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Abstract

The present study aims to assess the potential of porous and non-porous silicon nano-
particles (Si NPs), created by a novel synthesis route, as drug delivery vehicles in terms of
stability and biocompatibility. These kinds of nanomaterials can be combined with active
pharmaceutical ingredients (API), which then are referred to as nanomedicine. Nanomedicine
allows for controlling the in vivo destiny of the drug and has tremendous potential in im-
proving treatment for a wide range of patients.

Developing a nanoparticulate drug carrier of non-toxic material that is self-eliminating
and easily modified for essential properties like 1) drug release rate, often associated with
carrier material dissolution, 2) spatiotemporal control of drug accumulation to reduce off-
target toxic effects, and 3) delivery of poorly soluble API that is protected from degrada-
tion. Porous silicon has been shown to possess the desired properties for drug delivery
such as inherent biodegradability and biocompatibility. A thorough literature review re-
vealed several material properties of Si NPs affecting its dissolution stability, such as size,
porosity, crystallinity and surface treatments. The media of NP immersion was also found
to affect stability, with increasing stability seen in more acidic environments.

In the experimental part of the present study the pH-dependent stability of porous and
non-porous spherical Si NP with a diameter of 80-100 nm (herein referred to as the IFE
Si NPs), created by a novel synthesis route by researchers at the Institute for Energy Tech-
nology (IFE) is studied. Increasing environmental pH is found to decrease the stability of
both particle types observed as increasing hydrodynamic diameter measured by dynamic
light scattering (DLS), as well as formation of larger structures seen by scanning electron
microscopy (SEM). The pristine particles proved to have superior stability compared to
the porous particles with a size increase seen as low as pH 8 and 7 for pristine and porous
particles, respectively. Increasing particle size can be explained by particle aggregation or
silica deposition of dissolved silicon species, and might affect the performance of the drug
delivery system by interfering with the the drug release process in vivo as well as giving
pre-administration solution complications. On the other hand, pH-dependent degradation
might be utilized for stimuli-responsive drug release.

In vitro cytotoxicity studies revealed low toxicity of both the porous and non-porous
IFE Si NPs to KPC and PC3 cell lines with a minimum of 50% cell viability of up to
Img/mL NP exposure over 48 hours. Different toxicity profiles of the two particle types
were also observed, with the porous particles generally reported as less toxic. The pristine
particles showed concentration-dependent toxicity and porous particles showed a time-
dependent toxicity response, emphasizing the sensitive structure-toxicity relationships of
NPs for which the cellular mechanisms remain a mystery.

Conclusively, the novel synthesis method is shown to produce pristine and porous
Si NPs suitable for use in drug delivery systems in terms of stability and in vitro bio-
compatibility. Porous particles show superior properties in terms of fast dissolution, pH-
dependent stability and lower toxicity, in addition to the mesoporous structure being ideal
for loading of a variety of API.




Sammendrag

Denne studien har som mal a undersgke potensialet til porgse og ikke-porgse silisium
nanopartikler (Si NPs), laget ved en ny syntesemetode, som medisinbzrere med fokus pa
stabilitet og biokompatibilitet. Denne typen nanomaterialer kan kombineres med aktive
farmasgytiske ingredienser (API), noe som da blir referert til som nanomedisin. Nanome-
disin gjgr det mulig a kontrollere legemidlers’ skjebne i menneskekroppen og har et enormt
potensial for a forbedre medikamentbehandling av en rekke pasienter.

Utvikling av en nanopartikuler medisinbzrer av et ikke-toksisk materiale som er selv-
eliminerende og enkelt kan modifiseres for essensielle egenskaper som 1) frigjgringshastighet
av API, ofte assosiert med nedbrytning av barermaterialet, 2) romlig-temporal kontroll
av API akkumulering for a redusere bivirkninger utenfor malvevet, og 3) enkel trans-
port av darlig opplgselig API som ogsa er beskyttet mot nedbrytning. Det er blitt vist
at porgst silisium har de gnskede egenskapene for medisinbarere som iboende biologisk
nedbrytbarhet og biokompatibilitet. Et litteraturstudie avdekket flere materialegenskaper
til Si NPer som pavirker dens opplgsningsstabilitet, for eksempel stgrrelse, porgsitet, krys-
tallinitet og overflatebehandling. Mediet som NP blandes i for & male stabilitet ble funnet
a ha sterk pavirkning pa stabiliteten, med gkende stabilitet observert ved lav pH.

I den eksperimentelle delen av denne studien ble den pH-avhengige stabiliteten til
porgse og ikke-porgse sfeerisk Si NPer med en diameter pa 80-100 nm (heretter referert
til som IFE Si NPer), laget i en ny syntesevei av forskere ved Institutt for Energiteknikk
(IFE), studert. @kende pH i miljget ble funnet til a redusere stabiliteten til begge partikkel-
typene observert ved gkende hydrodynamisk diameter malt ved dynamic light scattering
(DLS), samt dannelse av stgrre strukturer sett ved scanning electron microscopy (SEM).
De ikke-porgse partiklene hadde overlegen stabilitet sammenlignet med de porgse partik-
lene med en stgrrelsesgkning sett ved pH sé lavt som 8 og 7 for henholdsvis ikke-porgse
og porgse partikler. Bkende partikkelstgrrelse er blitt forklart ved aggregering av partikler
eller deponering av silika fra opplgst silisium. Begge disse prosessene kan pavirke ytelsen
til systemet ved a forstyrre frigjgrelse av medikamentet i tillegg til & gi komplikasjoner for
intravengs administrasjon av medikamentlgsningen. Pa en annen side kan pH-avhengig
nedbrytning benyttes til stimuli-responderende medikamentfrigjgring.

In vitro cytotoksisitetsstudier avdekket lav toksisitet av begge typer IFE Si NPer til
KPC og PC3 cellelinjer med et minimum pa 50% cellelevedyktighet observert ved opp
til 1 mg/ml NP eksponering over 48 timer. Ulik toksisitetsrespons ble observert for de to
partikkeltypene. De ikke-porgse partiklene viste konsentrasjonsavhengig toksisitet og de
porgse partiklene var mindre giftige og viste en tidsavhengig toksisitetsrespons, noe som
understreker den sensitive sammenhengen mellom NP struktur og toksisitet.

For a konkludere er den nye syntesemetoden vist & produsere bade ikke-porgse og
porgse Si NPer som er egnet for bruk som medisinbzrere nar det gjelder stabilitet og
toksisitet. Porgse partikler hadde overlegne egenskaper nar det gjaldt rask opplgsning,
pH-avhengig stabilitet og lavere toksisitet, i tillegg til at den mesoporgse strukturen er
ideell for transport av en rekke ulike typer API.
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CHAPTER 1

Introduction

The field of nanomedicine has recently gained attention for the use of inorganic materials
such as silicon that display beneficial properties for use in biomedical applications. Devel-
opment of a highly versatile novel drug carrier platform for in vivo transport of a variety
of active pharmaceutical ingredients (APIs) can revolutionize the use of drug carriers, im-
proving drug treatment and thereby human health [1]. Advanced formulation strategies,
including the use of nanoformulations, is in increasing demand for meeting requirements
of therapeutic performance of novel APIs.

Nano- medicine involves the use of materials small enough to pass through the entire
circulatory system. Encapsulating APIs in nanomaterials has several major benefits based
on its ability to alter the physicochemical properties of the carrier, tuning biological in-
teractions and the in vivo handling of the drug, without directly altering the API structure
and thereby retaining its therapeutic response. The design of nanomaterial carriers allows
for the creation of “smart” drug delivery systems (DDS) with several major benefits such
as increasing solubilization of drugs, protecting APIs from degradation for increasing cir-
culation time, controlling and sustaining drug release, co-encapsulating multiple drugs in
synergistic ratios or with diagnostic agents and reducing off-target toxic effects by exploit-
ing passive targeting and enhanced accumulation due to leaky blood vessels often found
in tumor tissue [2].

One major obstacle of conventional systemic drug formulations is side effects caused
by the vast majority of the administered drug not reaching its target tissue. The use of
drug carrier technology has traditionally been focused on reducing the hideous side ef-
fects of chemotherapeutic drugs in cancer therapy. However, nanomedicine has recently
shown great potential in increasing therapeutic responses in a vast range of diseases and
conditions [3, 4]. Active targeting, as used in e.g. drug-antibody conjugates, has shown
to improve localized tissue and cell penetration, increasing medical response by sustain-
ing the concentration of API in the therapeutic range over time and reducing side-effects
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[5]. Along with the above-mentioned benefits and the large surface area of nanoparti-
cles available for a variety of targeting ligands, as well as other surface functionalities,
nanomedicine has been said to display endless opportunities in drug delivery.

Since the discovery of the electrochemical pathway for silicon porosification [6], and
the discovery the biocompatibility of porous silicon materials [7], several technological
solutions utilizing porous silicon nanoparticles (pSi NPs) as DDS has been developed in
research scale [8-13]. Loading of drugs by physical adsorption or via chemical bonds,
either inside the porous structure, on the particle surface, or in association with polymers
attached to the surface has been explored, proving great versatility for drug, protein and
peptide delivery in addition to the high drug payload reported for pSi NPs. Furthermore,
nanoporous silicon has self-eliminating in vivo properties as it dissolves into the orthosili-
cic acid in aqueous environments [14]. The inherent biodegradability, along with non-
toxicity of the material and its degradation by-products, has raised increasing attention to
biomedical applications of the material [8]. Additionally, hydrogen-terminated or native
oxidized silicon surfaces are readily grafted by a variety of methods for passivation and
bio-interactive purposes.

Challenges associated with scalability and low reproducibility of the traditional syn-
thesis route of pSi NPs, an electrochemical porosification processes, has been a major
obstacle for clinical translation of this material as a drug carrier [1]. A recently developed
particle synthesis route using a novel reactor technology providing Si NPs of narrow size
distribution, with tunable size and geometry, has been developed at the Institute for Energy
Technology (IFE) in Norway [15]. Furthermore, a recently developed catalytic porosifica-
tion process reported in literature [16] is about to be adapted to the IFE particles. This is
believed to be a process available for up scaling that is more effective than conventional
processes a well as providing more parameters for optimization control.

Commercialization requirements for use of drug carriers in the pharmaceutical indus-
try includes comprehensive characterization of various properties, and are yet to be estab-
lished for the IFE particles. The design of novel drug carriers for applications in various
pharmaceutical products require not only a fundamental understanding of how biodegra-
dation and stability phenomena are affected by NP properties but also of cellular and tissue
responses which determine the biocompatibility of the constructs.

Stability can be defined as "the strength to stand or endure" and "resistance to chem-
ical change or to physical disintegration" [17]. The retention of NP properties, both in
terms of dissolution and aggregation, highly depends on the colloid dispersed phase in
which the particles are immersed. A pH value of 7.4 is considered "normal" in most tis-
sues in the body as well as in the blood. However, pH is one medium property that varies
in vivo in different compartments from highly acidic e.g. in the stomach and in intracellu-
lar endosomal compartments, to slightly acidic in some inflamed tissues, to alkaline, in the
intestines [18, 19]. It is a well-known fact that drug release rates, especially for API cova-
lently bound to the carrier, is closely associated with carrier dissolution rate. pH can be a
trigger for localized drug release in the case of pH-dependent carrier dissolution, however,
the extent of this effect in the IFE particles is useful information for the design of NPs with
the desired stability properties. Understanding the mechanism at which instability of Si
NPs arise in different pH environment is a crucial step in gaining comprehensive insights
in how to control its stability.

2



1.1 Thesis aims

In vitro cell viability assays are today the preliminary toxicity studies determining
cytotoxicity of NPs to specific cell lines or tissues. These studies are necessary pre-clinical
steps for verifying biocompatibility of materials for pharmaceutical purposes as well as for
assessing the structure-toxicity relationships of NPs.

1.1

Thesis aims

The overall aim of the present thesis has been to assess the drug carrier potential of the
IFE particles (simply referred to as particles hereafter), both porous and non-porous, by
characterizing them with an emphasis on the pH-dependent stability and induced in vitro
cytotoxicity. The following summarizes the different experimental and analytical activities
of the project that will be discussed:

Characterization of the particles using scanning electron microscopy (SEM), dy-
namic light scattering (DLS), energy dispersive x-ray spectroscopy (EDS), trans-
mission electron microscopy (TEM) and x-ray diffraction (XRD).

Assessing how stability studies of solid, nanoparticulate and mesoporous silicon
is performed in existing literature, including identification of essential Si NP and
medium properties affecting dissolution stability.

Developing a procedure for assessing pH-dependent stability for NPs for biomedical
applications, and conduct stability studies of pristine and porous Si NPs.

Conducting in vitro cell viability studies for determining particles toxicity and structure-
toxicity relationships.
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CHAPTER 2

Theoretical Background

The present chapter introduces the field of nanomedicine and explains the potential in
using silicon nanotechnology for biomedical applications, as well as presenting techniques
and terms used in the work of this thesis.

2.1 Nanomedicine

Nanotechnology has been said to extend the scope of what is possible with technologi-
cal interventions in electronics, materials and medicine [4]. The field of nanomedicine
explores how nanotechnology can be of use in medicine and medical technology, and
provides new approaches for improving healthcare. Overall, nanoscale materials are usu-
ally defined by having at least one dimension in the scale of 1-100 nm. Such materials
have shown beneficial properties for a wide range of biomedical applications. The use of
nanotechnology in biomedical research allows for near-atomic manipulation of materials
giving the possibility to tailor its properties for various in vivo and ex vivo applications.
Tuning properties like size, shape, charge and surface functionality of nanomaterials give
endless opportunities. As a result, nanomedicine has been assigned tremendous poten-
tial with yet unknown future aspirations that can significantly impact human health by
improving diagnosis, prevention and treatment of diseases [20, 21].

In addition to the introduction given above, literature presents plentifold definitions
of nanomedicine, ranging from nanobiotechnology dealing with structure and function of
cells and intra- and intercellular processes, to nanorobots, nanosurgery and nanoparticulate
materials used as carriers for pharmaceuticals. The diversity of the field indicates the wide
scope of applications for nanomedicine. Nanomedicine is said to contribute to three main
areas: drug delivery, diagnosis and regenerative medicine, which are summarized below

[4].
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¢ The term nanopharmaceutical is used for any active pharmaceutical ingredient (API)
that is combined with nanomaterials for therapeutic purposes, often referred to as
a drug delivery system (DDS). Biocompatible nanomaterials like polymers, lipo-
somes, micelles or specific inorganic materials can be used as nanocapsules for
transporting a variety of APIs like molecular drugs, vaccines and gene therapies.
DDS intend to enhance therapeutic efficiency of the API by altering in vivo proper-
ties like solubility, stability and toxicity by exploiting chemical, physical and bio-
logical engineering of nanomaterials. The surface of such carriers can be equipped
with targeting ligands for specific biorecognition and localized delivery to the tar-
get tissue with minimal side effects. Furthermore, coencapsulation of APIs in one
carrier or combination with diagnostic properties, what is referred to as theranos-
tics, could significantly improve the quality of life of patients. In the early age of
nanomedicine localized cancer treatment was the major area of interest. However,
there has been a rising interest in nanomedicine-based therapies for drug targeting to
non-cancer conditions in the recent years [21]. Drug delivery systems are discussed
in further detail in section 2.2.

» Early detection of disease is often said to be the number one measure for improving
treatment outcomes. Nanomedicine intend to develop inexpensive, rapid and min-
imally invasive tests for genetic predispositions and early detection of pathological
changes at the molecular level. Nanomaterials like fullerenes and carbon nanotubes
increase the performance of contrast media in diagnostic. Quantum dots, small
semiconductor crystals (~2-50 nm), can luminesce one thousand times brighter than
conventional contrast media [22]. Nanoimaging using quantum dots can therefore
precisely determine the presence, size and position of tumors in real-time. Addition-
ally, lab-on-a-chip devices would allow precise and personalized multi-diagnostics
from the smallest amount of sample [4].

* Nanomedicine and nanobiotechnology also opens up new possibilities in the field of
regenerative medicine. The aid of nanomaterials in tissue engineering could stimu-
late controlled cell growth and artificially produce or regenerate damaged or absent
tissue. Nanoporous materials are already in use in wound healing as a scaffold for
cell growth and could potentially be used for in vitro growth of entire organs meet-
ing quality requirements for transplant [23]. If targeted growth of nerve cells were
to be successful, new possible treatments of incurable neurological diseases like
Alzheimer’s, Parkinson’s and epilepsy could be developed by exploring the wide
applicability of nanomaterials.

With these advancements, nanomedicine will have the capability to early detect, specif-
ically diagnose and tailor-make treatments to improve healing prospects in accordance
with recent developments in personalized medicine, as well as having the potential to sig-
nificantly reduce treatment and after-care costs. Other nanotechnological interventions
also contribute in creating precise research models such as organ-on-a-chip technology
[3, 4]. A number of obstacles, however, contribute to difficulties in clinical translation of
nanomedicines, irrespective of whether they are therapeutically beneficial or not. The main
challenge with nanomedicine is based on the fact that it is a recently developed field and
a lot of research is required for realizing the potential in commercialization and clinical
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usage. There is also a lack of consistency in quality testing. Long-term toxicology studies
are required with low inter-person and inter-laboratory variations to assess the toxic effects
of nanomaterials towards the human body and the environment. Establishing a standard
terminology with consistent definitions would contribute in facilitating standardized de-
termination of nanoscale toxicity and aid in clinical translation of nanoscale materials for
pharmaceutical applications [24]. Ethical and social questions should also be raised on
whether everyone will benefit from nanomedicine. Overcoming these challenges and re-
alizing the possibilities in nanomedicine has the potential to revolutionize medicine and
human healthcare in the history of medical technology.

2.2 Drug delivery systems

Emphasized as a major category of nanomedicine, DDS has been subject to a huge amount
of research to improve drugs’ physicochemical and pharmacokinetic properties upon ad-
ministration. DDS are micro- and nanosized vehicle materials used for encapsulation,
transportation and delivery of therapeutic and/or imaging compounds. Nanosized carri-
ers are ideal for DDS as their size allows for free circulation, deep tissue penetration and
uptake by single cells. They are smaller than human cells, but similar in size to large
biomolecules and can therefore interact with enzymes and receptors [25]. The in vivo
circulation time of conventional drugs is typically limited to by renal filtration and elim-
ination through the urine due to their small size (<5.5 nm), which is also true for very
small nanoparticles. Particles larger than 200 nm, on the other hand, are more rapidly
sequestered by phagocytotic cells of the spleen. The ideal size range for drug delivery
purposes is therefore 10-200 nm [26]. These nanoformulations increase the drug circu-
lation time that enables increased interaction with tissue, in turn allowing for increased
biorecognition and increased biochemical or physiological effect [3]. Furthermore, the
small dimensions of nanomaterials provide an extremely high surface area to mass ra-
tio. The high surface area available allows for a high degree of surface functionalization
accessible for tailoring the interactions with tissue.

Little emphasis is given to other aspects than biological response in conventional drug
discovery. Bioavailability and biocompatibility is not always considered. Therefore, there
are a large number of drugs with proven therapeutic efficiency that are incompatible with
biological tissue. Hydrophobic drugs, for instance, may have low efficiency simply due
to the low solubility in the aqueous in vivo environment. Carrier materials can be used
to alter physicochemical properties like stability, solubility and rate of drug release. It
also enables control of pharmacokinetic properties like bioavailability increasing cellular
uptake of drug, distribution by enabling localized drug release using passive or active
targeting and triggered release, and elimination by increasing circulation times compared
to naked drugs due to size. In other words, the aim of the drug carrier is to enable control
over the drug interactions with healthy and diseased tissue without changing the biological
action of the API directly.
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2.2.1 Opportunities using drug delivery systems

A 100-year-old concept of the “magic bullet” is one of the main reasons nanomedicine
has attracted attention. The “magic bullet” contains active substance and targets diseased
tissue to localized release of drugs for specific killing of pathogens or malignant cells.
This is a particularly desirable idea because less than 1% of the administered dose of
systemic naked drugs normally reach the diseased tissue [27]. With the development of
nanocarrier DDS the “magic bullet” realization looks to be possible for the first time. The
nanocarriers can be equipped with surface molecules that recognize and bind the desired
cell type or pathogen, and subsequently release the active substance to the target without
the surrounding tissue being affected. Different targeting ligands like antibodies, proteins,
peptides, carbohydrates and other polymers can be used to target extracellular receptors
specific for or over-expressed by the diseased cells. This is called active targeting. Us-
ing nanocarriers that are not filtered out of the blood, the increased circulation time will
allow for increased chance of reaching its target. Three areas that could benefit from ac-
tive targeting of drugs comprise 1) the use of tumor-homing peptides for cancer treatment,
2) targeting infectious sites to increase antibiotics efficiency and reduce development of
resistance, and 3) in using ligands to recognize and bind to immune cells for specific de-
livery of vaccines with reduced side-effects. These mechanisms are of interest above all
during cancer treatment as a controlled release of chemotherapy drugs exclusively into the
tumor tissue may heavily reduce the hideous side effects when it is exclusively adminis-
tered. Cancer treatment based on targeted transport can, moreover, take advantage of the
poor vasculature in tumors. Aggressive angiogenesis creates leaky gaps in the endothelial
vessel wall. Together with the reduced lymphatic drainage observed in tumor tissue is this
phenomenon called the enhanced permeability and retention (EPR) effect. It may be uti-
lized for nanomedicine therapeutics by controlling the carrier size as entities of size <200
nm can passively extravasate though the leaky tumor vessels and stay deposited there due
to reduced drainage, promoting localized delivery of chemotherapy drugs. The discovery
of the EPR effect resulted in huge promises for nanomedicine in cancer treatment, but the
heterogeneity of the effect between cancer types and patient responses have given lower
amounts of clinical results than initially anticipated [2, 4].

Additional possibilities that has been explored for nanomedicine include stimuli- re-
sponsive release either upon environmental changes internally or externally applied stim-
uli. For instance, incorporating biologically active polymers or environmental-sensitive
moieties, either in the carrier body or as a surface modification, can create stimuli-responsive
carrier systems. This includes DDS that are sensitive to internal environmental body
changes, such as rising temperature upon infection, reduced pH in tumor tissue or the
presence of specific enzymes and proteins in diseased or damaged tissue. When stimuli-
responsive DDS encounter these changes will a conformational or chemical change take
place allowing localized release of the loaded drugs. Nanocarriers can also be designed to
incorporate drugs in a light- or mechanically dependent manner. Externally applied stim-
uli like ultrasound, light or heat is then applied to activate release of drugs with precision
determined by the externally applied stimuli [28].

Controlling the time of drug release can be equally important as controlling the loca-
tion. Spatiotemporal control is enabled by DDS properties and the mechanism by which a
drug is attached to its carrier. Drugs adsorbed onto the surface of a carrier will be quickly
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released when entering the body, what we call burst release, while a drug incorporated
into the carrier material, encapsulated or covalently bound to the carrier will be released
in a slower manner. Some drugs are released as the carrier is degrading, giving a sus-
tained mechanism of release. Controlling release properties could allow for a more natural
effect over extended periods, reducing number of doses by increasing amount of active
compound per dose and overall increasing patient wellness [3]. Incorporation of targeting
and stimuli-responsive moieties and spatiotemporal control can be realized by studying
surface chemistry modifications, as well as how these affect other properties like DDS sta-
bility and solubility. The possibilities in DDS carrier design and surface modifications are
summarized in Figure 2.2.
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Figure 2.1: Schematic figure illustrating the tunable properties of nanocarrier DDS. Illustration
originally appears in [20].

2.2.2 Design of drug delivery systems to accommodate physiological
barriers

Several design considerations of drug delivery NPs are critical for accomodating biophys-
ical barriers and for clinical success. In addition to the extraordinary possibilities depicted
above, another great advantage of using DDS is, in fact, the possibility to be designed to
overcome physiological barriers faced by all drugs formulations. This includes extracel-
lular barriers, before the drug reaches the target cell, and intracellular barriers, which are
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encountered as the cell takes up the drug. Both pharmacokinetic and -dynamic properties
of drugs controlling in vivo absorption, distribution, metabolism and elimination, and how
physiological response is related to dose, can be tailored by utilizing DDS with highly
tunable properties. Simple control of carrier geometry, size, surface charge and surface
chemistry allows for increased drug efficiency in terms of accommodating physiological
barriers and improving pharmacological properties.

The main extracellular barrier for circulating drugs is elimination by the immune sys-
tem. Circulating DDS will rapidly attract a corona of numerous types of proteins absorbed
on the surface, making the particle susceptible for uptake by circulating immune cells. The
adsorbed protein corona also prevents eventual targeting ligands from interacting with
their target receptors. Significant quantities of systemically administered nanomaterials
are cleared by the mononuclear phagocytic system before finding their targets, increasing
the likelihood of unintended acute or chronic toxicity. Nanoparticle composition should
also be chosen wisely and the possibility to engineer self-destructive non-toxic nanomate-
rials is studied for giving systemically eliminated products to reduce immunological short
and long term effects [8]. Other strategies to decrease immune clearance and increase
circulation times include tuning properties that beneficially alter the protein corona com-
position such as particle size and shape, surface charge, hydrophobicity and biological
functionalities [20]. Other extracellular barriers include interactions with blood and en-
dothelial cells in blood vessels, as well as the extracellular matrix (ECM) that surrounds
cells. Particularly in tumors is the microenvironment composition extinct from normal
ECM which creates opportunities for incorporating mechanisms for triggered release in
DDS. The fluid dynamics of the DDS in blood is also significantly affected by their size
and geometry [2].

A few portion of drugs exert their biological function on specific cell surface recep-
tors and have reached their target after overcoming the extracellular barriers. However,
most drugs need to overcome additional subcellular barriers in order to meet the intracel-
lular target and exert their biological effect. It is a consideration in DDS design, whether
the carrier releases the drug prior to internalization or the carrier works as a promoter for
internalization of the drug prior to release. For the latter case, carriers can be designed
for internalization across the lipid bilayer plasma membrane of cells. Several endocytosis
pathways exist and optimizing DDS properties, particularly particle size and geometrical
properties, but also surface charge and surface modifications with targeting ligands can
promote selective internalization. Contrary to the effects of a negatively charged surface
for beneficial protein corona creation are positively charged carriers favorable for endo-
cytosis as they show stronger interaction with negatively charged phospholipids in plasma
membranes. Following endocytosis are carriers generally encapsulated inside endosomes
(intracellular vesicles) for enzymatic and acidic degradation. This entrapment poses the
most critical barrier for intracellular drug delivery and in order to successfully deliver the
drug, it must escape. Various carrier materials are proposed for allowing vesicle escape,
such as the proton-sponge effect, nanoparticle membrane fusion and photochemical distri-
bution [20].

Design of DDS allows for accommodating endocytosis and endosome elimination, in
addition to other intracellular barriers such as cellular resistance mechanisms like drug
efflux proteins and the nuclear membrane, for the vast amount of drugs reaching intranu-
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clear targets. All these extra- and intracellular barriers pose a complex conundrum for
obtaining successful drug carrier design. Besides, as emphasized along the way, control-
lable drug carrier properties can be tailored to overcome or bypass all of these mecha-
nisms. The in vivo fate of DDS is dependent on several properties of the carrier such as
shape, geometry, surface properties and stability properties when faced by distinct envi-
ronmental factors. Spatiotemporal control of degradation of DDS, either for drug release
or for meeting physiological barriers, is an extremely valuable property for which nanocar-
rier composition has to be carefully selected. The majority of nanomedicines generated
are based on biomaterials such as liposomes, albumin, polymeric micelles and nanosized
polymer-drug conjugates. Such nanomedicines are desired for their biocompatibility and
several different variants of these are today approved for clinical use by the FDA [3]. Fur-
thermore, inorganic materials have also shown to be promising materials for biomedical
applications, allowing for more precise control and providing intrinsic properties like pho-
toluminescence or magnetic properties for enhanced diagnosis. Drug carriers based on
dendrimers, gold, silica, iron oxide, fullerenes and carbon nanotubes are under clinical
investigations [3]. One material that has recently gained attention for its highly suitable
biodegradation and luminescence properties, which also has the advantage of high acces-
sibility and is therefore widely being used in industrial processes, is mesoporous silicon
with a pore size ranging from 2-50 nm (IUPAC classification of pore size) [25].
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Figure 2.2: Schematic illustration of the extra- and intracellular barriers faced by drug delivery
systems (DDS, shown in green) before they reach their target site. Figure adapted from [20].

2.3 Silicon as biomedical material

Silicon (Si) is a material with unique properties that is widely utilized in commercial prod-
ucts because of its abundance, low cost and wide applicability. The material is also used
in research purposes in a wide range of fields, including for electronics, photovoltaics and
biomedical research. This section will give a brief overview of the industrial and research
usages of silicon materials, with a focus on biomedical applications and usage in DDS.

Si is the second most abundant element in the earth’s crust, after oxygen. With a
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high chemical affinity for oxygen, silicon readily form various oxide formations such as
silicon dioxide (silica, SiO,), that can react with metal oxides to form silicates, which is
the form of silicon usually found in nature. Crystalline Si is a semiconductor material
dominating the microelectronics industry, as well as being widely used as the energy-
absorbing material in solar cells. Its conductivity properties can be tuned by doping with
other elements, and the material is therefore ideal for use in transistors in electronic devices
[29]. The electronics industry has utilized the semiconducting properties in electronic
devices for over 60 years, and it has even been given a nickname to present day’s society
i.e. the “Silicon age” or the “Information age” for the easy access to information realized
by the Si-based computer industry [30].

Initially, therapeutic applications of Si comprise implanted microelectronic devices
such as biosensors, with research on dosage forms in drug delivery applications emerg-
ing. Nanosized Si crystal particles are of widespread interest for their potential usages in
drug delivery applications due to its beneficial properties of inherent biocompatibility and
biodegradability. Leigh T. Canham [6] pioneered the development of biomedical appli-
cations of Si with the discovery of electrochemical etching for Si porosification in 1990.
The discovery of this method raised an increasing interest in the material in particular for
exploring its luminescence properties. In 1995 he also showed the biocompatibility of
mesoporous structured Si [7]. Biocompatibility is a characterization of materials having
"compatibility with living tissue or a living system by not being toxic, injurious, or phys-
iologically reactive and not causing immunological rejection” [31]. Biodegradability of
mesoporous Si means the ability of being self-degrading in aqueous environments, and
producing the non-toxic byproduct of orthosilicic acid. The main chemical reactions in
this process involve oxidation of the Si crystal structure and subsequent hydrolysis of the
resulting silica shell generating soluble Si species, as seen in the following reactions [32].

Si+0,— Si0, @.1)
OSi(OH), + H,0==Si(OH), 2.3)

These steps represent the slow reaction that nanosized Si has in water with increasing
reaction rates in basic solutions (this mechanism will be further discussed in Section 3.4).
Orthosilicic acid is the bioavailable form of silicon in tissues that can be excreted from
the body through the urine. It is a weak acid with low solubility in water, < 2 mM, and is
found naturally in several food items including vegetables, whole-grains and beer. It is a
vital component for normal bone and connective tissue homeostasis and is even offered as
a dietary supplement [13, 27].

The versatility of porous silicon (pSi) has made it functional in various biomedical
applications in all the major areas of nanomedicine, as outlined in Section 2.1, i.e. re-
generative medicine, biosensing and bioimgaing for diagnosis and as a carrier for API in
drug delivery. Si is a "universal” material and can be modified and designed by easily
changing surface chemistry as well as size, shape and porosity. Combining the advan-
tageous properties of pSi materials in terms of biocompatibility and -degradability with
those of nanoscale vehicles, can greatly benefit the field of drug delivery for which par-
ticle geometry is an important factor determining interactions with tissue and degree of
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cellular uptake. These properties, as well as the versatility in surface modifications, pro-
vide enhanced properties as compared to several other semiconductor materials and other
materials used in nanomedicine. Possibly most important, the small size of pSi NPs cre-
ates an extremely high surface area available for modification. Surface chemistry of pSi
NPs is an important DDS property affecting applications in biomedical devices, which
is increasingly important for nanoparticles as they are dominated by surfaces rather than
bulk. A range of different processes is developed for Si surface modification using a range
of different molecules [33-39]. Conjugation of drugs, diagnostic agents, as well as tar-
geting ligands, are available for tailoring Si vehicles for desired properties suitable for
treating a wide range of diseases and conditions. Coating Si NPs with polymers like PEG
are possible for further increasing biocompatibility and solubility. Also, conjugating with
tumor-homing or disease-recognizing peptides give immense opportunities in localized
delivery of therapeutics. A summary of commonly used Si surface modification processes
is found in Section 2.5.

Main efforts in the studies of
porous materials as DDS have
been focused on sustained or con-
trolled drug release, where the
drug release rate is determined ei-
ther by the erosion rate of the ma-

API

terial or the diffusion of drug(s) Drug loaded pSi NP Cross-section

through the carrier material, as il-

lustrated in Figure 2.3. Carrier Diffusion Erosion
through pores of carrier

properties can be tuned to deter-
mine which of the two mecha-
nisms dominates, hence how fast

diffusion- and dissolution related
drug release happens. Porous
materials also offer a potential
means to increase the dissolu-

tion of poorly soluble drugs. By
tuning the pore size to only a

" i 1 than the d Figure 2.3: Illustration of the drug release routes of pSi
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mOICCUI? will secure tha.t the drug ingredient (API) out of pores and release upon carrier
is kept in a noncrystalline amor- material erosion.

phous state due to the confined

space of the pores. Keeping drugs

in an amorphous state that exhibit higher dissolution rates, particularly for compounds
with high crystal energy, could be an increasingly important strategy in drug development
[40]. In this context, pSi NPs provide attractive delivery platforms because of the tun-
ability in pore size to affectively accommodate desired payloads and drug release rates.
Furthermore, using mesoporous structures present a great increase in drug loading capac-
ity compared to conventional inorganic nanoparticulate DDS. Tuning of pore size is also
useful for tuning the degradation rate of the carrier (which will be discussed in Chapter 3).

Nanomedicine DDS are traditionally developed for loading chemotherapeutic agents
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for treatment of cancer (as previously mentioned). However, as the perspective of DDS
potential has expanded, research on pSi for delivery of different therapeutic compounds
and other biomedical applications has also expanded. Several studies are done on loading
porous silicon nanoparticles (pSi NPs) with chemotherapeutic agents [8, 10, 14, 32, 41]
, but mesoporous Si has also been used for instance for in vivo gene delivery for treating
bacterial infections as an alternative to antibiotics, accommodating the increasing danger
of antibiotics resistance. Kim et al. [12] and Hussain et al. [42] loaded pSi with antibiotics,
and the latter demonstrated successful tissue targeting that effectively suppressed infection
in vivo in mice. Anderson et al. [13] studied othosilisic acid release from pSi wafers
with the aim of developing a bioavailable form of Si for supplements. The mesoporous
structure of pSi has proven to have a high drug loading capacity optimal for loading of a
variety of API, increase the interest in development of alternative strategies using pSi NPs
for treating a wide range of conditions. Salonen et al. [40] and Nieto et al. [11] verified
successful loading of a variety of drugs for instance for anti-inflammatory, fungicide and
diuretic purposes to pSi. Successful loading of nucleic acids to pSi was demonstrated
by Bertucci et al. [27]. Engineering pSi particles for spatiotemporal control of the drug
has also been explored. Wang et al. [9] created multi-functional pSi drug carriers for
chemotherapy drug loading with surface grafted ligands for tumor targeting. Herranz et
al. [10] developed multistage DDS of polymeric coated pSi NPs that are sensitive to
changes in pH. Upon exposure to acidic environments, like typically seen in tumor tissue,
the PEG-based polymers will disassemble from the NP surface causing localized release
of the loaded chemotherapeutic agents. In vivo studies in mice have shown that effective
drug delivery to tumors can be verified by tracking the intrinsic luminescent properties of
pSi, arising from quantum confinement effects [8, 43].

Many benefits and possibilities for using pSi NP in DDS have been identified. It is,
however, important to notice that several of these properties are highly dependent on the
carrier materials’ properties. Research on Si NPs as DDS is sometimes done without
critical evaluation of essential properties of the carrier material alone. The inherent particle
properties are important and can determine the biocompatibility and stability of the DDS,
which are two essential properties in drug delivery.

2.4 Synthesis of porous silicon nanoparticles

2.4.1 Silicon nanoparticle synthesis

Recently, Si NPs are prepared by a variety of chemical and physical approaches including
electrochemical etching, ion implantation, thermal vaporization, laser ablation, gas phase
decomposition of silanes and reduction of silane-containing compounds. Conventional
approaches used for research and industry purposes are gas-phase synthesis such as phys-
ical and chemical vapor deposition (PVD/CVD). These techniques use either physical or
chemical means to vaporize precursors, or to deposit the precursor material for creation of
a thin layer of material. Reduction of silicon tetrachloride (SiCly) in solution with lithium
aluminium hydride (LAH) and tetraoctylammonium bromide (TOAB) is also reported to
produce nanosized Si particles [44, 45]. Common drawbacks with the above-mentioned
techniques include multiple production steps, required post-annealing or -etching, exten-
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sive reaction times, low yield and complex precursor synthesis. Physical means of size-
reduction of materials down to nanoscale can be done by well known industrial mechanical
processes like ball grinding in a planetary mill. This method, however, have little process-
ing control and may result in wide particle size distributions [46]. As the Si NPs size,
morphology and surface chemistry substantially influence its properties in regards to sta-
bility, degradation properties and interactions with cells and tissues, realizing an effective
size control and surface engineering is required. Establishing these requirements are suf-
ficient for controlled synthesis in lab-scale. However, a major limitation of the mentioned
techniques are associated with scalability to large-scale high throughput production with
preserved quality and control of the process [47]. For pharmaceutical applications size
control is also extremely important as different sized particles are handled very different
by the body. Most of the synthesis methods mentioned above will therefore not meet
pharmaceutical requirements of producing particles with a narrow size distribution.

Industrial production of Si feedstock is mainly for micro-electronic and photovolatic
applications. The Siemens Bell Jar reactor and the Fluidized Bed reactor are the two reac-
tor designs usually used for this kind of commercial production. Trichlorosilane (SiHCl;)
is the main gaseous precursor that can be used directly in a Siemens Bell Jar reactor or
to produce monosilane (SiH,) in a redistribution process. The monosilane route, despite
requiring more synthesis steps, often present a more efficient process resulting in higher
purity silicon [48]. These reactors are based on CVD technology, and for such designs,
high quality is related to high costs. CVD/PVD reactors may also be used for Si NP
synthesis but todays commercial approaches are not appropriate for production of Si for
biomedical applications that require high level of control of size distribution and purity
[29, 49].

The IFE Si particles are synthesized by ther-
mal decomposition of monosilane (SiH,) gas pre-
cursors within a free space reactor (FSR). Chem-
ical decomposition of monosilane under elevated
temperatures cause Si-Si bond formation and si- %—
multaneous removal of hydrogen. Higher order

a Si-Si bond formation

silanes are step-wise created, as illustrated in Fig-  @—— s.
ure 2.4, before elemental Si powder is formed ¢
and collected from the reactor bottom. The name o

o)

of the FSR indicates that nucleation occurs ab-
sent of a nucleation surface, thus in free space.
Silane concentration and reactor pressure deter-
mine the number of silane molecules present and
the amount of silane collisions. Furthermore, sev-
eral heating zones and options for temperature in-  Figure 2.4: Silicon particle growth by
crease and hydrogen removal rate determine the  silane gas decomposition in a free space
amount of silane present in the gaseous state at reactor. Illustration by Thomas J. Preston.
the different stages of decomposition and growth,

promoting defined particle formation. The above-mentioned parameters can be adjusted
to produce Si powders of a narrow size distribution with an average size ranging from
below 10 nm up to several yum [15]. A monodisperse particle distribution of consequent
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spherical morphology are properties provided by the FSR that are also highly desirable for
pharmaceutical applications.

2.4.2 Porosification of silicon

The conventional approach for synthesizing pSi NPs used in literature includes starting
with flat Si wafers, not nanoparticles, porosifying the wafer followed by ultrasonification
to break the porous wafer into particles. This process is illustrated in Figure 2.5. Usually,
an electrochemical anodization method is used for porosification. This approach includes
attaching the Si wafer and a counter electrode (usually platinum) to a power supply, pass-
ing a voltage across the wafer while immersed in a solution of hydrofluoric acid (HF).
The voltage will inject charge carriers into the Si crystal structure that are susceptible for
a nucleophilic attack by fluoride ions in HF. Benefits of using this approach includes the
ability to tune the pore sizes by adjusting the applied field strength of the voltage. This is
a well-studied and robust approach. However, it will only work for pre-fabricated p-doped
Si wafers [50, 51], or by making charge carriers available by a photon source in so-called
photoelectrochemical and laser-assisted etching, for which both p-doped and n-doped Si
wafers may be utilized. The main limitation of these strategies includes poor scalability
for industrial production due to the energy requirements.
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Figure 2.5: Schematic illustration of electrochemical anodization for porosification of Si wafers
followed by ultrasonica fracture and filtration to obtain pSi NPs.

Although the method for Si etching using externally applied current is unambiguously
the most commonly used, a purely chemical approach could provide a simpler alternative
that excludes the need for an electrode setup. For these types of electroless etching, elec-
trochemistry occurs spontaneously without the intervention of a power supply or photon
source. It require an oxidant with the ability to introduce electron holes in the silicon struc-
ture and fluoride compound, typically HF, that remove the oxidized Si. Electroless etching
is typically divided into three categories: chemical vapor etching, metal-assisted etching
and stain etching. In chemical vapor etching the Si is set in contact with a vapor that is
of a solution of an oxidant and HF rather than the solution itself, but with similar chem-
istry. In metal-assisted etching, metal NPs with a diameter smaller than the object that is
to etched is utilized as catalysts, facilitating transportation of charges. The particles work
as catalysts "digging"” holes in the Si wafers so that the resulting pore size is determined
by the size of the metal particles’ [50]. Stain etching is another widely studied approach
of which various oxidants have been utilized. The predominance of Si stain etching liter-
ature is concentrated on the use of HF solutions with a nitroxy oxidant, typically HNO;
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or NaNO,. These oxidants are reliable alternatives for only a limited range of films and
greater control over morphology and other properties can potentially be achieved by using
a wider range of fluoride carriers and oxidants [50].

The described treatments of Si wafers followed by ultrasonification can produce nano-
sized particles, however, a wide particle size distribution is often obtained with the particle
size varying from 10-20 nm up to ym. The need for filtration to obtain the desired size
distribution adds another processing step and generates additional waste material of the
particles filtered out. Furthermore, the method gives little control of the particle geometry,
which is vital in drug delivery applications, often producing cube-like fragments. An-
other possibility for synthesis of porous Si NPs is etching of pre-fabricated Si NPs. Ge et
al. [52] developed a procedure for stain etching commercially produced Si NPs that in-
cludes doping with boron (p-doping) before etching with silver nitride (AgNO;) and HF.
These particles show promising characteristics as anode material in lithium-ion batteries
and provide an alternative approach for etching of Si NPs.

The IFE solid Si particles from the FSR are porosified using a purely chemical process,
i.e. a type of stain etching called regenerative electroless etching (ReEtching), described
by Kolasinski ef al. [16]. In ReEtching it is possible to control many different parameters
in order to create the carrier with the most desirable properties in regards to the drug and
target tissue in question. The process of ReEtching depends on the interplay between two
oxidant species, e.g. vanadium pentoxide (V,05) and hydrogen peroxide (H,O,). In the
case of V,05 and H,0,, it is V,0O5 that is the catalyst of the etching process and H,O,
that is the driver of the catalytic process. V,0s5 dissolves into VO;r ions with a vanadium
oxidation state of +5 (V) when put in an acidic solution of HF. VO%L ions react with crys-
talline silicon by taking an electron, thus leaving a positive charge, an electron hole, in
the silicon valence band resulting in the reduced VO?* ion with vanadium oxidation state
of +4 (IV). The injected electron hole makes Si susceptible for a nucleophilic attack from
HF that dissolves the Si surface atoms in the form of H,SiF¢ species in a ratio of 1:1 of
electron hole:Si dissolved.

The described process is a basic stain etching reaction and

has limitations in that the vanadium amount and its concen- H,0,

tration cannot be controlled independently. Large amounts of

vanadium is necessary to etch sufficient Si and thereby create a Si
I

highly porous structure, whereas low concentration is desirable

: ) : - V(v)  Vv(Iv)
to achieve a low etch rate to avoid chemical polishing of the par-
ticle surface and particle size reduction. This dilemma is over- \/
come by slow continuous addition of H,O,. The reduction po-

tential of H,O, exceeds the one for vanadium oxide. Not being
able to inject holes in the Si structure, H,O, is able to oxidize the
vanadium(IV) species to regenerate the vanadium(V) species, as ~ Figure 2.6: ReEtching
schematically illustrated in Figure 2.6. This is a highly efficient ~ chemistry. h* represents
process as vanadium is regenerated and the only element that is an electron hole.
consumed in the process is peroxide.

Using this regenerative reaction allows for higher precision control of pore formation

by being able to control the concentration and the amount of oxidant separately. The con-
centration of vanadium is controlled by the injection rate of peroxide, as well as the amount
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of Si etched by the time of etching, giving more opportunities in controlling the etching
process and thereby allowing for continuous pore etching instead of electropolishing.

The described formation of pSi NPs for biomedical applications presents a revolu-
tionary approach in precision medicine, allowing for synthesis of biocompatible and fully
biodegradable materials. The synthesis process gives versatility in size and geometry of
the resulting particles. Combined with the chemical means of etching pores, this process
gives ultimate opportunities in tuning the pore size, the particle size and the geometry
allowing fully versatile carrier materials with tunable properties to be designed for the
desired therapeutic agents to be transported and to their targets.

2.5 Surface chemistry of silicon

There are two main purposes for modifying the surface of Si in biomedical devices: 1)
to stabilize the surface and protect from chemical and physical degradation of the mate-
rial, and 2) to enable attachment of molecules and polymers that enhance the biological
interactions, including bioconjugation and attachment of targeting ligands and responsive
materials. Understanding of the behavior of Si surfaces in ambient air and other environ-
ments give valuable information on its modification possibilities. This section will briefly
review a handful of the established routes for modification of Si surfaces, for tuning sta-
bility and compatibility of the material.

The intensive use of Si in the electronics industry as well as the downscaling of elec-
tronic devices, has requested feasible methods for high-precision control of Si surface pas-
sivation techniques. Over the years, native surface oxide has served as the main passivation
route. A vast amount of alternative thermal, catalytic and wet chemistry routes have, how-
ever, been developed (e.g. carbonization, hydrocarbonization, hydrosilylation, capping
with alkyl-, alkoxy- and chloro-silanes as well as grafting of functional moieties [30]).
While most of these methods are initially developed for flat Si wafers for the electronics
industry, they can be adapted to pSi and nanosized materials for biomedical purposes.

Passivation of Si-based microdevices, lab-on-a-chip technology and sensors for bio-
logical usage have similar functionality as in the electronics industry, whereas drug deliv-
ery devices require an increasing level of surface chemistry control in vivo in which the
pharmaceutical industry possess rigorous quality standards, with an additional focus on
biocompatibility and toxicity aspects [51, 53]. A need to passivate and functionalize reac-
tive surfaces to create stable biocompatible materials that are un-reactive and non-toxic in
physiological environments and temperatures, as well as being stable during storage over
an extensive period of time, arise for biomedical usages. Surface chemistry of drug carriers
is essential for increasing stability in physiological conditions and contributing in deter-
mining the in vivo suitability of the drug by tuning interactions with cells and tissue. It also
affects the release kinetics of the API, either by creating steric hindrance for diffusion of
drugs that are entrapped inside pores or by altering degradation rate that reduce release of
covalently bound drugs. These principles have been used to create stimuli-responsive DDS
by grafting of surface moeities that change their chemical or physical properties upon en-
countering specific environmental triggers, causing release of the API [54]. Furthermore,
active targeting is accomplished by conjugation of bio-interactive ligands. Surface chem-
istry can also be modified to control protein corona formation and escape clearance by the
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2.5 Surface chemistry of silicon

immune system (opsonization) for prolonged circulation time, for which surface PEG is
often used.

Chemical surface modification of pSi NPs requires an understanding of the behavior
of pristine Si materials. Hydrogen-terminated silicon surfaces, as usually produced by
electrochemical or chemical synthesis, are highly reactive. Si-H bonds are only stable
for short periods in air and readily oxidize in aqueous media. Various surface treatments
are utilized to stabilize pSi surfaces, often involving the formation of either Si-O or Si-
C surface bonds using thermal and chemical processes, for which a range of chemistry
has been proposed in the literature. Grafting of silane molecules is also a widely studied
approach giving multiple possibilities in functionalization.

Si slowly oxidize in ambient air depending on environmental conditions like humid-
ity, temperature and composition of the air, forming a few nm thick native oxide layer
[51]. Moreover, controlled thermal oxidation provides one of the most straightforward
passivation methods. Thermally oxidized pSi (TOpSi) has a hydrophilic surface which
is beneficial for solubility in blood and tissue, but it has low chemical stability often not
desirable for pharmaceutical usages [40]. Alternative techniques to oxidize pSi include
anodic oxidation, photo-oxidation and chemical oxidation in the presence of inorganic or
organic agents. Besides, thermal oxidation is utilized as the first step in a wide range of
functionalization processes as the resulting Si-O and hydroxide bonds readily react with
various reactive molecules [24].

Creation of Si-C bonds is another passivation approach, often used to attach aliphatic or
aromatic hydrocarbons to the Si surface. Several different routes have been studied for this
purpose, including thermal carbonization, hydrosilylation of unsaturated organic species,
electrochemical coupling (reductive or oxidative) of alkyl halides, diazonium salts, alkyl-
lithium reagents, or Grignard reagents [55]. The resulting surface is chemically and ther-
mally very resistant with hydrophilicity highly dependent on the nature of the functional
groups added. Such functional groups provide the opportunity for further modification
of the surface using standard organic chemistry strategies for creating advanced DDS.
Thermally carbonized pSi (TCpSi) or thermally hydrocarbonized pSi (THCpSi) are cre-
ated by thermal deposition of gaseous hydrocarbon sources at temperatures below and
above approximately 700 °C, respectively. THCpSi have a hydrophobic hydrocarbon-
terminated surface with ability for further chemical modification, while TCpSi have a
hydrohilic carbide-like surface layer with superior chemical resistance [33, 34]. These
methods give effective coating of porous silicon materials due to rapid diffusion of rela-
tively small molecules into the pores.

Various alternative modification strategies have also been adapted for Si NPs as DDS.
Hydrosilylation describes addition of Si-H bonds across unsaturated organic molecules;
meaning THCpSi synthesis is a form of hydrosilylation [24, 51]. Other examples of or-
ganic molecules grafted to Si surfaces by hydrosilylation include 1-dodecene and unde-
cylenic acid. Undecylenic acid has two reactive terminal ends and is used as a linker to
conjugate other biomolecules. In addition to presenting an effective way of stabilizing the
surface, hydrosilylation of undecylenic acid has also been used for its tumor-recognizing
properties [11, 35]. Silanization is covalent bonding of pre-functionalized organosilanes,
commonly alkoxy- or chloro-silanes, which occurs only by condensation reactions with
surface silanol groups (Si-OH) found at oxidized surfaces. Commonly used alkoxysi-
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Figure 2.7: llustration of various chemical routes for Si surface modification using different
precursors. From top: thermal oxidation, thermal carnonization, hydrosilylation, silanization and
ring-opening.

lane molecules used for Si surface modification in biomedical applications include 3-
aminopropyl trimethoxysilane (APTES), (3-mercaptopropyl)triethoxysilane (MPTES) and
3-aminopropyl-dimethyl- ethoxysilane (APDMES) [36-38]. Silylation, not to be confused
with silanization, involves the conjugation of a substituted silyl group (R;Si) onto Si sur-
faces [39].

Other novel alternative approaches for pSi functionalization, developed specifically
for biomedical applications, include thermally induced silane dehydrocoupling, providing
reduced possibility of oxidative side-reactions of surface Si-H bonds compared to hydrosi-
lylation [38]. Another approach using cyclic silanes that undergo a ring-opening "click-
reaction” is also newly developed for simple grafting of organic species. Benefits using
this approach includes a relatively mild chemistry giving a fast and more efficient reaction
than hydrolytic condensation of trialkoxysilanes on similar hydroxyl-terminated surfaces
under room temperature conditions [56]. Similar to silanization approaches, this method
will also require pre-functionalized species, and in this case cyclic silane species.

2.6 Colloid science

Colloid science is the study of particles of one phase, typically sizing from 1 nm to 1000
nm, forming suspensions in another phase. Colloids are defined by consisting of two
separate phases, as opposed to solutions that has a solute dissolved in a solvent forming one
phase. They are also classified by the states of matter making up the particle and medium
phase. Combining gas, liquid and solid phases, this makes nine theoretically possible
colloid systems. The most common are liquid-liquid (emulsion), solid-solid (solid sol) or
solid particles in liquid medium (sol). Colloid systems containing dispersed particles that
display an affinity for the dispersant medium are referred to as lyophilic, whereas systems
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of particles that repel the medium are referred to as lyophobic. When the dispersant is
water, this is referred to as hydrophilic or hydrophobic colloids, respectively [57].

Particles in a liquid solution undergo random translational diffusive motions due to
thermal energy in the absence of a concentration or physicochemical gradient, which is
referred to as Brownian motion. These thermal motions cause particles to collide and
interact, resulting in a range of colloid phenomena. According to DLVO theory, particle-
particle interactions are determined by electrostatic double-layer repulsion and van der
Waals attraction [58]. These are additive forces of similar range and can be schematically
expressed as a potential energy versus separation curve where a positive result corresponds
to an energy barrier and repulsion while a negative result corresponds to attraction and
hence aggregation. It is generally considered that the DLVO theory provide a sound basis
for understanding aggregation stability of colloidal systems [59], however, it is in practise
only applicable for highly specified colloidal systems and is not always descriptive for
ionic concentrations at 1M and above for the medium phase [60].

Stability is an important property of colloidal solutions, referring to retention of the
properties of the two phases. Upon interactions between particles in the dispersed phase,
several phenomena might occur as a result of instability, i.e. aggregation, agglomeration,
coalescence, coagulation and flocculation of the dispersed phase (which are described by
others elsewhere [61]). The other major side of colloid stability is chemical stability and
dissolution, which would require other means of identification and quantification. Disso-
lution stability of Si NPs in various mediums will be discussed in detail in Chapter 3.

2.7 Dynamic light scatterig for particle size measurements

Dynamic light scattering (DLS) is a technique used to measure size distribution of particles
typically in the sub-micron region, dispersed in a liquid. Its uses are limited to the study
of particles of such small dimensions and a theoretical perspective is given to explain the
reliability of the technique and its results. Particles of these sizes show light diffraction
and other optical effects such as the Tyndall effect of light scattering making some colloid
solutions seem translucent [57]. Random Brownian motions of particles in solution depend
on the temperature and viscosity of the dispersion medium, as well as the size of the
particles. A monochromatic beam of light encountering a colloid solution will scatter light
in all directions due to reflection from the particles. The light scatters as a function of the
size of the particles and in DLS measurements it is the scattering pattern that is detected
and analyzed to deduce the particle size [62]. The smaller the particle, the faster it moves
and the faster it causes fluctuations in the scattered light. This is an indirect method giving
the size of a hypothetical sphere that has the same diffusion velocity in the liquid as the
understudied particle. This technology allows for identification of particle size lower than
the wavelength of the light used to measure it, and is a simpler technique than visualization
by electron microscopes, which is normally used for these purposes.

DLS measures the time-dependent fluctuations in the intensity of scattered light and
these fluctuations can be used to determine the translational diffusion constant, D, by
calculating the autocorrelation function. The autocorrelation function predicts how fast
a signal is changing by showing the probability of the signal to be the same after a time
delay, z. The normalized autocorrelation function can be expressed as follows
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g(r) = LD+ 7))
(I(0)*

where () is the intensity at time ¢ and the brackets indicate the ensemble over t. Assuming
a monodisperse sample with a very narrow size distribution, g(z) can be written as

(2.4)

g(r) = 1 + pe 20K’ 2.5)

where y is a sinusoidal expression with amplitude 4 and frequency g, p the signal am-
plitude of the correlation function and D the translational diffusion coefficient. A is the
wavelength of the incident light and 6 the detection angle in reference to the incident light
beam.

The autocorrelation function is dependent on the translational diffusion coefficient,
which is also related to the hydrodynamic radius, R;, as described by the Einstein-Stokes
equation, as follows [62]:

“sT 2.6

"= GanD (2.6)

The raw signal output of DLS is a cumulant analysis of the light intensity, which is

a single exponential fit, applied to the autocorrelation function assuming a single particle

size mode. D is proportional to the lifetime of the exponential decay and the size dis-

tribution can be graphically interpreted on the basis of the decay, as illustrated in Figure

2.8, with smaller sized particles giving rise to a faster decay due to more rapid diffusive

movements. In case of a polydisperse sample, there will be multiple decays of the auto-

correlation function. These different decays can then be used to make a size distribution

for the sample. In addition to the monodispersity assumption, DLS measurements also

assume perfectly spherical and symmetrical particles. This may pose problems as the ve-

locity of diffusion may vary depending on the direction of movement for non-symmetrical
and non-spherical particles.

Autocorrelation
Intensity (%)

Time (us) Size (d.nm)

Figure 2.8: Illustration of cumulative fit of the autocorrelation function (left) measured by DLS
and conversion to the intensity weighted size distributions (right). A faster decay of the
autocorrelation function (orange), the raw data obtained by DLS, converts to a size distribution of
smaller particle peak size.

The most stable parameter to be reported from DLS measurements is the Z-average,
also known as the cumulative mean. The Z-average is the "harmonic intensity averaged
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particle diameter” and is a hydrodynamic parameter that is only applicable to particles in
solution. The size of the particle with an outer hydration layer is measured and the result-
ing Z-average is therefore always higher than the actual size and cannot be compared to
direct size measurement data, such as in the case of microscopy. The Z-average can be sen-
sitive to small portions of agglomerates and is the most precise when the size distribution
only has one peak with a narrow width.

The polydispersity index (PDI) is another robust DLS output parameter. Polydispersity
describes the width of the size distribution, assuming a Gaussian distribution. PDI is a di-
mensionless value between 0 and 1 where PDI < 0.05 represents a perfectly monodisperse
distribution and PDI > 0.7 a very broad size distribution that is probably not suitable for
DLS.

DLS instruments often provide three different size distributions. The intensity distri-
bution is naturally weighted according to the scattering intensity of each particle fraction
or family, and is the closest to the raw intensity fluctuation signal. Depending on the par-
ticle nature, it might be proportional to the square of the molecular weight which makes
it sensitive to small amounts of agglomerates. Conversion into volume and number distri-
butions is done using Mie theory which assumes that all particles are spherical and have a
homogeneous and equivalent density, that the optical properties of the particles (refractive
index and adsorption) are known, and that there is no error in the intensity distribution.
Small errors in intensity distributions may, however, give misleading volume and number
distributions. The latter ones should therefore only be used to report relative percentages
in samples with multiple peaks. The size of a peak should be interpreted from the intensity
distribution as this is the most fundamental, even though the number distribution would be
tempting to use when comparing to microscopy data [63].

2.8 Cell viability studies of nanoparticles

Cellular cytotoxicity assays are methods useful for quantification of the toxic effects of
polluting or toxic substances, the biological effects of new drug formulas and pre-clinical
testing of other pharmaceutical products. Such cytotoxic effects can be studied in in vitro
experiments using cell cultures, in which cells are grown outside the body under controlled
conditions. These conditions include temperature, humidity, microbial contamination con-
trol and nutrition. Cell culture mediums are used to ensure cell line specific needs for nu-
trition by providing vital amino acids, vitamins and inorganic salts. Environmental factors
such as humidity, temperature and oxygen content is controlled by the storage inside a
CO, incubator, made to simulate in vivo conditions and reduce experimental variability.
Built-in filtration of airborne contamination and sterile cell culture handling techniques are
required for contamination control. Antibiotics can also be added to the growth medium
to prevent bacterial contamination [64].

In vitro cell viability studies are an important first step for determining the biocom-
patibility of NPs. In drug delivery is it desirable that the carrier material alone show
low toxicity to the majority of cells and tissues, enabling design of a versatile drug car-
rier. Previous studies have attempted to address structure-activity relationships between
the physicochemical properties of NPs and cell death. Particle properties like size, shape
and surface chemistry have been identified as key regulators of cell death modalities and
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related signaling pathways [65]. Positively charged particles and hydrophobicity have
been shown to increase interactions with cell membranes, which make them more likely
to be internalized and induce oxidative stress, autophagy (cellular self-degradation) and
apoptosis (programmed cell death) compared to negatively charged and hydrophilic NPs.
Negatively charged particles, however, has shown to increase protein adsorption while
PEG decorations to alleviate these cytotoxicity-related bioeffects. The observed effects
may vary in different cell lines and multiple cell lines should therefore be used to investi-
gate toxic effects [66]. Understanding these structure-cell death relationships for Si NPs,
including how native surface oxidation and porosity affects cell death, makes it possible
to predict NP-induced cell death which is a powerful tool in guiding the design of future
NPs for nanomedicine. It is worth noting that NP concentration, as with any bioresponsive
agent, is expected to be a major factor in determining cell death.

A wide range of cell viability assays are developed using various techniques for mea-
suring marker activity associated with viable cell number in a population. Viability trac-
ers are used to measure cellular metabolism, enzyme activity, mitochondrial membrane
potential, oxygen consumption and/or glycolysis as health indicators often measured by
protein-detection, colorimetric or fluorometric biochemical assays. Several fluorescence-
based assays rely upon reactions seen in viable cells to change. An increase or decrease of
the fluorescence intensity has proven to give reliable and robust cell viability outputs [67].
Fluorescent dyes are molecules with appropriate electronic states that will emit photons
at a particular wavelength within the visible range when exposed to light at appropriate
wavelengths. The energy difference in the light required for excitation and the emitted
light, caused by vibrational relaxation, is called the Stokes shift and makes it easier to
distinguish emitted light from the excitation light source. This mechanism, illustrated in
Figure 2.9, is utilized in fluorescent-based viability assays in which fluorescent emission
intensity, measured by a spectrophotometer, is assumed to be proportional to the number
of either live cells or dead cells [68].

There are a few phenomena to be aware of when assessing toxicity of nanomateri-
als, particularly inorganic material, which is not normally seen when testing biological or
molecular drugs. Due to the high surface area to volume-ratio, nanomaterials are used
as catalysts in various chemical reactions. A potential reactivity between the nanomate-
rial and assay components may result in either substantial over- or under-estimations of
toxicity. Intrinsic absorbance or fluorescent properties may also interfere with the via-
bility output signal by quenching or increasing fluorescent intensity. Such interference is
reported for a number of viability assays when assessing carbon-based nanomaterials, in
particular, which are documented to bind to dyes. Also silicon, cadmium selenide and
titanium dioxide NPs have shown to interfere with at least one conventional viability as-
say. Undecylenic acid funtionalized Si NPs are shown to interfere with the BCA protein
assay and the lactate dehydrogenase (LDH) assay due to intrinsic absorbance and protein
binding [69].

Sterilization of nanomaterials, which is required for pharmaceutical usage, is another
factor that can alter the outcome of cell viability studies. This phenomenon is probably due
to alteration of particle properties [70]. Si is thought to be suitable for most forms of ster-
ilization techniques within the three main categories, exposure to (1) heat , (2) irradiation
and (3) various chemicals. Appropriate sterilization techniques and assay types for bio-
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logical studies should be carefully selected for specific nanomaterials. As structure-assay
components relationships are not always predicted, using controls and doing multiple as-
says as a quality control would improve assay reliability.
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Figure 2.9: Illustration of mechanisms in a fluorescent molecules electron states giving rise to the
Stokes shift. A fluororescent molecule absorbs energy, E2, and gets excited when exposed to a light
source. An amount of that energy is lost to vibrational relaxation, E2-E1, before releasing the rest,
El, as emitted fluorescence, as seen in (a). (b) shows the emission and absorption spectra of a
fluorescent molecule with the Stokes shift representing the difference in peak intensities of
absorbed and emitted wavelengths.

Bright field optical microscopy can be used as an additional quality control when do-
ing biological studies with nanoparticles. The most widely used light optical microscopic
technique is called widefield microscopy where lenses are used to focus light onto a sam-
ple to magnify structures poorly seen with the naked eye. The entire sample is exposed
to light, and contrast methods like phase contrast are used to distinguish morphological
features from background intensity. The theoretical resolution obtained using light optical
microscopy is as low as 200 nm, roughly half of the wavelength of the light used to im-
age the specimen. However, in practice, this is limited by background fluorescence from
regions above and below the focal plane [71].
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CHAPTER 3

Silicon Nanoparticle Stability

The stability of silicon materials is an important parameter for all commercial and research
applications. In industry, Si stability is measured with regards to the applications in micro-
electronics and photovoltaics. However, no standard technique for measuring stability is
established for Si NP used in biomedical applications. Such stability tests should be part
of the material quality assurance, which is a high priority focus in the pharmaceutical
industry.

In the present chapter are the findings of a literature survey on the topic of Si NP and
pSi stability presented. The methodology of the identified stability studies is described and
parameters affecting stability are discussed. An elaboration of pH-dependent stability and
possible mechanisms behind, to serve as guidelines for the following chapter on experi-
mental stability studies of Si NPs, is then presented. The methodology for this literature
review is described in Appendix A.

The stability of a material describes its ability to retain its inherent properties which
will often be disturbed upon dissolution of the material. However, dissolution describes a
process in which the atoms of the material release their bonds and is no longer part of the
material. These are two concepts that are tightly dependent, yet describe slightly different
approaches. As an example: upon dissolution of an atomic layer of a crystalline structure,
the material might still retain its physical characteristics, thus its stability. Furthermore,
modification of for instance the crystallinity of the material might not be due to dissolu-
tion of the material. Therefore, stability and dissolution are not mutually dependent. In
the subsequent literature review is NP dissolution the main focus as it is expected to be the
dominating factor in the drug delivery process. However, agglomeration is also an impor-
tant contributor when assessing NP properties and might affect the material performance
in several applications, including those in the biomedical field.
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3.1 Methodology of stability studies

The performance of biodegradable Si-based DDS is critically dependent on the degrada-
tion behavior of the material scaffold in in vivo environments, both in terms of drug release
and tissue interactions over time. Dissolution of Si is attributed to the water-soluble sur-
face hydride or hydroxyl groups, which are hard to quantify. Real-time monitoring of
administered Si would give the most accurate performance data. Furthermore, in vitro
measurements can serve as a model for predicting dissolution kinetics inside the human
body and gives a measure of the nanostructured Si stability performance. Several things
are to be kept in mind for the creation of accurate models such as medium composition,
salt content, pH, temperature and content of biological factors such as proteins. Blood
flow and other forces are also to be considered as they can influence the dissolution behav-
ior to a great extent, in addition to the medium composition. These medium parameters
can be altered to simulate different in vivo environments to predict degradation behavior
in distinct tissues or organs, and in the cases of malignant or inflamed tissue.

No conventional method of studying Si NP stability and quantifying degradation was
identified in literature (several different media were used for the stability studies and dif-
ferent methods for measuring the degradation of nanostructured Si). A review of the most
commonly used media for Si NP stability studies are summarized below.

* Simulated physiological conditions

De-ionized water, buffer solutions and cell culturing media are often used to sim-
ulate physiological conditions in the human body with relatively simple solutions.
Phosphate-buffered saline (PBS), often used in biological research having a physi-
ological pH and composition of salts, is a widely used buffer for this purpose. PBS
in the pH range of 6.8-7.4 was observed used in the open literature. Tris buffers
and fasted state simulated intestinal fluid (FaSSIF), with a varying pH from 6.5-7.4,
were also used to simulate normal or slightly acidic conditions. Simulated body fluid
(SBF), a solution with an ion concentration similar to human blood, was also used
in these studies. The mentioned medias are often heated to 37°C to simulate the hu-
man body temperature. The main advantage of using the simple medias/solutions is
the simplicity in changing one property, e.g. pH, without considering other changes
at the same time. The drawback, however, is the low translational degree to in vivo
environments.

* Blood plasma
One step closer to mimicking in vivo conditions is using human blood plasma. Blood
plasma is the liquid part of the blood remaining after the blood cells are excluded by
centrifugation. This is more similar to the physiological conditions compared to the
simulated medias above. However, the complexity of this media make it difficult to
alter single parameters without affecting other properties (altering the viscosity and
complex composition of plasma proteins and coagulation factors could make it dif-
ficult to conduct particle dissolution measurements). Yet another way of measuring
Si NP stability in blood plasma is to measure the degree of particle agglomeration
and protein corona adsorption. This can be quantitatively detected by changes in the
hydrodynamic diameter, the zeta potential and the polydispersity index over time
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in plasma immersion. These measurements give important information about how
the particles behave in physiological conditions and give strong indications of the
immune clearance rate.

A variety of techniques for measuring Si degradation were identified in literature,
which further complicates the inconsistency of the NP stability studies. Three main meth-
ods established for this purpose are summarized below (other methods were also used in
some of the studies reported in literature, but not included herein).

* Molybdenum blue assay (MBA)

The MBA technique is used for the quantification of dissolved silicon. It is a widely
used technique in analytical chemistry for colorimetric determination of phospho-
rus, arsenic, silicon and germanium. The molybdate form blue colored complexes
with Si (or another trace element). The amount of blue ions, which is proportional to
the amount of Si present, can be measured by absorption using a colorimeter. This is
a simple method for quick determination of the dissolved Si content. One limitation
is, however, that as the method is also used to determine phosphorus content it is
incompatible with the PBS media [72]. The main drawback with this colorimetric
analysis method is that it has a limited calibration range where absorption and con-
centration is linearly related, giving a lower and upper trustworthy detection limit.
MBA detection limits for Si are reported to be 5 and 50 mg/L, respectively [73].

¢ Inductively coupled plasma (ICP) spectroscopy

The ICP spectroscopic technique is a widely used element analysis technique with a
few variations: ICP-OES (optical emission spectroscopy), ICP-AES (atomic emis-
sion spectroscopy) and ICP-MS (mass spectrometry). In all variations, a plasma,
an ionized gaseous mixture, of silicon tetrafluoride is created. The ionized gaseous
mixture emits photons that are collected by a lens which contain a fingerprints of the
species present in the mixture. ICP-AES and -OES are effectively the same method
with their names used interchangeably. Both methods also have a linear range for
measurement with the advantage that the lower detection limit is very low, down to
9.8 ng/1004L. In ICP-MS, plasma is also generated, but it differs from the other two
methods presented in that it uses a mass spectrometer system to separate atoms or
ions based on their mass-to-charge ratios. In addition to elemental analysis, it also
provides isotopic information. The limitations using ICP-MS is that it is a fragile
and costly instrument that requires expertise to operate effectively [74].

* Fluorescence/luminescence intensity

Fluorescent ligands like fluorescein isothiocyanate (FITC) can be loaded onto pSi
NPs and the intensity signal from the solution can be used as an indicator of the
amount of particles left in solution during degradation. The intrinsic luminescence
of pSi may be used similarly. These methods have been used for quantification of Si
dissolution over time, however, it involves many risk parameters like varying pho-
tostability and binding affinities. Weak correlations between fluorescence intensity
and Si NP content have also been identified [75].

¢ Morphological change
For assessing the remaining material, rather than just the amount of dissolved Si,
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certain studies also investigate the morphological changes of the pSi material over
time. Electron micrographs of partly dissolved particles are frequently used for this
purpose [43, 76, 77]. Such techniques, including SEM and TEM, are appropriate for
examination of micro- and nano-sized materials, providing qualitative information
about changes in shape, size and pore structure upon dissolution. Other techniques
for measuring size distribution, like DLS, are also used for obtaining quantitative
size distribution data [78]. It may give information about the homogeneity of the
particles and how it is affected upon degradation. All particles may dissolve simul-
taneously with a reduction in average particle size, or some particles, depending on
other properties like size and crystallinity, might completely degrade before others,
causing little change in the average size but a wider size distribution. Such data
would benefit not only the biomedical industry but can reveal something about how
the material is dissolving, rather than only how fast. Such studies on nanosized ma-
terials represent a clear knowledge gap in the open literature, as previous literature
have only been concerned with micro-sized particles (as far as the present author
has been able to establish).

A term frequently used to compare dissolution kinetics is the time at which 50%, 90%
or 100% material dissolution is observed, denoted 75, tgq and (. These terms are used
in this chapter for comparing data from several studies.

3.2 Stability dependence on particle properties

Several particle properties are expected to affect their stability. In this section, trends in
Si stability for particle crystallinity, size and pore size will be discussed, looking at each
property individually, aiming to identify patterns or trends in their degree of affecting sta-
bility. It should, however, be noted that to get a full understanding of particle stability, that
is determined by a complexity of properties, one should regard this information together
with particle characterization and surface modification data.

The rate of dissolution consists of two components: 1) the rate of Si dissolution into
silicic acid which is determined by the reactivity of the surface, and 2) the rate of diffusion
of silicic acid molecules away from the Si surface, which is affected by steric hindrance.
An illustration of the two steps of dissolution is shown in Figure 3.1. In other words, the
dissolution of pSi NPs is hence reliant on the particles’ total surface area and the surface
area exposed to the solution. The higher the surface area, the greater the contact with fluid,
and the higher the dissolution rates of component one. The diffusion of the dissolved Si,
the second component, is affected by steric hindrance such as polymer chains attached to
the porous structure or simply by being entrapped inside narrow pores. In addition, surface
passivation methods (to be discussed in Section 3.3) may introduce steric hindrance, and
also decrease the rate of the Si surface dissolution by altering the reactivity. Lastly, it
was established from the open literature that the effect of pH on pSi NP degradation is of
importance (to be discussed in Section 3.4).

Comparing the stability of particles with varying surface area is not directly studied in
the open literature. However, two common measures affecting the surface area are particle
size and porosity, which have been studied for their impacts on stability. Some of these
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3.2 Stability dependence on particle properties

studies are summarized in the following sections.

Etching Si into mesoporous structures leave hydrogen-terminated surfaces that are
highly reactive and will readily form a native oxide in air even though this is a slow pro-
cess. When assessing stability in a water-based media, e.g. in a buffer solution, the surface
of the untreated Si particles will also undergo oxidation, creating a thin silica shell. There-
fore, few studies are performed to assess the stability of hydrogen-terminated Si. As a
result, pSi NPs often undergo surface modifications to enable control of the surface reac-
tivity. Herein, untreated silicon with a low degree of oxidation is regarded as an untreated
particle and can be used for studying other particle properties.

Pore/medium

Surface attached polymer
1 Si(OH),

Figure 3.1: Degradation of a pSi NP, depending on two components: 1) the rate of Si dissolution
upon reacting with aqueous solution to create orthosilicic acid, and 2) diffusion of orthosilicic acid
out of the porous structure and past surface attachments.

3.2.1 Particle size

The effect of the particle size on the dissolution of pSi is not a property specifically investi-
gated in literature. However, different studies use differently sized carriers and comparing
their results might give an indication of the size distribution trends impacting the stability.

Untreated particles of different sizes from nano- to micro-sized along with their 5,
tgg and 11 from several studies [8, 79-82] are shown in Table 3.1. It is observed that par-
ticles with increasing size generally show an increasing time for dissolution even though
the data gives highly variable numbers. As one can see from the table, the 49 um parti-
cles showed more similar kinetics to the smaller particles than the 50 um particles. This
deviation to the trend might be due to variations in other properties that are also affecting
the dissolution kinetics, e.g. the degree of crystallinity, as well as slight variations in the
testing environment in view of temperature and pH. The 50 um particles were assessed in
a medium of pH 6 at RT compared to the pH 7.2 at 37 °C (pH is shown to have a great
impact on Si dissolution, as discussed in Section 3.4).

Increased surface area per volume for smaller particles is thought to be the main con-
tributor to increased dissolution rates. In addition to the absolute size of the particles, as
presented herein, the size distribution may play an important role in the observed degrada-
tion kinetics.
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3.2.2 Porosity/pore size

The effect of pore size and porosity on the stability of pSi has been studied widely [13, 32,
76, 77]. It was established that a greater pore size and a greater porosity lead to a greater
surface area exposed to the surrounding media, thus resulting in a greater dissolution rate.
However, the extent of this effect has been hard to quantify experimentally as several other
variables like crystallinity and surface modification in addition to porosity also affect the
stability.

Table 3.1: Dissolution kinetics parameters for untreated pSi particles of different sizes. The
particles are made by electrochemical anodization of porous wafers and are of similar fragmented
geometry. RT = room temperature.

Average size t5 fgg 100 Medium Reference
100 + 20 nm 10 min 30 min 3h PBS pH 7.4 37°C [80]
133 + 12 nm 10 min 2h 4h PBS pH 7.4 37°C [8]
49 um 5 min 1h 7h Tris buffer pH 7.2 [79]

37°C
50 um 1.3 days 52 7 days NaCl pH 6 RT [81]
days

38-75 um 9 days - - DI water pH 7 37°C [82]

Martinez et al. [76] investigated how the pore size (and porosity) affects the disso-
lution kinetics of oxidized and APTES modified photolithography-synthesized pSi discs.
Similar particles of 2 ym size with different levels of porosity were immersed in PBS over
the course of 24 hours, and the dissolved Si content was measured with ICP-AES at pre-
determined time points. They found that porous particles dissolve about ten times more
than non-porous particles. A near-linear correlation between the time of 50% and 95%
dissolution and pore size was identified, see Figure 3.2b. SEM micrographs were also
secured in the study to investigate the size, shape and pore structure transformation of the
particles during degradation, see Figure 3.2a. A pattern for degradation was observed with
the outer porous ring being dissolved leaving a central core with vertically aligned pores.
The porous structure shows a degradation pattern with widening of the pores over time,
for both small sized (10 nm) and extra large sized (51 nm) pores, although smaller pores
require more time to widen than larger pores according to these images.

Godin et al. [77] also studied the affect of the pore size on APTES modified pSi
particles. Microparticles of 3.2 ym with either large pores of 30-50 nm or small pores of
10 nm were immersed in PBS at 37 °C. The 5 for the particles were found to be 38 and
14 hours for small and large pores respectively. These numbers does not correlate with the
linear fit extrapolated by Martinez et al. [76] and presented in Figure 3.2. What correlates
better with this fit is the #o5 for large pores after 30 hours, whereas particles with small
pores were only degraded at most to 70% after 48 hours [77]. The deviation in the two
studies may be due to other distinctions, e.g. the distinct surface modification procedures
and/or the distribution and number of pores.

Hon et al. [80] suggests a non-linear relation between pore size and dissolution rate.
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3.2 Stability dependence on particle properties

They imply that for pSi particles of a diameter in the order of 100 nm, commonly with
5-20 nm sized pores, the stability does not strongly depend on the pore size within that
range. As pore size is decoupled from the degradation rate, it allows for engineering the
pore size for beneficial drug loading and release properties without affecting stability [80].

A possible reason for faster degradation of pSi with larger sized pores, despite the fact
that smaller pores would increase surface area, is that small pores present a barrier for
dissolution due to the steric hindrance of dissolved Si. This would also explain the non-
dependence on pore size for pores below a certain size, because once the pores are large
enough for sufficient diffusion of dissolved Si away from the pSi surface the dissolution is
no longer dominated by diffusion but by surface area effects.
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Figure 3.2: Degradation of 2 ym pSi discoidal particles in PBS at 37 °C. (a) SEM micrographs
showing structural changes for particles with small pores (SP, 10 nm, 46% porosity) over 18 and 24
hours. The left images shows changes in particle size and morphology (scale bar = 1 ym) and the
right images show changes in pore structure (scale bar = 100 nm). (b) Linear regression of the ty,
and ty5 values of dissolved Si measured by ICP-AES versus pore size. Red, green, blue and purple
represent particles with extra large pores (XLP, 51 nm, 82% porosity), large pores (LP, 26 nm, 66%
porosity), medium pores (MP, 15 nm, 51% porosity) and SP [76].

Salonen et al. [33] argue that tunability in pore size of pSi can alter several properties
of the material, giving Si a unique position among mesoporous materials. By tuning the
porosity, and thus also the degradation rate, the material’s biocompatibility may also be
tuned. pSi with low porosity is bioinert, meaning it has minimal interaction with the
surrounding tissue. Medium porosity makes pSi bioactive while medium to high porosity
makes it bioresponsive. To create soluble drug delivery systems or other biomaterials
that upon placement within the human body start to dissolve and slowly be replaced by
advancing tissue it is desirable with a porosity in the bioresponsible range [33].

In Table 3.1 measured ?5, fg, and 95 have been compared for varying size, and in
Figure 3.2 for varying porosification. As can be seen from this table and figure varying
particle size, within the nm-ym range, seems to have a larger influence on dissolution
kinetics compared to varying pores from 10 to 51 nm.
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3.2.3 Crystallinity

The present literature review reveals that the degree of crystallinity has a great impact on
the dissolution of porous and non-porous Si NPs. Due to the increased amounts of de-
fects, increased degradation rates in amorphous compared to crystalline Si is expected.
Similarly, polycrystalline Si is expected to dissolve faster than monocrystalline Si. This
is an important variable to consider, however, pSi NPs are commonly derived by elec-
trochemical anodization of single crystal or polycrystalline wafers and largely retains the
crystallinity of such feedstocks.

A central research study [83] re-
porting the biodegradability of Si

#=Amorphous §i “®-Heat treated Amorphous silicon
makes a point of the considerable 100 4 p p
differences in dissolution Kkinetics 1 [ e v
of amorphous and crystalline (non- ¥ o >
porous) Si particles of diameter 0.5- £ & i
5 um produced by CVD techniques. 3 *| :
In this study it was established that & ;| *
crystalline Si particles are ten times  * 2] | & ‘
less degraded than amorphous Si par- 'eo-o-0-0-% o-9-¢ .
ticles after four (up to ten) days in 0 2 4 s 8 10 2
a pH 7.4 buffered media kept at 37 rime o)

°C, see Figure 3.3. Using the MBA
chemical method for measuring the
accumulation of biodegradable prod-
ucts resulted in 80% versus 8% dis-
solved of amorphous and crystalline
Si particles, respectively. It should be noted that this result is for non-porous structures,
and the study makes a point about amorphous particles being biodegradable in the same
way as porous crystalline Si particles. Non-porous crystalline microparticles are shown
not to have these properties [83].

Figure 3.3: MBA assay measurement of dissolution of
amorphous and crystalline (heat-treated) Si
microparticles in pH 7.4 buffered media at 37 °C [83].

3.3 Stability dependence on surface modifications

The properties of DDS in different environmental conditions, like temperature and pH, are
highly susceptible for tunability by chemical surface modifications. The dissolution rate,
however, is highly dependent on the presence of surface hydrogen bonds and is reduced
upon removal of these bonds, which can be done by surface treatments. Therefore, several
post-processing methods are developed for both industrial and research applications of
porous Si (some of these methods are described in Section 2.5). The following section
aims to compare the dissolution stability of surface modified Si NPs for the breadth of the
modification processes available in literature. This information is of outmost importance
in understanding how to develop pSi DDS with highly specific stability properties, as well
as desired degradation and drug release rates.
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3.3 Stability dependence on surface modifications

3.3.1 Ocxidation

Oxidation of Si NPs is reported in literature, using several different procedures. Tem-
perature and duration of oxidation treatment are the most important process parameters
determining the silica surface layer thickness which is expected to increase when increas-
ing these two variables ultimately increasing stability and decreasing dissolution rates of
the material. Thermal oxidation is the most common surface modification technique for
stabilizing pSi NPs and many studies have documented the stability of thermally oxidized
particles. Figure 3.4 show an increase in the stability of particles for higher oxidation tem-
peratures and oxidation times. These data presented in the figure summarize data collected
from multiple research studies that all studied dissolution of thermally oxidized pSi NPs
by either MBA or ICP techniques [14, 43, 79, 80, 84]. A 1-2 hours oxidation time was used
for all the indicated oxidation temperatures (horizontal axis) in Figure 3.4a, while for the
data in Figure 3.4b a rapid thermal process under 800 °C for 90 seconds was used before
a post-processing step at 60 °C during the indicated oxidation times. These dissolution
studies are all done in PBS at 37 °C and with a pH close to 7.
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Figure 3.4: Dissolution of pSi NPs as function of (a) oxidation temperature (1 or 2 hours oxidation
time) or (b) oxidation time (for 60 °C oxidation temperature, of pSi NPs preoxidized by rapid
thermal treatment at 800 °C for 90 sec). The dissolution rate was measured by establishing the
amount of dissolved silicon using MBA or ICP-OES/MS. The data presented in (a) in squares,
triangles, circles and diamonds are taken from [14, 43, 79, 84], respectively. Data in (b) is taken
from [80].

Godin et al. [43] have monitored the morphological changes of oxidized nanodiscs
upon dissolution in addition to quantification of dissolved Si. SEM images from this study,
shown in Figure 3.5, indicate that the pSi particles maintain their general shape during
degradation over 8 h. It can also be seen that the non-porous film, forming the bottom
of the porous structure, is working as a mechanical enhancement layer that maintains the
structure and is retained upon preferable degradation of the porous structure [43]. As
mentioned above, this is an expected behavior as the porous structure has a high surface
area for dissolution compared to a solid film.
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3.3.2 Polyethylene glycol (PEGylation)

PEGylation is a common way of stabilizing biomedical ma-
terials for in vivo applications as PEG polymers have shown
great biocompatibility and an ability to shield the drug carrier
particles from immune clearance. There are several different
types of PEG with chemical formula H-(O-CH,-CH,),-OH,
with different lengths (n) giving different molecular weight
(MW). Godin et al. [77], Nakki et al. [14] and Kang et al.
[75] have studied the degradation rates for pSi NPs coated with
PEG of different MW in PBS at pH around 7.2. Kang ef al.
measured Si degradation by simultaneous release of a conju-
gated fluorescent probe (FITC) over 2 hours and used a math-
ematical model for predicting the t5, value, while Godin et al.
[77], Nakki et al. [14] and Kang et al. [75] used empirical
ICP measurements. The data collected from these studies are
summarized in Figure 3.6.

As can be seen from Figure 3.6, the stability of PEG-
modified particles is not strongly related to PEG MW below
1.4 kDa. For 50% degradation, it is seen that higher MW PEG
has a clear lower dissolution rate. This is also true for the ¢,
data as the maximum detected erosion of particles with 3.4 and .
5 kDa PEG were identified to 55% and 65% respectively over Figure 3.5: SEM of

the duration of the experiment, i.e. over 72 hours. 10(.)0X400 nm p.SI disks
during degradation [43].

Scale bars are 500 nm.
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Figure 3.6: Dissolution of pSi NPs as function of PEG surface coating molecular weight. (a)
Yellow markers show #,, values while blue markers show 5, values. Triangles, squares and circles
indicate data taken from [14, 75, 77], respectively. (b) t5, values (same as in a) and a simple
two-variable linear regression of data from [77].
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The 19y data from Godin ef al. [77] seems to follow a linear trend with PEG MW.
The data from the other studies, however, does not seem to follow this trend, indicating
that the measurement techniques, as well as the other variables, also impact the results.
Furthermore, these effects are limited as the data points are within a similar range. The
data in Figure 3.6 also seems to be independent of particle size as particles of size 3.2 ym,
162 nm and 190 nm were used by Godin et al. [77], Nakki et al. [14] and Kang et al. [75],
respectively. This shows that coating particles with PEG may be done to create a surface
chemistry-dependent erosion rate, rather than one that is bulk-properties dependent.

Godin et al. [77] argue that the dissolution rate of PEG-coated particles is associated
with a diffusive release of silicic acid from the pSi matrix into the surrounding solution.
Conjugating with PEG of higher MW will increasingly hinder the diffusion of dissolved
silicic acid from the pores due to increased steric interactions with the polymer chains
[77]. This argument supports the increased dissolution rates seen for lower MW PEG.

3.3.3 Other surface modifications and a comparison between the tech-
niques

UnTHCpS: is another widely used effective surface modification approach with thermally
conjugated undecylenic acid species on the Si surface. Tzur-Balter et al. identified a ts,
of 7 days and a tyo, of 20 days for UnTHCpSi particles of 2-18 ym in PBS at pH 7.4
and at 37°C [85]. Another study done by Nieto et al. [11] demonstrated superior stability
of about 50um UnTHCpSi particles with only 20% of the total amount of Si dissolved
after 30 days’ immersion in a syringe flow chamber with a PBS solution. The Si erosion
of UnTHCpSi microparticles was detected as dissolved oxides of Si by ICP-AES/OES in
both studies. A major difference in these studies is, however, the particle size that shows
that undecylenic acid modification alone may not be able to nullify the size effect of the
particles.

Carbonization is yet another widely used technique for silicon surface passivation. As
a comparative study, Nieto et al. [11] investigated the effect of surface carbonization and
the undecylenic acid functionalized particles described above. Similar particles of 50 ym
size modified by hydrosilylation of 1-dodecene (pSi-C12) or by mild oxidation followed
by silanization of an 8-hydrocarbon chain (pSiO,-C8) were immersed in a similar PBS so-
Iution and dissolution was recorded similarly. Increased stability compared to UnTHCpSi
was observed for both modification strategies, with 5% and 17% dissolution over 30 days
of the pSi-C12 and pSiO,-C8, respectively [11].

Alkoxysilane surface modifications are often used for their versatility in conjugating
various hydrocarbon or secondary functionalized species onto Si surfaces, in addition to
adding stability to the Si material. APTES, MPTES and APDMES are some examples
of alkoxysilane species used for surface modification of pSi in literature. Godin et al.
[77] reported tsy and t;, values for surface oxidized followed by APTES modified 3.2
um particles to be 10 and 48 h. Kang et al. [75] studied the degradation of MPTES and
APDMES modified particles, which were previously modified with maleimide and PEG,
of 210-240 nm in PBS media at physiological conditions. The t5, for the MPTES modified
particles was recorded as 9.6 h while for APDMES it was 8.9 h [75], which is quite similar
to the corresponding value for APTES modified particles. Both studies used ICP-AES to
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study the Si dissolution over time. The great difference in particle size seems to have little
effect in this case, which might be due to the alkoxysilane functionalization’s ability to
nullify size effects, or it might be because size effects dominate for larger particles above
40-50 pum so that particles below this range will not be affected by size effects to the same
degree as those of the modifications above.

To compare the ability of different surface modifications to increase stability, averages
of the identified #5, and tg, values of various surface modified Si NPS found in literature
(along with average sizes) are shown in Figure 3.7. It should be noted that these averages
does not account for crystallinity, porosity, or other particle properties that has been shown
to have a great impact on the dissolution kinetics. It also does not account for the variations
in the number of data points behind the averages (in the case of thee oxidation treatments
there are several data points whereas for carbonization there is only one). However, these
numbers are meant as a rough overview of the stability trends for the various surface
modifications available in literature. Generally it can be seen that #5, and #q are higher for
all the surface modified particles than for the untreated particles.
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Figure 3.7: The present plot represents the average of dissolution parameters together with sizes of

the particles studied with standard deviations. Averages estimated from data found for untreated Si

particles [8, 79-82], alkoxysilane [75, 77], PEG [14, 75, 77], thermal oxidation [14, 43, 79, 80, 84],

undecylenic acid (UnTHCpSi) [11, 85] and thermal carbonization (THCpSi) [11] surface modified
Si particles.

In the present review of the open literature, particle size is identified as one of the ma-
jor contributing factors to dissolution. As a result, the average particle size was used in
Figure 3.7 to investigate whether there is a size-dependent trend for the modified particles.
UnTHCpSi and THCpSi seem to have superior stability with #5, and f¢ far exceeding the
other surface modifications. However, pSi particles of larger sizes are used as starting ma-
terial for functionalization in these studies. With increasing size, there seems to be a clear
trend towards lower dissolution rates. However, the stability after certain modifications,
e.g. after PEGylation, show increased stability despite small sized particles. This might be
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explained by certain surface modifications having the ability to nullify size effects or have
an increasing ability to stabilize the pSi particles.

3.4 Stability dependence on medium pH

Testing behavior of newly developed drugs over a pH range could give valuable informa-
tion about interactions in various tissues. Furthermore, DDS can be tailored for specific
responses to several environmental factors, including pH, to control the behavior of the
loaded drug. This is of specific interest since different compartments of the human body
have different pH values. The blood has a near-constant pH of 7.4, the stomach is acidic
with pH down to 1.5-2 while the intestines are slightly basic with pH up to 8.5 [86]. In
other words, it is important to understand how the drug will act in these environments upon
both oral and intravenous administration, and pH differences can even be exploited for tar-
geted drug release with increased dissolution for instance in the basic intestines compared
to the acidic stomach upon oral administration. This phenomena is also exploited in de-
velopment of stimuli-responsive carriers for specific delivery to tumors, inflamed tissue or
endosomal release that often have slightly acidic environments compared to the "normal”
physiological pH of 7.4 [86-88].

The dissolution of pSi NPs is, as previously mentioned, particle size, porosity and pH-
dependent, which will have an impact on the use of pSi as a drug delivery vehicle. Particle
size and surface chemistry can therefore be used to tailor pSi dissolution rates. In low pH
environments, e.g. in the stomach, pSi has reduced dissolution which protects the loaded
molecule against degradation and release, while at higher pH (neutral to alkaline, i.e. in
the intestines) the pSi dissolution will occur thereby releasing the loaded APIL.
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Figure 3.8: Effect of pH on the dissolution of porous and non-porous Si wafers that are oxidized by
storage in ambient air over one week. Wafers with 62 and 88% porosity were immersed in five
aqueous buffer solutions and ICP-OES was used to measure the dissolved Si content at each pH
after 6 h and 24 h, respectively. The figure is adapted from [13].

Most pSi stability studies are performed under standard physiological conditions at
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pH near 7 and this can explain why pH-dependent dissolution is not a widely documented
property for NPs in literature. Anderson et al. [13] studied the pH medium dependence for
dissolution of mesoporous Si wafers. They found a strong dependence on pH with acidic
solutions having evident lower erosion ability than neutral and basic solutions. The wafers
were stored in ambient air for one week before exposure to buffer solutions with different
pH, leading to a native oxidation layer formation but otherwise unmodified. The results
from the study are presented in Figure 3.8. As can be seen from the figure, a negligible
dissolution was observed at pH<6 for the Si wafers with up to 88% porosity. At pH 7,
the dissolution rates were increased for wafers of both 62 and 83% porosity, and 100%
dissolution was observed at pH 8 over a period of 24 hours [13]. This study also generally
underpins the claim that higher porosity demonstrate higher dissolution rates as previously
discussed in Section 3.2.2.

Table 3.2: Dissolution kinetics of 50 ym pSi microparticles produced by ultrasonification of
electrochemical anodized Si wafers. Buffer solutions of pH 6 and 9 were used to study
pH-dependence of dissolution kinetics. Data taken from [81].

Unoxidized TOpSi 400 °C TOpSi 800 °C
pH6 tso=31h 3% dissolved at 7 3% dissolved at 7
100 =7 days days days
pHO9 tso=7h t5o=19h 35% dissolved at 7
0o = 4 days t100 = 7 days days

For pSi NPs we can also expect higher dissolution rates in alkaline solutions similar to
the observations for pSi wafers by Anderson ef al. [13]. Furthermore, the dissolution rate
of particles is expected to be higher due to higher surface area exposed to the media, with
higher dissolution rates for smaller particles. Jarvis et al. [81] studied pH-dependence
on dissolution of 50um porous Si particles at pH 6 and 9. Both untreated and oxidized
particles at 400 and 800°C was studied. The results from the study have been summarized
in Table 3.2. As can be seen from the table, the surface oxidation heavily decreased the
dissolution rates with less dissolution at higher oxidation temperatures. The pH 6 solu-
tion showed no difference between the two coating procedures with negligible dissolution,
while the pH 9 solution showed a much higher dissolution of the 400°C treated wafers
than the 800°C treated ones [81]. This indicates that oxidation at higher temperatures will
create a thicker coating for increased dissolution resistance, as discussed in Section 3.3.1,
in addition to the pH-dependent stability.

3.4.1 Mechanism and other applications for pH-dependent Si disso-
lution

The findings in the open literature for pSi wafers and microparticles support the idea that
Si has a pH-dependent dissolution mechanism [13, 81]. This is in accordance with knowl-
edge on conventional Si etching procedures. Potassium hydroxide (KOH) is often used
for anisotropic etching of Si wafers, with increased etch rate for certain crystallographic
planes. Other sources of hydroxide ions are also used for this purpose, supporting the
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idea of pH-dependent dissolution mechanism [89]. It is believed that it is the high content
of OH™ ions that cause the rapid Si degradation in alkaline solutions. These negatively
charged ions have the ability to react with surface oxide groups upon nucleophilic attack.
A proposed reaction route suggests that it is soluble orthosilicic acid and hydrogen gas that
is produced through three reaction steps: oxidation of surface Si (3.1), a hydroxide attack
forming a soluble Si intermediate SIO(OH)* compound (3.2), and formation of silicic acid
from the intermediate compound in an alkaline environment (3.3) [90]. It has been proven
that the higher the concentration of OH™ ions, the higher the rate of silicic acid by-product
formation resulting in faster Si crystal structure dissolution.

= Si (s) + H,O—— =Si0 +H, (g) (3.1)
= SiO + OH™— SiO(OH)" (aq) + =%~ (3.2)
SiO(OH)* + OH™ + H,0— Si(OH), (aq) (3.3)

The symbols in reactions 3.1 and 3.2 are defined as follows: =Si and =SiO represent a
Si site and an oxidized Si site at the surface, respectively, while =>~ represents a vacancy
site at the Si surface.

The pH-dependent dissolution mechanism of pSi NPs has also been studied for appli-
cations related to the by-products produced in the process. The oxidation of Si into SiO,
is in other words a step in the dissolution which produces hydrogen gas as shown in reac-
tion 3.1 above. It has been reported that porous Si produces hydrogen gas under reaction
with water with an increase in hydrogen evolution rate in the presence of higher hydroxide
concentration as well as when using nanosized Si [91, 92]. This is likely due to higher
dissolution rates of Si at higher pH, making underlying layers in the Si structure available
for oxidation. Hydrogen gas is useful for a variety of applications and the rapid dissolu-
tion of nanostructured Si in water or alkaline solutions provide an alternative approach for
producing hydrogen. This might be useful as a technique to measure Si dissolution, as an
alternative to both the MBA and ICP techniques, for energy-dense energy carrier appli-
cations [93] and for health-related applications as hydrogen is shown to eliminate stress-
and disease-related hydroxyl radicals in the body [91]. The latter is another benefit of
developing DDS of pSi materials.

3.5 Kaey findings on silicon stability in literature

The degradation profile of Si and pSi NPs in biorelevant medium is a valuable tool for
predicting in vivo stability properties. The importance of choosing appropriate media for
studying desired environmental impacts should not be underestimated. Furthermore, the
dissolution kinetics of these particles are highly dependent on the various particle prop-
erties, making it hard to draw conclusions regarding individual particle properties in iso-
lation. However, several trends for Si NP stability are identified in this review. Surface
modifications will stabilize the particles due to surface passivation, and larger polymer
molecules may have an increasing impact on the diffusion of dissolved Si species. The
endless possibilities in Si surface modification may be used for tailoring dissolution ki-
netics for different in vivo applications. Except for the surface modifications, the factors
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most likely to accelerate the dissolution behaviour of pSi NPs are decreasing size and crys-
tallinity and increasing porosity. Increasing medium pH is found to be a major contributor
to increasing dissolution rates of pSi. An interesting feature of pSi is the biodegradation
property which is a major advantage in the drug delivery applications of the material. The
pH-dependent stability is another interesting feature that can be exploited for various ap-
plications in drug delivery. An interesting approach is to study how this pH-dependent
stability affects the remaining DDS material and its properties.
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CHAPTER 4

Materials and Experimental Methods

The materials used for the three experimental parts: characterization, stability testing in
buffer solutions of different pH and cytotoxicity studies of the pristine and porous IFE
particles, are presented in the present chapter. The methodology of the three parts are
explained in Section 4.3-4.5, respectively. A description of the Si NP synthesis and etching
process is also included in Section 4.2.

4.1 Materials

In the present study, the pristine Si NPs used in the characterization, etching, stability and
cytotoxicity studies, as well as the etched porosified particles, were provided from IFE
(from here on referred to as the IFE Si NPs). The chemicals used for preparation of the
buffer solutions, i.e. citric acid monohydrate, sodium citrate dihydrate and ammonium
chloride in powder form, and ammonia in 32% solution, were also provided by IFE and
obtained from Sigma-Aldrich.

The materials required for cell culturing and for the viability studies, including dispos-
ables, were provided by the Department of Physics at the Norwegian University of Science
and Technology (NTNU). The cell culture media and the required supplements were ob-
tained from Gibco, the black 96 well plates with transparent bottoms from Corning Inc.,
and the AlamarBlue reagent was obtained from Invitrogen, Thermo Fisher Scientific.

4.2 Synthesis and etching of silicon nanoparticles

The synthesis and etching of the IFE Si NPs was performed outside the framework of
the present work. However, as it can give valuable information about the behavior of the
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material during the characterization, stability and cell viability studies, the different steps
of the synthesis and etching procedures will be summarized below.

The IFE Si NPs were produced in a direct process in a Free Space Reactor (FSR) using
monosilane (SiH,) gas precursors. Amorphous Si was produced in this process and heat
treatment was conducted to form crystalline Si NPs.

For etching 500 mg of the IFE Si NPs, synthesized by the above-mentioned method,
were suspended in 10 mL of ethanol using probe ultrasonication conducted during 60
minutes. The etching of the IFE Si NPs to create nanosized pores was done by a ReEtching
method, as elaborated in Section 2.4.2. In this step, hydrofluoric acid (48% HF) was used
with electron hole injection mediated by continuous supply of hydrogen peroxide (30%
H,0,) and catalytic amounts of vanadium pentoxide (V,05) in an ice-bath to manage the
heat development. The etching solution was made of 10 mL. HF and 20 mL glacial acetic
acid, and 150 mg of V,0O5 was dissolved in the mixture. The etching reaction was initiated
as the IFE Si NP ethanol solution was added to the etching solution. Continuous stirring
with a magnetic stir bar at 450 rpm as well as argon gas bubbling was used to retain a
homogeneous dispersion. The reaction was carried out for 1 h with continuous injection
of H,0, from a syringe pump at a rate of 0.8 mL/h. The synthesis and etching process of
the IFE Si NPs is schematically illustrated in Figure 4.1.!

@
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Figure 4.1: Schematic illustration of synthesis and etching process of the IFE Si NPs. (a) Synthesis
of Si NPs in a Free Space Reactor (FSR) using monosilane (SiH,) gas precursors. (b) Porosification
of the Si NPs was obtained by using a vanadium-based catalytic reaction called Regenerative
Electroless Etching (ReEtching).

4.3 Particle characterization

Characterization of the pristine and porous IFE Si NP powders was performed by several
different methods to understand how the etching affected their morphology, and to deter-

IParticle synthesis and etching experiments were conducted by researchers at IFE.
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mine if the morphology has an effect on the stability and cell viability results. The meth-
ods used for particle characterization were scanning electron microscopy (SEM), dynamic
light scattering (DLS), x-ray diffraction (XRD) and energy dispersive x-ray spectroscopy
(EDS), in combination with transmission electron microscopy (TEM) data. Structural and
morphological characterization was performed using SEM, the hydrodynamic size distri-
bution was measured by DLS, the crystal structure verified by XRD, and elemental compo-
sition of the particles obtained by EDS. In this regards it should be mentioned that several
IFE Si NP batches were analyzed, but only two particle batches were systematically used
in the different analyses and for stability and toxicity studies.

4.3.1 Scanning Electron Microscopy

During SEM analyses a high-energy electron beam is focused onto an electrically con-
ductive sample by electromagnetic coils. The beam scans across the sample surface and
electron beam-specimen interactions produces a variety of signals. Backscattered and sec-
ondary electrons, which arise from the inelastic and ionization interaction, are detected
to create a topological image of the specimen. Using electrons makes it possible to dis-
tinguish features smaller than those seen in light optical microscopy, with a theoretical
maximum resolution determined by the electron wavelength [94].

A field emission scanning electron microscope (Hitachi, model S-4800) was used to
secure SEM micrographs of the two IFE Si NP samples, as well as for assessing morpho-
logical changes in stability studies.

Sample preparation on aluminum stubs was performed by diluting a few mg of Si NPs
in deionized (DI) water (18.2 M(2) at an appropriate concentration, ultrasonicating the
solution to create a homogeneous dispersion before using a pipette to add a few drops of
the solution onto the stub and letting it dry on a 60-70°C hot plate. An accelerating voltage
of 15-30 kV and a working distance of 5-10 mm was used, adjusted for optimal image
resolution. The SEM was also used in transmission mode, using a detector measuring
the intensity of the electrons transmitted through the sample, to try to identify porous
structures in the etched IFE Si NPs. For SEM imaging in transmission mode, copper TEM
grids were used. The sample preparation was carried out in a similar fashion as described
above.

4.3.2 Dynamic Light Scattering

DLS analyses were performed using a Zetasizer Nano ZSP (Malvern) and the accompany-
ing Malvern software. The samples were maintained in a water solution and ultrasonicated
for approximately 3 min before the measurements was performed. The sample concentra-
tions were adjusted to give an attenuation coefficient between 2-11 for accurate measure-
ments. A theoretical introduction to the technical principles of DLS in regards to particle
size measurements is presented in Section 2.7.

Three repeated measurements with 6-14 scans of 10 seconds were taken and an average
of the three measurements was then created. If insufficient quality of the data was obtained,
an automatic setup was used instead to obtain an indicator stating "good quality" of the
data. Statistical analysis is embedded in the number of scans done for each sample in
addition to taking the average of the three measurements as the final data for each sample.
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The viscosity of water was set as the sample viscosity and was heated to a temperature
of 25 °C. Backscattered intensity was measured at an angle of 173°.

Calibration measurements of various Si particle concentrations were conducted by di-
Iuting one stock sample of 1 mg/mL to 1:4 using DI water. Dilution was repeated three
times, resulting in concentrations varying between 0.0156-1 mg/mL. In Figure 4.2 the
variation in concentration is presented. As can be seen in the figure, the concentration had
little effect on the resulting hydrodynamic diameter measured and that higher concentra-
tions may result in higher statistical credibility by smaller standard deviations. Thus, a
sample concentration of approximately 1 mg/mL was aimed at for all DLS size measure-
ments.
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Figure 4.2: Calibration data for the DLS measurements of the IFE Si NPs at different
concentrations. (a) Intensity weighted size distribution and (b) corresponding Z-average (blue) and
PDI (red) values of several concentrations plotted as averages with standard deviations of n=3
measurements.

The particle size distributions presented herein are given in terms of intensity, but
number and volume weighted distributions were also calculated by the software.

4.3.3 X-ray Diffraction

Phase identification of the IFE Si NP samples as well as the degree of crystallinity was
examined by XRD. When a beam of x-rays strikes a structure that has long-range orders,
e.g. a crystalline solid, the beam is scattered in different directions and interfere to create
diffraction patterns. Detecting the intensities of the diffracted beam at different angles give
information about the crystal structure of the sample. The position of the peaks is related
to the elements and crystal structure of the material, and the sharpness of the peaks to the
size of the crystalline domains. Sharp peaks indicate a crystalline material, while broader
peaks and background signal indicate an amorphous material [95].

The XRD analysis was performed on dry IFE Si NP powder using a Bruker-AXS D8
Advance with a CuK, source and LynxEye detector. The analysis was carried out at an
angle from 20° to 60° at 1.33° min~!.
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4.3.4 Energy Dispersive X-ray spectroscopy

EDS is used for chemical characterization of a sample by detecting x-rays produced by
electron beam-specimen interactions. The energy of these x-rays provides compositional
information, as they are characteristic for the electromagnetic emission spectrum of the
atomic species present [96]. High resolution EDS data was acquired in parallel with to-
pographic information obtained by transmission electron microscopy (TEM), using a high
angle annular dark field (HAADF) detector and an acceleration voltage of 300 kV. HAADF
TEM images were also taken to confirm particle porosity 2.

4.4 Particle stability studies

Particle stability studies were performed by assessing the particle size distributions, as well
as the morphological changes upon dispersion in different pH solutions. The intention was
to study both dissolution and aggregation stability of colloid particle solutions as they are
both important for overall in vivo performance.

Both pristine and porous IFE Si NPs were immersed in water-based buffers over a
period of 24 hours and changes in morphology and size distribution were then observed
using SEM and DLS. Two buffer systems were utilized to cover a pH range of 4-10.

4.4.1 Preparation of buffer solutions

Citric acid (C4HgO5) and sodium citrate (Na;CqHs0O,) was used to create buffer solutions
of pH 4, 5, 6 and 7. The mass of each compound for each pH solution is presented
in Table 4.1. For each solution the compounds were first dissolved in 50 mL DI water
and pH paper was used to verify the solution pH (Tritest, Macherey-Nagel and Universal
indicator, Merck). The solutions were later diluted to a total of 125 mL using DI water to
obtain approximately 100 mM solutions.

Table 4.1: Amount of each compound used to create the citric acid-sodium citrate buffer solutions
at the given pH values.

pH Citric acid Sodium citrate
monohydrate (g) dihydrate (g)
4 1.72 1.27
5 1.08 2.17
6 0.50 2.98
7 0.11 3.40

Ammonium chloride (NH4Cl) and ammonia (NH3) solutions were used to prepare
buffer solutions of pH 8, 9 and 10. The ammonia solution was diluted to 3.2% by adding
2 mL of 32% ammonia to 18 mL of DI water. For making the pH 8 solutions the 3.2%

2TEM imaging and EDS analysis of Si NPs was conducted by IFE researchers at a TEM facility at the
University of Oslo.
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ammonia solution was further diluted to 0.32% by adding 1 mL of ammonia 3.2% solution
to 9 mL of DI water. The mass of ammonium chloride and the volume of ammonia (3.2%
or 0.32%) used for each pH solution are presented in Table 4.2. For each solution the
ammonium chloride was first dissolved in 50 mL of DI water. The desired amount of
ammonia was then added and the pH was verified using pH paper before the solution was
diluted to a total of 125 mL using DI water to obtain approximately 100 mM solutions.

Table 4.2: Amount of each compound used to create the ammonia-ammonium chloride buffer
solutions at the given pH values.

pH Ammonium chloride Ammonia 3.2 wt%
(2 (mL)
8 0.64 4.0 (0.32 wt%)*
9 0.43 2.7
10 0.10 6.5

*3.2 wt% solution was diluted x10 to obtain a more appropriate concentration

4.4.2 Sampling over time and pH range

The pristine Si sample (20 mg) was immersed in 15 mL of each buffer solution with a
distinct pH, giving an initial concentration of the colloid solution of 1.3 mg/mL. This
concentration was assumed to decrease over time as some of the particles dissolve. Before
storage at room temperature, the solution was ultrasonicated for a few minutes to disperse
the NPs in the liquid to get a homogeneously distributed solution through rapid oscillation
of agglomerated particles using ultrasonic frequency waves.

Aliquots of 2 mL were taken out at the time points 10 min, 30 min, 1 h, 2 h, 4 h, 8 h
and 24 h after start of the experiment. The samples reaction was immediately quenched
by dilution with DI water and subsequently centrifuged for 40-60 min (depending on how
fast the particles settle) at 4400 rpm with an exchange of water followed by ultrasonication
in between dilutions for washing out the buffer salts. The final samples were kept in
approximately 1 mL of DI water and stored for maximum a couple of days before DLS
measurements were performed. The same procedure was repeated for all the pH buffer
solutions, and for the porous IFE Si NP sample.

DLS was performed on all sample aliquots following the protocol described in Section
4.3.2 to examine changes in size distribution and hydrodynamic diameter over immersion
time in different buffer solutions. Certain samples from the stability studies were prepared
for SEM analyses following the protocol described in Section 4.3.1 for assessing changes
in morphology during degradation. The samples were removed from the buffer solutions
after 8 hours immersion in pH 4 and pH 7-10, and SEM samples were prepared by letting a
few drops of the 1:10 diluted stability samples (in DI water) dry on SEM stubs at 60-70°C.

4.5 In vitro cytotoxicity studies

The AlamarBlue cell viability reagent was used to determine in vitro cytotoxicity as func-
tion of IFE Si NP type (pristine and porous), particle concentration, incubation time and
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cell line. Viability assay results were supplemented by light optical microscopy images.

The AlamarBlue assay is a conventional assay for measuring cell viability and prolif-
eration of mammalian and microbial cells. It functions as a cell health indicator by using
the reducing power of living cells to quantitatively measure the proliferation of various
mammalian and microbial cell lines. When the cells are alive, they maintain a reducing
environment by active maintenance of high levels of various reducing components of the
biological respiration chain within the cytosol of the cell. Continued growth maintains a
reduced environment while inhibition of growth maintains an oxidized environment. Re-
sazurin, the active ingredient of AlamarBlue, is a non-toxic cell-permeable compound that
is virtually non-fluorescent. Upon entering the reducing environment in viable cells, re-
sazurin is continuously reduced to resorufin, which is a highly fluorescent compound as
schematically illustrated in Figure 4.3. Larger fluorescence emission intensity values thus
correlate to increased resorufin amounts which are proportional to the number of viable
cells [97].
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Figure 4.3: The AlamarBlue reagent interacts with the reducing environment of live cells by
reacting with key players of their metabolism, such as nicotinamide adenine dinucleotide (NADH).
The non-fluorescent compound resazurin is reduced to the fluorescent compound resofurin when
permeating into live cells.

4.5.1 Nanoparticle sterilization techniques

Initially, the IFE Si NPs were tested using the cell viability assay without sterilization.
However, inaccurate results were observed, possibly caused by microbial infection in the
samples due to non-sterilized particles. To try to improve the results, particle sterilization
was added as another preparation step prior to the cell viability studies. As there are
requirements for sterilization of materials intended for pharmaceutical usage, it is also
interesting to study the influence of particle sterilization techniques on cell viability.
Three different methods for sterilization of pristine and porous IFE Si NPs were at-
tempted prior to cell viability studies. Their methodologies are described in the list below.
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» Exposure to heat by autoclaving at 121°C for 15 minutes. 50 mg of IFE Si NPs
(pristine and porous separately) were immersed in 5 mL phosphate-buffered saline
(PBS) and ultrasonicated for 3 minutes before autoclaving. Glass vials were covered
by autoclavable paper for steam exchange without disturbing the colloid solution.

» Ethanol wash of pristine and porous IFE Si NPs was done by immersing 50 mg
particles in 5 mL 70% ethanol for 30 minutes. Afterwards, 20 minutes of centrifu-
gation at 5000 rpm followed by additional 20 min of centrifugation at 6000 rpm was
used to create a Si pellet. The ethanol supernatant was drained and PBS was added
for washing the remaining ethanol followed by 20 min centrifugation at 7000 rpm
before draining and resuspending in 5 mL PBS.

* Filtering of 50 mg IFE Si NPs suspended in 5 mL PBS was attempted using various
filters. The colloidal solutions were ultrasonicated for 10 min prior to filtering. The
pristine particle solution was filtered using filters of pore size 0.45 ym and 0.8 ym,
while porous particles using filters of pore size 1.2 ym and 5 ym.

4.5.2 AlamarBlue assay and optical microscopy imaging methodol-
ogy

PC3 and KPC cell lines were maintained in cell culture medium Dulbeco’s Modified Eagle
Media (DMEM) cotaining 4.5 g/L. D-Glucose supplemented by 10% fetal bovine serum
(FBS), 1% Penicillin-Streptomycin and 0.5% L-glutamine. The cell culture was regularly
splitted to maintain a critical cell concentration. For viability studies, PC3 and KPC cells
were seeded at a density of 4000 and 3000 cells/well, respectively, in black 96 well plates
with transparent bottom 3. Two cell lines were used for comparative reasons as different
cell lines often have different treatment responses. 48 hours after seeding, the growth
media was replaced by a growth medium containing either the pristine or porous IFE
Si NPs, and incubated at 37 °C with 5% CO,. To study how cytotoxicity is related to
incubation time, three separate plates incubated for three distinct periods for of both cell
lines were used. Incubation times of 3, 24 and 48 hours were tested. For both porous and
pristine samples, concentrations between 0.063 and 1 mg/mL IFE Si NPs, created by serial
dilutions in a cell culturing medium, were prepared. Incubation was stopped by rinsing the
cells twice with PBS, after which the growth medium in each well was replaced by 100
ul of AlamarBlue (1:10 dilution with the growth media). After two hours of incubation
with AlamarBlue, fluorescence was measured with the spectrophotometer SpectraMax i3x
(Molecular Devices) with excitation wavelength at 560 nm and a detection of emission at
590 nm. Cell viability was calculated by dividing the fluorescence intensity of the treated
wells (F I, p) by the fluorescence intensity of the control wells with cells incubated with
only growth medium (FI.). In the case of background intensity of the growth media
(F1Ip), it is subtracted from both the control and the NP treatment intensities, resulting in
the following expression for cell viability (CV):

Flyp— Fly
Fl.—FI,

%CV = x 100 “.1)

3Cell culturing and seeding of cells in well plates was done by the Chief Engineer at the cell lab at the Institute
of Physics, NTNU.
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For each IFE Si NP sample, and in the case of each incubation time and cell line, the
cell viability was plotted against the corresponding particle concentration. The mean of
the %CV of at least 4 replications was plotted with standard deviations. P-values were
calculated using the student t-test and statistical significance was set at p < 0.05.

Immediately after assessing the AlamarBlue assay, optical bright field microscopy im-
ages were taken of each cell line, particle type and concentration sample for assessing vi-
sual changes in cell density and morphology. An inverted light optical microscope (Eclipse
TS100 (Nikon)) and a camera (Zyla 4.2 sCMOS (Andor, Oxford Instruments)) were used
for imaging. A 40x magnification lens was used and background light was adjusted for
each sample.

Assay interference tests were conducted to assess the possibility of the IFE Si NPs
interfering with the AlamarBlue reagent or the fluorescence signal. Pristine and porous
particles sterilized by ethanol and prepared as above were added to well plates containing
only cell culture media (no cells) and incubated for 24 hours at 37°C in an atmosphere
with 5% CO,. Then the wells were washed once with PBS and AlamarBlue at a 1:10
concentration diluted in cell culture media was added. The same NP concentrations as
above, i.e. 0.063-1 mg/mL, were used. A spectrophotometer (SpectraMax i3x) was used
to measure the fluorescence emission at 590 nm with excitation at 560 nm after 24 hour
incubation.
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CHAPTER B

Experimental Results and Discussion

In the present chapter, the experimental results from the three parts: the IFE Si NP charac-
terization, stability studies and cytotoxicity studies, are presented and discussed in Section
5.1-5.3, respectively. Section 5.1 describes characterization results of the IFE particles, as
well as some predictions on how the particle characteristics observed affects their stability.

5.1 Particle characterizations

5.1.1 Scanning Electron Microscopy

Micrographs of pristine IFE Si NPs were secured using SEM, and the results are shown in
Figure 5.1. As can be seen from the figure the primary particles have a spherical shape.

Figure 5.1: SEM micrographs of pristine IFE Si NPs used as base for the following experiments.
(a) Secured with the instrument in scanning mode, while (b) in transmission mode.
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Particle size analysis of Figure 5.1b was performed using ImageJ software system.
Particles with a diameter ranging from 70 nm to 120 nm with an average size of 100.8 nm
+ 19 nm (n = 30) were identified.

In Figure 5.2 SEM micrographs of etched particles, also with mostly spherical shape, is
presented. Image analysis of Figure 5.2b was even in this case performed using the ImageJ
software and resulted in an average particle diameter of 80.3 nm + 21.9 nm (n = 35). The
measured diameters varied from about 50 nm to 120 nm and the average particle diameter
was smaller and the size distribution wider for the particles after etching compared to the
pristine particles.

Figure 5.2: SEM micrographs of etched IFE Si NPs. (a) and (b) secured with the instrument in
scanning mode with different magnification, while (c) and (d) in transmission mode.

Furthermore, the scanning mode micrographs show a low degree of porosity in the
etched particles. Pores of a small size might be difficult to capture by SEM due to the
resolution and focus limitations. The transmission mode micrographs, like Figure 5.2d,
show signs of porosity in the light grey colored regions, even though not extensive. A
high-resolution TEM image, seen in Figure 5.3, of another IFE pSi NP batch confirms
porous structure created by the ReEtching process, using the same Si NP base material as
studied herein. A standard etching process that allows for pore size and porosity control is
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a desired tool from an application point of view.

Figure 5.3: TEM micrograph of IFE pSi NPs. Taken with a HAADF detector.

5.1.2 Dynamic Light Scattering

DLS measurements of pristine and porous IFE Si NPs were conducted to obtain their size
distributions and hydrodynamic sizes as shown in Figure 5.4 and Table 5.1, respectively.
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Figure 5.4: Size distribution of pristine and porous IFE Si NPs by intensity measured by DLS.
Corresponding volume and number distributions are included in Appendix B, Figure B1.
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Table 5.1: DLS results for the IFE Si NP samples dispersed in DI water. Z-average and PDI are
given as averages with standard deviations of 3 measurements.

Silicon NP sample Z-average (nm) PDI
Pristine 369.5 + 1.8 0.20 + 0.01
Porous 3059 +5.4 0.24 +0.01

It is notable that hydrodynamic size (Z-average), measured by DLS, and core size, as
for instance observed by SEM, have two different definitions, and distinguishing between
them is necessary for interpretation of the results of this study. The hydrodynamic di-
ameter is the hypothetical diameter of a hard sphere with the same translational diffusion
coefficient as the observed particles. It estimates the size of the hydrated particle in liquid
solution; hence the hydrodynamic size will always be larger than the one observed in SEM.
In the present study IFE Si NPs of around 100 nm in diameter results in a hydrodynamic
diameter above 370 nm.

The Z-average of the particles decrease after etching, which is similar to observations
made by SEM, indicating that electropolishing might take place simultaneously as etching
pores. The porous particles are, furthermore, not hard spheres but rather porous shells
with a decreased mass, compared to the pristine particles. Similar to decreasing size de-
creasing mass may result in an increase in translational diffusion and a decreased resulting
Z-average. Such a change would not be similarly observed in SEM data. In other words,
the observed result are likely a mix of the two phenomena.

Both the pristine and porous Si size distributions proved to have a small peak at about
3-4 um, probably due to agglomerates at this size, in addition to the main peak at about
306/370 nm for the individual particles.

It should be mentioned that the intensity size distributions are slightly different with a
broader distribution, thus larger PDI, for the porous particles. This may be due to inho-
mogeneous etching where smaller particles are more extensively porosified, resulting in
an even smaller hydrodynamic diameter and a broader size distribution. It is a well known
fact that PDI is an important variable for quality assurance of NPs intended for pharma-
ceutical use. Polydispersity requirements are set to PDI < 0.3, giving a sufficient precision
size control [98]. The PDI values for both the pristine and porous particles are below 0.3,
which meets the standards set in the pharmaceutical industry.

5.1.3 X-ray Diffraction

In Figure 5.5 an XRD diffractogram of pristine IFE Si NPs is presented. Narrow peaks
indicate the presence of a material composition that is mostly crystalline (polycrystalline).
The level variations in the background intensity also state that there is a portion of amor-
phous structures present, even after the particles have been heat treated. The Bragg peaks
identified at 20 = 28°, 47° and 56° verify the material composition as they match the crys-
talline Si peaks for the crystallographic planes (111), (220) and (311), respectively [99].
Porous IFE Si NPs were not analysed using XRD and the crystallinity of the particles is
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expected not to be affected by etching to a notable degree.!
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Figure 5.5: XRD pattern of pristine IFE Si NPs.

5.1.4 Energy Dispersive X-ray spectroscopy

EDS analysis was performed to study the surface elemental composition of the particles.
In Figure 5.6 the elemental mapping of the porous IFE Si NPs is presented, and as can be
seen the presence of a partly surface oxide coating is confirmed.

() (b)

Figure 5.6: EDS mapping of the elemental composition of IFE Si NPs porosified using the same
ReEtching process as the particles used for the stability and cell viability studies. Scale bars show
(a) 100 nm and (b) 50 nm.

"Not enough porous Si material for XRD.
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The depth of the oxidation layer is estimated to be 1-4 nm, which is similar to pre-
viously observed oxidation depths of Si material after air exposure in room temperature
[100]. Higher level of surface oxide formation is expected for the porous particles due to
the higher surface area, compared to the pristine. It should be noted that the mappings are
based on results from another batch of porous particles than the once used otherwise in the
present study, however, the etching and post-treatment is the same and it can be expected
that the surface oxidation will be similar for the porous particles used for the stability and
cell viability studies.

5.1.5 Stability predictions based on particle characterization data

Comparing the obtained particle characterization data to the findings in the open literature
on how particle properties affect the Si NP stability could give an indication on the stability
properties of the IFE Si NPs. The smaller particle size identified for the IFE Si NPs, i.e.
80-100 nm, indicate low stability and fast dissolution with 5, in the range of minutes and
1100 Within hours for porous particles. Even though a different particle size is observed
in DLS comparing to the SEM data, the actual size is thought to be closer to the once
identified in SEM as this is a direct measurement method. The porous particles have a
smaller diameter and are therefore expected to dissolve faster than the pristine particles.
The porosity is also thought to have a great impact as non-porous particles are much more
stable comparing to porous. The high degree of crystallinity and the native surface oxide
observed for the IFE particles are properties likely to slow down the dissolution process.
The dissolution kinetics could therefore be similar to mildly oxidized particles, with a 75
closer to hours. However, it has been reported in the open literature that the native surface
oxide do not have the same effect as thermal oxidation procedures, with the latter further
increasing stability (see Chapter 3).
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5.2 Particle stability studies

A procedure for performing atability studies was developed and executed to assess both
dissolution and agglomeration stability. Visual examination and DLS measurements of
colloidal solutions and SEM imaging of particle samples after immersion in buffer solu-
tions at different pH were conducted.

By visual examination of pristine IFE Si NPs suspended in buffer solutions of pH 7
and 10, see Figure 5.7, it is clear that these particles dissolve quickly in the pH 10 buffer
solution as the colloid color changes from deep brown to transparent over 24 hours. In
the pH 7 solution there is very little color change, indicating that the particles maintain
long-term stability over a period of 68 days. These test vials contain a concentration of
0.4 mg/mL pristine IFE Si NPs in buffer solution, which is a lower concentration than in
the solutions used in the remaining stability-studies where an initial concentration of 1.33
mg/mL was used.

Figure 5.7: Colloid buffer solutions at pH 7 (left vial) and pH 10 (right vial) with pristine IFE Si
NPs, (a) at the time of immersion, (b) after 1 day and (c) after 68 days. The present pristine NPs
come from another production batch than used for other experiments, but they have similar
morphology and size distribution. A concentration of 0.4 mg/mL was used for these test-vials.

As described by Jarvis et al. [81] and Anderson et al. [13] the pH-dependent stability
of nanosized and mesoporous Si is a known phenomenon. As previously mentioned, an
increasing pH will increase the dissolution rate compared to neutral solutions due to the in-
creased hydroxyl ion concentration. However, these studies, and several others, show that
nano- and microsized Si should dissolve readily also in neutral and slightly acidic solu-
tions. It is also shown that a higher pH induces dissolution rather than being a requirement
for dissolution to take place.

The long-term stability of the pristine Si NPs is somewhat surprising in regards to the
short dissolution-times reported for particles in the open literature (see Chapter 3). A pos-
sible explanation for the increased stability is that non-porous IFE Si NPs are used in the
present experiment. Also, the native oxidation layer originating from air exposure could
work as a passivation layer for increasing particle stability. The images presented in Figure
5.7, however, underpin how big of an impact the environmental pH has on the dissolution
kinetics of nanosized Si. Qualitative studies to investigate how particles dissolve by look-
ing at the size distribution and morphological characteristics are discussed in the sections
below.
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5.2.1 Dynamic Light Scattering

Intensity weighted size distributions - pristine particles

Figure 5.8 and Figure 5.9 shows the DLS size distributions of pristine IFE Si NPs im-
mersed in acidic-neutral and alkaline buffer solutions, respectively, over a period of 24
hours. These studies are performed to determine the immediate stability properties of the
core material intended for use as drug carriers. According to findings in the open literature,
this time perspective is appropriate for stability studies as rapid dissolution of as-prepared
nanostructured and mesoporous Si might take place.
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Figure 5.8: DLS intensity size distributions of pristine IFE Si NPs dispersed in acidic buffer
solutions at (a) pH 4, (b) pH 5, (c¢) pH 6 and (d) pH 7 for the indicated durations. Citric acid
monohydrate and sodium citrate dihydrate salts are dissolved in DI water at different ratios to get
the various pH values.
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Figure 5.9: DLS intensity size distributions of pristine IFE Si NPs dispersed in alkaline buffer
solutions at (a) pH 8, (b) pH 9 and (c) pH 10 for the indicated durations. Ammonium chloride salt
and ammonia solution are dispersed in DI water at different ratios to get the various pH values.

As can be seen from Figure 5.8 and Figure 5.9, a major peak at about 250-300 nm
is seen across all pH samples. Even in this case, as with the DLS measurements prior
to buffer immersion, the hydrodynamic diameters measured by DLS deviates from the
core diameter as observed in SEM. However, in this stability study DLS measurements

are mainly analyzed for comparative reasons in which this analysis technique serves as a
robust foundation.

It can also be seen in Figure 5.8d and 5.9a and b, that a few samples show a much
larger average size, e.g. the 24 hour immersion in pH 7 and 8, the 24 hour immersion in
pH 8, and the 8 hour immersion in pH 9. These obtained data show an increasing tendency
to agglomerate after longer immersion times and a lower agglomeration tendency in acidic
solutions. The relative height of the peaks within one sample can say something about the
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relative particle numbers at that size; however, as shown in Figure 4.2, the intensity height
cannot be used to compare particle concentrations of different samples.

For the obtained results for the acidic and neutral buffers in Figure 5.8, the peaks
placement along the horizontal axis is approximately constant having a slightly left-shift
towards smaller sizes over longer immersion times, while for all the alkaline buffers in
Figure 5.9 the peak is clearly right-shifted over time. A decreasing particle size could be
a sign of particle material dissolution. An increase in particle size, on the other hand, is a
peculiar observation. A similar phenomenon was observed for the porous IFE Si NPs and
is therefore discussed in more detail in Section 5.2.3.

The size distributions presented in Figure 5.8 and Figure 5.9 are based on the intensity
signal reported from DLS. As this is an indirect measurement technique, small portions
of agglomerates might affect the intensity-weighted distribution, which is found present
in all the measured samples at about 4-5 ym. Therefore the distributions might not be
completely realistic. When considering NPs it is tempting to use number distribution, as
it would give a clearer picture of the relative amounts of each particle size. However,
low noise fluctuations and intensity errors might result in high errors when converting to
number and volume. It is therefore not recommended to over-analyze these distributions,
and particularly the width of the peaks is often not reliable. However, comparing relative
concentrations of distinct peaks within one population is a more reliable interpretation of
the converted results.
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Figure 5.10: DLS size distributions of the 8 hour immersion of pristine IFE Si NP samples to see
variations in pH (same data as in Figure 5.9 and Figure 5.8).

In Figure 5.10 the 8 hour size distribution data from the DLS data above, over the entire
pH range tested, is presented. No distinct trend is seen across the pH range. However, the
particle size seems to be stable in acidic and neutral buffers (pH 4-7), with an increase in
pH 8 and 9. A deviation from the increasing size at higher pH is, however, seen in pH 10,
which shows smaller sized particles.
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Intensity weighted size distributions - porous particles

Figure 5.11 and 5.12 show DLS size distributions of porous IFE Si NPs immersed in
acidic-neutral and alkaline buffer solutions, respectively, over a period of 24 hours.
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Figure 5.11: DLS intensity size distributions of porous IFE Si NPs dispersed in acidic buffer
solutions at (a) pH 4, (b) pH 5, (c) pH 6 and (d) pH 7 for the indicated durations. Citric acid
monohydrate and sodium citrate dihydrate salts are dissolved in DI water at different ratios to get
the various pH value solutions.

The DLS size distributions of the porous particles are in general showing less stability
than pristine particles over 24 hours immersion in buffer solutions. At near-neutral pH
(6-8) the size distribution seems to be quite stable, especially when compared to the other
pH samples (except for a large agglomerate peak seen in the 24 hour sample in pH 6).
For pH 4 and 5 it is the 2 hour sample that deviates from the rest, which possibly is due
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to contamination as there is no trend observed to verify the data. Disregarding the 2 hour
sample, the remaining samples show a left-shift over time. This shift to smaller sized
particles is more evident than what was observed for the pristine particles, see Figure 5.8a
and b. For the pH 6 samples, as well as the samples representing an increasing pH, it is
rather a right-shift to higher particle size over time that is observed. This is similar to the
observations for the alkaline immersion of pristine particles. In general, the main trends
observed for the pristine particles are also observed for the porous particles, but they seem
to be more distinct for the porous particle samples.
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Figure 5.12: DLS intensity size distributions of porous IFE Si NPs dispersed in alkaline buffer

solutions at (a) pH 8, (b) pH 9 and (c) pH 10 for the indicated durations. Ammonium chloride salt
and ammonia solution are dispersed in DI water at different ratios to get the various pH values.

One main distinction observed in the porous particle samples is the arising of a peak
at around 1100 nm connected with the 300 nm peak. This indicates that larger particles
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are arising after 1 hour in pH 10 and after 2 hours in pH 9. Due to higher concentration
of hydroxy ions in pH 10, which may lead to higher dissolution rates, it is reasonable
to expect faster arising of instability changes. However, the 1100 nm peak is higher in
the pH 9 samples, which is counter-intuitive for the explanation of pH dependence on
stability/dissolution.
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Figure 5.13: DLS size distributions of the 8 hour immersion of IFE pSi NP samples to see
variations in pH (same data as in Figure 5.12 and 5.11).

In Figure 5.13 the 8 hour DLS distributions (same data as shown above) across the pH
range 4-10 is presented. As can be seen from the figure, there is a clear trend of increasing
particle size with increasing pH for the porous particles, as a right-shift of the peaks along
the horizontal axis is observed for increasing pH. At pH 9 is an additional peak at larger
size arising and at pH 10 do these peaks appear fused, giving rise to one broader peak.

Even though the porous and pristine particles show different behaviour at high pH
do the low variations in size over time in the buffer at neutral pH indicate a high degree
of stability around pH 7 for both particle types. The in vivo pH of blood is maintained
around 7.4, which corresponds to a pH where the IFE Si NPs seems to be the most stable.
This is beneficial for increasing circulation time of the DDS, but it simultaneously speaks
against the bio-elimination predictions. The biodegradability of mesoporous Si is a well-
established theory [32], however, the influence of individual environmental factors like pH
should be studied in more detail for verification.

From the DLS size distribution data, both the pristine and porous particles seem to be
relatively stable compared to the findings in the open literature. Little change in particle
size was observed over 24 hours in the present study compared to the results found in the
open literature where 100% particle dissolution was reported after 2-4 hours for untreated
particles of 100-133 nm size [8], and within a few hours for surface oxidized particles [43,
80]. Moreover, an increase in particle size is remarkable to see, particularly at high pH, as
dissolution was observed visually for pristine IFE Si NPs over 24 hours.

Overall, it is clear that the pristine and porous IFE Si NPs have different behaviours in
acidic and alkaline buffers in terms of chemical stability, with regard to both dissolution
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and agglomeration. This could be due to different degradation rates, as previously dis-
cussed, which again could be due to different degradation mechanisms. Moreover, there
is a chance that the observed behaviors are salt-dependent rather than pH-dependent as
one salt combination was utilized for creating the acidic buffers and another to create the
alkaline buffers. This argument is, however, not supported by the fact that pH 7 and 8,

created by different salt solutions, are showing a similar behavior for both pristine and
porous particles.

Z-average

Figure 5.14 shows the Z-averages over the time immersed in either acidic and alkaline
buffers for both pristine and porous particles. Samples with extensive agglomerates above
1 ym hydrodynamic diameter have been removed from this data for clearer identification

of trends within the remaining samples. The same plots with this data are included in
Appendix B, Figure B2.

700 —pH4 700 —pH8
—pH5 —pH9
—pH6 —pH 10
—~.600 pH 7 600
€ €
< <
2500 2500
Q Q
(=2} (=2}
®© @
o 400 T 400
& 3
N oo N // =% N 300
200 {V—‘/! 200
0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)
(a) (b)
700 —pH4 700 [ |—pH8
—pH5 —pH9
—pH6 —pH 10
__600 pH7 __600
3 3
< <
2500 2500
(0]
& &
o 400 /I & 400
0 ié?\ -
200 200
0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)
(© )

Figure 5.14: Z-average values of pristine (a) and porous (b) IFE Si NPs immersed in acidic buffers,
pH 4-7, and pristine (c) and porous (d) IFE Si NPs in alkaline buffers, pH 8-10, measured using
DLS. Averages are plotted with standard deviations of n=3 replica measurements.
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The pristine particles seem to have a more consistent Z-average value compared to the
porous particles over the immersion time in both acidic and alkaline media, as seen in
Figure 5.14. Particularly, the acidic samples of pristine particles seem to have a relatively
stable size over a period of 24 hours, except for some variations in pH 6 and 7 before
reaching 8 hours immersion. For the porous particles in acidic solution the size is observed
to change over a period of 24 hours, i.e. it gradually decreases within the first hour to start
increasing until 8 hours has passed to again start decreasing. This indicates the instability
of the porous particles also in acidic solutions. In the alkaline buffers a near continuous
increase in hydrodynamic diameter was observed for the porous particles, but to a lesser
extent for the pristine particles. This size increase seems to be related to pH, except for
the sample in pH 10 for the pristine particles where the size is barely changing and only
slightly increased after 24 hours immersion.

As seen in the DLS size distri-
butions of both pristine and porous

particles, and also confirmed by y = 44.1x + 100.8

the corresponding Z-average plots, 1 220747

immersion in alkaline buffers over 449 {

time resulted in a gradual increase £ -7
in the particles’ hydrodynamic di- <500 -7 s
ameter. This increase in diameteris 9 P i

an indicator of pH-dependent par- g 400 ) 1 -7 -

ticle instability, which was partic- N 300 Pt -

ularly evident for the porous par- -7

ticles. Figure 5.15 shows the Z- 200’

average of porous particles after 8

hour immersion in buffers over the 4 6 oH 8 10

pH range measured (same data as

above), along with a linear regres-  Figure 5.15: Z-average of porous IFE Si NPs in the pH
sion line to the Z-average data. The range 4-10 with a simple two-variable linear regression.
R? value of 75% shows a relatively

good correlation between the data and the linear model, and the slope indicates a diameter
increase of 44 nm for each pH value increase. Calibration data for DLS measurements us-
ing different sample concentrations, seen in Figure 4.2 show a slight increase in Z-average
values for decreased concentration. However, this was only a vague trend, and not ob-
served in literature. Other possible mechanisms behind the size increase are discussed in
detail in Section 5.2.3.

Polydispersity index

The polydispersity index, as a measure of the size distribution heterogeneity, over time in
acidic, neutral and alkaline buffers of pristine and porous IFE Si NPs are shown in Figure
5.16. These plots also disregard the highly agglomerated samples identified, excluded
from the Z-average plots. Complete PDI plots are found in Figure B3 (Appendix).

The PDI of the pristine particles is more stable in both acidic and alkaline solutions,
comparing to the porous particles. The pristine particles have a PDI close to or below 0.3,
which is the pharmaceutical requirement [98], in most pHs tested. In this perspective it is
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clear that the stability of pristine particles is generally closer than the porous particles in
meeting the requirements when stored in both acidic and alkaline solutions over 24 hours.
The porous particles, however, seem to have a PDI above 0.3 at various time points after
immersion in basic solution as well as for the entire time period monitored after 30 minute
immersion in pH 9-10. To retain the size distribution quality the particles should not be
stored in highly alkaline solutions. However, pH 8 seems to be the best for retaining a low
PDI for the porous particles.
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Figure 5.16: PDI values of pristine (a) and porous (b) IFE Si NPs immersed in acidic-neutral
buffers, pH 4-7, and pristine (c) and porous (d) IFE Si NPs in alkaline buffers, pH 8-10, measured
using DLS. Averages are plotted with standard deviations of n=3 replica measurements.

The variations in PDI generally indicate instability of the particles, as well as an inhomo-
geneous dissolution profile of the particles, which can be due to specific particle properties.
This was more evident in the porous particles that were found to have a higher PDI also
before stability studies. Increasing PDI, as mentioned, might also indicate a tendency for
agglomerates to form.
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5.2.2 Scanning Electron Microscopy

Figure 5.17, Figure 5.18, Figure 5.19 and Figure 5.20 show SEM images of stability-study
samples of IFE Si NPs with pristine particles in the first two figures and porous particles
in the two latter. Only the samples immersed in buffers over 8 hours, also measured using
DLS, were imaged, giving an overview of the trends in morphological change.

Control

(e)

Figure 5.17: SEM micrographs of pristine IFE Si NPs control samples (a)-(b), after 8 hour
immersion in acidic solution of pH 4 (c)-(d), and in neutral solution of pH 7 (e)-(f).

As can be seen from Figure 5.17, the pristine particles have after immersion in acidic
and neutral solutions retained morphology and size compared to the control. In Figure
5.18a slight structural change can be seen with appearance of fused structures in Figure
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5.18c and f, as well as a sheet-like structure covering for some of the particles in Figure
5.18e. The formation of these structures seems to increase with increasing pH, which
could explain the increasing particle size observed in DLS measurements at high pH.

(b)

(e) )

Figure 5.18: SEM micrographs of pristine IFE Si NPs after 8 hour immersion in alkaline solutions
of pH 8 (a)-(b), pH 9 (¢)-(d) and 10 (e)-(f).

Similar to the pristine particles, the porous particles also show little visible morpho-
logical changes after immersion in acidic and neutral buffers, see Figure 5.19, and after
exposure to alkaline solutions the particles seem to have a gradual loss of integrity, see
Figure 5.20. However, as can be seen from Figure 5.20c, in pH 8 most particles have re-
tained their spherical particle shape, while some are more fused together as seen in Figure
5.20b (difficulties with focusing on the pH 8 sample made high resolution images difficult
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to obtain). In Figure 5.20f it can be seen that the particles in pH 9 show a higher degree
of formation of micron-sized clusters, with the particles’ outline still visible in SEM. Af-
ter immersion in pH 10 large chunks had formed so that individual particles were barely
visible. However, not all particles tend to fuse to the same degree as individual particles
were also seen in pH 10, see Figure 5.20i. Irregular structures, seemingly not created by
particles merging yet connected to the particle structure, were also observed in the pH 10
solution, see Figure 5.20g. These structures might be formed during particle synthesis, or
they might be formed during particle immersion in high pH.

(b)

() ®)

Figure 5.19: SEM micrographs of porous IFE Si NPs control (a)-(b), after 8 hours immersion in
acidic solution of pH 4 (c¢)-(d) and immersed in neutral solution of pH 7 (e)-(f).
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(@)
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Figure 5.20: SEM micrographs of porous IFE Si NPs after 8 hours immersion in pH 8 (a)-(c), pH 9
(d)-(f) and pH 10 (g)-(i) bufter solutions.

Most of the SEM observations in the recent study correspond well with the increasing
particle size observed in DLS for particles in pH 8-10 buffer solutions. The additional
peak for larger particles seen in DLS of pH 9-10 immersed particles is likely due to the
formation of the fused particle clusters observed in SEM.

In both the SEM and DLS observations, it is clear that altering one property, by porisi-
fication of the IFE particles, have great impact on the stability behavior of the particles.
The different stability profiles for the two Si NP samples underpin the theory that stabil-
ity and dissolution kinetics are highly particle-dependent, and that other properties like
crystallinity, size and surface modifications might also have a striking impact on stability.
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5.2.3 Possible explanations for stability study observations

The observed trends with an increasing particle size upon immersion in alkaline solutions
are not intuitively correlated to the increased dissolution rate predicted for exposure to high
pH as previously discussed based on literature observations. In other words, a decreasing
particle size is therefore expected upon dissolution, which would be in agreement with the
observations made by previous studies [76, 77]. However, these studies use microsized
particles where the morphological changes might be very different from the nanosized
ones. Additional observations of the irregular structures seen in SEM of samples in high
pH and little morphological and size change in neutral and acidic pH raise questions if the
biodegradability theory holds for the IFE Si NPs presently studied. Moreover, there are
various possible explanations for the increasing size phenomena observed.

The term agglomeration is mentioned several times above as a description of large par-
ticles created by individual particles clustering together. The term cluster or clustering will
herein be used as a general term for individual particles coming together to create larger
formations. Another term in colloidal science is used for similar observations as agglom-
eration, which has a slightly different meaning: aggregation. These terms are often used
interchangeably and sometimes even assigned the opposite meaning, which has caused
confusion. It is useful to distinguish these two terms for a more accurate description of
the state of cluster formation and on a basis of the forces involved to understand how to
avoid them taking place. In accordance with the ISO 14887, the following definitions will
be used to separate the two terms [61]:

* Agglomeration is a cluster of loosely attached particles, caused by weak physical
interactions and van der Waals forces. The non-covalent bonding is reversible and
an agglomerate can be readily dispersed. The loose arrangement has a total surface
area similar to the sum of the area of the primary particles involved [61].

* Aggregation is a cluster of more firmly attached particles by covalent bonds. An
aggregate is formed in an irreversible manner and the surface area is smaller than
the sum of the area of the primary particles [61].

DLS is probably not a useful technique for distinguishing agglomerates from aggre-
gates as it is simply an evaluation of size, but ultrasonication of each sample was per-
formed prior to DLS for the purpose of breaking up agglomerates. Thus, the observed
size increase was more likely to be due to the more firmly attached aggregates. The fused
clusters observed at high pH in SEM also seem to be rigidly bonded, most likely explained
by aggregation. Another technique that could be useful for determining the degree of ag-
gregation is nitrogen adsorption specific surface area measurement, as the surface area is
reduced by the formation of aggregation to a much higher extent than for agglomerations.

Similar to the experimental results in the present study is the increasing hydrodynamic
diameter results reported for mesoporous silica nanoparticles under stability studies by
Lin et al. [78]. DLS measurements showed in this case a gradual increase over 10 days
immersion in PBS, which is explained by aggregation by the authors. Furthermore, the
amount of free orthosilicic acid was monitored, showing the degradation of nanoparticles
simultaneously as the gradual size increase. Data obtained from DLS stability measure-
ments of the IFE Si NPs, as emphasized above, are comparable to the data obtained by
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Lin et al. [78], and aggregation of particles may therefore also be a reasonable explana-
tion for the present data. However, the aggregation theory does not explain the gradual
pH-dependent size increase or higher instability of porous particles compared to pristine
particles. It is therefore interesting and useful to develop an understanding of the influence
of these factors.

Other terms in colloidal science used to describe the states of particle clustering’s are
flocculation, coalescence and coagulation. All these terms are used to describe processes
that change the size distribution of particles from a large number of small particles to a
smaller number of larger particles. Such terms are often used to describe the nucleation
and growth processes of materials for which the driving force is a reduction in the surface
area that will reduce the overall energy of the system [61]. Surface area reduction is likely
to also be the driving force post-NP synthesis when suspended in liquid solutions. Highly
fused particles, as observed particularly for the porous particles in high pH, might be ex-
plained by extending the scale beyond aggregation with tight cluster formations where
individual particles lose their integrity. A term descriptive of these phenomena is coales-
cence, conventionally used to describe dense structures characterized by the disappearance
of the boundary between individual particles, in which the driving force is lowering of the
system energy by elimination of an interface [101]. This may be an adequate description
of the process giving rise to the structures seen in the SEM images of pristine and porous
particles in high pH presented in Figure 5.18 and Figure 5.20. However, coalescence is
mostly used to describe merging of droplets in a liquid-liquid (emulsion) or gas-liquid
(foam) colloid solution. It is questionable whether this will apply to Si as a solid but the
term is also used to describe growth Si particles under high temperature synthesis [102], so
it might be sufficiently descriptive. Figure 5.21 illustrates aggregation, agglomeration and
coalescence processes of Si NPs in solutions, as well as a different hypothesis described
in the following paragraphs.

Another well-established term in colloidal science, Ostwald ripening, is also possibly
part of the explanation of the observed behavior with increasing particle size over immer-
sion time in buffer solutions. As previously discussed an increasing pH will increase the
dissolution rate of porous silicon structures. The increasing dissolution rate, observed in
the open literature [78], can thus be correlated to the increasing particle size observed in
the present study. In other words, the one possible explanation of how increasing dissolu-
tion rate can result in larger particles is an Ostwald ripening like process with mass transfer
through dissolution and subsequent deposition of silica (SiO,) structures from dissolved
silicon species. Ostwald ripening is the theory of larger particles growing at the expense
of smaller particles as they dissolve in a two-phase system. The resulting structures are
similar to those formed by coalescence, as illustrated in Figure 5.21. The driving force
of this mass exchange, as with the colloid phenomena mentioned above, is reduction of
the large surface energy of NPs. The local radius of curvature and ratio of surface area
to volume accounts for the particles’ surface energy. The decrease in total surface area
drives morphological changes based on the curvature dependence of the chemical poten-
tial, causing surface atoms to flow from regions of higher to lower curvature, given that
the atoms are able to diffuse through the matrix [103]. A variety of materials are reported
to undergo Ostwald ripening in solution, including organic, polymeric and inorganic ma-
terials such as silver, platinum and oxides [104, 105]. This process is mostly observed
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for sub-100 nm particles, and the growth-shrinkage process is more likely to be evident in
smaller particles. However, Ostwald ripening is said to be practically always present when
NPs are dispersed in solution and the phenomenon is also reported to take place in up to
200 nm particles [106].

Piletska et al. [107] reported a mechanism for creating biomimetic imprints of SiO,
by exploiting the Ostwald ripening process of 12 nm SiO, particles in PBS solution of pH
7.2. The authors hypothesized that under kinetically favorable conditions surface silanol
groups at highly curved SiO, surfaces will dissolve preferentially to release silicic acid that
drives a sol-gel formation onto solid templates giving the deposited structures antibody-
like properties. This process was confirmed experimentally with a particle diameter growth
rate of 30-50 nm over 4 to 6 hours [107]. A similar process is thought to take place in any
SiO, or Si structure in aqueous solution because of unstable surface silanol groups that
dissolve into silicic acid. This process is highly dependent on the dissolution rate of the
initial SiO, particles and the solubility of the intermediate species, i.e. silicic acid. In this
case the dissolution rate will be highly dependent on the starting material properties such
as crystallinity, impurity content and surface passivation and curvature. The solubility of
silicic acid is also highly dependent on the medium temperature, pH and content of various

ions [108].
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Figure 5.21: Schematic illustration of agglomeration, aggregation, coalescence and Ostwald
ripening by silica (SiO,) deposition from dissolved orthosilicic acid (Si(OH),) taking place in
colloid Si NP solutions. Blue represents Si and dark blue represents silica SiO, shells.

Belton et al. [109] describes the formation process of amorphous SiO, NPs from
dissolved orthosilicic acid based on the following principles. Orthosilicic acid has low
solubility in water at room temperature, typically around 100 ppm or 1 mM, but remains
stable as long as its concentration remains below the solubility limit. Above this con-
centration the orthosilicic acid will undergo spontaneous condensation reactions to lower
its concentration in solution. Multiple condensation reactions generate various linear and
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cyclic structures that eventually cluster and form an amorphous silica gel or aggregate net-
work. Energy minimized structures are formed to maximize the number of Si-O-Si bonds
and form novel nuclei or, following the principles of Ostwald ripening, re-deposit onto the
larger particles already present [109].

The silica Ostwald ripening process and SiO, formation by dissolved orthosilicic acid
described by Piletska et al. [107] and Belton er al. [109], respectively, might together
explain how a similar process takes place in the case of Si NP colloidal solutions. Ostwald
ripening of Si NPs has not previously been reported experimentally, as far as the present
author knows. The tendency of Si to form oxides in aqueous solutions is inevitably a part
of the explanation. Oxidation of surface Si, dissolution into orthosilicic acid and subse-
quent precipitation of an amorphous SiO, network on the surface of larger Si particles or
aggregates, whichever is the most energetically favourable, could be a reasonable explana-
tion for the experimental observations. Increasing Si dissolution in high pH would speed
up the process of SiO, deposition, even though orthosilicic acid would readily form other
Si species in alkaline solutions. Irregular non-spherical structures as clearly seen in Figure
5.20g can also be explained by the deposition of Si-containing species, in line with the
similar structures observed in the experiments of Piletska et al., which has been explained
by SiO, deposition [107]. The absence of peaks at smaller particle size in the DLS mea-
surements, as well as decreasing average size seen for porous particles in acidic solutions,
speaks against the Ostwald ripening theory. However, DLS results only show an instan-
taneous image of a quenched reaction that might have reached a metastable equilibrium.
The reason why this phenomenon takes place in the porous particles to a higher extent than
in the pristine particles may be due to the higher surface area available for dissolution as
well as higher density of surface dislocations and small radius of local curvature around
pores.

A combination of the aforementioned colloid processes is likely to be the cause of Si
NP size increase in alkaline solutions. Experimental techniques that could be used for
investigating these hypotheses include BET for distinguishing between agglomerates and
aggregates, EDS to quantify the thickness of the silica layer and XRD to see if an increas-
ing amount of particle structure is amorphous in order to investigate the silica deposition
theory.

5.2.4 Implications of stability observations in biomedical applications

The key findings in the present stability studies of the IFE Si NPs include observations
of increased hydrodynamic diameter upon immersion in alkaline buffer solutions, sup-
plemented by fused particle structures and clusters disclosed by SEM. Colloid processes
like particle aggregation and/or Ostwald ripening due to SiO, deposition of dissolved Si
species are believed to be the explanations of the observed cluster formations, which might
have implications for the drug delivery application regardless of the underlying mecha-
nism. The findings in the present study are important for discovering the properties of the
carrier material, which might affect the drug delivery process in vivo, as well as in terms
of drug administration. Intravenous injections require a liquid solution in which colloid
processes have to be taken into account. Stability properties might also be utilized for trig-
gered drug release upon carrier dissolution tuned to specific pH environments. High stabil-
ity is conventionally regarded as a requirement for pharmaceutical applications, however,
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materials with self-eliminating properties such as Si have been given increasing attention.

The formation of fused structures might arise from dissolved Si, as discussed above, in
which porous IFE Si NPs seem to dissolve much faster than pristine. This is in accordance
with the findings in literature (Chapter 3), and can be utilized for directing drug release
that is highly interconnected with degradation of the carrier. For example, one might tailor
release to the alterations in pH through the gastrointestinal tract upon oral administration.
The particles are likely to be stable in the acidic environments in the stomach while dis-
solving in the more alkaline environments in the intestines. Inflamed and malignant tissue
has been reported to have pH deviating from that in healthy tissue, in which pH-dependent
dissolution might also occur.

It is important to point out that the implications outlined must be seen in light of a
discussion of the relevance of the methodology used for stability studies. The stationary
and confined glass vials used the present study, that are easily handled and allowing for
the obtained changes to be observed, could be one reason to why the particle merging
takes place. High concentrations of IFE Si NPs, above 1 mg/mL, could be reasonable for
liquid samples prior to administration but are unlikely for in vivo aspects. Furthermore,
particles might undergo similar reactions and form merged clusters in vivo but the highly
complex and dynamic environment (particularly in the circulatory system) might disturb
this process. The relevance of the pH range studied compared to biological systems can
also be discussed. The size alterations observed in the present study were most evidently
seen at pH of 10, exceeding the biological pH range. However, a similar size increase was
observed for pristine particles from pH 8 and for porous particles from pH 7, and above,
which are highly relevant, as the body remains a near-neutral pH of 7.4 in the blood. As the
processes observed were pH-dependent, observing reactions in pH 10 might be an extreme
model for predicting what might happen over time in lower hydroxyl concentrations, as
well as giving a clearer indication for what colloid processes are taking place.

5.2.5 Comparison of DLS and SEM for stability studies

The two characterization techniques used for the stability studies were, as previously dis-
cussed, SEM and DLS, which have their respective benefits and limitations for this pur-
pose. They are both used to assess structural changes with DLS measuring hydrodynamic
diameter and SEM visualizing primary particles and morphological changes. It is rea-
sonable to compare the two techniques on basis of the stability study results. The main
limitations and benefits (bold) are summarized in Table 5.2.

DLS is a quick and feasible method with automated set-up that gives quantitative data
with stable statistical analysis of the entire particle sample population. SEM, on the other
hand, requires more time and a higher level of skill to obtain high quality results as it
is manually driven. The graphical information obtained from SEM is restricted to a tiny
fraction of the entire population, but it gives more intuitive and detailed results. SEM is
a versatile method used for many types of samples and materials, while DLS is only used
for colloids of particles typically below 10 ym. Dry samples are required for SEM and
liquid colloid samples are required for DLS. Whether this is beneficial or not depends on
the native environment of the sample, as well as if drying or dispersing affects the particle
properties and causes agglomerations or degradation. DLS gives no structural information
except for hydrodynamic diameter, based on a series of assumptions like particles having
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a spherical shape, which is reasonable for the IFE particles. It should be pointed out that
it is a highly averaging technique with poor resolution due to polydispersity and cannot
separate aggregates from individual particles, which is easily distinguished in SEM. Unlike
the direct measurements obtained from SEM, DLS is an indirect technique for measuring
particle size resulting in very different measurements of absolute particle size. For the
same particles DLS gives a 300-370 nm diameter whereas SEM gives a 80-100 nm in the
case of primary particles, where the direct SEM measurements are more likely to give a
realistic value. However, for comparative purposes DLS is a good option for comparative
purposes as it is a sensitive technique that measure alterations not immediately apparent in
SEM such as a size increase of the pristine particles over time in a high pH of 8-10.

Table 5.2: Limitations and benefits (bold) of using SEM and DLS for evaluation of the stability

studies.
SEM DLS
Direct Indirect
Manually operated Automated
Give images Give statistical hydrodynamic
diameter information
High resolution Low resolution
Dry sample Liquid colloid sample
Includes a small part of the particle Includes the entire particle
population population
Detailed Averaging
Can distinguish aggregates from Cannot distinguish aggregates from
primary particles primary particles

Mathematical assumptions

Several benefits and limitations were identified for both techniques, including that they
give very different data. DLS and SEM are complementary techniques, and for appropriate
samples one would benefit from using both. As in the stability studies conducted in the
present study, DLS was used for identification of trends, while SEM was used to visualize
the samples to observe in detail what mechanisms are possibly taking place to cause these
trends.
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5.3 Invitro cytotoxicity studies

In vitro cytotoxicity studies were performed for pre-clinical assessment of the in vitro
toxicity profile of the IFE Si NPs as function of NP concentration, incubation time and
cell line. The effect of particle surface chemistry is often discussed in literature; however,
the structure-dependent cytotoxicity in regards to IFE Si NP porosity is also assessed in
the present study by comparing data from pristine and porous particles. AlamarBlue cell
viability assays were accompanied by bright field microscopy images as a quality control
and to assess changing cell morphology as another indicator of cell health.

5.3.1 AlamarBlue assay
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150 % 150
3 h El3h
W24 h W24 h
W48 h Il 48h
£100 | £100 |
g g
© ©
2 2
°© °©
O O
X 50t X 50t
0
0.063 0.125 0.250 0.500 1.000 0.063 0.125 0.250 0.500 1.000
NP concentration (mg/mL) NP concentration (mg/mL)
(a) (b)
150 Porous Si NPs - KPC cell viability 150 Porous Si NPs - PC3 cell viability
El3h El3h
24 h W24 h
48 h 48 h
£100 | £100 |
Ko Ko
8 ©
z z
°© °©
(@] (@]
2 50t X 50+
0
0.063 0.125 0.250 0.500 1.000 0.063 0.125 0.250 0.500 1.000
NP concentration (mg/mL) NP concentration (mg/mL)
(©) (d)

Figure 5.22: In vitro cytotoxicity studies of pristine IFE Si NPs, sterilized by autoclave treatment,
exposed to (a) KPC and (b) PC3 cell lines, and porous Si NPs exposed to (¢) KPC and (d) PC3 cells,
for periods of 3, 24 and 48 hours. The %CV mean is plotted as the mean and standard deviations of

n=8 replications. *P < 0.01, **P < 0.05 when comparing to control samples (without NPs).
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In Figure 5.22 the %CYV results from the AlamarBlue assay of both pristine and porous IFE
Si NPs, sterilized by autoclaving, to both KPC and PC3 cells, is presented. Cell viability
was measured after 3 hours exposure to NPs, for assessing immediate cytotoxicity, and
after 24 and 48 hours exposure for assessing cytotoxicity induced by IFE Si NPs over
longer time periods.

As can be seen from the figure, low immediate toxicity is observed for both the pris-
tine and porous IFE Si NPs in the case of both the KPC and PC3 cell lines. Generally, cell
toxicity increases for increasing concentrations of particles, as well as increasing incuba-
tion time, as would be expected. The pristine particles showed a concentration-dependent
toxicity profile with low immediate toxicity and less variation in toxicity between 24 and
48 hours compared to the 3 to 24 hour step, particularly for the lower concentrations below
250 pug/mL in KPC cells. NP concentration of 250 ug/mL seems to be a threshold value
for the pristine particles in which lower concentrations show less toxicity, while at higher
concentrations the %CV response seems to be no longer concentration nor time dependent
within the 48 hour period tested. The porous particles show a more time-dependent tox-
icity profile rather than concentration-dependent, with no such threshold value observed.
However, immediate toxicity of porous particles was observed for PC3 cells at concentra-
tions of 250 ug/mL and above. Contrary to the toxicity profile of the pristine particles in
KPC cells the porous particles show a similar viability pattern after 3 and 24 hours incu-
bation, with an increased toxicity after 48 hours. The porous particles show small changes
in cytotoxicity for PC3 cells even over 48 hours incubation up to at least 500 yg/mL NP
concentration, with a small decline in %CV at 1 mg/mL.

The cytotoxicity response is similar for the two cell lines. The KPC cell line showes,
however, a slightly higher level of cell viability after 3 hours exposure to NPs. The levels
of %CV above 100, seen for the KPC cells and for the PC3 cells treated with pristine
particles at low concentrations, can be due to various reasons. A possible explanation can
be that low concentration of particles promotes cell growth over a short time perspective, or
it might simply be due to statistical variations. Natural variations of cytotoxicity responses
between cell lines may also be due to the variations in metabolism or cellular respiration
processes, as the AlamarBlue assay measures cell metabolism as the health indicator. Two
different cell lines are used for quality assurance of the viability data, with the expectation
that different cell lines give different assay results. In this regards it should be mentioned
that KPC is a pancreatic cancer cell line with mouse origin, while PC3 is a human derived
prostate cancer cell line. They are both originating from aggressive forms of cancer with
increased metabolism compared to healthy cells. Higher viability, generally seen in the
KPC cell line, may naturally derive from higher levels of metabolic activity as KPC cells
are found to have an average doubling time of about 16 hours [110] while the number of
PC3 cells is doubled after typically 27 hours [111]. A larger variation over time is also
typically seen for high metabolism cells as the response is more effectively decreased upon
cell death.

The toxic responses of the IFE Si NPs might be due to the hydrophobic properties
observed for both pristine and porous particles. The immediate slight toxic response of
porous particles to PC3 cells might be due to the immediate contact between cells and the
particles that have extremely high surface area and thus increased hydrophobic properties,
compared to pristine particles. Hydrophobic NPs have an increased tendency to bind cell
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membranes which might cause blockage of proteins and receptors affecting vital signalling
pathways and interactions with the environment. However, this is a small effect comparing
to the long-term toxic effects of porous particles in KPC cells. This latter effect might be
due to similar interactions with cell membranes, or it might be explained by the increasing
tendency for cellular uptake over time. This phenomena is also typically observed for
hydrophobic NPs, inducing oxidative stress, autophagy and apoptosis, which might be
more evident in certain cell lines [66].

The different responses seen for the pristine and porous particles is likely to be partly
due to the difference in stability properties, as observed above. In other words, the in-
creased aggregation of porous particles could decrease the surface area of the particles,
decreasing the disruptive cell membrane interactions. Increased degradation might also
decrease the amount of particles interacting with cells. The pristine particles also dis-
play hydrophobic properties, though to a lower degree than the porous particles. The
increased toxic effects of pristine particles, compared to porous, might be explained by
higher amounts of material in each particle, causing increased cell membrane blockage.

5.3.2 Bright field microscopy images

Micrographs of control samples of PC3 and KPC cells (no particles added) are included
in Figure 5.23 for comparative purposes to be able to distinguish alterations in cell shape
and size upon addition of NPs. PC3 and KPC are both adherent cell lines growing on
dish bottom surfaces but with highly distinct morphologies. KPC cells are small in size
and high in number after 48 hour incubation compared to PC3 cells. The KPC cells form
a confluent layer of cells filling the entire dish bottom. Individual PC3 cells were easier
distinguished with their circular shape with some elongated cells.
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Figure 5.23: Bright field optical microscopy micrographs of control samples of (a) KPC and (b)
PC3 cells used in in vitro cytotoxicity studies after 48 hour incubation.

In Figure 5.24 and Figure 5.25 are bright field optical microscopy images of KPC and
PC3 cells for visual examination of alterations in cell shape and size upon the addition
of autoclaved pristine and porous IFE Si NPs at concentrations 0.0625-1 mg/mL after 48
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hours presented. These images are secured from the same samples used for the viability
measurements presented in Figure 5.22.

The micrographs in Figure 5.24 confirm the low toxicity of KPC cells with a slight con-
centration dependence seen for the pristine particles. The addition of both particle types
seems to break up the confluent cell layer, with larger areas uncovered by cells at higher
particle concentrations. Large sections are still covered by cells mainly unaffected in shape
and size by particle addition, as far as visible beneath the black particle aggregates. At NP
concentrations of 250 ug/mL and 1 mg/mL, both pristine and porous, circular cells are
observed above the confluent layer. These are unhealthy, dead or dying cells showing
increased cell death at higher particle concentrations.

(@ (e) ®

Figure 5.24: Bright field optical micrographs of in vitro cytotoxicity studies of IFE Si NPs
sterilized by autoclave treatment and incubated with KPC cells over 48 hours. (a)-(c) Pristine
particles at 0.0625, 0.250 and 1 mg/mL, respectively, and (d)-(f) corresponding concentrations of
porous particles.

These observations seem to correlate with the AlamarBlue assay results, where the
concentrations imaged have a similar %CV of about 60-70, except for the 62.5 ug/mL
pristine sample with about 90% CV which also seem to show higher cell density in the
corresponding microscopy image. Such images might, however, not be fully representative
for the entire cell population tested, only showing a small region of the entire plate well.

IFE Si NPs, both pristine and porous, tend to aggregate on top of cells as the clear
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regions without cells contain less particles as well as smaller particles. WHen comparing
(a)-(c) to (d)-(f) in Figure 5.24, it is clear that a higher density of particles is observed
in the pristine samples compared to the porous samples. This might be because of faster
degradation of porous particles, or it might be that pristine particles have an increased
tendency to stick to the cell surface even after the PBS washing steps. This observation
supports the idea that particle interaction with cell membranes physically block vital cell
functions that induce cell death. It also indicates that hydrophobicity is not the only factor
of importance in determining NP induced cell death, as porous particles are observed to
have higher degree of hydrophobicity.

Figure 5.25: Bright field optical microscopy images of in vitro cytotoxicity studies of IFE Si NPs
sterilized by autoclave treatment and incubated with PC3 cells over 48 hours. (a)-(c) Pristine
particles at 0.0625, 0.250 and 1 mg/mL, respectively. (d)-(f) Corresponding concentrations of

porous particles.

The PC3 cells exposed to IFE Si NPs in Figure 5.25 generally seems to show a lower
density of cells comparing to the PC3 control where the Visible cells seem to have retained
size and shape. As observed in the KPC cells, a higher coverage of pristine particles
compared to porous is seen also in the PC3 cells. This might give rise to the concentration-
dependent toxicity seen in the AlamarBlue assay for the pristine particles. The porous
samples seem to have higher cell density, corresponding to higher viability at higher NP
concentrations, which also corresponds with the AlamarBlue assay results showing less
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toxicity of porous particles.

As for the KPC cells, the particles tend to cluster around cells, which might be induc-
ing the mechanism for cell death by physical blockage of cell-cell interactions and other
interactions with the environment. The PC3 cells are larger than the KPC in size, thus
having larger surface area for NPs to bind. Also, with the KPC cells having fewer and
possibly more sensitive direct cell-cell interactions, NP clustering might induce a higher
degree of cell death.

Conclusively, from the AlamarBlue cell viability studies, it is seen that IFE Si NPs
show low cytotoxicity to both KPC and PC3 cells. Incubation time has a larger effect
on toxicity than concentration for porous particles, while concentration-dependent cyto-
toxicity is seen for pristine particles. From optical microscopy images it is observed that
particles tend to cluster onto the cells’ membranes, with pristine particles showing an in-
creased tendency to do so. This particle clustering, and the resulting physical blocking
layer created around cells, is likely part of the explanation of IFE Si NP-induced cytotoxi-
city.

5.3.3 Impact of particle sterilization process

Sterilization of materials for medical usage is required to avoid introducing infectious
microbes to the patient. Thus, gaining insights into how various sterilization processes
affect the viability assay results is important. As previously elaborated, three means of
sterilization were attempted, i.e. 1) heat by 121°C autoclaving IFE Si NPs in PBS solution,
2) chemical by ethanol wash, and 3) filtration. For practical considerations, and the fact
that autoclaving is a tool widely used in medicine and biomedical research, it was the
most feasible sterilization process tested in the present study. Few processing steps and a
prepared solution ready to use just after automated autoclaving, also gave the most realistic
viability assay results, see Figure 5.22.

In the case of ethanol wash, ethanol immersion had to be followed by centrifuga-
tion and the washing require multiple pipetting steps that might cause loss of material, as
well as increasing the chance of contamination post-sterilization (the particles underwent
ethanol washing following the procedure outlined in Section 4.5.1). Micrographs of cells
incubated with the ethanol treated particles are seen in Figure 5.26. As can be seen in
the figure, low survival of KPC cells were found even at 125 ug/mL (higher concentra-
tion samples looked similar) and of PC3 cells at 500 pg/mL, as there was virtually no
cells left in these samples after 48 hours incubation time. This is in huge contrast to the
confluent layer of cells in the control KPC sample presented in Figure 5.23a, as well as
the micrographs of similar studies of the autoclaved particles in Figure 5.24, and might
be due to the cytotoxicity of ethanol residues on the particles. The PC3 cells are clearly
more resistant to the influence of the particles as more cells were observed at a particle
concentration of 125 ug/mL. Contrary to the autoclaved particles, more healthy cells are
seen in the samples treated with pristine compared to porous particles. However, a higher
degree of particle clustering is seen for the pristine particles, which is in good agreement
with the observations made for the autoclaved particles.

In 5.26¢ and d, it seems like the cells, in addition to the clustering around them, takes
up both particle types, or alternatively are clustering on top of the cell. Uptake of NPs
is a common mechanism previously observed in many cell types [66], and might cause
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toxic effects at high concentrations. Particle clusters covering larger portions of the cells’
surface is another likely way of inducing cell death, as previously described.

Figure 5.26: Bright field optical micrographs of cells exposed to pristine and porous IFE Si NPs,
sterilized by ethanol wash, in in vitro cytotoxicity studies. KPC cells treated with 125 ug/mL of (a)
pristine and (b) porous Si NPs. PC3 cells treated with 125 ug/mL of (c) pristine and (d) porous IFE

Si NPs and 500 ug/mL of (e) pristine and (f) porous IFE Si NPs. All images are taken after 48
hours incubation time with NPs.

The AlamarBlue assay was also followed with the ethanol washed particles. %CV
calculations gave unreasonably high results up to 1000%, with increasing trends seen for
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increasing particle concentration in some samples. This peculiar observation does not cor-
respond with the low cell density seen in micrographs presented in Figure 5.26. Increasing
%CV was more evident for the pristine particles, which might be due to NP-assay inter-
ference (discussed in Section 5.3.4 below). Or, it might be due to insufficient sterilization
leading to bacterial contamination, as microbial metabolism is also measured in the Ala-
marBlue assay. Substantially decreased %CV following increasing NP concentrations is
also observed for some samples (as in the micrographs in Figure 5.26), that might be
caused by residual ethanol among the particles. Ethanol entrapment inside the porous
structures, poses a particular challenge for this sterilization technique. The AlamarBlue
viability assay results of the ethanol washed particles are included in Appendix C, Figure
Cl.

Filtration is another conventional method for sterilizing NPs. Filters with pores of 0.2
um are required for sterilization with removal of both bacteria and viruses. Particles of
similar size might get clogged in the filter, so filters of 0.45-5 ym openings were used
for filtration of the IFE Si NPs used in the present study. The images seen in Figure 5.27
show that all filters tested got clogged and the filtered solution after 0.45 um filtration
turned out nearly transparent as a tiny pellet as very few particles were filtered through
(the loss of NPs was assumed to be >90%). This is likely due to the hydrophobicity of
the particles, showing that as-prepared IFE Si NPs and porous IFE Si NPs are not suitable
for sterilization by filtration in a PBS solvent. Furthermore, hydrophobicity is not a desir-
able property for in vivo applications, and a hydrophilic coating would be appropriate for
further development of IFE Si NPs as drug carriers.

(a) (b)

Figure 5.27: Filters after filtration attempts of IFE Si NPs dissolved in PBS. (a) Clogged filters of
0.45, 0.8 (pristine IFE Si NPs), 1.2 and 5 ym (porous IFE Si NPs) pore size. A clean 0.8 um filter
is included in the upper left corner for comparative reasons. (b) Filtrate residual after 0.45 ym
filtration of porous IFE Si NPs.

In the present study the sterilization impact on viability assay results was assessed,
and it was concluded that characterization of the particle properties should be performed
after sterilization to give information on the particles as they are upon administration.
For further in vitro or in vivo studies, it would be necessary to understand how various
sterilization techniques affect the various particle properties as well as how that in turn
might affect the results of biological studies.
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5.3.4 Nanoparticle - viability assay interference

NP interference with the components of viability assays has been discussed in the open
literature, and it have been established that the interference is not universal but depend
on the nature of both the assay components and the NP [69, 112, 113]. Some metal NPs
have shown to interfere with the reduction process of the AlamarBlue component into a
fluorescent state. The high surface area of NPs make them excellent catalysts for chemical
reactions [114]. Particles with reducing properties might therefore interfere with the via-
bility results in assays relying on reduction-oxidation principles. The AlamarBlue assay
uses such a reduction principle, however, Si NPs are fortunately found not to interfere with
the AlamarBlue components at concentrations below 0.01 mg/mL in literature. However,
one should be aware that Si NPs were found to interfere with BCA protein assays and
catalase assays [69].

It is a well-known fact that pSi has been shown to have intrinsic luminescent proper-
ties with emission in the near infrared range upon excitation below 520 nm [6]. These
properties might interfere with viability assays using fluorescent tracers, but the excitation
and emission wavelengths do not correspond with the specific excitation and emission
wavelengths of the AlamarBlue assay (560 and 590 nm). As observed in the micrographs
presented in Figure 5.24, Figure 5.25 and Figure 5.26, the IFE particles remain in the sam-
ple even after multiple washes with PBS, which means that they have the opportunity of
interfering with the AlamarAlue assay components.

— Pristine — Pristine
2 - = Porous 2 - - Porous

0.5 0.5

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
NP concentration (mg/mL) NP concentration (mg/mL)

(a) (b)

Figure 5.28: Assay interference tests between (a) IFE Si NPs and Alamar blue. Fluorescence
intensity (FI) level standardized to samples not added NPs. (b) IFE Si NPs in cell culture media
without AlamarBlue, assessing FI of NPs, standardized to FI of only cell culture medium. Red

marks statistical average and standard deviation of control samples (no NPs). The results are

plotted as averages with standard deviations of at least n=4 samples. *P < 0.05 compared to control.

Control experiments of IFE Si NPs dissolved in a cell culture media with and without
AlamarBlue assay components were conducted to assess the NP-assay interference and
the possibility of intrinsic florescence at the wavelength of AlamarBlue assay detection.
The results, presented in Figure 5.28, show that there is no intrinsic fluorescence at that
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particular wavelength, as well as no quenching of fluorescence, revealing no significant
interference with the AlamarBlue assay components except for the pristine particles at
1 mg/mL. At all NP concentrations above 63 pg/mL a higher fluorescence intensity (FI)
level is seen for the pristine particles comparing to the porous particles. This difference
is believed not to be a result of intrinsic luminescence. Improved catalytic activity of
pristine particles at high NP concentration might, however, be part of the explanation for
the observed phenomenon of Si NP-assay interference.

These interference control experiments were performed using IFE Si NPs sterilized by
ethanol washing, which might be part of the explanation for the increased viability signals
observed for high NP concentrations after ethanol wash. These results might, however, not
be trustworthy for assay interference of autoclaved particles. One should carefully select
appropriate viability assays suitable for toxicity testing of the nanomaterial in question.
Moreover, the addition of analytes such as cells may highly modify the degree of NP
interference, and testing for interference by measuring the addition of NP to assay reagents
may not be adequate [69]. To accurately obtain trustworthy viability data and to study
controls for assay interference, several different cell viability assays measuring various
cell health indicators should be conducted in parallel.
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Summary and Conclusion

In the present study, the stability and biocompatibility properties of the porous and non-
porous IFE Si NPs intended for drug delivery purposes have been studied. Si has been
shown to be a highly versatile material giving the possibility to exploit several different
technologies for "smart” DDS. A novel Si NP synthesis route using a free space reactor
and a highly effective catalytic porosification process has been used for the production of
the particles allowing for high-scale synthesis and clinical usage.

The overall aim of the present study has been to assess the IFE Si NPs by characterizing
them with an emphasis on the pH-dependent stability and induced in vitro cytotoxicity. In
other words, assessing the particles suitability as a carrier material for drug delivery. The
obtained results are presented in four parts, i.e. 1) literature review of pSi and Si NP
dissolution stability, 2) characterization of the IFE Si NPs, 3) experimental pH-dependent
stability studies of the IFE Si NPs, and 4) in vitro cytotoxicity studies of the IFE particles.

The literature review revealed stability dependence on a range of particle properties
such as size, crystallinity and porosity, as well as surface modifications and the nature of
the media in which particles are immersed. A pH-dependent dissolution was observed with
increasing amounts of dissolved Si when increasing the media pH. The IFE Si NPs charac-
terization data disclosed an average particle diameter of 80 and 100 nm for the porous and
pristine particles, respectively. According to literature, the nanoscale size indicate fast dis-
solution, i.e. within hours, however, high crystallinity and a native oxide layer identified
by XRD and EDS would indicate a slower dissolution process for the IFE particles.

The pH stability studies of the IFE Si NPs showed increasing hydrodynamic diameter,
measured by DLS, over 24 hours after immersion in buffer solutions with increasing pH.
This increase in size over time was observed for pH as low as 8 and 7 for pristine and
porous particles, respectively. For the porous particles, a near-linear dependence was ob-
served between increasing Z-average and pH. SEM images showed larger fused structures
of particles in increasing pH. This was seen for pristine particles after 8 hours of immersion
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in pH 10 and for porous particles in pH 8-10. Possible colloid phenomena that can explain
these observations include agglomeration, aggregation, coalescence and/or deposition of
dissolved silicon-containing species in an Ostwald ripening-like manner. The latter theory
supports the established increase in the Si dissolution rate at high pH, which is in good
agreement with what was found in literature. Regardless of the mechanism, the findings
are interesting for drug delivery applications as it might give complications for the in vivo
drug delivery process, as well as for colloid solutions for intravenous administration. In
the case of pH-dependent dissolution, a mechanism for stimuli-responsive drug release has
been presented.

In vitro biocompatibility studies with optical microscopy observations and AlamarBlue
assay results show low cytotoxicity of the IFE Si NPs to KPC and PC3 cell lines with a
minimum of 50% cell viability of up to 1 mg/mL NP exposure over 48 hours of incubation
time. Different toxicity profiles were observed for the two particle types, with pristine
particles showing concentration-dependent toxicity and porous particles showing a time-
dependent toxic response. Moreover, the porous particles generally showed a lower degree
of toxicity. The observed hydrophobicity of the particles is believed to be the reason
for them clustering to the cell surface, which might also be involved in the mechanism
inducing toxicity. These results are for particles sterilized by autoclaving, and higher
cytotoxicity was observed for ethanol-washed particles, for which pristine Si NPs were
also shown to interfere with the AlamarBlue assay components at concentrations of 1
mg/mL. Autoclaving was shown to be the most successful sterilization route for the IFE Si
NPs when comparing to filtration and ethanol wash. It is, however, yet unknown whether
these sterilization techniques affect the particle properties.

Compared to several other NP drug carrier materials, Si has several advantages such as
biodegradability and non-toxicity. In the present study it has been verified that the novel
synthesis method adapted for the IFE particles is a promising method for drug delivery ap-
plications in terms of stability and in vitro toxicity. The porous particles showed superior
properties in terms of cytotoxicity and have decreasing stability at increasing pH, com-
pared to the pristine particles, that might be useful for dissolution-driven drug release. In
addition, the mesoporous structure is ideal for loading of an API. The structure-dependent
stability and biocompatibility results obtained in the present study will aid in tailoring fu-
ture drug carrier design for various APIs and with various biological interactions and drug
release mechanisms, to be used for improved drug treatment for a variety of patients.
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Further Work

A few ideas of tasks that were initiated in the present study but unfortunately not suffi-
ciently completed to be included are summarized in the following remarks.

 Establishing a complete set of standard methods useful for characterization of drug
carrier particles is an essential step in scaling up production of NPs for clinical us-
age. DLS, SEM, XRD and DLS have herein been verified as suitable methods for
characterizing the IFE Si NPs. XRD and EDS analysis has yet to be performed
for the porous and pristine particles, respectively. Suggested additional techniques
include quantification of porosity by specific surface area measurements using ni-
trogen adsorption analysis (BET) and verification of surface chemistry upon modi-
fication using Fourier Transform infrared spectroscopy (FTIR).

» Zeta potential measurements of the IFE Si NPs in buffer solutions was initiated
but not completed due to technical problems. Electrostatic forces between particles,
measured as the zeta potential, is thought to be important for colloidal stability. Zeta
potential is altered by the medium pH, thus apparently highly relevant for the pH-
dependent stability studies presently conducted. It should however, be pointed out
that the zeta potential is as much dependent on the dispersion media as the nature
of the particles, and in high salt concentrations (like 100 mM used herein and in
physiological conditions of 150 mM) zeta potential is no longer applicable. One can
therefore discuss if it gives useful information for NPs in biomedical applications
[60]. Establishment of an appropriate procedure for zeta potential measurement
could, however, give valuable information of specified colloidal systems of interest.

* To supplement the DLS particle diameter change measurements in view of the sta-
bility studies with a direct analysis method, automated image analysis of SEM mi-
crographs using algorithms for particle counting and size measurement was initi-
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ated. Challenges associated with low contrast images and algorithm development,
however, created difficulties in completing the task.

Based on the experimental studies performed in the present study, several research
questions have been raised that might form the basis of an extension of the work. Verifica-
tion of the mechanism of the particle growth at high pH could be investigated by nitrogen
adsorption surface area measurements to test the aggregation hypothesis, and by elemental
composition analysis as well as crystallography measurements of the deposited structures
to test the amorphous silica deposition and the aggregation hypotheses. Following the
findings from the literature review, it would be interesting to study dissolution kinetics of
the IFE Si NPs by ICP or MBA methods, as well as assessing how stability is affected
by various particle properties, temperature and the presence of salts and/or other com-
pounds present in biological systems. Compared to the spatially confined containers used
for stability studies in the present study, a setup with concentration control or dynamic
environments might give a more realistic model for in vivo stability studies. Furthermore,
an extension to the stability studies is to identify how stability affects drug release kinetics
and quantify the differences for drugs loaded by covalent bonding, entrapment in pores or
physically adsorbed onto the particle surface. This is, however, another huge research area
as such properties highly depend on the properties of the individual drug molecules that in
most cases are highly specific, but it would give valuable information about the versatility
of the IFE Si NPs as drug carriers.

The mechanisms behind the observations of the cell viability studies might be studied
using molecular biological techniques, which might disclose both how particle attachment
affect the cell viability and what cellular mechanisms are behind the cytotoxicity profile of
the IFE Si NPs. Studying how different particle properties affect cytotoxicity and how var-
ious sterilization techniques affect particle properties are yet other interesting approaches
to understand the underlying mechanisms.

Exploring chemical modification possibilities of Si is an interesting next phase both
for functionalization and stability purposes, and to tune cytotoxic responses. Seen from
both the stability and cytotoxicity studies reported herein, the creation of particle assem-
blages is a major challenge of unmodified particles, partly due to their hydrophobic be-
havior. Hydrophilicity is also obtained by chemical modification of the particle surfaces.
Furthermore, for exploiting the vast opportunities in nanomedicine, such as targeting and
stimuli-responsive release, surface modification of drug carriers is inevitable. A natural
next phase towards developing a complete drug carrier of the IFE Si NPs includes there-
fore establishing different surface modification processes, which will allow for creating
novel technologies. The study of how stability, as well as cytotoxicity and in vivo ac-
cumulation is affected by these alterations are also of high priority. Multi-phase clinical
trials are then required in order to get a complete pharmaceutical formulation of Si NPs
approved for clinical usage.
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Appendix

A Si NP stability & drug interactions

Literature search methodology - Si NP stability

A variety of research articles on the topic of porous and non-porous silicon nano- and
microparticles was studied and crucial parameters for characterization, stability and drug
interaction were identified. Porous Si NPs intended for drug delivery and other biomedi-
cal applications was the main focus. Google Scholar was the main search engine used for
identifying relevant literature and key words like "nanoparticles", "drug delivery", "sur-
face modifications", "functionalization", "stability/degradation/dissolution" and "biomed-
ical applications" were used in different combinations with "porous silicon". Subscription

access to scientific articles was given via the NTNU network library.

It was found that studies involving particle synthesis, processing, stability studies and
characterization gave information on porous silicon in mainly two categories, i.e. drug
interactions and material characterization. Drug interactions included drug loading degree
and release profiles in various media, while material characterization included particle
measurements like size, morphology, surface charge and area, as well as surface chem-
istry. Characterization parameters are related to inherent carrier material properties that
are defined as quantitative parameters for easy comparison. On the other hand, drug in-
teractions highly depend on the physical and chemical properties of the API in question
and how strongly it associates with the carrier material. Also, drug release data must be
compared to similar properties for the drug molecules without carrier to give valuable in-
formation. For simplicity, and to give a focused quality review in line with experimental
work, a focus on characterization data and stability studies from literature was chosen for
further discussion. The identified drug interaction properties can be found in Table A1l.
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Table A1: Drug interactions found in literature studies. TOPSi = thermally oxidized PSi, TCPSi =
thermally carbonized pSi, UnTHCPSi = undecylenic acid thermally hydrocarbonized pSi. ts, and
t,90 s the time at which 50% and 100% of the drug is released from the particle (estimated from
drug release curves). Alexa488-DBCO-DOTA = dibenzocyclooctyl(DBCO)-PEG4-amine
functionalized and Alexa Fluor 488-labeled. iRGD = tumor-homing peptide.

Author PSi par- Surface Loaded Loading  Release profile Estimated ts
year ticle size  modifica- drug effi- (PBS, 37 °C) & tig9 (PBS,
tions ciency 37 °C)
Kim et 200nm Air ox- Lyzosome 41% 30-40% re- NA
al. [56] idation leased after 72
&  cyclic h
silanes
Salonen 20 um TCPSi Ibuprofen  30.4% tsn=20-
et al. 25 min,
[40] t100=100min
Antipyrine  53.4% tsp=25 min,

t100=300 min
Griseofluvin 16.5% 20% release af-

ter 350 min
Ranitidine  13.2% tso=25 min,
t1go >100 min
Furosemide 41.3% tso=15 min,

t100=300 min
TOPSi Ibuprofen  7.9%
Antipyrine  27.3%
Wang et 223 nm UnTHCPSi  Sorafenib  28.2% Max 70% re- tsp=1-5 min,

al. [9] + lease after 360 t;oy >360 min
Alexa488- min
DBCO-
DOTA
203 nm UnTHCPSi  Sorafenib  27.0% -II- -Il-
_+_
Alexa488-
DBCO-
DOTA+RGD
Nieto et 43x70x25 undecylenic Rapamycin 22% Max 60% re- t5=18 days,
al. [11] um acid lease after 32  t;oy >32 days
days
I-dodecene  Rapamycin 17% Max 2.5% re- tsy, tjog >32
leased after 32 days
days
methoxy Rapamycin 28% Max 14% re- tsp, tigg >32
(dimethyl) leased after 32 days
octysilane days

II



B Supplementary DLS material

Author PSi par- Surface Loaded Loading  Release profile Estimated ts,
year ticle size  modifica- drug effi- (in PBS at 37 & tjp (in
tions ciency °C) PBS at 37 °C)
Haidary  36.7 um Tamoxifen 100% released  t5y=3.5 h,
et al. after 6 h tjpo=06h
(41]
Undecylenic Tamoxifen 30.7% released  tsg, tjpo >6h
acid after 6 h
Chitosan Tamoxifen 73.4% released  ts(=3.5 h,
after 6 h thO >6h
Silica xero- Tamoxifen 100% released  ts=2.2 h,
gel after 3 h tigo=3 h
Chitosan + Tamoxifen 34.6% released  tsg, tjpo >6h
silica xero- after 6 h
gel
B Supplementary DLS material
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Figure B1: (a) Number and (b) volume distributions of pristine and etched Si NPs measured by

DLS.
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Figure B2: Z-average values of Si NPs including the "outlier" agglomerates above 1 ym
hydrodynamic diameter found in (a) pristine alkaline and (b) porous acidic samples. Similar
Figures without outliers are shown in Figure 5.14.
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Figure B3: PDI values of Si NPs including the "outlier" agglomerates above 1 ym hydrodynamic
diameter found in (a) pristine alkaline and (b) porous acidic samples. Similar Figures without
outliers are shown in Figure 5.16.
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C AlamarBlue assay results for ethanol washed Si NPs
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Figure C1: In vitro cytotoxicity studies (Alamar blue) of Si NPs sterilized by ethanol treatment.
The %CV mean is plotted with standard deviations of n=8 replications.
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