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ABSTRACT

THE ANTI-CANCER ACTIVITY OF SOY LECITHIN-BASED LIPOSOMAL
CURCUMIN IN PROSTATE CANCER

Prostate cancer ranks as one of the most prevalent cancers among males and ranks second
in cancer-related deaths. Recently, there is an increasing emphasis on designing cancer-
specific targets and developing drug delivery systems aimed at these targets to prevent
cancer formation and progression. Curcumin, a phenolic phytochemical derived from the
Curcuma longa plant's roots, has been used for traditional treatments for many centuries.
Various research has demonstrated that curcumin displays antioxidant, anti-mutagenic, anti-
inflammatory, anti-proliferative, and anti-cancer properties by regulating numerous
molecular pathways. Although in vivo research has revealed that curcumin has a function as
a tumor suppressor and inhibits tumor growth, its limited solubility in water (resulting in
reduced bioavailability), poor pharmacokinetics, and easy degradation in neutral to basic pH
conditions limit its effectiveness and hinder its use as a chemotherapeutic agent and
chemosensitizer. One approach to enhance curcumin's bioavailability is encapsulating it in
a highly water-soluble carrier form. Based on this concept, a formulation of soy lecithin-
based encapsulated curcumin (s.cCUR) was developed. In vitro experiments revealed that
encapsulation in soy lecithin-based carriers significantly improved curcumin's solubility.
The studies demonstrated that the intracellular uptake of sLcCUR was 15-fold higher than
rCUR and exhibited high targeting efficiency in androgen receptor-positive (AR+) prostate
cancer cells (22Rv]l and LNCaP), along with normal prostate epithelial cells (PNT1A).
Moreover, greater apoptotic activity was shown in s.cCUR-treated prostate cancer cells
relative to those treated with free curcumin (\CUR). In a Foxn1™™ mutant nude mice 22Rv1
xenograft model, the administration of sLcCUR showed a 10-fold higher reduction in tumor
size compared to rFCUR, indicating that the anticancer efficacy of curcumin is significantly
enhanced when encapsulated in soy lecithin-based carriers. The research was supported by

TUBITAK under project number 123S225.



OZET

PROSTAT KANSERINDE SOYA LESITIN BAZLI LIPOZOMAL KURKUMININ
ANTI-KANSER AKTIiVITESININ INCELENMESI

Prostat kanseri, erkekler arasinda en yaygin kanser tiirlerinden biridir. Prostat kanseri,
kanserle iligkili 6liimlerde ikinci olarak yer almaktadir. Kanser olusumunu ve ilerlemesini
onlemek amaciyla kansere 6zel hedefler ve bu hedeflere yonelik ilag dagitim sistemleri
tasarimi tizerine ¢aligmalar son yillarda 6nem kazanmistir. Kurkumin, Curcuma longa
bitkisinin koklerinden ekstrakt edilen fenolik bir fitokimyasaldir ve ylizyillardir geleneksel
tipta kullanilmaktadir. Farkli ¢aligmalarla kurkuminin ¢ok sayida sinyal yolagin1 modiile
eden bir anti-oksidan, anti-mutajenik, anti-inflamatuar, anti-proliferatif ve anti-kanser
ozelliklerine sahip oldugu ve tiimdr baskilayici bir ajan olarak gorev yaptigi ve timor
bliylimesini inhibe ettigi gosterilmistir. Kurkuminin suda diisiik ¢oziiniirliigli (dolayisiyla
diistik biyoyararlanimi) ve zayif farmakokinetik yapist kurkuminin etkinligini kisitlamakta
kullanimini = sinirlamaktadir. Kurkuminin diisiik biyoyararlaniminin arttirilmast igin
kullanilan yontemlerinden biri suda ¢Oziiniirligii yiiksek tasiyici bir formun igerisine
enkapsiile edilerek kullanilmasidir. Bu noktadan hareketle, bu ¢alismada soya lesitini bazli
enkapsiile kurkuminin formiilasyonu gelistirilmis olup, yapilan in vitro deneylerde soya
lesitin bazli enkapsiilasyon ile kurkuminin ¢oziiniirligiiniin arttirildig gosterilmistir. /n vitro
deneylerde soya lesitini bazli enkapsiile kurkuminin hiicre i¢ine aliminin serbest formdaki
kurkumine kiyasla hem 15 kat daha yiiksek oldugu hem de yiiksek hedefleme etkinligi
gosterdigi androjen reseptorii pozitif (AR+) prostat kanseri hiicre hatlar1 22Rv1 ve LNCaP
ve normal prostat epitel hiicreleri PNT1A iizerinde yapilan deneylerle gosterilmistir. Ayrica,
s.cCUR ile tedavi edilen kanser hiicrelerinde, serbest kurkumin (rCUR) ile tedavi edilenlere
kiyasla daha fazla apoptotik aktivite gozlenmistir. Foxn1™™ mutant nude fare 22Rvl
ksenograft modelinde, sccCUR uygulamasi FCUR'a kiyasla tiimoér boyutunda 10 kat daha
fazla azalma gostermistir; bu da kurkuminin antikanser etkinliginin soya lesitini bazl
tastyicilarda kapstillendiginde 6nemli 6lgiide arttigini gdstermektedir. Bu aragtirma 1235225
numarali proje kapsaminda TUBITAK tarafindan desteklenmistir.



vi

This thesis is dedicated to my beloved babies
Reisco, Aysesu, Sidsu, Zisu & Géceksu, Cafer, and Goldy ...



vii

ACKNOWLEDGEMENTS

First and foremost, I am deeply grateful to my advisor, Prof. Dr. Dilek Telci Temeltas, for
her unwavering support, guidance, and the invaluable opportunities she provided throughout

my PhD journey. Her mentorship shaped both my research and who I became as a scientist.

My sincere thanks to my co-supervisor, Assist. Prof. Dr. Giilengiil Duman and to my
committee members Prof. Dr. Fikrettin Sahin, Prof. Dr. Gamze Torun Kd&se, Assoc. Prof.
Aysegiil Dogan, Assoc. Prof. Ceren Ciract Mugan, and Assist. Prof. Derya Dilek Kangagi
for their valuable feedback and support.

I would like to thank Prof. Dr. Itir Ebru Zemheri for the histopathological analyses, and Dr.
Engin Stimer and Dr. Burcu Can for their help during the animal studies. Heartfelt thanks to

Dr. Pmar Akkus Siit, whose steady encouragement helped me stand back up whenever I lost.

Warm thanks to all members of the DT Lab for being part of this journey. Special thanks to
Dr. Inci Kurt Celep, whose calm guidance and sisterly presence were a constant light. To
Ayca Ece Nezir, for turning lab days into lifelong friendship and always listening to my
endless questions. To Ipek Bedir, for lighting up even the quietest days and always being a
call away to share my chaos. To Halime Ilhan Siging, for her kind heart and constant support.
To Uriin Ukan, for a friendship that feels timeless, even from afar. To Duygu Orak, for being
a true friend no matter the distance. And to Alican Kusoglu, whose quiet support always

found its way to me.

To the love of my life, Baran Colak, your belief in me made me shine. I am endlessly grateful

and excited for everything we will build together.

Finally, my deepest thanks to my family, Goniil, Sedat Tiryaki, Feriha, Ayla, Mert, and Cinar
Kopuk for standing by me through everything. And to my sister, Gizem Tiryaki, my best

friend, my anchor, and the most precious soul in my life.

This study was funded by the Scientific and Technological Research Council of Turkey
(TUBITAK) (Project No. 123S225) and Yeditepe University (Project No. HD-24035).



viii

TABLE OF CONTENTS

DECLARATION OF ORIGINALITY .utitiiiiniieieeiteiteieee ettt il
ABSTRACT ..ttt ettt et be ettt s bt e bt estesbeenbe et v
OZET .ottt v
ACKNOWLEDGEMENTS ..ottt sttt sttt vii
TABLE OF CONTENTS ..ottt sttt st viii
LIST OF FIGURES ...ttt sttt st st xiii
LIST OF TABLES ... .ottt sttt sttt ettt st ene Xiv
LIST OF ABBREVIATIONS ... .ottt sttt XV
1. INTRODUCTION ..ottt ettt ettt ettt ettt et sttt satesbe e b eaeesbeeaesanens 1
LI, PROSTATE ...ttt sttt 1
1.1.1. Cellular Constituents of the Prostate ...........cccceeceriiviniieniininieniceceeeee, 2

1.2, PROSTATE CANCER ......ccciiiiieieeeeeeeeee et 4
1.2.1. Characteristics of the Prostate Cancer .........ccccoeceveereriineenienieneeeseeneenen 4
1.2.2. Prostate Cancer ProgreSSion ..........cecveeueerieeiiieniieeieeiie ettt 6
1.2.3. Grading of Prostate CancCer............cecuieriieiiienieeiieeie et 8
1.2.4. Therapies for Prostate Cancer Treatment ............coceevevverienenieneeneneeneenne. 9

1.3 CURCUMIN......eoittiiettietee ettt et sttt st sbeeate b 12
1.3.1.  Anti-Cancer and Anti-Tumor Activity of Curcumin...........ccceevvverveennennne. 14
1.3.2.  Anti-Cancer Activity of Curcumin in Prostate Cancer.........c..cccceeveeuennnene 18
1.3.3.  Nanoformulations of the Curcumin.............ccccecevienenrinienenieneeeenene 20
1.3.4. Soy Lecithin-Based Formulations .............cccceeriieiiienieniiienieciceieeeeeee 21

2. AIM OF THE STUDY ..ottt sttt sttt 22
3. MATERIALS ettt ettt ettt 23
3.1 INSTRUMENTS ..ottt sttt sttt et e 23

3.1.1. Instruments for Characterization of the sccCUR Particles .......coevvvvevvnennn... 23



X

3.1.2.  Instruments for Cell Culture EXperiments...........ccccceevuierieenienieenieenneennen. 23
3.1.3. Instruments for SDS-PAGE and Western Blotting Experiments....................... 23
3.2, EQUIPMENTS ... oottt sttt ettt ettt ene s 23
3.3. CHEMICALS ...ttt ettt beene s 24
3.3.1. CRIL LANES ..ttt sttt et 24
3.3.2. Cell Culture MEdia ......ooueevueriiiiieieeierieeieeeseeeee e 24
3.3.3. Cell Culture Growth Supplements............cccecveriienieniiienienieeie e 24
3.34. Other Chemicals for Cell Culture ..........cccooovevierieriiinieniieeeeeseeene 24
3.3.5. Chemicals for Cellular Uptake EXperiments ...........ccoceeeveeriienienieenieennenne 25
3.3.6. Chemicals for SDS-PAGE and Western Blotting.............ccccceevieviieniennnnne 25
3370 ANUDOMIES ...c.eiiiiiiiiiiieieeeseetee et 25
3.3.7.1. Primary AntibOdies ........ccueeriiiiiiniiiniieieeie et 25
3.3.7.2. Secondary AntibOdIes .........ceevieriiiiiiieiieeiieeie et 25

3.4, KITS AND SOLUTIONS ..ottt sttt sbe e 26
METHODS ..ottt sttt entesbesbeenes 27
4.1. SYNTHESIS OF THE PARTICLES .....cccccieiitiieieeteeseeeeeeee e 27
4.1.1.  Preparation of SLC PartiCles.........ccceruiriiiiiieiieeieeieeceeeeeee e 27
4.1.2.  Preparation of sSLcCUR Particles..........ccocoveviiiniieniiiniiiiieieciecee e 27
4.1.3. Characterization of sSLcCUR Particles.........ccooeevieriieniininiiniiieiieneeienns 28
4.2, CELL CULTURE ......cotitititeieeeteese ettt 29
4.2.1. Cell Growth and Maintenance Conditions............ccceeeeveeriierieenieenveeneeneeans 29
4.2.2. Cell SUDCUIUIING ....ccuvieiiieiiecieeiteete ettt e ens 29
4.2.3.  Determination of the Cell NUMDbETIS.........cccccueeviiiriiiniiiiieiieeieeee e 29
4.2.4. Cll FT@EZING .....veeeeieiieeiieeiieee ettt ettt ettt e e ebeesebeebaesneaens 29
4.3. DETERMINATION OF CELLULAR TOXICITY ...oooeviririniinieieieieeseeeeee 30
4.3.1.  Determination of the Cellular Toxicity of SLC.......ccceeviieriiiniiiiieeiieene 30

4.3.2.  Determination of the Cellular Toxicity of sLcCUR ........cccceiviiiniiniiaiennne. 30



4.3.3.  Determination of the Cellular Toxicity of s.cCUR and rCUR..................... 31
4.4. DETERMINATION OF CELLULAR UPTAKE .....ccccceeiiiiiiiiiiiieeieeeeeeeen 31
4.5. DETECTION OF APOPTOTIC CELL DEATH .....coeiiiiiiiiieieieeeeee 32

4.5.1.  Detection of Apoptotic Cell Death by TUNEL ASSay ......ccccccvveriverveenennne. 32

4.5.2.  Western Blotting for the Detection of Apoptotic Cell Death ...................... 33

4.5.2.1. Protein ISO1ation.........coeevuiriiiiiriiiieeee e 33
4.5.2.2. Protein Content ASSAY .......cceeeueeriienieeriieeieeieeseeenieeeteeieesereeaeeseneens 33
4.5.2.3. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-
PAGE) and Western BIOttng ...........coooviiiiiiiiiiiiieniieieee et 34
4.6. EVALUATION OF THE IN VIVO ANTI-TUMOR ACTIVITY IN 22RV1
XENOGRAFT TUMOR MODEL......ccciiiiiiiiniiiieiieteieieiese et 36

4.6.1.  ANIMAIS ..ottt et 36

4.6.2.  Development of 22Rv1l Xenograft Prostate Cancer Model in Homozygous

Nude (Foxn1™/Foxn1™) Male MICE.......cccoueiiiiiiiiieeeiee e eeiiee et e eveeesvee e 36

4.6.3.  Histopathological EXamination..............ccceeeeviiviieiieeniieniieiieeie e 37

4.6.4.  Measurements of the Tumor VOlume ..........cccceeeerieniniiinieniiiinieneecnne 38
4.7. STATISTICAL ANALYSIS ..ottt 38

5. RESULTS ettt sttt st b et et sbe et st e b eaees 39
5.1. SYNTHESIS AND CHARACTERIZATION OF s.cCUR PARTICLES............ 39
5.2. EFFECT OF SLC, s.cCUR, and FCUR ON CELL PROLIFERATION.............. 47

5.2.1.  Determination of the Cellular Toxicity of SLC.......c..cccoevviiirieniieiiienen. 47

5.2.2. Determination of the Cellular Toxicity of s.cCUR and rCUR.................... 48
5.3. DETERMINATION OF INTRACELLULAR UPTAKE OF si.cCUR................. 51
5.4. DETERMINATION OF CELL DEATH INDUCED BY si.cCUR..........ccuuuee.. 54

54.1.  Analysis of Apoptotic Markers by Western Blot............ccccoevveriieniiennennnen. 54

54.2.  Detection of DNA Fragmentation by TUNEL Assay.........ccccceevvevivennnennen. 56
5.5. INVIVO THERAPEUTIC POTENTIAL OF sLcCUR.......ooviiiiiicieeieeeee, 58

5.5.1.  Effects of stcCUR on Tumor Progression and Body Weight...................... 58



5.5.2.

Histopathological Assessment of Tumor and Organ Tissues.........c...c........

6. DISCUSSION .....ooiiiii e e

7. CONCLUSION.......iiiiiiii et

REFERENCES ...t s

APPENDIX A

Xi



Xii

LIST OF FIGURES

Figure 1.1. Anterior view of the pelvis of a male. .......c.cooeiviriiiiiiiniieee 1

Figure 1.2. Schematic anatomy of the prostate highlighting differentiation between stromal

and ePithelial CEIIS. ......iiiiiiiiiiieie et et 3

Figure 1.3. The division of deaths and cases for the five most prevalent malignancies in

2022, et bt st b e e s ae e 5

Figure 1.4. The prostate cancer progression and corresponding management or therapy

APPTOACHIES. . ..euiiiieiieiieet ettt eh ettt a e et e e bt et bt bt et et nae et eaeens 7

Figure 1.5. Representative schematic of treatment approaches for advanced prostate

Lo} (031010 ) 44 T 10

Figure 1.6. The names and chemical structures of androgens and anti-androgens used in

Prostate CaNCer trEAtMENL. ..........eeviiiiriieeiiiee ittt ettt ertee et te et te et eesbaeesbteeebeeesabeeesabeeennnes 11
Figure 1.7. The chemical structure of CUrCumMin.. ........cccevveererierieneeieneeeee e 12
Figure 1.8. Various activities of curcumin highlighting its pharmacological effects.......... 13
Figure 1.9. The molecular targets regulated by curcumin..........c.ccoceevvenieneniinnnenienene 15
Figure 1.10. The intrinsic and extrinsic molecular pathways of apoptosis...........c.ccccueruenne 16

Figure 1.11. Signaling pathways associated with curcumin and the chemotherapeutic drugs

doxorubicin and CISPLALIN. ......c..eeiuieiiieiiieie ettt et et seae e 17

Figure 1.12. Mechanisms of action of curcumin as an anti-cancer potential on critical

molecular targets in dysregulated signaling pathways of prostate cancer. .............ccccu..... 19
Figure 1.13. Recent methods developed to enhance the bioavailability of curcumin ......... 20
Figure 5.1. The particle size distribution of SLCCUR.......cocoeviriiiniiiiiiiniiceee 40

Figure 5.2. The zeta potential of SLcCUR particles. ........cocevervieriininiiinieninicniecceee 40



Xiii

Figure 5.3. Transmission electron microscope (TEM) images of stcCUR particles........... 42
Figure 5.4. Scanning electron microscope (SEM) image of the stcCUR particles. ............ 43
Figure 5.5. Atomic force microscope (AFM) image of the sLcCUR particles .................... 44
Figure 5.6. FT-IR spectrum of sLcCUR particles ........cccooceeviriiiniininiinienenieeeeeene 45
Figure 5.7. Serum stability of sSLcCUR particles ...........coocuieviieniieiiieniieiieeieeieeeee e 46
Figure 5.8. Effects of SLC on prostate cells proliferation.. ...........cccoecveevieniieniienieenienienns 48
Figure 5.9. Effects of s.cCUR and rCUR on prostate cells proliferation................c.cc....... 50

Figure 5.10. Evaluation of the cellular uptake of s.cCUR and rCUR in PNT1A, 22Rv1, and

LINCAP CELIS.. ettt sttt 51
Figure 5.11. Investigation of cellular uptake of sLcCUR in the cells. .......cccoceveereriennnne 53
Figure 5.12. Analysis of the apoptosis in PNT1A, 22Rv1, and LNCaP cells. .................... 55
Figure 5.13. Apoptotic cell death triggered by sLcCCUR. ........cociiviiiiiiiiiniiniiiiieccee 57

Figure 5.14. Changes in the body weight of homozygous nude (Foxn1™/Foxn1™) male mice

............................................................................................................................................. 59
Figure 5.15. Tumor weight and volume changes in animals. .........c..coceveeneniineinennienene 60
Figure 5.16. The histopathological assessment of tumor and organs. ..........cecevceevveevennnnne 61

Figure 5.17. lllustrative H&E-stained pictures of the tissue slices........c.cccoervevieneniennnnne 62



X1V

LIST OF TABLES
Table 4.1. Components of the hypotonic SOIUtION. ........cceeviiieriiiriiieiiieiieece e 32
Table 4.2. SDS-PA gel DULTETS... c.coooiiiiiiiieece e 34
Table 4.3. SDS-PA gel COMPOSITIONS... ..covieriieriieiieeiieeiieeieeiie et eieeeee e saeeseeeseaeeaee e 35
Table 4.4. Running and transfer buffer recipes... ....ccoceevieeiiieiieniiieieeecece e 35
Table 4.5. Preparation of 10X TBS .......coooiiiiiiieee e 36

Table 5.1. Mean values of the particle size diameter, polydispersity index, zeta potential and

the percentage of encapsulation efficiency ..........ccoevvieiieiiiiiiiiiiiiieee e 39



°C
kDa

mL
mM

nm

V/v

w/v

Xg

ADT
ADP
AIPC
AKT
AR
APAF-1
APS
AP-1
ATCC
BSA
BPH
CAR-T
Cas9
CBP
CRISPR
CRPC
CUR
DISC
DHT
DLS

LIST OF ABBREVIATIONS

Degree Celsius
Kilodalton
Milliampere
Milliliter
Millimolar
Nanometer

Volt

Volume per volume
Weight per volume

Times gravity

Androgen deprivation therapy
Adenosine diphosphate
Androgen-independent prostate cancer
Protein kinase B

Androgen receptor

Apoptotic peptidase activating factor 1
Ammonium persulfate

Activator protein 1

American type culture collection
Bovine serum albumin

Benign prostatic hyperplasia

Chimeric antigen receptor T-cell

CRISPR-associated protein 9

XV

Cyclic adenosine monophosphate response element binding protein

Clustered regularly interspaced short palindromic repeats

Castration-resistant prostate cancer
Curcumin

Death-inducing signaling complex
Dihydrotestosterone

Dynamic light scattering



DMSO
DNA
DTT
EDTA
EGTA
EGFR
EPR
ER
ERG
FADD
FBS
FDA
FT-IR
GE
GRAS
GnRH
HG-PIN
HIV
HL-60
MAPK
MDR
NF-«B
PA
PARP
PBS
PCa
PDI

PIN
PI3K
PLGA
PMSF
PSA

Dimethyl sulfoxide
Deoxyribonucleic acid
Dithiothreitol

Ethylenediamine tetraacetic acid
Ethylene glycol tetraacetic acid
Epidermal growth factor receptor
Enhanced permeability and retention
Endoplasmic reticulum

Ets-related gene

Fas-associated death domain protein
Fetal bovine serum

Food and drug administration
Fourier transform infrared spectroscopy
Gel electrophoresis

Generally recognized as a safe
Gonadotropin-releasing hormone
High grade-prostatic intraepithelial neoplasia
Human immunodeficiency virus
Human leukemia 60

Mitogen activated protein kinase
Multidrug resistance

Nuclear factor kappa-B
Polyacrylamide

Poly ADP-ribose polymerase
Phosphate buffered saline

Prostate cancer

Polydispersity index

Power of hydrogen

Prostatic intraepithelial neoplasia
Phosphoinositide 3-kinase
Poly(lactic co-glycolic acid
Phenylmethanesulfonylfluoride

Prostate specific antigen

XVi



PTEN
RPMI-1640
SDS
STAT
TEMED
TMPRSS2
TNF

TNM
TRAIL
TUNEL
VEGFR
Zp

Phosphatase and tensin homolog

Roswell Park Memorial Institute 1640

Sodium dodecyl sulfate

Signal transducer and activator of transcription
Tetramethyl ethylenediamine

Transmembrane protease, serine 2

Tumor necrosis factor

Tumor node metastases

Tumor necrosis factor related apoptosis inducing ligand
Terminal deoxynucleotidyl transferase dUTP nick-end labeling
Vascular endothelial growth factor receptor

Zeta potential

Xvil



1. INTRODUCTION

1.1. PROSTATE

The prostate is an exocrine gland within the reproductive system in men, with an
approximate weight of 11 grams. It is in the pelvic area and is found in all mammals and
some vertebrates [1]. Its anatomy, pathology, and biochemistry differ among species,
highlighting its unique role in reproduction. The prostate is covered with muscles and
smooth muscle fibers that contract during ejaculation to expel prostatic fluid (Figure 1.1).
The prostate produces a fluid that substantially increases semen volume, improves sperm
motility, provides protective functions, and extends sperm survival [2]. This fluid is rich in
citric acid and proteolytic enzymes, which nourish sperm—the male reproductive cells—
and prevent their coagulation in the vagina during sexual intercourse. This fluid, along with
sperm, is excreted as semen after ejaculation. Neutralizing the urethral acidity improves
sperm mobility and viability, facilitating successful fertilization [3]. The growth and
function of the prostate are influenced by endocrine glands, particularly by serum

testosterone, which supports its development and maintains its size [4].
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Figure 1.1. Anterior view of the pelvis of a male. The prostate gland, an essential element
of the male reproductive system, is anatomically positioned directly below the urine

bladder. and anterior to the rectum [2].



An essential prostate function is its connection to the excretory system. The prostate
encompasses the part of the urethra placed closely under the urine bladder, and this
anatomical position is crucial for regulating urinary flow and retention. [5]. The ideal
prostate development and the regular growth depends on androgens, especially androgen 5-
alpha-dihydrotestosterone (DHT), which affect glandular production and cell differentiation
[6]. 5-alpha reductase enzyme catalyzes the conversion of testosterone to its more potent
derivative dihydrotestosterone (DHT), which is essential for the development and
proliferation of prostate cells [7]. Increased DHT levels may induce the atypical proliferation
of the cells in the prostate, potentially resulting in cancer formation [8]. Furthermore, certain
studies indicate that 5-alpha reductase inhibitors may diminish the prostate cancer risk.
[9,10]. However, the impact of 5-alpha reductase on prostate carcinoma is complicated, as

further studies suggest that inhibitors may not effectively restrict cancer progression [11,12].

The structure and function of the prostate are greatly impacted by several changes that occur
as men age [13]. Androgen receptors and growth factors, which regulate the cell proliferation
and differentiation, are processes by which prostate cells react to hormonal changes [14].
These variables work together to produce the aberrant growth patterns linked to benign
prostatic hyperplasia (BPH), known as a prostate expansion and is among the most prevalent
age-related disorders [15]. BPH is frequently associated with changes in cellular growth
factors as well as long-term hormonal abnormalities, specifically the rise in estrogen and fall
in testosterone [16—18]. Furthermore, the accumulation of these cellular alterations raises
the risk of prostate cancer, another age-related illness that can result from comparable

hormonal imbalances [19].

1.1.1. Cellular Constituents of the Prostate

The adult prostate tissue comprises two primary cell types, stromal and epithelial, each
performing an essential part in preserving the gland's integrity and functionality [20]. Among
epithelial cells, basal cells provide structural support, luminal cells is linked to releasing of
prostate-specific antigen (PSA), and intermediate cells transition between these states [21].

Neuroendocrine cells, though rare, contribute to hormonal regulation within the prostate

[22].



PSA, a key biomarker for prostate health, is released by luminal cells to facilitate semen
liquefaction [23]. Surrounding the epithelial tissue, stromal cells consist of smooth muscle
and fibroblast cells that provide structural integrity and support (Figure 1.2). Additionally,
the adult prostate contains a complex network of blood vessels, ganglia, peripheral nerves,

and white blood cells, which contribute to tissue nourishment, signal transmission, and
immune defense [22].

Bladder
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Figure 1.2. Schematic anatomy of the prostate highlighting differentiation between stromal
and epithelial cells. Epithelial cells, located above the basement membrane, include basal
cells that provide structural support and are critical for the prostate's epithelial layer.
Stromal cells, on the other hand, are composed of fibroblasts, smooth muscle cells,
vascular components, and neural elements, which collectively maintain the structural

integrity, contractility, and signaling functions of the prostate [24].

Prostate cells are participating in the production and secretion of many different biological
molecules critical to their function, including spermine, zinc, prostaglandins, citric acid,
cholesterol, seminine, and PSA. These molecules play essential roles in processes such as

sperm motility, immune defense, and glandular health [25]. Prostate diseases—such as



cancer, hypertrophy, inflammation, and infection—can disrupt the production or activity of

these substances, leading to functional impairments and disease progression [26].

1.2. PROSTATE CANCER

1.2.1. Characteristics of the Prostate Cancer

Prostate cancer is not only the second most prevalent cancer among men but also comes as
the fourth cancer with mortality in the world, representing around 7.3% of all newly
diagnosed cancers (Figure 1.3) [27,28]. The prevalence and mortality rates of prostate cancer
are significantly associated with advancing age with the average age at diagnosis being 66
years. The risk of prostate cancer significantly rises beyond the age of 50, particularly in
developed countries such as North America and Europe, where prostate cancer screenings
are more prevalent [29]. In the initial phases of prostate cancer, symptoms may be absent,
pain may be nonexistent, and there may be little to no requirement for therapy [30]. In
advanced stages, symptoms may include back pain, urine retention, and urinating
difficulties. The principal technique for identifying prostate cancer involves measuring PSA
levels, which, while indicative, lack specificity as they may also be raised in other disorders,
including benign prostatic hyperplasia [31]. A tissue biopsy is generally necessary to
validate a cancer diagnosis. Regardless of the cancer's location, current treatments are
limited by the disease's tendency to progress from androgen-dependent to androgen-
independent variants, limiting therapeutic options [32]. The progression of castration-
resistant prostate cancer (CRPC) poses a considerable challenge in treatment, necessitating
more aggressive interventions such as chemotherapy or innovative androgen receptor-
targeted treatments [33]. Surgery and radiation therapy are the primary treatment for
localized prostate carcinoma, frequently yielding a 10-year disease-free survival rate [34].
Nonetheless, these therapies may result in significant adverse effects, including urine

incontinence and sexual malfunction that may affect the patient's life quality [35].
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Incidence Mortality

20.0 million 9.7 million
new cases deaths
b) Males
Incidence Mortality

10.3 million 5.4 million
new cases deaths

Figure 1.3. The division of deaths and cases for the five most prevalent malignancies in
2022. Pie charts for (a) both sexes and (b) males. Prostate cancer (PCa) is the fourth most
prevalent malignancy in terms of incidence, accounting for 7.3% of new cases. The area of

each segment in the pie chart corresponds to the percentage of cases or deaths [28].



1.2.2. Prostate Cancer Progression

Research on prostate carcinoma primarily concentrates on acquired mutations and the
identification of genes implicated in its development [36]. Genetic alterations, particularly
in oncogenes as well as tumor suppressor genes, are crucial in the development of prostate
cancer [37]. The process is influenced by genetic mutations in addition to epigenetic changes
that modulate gene expression without modifying the DNA sequence [38]. The interplay of
these changes with environmental factors affects androgen metabolism, DNA repair
mechanisms, cancer metabolism, and inflammation pathways, all of which participate in the
initiation and prostate cancer progression [39,40]. Altered DNA repair mechanisms can lead
to the accumulation of the genetic mutations, whereas inflammation within the prostate
microenvironment may facilitate cancer cell proliferation and metastasis [41]. The androgen
receptor (AR) signaling mechanism is important in the prostate cancer development, as
androgen-dependent tumors are driven by AR activation [42]. Changes in the AR gene or its
regulatory elements may lead to androgen-independent prostate cancer (AIPC), a more
aggressive variant of the disease that exhibits reduced responsiveness to standard treatments
[43]. Prostatic intraepithelial neoplasia (PIN), especially high-grade PIN (HG-PIN),
represents the initial histological precursor to prostate cancer, marked by the destruction of
basal and secretory formations alongside the thickening of the epithelial layer [44]. The
transition from PIN to invasive cancer is frequently linked to chromosomal abnormalities,
including gene amplifications and deletions, which contribute to the carcinogenic process
(Figure 1.4) [45]. The tumor microenvironment, characterized by an invasion of immune
cells and chronic inflammation, significantly influences prostate carcinogenesis, promoting
tumor progression and resistance to therapies [46]. The multifocality of prostate cancer,
marked by various areas of prostatic intraepithelial neoplasia and carcinoma, highlights the
disease's heterogeneity and the complex genetic and cellular changes that occur during tumor

progression [47].
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Figure 1.4. The prostate cancer progression and corresponding management or therapy
approaches. Aggressive tumors in prostate cancer alter the strategies for treatment and

management of cancer progression [24].

The development and advancement of prostate cancer is considerably affected by molecular
mechanisms [48]. The TMPRSS2-ERG gene fusion represents a prevalent genetic alteration
in prostate cancer, arising from the fusion of the TMPRSS2 gene, which is usually controlled
through androgen signaling, with the ERG gene, an ETS transcription factor family member
[49]. This fusion results in ERG overexpression, which promotes tumorigenesis by
disrupting the normal differentiation of prostate epithelial cells and activating cancer
signaling pathways [50]. Moreover, the loss of PTEN (phosphatase and tensin homolog)
represents other typical genetic alterations in prostate cancer [51]. PTEN functions as a
tumor suppressor by restricting the PI3K/AKT signaling, essential for the controlling of cell
growth and survival [52]. The absence of PTEN leads to uncontrolled cell growth and
defense against programmed cell death, which contributes to the aggressive characteristics
of prostate cancer [53]. Another significant alteration in prostate cancer occurs in the p53

gene, which is an essential regulator of the cell cycle and programmed cell death [54].



Mutations in p53 correlate with the advancement of prostate cancer to more severe and
aggressive stages, including metastasis, by compromising its capacity to induce cell cycle

arrest or apoptotic death in response to DNA damage [55].

The interplay of genetic alterations, environmental influences, and hormonal factors
establishes a complex tumor microenvironment that facilitates the progression and
metastasis of prostate cancer [56]. Comprehending these molecular mechanisms offers
significant knowledge on possible treatment targets for prostate cancer, especially in cases

resistant to standard therapies.

1.2.3. Grading of Prostate Cancer

The grading and staging of prostate cancer are essential for assessing prediction and
informing therapy choices [57]. The Gleason score is a prevalent method for evaluating the
aggressiveness of prostate cancer, examining the tumor's architectural pattern through
histological inspection [58]. The Gleason grading method allocates scores from 2 to 10,
where elevated scores signify more aggressive cancer with an increased probability of
progression and metastasis [59]. The score is calculated by evaluating the two most prevalent
patterns of cancer cell differentiation in a biopsy sample and aggregating their results. A
Gleason score of 6 or lower is generally regarded as low-grade, but scores of 7 or higher
signify intermediate to high-grade disease, with values of 8 or above linked to a markedly

poorer prognosis [60].

The Tumor Nodes Metastases (TNM) staging system, together with the Gleason score, is
employed to specify the level of cancer progression [61]. The TNM system evaluates the
dimensions of the primary neoplasm or tumor (T), the degree of lymphatic involvement or
nodes (N), and the existence of distant metastases (M) [62]. This staging method is essential
for assessing cancer's local progression and distant metastasis, which subsequently affects
the treatment selection, encompassing localized interventions (e.g., surgery, radiation) and
systemic therapies (e.g., chemotherapy, androgen deprivation therapy) [63]. The Gleason
score and TNM staging collectively provide a thorough evaluation of prostate cancer,
assisting clinicians in predicting patient outcomes and customizing treatment approaches

[64].



The International Society of Urological Pathology (ISUP) grading system is a systematic
framework for classifying prostate cancer according to histological patterns seen in tissue
specimens. This methodology, established in 2014 as an enhancement of the conventional
Gleason scoring method, classifies prostate cancer into five grade groups, from grade group
1 (less aggressive, aligned with Gleason score <6) to grade group 5 (the most aggressive,
aligned with Gleason scores 9-10). The ISUP approach enhances risk stratification and
prognostication by providing a more clinically useful and efficient evaluation of tumor
aggressiveness. It is especially beneficial in informing treatment choices, differentiating
candidates for active surveillance from those need more intensive therapy. The repeatability
and predictive precision of the ISUP grading system have established it as the chosen
standard in modern clinical practice and research. The significance of these categorization
systems resides in their capacity to predict prognosis and their function in enhancing clinical
decision-making, thereby ensuring patients receive the most suitable and effective treatment

for their cancer stage and grade [65].

1.2.4. Therapies for Prostate Cancer Treatment

Conventional chemotherapy is frequently employed for instances of CRPC, wherein the
malignancy has advanced to an androgen-independent condition [66,67]. Chemotherapy is
commonly constrained by its significant toxicity, resulting in severe adverse effects, and its
efficiency is diminished in certain patients due to multidrug resistance (MDR) mechanisms
[68]. This resistance is associated with alterations in drug transporters, increased drug efflux,
and enhanced DNA repair, all of which reduce the effectiveness of chemotherapy.
Consequently, there is an urgent demand for new effective medications with minimized
adverse effects, including targeted therapies and customized medicine [69]. Recent
advancements involve the utilization of nanoparticles for targeted drug administration,
encapsulating drugs within carriers such as lipids, peptides, or antibodies to enhance
treatment specificity and minimize systemic toxicity [70]. These strategies improve

treatment accuracy and reduce the adverse effects linked to traditional chemotherapy [71].

The capacity of prostate cancer to undergo a transition from androgen-dependent to
androgen-independent condition creates limitations for current therapy approaches (Figure
1.5). Surgical intervention and radiotherapy are the favored therapies for localized prostate

cancer, offering a high 10-year disease-free survival rate for several patients [73]. These
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methods are frequently integrated with androgen deprivation therapy (ADT), and it
diminishes androgen receptor signaling to suppress prostate cancer cell proliferation [74].
The androgen receptor signaling pathway is initially fundamental for survival of patients

with prostate cancer [75]. Most prostate cancers are androgen-sensitive, which increases the

activity of the androgen receptors [76].
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Figure 1.5. Representative schematic of treatment approaches for advanced prostate

carcinoma [72].

Numerous androgen receptor (AR) antagonists and steroidal agents have been formulated to
inhibit androgen signaling in prostate cancer (Figure 1.6). Flutamide, bicalutamide, and
enzalutamide are non-steroidal antiandrogens that competitively restrict androgen binding
to the androgen receptor, thereby inhibiting androgen receptor-mediated transcription and
tumor development. Spironolactone, mifepristone, and cyproterone acetate are steroidal
compounds exhibiting antiandrogenic characteristics that disrupt androgen production or

receptor interaction. These drugs, in conjunction with natural androgens like testosterone
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and dihydrotestosterone (DHT), illustrate the complex nature of androgen receptor signaling
modulation. Focusing on this route is fundamental to prostate cancer therapy, particularly in

androgen-sensitive and castration-resistant phases [77-79].
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Figure 1.6. The names and chemical structures of androgens and anti-androgens used in

prostate cancer treatment [77].

Despite these treatments, ADT ultimately becomes inefficient in CRPC, where cancer adapts
and proliferates despite reduced circulating testosterone levels [82]. In many cases, novel
therapeutic methods are emerging to overcome resistance. Immunotherapy, including
immune checkpoint inhibitors and PARP inhibitors, has shown promising outcomes in
clinical studies for CRPC patients by addressing the genetic defects of the malignancy
[83,84]. Recent research indicates that genomic targeting by gene editing technologies, such
as CRISPR-Cas9, may effectively modify cancer DNA and can reverse resistance to ADT
[85]. Moreover, CAR-T cell therapy (Chimeric Antigen Receptor T-cell) is under
investigation as a promising treatment for advanced prostate carcinoma, providing a possible
method to stimulate the immune system to more effectively target and eradicate prostate

cancer cells [86].
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Curcumin has been known as an exciting anticancer drug in recent years because of its
advantageous safety profile. Curcumin as a natural substance, functions as an androgen
receptor antagonist and suppresses NKX3.1 expression, diminishing androgen response
element binding activity and downregulating genes such as AR and PSA in the prostate
cancer cells [80]. Curcumin diminishes NF-kB (Nuclear Factor kappa-B) activation and the
production of proteins such as CBP and AP-1, which contribute to the development of cancer

cells [81].

1.3. CURCUMIN

Phytochemicals, which are plant-derived compounds, are being extensively researched for
their possible role in disease prevention, including cancer [87]. Curcumin, a golden-colored
polyphenol extracted from the Curcuma longa plant roots, is a natural polyphenolic material
with the chemical formula C,1H2006 with a molecular weight of 368.37 g/mol [92]. The
chemical structure comprises a beta-diketone molecule, including two aromatic rings
interconnected, comprising a seven-carbon chain. Each of these aromatic rings comprise
hydroxyl and methoxy groups, enhancing its significant biological activity (Figure 1.7) [93].
The particular chemical profile of curcumin provides anti-inflammatory, antioxidant, and

anticancer properties, resulting in a favorable candidate for medicinal applications [94].

HO OH
OCH, OCH,

Figure 1.7. The chemical structure of curcumin. The structure is a beta-diketone molecule
consisting of two aromatic rings comprising a seven-carbon chain. Each of these aromatic

rings have hydroxyl and methyl groups [93].
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Curcumin is known as its anti-inflammatory, anti-mutagenic, antibacterial, and anti-tumor
attributes [88,89]. It has been an essential component of conventional medicine in Asian
countries for centuries, used in both oral and topical applications for its therapeutic

advantages (Figure 1.8).
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Figure 1.8. Various activities of curcumin highlighting its pharmacological effects. These
include anti-diabetic, anti-tumor, anti-fibrotic, antioxidant, anti-viral, anti-inflammatory,

anti-pathogenic, and cardiovascular protective properties [91].

Curcumin exhibits a comprehensive range of biological actions, including the regulation of
several cellular functions critical to cancer formation, like inflammation, apoptosis,
angiogenesis, and metastasis [90-94]. Curcumin is soluble in organic solvents like acetone
and ethanol, and dimethyl sulfoxide (DMSO), but is virtually insoluble in water [95]. The
limited solubility significantly restricts its therapeutic applicability by impacting its
bioavailability [96].

Despite its potential, curcumin overcomes limitations associated with fast metabolism and

poor absorption in the body, hence limiting its effectiveness when administered orally [97].
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Researchers have developed various nanoformulations, including liposomes, micelles,
nanogels, nanoparticles, and cyclodextrins, to enhance the water solubility and
bioavailability of the curcumin [98—100]. These formulations safeguard curcumin against
metabolic breakdown and enable targeted delivery to cancerous cells, therefore increasing

its therapeutic efficiency, particularly in prostate carcinoma treatment [101,102].

Due to curcumin’s significant health benefits, curcumin is employed globally in many forms,
including tablets, capsules, supplements, soaps, and cosmetics [103]. Its anti-inflammatory
and antioxidant characteristics have established it as a fundamental component in both
traditional and modern therapy [98]. The U.S. Food and Drug Administration (FDA) has
classified curcumin as Generally Recognized as Safe (GRAS) and has been involved in a
variety of clinical studies, indicating that curcumin is a safe at doses that exceed 10 g/day,
with no evidence of dose-limiting toxicity [104]. Enhancing the biological availability of
curcumin is a significant emphasis of ongoing research to optimize its therapeutic efficiency,

particularly in prostate cancer treatment [105].

1.3.1. Anti-Cancer and Anti-Tumor Activity of Curcumin

Curcumin has been known as an exciting anticancer treatment in recent years because of its
advantageous safety profile [106]. It has been documented to influence many signaling
pathways and demonstrate a wide range of biological activity, involving antioxidant, anti-
mutagenic, anti-inflammatory, anti-proliferative, and anti-cancer effects [107]. Curcumin is
an established antioxidant that may inhibit angiogenesis, promote apoptosis, reduce the
synthesis of anti-apoptotic proteins in cancer cells, and limit cellular proliferation [108].
These pathways establish curcumin as a crucial compound in cancer research and treatment
(Figure 1.9) [109]. Curcumin specifically interacts with essential signaling molecules
involved in cancer progression, demonstrating significant cellular activity in both in vitro
and in vivo models [110]. It is shown to inhibit angiogenesis and cell-cell adhesion by
affecting specific signaling pathways, including NF-kB, STAT3 (Signal Transducer and
Activator of Transcription 3), and MAPK (Mitogen-Activated Protein Kinase), which are
generally dysregulated in cancer cells [111]. Furthermore, curcumin can hinder tumor cell
proliferation, prevent tumor growth, and inhibit metastasis, which are critical factors in

cancer treatment and prevention [112].
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Studies demonstrate that curcumin, even at elevated doses, can augment the effectiveness of
chemotherapeutic drugs while exerting low or no detrimental effects on healthy tissues,
rendering it a significant adjunct in cancer therapy [113]. It has also been indicated to
facilitate the loss of pre-malignant lesions in multiple organs [114]. The effects of curcumin
are enhanced when it is taken with other drugs or phytochemicals [115,116]. Research
indicates that curcumin amplifies the anti-cancer efficacy of chemicals like quercetin,
resveratrol, epigallocatechin gallate, and ursolic acid, resulting in synergistic effects across

multiple types of cancer, involving breast, colorectal, and prostate malignancies [117-121].

The synergistic effects indicate that curcumin may provide a more efficacious therapeutic
approach when used in conjunction with other medications, especially in prostate cancer,
where its capacity to influence androgen receptor signaling and other pathways can enhance

patient outcomes [122—126].
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Figure 1.9. The molecular targets regulated by curcumin. Cancer cell death or
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16

Many chemotherapeutic agents, such as plant-derived taxol and vincristine, may cause
significant damage to healthy cells while promoting death in malignant cells. However,
curcumin has shown safety [128]. Curcumin promotes apoptosis in cancerous cells and
suppresses cellular growth [129]. It affects both p53-dependent and -independent molecular
pathways and leading to apoptosis via intrinsic or extrinsic pathway (Figure 1.10) [130].
Curcumin-induced DNA damage or stress factors initiate the intrinsic apoptotic pathway,
leading to the overexpression of pro-apoptotic proteins (e.g., Bax, Bim, Bak, Puma, and
Noxa) and the downregulation of anti-apoptotic proteins (e.g., Bcl-2, cFLIP, and Bcl-xL)
[131].
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Figure 1.10. The intrinsic and extrinsic molecular pathways of apoptosis. The intrinsic
pathway occurs via mitochondria-mediated mechanisms, while the extrinsic pathway

occurs via the death receptor-mediated signaling [130].

The modulation of Bcl-2 family proteins leads to the release of the cytochrome from the
mitochondria, the development of apoptosome (comprising APAF-1 (Apoptotic Protease
Activating Factor 1), caspase 9, and cytochrome c), and eventually, cell death through
apoptosis [132—134]. In the extrinsic pathway, curcumin activates Fas and TRAIL (Tumor

Necrosis Factor-Related Apoptosis Inducing Ligand) receptors located on the cell membrane
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[135]. This results in the generation of death-inducing signaling Complex (DISC), which
includes Fas, Fas-associated protein with death domain (FADD), caspase-8, and caspase-10.
Caspase-8 and caspase-10 interact with the intrinsic pathway by Bid cleavage, facilitating

cytochrome c release and triggering the caspase cascade (Figure 1.11) [106].
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Figure 1.11. Signaling pathways associated with curcumin and the chemotherapeutic drugs

doxorubicin and cisplatin. All three, cisplatin, doxorubicin, and curcumin, induce the Bax

upregulation and downregulate Bcl-2. Curcumin leads to the induction of the Fas signaling
pathway. Together, these pathways activate the caspase cascade and promote apoptosis.
Molecular targets and signaling pathways activated by curcumin are shown by the arrow

(—), while inhibition is indicated by the symbol () [106].

Research demonstrates that curcumin facilitates Poly (ADP-ribose) polymerase (PARP)
cleavage, and the generation of apoptotic bodies while downregulating anti-apoptotic Bcl-2
family proteins [136]. Moreover, curcumin enhances endoplasmic reticulum stress and
triggers apoptosis via both intrinsic and extrinsic pathways. It is shown that curcumin
triggers pro-apoptotic endoplasmic reticulum stress in the HL-60 human leukemia cells
[137]. Moreover, curcumin can reversibly inhibit non-malignant cells in the GO phase

without causing apoptosis, while it induces apoptosis in malignant cells [138].



18

1.3.2. Anti-Cancer Activity of Curcumin in Prostate Cancer

Prostate cancer cells frequently acquire resistance to therapies and are governed by many
anti-apoptotic proteins that facilitate their survival and growth [139, 140]. Curcumin has
been shown to trigger apoptosis in prostate cancer cells in both androgen-dependent and
androgen-independent contexts as a promising chemoprotective and chemotherapeutic agent
[141]. Curcumin displays its anti-cancer properties in prostate cancer by influencing various
critical molecular targets associated with abnormal signaling pathways [142]. This involves
the suppression of androgen receptor (AR) signaling, AP-1, NF-kB, Bcl-2, PI3K/Akt, Cyclin
D1, and Wnt/B-catenin pathways, all of which are fundamentally linked to the evolution of
prostate cancer. Through this multifaceted mechanism, curcumin disrupts both proliferation

and survival signals, demonstrating its potential as a therapeutic agent (Figure 1.12) [143].
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Figure 1.12. Mechanisms of action of curcumin as an anti-cancer potential on critical
molecular targets in dysregulated signaling pathways of prostate cancer. Curcumin
demonstrates anti-cancer characteristics by inhibiting various signaling pathways and
molecular targets: (a) Androgen receptor (AR) signaling, (b) Nuclear factor kappa-B (NF-
kB) signaling, ,(c) Activating protein-1 (AP-1) signaling, (d) Phosphatidylinositol 3
kinases/serine/threonine kinase (PI3K/Akt) signaling, (¢) B-cell lymphoma 2 (Bcl-2)
signaling, (f) Cyclin D1, and (g) Wingless (Wnt)/B-catenin signaling. Molecular targets
and signaling pathways activated by curcumin are shown by the arrow (—), while

inhibition is indicated by the symbol () [143].

Curcumin's chemopreventive potential has shown beneficial effects in androgen-dependent
LNCaP and 22Rv1 human prostate cancer cells, in addition to in androgen-independent
prostate cancer cell lines, comprising PC-3 human prostate adenocarcinoma cells, DU-145
human prostate cancer cells, and the LNCaP-derivative C4-2B cells human prostate cancer

cells [144]. Curcumin's capacity to regulate androgen receptor signaling pathways



20

establishes it as a prospective treatment approach for androgen-independent prostate cancer,

where conventional hormone therapies frequently prove ineffective [145].

1.3.3.Nanoformulations of the Curcumin

Curcumin received significant interest as a cancer therapeutic due to its safety profile,
making it a promising anti-cancer strategy in recent years [146]. Research demonstrates that
curcumin enhances the efficacy of chemotherapeutic drugs and, even at high dosages, does
not harm or negatively impact healthy organs, positioning it as a potential adjunct in cancer
therapy [147,148]. Curcumin exhibits combined suppressive effects on the proliferation and
viability of prostate, breast, and colorectal cancer cells, especially when used in conjunction
with other natural substances [149-151]. As curcumin has poor pharmacokinetic
characteristics, restricting its effectiveness as a chemosensitizer and chemotherapeutic agent,
nanotechnology has appeared as a possible answer to overcome these constraints [152, 153].
Encapsulating curcumin in nanocarriers significantly improves its solubility and

bioavailability, hence increasing its therapeutic effectiveness (Figure 1.13) [154].
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Figure 1.13. Recent methods developed to enhance the bioavailability of curcumin [164].

Liposomes are commonly used as nanocarriers due to their ability to encapsulate
hydrophobic substances like curcumin, and their potential ability to carry substantial
amounts of chemotherapeutic agents, improve drug stability, and promote prolonged

circulation in the bloodstream [155]. These characteristics are particularly advantageous for
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prostate cancer therapy, as curcumin's hydrophobic qualities may be successfully managed
through liposomal encapsulation [156,157]. Poly (lactic co-glycolic acid) and curcumin
nanoparticles (PLGA-CUR) have demonstrated encouraging results in the treatment of
prostate carcinoma. Research demonstrates that curcumin, administered via PLGA
nanoparticles, is more efficacious in preventing the proliferation of prostate cancer cells than
free curcumin [101]. PLGA nanoparticles effectively transport curcumin into cancer cells,
releasing it directly into the cytoplasm and thereby enhancing its anti-cancer properties. This
research indicates that PLGA-CUR nanoparticles markedly diminish tumor size in animal
models. Additionally, it is revealed that PLGA-CUR nanoparticles suppressed androgen
receptor expression, downregulated nuclear B-catenin in tumor xenograft tissues, and
stimulated cleavage of PARP [158]. Also, PLGA-CUR nanoparticles induced apoptosis by
suppressing Bcl-xL and diminishing Akt and STAT3 phosphorylation, which are critical
regulators of cell survival and proliferation [159,160]. These findings emphasize the

efficiency of curcumin nanoparticles as a treatment agent for prostate cancer [161-163].

1.3.4.Soy Lecithin-Based Formulations

Lecithin is a phospholipid commonly used as a safe and biocompatible substance in the food
and pharmaceutical industries [165]. It contains components necessary to maintain cell
membrane fluidity, which enhances the absorption and increases the bioavailability of drugs
[166]. Research indicates that lecithin-based docetaxel nanoparticles markedly enhance the
anti-tumor efficacy of docetaxel, facilitating improved transport and more effective targeting
of cancer cells [167]. This research demonstrated that soy lecithin-based nanoparticles
exhibited a prolonged releasing profile, releasing 80% of docetaxel within the 72 hours, with
higher bioavailability compared to docetaxel alone (8.75% vs. 2.40%) [168]. Thus, lecithin-
based nanoparticle formulations have been proven to enhance the therapeutic effectiveness
of pharmaceuticals with low oral bioavailability [169]. The continuous release feature, along
with improved bioavailability, makes lecithin-based formulations an effective solution for
the challenges associated with the oral absorption of poorly soluble drugs [147]. Moreover,
lecithin's amphiphilic properties enhance the cellular targeting of therapeutic agents, hence
increasing the effectiveness of anticancer treatments [170]. Lecithin-based carriers have
shown the capacity to enhance cellular uptake of hydrophobic drugs like curcumin and

docetaxel, hence improving their therapeutic effectiveness in cancer therapy [171].
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2. AIM OF THE STUDY

Curcumin, a natural polyphenol, is distinguished for its anti-proliferative, antioxidant, anti-
mutagenic, and anti-cancer features, however, the low bioavailability of the curcumin
through oral administration limits its therapeutic efficacy. This study aimed to observe the
in vitro anticancer efficacy of soy lecithin-based encapsulated curcumin (s.cCUR) on 22Rv1
and LNCaP prostate cancer cells, using the normal prostate epithelial cells PNT1A as a
reference. The in vitro findings were further validated in vivo using a 22Rv1 xenograft mouse

model of prostate cancer.
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3. MATERIALS

3.1. INSTRUMENTS

3.1.1.Instruments for Characterization of the s.cCUR Particles

High-speed homogenizer (Hidolf, Germany), Lyophilizer (Labconco, USA), Zetasizer
(Nano ZST, Mallvern Instruments Ltd., UK), Transmission Electron Microscope (TEM,
JEM-2100 Plus, JOEL, Japan), Scanning Electron Microscope (SEM, Zeiss Evo40 (Zeiss,
Heidelberg, Germany), Atomic Force Microscope (AFM, XE-1000 AFM, Park Systems,
Korea), Fourier Transform Infrared Spectroscopy (FT-IR, Perkin Elmer FTIR System
Spectra BX, USA).

3.1.2.Instruments for Cell Culture Experiments

Laminar flow (ESCO Lab Class II Biohazard Safety Cabinet, Singapore), CO; Cell Culture
Incubator (NU-5800, NuAire, USA), Centrifugator (Sigma, England), Carl Zeiss Primo Vert
Microscopy with AxioCam-1050 color (GmbH 3708, Gottingen, Germany), 80 °C freezer
(ThermoForma -80°C ULTC Freezer, USA), Centrifuge (MICRO-22R, Germany),
Flourescence Microscope (Nikon 80 Eclipse Fluorescence Microscope), pH meter (Hanna
Instrument PH2112, Germany), Benchtop Vortex (Stuart SA, UK), Stirrer (Heidolph MR2,
Germany), Stirrer and Heater (Bio-mer, M1023, China), SpectraMax Paradigm (Molecular
Devices Multi Mode Detection, USA).

3.1.3. Instruments for SDS-PAGE and Western Blotting Experiments

Chemi-DOC XRS, Gel Imaging System (Bio Rad, USA), Weigher (Shimadzu Corporation
TW423L, Japan), Centrifuge (MICRO 22R, Hettich, Germany), Gyro-Rocker (Stuart, UK),
Centrifuge (Sigma, England), SpectraMax Paradigm (Molecular Devices Multi Mode
Detection, USA).

3.2. EQUIPMENTS

Cell Culture Flasks (T25, T75, and T150, SPL Life Science, South Korea), Polypropylene
Eppendorf (0.5 mL and 1.5 mL Isolab Universal, Germany), Falcon tube (15 mL and 50 mL,
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Isolab, Germany), Sterile Filter (0.22 um and 0.45 pm, Sartorius Stedim Biotech, Germany),
Cell Culture multi-well plates (6-well, 24-well, 96-well, TPP, Switzerland), Pipette Tips
(Isolab, Germany), Sterile Serological Pipettes (Isolab, Germany), Electronic Pipette (CAPP
Aid, Denmark), Bright-Line Hemacytometer (Sigma Aldrich, Germany), Micropipettes
(Eppendorf, Germany), Cover Slip (Sigma, Germany), Graduated Cylinder (Isolab,

Germany), Erlenmeyer Flasks (Isolab, Germany).

3.3. CHEMICALS

3.3.1. Cell Lines

Normal Epithelial Prostate Cells (PNT1A, #95012614, Sigma Aldrich, USA), Human
Epithelial Prostate Carcinoma Cells (22Rvl ATCC #CRL-2505), Lymph Node Carcinoma
of Prostate Cells (LNCaP, ATCC #CRL-1740), Transgenic Mouse Adenocarcinoma Cells
(TRAMP-C2, ATCC #CRL-2731).

3.3.2. Cell Culture Media

Roswell Park Memorial Institute 1640 growth medium (RPMI-1640, Gibco #11875093,
Thermo Fisher Scientific, USA), Dulbecco’s Modified Eagle’s Medium (DMEM, high
glucose, Gibco #11965092, Thermo Fisher Scientific, USA).

3.3.3. Cell Culture Growth Supplements

Fetal Bovine Serum (FBS, Sigma, #F9665), Penicillin/Streptomycin (100 U/mL/100 pg/mL)
(Sigma, #p4333, 6SLBJ7114U), L-glutamine Solution (Sigma Aldrich G7513, Germany).

3.3.4. Other Chemicals for Cell Culture

WST-1 Cell Proliferation Reagent (Roche, 11644807001, Switzerland), Trypsin 10x (Lonza,
BEO02-007E, Switzerland), DMSO (Dimethyl Sulfoxide, Santa Cruz Biotechnology, 202581,
USA).
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3.3.5. Chemicals for Cellular Uptake Experiments

HEPES (4-(2 hydroxyethyl)-1 piperazinethanesulfonic acid) (Merck, Germany), Dimethyl
Sulfoxide (Merck, Germany), Phosphate Buffered Saline (PBS) (PAN Biotechnology, P04-
5350, Germany), Ethylene Glycol Tetraacetic Acid (EGTA) (Fluka 037792, USA), 10X
concentrated PBS (10X) (Lonza, BE117-517Q, Belgium), Sodium Orthovanadate (Naz;VOs)
(Sigma, S6508, USA), Mounting Media (F4680-25, Sigma, USA), Ethylenediamine
Tetraacetic Acid (EDTA) (Merck, K401732186 946, Germany), Dithiothreitol (DTT)
(Applichem A1101, USA), Phenylmethanesulfonylfluoride (PMSF) (Sigma 78830, USA).

3.3.6. Chemicals for SDS-PAGE and Western Blotting

Acrylamide/Bis-acrylamide (Merck, A3574, Germany), Sodium Dodecyl Sulfate (Sigma,
L3771, Germany), Laemmli Buffer 5X (Sigma, S3401, Germany), Ammonium persulfate
(APS) (Sigma, A3678, Germany), B-Mercaptoethanol (Merck, 805740, Germany),
Methanol, pure (Sigma, 34885, Germany, Nitrocellulose membrane (0.22 pum) (GE
Healthcare RPN3032D, USA), Albumin, Bovine Serum (Bioshop, ALB001, Canada),
Protein Assay Reagent A and B (Bio Rad 50001135, 50001145 USA), Whatman 3MM CHR
Blotting Paper (GE Health Care3030-917, USA), RIPA Lysis Buffer (SC Biotechnology,
USA), Tris Ultra-Pure (Merck 819623, Germany), Tween-20 Detergent (Merck, 655204,
Germany), WesternBright Sirius (Advansta K12043, USA), 2-Propanol (Sigma Aldrich
24137, Germany).

3.3.7. Antibodies

3.3.7.1. Primary Antibodies

Caspase-9 (CST, 95028, USA), C-Caspase-3 CST, 9664S, USA), PARP (CST, 9542P,
USA), B-Actin (Sigma, A53164, Germany)

3.3.7.2. Secondary Antibodies

Anti-mouse IgG Antibody (Sigma, A44161, Germany), Mouse IgG Antibody (Santa Cruz
Biotechnology, 2025, USA), Rabbit IgG Antibody (Santa Cruz Biotechnology 2027, USA)
Anti-rabbit IgG Antibody (CST, 7074S, USA).
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3.4. KITS AND SOLUTIONS

In-Situ Cell Death Detection Fluorescein Kit (Terminal Deoxynucleotidyl Transferase dUTP
Nick End Labeling (TUNEL) Assay, Roche, #11684795910).
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4. METHODS

4.1. SYNTHESIS OF THE PARTICLES

4.1.1.Preparation of SLC Particles

To prepare the soy lecithin (SLC) particles, a 2% (v/w) dispersion of soy lecithin was
prepared first. Soy lecithin was combined with sterile water for injection in a high-speed
homogenizer (21000 rpm) for 15-30 minutes. The resulting dispersion was further stirred
using a sonicator (70 kHz at 70% vibration) for a total time of 15 minutes, in 5-minute
intervals, to reduce the particle size. Following the measurement of particle size and zeta
potential (ZP) via dynamic light scattering (DLS), the sample was subjected to freezing and
lyophilization at a pressure of 0.1 millibar and a temperature of —50°C. Upon obtaining the
powder form, it was stored in a vacuum oven for one hour and thereafter placed in firmly

sealed containers within the refrigerator.

4.1.2.Preparation of sL.cCUR Particles

To prepare the soy lecithin-based encapsulated curcumin (s.cCUR) particles, 300 mg of SLC
particles and 100 mg of free curcumin (rFCUR) were weighed in a 3:1 ratio and mixed with
sterile water for injection using a high-speed homogenizer (21000 rpm). The dispersion was
further stirred using a sonicator (70 kHz at 70% vibration) for a total time of 45 minutes, in
S5-minute intervals, to reduce the particle size. The resultant curcumin nanoparticle
dispersion was subjected to freezing and lyophilization at 0.1 millibar pressure and -50 °C.
Thereafter, the lyophilized powder was mixed with sterile water, and the mixture was
subjected to sonication again for a further 45 minutes, according to the same conditions (5-
minute intervals, 70 kHz power, and 70% amplitude). The mixture was subsequently frozen
again and lyophilized under identical conditions. The particle size and ZP were obtained by
DLS. The resulting nanoparticle suspension was frozen and dried in a lyophilizer at 0.1
millibar pressure and -50 °C. Next, the sample was kept in a vacuum oven for 1 hour and

stored in tightly closed containers in the refrigerator.
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4.1.3. Characterization of s.cCUR Particles

The size, ZP values, and polydispersity index (PDI) results were obtained from the DLS
instrument to characterize the s.cCUR particles. DLS revealed the size distribution of the
nanoparticle formulations, while ZP assessed the surface charge of the particles. The particle
size, PDI, and ZP were obtained using a DLS instrument, with each sample evaluated at least
three times. For the determination of the encapsulation efficiency (EE), the formulation
undergoes lyophilization for 48 hours. The quantity of curcumin loaded into soy lecithin was
indirectly evaluated by examining the curcumin alone and the soy lecithin-curcumin
mixture using a spectrofluorometer at an absorption wavelength of 425 nm. The EE was

determined by following equation:

(amount of SLCCUR in the mixture)

(initial amount of FCUR in the mixture)

EE (%) =

x100 (4.1)

A transmission electron microscopy (TEM) analysis was used for the comprehensive
morphological analysis of the s.cCUR particles For the TEM analysis, a droplet of the
sLcCUR sample was positioned onto a carbon coated copper grid with a 200-mesh size and
leaved to air-dry for one hour before imaging. The s.cCUR sample was subsequently stained
using a 2% uranyl acetate alternative for negative staining. The sample was subsequently
investigated using TEM. The images were acquired at an accelerating voltage of 200 kV. A
scanning electron microscopy (SEM) analysis was employed to evaluate the morphological
properties of the s.cCUR particles. The dried s.cCUR sample was coated with gold prior to
SEM analysis, and the sample was examined at a magnification of 5.00 KX. Furthermore,
atomic force microscopy (AFM) analysis was done to examine the surface topography of
the stcCUR particles. The sample was placed on a carbon disc and dried at room temperature
before imaging. Fields of 4 x 4 um? on all surfaces were analyzed utilizing XEI software
(version 1.18). Serum stability experiments of the st.cCUR particles were done in a PBS
solution (pH 7.4) enriched with 10% (v/v) fetal bovine serum (FBS). The st.cCUR solution
was incubated at the 37 °C, and the particle size (nm), ZP (mV), and PDI of the formulation
were assessed at specific time intervals. The pH was around 7.4 for all media used in the
characterization analysis, including water, buffers, and serum-containing PBS. Additionally,

molecular bond characterization of SLC, s.cCUR, and rCUR was demonstrated by FT-IR.
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All these FT-IR analyses were done in the transmittance mode, covering the range of 4500—

450 cm—1.

4.2. CELL CULTURE

4.2.1. Cell Growth and Maintenance Conditions

PNTIA, 22Rvl, and LNCaP cells were routinely cultured in the RPMI-1640 medium and
supplied with 10% (v/v) FBS, 100 pg/mL streptomycin & 100 U/mL penicillin.

4.2.2. Cell Subculturing

For subculturing, the monolayer of the cell was rinsed with 2 mL of 1X PBS (pH=7.4) before
trypsin/EDTA (0.05% (v/v) trypsin and 0.02% EDTA) treatment for 5 minutes. Following
the collection of cells in 2x FBS containing growth medium, cells were subjected to 5
minutes at 300 xg centrifugation. The cell pellet was next resuspended with an appropriate
cell culture medium and seeded in a flask in an incubator at 37 °C, 5% (v/v) CO,, with a

humidified air until they reach to an 80-90% confluency.

4.2.3. Determination of the Cell Numbers

After the subculturing of cells (explained in the Section 4.1.2), 10 puL cell suspension was
placed on each mirror grid of the hemocytometer. Two different grids of the hemocytometer
were counted using phase-contrast light microscopy. The cell number was calculated using

Equation 4.1, which is given below.

(Cell number)/mL =

Counted cell number x Dilution factor x Depth of hemocytometer (4.2)

4.2.4. Cell Freezing

For the cryopreservation of the cells, 90 % (v/v) FBS and 10% (v/v) DMSO were mixed to
prepare cell freezing solution. Cells were collected and washed once as described above

(Section 4.2.2), and the pellet was resuspended with 1 mL cell freezing solution to be
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transferred to cryo-preservation tubes. Next, they were then placed at -80°C immediately for
short-term preservation. The vials were put in the liquid nitrogen-containing tanks for the

long-term preservation.

4.3. DETERMINATION OF CELLULAR TOXICITY

4.3.1. Determination of the Cellular Toxicity of SLC

To determine the cellular toxicity of the empty carrier SLC, a WST-1 proliferation test was
done for PNTIA cells. In this assay, 5000 cells were inoculated into 96-well plates and left
for attachment to the monolayer overnight. After allowing for the cell attachment, the cells
were treated with 0, 25, 50, and 75 pg/mL of SLC for periods ranging from 24 to 72 hours
at 37 °C. At every 24-hour interval, WST-1 reagent was applied onto the cells according to
the manufacturer’s instructions. The methodology was based on the tetrazolium salts that
cleaved to the formazan molecules through mitochondrial enzymes. The viable cell numbers
are related to the number of metabolically active cells. Tetrazolium salts are generally
colorless, and the activity of the mitochondria in the alive cells on tetrazolium provides the
colored products. The absorbance of the plate was observed at 450 and 630 nm, and the
percentage of viable cells were determined by normalizing the absorbance readings of non-
treated cells to 100 %. The cell numbers were calculated by measuring the absorbance of

25x10% to 2x10* cells as standards at 24 hours and generating a linear model.

4.3.2.Determination of the Cellular Toxicity of sLcCUR

To determine the cellular toxicity of s.cCUR, a WST-1 proliferation test was done for
PNTIA, 22Rv1, and LNCaP cells. In this assay, 5000 cells were inoculated into 96-well
plates and left for attachment to the monolayer overnight. After allowing for the cell
attachment, cells underwent treatment with 0, 25, 50, and 75 pg/mL of st.cCUR for 24 to 72
hours at 37 °C. At every 24-hour interval, WST-1 reagent was applied to the cells according
to the manufacturer’s instructions. Then, the absorbance was observed at 450 and 630 nm,
and the viability of the cells was calculated by normalizing the absorbance readings of non-
treated cells to 100 %. The cell numbers were calculated by measuring the absorbance of

25x10? to 2x10* cells as standards at 24 hours and generating a linear model.
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4.3.3. Determination of the Cellular Toxicity of s.cCUR and fCUR

To determine the cellular toxicity of s.cCUR and rCUR, a WST-1 proliferation test was
done for PNT1A, 22Rv1, and LNCaP cells. In this assay, 5000 cells were seeded into 96-
well plates and left for attachment to the monolayer overnight. After allowing for the cell
attachment, cells underwent treatment at 37 °C with 0, 6.25, 12.5, and 25pg/mL of stcCUR
and 0, 2.08, 4.16, and 8.33 pg/mL of rCUR for 24 to 72 hours at 37 °C. At every 24-hour
interval, the WST-1 reagent was applied onto the cells according to the manufacturer’s
instructions. Next, the absorbance was obtained at 450 and 630 nm, and the viable cells were
calculated by normalizing the absorbance readings of the non-treated cells to 100 %. The
cell numbers were calculated by measuring the absorbance of 25x10? to 2x10* cells as

standards at 24 hours and generating a linear model.

4.4. DETERMINATION OF CELLULAR UPTAKE

To determine the intracellular uptake of stcCUR and rCUR in PNT1A, 22Rv1 and LNCaP
cells the fluorescence intensity of the curcumin was detected in the cell. Cells were
inoculated in the 6-well plate as 3x10° cells/well and they were allowed to attach at 37 °C
overnight. The next day, the cells were treated with 25 pg/mL of s.cCUR and 8.33 pg/mL
of FCUR for 4 hours. Following cell harvesting, the hypotonic solution was added to the
pellets, and they were vortexed before placing them on ice (the composition of the hypotonic
solution is seen in Table 4.1. Then, Nonidet NP-40 was added to samples to reach a final
concentration of 1% (v/v). Lastly, the fluorescence intensity was obtained by the Varioskan

Lux Spectrophotometer at 420 nm excitation/550 nm emission wavelength.
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Table 4.1. Components of the hypotonic solution

Component Stock Concentration Final Concentration
HEPES 40 mM 10 mM
EDTA 100 mM 0.1 mM
EGTA 10 mM 0.1 mM

DTT 100 mM 0.1 mM
NaF 500 mM 50 mM
NazVO4 100 mM I mM
PMSF 100 mM 0.5 mM
B-glycerophosphate 300 mM 30 mM
Aprotinin 1 mg/mL 10 pg/mL
Leupeptine 1 mg/mL 10 pg/mL
Pepstatin I mg/mL 10 pg/mL
dH20 -

EGTA, Ethylene Glycol Tetraacetic Acid; EDTA, Ethylenediaminetetraacetic Acid; DTT, Dithiothreitol; PMSF, phenylmethylsulfonyl
fluoride; dH>o, distilled water.

The cellular uptake of stcCUR and FCUR in PNT1A, 22Rv1, and LNCaP cells was assessed.
25 pg/mL of sL.cCUR and 8.33 pg/mL of rCUR was applied to the cells for 48 hours. The
cells were then fixed and stained for imaging. Fixation was done using 4% paraformaldehyde
(PFA) in PBS at RT for 15 minutes. Following fixation, cells were washed three times with
PBS to eliminate any remaining fixative. Nuclei were stained with DAPI (blue). Images were

obtained with a fluorescence microscope equipped with suitable filters for the fluorophores.

4.5. DETECTION OF APOPTOTIC CELL DEATH

4.5.1.Detection of Apoptotic Cell Death by TUNEL Assay

The apoptotic populations of PNT1A, 22Rvl, LNCaP, and TRAMP-C2 cells were
determined by TUNEL assay. For this purpose, the cells were inoculated in 8-well chamber
slides at a density of 5x10* cells/well and allowed to attach overnight. Next day, cells were
treated with 25 pg/mL of stcCUR and 8.33 pg/mL of rFCUR for 48 hours. After collecting
cells, the pellet was resuspended with 4% (v/v) PFA and incubated for 1 hour at 37 °C. Then,
the supernatant was discarded, and the remaining solution was resuspended with the pellet

and added onto the 8-well chamber slides for air-dry. After drying, the samples were
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incubated with the TUNEL reaction mixture (comprising label and enzyme mix) at 37°C.
Following the incubation, the TUNEL reaction mixture was removed from the samples, and
the slides were analyzed by fluorescent microscope at an excitation/emission wavelength of

515-565 nm (green).

4.5.2. Western Blotting for the Detection of Apoptotic Cell Death

4.5.2.1. Protein Isolation

PNTI1A, 22Rv1, and LNCaP cells were inoculated into 6-well plates at a density of 3x10°
cells per well. Following cell attachment, the cells were subjected to treatment with 25
pg/mL of stcCUR and 8.33 pg/mL of FCUR for 48 hours. After the treatment, dead cells in
the cell culture medium were collected at 350 xg centrifugation for 5 minutes at 4°C. Then,
100 pL of supernatant was kept, while the remaining volume was discarded, and the pellet
was resuspended in 1X PBS. The centrifugation process was repeated under the same
conditions. Meanwhile, the cells in culture flasks were washed with 1X PBS. Following the
washing of cells and completely draining PBS, 30 pul of RIPA buffer, supplemented with
Protease Inhibitor, was added into each well. The cell monolayer of each well was scraped
with a scraper and collected into the Eppendorf tubes. The centrifuged cells were also
combined with the scraped cell lysates. The combined cell lysates were cooled on ice and
subjected to sonication at 60 kHz for three cycles, followed by centrifugation at 1000 xg at
4°C for one minute to remove cellular debris. The supernatant was obtained to fresh tubes

and placed at -80°C until required.

4.5.2.2. Protein Content Assay

A detergent—compatible protein assay was employed to evaluate the protein

content. First, a 500 pg/mL of bovine serum albumin (BSA) working stock was prepared.

The stock solution underwent heat inactivation at 57°C for 1 h. Next, protein standards of
0.1 mg/mL, 0.25 mg/mL, 0.5 mg/mL, 0.75 mg/mL, and 1 mg/mL were prepared through
serial dilution. Protein samples obtained from cells were diluted at a ratio of 1:10 in dH2O.
In a 96-well plate, 5 uL each of the standard and protein samples were combined with 25 pL
of Protein Assay Reagent A and 200 pL of Protein Assay Reagent B in triplicate. The

samples were incubated in the dark at RT for 15 minutes. Absorbance values were observed



34

at 750 nm by microplate reader, and protein concentrations were obtained from the BSA

calibration curve generated by BSA standards.

4.5.2.3. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and
Western Blotting

The protein lysates were denatured in Laemmli buffer for 5 minutes at 95°C and loaded into
the 12% of sodium dodecyl sulfate-polyacrylamide (SDS-PA) gels as described in Table 4.2,
and the separating and stacking gels were prepared as described in Table 4.3. First, a
separating gel was prepared between the casting gel glasses, and the gel top was covered
with isopropanol for the protection of any air contact and to help the gel polymerize. After
the gel’s polymerization, isopropanol was poured out between the glasses, and the surface
of the gel was rinsed with dH>O to remove the remaining isopropanol. Stacking gel was
prepared and poured on the polymerized separating gel surface. A 1 mm thick 10-well comb
was placed on the surface of the stacking gel, and it was allowed to be polymerized. After
polymerization, the comb was removed from the surface of the gel, and the gel was
positioned in the GE apparatus, which was filled with the 1X running buffer. Then, the
protein samples were carefully loaded in the wells and run by GE at 75 V for approximately
3 hours. The running buffer (10X, pH 8.5) was prepared according to Table 4.4. The running
buffer was diluted to 1X in dH20 and cooled at 4 °C before use. The Mini-PROTEAN Tetra
Handcast System and PowerPac™ Basic Power Supply (BioRad) were used for gel

preparation and operation.

Table 4.2. SDS-PA gel buffers.

4X Tris-SDS 4X Tris-SDS
(lower gel buffer) (upper gel buffer)
Tris Base 1.5M 0.5M
SDS 0.4% (w/v) 0.4% (w/v)
pH 8.8 6.8

SDS, sodium dodecyl sulfate.
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Table 4.3. SDS-PA gel compositions.

Separating Gel Stacking Gel
Acrylamide/bis-acrylamide 6 ml 0.65 ml
Lower buffer 3.75 ml
Upper buffer - 1.25 ml
APS 50 ul 25 ul
TEMED 10 ul S5ul
dH0 5.20 ml 3.25ml

APS, ammonium persulfate; TEMED, tetramethyl ethylenediamine.

SDS-PA gel electrophoresis was followed by Western blotting to transfer protein samples
onto nitrocellulose membranes featuring pore diameters of 0.22 or 0.45 pum, based on the
molecular weight of the target protein. The wet transfer was done at 175 mA for 1.5 h using
Mini Trans Blot Module (Bio Rad) for proteins of approximately 30- 150 kDa. Transfer
buffer (10X, pH 8.3) was prepared described in Table 4.5. The transfer buffer was diluted to
1X in dH,0 with 20% (v/v) methanol and cooled at 4 °C before use.

Table 4.4. Running and transfer buffer recipes.

10X Running buffer 10X Transfer buffer
Tris base 0.25M 0.25M
Glycine 1.92M 1.92M
SDS 1% (w/v) -
pH 8.5 8.3

SDS sodium dodecy! sulfate.

Membrane blocking was performed for 1 hour in the 5 % (w/v) of non-fat milk powder in
Tris-buffered saline (1X TBS, given in Table 4.5), and 0.5 % (v/v) Tween-20 (TBS-T) at
RT. Following the blocking, the membranes were treated overnight with primary antibodies
for B-Actin (Sigma Aldrich 5316, USA), PARP (CST 9542P, USA), and cleaved caspase 9
(CST 95028, USA) at 1:1000 dilution in the 5% (w/v) of milk at 4°C. After the incubation,
the membrane washing was done with 1X TBS-T two times for 5 minutes. Next, HRP-
conjugated anti-rabbit (CST #7074) or anti-mouse secondary antibodies were used based on
the source organism of each antibody at 1:3000 dilution in 5% (w/v) of milk for 2 hours at

RT. The membranes underwent three washes in the TBS-T for 10 minutes each, from
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blocking to imaging, except for the last wash, which utilized 1X TBS. To obtain the
luminescence, the blots were incubated with WesternBright Sirius HRP-Conjugate Substrate
at RT for 1 minute and the bands were visualized with the chemiluminescence module of

the ChemiDoc XRS+Gel Imaging System and ImageLab software.

Table 4.5. Preparation of 10X TBS (pH 7.6).

Component Concentration
Tris base 0.2M
NaCl 0.15M

NaCl, sodium chloride.

4.6. EVALUATION OF THE IN VIVO ANTI-TUMOR ACTIVITY IN 22RV1
XENOGRAFT TUMOR MODEL

4.6.1. Animals

For in vivo anti-tumor activity experiments, homozygous nude (Foxn1"/Foxnl™, 007850)
male mice (6-8-week-old) weighing 22+2g obtained from Yeditepe University Experimental
Research Center (YUDETAM) (Yeditepe University, Istanbul, Turkey) and performed at
Yeditepe University. The homozygous nude mice were housed in filtered and sterilized
cages and the cages were maintained at an ideal temperature of 23+10 °C and humidity of
60£10 %. Then, the mice were kept under 12 hours in light/dark cycles, and they were
provided with specialized meals for nude mice and given water ad /libitum. All animal
treatments and studies were done in accordance with the rules authorized by the Yeditepe

University Institutional Animal Care and Welfare Committee (Istanbul, Turkey).

4.6.2. Development of 22Rv1 Xenograft Prostate Cancer Model in Homozygous Nude
(Foxn1""/Foxn1™") Male Mice

To determine the anti-cancer activity of the s.cCUR, a 22Rv1 prostate cancer xenograft
tumor model was created in homozygous nude (Foxn1™/Foxn1™, 007850) mice. For this

purpose, animal groups were established, the necessary concentrations and amounts of SLC,
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rCUR, and st.cCUR were determined, and the sample size for the animal studies was
estimated using power analysis. Our research group has utilized and optimized the 22Rv1
xenograft tumor model with homozygous nude mice in previously published studies [172].
These studies will be taken into consideration while doing animal research. Using the
previously developed method by our group, a 22Rvl xenograft tumor model will be

generated in 6—8 weeks old homozygous nude (Foxn1™/Foxn1™) male mice. In this context,

12x10° 22Rv1 cells grew in the RPMI-1640 with 10 % (v/v) FBS, 100 U/mL penicillin, and
100 pg/mL streptomycin were dissolved in matrigel at a ratio of 1:3. They were injected
subcutaneously from the dorsal region of the mice. After seven days following the
implantation of cancer cells, the animals were separated randomly into four groups: (i)
Group to be given sterile PBS, (ii) SLC (Dosage to be applied: 1.5 g/kg, intraperitoneal),
(ii1) rCUR (Dosage to be applied: 500 mg/kg, intraperitoneal) (iv) s.cCUR (Dosage to be
applied: 1.5 g/kg, intraperitoneal). Control groups received the same volume of PBS as the
treated groups (vehicle control). The dose to be applied was determined based on the
literature research [124,125,151]. Beginning on the third day following inoculation of the
tumor cells, mice were administered intraperitoneal injections every three days, resulting in
eight injections. Each animal’s weight was obtained before each injection. Also, mice were
monitored for mortality and morbidity until the conclusion of the study. Following 24 days
of treatment, the mice were euthanized via cervical dislocation, and the tumor volumes were
measured. The Yeditepe University Animal Care and Welfare Committee (HADYEK)
authorized the study protocol (decision #2023/17), and all studies followed to the ARRIVE

guidelines.

4.6.3. Histopathological Examination

Formalin fixed paraffin embedded organ and tumor samples were prepared for examination
by a specialized pathologist by collecting and preserving tissues from the heart, lung, kidney,
liver, spleen, stomach, and intestine in 10% (v/v) formalin. The samples were then analyzed
at the Umraniye Training and Research Hospital Pathology Department using hematoxylin
and eosin (H&E) staining [173]. Tumor tissue samples were evaluated for necrosis,
inflammation, and fibrosis, with each factor classified on a scale from 0 to 3, where 0
indicates absence, 1 defines mild presence, 2 implies moderate presence, and 3 represents

SCvere presence.
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4.6.4. Measurements of the Tumor Volume

The size and volume of the tumor for each animal were assessed following tumor resection.
A caliper measured tumor sizes and tumor volumes were obtained by the formula given

below [174]:

Tumor Volume = Length x (Width)? 4.3)

4.7. STATISTICAL ANALYSIS

All results determined from the three separate experiments were represented as the means +
standard deviation (SD). Student t-test was employed to assess group mean differences. One
way analysis of variance (ANOVA) was performed to conduct multiple comparisons. p-
value below 0.05 was assessed as statistically significant (* P < 0.05, ** P <0.01, *** P <
0.001, **** P <0.0001). All analyses were done utilizing Microsoft Excel (Version 2020),
and graphs were generated with GraphPad Prism (Version 8.4.4; GraphPad Software, USA,

obtained via free trial from www.graphpad.com).
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5. RESULTS

5.1. SYNTHESIS AND CHARACTERIZATION OF sL.cCUR PARTICLES

The particle size distribution, ZP, PDI, and encapsulation efficiency of the st.cCUR were
assessed to characterize the s.cCUR particles using DLS (Table 5.1). The results showed
that the sLcCUR particle size was roughly 120 nm with a PDI of 0.3 (Figure 5.1), indicating
that the particles were within the nanoscale range, displaying distinct particles with
homogeneous distribution and consistent dispersion. The stability of the s.cCUR
formulation was confirmed by the ZP measurement of —20.25 + 1.2 (Figure 5.2), suggesting
appropriate colloidal stability. Encapsulation efficiency (EE) was determined using
Equation (1) and expressed as mean + standard deviation, resulting in a value of 78.3% +

0.1% (Table 5.1).

Table 5.1. Mean values of the particle size diameter, polydispersity index, zeta potential

and the percentage of encapsulation efficiency.

Particle Size Polydispersity Zeta Encapsulation
Formulation
(nm) Index Potential Efficiency (%)

s.cCUR 119.5+0.93 0.31+0.09 —20.25+1.2 78.3+0.1
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Figure 5.1. The particle size distribution of s,cCUR. The particle size was obtained by

dynamic light scattering. Each sample was evaluated at least three times.

Zeta Potential Distribution

120000—,. ................... RREREEERERRERRERER SRR
100000t - - ................. ................... ...................
ﬂ 80000».. D R R ..-: .............. I.‘”I. . .; ................... :- ................... :
5 - : M : :
Q . . . .
9 60000 .................... LR || S ...................
2 r ; ; : :
|2 40000 T - s ............... ‘\”E ................... ...................
20000.. ............. ................... ..
0

-100 0 100 200
Apparent Zeta Potential (mV)

Figure 5.2. The zeta potential of stcCUR particles. The zeta potential was measured by the
Zetasizer instrument. The green, blue, and red diagrams show independent measurements
of the sample, indicating that the measurement was done a minimum of three repeats for

accuracy and repeatability.
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The morphology and surface characteristics of the particles were next analyzed using TEM
and SEM instruments. The TEM investigation revealed that the s.cCUR particles were
equally distributed, displayed a spherical shape, and they were in range of the nanometric
size (Figure 5.3), which was consistent with the findings obtained from DLS measurements.
In TEM images, the s.cCUR particles were identified as separate individual particles, while
SEM analysis confirmed their spherical morphology, showing agglomeration and

variation in particle sizes, covering both smaller and slightly larger particles (Figure 5.4).
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Figure 5.3. Transmission electron microscope (TEM) images of sccCUR particles. The
images were obtained at (a) 500 nm scale, (b) 200 nm scale, and (c) 100 nm scale. A
droplet of the s.cCUR sample was positioned on a carbon coated copper grid with a 200-
mesh size and permitted to air-dry for 1 hour prior to imaging for TEM examination. The
samples were then stained with a 2% uranyl acetate alternative (Ted Pella, USA) for
negative staining. Images were captured at 200 kV accelerating voltage. Uniformly

dispersed, spherical-shaped sL.cCUR was observed.
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Figure 5.4. Scanning electron microscope (SEM) image of the s.cCUR particles. The dried
sLcCUR sample was coated with gold before the SEM examination. The spherical shape
and aggregation of s.cCUR were detected. The magnification is 5.00 KX, and the scale bar

is 2 pm.

Following TEM data, AFM investigation was performed to obtain the surface topography of
the stcCUR particles. The quantification of AFM results revealed that the particles exhibited
spherical morphologies, with a clearly visible nanometer-scale size distribution, ranging

from around 150 to 180 nm (Figure 5.5).
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Figure 5.5. Atomic force microscope (AFM) image of the stcCUR particles. (a) Two-
dimensional and (b) Three-dimensional perspectives were shown. The sample was
positioned on a carbon disc and dried at room temperature before imaging. Fields of 4 x 4

um? on all surfaces were analyzed utilizing XEI software (version 1.18).
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Figure 5.6. FT-IR spectrum of sccCUR particles. a) free curcumin (FRCUR), b) soy lecithin
(SLC), and c) soy lecithin-based curcumin (s.cCUR) molecular bond characterization was
carried out using FT-IR, with measurements obtained on a Perkin Elmer FT-IR System

Spectra BX in transmittance mode, covering the range of 4500-450 cm™!.

To evaluate the serum stability and define the physicochemical characteristics of s.cCUR
particles, they were incubated in PBS (pH 7.4) comprising 10% (v/v) FBS at 37°C. The
average particle size, PDI, and ZP were evaluated at particular time intervals (0, 1, 2, 3, 4,
6, 8, 12, and 24 hours) to examine possible changes in particle stability with time. No
important changes in the average particle size were found after 24 hours of incubation under
these conditions, indicating the good colloidal stability of the s.cCUR particle in a serum-

containing environment (Figure 5.7).
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Figure 5.7. Serum stability of stcCUR particles. The s.cCUR particles were incubated in

PBS with 10% (v/v) FBS at 37°C for 24 h, during which the (a) particle size, (b)

polydispersity index (PDI), and (c) zeta potential was assessed at specific time intervals.
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5.2. EFFECT OF SLC, s.cCUR, AND rCUR ON CELL PROLIFERATION

5.2.1.Determination of the Cellular Toxicity of SLC

In order to determine whether curcumin can exhibit a cytotoxic effect when encapsulated in
SLC, an experimental setup was established that employed androgen-responsive human
prostate carcinoma 22Rv1 and LNCaP cells, as well as normal epithelial cells PNT1A. For
this purpose, the cytotoxicity of the empty carrier, SLC, was initially determined on all cell
lines at the concentrations of 25, 50, and 75 pg/mL over 24 to 72 hours. The WST-1 cell
proliferation assay was employed to investigate the potential cytotoxic effects of the SLC
carrier system on cell viability. In PNT1A cells, minimal inhibitory effects on the cell
proliferation were obtained after treatment with 25 pg/mL of SLC at 24, 48, and 72 hours,
with cell counts observed at 6166, 5566, and 8033, respectively (Figure 5.8). A cytostatic
effect was seen at 72 hours following treatment with 50 pg/mL SLC, resulting in a decrease
in cell count to 5191. Treatment with 75 pg/mL of empty SLC significantly decreased cell
proliferation compared to untreated controls, with cell counts dropping from the initial
seeding number of 5000 to 4863, 3641, and 2975 at 24, 48, and 72 hours, respectively.
Similarly, no inhibitory effect on cell proliferation was noted in 22Rv1 and LNCaP cells
after treatment with 25 pg/mL of SLC for 24 to 72 hours. A cytostatic response was observed
at 50 pg/mL of SLC, with cell counts of 4541 and 5520 for 22Rv1, and 4125 and 5141 for
LNCaP cells at 24 and 48 hours, respectively. After 72 hours, treatment with 75 pg/mL of
SLC resulted in a substantial decrease in cell number in both the 22Rv1 and LNCaP cells
compared to untreated controls. The findings indicate that SLC concentrations over 25
png/mL induce non-specific cytotoxic effects, probably independent of the encapsulated
cargo. A dose-dependent increment in cytotoxicity was noted at higher doses (50 and 75
png/mL), indicating the importance of careful dose determination. Thus, 25 pg/mL was
determined as the maximal safe and non-toxic quantity under the conditions applied in this

study and was chosen for the following treatments.
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Figure 5.8. Effects of SLC on prostate cells proliferation. (a) PNT1A, (b) 22Rv1, and (¢)
LNCaP cell proliferation was observed after the cells were administered to treatment with
0 (control), 25, 50, and 75 pg/mL of SLC for 24 to 72 hours. Cell viability and total
number of cells were evaluated the ending of each 24 hours. The cell viability of untreated
cells (0 pg/mL) was defined as 100% to determine the comparative viability for each
condition (n = 3). Data is defined as mean + standard deviation (SD). Statistically
significant reductions in cell number relative to the control are represented as ***p <0.001

and **p <0.0001.

5.2.2.Determination of the Cellular Toxicity of s.cCUR and fCUR

The cytotoxic impacts of sLcCUR and rCUR on prostate cells were evaluated in a dose- and
time-dependent approach (Figure 5.9). No significant decrease in cell number was noted in

PNTIA cells after treatment with stcCUR at concentrations of 6.25, 12.5, or 25 pg/mL for
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24 hours. Likewise, FrCUR administration at corresponding curcumin dosages (2.08, 4.16,
and 8.33 pg/mL) did not show notable changes in cell proliferation. In 22Rv1 cells, s.cCUR
treatment led to a concentration-dependent reduction in cellular viability. After 24 hours, a
concentration of 6.25 pg/mL produced a cytostatic effect (4967 cells), whereas treatments
with 12.5 and 25 pg/mL reduced cell numbers to 2934 and 1500, respectively. The effect
was more significant at 48 and 72 hours, with cell numbers of 1967 and 5183 for 12.5 ug/mL,
and 950 and 983 for 25 pg/mL, respectively. FCUR treatment at 48 hours resulted in
decreased cell numbers (4533, 2617, and 1817 for concentrations of 2.08, 4.16, and
8.33 ng/mL, respectively); however, this decrease was not maintained after 72 hours, as cell
numbers reached the initial seeding density of 5000 cells. In LNCaP cells, administration of
25 pg/mL st.cCUR led to a significant decrease in cell numbers to 4217, 1783, and 2100 at
24, 48, and 72 hours, respectively. FCUR at the equivalent dosage (8.33 pg/mL) did not
result in an important inhibitory effect on LNCaP cell proliferation at any examined time

point.
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Figure 5.9. Effects of s.cCUR and rCUR on prostate cells proliferation. (a) PNT1A, (b)
22Rvl, and (c) LNCaP cell proliferation was observed after the cells were administered to
treatment with 0 (control),6.25, 12.5, and 25 pg/mL of s.cCUR and 0 (control), 2.08, 4.16,

and 8.33 pg/mL of frCUR for 24 to 72 h. The soy lecithin:curcumin ratio in the s.cCUR

was 3:1. Curcumin was dissolved in 1:1000 DMSO-containing cell culture medium. Cell

viability and total number of cells were evaluated ending of each 24 hours. The cell

viability of untreated cells (0 pg/mL) was defined as 100% to determine the comparative

viability for each treatment condition (n = 3). Data are showed as mean + standard

deviation (SD). Statistically significant reductions in cell number relative to the control are

indicated as ***p <0.001 and **p <0.0001.
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5.3. DETERMINATION OF INTRACELLULAR UPTAKE OF sL.cCUR

The intracellular absorption of curcumin was examined by measuring fluorescence intensity
in PNT1A, 22Rv1l, and LNCaP cells after treatment with sccCUR at 6.25, 12.5, and 25
pg/mL concentrations, and fFCUR at 2.08, 4.16, and 8.33 pg/mL for 48 hours. Fluorescence
microscopy images demonstrated that curcumin was visibly internalized only in cells treated
with sccCUR, while no measurable fluorescence was detected in cells treated with FCUR

(Figure 5.10).

Non-treated Control

PNT1A

22Rv1

LNCaP

Figure 5.10. Evaluation of the cellular uptake of sLcCUR and rCUR in prostate cells. Cells
were subjected to treatment with 25 pg/mL s1cCUR and 8.33 pg/mL rCUR for 48 hours
and examined under a fluorescent microscope at 20X. Cells were stained with DAPI (blue)
for nuclear imaging. Untreated cells were determined as a control. The overlay shows the

determination of s.cCUR uptake in the cells. The scale bar measures 100 pm.
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Fluorescence intensity was further measured to evaluate curcumin uptake in lysed PNTIA,
22Rvl1, and LNCaP cells with a fluorescence reader (Figure 5.11). In PNT1A cells, s.cCUR
treatment resulted in fluorescence intensity increments of 8.7-, 13.7-, and 16-fold at the
corresponding doses. However, any statistically significant changes in fluorescence intensity
were detected in PNTI1A cells subjected to fFCUR treatment. In 22Rv1 cells, s.cCUR
treatment caused significant increases in fluorescence intensity, showing 5.34-, 16.53-, and
28.9-fold at increasing doses. However, FCUR treatment at similar concentrations increased
only 0.71, 0.67, and 1.23-fold. Like 22Rvl1, in LNCaP cells, s.cCUR induced a rise in
fluorescence intensity of 6.74-, 14.9-, and 27.66-fold, whereas FCUR induced increases only
1.62-, 1.87-, and 2.87-fold, respectively. These results indicate that the intracellular uptake
of s.cCUR in 22Rv1 and LNCaP prostate cancer cells was almost 15-fold higher than the
uptake of FCUR. Furthermore, the fluorescence intensity fold changes in 22Rv1 and LNCaP
prostate cancer cells were significantly higher than in PNT1A normal prostate epithelial

cells.
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Figure 5.11. Investigation of cellular uptake of s.cCUR in the cells. (a) sL.cCUR and (b)

rCUR in PNT1A, 22Rv1, and LNCaP cells. Cells were subjected to 6.25, 12.5, and 25

pg/mL of s.cCUR treatment and 2.08, 4.16, and 8.33 pg/mL of fCUR for 48 hours, after

which fluorescence intensity values were determined after the cell lysis at an

excitation/emission wavelength of 420/550 nm. The fluorescence intensity levels were

normalized to untreated control cells.
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5.4. DETERMINATION OF CELL DEATH INDUCED BY sL.cCUR

5.4.1. Analysis of Apoptotic Markers by Western Blot

Considering that curcumin has been accepted for its ability to regulate either intrinsic or
extrinsic apoptotic pathways by inhibiting survival-promoting proteins and activating
essential mediators that induce apoptotic cell death, we subsequently aimed to examine the
activation of critical apoptotic markers after treatment with s.cCUR and rCUR. Following
the cell viability results, a 48-hour incubation time was chosen to determine the cell death
and the activation of apoptotic markers. Protein lysates were extracted from PNT1A, 22Rvl1,
and LNCaP cells subjected to 25 pg/mL st.cCUR and 8.33 pg/mL rCUR, and subsequently
examined for caspase-9 and PARP cleavage. The findings indicated that s.cCUR treatment
resulted in full cleavage of caspase-9 and PARP, confirming an effective activation of
apoptosis (Figure 5.12). On the other hand, rCUR induced only partial cleavage of caspase-
9. A 1-fold and 2.5-fold increase in PARP cleavage was found in 22Rv1 and LNCaP
cells after st.cCUR treatment compared to rFCUR.
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Figure 5.12. Analysis of the apoptosis in PNT1A, 22Rv1, and LNCaP cells. The cells were
treated with 25 pg/mL of s.cCUR and 8.33 pg/mL of fFCUR for 48-hour and the protein
levels were analyzed using Western blot. (a) Protein lysates were analyzed for apoptotic
markers, specifically cleaved caspase-9 (c-Cas9) (47, 37 and 35 kDa) and cleaved PARP

(c-PARP) (116 and 89 kDa), by Western blot. The blots shown are three separate
experiments, with B-actin (45 kDa) as a loading control for normalization. (b)
Densitometric analysis of c-PARP and c-Cas9 band intensities. Quantification was
performed using ImagelJ software and normalized to f-actin and the untreated control

group. Data are displayed as mean + SD. *p <0.05, ***p <0.001, ****p <0.0001.
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5.4.2.Detection of DNA Fragmentation by TUNEL Assay

Apoptotic cell death was further assessed using the TUNEL assay in 22Rvl and LNCaP
cells after treatment with s.cCUR and rCUR. Figure 5.13 illustrates the treatment-induced
changes in cell morphology, coupled with corresponding fluorescent TUNEL staining. The
fluorescence intensities obtained following s.cCUR and rCUR treatments were compared to
those induced by the positive control, staurosporine. s.cCUR treatment induced significant
apoptotic cell death in 22Rv1 and LNCaP cells, but rFCUR treatment did not produce a
comparable apoptotic response. The quantification of fluorescence signals from five
independent areas showed a 14-fold increase in signal intensity after the s.cCUR treatment

compared to FCUR.
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Figure 5.13. Apoptotic cell death triggered by s.cCUR. Bright-field and fluorescence
images. (a) 22Rv1 and (b) LNCaP cells were subjected to treatment with 25 pg/mL
s.cCUR or 8.33 pg/mL rCUR for 48 hours. The images were obtained with a 20X
objective under both bright-field and fluorescence. Scale bar is 200 um. (c) Quantitative
analysis of mean fluorescence intensity in 22Rv1 and LNCaP cells. PC indicates the
positive control, where apoptosis was caused by 5 pg/mL of staurosporine for 90 minutes,

as detected by TUNEL assay. ****p <(.0001.
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5.5. INVIVO THE THERAPEUTIC POTENTIAL OF sL.cCUR

5.5.1.Effects of sLcCUR on Tumor Progression and Body Weight

To assess the antitumor activity of s.cCUR and rCUR in vivo, prostate cancer xenografts
were generated by the subcutaneous implanting of 22Rv1 cells into the dorsal flank of
Foxn1™/Foxn1™ nude mice. The drugs were administered intraperitoneally at specific doses
every three days. Throughout the 25-day observation time, any significant changes in the
average body weight of the mice were detected, suggesting that the provided treatment doses
were well tolerated (Figure 5.14). Two mice from the treatment group died during the
experiment and were excluded from further analyses. The cause of death was shown to be
independent of the treatment method, and changes were made in the statistical analysis to
ensure data accuracy. At the end of the study, control group demonstrated 953 mm?® of
average tumor volume and 870 mg of average tumor weight (Figure 5.15). In the SLC-
treated group, the average tumor volume decreased to 450 mm?® and the average tumor
weight to 595 mg. rFCUR treatment showed a 695 mm? of tumor volume and 415 mg of tumor
weight, indicating an approximate 50% reduction in the tumor weight (455 mg) relative to
the control group. Although a decrease was detected, it was not statistically significant
(p=0.08). On the other hand, the s.cCUR-treated group showed a marked reduction in tumor
volume and weight, which decreased to 43 mm? and 54 mg, respectively. The results
demonstrate the significant anticancer effect of s.cCUR in the xenograft model, showing
greater efficacy than both fCUR and SLC, and indicating that s.cCUR improves the

bioavailability and therapeutic potential of curcumin in vivo.
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Figure 5.14. Changes in the body weight of homozygous nude (Foxn1™/Foxn1"") male
mice. The animals (n=5) were received vehicle control, soy lecithin (SLC), free curcumin

(rFCUR), and soy lecithin-based encapsulated curcumin (s.cCUR) treatments.
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Figure 5.15. Tumor weight and volume changes in animals. (a) Tumor weight and (b)
tumor volume of homozygous nude (Foxn1™/Foxn1™) male mice (n > 5) following vehicle
control, soy lecithin (SLC), free curcumin (rFCUR), and soy lecithin-based encapsulated
curcumin (s.cCUR) treatments. (c) Tumors excised from each mouse (n > 5). *p < 0.05,

*p <0.01.




61

5.5.2. Histopathological Assessment of Tumor and Organ Tissues

Histopathological examination validated that all tumors were prostate carcinoma with a
Gleason score (GS), confirming the successful generation of the 22Rv1 prostate cancer
xenograft mouse model (Figure 5.16). The mean necrosis scores were 1.5 for the control
group, 0.5 for the SLC group, 1.0 for the rFCUR group, and 1.5 for the st.cCUR group. The
average inflammation score was around 0.5 for all experimental groups, while the average
fibrosis score was 0. Analysis of sections from the heart, liver, kidney, spleen, and lung
exhibited no evidence of toxicity (Figure 5.17). The findings demonstrate that stcCUR
therapy led to less necrosis, inflammation, and fibrosis in tumor tissues, implying decreased

systemic toxicity.
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Figure 5.16. The histopathological assessment of tumor and organs. (a) Illustrative H&E-
stained pictures of tumor tissue slices from the vehicle control, soy lecithin (SLC), free
curcumin (FCUR), and soy lecithin-based curcumin (s.cCUR) groups. The scale bar: 100
um. (b) Pathology scores for necrosis, inflammation, and fibrosis in the control (Ctrl),
SLC, rCUR, and s.cCUR groups. Scoring scale: 0:absent, 1:mild, 2:moderate, and

3:severe.
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Figure 5.17.

lustrative H&E-stained pictures of the tissue slices. The images were

obtained from control, soy lecithin (SLC), free curcumin (FCUR), and soy lecithin-based

curcumin (s.cCUR) groups. Scale bar: 100 um.
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6. DISCUSSION

Prostate cancer continues to be one of the most commonly diagnosed cancers in males and
continues to present considerable challenges in clinical practice, primarily due to the
appearance of resistance against standard treatment approaches and the associated systemic
side effects [175]. These limitations have stimulated interest in natural substances having
anticancer potential as adjunctive or alternative therapeutic strategies. Among these,
curcumin, a polyphenol extracted from Curcuma longa, has arisen as a particularly favorable
agent due to its well-documented antioxidant, anti-inflammatory, anti-mutagenic, and
antiproliferative features [164]. Curcumin mediates its antitumor properties via many
cellular and molecular mechanisms, including the inhibition of pro-survival signaling
molecules such as Bcel-2, EGFR, and VEGFR, and the activation of pro-apoptotic proteins
like Bax, Bak, and IxkBa [176]. Moreover, the ability of curcumin to modulate these
pathways with minimal toxicity to normal cells has been widely reported [108]. However,
its therapeutic utility is constrained because to inadequate water solubility, poor oral
bioavailability, rapid metabolism, and systemic clearance [177]. In recent years,
nanotechnology-driven delivery methods have been created to meet these pharmacokinetic
limitations [178]. Several studies have demonstrated that curcumin-loaded nanoparticles,
such as PLGA-based or liposomal systems, significantly enhance its stability,
bioavailability, and therapeutic performance in cancer models [179]. For instance, PLGA-
CUR nanoparticles were shown to suppress tumor growth and modulate oncogenic signaling
by downregulating AR, B-catenin, AKT, and STAT3 expression, while simultaneously
promoting apoptosis through PARP cleavage [158].

In this context, our study focused on the development and evaluation of s.cCUR
nanoformulation. It provided a comprehensive assessment of its physicochemical properties,
cellular uptake, cytotoxicity, pro-apoptotic effects, and in vivo tumor-suppressive activity.
To establish the suitability of s.cCUR as a nanocarrier for systemic anticancer therapy, its
physicochemical characteristics were first carefully examined. Nanoparticles engineered for
continuous circulation in the bloodstream should optimally measure between 30 and 200 nm
to target tumor tissues successfully [180]. The s.cCUR formulation's physicochemical
analysis was performed to validate its efficacy as a nanocarrier for curcumin administration.

The s.cCUR formulation demonstrated an optimal particle size (~120 nm), narrow
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distribution of size (PDI: 0.3), and ZP of —20.25 + 1.2 mV, displaying distinct particles with
homogeneous distribution and consistent dispersion, which are all indicative of a stable
colloidal system well-suited for systemic administration. Nanoparticles of this size are
recognized for their potential to enable passive targeting of tumor tissues through the
increased permeability and retention (EPR) effect, therefore enhancing treatment efficacy
[181]. Also, in nanoparticle drug delivery, PDI values under 0.5 signify a uniform and
restricted size range, consistent with our findings [182]. The zeta potential explains
electrostatic repulsive factors influencing the colloidal stability of the carriers in conjunction
with van der Waals forces, and steric interactions [183]. The observed zeta potential of
—20.25 + 1.2 mV indicates considerable colloidal stability, as particles exhibiting a ZP value
exceeding £20 mV are typically regarded as stable due to adequate electrostatic repulsion.
This stability is essential for avoiding aggregation of the formulation during storage and
systemic circulation [184]. The high encapsulation efficiency (78.3% + 0.1%) not only
confirms successful drug loading but also offers the potential for sustained release and
reduced dosing frequency features that are highly desirable for clinical translation.
Collectively, these pharmacokinetic findings highlight the s.cCUR formulation as a reliable
and effective drug delivery system that can significantly increase the pharmacokinetic

profile of curcumin.

To further support the structural integrity and uniformity of the formulation, morphological
analyses were conducted using TEM and SEM. These techniques provided valuable
complementary insights into the nanoparticle surface characteristics, beyond what was
revealed by DLS and zeta potential measurements. TEM imaging confirmed that s.cCUR
particles possessed a spherical morphology, were uniformly dispersed, and remained within
the nanometric size range previously observed, thereby validating the consistency of the
formulation. Spherical nanoparticles have been reported to offer significant advantages in
drug delivery, including improved cellular internalization and prolonged circulation time,
largely due to reduced recognition and clearance through mononuclear phagocyte system
(MPS) [185]. The distinct and well-dispersed particle structures visualized via TEM align
with the colloidal stability determined from the zeta potential data, supporting the stability
of the s.cCUR formulation. SEM imaging further validated the spherical shape of the
particles, though slight aggregation and minor heterogeneity in particle size were observed.

This observation may indicate partial aggregation occurring during the drying process
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essential to SEM sample preparation, as observed in similar lipid-based nanocarriers [186].
Minor polydispersity and agglomeration in SEM pictures are frequently observed and
typically have no impact on the overall efficacy of the nanoparticles, particularly when the
PDI is maintained within an acceptable range, as shown here [187]. Maintaining the
structural integrity and nanoparticle surface characteristics is critical for their stability,
biodistribution, and eventual cellular interactions [188]. The consistency in shape and size
observed in both TEM and SEM images suggests that the sccCUR formulation preserves its
architecture under both hydrated and dehydrated conditions, which is essential for ensuring
predictable biological performance. Together, these findings strengthen the physicochemical
characterization of s.cCUR and provide additional validation of its potential as a stable and

effective nanocarrier for curcumin delivery.

Following the TEM and SEM examinations, AFM confirmed the spherical form and
nanoscale dimensions of the stcCUR particles. The size distribution measured by AFM,
between 150 and 180 nm, was slightly greater than the values acquired from DLS and TEM,
which was related to acknowledged methodological differences, including sample hydration
and probe-surface interaction during imaging [189]. AFM allows high-resolution three-
dimensional measurement of surface topography, which is essential in modeling
nanoparticle behavior in biological systems [190]. The smooth surface texture and spherical
morphology shown in AFM pictures correlate with less protein corona formation and
extended systemic circulation, which are advantageous characteristics for effective in vivo
drug delivery [191]. Furthermore, the confirmed nanoscale dimensions align with the ideal
range for utilizing the EPR effect, therefore enhancing the passive tumor targeting potential
shown by previous DLS and TEM results. Collectively, these morphological and
topographical evaluations validate the claim that s.cCUR provides the required
physicochemical characteristics, namely colloidal stability, optimal shape, and
biocompatible surface properties, which are essential for effective biological application.
The findings indicate that the soy lecithin-based carriers effectively pack and stabilize the

curcumin within a nanostructured vehicle, demanding additional biological investigation.

To complement these structural and morphological assessments, FT-IR analysis was
performed to verify the successful encapsulation of curcumin within the sicCUR

formulation and to explore potential molecular interactions between curcumin and the lipid-
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based carrier matrix. This technique is particularly effective for identifying functional group
interactions and verifying the molecular integrity of components following formulation
[192]. The FT-IR spectra of the s.cCUR formulation exhibited characteristic absorption
bands belonging to both curcumin and soy lecithin, suggesting that the structural integrity
of both components was largely maintained, while the presence of specific interactions
indicated successful encapsulation. Notably, the appearance of curcumin-specific peaks—
such as those observed at approximately 1627 cm™ (C=C aromatic stretching) and 1516 cm™
(combined C=0 and C=C vibrations), alongside lecithin-associated peaks at around 2926
and 2855 cm™ (CH: stretching), strongly supports the conclusion that curcumin was
effectively integrated into the liposomal bilayer rather than only mixed in a physical blend.
The detailed variations in peak intensities and minor shifts further point to weak
intermolecular interactions, such as hydrogen bonding, particularly between the phenolic
OH group of curcumin and the polar headgroups of the phospholipids, potentially enhancing
encapsulation efficiency and stabilizing the cargo [193]. Supporting this, the disappearance
of the phenolic OH stretching peak at 3508 cm™ in the spectrum of the curcumin-loaded
liposomes, as compared to free curcumin, suggests a potential hydrogen bonding interaction
with lecithin, which may aid in stabilizing the encapsulated molecule. Additionally, the
slight shifts in the primary curcumin absorption bands after encapsulation imply that the
curcumin molecules are successfully embedded within the liposomal structure, thereby
masking their spectral "signature", which is a hallmark of efficient entrapment. These
findings align with previous reports in the literature where curcumin's incorporation into
lipid-based nanocarriers was confirmed by similar spectral behaviors, indicating non-
destructive interactions for curcumin but stabilizing interactions that support curcumin's
bioavailability and sustained delivery profile [194]. Consequently, FT-IR analysis provided
strong evidence for the successful formation of a structurally stable s.cCUR
nanoformulation with preserved chemical characteristics and favorable encapsulation

properties.

After confirming molecular integrity, it was crucial to evaluate the formulation's behavior in
biologically relevant environments, specifically its stability in serum-containing
environments, which directly affects its in vivo efficacy. The stability of nanoparticles in
serum is important for affecting the behavior of nanoparticles in systemic circulation,

particularly due to the development of a "protein corona", which is a dynamic layer of
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consumed serum proteins that can strongly change the physicochemical characteristics of
nanoparticles and induce immune responses, resulting in immediate removal from the
bloodstream [195]. The durability of the sccCUR nanoformulation was evaluated by
evaluating its colloidal stability in PBS (pH 7.4) with 10% FBS at 37°C for 24 hours. The
findings revealed no significant changes in particle size, PDI, or ZP, confirming strong
serum stability and a slight probability of protein-induced aggregation. The minor,
insignificant increase in PDI confirms the claim that the formulation maintains homogeneity
even in a protein-rich environment. Nanoparticles that maintain uniform size and surface
charge in serum conditions are essential to obtain long circulation time and effective tumor
accumulation through the increased EPR effect [196]. Similar results have been observed in
other lipid-based nanocarriers, where maintaining stable physicochemical properties in
serum-containing environments reduced the probability of the nanoparticles being
recognized and cleared by the immune system, thereby improving their circulation time and
therapeutic effectiveness [197]. These findings confirm that stcCUR nanoparticles showed
required stability for systemic administration and provide an acceptable structure for

effective administration of curcumin in anticancer usage.

Based on these favorable physicochemical and morphological characteristics, the next step
was to examine the cellular responses to s.cCUR, particularly its cytotoxic profile in both
normal and prostate cancer cell lines. Before investigating the therapeutic potential of the
sLcCUR formulation, it was required to analyze the cytotoxicity of the unloaded soy lecithin
carrier (SLC). This process ensured that any detected biological reactions in further testing
could be linked to the active substance rather than the carrier matrix. Initial cytotoxicity
assessments confirmed that the SLC was biocompatible at 25 pg/mL, with minimal effects
on both prostate cancer (22Rv1, LNCaP) and normal epithelial (PNT1A) cells across 72
hours. However, higher concentrations (50-75 pug/mL) led to dose-dependent cytostatic and
cytotoxic responses, particularly at 72 hours, consistent with previous studies reporting
potential membrane disruption or oxidative stress at elevated lipid-based carrier levels.
These findings highlight the importance of optimizing nanocarrier dosage, even for GRAS
materials such as lecithin [198]. Based on these results, 25 pg/mL was identified as the
maximum safe dose and used for subsequent stcCUR treatments to ensure that observed
biological effects could be attributed to the active compound. When sicCUR was compared

to FCUR, it exhibited markedly enhanced and sustained cytotoxic effects in 22Rv1 and
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LNCaP cells in a time- and dose-dependent manner, while neither formulation significantly
affected the viability of PNT1A cells. FCUR caused only transient reductions in cell viability
that reversed by 72 hours, likely due to its low solubility, poor cellular uptake, and fast
degradation, as previously reported. In contrast, stcCUR maintained its cytotoxic efficacy at
12.5 and 25 pg/mL throughout the treatment window, suggesting improved intracellular
stability and retention. These results support earlier findings that lecithin-based nanocarriers
enhance curcumin's membrane permeability and promote endocytic uptake, contributing to
prolonged biological activity [199]. Collectively, these findings highlight the importance of
lecithin-based nanoencapsulation in increasing curcumin’s intracellular stability, selective
cytotoxicity, and overall therapeutic efficacy. In line with earlier data, s.cCUR not only
improved the antitumor effects of curcumin but also reduced non-specific toxicity in normal
prostate epithelial cells, confirming its biocompatibility and safety profile. Nevertheless,
further mechanistic investigations, such as cellular uptake analysis, apoptosis assays, or
endocytic pathway tracking, are necessary to comprehensively clarify the underlying reasons

for this selectivity.

To clarify the processes underlying its selective cytotoxicity, intracellular uptake
investigations were conducted in PNT1A, 22Rv1, and LNCaP cells by measuring curcumin-
associated fluorescence. The findings indicated that s.cCUR significantly enhanced cellular
absorption in a concentration-dependent manner in cancer cell lines, whereas rFCUR
exhibited minimal internalization at all administered doses. Specifically, sc.cCUR
administration led to as much as a 29-fold increase in fluorescence intensity in 22Rv1 and
LNCaP cells, while PNT1A cells demonstrated significantly reduced levels of absorption.
This different absorption allows the selective accumulation of curcumin in cancer cells. The
increased absorption is possibly caused by various physicochemical features of the
nanocarriers. The nanoscale size of sccCUR (~120 nm) is within the ideal range for
endocytosis, a crucial internalization mechanism for nanoparticle systems [160]. The
amphiphilic characteristics of soy lecithin enhance membrane contact, enabling both passive
diffusion and vesicle-mediated cellular entrance [200]. Literature indicates that
phospholipid-based systems enhance intracellular transport, retention, and bioavailability of
lipophilic drugs such as curcumin [201]. The observed selective uptake pattern may be
related to changes in membrane structure and endocytic activity between malignant and

normal cells. Cancer cells frequently demonstrate increased membrane fluidity, altered
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cholesterol levels, and enhanced rates of receptor-mediated endocytosis, all of which
facilitate nanoparticle internalization [202]. This biological differentiation enables s.cCUR
to preferentially accumulate in tumor cells, consistent with our cytotoxicity and apoptosis
findings that demonstrate enhanced anticancer effects with no effects on non-malignant
cells. The findings provide strong evidence that lecithin-based nanoformulation stabilizes
curcumin and enables its selective and effective intracellular delivery. This feature obviously
contributes significantly to the greater anticancer efficacy of s.cCUR, supporting earlier
findings about the enhanced therapeutic potential of nanocurcumin systems related to their

prolonged release, increased drug loading, and improved bioavailability [203].

Considering the major increase in intracellular absorption of sL.cCUR observed in prostate
cancer cells, the following aim was to determine whether this enhanced accumulation
resulted in the activation of apoptotic pathways. A TUNEL assay was conducted,
demonstrating a significant rise in DNA fragmentation as well as distinct apoptotic
morphology in s.cCUR-treated cells. Fluorescence intensity was up to 14-fold higher with
s.cCUR compared to rCUR, indicating a significantly enhanced apoptotic response.
Curcumin is recognized for its pro-apoptotic behaviors in cancer cells, facilitated via both
pS53-dependent and pS53-independent pathways. It modulates intrinsic apoptosis by
upregulating pro-apoptotic Bcl-2 family proteins, comprising Bak, Bax, Bim, Puma, and
Noxa, while suppressing anti-apoptotic proteins including as Bcl-xL, Bcl-2, XIAP, and
surviving. These processes result in the mitochondrial outer membrane permeabilization
(MOMP), the releasing cytochrome c, and the activation of caspase-9, which subsequently
initiates the executioner caspases (e.g., caspase-3/7), leading to PARP cleavage and DNA
degradation [204]. Consistent with this mechanistic framework, our data revealed that
s.cCUR application resulted in significant activation of both cleaved PARP and cleaved
caspase-9, as validated by western blot analysis. stcCUR induced a 1- to 2.5-fold
enhancement in PARP cleavage relative to FCUR in both 22Rv1 and LNCaP cells, which
exhibited minimal response to FCUR. The molecular findings validate the TUNEL assay
results and support the idea that enhanced intracellular transport via s.cCUR promotes
mitochondrial-mediated apoptosis. This pro-apoptotic response was specifically selective to
cancer cells, as PNT1A normal prostate epithelial cells did not demonstrate notable PARP
activation or DNA damage after treatment. This finding further confirms the selectivity and

safety of the lecithin-based formulation. The enhanced apoptotic efficiency of stcCUR is
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likely due to a combination of physicochemical features, such as increased solubility,
stability at physiological pH, and extended intracellular retention, along with the targeting
capabilities of lecithin-based nanocarriers. These carriers may enhance the lysosomal or
mitochondrial transport of curcumin, thereby improving its interaction with apoptotic
regulators [205]. Furthermore, prostate cancer is acknowledged for its capacity to develop
resistance to apoptosis via overexpression of the anti-apoptotic proteins, such as Bcl-2 and
XIAP [140]. s.cCUR's capacity to overcome this resistance and reactivate apoptotic
signaling highlights a significant therapeutic benefit compared to rFCUR. These findings
identify s.cCUR as a feasible nanocarrier system for re-sensitizing apoptosis-resistant
prostate cancer cells and require further investigation along with chemotherapeutics or

pathway-specific inhibitors.

To confirm the in vitro findings and evaluate the therapeutic significance of s.cCUR in a
physiological context, a prostate cancer xenograft model was developed employing 22Rv1
cells in immunodeficient nude mice. The intraperitoneal administration of stcCUR during a
25-day treatment period led to a significant decrease in tumor size, with final average tumor
volume and weight observed at 43 mm? and 54 mg, respectively. These data demonstrate a
significant therapeutic advantage over the control group (953 mm? 870 mg) and
significantly beat the effects of both FCUR and SLC treatments, which produced only
minimal decreases. The rFCUR group demonstrated an approximate 50% reduction in tumor
weight; however, statistical significance was not achieved for this result (p = 0.08), possibly
related to curcumin's inadequate solubility and fast metabolism in systemic circulation [97].
No significant changes in body weight were noted among treatment groups, suggesting that
s.cCUR was well tolerated. The combination of efficacy and safety is crucial for
translational applicability [105]. These findings correlate with previous studies indicating
that lecithin-based nanoformulations can accelerate the pharmacokinetics of curcumin,
increase tumor accumulation through the increased EPR effect, and prolong its bioactivity
in vivo [206]. The minor tumor suppression noted in the SLC group indicates a possible
additional advantage of soy lecithin, either via its effects on lipid metabolism or anti-
inflammatory mechanisms, requiring further research. Histopathological evaluations were
conducted on excised tumor tissue and important organs to verify the tumor-suppressive
effects and analyze potential systemic toxicity. Microscopic analysis validated the prostate

tumor morphology in accordance with Gleason score patterns, confirming the successful
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development of the 22Rv1 xenograft model. In comparison to the untreated group, tumors
from the s.cCUR-treated group had decreased necrosis (score: 1.5), inflammation (score:
0.5), and an absence of fibrosis. The histological improvements paralleled with an absence
of tissue injury in essential organs, like heart, liver, kidneys, lungs, and spleen, signifying an
effective systemic safety profile. The decrease in tumor necrosis and inflammation may
result from curcumin's recognized anti-inflammatory and antioxidant properties [207].
Moreover, the lack of fibrosis, commonly an indicator of chronic toxicity, strengthens the
biocompatibility of the lecithin-based formulation [208]. These results align with previous
lipid-based nanocarriers, recognized for their advantageous toxicity profiles related to their
natural phospholipid structure and capacity to deliver hydrophobic drugs while minimizing
off-target accumulation [209]. The histological data verify that s,cCUR facilitates efficient
tumor targeting while reducing systemic toxicity, consequently confirming its potential as a
safe and selective nanotherapeutic agent for further preclinical improvement in prostate

cancer.
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7. CONCLUSION

Overall, this study demonstrates that s,.cCUR presents a favorable therapeutic strategy for
prostate cancer by addressing the recognized limitations of free curcumin, such as
inadequate aqueous solubility, low oral bioavailability, and fast systemic clearance.
This study provides an extensive evaluation of s.cCUR as a potential nanotherapeutic
approach for prostate cancer. The s.cCUR formulation demonstrated great physicochemical
characteristics, including nanoscale particle size, colloidal stability, and high encapsulation
efficiency, confirming its suitability for systemic delivery. Morphological and spectroscopic
investigations verified structural integrity and effective drug incorporation, whereas serum
stability assays showed its performance in physiologically relevant conditions. Biological
assessments demonstrated that stcCUR preferentially induced cytotoxicity and apoptosis in
prostate cancer cell types while preserving normal prostate epithelial cells. Improved
intracellular absorption and increased absorption of curcumin enhanced the activation of the
mitochondrial-mediated apoptotic pathways, leading to notable activation of caspase-9 and
PARP. In vivo, s.cCUR dramatically reduced tumor burden in a xenograft mouse without
causing systemic toxicity, therefore supporting its therapeutic potential. These findings
collectively demonstrate that stcCUR eliminates the major pharmacokinetic limitations of

free curcumin and markedly improves its anticancer efficiency and selectivity.
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