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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in
fulfilment of the requirement for the degree of Doctor of Philosophy

VITAMIN D3-ASSOCIATED LYOTROPIC LIQUID CRYSTALLINE

NANOPARTICLES FOR GEMCITABINE AND THYMOQUINONE

DELIVERY FOR TREATMENT OF LUMINAL BREAST CANCER
WITH RESISTANT CHARACTERISTICS

By

LOO YAN SHAN

December 2023

Chair : Intan Diana Mat Azmi, PhD
Faculty : Science

Breast cancer is a leading cause of cancer death in women worldwide. About 70
— 80% of breast cancers are estrogen receptor-alpha (ERa) positive, dependent
on estrogen for growth. Primary or acquired resistance towards endocrine
therapy has remained a therapeutic barrier for patients in this subgroup, hence,
there is an increasing interest in the development of novel targeted anticancer
treatment strategies, including cancer nanomedicines that potentially translate
to enhanced efficacy and reduced toxicity. Lyotropic liquid crystalline nano-
particles (LLCNs) are formed via self-assembly of amphiphilic molecules in a
mixture composed of a lipid-based fraction, stabilizer and/or surfactant, and
aqueous media/dispersant. The unique tunable modality of LLCNs presents the
development of versatile nanostructures for a range of biomedical application. In
this study, multifunctional LLCNs were investigated for gemcitabine-thymo-
quinone (Gem-TQ) co-delivery and targeting to hormone receptor-positive (HR+)
breast cancer cells with potential resistance against tamoxifen (i.e., TamR cells)
by surface modification with vitamin Ds-polyethylene glycol (VD-PEG). LLCNs
were prepared using soy phosphatidylcholine (SPC), phytantriol (PHYT), or
glycerol monostearate (MYVR), in optimized ratios containing citrem or
Poloxamer 407 (F127). The series of nanoformulation exhibited hydrodynamic
particle sizes ranging between 96 — 365 nm, lattice parameters between 4.8 —
8.0, negative zeta potential between -4 to -79 mV, hexagonal, cubic, or micellar
phases, and high entrapment efficiency. Low cytotoxicity of SPC/citrem LLCNs
was demonstrated in non-malignant breast epithelial MCF10A cells consistent
with modulation of hemocompatibility. Therefore, SPC/citrem was selected for
co-encapsulation, whereby entrapment efficiency of 99.5 + 0.1% (TQ) and 98.3
+ 0.1% (Gem) was demonstrated by SPC/citrem/Gem-TQ LLCNs comprising an
optimized composition of 2.5:2.5 wt% of SPC:citrem, and 2:9 uM ratio of Gem
and TQ. Meanwhile, the formulation with the addition of VD-PEG was designated



as VD/SPC/citrem/Gem-TQ and the entrapment efficiency was 99.0 £ 0.1% (TQ)
and 97.7 + 0.1% (Gem) at the compositional ratio of 2.5:2.5:0.1 wt% of SPC:
citrem:VD-PEG. Notably, the inhibitory concentrations (ICsos) following 24 h
treatment with drug-loaded SPC/citrem/Gem-TQ were 14.5 £+ 3.0 yM and 19.6 +
2.3 uM, while I1Csos of VD/SPC/citrem/Gem-TQ nanodispersion were 33.4 + 8.0
MM and 9.7 + 1.1 pM against MCF7 and T-47D-TamR breast cancer cells,
respectively. Synergistic interaction between Gem and TQ shown in MCF7 cells
was retained by SPC/citrem/Gem-TQ (i.e., treatment time of 24 h and fractional
inhibition of 0.5), and by VD/SPC/citrem/Gem-TQ (i.e., treatment time of 24 h
and fractional inhibition of 0.95), against T-47D-TamR cells. In addition, VD/
SPC/citrem/Gem-TQ LLCNs upregulated the expression of caspase-3, Akt-1
(serine/threonine-protein kinase) and vitamin Ds-receptor (VDR) in T-47D-TamR
cells, and cell cycle arrest at G2 phase (15.25% of total cell population) was
evident following the treatment with VD/SPC/citrem/Gem-TQ LLCNSs. Herein,
multifunctional biocompatible LLCNs were described as a potential therapeutic
co-delivery system for luminal breast cancer treatment.

Keywords: Lyotropic liquid crystalline nanoparticles; Hexosomes; Citrem: Soy
phosphatidylcholine; Surface functionalization; Co-delivery; Breast cancer

SDG: 3 (Good Health and Well-being)
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NANOPARTIKEL KRISTAL CECAIR LIOTROPIK BERKAITAN VITAMIN D3
UNTUK PENYAMPAIAN GEMSITABIN DAN TIMOKUINON DALAM
PERAWATAN KANSER PAYUDARA LUMINAL DENGAN
CIRI-CIRI TAHAN

Oleh

LOO YAN SHAN

Disember 2023

Pengerusi : Intan Diana Mat Azmi, PhD
Fakulti : Sains

Kanser payudara merupakan punca utama kematian akibat kanser di kalangan
wanita, di seluruh dunia. Kira-kira 70 — 80% daripada kanser payudara adalah
estrogen reseptor-alfa (ER-a) positif, di mana pertumbuhan sel-sel kanser
bergantung kepada estrogen. Rintangan (yang sedia-ada atau yang diperolehi)
terhadap terapi endokrin masih tetap menjadi penghalang terapeutik bagi
pesakit-pesakit dalam subkumpulan ini, oleh itu, terdapat minat yang semakin
meningkat berkenaaan penggunaan strategi rawatan antikanser termasuk
nanoperubatan yang berpotensi untuk meningkatkan keberkesanan dan
mengurangi ketoksikan. Nanozarah kristal cecair liotropik (LLCNs) adalah
terbentuk melalui pemasangan sendiri molekul ampifilik dalam campuran yang
terdiri daripada lipid, bahan penstabil dan/atau surfaktan, dan media
akueus/dispersan. Modaliti unik LLCN ini menunjukkan nanostruktur yang boleh
disesuaikan dalam pelbagai aplikasi bioperubatan. Dalam kajian ini, LLCN
pelbagai-fungsi telah dinilai untuk penyampaian kombinasi gemsitabin-
timokuinon (Gem-TQ) dan penyasaran ke sel-sel kanser payudara reseptor
positif (HR+) dengan potensi rintangan terhadap tamoxifen (iaitu, sel TamR),
melalui pengubahsuaian permukaan nanozarah dengan vitamin Ds-polietilena
glikol (VD-PEG). LLCN disediakan menggunakan fosfatidilkolin soya (SPC),
fitontriol (PHYT), atau gliserol monostearat (MYVR), dalam nisbah optima yang
mengandungi citrem atau Poloxamer 407. Siri nanoformulasi ini mempamerkan
ciri-ciri saiz zarah hidrodinamik antara 96 — 365 nm, parameter kekisi antara 4.8
— 8.0, cas permukaan negatif antara -4 hingga -79 mV, fasa heksagonal, kubik,
atau misel, dan kecekapan pemerangkapan yang tinggi. Aktiviti sitotoksik rendah
SPC/citrem LLCNs yang ditunjukkan dalam sel MCF10A epitelium payudara
bukan kanser adalah selaras dengan modulasi hemokompatibiliti (darah). Oleh



itu, formulasi tersebut dipilih untuk pengkapsulan kombinasi, di mana kecekapan
pemerangkapan 99.5 + 0.1% (TQ) dan 98.3 + 0.1% (Gem) telah ditunjukkan oleh
SPC/citrem/Gem-TQ LLCN yang terdiri daripada komposisi optima 2.5:2.5 wt%
SPC:citrem dan nisbah 2:9 uM antara Gem dan TQ. Sementara itu, formulasi
dengan penambahan VD-PEG ditetapkan sebagai VD/SPC/citrem/Gem-TQ,
dan kecekapan pemerangkapan formulasi ini ialah 99.0 £ 0.1% (TQ) dan 97.7 £
0.1% (Gem) pada nisbah komposisi 2.5:2.5:0.1 wt% SPC:citrem:VD-PEG.
Khususnya, dos/konsentrasi perencatan (ICso) seiring dengan rawatan 24 jam
menggunakan SPC/citrem/Gem-TQ (dimuatkan 2:9 yM Gem dan TQ), ialah 14.5
1+ 3.0 yM and 19.6 = 2.3 pyM, manakala ICso formulasi VD/SPC/citrem/Gem-TQ
ialah 33.4 £ 8.0 yM and 9.7 + 1.1 uM dalam sel kanser MCF7 dan T-47D-TamR
masing-masing. Interaksi sinergistik antara Gem dan TQ yang ditentukan pada
sel MCF7 dikekalkan oleh SPC/citrem/Gem-TQ (iaitu, perawatan selama 24 jam,
pada perencatan fraksional 0.5), dan terhadap sel T-47D-TamR dengan
menggunakan VD/SPC/citrem/Gem-TQ (iaitu, perawatan selama 24 jam, pada
perencatan fraksional 0.95). Di samping itu, VD/SPC/citrem/Gem-TQ telah
meningkatkan ekspresi kaspase-3, Akt-1 (serin/treonin-protin kinase) dan
reseptor vitamin D3 (VDR) dalam sel T-47D-TamR, dan penghentian kitaran sel
pada fasa G2 (15.25% daripada jumlah sel populasi) terbukti berikutan
perawatan dengan VD/SPC/citrem/Gem-TQ. Dalam kajian ini, LLCN
biokompatibel pelbagai-fungsi ditelitkan sebagai sistem pengkapsulan
kombinasi yang berpotensi untuk perawatan kanser payudara luminal.

Kata kunci: Nanopartikel kristal cecair lyotropik; Heksosom; Citrem:
Fosfatidilkolin soya; Kefungsian permukaan; Penyampaian kombinasi; Kanser
payudara
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shRNA: short hairpin RNA, STATS3: signal transducer and
activator of transcription-3, TCR: T-cell receptor, TGF:
transforming growth factor, VEGF: vascular endothelial
growth factor. Image is adapted from Harbeck et al.
(2019).

Gemcitabine (dFdC) cellular uptake, mechanism of
action, and metabolism. Abbrev., dFACMP: gemcitabine
monophosphate; dFdCDP: gemcitabine diphosphate;
dFdCTP: gemcitabine triphosphate, and dFdU: 2'2'-
difluoro-2'-deoxyuridine (Tuerhong et al. 2021).

Smart nanoparticles (NPs) designed to overcome
biological barriers and potential for precision medicine
approach. Abbrev., CAR: chimeric antigen receptor,
Cas9: caspase-9, CRISPR: clustered regularly inter-
spaced short palindromic repeats, EGFR: epidermal
growth factor receptor, EPR: enhanced permeation and
retention, gRNA: guide RNA, RNP: ribonucleoprotein
(Mitchell et al. 2021).

Colloidal lipid structure models of SLNs and NLCs formed
by manipulation of formulation conditions, e.g., nature of
the components, lipid/emulsifier/drug/water content and
ratio, and respective methods of preparation (Abdel-
Mageed et al. 2022).

In the order of increasing interfacial mean curvature, the
liquid crystalline mesophases are the lamellar (La),
‘sponge’ (Ls), inversed bicontinuous cubic (Q2), inversed
hexagonal (Hz), inversed micellar cubic (l2; Fd3m),
followed by inversed micellar (Lz2). Within the cubic (Qz)
phase system are the infinite periodic minimal surfaces
(IPMS) with space group Pn3m (double diamond; D),
Im3m (Schwarz surface; P), and la3d (gyroid surface; G).
As shown in this diagram, these phases are also denoted
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in the current literature as Q'p, Q"r, and Q''s (Angelova et
al. 2021).

Ternary phase diagram of MO/TPGS-PEGioo0/FO/
CU/water system, whereby the aqueous component
contains p-(+)-glucose (5 wt%). The specific color-coded
regions correspond to the cubic liquid crystalline (primitive
cubic, double-diamond cubic, and gyroid cubic), sponge,
lamellar, and lamellar precursor geometries. Co-
existence of mixed liquid crystalline phases is denoted by
two-color symbols. Abbrev., CU: curcumin, FO: fish all,
MO: monoolein (Rakotoarisoa et al. 2021).

(a) Apart from lipid-based nonlamellar LLCNs, polymer
cubosomes formed by branched-linear block co-polymers
exhibiting internal primitive cubic minimal surface (Im3m),
may be applied as a nanoplatform for catalytic processes
(Kwon et al. 2021). (b) SAXS pattern of GMO/Pluronic
F108 cubosomes, whereby Bragg peaks are indexed with
the corresponding Miller indices. Bragg peaks correspond
to the [110], [111], [200], [211], [220], [221] reflections of
cubic phase, indicating the Pn3m, double diamond
symmetry. (c) Cryogenic (cryo)-TEM image acquired for
GMO/Pluronic F108 sample, as an example (Zaborowska
et al. 2023).

Biogenesis/Biosynthesis pathways of the active form of
vitamin D3 and vitamin Dz metabolism in the human body.
The vitamin is sourced from skin exposure to ultraviolet
(UV) B radiation from the sun and it is also found in small
amounts in egg yolks, cheese, beef liver, and fortified
foods such as cereals and milk (Christakos et al. 2019).

Schematic overview of molecular pathways and
mechanisms of action of vitamin Ds. Abbrev., ERK: extra-
cellular signal-regulated kinase, MAPK: mitogen-
activated protein kinase, MEK: MAPK kinase, ROCK:
Rho-associated kinase (Wu et al. 2019).

Schematic overview of the range of tumor micro-
environment (TME) signaling pathways and anti-
inflammatory response regulated by vitamin Ds. Different
cell types are indicated by color, including tumor-derived
endothelial cells (grey), tumor cells (purple), cancer stem
cells (green), cancer-associated fibroblast (CAF) cells
(blue), and tumor-infiltrating lymphocytes (blue and white)
(Wu et al. 2019).

Chemical structures of the compounds of interest of the
current study. The PEG chain of vitamin Ds (chole-
calciferol)-methoxy polyethylene glycolzoo0 (MPEG2000) is
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denoted in green, while chemical entities of the vitamin D3
structure is identified in orange color.

Graphical summary of the formulation process of drug-
free and drug-loaded (SPC/citrem/Gem-TQ and VD/
SPC/citrem/Gem-TQ) LLCNs exhibiting hexagonal (H2)
phase structure. (i) Preparation of the mixture at room
temperature comprising molten lipid, emulsifier/ stabilizer,
aqueous media (PBS), drug (or without drug) according
to the specified ratios, followed by heating to the melting
temperatures and, (ii) ultrasonication, to form colloidal
nanodispersions from the bulk sample. As shown in (iii),
Gem and TQ molecules are expected to localize within
the hydrophilic and hydrophobic domains of the hexo-
somes mediated by the respective hydrophilic-hydro-
phobic interactions. In (iv), the experimental section on
biocompatibility and anticancer activity of the LLCNs is
depicted. Figure was created using BioRender online
illustration software (https://www.biorender.com).

The concentration of solubilized thymoquinone (TQ) in
various media was determined by reverse-phase HPLC.
Abbrev., MCT: medium chain triglyceride, MO: mono-
olein, PEG: polyethylene glycol, UPW: ultrapure water.

Physical appearance of the formulated lipid nano-
dispersions. The first six vials from the left, consist of
drug-free (blank) LLCNs, followed by Gem and TQ co-
loaded SPC/citrem-based dispersion and VD-PEG-
modified drug-loaded SPC/citrem formulation (i.e.,
VD/SPC/citrem/Gem-TQ) on the far right. Formulations
mostly appear as milky white dispersions without any
visible phase (liquid/solid) separation or aggregation.
Mixtures containing SPC- or MYVR- added with F127
resemble the appearance of F127 clear/translucent
solution, plausibly due to reduction of particle sizes
explained by the co-surfactant effect of F127.

Cytotoxicity of drug-free (blank) nanodispersion samples
examined in human non-tumorigenic mammary epithelial
cells (MCF10A) following 24, 48, and 72 h of exposure to
treatment. The asterisks symbol *** denotes p < 0.001
between ICso determined for SPC/citrem and PHYT/
citrem formulation respectively.

Physicochemical characterization of drug-free (SPC/
citrem, SPC/F127, PHYT/citrem, PHYT/F127, MYVR/
citrem, and MYVR/F127) and drug-loaded (SPC/citrem/
Gem-TQ and VD/SPC/citrem/Gem-TQ) LLCNs. In dia-
gram (a), small angle X-ray scattering (SAXS) diffracto-
grams assigned the phases of the LLCNs according to
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Bragg peaks spaced in the specific peak ratios (marked
by colored symbol *’), where ‘q’ denotes the scattering
vector. For the H, phase, V1, V3, and V4 peaks are
prominent while cubic Pn3m phase was detected
according to V2, V3, and V4 Bragg peaks. For the La
phase, only the first reflection (1) is seen. Scattering
curves are shifted on the vertical axis by a constant
arbitrary factor for better visibility. SAXS pattern of PBS
solution showed a baseline without the presence of any
peaks (data not shown). Adjacent images were acquired
by transmission electron microscope (TEM) for (b)
SPC/citrem, (c) SPC/citrem/Gem-TQ, and (d) VD/SPC/
citrem/Gem-TQ [bar: 100 nm (left) and 50 nm (right)].

FTIR spectra of nanoformulations in the frequency range
between 4,000 and 400 cm™?; shifted on the vertical axis
by a constant arbitrary factor for visibility.

DSC thermograms of nanodispersion samples and a
solution of Gem and TQ analyzed in the heat treatment
range of 20 — 200°C; an exothermic peak indicates
crystallization while observation of an endothermic peak
refers to an endothermic reaction by ‘melting’. Thermo-
grams are shifted on the vertical axis by a constant
arbitrary factor for visibility.

Deconvoluted XPS spectra of the C 1s region of
measured samples, SPC/citrem, SPC/citrem/Gem-TQ,
VD/SPC/citrem/Gem-TQ, and VD-PEG solution. The
chemical bonding groups of C are denoted by color, and
the atomic percentages were computed using CasaXPS.

Cumulative Gem and TQ release from SPC/citrem/Gem-
TQ and SPC/citrem/Gem-TQ formulations. Gem and TQ
solutions were prepared at the same initial concentration
(M) as encapsulated Gem and TQ. Statistical signifi-
cance is marked by asterisks (***) for TQ released from
the TQ solution compared against SPC/citrem/Gem-TQ
and VD/SPC/citrem/Gem-TQ.

Trends of particle size (nm) across 60 days. Nano-
dispersion samples SPC/citrem, SPC/citrem/Gem-TQ,
and VD/SPC/citrem/Gem-TQ, were stored at the
temperatures of (a) 4°C, (b) 25 (x 3)°C, and (c) 50°C.
Statistical significance is marked by asterisks (**) and
(***) for the comparisons between VD/SPC/citrem/Gem-
TQ vs. SPC/citrem/Gem-TQ, and SPC/citrem (blank
nanoparticles) following 60 days of storage at the
indicated temperatures.
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Trends of polydispersity index (PDI) and zeta potential
(zP) of nanodispersions (LLCNs) across 60 days.
Nanodispersion samples,SPC/citrem, SPC/citrem/Gem-
TQ, and VD/SPC/citrem/Gem-TQ, were stored at tem-
peratures of (a) 4°C, (b) 25 (x+ 3)°C, and (c) 50°C. PDI is
an important indicator of stability as it is a measure of the
width of the molecular weight distribution (MWD) that
indicates the heterogeneity or uniformity within the
nanomaterial. Statistical significance is marked by
asterisks (*) and (**) for the comparisons between VD/
SPC/citrem/Gem-TQ vs. SPC/citrem/Gem-TQ, and SPC/
citrem (blank nanopatrticles) following 60 days of storage
at the indicated temperatures.

Complement activation cascade of the normal human
innate and adaptive immune system response. Abbrev.,
AP: alternative pathway, C1-INH: C1 inhibitor, C4BP:
C4b-binding protein, CP: classical pathway, CRP: C-
reactive protein, FB: factor B, FD: factor D, FH: factor H,
FHL-1: factor H like protein-1, Fl: factor I, LP: lectin
pathway, MASP: MBL-associated serine protease, MBL.:
mannan-binding lectin, PTX3: pentraxin 3, SAP: serum
amyloid P component, Vn: vitronectin (Lewis and Ram
2020).

(&) The interaction of nanoparticles with complement
proteins and several mechanisms of innate immune
response, (b) nanoparticle-mediated activation of the
classical pathway (CP), alternative pathway (AP), and
lectin pathway (LP) of the complement cascade, and (c)
effects of LLCNs on sC5b-9 plasma/serum levels
according to different lipid compositions (Boraschi et al.
2017, and Tan et al. 2018).

SAXS diffractograms of the nanodispersions following
incubation in human serum. Notably, Bragg peaks spaced
in the peak ratios of V1, V3, and V4 were retained,
therefore, indicating structural stability. SAXS curves of
samples that were not treated with serum were included
for reference; scattering curves are shifted on the vertical
axis by a constant arbitrary factor for better visibility. The
SAXS pattern of PBS solution is a baseline without the
presence of any peaks (data excluded), while human
serum has contributed to the visible background noise in
the SAXS curves of serum-incubated samples.

Representative images of microcentrifuge tubes
containing PBS-diluted WB in mixtures with CaClz (blood
coagulant) and nanoparticle samples or without (PBS and
CacClz only). Samples in the order from left to right: PBS
(3.75 wt%), PBS (2.5 wt%), SPC/citrem, SPC/F127,

XXii

79

84

85

90

93



4.5

4.6

4.7

51

5.2

SPC/citrem/Gem-TQ, VD/SPC/citrem/Gem-TQ, PHYT/
citrem, PHYT/F127, MYVR/citrem, and MYVR/F127.

Concentration of human sC5b-9 complex in human blood
serum samples pre-treated with the formulations of
LLCNSs, PBS, or zymosan A (positive control).

Representative photomicrographs of zebrafish embryos
that were treated with Gem-TQ solution, SPC/citrem,
SPC/citrem/Gem-TQ, and VD/SPC/citrem/Gem-TQ over
the concentration range (on the left). Embryos were
observed up to 96 hpf, in comparison to control, untreated
embryos. Physical malformations or developmental
abnormalities observed include curved tail (marked by red
arrows) and delayed hatching (dechorionation) at 72 hpf
(teal arrows), while dead/coagulated embryos are
indicated by orange arrows (bar: 500 um).

Photomicrographs of zebrafish larvae with normal
development; anterior (a) and posterior/tail (b), and
indications of the phenotypes of lordosis (Id), kyphosis
(ky), scoliosis (sc), and slight tail bending (sb) as shown
in images (c) to (I) marked by red arrows (scale bar: 500
pum). At 24 hpf, the embryos were treated with VD/SPC/
citrem/Gem-TQ at the concentration of (4:18) uM, for 72
h (c-d), while embryos were treated with SPC/citrem/
Gem-TQ at the respective concentrations of (4:18) uM (e-
f), (2:9) uM (g-h), and (1.0:4.5) uM (i-j) for 72 h. In (k-I),
the zebrafish embryos were treated with Gem-TQ solution
at the concentration of (4:18) uM for 72 h (k) and 48 h (1),
respectively. Notably, embryos in (c) and (d) were
hatched, however, had not maintained viability up to 96
hpf. Zebrafish embryo in (f) had not successfully hatched
and deformity was also evident.

In tamoxifen-resistant T-47D cells, reduced susceptibility
towards lysosomal membrane permeabilization (LMP)
altered the processing of cathepsin D, a lysosomal
aspartic endopeptidase. Upregulation of cholesterol,
lysosomal-associated membrane protein 1 (Lampl) and
Lamp2, were associated with stabilization of the
lysosomal membrane, while upregulation of cerulopasmin
(CP) and superoxide dismutase (SOD1) prevents the (A)
Fenton and (B) Haber-Weiss reactions in the production
of reactive oxygen species (ROS), implied in the
development of resistance towards anti-estrogen
therapies (Hultsch S. doctoral dissertation, The University
of Helsinki, Finland).

Cytotoxicity evaluation of Gem, TQ, combined Gem-TQ
solutions, drug-free (blank) and drug-loaded nano-
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particles in human non-tumorigenic mammary epithelial
cells (MCF10A) following 24, 48, and 72 h exposure.

Cytotoxicity evaluation of Gem, TQ, combined Gem-TQ
solutions, SPC/citrem (drug-free) and SPC/citrem/Gem-
TQ (drug-loaded) formulations in human breast cancer
cell line with positive expression of estrogen, pro-
gesterone and glucocorticoid receptors (MCF7, luminal A
subtype of ER+, PR+, HER2- expression) following 24,
48, and 72 h exposure. The symbol ‘# denotes p < 0.001
between ICsos of Gem-TQ solution against MCF10A
compared to its ICso in MCF7, T-47D, and T-47D-TamR
cells, respectively.

Cytotoxicity evaluation of Gem, TQ, combined Gem-TQ
solutions, SPC/citrem (drug-free) and SPC/citrem/Gem-
TQ (drug-loaded) formulations in human breast cancer
cell line, T-47D (luminal A subtype; ER+, PR+, HER2-)
following 24, 48, and 72 h exposure.

Cytotoxicity evaluation in T-47D-TamR cells following 24,
48, and 72 h exposure. The symbol ‘e’ denotes p < 0.001
between ICsos of VD/SPC/citrem/Gem-TQ treatment in T-
47D-TamR and its ICso in all other cell lines, while the
symbol ¥4’ denotes p < 0.001 between ICsos of VD/SPC/
citrem/Gem-TQ against T-47D-TamR cells versus its ICso
in MCF7 and MCF10A cell lines only.

Representative blot of the analysis of the protein
expression of Bax, caspase-3, Akt-1, VDR, and house-
keeping protein B-actin, following treatment of T-47D-
TamR cells with SPC/citrem/Gem-TQ and VD/SPC/
citrem/Gem-TQ hexosomes.

Representative ModFit plots of the percentages of cells in
the respective phases of the cell cycle following treatment
of T-47D-TamR cells with Gem, TQ, Gem-TQ solution,
SPC/citrem, SPC/citrem/Gem-TQ, and VD/SPC/citrem/
Gem-TQ prepared in the same treatment concentration.

Cell cycle analysis of T-47D-TamR breast cancer cells
and percentages of cell population in G1, G2, and S
phases following 24 h treatment.

Fluorescence micrographs of the cellular uptake
observed for VD/SPC/citrem/Gem-TQ hexosomes tag-
ged with MB, in MCF10A cells viewed using the Cy5 (red)
channel of the Nikon Ti-S inverted microscope. The
merged image is shown to identify cell nuclei. The red
fluorescent signals indicated the relatively lower uptake (4
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h) of MB-tagged LLCNs by MCF10A cells, in comparison
to the other cell lines (bar: 100 pm).

Fluorescence micrographs of the cellular uptake
observed for VD/SPC/citrem/Gem-TQ hexosomes tag-
ged with MB, in MCF7 cells viewed using the Cy5 (red)
channel of the Nikon Ti-S inverted microscope (bar: 100

pum).

Fluorescence micrographs of the cellular uptake
observed for VD/SPC/citrem/Gem-TQ hexosomes tag-
ged with MB, in T-47D cells viewed using the Cy5 (red)
channel of the Nikon Ti-S inverted microscope (bar: 100

pum).

Fluorescence micrographs of the cellular uptake
observed for VD/SPC/citrem/Gem-TQ hexosomes tag-
ged with MB, in T-47D-TamR cells viewed using the Cy5
(red) channel of the Nikon Ti-S inverted microscope (bar:
100 pm).

Linear regression equations and calibration curves of
Gem and TQ for the determination of Gem and TQ
concentrations in samples using HPLC method.

Representative chromatograms for the simultaneous
detection of gemcitabine (Gem) peak (A: 272 nm) marked
by symbol ‘e’ and thymoquinone (TQ) peak (A: 253 nm)
marked by symbol *’ using the reverse phase HPLC
method as described. The retention times at approxi-
mately 3.8 min (Gem) and 13.0 min (TQ). The limits of
detection (LOD) and quantification (LOQ) for Gem and
TQ are indicated respectively.

Representative chromatograms for the simultaneous
detection of Gem peak (A: 272 nm) marked by symbol ‘e’
and TQ peak (A: 253 nm) marked by symbol * with
retention times shown at approximately 3.8 min (Gem)
and 13.0 min (TQ). The analyte sample is a collected
fraction in the determination of entrapment efficiency
using Amicon® Ultra-4 centrifugal filter units.

Particle size distribution graphs acquired using the
Malvern DTS. Hydrodynamic particle size distribution of
samples measured in replicates (represented by green
lines).

TEM images of (a) SPC/citrem, (b) SPC/citrem/Gem-TQ,
and (c-d) VD/SPC/citrem/Gem-TQ. Samples were
prepared on the TEM grids without glutaraldehyde fixation
and staining with osmium tetroxide (bar: 100 nm).
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TEM images (left) and corresponding Fast Fourier
Transform (FFT) images (right) of a selected region
representing structural periodicity of the liquid crystalline
phase. In (b), the FFT image is indicative of the formation
of an ordered internal nanostructure (liquid crystalline
space group).

EDS spot analysis performed for the sample of MB-
tagged VD/SPC/citrem/Gem-TQ.

EDS mapping of N, O, P, S, Na, Cl, and K elements, in
addition to the detection of C and Os for reference.
Samples analyzed were (a) SPC/citrem, (b) SPC/citrem/
Gem-TQ, (c) VD/SPC/citrem/Gem-TQ, (d) VD/SPC/
citrem/Gem-TQ single particle, and (e) MB-tagged VD/
SPC/citrem/Gem-TQ.

Acquired XPS spectra from the wide (survey) scans with
indications of the C 1s and O 1s peaks. Samples
analyzed were SPC/citrem, SPC/citrem/Gem-TQ, VD/
SPC/citrem/Gem-TQ, and VD-PEG solution.

Release kinetics Gem and TQ from the sample of
SPC/citrem/Gem-TQ. Plots of (a) gemcitabine (Gem) and
(b) thymoquinone (TQ) release and fitting to the zero
order (al and bl), first order (a2 and b2), Korsmeyer-
Peppas (a3 and b3), and Weibull (a4 and b4) models
using KinetDS.

Release kinetics Gem and TQ from the sample of
VD/SPCl/citrem/Gem-TQ. Plots of (a) gemcitabine (Gem)
and (b) thymoquinone (TQ) release and fitting to the zero
order (al and bl), first order (a2 and b2), Korsmeyer-
Peppas (a3 and b3), and Weibull (a4 and b4) models
using KinetDS.

Standard calibration curve for the determination of the
concentration of sC5b-9 complex in human blood serum
samples.

Representative microscopic images indicating the cellular
morphology observed using an inverted light microscope
adjusted for brightfield illumination, (a) MCF10A (ATCC®
CRL-10317™), (b) MCF7 (ATCC® HTB-22™), (c) T-47D
(ATCC® HTB-133™), and (d) T-47D-TamR monolayer
adherent cells. Images were captured at 10x
magnification (bar: 100 ym).

Representative microscopic images of T-47D-TamR cells
that were exposed to long-term treatment of the anti-
estrogen agent, tamoxifen (Tam). Cells that were cultured
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with a concentration of 20 yM Tam are shown. Images
were captured at (a) 10x (bar: 100 uym), (b) 20x (bar: 100
pm), and (c) 40x magnificationa (bar: 50 ym).

Representative microscopic images of T-47D-TamR cells
which were exposed to long-term treatment of tamoxifen.
In (a)-(h), the concentrations of tamoxifen (Tam) applied
were gradually increased from 1.43 to 8.57 yM Tam.
Images were captured at 10x magnification (bar: 100 um).

Cytotoxicity evaluation of tamoxifen (Tam) in MCF10A,
MCF7, T-47D, and T-47D-TamR cells following 24, 48,
72, and 96 h treatment of Tam. The symbol **’ denotes p
< 0.05 between ICsos of Tam against the proliferation of
T-47D and T-47D-TamR cells, respectively.

Microscope imaging of T-47D-TamR cells treated (24 h)
with LLCN-based formulations. T-47D-TamR cells shown
in (a), were treated with Gem alone (b), TQ alone (c),
Gem-TQ combination 2:9 (d), SPC/citrem (e) SPC/
citrem/Gem-TQ (f), and VD/SPClcitrem/Gem-TQ as
shown in (g), at the ICso concentration. Images were
captured at 10x magnification (bar: 100 um).

Representative dose-effect curves, combination index
plot, and isobolograms derived using the CompuSyn
software for the analysis of combination treatment groups
in the respective cell lines.

Supplementary flow cytometry data for the evaluation of
cellular uptake of MB-tagged hexosomes by fluores-
cence intensity.

Recommended treatment algorithm following the
diagnosis of early breast cancer subtype; luminal A,
luminal B, TNBC, and HER2-enriched breast cancer.
Treatment and management are based on the tumor
burden and subtype (Harbeck et al. 2019).

Recommended treatment algorithm following the
diagnosis of advanced breast cancer subtype; luminal A,
luminal B, TNBC, and HER2-enriched breast cancer.
Treatment and management are based on the tumor
burden and subtype (Harbeck et al. 2019).

VDR expression (RNA) in various breast cancer cell lines.

MCF7 and T-47D cell lines are highlighted in yellow. Data
retrieved from https://www. proteinatlas.org.
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FDA Food and Drug Administration

FTIR Fourier-transformed infrared

Gem Gemcitabine

GDO Glycerol dioleate

GMO Glycerol monooleate/monoolein

GRAS Generally recognized as safe

Ha/H Normal hexagonal phase

Ha/Hy Inverse hexagonal phase

HR+ Hormone receptor-positive

HER2 Human epidermal growth factor receptor 2
HER2- Human epidermal growth factor receptor 2-negative
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SAXS Small angle X-ray scattering

SERDs Selective estrogen receptor downregulators
SERMs Selective estrogen receptor modulators

SLNs Solid lipid nanoparticles

SPC Soy L-a-phosphatidylcholine

Tam Tamoxifen

TamR Tamoxifen-resistant

TEAA Triethylammonium acetate

TEM Transmission electron microscopy

TNBC Triple-negative breast cancer
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CHAPTER 1
INTRODUCTION
1.1.1 Background of the Study

Cancer arises from aberrant cellular division leading to malignant tumors, i.e.,
mass of cancerous tissue, capable of abrogating natural apoptosis and/or
necrosis. The perpetual hallmarks of cancer involve complex mechanisms,
coupled to inter- and intra-individual heterogeneous factors to either cause
cancer progression or remission. According to the World Health Organization
(WHQO)'s cancer agency, the International Agency for Research on Cancer
(IARC) Global Cancer Observatory, worldwide cancer incidence and cancer-
related deaths in 2022 had accounted to as much as 20 million and 9.7 million,
respectively. In addition, WHO stated that more than 60% of the world’s total
new annual cases occur in Africa, Asia, and Central and South America, for
which 70% of the world’s cancer-associated deaths has been reported. Cancer
incidence per year would be expected to increase to 24.6 million by 2030 (Global
Cancer Observatory, IARC, 2023), and low- and middle-income countries
(LMICs) could be largely impacted given the current social and economic burden
of cancer in these regions. This corresponds to the observed 5-year net survival
trends for most cancers throughout the period of 2000 — 2014 (CONCORD-3)
that were reportedly highest in the U.S., Canada, Australia, New Zealand,
Finland, Iceland, Norway, and Sweden (Allemani et al. 2018).

Breast cancer is the second most commonly diagnosed type of cancer
worldwide, as of the latest estimates (2022) available from IARC Global Cancer
Observatory. In the United States alone, an annual incidence surmounting to
297,790 (31%) breast cancer cases and 43,170 (15%) estimated deaths were
estimated for year 2023 (Siegel et al. 2023), whereas 2.3 million new cases of
female breast cancer and 670,000 deaths were estimated worldwide in 2022
(Global Cancer Observatory, IARC, 2024). Breast cancer has remained a
pressing concern of widespread prevalence as evident by global surveillance
data. In Asia, the overall 5-year survival rates in female breast cancer patients
have gradually improved across three intervals, (i) 2000 — 2004, (ii) 2005 — 2009,
and (iii) 2010 — 2014. However, lower survival rates following breast cancer
diagnosis were, still, observed in LMICs compared to high-income nations (Ley
et al. 2016, Rauniyar et al. 2023). Among cancers diagnosed in Malaysian
women, breast cancer accounted for the highest percentage of newly diagnosed
cancer, followed by colorectal, cervical-uteri, ovarian, and lung cancer (Global
Cancer Observatory, IARC, 2018). Mortality rate associated with breast cancer
in Malaysia is second to highest, and predisposition is underpinned by various
risk factors including germline (inherited) genetic mutations, aging, obesity and
diabetes (leptin signaling in breast cancer development; VanSaun 2013, Schmidt
et al. 2015), smoking, and heavy alcohol consumption.



Luminal estrogen receptor (ER)-positive breast cancer constitutes approximately
70-75% of all breast cancers diagnosed, whereas human epidermal growth
factor receptor 2 (HER2)-positive breast cancer patients represent about 15—
20% and are primarily recommended for anti-HER2 therapies (Tang et al. 2016).
Molecular pathogenesis of breast cancer subtypes is associated with a range of
cellular pathways that normally control cell cycle progression (Harbeck et al.
2019, Nolan et al. 2023). In estrogen receptor-positive (ER+) breast cancer, the
binding of the hormone, estrogen, to receptors results in their translocation to
the nucleus, where they act as nuclear transcription factors leading to the
modulation of gene expressions. The ER-dependent carcinogenic action of
estrogen, therefore, results from ER-mediated aberrant regulation of estrogen-
responsive genes, leading to increased cell proliferation and accumulation of
deoxyribonucleic acid (DNA) damage (Saha et al. 2019).

Currently, first-line hormonal therapy or endocrine therapy is the standard-of-
care in both early-stage and metastatic HR+ breast cancer treatment.
Commercially available endocrine therapy includes three main types: the
aromatase inhibitors (Als), anastrozole, exemestane, and letrozole, the selective
estrogen receptor modulators (SERMs), tamoxifen, raloxifene, and toremifene,
and the selective estrogen receptor downregulators (SERDs), fulvestrant and
elacestrant. On the other hand, HER+ breast cancer is treated with a different
class of medication, i.e., HER2-targeted therapy (trastuzumab and pertuzumab)
that may be administered in the neoadjuvant or adjuvant (before or after surgery)
setting (Harbeck 2022). The treatment of HER+ breast cancer, depending on the
stage or spread of lesions, may also involve antibody drug conjugates [e.g.,
trastuzumab emtansine (T-DM1)], tyrosine kinase inhibitor (TKI) drugs (e.g.,
lapatinib and neratinib), or chemotherapy. First-line treatment of triple-negative
breast cancer (TNBC) may, generally, comprise a chemo-therapeutic regimen
(e.g., capecitabine), pembrolizumab [antibody which selectively inhibits the
programmed death-1 (PD-1) receptor], olaparib, or talazoparib [poly ADP ribose
polymerase (PARP)-inhibitors], or antibody-drug conjugates [e.g., sacituzumab
govitecan, a trophoblast cell-surface Ag-2 (Trop-2)-directed antibody and
topoisomerase inhibitor (SN-38) drug conjugate] (Adams et al. 2021).

The growing burden of breast cancer is attributed to its complex etiology, tumor
heterogeneity, and cancer recurrence despite promising outcomes for HR+
breast cancer during early disease compared to the more aggressive triple-
negative or basal subtypes. In about 40% of patients with luminal breast cancer
pre-treated with tamoxifen, endocrine resistance has been reported; acquired
endocrine resistance is defined by cancer recurrence while receiving, or were
within 1 year of completing adjuvant endocrine treatment (Robinson et al. 2013,
Ballinger et al. 2018, Horibata et al. 2018, Hultsch et al. 2018). A study has also
shown that even among patients with small, node-negative (T1NO), low-grade
breast tumors, who ceased treatment following 5 years of adjuvant endocrine
therapy, the risk of distant relapse is approximately 10% between 5 — 20 years
(Pan et al. 2017). FDA-approved trastuzumab (recombinant monoclonal anti-
body against HER?2), everolimus (mTOR inhibitor), and cyclin-dependent kinase
(CDK) 4/6 inhibitors, palbociclib, ribociclib, and abemaciclib, are examples of
treatments to overcome endocrine resistance. They are, however, costly
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treatment options and may be administered in combinations with second-line
endocrine-modulating agents (Matutino et al. 2018, Mistry et al. 2018, Zhang et
al. 2019, Loke et al. 2020, Yang et al. 2020a, Zhu et al. 2022). Moreover,
uncertainties remain about the selection of biomarkers to predict patient
response following treatments with CDK4/6 inhibitors, and guidelines are
required to determine whether a given CDK4/6 inhibitor (CDK4/6i) should be
continued/switched following disease progression, whether CDK4/6 inhibitors
may be combined with therapies other than endocrine-based therapies, and
whether the use of these agents can be extended to HR+/HER2- early-stage
and HR+/HER2+ breast cancers (Shah et al. 2018, Portman et al. 2019, O’Brien
et al. 2020). As of March 2023, Verzenio® is the only CDK4/6 inhibitor approved
by the U. S. Food and Drug Administration (FDA) for adjuvant treatment of
HR+/HER2- high risk early breast cancer. Therefore, as researchers continue to
unravel the molecular mechanisms contributing to endocrine resistance in breast
cancer, there is an increasing urgency in the need to develop novel and targeted
anticancer treatment strategies which can potentially translate to enhanced
efficacy and reduced toxicity.

Major discoveries in the nanotechnology field, such as carbon nanotubes
(CNTs), were recognized throughout the 1990s. By the early 2000s,
nanomaterials were being used in consumer products (National Geographic
Society, 2023). Among nanomedicine strategies comprising nanoparticles (NPs)
ranging between 1-1000 nanometers (nm) in size, lipid and amphiphilic polymer-
based systems constitute the majority as they concur with endogenous lipids in
components of cell membranes, glycolipids, lipoproteins, and cholesterol.
Nonlamellar lyotropic liquid crystalline nanoparticles (LLCNs) are lipid-based
internally self-assembled (ISA)-somes that occur in an intermediate state of
matter between the liquid and solid (crystalline) phase (van’'t Hag et al. 2016).
LLCNSs are self-assembled to form versatile colloidal nanocarriers with ordered
internal nanostructures. LLCNs present a unique feature in that their phase
transition (e.g., lamellar-to-cubic, or cubic-to-hexagonal) can be modulated
according to the curvature energy of the lipid monolayers (Fong et al. 2012).
Cubic and hexagonal LLCNs have been widely studied for drug delivery
applications through various routes (transdermal, oral, intravenous, intranasal,
etc.) (Azmi et al. 2015a). Importantly, nanoparticle strategies may be designed
to enhance biodistribution, control drug release, prolong systemic circulation of
the encapsulated therapeutic agent, and/or multiple functions may be
engineered into one treatment platform that may include theranostics. In
formulations with polyethylene glycol (PEG), NPs are equipped with properties
to evade macrophage clearance, promote stability and longer blood circulation
time, and improve cellular uptake. In recent years, a wide range of phyto-
chemical-loaded NPs has been investigated (Majolo et al. 2019, Kashyap et al.
2021). Nanoencapsulation of natural products comprise the approaches to
overcome hurdles associated with low bioavailability and poor absorption,
distribution, metabolism, excretion, and toxicity (ADMET) properties, and to
enable protection from rapid natural product degradation.



1.2 Problem Statement

The combination between gemcitabine (Gem) and thymoquinone (TQ), resulted
in a synergistic anticancer effect against MCF7 breast cancer cells (Bashmail et
al. 2018). Gem is an FDA-approved chemotherapeutic agent (nucleoside
analogue), while TQ is a naturally-derived monoterpene found in Nigella sativa
(Linn.) and Carum carvi seed oil. Respectively, Gem and TQ are associated with
pharmacokinetic caveats, including, (i) rapid metabolism of Gem into inactive
2'2'-difluoro-2"-deoxyuridine (dFdU) that is, in turn, rapidly eliminated from the
body (Ciccolini et al. 2016), and (ii) low plasma concentration following oral
administration of TQ (Kalam et al. 2017). The combination between Gem and
TQ also supports the role of phytochemicals to potentiate the efficacy and/or
protect from adverse side-effects of chemotherapy. In addition, there is a current
need to investigate the potential of LLCNs as multifunctional nanocarriers for
therapeutic delivery and targeting to hormone receptor-positive luminal breast
cancer, particularly since the development of primary or secondary (acquired)
resistance in this breast cancer subtype has been a major impediment to
standard endocrine therapies.

1.3 Significance of the Study

LLCNs remain to be fully explored for the systemic treatment of breast cancer,
employing multifunctionality in their therapeutic actions. To the best of our
knowledge, the incorporation of vitamin Ds in combination therapy for the
simultaneous anticancer action of biocompatible soy L-a-phosphatidylcholine
(SPC)-based LLCNs is a novel approach which has not been reported. As
experimental studies have identified key roles of vitamin Dz and its derivatives in
the inhibition of breast cancer cell growth, this study, therefore, contributes new
insights into the surface functionalization of lipid-based liquid crystalline nano-
assemblies modified with vitamin Ds-polyethylene glycol (PEGylation). The
surface-functionalized nanoparticles were further evaluated for their anticancer
activity against breast cancer cells, including a potentially tamoxifen-resistant
breast ductal carcinoma cell line.

1.4 Research Hypotheses

Co-loading and incorporation of Gem-TQ in LLCNs is hypothesized to
demonstrate high encapsulation efficiency, sustained release, and maintain
hemocompatibility assessed in human blood, and biocompatibility examined in
zebrafish embryos. Secondly, the vitamin D3 surface-functionalized LLCNs (VD/
SPC/citrem/Gem-TQ) are hypothesized to demonstrate anticancer activity
against hormone receptor-positive breast cancer cells corresponding to VDR
expression. Synergistic anticancer effect is, therefore, postulated for the VD/
SPC/citrem/Gem-TQ LLCNs.
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Research Objectives

The general objective of the current study is to investigate multifunctional and
biocompatible LLCNs for co-delivery of gemcitabine (Gem) and thymoquinone
(TQ), followed by evaluation of their anticancer activity in hormone receptor-
positive breast cancer cells. At the same time, the LLCNs were developed for
biocompatibility and in vitro targeting to tamoxifen-resistant breast cancer cells.
The specific research objectives comprise the following:

1.

To develop and characterize gemcitabine-thymoquinone (Gem-TQ) co-
encapsulated lyotropic liquid crystalline nanoparticles (LLCNs), followed
by surface modification of optimized LLCNs with vitamin Dz-polyethylene
glycol (VD-PEG) and characterization of targeted nanoparticles (VD/
SPC/citrem/Gem-TQ LLCNSs) (Chapter 3).

To investigate hemocompatibility, biocompatibility, and stability of
LLCNSs, including VD/SPC/citrem/Gem-TQ LLCNSs, in contact with
isolated human blood and zebrafish (Danio rerio) embryos (Chapter 4).

To evaluate the in vitro anticancer activity and cellular uptake of LLCNs,
including VD/SPC/citrem/Gem-TQ LLCNs, in MCF10A, MCF7, T-47D,
and T-47D-TamR breast cancer cells bearing resistant characteristics
towards tamoxifen (Tam) (Chapter 5).
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