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Abstract

Abstract

Nanotechnology has emerged as a powerful tool for many biomedical
applications including diagnostics, therapy, imaging, and sensing. A wide variety of
advanced nanomaterials have been innovatively designed and synthesized to fulfill the
requirements according to their applications. Among them, nanocapsules are some of
the most interesting nanostructures and known to be commonly used for loading
therapeutic agents or fluorescent dyes in order to have curing effects or tracking the
capsule, respectively. The main function of the nanocapsule is to protect and transport
cargo to target cells. It can also be created to enable release of a functional payload
according to the stimuli used for a controlled release platform. Furthermore, responsive
stimuli can be used for triggering the sensing unit and then emitting the signal as a
reporter in the sensor system. Therefore, critical cytotoxicity must be determined before
applying the loaded nanocapsules to the cells. Internalization of the capsule inside the
cells must subsequently be investigated by flow cytometry and confirmed by confocal
laser scanning microscopy. Finally, the specific functions/properties of the

nanocapsules are verified.

With the aim of utilizing silica nanocapsules (SiNCs) to carry siRNA to CD8"
T-cell, an immune cell destroying virus-infected cells and cancer, a novel silica core-
shell NC with various physicochemical properties including sizes, core
hydrophilicities, surface charges, and surface functionalizations as well as serum
concentrations in a culture medium were systematically examined for their effect on
toxicity and uptake. It was found that different physicochemical characteristics of the
SiNCs, especially sizes, and serum concentrations had a strong impact on cytotoxicity
and cellular uptake. These findings can be used for the suitable design of nanocarriers
and adjustments in culture conditions to avoid toxicity and promote the uptake of
nanocarriers for T-cell immunotherapy. Subsequently, the SiNCs loaded with sSiRNA
specific to Pd-11 mRNA, which translates to a crucial immune checkpoint protein PD-
L1 inactivating T-cell, were applied to the CD8" T-cell. The results suggest that these
SiRNA loaded nanocarriers exhibit the potential for use in the delivery of siRNA into
T-cells, enhancement of T-cell survival and functions by decreasing the expression of
inhibitory protein PD-L1, increasing cell proliferation and specific T-cell activation
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biomarkers CD25 and CD71, and can be applied in adoptive T-cell immunotherapy for

the treatment of cancer.

Stimuli-responsive nanocarriers are of great interest for achieving the controlled
release of functional payloads at a target site. Near infrared (NIR) light was used to
trigger the enzyme inhibitor releasing platform. The system consisted of the
upconversion nanoparticles (UCNP) and the ruthenium (Ru)-Cathepsin K enzyme
inhibitor complex, which was loaded inside mesoporous silica nanocapsules. NIR light
activated UCNP resulted in the emission of blue light, which can cleave the light
sensitive bond of Ru complex, then releasing the inhibitor and finally inhibiting the
enzyme activity in vitro. In another system, red light was used instead of NIR light to
trigger the Ru complex and showed deep penetration through thick tissue, which was
still able to cleave the light sensitive bond, uncage the toxic product and finally kill
HeLa cancer cells. With the significant potential of a red-light sensitive Ru complex
releasing system, a micelles-containing Ru complex conjugated anti-cancer drug
chlorambucil was developed. After red light stimulation, the anti-cancer product was
cleaved and effectively killed HeLa cells, even under hypoxia simulated in vitro
conditions and in tumor-bearing mouse in vivo. Due to the non-invasive method and
spatiotemporal control, the light-responsive controlled release system provides a

promising strategy for cancer therapy.

Temperature at the cellular level can be used to determine the metabolic state
of cells such as anti-cancer drug metabolism. It could also be used to distinguish
between cancer cells and normal cells. To measure intracellular temperature, light
activated-polymeric upconversion nanocapsules (UCNCs) based on the temperature
dependence of triplet-triplet annihilation upconversion (TTA-UC) phenomenon were
developed. A cellular temperature measurement in the range of 22 to 40 °C was
successfully obtained after red light activation. The novel nanothermometer exhibited
the potential for use in treatment and diagnostics in the medical field.

These studies demonstrate the advantages of recently-developed nanocarrier
systems, which can be used for cellular uptake, controlled release and intracellular
sensing in living cells. The proof of concept systems reveals the critical factors involved

in cytotoxicity and cellular uptake, ideas for innovatively and carefully designing the
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delivery or sensing systems and new strategies for cancer therapy that can be applied

in various bio-applications.



Introduction

Introduction

(Note: The literature of the introduction can be found on page 138 at the end of the dissertation.)
According to the IUPAC, nanoparticles (NPs) are tiny materials defined with a
size in the range of 1-100 nm.[#121 They can be presented as particulate dispersions or
as solid powders.[Z3 Similarly, the US Food and Drug Administration (USFDA), the
International Organization for Standardization (1SO) and American Society for Testing
Materials (ASTM) have provided their definitions of nanoparticles which are defined
as a nano-object with at least one dimension in the size range from approximately 1 nm
to 100 nm.[%-241 However, the British Standards Institution and the U.K. House of Lords
Science and Technology Committee recommended that the definition of nanomaterials
are not limited to a size under 100 nm but instead refer to ‘the nanoscale’ to ensure that
all materials with a dimension under 1000 nm are considered.>6! Due to the size in
nanoscale, NPs present unique physical and chemical properties. They provide a high
surface to volume ratio, enhance cellular uptake, deliver water-insoluble drugs and
possess size and shape dependent reactivity, as well as toughness and optical properties
presented in different colors. These distinct characteristics make NPs suitable
candidates for various kinds of applications.l%3*7] NPs can be categorized into organic
NPs such as polymeric nanospheres, nanocapsules, micelles, liposomes and
dendrimers, and inorganic NPs such as silica NPs, carbon nanotubes, iron oxide NPs,
gold NPs and quantum dots, as shown in Figure 1. Summaries focused on material use,

cargo attachments, advantages and disadvantages are presented in Table 1.1l

Nanocapsules and nanospheres are the two main types of polymeric
nanoparticles, which are different in their morphology and architecture (Figure 2).
Nanocapsules exhibit a typical core-shell structure consisting of a liquid core, in which
either the hydrophilic or hydrophobic cargo is entrapped inside the interior cavity
surrounded by a polymeric membrane made up of natural or synthetic polymers. Unlike
nanocapsules, nanospheres are formed by dense polymers where the drug is

homogenously dispersed in the polymeric matrix.[#9-11
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Figure 1. Different types of nanoparticles used in biomedical applications. (Taken from
Ref. [#8] Chemical Science, 2016, 8(1), 63-77. Copyright © 2017 The Royal Society of
Chemistry)
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Inner core
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Figure 2. Difference in the morphology and architecture of nanospheres (matrix
system) and nanocapsule (reservoir system). (Taken from Ref. [“'3 Mediators of
Inflammation, 2012, 126463. Copyright © 2012 John B. Christoforidis et al., original
figure with Courtesy of Nanomedicine (2010) Future Medicine Ltd).

Polymeric nanocapsules have been widely developed for many decades and
used as nano-sized carriers to achieve effective internalization, controlled release, and

targeting as well as a sensitive cellular reporting system.[#-121
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Table 1. Summaries of different types of nanoparticles and their material use, cargo

attachments, advantages and disadvantages. (Taken from Ref. [#81 Chemical Science,

2016, 8(1), 63-77. Copyright © 2017 The Royal Society of Chemistry)

Nanoparticle Material(s) Cargo attachment Advantages Disadvantages
Liposomes Self-assembling lipid Encapsulated within the Easily synthesised, Highly sensitive to
bilayer hydrophilic core biocompatible, high structural changes and
internal loading nature of payload
Polymeric Hydrophobic polymer core Encapsulated within the Small, biocompatible, able Highly sensitive to
micelles surrounded by hydrophilic hydrophobic core to incorporate highly structural changes, poor
polymeric chains hydrophobic cargo release profiles
Polymeric Solid hydrophobic polymer Embedded in the polymer High loading capacity, Difficult to purify and poor
nanospheres/ matrix with optional matrix or within the core flexible loading store properties
nanocapsules aqueous core capabilities, reliable
(nanocapsule) release profiles
Dendrimers Highly branched polymer Embedded in the polymer Highly soluble, non- Lacking data on toxicity and
matrix branches immunogenie, high biocompatibility
loading capacity,
controlled synthesis
Iron oxide Iron oxide core surrounded Attached to the surface/ Innate magnetic properties Nointernal loading capacity
nanoparticles by biocompatible coating surface coating
Gold Solid gold particles Attached to the surface/ Innate optical and No internal loading
nanoparticles typically coated with PEG surface coating photothermal properties capacity, poor
chains biocompatibility and
biodegradability
Mesoporous Mesopores surrounded by Encapsulated within the High loading capacity, Issues with physiological
silica a silica framework Mesopores good biodegradability stability, rapid clearance
nanoparticles rates
Carbon Graphite arranged in either Attached to the carbon Innate optical and Poor biodegradability,
nanoparticles a sheet or cylindrical backbone electrical properties, high organ accumulation

Quantum dots

conformation

Typically a cadmium
selenide core with a zinc
selenide cap

Attached to the surface/
surface coating

surface loading capacities
Innate optical properties,
high extinction coefficients

No internal loading
capacity, potential toxicity
issues

This work consists of three major sections aimed to develop a novel nanocarrier

system, especially for nanocapsules which can be used for cellular uptake in Chapter
A, controlled released in Chapter B and intracellular sensing in Chapter C for living
cells. The recently developed systems demonstrated the potential for use according to

their applications and proof of concept in vitro.

For Chapter A, intensive study of silica nanocapsules (SiNCs) uptake and
toxicity was challenged in a well-known, “hard to transfect cell”, the T-cell. The crucial
physicochemical properties of SiNCs and the culture component, such as serum
concentrations that can form a “protein corona” on SiNC surface and affect cellular
uptake as well as toxicity, were systematically investigated in CD8" T-cells” in Part
Al. Then, SiNCs loaded with siRNA specific to Pd-11 mRNA translating to PD-L1, an
important immune checkpoint protein, were applied to CD8" T-cells and evaluated for
knockdown efficiency at mRNA and protein levels, the cell proliferation and specific
T-cell function biomarker expression in Part A2.
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For Chapter B, light-responsive nanocarriers draw attention for use in stimuli
responsive controlled release of functional payloads at specific target sites due to their
non-invasive method and spatiotemporal control. The efficiency of NIR light triggered
the inhibitor caging system, consisting of the upconversion nanoparticle (UCNP) and
the ruthenium (Ru)-Cathepsin K enzyme inhibitor complex, which was loaded inside
mesoporous silica nanocapsules and investigated from enzyme inhibition after NIR
irradiation without or through a piece of tissue in Publication B1. Instead of NIR light,
red light was used to activate the Ru complex and showed deep penetration through the
thickness of the tissue, which was then evaluated to answer the question of potential
depth, which remains able to uncage the toxic product and kill HeLa cells in
Publication B2. The red-light sensitive, micelles-containing Ru complex conjugated
anti-cancer drug chlorambucil was developed and investigated for the efficiency to kill
HeLa cells under hypoxia simulated in vitro and tumor-bearing mice in vivo in
Publication B3.

For Chapter C, the importance of developing a highly-sensitive, cellular
temperature nanosensor that can determine the metabolic state of cells such as anti-
cancer drug metabolism and might be used to identify cancer cells from healthy cells,
motivated this study. Red-light stimulated-polymeric upconversion nanocapsules
(UCNCs) based on the temperature dependence of triplet-triplet annihilation up-
conversion (TTA-UC) phenomenon were synthesized and evaluated for potential use
as a nanothermometer by measuring intracellular temperature in the range of 22 to

40 °C inside living HelLa cells in Part C1.
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CHAPTER A
NANOCAPSULE AS A NANOCARRIER FOR T-CELLS

Chapter A combines two different parts. These studies propose the application
of silica nanocapsules as suitable nanocarriers in T-cells by investigating the crucial
physicochemical characteristics of silica nanocapsules on the impact of cellular uptake
and toxicity in T-cells. They likewise demonstrate a strategy to improve T-cell survival
and the function for adoptive T-cell immunotherapy for treatment of cancer using silica
nanocapsules carrying specific sSIRNA-mediated gene silencing. A general introduction
concerning T-cells, adoptive T-cell immunotherapy and recent advances in nanocarriers
applied in T-cells will be described. Afterwards, each study will be presented

separately.

(Note: The literature of the introduction can be found on page 138 at the end of the dissertation.)

[A1] Raweewan Thiramanas, [
I silica Nanocapsule as a Suitable Nanocarrier: Uptake and

Toxicity Study in T-cells. (Manuscript in preparation).

[A2] Raweewan Thiramanas, [
I Ccliular Uptake of siRNA Loaded Nanocarrier to

Knockdown PD-L1: Strategies to Improve T-cell Functions. (Manuscript in

preparation).



Chapter A

A. Introduction

T-cells, one of the most important cells in an adaptive immune system, possess
attractive intrinsic functions that enable the killing of virus-infected cells and cancer,
which is highly impactful to the biomedical field. Many researchers have employed T-
cells properties in so-called adoptive T-cell immunotherapy for cancer treatment.[%23]
The treatment is based on harvesting T-cells from cancer patients, growing and /or
genetically modifying them to enhance their killing ability in terms of specificity and
efficiency before reinfusing the T-cells back into the patient.** Compared to
traditional cancer therapies including surgery, chemotherapy, and radiation therapy,
this technique has several advantages such as being highly specific to target cancer
cells. Therefore, adverse side effects to healthy tissue can be avoided as well as
eliminate immune rejection because the therapeutic cells come from the patient, in
addition to overcoming the problems of tumor re-occurrence and metastasis.!%%
However, loss of T-cells viability and function naturally occurs due to time-consuming
process and immuno-regulatory mechanism.!%-14161 Therefore, another field of research
in parallel to promote T-cells survival and efficacy has been intensively developped.
For this purpose, many therapeutic agents such as antibodies, cytokine, and nucleic
acids have been applied to T-cells using different methods such as systemic
administration, electroporation, and by using nanocarriers.l%*"1 With the progress in
nanotechnology, various types of nanocarriers have been designed and used for the
delivery of functional payloads into different kinds of target cells. Nanocarriers provide
protection for the cargo from surrounding conditions and facilitating internalization.*
31 Among them, silica nanomaterials exhibit high potential for use in a drug delivery
system. Silica nanocarriers have many distinct advantages such as high loading
capacity, chemical and physical stability, biocompatibility and biodegradability, and
easy surface modification, making them good candidates for delivery to T-cells.[%l
T-cells are well-known to be “the hard to transfect cells”, meaning they are difficult to
uptake foreign particles. In addition, they are highly sensitive and easy to exhaust,
making it a challenge to choose and design an appropriate nanocarrier.”>9 Lack of

study focused on nanocarrier uptake and toxicity in T-cells makes it more difficult to
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understand which characteristics of nanocarriers should be carefully considered when

applied to T-cells.

In Chapter A, crucial parameters including sizes, cores, charges and surface
functionalizations of silica nanocapsules (SiNCs) that have impact on cellular uptake
and toxicity in CD8" T-cells were systematically investigated in Part [A1] to solve this
problem. In addition, the effect of protein corona and serum in culture media on cellular
uptake and toxicity were also studied to provide more criteria to consider when applying

the nanocarriers in T-cells to achieve high uptake efficiency and low toxicity.

The uptake and toxic profiles were then used for designing the SiNCs carrying
the specific sSiRNA to knockdown PD-L1, a potent inhibitory protein, in CD8" T-cells
in order to improve T-cells viability and function in Part [A2]. The knockdown
efficiency was determined at protein and mRNA levels. The effects of PD-L1
knockdown were demonstrated in terms of cell proliferation and various functional

biomarker expressions.

Here, the general background concerning the human immune system is
described. The cancer-induced mechanisms for T-cell activation and inhibition,
adoptive T-cell immunotherapy and recent advances in nanocarriers applied in T-cells

are explained as well.
A.1 Human immune system

The human immune system consists of two major subsystems: innate immunity
and adaptive immunity. Innate immunity is the first line of the defense mechanism and
is not specific to any particular pathogen in the way that adaptive immune responses
are. Although the innate immune system has evolved to quickly detect and destroy a
variety of pathogens, the pre-existing set of common pathogenic molecular patterns,
which are all established since in the germ line genome that it can recognize, is limited.
Excessive variations of antigenic structures and the immune escape-induced mutation
of pathogens are the driving forces in the evolution of the adaptive immune system or
the acquired immune system, which can be found in vertebrates including birds, fish,
amphibians, reptiles, and mammals. The slow response of adaptive immune responses

is due to their hallmarks of learning to create highly-specific response and memorizing
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processes, which are mediated by white blood cells called lymphocytes. During
lymphocyte development, sets of gene segments are rearranged through a process of
somatic recombination and assembled to create genes encoding the enormously diverse
and specific antigen receptors of T and B lymphocytes to generate highly specific and
flexible immune responses capable of recognizing all specific parts of pathogens,
known as antigens. There are two major classes of adaptive immunity, humoral and

cellular immunity, which are carried out by B-cells and T-cells, respectively.[Z-20-22]
A.1.1 Adaptive humoral immunity

Adaptive humoral responses or antibody responses are mediated by antibodies,
which involve proteins called immunoglobulins produced by plasma cells derived from
B-cells. B-cells are so called because they are produced and mature in the bone marrow
then travel to the lymphatic system to circulate throughout the body. As a result of
somatic recombination, B-cells each carry a set of surface antigen-recognition
molecules or membrane-bound antibodies called B-cell receptors (BCR). When B-cells
bind an antigen that fits or matches its BCR, they will ingest, process and present
digested peptide on MHCII through T-cell receptor (TCR) binding of CD4" T-cells.
Activated CD4" T-cells produce stimulatory factors to help B-cells maturation and
differentiation to become either a memory B-cell to be reactivated in the future or a
plasma cell releasing large amounts of free antibodies specific to its activating-antigen.
The antibodies circulate through the bloodstream and body fluids, where they search
and bind specifically and directly to the antigens (either presented extracellularly on
infected cells or free-floating in the body) that stimulate their production. Antibody
binding neutralizes viruses and microbial toxins by blocking their ability to bind to
receptors on host cells. In addition, the binding of antibodies also provides notable
marking on invaders for targeted-extermination and facilitates engulfment by the

phagocytic cells of the innate immune system.[#-22-24]
A.1.2 Adaptive cellular immunity

The adaptive cellular-mediated immune response is carried out by T-cells,
which are so called because they mature in the thymus. The innate immunity phagocytic

cells act by ingestion in the pathogen directly, whereas they serve as antigen-presenting
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cells for adaptive immunity. Unlike the B-cells that can directly bind to antigen via
BCR, T-cells need antigen-presenting cells to process and present small peptides of the
antigen to T-cells via highly variable T-cell receptors (TCR). This receptor is generated
by randomly assorting genes providing T-cells detection and response to a wide range
of antigens. Antigen presentation results in the activation of T lymphocytes, the
initiation of the adaptive response, and finally the destruction of the target cells via
induction of apoptosis. T-cells characterized by the CD3 surface marker are categorized
into 2 subtypes: the helper cell or regulatory T lymphocyte (Trg) and the effector cell
or cytotoxic T lymphocyte (CTL), which can be called CD4" and CD8" T-cells
according to their unique cell surface markers, respectively. Similar to their names,
helper T-cells ‘help’ other cells of the immune system, such as the maturation of B-
cells and activation of CTLs, while CTLs kill virus-infected cells and tumors.[#-25-21
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Figure A.1 Stimulatory (present in green) and inhibitory (present in red) factors in the
Cancer-Immunity Cycle. Copyright @ 2013 Elsevier Inc. Reprinted with permission
from Elsevier. Ref. [“271 Immunity. 2013, 39(1), 1-10.
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A.2 T-cell Activation and the Cancer-Immunity Cycle

For cancer induced immune response, T-cells can be activated through a 7-
stepwise complex process called the cancer-immunity cycle, as shown in Figure A.1.
[Z-27] In step (1), cancer cell antigens are released from dead cancer cells. Antigen
presentation occurs in step (2), after which released antigens are detected, ingested and
processed into small peptides by professional antigen-presenting cells (APCs)
including dendritic cells (DCs), macrophages and B-cells. During maturation and
migration to the lymph node, DCs lose their phagocytic function, but possess high
expression of specific molecules called major histocompatibility complex class 1
(MHCI) and class 2 (MHCII) and co-stimulatory molecules such as CD40, CD80,
CD83, and CD86 on their surfaces for efficient communication with T-cells.[#28-30 DCs
then present the exogenous peptides on MHCI and MHCII to TCR on CD8" (called
cross presentation) and CD4* T-cells surfaces, respectively. As a result of mutation,
abnormal cells can present endogenous antigens on MHCI which can be detected by
CD8" T-cells and stimulate immune response. Antigen presentation through TCR
results in step (3) the priming and activation of CTLs that respond to cancer antigens
are identified as foreign. Activated CTLs subsequently move through the blood stream
(step 4) and infiltrate to the site of the tumor (step 5). After that, CTLs recognize and
bind to the stimulating antigens present on MHCI of cancer cells through TCR (step 6),
leading to the formation of a channel in order to introduce chemicals including
granzymes  (serine protease-destroying intracellular protein) and perforin
(glycoprotein-forming a pore) as well as the activation of apoptosis and finally the
killing of cancer cells (step 7). The dead cancer cells release their antigens and then
continue to begin the cycle again to generate stronger immune responses.l%27]
Meanwhile, repeated TCR activation also induces proapoptotic pathways via the
expression of Fas (CD95) ligand, a transmembrane protein that belongs to the tumor
necrosis factor family, on the CTL surface, which then binds to Fas receptors on the

target cell surface, triggering apoptosis.[#-22:31-321
A.3 T-cell Inactivation and Cancer Immune Escape

Even though T-cells can recognize and efficiently destroy tumors through the

Cancer-Immunity Cycle, in many cases the tumor cells are still able to remain,
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proliferate and metastasize. These cancer resistance mechanisms are explained based
on the concept of “immunoediting”, which consists of 3 phases.[#3® Starting from
“immune surveillance”, the immune cells can recognize tumor cells as non-self and
progressively eliminate them. If one of the abnormal cells somehow survives immune
elimination, scarce cells can generate offspring, which might begin the second phase of
“immune equilibrium”, defined as a period during which our immune system and
tumors live in a state of balance in the body. This means although the tumors cannot be
killed, they cannot grow or metastasize. Because this phase is difficult to identify, the
driving forces behind this phase are poorly understood./*34 During this state plus with
immunosuppression in tumor microenvironment such as anaerobic acidic glucose-poor
environment, tumor cells accumulate stress, metabolic changes and induced-mutation,
leading to the last phase of “immune escape”, when tumors more aggressively progress,

invade and metastasize out of control by the immune cells.[#3

Many chemical factors involved in the cancer-immunity cycle can stimulate or
inhibit T-cell activation, as presented in Figure A.1.1%-?" Stimulatory factors present in
green promote immune activity, while inhibitors present in red re-check the process and
reduce immune response and/or prevent autoimmunity. Cancer cells smartly take
advantage of these major immune checkpoint proteins, such as CTLA-4, PD-1, and PD-
L1 to escape the immune system by expression of these checkpoints in order to imitate

negative regulatory feedback inhibition when APCs communicate with T-cells.[%-36]

Cytotoxic T-lymphocyte associated protein-4 (CTLA-4) can inhibit the T-cell
activation step (Figure A.1, step 3). Activation of T-cells not only needs the binding
between MHC of APCs to TCR, but also co-stimulation between the B7 family, CD80
(B7.1) and CD86 (B7.2), of APCs to CD28 of T-cells. CTLA-4 possesses very high
structural homology to the co-stimulatory molecule CD28 and a much higher affinity
for both CD80 and CD86 than for CD28. Therefore, its expression on activated T-cells
effectively blocks CD28-B7 interaction, resulting in the inactivation of T-cell

responses.[#35%71

Like CTLA-4, programmed cell death 1 (PD-1, CD279) is expressed only in
activated T-cells. PD-1 has two ligands which also belong to B7 family, PD-L1 (B7-
H1,CD274) and PD-L2 (B7-DC, CD273). PD-L2 is predominantly expressed on APCs
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as well as T-cells, whereas PD-L1 can be expressed on many non-hematopoietic and
hematopoietic cells including tumor cells, immune cells, epithelial cells, and
endothelial cells. T-cells stimulation can be inhibited in the tumor bed (Figure A.1,
step 7) through PD-1/PD-L1 interaction, in which PD-L1 on the surface of DCs bind to
PD-1 on the surface of T-cells, leading to T-cell exhaustion, which might contribute to

cancer immune evasion.[£35-37]

The identification of activated T-cell inhibitors, especially CTLA-4, PD-1 and
PD-L1, has brought the revolution of checkpoint blockade to a new class of cancer
immunotherapy for specifically blocking T-cell inhibition, reinforcing and potentially
propagating preexisting anticancer immune responses./%?"! The blockade of the PD-
1/PD-L1 pathway was thought to yield greater antitumor activity and fewer side effects
compared to CTLA-4 blockade.[#%® Several drugs as checkpoint blockades have been
approved and exhibited impressive responses at the clinical level, such as the anti-
CTLA-4 antibody ipilimumab, which was approved in 2011 for use against advanced
melanoma, and two anti-PD-1 antibodies, pembrolizumab and nivolumab, approved in
2014 for use against metastatic melanoma. Nowadays, these drugs are also under

intensive investigation for use in the treatment of other cancers.[#38l
A.4 Adoptive T-cell immunotherapy

Cancer immunotherapy is characterized by using the patient’s own immune
system to fight against cancer cells. The goal of cancer immunotherapy is to stimulate
or restimulate a potential intrinsic cycle of cancer immunity, enabling it to multiply and
function as anticancer activity under the optimal immune response to avoid unwanted
autoimmune inflammatory response./#?"1 Cancer immunotherapy approaches include
active immunization, reversal of immunosuppression, nonspecific immune stimulation
and adoptive cell therapy (ACT). Among these approaches, ACT has achieved very
promising results in cancer clinical trials and therefore is considered to be the most
effective cancer immunotherapy.% In ACT, tumor-specific CTLs are collected from
and infused into cancer patients with the aim of identifying and destroying tumor cells.
CTLs used for ACT can be obtained from tumor-infiltrating lymphocytes (TILS) or
peripheral blood lymphocytes, which can then be selected and used either in their

natural state or genetically modified cancer-specific T-cells, such as T-cell receptor
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(TCR)- and chimeric antigen receptor (CAR)-transduced T-cells.[“'*l The key to
success of cancer immunotherapy is mainly dependent on the identification of potential
cancer antigens that can be used for cancer vaccines, TILs activation and antigen-
specific T-cells productions in TCRs and CARs.[#% TILs production requires 2 critical
steps. The first step is the collection and separation of a lymphocyte culture from cancer
tissue. This process takes up to 1 month and requires professional decisions by experts.
Thus, the automated production process is impossible. The second step is a 14-day
large-scale expansion process, which has been accomplished successfully using
automated bioreactor. However, modified TCR or CAR cells are much easier to
produce and require fewer total cells. Generally, peripheral blood lymphocytes are
harvested, transduced with the desired gene and expanded to treatment levels. Because
those T-cells are highly active, only low cell numbers are typically required for
treatment.[%*6] TCR clones can also be produced by co-culturing peripheral blood T-
cells with antigen presenting cells that express a specific tumor antigen. To evade
immune surveillance, many cancers reduce the expression of MHC, resulting in
inefficient T-cells activation due to decreased TCR-MHC interaction. To avoid this
interaction, CAR molecules were developed. Combining the advantage of an antibody
with a TCR, the CAR structure consists of an extracellular part, which is a ligand-
binding domain containing a BCR—derived single-chain variable fragment, and a
intracellular signaling domain, which is composed of CD3C and one or more co-
stimulatory domains e.g. CD28. Thus, the function of the CAR is independent of MHC

interaction or any co-stimulatory signaling.[z-15-16:39-40]
A.5 Recent advances in nanocarriers applied in T-cells

Because therapeutic agents including plasmid DNAs, siRNAs, antibodies,
enzymes, enzyme inhibitors, and drugs cannot spontaneously cross the cell membrane,

delivery approaches are required.

Unfortunately, many of the traditional delivery strategies used in primary
immune cells, especially in unstimulated cells and lymphocytes, have shown to be
impractical for use due to their undesirable effects either for cell viability or cellular
response.l# Conventional lipid and cationic transfection reagents result in low

transfection efficiencies and induce nonspecific inflammation in these cells because
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these agents enter the cells by endocytic pathways. Hence, they trigger the immune
response. Similar results also appear when using viral vectors for the same reasons and
due to the presence of cytoplasmic viral nucleic acid sensors.!%*! Besides, viral vectors
also affect T-cell differentiation.[#*?l Electroporation/nucleofection, which allows
small molecules such as plasmids, siRNAs or antibodies to pass into the cells through
temporary pore formation induced by high voltages, gains satisfactory transfection
efficiency. However, cell viability is commonly decreased after electroporation
(typically ~ 60% survival rate), even with optimized voltages and conditions.[#l
Therefore, various kinds of nanocarriers have been developed, used, and reported on as
new delivery systems for T-cells with the aim of protecting the cargo, internalizing to
the cells and releasing the functional payloads while reducing or eliminating unwanted
effects on the cells either for improved T-cells viability and functionality against virus-
infected cells or cancers, immunological network study, or for T-cells targeting.

Liu et al. 4 modified single-walled carbon nanotubes (SWNT) to enhance
hydrophilicity, functionalized with cleavable disulfide bonds conjugated to siRNAs and
used to transport sSiIRNA specific to CXCR4 chemokine receptor and CD4 to human T-
cells and primary cells with the aim of inhibiting HIV viral entry and minimizing
infection. The siRNA mediated these target gene silencing has been observed and
exhibited superior performance to that observed with conventional liposome- based

non-viral delivery agents.

Lee et al. [Z** evaluated siRNA delivery to T-cells by chitosan, a derivative of
the natural polysaccharide chitin, using nanoparticles which were chemically
conjugated to a T-cell-targeting CD7-specific single-chain antibody having a diameter
of 320 nm. Silencing of CD4 expression was observed when the Jurkat leukemic T-cell

line was incubated with these particles in vitro.

Yosef et al. 241461 established new delivery technology by culturing and
stabbing primary T-cells on vertical silicon nanowires (NWSs) precoated with specific
biomolecules including siRNAs, plasmids, peptides, and proteins, which were
delivered effectively (>95%) to the cells without stimulation or alteration of viability.
Interestingly, the NWs exhibited consistent penetration to the cellular membranes

without impacting cell health or morphology. Later, potent silencing of 34 gene targets
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was used to simulate a model of the dynamic regulatory network that controls Th17

differentiation.

From the intensive review of Freeley and Long%*® SWNTSs, chitosan
nanoparticles and vertical silicon NWs have only been used to answer basic biological

questions. However, therapeutic applications in T-cells have not yet been investigated.

Dendrimers, which are highly-branched synthetic polymers, can form with
siRNAs through electrostatic interactions. Carbosilane dendrimers by Weber et al. or
PAMAM [poly(amidoamine)] dendrimers by Zhou et al.[%*"1 have been formed with
HIV genes-specific sSiRNAs and shown to inhibit viral replication in T-cell lines and
PBMCs in vitro.[##8l A strategy to target siRNA delivery was developed by Felber et
al.[#*1 using antibody-conjugated PAMAM dendrimers, which resulted in enhanced
uptake and more potent gene silencing in a prostate cancer cell line, suggesting that
antibody-conjugated dendrimers could be a potential T-cell specific SIRNA delivery

approach.[#

The most creative and effective siRNA delivery system described to date for
targeting leucocytes and T-cells in vivo is I-tsSNPs (integrin-targeted stabilized
nanoparticles), established by Peer et al.[#1%50 |n this system, siRNAs are condensed
with the nucleic-acid binding protein protamine and subsequently encapsulated within
100 nm diameter liposome nanoparticles resulting in a ~4000:1 ratio of SiRNAs to
nanoparticles, which may have significant potential for the improvement of human T-
cell function due to their high loading capacity.

Delivery systems for the targeting of T-cells and avoiding of endocytic activities
reduction were developed by Frick et al.[Z5% using cytokine interleukin-2 (IL-2)
coupled to the surface of hydroxyethyl starch (HES) nanocapsules. The system
demonstrated direct and specific T-cell targeting in vitro and in vivo by IL-2 receptor-
mediated internalization. The results suggest that engineering IL-2-functionalized
nanocapsules can be used for the efficient targeting of T-cell populations with different
IL-2 receptor affinities. It may also be applied to other cytokine-related targeting

systems.
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Al: SILICA NANOCAPSULE AS A SUITABLE NANOCARRIER:
UPTAKE AND TOXICITY STUDY IN T-CELLS

(Note: The literature of the chapter Al can be found on page 35 at the end of this chapter.)

Permission: The manuscript is under preparation.

Contribution: | carried out the biological part including cytotoxicity, cellular uptake

study by flow cytometry, cell imaging by cLSM, and protein corona effect on cellular
uptake as well as protein pattern analysis by SDS-PAGE. |l synthesized and
characterized the SiNCs. || BBl performed the cellular uptake progress. The
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TOC Al: The crucial physico-chemical parameters including sizes, cores, charges and
surface functionalizations of silica nanocapsules (SiNCs) as well as the effect of protein
corona and serum in culture media were systematically investigated for impact on
cellular uptake and toxicity in CD8" T-cells. This study provides the criteria for the
suitable design of nanocarriers and the culture conditions to carefully consider when

applying the nanocarriers in T-cells in vitro to facilitate uptake while avoiding toxicity.

Aim: With the lack of uptake and toxicity profile of SINCs in T-cells, this study aimed
to investigate the effect of physico-chemical characteristics of SINCs on cellular uptake
and toxicity in CD8" T-cells as well as aimed to provide more criteria to consider when
applying the nanocarriers in T-cells to achieve high uptake efficiency and minimize
toxicity.
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Abstract: Adoptive T-cell immunotherapy brings hope to cancer patients. It emerges
as a powerful and promising cancer therapy so the problem regarding the immuno-
reaction between different donors and recipients can be avoided. However, a new
problem based on the nature of the T-cell itself is problematic. After long cultivation
and expansion under laboratory media conditions, T-cells start to lose their viability
and function because of the immune checkpoint proteins, leading to decreased
efficiency in killing cancer cells. A new strategy to improve T-cell survival and function
is needed. With the advantages of nanotechnology and the biocompatibility of silica-
based material, silica nanocapsules (SiNCs) provide an ideal delivery system for the
use as nanocarriers to transport therapeutic biomolecules to T-cells. Due to the lack of
uptake study concerning T-cells, various physico-chemical properties such as sizes,
charges, and surface functionalities of SINC were systematically studied in this work
for their impact on cellular uptake and toxicity in CD8" T-cells. The obtained results
are discussed to improve the appropriate design of nanocarriers with low toxicity and
high uptake for T-cell immunotherapy. The effect of protein corona from human serum
and the serum present in culture medium on the uptake of different SINCs was also
investigated to provide more information to consider for suitable uptake conditions in
SiNC in CD8* T-cells.

Al.1l. Introduction

Adoptive T-cell immunotherapy (ACT) is the new era of cancer therapy. It can be
used to destroy cancer cells by using the immune cells from the patients themselves./A!
I Compared to traditional cancer therapies including surgery, chemotherapy and
radiation therapy, immunotherapy has several distinct advantages including no immune
reaction (due to the same donors and recipients), high specificity, and high cancer-
killing ability (due to intrinsic functionalities of T-cells, which are able to recognize
and destroy cancer cells).[**2 It was mentioned that this therapy may overcome the
problem of tumor recurrence after surgery and also defeat late-stage cancer, which has
very limited options in terms of traditional cancer therapies.*-2l However, the problem
of this technique is that we have relied on naturally controlling the mechanism of the

immune system. After a certain time of activation, the expression of the immune check
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point proteins from either the other immune cells e.g. dendritic cells or T-cell itself will
be induced, causing T-cell inactivation and leading to a loss of T-cell survival and
function.[A1-%% This situation also occurs in T-cell cultivation for immunotherapy after
collection from the patient and activating in culture media, resulting in decreased
efficacy for cancer treatment.[*1-3% With significant achievements in ACT and a very
promising cancer therapy, research focused on the improvement of T-cell survival and
function has been intensively pursued and reported. [A112451 A wide range of
therapeutic agents have been used to boost immunity including vaccines,/A®l
monoclonal antibodies,[** cytokines,*%° siRNAs specific-immune checkpoint
proteins such as cytotoxic T lymphocyte-associated molecule 4 (CTLA-4), A1
Casitas B-lineage lymphoma b (Cbl-b),**1 programmed cell death-1 (PD-1), A%-12]
and their ligands (PD-L1/PD-L2).[A11% To achieve this goal, an efficient delivery
system loaded with specific biomolecules such as drugs, nucleotides, peptides, proteins,

and fluorescent dyes is needed in order to obtain the biological effect or track the carrier.

The criteria for an ideal delivery system require abilities to protect the payload
against culture environment and low pH in endosome/lysosome. Internalization into the
cell without toxicity and without immune response initiation as well as subsequent
release of the payload, which is still able to function inside the cell, is also required. (A%
41 Due to the rapid development of nanotechnology, a variety of nanocarriers have been
designed and widely applied in various fields, especially for biomedical applications.
[A1-15] Nano-sized carriers provide high surface to volume ratio, protect cargo from the
biological environment before encountering the target cell, and facilitate uptake.
Among them, silica nanocapsules (SiNCs) have many great advantages including high
loading capacity, excellent colloidal and chemical stability, biocompatibility and
biodegradability./A*161 With their outstanding properties, silica-based nanocapsules
(SiNCs) have been widely used for drug delivery for many decades./**16-1"1 SiNCs are
not only easy to synthesize in various well-defined controllable sizes, but also facile to
modify for different surface functionalities through the rich hydroxyl groups on their
surface. Moreover, silicon oxide has been accepted by the U.S. Food and Drug
Administration (USFDA) for use in food additives as well as medical care products./A"

16-171 Thus, SiNCs seem to be suitable for use as alternative nanocarriers in T-cells.
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Due to its nature, a T-cell is a type of cell that is difficult to uptake foreign particles
and is highly sensitive to the environment and dies easily.[*1"*8 Few uptake studies of
silica nanomaterials in T-cells or related-cells have been reported. Silica nanoparticles
(SIiNPs) were found to induce oxidative stress and the inflammation of human
peripheral blood mononuclear cells (PBMCs). Notably, smaller-sized SiNPs with
10 nm were more cytotoxic and induced more oxidative stress than the bigger SiNPs
with 100-nm.!A%181 |n addition, ultra small SiNPs (<10 nm) were also found to cause T-
cell activation by increasing the expression of CD25 and CD69 and the secretion of
IFN-y.A-20] The toxicity of SiNPs was found to be strongly related to their physico-
chemical properties, such as size, surface area, and surface features.[*12Y Due to the
lack of systematic study in terms of various physico-chemical parameters of the silica
nanocarriers uptake in T-cell, greater understanding is required concerning the critical
properties of SINC which affect T-cell uptake prior to use of SINC as a carrier for T-

cell immunotherapy.

This study aims to investigate the crucial parameters including different sizes, cores,
charges, and surface functionalizations of the SiNCs affecting cellular uptake in CD8"
T-cells. For this purpose, novel silica core-shell nanocapsules were synthesized. In
general, the therapeutic payload is encapsulated in the SINC cavity by immersing the
SINCs in a therapeutic solution and allowing the agent to diffuse into its cavity. Here,
we used a new one-pot synthesis to facilely incorporate the payload into the core
surrounded with silica shell, which can be beneficial for ensuring the protection of the
cargo inside the silica shell. It also provides high loading capacity for the cargo. To
avoid interfering with its surface properties, Cy5 dye was incorporated with the shell
by using fluorescently labeled silica precursors, which allowed tracking of the capsule
inside the cell by flow cytometry and was further confirmed by confocal laser scanning
microscopy. Considering in vivo uptake for systemic administration, once the
nanocarrier faces the biological fluid, the biomolecular components e.g. blood proteins
attracted to the carrier surface then create a new identity formed as protein corona,
finally impact to cellular uptake.["1-?21 Not only in vivo biological surrounding, but also
in vitro culture condition needed to be considered. Therefore, further investigation of

the effect of protein corona from human serum was carried out, while the effect of
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serum in the medium on cellular uptake was studied to provide more criteria to consider
for inhibiting or enhancing the uptake of SiNC in CD8" T-cells. The uptake and toxicity
of human serum pre-coated SiNCs compared to the uncoated ones were determined by
flow cytometry. The SiNCs before and after performing corona were characterized by
size-zeta potential analysis. The hard protein corona was demonstrated in the corona
pattern on SDS-PAGE and could subsequently be identified by liquid chromatography—
mass spectrometry (LC-MS). A better understanding of the consequences of different
physico-chemical parameters for SiNCs on cellular uptake in CD8" T-cells will provide

information to carefully consider when designing the SiNCs for T-cell immunotherapy.

Al.2. Results and discussion

In the following study, we investigated the effect of different characteristics
including sizes, surface charges, functional groups, and protein interactions of SiNCs

on cellular uptake and toxicity in CD8" T-cells.
Al.2.1 The effect of size

In the first section, we studied the size effect of nanocarriers on cellular uptake in T-
cells. Silica nanocarriers (NCs) with hydrodynamic diameters ranging from 400 nm to
50 nm were synthesized by using a mini-emulsion (oil-in-water) polymerization
technique.l*"2" Cationic surfactant cetyltrimethylammonium chloride (CTAC) was
used for stabilizing mini-emulsion droplets against coalescence. The second role of
CTAC is to serve asa template agent for confined silica condensation at the
nanodroplet-water interface via cooperative self-assembly of negatively charged silica
species and cationic CTAC. Therefore, positively charged core-shell nanocapsules
were obtained with a liquid core that provides a high loading capacity for therapeutic
agents. To compare the effect of different charges, Lutensol AT50 (LUT) was chosen
as another surfactant to generate differently charged core-shell nanocapsules. Here, we
developed a facile dialysis process for the surfactant replacement from CTAC to
nonionic surfactant LUT, which has a polyethylene chain as its hydrophilic part. The
PEGylated surface could then provide steric stabilization of the nanocapsules. The size

of the nanocapsules was tuned by varying the volume ratio of the oil phase and water
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phase. NCs with average hydrodynamic diameters ranging from 400 nm (NC-400) to
50 nm (NC-50) are shown in Table Al.1. The obtained NCs were characterized in
terms of their physico-chemical properties, including hydrodynamic diameter size (Dn)
by multi-angle dynamic light scattering (DLS), surface charge by zeta-potential ({-
potential) measurement, and morphology by transmission electron microscopy (TEM),
as listed in Table Al.1.

Table Al.1. Characteristics of silica nanocarriers (NCs) with different sizes.

Hydrophilic core, NC(i)

NC-400 NC-200 NC-150 NC-100 NC-50
D, (H,0) /nm CTAC  395+232 190 + 83 144 + 45 99+ 40 42+18
LUT 482 + 299 148+ 56 121+ 47 106 * 46 56+ 29
Z-potential (H,0) /mV  CTAC  -4.4+0.1 5.0+0.3 47+0.2 8.8+0.1 215+23
LUT -42+0.2 -35%25 -11.2+1.6

Morphology by TEM CTAC

After 24 h of incubation in CD8" T-cells, the toxicity and uptake of NCs were
determined by using flow cytometry. It was found that the toxicity of the capsules was
increased when the size decreased, especially for CTAC-stabilized SiNCs (Figure
Al.1a). A similar trend was also found when SiNPs (1-100 nm) were applied in vitro
and in vivo, leading to cytotoxicity.[A121 When applying the same mass, a distinct size
dependent toxicity was clearly observed in CD8" T-cells in this study and also reported
in other cell types such as A549 (human type Il alveolar epithelial), HaCaT (human
keratinocyte), THP-1 (human monocyte), NRK-52E (rat kidney epithelial),/A1-24]
HepG2 (human hepatoma),i**?] Langerhans (dendritic cells of the skin),[A12%! and
EAHY926 (human endothelial).iA*271 |t was revealed that the toxicity of SiNPs was
strongly related to their physico-chemical properties such as size, surface area, and
surface features.[A12128-31 |f there are some features associated with toxicity on the
surface, smaller size SiNCs provide more surface area as well as more surface reactivity

and higher number of particles per mass, resulting in higher toxicity compared to the
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larger size particles, as previously described by others.[A1-2431.32] |n addition, the higher
surface area of small SINCs can lead to a higher possibility of interaction with cellular
biomolecules such as DNA, proteins and sugars.[*13% Another study also demonstrated
that small SiNPs (70 nm; 10-90 pg/mL for 24 h) increased the oxidative DNA damage
(8-OH-dG levels) in HaCaT cells.[**% Murugadoss et al.observed that SiNPs could
cause overproduction of reactive oxygen species (ROS) resulting in oxidative stress,
which could possibly damage the sub-cellular organelles and induce apoptosis in a size-
and dose-dependent manner.[A2171 The mechanism of SiNPs induced toxicity is still not
fully elucidated, but it is believed to be derived from ROS-mediated toxicity./AL27:28.3]
This might explain the toxicity of small-sized SiNCs. Moreover, small size NPs may
cause toxicity as they pass through the cell membrane and enter the cells.[A1-2%-30.34]
Some small NPs (< 50 nm) seem to enter the cells via passive diffusion, leading to
directly facing cellular components or accumulating in subcellular organelles like
mitochondria and nucleus. Another mechanism of small NPs induced toxicity when
they are entering to the cells is actin cytoskeleton disruption as a result of NP
internalization by endocytosis events, leading to cell deformation and direct cellular
injury.[A1-29-80341 Even  silica-based materials are generally accepted for their
biocompatibility and silicon oxide was approved by the USFDA. However, the
toxicology of silica nanoparticles (SiNPs) still remains to be reported.[A1-16-17.281 Besides
toxicity, the size-dependent immunological effects of SiINPs in immune cells including
monocytes and macrophages were found. It was indicated that nano-sized particles
caused a significant increase in pro-inflammatory secretion such as tumor necrosis
factor-alpha (TNF-a)) compared to sub-micron and micron sized particles.[**71 Since
the size of SiINCs was the critical point to induce the cytotoxic effect, the SINC size
was attempted to be controlled at sizes larger than 100 nm for subsequently experiments

to avoid toxicity due to the smaller size.

SiNCs with smaller sizes were found to not only be highly toxic, but also have been
less taken up by the cells (Figure A1.1b). In general, small-sized nanoparticles (< 100
nm) exhibited a stronger ability to be internalized inside cancer cells and were even
able to pass through the blood-brain barrier compared to the larger size

nanoparticles.[1**1 However, small-sized SiNCs they could not be applied in this study
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due to their toxicity. The NCs were probably internalized by the cells at high speed,
causing cell death./*:-241 Not all dead cells were considered for fluorescence positive-
cells. The uptake of larger SINCs (NC-400, NC-200 and NC-150) was further
confirmed by cLSM (Figure Al.1c). Green dots representing Cy5 labeled-SiNCs were
observed inside the cells, indicating efficient cellular uptake. Moreover, the aggregation
or clumping pattern of T-cells treated with LUT-stabilized SiNCs was observed
indicating healthy cells or the proliferation stage of the cells, which was emphasized by
the excellent biocompatibility of LUT-stabilized SiNCs. The result was compared with
hydrophobic Cy5 dye (free dye) treated cells to prove that all the results from Cy5-
covalented SiNCs in this study were obtained from the dye labeled capsules and not
from free dye (Figure Al.2). A co-localization assay of the biggest size, NC-400 with
lysosome, was also demonstrated (Figure Al.1d). The cLSM images showed that the
SINC-Cy5 (green dots) were co-localized with lysosomes (red dots) after 24 h of
incubation and appeared as yellow dots, as indicated with white arrows presented in the
merged channel, which is a solid proof of cellular uptake. The uptake was confirmed
for Cy5 positive-cells. It was also applied through all experiments, which means that

all SINCs were indeed taken up by the cell.
Al.2.2 The effect of core hydrophobicity and surface charges

In the second step, we studied the effect of core hydrophobicity and surface charges
of nanocarriers on their cellular uptake in CD8" T-cells. Nanocapsules containing olive
oil and water as core materials were synthesized as representative hydrophobic (NC(0))
and hydrophilic (NC(i)) core NCs. Hydrophilic core and hydrophobic core SiNCs can
be used to carry water-soluble and water-insoluble therapeutic agents to T-cells,
respectively. These NCs are stabilized by using cetyltrimethylammonium chloride
(CTAC), Lutensol AT50 (LUT) and Tween (T), as characterized and listed in Table
Al.2.
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Figure Al.1. Cellular uptake study of SiNCs with different sizes in CD8" T-cells. (a)

Cell viability and (b) Cy5 positive-cells of CD8" T-cells after treatment with various
kinds of SINCs (20 pg/mL) in the presence of 1% FBS for 24 h. Confocal laser scanning

microscopy images showing (c) the uptake of SINCs and (d) co-localization with

lysosome in CD8" T-cells. Co-localization assay was performed by staining lysosome

with LysoTracker® Green DND-26 (red). The membrane was stained with CellMask™

Orange (blue). The SINC was labeled with Cy5 (green). The merged images of the three

channels demonstrated that the SINCs were co-localized with lysosomes, as indicated

with white arrows. The scale bars represent 10 um.
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Figure Al1.2. cLSM images showing hydrophobic Cy5 dye (0.75 ng/mL) in CD8* T-
cells in the presence of 1% FBS for 24 h. The scale bars represent 10 pm.

Table Al.2. Overview of different functionalized silica nanocapsules.

Hydrophobic core, Hydrophilic core, Hydrophilic core + amino
NC(o) NC(i) functionalization
NC(o)-CTAC NC(o)-LUT NC{(i)-CTAC NC(i)-LUT NC(i)-LUT NC(i)-LUT NC(i)-LUT

-1%NH, -2.5%NH, -5%NH,

Dj, (H,0) /nm 162181 157+ 69 104148 115+55 128+ 16 204+ 95 130+45

{-potential (H,0) /mV 12.2+0.5 0.1x0 13.0+0.2 -3.0% 0.1 -2.6+0.3 0.7+ 0.2 40£05

For the hydrophobic core NCs, the hydrodynamic diameters (Dn) of NC(0)-CTAC
and NC(0)-LUT before and after the surfactant exchange were similar; the same was
observed for NCs with a hydrophilic core. After functionalization with amino groups
with increased densities, the zeta potential of NCs increased due to the deprotonated
amino groups. The SiNCs stabilized with CTAC exhibited positive surface charge as
presented in positive {-potential values (NC(0)-CTAC: 12.2 + 0.5 mV and NC(i)-
CTAC: 13.0 £ 0.2 mV) because of its cationic surfactant property. LUT is a hon-ionic
surfactant as well as Tween 20 and Tween 80. Normally, LUT stabilized NCs generate
nearly neutral surface charge, as found in NC(0)-LUT (0.1 £ 0 mV). However, NC(i)-
LUT showed slightly negative (-potential (-3.0 + 0.1 mV) due to the negative charge
of silica (at pH above the isoelectric point of silica, ~pH 2-3). Moreover, the surface
charges of SINCs became more positive when more NH. functionalization was applied.
It turned from a slightly negative charge in NC(i)-LUT-1%NH2 (-2.6 + 0.3 mV) to
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nearly neutral in NC(i)-LUT-2.5%NH> (0.7 £ 0.2 mV) and became slightly positive in
NC(i)-LUT-5%NH. (4.0 £ 0.5 mV). In addition, the non-ionic surfactant Tween-
stabilized SiNCs also showed negative surface charges like the LUT group (-19.6 + 1.2
mV for NC(i)-T20 and -11.1 = 0.6 mV for NC(i)-T80). However, the NC(i)-T20 and
NC(i)-T80 were not processed further for cellular uptake studies because of their large
sizes (2-6 um). TEM micrographs demonstrate the morphology of NC(0)-CTAC and
NC(i)-CTAC in Figure Al.3 showing good capsule formation, which were used as
original capsules and subsequently transfer to LUT-stabilized and also amino-

functionalized, which were continuously used for the study of cellular uptake.

NC(0)-CTAC NC(i)-CTAC

Figure Al1.3. TEM micrographs of SiNCs with different cores. (0 = hydrophobic core
and i = hydrophilic core)

After 24 h of exposure, the cellular uptake of different cores and different surface
charges of SiNCs in CD8* T-cells was investigated, as shown in Figure Al.4. Toxicity
was enhanced in a dose-dependent manner in all capsules, especially at 80 pg/mL. At
20 and 40 pg/mL, the hydrophobic and hydrophilic group showed slightly decreased
cell viability (Figure Al.4a), except for NC(i)-CTAC. The LUT stabilized SiNCs
caused less toxicity to the cells compared to the CTAC stabilized SiNCs. Cy5 positive-
cells represented the living cells that were supposed to take up the capsule and were
analyzed (Figure Al.4b). The results showed that the uptake was ~20-35% in all cases,
though a low uptake was observed for NC(i)-CTAC due to its high toxicity.
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Figure Al.4. Cellular uptake study of SiNCs with different cores (0 = hydrophobic
core and i = hydrophilic core) and different surfactants (CTAC =
Cetyltrimethylammonium chloride and LUT = Lutensol AT50) in CD8" T-cells. (a)
Cell viability and (b) Cy5 positive-cells of CD8* T-cells after treatment with various
kinds of SiNCs in the presence of 1% FBS for 24 h.

A1.2.3 The effect of functionalizations

Further investigations on the effect of different functionalizations of SiNCs on
cellular uptake were carried out in CD8* T-cells (Figure Al.5). After 24 h, a dose-
dependent toxicity was found. At the same concentration, SiINCs with increasing NH>
functionalizations did not affect the cell viability compared to unfunctionalized
samples. Cy5 positive-cells were slightly decreased when a higher number of NH;
functionalizations were applied to the cells. Surface functionalization is one of the
major parameters contributory to toxicity because it interacts directly with the cells and
their compartments.[*1311 However, amino functionalization-induced toxicity was not
observed in this study.
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Figure A1.5. Cellular uptake study of SINCs with different amino-functionalized
percentages in CD8" T-cells. (a) Cell viability and (b) Cy5 positive-cells of CD8" T-
cells after treatment with various kinds of SiNCs in the presence of 1% FBS for 24 h. .
(i = hydrophilic core, LUT = Lutensol AT50)

Al.2.4 The effect of protein corona and serum concentrations

After injection into the body, the nanocarriers will travel along the blood stream and
face numerous components in the blood, especially proteins. Due to their attractive
surface charges, the proteins can be electrostatically adsorbed on the surface of
nanocarriers, which is called protein corona, leading to a change in their surface
property, covering the targeting moieties and finally impacting cellular uptake.A-22
Therefore, the study of the protein corona effect was performed to understand the
uptake behavior by pre-incubating SiNCs with human serum (HS) prior to adding them
to CD8" T-cells in medium containing with different percentages of HS. The effect of
the protein corona was studied in terms of toxicity, uptake, and protein pattern as well
as size-zeta potential analysis, as shown in Figure ALl.6. The results show that the

protein corona reduced the toxicity for all SINCs compared to uncoated samples
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(Figure Al.6a). It was also found that the medium containing higher %HS contributed
to enhancement of cell viability similar to previous study.'*-? However, the uptake
was dramatically decreased in all cases compared to the uncoated samples, together
with increasing of %HS in the medium, especially at 10%HS (Figure Al1.6b). These
results suggest that the uptake of SiNCs in CD8" T-cells was inhibited by the adsorbed
protein forming protein corona which can be observed from the pre-coated samples. In
addition, the different concentration of serum might affect the difference in corona
composition resulting in more decrease of the uptake when increasing the serum
concentration. The corona inhibited caveolae-mediated endocytosis was mentioned to
be a reason for decreasing the uptake of gold nanoparticles in human epidermal
keratinocytes.[#1-%] The protein adsorbed on SiNC surfaces was desorbed and
subsequently separated on SDS-PAGE (Figure Al.6c). The silver stained gel revealed
different corona patterns in 7 different SINCs. Some small proteins in the size of 6-16
kDa were only found in the corona of NC(i)-LUT with and without NHa-
functionalization. These indicate that the physico-chemical properties of the NCs had a
strong effect for corona composition. After forming the protein corona, the SINCs were
subjected to characterization (Figure A1.6d). The protein adsorbed amount per m?
SiINC was calculated and the size-zeta potential was analyzed. The NC(0) had a higher
amount of protein adsorbed on the surface than the NC(i). Among the hydrophilic core,
NC(i)-CTAC had the highest amount of protein adsorbed. It can be observed that the
protein adsorbed amount was decreased with increasing NH-functionalization. The (-
potential after corona was about -20 mV in all samples because the surface was
saturated with a high amount of adsorbed protein.There were no significant differences
in the surface charges after corona formation of the various nanoparticles which can be
also observed in the literature.'**-371 The hydrodynamic size increased by around 20-
30% in all SINCs, except for NC(i)-LUT-5%NH2 (12%).. NC(i)-LUT-2.5%NH>
showed roughly the same size which likely reflects a particle aggregation.
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Figure A1.6. Protein corona study of different SINCs (20 pug/mL) in CD8* T-cells. (a)
Cell viability and (b) Cy5 positive-cells of CD8* T-cells after treatment with 1)
uncoated SiNCs in the presence of 1% FBS, 2) HS pre-coated SiNCs in the presence
of 0% HS for 6 h. After that, the HS was added to obtain 1% HS, 3) HS pre-coated
SiNCs in the presence of 1% HS, and 4) HS pre-coated SiNCs in the presence of 10%
HS. (c) Corona pattern of HS pre-coated SiNCs analyzed by SDS-PAGE with 1.5 ug
total protein loading. (d) Characterization of HS pre-coated SiNCs. (o = hydrophobic
core, i = hydrophilic core, CTAC = cetyltrimethylammonium chloride, LUT = Lutensol

ATS50, FBS = fetal bovine serum and HS = human serum).
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A1.2.5 The cellular uptake progress

To follow the cellular uptake, NC(0)-LUT covalently bonded with FITC was tracked
in Jurkat T-cells with different time points of incubation (Figure A1.7). From cLSM
images, the capsules were found outside the cells at 2 h, started to get internalized at 4
h, stayed inside at 24 h and were even more internalized at 48 h (Figure Al.7a). These
observations were quantified by flow cytometry; the uptake was clearly time dependent.
When the incubation time was longer, the percentage of fluorescence positive-cells was
higher, indicating greater uptake (Figure Al.7c). Although it reached a maximum of
100% fluorescence positive-cells after 24 h, the intensity was actually still increased,
which can be observed clearly from the median fluorescence intensity (MFI) at 48 h
compared to 24 h. It should be noted that cell viability was improved after 4 h (Figure
Al1.7b), which indicates the biocompatibility of the NC(0)-LUT. After the SINCs were

first internalized, cell viability was slightly decreased, but later recovered.
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Figure Al1.7. Cellular uptake progress of NC(0)-LUT in Jurkat T-cells at various
incubation times. (a) cLSM images, (b) Cell viability, (c) FITC positive-cells and
median fluorescence intensity (MFI) of Jurkat T-cells after treated with NC(0)-LUT.
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Al1.3. Conclusion

The different physico-chemical properties of SINCs led to different toxicities and
also affected the uptake behavior. The major impact on cellular uptake and viability
was found to be dose- and size-dependent. Smaller size SiNCs than 100 nm caused
significant toxicity to the cells, which is probably due to ROS-mediated toxicity. The
toxicity of hydrophobic core SiNCs was comparable to the hydrophilic core SINCs. To
select the core, it should correspond to the hydrophilicity or hydrophobicity of the
desired payload. The effect of different surface charges on cellular uptake was
observed, showing the positive charges of CTAC-stabilized SiNCs decreased the cell
viability as well as the uptake more than closely neutral charges of the LUT-stabilized
SiNCs. In addition, more amino-functionalizations on SiNC surface slightly decreased
the viable cells as well as the uptake. Furthermore, the protein corona study revealed
that both protein corona and medium containing serum was able to cover the toxicity
of SINCs, leading to improved viability; however, it inhibited the uptake. Therefore,
the concentration of serum in culture condition should be optimized carefully in order
to facilitate the uptake, but still keep the cells alive. These findings suggest the
appropriate criteria for SINC designing according concerning their physico-chemical
properties for the impact of cellular uptake and toxicity in CD8" T-cells. Because the
T-cell is a type of the cell that is difficult to take up foreign particles, it is highly
sensitive and not resistant in terms of toxicity.[A*81 Therefore, the delivery system that
is suitable for use with T-cells has to meet the safety criteria with the ability to protect
and deliver the payload without causing toxicity to the T-cell. For SiNC, it is easy to
manipulate the structures and surface properties based on these findings in order to
avoid toxicity and favor uptake. Therefore, SINCs are a promising delivery system

which can be applied as a nanocarrier in T-cell immunotherapy.
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A2: CELLULAR UPTAKE OF siRNA LOADED NANOCARRIER
TO KNOCKDOWN PD-L1:
STRATEGIES TO IMPROVE T-CELL FUNCTIONS

(Note: The literature of the chapter A2 can be found on page 48 at the end of this chapter.)

Permission: The manuscript is under preparation.

Contribution: | carried out the biological part including cytotoxicity, cellular uptake
study by flow cytometry, cell imaging by cLSM, PD-L1 knockdown study and
quantitative polymerase chain reaction (qPCR) analysis. | synthesized and

characterized the SiNCs. The project was supervised by || EGTGTcNGG
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TOC A2: The siRNA mediated PD-L1, a potent inhibitory protein, silencing was
carried out by using the silica nanocapsules (SiNCs) carrying the PD-L1 specific SiRNA
to CD8" T-cells in order to inhibit PD-L1 expression resulting in the improvement of

T-cells viability and function.

Aim: To inactivate PD-L1 expression, the silica nanocapsules (SiNCs) carrying the
PD-L1 specific siRNA were internalized to CD8" T-cells. Knockdown efficiency was
determined at protein and mRNA levels. The effects of PD-L1 knockdown were

demonstrated in terms of cell proliferation and some functional biomarker expressions.
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Abstract: T-cells or T-lymphocytes are a type of lymphocyte (a subtype of white blood
cells) that plays a central role in cell-mediated immunity. Nowadays, adoptive T-cell
immunotherapy has been researched and developed to fight against cancer. In this
therapy, T-cells are harvested from a patient’s blood. After several weeks of expansion
in culture, tumor-specific T-cells can be reinfused into the same cancer patient. This
technique provides high efficiency for cancer treatment. However, several processes
exist to suppress anti-cancer responses of T-cells leading to the loss of their
functionality and reduction of their viability. Therefore, strategies are needed to
improve T-cell survival and functions. Here, small interfering RNA (siRNA) loaded
nanocarriers were used to knockdown PD-L1, one of the most important proteins
causing loss of functionality in T-cells. Biocompatibility and cellular uptake of SIRNA
loaded silica nanocapsules (SiNCs) were investigated in CD8" T-cells. Then, PD-L1
expression at protein and mRNA levels of treated cells were evaluated. Furthermore,
the effect of PD-L1 knockdown was observed in terms of cell proliferation and the
expression of specific biomarkers: CD25 and CD71, which are indicators of T-cell
functions. The results suggest that this SIRNA loaded nanocarrier exhibits the potential
for use in delivery of siRNA into T-cells, enhanced T-cell survival by decreasing the
expression of inhibitory protein PD-L1 and can be applied in adoptive T-cell

immunotherapy for the treatment of cancer.

A2.1. Introduction

T-cells or T-lymphocytes are some of the most important cells in the immune system.
They can be divided into two main subtypes according to their surface markers, CD4*
and CD8" T-cells. CD4" T-cells (T-helper cells) involve the maturation of B-cells as
well as the activation of CD8" T-cells. CD8" T-cells (cytotoxic T-cells) play a major
role in destroying virus-infected cells and tumor cells.'*?131 With the outstanding
ability to kill cancer cells, a technique called adoptive T-cell immunotherapy for cancer
treatment using CD8"* T-cells has been employed and studied intensively for a past
decade with promising results.[*24-%! In the first step for immunotherapy, CD8* T-cells
are collected from patient blood, selected and activated under the culture condition to

enhance the number of specific T-cells and make them strong enough to fight against
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cancer before reinfusion to the patient’s body."?-¢1 However, T-cells start to lose their
viability and function after a long expansion and cultivation time, leading to less
efficiency to kill cancer cells.[*>#71 The decrease in T-cells survival and killing ability
is due to the natural mechanism of the immune system. When antigen presenting cells,
for example dendritic cells, present cancer antigen on their surface and then bind to T-
cell receptor resulting in T-cell activation, trafficking along the blood stream to the
cancer site, recognition of cancer, and finally killing the cancerous cells. After that, the
amount of specific T-cells will decrease to ensure that they are inactivated later to avoid
chronic inflammation and autoimmune disease. There are several proteins involved in
T-cell inactivation, which are called immune check point proteins such as cytotoxic T-
lymphocyte antigen 4 (CTLA-4), programmed cell death-1 (PD-1), and their cognate
ligands (PD-L1 and PD-L2).142%8121 One of the well-known T-cell inhibitions occurs
through PD-1/PD-L1 interaction by the specific binding of PD-1 receptor on the surface
of T-cells through its ligand (PD-L1) on the surface of dendritic cells. Many researches
have focused on the inhibition of PD-1expression with the aim of improving T-cell
function.[A222|n fact, PD-L1 is also expressed on the surface of T-cells, which can also
cause PD-1/PD-L1 interaction between the T-cell population itself, which finally
blocks T-cell activation.'*?*3] To inhibit the immune check point proteins either PD-1
or PD-L1 expression, it is necessary to pay careful attention to the systemic blocking,
which can result in an undetermined effect of over immune reaction. PD-L1 is not only
expressed on the surface of hematopoietic cells, but is also found on the surface of non-
hematopoietic cells.'*?4 As selective inhibition, small interfering RNA (SiRNA)-
mediated silencing of PD-L1 was used and electroporated into tumor specific CD4* and
CD8" human T-cells.[A?% The transfected T-cells successfully increased the
interferon-y production and antigen specific cytotoxicity. These findings suggest that
siRNA-mediated PD-L1 silencing is another possible approach to achieve the inhibition
of immune check point proteins, leading to enhanced T-cell function. However, it is
known that the electroporation technique is harmful to cells due to electric shock,
resulting in decreased cell viability after transfection.[*?*° With the great advantages
of nanotechnology, nanocarriers containing payloads such as drugs, dyes and specific
biomolecules have been widely developed and used. Among the various kinds of
nanocarriers, silica-based nanocapsules have shown a high loading capacity, ease of
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synthesis and surface functionalization. Furthermore, silicon oxide has been approved
by the U.S. Food and Drug administration (USFDA) for use in medical care products.
Silica-based materials are accepted because their biocompatibility as well as their
stability.[A2-16-17]

This study, therefore, was aimed to inhibit PD-L1 expression on CD8" T-cells using
silica core shell nanocapsules as nanocarriers to carry sSiRNA specific to PD-L1 mRNA.
The silica nanocapsules (SiNCs) encapsulated siRNA-Cy5 dye was applied to the cells
to track the cell uptake by flow cytometry and further confirmed by confocal laser
scanning microscopy. Knockdown efficiencies at protein and mRNA levels were
evaluated and the effects of PD-L1 knockdown were investigated in terms of cell

proliferation and specific biomarker expression.

A2.2. Results and discussion

To screen for a good candidate of nanocarriers with the ability to deliver highly
sensitive biomolecules such as siRNA into T-cells, Cy-5 labeled oligonucleotides
(oligo Cy5) were used to encapsulate various kinds of silica nanocapsules (SiNCs), as
listed in Table A2.1 for simulation of SiIRNA and the tracking of the capsules inside the
cells. CD8" T-cells stimulated with anti-CD3 antibody and IL-2 were treated with NC1
and NC2 with different surfactants. The capsules were stabilized with cationic
surfactant cetyltrimethylammonium chloride (CTAC) and non-ionic surfactant
Lutensol AT50 (LUT) to prevent aggregation, to increase stability and to display
different surface charges. The charges of the capsules were determined by the zeta-
potential measurements; CTAC stabilized capsules were slightly positive, while LUT

stabilized capsules were close to neutral.

Table A2.1. Overview of silica nanocapsules encapsulated Oligo Cy5.

Encapsulation

Sample Diameter (nm) Zeta potential (mv) efficiency of
Oligo Cy5
NC1-Oligo Cy5-CTAC 237+ 104 15 39%
NC1-Oligo Cy5-LUT 262+£100 -10 21%
NC2-Oligo Cy5-CTAC 231+ 111 5 63%
NC2-Oligo Cy5-LUT 248+ 108 -8 44%
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Cellular uptake of SiNCs encapsulated oligo-Cy5 in CD8* T-cells was studied in
terms of toxicity and uptake after 24 h of incubation. Flow cytometry revealed a slight
decrease in cell viability of CD8" T-cells treated with SINCs up to 80 pug/mL, indicating
their biocompatibility with CD8" T-cells (Figure A2.1a) and an increase of Cy5
positive-cells with the increasing concentration of SiNCs (Figure A2.1b). The cellular
uptake of these SiNCs was further confirmed by confocal laser scanning microscopy
(cLSM) (Figure A2.1d). cLSM images demonstrated green dots, representing SiNC-
oligo Cy5 in the cytoplasm and indicating effective uptake by the cells. In the
experiments mentioned above, all SiNCs exhibited good potential for use as a
nanocarrier of biomolecules into CD8" T-cells; however, the capsule NC2 showed
better capsule formation in which the shell structure was formed clearly as observed in
TEM images (Figure A2.1c). Therefore, the NC2 was chosen for use in subsequent

experiments.

To investigate the effect of different surface charges on cellular uptake, anti-CD3
antibody and IL-2 stimulated CD8" T-cells were incubated with NC2-CTAC or -LUT
encapsulated siRNA Cy5 for 24 h. The fluorescence-tracking molecule was changed
from oligo-Cy5 to siRNA-Cy5 in order to closely imitate the real payload in this study,
which is siRNA that aimed to encapsulate inside the capsules and carry to T-cells.
Concentrations of SiNCs from 40 to 640 pug/mL were added to the cells to determine
the critical toxic concentration. Figure A2.2a showed the increase of toxicity to CD8*
T-cells in dose-dependent manner of both NC2-siRNA Cy5-CTAC and NC2-siRNA
Cy5-LUT. The half maximal effective concentration (ECso) of NC2-siRNA Cy5-CTAC
on CD8" T-cells was 379.8 pug/mL, which was lower than that of NC2-siRNA Cy5-
LUT (406.3 pg/mL). This result suggested that the LUT stabilized NC2 was more
biocompatible with CD8" T-cells than the CTAC stabilized NC2. The cellular uptake
of these SiNCs was determined by an increase of Cy5 positive-cells with increasing
concentration of the SiNCs using flow cytometry (Figure A2.2b) and subsequently
confirmed by cLSM (Figure A2.2c). Considering the percentages of Cy5 positive-cells,
there was no significant difference between CTAC and LUT stabilized NC2, indicating
that they are comparable in cellular uptake efficiency. It seems that the charges of the

capsule are not only involved in cellular uptake efficiency, but also other parameters

43



Chapter A2

such as the components of capsule formation. cLSM images demonstrated CD8* T-
cells were in a clumping or aggregation form with green dots representing NC2-siRNA
Cys5 inside the cytoplasm. This result not only proves efficient uptake by the cells, but
also indicates the healthy and/or proliferation stage of the cells due to the excellent
biocompatibility of the capsules. To provide more evidence for cellular uptake, the co-
localization assay was performed. Figure A2.3 shows the NC2-siRNA Cy5-CTAC and
—LUT were co-localized with lysosome, as indicated with white arrows. This evidence
provides solid proof of cellular uptake for these SiNCs in CD8" T-cells. Although the
ECso was not significant difference, but the cell morphology from the cLSM image of
LUT stabilized SiNC showed more cell clusters indicating more cell healthy NC2-LUT
was then selected for use in the next steps for encapsulation of control siRNA, which
has no specific sequences to human mRNA and target siRNA containing specific
sequences to PD-L1 mRNA.

NC2-LUT encapsulated with siRNA targeted to PD-L1 mRNA (SiRNA target SINC)
was added to CD8" T-cells. The PD-L1 knockdown and their knockdown effects were
analyzed and compared with NC2-LUT encapsulated with siRNA control, which has
no specific sequences to human mRNA (siRNA control SiNC) and cell control (without
any capsule), as shown in Figure A2.4. Relative PD-L1 protein expression profiles
were observed from day 1 to day 3 by flow cytometry analysis (Figure A2.4a).
Knockdown efficiency of siRNA target SINC compared to siRNA control SINC was
30%, 27% and 6%, respectively. Knockdown efficiency of siRNA target SiNC
compared to control was 35%, 48% and 40%, respectively. It seems that sSiRNA control
SINC had a non-specific effect on PD-L1 expression, which was able to also decrease
PD-L1 expression. Since the maximum effect of PD-L1 knockdown of siRNA target
SiNC compared to the control was found on day 2, the total RNA was extracted. cDNA
was synthesized and subsequently used for quantitative PCR analysis. Relative PD-L1
MRNA expression (Figure A2.4b) demonstrated the knockdown efficiency at mRNA
level of siRNA target SINC was 28% compared to sSiRNA control SINC and was 61%
compared to the control. This higher knockdown efficiency at the mRNA level than at
the protein level is quite common because the siRNA targets basically direct to the
MRNA, then subsequently inhibit protein synthesis. After confirmation of PD-L1
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knockdown at both mRNA and protein levels, the effects of PD-L1 knockdown in terms
of cell survival and functions were also studied. Cell proliferation assays (Figure
A2.4c) and relative expression of some specific biomarkers for T-cell functions such as
CD25 and CD71 (Figure A2.4d) were investigated. The results showed that cell
proliferation on day 1 and day 3 of CD8" T-cells treated with siRNA target SINC was
increased significantly compared to the control. Furthermore, the relative expression of
CD25 and CD71 on day 2 of CD8" T-cells treated with siRNA target SINC was also
increased significantly compared to the control.
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Figure A2.1. Cellular uptake study of SiNCs encapsulated Oligo Cy5 in CD8" T-cells
demonstrating (a) Cell viability, (b) Cy5 positive-cells and (d) confocal laser scanning

microscopy (cLSM) images of CD8" T-cells after treatment with SiNCs encapsulated

Oligo Cy5 for 17 h. The membrane was stained with CellMask™Orange (red). The
SiNC was labeled with Oligo Cy5 (green). The scale bars represent 10 um. (¢c) TEM
micrographs of SiNCs.
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Figure A2.2. Cellular uptake study of SiNCs encapsulated siRNA Cy5 in CD8" T-cells.
(@) Cell viabhility, (b) Cy5 positive-cells and (c) cLSM images of CD8" T-cells after
treatment with SiINCs encapsulated siRNA Cy5 for 17 h. The membrane was stained
with CellMask™Orange (red). The SiNC was labeled with Oligo Cy5 (green). The
scale bars represent 10 pm. The ECso of NC2-siRNA Cy5-CTAC and —LUT were 379.8
and 406.3 pg/mL, respectively.
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Figure A2.3. cLSM images of SiNCs encapsulated siRNA Cy5 co-localized with
lysosomes in CD8" T-cells after 17 h. Co-localization assay was performed by staining
lysosome with LysoTracker dye (red). The membrane was stained with
CellMask™OQrange (blue). The SiNC was labeled with siRNA Cy5 (green). The
merged images demonstrated that SiNCs encapsulated siRNA Cy5 were co-localized

with lysosomes as indicated with white arrows. The scale bars represent 10 um.
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Figure A2.4. PD-L1 expression profiles and the effect of PD-L1 knockdown after
treated CD8" T-cells with SINC encapsulated siRNA target that are specific to PD-L1
compared to those cells treated with SINC encapsulated siRNA control and control
(without any capsules). Relative expression of (a) PD-L1 protein expression from day
1 to day 3 and (b) PD-L1 mRNA expression on day 2, (c) Cell proliferation assay of
day 1 and day 3, and (d) Relative expression of CD25 and CD71 on day 2. Statistical
significance was calculated by t-test. *p < 0.05, **p < 0.01. ***p < 0.0001.

A2.3. Conclusion

These results indicated that the NC-LUT carried siRNA was able to deliver sSiRNA
target to CD8" T-cells, subsequent release and knockdown PD-L1 both mRNA and
protein levels, and finally enhanced T-cell survival and functions. This NC-LUT
exhibited excellent potential for use as a nanocarrier for biomolecule delivery and T-
cell immunotherapy for the treatment of cancer.
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CHAPTER B
LIGHT-TRIGGERED RELEASE FROM NANOCAPSULES

Chapter B combines three different Publications [B1-B3]. These studies
demonstrated new strategies for using nanocapsules in the release of functional
payloads for cancer therapy. General introduction concerning recent advances in the
controlled release of anti-cancer drugs are described. Afterwards, each study will be

presented separately.

(Note: The literature of the introduction can be found on page 138 at the end of the dissertation.)

(51] I Raweewan Thiramanas”, [
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. Red-Light-Controlled Release of Drug-Ru Complex Conjugates from
Metallopolymer Micelles for Phototherapy in Hypoxic Tumor Environments.
Adv. Funct. Mater. 2018, 28, 1804227. (* Shared first)
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B. Introduction

Cancer is a serious medical issue that kills many people around the world every
year. Many scientists have invested significant efforts to search for a new target and
therapy. However, cancer is hard to kill and diagnose due to its ability to escape the
immune system, leading to the decrease of treatment efficacy.[#525% In addition, it is
difficult to detect cancer in the early stages. Once symptoms are detected, cancer is
mostly in the 3" or 4™ stage already.[#>*! In addition, a tumor site which is far away
from blood supply has a unique tumor microenvironment, such as low oxygen
(hypoxia), low nutrient, and acidosis (an excessively acid condition).[-55-5"1 This
hypoxic condition hinders drugs or other methods that need oxygen to generate the
killing effect, e.g. singlet oxygen production in photodynamic therapy (PDT).[#58l
Nowadays, scientists continue to put effort into finding a new strategy for cancer
treatment. The main way to treat cancer is still based on surgery because the bulk of the
tumor can be eliminated. However, the disseminated part cannot be completely
removed because of difficulty in distinguishing the tumor from healthy tissue.
Moreover, the most concerning issues are the induction of tumor regrowth and
metastatic state.#®°! In addition to surgery, cancer therapy can be divided into two

major strategies, chemotherapy and radiotherapy.

Chemotherapy has been investigated and developed to kill cancer over the last
century and is currently the main treatment that will be considered by medical
oncologists.[“% Chemotherapy involves the use of medicines and drugs to destroy
cancer cells. Many anti-cancer drugs have been approved and used for the treatment of
specific kinds of cancer. For example, doxorubicin (DOX) is effective against breast
cancer, 5-fluorouracil against colon cancer, epirubicin against stomach cancer and
paclitaxel against lung cancer.l%®1) However, directly using these drugs via oral,
parenteral (injection) or transdermal administration can result in reduced cancer
treatment efficiency due to drug metabolism, lacking the ability to achieve site-specific
activation, and adverse side effects for healthy tissue.l%%?1 Therefore, a drug delivery
system is needed to protect the encapsulated drug from drug metabolism and deliver it

to the target area. Furthermore, a stimuli responsive delivery system is required to avoid
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unintentional release in order to protect the normal tissue and control release of the

functional payload when it reaches the specific site.

Unlike radiotherapy that Kills cancer cells by using high-energy rays,
phototherapy involves the use of light to destroy cancer cells. Phototherapy can be used
for treatment of a specific area, thereby avoiding damage to the rest of the body.!%]
However, the limitation of this technique is based on how deep the desired therapeutic
wavelength can penetrate through the tissue, which can be seen clearly from Figure
B1. The optimal wavelength used for phototherapy is in the region of 650-900 nm,
which is called the “therapeutic window”. Therefore, it is a critically important point to
consider for designing a wavelength-specific control release strategy to obtain

maximum therapeutic efficacy.

In this chapter, the light responsive nanocarriers or compounds were designed
to control the release of an inhibitor of enzyme Cathepsin K in Publication [B1],
ruthenium complexes in Publication [B2], and anti-cancer drug Chlorambucil in
Publication [B3] by combining the advantages of chemotherapy and phototherapy into
photochemotherapy and demonstrating the in vitro therapeutic effect by treatment in

cancer cell lines.
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In Publication [B1], near-infrared (NIR) light was used to trigger the Cathepsin
K inhibitor controllable release system called “photon upconversion enzyme inhibitor
(PUEI)”. The system consists of a hollow mesoporous silica nanoparticle used as a
nanocarrier encapsulated with upconversion nanoparticles (UCNPs) and ruthenium
complex caged inhibitor (RUEI). UCNPs can convert NIR light to blue light, which
induces the cleavage of RUEI. The inhibitor is then activated and subsequently released,
resulting in the inhibition of Cathepsin K activity as demonstrated in three different
cancer cell lines: LNCaP, PC3 and SAQOS-2. Cathepsin K is an important enzyme
involved in bone resorption and cancer invasion. Thus, the inhibition of this enzyme
can impede bone destruction and tumor growth. This system can be used as a model for
regulating enzyme activity in deep tissue by using the NIR light responsive control

system.

In Publication [B2], a Ru complex was investigated for possible use in
photochemotherapy for deep tissue. In fact, NIR light is able to penetrate into the tissue
not as deep compared to red light. In addition, the therapeutic window (650-900 nm) is
in the region of red light. Therefore, the 671 nm-red light was chosen to activate the Ru
complex in this Publication [B2] instead of NIR light. With the outstanding property
of being photocleavable and ruthenium being an anticancer compound, this makes the
Ru complex highly interesting. The complex is less toxic to HeLa cells in the dark
condition and becomes more toxic when irradiated with red light (671 nm) passed
through 8 mm-thick tissue. The results suggest that red light responsive Ru complex

has the potential for use in deep tissue photochemotherapy.

In Publication [B3], from a promising result in Publication [B2], red light in a
region of therapeutic window was continued for use in the activation of controlled
release of chlorambucil (anticancer drug)-Ru complex conjugates from metallopolymer
micelles in hypoxic tumor microenvironment. The hydrophilic block copolymer
conjugated with hydrophobic drug-Ru complex can be self-assembled into micelles,
thus facilitating the uptake of tumor cells. In deep solid tumors, this area has very low
physiological oxygen concentration, leading to reduced cancer treatment efficiency
when applying photodynamic therapy, which is critically dependent on local oxygen

concentration. With this new dual system using both anticancer drug, toxicity is oxygen
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independent and Ru complex, which can be both oxygen dependent- and independent-
, the efficiency to kill cancer cells can be overcome, even in hypoxic condition, as
demonstrated in vitro (in HeLa cells) and in vivo (in tumor-bearing mice). This novel
red-light responsive drug-Ru complex containing micelles integrates a new powerful
system for photochemotherapy and can be applied even in hypoxic tumor

microenvironment.

Stimuli responsive drug delivery system can be recognized as on-demand drug
delivery system or smart drug delivery system. The system provides an ability to control
over the specific place, time, and amount of cargo to be released upon the activation by
specific stimuli.l>% Here, an overview of various stimuli responsive mechanisms that
can be applied in the controlled release of payloads is described in general, while light-
responsiveness, which is the major controlled release strategy in these studies, is

explained in particular.
B.1 stimuli responsive mechanisms

There are various types of stimuli responsive mechanisms used for controlled
release, which can be categorized into two major types according to the source of
stimuli; intrinsic stimuli and extrinsic stimuli. Considering the huge differences
between normal cells and cancerous cells such as cellular pH, redox conditions, specific
generated biomolecules types and amounts, all these originally unique characters bring
intrinsic stimuli for a controlled release strategy and cell-specific therapy. This type of
stimuli employs the internal distinct characters of cancerous cells to switch on the
release of the payload. Meanwhile, extrinsic stimuli do not naturally exist inside the
human body. Stimuli such as heat, magnetic force and light also share an important role
as an ideal stimulus, in which site-, dose- and time-specific release are more precisely

controllable from outside of the body.
B.1.1 Intrinsic stimuli

B.1.1.1 pH-responsiveness

pH responsive stimuli is used for control release based on naturally-different pH
in various tissues/organs of the body. It generally uses acidic pH to induce drug release.

A low pH environment is found not only in cancerous cells, but also in various parts of
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the body such as the stomach, skin and vaginal fluid, as shown in Table B1. Therefore,
the pH responsive delivery system that needs to be used in or passed through these areas
has to be carefully designed to avoid the release of the payload before reaching the
target site. The mechanisms behind pH induced drug release of the delivery system are
based on changing in their structure when they are in different pHs, which can be
summarized into three main mechanisms: acid-caused charge reversal, acid-cause

dissolution behavior change, and acid-caused hydrolysis reaction and bond breaking.!*
66].

Table B1. pH of some fluids, organs and membranes. (Taken from Ref. [Z¢71], Environ.
Public Health, 2012, 727630. Copyright © 2012 Gerry K. Schwalfenberg)

Organ, fluid or membrane pH Function of pH

(1) Skin Natural pH is between 4 and 6.5 [17] Barrier protection from microbes

(2) Urine 4.6 10 8.0 [18] Limit overgrowth of microbes

(3) Gastric 1.35t0 3.5 Break down protein

(4) Bile 7.61t08.8 Neutralize stomach acid, aid in digestion
(5) Pancreatic fluid 8.8 Neutralize stomach acid, aid in digestion
(6) Vaginal fluid <4.7 [13] Limit overgrowth of opportunistic microbes
(7) Cerebrospinal fluid 7.3 Bathes the exterior of the brain

(8) Intracellular fluid 6.0-7.2 [19] Due to acid production in cells

(9) Serum venous 7.35 Tightly regulated

(10) Serum arterial 7.4 Tightly regulated

B.1.1.2 Redox-responsiveness

Redox state of cancer cells can be employed for the control release of a drug
from its carrier. Many reducing substances are commonly distributed through the
human body such as vitamin C, vitamin E, and glutathione (GSH). GSH is one of the
most efficient antioxidants naturally produced in the body. It prevents cellular damage
from oxidative stress generated by reactive oxygen species (ROS) such as free radicals,
peroxides, lipid peroxides, and heavy metals. The concentration of GSH inside the
tumor cells is reported at about 2-10 mM, which is an enormous difference from outside
by about a thousand-fold. As a reducing agent, GSH reduces disulfide bond within
cytoplasmic proteins to cysteines by working as an electron donor. Regarding this
disulfide bond cleavage ability, the high concentration of GSH inside the cancer cells
can be used to break the carrier formation containing a disulfide bond in its structure,

resulting in the release of the payload intracellularly. Based on this strategy, the
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functional payload will be released only when the delivery system internalizes the target

cancer cells.[Z68]

In addition, oxidizing substances can also be used to release the cargo. It has
been found that not only GSH is overproduced in cancer cells, but also ROS, especially
hydrogen peroxide (H20>). It is proposed that the cancer cells are considered “seeds”
that need an appropriate microenvironment considered as “soil” to grow in, develop
and metastasize systemically. Cancer cells initially produce and secrete hydrogen
peroxide that induces oxidative stress in adjacent cancer-associated fibroblasts, leading
to DNA damage, inflammation, cellular aging and cancer metabolism. As a result of
providing a paradise-like tumor microenvironment, hydrogen peroxide is considered
the “fertilizer”.1#"%1 Therefore, it is possible to design hydrogen peroxide sensitive
materials and employ intracellular hydrogen peroxide to cleave the structure and finally

release the cargo inside tumor cells.[#5°]

B.1.1.3 Biomolecule-responsiveness

With an increase in knowledge concerning biomolecule generation and
distribution, it has become possible to creatively design responsive materials based on
specific biomolecules that accumulate higher in the target cancer cells than in normal
healthy cells. A wide variety of biological molecules can be used as targets for
biomolecule-responsive materials, including nucleic acids, saccharides, peptides, and
enzymes. Due to their specificity and excellent biocompatibility, biomolecule-
responsive polymers have been widely used in biomedical applications. Importantly, it
is also considered as a new generation of material for disease diagnosis and drug
controllable release. Because biomolecule-responsive carriers provide better targeting
ability compared to traditional extrinsic stimuli, they have gained significant interest

for development and application in vivo.[# %%
B.1.2 Extrinsic stimuli

B.1.2.1 Thermo-responsiveness

Using thermo-responsive stimuli for the delivery system, thermo-responsive
polymers are needed. This type of polymer has a unique characteristic in that its

structure can be reversibly transformed relating to the surrounding temperature. It can
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be divided into two major types of thermo-responsive polymers: lower critical solution

temperature (LCST)-type and upper critical solution temperature (UCST)-type.[Z6570]

For LCST-type polymer, the polymer is more water soluble and swollen when
the temperature is below the LCST because of an attractive interaction between
polymer chains and water molecules forming hydrogen bonding, which can keep the
cargo inside the polymer matrix. In contrast, the polymer is shrunken and collapsed
when the temperature is higher than the LCST because of hydrogen bonding breaking,
leading to disassembly of the polymer matrix and release of the cargo. The most widely
used LCST-type polymers are the family of poly(N-isopropylacrylamide)s
(PNIPAAms) and poly(2-oxazoline)s (POxs), which comprise naturally derived
cellulosic polymers. The LCST of PNIPAAmM is about 30-35 °C, which can be
beneficial for controlled release because it is very close to the human body. Meanwhile,
the LCST of Pox ranges from 23-75 °C depending on the side chain. A critical point to
carefully design thermo-responsive stimuli for the delivery system is that the LCST of
the polymer should be higher than human body temperature to avoid leakage out of the
cargo before reaching the target site. For UCST-type polymers, the behavior is opposite
to the LCST-type. When the temperature is below the UCST, the structure becomes
heterogeneous. When the temperature is above the UCST, however, its structure
becomes homogeneous, as shown in Figure B2. In general, heat itself can directly
contribute to Kill the cancer cell like in phototherapy and can indirectly facilitate the
uptake of the drug carrier to cancer cells by increasing the permeability of the cell
membrane. Thus, applying thermo-responsive control release drug delivery system to

the cell can combine all these benefits.[#-6%70]

B.1.2.2 Magnetic field-responsiveness

Because of non-invasive stimuli, the magnetic field-responsive delivery system
has been used and widely accepted as a potential carrier for specific drug targeting.[*
"1 The system needs magnetic nanoparticles such as FesO4 nanoparticles. In the
beginning, nanocarriers loaded with magnetic nanoparticles and drugs are designed to
control the direction by applying external magnetic force to accumulate in the site of a
tumor. Later, the magnetic field-responsive nanocarriers have been successfully

developed based on mechanical deformation or structure rupture under a strong
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magnetic field and then release the payload.[7* Moreover, magnetic nanoparticles can
be used as a contrast agent for bio-imaging and can also be applied as a thermo-
responsive stimulus in treatment of hyperthermia, resulting in an enhanced

extermination effect against cancer cells.[-%°!
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Figure B2. Phase diagrams of LCST- and UCST-type polymer agueous solutions.
Copyright @ 2017 Royal Society of Chemistry. Reprinted with permission from Royal
Society of Chemistry. Ref. 279 J, Mater. Chem. B, 2017, 5, 4307-4321.

B.1.2.3 Light-responsiveness

Among different stimuli, light-responsive stimulus is considered to be one of
the most promising strategies to control the release of a functional payload from its
container due to its distinct advantages. Light is non-invasive, convenient and easy to
use.lZ%I Importantly, it provides temporal and spatial controllability, which means the
release of the payload can be precisely controlled when activating with a specific light
at a specific target site. A light-responsive drug delivery system commonly functions
based on three major mechanisms: photoisomerization, photocleavage and photo-
induced disaggregation of the carriers.[#%®1 As mentioned previously, the limitation of
this stimulus is based on the depth of the desired therapeutic wavelength and its ability
to penetrate through tissue, which can be clearly seen from Figure B1. The wavelength
in the region of 650-900 nm is widely accepted for use in phototherapy, which is called
the “therapeutic window”. Therefore, designing a specific wavelength used for control
release strategy should be carefully considered to obtain the highest treatment

efficiency. The region of specific wavelength that is widely used for triggering the
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release includes ultraviolet (UV) light (10-400 nm), visible (Vis) light (400-700 nm),
red light (600-700 nm) and near-infrared (NIR) light (780-2526 nm).

UV-Vis light possesses high energy, which can be used to activate the release
system efficiently in vitro. Many chemicals have been used as UV-Vis light-responsive
materials such as azobenzene, spiropyran, pyrenylmethyl, o-nitrobenzyl and coumarin
family.[#¢1 However, UV-Vis light is absorbed strongly by the human tissues, leading
to low penetration ability. This make UV-Vis light inappropriate for use in deep tissue.

Moreover, UV light can cause photodamage to cells due to its relatively high energy.
[2-72]

Nowadays, NIR has become more attractive for use in light-triggered control
release due to its safety, including no photodamage to cells, weak background
fluorescence, high detection sensitivity and high penetration ability in deep tissue.l%2
NIR light has been applied for controlled release based on two-photon absorption,
which provides higher excitation and overcomes the poor penetration of UV-Vis light
sensitive system.[Z7% In fact, however, two-photon absorption requires high-intensity
pulsed laser and only occurs at the laser focus. When the laser passes through tissue, it
defocuses, which makes the two-photon absorption strategy impractical for use in deep-
tissue. In addition, a limitation of NIR light is its low energy, which is not strong enough
to activate the photoreaction. To solve this problem, many strategies have been
developed such as triplet-triplet annihilation upconversion, upconverting
nanoparticles, and the use of NIR photosensitizers.[51 The recent development of up-
conversion nanomaterials makes NIR light an alternative approach to trigger the
photosensitive drug releasing system. Upconversion materials are synthesized using
lanthanide-based substances. Lanthanide ions such as Tm**, Er®* and Ho®* possess the
distinct ladder-like energy level structures. Lanthanide-doped upconverting
nanoparticles (UCNPSs) can absorb NIR light and convert it into high energy in a region
of UV-Vis emission, which enables activation of the subsequent UV-light responsive
system.[#72 Another advantage compared to two-photon absorption strategy is that
UCNP-assisted photochemistry does not require a high-intensity pulsed laser. NIR
light-triggered photoreactions based on lanthanide-doped upconverting nanoparticles is

the controlled release strategy used in Publication [B1].
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Similar to NIR light, red light is suitable for use in controlled release in
biomedical applications due to its high penetration ability in deep tissue.[Z%4 In fact,
trigger of light responsive therapeutic materials by direct irradiation with red or NIR
light via a one-photon process is more efficient to obtain a maximum therapeutic effect
than nonlinear optical processes such as two-photon absorption and photon
upconversion.%! For this purpose, photo-sensitive therapeutic agents that can be
directly activated by red or NIR light via a one-photon process are required.
Photosensitizer drugs are commonly used in photodynamic therapy (PDT) and
photoactivated chemotherapy (PACT). PDT uses specific light or laser to induce singlet
oxygen generation from photosensitizer drugs, leading to oxidative stress in cancer cells
and finally kill the cancer cells by reactive oxygen species (ROS)-mediated toxicity.
This therapy requires specific light to activate photosensitizer drugs and also
physiological oxygen to produce singlet oxygen. Meanwhile, PACT, an oxygen-
independent therapy, uses specific light or laser to release the toxic unit from

photosensitizer drugs.

A wide variety of exciting strategies employing light-responsive drug delivery
systems have been developed to achieve therapeutic efficacy at the clinical level. Many
of them have gained proof of concept successfully in vitro, while others have
demonstrated promising results in vivo. However, there has not been any report for
light-responsive drug delivery system at clinical trials. Currently, the stimuli-
responsive drug delivery systems that have been reported with high progress are the
temperature-responsive drug delivery system (ThermoDox, Doxorubicin containing
liposome) at clinical trials Phase Il targeting to liver cancer and Phase Il targeting to
lung cancer and redox (GSH concentration) -responsive drug delivery system (T-
DM1®, paclitaxel or docetaxel containing antibody conjugate) targeting to metastatic

breast cancer already approved by FDA.[Z-6]

This is partly due to the complex design of many stimuli-responsive drug
delivery systems, including light responsive systems. Therefore, it was suggested that
“it will be advantageous to keep the KISS principle in mind: keep it simple and
straightforward”.[#®° Some advantages and limitations of each stimuli-responsive drug

delivery system have been summarized in Table B2.
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Table B2. Advantages and limitations of some stimuli-responsive drug delivery
systems. (Taken from Ref. (851 Therapeutic delivery, 2017, 8(2), 89-107.Copyright ©
2017 Future Science Ltd.)

Stimulus

Biomarker

pH

Electrical

Heat

Light

Magnetic

Ultrasound

Advantage(s)
High target specificity

Small changes in pH can result in significant
chemical and physical changes in drug carrier

lontophoresis devices make electrical fields
accessible in the clinic

Safe levels of electrical field strengths have
heen extensively studied

Cancer cells are sensitive to hyperthermia
(i.e., apoptosis, increased sensitivity to
radiation and chemotherapeutics)

Thermally responsive drug-delivery systems
are in clinical trials

Ability to sequentially trigger multiple
payloads

High degree of spatiotemporal precision

In addition to triggered delivery, capable of
magnetically guided drug targeting and can
act as a contrast agent for imaging

Magnetically responsive drug-delivery
systems are in clinical trials

Minimal safety risks with low intensity and
short exposures

High degree of spatiotemporal precision

Limitation(s)
Stability, potential leakage and possible

immunogenicity of enzymes or antibodies used in
the delivery system

Limited to the clinical conditions that alter local pH

Risk of damage to healthy tissue from electric
source needed for deep tissue penetration
(attenuation of stimulus)

Electroresponsiveness is affected by many
environmental factors (e.g., composition of
aqueous medium, concentrations of electrolytes,
presence of ionizable molecules)

Risk of superficial tissue damage from external
heating source needed for deep tissue penetration
(attenuation of stimulus)

Questionable safety and/or biodegradability of
materials

Safety risks and low tissue penetration for UV-Vis
light

Potential toxicity from iron oxide

Requires complex equipment set-up for adequate
focusing, intensity and penetration depth

Risk of damage to tissues with high intensity and
long exposures

Low drug carrier stability
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B1l: UPCONVERSION NANO-CARRIERS ENCAPSULATED WITH
PHOTOACTIVATABLE RU COMPLEXES FOR
NEAR-INFRARED LIGHT-REGULATED ENZYME ACTIVITY

(Note: The literature of the chapter B1 can be found on page 73 at the end of this chapter.)
Permission: The following part [B1] is based on a publication in Small 2017, 13,
170099. Presented materials are reprinted with permission from John Wiley and Sons.
Copyright © 2017, John Wiley and Sons

Contribution: ||l and | contributed equally to this work. | carried out the
biological part including cell toxicity, Cathepsin K activity assay, Cathepsin K
inhibition assay, lysosome co-localization assay, cellular uptake study by flow
cytometry and cLSM. |l synthesized and characterized the Cathepsin K
inhibitor controllable release system. ||} performed upconversion

luminescence cell imaging. The project was supervised by [ GTcG_

NIR .
Photoinhibition i
> e,
D Inhibited
R
Enzyme Enzyme

TOC B1: Photon upconversion enzyme inhibition is employed to regulate enzyme
activity using NIR light. Upconverting nanoparticles and caged enzyme inhibitors are
encapsulated in hollow mesoporous silica nanoparticles. Upconverting nanoparticles
convert near-infrared light to blue light, which activates caged enzyme inhibitors. The

activated enzyme inhibitors are released and inhibit the enzyme activity in living cells.

Aim: Cathepsin K is a key enzyme that plays an important role in bone remodeling and
cancer metastasis. Therefore, inhibition of this enzyme can prevent bone digestion and
tumor invasion. To achieve this goal, the Cathepsin K inhibitor controllable release
system responsive to the near infrared (NIR) light was developed and applied to inhibit

three different sources of Cathepsin K: purified (commercial) enzyme, lysate and live
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cells. Three different cell lines including LNCaP, PC3 cells (prostate cancer cell lines)
and SAQOS-2 cells (osteosarcoma cell line) were chosen to demonstrate the enzymatic
inhibition of the new controlled release platform) due to their ability to exhibit
overexpression of Cathepsin K.

Abstract: Enzyme activity is important for metabolism, cell functions, and treating
diseases. However, remote control of enzyme activity in deep tissue remains a
challenge. Here, we demonstrate near-infrared (NIR) light-regulated enzyme activity in
living cells based on upconverting nanoparticles (UCNPs) and a photoactivatable Ru
complex. The Ru complex is a caged enzyme inhibitor that can be activated by blue
light. To prepare a nano-carrier for NIR photoinhibition of enzyme activity, a UCNP
and the caged enzyme inhibitors were encapsulated in a hollow mesoporous silica
nanoparticle. In such a nano-carrier, the UCNP can harvest NIR light and convert it into
blue light, which can activate the caged enzyme inhibitors. This photoactivation process
is feasible in deep tissue because of the tissue penetration ability of NIR light. The
nano-carrier was compatible to LNCaP, PC3, and SAQS-2 cells, which showed high
enzyme expression. NIR irradiation induced release of the inhibitors and inhibition of
enzyme activity in living cells. NIR light provides high spatiotemporal resolution to

regulate enzyme activity in deep tissue.

B1.1. Introduction

Enzymes are important macromolecular biological catalysts that enable chemical
reactions in biological systems. Controlling enzyme activity can regulate metabolism,
manipulate cell functions, kill pathogens, and treat diseases.[BXY! Due to the great
importance of enzymes in biological systems, the use of external stimuli, such as pH, B
21 temperature, B3 ATP B4 cations,[B151 and light,[B2-¢ to control enzyme activity has
been developed. Among these stimuli, light provides high spatiotemporal resolution for
controlling enzyme activity. UV or visible light can control photoresponsive
compounds, such as photocages and photoswitchable molecules.B:1  The
photoproducts from these photoresponsive compounds can then regulate enzyme

activities.[B1-62 6 8 However, UV light may damage biological systems. Additionally,
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both UV and visible light cannot penetrate deeply into tissue. In contrast, near-infrared
(NIR) light can penetrate deeply into tissue and causes less photodamage to biological

systems. (B9

NIR light has been applied for controlling enzyme activities based on two-photon
absorption. B8 101 However, two-photon absorption requires high-intensity pulsed
lasers (typical pulse intensity: >10% W cm 2)B and is inefficient even when
femtosecond lasers are employed. Two-photon absorption only occurs at the laser
focus. Because the laser defocuses as it passes through tissue, the two-photon

absorption strategy is impractical for deep-tissue applications.

Recently, NIR light-triggered photoreactions based on lanthanide-doped
upconverting nanoparticles (UCNPSs) have been developed.[®-%°: 22 UCNPs can convert
NIR light into UV and visible light.[B12% Then, the upconverted UV or visible emission
can trigger photoreactions of traditional UV- or visible light-responsive compounds.
This process is referred to as UCNP-assisted photochemistry.[B-%: 141 UCNP-assisted
photochemistry can be triggered by continuous wave laser diodes with intensities that
are several orders of magnitude lower than that required for two-photon absorption.[B*-
%, 151 UCNPs have assisted different photoreactions including photoisomerization, %
14e, 161 photocleavage,®"1 photopolymerization, 44 18 and photo-coupling.[B1]
These UCNP-assisted photoreactions have been applied to NIR-controlled drug
delivery,[Bl-14¢ 101 higinterfaces, 1% 161 uncaging enzymes,B17 catalysis, B2
pH, (B2 and actuators.[B1-141 However, inhibition of enzyme activity using NIR light

assisted by UCNPs has not been investigated.

Here, we use NIR light to regulate enzyme activity based on UCNP-assisted
photochemistry (Figure B1.1). We refer to this new method as photon upconversion
enzyme inhibition (PUEI). To construct a platform for PUEI, a NaYF4sTmYb@NaYFs
UCNP and caged enzyme inhibitors (RuUEl) are encapsulated in a hollow mesoporous
silica nanoparticle (hmSiO.) (Figure B1.1b). RuEIl can be activated by blue light to
release the enzyme inhibitor (EI). Our group!®% 15 2-221 gnd others(®141 have
demonstrated that NIR light can efficiently uncage Ru complexes that are similar to
RUEl with the assistance of UCNPs. With RUEI&QUCNP@hmSIO: in this study,
UCNPs can convert NIR light to blue light, which can uncage EI from RuEl (Figure
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B1.1). After NIR photoactivation, the released El can inhibit the activity of the
cathepsin K enzyme (Figure B1.1b). Cathepsin K is an important enzyme that is critical
for osteoclastic bone resorption, macrophage invasion, and tumor growth.[B:-Z]
Cathepsin K is involved in the resorption of bone tissue in osteoclasts and therefore
responsible for the remodeling of bone.[B*?41 Resorption of bone should be inhibited
under some circumstances, such as bone loss in elderly patients or during the
regeneration of new bone after a fracture. For the treatment of cancers and tumor
metastases, cathepsin K is a key factor that affects the invasiveness of tumors into
healthy tissue.[B1-%l Therefore, the inhibition of cathepsin K is important. NIR
photoinhibition of the activity of cathepsin K allows for new routes for manipulating
cell functions, regenerative medicine, and treating the spread of malignant diseases in
deep tissue. PUEI also provides a general platform for regulating enzyme activity in

deep tissue.
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Figure B1.1. Schematic illustration of photon upconversion enzyme inhibition (PUEI).
(@) Activation of the enzyme inhibitor using near-infrared (NIR) light with the
assistance of UCNPs. UCNPs convert NIR light to blue light, which induces the
cleavage of the caged inhibitor (RUEl) and activation of the enzyme inhibitor (El). (b)
NIR irradiation of RUEI&QUCNP@hmSIO; activates El, which inhibits enzyme activity.

B1.2. Results and discussion
B1.2.1. NIR photoinhibition of enzyme activity

RUEI&UCNP@hmSiO2 provides a platform for NIR light-induced inhibition of
enzyme activity in deep tissue (Figure Bl1.2a). The half maximal inhibitory
concentration (ICsp) of the activated EI was only 1/6 of that of the caged inhibitor RUEI
for the inhibition of cathepsin K (Figure B1.3). Therefore, photoactivation of El can
efficiently inhibit cathepsin K. NIR irradiation of cathepsin K in the presence of
RUEI&UCNP@hmSIO:; triggered photocleavage of RUEI. Released EI can react with
thiol moieties of cathepsin K, B8 which irreversibly inhibited its activity significantly
(Figure B1.2b, blue bars). Irradiation for 7, 15, and 30 min reduced the enzyme
activity to 30%, 17%, and 13%, respectively (Figure Bl.2b, blue bars). For
comparison, control experiments in the absence of RUEI&UCNP@hmSIO; after NIR
irradiation (Figure B1.2b, black bars) and the presence of RUEI&UCNP@hmSIiO;
without NIR irradiation (Figure B1.2b, red bars) were performed. Enzyme activities
in these control samples did not decrease. These results demonstrated that the inhibition
of enzyme activity was caused by activation of the El using NIR light. Moreover, the
feasibility of using NIR light to inhibit enzyme activity after passing through tissue was
investigated, which is important for clinical applications in the future. A piece of
chicken tissue was placed between the NIR light and the sample. The NIR light passed
through the tissue and inhibited the enzyme activity (Figure B1.2b, magenta bars).

B1.2.4. Evaluation of biocompatibility of RUEI&UCNP@hmSIO2

Before enzyme inhibition in living cells was studied, the biocompatibility of
RUEI&QUCNP@hmSIO, was studied via cellular experiments. LNCaP, PC3 cells
(prostate cancer cell lines) and SAOS-2 cells (osteosarcoma cell line) were used in our

study. These cell lines were chosen because they have a high cathepsin K expression
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rate for their invasiveness, which results in metastases in the prostate cancer cell lines
and the osteosarcoma cell line. To test the biocompatibility, RUEI&QUCNP@hmSIO;
was incubated with all three cell lines for 24 h. Only a minor decrease in the cell
viability was observed in the presence of a high concentration (150 pg/mL) of
RUEI&UCNP@hmSIO, (Figure B1.4). After NIR irradiation (1 W/cm?) on LNCaP
cells in the presence or absence of RUEI&UCNP@hmSIO, (150 pg/mL), the cell
viability was higher than 90% (Figure B1.5a). The biocompatibility tests on PC3 and
SAOS-2 cells showed similar results to that of LNCaP cells (Figure B1.5b, c). These
results suggested that RUEI&UCNP@hmSiO> provides a biocompatible platform for

NIR photoinhibition of enzyme activity in living cells.
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Figure B1.2. (a) Schematic illustration of NIR photoinhibition of enzyme activity using
RUEI&UCNP@hmSIiO.. (b) NIR photoinhibition of the activity of cathepsin K. Black
bars: activities of cathepsin K in the absence of RUEI&UCNP@hmSIiO, under NIR
irradiation; Red bars: activities of cathepsin K in the presence of
RUEI&UCNP@hmSIiO2 without irradiation; Blue bars: activities of cathepsin K in the
presence of RUEI&UCNP@hmSIO; under NIR irradiation. Magenta bars: activities of
cathepsin K in the presence of RUEI&UCNP@hmSIO, under NIR irradiation through
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a piece of 1 mm thick tissue. The concentration of RUEI&QUCNP@hmSIiO, was 10
ng/mL. The intensity of the 974 nm laser was 1 W/cm?.
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Figure B1.3. Cathepsin K inhibition assay of commercial enzyme in the presence of El
or RUEI determined with hydrolysis of the fluorogenic substrate Z-GPR-AMC. The
ICs0 of EI and RuEI were 0.032 and 0.203 uM, respectively. This result indicates EI
generated by photoactivation of RUEI can efficiently inhibit the activity of cathepsin K.

1001

Cell viability (%)
al ~
o ol

N
(€)1
1

Figure B1.4. Cytotoxicity of RUEI&UCNP@hmSIiO; in LNCaP, PC3, and SAQS-2
cells. Cell viability was determined by MTS assay after treatment for 24 h. The results
indicate that RUEI&UCNP@hmSIiO; has good biological compatibility with these cells.
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Figure B1.6. (a) Cathepsin K activity assay of LNCaP, PC3 and SAQOS-2 live cells
determined with hydrolysis of cathepsin K fluorogenic substrate Abz-HPGGPQ-
EDDnp. (b) Cathepsin K inhibition assay of LNCaP, PC3 and SAOS-2 cell lines in the

presence of EI determined with hydrolysis of cathepsin K fluorogenic substrate Abz-

HPGGPQ-EDDnp.
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B1.2.5. Cathepsin K activities in live cells

To study cathepsin K activities in the three used cell lines, cathepsin K fluorogenic
substrate Abz-HPGGPQ-EDDnp was incubated with LNCaP, PC3, and SAOS-2 live
cells at 37 °C. Time-dependent fluorescence increase was observed, which indicated
the cleavage of the fluorescent substrate by the active enzyme in the live cells (Figure
Bl1.6a). This result confirmed that cathepsin K expressed activity in all three
investigated cell lines. To study effects of EI on the activities of cathepsin K in the three
cell lines, EI was incubated with these cell lines. Addition of EI decreased the cathepsin
K activity in all three cell lines (Figure B1.6b), which encouraged us to explore NIR
light-induced inhibition of enzyme activity in live cells.

B1.2.6. NIR photoinhibition of enzyme activity in live cells

To study photoinhibition of enzyme activity in live cells, fluorescence-labeled
UCNP@hmSIiO; was incubated with LNCaP, PC3, and SAOS-2 cells, separately. The
samples were then imaged using confocal laser scanning microscopy (CLSM). CLSM
images indicated that UCNP@hmSiO> was taken up by the cells (Figure Bl.7a-c).
Moreover, the co-localization of UCNP@hmSIiO, with endosome/lysosome in the
CLSM image demonstrated the nanoparticles were taken up by cells via endocytosis
after incubation for 1 h (Figure B1.8). The upconversion luminescence imaging was
also performed to prove the cellular uptake of RUEI&UCNP@hmSiOz. Furthermore,
flow cytometry analysis after incubating RUEI&QUCNP@hmSiO, with PC3 cells for 1
h showed that fluorescence-positive cells was more than 60% compared to the control
(Figure B1.9). This result further confirms that part of RUEI&QUCNP@hmSiO2 was
taken up by the cells. Cathepsin K is typically located in the lysosome and it can also
work extracellularly for facilitating tumor invasion. Therefore, it is desirable to inhibit
the enzyme activity both inside the cells where cathepsin K is originally accumulated
and out of the cells where it commonly functions. Moderate incubation time in our

experiment is helpful for the inhibition of intracellular and extracellular cathepsin K.

Irradiating LNCaP, PC3, and SAOS-2 cells, which were incubated with
RUEI&UCNP@hmSIO, (150 pg/mL) for 1 h, significantly decreased the activities of
cathepsin K in the cells (Figure B1.7d, NIR 7 min and NIR 15 min). For comparison,
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control experiments in the absence of RUEI&QUCNP@hmSIiO, without NIR irradiation
(Figure B1.7d, Control 1) and in the absence of RUEI&QUCNP@hmSIiO; after NIR
irradiation for 15 min (Figure B1.7d, Control 2) were performed. The enzyme
activities in these control samples did not decrease. In another control experiment,
cathepsin K activities in the three cell lines incubated with RUEI&UCNP@hmSIO;
without NIR irradiation were also measured (Figure B1.7d, NIR 0 min). The cathepsin
K activities did not change, showing the enzyme inhibition was controlled by light.
These experiments demonstrated that RUuEI&QUCNP@hmSIO, enabled NIR

photoinhibition of enzyme activities in live cells.

Figure B1.7. CLSM images: fluorescence-labeled UCNP@hmSIiO, was taken up by
(a) LNCaP, (b) PC3, and (c) SAOS-2 cells. The scale bars represent 10 um. The plasma
membranes were stained with CellMask™Orange (red), the DNA was stained with
Drag®5 (blue), and UCNP@hmSiO, was labeled with FITC (green). FITC was used to
label the nanoparticles because FITC can be excited by a laser on the confocal laser
scanning microscope but UCNPs cannot be excited by any laser on the microscope. (d)
Photoinhibition of the cathepsin K activity in living LNCaP, PC3, and SAOS-2 cells
using 974 nm light (1 W/ cm?) in the presence of RUEI&UCNP@hmSiO; (150 pg/mL).
Control 1: cells in the absence of RUEI&UCNP@hmSIiO, without NIR irradiation.
Control 2: cells in the absence of RUEI&UCNP@hmSIO; after NIR irradiation for 15

min.
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Figure B1.8. Confocal laser scanning microscopy images: FITC-labeled
UCNP@hmSIO> (150 pg/mL) was taken up by PC3 cells after incubation for 1 h. Single
channel pictures of (a) UCNP@hmSIO> labeled with FITC (green), (b) the lysosome
stained with LysoTracker® Red DND-99 (blue), (c) the bright-field image, and (d) the
merged images of three channel demonstrated that FITC-labeled UCNP@hmSiO was
co-localized with lysosome as indicated with black arrows. The scale bars represent 10
pm. FITC was used to label the nanoparticles because it fits to the excitation wavelength

of the confocal laser scanning microscope.
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Figure B1.9. Flow cytometry analysis of RUEI&QUCNP@hmSIO2 (150 ug/mL) taken
up by PC3 cells after incubation for 1 h (red line). The black line shows the control
experiment. The percentage of fluorescence-positive cells was more than 60%. This
result together with confocal laser scanning microscopy images (Figure B1.S3) and
upconversion  luminescence  images demonstrated cellular  uptake of
RUEI&UCNP@hmSIOx.
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B1.3. Conclusion

In conclusion, we developed the new method PUEI that can be applied to controlling
enzyme activities in living cells with NIR light. In PUEI, UCNPs converted NIR light
to blue light, which activated caged enzyme inhibitors. The activated enzyme inhibitors
can inhibit enzyme activity in living cells. Because NIR light can penetrate deeper into
tissue, PUEI is useful for deep-tissue biomedical applications. Because NIR light can
activate different photocaged enzyme inhibitors via UCNP-assisted photochemistry,
RuEl and many other photocaged enzyme inhibitors can be combined with UCNPs for
NIR light-regulated enzyme activity in deep tissue. Therefore, PUEI is a general
approach for regulating activities of different types of enzymes. Controlling enzyme
activities by NIR light provides a novel platform for regulating metabolism,

manipulating cell functions, and treating diseases in deep tissue.
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B2: PHOTOACTIVATION OF ANTICANCER RU COMPLEXES
IN DEEP TISSUE: HOW DEEP CAN WE GO?

(Note: The literature of the chapter B2 can be found on page 83 at the end of this chapter.)
Permission: The following part [B2] is based on a publication in Chem. Eur. J. 2017,
23, 10832 — 10837. Presented materials are reprinted with permission from John Wiley
and Sons. Copyright © 2017, John Wiley and Sons.

Contribution: |l and 1 contributed equally to this work. | carried out the
biological part including cell viability. | lil synthesized and characterized the Ru

complex. The project was supervised by || GcIEINININIINI
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TOC B2: Anticancer ruthenium (Ru) complexes can be photoactivated by 671-nm light
after passing through a 16-mm-thick tissue. The photoactivated Ru complexes can
inhibit the growth of cancer cells. These results suggest that Ru complexes are

promising anticancer agents for deep-tissue phototherapy.

Aim: Ru complexes have gained intensive interest because of their photoactive and
anticancer properties. It is known that different wavelengths of the light are able to
penetrate different distances into the external skin. Only the light in the therapeutic
window (650-950 nm), which is in a region of red light and NIR, is optimal for use in
phototherapy. However, the important question is how deep the red light can penetrate
through the skin and still be able to activate Ru complex. Therefore, 671 nm-red light
was used to activate the Ru complex passed through the tissue with different thicknesses

to clarify this question and demonstrate the efficiency to kill cancer cells.
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Abstract : Activation of anticancer therapeutics such as ruthenium (Ru) complexes is
currently a topic of intense investigation. The success of phototherapy relies on
photoactivation of therapeutics after the light passes through skin and tissue. In this
paper, the photoactivation of anticancer Ru complexes with 671-nm red light through
tissue of different thicknesses was studied. Four photoactivatable Ru complexes with
different absorption wavelengths were synthesized. Two of them (Ru3 and Ru4) were
responsive to wavelengths in the “therapeutic window” (650—900 nm) and could be
activated using 671-nm red light after passing through tissue up to 16-mm-thick. The
other two (Rul and Ru2) could not be activated using red light. Additionally, activated
Ru4 caused inhibition of cancer cells. These results suggest that photoactivatable Ru

complexes are promising for applications in deep-tissue phototherapy.

B2.1. Introduction

Phototherapy based on phototherapeutic agents and light irradiation is a promising
strategy for cancer treatment.[®2-X1 Phototherapeutic agents are usually non-toxic or less
toxic in the dark, until light converts them to toxic species that kill cancer cells (Figure
B2.1a). Phototherapy causes minimal side effects for normal tissues because light
provides high spatial resolution and allows activation of the phototherapeutic agents at
target sites only.[B2-1-41 Most photoresponsive materials,®2-> €1 such as photoactivated
platinum, 8278 coumarin-caged(®>® 1% and pyrenecaged(®>*! prodrugs are sensitive to
UV or short-wavelength visible light. However, UV or short-wavelength visible light
is problematic for biomedical applications, because these wavelengths cannot penetrate
deeply into tissue.[B2-12 Furthermore, UV light can also damage biological systems. In
contrast, red or near-infrared (NIR) light is better-suited to biomedical applications,

because red or NIR light has a deeper tissue penetration depth (Figure B2.1b).[B%12 131

Simultaneous two-photon absorption is one way to activate photoresponsive materials
using NIR light.'B21*1 However, two photon absorption is inefficient and only occurs
at the focus of high-intensity pulsed lasers.[®218 %1 Considering that a laser beam will
defocus while passing through tissue, a two-photon absorption strategy is impractical

for deep-tissue applications. Another method for activating phototherapeutic agents
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using NIR light is based on photon upconversion. NIR light can be converted by
upconverting nanoparticles or some organic dyes to UV or visible light, which then
activates phototherapeutic agents.[B212 20-231 This process is referred to as
upconversion-assisted photochemistry.[®2-121 Compared to simultaneous two-photon
excitation, one advantage of upconversion-assisted photochemistry is that it does not
require high-intensity pulsed lasers. However, upconversion is still a non-linear optical
process and requires high-intensity laser excitation (at least several hundred mW cm),
which may damage biological systems.[8%2 241 Fyrthermore, although NIR light can
penetrate into tissue deeply, passing through tissue still attenuates its intensity. Thus,
the NIR light intensity may be too low to excite upconversion after NIR light passes

through relatively thick tissue.

Activation of phototherapeutic agents by directly using red or NIR light via a one-
photon process is more efficient than nonlinear optical processes such as two-photon
absorption and photon upconversion. Some phototherapeutics that can be directly
activated by red or NIR light via a one-photon process already exist.[2-252% Previous
studies have demonstrated that Ru complexes are photoresponsive molecules and have
been applied for biological applications.[B2-3%-331 |n particular, our group and others
showed that some Ru complexes can be directly activated by low-intensity (30-720
mW cm?) red or NIR light.[B2-3-3"1 Ry complexes, analogues of platinum anticancer
drugs, are importantly proposed to also be promising anticancer agents.[8226:38.391 One
advantage of photoactivated Ru complexes is that they are usually less toxic to non-
irradiated tissues, only becoming more toxic in tumor cells through photoactivation.[8%
14,26, 39-47] ppotoactivated Ru-containing materials have already shown anticancer
effects in a tumor-bearing mouse model.[B%34 37 481 Fyrthermore, photoactivated Ru
complexes are promising for deep-tissue phototherapy due to their high photo-
responsiveness (e.g. several mwW cm?). However, red or NIR light will eventually be
completely attenuated while passing through thick tissue, which means photoactivation
of therapeutics via one-photon processes has a certain depth limit. The understanding
of this photoactivation of therapeutics in deep tissue will thus help provide guidelines

for phototherapy.
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Here, we systematically investigated the photoactivation of anticancer Ru complexes
after light passes though tissue with different thicknesses. We demonstrated that light
is able to pass through 16-mm-thick tissue and activate two Ru complexes. Our results
thus indicate phototherapy using Ru complexes is a promising for biological systems

with a tissue thickness on the order of 16 mm.

Figure B2.1. Schematic illustrations: (a) Light passes through tissue and activates
phototherapeutic agents. (b) Tissue penetration depth of light with different wavelengths.
Red or NIR light has a deeper tissue penetration depth than UV and visible light. However,
when the light wavelength further shifts to the IR region, the penetration depth
decreases again because water absorbs IR light.

B2.2. Results and discussion

To study photoactivation, we synthesized four photocleavable Ru complexes (Figure
B2.2a):  [Ru(bpy)2(CHsCN)2]*  (Rul),  [Ru(tpy)(bpy)(CHsCN)]*  (Ru2),
[Ru(tpy)(big)(CH3sCN)]?* (Ru3) and [Ru(big)2(CH3CN)2]** (Ru4). (bpy = 2,2’-
bipyridine; tpy = 2,2°:6”,2”’-terpyridine; biq = 2,2’-biquinoline). The Ru-acetonitrile
coordination bonds in all the complexes are photocleavable. However, the wavelengths
for the photocleavage of these Ru complexes are different because their metal-to-ligand
charge transfer (MLCT) bands are located at different wavelengths (Figure B2.2b).
The absorption maxima of Rul (black line) and Ru2 (blue line) were 425 nm and 455
nm, respectively, whereas the absorption tails of Rul and Ru2 terminated at ~550 nm
and ~605 nm, respectively. Therefore, red to NIR light in the “therapeutic window”
(e.g., 650-900 nm) was unable to trigger the photocleavage of Rul and Ru2. The

absorption maxima of Ru3 (green line) and Ru4 (red line) were located at 515 nm and
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535 nm with absorption tails up to ~750 nm and ~780 nm, respectively. Furthermore,
the MLCT bands of Ru3 and Ru4 did not change when they were kept in the dark for
an hour, indicating both complexes were thermally stable within the experimental time
period. Red light irradiation (671 nm, 110 mW cm?) successfully induced the
photocleavage of Ru3 and Ru4. These results showed that Ru3 and Ru4 are good model

compounds to investigate photoactivation in deep tissue.
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Figure B2.2. (a) Chemical structures of four photocleavable Ru complexes Rul-Ru4.
(b) UV-Vis absorption spectra of Rul-Ru4. Red region represents the “therapeutic

window”.

We first characterized the ability of 671-nm light to penetrate tissue, which was used
for photoactivation of Ru3 and Ru4. We measured the laser power after the laser passed
through tissue with different thicknesses, using the setup in Figure B2.3a. A DPSS
(diode pumped solid state) laser at 671 nm was used as the light source. A tissue holder
with a circular hole in the center was placed vertically below the laser. The laser was a
parallel beam with an intensity 110 mW cm (Figure B2.3). This light intensity was
chosen for our experiments because the maximum permissible exposure for skin at 671
nm is 0.2 W cm according to the American National Standard for Safe Use of
Lasers.[B>%l Thus, we want to use such an intensity to enable activation of Ru

complexes while preventing photodamage to tissues. After passing through a 4-mm-

80



Chapter B2

thick pork tissue, the luminance of the laser spot became weak due to strong light
scattering, reflection, and a little absorption (Figure B2.3c). The luminance of the laser
spot gradually decreased when the tissue thickness increased (8 mm and 12 mm in
Figure B2.3d and e, respectively). When the tissue was as thick as 16 mm, the
luminance of laser spot was comparable to that of the surrounding (reflected and
scattered light) and the laser spot was nearly invisible to “the naked eye” (Figure
B2.3f). These results clearly demonstrated thickness strongly influenced laser power
after passage through the tissue (Figure B2.3b-f). To quantify this intuitive
observation, we used a power meter to measure the laser power after passing through
tissues (Figure B2.3g). The laser power was 60, 38, 23, 10, 6, 2, and 1 mW after
passage through 1, 2, 4, 6, 8, 12, and 16 mm thick pork tissue, respectively. Thus,
although 671 nm light can penetrate deeply into tissue, only low laser powers can be
obtained deep inside the tissue. Therefore, highly photosensitive materials, which are

responsive to low-intensity red light, are best-suited for deep-tissue phototherapy.
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Figure B2.3. (a) Photograph of the laser setup. (b)-(f) Photographs after the laser (671
nm, 125 mW) passing through pork tissue with different thicknesses: (b) no tissue, (c)
4-mm tissue, (d) 8-mm tissue, (e) 12-mm tissue and (f) 16-mm tissue. (g) Laser power

after the laser (671 nm, 125 mW) passing through pork tissue with different thicknesses.
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The studies on Ru3 and Ru4 demonstrated that red light (671 nm, 125 mW) can pass
through tissue up to 16 mm and still activate them. It was reported that photoproducts
from Ru complexes similar to Ru3 and Ru4 were more toxic than the Ru complexes
before irradiation because the photoproducts may bind to DNA, resulting in apoptosis
of cancer cells. Additionally, singlet oxygen, which is also toxic to cancer cells, can be
generated during irradiation. Therefore, the combination of phototoxicity and deep-

tissue photoactivation of Ru complexes is promising for deep-tissue phototherapy.

As a proof of concept, we used light passing through a piece of 8-mm-thick tissue to
inhibit the growth of cancer cells in the presence of Ru4. A piece of 8-mm pork tissue
was placed between the laser and HeLa cells incubated in the presence of Ru4 (Figure
B2.4a). Without Ru4, light irradiation (A = 671 nm, 110 mW cm2, 30 min) only caused
a little decrease in cell viability (Figure B2.4b, 0 ug mL™).182%0 |_jght irradiation (671
nm, 110 mW cm?, 30 min) in the presence of Ru4 caused significant cell death
compared to the mere irradiation and dark condition (Figure B2.4b). Hence, Ru4 can
be photoactivated in the presence of an 8-mm-thick tissue to inhibit the growth of

cancer cells.
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Figure B2.4. (a) Photograph of the setup for cell viability test. (b) Viability of HeLa
cells treated with Ru4 at different concentrations in the dark and after light irradiation
(A= 671 nm, 110 mW cm, 30 min). Light irradiation was performed after incubation
with Ru4 for 4 h.
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B2.3. Conclusion

We studied the photoactivation of anticancer Ru complexes in the presence of tissues
with different thicknesses. Anticancer Ru complexes (Rul-Ru4) were irradiated using
a 671-nm laser. Rul and Ru2 could not be activated by 671-nm light because their
photoresponsive wavelengths are too short. However, Ru3 and Ru4 were activated by
671-nm light due to their long responsive wavelengths. Although only 1% of the laser
power remained after passing through a 16-mm-thick tissue, the intensity of the light
was still able to activate Ru3 and Ru4. Furthermore, phototoxicity of Ru4 was
successfully induced by 671-nm light in cancer cells after passing through an 8-
mmthick tissue. Our results thus suggest that photoactivatable Ru complexes are
promising for deep-tissue biomedical applications. Further red shifting the responsive
wavelength of Ru complexes would be helpful for phototherapy in deeper tissue. Ru
complexes responsive to 800-nm light, the best wavelength for tissue penetration, are

expected to be realized in the future.
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B3: RED-LIGHT-CONTROLLED RELEASE OF DRUG-RU COMPLEX
CONJUGATES FROM METALLOPOLYMER MICELLES FOR
PHOTOTHERAPY IN HYPOXIC TUMOR ENVIRONMENTS

(Note: The literature of the chapter B3 can be found on page 97 at the end of this chapter.)
Permission: The following part [B3] is based on a publication in Adv. Funct. Mater.
2018, 28, 1804227. Presented materials are reprinted with permission from John Wiley
and Sons. Copyright © 2018, John Wiley and Sons.

Contribution: || N 2d | contributed equally to this work. | carried out
the in vitro biological part including cell viability of HelLa treated with drug-Ru

complex conjugates and micelles under normoxia and hypoxia (both in dark and light

conditions). |l synthesized and characterized the Ru complex. ||
performed in vivo assay and cLSM imaging. The project was supervised by [}
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TOC B3: Metallopolymers against hypoxic tumors! Amphiphilic metallopolymers,
which contain photocleavable drug-Ru complex conjugates, self-assemble into
micelles. The micelles are biocompatible and carry the conjugates into tumor cells.
Subsequent red-light irradiation induces intracellular release of the drug-Ru complex
conjugates. Because the photo-induced release is oxygen-independent, the novel
metallopolymer provides a new platform for phototherapy against hypoxic tumors in

Vivo.
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Aim: In a deep solid tumor, which is far away from oxygen diffusion distance supplied
by blood vessels, the area has a special tumor microenvironment comprised of low
oxygen (hypoxia), low nutrients, and acidosis (an excessively acid condition). This
hypoxic condition interferes with photodynamic therapy (PDT), which has cancer
killing ability significantly dependent on the local oxygen concentration. Therefore, this
study aimed to develop a dual-therapy system that can function under both normoxic
and hypoxic conditions as oxygen independent toxicity using anticancer drug
Chlorambucil Ru complex conjugate self-assemble into micelles. Furthermore, the
system was designed to be able to control the release of the drug-Ru complex conjugate
from micelles via red-light stimulation. The red-light control release system was proof
of concept to kill cancer cells in vitro in HeLa and further confirmed the potential to
use for phototherapy against hypoxic tumor microenvironments in vivo in tumor-

bearing mice.

Abstract: Traditional photodynamic phototherapy is not efficient for anticancer
treatment because solid tumors have a hypoxic microenvironment. The development of
photoactivated chemotherapy based on photoresponsive polymers that can be activated
by light in the “therapeutic window” would enable new approaches for basic research
and allow for anticancer phototherapy in hypoxic conditions. This work synthesizes a
novel Ru-containing block copolymer for photoactivated chemotherapy in hypoxic
tumor environment. The polymer has a hydrophilic poly(ethylene glycol) block and a

hydrophobic Ru-containing block, which contains red-light-cleavable (650-680 nm)
drug—Ru complex conjugates. The block copolymer self-assembles into micelles,
which can be efficiently taken up by cancer cells. Red light induces release of the drug—
Ru complex conjugates from the micelles and this process is oxygen independent. The
released conjugates inhibit tumor cell growth even in hypoxic tumor environment.
Furthermore, the Ru-containing polymer for photoactivated chemotherapy in a tumor-
bearing mouse model is applied. Photoactivated chemotherapy of the polymer micelles
demonstrates efficient tumor growth inhibition. In addition, the polymer micelles do
not cause any toxic side effects to mice during the treatment, demonstrating good

biocompatibility of the system to the blood and healthy tissues. The novel red-light-
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responsive Ru-containing polymer provides a new platform for phototherapy against

hypoxic tumors.

B3.1. Introduction

The success of metal complexes such as platinum (Pt) complexes for anticancer
applications encourages the development of new metallodrugs.[B31-%1 Recent
fundamental research and clinical trials showed that ruthenium (Ru) complexes are
promising alternatives for Pt drugs.[B312l In particular, photoactivatable Ru complexes
have been proposed for anticancer phototherapy, which can increase selectivity
between tumor and healthy cells.[B312671 These complexes are generally nontoxic to
nonirradiated normal cells and become highly toxic in tumor cells via selective
irradiation of tumors. Phototoxicity of Ru complexes arises from two different
mechanisms. One mechanism is singlet oxygen (*O2) sensitization using Ru complexes
for photodynamic therapy (PDT).[B38-161 The other mechanism is uncaging cytotoxic
ligands or Ru species via ligand photosubstitution reactions for photoactivated
chemotherapy (PACT).[B317-21The therapeutic effects of PDT are critically dependent
on the local concentration of oxygen.[B3-26271 Because solid tumors have a hypoxic
microenvironment especially in the areas far away from the blood vessels (>70 pum),E*
281 PDT does not work in hypoxic tumor environment. In contrast, PACT using Ru
complexes is better suited than PDT for hypoxic tumor treatment because ligand
photosubstitution is oxygen independent.[®32°-321 Thus, PACT represents a promising
approach against hypoxic tumors. We and other groups have shown photoinhibition of
tumor cell growth using photoactivatable Ru complexes based on combined PDT and
PACT.[B383337 Trye PACT in hypoxic cancer cells is difficult to achieve due to
insufficient anticancer efficiencies of uncaged ligands and Ru species. Recently,
Bonnet and co-workers reported PACT against hypoxic cancer cells in vitro using a Ru
complex caged with a cytotoxic ligand.[B3-2% The strategy was based on photo-uncaging
of cytotoxic ligands, which inhibited the growth of hypoxic cancer cells in vitro. The
next challenge is the further development of new Ru complexes for PACT in vivo.
Besides photo-uncaging of efficient anticancer ligands or Ru species, PACT in vivo

requires that photoactivatable Ru complexes have neglectable side effects to healthy
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tissues, can accumulate in tumor cells, and can be photoactivated in the body. [B3-333]
However, none of the reported photoactivatable Ru-containing materials has shown
therapeutic effects for PACT in vivo. Therefore, it is a challenge to design

photoactivatable Ru-containing materials for PACT in vivo.

Herein, we demonstrate the design of a red-light-responsive Ru-containing block
copolymer (PEG-b-P(CPH-co-RuCHL)) for phototherapy against hypoxic tumors in
vivo (Figure B3.1). The polymer contains a hydrophilic poly(ethylene glycol) (PEG)
block. PEGylation is an efficient way to reduce non-specific protein adsorption of drug
carriers and improve biocompatibility. [B3-38-401 |mportantly, the hydrophobic block of
the polymer contains newly synthesized drug-Ru complex conjugates on the polymer
side chains (Figure B3.1a). The commercial anticancer drug chlorambucil (CHL) was
conjugated with the Ru complex. This novel design, for the first time, results in the
release of drug-Ru complex conjugate with enhanced anticancer efficiency, which is
different from the design of other systems for photoinduced delivery Ru complexes. (B>
35411 CHL-Ru complex conjugates were further grafted to the polymer via the
photocleavable Ru-N coordination bond. Red light triggered the cleavage of the CHL-
Ru complex conjugates from the polymer chains and subsequent aquation resulted in
release  of the efficient anticancer CHL-Ru complex  conjugate
[Ru(CHLtpy)(big)(H20)]?>". The block copolymer PEG-b-P(CPH-co-RUCHL) self-
assembled into micelles, which carried the CHL-Ru complex conjugates to the tumor
site and were taken up by hypoxic cancer cells via endocytosis (Figure B3.1b). Red
light passed through skin and tissue and then induced the release of
[Ru(CHLtpy)(big)(H20)]>* for PACT. Red-light-responsive PEG-b-P(CPH-co-
RUCHL) is better suited than conventional UV or short-wavelength visible light-
responsive polymers for biomedical applications because red light can penetrate deeper
into tissue.[B32lWe have demonstrated that red light activated Ru complexes with
similar responsive wavelengths to PEG-b-P(CPH-co-RuCHL) after red light passed
through tissue with a thickness up to 16 mm. (8348l Because PEG-b-P(CPH-co-RuCHL)
exhibits improved biocompatibility via PEGylation, enhanced anticancer efficiency via

drug conjugation, facilitated endocytosis via micellization, and deep-tissue activation
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via red light irradiation, PEG-b-P(CPH-co-RuCHL) is a promising candidate for PACT

against hypoxic tumors in vivo.
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Figure B3.1. (a) Structure and photoreaction of the metallopolymer PEG-b-P(CPH-co-
RuUuCHL). The green and purple parts in the chemical structures represent the drug
(CHL) moiety and the Ru complex moiety. Red light induces the release of the drug-
Ru complex conjugate [Ru(CHLtpy)(big)(H20)]?*. (b) Self-assembly of PEG-b-
P(CPH-co-RuCHL) and its phototherapy in hypoxic tumor environments.
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B3.2. Results and discussion

We prepared block copolymer assemblies by adding water to a THF solution of PEG-
b-P(CPH-co-RuCHL). The micelle solution was collected after removing the organic
solvent via dialysis against water. Transmission electron microscopy (TEM) image
showed that PEG-b-P(CPH-co-RuCHL) formed monodisperse micelles with a diameter
of ~15 nm. Dynamic light scattering (DLS) showed that the micelles had a narrow size
distribution and the average hydrodynamic diameter of the micelles was 22 nm. The
micelles were well dispersed in water and physiological saline solution and had good
stability. To achieve in vivo applications, we used red light in the therapeutic window
(650 to 900 nm) to trigger the photoreaction. Red light irradiation (656 nm) of the
micelles red-shifted the MLCT band from 519 nm (Amax of PEG-b-P(CPH-co-
RuCHL)) to 576 nm (Amax of [Ru(CHLtpy)(biq)(H20)]?"). This detectable spectral
change can be achieved less than 0.5 h and the change was identical to that of the
photocleavage of similar Ru complexes, suggesting [Ru(CHLtpy)(big)(H20)]** was
cleaved from the polymer.[B3-4851 Additionally, the result from UV-Vis absorption
spectroscopy indicated that the process of the photoreaction can be precisely controlled
by the irradiation dose. Up to 84% of [Ru(CHLtpy)(biq)(H20)]?* was released under
light irradiation in our experimental condition. In comparison, only =<7% of
[Ru(CHLtpy)(big)(H20)]*" was released in the dark after 24 h, suggesting the good
stability of the micelles during long time incubation and the release was controlled by

light (Results are not shown here, see Publication [B3]).

The released [Ru(CHLtpy)(big)(H20)]** is a conjugate of a Ru complex and a
commercial anticancer drug CHL, both of which can inhibit cancer cell growth. Thus,
[Ru(CHLtpy)(big)(H20)]?* is expected to be an efficient anticancer agent. The
cytotoxicity of [Ru(CHLtpy)(big)(H20)]** was tested using HeLa cells, a commonly
used model cancer cell line for evaluating anticancer activities of new anticancer
materials (Figure B3.1a). HelLa cells were incubated with
[Ru(CHLtpy)(big)(H20)](PFs). with a concentration from 1.25 to 50 pug mL* for 24 h.
Cell viability decreased as the concentration of [Ru(CHLtpy)(big)(H20)]?* increased.
The half maximal effective concentration (ECso) of [Ru(CHLtpy)(big)(H20)]?** to HeLa
cell was ~13.7 ug mLY, much lower than those of both [Ru(tpy)(big)(H20)] (PFe)2
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(=30 pg mL?, Figure B3.2) and CHL (=150 ug mL1).[B%52] The result indicated that
the two anticancer moieties had synergistic effects and the conjugate
[Ru(CHLtpy)(big)(H20)]** had improved cytotoxicity toward cancer cells. The
cytotoxicity of the complex after red light irradiation (671 nm, 120 J cm™2) was also
studied (Figure B3.1a). The ECsg value for HeLa cells after irradiation was ~10.3 g
mL™, which is close to that without irradiation. ECso values under dark and light
irradiation ~ were  similar  because no 'O, was generated  when
[Ru(CHLtpy)(big)(H20)]** was irradiated with light (Figure B3.1b).
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Figure B3.1. (a) Viability of HeLa cells incubated with [Ru(CHLtpy)(big)(H20)](PFs)2
with various concentrations for 24 h. HelLa cells were kept in the dark or under light
irradiation (671 nm, 120 J cm™2) at the beginning of the incubation. (b) Emission spectra
of 102 (kem = 1275 nm) generated in the solutions of [Ru(CHLtpy)(biq)(H20)] (PFe)2
and [Ru(bpy)s]Cl. in CD30D after excitation at Aex = 450 nm. Assonm = 0.1 (4 mm path
length) for all samples. [Ru(bpy)s]Cl> was used as a reference sample (®A = 0.73 in
CD30D).[B3-53]
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Figure B3.2. Viability of HelLa cells incubated for 24 h in the presence of
[Ru(tpy)(biq)(H20)] (PFe)2 with different concentrations.

Encouraged by the improved anticancer efficiency of [Ru(CHLtpy)(big)(H20)]?*
compared to CHL and [Ru(tpy) (big)(H20)]?*, we used PEG-b-P(CPH-co-RuCHL)
micelles as nanocarriers for PACT. First, we studied cellular uptake of PEG-b-P(CPH-
co-RuCHL) micelles (Figure B3.3a). The micelles loaded with the dye were incubated
with HelLa cells in the dark for 6 h. Subsequently, the cells were washed thoroughly
and cell nuclei were stained with Hoechst 33342. Confocal laser scanning microscopy
(cLSM) revealed green fluorescence from the micelles in the cytoplasm, indicating the
micelles were taken up by the cancer cells (Figure B3.3a, top). We also imaged the
cells without incubation with the micelles as a control experiment (Figure B3.3a,
bottom). No green fluorescence was observed, suggesting the observed green
fluorescence (Figure B3.3a, top) was from the micelles.

The cytotoxicity of PEG-b-P(CPH-co-RuCHL) micelles in the dark and after light
irradiation was also studied (Figure B3.3b). In the dark, the micelles showed negligible
toxic to HeLa cells, suggesting the micelles had good biocompatibility. In contrast,
irradiating (656 nm, 60 J cm™2) cancer cells incubated with PEG-b-P(CPH-co-RuCHL)
micelles significantly decreased the cell viability (Figure B3.3b). The ECso of
polymeric micelles was less than 25 pg mL™%, which is much lower than that of CHL
(150 pg mL).1B3-%2 Because light irradiation (656 nm, 60 J cm2) on the micelles (100
uL, 200 ug mL™?) resulted in 90% conversion of the photoreaction, we interpret that the
released [Ru(CHLtpy)(big) (H20)]?* from the micelles inhibited cancer cell growth. As

a comparison, cytotoxicity of PEG-b-PCPH micelles without the drug—Ru complex
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conjugate was also tested (Figure B3.4). The PEG-b-CPH polymer micelles showed
no toxicity both in the dark and under light irradiation, which further proved that light-

enhanced toxicity arose from the release of the drug—Ru complex conjugates.
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Figure B3.3. (a) Confocal laser scanning microscopy images of HeLa cells incubated
with or without PEG-b-P(CPH-co-RuCHL) micelles. Nuclei were stained with Hoechst
33342 (blue). Scale bar: 20 um. (b) Viability of HeLa cells incubated with different
concentrations of the micelles in the dark and after irradiation (656 nm, 60 J cm™2). The
cells were irradiated with red light (656 nm, 60 J cm™?) after incubation with the
micelles for 6 h. Cell viability was tested after the cells were further incubated for 24
h. (c) Viability of HelLa cells after different treatments in normoxic and hypoxic
conditions. Cells without any treatment were set as the Control group; Cells only
irradiated with red light (671 nm, 120 J cm™2) were set as Light group; Cells only
incubated with micelles were set as Micelle group; Cells irradiated with red light (671
nm, 120 J cm2) after incubation with the micelles (25 pg mL™) for 6 h were set as

Micelle + Light group. Cell viability was tested after incubating the cells for 24 h.
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Figure B3.4. Viability of HeLa cells incubated with different concentrations of the
micelles without the drug—Ru complex conjugate in the dark and after irradiation. The
cells were irradiated with red light (671 nm, 120 J cm™2) after incubation with the
micelles for 6 h. After further incubated for 24 h, cell viability was tested.

In the next step, we compared cytotoxicity of PEG-b-P(CPHco-RuCHL) micelles
under normoxic and hypoxic conditions (Figure B3.2c). For the hypoxic group, cells
were incubated in the culture medium containing CoCl, (100 x 10~® M), which was
used as the hypoxia inducer.[B38l Hela cells under normoxic conditions were also
prepared simultaneously. Then, the cells were incubated with micelles (25 ug mL™t) for
6 h prior to red light irradiation. In both normoxic and hypoxic conditions, only
irradiating cancer cells (671 nm, 120 J cm2) (orange bars) or only incubating cancer
cells with micelles (25 ng mL™?) (green bars) cannot efficiently kill the cancer cells.
Light irradiation in the presence of the micelles decreased the cell viability to 44.9% in
the hypoxic condition and 45.1% in the normoxic condition (red bars). The results
showed that the phototoxicity of the micelles was independent of oxygen level.
Actually, PEG-b-P(CPH-co-RUCHL) cannot generate 'O2 under light irradiation,
suggesting that the inhibition of cancer cell growth was not due to 'O generation but
because of the released [Ru(CHLtpy)(big)(H20)]%*.

The O2-independent phototoxicity of PEG-b-P(CPH-co-RuCHL) micelles in vitro
motivated us to investigate PACT using the micelles in vivo. Photoactivated
chemotherapy of the polymer micelles demonstrates efficient tumor growth inhibition
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in a tumor-bearing mouse. Furthermore, the polymer micelles do not cause any toxic
side effects to mice during the treatment, demonstrating their good biocompatibility to

the blood and healthy tissues (Results are not shown here, see Publication [B3]).

B3.3. Conclusion

We reported the design of a Ru-containing amphiphilic polymer for PACT in vivo.
The Ru-containing polymer, PEG-b-P(CPHco-RuCHL), contains novel red-light-
cleavable drug—Ru conjugates. The drug—Ru complex conjugates bearing a very high
content (=45 wt%) in the polymer were carried by the polymer and can be released on-
demand via red light irradiation. The Ru-containing polymer self-assembled into
micelles and internalized into tumor cells. Light irradiation induced the release of drug—
Ru complex conjugates, which inhibited tumor cell growth. Because the photoinduced
drug release process is oxygen-independent, the polymer micelles are suited for PACT
against tumor cells with hypoxic environments. The polymer micelles were further used
for PACT in a tumor-bearing mouse model, which completely inhibited tumor growth.
Moreover, the treatment using the polymer micelles eliminated substantial systemic
toxicity in living animals. PACT based on our metallopolymers with red-light-
cleavable drug—Ru complex conjugates is a new strategy to overcome the problem of
conventional PDT in hypoxic environments. The development of polymers with drug—
Ru complex conjugates opens up an avenue for the design of polymeric therapeutics

for PACT against hypoxic tumors.
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CHAPTER C

NANOCAPSULE AS A TEMPERATURE SENSOR
IN LIVING CELLS

This study developed polymeric upconversion nanocapsules for use as
nanothermometers in living cells by employing temperature dependence of triplet-
triplet annihilation upconversion (TTA-UC) phenomenon. A general introduction about
human body temperature, the effects of temperature change and current
nanotechnology used for temperature measurement is given. Afterwards, the study is

presented.

(Note: The literature of the introduction can be found on page 138 at the end of the dissertation.)

c1 M, Raweewan Thiramanas, N
e ————

Sensing in Cells by Polymeric Upconversion Nanocapsules. (Manuscript in

preparation).

C. Introduction

Human body temperature is normally around 35-37 °C, which is commonly
measured by using a mercury thermometer. The internal core body temperature (T(c))
can be monitored from different sites of the body including oral, rectal and oesophageal
temperatures. However, these measurement sites and the methods used to measure T(c)
are not convenient and invasive, often causing irritation and discomfort.[*"4 Rectal
temperature is not appropriate for use in many conditions due to its labor- and time-
consuming response. However, rectal temperature is still considered to be the most
correctly available method for measuring T(c) in thermal illness and also an indicator
of systemic arterial temperature during whole body hyperthermia.[“7471 In fact, not
only does the tissue temperature involve heterogeneity, but the temperature in tumors

can be variable. Evidence indicates that most parts of the body can show similar
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temperatures to rectal temperature, or T(c); however, higher and lower temperatures

than T(c) can be observed in some parts of tumors.!#"*]

In cancer cells, a major temperature and pH change within the tumor
microenvironment could easily affect them, which is not usually the case in normal
cells as they have an effective buffering system to protect cells. There is about 1-2
degrees difference between the cancerous and normal cells, as typically mentioned in
literature. It has been well known for at least 50 years that the tumor cells are slightly
more sensitive to heat than normal cells, especially at temperatures between 42 and 45
°C. Thus, cancer cells could be killed by this range of temperature about one degree
lower, causing irreversible damage to cancer cells but not affecting healthy cells. This

fact motivated the establishment of hyperthermia as cancer therapy.[#7¢l

Accumulating evidence indicates that temperature can play an important role in
cancer therapy. Increased survival rate and more efficient chemotherapy after the
cancer patient getting fever - resulting in T(c) increase - from infection have been found
in many cases. Furthermore, temperature increase in tumor site can enhance
permeability of therapeutic agents to cancer cells and can stimulate immune response.
[Z771 Zhu et al.[#"8 found that culturing cancer cells at 39 °C slightly prevented cell
growth by arresting the cells at the G1 phase of the cell cycle and by hampering of cell-
cell interaction, and efficiently enhanced the killing effect of chemotherapy which can
be long-lasting even after finishing of the treatment. Moreover, the morphology of the
cancer cells was discovered to be temperature-dependent; when the temperature
increased, the cell surface became smoother and cell height became higher, indicating
that temperature can cause the alteration of cellular structures (such as cell surface and

cell height), which may then lead to changes in the cellular mechanical properties. 7

As the temperature changes inside cancer cells, from intra-metabolism or from
external treatment, which have a significant impact on cancer therapy as mentioned
above, the motivation to establish a new method to monitor temperature at the cellular
level has increased intensively. This Part [C1] reported the development of light
triggered-polymeric upconversion nanocapsules based on triplet-triplet annihilation

upconversion (TTA-UC), which is a temperature dependent system for measurement
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of cellular temperature in living cancerous cells. Here, recent advances in

nanotechnology used for temperature measurement are described.

Considering the size of the cells, only nanoscale size of thermometer could
overcome the intracellular temperature sensing and mapping, whereas a conventional
thermometer could not achieve this. Development of nano-optic electronic device
brought the thermocouples to precisely detect and reach the cellular temperature in
nanoscale. However, this technique can interrupt cellular activity and morphology
when coming into contact with the cells. Temperature sensing fluorescence microscopy
can override the contacting issue and provide high spatiotemporal resolution. However,
a limitation of this method is based on the properties of fluorophores such as

cytotoxicity, photobleaching, and cellular environmental sensitiveness.
C.1 Fluorescent polymeric nano-thermometer

Polymers can be used to protect fluorescent probes from intracellular
environment. Some of them have thermo-sensitive properties, which behave differently
according to their critical solution temperatures such as the family of poly(N-
isopropylacrylamide)s (PNIPAAmSs) and poly(2-oxazoline)s (POxs). Combined with
fluorescent probes, fluorescent polymeric thermometers (FPT) have drawn significant
interest because they provide accurate tracking of intracellular temperature with high
spatial resolution. Instead of using thermo-responsive polymers for the controlled
release of the drug, as mentioned in Chapter B, FPT uses temperature dependent
morphology of the polymer to control fluorescence probes as a temperature reporter.
For lower critical solution temperature (LCST)-type polymer, at a temperature below
the LCST, the fluorescent polymer appears in coil state; at a temperature above the
LCST, the fluorescent polymer turns from coil to globule state, allowing simple and

fast detection of the fluorescent signal that is continuous, reversible and reusable.[%8%-
81]

Gong et al.l##2 developed a water soluble, visible excited and simple-structured
copolymer hydrogel, poly(NIPAM-co-BODIPY-AA), containing N-
isopropylacrylamide (NIPAM) and derivative of 4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene (BODIPY) units as thermo-responsive and polarity sensitive fluorescent
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signaling parts, respectively. A linear increase of fluorescence intensity with increasing
temperature could be obtained in a range of 37-42 °C in aqueous solution. The cLSM
images showed the uptake of the copolymer inside BHK cells and exhibited

temperature dependent fluorescent intensity at 35 and 42 °C.
C.2 DNA fluorescent thermometers

Thermo-sensitive DNA has several advantages including biocompatibility, a
well-defined structure, nanoscale size and tunable temperature sensing properties.
Therefore, it was applied for development of DNA fluorescent thermometers. The most
common temperature sensitive-DNA based nanostructure is the molecular beacon
(MB), which is a hairpin-shaped oligonucleotide containing a single-stranded loop and
a double-stranded stem with end-labeled quencher and reporter fluorophores. MBs are
highly sensitive, sequence specific, and are commonly used for sequence detection in
gPCR. MBs are considered a smart temperature sensing material because the
conformation of MBs can reversibly change between the hairpin shape and random coil
state upon exposure to various temperatures. The relative distance changes between the
fluorophore and quencher result in the quenching or emitting of fluorescence. The
melting point (Tm) of MBs is defined as the temperature at which half of the MBs
structure is open. It is also independent of concentration. Due to its fixed Tm for each
MB, this led to a new design of multiplex MBs nanoassemblies for fluorescence
thermometry with the resolution <0.5 °C for a wide range of temperatures from 15 to
60°C. MBs are widely used in fluorescence thermometry, including thermal mapping

and temperature sensing in some living organisms.[2-83-84]
C.3 Gold nanoparticles

Gold nanoparticles (AuNPs) have several distinct properties such as high
absorption coefficient, luminescence and conductivity, quenched or enhanced
fluorescence, catalyzed reactions, chemically inert and excellent biocompatibility,
which makes them more attractive for use as bio-nanosensors.[“®! Shang et al.
developed a gold nanocluster (AuNC)- based fluorescent nanothermometer introduced
into HeLa cells by simple endocytosis and localized mainly in endosomes/lysosomes.

The fluorescent lifetime of the AuNCs exhibited clearly excellent temperature
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dependence. Interestingly, simultaneous intracellular temperature sensing and imaging
of cells using fluorescence life time imaging microscopy (FLIM) was clearly shown

and confirmed highly sensitive temperature dependent fluorescent emission.[#-86-7]
C.4 Nanodiamonds

Kucsko et al.[“®8 demonstrated a new approach for the nanothermometer by
using coherent manipulation of the electronic spin associated with nitrogen-vacancy
color centers in diamond nanocrystals (nanodiamond). The ground state of
nanodiamonds is split into two energy levels. The energy gap between the two levels is
temperature dependent. This technique uses nanowire to introduce nanodiamonds for
local temperature sensing and AuNPs for heat transfer to the cells and achieves the
detection of temperature fluctuations in living cells as small as 1.8 mK in an ultrapure
bulk diamond sample at a small length scale as short as 200 nm. Using this technique,
temperature-gradient control and mapping at the subcellular level in a human
embryonic fibroblast were demonstrated. The adequate spatial resolution of this
approach allows compatibility with tracking intracellular metabolic reaction in single
cells. Although it is difficult and invasive to localize the nanodiamonds into the cells or
subcellular organelles by microinjection or electroporation and this method involves
laser which can cause photodamage to the cell, the incredible detection sensitivity is

the highest among any thermometers developed so far.[Z-89-%0]
C.5 Quantum dots (QDs)

A guantum dot is a tiny inorganic nanoparticle with a typical size less than 10
nm. The unique optical properties are derived from the confinement of the electrons
and produce changes in the electronic structure, leading to fluorescence enhancement
with better brightness for detection, a broader excitation profile providing tunability,
and greater photostability compared with organic dyes.*® The well-known QDs
include CdSe@2ZnS (the @ symbol indicates a CdSe core surrounded by a ZnS shell)
commonly used as fluorescent probes. They possess narrow emission lines with particle
size dependent wavelengths. However, disadvantages such as potential cytotoxicity and

fluorescence blinking can be problematic.[%%!]
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Yang et al.l#% reported the cellular temperature response inside single living
NIH/3T3 murine fibroblast cells upon external chemical and physical stimuli following
Ca2" stress and cold shock using quantum dots as nano-thermometers. The obtained
photoluminescence spectral shifts used for intracellular heat generation mapping
revealed inhomogeneous intracellular temperature progression, which supports the

concept of subcellular temperature gradient signaling and regulation in cells.
C.6 Magnetic nanoparticles

Iron oxide nanoparticles (IONPs) and superparamagnetic iron oxide
nanoparticles (SPIONSs) have gained much attention in many bio-medical fields due to
their intrinsic properties, such as internal magnetism, visualization by magnetic
resonance (MR) imaging, biocompatibility, guidance to target sites by means of an
external magnetic field, heating to provide hyperthermia for cancer therapy and
degradation into nontoxic iron ions in vivo. SPIONs are composed of an inner magnetic
particle core (usually magnetite, FesO4, or maghemite, y-Fe2O3) and a hydrophilic
coating of polymers, such as polysaccharide, poly(ethylene glycol) (PEG), and
poly(vinyl alcohol). The coating prevents agglomerations and protects them from the
surrounding environment. They can also be modified by targeting ligands.[#223l

Zhong et al.[#*4 reported a new non-invasive approach for remote temperature
probing that provides accuracy as good as 0.017 °C (0.0055% accuracy) by measuring
the magnetization curve of a commercial oleic acid coated magnetic nanoparticles with
a size around 10 nm. This method provides great significance in the potential
establishment of safer and non-invasive protocols for hyperthermia therapy and
intracellular temperature sensing. However, experimental evidence inside the living

cells has not been proven so far.

Wang et al.[#®l developed a magnetic fluorescent nano-thermometer consisting
of magnetic nanoparticles (FesO4) encapsulated inside a silica layer. Then a poly(N-
isopropylacrylamide)(pNIPAM) copolymer shell with Rhodamine B isothiocyanate
(RhBITC) embedded inside was further coated. Finally, gold nanoparticles were
introduced onto the copolymer shell by in-situ growth method and the nano-
thermometer (denoted as Fes0.@SiO.@(pNIPAM-co-RhBITC)/Au) was obtained.
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The dual responses to both magnetism and temperature nanothermometer, in which the
fluorescence intensity of the nano-thermometer decreases as the temperature increases

was demonstrated in HeLa at 26-41 °C with a sensitivity of -4.84% °C™.
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C1l: TEMPERATURE SENSING IN CELLS
BY POLYMERIC UPCONVERSION NANOCAPSULES

(Note: The literature of the chapter C1 can be found on page 116 at the end of this chapter.)

Permission: The manuscript is under preparation.

Contribution: I carried out the biological part including cell preparation, cell toxicity,
cellular uptake study by flow cytometry and cell imaging by cLSM. | Gz
synthesized and characterized the UCNCs. ||} ]} 3Bl performed upconversion
measurements. || BB prepared the dyes. The project was supervised by

© PdATBP sensitizer
S~o <€ _Perylene emitter

TOC C1: Polymeric upconversion nanocapsules (UCNCSs) utilized the temperature
dependence of triplet-triplet annihilation upconversion (TTA-UC) phenomenon was
developed for use as nanothermometers in living cells. The UCNCs consisted of a
PMMA shell and a core containing oxygen scavenger rice bran oil with the PATBP as
sensitizer and perylene as emitter dyes, enabling the conversion of low energy photons
(dex = 633 nm) into high energy photons (lem = 520 nm). The UCNCs exhibited
biocompatibility, efficient cellular uptake, and temperature dependent luminescence
intensity in a range of 22-40 °C inside HeLa cells, which can be used for local

temperature monitoring and is promising for metabolic study, therapy and diagnostics.

Aim: With the importance of local temperature monitoring, this study aimed to develop

light-triggered polymeric upconversion nanocapsules based on triplet-triplet
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annihilation upconversion (TTA-UC), which is a temperature dependent system for the

measurement of cellular temperature in living HelLa cells.

Abstract: Monitoring local temperature in cells is crucial to interpret their biological
activities since the enhanced cellular metabolism leads to higher heat productions as
commonly correlated with the presence of diseases like cancer. For this purpose, herein,
we reported polymeric upconversion nanocapsules that utilized temperature
dependence of triplet-triplet annihilation upconversion (TTA-UC) phenomenon for use
as nanothermometers in cells. The nanocapsules (NC) were synthesized by
miniemulsion solvent evaporation technique that comprised a PMMA-shell and a liquid
core of rice bran oil, hosting TTA-UC active dyes (sensitizer and emitter). The TTA-
UC enables the conversion of lower energy photons (Zex = 633 nm, low intensity laser
excitation) into higher energy ones (with central emission wavelength of Jem =520 nm),
depends remarkably on the environment temperature. The sensitivity of the TTA-UC
on the local oxygen concentration was overcome by oxygen reduction ability of the rice
bran oil core and properly chosen temporal registration scheme. Therefore, TTA-UC
process could be performed at different levels of oxygen amount including the ambient
environment. By this, sustainable calibration curves, linking the local temperature
(inside the NC, in vitro, for a temperature range AT ~ 22 °C up to 40 °C) and the
emission parameters of the TTA-UC signals, were obtained when UCNCs were uptaken
by HelLa cells with a good cellular viability. Thus, the HelLa-cell temperatures
approaching to their enhanced metabolic activity range led to a significant increase in
the delayed fluorescence spectrum of the UCNCs that is promising for developing novel

treatment and diagnostic tools in medicine.

C1.1. Introduction

Gathering information about local temperature in cells is useful for understanding
their biological activities. It is well known that cellular events like enzyme reactions
and cell division are strongly correlated with temperature changes.[®*1-®l For instance,
continuously growing cancerous cells produce higher levels of heat in comparison with

healthy cells due to their increased metabolism{C* 51 Therefore, the determination of
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cell temperature can open up new opportunities for developing novel treatment and
diagnostic tools in medicine. Nevertheless, there are significant technological
challenges that need to be overcome. First, the temperature probe should be small in
comparison with the cell-compartments, i.e. it must be in nanoscale size to enable the
local heat monitoring, but also not to influence the real cell-temperature. Secondly, the
sufficiently small size of the temperature probe is needed for a good cellular uptake to
allow enough of them inside the cells. Third, the temperature probe needs to be entirely
biocompatible and it should not interfere with the cell-metabolism processes during the
temperature record.

Polymeric nanocapsulesi®® 71 offer a solution to obtain the necessary above-
mentioned functions through the ease of their flexible structure design for optimized
shell / core balance and sufficient cellular uptake in a safe way. Besides, they can be
constructed as temperature responsive by adding the corresponding sensitive units
either to the polymer shelll©*® or to the core through the right cargo combinations. In
this context, a minimally-invasive strategy for providing the temperature-sensing
response to the nanocapsules is to favor luminescent based-tools that are sensitive to
temperature alterations when the light excitation proceeds.[¢%-9: 19

Excitation light with wavelength shifted to biologically less-interacting optical region
of deep-red or NIR-A is a harmless way of stimuli. Such light penetrates the tissue deep
enough without significant side effects.[©-11: 121 Crucial benefit of using deep-red light
is that the excitation light will not cause unwanted auto-fluorescence of the cell-culture
and/or nutrition-mixtures. A promising tool to reach such target is to utilize photon
energy upconverting processes, that can generate higher-energy photons via excitation
of lower energy ones.[°*131 Various optical events such as two-photon absorption,[€-4]
second harmonic generation,[®"*®! rare-earth ions (e.g. lanthanide, Ln*3) based
upconversion (excited state absorption or energy transfer)®16l and triplet-triplet
annihilation upconversion (TTA-UC)€* exist for realizing upconversion processes.
Among them, TTA-UC is the only UC-process performed with photons coming from a
non-coherent optical source with very low excitation intensity (on the level of 20
mWecm™2). Besides, the excitation and emission spectrum of the TTA-UC based system
can be tuned freely by using suitable combination of sensitizer and emitter couples from

a large molecular library.[c-13.17]
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The vast majority of the reported TTA-UC systems in the literature are hydrophobic;
therefore, the transfer of the annihilation upconversion process into water environment
is an unavoidable requirement when applications in the field of life-science are planned.
This has been partially achieved by incorporating the UC-dyes into dendrimers, (€21l
micelles,[c*° polymer,[€20-21 gjlical®2 or protein®?! pased nanoparticles.
However, since the oxygen molecules penetrates into the nano-sized objects (even if
the penetration rate is slowed-down), oxygen quenching in the process of TTA-UC
optically excited triplet states still exists.[°?®l In this regard, core/shell structured
nanoparticles (i.e. nanocapsules) enable an opportunity as their hydrophobic core can
be enriched by incorporating oxygen-scavenging substances. At presence of molecular
oxygen, the TTA-UC process is unavoidably related to generation of singlet oxygen,
known as very aggressive species. If the rate of oxygen “consumption (i.e. the rate of
covalent bonding of the singlet oxygen with the introduced singlet oxygen scavenging
moiety) is higher than the rate of oxygen penetration through the NC-shell, it is possible
to mimic “oxygen-free conditions”. So far, some examples of TTA-UC processing in
the presence of oxygen have been shownl©!-2527-30 and it should be further extended in
order to utilize this technique in medical applications like the construction of
nanothermometers.

To date, most reported luminescent nanothermometers are developed by use of
lanthanide based upconversion nanoparticles (UCNPs).[131-331 |n contrast, TTA-UC
based nanocapsules are mainly fabricated for bio-imaging applicationsI¢1-2225 341 and
the construction of solar cell devices.[c?% 351 However, the intense developments of
polymeric nanocapsules and high knowledge of their biosafety can be combined with
the advantages of TTA-UC process for further advancement in this field. Thus, in this
paper, we demonstrate the synthesis of polymeric upconversion nanocapsules and use
them for temperature dependent in vitro TTA-UC process in HelLa cancer cells exposed
to ambient environment for applicability as nanothermometer. The shell of the
nanocapsules was selected as a biologically safe poly (methyl methacrylate) (PMMA)
and the NC-core was rice bran oil (RBO), which serves as efficient singlet oxygen
guencher. Scheme C1 illustrates the general approach towards in vitro temperature-
sensing in HelLa cells via TTA-UC, together with the chemical structures of the

encapsulated sensitizer and emitter couple.
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Scheme C1. Polymeric upconversion nanocapsules sensing the temperature in HelLa
cells

C1.2. Results and discussion

C1.2.1 Cellular uptake and viability

After synthesis and characterization, the UCNCs were exposed to different
temperatures and the typical luminescence spectra were recorded. The obtained
luminescence intensity successfully demonstrated temperature dependence in the range
of 20 to 50 °C in the aqueous solution. Prior to the assessment of in vitro temperature
sensing, the cellular uptake and viability of the established nanocapsules were
examined. Herein, HeLa cells were chosen for in vitro assay to mimic the cancer
environment. First, cytotoxicity assay was performed to determine the optimal
concentration of the UCNPs for further use as a potential nanothermometer. Various
concentrations of the UCNPs ranging from 0.5 to 10 mg/mL were incubated with the
cells for 24 h. After that, cell viability was determined, as shown in Figure C1.1a. The
UCNCs decreased cell viability in a dose-dependent manner and their half-maximal
effective concentrations (ECso) were similar at 6.95 and 6.22 mg/mL, respectively. This

indicates that the established nanocapsules are highly biocompatible.
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Figure C1.1. (a) Cell viability assay of HeLa cells after treatment with the UCNCs for

24 h. (b) Confocal laser scanning microscopy (cLSM) images of HeLa cells incubated

with UCNC2 at 6 mg/mL for various incubation times. The cell membrane was stained

with CellMask™Orange and pseudocolored in red. The direct fluorescence emission

from encapsulated perylene dye was detected and pseudocolored in green. The scale

bar is 10 um. Flow cytometry analysis showing (c) the percentage of fluorescence-

positive cells and (d) median fluorescence intensity (MFI) obtained from the direct

fluorescence emission of encapsulated perylene dye in UCNC1 and UCNC2 incubated
in HeLa cells after 24 h.
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The next step was to study the cellular uptake of the corresponding nanocapsules
to select the sufficient loading amount for a good upconversion signal from the HeLa
cells. For this purpose, flow cytometry analysis was performed by following the direct
fluorescence emission of BDMBP dye as already present in UCNPs that was taken up
by the cells after 24 h. Figure C1.1c showed 100% of fluorescence positive-cells when
the concentration of the UCNPs has reached to 1 mg/mL. However, the median
fluorescence intensity (MFI) obtained from the cells treated with UCNC2 (containing
more amount of BDMBP dye) was higher than those from UCNCL1 at the same
concentration of the nanocapsules as shown in Figure C1.1d. This stronger signal
exhibits the high potential of those nanocapsules to be used as a reporter in
physiological temperature measurement. Moreover, the MFI value was reached its
maximum level at 6 mg/mL which was not increased more in the case of higher
concentrations as observed for 8 mg/mL in Figure C1.1d. Therefore, the maximum
concentration that gave the highest fluorescence signal and still less toxic to the cell at
6 mg/mL for both UCNC1 and UCNC2 was selected for further temperature sensing
investigations in HeLa cells. Nevertheless, before proceeding to that final part, the
cellular uptake of UCNC2 at 6 mg/mL in HeLa cells was further investigated by
imaging with confocal laser scanning microscopy (cLSM) at different times of
incubation. Figure C1.1b showed the progress of cellular uptake process. At 1 h of
incubation, small amount of UCNPs surrounded the HeLa cells. Later at 8 h, more
nanocapsules were co-localized with the membrane and some of them were already
inside of the HeLa cells. After 24 h, high amount of the nanocapsules were taken up by
every cell and this status was still stable even after 48 h of incubation. Thus, this
confirmed not only the higher efficiency for the cellular uptake of the nanocapsules,
but also supported their biocompatibility to the cells.

C1.2.2 Temperature Sensing in HeLa Cells
After the confirmation of good cellular uptake and biocompatibility to the cells, we
have continued with the in vitro TTA-UC measurements to evaluate the potential of our
PMMA nanocapsules as a thermometer. Thus, the first investigation was to ensure the
sufficient upconversion efficiency at mild excitation power for acquiring the
temperature-sensing response when UCNC:s are inside the HelLa cells. As mentioned

previously, 6 mg/mL of the UCNC1 and UCNC2 nanocapsules were uptaken by the
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HeLa cells, which was then followed by excitation with 633 nm HeNe laser by
increasing the excitation intensity stepwise from 40 mWcem- to 320 mWem™ at a fixed
temperature (22 °C, Figure C1.2). Herein, we could not obtain an enough UC signal
from UCNC1 nanocapsules in HelLa cells at this range of the excitation intensity. It
should be noted that the loss is obviously related with the lesser concentration of the
nanocapsules since about 7 times dilution was applied to incubate them within the cells.
On the other hand, the higher dye loaded nanocapsules (UCNC?2) in HeLa cells can
function good at varied light excitation intensities as shown in Figure C1.2. Again,
almost 7 times dilution leads to lower efficiencies (Figure C1.2) than the whole bulk
status of the nanocapsules but the obtained UC efficiency of nanocapsules in cells was
sufficient for testing the in vitro temperature response of the UCNCs (Figure C1.3). In
addition, residual phosphorescence signal was in a lesser amount and was spectrally
overlapped with the auto-fluorescence of the cell medium. The cell medium auto-
fluorescence was investigated by parallel experiments using control HeLa cell dishes
having no nanocapsules inside (Figure C1.4). Additional proof for this was that the
strong temperature dependence of the observed optical signal with local maximum at 4

=660 nm. This signal decreases strongly with the increase of the sample temperature.

1.10x10° A ’
—1mwW ,’ 4.40x10%1
1 —2mW =
~ 8.80x10°{ ——4mW ) ‘ g
2 | —8mw v §
° )t 8 2.20x1021
O 6.60x10%4 % 2
; ‘ :
/7 =1
? ’ =
O ) V:
£ 4.40x10° 1 / UC Fluorescence!
g 500 550 600
- Wavelength (nm)
2.20x10° A -
0.00

400 450 500 550 600 650 700 750 800 850 900
Wavelength (nm)

Figure C1.2. Power dependent luminescence spectra of HelLa cells incubated with
UCNC2 (6 mg/mL) at 22 °C, excited at Aex = 633 nm, with HeNe laser.

113



Chapter C1

1.5x10°% T
y @ ——22°C O 30{ ®
m \H\ 0 >
g 1.2x10° l ¢ 5 )= 11 22<x<33
> i B3 C & 251 " lo265x-769  x233
% 9.0x102 1 5
S £ 204
0 6.0x10° o
E N 1.5 =
£ S
2 3.0x10% g E & o
5 104 = =
0.0 A - — < . . . .
400 500 600 700 800 900 20 25 30 35 40
Wavelength (nm) Temperature (°C)

Figure C1.3. Temperature dependent luminescent spectra of UCNC2 nanocapsules
uptaken by HelLa cells — excitation at Aex = 633 nm, 320 mWcm HeNe laser. (b)
Temperature dependence of the normalized integral UC Fluorescence (UCFI) defined
from the spectra in part b of this figure (Integral region is from 4o = 460 nm to As= 620
nm) to use as a potential calibration curve (Residual phospheresence is small but almost
constant). Inset: Confocal image of HelLa cells with UCNCs for illustrating the

employment as nanothermometer.

In Figure C1.3a, temperature dependent luminescent spectra of living HeLa cells
incubated with UCNC2 nanocapsules are reported. The studied temperature interval
was on purpose limited to 22 °C to 40 °C not to impair the HeLa cell metabolism. In
this temperature range, almost constant intensity of the residual phosphorescence signal
(at Amax = 800 nm, Figure C1.3a) was observed. On the other side, UC Fluorescence
increased monotonically with the increase of the sample temperature. Here, an
important outcome is that the increase of HeLa cell temperature obviously showed more
pronounced effect on the intensity of the UC signal for T > 33 °C, than for the range of
20 °C - 33 °C. This is most probably attributed with the enhanced cellular activity at
higher temperatures which in turn leads to an increased oxygen consumption at this
condition. HeLa cells utilized Oz of about 26.9 amol/cell.s €144 at 37 °C and this
becomes as a supporting reaction to the RBO oxygenation when compared with the
case of bulk nanocapsules in dispersions. Herein, the cells act as a self-helper for the
TTA-UC process happening in their vicinity and mimics more likely the situation we

have seen in UCNC1 nanocapsules in which the UC fluorescence increases with
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temperature. This also confirms that the oxygen presence and all further
physical/chemical events together forms the unique condition. Briefly, combination of
all these events leads to lesser oxygen at a certain time at higher temperatures which
results in the enhanced UC-fluoresence by the temperature increase. Figure C1.3b
reflects this behaviour by showing that the UC signal is increased more than 3 times
when it reaches to 40 °C. This result is also comparable with the data obtained for
UCNC1 nanocapsules as the enhancement was also in this range. This showed us that
together with the oxygen reduction, the varied nanocapsule concentration also have an
effect on this result. Obviously, the irradiated area covers 7 times lesser amounts of
nanocapsules in HelLa cells (uptaken at 6 mg/mL condition). This leads to the same
reduction in the total dye concentrations contributing to the final luminescence spectra.
If we have a closer look, these local dye amounts embeeded in the nanocapsules are of
about 1.4 times more than the bulk UCNC1 nanocapsules whereas about 7 times lesser
than in the case of UCNC2 nanocapsules. Thus, it is not a surprising outcome that TTA-
UC processing with UCNC1 nanocapsules mimic the in vitro TTA-UC process inside
the HelLa cells more closely. By this, the temperature sensing in HeLa cells by use of a

PMMA based upconversion nanocapsules were shown with a minimaly-invasive way.
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Figure C1.4. Power dependent luminescence spectra of HeLa cells without UCNCs at
22 °C, excited at lex = 633 nm, with HeNe laser, control experiments performed in

parallel to the in vitro TTA-UC process.
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C1.3. Conclusion

In the present work, we have demonstrated polymeric upconversion nanocapsules that
utilized TTA-UC based temperature responsivity for potential use as minimally-
invasive nanothermometers in living cells. The established nanocapsules consist of a
PMMA shell and a RBO core hosting the PATBP sensitizer and BDMBP emitter.
Different amounts of dye encapsulation were shown to perform TTA-UC at aqueous
medium and for further applications in temperature probing of a biological
environment. The UCNCs can function at different levels of oxygen presence including
the fully air saturated condition that supports the antioxidant capacity with the aid of an
unsaturated fatty acids in the RBO core. In addition, the good cellular uptake and
biocompatibility towards HeLa cancer cells and further temperature sensing through in
vitro TTA-UC process with a mild excitation intensity by red light opens up new
opportunities for the design of nanothermometers to gain information about the cellular
activities. This exhibits further advances in medical applications for especially early
diagnosis and treatment of the diseases like cancer.
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Materials and Methods

General protocols applied in all chapters are combined and specific protocols
needed for each chapter are separately described. The other experimental methods that

was done by the collaborators can be found in the original online publications.
GENERAL PROTOCOLS FOR ALL CHAPTERS
1. Adherent Cell Culture

Adherent cells including HeLa, LNCaP, PC3 and SAOS-2 were obtained from
DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen, Germany). They
were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Gibco, USA)
complete medium containing 10% fetal bovine serum (FBS, Gibco, USA), 1% L-
glutamine (Gibco, USA) and 1% penicillin/streptomycin (Gibco, USA) and incubated
at 37 °C in CO2-incubator with 95% humidity and 5% CO> (C200, Labotect, Germany).
To dissociate adherent cells, the cells were trypsinized with 0.25% trypsin (Gibco,
USA) for 3 min as general procedure. The cell pellet was collected by centrifugation at
130 g for 3 min, resuspended in DMEM complete medium and used for further assays.
Viable cells were determined by trypan blue exclusion method and counted by using
TC10™ automated cell counter (Bio-Rad, USA).

For uptake and toxicity study, adherent cells resuspended in DMEM complete
medium were seeded at a density of 6,400 cells per well in 96-well plate or 8 x 10* cells
per well in 24-well plate for 48 h. For cLSM imaging, adherent cells were seeded at a
density of 2 x 10* cells per well in p—Slide 8 well with a glass coverslip bottom (Ibidi,
Germany) and cultured for 24 h in DMEM complete medium (Phenol red free).

2. Cell Viability Assay determined by CellTiter-Glo® Luminescent Assay

After cell preparation, the cells were treated with various concentrations of the
corresponding samples for 24 h. Sample without any treatment was used as a negative
control and calculated as 100% cell viability, while 20% DMSO added sample was used
as a positive control. After cell treatment, cell viability was evaluated by using the
CellTiter-Glo® luminescent cell viability assay (Promega, USA) according to the

manufacturer’s protocol. This assay is based on the amount of ATP present, which
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reflect the presence of metabolically active cells. Luminescence was recorded 10
minutes after reagent addition using plate reader (Infinite® M1000, Tecan, Germany).
The half maximal effective concentration (ECso) values were calculated by fitting a

curve with non-linear regression using GraphPad Program.
3. Cellular Uptake Study by Flow Cytometry

After cell treatment, the cells were washed and resuspended in PBS. Flow
cytometry measurements were performed on a Attune™ NxT Flow Cytometer
(Invitrogen, USA). Zombie Aqua™ dye (BioLegend, USA) was used for live cell
gating with the excitation of the violet laser (405 nm) and detected in channel VL-2.
All fluorophores labeling nanocapsules and dyes conjugating antibodies are excited and
recorded according to their excitation and emission profiles. Data analysis was
performed using Attune™ NxT software (Invitrogen, USA) by selecting the cells on a
forward/sideward scatter plot, thereby excluding cell debris. These gated events were
shown by the histogram of fluorescent signal. Percentages of cell viability were
recorded from living cells (Zombie Aqua negative-cells) compared to dead cells
(Zombie Aqua positive-cells). After gating for living cells, percentages of fluorescence
positive-cells or their median fluorescence intensities (MFI) were reported.

4. Cell Imaging by Confocal Laser Scanning Microscopy (cLSM)

After cell treatment, adherent cells were washed twice with DMEM to remove
the remaining nanocapsules outside of the cells. T-cells were collected from the plate,
washed and transferred to p-Slide 8 well with a glass coverslip bottom (lbidi,
Germany). Then the cells were stained subcellular organs with fluorescent dyes and
finally suspended in DMEM. Live cell images were taken with a commercial setup
(LSM SP5 STED Leica Laser Scanning Confocal Microscope, Leica, Germany),
consisting of an inverse fluorescence microscope DMI 6000 CS equipped with a multi-
laser combination, five detectors operating in the range of 400-800 nm. A HCX PL
APO CS 63 x 1.4 oil objective was used in this study. The excitation and detection
conditions in a sequential mode were described as follows: green fluorescence labeling
such as FITC or Perylene dye were excited with an Ar laser (488 nm), detected at 510-

540 nm; The cell membrane was stained with CellMask™Orange (5 pg/mL, Life
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technologies, USA), excited with a DPSS laser (561 nm), detected at 570-600 nm; The
cell nucleus was stained with DraQ®5 (5 puM, Cell signaling technology, USA) or red
fluorescence labeling such as Cy5, excited with a HeNe laser (633 nm), detected at 650-
710 nm.

5. Co-Localization Assay with Lysosome visualized by cLSM

To provide more evidences for cellular uptake, co-localization assay of
nanocapsules and lysosome was investigated. After cell treatment, LysoTracker®
Green DND-26 or LysoTracker® Red DND-99 (50 nM diluted in DMEM, Life
Technologies, USA) was used to stain lysosome for 1 h. Then the subcellular organs

were stained with fluorescent dyes and live cell images were taken as described above.

SPECIFIC PROTOCOLS FOR CHAPTER A
A.1l. T-cell Isolation and Culture

Peripheral blood mononuclear cells (PBMCs) were collected from blood of
healthy donors by using lymphocyte separation medium (Histopaque®-1077, Sigma-
Aldrich, USA). Human PBMCs were co-stimulated with immobilized 0.1 pg/mL of
anti-human CD3 (Clone OKT3, functional grade, eBioscience, Germany) and 100
U/mL recombinant human IL-2 (Novartis, Switzerland) in Roswell Park Memorial
Institute (RPMI, Gibco, USA) complete medium containing 10% fetal bovine serum
(FBS, Gibco, USA), 1% L-Glutamine (Gibco, USA) and 1% penicillin/streptomycin
(Gibco, USA) according to T-cell activation, in vitro protocol from eBioscience. After
cell aggregation was formed on the bottom of the flask, CD8" T-cells were harvested
from the culture by CD8 MicroBead and separated through immunomagnetically
MACS separation column (Miltenyi Biotec, Germany). CD8" T-cells were cultured in
RPMI complete medium and restimulated with anti-CD3 and IL-2 as mentioned above
and incubated at 37°C in COz-incubator (C200, Labotect, Germany). The cell pellet was
collected by centrifugation at 500 g for 5 min, resuspended in RPMI medium and used
for further assays. Viable cells were determined by trypan blue exclusion method and

counted by using TC10™ automated cell counter (Bio-Rad, USA).
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For uptake and toxicity study, CD8* T-cells resuspended in RPMI medium
containing 1% FBS and 100 U/mL IL-2 without antibiotics were added into 0.1 pg/mL
of anti-CD3 immobilized 24-well plate at a density of 200,000 cells per well. Then,
various concentrations of SINCs were incubated with the cells for 24 h. Then, the

samples were analyzed by flow cytometer and further confirmed by cLSM.

SPECIFIC PROTOCOLS FOR CHAPTER Al
ALl.1. Synthesis of silica nanocapsules (synthesized by | Gl

Silica nanocapsules were synthesized in an oil-in-water miniemulsion by using
the surface of oil nanodroplets as template for the hydrolysis and condensation
of alkoxysilanes. Specifically, 2.0 g (9.6 mmol) of TEOS was first mixed with 125 mg
of hexadecane and 1 g of organic solvent (olive oil or chloroform) to form the oil phase
for the synthesis of NCs with hydrodynamic diameter of ~150 nm. In order to tune the
size of NCs, 400 vol%, 200 vol%, 50 vol%, or 25 vol% of the above solution was used
as oil phase. In the second step, 30 mL of 0.77 mg-mL* aqueous solution of CTMA-CI
was poured into the oil mixture under stirring. After a pre-emulsification step by stirring
at 1000 rpm for 1 h, the obtained emulsion was sonicated by using a Branson 450
W sonifier with a 1/2°” tip at 70% amplitude for 180 s (30 s of sonication, 10 s of pause)
with ice cooling. The resulting miniemulsion was stirred at 1000 rpm for 12 h at room
temperature to obtain an aqueous dispersion of SINCs. In the case
of nanocapsules containing chloroform as core liquid, the dispersion was further stirred
at air for 24 h to evaporate the chloroform, during which the water diffuses in for filling

the core.

To obtain NCs stabilized with nonionic surfactant Lutensol AT50, 40 mg of
Lutensol AT50 was added to 2 mL of NC dispersion. The mixture was stirred at 1000
rpm for 2 h and then dialyzed against water within a dialysis tube with MWCO of 1000
g/mol. In this case, CTMA-CI (Mw = 320 g/mol) could diffuse through the dialysis
membrane into the aqueous dialysis medium while Lutensol AT50 (Mw = 2460 g/mol)

was kept inside.
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For amino functionalization of SINCs, 0.5 mL dispersion of SINC-LUT was
first diluted by 2 mL of 0.1vol% acetic acid solution. Calculated amount of APTES
(Awt% in acetic acid solution, pH ~3.5) was added to the dispersion. Afterward, the
dispersion was stirred at 50 °C for 2 days. For fluorescent labeling of SiNCs, Cy5-NHS
was first coupled with APTES at a molar ratio of 1:1.1 to obtain fluorescently labeled
silica precursors. The APTES-Cy5 conjugates were then mixed with TEOS as the silica

source. The molar ratio of fluorescent molecules with TEOS was 1:14000.
Al1.2. Protein Corona Effect on Cellular Uptake

To study the effect of protein corona on cellular uptake, SINCs were pre-
incubated with human serum prior to incubate with CD8" T-cells. Human serum was
thawed and centrifuged at 20,000 g under 4°C for 30 min. The supernatant (1 mL) was
transferred to a new 1.5 mL-Protein Lobind tube (Eppendorf, Germany) containing
calculated volume of SiNC solution with the amount of capsule that provide a surface

area of 0.05 m? per reaction according to the following equations (1-3).

NNc - Mary NC (1)

V.. . 2 =
dispersion for 0.05 m*“ NC surface Pdispersion - Solid content(wt%)

0.05m? _ 0.05m?

Nyc = = 2
NC SNC 4,7-”-2 ( )
= — Mwsio2 _
Mary Nc = Mup + Msio2 = Mup + *Mrgos = Pup * Vup +
TEOS
Mwsio2 V. _ % VHD Mwsioz v
Mwrgos P TEOSVTEOS = PHD ™ Varoplet 3, ——~ "0, Veners T Mwrgos PtEosVaroplet
VrEOS (3)
VreostVHDtVcHCIs

where Nnc is the number of NCs in the dispersion, mary nc is the mass of single NC at

dried state, pdispersion IS the density of NC dispersion, and Snc is the surface area per NC.

The SINC-serum mixture was incubated at 37°C for 1 h with 300 rpm shaking
in ThermoMixer (HLC Heating, MHR 23, DITABIS, Germany). After that, hard corona
SiNCs were separated by centrifugation at 20,000 g 4°C for 1 h and resuspended in 1
mL PBS. The samples were continued to wash 3 times more, resuspended in 1 mL PBS
and finally added to 0.1 pg/mL of anti-CD3 pre-coated 24-well plate containing
200,000 cells per well of CD8" T-cells resuspended in RPMI medium containing 100
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U/mL IL-2 without antibiotics in the presence of different concentrations of human
serum at 0%, 1% and 10%. To keep the cells in a good condition, the human serum was
added to the group of 0% to obtain 1% final concentration after 6 h. The uptake of
uncoated SiNC in the presence of 1% FBS was used to compare with the pre-coated
SINCs uptake in the presence of 0%, 1% and 10% human serum. After 24 h of
incubation, the cells were collected and determined for cell viability and Cy5 positive-

cells by flow cytometer as described above.
Al.3. Protein Pattern Analysis by SDS-PAGE

After separating and 3 times washing of hard corona SiNCs, the capsule pellet
was resuspended in 100 uL of desorption buffer containing 2% SDS, 62.5 mM Tris-
HCI and incubated at 95°C for 5 min. After centrifugation at 20,000 g 4°C for 1 h, the
supernatant containing the protein absorbed on the surface of the capsules was collected
and kept at -20°C until used. The protein concentration was determined by Pierce™
660nm Protein Assay (Pierce, USA) according to the manufacturer’s instruction. The
total amount of protein at 1.5 pg of each sample was loaded onto pre-cast Bolt™ 10%
Bis-Tris Plus Gel (Invitrogen, USA) and separated in MES SDS running buffer
(Invitrogen, USA) at 100 volts for 1 h 15 min. Then, the gel was stained with
SilverQuest™ Silver Staining Kit (Invitrogen, USA) according to the manufacturer’s

protocol.

SPECIFIC PROTOCOLS FOR CHAPTER A2
A2.1. Synthesis of silica nanocapsules (synthesized by || Gz

The silica nanocapsules were synthesized in a water-in-oil miniemulsion. For
NC-1, 7 mg of NaCl and 20 pL of 25 wt% CTMA-CI aqueous solution were dissolved
in 0.5 mL of milli-Q water as dispersed (water) phase. For continuous (oil) phase, 5 mg
of dodecylamine and 35 mg of P(E/B-b-EO) were dissolved in 7.5 mL of cyclohexane
and the mixture was added to the aqueous phase under stirring at 500 rpm for 10 min
at room temperature. The emulsion was then sonicated under ice cooling for 180 s at

70% amplitude in a pulse regime (20 s sonication, 10 s pause) using a Branson 450 W
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sonifier and a 1/2" tip. A cyclohexane solution containing 10 mg of P(E/B-b-EO) and
250 uL TEOS in 5 mL of cyclohexane was then added dropwise over a period of 20
min to the miniemulsion. The mixture was stirred at 25 °C for 24 h. For NC-2, an
aqueous solution (0.5 mL) with pH 10.3 tuned by ammonia and containing 0.5 mg/mL
of NaCl was used as the dispersed phase. A cyclohexane solution (6 mL) containing
160 mg PGPR surfactant was added to the water phase under stirring at 500 rpm for 10

min. The following sonication process for NC-2 is the same as that for NC-1.

The synthesized nanocapsules were purified by repetitive centrifugation (3 times for
20 min, RCF 1664) and redispersion in cyclohexane to remove the excess amount of
surfactant. For transferring the nanocapsules into aqueous media, 600 pL of
nanocapsule dispersion in cyclohexane were added dropwise to 5 mL of Lutensol AT50
aqueous solution (1 wt%) under mechanical stirring, and the samples were placed in an
ultrasound bath for 3 min at 25 °C (25 kHz). Subsequently, the samples were stirred
openly at 25 °C for 24 h to evaporate cyclohexane.

A2.2. Materials

All siRNAs and primers were purchased from Sigma. The sequences were as
follows: PD-L1 siRNAs (sense: 5-GGAUAAGAACAUUAUUCAA[AT][AT]-3',
antisense: 5'-UUGAAUAAUGUUCUUAUCCIdT][dT]-3'), PD-L1 primers (forward:
S'-TATGGTGGTGCCGACTACAA-3', reverse: 5'-TGCTTGTCCAGATGACTTCG -
3" ) and actin primers (forward: 5-TTGCCGACAGGATGCAGAA -3’ , reverse: 5'-
GCCGATCCACACGGAGTACT-3" ). MISSION® siRNA Universal Negative
Control #1 was used as sSiRNA control. All antibodies were purchased from BioLegend
(USA): anti-CD274-APC (anti-PD-L1, clone 29E.2A3), anti-CD25-FITC (clone
BC96,) and anti-CD71-APC (clone CY1G4).

A2.3. PD-L1 Knockdown Study by Flow Cytometry

After T-cells preparation as mentioned above, the cells were treated with SINCs
encapsulated with siRNA target that specific to PD-L1 mRNA (siRNA target SiNC) or
SINCs encapsulated with siRNA control which has no specific sequences to human
MRNA (siRNA control SiINC) compared to the cell control (without any capsule). After
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24 h, FBS was added to the culture to obtain a final concentration at 20%. The cells
were daily collected from the plate, washed and stained with Zombie Aqua™ for live
cell gating and anti-CD274-APC or anti-CD25-FITC or anti-CD71-APC antibodies at
4°C for 30 min. Subsequently, the cells were washed, resuspended in PBS and analyzed
by flow cytometer as described above. After gating for living cells, their median
fluorescence intensities were used to calculate relative expression of each cell surface

marker.
A2.4. Quantitative Polymerase Chain Reaction (QPCR) Analysis

After 2 days of cell treatment with SiNCs containing siRNA as described earlier,
the cells were collected and total RNA was extracted using RNeasy Mini Kit (Qiagen,
USA). RNA concentration of extracted RNA samples was measure by Nanodrop
(NanoDrop™ 8000 Spectrophotometer, Thermo Fisher Scientific, USA). RT-PCR
grade water (Invitrogen, USA) was used throughout the experiment. Then, cDNA was
synthesized using iScript™ cDNA Synthesis Kit (Bio-Rad, USA) and gqPCR reaction
was performed using iQ™ SYBR® Green Supermix (Bio-Rad, USA) in a Thermal
cycler (C1000, CFX96 Real-time PCR detection system, Bio-Rad,USA). The gPCR
data was analyzed using 2(-delta delta C(T)) method. Results are expressed as relative

expression of two independent experiments compared to the cell control.
A2.5. Cell Proliferation Assay

For cell proliferation assay, CD8" T-cells treated with siRNA target SiNC or
siRNA control SiNC was compared to the cell control to follow the proliferation of the
cells at day 1 and day 3 using the same protocol for CellTiter-Glo® Luminescent Cell
Viability Assay as described above. Sample without any treatment in each day was used

as a control and calculated as 100% cell proliferation.

SPECIFIC PROTOCOLS FOR CHAPTER B1
B1.1. Cell Viability after NIR Light Treatment

To study effects of NIR irradiation, the cells were exposed to 974 nm light at 1
W/cm? (L4-9897510-100M, JDS Uniphase Corporation) for 0, 15 and 30 min with and
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without RUEI&UCNP@hmSiO2 (150 pg/mL) and then incubated at 37 °C in a CO
incubator for 24 h. The samples without NIR irradiation were covered with a black
plate. For each cell type, all control and treatments were performed in the same plate.
After that, cell viability was evaluated by MTS assay using CellTiter 96® aqueous one
solution cell proliferation assay (Promega, USA) according to the manufacturer’s
protocol. This assay is based on NADPH or NADH produced by dehydrogenase
enzymes in metabolically active cells that can reduce MTS tetrazolium compound [3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium,inner salt] into a soluble-colored formazan product which can be detected
at 490 nm by plate reader (Infinite® M1000, Tecan, Germany).

B1.2. Cathepsin K Inhibition Assay with EI and RuEl

The cathepsin K activity assay was performed in a 96-well plate at a total
volume of 100 pL and incubated at 37 °C. Recombinant human cathepsin K (Enzo Life
Sciences, USA) with a final concentration of 2 nM was used to study the catalytic
activity of 100 uM Z-Gly-Pro-Arg(GPR)-AMC, which is a fluorogenic substrate
specific for cathepsin K, (Enzo Life Sciences, USA) with or without EI. Commercial
cathepsin K was diluted from a stock solution to 8 nM as the working concentration
with enzymatic assay buffer containing 100 mM sodium acetate buffer (pH 5.5), 8 mM
DTT, 4 mM EDTA, 0.01% Triton X-100, and 1% DMSO. The enzyme solution (25
pL) and additional buffer (15 pL) were activated at 37 °C for 15 min prior to the
addition of the substrate and/or EI. El or RUEI at concentrations ranging from 0.001 to
10 uM were prepared in a reaction buffer (50 mM sodium acetate buffer pH 5.5, 2.5
mM DTT, 2.5 mM EDTA) containing 10% DMSO. Then, the EI solution (10 pL) was
added to the activated enzyme solution to obtain a final DMSO concentration of 1%.
Finally, the Z-GPR-AMC substrate, which was dissolved in the enzymatic assay buffer
(200 pM, 50 pL), was added to the mixture and gently mixed. The fluorescent signals
were kinetically measured every 3 min for 30 min by a plate reader with excitation at
365 nm and emission at 440 nm. The fluorescent intensities were converted to the
percentage of enzyme activity by setting the signal obtained from the control
experiment without El as 100%. The ICso values were calculated at a reaction time of

15 min by fitting a curve with non-linear regression using the GraphPad program.
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B1.3. NIR Photoinhibition of Cathepsin K

RUEI&UCNP@hmSIiO, was prepared in a reaction buffer containing 10%
DMSO. Then, the RUEI&QUCNP@hmSiO, suspension (10 pL) was added to the
activated enzyme solution to obtain a final concentration of 10 pg/mL. The samples
were irradiated with an NIR laser at 974 nm (1 W/cm?) without or through a slice of
chicken tissue (1 mm thick) at various exposure times (0, 7, 15, and 30 min). The plate
was placed in a cold-water bath during irradiation. Finally, the Z-GPR-AMC substrate
(200 uM, 50 uL) was added, and the fluorescent signal was kinetically measured every
3 min for 30 min as previously mentioned. The enzyme activity is expressed as
percentage of the activity. The percentage of the activity at 100% was calculated from
the control experiment without RUEI&UCNP@hmSIiO, and NIR treatment, which were

performed in parallel.
B1.4. Cathepsin K Activity Assay of Live Cells

100 pL of live cells (2-days culture starting from approximately 10° cells/mL
per well) were incubated with 5 uM of Abz-HPGGPQ-EDDnp, a highly cathepsin K
specific fluorogenic substrate (Anaspec) at 37 °C in a 96-well plate. Abz-HPGGPQ-
EDDnp substrate was dissolved in dimethylformamide at a concentration of 1 mM
stock solution, kept at -20 °C until used and diluted to 0.1 mM working substrate
solution in the reaction buffer. The fluorescent signals of enzymatic hydrolysis were
monitored until 24 h. Cathepsin K inhibition assay with EI in live cells: All cell lines
resuspended in DMEM complete medium were seeded at a density of 5,000 cell per
well in a 96-well plate for 48 h. After medium removal, the reaction was carried out in
the absence or presence of El at concentration in a range of 0.1-1000 pM in the reaction
buffer containing 1 % DMSO. The inhibition was allowed to occur for 1 h at 37 °C
before adding Abz-HPGGPQ-EDDnp substrate at final concentration of 5 uM. After
that, the fluorescent signals were measured at 5 h of incubation. The ICso values were
calculated at 15 min of reaction time by fitting a curve with non-linear regression using

GraphPad Program.
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B1.5. NIR Photoinhibition of Cathepsin K in Live Cells

To perform NIR-controlled inhibition assay in cells, all cell lines resuspended
in DMEM complete medium were seeded at a density of 5,000 cells per well in a 96-
well plate for 72 h. After medium removal, the reaction was carried out in the absence
or presence of RUEI&UCNP@hmSiOz (150 pg/mL). RUEI&KUCNP@hmSiO> and cells
were incubated for 1 h at 37 °C prior to treatment with NIR at 0, 7, and 15 min. The
inhibition was then allowed to occur for 1 h at 37 °C before adding Abz-HPGGPQ-
EDDnp substrate at final concentration of 5 uM. The fluorescent signals were measured
at 3 h after incubation. Enzyme activity was exhibited as percentage of activity. The
percentage of activity at 100% was calculated from the control experiment without the

NPs and NIR treatment which were performed in parallel.

SPECIFIC PROTOCOLS FOR CHAPTER B2
B2.1. Cell Viability after Red Light Treatment

After cell preparation, the cells were treated with Ru4 solutions at final
concentration of 10 and 20 pg/mL for 4 h prior to irradiation with laser (671 nm)
through a sliced piece of 8 mm-pork tissue for 30 min and further incubated at 37°C in
COo-incubator for 24 h. Samples without light treatment were covered with aluminium
foil and performed parallelly. After that, cell viability was evaluated by using the

CellTiter-Glo® luminescent cell viability assay (Promega, USA) as described above.
SPECIFIC PROTOCOLS FOR CHAPTER B3
B3.1. Cell Viability after Red Light Treatment in Hypoxic condition

After cell preparation, the cells were incubated with various concentrations of
Ru complex from 1.25-50 ug mL™* for 4 h before irradiation or with various
concentrations of micelles from 6.25 to 150 pg mL™* for 6 h before irradiation. To
investigate the toxic effect of micelles under hypoxia, the cells were prepared as
described above except for using the medium containing 100 x 10® M of cobalt
chloride (CoCly) to switch on hypoxic cellular response for 24 h. Then, the cells were

treated with 25 ug mL* of micelles for 6 h before irradiation. After exposed to the light,
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the cells were incubated at 37 °C for 24 h. Samples without being treated with light
were covered with a piece of Al foil and performed in parallel. After that, cell viability

was evaluated by using the CellTiter-Glo® luminescent assay as described above.

SPECIFIC PROTOCOLS FOR CHAPTER C1
C1.1. Cell Preparation

For the in vitro TTA-UC measurements, HeLa cells were seeded at a density of
6 x 10% cells in 35 mm Petri-dish with a glass coverslip bottom (u—Dish, 7 mm walls,
Ibidi, Germany) and cultured for 24 h in DMEM complete medium. After that, the cells
were further incubated for 24 h with the nanocapsules at 6 mg/mL (UCNC1, UCNC?2).
Then, the cells were washed 5 times with 500 uL of DMEM to remove the remaining
nanocapsules outside of the cells and finally suspended in 1 mL DMEM. Subsequently,
the HeLa cells incubated with UCNCs were placed into temperature-controlled sample

holder and the variation of the temperature starting from 22 °C to 40 °C was controlled.
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Summary and Outlook

Advances in nanotechnology have brought together different scientific fields to
join and create a wide variety of nanocapsules, which can be beneficially applied in
many bio-applications including diagnostics, therapy, imaging and sensors. However,
the broad ranges of either commercial or lab-made nanocapsules do not match every
kind of application and also fail to match every type of cell. Therefore, nanocapsules
firstly need to be tested for their safe use in each application and for various cell types.
Subsequently, internalization will be the second basic biological question that needs to
be answered if they show proven biocompatibility. The rest of the experiments are
mainly performed to support their potential use in vitro or in vivo according to specific

purposes.

Chapter A points out the importance of uptake studies in the very well-known
“hard to transfect cell — T-cell”. Starting from Part [Al], the study emphasizes
investigation of the crucial physicochemical properties of the silica nanocapsules
(SiNCs) that affect cellular uptake and toxicity in T-cells. The major impact of cellular
uptake and viability was found to be dose and size dependence. The findings suggest
the critical criteria have to be carefully taken into account for SINC design and also in
vitro culture conditions, especially serum concentrations that are able to maintain cell
viability and facilitate uptake. Applying all knowledge to the next Part [A2], this study
used optimally designed SiNCs as nanocarriers containing siRNA to knockdown PD-
L1, a potent T-cell exhausting factor. The PD-L1 knockdown efficiency in T-cells at
MRNA level was higher than at the protein level due to the background protein.
However, the knockdown effect was strong enough to increase cell proliferation and
cell function biomarkers. This result can be improved by blocking the pre-existing PD-
L1 using anti-PD-L1 antibody, either directly applied in the culture or attached to the
SiNCs surface, which provides a double inhibition system both at the mRNA level by
SiIRNA and the protein level by antibody. Because T-cells are highly sensitive immune
cells, many factors can affect not only their cell viability, but also their immune
responses e.g. cytokine secretion, specific biomarker expression and activation state. It

is worth noting that the nanocarriers used in T-cells have to be considered carefully in
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terms of the possible immune reaction consequences before applying in vivo T-cell

immunotherapy.

Chapters B and C employ the advantage of light as a responsive stimulus to
trigger the light sensitive system for different purposes: control the release of enzyme
inhibitors or anti-cancer drugs in Chapter B; report cellular temperature in Chapter
C.

In Publication [B1], NIR light was used to activate the upconversion
nanoparticle, which was loaded inside mesoporous silica nanocapsules resulting in the
emission of blue light, which is able to cleave the light-sensitive bond of ruthenium
(Ru) complex, then uncaging the Cathepsin K enzyme inhibitor and finally inhibiting
enzyme activity. Red light was used instead of NIR light in Publications [B2] and [B3]
because the wavelength of red light is in the region of the therapeutic window and
stronger than NIR light. Red light was used to trigger the Ru complex in Publication
[B2] and showed deep penetration through the thickness of the tissue, which is still able
to cleave the light sensitive bond, uncage the toxic product and finally Kkill cancer cells.
In Publication [B3], the Ru complex conjugated anti-cancer drug chlorambucil was
released from micelles by red light stimulation and efficiently killed cancer cells, even
under hypoxia simulated in vitro and tumor-bearing mouse in vivo. All light sensitive
releasing systems here exhibited promising results that could be beneficially applied in
various kinds of therapeutic agents and cancer cells for cancer therapy through a non-
invasive strategy and spatiotemporal control.

Similar to Publication [B1], light triggered-polymeric upconversion
nanocapsules (UCNCs) were developed in Part [C1]. The system utilized the
temperature dependence of triplet-triplet annihilation upconversion (TTA-UC)
phenomenon for use as a nanothermometer in living cells, which was successfully
obtained in the range of 22 to 40°C. At high temperatures in the range of 40-45°C, a
difference in cellular temperature of only 1°C is enough to kill cancer cells while not
affecting healthy cells. Therefore, it is of great interest to develop a highly sensitive
real-time temperature detection system at the cellular level that could be used to track

the metabolic reaction before and after drug treatment or distinguish cancer cells from
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non-cancerous cells. This has led to the development of novel therapy and diagnostic

tools in medicine.
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Zusammenfassung

Durch  Fortschritte in der Nanotechnologie werden verschiedene
wissenschaftliche Bereiche zusammengebracht. Eine Vielzahl von Nanokapseln
werden in unterschiedlichen Bioapplikationen u.a. in der medizinischen Diagnostik, der
Therapie, dem Imaging oder Sensoring angewendet. Jedoch kann nicht jede
Nanokapsel fiir jede Anwendung und jeden Zelltyp eingesetzt werden. Daher missen
die Nanokapseln fir jede spezielle Anwendung und jeden Zelltyp zunachst hinsichtlich
ihrer biologische Vertréglichkeit untersucht werden. Wenn diese biokompatibel sind,
ist die Internalisierung der Nanokapseln in verschiedene Zelltypen die zweite
grundlegende biologische Frage.

In Kapitel A wurden Aufnahmestudie in die sehr bekannten ““schwer zu
transfizierenden™ T-Zellen untersucht. In der Teil [A1] wurden die physikochemischen
Eigenschaften von Siliciumdioxid-Nanokapseln (SINCs) und deren Einfluss auf die
zellulédre Aufnahme und Toxizitat in T-Zellen analysiert. Es zeigte sich, dass sowohl
die Dosis als auch die GroRe die Zellaufnahme und Toxizitét erheblich beeinflussen.
Diese Ergebnisse beschreiben kritische Faktoren, die fur die Entwicklung von SiNC
sorgféltig berticksichtigen werden sollten. Weiterhin, wurde in diesen Versuchen der
Einfluss von Serum auf die Zellinteraktion in vitro untersucht. Es zeigte sich, dass
Serum einen signifikanten Einfluss auf die Zellaufnahme und Toxizitat hat. In der Teil
[A2] wurden siRNA beladene SiNC verwendet, wodurch ein Knock-Down von PD-L1,
einem T-Zell-Erschopfungsmarker, hervorgerufen werden sollte. Die PD-L1-
Knockdown-Effizienz in T-Zellen war auf mRNA-Ebene hoher als auf Proteinebene.
Der Knockdown Effekt war jedoch ausreichend um die Zellproliferation und
Zellfunktion zu erhdhen. Diese Ergebnisse konnten durch das Blocken des PD-L1
Rezeptors (bsp. in Form von anti-PD-L1-Antikorpern) verbessert werden. Die
Antikdrper konnen entweder direkt in der Zellkultur zugesetzt werden oder kénnten auf
die Oberflache der SINCs angebracht werden. Dadurch entsteht ein
Doppelinhibitionssystem auf mMRNA-Ebene (siRNA) und Protein-Ebene (Antikorper).
Da T-Zellen hochempfindliche Immunzellen sind, kénnen viele Faktoren nicht nur ihre
Lebensfahigkeit  beeinflussen, sondern auch ihre Immunantworten z.B.

Zytokinsekretion, Biomarker-Expression und ihren Aktivierungszustand. Deshalb ist
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es von groRer Bedeutung, dass bevor Nanocarrier in vivo flr die T-Zell-Immuntherapie
eingesetzt werden kodnnen, diese erst hinsichtlich ihrer immunologischen Reaktion

untersucht werden.

In den Kapiteln B und C wurden lichtempfindliche nanodimensonale
Trégersystem in verschiedenen Anwendungen wie z.B fur die lichtgesteuerte
Freisetzung von Enzymhemmern und Krebsmedikamenten oder fur das Monitoring der

Zelltemperatur (Kapitel C) verwendet.

In Publikation [B1] wurden mesopordse Silica-Nanokapseln mit so genannten
““Upconversion-Nanopartikeln” beladen. Durch NIR-Licht konnten diese aktiviert
werden, wodurch es zur Emission von blauem Licht kam. Dadurch wurde die Bindung
an den Ruthenium (Ru)-Komplex gespalten und es konnte der Cathepsin-K-Enzym
Inhibitor freigesetzt werden, welcher die Enzymaktivitdt hemmte. Rotes Licht wurde
in Publikationen [B2] und [B3] anstelle von NIR-Licht verwendet, da die Wellenlange
des roten Lichts in einem therapeutisch relevanten Bereich liegt und stérker ist als das
NIR-Licht. Rotes Licht wurde als Trigger fur das Anregen des Ru-Komplexes in
Publikation [B2] verwendet. Durch rotes Licht kam es zum Eindringen in dickes
Gewebe. Auch dort konnte die lichtempfindliche Bindung gespalten werden, wodurch
das toxische Produkt freigesetzt wurde und die Krebszelle schlielich abgetotet werden
konnte. In Publikation [B3] wurde das mit Ru-Komplex konjugierte
Antikrebsmedikament Chlorambucil durch Rotlichtstimulation aus Mizellen freigesetzt
und totete Krebszellen selbst unter Hypoxie in vitro, und auch intumortragenden
Méusen in vivo. Alle lichtempfindlichen Freisetzungssysteme zeigten hier
vielversprechende Ergebnisse, die aufgrund der nichtinvasiven Anwendung und der
raumlich-zeitlichen Kontrolle in verschiedenen Arten von Therapeutika und fiir die

Krebstherapie eingesetzt werden kénnen.

Ahnlich wie in der Publikation [B1] wurden in der Teil [C1] lichtgesteuerte
polymere Upconversion-Nanokapseln (UCNCs) entwickelt. Das System nutzte die
Temperaturabhéngigkeit des Ph&nomens der  Triplett-Triplett-Annihilations-
Aufwartskonvertierung (TTA-UC) zur Verwendung von Nanokapseln als
Nanothermometer in lebenden Zellen in einem Bereich von 22°C bis 40°C. Bei hoheren

Temperaturen in einem Bereich von 40°C bis 45°C reichte bereits ein Unterschied von
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1°C in der Zelltemperatur aus, um Krebszellen abzut6ten, nicht jedoch gesunde Zellen.
Daher ist es von groBem Interesse, ein hochempfindliches Echtzeit-
Temperaturerfassungssystem auf zellularer Ebene zu entwickeln, das zum Beispiel die
Stoffwechselreaktion vor und nach der Medikamentenbehandlung verfolgt oder
Krebszellen von gesunden Zellen unterscheidet. Dies koénnte Fortschritte in
Krebstherapie bringen oder auch als Diagnosewerkzeuge in der Medizin genutzt

werden.
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