
spectrometer fitted with a liquid nitrogen-cooled silicon charge-coupled device (CCD)

detector.

Immunoblot analysis: FGK-LPSiNPs and FGK45 were diluted in lithium dodecyl
sulfate (LDS) sample buffer and reducing agent (Invitrogen), incubated at 80 °C for 10
min, loaded on a 4-12% Bis-Tris gel (Invitrogen) and run under reducing conditions. The
gel was then transferred to PVDF membrane and a western blot was performed to detect

rat IgG. Briefly, the membrane was blocked in 5% milk in tris-buffered saline Tween 20
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(TBST) for 30 min, probed with goat anti-rat IgG (H+L) HRP (Southern Biotech, diluted
1:10,000 in 5% milk in TBST) for 60 min, washed three times with TBST, prepared with
ECL Plus substrate (Amersham Biosciences) and signal was detected on a Typhoon 9400

variable mode imager (Amersham Biosciences).

In vitro degradation of FGK-LPSiNP: A series of samples containing 0.05 mg/mL
of FGK-LPSINP in 1 mL of PBS solution or pH 4.0 buffer solution were incubated at 37
°C. An aliquot of 0.5 mL of solution was removed at different time points and filtered
with a centrifugal filter (30,000 Da molecular weight cut-off, Millipore, inc.) to remove
undissolved LPSiNP. 0.4 mL of the filtered solution was diluted with 5 mL HNO; (2
%(v/v)) and subjected to analysis by inductively coupled plasma optical emission
spectroscopy (ICP-OES, Perkin Elmer Optima 3000DV). The decrease in PL of the

above samples over time was also monitored.

Mice: C57BL/6 mice were maintained in specific pathogen-free facilities at the
University of California, San Diego. Animal protocols were approved by the Institutional

Animal Care and Use Committee.

Cell uptake of FGK-LPSiNP: Mouse bone marrow-derived dendritic cells
(BMDC) were prepared as described > and harvested on day 8 for use in microscopy
experiments. BMDC (40,000-60,000 cells per well) were seeded into 8-well chamber
glass slides (Millipore, inc.) and cultured overnight. The cells were washed with RPMI

(Roswell Park Memorial Institute) medium once and incubated with 0.05 mg/mL LPSiNP
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or FGK-LPSiNP in RPMI medium for 1.5 hours at 37 °C. For the competitive binding
experiment, BMDC were first incubated with 0.03 mg/ml free FGK45 for 30 min in
RPMI medium, then incubated with 0.05 mg/mL FGK-LPSiNP as above. The cells were
washed 3 times with RPMI medium and incubated with Alexa Fluor 488 conjugated
CDl1c antibody (clone N418, eBioscience—all antibodies are from eBioscience unless
otherwise indicated; 1pg/ml) in RPMI medium for 10 min to visualize the BMDC. The
cells were then rinsed three times with PBS, fixed with 4% paraformaldehyde for 20 min
and then observed with a Zeiss LSM 510 confocal fluorescence microscope. An
excitation wavelength of 405 nm and an emission filter with a bandpass at 700 = 50 nm

were used to image the near-IR photoluminescence of the nanoparticles.

In vitro stimulation of B cells: Single-cell suspensions of C57BL/6 splenocytes
were prepared and subjected to red blood cell lysis using ACK lysis buffer (0.15 M
NH4Cl, 1 mM KHCOs, 0.1 mM EDTA, pH 7.3). B cells were sorted out via CD43
(Miltenyi) magnetic bead depletion. Sorted cells were plated at 2x10° cells/well and
incubated with LPSiNP, av-LPSiNP, FGK-LPSiNP, free agonistic anti-CD40 (clone

FGKA45), PBS, or CpG (Pfizer) for 42 h at 37 °C.

Flow cytometry: Approximately 1-2 million cells were resuspended in Hank’s
Balanced Salt Solution (Invitrogen) with 1% fetal calf serum (Omega Scientific) added
(HBSS 1% FCS), incubated for 15 min at 4 °C with anti-mouse FcyRII-III (supernatant
from hybridoma 2.4G2 cultures), and stained with fluorescently conjugated antibodies for

20 min at 4°C. For particles using avidin-FITC, cells were stained with MHC 1I biotin
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(M5/114.15.2), washed with HBSS 1% FCS, stained with streptavidin PerCP, CD86
Phycoerythrin (GL1; PE) and B220 Allophycocyanin (RA3-6B2) and analyzed by flow
cytometry. For particles using non-labeled avidin, cells were stained with B220 FITC,

CD86 PE and MHC II Allophycocyanin and analyzed by flow cytometry.

6.4 Results and Discussion

LPSiNPs were prepared by electrochemical etch of highly doped p-type single-
crystal Si wafers in an electrolyte consisting of aqueous hydrofluoric acid and ethanol,
lift-off of the porous layer, ultrasonic fracture, filtration of the resulting nanoparticles
through a 0.22 pum filter membrane, and finally activation of luminescence by treatment

in an aqueous solution following the published procedure’ >

. To incorporate FGK45
onto the nanoparticles, we first coated the LPSiNPs with avidin by physisorption (av-
LPSiNPs). Biotinylated FGK45 was then conjugated to the nanoparticles through the
strong biotin-avidin binding interaction (FGK-LPSiNPs), Fig. 6.1a. Approximately 0.058
mg of FGK45 was loaded per milligram of LPSiNPs, as measured by bicinchoninic acid
(BCA) protein assay. The structure of FGK45 loaded on nanoparticle-FGK45 construct
was also confirmed by gel electrophoresis and immunoblotting (Fig. 6.2). The FGK-
LPSiNPs appeared similar to LPSiNPs in the transmission electron microscope (TEM)
images (Fig. 6.1b), but the mean hydrodynamic size measured by dynamic light
scattering (DLS) increased from ~ 130 + 10 nm to ~ 188 + 15 nm after protein attachment
(Fig. 6.3).

The intrinsic photoluminescence from the silicon nanostructures in FGK-LPSiNPs

under ultraviolet excitation appeared in the near-infrared region of the spectrum (Apax =
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790 nm), similar to the non-loaded LPSiNPs. However, the intensity of
photoluminescence was somewhat lower from the protein-coated formulation (Fig. 6.1c)'.
In a physiologically relevant aqueous solution of phosphate buffered saline (PBS) at pH
7.4 and 37 °C, the FGK-LPSiINP construct was observed to degrade within 24 h (Fig.
6.1d). The degradation was tracked by monitoring disappearance of the
photoluminescence signal, which decreased gradually upon dissolution of the quantum
confined silicon nanostructure”>*, and by appearance of free silicic acid in solution (by
inductively coupled plasma-optical emission spectroscopy, ICP-OES), Fig. 6.1d.

The FGK-LPSiNPs were more readily taken up by APCs compared to bare
LPSiNPs. When cultured with mouse bone marrow-derived dendritic cells (BMDC),
LPSiNPs showed limited (but still detectable) presence in the cells (Fig. 6.4a); in contrast,
BMDC incubated with FGK-LPSiNPs under the same conditions showed much higher
uptake of nanoparticles (Fig. 6.4b). This uptake was substantially blocked by pre-
treatment of the BMDC with free FGK45, indicating that FGK45 binding is responsible
for the increased internalization of FGK-LPSiNP (Fig. 6.4c). It has been shown that the
CD40 ligand and agonistic antibodies can induce endocytosis of CD40 upon binding™ ™,
which may be responsible for cellular uptake of FGK-LPSiNP in the present case.
However, because agonistic CD40 antibodies can also engage FcyRIIB on APCs’’,
interaction of cellular receptors for the Fc domain of the FGK45 antibody could also
contribute to the uptake. We tested for inhibition of this interaction by pre-incubation of
BMDC with anti-mouse FcyRII-III. The presence of FcyRII-III somewhat reduced, but
did not eliminate, cellular uptake of FGK-LPSiNP (Fig. 6.5), which suggests that this is a

relevant (but not exclusive) internalization element in the present system.
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Subcellular localization of FGK-LPSiNPs was further examined by confocal
fluorescence microscopy. By following the near-infrared photoluminescence spectrum of
the nanoparticles, we observed FGK-LPSiNPs outside of the lysosomes of the dendritic
cells (Fig. 6.4d). The appearance of FGK-LPSiNPs outside of the lysosomes of the
dendritic cells (Fig. 6.4d) is consistent with previous reports that various types of silicon
or silica based nanomaterials can escape from lysosomes and distribute inside the

1259 In separate experiments aimed at simulating the low pH conditions inside

cytoso
the lysosome, only < 5% dissolution of LPSiNPs was observed in pH 4 buffer solution
over a 24h period (Fig. 6.4e and 6.6). Although LPSiNPs are expected to degrade within
a few hours at pH 7.4 due to dissolution of the protective oxide coating" ®', they are much
more stable in acidic media such as the environment present in the interior of lysosomes.
The observed ability of LPSiNPs to escape from lysosomes opens the possibility for
delivery of antigens to the cytosol and inducing the MHC class I antigen presentation
pathway'*"°.

We next investigated the activity of FGK-LPSiNPs added to B cells, by
measuring the expression of cell surface molecules indicative of B cell activation. The
nanoparticles in this experiment contained avidin labeled with fluorescein isothiocyanate
(av-FITC). The resulting construct emits both in the green (from the FITC label) and in
the near-infrared (from the silicon nanostructure) when excited with ultraviolet light (Fig.
6.7a). B cells enriched from mouse splenocytes were incubated with FGK-LPSiNPs or
av-LPSiNPs and then analyzed by flow cytometry. After 42 h of culture, the FITC signal

was only detected from B cells that had been exposed to FGK-LPSiNPs (Fig. 6.7b-¢). B

cells incubated with FGK-LPSiNPs also displayed increased expression of the cell
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surface receptors, CD86 and major histocompatibility complex class II (MHC II), the
response typical of B cells that have received a signal through CD40 (Fig. 6.7b-¢)®.
Furthermore, the extent of activation induced by FGK-LPSiNPs was concentration
dependent (Fig. 6.8). When exposed to a low concentration of FGK-LPSiNPs, not all of
the B cells were activated, as indicated by the wide distribution of the fluorescence
intensity from the cells in flow cytometry dot plots (Fig 7.7b and 7.7d). However, the
population of B cells that displayed high FITC signals also expressed high levels of
CD86 and MHC II, indicating that the cells bound with nanoparticles were the ones that
were activated (Fig 7.7b and 7.7d). In contrast, B cells cultured with various
concentrations of av-LPSiNP all showed low FITC signals and low activation marker
levels (Fig. 6.8).

Multivalency is one of the notable advantages of using nanomaterials for
biomedical applications. For example, studies using nanoparticles as cancer diagnostic
and therapeutic agents have shown that when multiple copies of tumor targeting ligand
are displayed on an individual nanoparticle, its tumor targeting efficiency can be
significantly enhanced®®®. This enhancement is generally ascribed to the multivalent
effect which is also observed in many natural processes such as antibody interactions and
clotting''. To determine if multivalency plays a strong role in the activation potency of
the agonistic antibody to APCs, we cultured B cells with either FGK-LPSiNPs or an
equivalent concentration of free FGK45 and analyzed the cells by flow cytometry. Both
FGK-LPSiNPs and free FGK45 activated B cells, and the activation level of the cells
correlated with the concentration of FGK45 (Fig. 6.9a). However, at a given total

concentration of FGK45 antibody, FGK-LPSiNPs showed substantially higher activation



151

potency than free FGK45. Activated B cells upregulated CD86 and MHC 1I to a
detectable level when cultured with FGK-LPSiNPs containing as little as ~ 3.6 - 7.2
ng/mL of FGK45; whereas a similar level of B cell activation was only observed when
the concentration of free FGK45 was > 140 - 200 ng/mL (Fig. 6.9a). Comparison of the
titration curves of FGK-LPSiNPs and free FGK45 revealed that the B cell activation
potency of FGK45 in the FGK-LPSiNP constructs is equivalent to using ~ 30-40 fold
larger concentration of free FGK45 (Fig. 6.9a).

To test if the enhancement of APC activation is caused by the uncoated porous
silicon nanomaterial itself, we cultured B cells with various concentrations of LPSiNPs as
control experiments. No induction of CD86 or MHC II was observed at LPSiNP
concentrations up to 5000 ng/mL, equivalent to the highest concentration of FGK-
LPSiNPs used in the stimulation study (Fig. 6.9b and Fig. 6.10). This suggests that the
amplification induced by the FGK-LPSiNP construct results from enhancement of the
agonistic antibody’s intrinsic function rather than an immune response to the
nanomaterial itself. The very low stimulation of APCs by LPSiNPs that do not contain
FGK4S5 is attributed to their primarily inorganic chemical composition; the chemical
structure of the silicon-based nanoparticles (and their biodegradation products) possess
little similarity to natural pathogens or other “danger signals” normally presented to the

immune system® > .

6.5 Conclusions
The present study represents the first example of amplification of the potency of

an agonistic anti-CD40 antibody to stimulate APCs using nanomaterials. Agonistic CD40
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mAb has attracted considerable interest as it has recently entered clinical trials as a
therapeutic for solid tumors*. The amplification effect seen in the present study suggests
that a nanoparticle-based CD40 antibody therapeutic may amplify the potency and
decrease the dose required in the clinical application of CD40 mAb. In addition to the
enhancement effect, the inert inorganic composition and biodegradable property of
LPSiNPs could overcome some of the disadvantages of lipid or polymer-based materials
for immunotherapy applications. Their intrinsic photoluminescence also provides a
means to monitor the degradation of LPSiNPs and track their interaction with the

immune system.
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Figure 6.1 Preparation and characterization of FGK45 loaded luminescent porous
silicon nanoparticles (FGK-LPSiNP). a, Schematic representation of the preparation of
FGK-LPSINP. LPSiNP was first coated with avidin by physisorption (av-LPSiNP).
Biotinylated FGK45 was then conjugated to the nanoparticles through biotin-avidin
binding to form FGK-LPSiNP. b, Transmission electron microscope image of FGK-
LPSiNP (inset shows the porous nanostructure of one of the nanoparticles). Scale bar is 1
pm (100 nm for the inset). ¢, Photoluminescence (PL) spectra of LPSiNP, av-LPSiNP
and FGK-LPSiNP. PL was measured using UV excitation (A= 370 nm). d, Appearance
of dissolved silicon in solution (by ICP-OES) and decrease in photoluminescence
intensity from a sample of FGK-LPSiNP (50 pug/mL) incubated in PBS solution at 37°C
as a function of time.
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Figure 6.2 Immunoblot analysis of FGK45 loaded on luminescent porous silicon
nanoparticles (LPSiNPs). A western blot used to detect rat IgG (H+L) in FGK-
LPSiNPs and free FGK45 is shown. The gel was run under reducing conditions, yielding
both heavy (50kDa) and light (25kDa) chain antibody bands of FGK45. Antibody that
had been loaded on LPSiNPs appears similar to free FGK45.
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Figure 6.3 Representative hydrodynamic size data. Hydrodynamic size distribution of
(a) LPSiNPs and (b) FGK-LPSiNPs obtained by dynamic light scattering. Note that the
mean size increases from ~130 nm to ~188 nm due to the attached protein molecules.
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Figure 6.4 Dendritic cell uptake of FGK-LPSiNPs. Fluorescence microscope images of
mouse bone marrow-derived dendritic cells (BMDC) incubated with a, LPSiNPs or b,
FGK-LPSiNPs for 1.5 h at 37 °C. ¢, free FGK45 inhibits uptake of FGK-LPSiNPs.
BMDC were blocked with free FGK45 for 30 min and then incubated with FGK-
LPSiNPs for 1.5 h at 37 °C. BMDC were detected by staining with Alexa Fluor 488
conjugated CD11c antibody (green). FGK-LPSiNPs were detected by their intrinsic
visible/near-infrared photoluminescence (red, Aex= 405 nm and A= 700 = 50 nm). The
scale bars are 40 um. d, FGK-LPSiNPs distribution in BMDC. BMDC were incubated
with FGK-LPSiINP for 1.5 h at 37 °C. The lysosomes (green) of the cells were stained
with LysoTracker (Invitrogen). Blue and red indicate the cell nucleus and FGK-LPSiNPs,
respectively. The scale bar is 10 pum. e, Degradation of LPSiNPs (50 ug/mL) in pH 4
buffer solution at 37 °C as a function of time.



162

Figure 6.5 Dendritic cell uptake of FGK-LPSiNPs. Fluorescence microscope images of
mouse bone marrow-derived dendritic cells (BMDC) incubated with FGK-LPSiNPs for
1.5 h at 37 °C. a, BMDC were incubated with FGK-LPSiNPs directly. b, BMDC were
blocked with anti-mouse FcyRII-III for 30 min prior to incubation with FGK-LPSiNPs.
BMDC were detected by staining with Alexa Fluor 488 conjugated CD11c antibody
(green). FGK-LPSiNPs were detected by their intrinsic visible/near-infrared
photoluminescence (red, Aex= 370 nm and Ae= 720 + 80 nm). The scale bars are 40 pm.
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Figure 6.6 Photoluminescence spectra of LPSiNPs in acidic buffer solutions at room

temperature. The nanoparticles are stable for 24 h in all three acidic pH values indicated
(excitation wavelength 370 nm, emission filter 460 nm longpass).
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Figure 6.7 Interaction of FGK-LPSiNPs with B cells. a, Photoluminescence spectrum
of LPSiNPs coated with FITC-labeled avidin, showing the emission bands from both the
FITC label (Amax ~ 520 nm) and porous silicon (Amax ~790 nm). b-e, Flow cytometry data
quantifying the level of expression of the B cell activation markers CD86 (b, ¢) and MHC
IT (d, e) after incubation with 5 pg/mL of FGK-LPSiNPs (b, d) or av-LPSiNPs (¢, e) for
42 h. The nanoparticles used in this experiment were coated with FITC-labeled avidin.
The FITC signal from the cells is plotted against the expression level of CD86 (b, ¢) or
MHC 1II (d, e) after stimulation. FGK-LPSiNPs used here contain 36 ug of FGK45 per
milligram of nanoparticles. Note the quantity of FGK45 loaded is smaller when LPSiNPs
are coated with FITC conjugated avidin compared with non-labeled native avidin.
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Figure 6.8 Stimulation of B cells using various concentrations of FGK45 loaded
LPSiNPs (FGK-LPSINPs, top row in (a) and (b)) or avidin coated LPSiNPs (av-
LPSiNPs, bottom row in (a) and (b)). FGK-LPSiNPs used in this study contain 0.036
mg of FGK45 in 1 mg of nanoparticles. Avidin was conjugated with FITC before coating
on the nanoparticles. After 42 h of culture, the FITC signal is only detected from B cells
that had been stimulated with FGK-LPSiNPs. The B cells stimulated with FGK-LPSiNPs
upregulated the activation markers CD86 (a) and MHC II (b), and the cells with high
FITC signal also expressed high levels of CD86 (a) and MHC II (b), which indicates the
cells that bound FGK-LPSiNPs were also the ones that upregulated the activation
markers.
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Figure 6.9 Amplified activation potency of FGK-LPSiNPs compared to free FGK45.
a, Flow cytometry analysis of the expression of B cell activation markers CD86 and
MHC II, represented as the relative mean fluorescence intensity of the marker staining,
after incubation with either FGK-LPSiNPs or free FGK45 for 42 h at 37 °C. The
concentration of FGK45 on the FGK-LPSIiNP constructs is reported based on the total
loading of FGK45 on the nanoparticles (58 ug of FGK45 per mg of nanoparticles). Data
are from independent experiments. b, Flow cytometry histograms of B cell activation
markers CD86 and MHC 1I after incubation with various concentrations of LPSiNPs for
42 h at 37 °C. PBS (red shaded) and CpG (blue shaded) were used as negative and
positive controls, respectively.
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Figure 6.10 No CD86 or MHC II upregulation of B cells incubated with LPSiNP.
Flow cytometry histograms of B cell activation markers CD86 and MHC II after
incubation with 5 pg/mL of LPSiNPs (green curve), 5 pg/mL of FGK-LPSiNPs
containing 0.29 ug of FGK45 (maroon curve), or 0.29 pg of free FGK45 (magenta curve)
for 42 h at 37 °C. PBS (red shaded) and CpG (blue shaded) were used as negative and
positive controls, respectively.
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Generation of Porous Silicon Images on Si Wafers
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A.1 Introduction

A luminescent color image or black and white image made of porous silicon (or
porous Si residual for black and white images) can be generated on n type silicon wafers
with photo-assisted etching' . Photon illumination on n type silicon can generate charge
carriers (electron-hole pairs), and sufficient numbers of holes are needed to carry out the

corrosion reaction.

A.2 Materials

silicon wafers: n type silicon wafers with resistivity of ~ 0.5 - 1 Q.

Electrolyte solution: electrolyte containing aqueous 48% hydrofluoric acid and
ethanol in a 1:1 ratio.

Etch cell: Whole wafer (100 mm D.I.) etch cell for large image.

Base solution: Mixture of 1 mol/L KOH aqueous solution with 10% (v) ethanol.

Projector: A projector fitted with a macro lens.

A.3 Experimental

1. Assemble etch cell.

2. Set up the projector at a upside down orientation (Fig. A.1). This orientation is
easier to adjust focus and doesn’t require sealing of etch cell compared to the vertical
orientation.

3. Connect the projector with a computer. Project a clear image with black
background on the silicon wafer.

4. Use a piece of white paper on the wafer to help adjusting the focus of the image.
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5. Add etching solution to the etch cell. Connect the power source with the etch
cell.

6. Shut down the lights in the fume hood. Etch at 15 mA for 10 min in the dark.
An image should be visible on the wafer a few seconds after start etching. The etching
current and time can be adjusted according to the brightness and contrast of the image.

7. Wash the wafer with ethanol 3-5 times. A photoluminescent color image is
done.

8. To produce a black and white image with better visibility (Fig A.2). Soak
above wafer in the base solution, then wash the wafer with water and ethanol 3 times

each.

A.4 References

1. Doan, V.V. & Sailor, M.J. Luminescent Color Image Generation on Porous Silicon.
Science 256, 1791-1792 (1992).

2. Lehmann, V. & Foll, H. Formation mechanism and properties of electrochemically
etched trenches in n-type silicon. Journal of the Electrochemical Society 137, 653-659
(1990).
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Figure A.1 The setup of photo-assisted etching of a image on Si wafers. (a) A
projector fitted with a macro lens. (b) Whole wafer Teflon etch cell. (¢) A computer
connected to the projector. (d) Power supply that controls the etching current and time.
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Figure A.2 Black and white images etched on Si wafers. Top: Prof. Vitali Parkhutik
(1951-2006). Known as a meticulous researcher, Parkhutik was a central figure in the
field of porous semiconductors, a person who worked tirelessly to bring the community
together and to help young scientists succeed. He founded the International Porous
Semiconductors Science and Technology Conference in 1998. Lower left: Dr. Volker
Lehmann (1956-2006). Known for his outstanding scientific contributions in the field of
silicon electrochemistry, Lehmann was also an accomplished artist. Lower right: Prof.
Ulrich Gosele (1949-2009). He was well known and respected throughout the materials
science community, publishing extensively in the field of semiconductor physics and
solid state nanostructures.
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