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ABBREVIATIONS

Abbreviation Meaning

ACN acetonitrile

BSA bovine serum albumin

CA carbonic anhydrase

CDI carbonyldiimidazole

DMEM Dulbecco’s Modified Eagle’s Medium
DMF N, N-dimethylformamide

DNA deoxyribonucleic acid

DOX doxorubicin

DOX@PSi DOX uploaded PSi NP

DOX@VD-PSi DOX uploaded VD-PSi NP

ECs5g half maximal effective concentration
ECM extracellular matrix

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
EGF epidermal growth factor

EPR enhanced permeability and retention
FBS fetal bovine serum

FRET fluorescence resonance energy transfer
FTIR Fourier-transform infrared spectroscopy
FTSA fluorescent thermal shift assay

HER-2 human epidermal growth factor receptor 2
HF human fibroblasts

HBSS Hanks’ Balanced Salt solution

HIF hypoxia-inducible factor

NHS N-hydroxysuccinimide




NP nanoparticles

NS nanosystems

PBS phosphate-buffered saline

PDH prolyl hydroxylases

PDMS poly(dimethyl)siloxane

PEG polyethylene glycol

PG proteoglycan-like

Prickly@SpAcDX Prickly NP encapsulated in SpAcDX
Prickly@SpAcDX- Prickly NP encapsulated in SpAcDX and attached
PEG with PEG

Prickly@SpAcDX- Prickly NP encapsulated in SpAcDX, attached
PEG-VD11-4-2 with PEG and compound VD11-4-2

PTX paclitaxel

PTXa@PSi PTX uploaded PSi NP

PTX@VD-PSi PTX uploaded VD-PSi NP

PSi porous silicon

RCC renal cell carcinoma

r.t. room temperature

SpAcDX spermine-modified acetylated dextran

tboc-NH-PEG-NH»

t-butoxycarbonyl-amine-PEG-amine

TME tumor microenvironment

UnTHCPSi undecylenic acid modified thermally hydrocar-
bonized PSi

VD-PSi PSi NP attached with compound VD11-4-2



1. INTRODUCTION

The Nobel Assembly has acknowledged the research clarifying molec-
ular pathways of how cells sense and adapt to oxygen deprivation in
2019. Understanding the hypoxia-induced molecular machinery opened
new strategies in the development of hypoxia-related diseases such as
coronary artery disease, diabetes, and cancer [1]. Oxygen depletion in-
side the tumor cell results in hypoxia-inducible factors (HIF) dependent
on gene and protein expression, which helps the cells survive and prolif-
erate [2].

One such molecule is the hypoxia solid tumor-related protein car-
bonic anhydrase IX (CAIX). CAIX is found in an exceptionally broad
range of tumors [3]. This protein helps oxygen-deprived cancer cells
maintain stable intracellular pH by producing bicarbonate ions, which
are important for maintaining intracellular pH [4]. CAIX has also been
shown to play a role in tumor resistance to therapy, and metastasis [5].

Sulfonamides, sulfamates, sulfamides, coumarins, and other com-
pounds targeting and inhibiting CAIX are intensively synthesized and
tested for the suppression of cell proliferation and motility [6]. These
compounds can also be used as targeting moieties for conjugates and
nanosystems (NS) for tumor detection, and treatment [7]. However, it
should be noted that the family of carbonic anhydrases has over a dozen
catalytically active isoforms found in different human body tissues [8].
To avoid the possible side effects arising from other CA isoform
inhibition, researchers are seeking for isoform CA IX selective agents [9].
Among them, 3-(cyclooctylamino)-2,5,6-trifluoro-4-[(2-hydroxyethyl)
sulfonyl] (VD11-4-2) shows picomolar affinity and selectivity toward
CAIX, which is greater than other CAIX inhibitors tested so far [10].
Studies in witro showed that VD11-4-2 can inhibit CAIX function
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in Xenopus oocytes and MDA-MB-231 cells [11]. VD11-4-2 has low
toxicity as observed during the studies in zebrafish embryos [12].
Furthermore, compound VD11-4-2 exhibits fluorescence properties - an
advantageous feature for in wvitro studies. Taking all these facts into
consideration, compound VD11-4-2 was chosen as a CAIX inhibiting
agent of this doctoral project. VD11-4-2 was tested for its antimi-
gratory properties, and it was investigated as a targeting moiety of
cancer-targeted NS.

Antimigratory properties of CA IX inhibitor VD11-4-2 were
tested by monitoring the motility of individual breast cancer cells. Pre-
vious studies have shown that CAIX inhibition can reduce metastases
of breast tumors in mice and alter cell migration and invasion during in
vitro studies. However, most of the CAIX inhibition influence on cell
migration studies were done by monitoring the cell monolayer’s ability to
close an empty growing surface area. Such migration is based on a cell-
cell interaction, while tumor metastasis is a single-cell process, related
to cell-extracellular matrix (ECM) interaction. Therefore, VD11-4-2 in-
fluence on cell migration described in this thesis is based on monitoring
the migration trajectories of individual cells located on the ECM ma-
trices. Cell trajectories were recorded, single-cell velocities calculated
and compared between the experimental groups at different experiment
timepoints. VD11-4-2 diminished velocities of CAIX expressing breast
cancer cells, and hindered cell speed increment during the experimental
time. VD11-4-2 influence on cell migration toward greater concentration
of epidermal growth factor (EGF) as a chemoattractant was studied as
well. It was observed that inhibitor reduces the number of CA IX posi-
tive cells migrating toward the attractant.

The possible VD11-4-2 application in NS as cancer cells tar-
geting moiety was studied and described in the thesis. CAIX catalytic
domain is favorably located on the cancer cell cytoplasmic membrane
with an active center oriented to extracellular space, and could be used
as a target for systems delivering anticancer agents. Two different types
of nanoparticles (NP) were functionalized with VD11-4-2, and after the
modification reactions, inhibitor VD11-4-2 retained the affinity toward
CAIX. Porous silicon (PSi) based NS was tested for drug loading and

release properties. NS showed pH-responsive doxorubicin (DOX) re-
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1 INTRODUCTION

lease at acidic conditions while preserving the drug inside the particles
at neutral pH values. NP modification with VD11-4-2 did not improve
the loading and release properties of another anticancer drug, paclitaxel
(PTX). DOX and VD11-4-2 were further found to be suitable pairs for
the fluorescence resonance energy transfer (FRET) effect. FRET was
successfully applied for monitoring of PSi based NS uptake and drug
release within the cell. In witro studies of breast cancer cells showed
that inhibitor modified NP were the most effective among all tested
DOX formulations in killing the CA IX positive cells. For further con-
firmation of VD11-4-2 targeting ability, it was attached on zinc-doped
copper (also called Prickly) particles coated with a polymer, degrad-
ing at acidic conditions. Prickly NP damaged the cells only after their
uptake and coating degradation in cell organelles with an acidic envi-
ronment. VD11-4-2 attachment led to successful NP uptake by CAIX
positive cells, resulting in a cytotoxic effect.

Overall, the work presented in this thesis further expands possible
applications of the VD11-4-2 and supports the advantages of CA IX as

an anticancer drug target.

1.1 The Goal of the study

To evaluate CA IX inhibition influence on cancer cell migration and

to study CA IX inhibitor as a targeting moiety of cancer-targeted NS.

1.2 Objectives

e To study VD11-4-2 ability to target CA IX positive breast cancer

cells in wvitro.

e To evaluate CAIX inhibition influence on breast cancer cell mi-

gration and chemotaxis at a single-cell level.

e To evaluate the suitability of VD11-4-2 as a CA IX targeting moi-
ety of PSi and Zn-doped CuO based NS, by studying their binding
and inhibition of CA IX protein properties, and effect on cell via-

bility in wvitro.
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1.3. Scientific novelty

e To study anticancer drug delivery properties of PTX and DOX
loaded PSi based NS in vitro.

1.3 Scientific novelty

CA IX inhibition influence on cell migration in vitro was investigated
for the first time by tracking single-cell trajectories and calculating their
migration speeds. Results showed that VD11-4-2 was able to reduce
breast cancer cell velocities while not affecting CA IX non expressing
cells. The chosen method enabled monitoring of how the cells differing
in their phenotypic plasticity respond to VD11-4-2 treatment. CA IX
expressing cells in compound treated groups migrated at lower velocities
and did not reach a maximum speed compared to compound untreated
group. The experiment also led to distinguish CA IX inhibition influ-
ence on cells migration from proliferation. Additionally, the experiment
showed that the migration suppression effect of VD11-4-2 begins after
the second hour of incubation. Moreover, studies in a microfluidic de-
vice with gradient flow of EGF were utilized to test CA IX inhibitor
influence on cell migration toward chemoattractant. Results confirmed
that CAIX inhibition could reduce breast cells chemotaxis.

Application of CAIX inhibitor VD11-4-2 as hypoxic breast tumor
cells targeting molecule in NS was carried out for the first time in this
doctoral work. VD11-4-2 was attached on two different NS based on
PSi and Zn-CuO NP. CAIX inhibitor on the surface of the nanoplat-
forms showed to be beneficial in delivering drug-loaded NP into the
cells and enhancing their anticancer activity in wvitro. The mechanism
of action of these NS was shown to be due to CA IX inhibition, as cell
preincubation with free inhibitor led to a reduced anticancer effect. The
fluorescence properties of VD11-4-2 and DOX were utilized in pairing
them for FRET. FRET effect enabled the possibility of monitoring of
NP uptake and DOX release within the tumor cells.
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2. LITERATURE OVERVIEW

2.1 Challenges in cancer treatment

Cancer-related diseases are one of the major health problems world-
wide, which caused 10 million deaths in 2020 [13]. This statistics in-
dicates that there is a need to rethink the strategies for overcoming
the significant obstacles related to the treatment of cancer patients [14].
There is a significant number of challenges associated with the current
malignant tumor chemotherapy, such as severe adverse effects of the
chemotherapeutics, cell resistance to them, and the lack of specific cell
metastasis hindering drugs. Several possible strategies (Fig.2.1) for
overcoming these obstacles will be discussed in this chapter of the the-
sis.

The vast majority of currently used chemotherapeutics target DNA
integrity, and cell division [15]. They effectively treat certain malig-
nancies, but cause severe side effects to normal cells due to them
being unspecific. It has been shown that nanoformulations with several
cytotoxic agents are promising in reducing toxicity and enhancing anti-
cancer effect toward tumor tissues, due to their size-dependent enhanced
accumulation in tumor sites [16]. Several of these nanoformulations are
designed to release the carried drug in a controlled manner, that is, only
after entering the site of interest and can act locally in tumor sites [17].

Another problem leading to the anticancer treatment failure is tumor
cell resistance to free chemotherapeutics. The main mechanisms
behind this phenomenon are increased drug efflux, drug inactivation,
mutation of the target, DNA repair, and others [18]. One of the strate-
gies to partially solve this issue is to use a combination of anticancer

drugs with a different mechanism of action, which can also be benefi-
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2.1. Challenges in cancer treatment
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Figure 2.1: Current challenges in malignant tumor treatment and sev-
eral of possible solutions for overcoming these obstacles.

cial in enhancing the safety of the drugs [19]. Cancer-specific molecules
can be used as targets for conjugates or nanotherapeutics. Molecular
targeting can lead to elevated drug accumulation within the tumor site,
enhanced uptake by cells, and increase the amounts of drug within the
cell [20]. Systems targeting specific receptors in cancer cells could also
be applied in finding and killing the tumor cells circulating in the blood,
preventing their further development of metastatic sites [21]. Mechanical
cell damage (due to specific geometry, vibration, heating, etc.) causing
systems are tested as a possible solution in overcoming cancer drug re-
sistance in tumor cells [22]. In such a case, NP exhibiting a physical
damage mechanism is used without an anticancer drug.

Finally, the majority of cancer-related deaths are the result of
metastasis [23]. Despite this fact, there is a lack of specific metastasis
suppressing drugs, which could prevent or delay the metastasis without
cytotoxicity [24]. Metastasis suppressing agents could further solve
other chemotherapy-related problems (safety and efficacy), because
localized solid tumors can be then removed by surgery. Nevertheless,
there are no standard methods for testing the antimetastatic effect
of a drug [25]. Studies in animals show conventional chemotherapy
toward highly resistant metastatic cancer is enhanced when used in
combination with antimigratory drugs [26].

One method to solve all the above-mentioned challenges simultane-
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2 LITERATURE OVERVIEW

ously could hardly be found. However, recent studies have shown that
the strategy of targeting components of the tumor microenvironment
(TME) could solve several of the different cancer treatment-related prob-
lems [27]. TME is a dynamic organization of various cells (tumor, im-
mune, stromal) surrounded by ECM, facing the deprivation of nutrients
and oxygen [28]. The cascades of actions arising from the deprivation of

oxygen in tumors will be explained in the next chapter.

2.2 Hypoxia in tumors

Oxygen is an important molecule for ATP production during oxi-
dation reactions in mammalian cells. The state when oxygen supply
in tissues drops below adequate levels is called hypoxia. Oxygen de-
privation in the human body may be generalized process, and could be
result of anemia, high altitude, etc., or specific area localized process, for
example, after thrombosis, in solid tumors, etc., process. In malignan-
cies, hypoxia occurs due to the tumor-specific immature vasculature and
uncontrolled cell division in tumor sites, distanced more than ~200 pm
from capillaries [29].

It has been demonstrated that cells can sense oxygen deprivation
and change their gene expression in response [30]. For these and other
important hypoxia-related findings William G. Kaelin Jr., Sir Peter J.
Ratcliffe, and Gregg L. Semenza were nominated for Lasker Award in
2016 and for the Nobel Prize in 2019.

HIFs are key molecules initiating hypoxia-related molecular ma-
chinery. HIFs complexes consist of oxygen-dependent HIF-o and
non-oxygen-responsive HIF-8 subunits. Under normoxic conditions,
HIF-« subunit is hydroxylated by HIF prolyl hydroxylases (PDH), and
further undergoes degradation in proteasomes (Fig. 2.2). Deprivation
of oxygen leads to HIF-« stabilization. HIF-a stabilization could also
be achieved in normoxic conditions by using compounds inhibiting the
enzymatic activity of prolyl hydroxylases (Fig. 2.2), so-called hypoxia
mimetic agents [31]. One of such agents is CoCly, which inactivates
PDH enzymes by replacing iron ions with cobalt in the active site. It
has been observed that CoCls in concentrations ranging from 50 to

240 pM induces hypoxia markers, including CA IX, expression in breast
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2.3. Role of carbonic anhydrase IX in tumors

Normoxia @ _ 02  HOgmmmN oW Y
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Figure 2.2: HIF-1 pathways in normoxia and hypoxia. In the presence
of normal oxygen levels, HIF-1 is hydroxylated by prolyl hydroxylases
(PDH) and degraded in proteosomes. In the deprivation of oxygen con-
ditions, HIF-1a complexes with HIF-15 in the nucleus, and binds to
hypoxia-related element (HRE) region in DNA sequence.

cancer cells [32-35].

Stabilized HIF-« subunit translocates to the cell nucleus, where it
binds with HIF-3. HIF complex binds to the hypoxia response element
(HRE) region in DNA sequence (Fig. 2.2), which results in HIF depen-
dent gene transcription. In cancer cells, HIF up-regulates the trans-
lation of tumor-related molecules for the compensation of ATP loss,
pro-angiogenesis, cell motility, drug resistance, proliferation, etc. [36].
To maintain the required pH of the cell, HIF activates sodium-proton
and anion exchangers, sodium-bicarbonate, and monocarboxylate trans-

porters together with carbonic anhydrases.

2.3 Role of carbonic anhydrase IX in tumors

Human carbonic anhydrases (CA) are a family of enzymes, which
has at least 15 different isoforms located in various tissues within the
body [37]. Considering the cellular lever, CA isoforms are found in cy-
tosol and mitochondria (CA I, CA II, CA III, CA VII, CA VIII, CA
XIII, CA VA and CA VB), while others are located in the extracellular
space (membrane-bound CA IV, transmembrane CA IX, CA XII, CA
XIV) or secreted (CA VI, CA X, CA XI) [37] (Fig.2.3 A). It should
be noted, that isoform CA IX, lacking of several catalytic domain ex-
ons, could also be found in cell cytoplasmic membrane or be secreted;
however, such variant of CA IX is found only in low amounts and shows

diminished catalytic activity [38]. Most of these metalloenzymes are
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Proteoglycan-like,
domain

Catalytic
domain

Intracellular tail

Acatalytic I Highly catalytic
Figure 2.3: Different isoforms of Carbonic anhydrase locations within
the cell (A): cytosolic, mitochondrial, transmembrane, membrane-
bound, and secreted. Structural outlook (B) of transmembrane CAIX
isoform, which has proteoglycan-like and catalytic domains located on
the external surface of the cell membrane.

catalytically active and catalyze a reversible bicarbonate and proton
ions production from carbon dioxide. This plays an important role in
regulating cell pH and participates in lipogenesis, gluconeogenesis, and
ureagenesis. Several CA inhibitors are approved as drugs for clinical
use and are mainly prescribed as diuretics, antiglaucoma agents, and
antiepileptics. Their clinical usage is also extended to the treatment of
obesity, intracranial hypertension, sleep apnea, migraine, and altitude-
caused sickness prevention [39].

Carbonic anhydrases are also broadly investigated in tumor-related
studies [40]. Cancer-related isoforms CAIX and CAXII are used as
the targets. Overexpression of CAIX is observed in most of the solid
tumor tissues (Fig. 2.4). Besides the tumor tissues it is also expressed
in some gastrointestinal tract organs and testis (Fig. 2.4) [41]. CAXII
could also be found in healthy kidneys, pancreas, intestine, eyes as well
as in some tumor types (kidney, breast, etc.) [42,43]. Protein CAIX is
considered to be more catalytically active than the CA XII isoform [44].
Because of all of these features, CAIX was identified to be a promising
drug target and is being investigated in this thesis.

CA IX is a dimeric protein, consisting of N-terminal proteoglycan-like
(PG) and catalytic domains, a transmembrane helix and intracellular

tail (C-terminal) (Fig.2.3 B). PG and catalytic domains help cancer
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Figure 2.4: Expression of CA IX in normal and tumor tissues in adults.
Line darkness marks the intensity of CAIX expression in different tis-
sues. Reprinted with permission from [45].

cells under hypoxia to manage the excess of lactate and protons arising
from intensified glycolytic pathways. The catalytic domain produces
bicarbonate from the excess of carbon dioxide. Bicarbonate ions enter
the cell and help to maintain the required pH by neutralizing excess
protons. Meanwhile, protons stay in extracellular spaces and acidify
it [46].

PG domain is also called a proton antenna and is found only in CA
IX isoform [47]. It facilitates the release of vast amounts of protons
and lactate from the cells [48]. Therefore, it enhances the catalytic
activity of CAIX in the aspect of extracellular space acidification. PG
domain is also involved in cell-cell interaction, and cell invasion [49-51].
The intracellular tail has three phosphorylation sites, two of which (Thr
443 and Ser 448) modulate the catalytic activity of the enzyme [52].
Meanwhile the phosphorylation of Tyr 449 site has been related with
EGF receptor-dependent signaling transduction through Act activation
in kidney cancer cells [53].

CA IX plays an important role in helping cancer cells to survive and
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escape harsh conditions through its catalytic and non-catalytic func-
tions. Silencing or knockout of CA 9 genes was observed to reduce the
growth of tumors and suppress metastasis in animal studies [5,54-56].
CAIX function in cell and overexpression in diverse types of tumors
make it a promising target in translational studies for the development
of novel cancer diagnostic and therapeutic agents.

Overexpression of CA IX has been related to a poor prognosis in mul-
tiple types of cancer [57-59]. CAIX was tested as a biological marker
in diagnosing cervical lesions from liquid biopsies [60]. The levels of
CA IX in blood serum have been measured in previous studies in order
to estimate the response of renal cancer treatment; however, the clinical
trials were terminated [61]. CAIX amount in serum have been shown
to correlate with the presence of circulating tumor cells in breast cancer
patients [62]. Radiolabeled CA IX specific antibodies are tested as new
tumor imaging tools, which could overcome cell carcinoma (RCC) detec-
tion limits while diagnosing the stage of disease or evaluating the treat-
ment response [63-65]. Near-infrared fluorescence dye labelled CAIX
specific antibodies and nanobodies were investigated in animal stud-
ies. They were tested for possibility to improve the detection of breast
tumors and their metastasis together with identification of neoplasm
margin during surgery and after it [66-68|.

CA IX is broadly investigated as a therapeutic target for cancer treat-
ment. Chimeric antigen receptor T-cells targeting CA IX were clinically
investigated as a cure of metastatic RCC [69]. Inhibitors and antibod-
ies of CAIX are also tested as components of combination treatment
of cancer in clinical and preclinical studies [70-74]. Preclinical stud-
ies are extensively exploring the application of CAIX for anticancer,
antimetastatic activity, and as a targeting molecule for nanosystems.

These applications will be further considered in this dissertation.

2.4 Inhibition of CA IX in order to hinder the

growth of the tumor

More than two decades ago, Teicher et al. and Chegwidden et al.

have observed that CA inhibitors acetazolamide, methazolamide, and
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ethoxzolamide (clinically approved as diuretics and antiglaucoma drugs),
can hinder the proliferation of cancer cells in vitro and delay the growth
of tumors in vivo [75,76]. The mechanism behind this effect was not
clear at that time. After several years, Supuran et al. raised a hypothesis
that novel synthesized sulfonamides might reduce the growth of various
cancer cell lines by inhibiting the cancer-associated CA isoforms IX and
XII [77]. Subsequently, an increasing number of studies were attempting
to find novel CA IX inhibitors and evaluate their influence on cancer cell
growth [78].

There are several CA IX inhibitors that could be recognized amongst
others for their anticancer activity as seen from tests on cancer cells and
malignancies. This includes sulfonamides, sulfamates, sulfamides, and
coumarins which exhibited anticancer effects in preclinical research and
entered clinical trials. Ureidobenzenesulfonamide U-104 or SLC-0111 is
the first small molecule, which entered clinical trials as a CA IX inhibitor.
It is investigated as a therapeutic agent for use combined with gemci-
tabine for patients diagnosed with metastatic pancreatic cancer [79-81].
Preclinical studies showed that U-104 affects pancreatic cancer cell via-
bility under hypoxia conditions and reduces orthotopic tumor growth in
mice [82]. This compound also potentiates the anticancer effect of con-
ventional chemotherapeutic agents in melanoma, breast, colon cancer
cells [83] and reduces orthotopic breast tumor growth in mice alone and
in combination with PTX, or sunitinib [72,84]. Further research of U-104
analogues showed their potential in reducing the proliferation of breast,
prostate and colorectal cancer cells under hypoxia conditions [85].

CA IX non-selective sulfonamide acetazolamide is also tested for its
anticancer effects. Studies showed that acetazolamide, in combination
with bevacizumab or rapamycin, reduces colorectal tumor growth in
mice [54,86]. However, Dubois et al. observed that acetazolamide in-
duces tumor regression under irradiation in both CA IX expressing and
knocked-down colorectal tumor cells [87]. Indanesulfonamide and ni-
troimidazole sulfamides were shown to decrease colorectal tumor growth
rate in vivo, which was significantly enhanced in combination with irra-
diation [87,88]. A group of ureidosulfamates was shown to be effective as
antiproliferative agents against breast cancer cells, and one of them (S4)

delayed tumor growth in vivo [89]. Ureidosulfamates combined with lan-
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soprazole effectively inhibited melanoma cell proliferation [90]. Another
group of CAIX inhibitors tested for anticancer activity are coumarins.
One of these derivatives inhibited the growth of mouse breast tumors in
vivo [91].

Another kind of CAIX targeting molecules are antibodies, which
are less intensively investigated for anticancer activity than small
molecule inhibitors. Monoclonal antibody G250 is the first CAIX
binding molecule, which entered the clinical trials for treating patients
with non-metastatic RCC after surgery. Phase 2 clinical trial showed
that it is well-tolerated, but did not possess a clinical benefit as an
adjuvant therapeutic [74]. G250 and its counterparts are broadly
applied in the development of various CAIX radio conjugates, and
they are undergoing clinical trials for the detection and treatment of
CAIX positive tumors [92,93]. Antibody MabVII/20 was tested in
mice colorectal carcinoma xenografts and showed anticancer effect [94].

There is evidence that several CA IX specific molecules could reduce
the growth of cancer. However, it should be noted that a cell can com-
pensate for the absence of one protein function. For example, McIntyre
et al. showed that knockdown of CA IX protein increases the expression
of CAXII in HT-29 cell spheroids [54]. This observation partially ex-
plains why such molecules as fluorinated benzenesulfonamide VD11-4-2
have shown a low capacity to induce cancer cell death even while having
high affinity and selectivity toward CAIX [95]. Despite that CAIX in-
hibitors and antibodies can successfully be exploited as CA IX positive
cell targeting molecules for cell motility suppression and in conjugates

or NS containing cytotoxic agents.

2.5 CAIX as a target for antimetastatic drugs

Tumor cell metastasis cascade consists of several steps (Fig. 2.5).
Initially, cell-cell adhesion is lost, leading to a cell detaching from the
primary site and migrating in mesenchymal mode. This allows the cell
to move toward blood vessels by forming protrusions and interacting
with ECM [96]. When a cell intravasates the blood vessel, it circulates
in the blood until it forms contact with endothelium, transmigrates and

invades the new tissue [97].
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Figure 2.5: Illustrated view of metastasis steps. 1: Separation; 2: Mi-
gration and invasion; 3: Intravasation; 4: Circulation; 5: Extravasation;
6: Colonization.

CAIX was shown to be involved in different cell metastasis steps
at the molecular level. Protein CA IX was shown to be involved in the
cell detachment from primary tumor step (Fig.2.5 1) as the increased
amount of CA IX on cell membrane diminishes cell-cell adhesion [51,98].

Protein CAIX was found to be participating in cell migration and
invasion (Fig. 2.5 2), as it plays a role in the formation of protrusions
by interacting with integrins, ion exchangers, and matrix metallopro-
teinases as well as pH gradient formation needed for the remodeling of
cytoskeleton [56,99,100]. CA IX has been related with cell intravasation
and extravasation processes, which might take place through PG-like
domain interaction with cells or by cell junction disconnection due to
catalytic protein function [101]. Thus, this protein was also recognized
to play a role in colonization (Fig.2.5 6) steps, as it promotes the
metastatic niche formation [102].

CA IX inhibition influence on metastasis was tested in mice using two
different models: experimental and spontaneous metastasis (Fig. 2.6).
Nitrophenyl and fluorophenyl (U-104) ureido benzenesulfonamides and
glycosyl coumarins were observed to reduce the metastasis formation in
mice lungs after murine breast cancer cells 4T1 injection into the tail
vein (Table 2.1) [5,103]. Later on, U-104 has been shown to reduce
human breast cancer cell MDA-MB-231 metastasis from the primary
site (spontaneous metastasis model) [72,84]. U-104 also inhibited the
growth of primary tumors.

In vivo experiments showed that CA IX inhibitors affect metastasis in
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Figure 2.6: Schematic representation of in vitro and in vivo methods
used to test CA IX inhibitors influence on cell motility.

general, while in vitro models were used to obtain quantitative analysis
recapitulating different steps of metastasis [104]. In vitro experiments
(Fig. 2.6) gave information on affected metastasis step (cell migration,
invasion). Matrigel invasion from the MDA-MB-231 cell cluster was
reduced after treatment with U-104 (Table 2.1) [84]. U-104 has shown
the ability to slow down the gap closure of MDA-MB-231 cell monolayer
during scratch assay tests [56,105]. Thus, it showed the ability to reduce
chemotactic migration or matrix invasion toward EGF of MDA-MB-
231 cells stably expressing CAIX or under hypoxia condition during
transwell assay, respectively [56].

Several ureido-sulfamates were recognized as human breast and thy-
roid cancer cell migration suppressors during scratch assays [106]. Ure-
ido phenyl sulfamate S4 was tested in a mice xenograft model and re-
duced MDA-MB-231 cell metastases in the lung while not affecting pri-
mary tumor growth [106]. Ward et al. have demonstrated that ureido-
sulfamates could reduce not only breast (MDA-MB-231), but also ovar-
ian (SKOV-3) cancer cell migration during scratch assay in both nor-
moxia as well as hypoxia conditions and inhibited cell invasion from
MDA-MB-231 cell spheroids and breast biopsy tissues [107].

Part of this thesis is concentrated on the influence of CAIX inhi-
bition on cell motility. CAIX inhibitors were shown to disturb cell
migration during the scratch assay tests, as seen from previous studies
by other scientists (Table 2.1). This method is one of the simplest and
is quite commonly used to study cell migration. A monolayer of cells
is formed during these studies, and cell displacement toward the empty

space is monitored. This assay is frequently used because of its repro-
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Table 2.1 : Summary of studies where CA IX inhibitors were tested for
their influence on cell motility and metastasis.

Inhibitor ‘ Method ‘ Results ‘ Ref.
U-104 and . U-104 inhibited and
Experimental .
glycosyl . glycosyl coumarins | [5]
. metastasis o .
coumarins limited metastasis
Matrigel invasion Reduced invasion
U-104 and spontaneous and metastases 184]
metastasis number
Seratch and Redu.ced I'mgr'atlon
U-104 and invasion in all
transwell [56]
tests
U-104 Seratch Reduced migration
rate [105]
U-104 Spontaneous Reduced metastatic
metastasis model burden [72]
Ureido Experimental Limited cell
sulfonamide metastasis colonization in lungs | [103]
Ureido SSCS?IEZ};;IE Some inhibitors
sulfamates P : affected migration | [106]
metastasis
Ureido Scratch and collagen Two leading
. . compounds
sulfamates invasion . . [107]
identified

ducibility. However, several drawbacks of this method could be named.
Firstly, the method represents collective cell migration related to cell-
cell interactions that are observed more commonly in such processes as
tissue recovery. Cell migration during metastasis is based more on the
cell-matrix interaction [108]. Also, if the experiment duration is longer
than the cell doubling time, it becomes complicated to distinguish be-
tween the effects for cell migration and proliferation [109]. Moreover, if
the scratch during the assay is made by pipette tip, it harms the cells
together with the culture dish or ECM layer [110].

Efforts have been made to test CAIX inhibitors for their ability to
disturb cancer cell metastasis. Application of CA IX as a target molecule
for NS, as described further in this thesis, could also be beneficial in

affecting the metastatic cells.
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2.6 Tumor targeted nanosystems

Most of the cytotoxic drugs approved for cancer treatment lack speci-
ficity toward the tumor cells. Specificity toward cancer cells could be
attained when a cytotoxic drug is uploaded into a targeted nanocar-
rier [111,112]. Moreover, loading the anticancer drug into NP can en-
hance its solubility and stability [113]. NP can also selectively deliver
imaging agents to tumor tissues and overcome the existing detection
limits [114]. Furthermore, simultaneous therapeutic and diagnostic ef-
fects could be achieved by a so-called tumor theranostic approach [115].
One of the main reasons why nanosystems are attractive in anticancer
therapeutics research is their preferential passive accumulation in a tu-
mor as compared to healthy tissues. Such accumulation in malignan-
cies is caused by the chaotic and leaky vasculature in tumor sites (see
Fig. 2.7) [116]. This accumulation manner due to the enhanced perme-

ability and retention effect (EPR) is called passive targeting [117].

Anticancer

drug Nanocarrier

Normal
tissue

Targeted
nanocarrier

CA IX in hypoxic tumor

Figure 2.7: Graphical explanation of how cytotoxic drug formulation
alters its accumulation in tissues, and cells. Anticancer drug alone ac-
cumulates and harms all tissues. Selectivity towards tumor cells is en-
hanced when it is used in conjugate with a tumor-specific molecule.
Nanocarriers tend to accumulate in tumor tissues due to tumor-specific
blood vessels. Functionalization of the nanocarrier could enhance its res-
idence in tumor time and alleviate its uptake by cells. Figure is reprinted
with permission from [7].

30



2.6. Tumor targeted nanosystems

While most NP lack specific active targeting ability, it can be
achieved by attaching a tumor-specific molecule to its surface. The
targeting moieties can be small molecules, antibodies or their frag-
ments, aptamers, peptides, sugars, etc. Their attachment to the NP
results in extended NP residence in tumor and alleviated uptake by
cells [118]. The most widely investigated targets are CD20, CD30,
CD44, CDA47 proteins, folate, prostate-specific membrane antigen,
human epidermal growth factor receptor 2 (HER-2), and fatty acid
synthase enzyme [119,120]. Several nanosystems are already approved
for clinical use, and are in numerous ongoing clinical trials, but
none of the clinically approved NS has a tumor-targeted moiety yet
(Fig. 2.8) [17]. However, targeting capability is just one piece in the

puzzle of the rational development of the nanocarrier.
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Figure 2.8: Different materials based nanosystems approved for clinical
use or in clinical trials for cancer treatment after its intravenous injection
(according to the data from [17]).

Ideal nanocarriers should exhibit quite controversial properties [121,
122]. It should be stable in blood and show no aggregation, degradation,
and payload release. With these properties, it should also circulate in
blood while avoiding opsonization by proteins in blood and phagocytosis
by macrophages (Fig.2.9 A) [123]. To avoid instability in blood, NP
are often modified with various coatings such as polyethylene glycol
(PEG) [124].

After reaching the tumor site, NP should start showing reverse prop-
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Figure 2.9: The controversial requirements for nanocarrier (A). Prop-
erties of the carriers which were applied as a base for CAIX targeted
systems and their main advantageous properties (B). Reprinted with
permission from [7].

erties: be easily internalized, release uploaded agents, and quickly de-
grade (Fig. 2.9 A). Such complete changes of the NP properties could
be achieved by external (temperature, light, ultrasound, magnetic field,
electric field) or internal (low pH, temperature, enzyme, oxidative stress)
stimuli [125].

Liposome, micelle, albumin, silicon, gold, and metal oxide platforms
have been applied in the development of CA IX tumor-targeting systems.
They show distinctive features (Fig. 2.9 B) which fates their scope of
application. CAIX targeting nanocarriers will be described in the next

section.
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2.6.1 Organic nanocarriers targeting CA IX

Liposomes and micelles are the most widely used drug delivery
forms for clinical cancer treatment (Fig. 2.8) [17]. These spherical lipids
consisted structures are similar to biological membranes, and have at-
tractive biological (biocompatibility, low toxicity, low immunogenicity)
and technological (tunable size, surface, charge, lipid organization) prop-
erties [126].

Two decades ago, Shinkai et al. constructed magnetoliposomes, and
were pioneers in CA IX targeting NS field [127]. Fab’ fragment of G250
antibody was attached to magnetoliposomes (Fig.2.10 A) in order to
increase the particle uptake by CAIX positive tumors. Functionaliza-
tion of the magnetoliposomes led to a 27-time increase in their uptake
by CAIX positive tumors as revealed in a study in mouse renal cell car-
cinoma models. Such a significant increase in the accumulation led to a
successful mouse renal tumor growth restrain due to hyperthermia after
magnetic field irradiation.

Couple of immunoliposomes (Fig.2.10 B, C) were tested as anti-
cancer agent carriers targeting CA IX in lung cancer cells. Functional-
ization with rabbit monoclonal CA IX antibody increased the liposomes’
binding to CA IX positive cells and enhanced the impact of an anticancer
drug docetaxel on the human lung cancer cell growth [128].

Lin et al. tested how lung tumors can be killed by poorly water-
soluble cytotoxic agent triptolide uploaded to liposomes with attached
G250 antibody [129]. They were introduced via the pulmonary route
in aerozolic form to mice with lung implanted cancer cells. CA IX anti-
body decorated liposomes suppressed tumor growth, and prolonged mice
lifespan more than other triptolide formulations.

Alsaab et al. attached acetazolamide to micelles which were carrying
apoptosis inducing agent CFM 4.16 in order to overcome drug resistance
in human renal carcinoma cells (Fig. 2.10 D) [130]. CAIX directed mi-
celles with anticancer drug sorafenib showed synergistic growth reduc-
tion of tumor in mice xenografts and no traceable toxicity to healthy
organs (liver and kidney).

Another material used as the base for NP targeting CA IX is serum

albumin. This protein is most abundant in mammalian blood plasma,
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Figure 2.10: CAIX targeting nanosystems which can be found in the
literature, reprinted with permission from [7].

therefore, is not toxic and stable in blood. It is eligible for the design
of the nanocarrier, because it is soluble in water, stable in various pHs,
has low cost, is non-opsonized by serum proteins, is biodegradable, has
amino and carboxyl groups, which can be exploited for chemical modi-
fications [131].

Human serum albumin NP uploaded with anticancer drug PTX were
tested for the targeting of breast cancer cells [132,133]. PTX uploaded
acetazolamide functionalized NP (Fig.2.10 E) showed greater anti-
cancer activity toward CA IX positive cells than PTX alone or uploaded
in non-functionalized NP.

Albumin could be used as the coating for other nanomaterials in

order to prolong its circulation in blood. In study of Zhu et al. bovine
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serum albumin coated iron-porphyrin metal-organic frameworks were
used to target CAIX through attached sulfonamide groups (Fig.2.10
F) [134]. These NP in the study of mice bearing mammary gland tumors
showed that nanosystem could be applied simultaneously for antitumor

effect and the localization of malignancy position.

2.6.2 Inorganic nanocarriers targeting CA IX

Silicon based NP are mostly fabricated from silicon (Si) or silica
(SiO2) materials. They are suitable base for nanocarrier’ construction
due to the large surface pores that can be easily uploaded with drugs.
Silicon NP can be biodegraded in organism and excreted, which makes
them biocompatible within living organisms [135,136]. However, these
particles still need appropriate coating or functionalization to bypass
non-specific protein adsorption [134].

M75 antibody attached non-porous silica NP (Fig.2.10 H) were
tested for the CA IX targeting capability [137]. These NP demonstrated
binding to the targeted PG domain of CA IX alone or to CA IX express-
ing cancer cells. In later studies NP were coated with a polymer, fluo-
rescently labeled and tested for their biodistribution in vivo (Fig. 2.10
I) [138]. Targeting moiety bearing NP showed ten-fold higher accu-
mulation and longer retention within the human colon tumors in mice
xenografts.

Chen et al. have tested mesoporous NP attached with CA IX selec-
tive antibody through disulfide linkage for the delivery of DOX to mice
breast cancer cells [139]. This NS showed an acidic pH, glutathione
triggered drug release, and internalization by cells depended on CATX
presence. CAIX targeted NP carrying DOX exhibited the greatest tu-
mor growth reduction in vivo.

Gold NP have a broad scope of applications (imaging, drug delivery,
photothermal therapy), which can be obtained by using NP of different
sizes and shapes (spheres, rods, shells, cages, stars) [140-142]. The tox-
icity of these NP to living organisms can be reduced by appropriate
coating; however, they are poorly biodegradable and this issue compli-
cates their translation to clinical application [143,144].

Acetazolamide functionalized gold NP (Fig.2.10 K) were used to
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deliver DOX to human colon cancer cells [145]. NP effectively overcame
hypoxia-caused cell resistance as it possessed favorable pH-triggered
drug release properties and showed enhanced DOX penetration in cell
spheroids.

Stiti et al. used gold as a base of NP to study CA inhibition prop-
erties of couple targeting moieties [146]. NP with sulfonamidic group
(Fig.2.10 J) were able to effectively inhibit CAIX function, whereas
inhibition of non-cancer-related isoforms CA I and II inhibition was as-
sessed to be moderate-high. Further studies aimed to facilitate the NP
modification reactions to find optimal targeted compound amount on
the surface of NP, and enhance their aqueous stability [147]. This tar-
geting moiety was later on applied for killing CAIX positive human
breast and colorectal cells with gold nanorods after optical sensitization
(Fig. 2.10 L) [148]. Nanorods with targeting molecule accumulated bet-
ter in CA IX positive cells as compared to CAIX negative ones. Gold
nanorods, attached with CA IX specific antibody GT-12 (Fig. 2.10 M),
were more effective than those without an antibody in killing hypoxic
colorectal tumor cells and tumors in mice xenografts during photother-
mal ablation [149].

Metal oxide NP are being broadly investigated in biomedical stud-
ies. There are huge differences in the physical properties and the NP
application depending on the metal used for their fabrication. For exam-
ple, some metal oxides (e.g., Fe3O4) are used as drug carriers or a tool
for magnetic imaging, while others (e.g., CuO, ZnO) induce cell apop-
tosis, because of their physical damage to the cells, and reactive oxygen
species synthesis [150, 151]. Doping with other metals in metal oxide
structures enhances the appearance of structural defects (sharp pricks)
of the NP and membrane damaging effects towards the organisms [152].
For example, Zn doped CuO NP (Fig. 2.10 N) have multiple pricks on
the surface and mechanically kill cancer cells as well as microorganisms
even those, which are resistant to drugs [153,154].

Polymer poly-L-lysine coated and CAIX antibody MT75 attached
FesO4 NP (Fig.2.10 O) were investigated as cancer cells detecting
and targeting system [155]. In wvitro cell cytotoxicity studies showed
that these NP selectively killed CA IX highly expressing cells. Antibody
modified NP were able to bind to CAIX, and were internalized inside
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the cells. Magnetic NP attached with benzene sulfonamide (Fig.2.10
P) were investigated as an agent for colon lesion visualization [156]. NP
were nontoxic to HT-29 cells, and showed superior tumor contrasting
ability in mice xenografts.

Inorganic materials are less applied in clinically approved and tested
nano formulated anticancer drugs (Fig. 2.8). However, due to the easier
production, longer shelf-life, and multifunctionality, inorganic NP are
often used as a model material for investigating the targeting moiety

capacities. Systems G and N from Fig. 2.10 are described in this thesis.
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3. MATERIALS AND METHODS

3.1 DMaterials and cell culturing

Reagents were obtained from Sigma-Aldrich (USA) if not specified
otherwise.

Human breast adenocarcinoma cell lines MDA-MB-231 and MCF-7,
and also human foreskin fibroblasts BJ-5ta were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) (Gibco, USA), supplemented
with 10% fetal bovine serum (FBS) (Gibco, USA), 1% penicillin-
streptomycin (10000 U/ml) (Gibco, USA) at 37°C in a humidified
atmosphere with 5% COs and 21 % Og until passage number of 20.
Hypoxia was artificially induced by incubating cells in medium sup-
plemented with CoCly (240 pM) for 48 h (these conditions are further
termed as hypoxia mimicking conditions and in figures is referred to as

hypoxia).

3.2 Optical microscopy studies

CAIX expression was monitored by immunofluorescence study.
Compound VD11-4-2 accumulation within the cells was monitored by

confocal microscopy.

3.2.1 Immunofluorescence staining

MDA-MB-231, MCF-7, and BJ-5ta cells were grown on 13 mm
No.1 thickness glass coverslips (VWR, USA) in 24 well plate
(8 x 10 cells/well) under normoxia and hypoxia mimicking conditions
for 48h, and then fixed with ice cold methanol for 20 min. Then,

methanol was aspirated, and cells were incubated with an incubation
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buffer (phosphate saline buffer (PBS) (Gibco, USA) containing 2%
bovine serum albumin (BSA) and 2% FBS. Afterward, cells were
incubated with 1:200 CA IX-specific monoclonal antibody (mAb)
H7 [157] for 1h, thoroughly washed and then incubated with 1:500 goat
anti-mouse AlexaFluor 488-conjugated IgG antibody (Life Technologies,
USA) for 1h. Cell nucleus were stained with DAPI (1 pg/ml) in PBS
for 10min. Coverslips with cells were placed on microscope slides
covered with proLong diamond antifade mountant (Invitrogen, US).
EVOS FL Auto Imaging System (Thermo Fisher Scientific, USA) was
used for immunofluorescence imaging by using a magnification of 20x.
Program ImageJ (National Institute of Health, USA) was used to
evaluate fluorescence intensity of labelled antibodies in cells (at least 50

cells from three different images per group).

3.2.2 CAIX inhibitor accumulation in cells by confocal
microscopy

CAIX inhibitor VD11-4-2 was supplied by the Department of Bio-
thermodynamics and Drug Design, Institute of Biotechnology, Life Sci-
ences Center, Vilnius University.

MDA-MB-231 cells were grown on 13 mm No. 1 thickness glass cov-
erslips (VWR, USA) in 24 well plate (8 x 10* cells/well) under normoxia
and hypoxia mimicking conditions for 48 h. Then, the medium was as-
pirated, and compound VD11-4-2 solution (1 pM) in PBS for 1 min was
placed on cells. PBS without compound was used for control wells. Af-
terward, cells were thoroughly washed with PBS three times and fixed in
ice-cold methanol for 15 min. Subsequently, coverslips were washed with
PBS and placed on microscope slides covered with proLong diamond an-
tifade mountant. Images were obtained by Fluoview FV1000 (Olympus,
Japan) confocal laser scanning microscope, after excitation with diode
laser (405 nm) using a magnification of 60x. Fluorescence intensity from
cells and their different zones were measured by the program ImageJ (at
least 60 cells in each group).

Cells were prepared identically for imaging with ALPHA300 S confo-
cal microscope (WITec, Germany) with diode laser of 405 nm wavelength

(ALPHALAS, Germany). Fluorescence spectra were recorded for each
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investigated image pixel, and emission intensity maps at specific values
of (510 £ 50) nm were plotted and compared between the experimental
groups. Measurements were performed by Dr. Augustas Vaitkevicius

(Institute of Photonics and Nanotechnology, Vilnius University).

3.3 Cell migration assay

Individual single-cell motility was monitored using two experimental
models in the presence, absence or gradient of EGF. During 6h ex-
periment, images of cells were taken every hour by using bright-field
microscopy. Then, cells movements were followed, translated into tra-
jectories by using the program ImageJ plugin MTrack]J (developed by
E. Meijering, Erasmus University Medical Center Rotterdam), and ve-

locities were calculated.

3.3.1 Migration in a p-dish

A 35 mm imaging dish (Fig.3.1 A) with a glass bottom and an
imprinted cell location grid (Ibidi, Germany) was used for the migra-
tion study. Glass surface was covered with 50l of Rat tail Colla-
gen type I (Thermo Fisher Scientific, USA) and diluted to 1mg/ml
with the cell culture medium alkalized with 0.075 % NaHCOj3 solution
(Merk, USA). Collagen was left to polymerize for 1h at 37 °C, and then
1.6 x 10 cells/plate were seeded and left overnight to attach. Then,
medium, containing 0, 5 or 20 pM of VD11-4-2 and 0 or 50ng/ml re-
combinant human EGF (Invitrogen, US), was replaced. Images of cells
(at least 120 of cancer cells and at least 30 fibroblasts per experimental
group) in three different locations from at least two p-dishes were taken
by using EVOS FL Auto Imaging System (Thermo Fisher Scientific,
USA) by using a magnification of 10x.

3.3.2 Migration in microfluidic device

Dr. Linas Mazutis from Sector of Microtechnologies, Institute of
Biotechnology, Life Sciences Center, Vilnius University supplied silicon
wafer templates of gradient microfluidic device. The microfluidic de-

vice was prepared by pouring poly(dimethyl)siloxane (PDMS base) and
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3.3. Cell migration assay

Medium
23 + EGFinlet

Medium inlet

Outlet @
I mm
Figure 3.1: Schematic view of p-dish (A) with the inset of tracked cells

and microfluidic device (B) with fluorescence image (inset) of the main
channel where gradient flow of the fluorescein could be seen.

cross-linker (Dow Corning) mixture (10:1) into the Petri dish with a sili-
con wafer, degassing it, and incubated at 65 °C for 12 h. Device scheme is
shown in Fig. 3.1 B 1.2mm gauge needle was used to punch inlets and
outlets in PDMS. Afterward, PDMS was treated with oxygen plasma
and bound to the clean glass slide. The main channel of microfluidic
device was covered with collagen type I solution (1mg/ml) through a
cell outlet and left for 1h at 37°C. After that, a syringe with the cell
medium containing 20 pM of VD11-4-2 was connected. Medium in one
syringe contained 100 ng/ml EGF. Syringes (1 ml) with the medium were
hung above the microfluidic device, and the medium flowed through the
channels due to the gravitational force. Gradient flow inside the device
was monitored by flowing fluorescein (Fig. 3.1 B).

The main channel was carefully filled with MDA-MB-231 cells (=~
1 x 10° cell/ml) mixed with fibronectin (10 mg/ml) until the number of
cells in monitored field reached a number of at least 20. Cells were
left to attach at 37°C for 1h, and then the main channel was imaged
with Eclipse Ti-U microscope (Nicon, USA) by using a magnification of

4x. Medium without inhibitor was used to control experiments. Results
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obtained from three experiments are presented.

3.4 Preparation of functionalized NS

Undecylenic acid-modified, thermally hydrocarbonized PSi (Un-
THCPSi) NP were supplied by Laboratory of Industrial Physics
(Department of Physics and Astronomy, University of Turku), where it
was fabricated and characterized. Prickly Zn-CuO NP were fabricated,
encapsulated in spermine-modified acetylated dextran, and charac-
terized in the Division of Pharmaceutical Chemistry and Technology,

Faculty of Pharmacy, University of Helsinki [158].

3.4.1 Chemical modification of PSi based NS

UnTHCPSi (Fig. 4.9 (1), 1 pg) was dispersed in of anhydrous N,N-
dimethylformamide (DMF, 1ml) then 1-ethyl-3-(3-dimethylaminopro-
pyl)-carbodiimide (EDC, 8pul) and N-hydroxysuccinimide (NHS, 6 mg)
were added. The solution was left to stir for 2h at room temperature
(r.t.). t-butoxycarbonyl-amine-PEG-amine (tboc-NH-PEG-NHa, 5mg)
was dissolved in 1 ml anhydrous DMF and added to NP solution. The
solution was left to stir for 24 h at r.t. Then, boc-NH-PEG-UnTHCPSi
was washed three times with DMF and redispersed in dichloromethane
(3ml) with trifluoroacetic acid (1.8 ml), and left to stir for 3h at r.t. to
remove boc from amine group in PEG and obtain product Fig. 4.9 (2).
Afterward, particles were washed with dichloromethane (1ml) for once
and dispersed in toluene (1ml). VD11-4-2 (Fig. 4.9 (3), 1 mg) and car-
bonyldiimidazole (CDI) (0.4 mg) solution in toluene (2ml) were stirred
and heated at 60 °C for 3h in round-bottom flask with argon protection.
Previously prepared NP (Fig.4.9 (2)) were added to CDI attached
VD11-4-2 (Fig. 4.9 (4)) solution dropwise and left to stir overnight at
60 °C. Final product — PSi NP attached with compound VD11-4-2 (VD-
PSi, Fig. 4.9 (5)) was collected by centrifuge (16 000 g for 5 min) at r.t.,

washed 2 times with ethanol, and stored at 4 °C.
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3.5. Inhibition and binding studies of CA IX

3.4.2 Chemical modification of Zn-CuO based NS

VD11-4-2 (1mg) (Fig.4.9 (3)) was mixed with CDI (0.4mg)
in toluene (5ml) for 3h at 60°C in argon atmosphere protection.
Then, NHy-PEG-COOH (5mg) was added and after another 3h
reaction product Fig.4.9 (7) was dried in vacuum. Afterward,
VD11-4-2-PEG-COOH was dispersed in HEPES pH=5.5 buffer (2ml)
with NHS (6 mg) and EDC (8yl), and left to stir for 2h r.t. Then,
the pH of the solution was adjusted to 7.8 with NaOH and Prickly
nanoparticles encapsluated in spermine-modified acetylated dextran
(Prickly@SpAcDX, Fig. 4.9 (6)) NP (5mg) was added and left to stir
for 1h at r.t. Afterward, obtained particles Fig. 4.9 (8) were collected
by centrifugation 16xg 5min at r.t.), washed with water, and stored in
alkalized to pH=8.0 water at 4°C.

3.4.3 Characterization of NS

Size and zeta potential of NP dispersed in water were measured by
Zetasizer Nano ZS (Malvern Instruments, UK) at r.t.

NP chemical composition, before and after chemical modification
with VD11-4-2, was assessed by using VERTEX 70 series FTIR spec-
trometer (Bruker Optics, Germany) equipped with a horizontal ATR
sampling accessory (MIRacle, Pike Technology, Inc.), recording spectra

L resolution.

between 4000 and 400 cm ™! wavelengths with a 2cm™

During the evaluation of quantitative conjugation efficacy, VD-PSi
(2mg) was hydrolyzed with 2ml of 0.1 M NaOH (pH=12). VD11-4-2
was extracted with ethyl acetate (3 x 4ml), which was further evap-
orated and residues were dissolved in ethanol. Fluorescence intensity
was measured by Varioskan Flash Multimode Reader (Thermo Fisher
Scientific, USA). VD11-4-2 concentration was assessed by using stan-
dard curves obtained by measuring fluorescence intensities (Ae;=360 nm,

Aem=500nm).

3.5 Inhibition and binding studies of CA IX

Protein CAIX used in the experiments was supplied by the Labora-
tory of Biothermodynamics and Drug Design, Institute of Biotechnology,

43



3 MATERIALS AND METHODS

Life Sciences Center, Vilnius University. Experiments were performed

by Dr. Lina Baranauskiené from the same laboratory.

3.5.1 NS binding of CA IX study

Protein-ligand binding was carried out by using Fluorescent thermal
shift assay (FTSA). For experiments with VD-PSi, samples contained
100 M solvatochromic dye 8-anilino-1-naphtalene sulfonate, 50 mM
PBS, 10 % ethanol, 8pM or 4 pM of CA IX mixed with 0 pM to 40 pM
VD11-4-2 or 0mg/ml to 0.3mg/ml VD-PSi, respectively. For prickly
NP, samples contained 50 pM dye, 50 mM PBS, and 4 pnM protein CA IX
mixed with OpM to 40 pM VD11-4-2 or Omg/ml to 1.5mg/ml NP.
Samples were heated from 25 °C to 99°C (1°C/min) in a Corbett Rotor-
Gene 6000 (Qiagen Rotor-Gene Q) instrument and fluorescence of dye
was observed at Ay of (365 £ 20)nm and Aep, (460 & 15) nm. Protein
melting temperature at different ligand concentration was determined
and plotted against protein concentration. The melting temperature of

each sample was determined using a sigmoidal model [159].

3.5.2 NS inhibition of CA IX study

Catalytic inhibition of protein CA IX was performed by stopped-flow
kinetic COo hydration assay. Samples contained 20 pM CA IX, 0 pM to
21uM VD11-4-2 or O ng/ml to 75 pg/ml of particles, 20 mM HEPES with
100 mM NaCl, 10 % FBS, 2.5 % ethanol and 60 pM phenol red during the
tests with VD-PSi nanoparticles. For testing Prickly particles, samples
contained 10 pM CA IX, O uM to 1 uM VD-11-4-2; 0 pg/ml to 37.5 ng/ml
of particles, 25 nM HEPES, 50 nM NaCl, and 30 ptM phenol red. Samples
were diluted with COg9 saturated MiliQ-water (1:1), and then phenol red
absorbance changes at 557 nm were measured by Applied Photophysics
SX.18MV-R stopped-flow spectrometer. Samples without protein and
samples without inhibitors were used as controls. Experimental values
were fitted by Hill equation [160].
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3.6. NS influence on medium acidification

3.6 NS influence on medium acidification

MCF-7 cells were seeded in 24 well plates (1 x 10*cells/well) and
incubated in normoxia and hypoxia mimicking conditions for 48 h 37 °C.
Then, medium, which contained NP at a concentration of 0.1 mg/ml
or VD11-4-2 (6.4pg/ml), was added to the wells. After another 48 h
incubation at 37 °C medium from the cell culturing wells was aspirated,
and its pH values were measured after collected samples reached r.t. by

using SevenCompact pH/Ion meter S220 (Mettler Toledo, Spain).

3.7 Drugs loading into PSi and release

Particles in the following experiments were collected using centrifu-
gation at 16xg for 5 min at r.t.

High-performance liquid chromatography (HPLC) was used to as-
sess PTX (TCI, Tokyo, Japan) loading into NP and its release rate. For
drug loading studies, 50 pg of VD-PSi were suspended in 1 ml of acetoni-
trile (ACN) containing 10 mg of PTX and left overnight to stir at r.t.
Then NP were collected, washed 3 times, redispersed in ACN, sonicated
(1 min), and the supernatant was analyzed for PTX release. During in
vitro release studies, after loading PTX overnight, particles were col-
lected, washed, redispersed in 2ml PBS pH=7.0 containing 0.1 % Tween
80, and shaken 200rpm at 37 °C for the experimental time. At subse-
quent time points (0,5, 1, 2, 4, 24 h), supernatants were collected for
HPLC analysis, and particles were dispersed in a fresh medium. For
the quantification of PTX in the supernatant HPLC system (Shimadzu,
Japan) equipped LC-10 AT VP pump, SIL-10 AD VP sample injector,
FCV-10 AL UV/vis detector (wavelength of 227nm), and analytic col-
umn C-18 (GL Sciences Inc.) was used. The buffer A (5% ACN, 0.7 %
trifluoroacetic acid) and buffer B (95 % ACN, 0.1 % trifluoroacetic acid)
were pumped at a flow rate of 1ml/min. The amount of PTX in the
samples was assessed by using standard curves.

Fluorescence properties of DOX were utilized during its loading and
release into NP studies. 1mg of NP (PSi and VD-PSi) were dispersed
in 2ml of PBS (pH=7.4) with 3mg of DOX (TCI, Japan). Suspensions

were left to stir overnight at r.t. and then collected, washed three times
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with PBS pH="7.4.

NP were redispersed in PBS pH=b5, sonicated, centrifuged (repeated
5 times), and supernatants were collected for fluorescence analysis dur-
ing drug loading studies. During in vitro drug release studies 50 png of
DOX loaded NP were dispersed in 2ml of PBS buffer (pH 5.0 or 7.4)
and left shaking (200rpm) at 37 °C for the experimental time. At sub-
sequent time points (1, 2, 3, 4, 6, 24 h), 100 pl of the sample were taken
and centrifuged. The supernatants were collected and analyzed while
NP were dispersed in fresh 100 pl medium and returned to the testing
solution. The fluorescence intensities of DOX at Ae;=490nm and A,
from 490 nm to 700 nm in supernatants were measured by a UV-1600PC
spectrophotometer (VWR, USA). The amount of DOX in the samples
was assessed using a standard curve.

Drug loading efficiency was calculated by the following formula:

mass of drug loaded into NP

Loading Efficiency(%) = x 100% (3.1)

mass of drug loaded NP
While cumulative drug release (%) was calculated by this formula:

Cumulative drug release(%) = mn?:Ssso(f)f gll"ligri(l)ezidsjs ii::lNl\;P x 100%
(3.2)

During UV-Vis spectroscopy study 40 pg/ml DOX and VD11-4-2
(10 mg/ml stock solution in DMSQ) solutions together with 200 pg/ml
of VD-PSi were prepared in an 8.7 mM PBS buffer. Spectra were

recorded by full-length scanning by UV-1600PC spectrophotometer
(VWR, USA).

3.8 Cell viability studies

MCF-7 cells were seeded in 96 well plate (3 x 102 cells/well for
PSi and 5 x 103 cells/well for Zn-doped CuO NP) and left to attach
overnight. The medium was replaced with the other one containing
different concentrations (10, 25, 50, 100 pg/ml for PSi and 0.1, 0.5, 1, 5,
10, 50, 100, 500 pg/ml for Zn-doped CuO NP). Free compounds DOX,
PTX, and VD11-4-2 were used at concentrations corresponding their
amounts in NP (21, 5.5 and 1.2pg/ml). 10pg/ml of VD11-4-2 were
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used additionally with NP in a group of free VD11-4-2 with NP. Cells
were grown in a medium without compounds or NP and in medium
with 1% of Triton X-10 for negative and positive controls, respectively.
After 48h (experiments with DOX loaded NP) or 24h (experiments
with PTX loaded NP and Zn-doped CuO NP) incubation of live cell
numbers was determined by ATP-based luminescence cell viability kit
(CellTiter-Glo, Promega, USA). The luminescence was measured with
a Varioskan Flashfluorometer (Thermo Fisher Scientific, USA). Each
concentration was tested in triplicate.

Experiments with PSi NP were done together with Dr. Zehua Liu.
Experiments with Zn-doped CuO NP were done by Dr. Hongbo Zhang
(Faculty of Pharmacy, University of Helsinki, Finland).

3.9 Evaluation of FRET effect

Initially, VD11-4-2 and DOX fluorescence spectra (excitation and
emission) were recorded. Then, constant concentration (12pg/ml) of
VD11-4-2 solutions were prepared in 6.7mM PBS buffer, and increas-
ing molar ratio of DOX (0, 0.5, 1, 2, 4, 8 and 16) were added and
vortexed. pH influence on FRET effect was tested by using buffers
(75mM) to make compound solutions with different pH values: acetate
(pH = 4.97), MES (pH = 5.31), and HEPES (pH = 7.42). Spectra were
recorded at 25°C and 37°C. Ionic strength influence on FRET effect
was tested by adding different NaCl concentration (0.02M and 0.1 M)
in the VD11-4-2 and DOX solution. The fluorescence spectra of solu-
tions were also recorded where the increasing molar concentrations of
VD11-4-2 were added to fixed concentrations (21 pM) of DOX solutions.
DOX uploaded VD-PSi NP (DOX@VD-PSi) and VD-PSi concentration
of 5mg/ml were used to obtain fluorescence spectra of NP. Fluorescence
emission spectra in all experiments were recorded at the range of 400 nm
to 700 nm after excitation of A\¢; = 360 nm by Synergy H4 Hybrid Multi-
Mode Microplate Reader (BioTek, USA).
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3.10 NS uptake by cell and drug release

For confocal microscopy experiment, MCF-7 cells (1 x 10% cells/well)
were seeded in Lab-Tek Chamber Slides (Thermo Fisher Scientific, USA)
and incubated for 48 h in normoxia and hypoxia mimicking conditions.
Then cells were rinsed with Hank’s Balanced Salt Solution (HBSS), and
a medium containing DOXQ@QVD-PSi (100 pg/ml) was added to wells.
3h and 24h after the incubation, medium was removed, cells washed
with HBSS and then cell membranes were stained (37 °C for 3 min) with
CellMask”™ DeepRed (Life Technologies, USA). After 3 min of incuba-
tion, cells were washed and fixed with 2.5 % glutaraldehyde at r.t. for
20 min, then washed and stored in HBSS. Images were taken with an
SP2 inverted confocal microscope (Leica Microsystems, Germany).

During flow cytometric study MCF-7 cells were seeded in a 6-well
plate (2.5 x 105 cells/well) and incubated for 48h in normoxia and hy-
poxia. Then cells were washed with HBSS, and a medium containing
DOX@VD-PSi (100 pg/ml) was added to wells. After 3h of incubation,
cells were collected or further cultured in a medium without particles
for another 3h and then collected. Collected cells were fixed with 2.5 %
glutaraldehyde for 30 min. DOX fluorescence of total 1 x 10* cell counts
was measured by LSRII flow cytometer (BD Biosciences, USA) using an
excitation wavelength of A¢;=488nm. VD11-4-2 fluorescence was mea-
sured by LSR Fortessa flow cytometer (BD Biosciences, USA) with a
laser excitation wavelength of A\e;=405nm.

Experiments were performed together with Zehua Liu (Faculty of

Pharmacy, University of Helsinki, Finland).

3.11 Statistical analysis

Measurements were carried out in at least three independent ex-
periments. Values are reported as mean and standard deviation ().
Student’s t-test was used to statistically evaluate the obtained values
with the level of significance set at probabilities of *p < 0.05, **p <
0.01, and ***p < 0.005.
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4. RESULTS AND DISCUSSION

4.1 Visualization of CA IX in cells by immuno-

fluorescence

Immunofluorescence study was carried out in order to observe CA IX
expression in breast cancer MDA-MB-231 and MCF-7 cells under expo-
sure of hypoxia mimetic agent CoCly in concentration of 240 pM. Flu-
orescence of FITC labeled secondary antibody was observed in MDA-
MB-231 and MCF-7 cells incubated under hypoxia mimicking conditions
(Fig. 4.1 A). Quantitative fluorescence intensity analysis showed that
signals from cells in hypoxia mimicking conditions were about 5-fold
higher than normoxia ones in both breast cancer lines. This result coin-
cides with other researchers’ observations that CA IX expression in these
breast cancer cells could be induced by their exposure to CoCly [34,161].
It should be noted, that CoClsy in concentration of 100 uM was not able
to effectively induce CA IX expression.

Human foreskin fibroblasts (non-cancerous cells) showed a ground-
level fluorescence in both normoxia and hypoxia mimicking conditions
(Fig.4.1 B). This result corresponds to literature results, showing no

expression of CAIX in tissues harboring human skin fibroblasts [162].

4.2 Properties of CA IX inhibitor accumulation

in cancer cells

Fluorescence of the compound VD11-4-2 was utilized to monitor its
accumulation properties within the cells. The excitation and emission

wavelength maximum of VD11-4-2 are around 360 nm and 500 nm, re-
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Figure 4.1: Immunofluorescence images (A) of MDA-MB-231 and
MCF-7 cells, green and blue colors show CAIX and nucleus stainings,

respectively. Quantitative fluorescence intensities (B) of CA IX immuno-
fluorescence in MDA-MB-231, MCF-7 and fibroblasts.

spectively (Fig.4.2 A). Therefore, a laser of 405nm was used to ex-
cite specimens and to monitor compound accumulation within the cell
(Fig. 4.2 C).

Cell autofluorescence after excitation of such wavelength could vary
regarding the amount of several molecules (NAD(P)H, FAD, etc.) [163].
Therefore, compound’s fluorescence was evaluated by subtracting the
average fluorescence intensity of control cells incubated with PBS with
1M of the compound or without it. Fluorescence intensity of VD11-
4-2 in hypoxia mimicking conditions incubated MDA-MB-231 cells was
significantly higher compared to cells incubated in normoxia (Fig. 4.2
B).

Fluorescence intensities from different cell parts (nucleus, around the

nucleus, and cell membrane corresponding distal cell part) were calcu-
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Figure 4.2: VD11-4-2 fluorescence excitation and emission spectra(A);
calculated cell fluorescence intensities (B), and confocal images (C) of
VD11-4-2 (1 pM) treated, and untreated MDA-MB-231 cells in normoxia
and hypoxia mimicking conditions; calculated fluorescence intensities of
different parts of the cells: distal part of the cell (corresponding to the
fluorescence of cytoplasmic membrane D), zone around nucleus (corre-
sponding to the cytoplasm E), nucleus (F) (**p<0.01; ***p<0.001).

lated. The most interesting part of the cell in this experiment was cell
edges, where CA IX is localized. The group of cells incubated with com-
pound VD11-4-2 in hypoxia mimicking conditions showed a larger fluo-

rescence intensity from the distal cell parts as compared to other groups
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Figure 4.3: MDA-MB-231 cell fluorescence in the range of
(510 £ 50) nm.

(normoxic cells incubated with compound and control cells) (Fig. 4.2
D). However, fluorescence intensities from the nucleus and zones around
the nucleus were also observed to be more fluorescent in cells incubated
under hypoxia mimicking compared to normoxia condition (Fig.4.2 E
and F). VD11-4-2, being a small molecule, should be able to cross the
cytoplasmic cell membrane [164]. Such compound accumulation within
inner parts of the cell could be observed due to possible compound bind-
ing towards cytosolic isoform of CAIX [38] or to other proteins inside
the cell. Such strong fluorescence signal from the inner cell parts after
incubation with fluorescent CA IX inhibitors could be also seen in other
reseachers works [165, 166].

Partially identical compound accumulation manner differences be-
tween cells in normoxia and hypoxia mimicking conditions were observed
after fluorescence spectra (Ae;, = (510 £ 50) nm) analysis in separate
points obtained with another imaging system. Fluorescence signal inten-
sity was higher in hypoxia than normoxia (max value 8500 and 4500 a.u.,
respectively). The maximum value for control cells fluorescence reached
about 2000 a.u. The most intense signal was observed in the nucleus
zone (Fig. 4.3). Cell membrane zones (the localization of CAIX) could
be seen more accurately in cells incubated with VD11-4-2 in hypoxia

mimicking conditions rather than normoxia.
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4.3 Impact of CA IX inhibition to cell migration

Influence of CA IX inhibition by compound VD11-4-2 on cell motility
was evaluated in two independent studies carried out using p-dish and
gradient flow microfluidic device. Single-cell paths were tracked during
the experimental time and cell velocities together with movement toward
chemoattractant were calculated. To closer simulate the physiological
environment migration, surfaces were coated with collagen and cell sus-
pension mixed with fibronectin (in the study with microdevice) before
the seeding. It has been previously shown that the amount of these
ECM components is boosted in breast cancer areas [167,168]. None of
the earlier studies aiming to test the influence of CAIX inhibition on

cell migration have used ECM coated surfaces.

4.3.1 Influence of CA IX inhibitor on cancer cell velocities

Collagen coated glass-bottomed p-dish with the imprinted grid as a
reference was used to evaluate compound VD11-4-2 influence on CA IX
over-expressing cell migration. The compound was tested at concentra-
tions of 5 and 20 pM, which does not cause severe toxicity to MDA-MB-
231 cells. Half maximal effective concentration (ECsg) for these cells was
determined to be not lower than 50 pM in previous studies [95]. In some
of the experiments 50 ng/ml of EGF was added to the cell medium in
the beginning of experiment, in order to induce epithelial-mesenchymal
transition in MDA-MB-231 and MCF-7 cell lines [169).

MDA-MB-231 cell velocities were observed to be lower under hy-
poxia compared to normoxia conditions. No significant changes in cell
speeds were observed in normoxic cells incubated with or without the
20 uM of the compound. Under hypoxia mimicking conditions, 20 pM of
the compound reduced cell velocity from 10.0 to 7.7 pum/h (p<0.001) in
the presence of EGF and from 3.9 pm/h to 3.1 pm/h (p<0.01) in the ab-
sence of EGF (Fig. 4.4 A and B). The concentration of 5 M VD11-4-2
also reduced EGF non-treated MDA-MB-231 cell, incubated in hypoxia
mimicking conditions, migration rate; however, not significantly.

Swayampakula et al. results showed that CAIX inhibitor U-104
(25 uM) also reduced MDA-MB-231 cell migration by 10 % under hy-
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Figure 4.4: VD11-4-2 influence on MDA-MB-231 cell velocities (A,B)
and under hypoxia mimicking condition incubated cell speed changes
during the time (B,D) when cells are treated (A, C) or non-treated (B
D) with EGF (*p<0.05; **p<0.01; ***p<0.001).

poxia condition [56]. In comparison, VD11-4-2 showed cell migration
rate reduction by more than 20 % at even lower concentration of 20 nM.
Ward et al. demonstrated that a group of sulfamate inhibitors influ-
ence MDA-MB-231 cell migration in both normoxia and hypoxia con-
ditions [107]. However, they used scratch assay while evaluating gap
closure after 48 h, which is longer than cell population doubling time.

In our experiment, cell velocity rates in the hypoxia mimicking con-
dition were calculated at every hour of the experiment. It was observed,
that EGF treated MDA-MB-231 cell velocity reached the steady state
of (10.6 £ 0.2) pm/h after 3h of experiment. Whereas EGF-non stim-
ulated cells reached the steady-state velocity of (5.5 +0.7) pm/h after
4h. Maximum cell velocities were reduced by 20 uM of VD11-4-2 and
reached (8.9 £0.3) pm/h and (3.6 + 0.5) pm/h for EGF stimulated and
non-stimulated cells (respectively Fig. 4.4 C and D).

Similar influence of the compound on migration was observed in
MCF-7 breast cancer cell line. MCF-7 cell line as well as MDA-MB-231
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Figure 4.5: VD11-4-2 influence on MCF-7 cell velocities (A,B) and
under hypoxia mimicking condition incubated cell speed changes during
the time (B,D) when cells are treated (A, C) or non-treated (B, D) with
EGF (*p<0.05; **p<0.01; ***p<0.001).

was derived from a metastatic tumor site [170]; however, it showed lower
migration rates than MDA-MB-231 cells. EGF non-stimulated MCF-7
cell velocities were low (from 1.3 pm/h to 2.0 pm/h, Fig. 4.6 B), and no
significant differences between the groups were observed. U-104 previ-
ously showed no influence on MCF-7 cell migration during scratch assay
as well [105]. MCF-7 cell velocities increased after their stimulation with
EGF (Fig. 4.6 A). The presence of compound VD11-4-2 20 pM reduced
(p<0.01) cell velocities from 2.7 pm/h to 2.0 pm/h. Maximum speed of
(3.3+0.1) pm/h for cells under hypoxia mimicking conditions treated
with EGF was reached after the second hour of incubation. Meanwhile
the maximum speed of VD11-4-2 treated cells did not exceed 2.0 pm/h
during the experiment (Fig.4.6 C). Compound also slowed the speed
increment of EGF-non stimulated cells, however with no statistical sig-
nificance (Fig.4.6 D).

Influence of CAIX inhibitor on migration velocities of CA IX non-

expressing fibroblasts under hypoxia mimicking conditions was inves-
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Figure 4.6: VD11-4-2 influence on EGF treated fibroblast cell veloci-
ties and speed changes during the time when cells are incubated under
hypoxia mimicking condition.

tigated in order to ensure VD11-4-2 acts only on CAIX expressing
cells. No statistically significant changes in cell velocities after addi-
tion of 20pM VD11-4-2 were observed (Fig.4.6 B). CAIX inhibitor
did not cause significant changes in cell speed during the observed hours
(Fig.4.6 D).

All in all, compound VD11-4-2 at 20 pM was able to diminish CA IX
positive cell speed by more than 20%. However, it is not the great-
est effect observed in the migrastatic agent exploration. For example,
several compounds, which inhibits cell contractility, reduced MDA-MB-
231 cell migration in concentrations below 3 pM in wound healing as-
says [171,172]. Some studies suggest that agents inhibiting protrusion
formations are the most perspective in developing of migrastatic agents,
as this effect is difficult to bypass [24]. However, agents disturbing cell
contractility would affect the motility of not only tumor cells, but healthy
ones as well [173]. They can affect the immune response, neuronal pro-
cesses, tissue rebuilding, etc., and in such a way cause damage in a long
time perspective. Therefore, VD11-4-2 with its ability to influence only

CAIX positive cancer cell velocity makes it a prominent feature.

4.3.2 Influence of CA IX inhibition on cell chemotaxis

Influence of CAIX inhibition on MDA-MB-231 cell chemotaxis to-
wards EGF was further investigated. A microfluidic device with gradi-

ent flow of EGF Ong/ml to 100 ng/ml was used for this study. Previous
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studies have shown that microfluidic systems with EGF gradients are
highly suitable to investigate the influence of anticancer drug on cancer
cell migration [174].

Cell migration direction was assessed by tracking the location of indi-
vidual cells in the x and y directions, and setting the start position at 0;0
coordinate (Fig.4.7 A). The majority of control cells (>55%,p < 001
in both normoxia and hypoxia mimicking conditions migrated toward
higher concentrations of the EGF (Fig. 4.7 B, C). This coincides with
Wang et al. results, showing that more than half of MDA-MB-231 cells
migrate towards higher EGF concentrations in a microchip with gradient
flow of EGF at the concentration range of 0 ng/ml to 100 ng/ml [175].

CAIX inhibitor VD11-4-2 in a concentration of 20 uM altered cell
attraction toward EGF in hypoxia mimicking condition: no significant
difference between amount of cells migrating toward and from EGF were
observed. As the number of cells moving in both directions becomes
almost equal, it leads to the outcome that cells were non-chemotactic in
the presence of inhibitor. Such VD11-4-2 influence on chemotaxis was
not observed in normoxia condition, as more than 64 % of cells (p<0.001)
migrated toward higher EGF concentration.

A previous study showed that MDA-MB-231 cells migration through
the membrane with pores toward EGF is enhanced if cells are stably
expressing CAIX [56]. The study also demonstrates that inhibitor U-
104 at the concentration of 50 uM could reduce the motility of these
cells. MDA-MB-231 cell treatment with EGF has been shown to increase
CA IX reorganization into lipid rafts, where EGF receptors reside, under
hypoxia condition [176]. However, the precise mechanism of how CA IX
inhibition disturbs cell movement toward EGF is unclear.

Cell velocities were lower in hypoxia mimicking condition (Fig. 4.8
A), and this coincides with the results obtained from experiment in
p-dish. However, no statistically significant differences between control
and compound incubated groups were observed in normoxia and hypoxia
mimicking conditions.

Under hypoxia mimicking conditions incubated cells were grouped
according to their migration rate intervals (bins) and cell numbers nor-
malized to the maximum bin size. VD11-4-2 (20 pM) caused about three-
fold increase of cells migrating in speeds lower than 5 pm /h (Fig. 4.8 B).
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Figure 4.7: The migration paths of MDA-MB-231 cells (marked in
different colors for individual cells) in control group (left) and group
treated with 20 pM of VD11-4-2 (right). Paths toward a negative y
values show migration to higher EGF concentrations. Normalized count
of cells migrating toward or away from higher EGF concentrations under
hypoxia mimicking (B) and normoxia (C) conditions. Numbers of cells
per group are as following: 61 (control) and 78 (VD11-4-2 treated) in
hypoxia mimicking conditions; 64 (control) and 42 (VD11-4-2 treated)
in normoxia.

The compound also reduced the number of cells migrating in the speed
range of 10 to 20 pm/h.

Influence of the compound on cell migration speed was observed to
be dependent on starting EGF concentration (Fig.4.8 C). Previous
studies in chemotactic MDA-MB-231 migration showed that cell speed
is not EGF-dose dependent [177]. VD11-4-2 reduced the migration rate
for cells in hypoxia mimicking conditions by almost 2pm/h (p<0.05),
when the starting EGF concentration was from 0 to 50 ng/ml. No effect
was observed when starting EGF concentration was between 50 ng/ml
to 100 ng/ml.

Influence of VD11-4-2 on cell motility could also be seen in migra-
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Figure 4.8: MDA-MB-231 cell velocities (A) under normoxia or hy-
poxia and in the presence or absence of 20 pM VD11-4-2; cells under
hypoxia mimicking condition amount in different speed ranges (B); ve-
locity differences dependence on starting EGF concentrations (n=30,
49, 31, 27) (C), and velocity changes during the time (D) (*p<0.05;
**p<0.001).

tion speed changes over the time. The migration rate of cells under
hypoxia mimicing conditions in the control group increased monotoni-
cally and reached a steady state during the fourth hour of the experi-
ment (15.6 pum/h). Meanwhile cell speed in group treated with 20 pM of
VD11-4-2 reached maximum speed of 12.8 pm/h during the third hour
of experiment (Fig. 4.8 D).

Overall, two independent experiments (in p-dish and microfluidic
device) showed that VD11-4-2 inhibits both EGF stimulated and non-
stimulated CAIX cell velocity, and disturbs their chemotaxis toward a
higher concentration of EGF. Such VD11-4-2 effect occurs only in the
presence of its target, and suggests it could be further tested as an an-
timetastatic drug and as a guide for specific drug delivery toward tumor
cells under hypoxia conditions. The study of this VD11-4-2 application

is described in the next part of the thesis.
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4 RESULTS AND DISCUSSION

4.4 Characteristics of prepared NS

Due to its high affinity and selectivity toward CA IX properties in-
hibitor VD11-4-2 was tested as a targeting moiety for breast cancer in
several different NS based on PSi NP and Zn-CuO NP encapsulated
in SpAcDX (Prickly@SpAcDX). Chemical modification reactions were
performed by using VD11-4-2 “tail” part (Fig. 4.9 (3)), containing the
hydroxy group while preserving the sulfonamide group, which is essential

for compound binding to CA IX active center.

.\ro" = .J\n/\k)\/i\"; N
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HO @/Lo |

Figure 4.9: Steps of NP chemical modification: EDC, NHS, tboc-NH-
PEG-NHy in DMF at r.t. and afterward DCM, TFA, r.t. (a); CDI,
in toluene at 60°C (b); 2 and 4 mixed in toluene at 60°C (c); NHa-
PEG-COOH in toluene at 60°C (d); EDC, NHS in HEPES at r.t. (e).
Reactions a, b, ¢ were performed to prepare VD-PSi, while b, d, e reac-
tions were done during Prickly@SpAcDX-PEG-VD11-4-2 preparation.
PEG with a molecular weight of 5000 was chosen as a linker be-
tween the compound and the NP due to the long and flexible chain,
which could ensure VD11-4-2 access protein CAIX active center. It
has been previously observed that attachment of CAIX targeting moi-
ety to NP via PEG linker reduces the nonspecific NS uptake by CA IX
negative cell and enhances endocytosis by CAIX positive ones further

enhancing cytotoxicity of NP [145]. Moreover, PEG in NS is used as a
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Figure 4.10: FTIR spectra of VD11-4-2, PEG, PSi, PEG-PSi, and
VD-PSi representing successful NP modification.

stabilizer, preserving them from charge-based contact with proteins and
small molecules [178].

During VD-PSi (Fig.4.9 (5)) preparation, carboxyl groups from
UnTHCPSi (Fig.4.9 (1)) were coupled with amine groups of NHa-
PEG-NH-Boc during EDC/NHS coupling reaction (Fig.4.9 a). Boc
protection avoided both PEG ending crosslinking with NP. After PEG
conjugation, boc was removed and amine groups from PEG-modified PSi
(Fig. 4.9 (2)) were used to attach VD11-4-2 via CDI mediated coupling
(Fig. 4.9 b and c). The size, zeta potential, and FTIR spectra were
measured for bare PSi, PEG-modified PSi, and VD-PSi. The size of
the NP increased after each step of modification: from (184.0 & 0.8) nm
of bare PSi to (190.0 £ 0.7) nm of VD-PSi. Zeta potentials changed re-
markably changed after the chemical reactions steps: (—24.0 +0.7) mV
for PSi, (22.0£0.4)mV for PEG modified PSi and (—22.0 £0.5) mV
for VD-PSi. FTIR spectra after NP modification with PEG showed
new bands at 1205cm™! (C—N-C moiety), at 1140 (N-C=0 moiety)
and a shift of C=0 moiety band from 1720 to 1650cm~! (Fig. 4.10).
Further modification with VD11-4-2 resulted in appearance of a band
at 1260 cm ™!, which could be attributed to aryl fluorine. Quantitative
analysis showed that VD11-4-2 conjugation efficiency to the NP was
1.2% (100 pg/ml of VD-PSi contains 1.2 pg/ml VD11-4-2).
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4 RESULTS AND DISCUSSION

During the preparation of Prickly@SpAcDX (Fig.4.9 (8)), the
hydroxyl group of the inhibitor was initially activated (Fig.4.9
(4)) with CDI for further coupling with the amine group of NHa-
PEG-COOH (Fig.4.9 d). Afterward, amine groups of Prickly NP
(Fig.4.9 (6)) were utilized to bind with hydroxy group of PEG
bound with VD11-4-2 (Fig. 4.9 (7)) via EDC/NHS reaction (Fig. 4.9
e). Size of the compound modified NP increased to (274.0 +1.2) nm
(unmodified Prickly@SpAcDX size was (226.0 £1.7)nm), together
with decreased zeta-potential: (41.0 +£0.4)mV for Prickly@SpAcDX
and (7.4 4+ 1.0) mV Prickly@SpAcDX-PEG-VD11-4-2. FTIR analysis
showed a number of a bands obtained from VD11-4-2 repeated in
Prickly@SpAcDX-PEG-VD11-4-2, indicating the successful synthesis.

The sizes of both functionalized NP were relatively large (190 and
274nm). Such size of NP could lead to its preferential accumulation
in tumor compared to healthy tissues, as the smaller size (e.g., 15nm
and smaller) particles can accumulate in various healthy organs and
could even cross the blood-brain barrier [179]. At the cellular level, the
entering to non-targeted cells is less probable with the increasing NP
size [180,181]. However, the greater sizes of the NP could burden its
binding to the cell due to the steric hindrance [182]. Therefore, VD-PSi
NP targeting ability was tested in experiments with CA IX protein and

on CA IX overexpressing and not-expressing cells.

4.5 CAIX targeting capability of the prepared
NS

Binding and inhibition of CA IX protein were studied in order to
ensure the affinity of VD11-4-2 toward CA IX after the chemical modifi-
cation of NP. FTSA was used to study NP binding to CA IX properties.
It showed that after the attachment to both of NP, compound retains
its affinity toward CA IX, as both of the NS increased protein melting
temperature by about 15°C (Fig.4.11 A and B). These values were
similar to those of free VD11-4-2 binding to CA IX. Prickly@SpAcDX-
PEG was used as a negative CA IX non-binding group and showed only
a very slight T, shift, which was only up to 1°C.
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Figure 4.11: Protein melting temperature changes during FTSA as-
say representing VD-PSi (A) and Prickly@SpAcDX-PEG-VD11-4-2 (B)
binding to CAIX. Insert in the (A) represents the raw FTSA data
points (fluorescence intensities during the gradient temperature in-
crease) when Opg/ml to 300 pg/ml of VD-PSi is added. VD-PSi (C)
and Prickly@SpAcDX-PEG-VD11-4-2 (D) influence on CAIX protein
inhibition determined by stopped-flow kinetic CO2 hydration.

Afterward, inhibition of CAIX catalytic activity by NP was mea-
sured using stopped-flow CO2 hydration method. Both VD11-4-2 mod-
ified NP were able to inhibit CA IX. The inhibition was observed to be
weaker as compared to free compound VD11-4-2 (Fig. 4.11 C and D).
It is important to mention, that binding and inhibition data obtained
during these experiments does not represent the binding and inhibition
constants of VD11-4-2 or NP.

Most of the developed CAIX targeting NS (except for works of
[146, 147]) were directly tested in cell or animal studies while skipping
the protein binding or inhibition tests. In the case of antibodies, it is

reasonable to start NS studies from in wvitro or in vivo investigation,
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as even degraded parts of G250 were observed to retain the ability to
bind to CAIX in cell [183]. Meanwhile small molecule inhibitors have
to reach an active site for protein binding, this action could be altered
due to the attachment of inhibitor on NP surface [184]. For example,
sulfonamide group of VD11-4-2 binds the active site of CA IX. However,
the substituent cyclooctylamine group in benzene ring is necessary for
its binding to CAIX, as its absence leads to a 1000-fold reduction in
affinity [10].

After CAIX binding and inhibition assays showed that NS retained
affinity toward CAIX protein, tests in cancer cells were carried out in

order to see how NP will behave in CA IX expressing cells.

4.6 Influence of the NS on medium pH changes

The main function of protein CAIX under hypoxia conditions is
to help maintain neutral intracellular pH while producing bicarbonate
from the excess of carbon dioxide [43]. Another this reaction product
is protons, which accumulates in the extracellular space and acidifies it.
Therefore, the pH changes measured by the pH-meter in the medium
were used to evaluate the activity of CA IX protein in vitro. pH value of
the medium was lower in hypoxia mimicking as compared to normoxia
conditions: 7.5 + 1.5% and 7.8 & 2.5 %, respectively. Compound VD11-
4-2 alone, VD-PSi, and PSi all reduced the medium acidification in
hypoxia mimicking conditions (Fig.4.12 A). Influence of PSi on pH
value changes could be explained through a non-specific CAIX protein
adsorption and function disruption. Inhibitor modified NP showed the
highest influence on pH value, which was 7.8 & 0.9 % compared to control
value of 7.5 + 1.5 %.

Afterward, the pH values of the medium collected from normoxic cell
wells were measured. NP or free VD11-4-2 caused no significant changes
in pH values under normoxia condition (Fig.4.12 B). Free VD11-4-
2 inhibitor has been shown to reduce hypoxia-induced acidosis in four
different cancer cell lines, including MDA-MB-231 [95]. Previous studies
showed that CA IX silencing in 4T1 cells and inhibition by 100 pM of
U-104 in B16F10 cells decreases extracellular medium acidification in

hypoxia conditions [5,185].
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Figure 4.12: pH values of cell culture medium after its incubation with
MCF-7 cells for 48 h in A hypoxia mimicking and B normoxia conditions.

4.7 Properties of NS drug loading and release
profiles

PSi modified VD11-4-2 was then investigated as a carrier for PTX
and DOX. These two drugs are commonly used for node-positive
receptor-negative breast cancer treatment during chemotherapy [186].
Nanoformulations of albumin bound PTX and liposomal DOX have
been already approved for use in clinics [17]. Despite that, various other
NS loaded with PTX and DOX are intensively studied to minimize the
premature drug leakage during circulation in the blood and maximize
its release of the drug at the tumor site [187,188]. Therefore, VD-PSi

was tested for drug loading degree and release profiles.

4.7.1 Properties of paclitaxel loading and release

Modification with inhibitor did not influence the PTX loading de-
gree: both bare PSi and VD-PSi were able to upload about 5.5 % of the
drug. PSi modification with CA IX inhibitor also barely affected PTX
release profile (Fig.4.13 A). PTX is very poorly water-soluble; there-
fore 0.1 % Tween 80 was added to the medium as a serum mimicking
agent. It was previously shown that Tween is a more stable agent than
FBS and, therefore, is more recommended during poorly water-soluble
drug release tests [189].

The majority of the drug was released at pH=7.0 within the first
hour of the experiment. PTX release study from VD-PSi was further
repeated at FBS containing medium at pH=7.4, which again showed a

rapid drop of the payload in the first two hours of experiments (data not
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Figure 4.13: Release of PTX (A) from VD-PSi (red) and PSi (black)
NP at pH=7.0 (containing 0.1 % Tween 80); release of DOX (B) form
VD-PSi (red) and PSi (blue) NP at pH=5.0 and pH=7.4

shown). Such a fast payload leak at physiological conditions is not a de-
sirable feature of a nanocarrier, as it can lead to a CA IX non-specific cell
toxicity. A promising nanoformulation should at least show a sequential
time-release [190]. It was previously observed, that PTX release from
the mesoporous NP could be reduced with a downsized NP pores. How-
ever, in such NP with a size up to 10 nm drug release rate was not higher
than 40 % even after 120 h of the experiment [191]. Therefore, stimulus-
responsive NS, such as prodrug nanoassemblies, could be identified as

more prominent PTX delivery systems [192].

4.7.2 Properties of doxorubicin loading and release

Modification with VD-11-4-2 was shown to cause two-fold increase
in the DOX loading capacity: VD-PSi uploaded (21.4 +0.1) % of DOX
whereas PSi reached (10.1 £0.1) %. In comparison CAIX specific an-
tibody modified mesoporous silica NP, showed the loading efficiency of
14 % [139].

PSi attachment with inhibitor changed DOX release properties,
which were observed to be pH value-dependent. DOX release rate
(Fig. 4.13 B) within 1h at pH value 7.4 is only (30.6 4+ 12.6) %, while
at pH value 5.0 it reaches (87.2 + 14.2) %. The observed pH-dependent
release profile could be caused by the formation of hydrogen bonds
between VD11-4-2 and DOX, which is disturbed in an acidic medium
containing excess protons.

To further confirm this effect, the UV-Vis absorption spectra of
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Figure 4.14: UV-vis absorption spectra of DOX, VD11-4-2, and
DOX@VD-PSi measured in aqueous solution.

DOX, VD11-4-2 and DOXQ@QVD-PSi were recorded (Fig.4.14). Ab-
sorption spectra show that free DOX and VD11-4-2 compounds have
peaks, which could also be observed in the solution of DOX@QVD-PSi.
Compared to free compounds, DOX@VD-PSi shows a red-shift in both
DOX (490 and 530nm) and VD11-4-2 (357 and 375nm) wavelengths.
This indicates the hydrogen bonding, as it is known that absorption
band’s shift is one of the characteristic feature of the hydrogen bond
formation [193,194].

The maximum antitumor activity of currently used DOX nanofor-
mulations could not be reached due to the poor release of the drug at
the tumor sites, as the specific clear drug release mechanisms are still
unknown [188,195]. Therefore, novel NS with heat, magnetic field, and
pH triggered DOX release is broadly investigated [196,197]. Acidic pH-
sensitive NS (such as VD-PSi) is considered to be valuable for controlling
drug release in tumors, because of several reasons [198].

A nanocarrier, actively targeting cancer cells, is internalized through
endocytosis and is trapped by the acidic organelles (pH=4.5-5.5), which
is beneficial for acid pH release of the payload [199]. Moreover, the
pH-triggered release of DOX is also beneficial for cancer-targeted sys-
tems, as pH values in hypoxia malignant tumor sites are acidic (pH=5.6-
7.7) [200,201]. Therefore, VD-PSi is expected to be carrying the drugs
in an environment with neutral pH (e.g., blood) with minimal leak and
to accelerate the release after entering acidic pH (e.g., acidic cell or-
ganelles). Therefore, VD-PSi was the pioneer in stimulus-controlled

DOX delivery via the CAIX targeting nanosystem. Following stud-
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4 RESULTS AND DISCUSSION

ies were done for mesoporous silica and gold NP constructed to release
the DOX in the presence of pH stimulus, respectively [139,145]. The in-
creasing number of studies aiming to find stimulus-triggered drug release

from NS further proves their high demand.

4.8 NS caused cytotoxicity

ATP-luminescent based assay in vitro cell viability tests were done
further to study designed NP ability to target CAIX. Breast cancer
cells MCF-7 were chosen for this study, as they were shown to express
CAIX under hypoxia mimicking conditions (Fig.4.1). Free VD11-4-
2, at the highest concentration tested (1.2png/ml, which correspond to
VD11-4-2 amount in 100 pg/ml of VD-PSi), was not able to kill more
than 12 % of cells (data not shown). A similar result was obtained with
VD-PSi, where the highest concentration of 100 pg/ml did not disturbe
the viability of 85 % of the cells (Fig. 4.15 A). In comparison, inhibitor
non-modified PSi showed a little higher cytotoxicity (=~ 80 % of viable
cells) (Fig.4.15 D, E). This might be because VD-PSi modification
with PEG is making particles more biocompatible [202]. VD-PSi was
shown to alter viability of the cells, incubated under hypoxia mimicking
conditions, which could be linked with its binding to CAIX receptors

and the disturbance of its function.

4.8.1 Paclitaxel loaded NS

Influence PTX on both normoxia and hypoxia mimicking conditions
incubated cell viability was similar: (75.7 &+ 2.0) % and (76.0 £ 2.3) % of
viable cells at the highest concentration tested (Fig.4.15 B, C). Under
normoxic conditions, PTX uploaded VD-PSi NP (PTX@VD-PSi) was
less effective ((85.5 & 3.2) % of viable cells) than PTX alone in killing
cells (p<0.05). VD-PSi showed higher activity of (63.0 &+ 0.4) % compar-
ing to PTX alone (p<0.01) under hypoxia mimicking conditions, which
presumably is influenced due to alleviated NP uptake via CA IX.

Unmodified PSi uploaded with PTX showed better activity than
PTX alone or PTX@QVD-PSi in both normoxic ((67.2 & 8.4) % of viable
cells) and hypoxia mimicking ((55.0 £ 1.4) % of viable cells) conditions.
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Figure 4.15: VD-PSi influence on MCF-7 cell viability (A); Results
obtained from under normoxia (B, D) and hypoxia mimicking conditions
(C, E) incubated cell with different formulations of PTX (B, C) and
DOX (D, E).

Such effect could be attributed to higher toxicity of PEG unmodified NP
and to uncontrolled PTX drop from both of NP in the presence of FBS
as observed in release studies. In comparison, CAIX targeted systems
exhibiting lower leakage of PTX at pH=7.4 have a superior anticancer
effect towards hypoxic MDA-MB-231 cells as compared to non-targeted
ones [132]. Therefore, cell toxicity studies were switched to DOX loaded
VD-PSi, which showed more promising release profiles.

Overall, PTX formulated in NP showed higher anticancer activity
than PTX alone, and advantages of similar PTX nanoformulations were

observed during numerous studies [203, 204].

4.8.2 Doxorubicin loaded NS

DOX loaded VD-PSi NP were then tested for their anticancer ac-
tivity. Under normoxic conditions, when CAIX was not expressed,

DOX@VD-PSi particles were less active than other formulations with
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4 RESULTS AND DISCUSSION

DOX. Even bare DOX loaded PSi (DOX@PSi) were more active than
DOX@VD-PSi (Fig. 4.15 D). This effect could also be related to higher
DOX release rates from unmodified NP at neutral pH values. Further-
more, bare PSi, in comparison with VD-PSi, were not modified with
PEG, which diminishes NP interaction with cells.

Different anticancer activities were observed in viability tests of hy-
poxic cells (Fig. 4.15 E). In such conditions, free DOX showed to be less
active in killing the cells in hypoxia mimicking conditions (56.9 + 4.3) %
as compared to normoxia condition (15.1 £1.3) % at the highest con-
centrations tested. Such decreased DOX effectivity could be linked with
hypoxia caused resistance to DOX, which was observed in previous stud-
ies with various cancer cell lines, including MCF-7 [205,206]. Meanwhile
DOX@VD-PSi were observed to have the highest anticancer activity
among all groups at 100 pg/ml, as only (34.2 £ 2.7) % of cells were vi-
able. Other DOX formulations (DOX, DOX@PSi, DOX combination
with VD11-4-2) were less effective (not less than 55 % of viable cells).

One of the tested groups were cells with preincubated free VD11-4-
2, which were used to monitor if the cancer cell killing effect was due
to CAIX targeting. Preincubation with free VD11-4-2 diminished the
anticancer activity of DOX@VD-PSi as viable cell number increased
(p<0.005) to (47.4 £2.1) %. This result proved that VD11-4-2 on the
surface of NP can target CAIX in breast cancer cells and overcome
hypoxia-caused cell resistance. Later studies with gold NP targeting
CA IX along with acetazolamide-like compound confirm that this is an
option to overcome hypoxia-caused drug resistance in human colorectal
cells as well [145].

Different DOX nanoformulations for receptor-mediated delivery into
the cell are broadly investigated [207,208]. Among them, HER2 recep-
tors targeted pegylated liposomes carrying DOX were already tested in
clinical trials and showed limited toxicity to healthy cells compared to
unmodified particles [209]. Uptake of NP uploaded with DOX is im-
portant, because DOX is a weak basic drug, and is protonated in an
acidic tumor environment, and this state hinders cellular uptake of free
DOX [210]. Therefore, such targeting moieties, which alleviates NP
uptake, would be highly beneficial, and further experiments were done
with Zn doped CuO NP in order to further prove VD11-4-2 targeting
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capacity.

4.8.3 Zn-CuO based NS

Zn doped CuO (Prickly) NP have needle shaped edges, which cause
cell death by disrupting the cell membranes, and in concentration of
500 pg/ml NP leave no viable MCF-7 cells after 24h in hypoxia mim-
icking conditions (Fig.4.16 A black line). Prickly NP coated with
a polymer and attached with PEG (Prickly@SpAcDX-PEG) have low
toxicity to cells, leaving more than 82 % of them viable at a maximum
concentration of 500 ng/ml. Prickly particles killed cells only when poly-
mer coating was corrupted in cell organelles with acidic conditions such

as lysosomes.

Viability (%)

—a— Prickly

o Prickly@SpAcDX-PEG

= Prickly@SpAcDX-PEG-VD-11-4-2

—vy— Free VD11-4-2 + Prickly@SpAcDX-PEG-VD-11-4-2
lJ Al J

0.1 1 10 100 1000
Concentration (pg/ml)

Figure 4.16: Influence of Pricky NP on MCF-7 cell viability under
hypoxia mimicking conditions (A) and schematic explanation (B) of
Prickly@SpAcDX-PEG-VD11-4-2 mechanism of action reprinted with
permission from [158].
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Coated and compound modified NS (Prickly@SpAcDX-PEG-VD11-
4-2) was similarly effective as bare Prickly (Fig.4.16 A), which in-
dicates that presence of CAIX inhibitor alleviates NP uptake. Previ-
ous studies have shown that CAIX targeting systems bind to its active
site, and enter the cell through protein internalization [94]. CAIX re-
ceptor saturation with free inhibitor VD11-4-2 preincubation, led to a
reduced anticancer activity as cell viability increased (p<0.005) from
(10.1 4+ 2.6) % to (42.3 + 2.2) %. Prickly@SpAcDX-PEG-VD11-4-2 was
observed to act in DOX resistant MCF-7 cells in the same manner while
they did not exhibit such toxicity to CAIX negative NIH-3T3 human
fibroblasts cells [158].

Overall, the in witro cytotoxicity studies lead to the idea that
Prickly@SpAcDX-PEG-VD11-4-2 mechanism of anticancer activity
could be explained by the scheme in Fig.4.16 B. Briefly, coated and
VD11-4-2 modified particles bind CA IX, and are internalized inside the
cell via endocytosis and fused with lysosomes [211]. The acidic NP en-
vironment in the cell organelles degrades the polymer, and then Prickly
NP kills the cell through mechanical disruption of cell membranes. NS
usually need activation by external stimulus (magnetic field, heating
etc) [212-215]. The fact that Prickly@SpAcDX-PEG-VD11-4-2 acts
on targeting cells and kills them without any external stimulus, makes

its possible application less complicated.

4.9 FRET effect

Both of the compounds VD11-4-2 and DOX, respectively utilized as
CA IX targeting part and cytotoxic agents in the VD-PSi NS, are fluores-
cent. Excitation wavelength of VD11-4-2 is 360 nm with emission peak
of 500 nm, while DOX excitation wavelength is 490 nm with emission
peak at around 600nm. These compounds were tested as a potential
pair for FRET effect with VD11-4-2 as fluorophore donor and DOX as
acceptor. If the FRET effect occurs between these two molecules, VD11-
4-2 excitation of 360 nm would lead to observation of DOX fluorescence
instead of the fluorescence signal of VD11-4-2 emission peak.

Initially, the FRET effect was tested by measuring fluorescence spec-
tra of a compound VD11-4-2 (12pg/ml or 27 pM) solutions with the
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increasing concentration of DOX. Samples were excited with VD11-4-2
excitation wavelength of 360nm. Increasing molar ratio of DOX re-
sults in decrease of VD11-4-2 fluorescence emission at =~ 500 nm and
enhanced DOX emission at ~ 600 nm could be also observed (Fig. 4.17
A). Then, fluorescence spectra of solutions were recorded, where a fixed
DOX amount (0.021 mM) was mixed with the increasing molar ratios of
VD11-4-2. Excitation with the wavelength of 360 nm led to a DOX flu-
orescence increase together with an increasing molar ratio of VD11-4-2
in the solution (Fig.4.17 B). This led to a conclusion that the FRET
effect occurs between VD11-4-2 and DOX.

The influence of environment conditions (temperature, pH, and ionic
strength) on FRET was determined. Fluorophore properties could be
altered by the environmental conditions, which could disturb the FRET
effect [216]. Such FRET hindrances are used in the development of
FRET-based biosensors [217]. However, if the NP drug release is mon-
itored, the surrounding factors should not interfere with fluorescence
tracking in the best scenario.

To observe how ionic strength influences FRET, fluorescence spectra
of VD11-4-2 and DOX solutions containing 0.02 or 0.1 M NaCl were
measured. 0.1 M NaCl was observed to slightly decrease (less than
10 %) the fluorescence intensity of DOX when VD11-4-2:DOX ratio is 1:8
(Fig. 4.17 C). Subsequently, fluorescence intensities were measured in
different pH buffers: acetate (pH=4.97), MES (pH=5.31), and HEPES
(pH=7.42) at room (25°C) and in physiological (37°C) temperatures.
Fluorescence of DOX was observed to be about 10% more intense in
acidic acetate and MES buffers compared to more neutral HEPES buffer
(Fig. 4.17 D). Solution temperature did not have notable influence on
the fluorescence intensities. The FRET effect occurred in all conditions,
and the experiments were further done with the DOX@QVD-PSi NS.

FRET effect between DOX and VD-PSi was then investigated.
VD11-4-2:DOX molar ratio is 1:12 when DOX is uploaded to VD-PSi.
FRET between these two compounds occurs in such a ratio as seen
from (Fig.4.17 E). When VD-PSi is excited with 360 nm wavelength
the fluorescence signal of VD11-4-2 could be observed (Fig.4.17 F)
with slight fluorescence emission shift from 500nm to 475nm. This
shift could be due to the binding of VD11-4-2 and PSi [218].
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Figure 4.17: Fluorescence emission spectra of VD11-4-2 solution with
increased molar ratios of DOX (A) or DOX with increased molar ratios
of VD11-4-2 (B), Acz=360nm. Fluorescence spectra (C) after addition
of 0.02M (solid lines) or 0.1 M (dashed lines) of NaCl to the VD11-4-2
solutions with increased molar concentration of DOX. pH and tempera-
ture influence on fluorescence intensities of DOX (red line) and VD11-4-
2 (blue line) (D). A, M, H correspond the type of buffer used: acetate,
MES and HEPES, respectively. DOX (red) and VD11-4-2 (black) fluo-
rescence intensities (E) after solution A¢;=360nm. Fluorescence emis-
sion spectra (F) of VD-PSi and DOX@QVD-PSi.

Afterward, DOX uploaded NP fluorescence spectrum, after excita-

tion with the same wavelength, was recorded. In this case fluorescence
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4.10. Cell uptake of VD-PSi and intracellular doxorubicin release

of VD11-4-2 is diminished to minimum intensities, and DOX emission
(600nm) is observed as expected in the case of FRET effect. Such
changes in emission peaks confirm that DOX presence or absence in the
VD-PSi could be distinguished after its excitation with 360 nm wave-
length. Therefore, it was further applied for monitoring NP uptake and

DOX release within the cell by confocal microscopy and flow cytometry.

4.10 Cell uptake of VD-PSi and intracellular

doxorubicin release

Fluorescence properties of DOX@QVD-PSi were then tested for their
ability to show DOX release from NP within the cell during the ex-
periments of confocal microscopy and flow cytometry (Fig.4.18). The
limiting distance for FRET is about 10 nm [219]. Therefore, while DOX
is not released from NP, FRET effect should appear, resulting in no
observed fluorescence of VD11-4-2 after its excitation. After DOX is
released and distanced from NP by more than 10 nm the fluorescence of
VD11-4-2 could be observed, because it is no longer a donor for FRET.

MCF-7 cells incubated with DOX@QVD-PSi for 3 and 24 h were im-
aged by confocal microscopy. No signal of VD11-4-2 was observed after
3h of cell incubation with NP (Fig.4.18 A). Whereas, DOX fluores-
cence could be seen from inside the cell, which indicates that NP entered
the cells. The fluorescence signal of VD11-4-2 appears after 24 h of NP
incubation with cells, indicating DOX is released from the NS.

Fluorescence intensities of VD11-4-2 and DOX in cells were measured
by flow cytometry after cell incubation with DOX@QVD-PSi for 3 and 6 h.
Signal of VD11-4-2 significantly increased after 6h as compared to 3h
cell incubation (Fig.4.18 B). Meanwhile, the DOX fluorescence signal
showed only a slight increase (no statistical significance) between the 3 h
and 6h incubation times. This coincides with confocal microscopy re-
sults: VD11-4-2 fluorescence increases as DOX is released and distanced
from VD-PSi, and FRET effect no longer occurs.

Overall, confocal microscopy and flow cytometry studies showed that
DOX@VD-PSi fluorescence properties could be applied in tracking NP
uptake by the cell. Such ability is achieved without additional NP mod-
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Figure 4.18: Images of MCF-7 cells incubated with DOX@QVD-PSi
for 3 and 24h obtained by confocal microscopy (A). Cell membranes
are stained with CellMask’™ DeepRed. Scale bar is 20pm. Flow
cytometry experiment results (B), showing VD11-4-2 (left) and DOX
(right) fluorescence in cell after 3 and 6h incubation with DOX@QVD-
PSi (**p<0.01).

ification with fluorescent molecules, which is often needed to monitor
NP distribution within the cell in other systems [138]. Application of
VD11-4-2 for in vivo tracking would be complicated due to the strong
intrinsic tissue scattering of short wavelength radiation and blue autoflu-
orescence of the tissues [220]. Nevertheless, the possibility of tracking
the payload release within the cell is highly favorable in the NS devel-
opment field [221,222]. FRET effect between anticancer drug DOX and
targeting moiety VD11-4-2 enabled NS and payload tracking without
additional modification steps, which makes this system applicable for

various in wvitro studies.
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5.

CONCLUSIONS

e CAIX selective VD11-4-2 compound preferentially accumulates in

breast cancer cells under hypoxia mimicking conditions rather than

normoxia n vitro.

CAIX inhibitor VD11-4-2 reduces CAIX expressing breast can-
cer cell MDA-MB-231 and MCF-7 migration velocities at a con-
centration of 20 pM by at least 20 % as observed after single-cell
movement tracking. The same concentration of inhibitor VD11-4-2
reduces MDA-MB-231 cell movement toward chemoattractant and
disturbs hourly cell velocity increment under hypoxia mimicking

conditions.

VD11-4-2, attached through polyethylene glycol to porous silicon
and zinc-copper oxide nanoparticles, retains its affinity towards
CAIX protein. Modification with inhibitor increases the anti-
cancer activity of the nanosystems toward CA IX expressing breast

cancer cells.

Attachment of VD11-4-2 to porous silicon nanoparticles leads to
a two-fold increase of doxorubicin loading capacity and results in
an acidic pH-responsive drug release profile, while in the case of
paclitaxel attachment of VD11-4-2 causes no significant changes
to the uploading and release profiles. Uptake of the nanosystem
and doxorubicin release within the cell can be monitored by the
fluorescence resonance energy transfer effect, occurring between
VD11-4-2 and doxorubicin, which is not hindered by pH, temper-

ature or ionic strength.
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