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Abstract
In recent times, breast cancer has been a continuous reason for mortality and morbidity among the current
female population. Several breakthrough researches in the field of cancer therapeutics have led to
enormous advancements in current therapeutic strategies which cumulatively have made disease
prognosis better day by day. Still, from a clinical viewpoint, breast cancer therapeutics remain confined to
the usage of chemotherapy, radiotherapy, hormone replacement therapy, surgical resection, or a
combination of any two or three modalities of these. Such practices, even though remain effective in
killing cancer cells, often generate collateral systemic damage to healthy body cells or completely remain
unresponsive due to the emergence of resistance. To avoid such treatment-related anomalies, we have
focused on studying the anticancer effectivities of certain synthetic metallic compounds and a selective
natural compound, chrysin which are safe to be used in vivo when used within the recommended dosage.
Chapter 1 outlines a brief discussion related to general concepts associated with breast carcinoma, -
present modalities of therapeutic strategies, their limitation, and hence, describing emerging objectives of
present studies in this thesis.
Chapter 2 outlines detailed experimental methodological protocols performed during the overall studies.
Chapter 3 describes molecular aspects of anticancer efficacies exhibited by dipicolinic acid passivated 1-
allyl imidazole substituted oxidovanadium complex (IV), i.e., VOL, against breast carcinoma in contrast
to known metallodrug cisplatin both in vitro and in vivo.
Chapter 4 describes the utility of another variability of dipicolinic acid passivated oxidovanadium
complex (IV) with 1-methylimidazole substitution (OVMI) against triple-negative breast carcinoma and
secondary pulmonary metastasis as an alternative option against side effect-causing conventional
metallodrug usage both in vitro and in vivo. The anticancer efficacy of OVMI has been enlightened from
the viewpoint of molecular mechanistic approaches.
Chapter S describes the folic acid-guided targeted delivery of chrysin and its pH-dependent release from
polyacrylic acid-coated mesoporous silica nanocarrier specifically to breast cancer cells limiting chances
of off-target toxicity caused by conventional chemotherapy. Additionally, this chapter highlights

molecular aspects of enhanced antineoplastic effectivity of chrysin delivered through silica nanocarrier.
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Chapter 1
General introduction



1.1. General notes on breast cancer

Breast cancer (BC) is one of the prevalent types of malignancy that frequently afflict female population
worldwide, displaying an annual rise in its morbidity, thereby posing a significant threat to human well-
being. BC is distinguished by its heightened occurrence, elevated fatality rate, extensive heterogeneity,
increased likelihood of recurrence, and unfavorable prognosis. Collectively, these factors have
contributed to the morbidity and mortality of BC surpassing that of lung cancer in women. In the year
2018, approximately 2 million fresh cases were identified, leading to a distressing 0.6 million fatalities
accredited to the ailment (Ferlay et al. 2019). Nearly 281,550 newly reported instances of invasive BC has
been reported among women of United States where about 43.6 hundred deaths were expected by 2021
(Society 2020). This scenario necessitates the continuous exploration of all aspects of BC, encompassing
tumor gradation and related therapeutic interference.

1.2. Molecular classification of breast cancer

Conventionally, BC has been categorized histologically, but nowadays this grouping has taken a back seat
to molecular perspectives. Because, for appropriate therapeutic strategy selection and subsequent
prognosis of the disease, molecular approach is far more beneficial. As stated by the World Health
Organization (WHO), there are 21 different histological types of BC that are distinct in terms of
associated risk index, responsiveness to certain treatment modality, and further treatment outcomes (Sinn
and Kreipe 2013). The major BC grouping involves in situ and invasive BC. Invasive one can be further
divided into various subtypes, among which infiltrating ductal carcinoma and invasive lobular carcinoma
are the major ones (Li et al. 2003, Makki 2015). To determine legitimate therapeutic aptitude, IHC-
mediated histological observations act as an initial guide. Primarily, from the view point of clinical

significance BC can be categorized into five distinct subtypes (Mueller et al. 2018). They are as follows:

Luminal A

(characterized by being HR™; but null for HER2 expression)

Luminal B
(characterized by being HR". along with being either HER2™ or HER2™)

HER2*
(characterized by absence of hormone receptor expression)

Triple-negative breast carcinoma (TNBC)
(characterized by cells that are basal-like and negative for both HR and HER2)

Breast cancer

Normal-like breast cancer

—1 (characterized by being very similar to luminal A subtype as per immunohistochemical staining but possesses a
much poorer prognosis compared to luminal A)
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1.2.1. ER*/ PR *breast cancer

In this subtype of BC more than 1 % of tumor nuclei exhibit positive signal for immunostaining against
ER and/or PR. There are two views regarding role of estrogen for initiation and promotion of BC (Allison
et al. 2020). According one, ligation on ER stimulates the division and multiplication of mammary cells,
leading to increased DNA synthesis. Consequently, this increases the chances of replication errors
incorporation, its accumulation due to lack of efficient DNA repair; thus, increasing likelihood of more
mutations. Whereas, the second hypothesis posits that genotoxic estrogenic metabolic by-products can
impair DNA directly, thereby causing mutations. Nonetheless, it is important to state that a large
proportion of women with ER / PR positive BC, often exhibit resistance or acquire resistance during
hormone-based therapeutic course. Extent of mutation in estrogen receptor, as well as the
intercommunication of ER with HER2 signaling and with other growth factors are frequently implicated
in endocrine resistance. Furthermore, estrogen-independent proliferation, heightened sensitivity to low
estrogen level, excessive cyclin D1 expression, persistent activation of NF-xB, and diminished expression

of ER-a (Szostakowska et al. 2019) are responsible for resistance to hormonal therapy.
1.2.2. HER2* breast cancer

Nearly 20- 30 % of BC cancer patients show positive immunostaining against HER2 protein. It is a
ERBB family protein tyrosine kinase receptor, that is coded by the gene ERBB2. Ligation of growth
factors to HER2 plays crucial role in cell growth and further survival. Uplifted expression of HER2
protein in mammary cells results in amplification of its downstream signaling resulting in uncontrolled
growth of mammary cells, characteristics of BC (Slamon et al. 1987). The significance of HER2 status as
a prognostic factor has also been addressed in case of in situ ductal carcinoma (DCIS). It accounts for
nearly 20-25 % of all breast cancer cases as detected from population-oriented breast cancer screening
studies. In contrast to invasive ones which express approximately only 13 % cases of HER2 positivity,
DCIS exhibits higher occurrence of HER2 amplification (34 % cases of total DCISs) (Schick, Ritchie,
and Restini 2021). Association of HER2 positivity due to its higher amplification in DCIS, projects

unfavorable prognosis of the disease.
1.2.3. Importance of Ki-67 marker

In addition to conventional markers of BC, a proliferation marker known as Ki-67 also holds importance
in terms of prognosis. Luminal type A BC with lower expression of Ki-67 has best prognosis post-
treatment; whereas, luminal B type BC with high level of Ki-67 shows a bit more aggressiveness and
poor comparative prognosis (Schick, Ritchie, and Restini 2021, van Seijen et al. 2019). However, in

comparison to luminal types, BCs with increased expression of HER2 in association with elevated Ki-67
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expression, possess greater risk index and invasiveness. HER2-enriched cancers tend to grow at a faster

pace and may have a more unfavorable prognosis.
1.2.4. Triple negative BC (TNBC)

TNBC is aggressive most BC type with least amount of prognosis among all molecular BC types
(Criscitiello et al. 2012). In this context, it is important to state that BRCA1/2 mutation in germplasm,
BRCA promoter hypermethylation, a deficient HRR pathway result in defective and inefficient
homologous recombination repair (HRR) which strongly characterizes TNBC. Notably, Atchley et al.
reported that over 80 % of breast cancers with BRCA mutations are triple negative. Studies have
demonstrated that TNBC has a significantly higher risk of recurrence and a worse prognosis after
recurrence compared to HR™ cancers, with an average survival of 1-1.5 years versus 50-60 months,
respectively (Atchley et al. 2008). Despite the emergence of targeted therapies as first-line treatments for
various cancers, sequential chemotherapy still persists as the primary care for TNBC due to the absence
of receptor expression for targeted therapy. Irrespective of the disease's staging, TNBC patients have
lower survival rate than the non-TNBC patients having at least positive signal for ER or PR

overexpression.
1.3. Breast cancer and oxidative stress

Oxidative stress refers to a state where there is an excessive presence of ROS in comparison to
antioxidants (Sies and Jones 2020). This connection underscores the importance of achieving equilibrium
between the surplus of ROS and antioxidants. Inline, ROS is a broad-spectrum term that covers reactive
byproducts of molecular oxygen and include hydrogen peroxide, hydroxyl radicals, superoxide radicals
and singlet oxygen sometimes. Cells are equipped with intricate biochemical and genetic systems to
uphold this equilibrium, and it is evident that any disruption to these systems can lead to significant
pathophysiological ramifications. Oxygen radicals are incessantly formed within mammalian cells as a
direct result of utilizing oxygen for aerobic respiration (Brown and Bicknell 2001). Excessive ROS load
inflict harm upon DNA, thereby causing mutations that trigger the development of tumors and sustain
their progression. Carcinoma cells often find themselves in a state of perpetual oxidative stress. Neoplasm
generate ROS at a higher pace rather than that of the normal cells. Some of the factors that contribute to

such increased oxidative burden in BC cells are as follows:
1.3.1. Metabolic alternation

Cancer cells maintains high ROS content intracellularly in contrast to healthy cells, thereby upholding

their distinct phenotype. Main source of excess ROS production in cancer cells is none other than altered
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mitochondrial electron transport chain that is engaged with generation of ATP. Here, mitochondria
contribute heightened Oy~ generation in response to modified cellular conditions such as hypoxia and
unanchored growth. However, other than mitochondrial source there are nearly 41 catalytic system that
contribute to enhanced ROS generation. Among them, membrane-bound NADPH-oxidase (NOX) system
that present in innate immune cells such as in neutrophils, macrophages also generate ROS locally with
greater potency for bactericidal activities and pathogen killing (Brown et al. 2005). Nowadays, it has been
also reported that cancer cells undergoing hyperproliferation or harboring abnormal centrosome can
stimulate excess Oz+~ production through their altered inherent NOX system. In majority cases, breast
cancer cells overexpress an enzyme called thymidine phosphorylase. This enzyme is associated with
thymidine metabolism and generates thymine and 2-deoxy-ribose-PO4, which in turn reduces
carbohydrate molecules rapidly resulting in production of ROS in carcinoma cells. Furthermore, oxidative
distress in mammary carcinoma may also stem from the metabolism of estrogenic precursors by
lactoperoxidase that oxidizes 17p-estradiol through single electron transfer to generate reactive phenoxyl
radicals (Sipe Jr et al. 1994). Apart from these, during motility, cancer cells synthesize enhanced
hydrogen peroxide molecules by 5-lipoxygenase. Altered protein folding in endoplasmic reticulum (ER),
in addition, bestow cancer cells too with excess H.O; (Arnandis et al. 2018).

1.3.2. Insufficient tumor vasculature

A breast tumor rapidly surpasses its blood supply, resulting in a deficiency of glucose and oxygen
supplies. BC cells are highly sensitive to such deprivation of glucose that quickly induces oxidative stress,
but does not affect instantaneously the non-neoplastic cell populations. Such distinction may result from
the fact that glucose deprivation diminishes the intracellular pyruvate reserve in BC cells, preventing the
breakdown of endogenous oxygen radicals. BC typically sustain their growth by promoting angiogenesis
(Spitz et al. 2000). The blood flow within these newly formed vessels often becomes distorted, leading
hypoxia and further reperfusion. Such reperfusion may contribute to excess ROS generation leading to

oxidative distress within breast carcinomas.
1.3.3. Non-transformed cell infiltration

Macrophage infiltration in breast tumor is a usual situation. These macrophages at point of infiltration, are
capable of ROS overproduction resulting in sub-lethal oxidative distress in BC. Moreover, such tumor-
infiltrating macrophages secrete a cytokine named as TNF-a, that too add on cellular oxidative stress
related to BC (Kundu, Zhang, and Fulton 1995). Apart from that, fibroblasts represented in tumor
microenvironment, get attracted and activated by enhanced ROS, particularly hydrogen peroxide,

produced by cancer cells via HIF 1a upregulation (Perillo et al. 2020). After being induced, such cancer-
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associated fibroblasts in turn enables sustained oxidative load in cancer cells via strengthening cellular

antioxidant system.
1.3.4. Oxidative stress caused by conventional treatment modalities

Conventional therapeutic measures including chemotherapy with doxorubicin, mitomycin C, etoposide,
and cisplatin, along with radiation, photodynamic therapy, and the synthetic hormone-inhibitor such as
tamoxifen can potentially increase oxidative stress in BC (Ferlini et al. 1999). For example, doxorubicin-
mediated cytotoxicity activates Fenton reaction which ultimately results in excess hydrogen peroxide
generation leading to increased oxidative stress and related apoptotic death in BCs.

1.3.5. Genetic perspective of increased oxidative load in breast cancer

overexpression of cellular oncogenes or loss of regulatory effectivity of cellular tumor suppressor genes
results in ROS overproduction. Monomeric G-protein Ras, modulates mitochondrial metabolism that
results in lowered mitochondrial transmembrane potential and further stimulation of either NOX2 alone
or accompanied by NOX4 induction. Activation of NOX4 can also be originated by nuclear translocation
of STATS. Inline, Racl, another RAS-related oncogene is known to induce NOX1 activation. Apart from
G-protein superfamily, anti-apoptotic BCL-2 brings about alternation in mitochondrial activity; whereas
MYC, a proto-oncogene can repress PGC-1a and subsequently diminishes mitochondrial biogenesis
(Chong et al. 2018, Marcar et al. 2019). Among tumor suppressors, diminished activity of antioxidant
genes such as GPX1, SESN1, SOD2 and SESN2 results in TP53 dismissal which in turn evoke ROS
overgeneration (Gorrini, Harris, and Mak 2013). Other than genetic modulation, post-translational

acetylation of SOD2 can turn on its pro-oxidant activity mode.

Redox-sensitive TRPA1 channel (regulated by upstream NRF2) is overexpressed in cancer cells that
activates ERK and PI3K-Akt signaling cascade through stimulation of Ca?* signaling. This enables cancer
cells to withstand cellular oxidative distress further by downstream target protein S-glutathionylation
(Moloney and Cotter 2018).

1.3.6. Proapoptotic nature of excessive oxidative stress

Cancer cells, in their abnormal redox homeostasis, display a discrepancy in the levels of ROS, which are
known to have tumorigenic properties, yet high levels of ROS are detrimental to the cells' viability
(Reczek et al. 2017). Tumor cell proliferation is accommodated by increased ROS generation. Thus, these
cells are modulated in way so that they are able to withstand excessive ROS burden by shifting cellular
equilibrium towards oxidative condition. For such accommodation, neoplastic mammary cells uplift their

antioxidant system and evade upper limit ROS withstanding capacity that would otherwise cause cellular
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senescence, programmed cell death through apoptosis or ferroptosis (Dodson, Castro-Portuguez, and
Zhang 2019) (Figure 1).

Radiation,
Chemotherapeutic
Drugs Peroxisome

Endoplasmic
reticulum

Mitochondria

/ NADPH Apoptosis
s Autophagy
oxidase : :
Ferroptosis
Necroptosis
Figure 1: Source and fate of excessive oxidative stress due to ROS overproduction in BC cells

While moderate high ROS content acts as tumor promoters, excessive highly ROS burden induced cell
killing in tumor cells most preferably by activating apoptosis. During extrinsic apoptosis, formation of
death-inducing signaling complex (DISC) is contended by action of cellular FLICE inhibitory protein.
Half-life of this protein is reduced by promoting its ubiquitination and subsequent degradation through
excess ROS; thus, promoting extrinsic apoptotic death of BC cells. Moreover, excess ROS in cancer cells
promotes alternation of mitochondrial permeability by modulating VDAC, ANT and cyclophilin D
through oxidating their active site-specific cysteine residues (Perillo et al. 2020). Apart from that, higher
ROS expression is known to promote ubiquitin-mediated destruction of anti-apoptotic Bcl-2 protein; that
eventually leads to activation of mitochondrial apoptotic cascade in BC cells. In several cases of BCs,
ROS is known to alter Bax to Bcl-2 ratio through activation of ER stress (Redza-Dutordoir and Averill-
Bates 2016).

Other than apoptosis, autophagic and necroptotic deaths are also promoted in BC cells by excess ROS
content. Particularly, hydrogen peroxide-mediated inactivation of ATG4 increases instances of LC3B
accompanied formation of autophagosomes. Besides, it also inhibits mMTOR1 by ATM-driven oxidative

inhibition of AMPK. Both of these incidents promote ROS-driven autophagic death of transformed breast
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cells. While under moderate oxidative stress, TP53 facilitates tumor cell adaption by expression of
antioxidant genes; the same gene acts distinctly under more severe oxidative state by stimulating ROS-
mediated cell death. TP53 targets genes including PIG3 and PIG6, that code for mitochondrial proline
dehydrogenases (Liu and Xu 2011). The activation of TP53 by higher ROS level, promotes upregulated
expressions of BAX, PUMA, and p66Shc, which in turn dysregulate mitochondrial activity and
accelerates cytosolic mobilization of cyt C. Furthermore, proapoptotic activation of TP53 declines
expression of SOD2 and several NRF2 target genes. Currently, ROS-driven tumor inhibition by altering
the activity of TP53 gene has been found to involve an iron-dependent mode of programmed cellular
death type called ferroptosis. Excess ROS leads to the oxidation of membrane phospholipid-PUFAS
which in turn affects integrity, curvature and respective pore formation in plasma lemma; thereby,
inducing cell killing (Dixon and Stockwell 2019). It has been found that optimum intracellular cysteine
content and GPX4 activity are essential to prevent ferroptotic death of BC cells. However, ROS-
mediated activation of pro-apoptotic TP53 promotes cellular cysteine starvation by repressing cysteine
uptake through cysteine/glutamate antiporter. Additionally, ROS-mediated stimulation of pl4ARF (a
tumor suppressor protein) fosters ferroptosis through TP53 activation and NRF2 repression subsequently
(Chen et al. 2017).

1.4, Breast cancer and endoplasmic reticulum stress (ERS)

Three ER resident membrane proteins namely, IRE1, PERK and ATF®6 tightly regulate misfolded protein
response and subsequent ERS. Under homeostatic condition these proteins recruit an ER chaperone
protein known as GRP78/BiP. During ERS, GRP78 releases itself from aforementioned association and
assemble with misfolded proteins inside ER. (Chen and Cubillos-Ruiz 2021, Salvagno et al. 2022). In
ERa* BC, estradiol activates UPR through PLC- vy signaling downstream to IP3 receptor channel
activation. In ERa* BC, IRE1-XBP1 signaling gets activated parallel to estrogen signaling where spliced
variant of XBP1 (IRE1 substrate) controls nuclear mobilization of NF-xB and contributes toward the anti-
estrogenic resistance; thus, creates a positive feedback loop generating estradiol-dependent more cellular
proliferation in ERa" BC (Figure 2). Apart from IREla-XBP1 axis, ERS also works through PERK in
ERa" BC. ERa-mediated stimulation of PERK leads to activation of downstream ATF4 and CHOP.
Parallelly, PERK activation can promote NF-kB-driven activation and secretion of TNFa to control
estrogen-induced apoptosis (Fan and Jordan 2018). Moreover, estrogen is able to speed up ERa" BC
progression by uplifting GRP78 expression which seems to facilitate cell survival in BC by promoting ER
stress in all way. Thus, depending upon the duration and intensity of ERS, consequences of the disease

vary. HER2* BC cells has been reported to be sensitive to the compounds that induce UPR mediated ERS.
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It has been observed that USP22 effectively restrict the activation of UPR in HER2* BC by stabilizing
ER-resident chaperone HSPAS (Prokakis et al. 2021).

HER2* TNBC
Unfolded Unfolded Unfolded

. ‘ . protein 5 ‘ protein = e

@ IRE1 PERK IRE1 PERK | ATF6 ' IRE1 PERK
\ N NEaB \
L 1 1 1 m 1 Golgi body 1 INK 1
Ca* o - elF2a STAT3 l elF2a , elF2a NRF2
XBP1 mRNA XBP1 mRNA \BPl mRNA
N 1 1 1 l Bcl-2
1 XBP1s ATF4 S e XBP1s ATF4
PLC! \ l l | ’
ATF4 ATF4
XBP1s XBPis  XBPIs NRF2
E2R STAT3 XBP1s l l XBP1 1 HIF1q
MDIK = i CHOP
l caop | MIVDIK ok ZEBL {
NF-kB TNFa § | i } TRAILR
| TRAILR E-cadherin ‘
Cas 8
Figure 2: ER stress in ERa", HER2" and TNBC breast carcinoma types

Furthermore, UPR activation can contradict with the trastuzumab-mediated PI3K/AKT signaling
inhibition in HER2* BC. Thus, selectively targeting molecules of ERS, along with application of anti-
HER2 therapeutics may offer valuable therapeutic advantages in relevant disease management. TNBC
being negative for colloquial hormone receptor markers, lacks specific targeted therapies and remain
unresponsive to hormone therapy. In contrast to ER* BC, spliced product of XBP1 interacts with HIF-1a
to assemble in a complex through the recruitment of RNA polymerase Il in TNBC (Chen et al. 2014).
Here, c-MYC acts as the activator for IRE1a-mediated XBP1 splicing. PERK-elF2a pathway in TNBC
acts to stimulate autophagy and involved in redox control. Under long-term ERS, caspase-8 and Noxa
mediate apoptosis in TNBC. Inline, another chaperone called ER-oxidoreductase 1a (ERO1a), known to
control protein folding oxidatively, also has been reported to be upregulated in TNBC and contributes to
the poor survival of TNBC patients (Lee et al. 2018). EROla has been implicated to angiogenesis
promotion too in TNBC through stimulating VEGF-mediated signaling. Moreover, EROla has been
noted to enable enhanced expression of PD-L1 to facilitate immune escape of TNBC cells. Never the less,
ROS-induced ERS in TNBC results from inhibition of IGF-1R signaling that can activate JNK signaling
and CHOP parallelly to fine-tune initiation, promotion and maintenance of TNBC (Zhou et al. 2019)
(Figure 2).
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1.5. Breast cancer and cell cycle arrest

Cancer cells circumvent several cell cycle checkpoints and reorganize tumor-suppressor gene-mediated
safeguarding to speed up uncontrolled cellular proliferation despite of being aneuploids and harboring
several anomalies. Such rearrangement in cellular repertoire takes place through diverse genetic changes
as well as profound epigenetic modulations involving epigenetic readers, writers and erasers. Post-
translational modifications also sometimes involve to mitigate tumor suppressor gene activities. Distinct
BC subtypes exhibit specific dependencies upon cell cycle pattern and consequently, modulate molecular
repertoire of cell cycle checkpoints. In luminal A-type ER* BC, neoplastic cell mostly depends on the
estrogen-driven stimulation to facilitate cell cycle progression in an uncontrolled manner. Ligation of
estrogen with its cognate receptor results in activation of CCND1 gene (responsible for expression of
cyclin D1). Increased cyclin D1 expression speeds up heterodimerization of cyclin D-CDK4/6 complex
formation. Amplification of CCND1 sequences is also very common in luminal BC subtypes.
Furthermore, ER* BCs display overexpression of estrogen receptors to sustain estrogen-dependent
increased cellular remodeling (Thu et al. 2018). Additionally, oncogenic mutations in PIK3CA are highly
implicated in one-third instances of BC; specifically in luminal types and in HER2* ones. This gene
encodes P110a, the catalytic subunit of PI3K; thus, excessively stimulated PIK3CA promotes cell cycle
progression via mitogenic overstimulation of AKT/mTOR signaling. Unlike other BC subtypes, ER* BC
usually harbors fully functional Rb- and p53- mediated tumor suppression system rendering
comparatively higher genomic stability (Bower et al. 2017). Amplification of CDK4 gene is specifically
frequent in HER2* BC. Additionally, this subtype exhibits prevalent gain-of-function mutations of proto-
oncogenes such as PIK3CA, PTEN etc. and loss-of-function mutation of TP53. Apart from, amplification
in ERBB2 gene, copy gain of CCND1 is also frequent in HER2* BC (Thu et al. 2018). On contrary, loss-
of-function mutation of RB1 or its deletions results in compromised regulation of Rb/E2F/CDK4/6
cascade. Moreover, BRCAL, a DNA damage response gene, is often found to be mutated in this BC
subtype. Aneuploidy is highly frequent in TNBC subtypes with persistent loss-of-function mutation of
TP53 gene. Increased instances of copy umber gain of CCNE1 DNA are highly prevalent in TNBCs
along with inhibitory mutation of PTEN gene activity. Studies have reported that due to higher genomic
instability and variability TNBC subtype often suffers from increased expression of genes related to
spindle assembly checkpoint during mitotic division. This includes TTK, MAD2, BUB1, AURKB etc
(Bower et al. 2017).

1.6. Breast cancer and apoptosis

Apoptosis is a self-governing procedure that encompasses the initiation, and regulation of a broad

spectrum of genes, resulting in programmed cellular death. This process is crucial for the elimination of
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undesirable cells and for upholding a steady internal milieu. The execution of apoptosis can occur through
either a caspase-mediated or a caspase-individualistic manner. The caspase-mediated pathway can be
categorized into the extrinsic pathway and the intrinsic pathway. Caspases comprise catalytic proteins that
act as cysteine proteases. According to their involvement in respective cellular processes, they can be
segregated into two subfamilies, namely the apoptotic and inflammatory subfamily (Yuan et al. 2022).
Among eighteen known mammalian caspases, caspases 2, 3, 6, 7, 8, 9, and 10 are classified to be
apoptotic ones: caspase 2 participates in several cell death cascades, while caspases 3, 6, and 7 function as
end-stage executioners. In contrast, caspases 8 and 10 are indispensable in the extrinsic pathway, and
caspase 9 selectively participate in the intrinsic pathway. Induction of extrinsic mode of apoptosis is
facilitated by the activation of caspases through the interaction between cell surface bound death receptor
and their cognate ligand. Members of TNFR superfamily are chiefly involved in extrinsic apoptosis. This
includes CD120a (commonly known as TNFR1), APO-1/CD95 (commonly called Fas), Weasl (also
known as APO-2/death receptor3 duplex), TRAIL-R1 (alternatively known as DR-4), TRAIL-R2
(alternatively known as DR-5), and DR-6 (Pontsho and Lesetja 2015). Initiation of extrinsic apoptosis can
be explained with Fas/FasL interaction which crucially synchronizes immune signaling and
corresponding pro-apoptotic effects. Fas is present in two forms: membrane-bound form (mFas) and
soluble form (sFas). The interaction of FasL with mFas and sFas differs markedly. Upon binding of mFas
and FasL lead to death domain (FADD) recruitment and subsequent association with procaspases 10 and
8, resulting in the formation of the DISC, which subsequently activates downstream signaling cascades by
cleaving Bid to tBid. tBid in next, activates Bak and Bax on downstream that induce apoptosis and alter
permeability of mitochondrial outer membrane. This interaction leads to the formation of the
mitochondrial apoptosis-induced channel (MAC) which enables release of cytochrome C into cytosol,
thus, merging two different caspase-dependent apoptotic pathways at this point. In the presence of
ATP/dATP, cytochrome C interacts with Apaf-1 forming a complex that later matures to form
apoptosome. This in turn induces activation procaspase 9 to active caspase 9, subsequently allowing
downstream signaling (Yuan et al. 2022). In addition to the extrinsic and intrinsic pathways, caspase-
independent pathway of apoptosis too exists. This particular pathway relies on mitochondrial inner
membrane bound flavoproteins, termed as apoptosis-inducing factors (AIFs). These AIFs are pro-
apoptotic in nature and are effective after they get released into the cytosol due to enhanced mitochondrial
permeability or breakdown. Once in the cytoplasm, the AIFs mobilizes inside nucleus and result in

chromatin condensation and subsequent fragmentation (Pontsho and Lesetja 2015).
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1.7.Vanadium as an anticancer agent

Depending on the fact that metal ions can selectively regulate a wide range of cellular processes,
designing and synthesis of metallodrugs was initiated in the field of medicinal chemistry aiming to find
cure for “difficult to treat’ diseases such as cancer. Till date cancer has been considered as one of the most
fatal diseases causing severe mortality over the world. Among several cancer types, incidence of breast
cancer is most common among worldwide female population. According to current statistical count,
nearly 1.3 million females suffer from mammary carcinoma (Gupta, Shridhar, and Dhillon 2015). In this
context, metallodrugs were considered as highly potential anticancer agents from decades. Example of
metallodrugs include popular platinum complexes such as cis-[Pt(NHs).Cl>] and its derivatives oxoplatin
and carboplatin which are used as popular chemotherapeutic agents in combination with radiation and
other medication in cancer treatment. Interaction between genomic DNA and platinum is essential for
exerting cell killing by platinum-based drugs (Wang and Lippard 2005). After initial phase of intensive
interest in platinum-based metallodrugs, other potential anticancer metal complexes including gold,
palladium, copper, iron-based metallodrugs were also assayed which could follow distinct cell-death
mechanisms beyond DNA binding. Despite of being an efficient anticancer mediator, most of the
metallodrugs especially, platinum-based drugs, mostly cisplatin exhibits a huge number of adverse effects
due to low target selectivity and high off-target toxicity. Thus, introduction of metallodrugs with potent
anticancer efficacy and minimal collateral systemic toxicity are of utmost importance in field of cancer
therapy. In this regard, though the pharmacological potentials of vanadium as a metallodrug was first
exploited in diabetes management, nearly 50 years back vanadium was first implicated in field of cancer
research (Kioseoglou et al. 2015). Till then, multiple arrays of vanadium compounds have arisen as
prospective therapeutic agents for cancer treatment and management. Vanadium is a well-known first row
transitional metal having an electronic configuration of [Ar]3d34s? with two naturally occurring isotopes,
0V and 5V. Presence of vanadium in abiotic and biotic systems of both marine and terrestrial origins are
well established. Among the several elements found on earth, vanadium is the 22" most abundant one
(0.013 % w/w). Human blood plasma contains nearly 200 nM of vanadium and while in tissues, such as
kidney, liver and bone, its concentration is approximately 0.3 mg/kg (Ghosh et al. 2022). Vanadium can
exist in five different oxidation states, i.e., V(I), V(O), V(lII), V(IV) and V(V). Among these five, three
forms namely, vanadic/V(I11), vanadyl/V/(IV) and vanadate/ (V). From biological aspects, only two of
higher oxidation states of vanadium, i.e., V(IV) and V(V) are of our interest [14] as these two oxidation
states of vanadium are capable of forming cationic and anionic complexes within physiological pH (2-8)
range. Intracellularly, vanadium exists mostly in tetravalent form, producing vanadyl ion (VO?#) in
association with protein. However, only 1% vanadyl ions remain in free unbound state. Besides,

pentavalent form of vanadium mostly occurs extracellularly as vanadate ion or (VOs7). Based on the
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chemical structure, anticancer vanadium compounds can be categorized into five groups including binary
and tertiary peroxy-vanadates, organometallic vanadocenes, vanadium peroxide-betaine compounds,

polyoxovanadate complexes and especially oxidovanadium complexes (Ghosh et al. 2022).

In this regard, the antitumoral efficacy of several vanadium complexes have been explored extensively in
various types of cancers. Oxidovanadium derivatives of flavonoids have already been studied to show
selective anticancer effectivities in bone cancer in vitro (Ghosh et al. 2022). Antitumoral therapeutic
studies of vanadocene compounds have also been descripted in hepatic and testicular carcinomas.
Alongside, another vanadium compound known as metvan, has been studied extensively for its anticancer
activity across several types of cancer cells including multiple myeloma cells, leukemic cells and also
solid tumors derived from other vital organs such as ovary, prostate, mammary gland, brain, etc (D’Cruz
and Uckun 2002). Additionally, heterocyclic vanadium derivatives those are able to act as Schiff base,
have also been studied to exhibit antitumor activity recently against osteosarcoma, mammary carcinoma

and colon carcinoma.

Universally, vanadium has been recorded that it inhibits tumor growth by inhibiting uncontrollable tumor
cell proliferation and inducing apoptosis. The potentials of vanadium complexes in ROS-RNS-driven
apoptosis, involvement in autophagy, cell differentiation and even in anoikis mechanistic procedures or in
onco-gene modulation either individually or collectively contribute to the possibility of designating
vanado-drugs as potent anticancer agents. Vanadium is able to impede catalytic activities of several
transport proteins including sodium-potassium pump, proton/potassium ATPase pump; cargo trafficking
proteins such as myosin-ATPase, dynein; phosphorylases such as adenylate kinase, phosphofructokinase
etc. Conversely, several enzymes get invigorated by vanadium such as glyceraldehyde-3-PO4

dehydrogenase, glycogen synthase mitochondrial complex IV, tyrosine phosphorylase etc.

At present, we have studied anticarcinogenic properties of a newly synthesized hydrophilic mononuclear
dipicolinic acid passivated 1-methyl- and 1-allyl-imidazole-substituted oxidovanadium (V) complexes in
BC (Ghosh et al. 2022, Biswal et al. 2017). In this context, it is important to notify that along with
ampbhiphilic nature and several pharmacological advantages, dipicolinic acid, present in various natural
compounds, is known to stabilize unusual oxidation states of the metals (Jakusch et al. 2003). Besides,
pentameric ring structure and potency to intercalate and cleave DNA strands (Keter 2010, Pizarro and
Sadler 2009, Reedijk 2003) due to presence of heteroatom nitrogen, imidazole shows significant
antioxidant (Smith and Reeves 1987), antimicrobial (Aridoss et al. 2006, Bhandari et al. 2009, Eslami
Amirabadi et al. 2019) as well as anticancer (Congiu, Cocco, and Onnis 2008) therapeutic efficacies. For
easy interpretation, these compounds have been denoted as VOL and OVMI respectively and their

chemical structure has been described in detail in Chapter 3 and 4 respectively.
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1.8.Chrysin as an anticancer agent

As discussed in above sections, among several lines of cancer therapeutics, chemotherapy has been
chosen as a recurrently used productive modality of cancer treatment till days for both early and late-stage
onco-patients. However, chemotherapy comes with a bunch of adverse effects including nausea,
vomiting, diarrhea, alopecia, neuropathy, neutropenia, myalgia, and fatigue, that can result in diminished
patient compliance. Inline, phytochemicals, that are known to harbor antineoplastic efficacy can be
considered as safe option in contrast to chemotherapeutic agents. Phytochemicals, on the basis of their
chemical structure can be categorized in to several group; among which flavonoids have widely been
acknowledged as a versatile resource for the exploration and development of anticancer agents. Along
with possessing cancer cell-killing property, they are biocompatible and non-toxic to non-transformed
healthy body cells when used at proper dosage (Naz et al. 2019). Thus, replacing conventional
chemotherapy with flavonoid-based treatment will not only be effective against cancer cells, but also will
come with lesser probability of adverse effects. Among these flavonoids, chrysin (chemically
characterized as 5,7-dihydroxy-2-phenyl-4H-chromene-4-one or briefly, 5,7-dihydroxyflavone) is a
naturally occurring compound with a 15-carbon backbone that has shown to exert promising
pharmacological properties including antibacterial, antineoplastic, neuroprotective, antiviral,
antiasthmatic, anti-inflammatory, hepatoprotective, nephroprotective, cardioprotective, anti-diabetic,
antidepressant, anxiolytic, and antiarthritic activities. The natural origins of chrysin is chiefly honey,
where the chrysin content can vary from 0.10 mg/kg in honeydew honey to 5.3 mg/kg in forest honey
(Ghosh et al. 2023). Other natural sources of chrysin include propolis, with a chrysin content of 28 g/L, as
well as various other plant species such as Pelargonium crispum, Passiflora incarnate, Oroxylum indicum

etc act as the source of chrysin.
1.8.1. Chrysin in breast cancer

Chrysin pretreatment is potentially cytotoxic to MCF-7 cells where it does so by altering expression of
p53 protein expression. Activation of ATM-Chk2 pathway without DNA damage has been noted due to
chrysin treatment in vitro as well. In a study against T47D cells, its co-sensitization with metformin, has
been proven to diminish cyclin D1 and hTERT gene expression to stall cell cycle progression at Go/ G
stage. Moreover, pro-apoptotic as well as antimetastatic role of chrysin was studied in human TNBC cells
where it has been observed to repress MMP-10 and Akt signaling (Talebi et al. 2021). When treatments
were made on 4T1 cells and respective tumor xenographs, chrysin was found to reduce survival of cancer
cells in hypoxic conditions. Additionally, it hindered the activation of STAT3 and reduced the expression
of VEGF in these hypoxic cancer cells, effectively putting a halt to the formation of hypoxia-driven

angiogenesis, thereby, suppressing and spread of metastatic cancer. Furthermore, chrysin exhibited
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TRAIL-mediated apoptotic death of MDA-MB-cells. Additionally, chrysin has been observed to induce
apoptosis by promoting the expression of Skp2 and LRP6 while simultaneously downregulating the
expression of several metastatic markers sch as MMP-2, MMP-9, fibronectin, and snail in MDA-MB-231
cells (Talebi et al. 2021).

1.9. Cancer nanotherapeutics

Conventional therapeutic approaches for cancer, such as tumor removal surgery, hormone therapy,
chemotherapy, radiation, and even immunotherapy, offer limited benefits in terms of cancer treatment
(Sengupta and Balla 2018). These strategies often result in collateral damage to vital organs and a
decrease in the average survival rates of patients. Hence, the significance of newly developed
bioanalytical strategies that facilitate the overall treatment procedure in cancer patients becomes apparent.
In this context, the detrimental effects of traditional cancer therapeutics can be effectively bypassed by
substituting them with naturally occurring plant-derived polyphenolic anticancer compounds. However,
the poor solubility and decreased bioavailability resulting from inadequate absorption and rapid
metabolism pose significant challenges in the administration of chrysin for cancer treatment. In this
regard, the utilization of nanotechnology is a common strategy that can effectively enhance the
bioavailability of hydrophobic natural compounds specifically at the tumor site (Matsumura and Maeda
1986). The effectiveness of a chemotherapeutic drug or any anticancer agent can be improved through the
implementation of a smart nano-drug delivery system (nano-DDS) labeled with specific targeting ligands,
which enables a precise interaction with tumor cells and facilitates intelligent stimulus-boosted drug
unloading performance within the tumor microenvironment. Upon intravenous injection, these circulating
nanoparticles can selectively accumulate at the tumor site by exploiting the leaky and permeable
vasculature, and their retention is further enhanced by the limited lymphatic drainage, a phenomenon

known as the enhanced permeability and retention (EPR) effect (Farokhzad and Langer 2006).

However, the limited ability of nanocarriers to pass through multiple layers of tumor cells is attributed to
the elevated interstitial fluid pressure and the dense cell population at the tumor site, resulting in uneven
distribution of its cargo. It is anticipated that these challenges can be overcome through the utilization of
ligand-labeled nano-formulations, which not only passively accumulate at the tumor site (due to the
enhanced permeability and retention effect), but also actively accumulate by modifying the surface with
ligand molecules capable of recognizing tumor-specific receptor molecules (Salmaso et al. 2004). In
summary, this approach offers enhanced tumor-selectivity and improved delivery of cargo within cells,
thus providing a targeted nano-drug delivery system. Consequently, in a targetable nano-drug delivery
system, the surface of the nanocarriers' core is often appropriately tailored with targeting moieties such as

hormones, aptamers, vitamins, peptides, antibodies, and so on. In addition, an optimal ‘intelligent' drug
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delivery system (DDS) must prevent premature unloading at nonspecific locations and possess the ability
to customize therapeutic agents by differentiating between healthy cells and neoplastic cells. Among the
various mechanisms for releasing drugs guided by stimuli in nanocarriers, the alteration in pH is the most
extensively examined due to the clear presence of a pH gradient in the tumor microenvironment (Zhu and
Chen 2015). pH-responsiveness can be achieved by employing substances such as polyacrylic acid and
poly methyl acrylate. Among various inorganic nanoparticles, mesoporous silica nanoparticles possess
remarkable characteristics of a silica framework that is well-suited for pH-guided drug release at the site
of a tumor. The well-organized porous network of mesoporous silica nanoparticles enables controlled
loading of therapeutic agents and ensures a consistent release rate. The overall lack of toxicity and
chemical stability of mesoporous silica nanoparticles make them highly suitable as biocompatible carriers
for therapeutic purposes in vivo (Giret, Wong Chi Man, and Carcel 2015). Furthermore, the larger surface
area and the ease of modifying the surface using the widely utilized alkoxysilane chemistry establish

mesoporous silica nanoparticles as an ideal candidate for intelligent nano drug delivery systems.
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Chapter 2
Reagents and methodology
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2.1. Utilized reagents

The following reagents/materials were procured from respective companies, listed below in Table 1

Table 1: List of utilized materials and reagents

(3-aminopropyl) triethoxysilane (APTES — 99 % extra pure), Chrysin (97 %
pure), polyacrylic acid (PAA), lactate dehydrogenase (LDH) leakage assay
kit, isothiocyanate (FITC),
(DMSO), phosphatase inhibitor cocktail.
coumaric acid, luminol, and cisplatin

VECTASHILD mounting medium with inbuilt DAPI

ethanol, fluorescein dimethyl sulfoxide

Protease inhibitor cocktail,

Gibco fetal bovine serum (FBS), Dulbecco’s modified eagle’s media
(DMEM), trypsin, Bicinchoninic acid (BCA) protein measurement kit, N-
acetylcysteine (NAC), ribonuclease, Verso cDNA synthesis kit, DreamTaq
Green PCR Master Mix (2X), TRIzol RNA isolation reagent solution and
APO-BrdU™ TUNEL assay kit with Alexa Fluor™ 488, PageRuler™
Prestained Protein Ladder

RPMI-1640 cell culture media, L-glutamine, amphotericin B, gentamycin,
penicillin, streptomycin and non-essential amino acids

Sodium hydroxide (NaOH), sodium chloride (NaCl), disodium hydrogen
phosphate dihydrate, bovine serum albumin (BSA), tetraethyl orthosilicate
(TEQS), 1-(3-dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride
(EDC.HCI - 99 % pure), N-hydroxy succinimide (NHS — 97 % pure), 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
EXPOSE Rabbit specific HRP/DAB detection IHC kit (ab80437);
Prestained Protein Ladder — Broad molecular weight (10-245 kDa)
(ab116028); Primary antibodies to Calpain 1 — Domain 1V (ab39170), E-
cadherin (ab76055), p53 (ab1413), elF-2a-phospho S51 (ab32157), Bcl-2
(ab7973), caspase 8 (ab25901), GRP78 (ab21685), SOD2 (ab13533), TNF-
a (ab6671) and TRADD (ab223040); Goat polyclonal secondary antibody
to rabbit 1I9G — H&L (HRP) (ab97051)

Sigma-Aldrich
Louis, Missouri, US)

(St.

Vector Laboratories, Inc.
(Mowry Ave, CA 94560)
Thermo Fisher

Scientific, US.

Hi-media, Maharashtra,
India
SRL, India

Abcam, Cambridge, UK
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Primary antibodies to phospho-GSK-3f (#5558), Cyclin D1(#2978), B-actin  Cell Signaling
(#4970), PARP (#9532), phosphor-Akt (#4060), caspase 3 (#9662), caspase Technology,  Danvers,
9 (#9508), cytochrome C (#4272), Apaf-1 (#8723), Bax (#2772), VDAC MA 01923

(#4866), MMP-2 (#40994), CHOP (#5554), Ki67 (#12202), vimentin

(#5741); Anti-mouse 1gG — HRP-linked secondary antibody (#7076)

MMP-9 (A0289), N-cadherin (A19083), ICAM1 Rabbit polyclonal ABclonal Technology,

antibody (A20472) MA, US

VCAML1 Rabbit monoclonal antibody (A11236) Neo Scientific,
Cambridge, MA

B-actin (BB-AB0024) Bio Bharti Life Science

Pvt. Ltd., Kolkata, India
Alkaline phosphatase (ALP), alanine transferase (ALT), blood urea nitrogen Span Diagnostics, India
(BUN), and creatinine assay Kits.

2.2. Methodology
2.2.1. Invitro experiments
2.2.1.1. Cell culture

Human triple-negative carcinoma cell line MDA-MB-231 was obtained originally from the American
Type Culture Collection (ATCC). Additionally, an immortalized normal kidney epithelial cell line NKE
was received as a gift from Prof. Kaushik Biswas. For the in vivo experiment, murine triple-negative
mammary carcinoma cells 4T1 were cultured which was wisely gifted by Dr. Kuldip Jana. While, MCF-7,
NKE, and 4T1 cells were cultured in RPMI-1640 cell culture media, MDA-MB-231 was cultured in
DMEM. It is noteworthy that in every case, culture media were supplemented with 10 % FBS along with
non-essential amino acids and the required amount of antibiotics as well as anti-fungal agents. Cells were
maintained in a humified 5 % CO, chamber at 37 °C temperature (Sarkar et al. 2016, Ghosh, Kundu, et al.
2022, Ghosh et al. 2023).

2.2.1.2. Defining cell viability through MTT assay

Cytotoxicity in MCF-7, MDA-MB-231, and NKE cells was determined following basic protocol using
MTT reagent (Ghosh et al. 2023). Briefly, cells were seeded at a density of 5 x 102 cells per well in 200 pl
10 % FBS supplemented with cognate growth media. Following maintaining for 24 hours at 37 °C

temperature within a humified incubator containing 5 % CO; for confluency, cells were treated with
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cognate compound for 24/48 hours providing unaltered environmental conditions. After completion of
treatment hours, media from wells was discarded and MTT solution (100 ul; 0.5 mg/ml) was added to
each well. Treated cells within the MTT solution were incubated further for 4 hours at 37 °C temperature
within a 5 % CO; incubator. Following incubation 100 pl DMSO was added to each well and
spectrophotometric absorption reading was taken at 570 nm with the help of a ninety-six-well microplate
reader. The viability of a particular cell in response to a particular compound was determined by
comparing the absorbance of treated cells to that of control cells. Respectively, by plotting standard

curves, 1Cs values of compounds in particular cell lines were evaluated.
2.2.1.3. Assessment of in vitro LDH leakage

After being treated with cognate compounds, MCF-7 / MDA-MB-231 cells were checked for lactate
dehydrogenase (LDH) leakage. LDH leakage measurement was taken colorimetrically at 450 nm by
following the manufacturer’s protocol (Ghosh et al. 2022, Sadhukhan et al. 2016).

2.2.1.4. Ascertainment of the mode of cell death

To ascertain the mode of cell death, treated cells were either stained with FITC-tagged Annexin-V (Ghosh
et al. 2023) or double stained with FITC-Annexin-V and Pl following the manufacturer’s protocol
(Ghosh, Kundu, et al. 2022). For flow cytometry-based analysis, treated cells suspended in 500 ul of 1X
Annexin-V binding assay buffer, were stained with 5 ul of FITC-Annexin-V alone or both for 5 minutes.
Following staining cells were subjected to FACS Verse cell sorter either at 530 nm or for both 530 nm and
610 nm. For the confocal microscopic study, a similar staining protocol was followed for cells grown on
coverslips and finally was viewed with either a dual filter set for DAPI and FITC or a triple filter set for
DAPI, rhodamine, and FITC.

2.2.1.5. Ascertainment of intracellular reactive oxygen species (ROS)

Intracellular ROS content was elucidated following standard DCFHDA staining protocol (Sadhukhan et
al. 2016, Ghosh et al. 2023). In general, 2 x 10° numbers of cells after being treated with specific doses of
selective compounds, were washed twice in 1X PBS and stained with DCFDA solution at a final
concentration of 2 puM. Cells were allowed to incubate in the dark with DCFHDA for 20 minutes at 37 °C
so that DCFHDA could react with intracellular ROS to generate green fluorescent DCF. After optimum
incubation, cells were washed again 1X PBS and were checked for intracellular ROS content in the flow
cytometer (BD Biosciences) using a bandpass filter of 525 nm wavelength. For visual interpretation cells
grown on coverslips were allowed to stain with DCFHDA solution after being treated with the cognate

compound in a similar fashion followed for flow-cytometer-based study. However, in this case, stained
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cells were mounted with VECTASHIELD upon glass slides and were studied under a confocal

microscope in contrast to DAPI staining.

2.2.1.6. Ascertainment of transmembrane mitochondrial potential (TMP)

Changes in mitochondrial membrane potential were evaluated by JC-1-based fluorescent staining method
(Ghosh et al. 2022). Membrane-permeant JC-1 shows potential-dependent accumulation in mitochondria.
In monomeric form, it emits green fluorescence emission nearly at 525 nm whereas, its concentration-
dependently formed aggregates emit red fluorescence nearly at 590 nm. Consequently, mitochondrial
depolarization is indicated by a lowered red-to-green fluorescence intensity ratio. After being treated with
cognate compounds as designated concentrations, cells were exposed to JC-1 dye at a final concentration
of 5 uM in the dark for half an hour at 37 °C. For flow cytometric evaluation cells were washed in 1X
PBS by centrifugation at 300 g for 5 minutes and were examined using a bandpass filter at 525 nm.
However, for imaging purposes, stained cells on coverslips were washed twice in 1X PBS, mounted with
VERTASHIELD, and finally evaluated under a confocal microscope for red/green fluorescence in
contrast to the blue fluorescence of DAPI.

2.2.1.7. Ascertainment of in vitro GSSG and GSH content

Following the protocol described elsewhere (Ghosh et al. 2022), quantification of intracellular reduced
glutathione (GSH) content was made using Ellman’s reagent. Briefly, after being treated with cognate
compounds cells were lysed through centrifugation at 12000 rpm for 15 minutes. Resultant whole cell
lysates were then added to Ellman’s reagent and absorbance was documented at 412 nm resulted due to
DTNB reduction. Intracellular GSH content was quantified using a GSH standard curve and values were

expressed in pmol per mg of protein.

For glutathione (GSSG) content quantification a standard protocol was followed as described by Hissin
and Hilf in 1976 (Hissin and Hilf 1976). Here, cell lysate-treated cells were first mixed with 0.4 M N-
ethylmaleimide to prevent GSH oxidation to GSSG, followed by an incubation period of half an hour at
room temperature. This mixture was next added with 0.3 M of sodium bisphosphate (Na;HPO4) and

Ellman’s reagent and absorbance were recorded again at 412 nm (Sadhukhan et al. 2016).
2.2.1.8. Ascertainment of in vitro lipid peroxidation

The extent of intracellular lipid peroxidation gives an idea about the oxidative status of the treated cells.
Hence, MCF-7 / MDA-MB-231 cells were initially treated with cognate anticancer agents at specific
doses. Afterward, intracellular lipid peroxidation was evaluated in terms of in term of malonaldehyde

(MDA) content. Following the preparation of whole cell lysates of the treated and control cells, 20 %
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trichloro acetic acid and 0.67 % thiobarbiturate were added and the mixture was heated for an hour at 100
°C, cooled down at room temperature, and processed through centrifugation to eliminate deposited pellet.
In the end, a clear supernatant was used to measure the MDA content spectrophotometrically at 535 nm
(Ghosh et al. 2023).

2.2.1.9. Assessment of in vitro antioxidant enzyme activities

The intracellular oxidative status of treated and control mammary cancer cells was also viewed by
assessing the enzyme activities of two prime antioxidant enzymes; namely, catalase (CAT) and superoxide
dismutase (SOD) (Ghosh et al. 2022). For assessing CAT activity method described by (Bonaventura,
Schroeder, and Fang 1972) was followed. Shortly, whole cell lysates each containing 5 pg of protein from
control and treated cells were initially mixed to 0.0075 M of hydrogen peroxide (2.1 ml) and then
reduction in the absorbance was calculated spectrophotometrically at 240 nm over 10 minutes. A unit of
CAT activity is the concentration of enzyme required to decrease 1 pmol of hydrogen peroxide within a
minute. To assess the SOD activity protocol explained by (Nishikimi, Rao, and Yagi 1972) and later
modified by (Kakkar, Das, and Viswanathan 1984), was followed. Whole cell lysates containing 5 ug
were mixed with sodium pyrophosphate buffer, nitro blue tetrazolium and phenyl methosulfate initially.
Later on, the addition of NADH started the reaction. This mixture was incubated for 1.5 minutes at 30 °C
followed by termination of the reaction by the addition of 1 ml of glacial acetic acid. Thereafter the
absorbance of the chromogen formed was evaluated spectrophotometrically at 560 nm. A unit of SOD
activity is the enzyme concentration required to inhibit chromogen production by 50 % in a minute under

similar conditions.
2.2.1.10. Analysis of cell cycle distribution

In a nutshell, 1 x 108 cells/ml were seeded in each petri dish initially for the study. After being 80 %
confluent, MCF-7 / MDA-MB-231 cells were treated with desired compounds at specific dose/s for 24
hours. Thereafter the treatment, scraped cells were PBS-washed and were fixed in 70 % ice-cold ethanol
by keeping cells for an hour at 4 °C. Any ethanol was decanted and cells were centrifuged in 1X PBS
(supplemented with 2 % FBS) for an hour at 4 °C at 850 g. Resultant cell pellets were incubated with 50
ul of 100 pg/ml RNase solution for half an hour followed by their staining with 0.2 ml (50 pg/ml) of PI
and were afterward analyzed flow cytometrically at 617 nm (Ghosh et al. 2023, Zhang et al. 2018). The
distribution of cells in different cell cycle phages was depicted through histograms representing DNA

content along the x-axis (in terms of Pl fluorescence) versus cell numbers along the y-axis.

2.2.1.11. Assessment of mitochondrial swelling
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Intracellular Ca?*-mediated mitochondrial swelling was evaluated following the method described
elsewhere (Li, Zhang, and Sun 2018). Briefly, mitochondria were isolated from treated 3 x 10° numbers
of TNBC cells employing mitochondria isolation buffer made up of 0.25 M sucrose, 0.01 M HEPES, 0.01
M KCI, 1 mM EDTA, 1.5 mM MgCl; along with protease inhibitor cocktail supplementation. Isolated
mitochondria were resuspended in KCI media (pH 7.4) containing 0.125 M KCI, 0.02 M HEPES, 0.005
M of glutamate and malate each, 0.002 M of rotenone and K;HPOQ.. Thereafter, mitochondrial protein
concentration was quantified using a standard BCA assay kit at 562 nm. Now an equal number of
mitochondria were transferred from each sample group to estimation cuvettes based on equal protein

concentration and the absorbance was recorded at 540 nm.
2.2.1.12. Assessing anti-migratory effect through wound healing assay

The anti-migratory effect of anticancer agents on human TNC cell line MDA-MB-231 was checked
through a traditional bidirectional wound healing assay (Sarkar et al. 2016). Cells grown up to 80 %
confluency in a 6-well culture plate were subjected to wound-making with the help of a 200 pl sterile
pipette tip followed by treatment with the compound of interest at specific predetermined doses. The
migratory capability of MDA-MB-231 cells was first imaged by a bright field optical microscope after the
0" hour and 24™ hour post-treatment. Afterward, the data from the triplicate well were quantified using
Image J software and compared with untreated control cells (Pijuan et al. 2019). The anti-migratory
effectivity of the compound of interest was evaluated in terms of the percent of wound area closure with

respect to the overall area of spread.
2.2.1.13. Acquirement of cytosolic and mitochondrial fractionations

Cytosolic and mitochondrial subcellular fractionations were obtained by sticking to the procedure
described elsewhere with slight modification (Chowdhury et al. 2019, Cox and Emili 2006). Concisely,
treated cells were lysed within 250-STMDPS buffer (pH 7.4) and added with protease and phosphatase
inhibitor cocktails. Subcellular fractionation cells were lysed following the method described elsewhere
with minimal modification. OVMI-treated cells were washed in 1X PBS and then were lysed in protease
and phosphatase inhibitor-supplemented 250-STMDPS buffer (50 mM Tris HCI, 250 mM sucrose, 5 mM
MgCl,, 1 mM PMSF, 1 mM DTT, 25 ug spermidine). Obtained cell lysates were subjected to
centrifugation at 800 g for 15 minutes and collected supernatant (sup-1) was centrifuged further at 6000 g
for 15 minutes. Pellet sedimented after the second centrifugation was resuspended with 5 times volumes
of ME buffer containing 15 % glycerol, 1.5 % Triton-X, 0.4 M NaCl, 0.02 M Tris-HCI of pH 7.8 and
0.001 M of DTT and PMSF each. Now, the supernatant (sup-11) was further centrifuged at 100,000 g for

an hour to analyze the translational expression of cytoplasmic fractionation of cytochrome C by
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immunoblotting. Lastly, another centrifugation was done after sonication-assisted lysis at 14000 g for 15
minutes and the obtained supernatant was used for checking immunoblot expression of mitochondrial
proteins such as mitochondrial cytochrome C and VDAC. All centrifugation steps were performed at 4 °C

temperature.
2.2.1.14. Whole-cell lysate preparation and protein estimation

For whole-cell lysate preparation, cells were initially with the compound of interest for 24 hours (Ghosh
et al. 2023). After being treated cells were washed with 1X PBS resuspended, and were lysed using radio-
immunoprecipitation assay (RIPA) buffer solution containing 0.5 % sodium deoxycholate, 0.150 M NaCl,
Triton X-100, 50 mM Tris and 0.1 % SDS. During lysis, the buffer was supplemented with 5 mM EDTA,
1 mM of each EGTA and sodium orthovanadate, 10 mM sodium fluoride, 1 mM PMSF, phosphatase, and
protease inhibitors (pH 8). Following lysis, the lysate was centrifuged at 12000 rpm for 10 minutes at 4
°C. Supernatant collected after centrifugation was then utilized for protein concentration measurement at
562 nm employing BCA assay kit following the manufacturer’s protocol (Das et al., 2022; Ghosh et al.,
2022a).

2.2.1.15. Western-blotting

Samples with equal protein concentration were first resolved through 10-12 % SDS-containing
polyacrylamide gel electrophoresis (PAGE) (Sinha et al. 2019, Ghosh, Kundu, et al. 2022). Following
electrophoretic mobilization, proteins were separated across the gel were transferred onto PVDF
membranes employing a Trans-Blot Turbo Transfer System (Bio-Rad, Hercules, CA, USA). Membranes
carrying blotted proteins were then incubated in 5 % BSA (w/v) solution made in Tween 20-added tris
buffer saline (TBST) for 45 minutes at 37 °C temperature. Following incubation, proteins on the
membrane were allowed to react with the primary antibody of interest (1:10000 dilution) at 4 °C
overnight on a rhythmic rocker. The next day, blots were washed thrice in 1X TBST followed by 2 hours
of incubation in horseradish peroxidase tagged secondary antibody at room temperature with mild
agitation. Thereafter, any extra secondary antibody was washed out using 1X TBST. Lastly, protein bands
were visualized on x-ray films by an H,O»-dependant enhanced chemiluminescence method employing
luminol and coumaric acid. Employment of an anti-B-actin antibody was made as an internal protein

loading control.
2.2.1.16. Inhibitor study

The importance of excessive ROS production for mediating anticancer effectivities of the compounds of

interests, was checked by pre-treating cells with 5 mM N-acetyl-cysteine (NAC) (Ghosh et al. 2023).
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2.2.2. Invivo solid tumor model development and study of tumor regression
2.2.2.1. Animal care

For experimental purposes, both Swiss albino mice and female Balb/c mice were reared. Four to six
weeks old Swiss Albino mice with an average body weight of 25 grams were obtained (Ghosh et al. 2023,
Ghosh et al. 2022). Whereas, female Balb/c mice of four-week-old age and weighing about 23 grams on
average were collected for another separate experimental purpose (Ghosh, Kundu, et al. 2022). Animals
were obtained from the central animal house of the Bose Institute, Madhyamgram, Kolkata, India. Both
strains of mice were acclimatized to the laboratory environment for 2 weeks keeping them in alternative
12-hour light and dark periodic cycles. Mice were cared for with sterile food and water ad libitum. Any
further experimental planning and procedure were done by following the rules and regulations of the
Institutional Animal Ethics Committee (IAEC), Bose Institute, Kolkata [approval no. IAEC/BI1/142/2019
for Swiss Albino mice and IEAC/BI1003/2021 for Balb/c mice], CPCSEA (Committee for Control and
Supervision on Experiments on Animals), Ministry of Environment and Forests, New Delhi, India
(1796/PO/Ere/S/I14/CPCSEA). Following acclimatization mice were prepared for tumor inoculation
followed by intravenous treatment with compounds of interest or they were treated with the compounds to
be studied for toxicological evaluation (discussed in detail in section 2.5.5.). During the treatment period
mice were regularly monitored for their weight and tumor volume (if applicable). After the end of the
treatment period, tumor tissues from the tumor-bearing mice were resected and examined for any change

in tumor volume and mass in contrast to the control group.
2.2.2.2. Ehrlich ascites carcinoma (EAC) cell-based solid tumor development in Swiss Albino mice

After acclimatization, Swiss Albino mice were injected with nearly 1 x 107 EAC cells suspended in 50 pl
of 1X PBS (Kundu et al. 2019). Injections were made intramuscularly in the left flank region of the mice
and tumors were allowed to grow. After ten days after tumor inoculation once the tumors attained an
average volume of 5-6 cm?, tumor-bearing mice were segregated randomly into groups according to the

requirement of experimental design.
2.2.2.3. 4T1 cell-based solid mammary tumor development in female Balb/c mice

For 4T1 cell inoculation, 1 x 106 number of 4T1 cells suspended within 200 ul of 10 % serum-
supplemented antibiotic-free RPMI-1640 media, were injected subcutaneously into mammary fat pad
region female Balb/c mice. When the volume of the tumors reached ~100 mm3, the mice were randomly
arranged in several experimental groups for further studies according to the necessity of experimental
design (Yang et al. 2020).
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2.2.2.4. 4T1 cell-based secondary pulmonary metastasis development in female Balb/c mice

Female Balb/c mice were given hot compression at their tail vein for localized increased blood flow. Next
nearly 1 x 10° numbers of 4T1 tumor cells suspended in 10 % serum supplemented antibiotic-free RPMI-
1640 media were intravenously injected through tail veins in female Balb/c mice (Pillar et al. 2018, Kim
et al. 2009).

2.2.2.5. In vivo systemic toxicity assessment

To ascertain treatment-based systemic toxicity wild-type mice were treated intravenously with the
compounds of interest at doses similar to the treatment doses received by tumor-bearing mice. After being
treated with desired compounds at desired doses mice were sacrificed and vital organs such as kidneys,
lungs, livers, and hearts were collected and stored in a 10 % formalin solution. Later these were checked
for histological evaluation through hematoxylin and eosin (H & E) staining for the presence of any
abnormality. Also, blood was collected from each animal via cardiac puncture. Collected whole blood was
kept undisturbed at room temperature and allowed to clot for 30 minutes. Then, the removal of the clot
and collection of serum as supernatant was made by centrifugation at 2000 g for 20 minutes at 4 °C.
Isolated serum was stored for further use at -20 °C (Ghosh et al. 2022). Later, this serum was used for
guantification of hepatic and renal health-specific serum parameters (respectively alkaline phosphatase
and alanine transferase; creatinine and blood urea nitrogen) according to the manufacturer’s protocol

(Ghosh et al. 2023).
2.2.2.6. Histological assessment

Resected tumor tissues as well as vital organs collected for the studies of in vivo systemic toxicity were
evaluated for histological abnormalities through H & E staining (Ghosh et al. 2022). Collected tissues
were cleared and fixed in 10 % formalin initially. Fixed tissue sections were processed through steps for
paraffin embedding followed by micro-sectioning using a microtome. Tissue sections carrying a thickness
of nearly 5 pum were then adhered to glass slides. These tissue sections underwent sequential
deparaffinization, dehydration, staining, and rehydration and finally were mounted with antifade
permanent mounting media DPX. After being dried properly stained tissue sections were evaluated under

a bright field light microscope at a magnification of 20X.
2.2.2.7. Biochemical studies from tumor tissues
2.2.2.7.1. Measurement of SOD and CAT activities from tumor tissues

To measure the enzymatic activities of antioxidant enzymes such as SOD and CAT, resected tumor tissues

were homogenized in RIPA lysis buffer followed by examining protein concentration using a standard
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BCA protein estimation Kit. Thereafter, the activities of CAT and SOD were evaluated
spectrophotometrically. For measuring SOD activity in tumor tissues from treated and untreated animals,
tissue homogenate containing 5 ug protein was added to sodium pyrophosphate buffer, PMT, and NBT.
Initiation of the reaction was made possible with the addition of NADH. Then incubation of the reaction
mixture was made at 30 °C for 1.5 minutes and terminated thereafter by the addition of 1 ml of glacial
acetic acid. Finally, the absorbance was measured at 560 nm. A unit of SOD activity is represented as the
enzyme concentration required to prevent chromogen production by 50 % in a minute under standard

assay conditions (Ghosh, Chatterjee et al. 2022).

Similarly, tissue homogenate containing 5 pg protein was added to 2.1 ml of 7.5 mM hydrogen peroxide,
and then diminishing absorbance was noted spectrophotometrically at 240 nm for about 10 min at 25 °C.
A unit of CAT activity is represented to be the amount of enzyme required to decrease 1 pumol of
hydrogen peroxide in a minute (Ghosh, Chatterjee et al. 2022).

2.2.2.7.2. Measurement of protein carbonylation in tumor tissues

Extents of lipid peroxidation in tumor tissues resected from experimental mice were measured through a
colorimetric method with thiobarbiturate as discussed elsewhere (Ghosh, Chatterjee et al. 2022). Tumor
tissue homogenate containing 1 mg protein was mixed with 0.67 % thiobarbiturate and 20 % solution of
trichloroacetic acid. After heating the reaction mixture at 100 °C for half an hour the supernatant
containing thiobarbiturate reactive substance following centrifugation was measured for absorbance at
532 nm.

2.2.2.8. RNA extraction and reverse transcriptase PCR study in tumor tissue

Transcriptional expressions of genes of interest were determined through reverse transcriptase PCR
(Sinha et al. 2019, Ghosh et al. 2022). Tumor tissues resected from treated animals were first
homogenized using TRIzol following the manufacturer’s manual. Then total RNA concentration was
calculated employing a nanodrop (Hellma Tray Cell Type 105.810). complementary DNA (cDNA) was
prepared thereafter from 2 pg of specific RNA using a Thermo Scientific Verso cDNA synthesis kit
followed by amplification of the PCR product. Then these PCR products were separated
electrophoretically across a 1.5 % agarose gel according to the specific annealing temperature of

respective primers.
2.2.2.9. Homogenization & immunoblot analysis from resected tumor tissues

For checking the translational expression of protein from in vivo tumor tissue samples, tissues were

initially homogenized using Dounce homogenizer in RIPA lysis buffer supplemented with protease and
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phosphatase inhibitor cocktails (Sinha et al. 2019, Ghosh et al. 2022, Ghosh et al. 2023). Homogenization
was done in an ice chamber. Following homogenization, the tissue homogenate was cleared up by
centrifugation at 4 °C at 1200x g for 10 minutes. Clear protein-rich supernatant was then checked for total
protein concentration colorimetrically at 562 nm using a BCA assay kit. Thereafter, the protein of interest
was electrophoretically separated on SDS-PAGE and mobilized on PVDF membrane for western blotting

similarly described in section 2.2.1.15.
2.2.2.10. Immunohistochemical analysis from resected tumor tissues

Immunohistochemical expression studies of selective molecules were made upon paraffin-embedded
tumor tissue sections (Ghosh et al. 2023). Tissue sections were at first deparaffinized and rehydrated by
passing tissue sections from absolute alcohol to water. Next, antigenic epitopes of the protein to be
studied were demasked with the help of trypsin solution (0.05 %, pH 7.8). The rest of the steps in the
assay were executed following the protocol provided with the IHC assay kit. Briefly, a kit-based H,O,
blocking solution was used to block endogenous peroxidase activity to prevent false positive results.
Then a protein block was applied on sections for 10 minutes to prevent non-specific antigen-antibody
interaction. This step was followed by overnight incubation with primary antibodies of interest at 4 °C.
On the next day, after washing away any excess non-bound primary antibody with 1X TBST, incubation
with HRP-tagged secondary antibody was executed at 37 °C for half an hour followed by a chromogenic
HRP substrate 3, 3'-diaminobenzidine tetrahydrochloride (DAB) application and incubation for another
half an hour in moist chamber at 37 °C. Hematoxylin was used to counter-stain the nuclei present in tissue
sections and DPX was applied for mounting. Finally, stained tumor tissue sections were examined under a

bright field optical microscope at 20X magnification.
2.2.2.11. TUNEL assay upon resected tumor tissue

To evaluate the extent of apoptosis in treated 4T1-derived mammary tumor tissues compared to untreated
ones terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay was
performed (Chowdhury et al. 2016, Lespagnol et al. 2008). Paraffin-embedded tissue sections were
deparaffinized and rehydrated through the down-gradation of ethyl alcohol. Following rehydration in
distilled water tissue sections were incubated at 37 °C for an hour in the dark with 0.05 ml of DNA
labelling dye. Post-incubation, tissue sections were rinsed in kit-based rinse buffer followed by another
incubation for half an hour in the dark with antibody staining buffer containing Alexa Fluor. Following
rinsing for removal of any extra antibody, tissue sections were counterstained with kit-based RNase/PI

staining buffer and were maintained in the dark to avoid photobleaching. Thereafter, stained sections were
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mounted in DPX with a cover slide and were viewed under a confocal microscope with green and red

filters.
2.2.3. Nanoparticle formulation and subsequent studies
2.2.3.1. Fabrication of aminated mSiO,

Following the method described elsewhere, mSiO, synthesis was done (Kundu et al. 2020, Xiao et al.
2014). In short, a gram of CTAB and 0.28 gm of sodium hydroxide were dissolved in 480 ml of ultrapure
distilled water with vigorous stirring at 8 °C. Then, 6.7 ml of TEOS was drop-wisely added to the
previous solution when it became transparent. To obtain amine functionalized mSiO2, 1 ml of APTES was
added to the solution and was kept in stirring condition for 5 hours. Next, removal of the surfactant was
done by refluxing the synthesized product with a mixture of 500 ml ethanol and 6 ml concentrated HCI
for 24 hours at 78 °C. Lastly, to obtain the end product synthesized nano-composites were washed with

absolute ethanol through centrifugation at 6000 rpm for 10 minutes followed by oven-drying.
2.2.3.2. Chrysin entrapment into aminated- mSiO; pores (Chr- mSiO,)

For chrysin loading, a dispersed solution of amine-functionalized mSiO, was added to the DMSO solution
of chrysin at a ratio of one to two parts and was kept in stirring condition using a magnetic stirrer at 400
rpm for 24 hours at room temperature. At this point, drug loading content (DLC) and drug entrapment
efficiency (DEE) of Chr- mSiO, were calculated through UV-vis spectroscopy at 315 nm. DLC and DEE

were calculated according to the equation described below (Kundu et al. 2019):

mass of chrysin loaded within nanoparticle
DLC (%) = f chry 2 x 100
total mass of nanoparticle
mass of chrysin loaded within nanoparticle
DEE (%) = f chry d x 100

mass of chrysin used during drug entrapment

2.2.3.3. PAA addition upon Chr-mSiO; (Chr- mSiO.@PAA)

To synthesize Chr- mSiO,@PAA, suspension of Chr- mSiO, was added to PAA solution in a 1:1 weight
ratio and was kept under stirring condition at 400 rpm using a magnetic stirrer at 100 °C for 2 hours (Peng
et al. 2013, Xiao et al. 2014).

2.2.3.4. Tagging of FA to Chr-mSiO.@PAA (Chr-mSiO.@PAA/FA)

For the synthesis of Chr-mSiO.@PAA/FA, first, the free carboxyl groups of PAA at Chr-mSiO,@PAA
surface were activated by stirring along with EDC and NHS for 3 hours at 400 rpm. Finally, FA (dissolved
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in DMSO) was added to the reaction mixture in a 2:1 weight ratio to activated Chr-mSiO,@PAA and
further stirred for 24 hours to formulate Chr- mSiO,@PAA/FA (Ghosh et al. 2023).

2.2.3.5. Preparation of fluorescent mSiO;

To check FA receptor-oriented enhanced chrysin nanoconjugate uptake, Chr-mSiO, and Chr-mSiO,@FA
were mixed with ethanolic solution of FITC and were kept stirring for 24 hours at 400 rpm in dark to
obtain Chr-mSiO.@FITC and Chr-mSiO.@FA/FITC respectively (Hakeem et al. 2016, Zhai et al. 2012).

2.2.3.6. Characterization of synthesized nano-conjugates

The size of the nanoparticle was measured using a transmission electron microscope (Techai G2 TF-20-
200 KV). Morphology and the structure of the synthesized nanoconjugates were validated by scanning
electron microscope (JSM7600F, JEOL, Japan). To clarify the successful loading of chrysin and further
addition of PAA and FA, a series of experiments were performed including analysis of Fourier-transform
infrared (FTIR) spectra of the samples at each step of modification using KBr pellets, analysis of UV-vis
spectra of the nanocomposites via Shimadzu spectrophotometer, measurement of hydrodynamic size and
zeta potential of the synthesized nanoconjugates in aqueous suspension through dynamic light scattering
(DLS) employing Delsa™ Nano C particle size analyzer (Beckman Coulter, Brea, CA, USA) (Ghosh et
al. 2023).

2.2.3.7. In vitro biocompatibility testing of nanoconjugates
2.2.3.7.1. Hemolytic assay

Hemolytic studies on synthesized nanocomposites were made following the protocol described elsewhere
(Chen et al. 2019). Initially, 2 ml of collected human blood in K,-EDTA was centrifuged at 500 x g for
five minutes to obtain the pellet and discard the plasma supernatant. The volume of plasma was replaced
then by 0.15 M NaCl solution followed by further centrifugation at 500 x g for five minutes more. This
time supernatant was also discarded and replaced by an equal volume of PBS of pH 7.4. Such solution
was further diluted 50 times using 1X PBS. Next, 0.1 ml of each of mSiO, and mSiO,@PAA/FA solutions
at five distinct concentrations (0.5, 1.0, 2.0, 4.0, 8.0, 10.0 mg/ml) were added to 1.9 ml of diluted RBC
solution to get final mSiO, and mSiO,@PAA/FA solutions of 0.025, 0.05, 0.1, 0.2, 0.4 and 0.5 mg/ml
concentrations. The solutions were kept under agitation at 100 rpm for one hour at 37 °C followed by
centrifugation at 500 x g for five minutes. Finally, supernatants were analyzed spectrophotometrically at
541 nm. 0.1 ml of each 20 % triton-X-100 solution and 1X PBS (pH 7.4) were employed as positive and
negative controls respectively. Lastly, the percentage of hemolysis was calculated according to the

equation stated below:
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mass of chrysin loaded within nanoparticle

% of Hemolysis = %X 100

mass of chrysin used during drug entrapment

2.2.3.7.2. Protein adsorption assay

Adsorption of protein onto the surface of synthesized nanocomposites was measured by examining
surface adsorption of BSA (Chen et al. 2019). 100 ml of 0.6 mg/ml BSA solution was prepared initially,
of which 5 ml BSA solution was added to 5 ml of 2 mg/ml PBS suspension of mSiO,, mSiO.@PAA and
mSiO,@PAA/FA. Sample mixtures were kept stirring at 135 rpm for four hours at 37 °C. Following
stirring clear solutions from the upper solution part was collected and further BSA concentrations were
measured using a BCA kit at 562 nm. The adsorbed amount of BSA for each sample was then quantified
following the equation stated below.

(initial concentration of BSA—BSA concentration of samples Xvolume of f sample solution

BSA adsorption =

total mass of nanoparticlemass of nanoparticle added

2.2.3.8. pH-responsive behavior of formulated nanoconjugate

To validate the pH-oriented release behavior of chrysin from synthesized nanocomposites, release media
of three distinct pHs were prepared using PBS (154 mM) of three distinct pH (pH 7.4, pH 6.0, and pH
5.0). To analyze the in vitro pH-responsive release of chrysin from Chr-mSiO; and Chr-mSiO.@PAA,
PBS was supplemented with 0.1 % Tween 80 to maintain the sink condition for chrysin dissolution in
release media (Lungare, Hallam, and Badhan 2016). 2 mg of chrysin containing mSiO, were dispersed
into 2 ml of release medium which were sonicated throughout the experimental time and was maintained
at 100 rpm in a stirring condition at 37 °C. Sample were transferred at prefixed time intervals and the
volume was replaced with an equal volume of pre-warmed release medium (Lungare, Hallam, and
Badhan 2016). The amount of released chrysin in the original buffer solution was determined
spectrophotometrically at 315 nm on specific time spots within a 0-48 hours period. The percentage of
drug release was calculated as described below (Jabbari et al. 2018):

masamount of drug inrelease medium at time t

% of drug release = x 100

amount of drug loaded within nanoparticle

2.2.3.9. Confirming FA-guided targeted intracellular uptake of nanoconjugates via microscopic

fluorescence imaging

70% confluent MCF-7 cells were incubated for 3 hours with equivalent concentrations of Chr-
mSiO@FITC and Chr-mSiO,@FITC/FA. Following 1X PBS wash treated cells were pelleted down by
centrifugation at 6000 rpm for 5 minutes. Cell pellets were then analyzed through a flow cytometer at 520

nm. Parallelly, cells grown on coverslips were treated similarly after which coverslips were placed upon
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glass slides coated with antifade mounting media called VECTASHIELD (Ghosh et al. 2023). These were
then checked under confocal laser scanning microscopes using filters for DAPI and FITC.

2.2.3.10. Resolution of the intracellular release of chrysin

Intracellular release of chrysin was evaluated by treating MCF-7 cells with the equivalent dose of free
chrysin, Chr-mSiO.@PAA, and Chr-mSiO,@PAA/FA for 24 hours. Treated cells were lysed to collect
supernatants through centrifugation at 6000 rpm for 5 minutes and were examined spectrophotometrically
for the amount of released chrysin at 315 nm. The release pattern of chrysin was similarly studied on
NKE cells as well (Sarkar et al. 2016, Ghosh et al. 2023, Kundu et al. 2020).

2.2.3.11. Study of in vivo nanoparticle-mediated chrysin accumulation in tumor tissue

High-pressure liquid chromatography (HPLC) was applied on tumor tissue homogenates acquired from
different treatment groups of mice (Kundu et al. 2020, Ghosh et al. 2023). To perform the study, EAC-
induced tumor-bearing mice were bunched into three groups namely, group-l (receiving free chrysin
solution at 10 mg per kg body weight intravenously), group-ll (treated with intravenous Chr-
mSiO,@PAA solution at a dose of 60.60 mg per kg body weight) and lastly, group-I11 (treated with 74 mg
per kg body weight of Chr-mSiO,@PAA/FA solution intravenously). Twenty-four hours post-treatment
mice were sacrificed and tumors were resected. 100 mg of tumor tissue from each experimental mice was
homogenized within a mixture of 75 % ethanol and 0.05 % DMSO. Obtained homogenates were
centrifuged at 4 °C at 10000 rpm for 15 min. The liquid portion of the supernatant was dried in a nitrogen
evaporator followed by the dissolution of the rest in methanol to prepare methanolic tumor tissue extract.
Methanolic extract (20 pl) from experimental mice was injected into a C18 column of 250 x 4.5 mm in
dimension at an optimized flow rate of 1 ml per minute using acetonitrile and methanol (65:35) mixture
solution as a solvent system. Lastly, HPLC detection was made on 315 nm spectrophotometrically. For
calculating the amount of chrysin in tissue sample solutions, a standard curve was prepared using a
standard methanolic solution of chrysin preparation and calibration at five different concentrations (3, 5,
15, 30, and 50 pg per ml).

2.2.4. Statistical analysis

Every experiment conducted in this study has been replicated independently on at least three separate
occasions to ensure reliable and accurate interpretation of the results. The average value of the
experimental data is presented along with the standard deviation to provide a comprehensive
representation. The variation observed among the different test groups was assessed using a statistical

method known as one-way analysis of variance (one-way ANOVA). In cases where the results deviated
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significantly from the central tendency, the statistical significance between the test groups was examined
through the use of Tukey's post hoc test. It was determined that values deviate from the central tendency
when the P value exceeds the threshold of 0.05.

2.3. References

Bonaventura, Joseph, WA Schroeder, and Suen Fang. 1972. "Human erythrocyte catalase: an improved
method of isolation and a reevaluation of reported properties.” Archives of biochemistry and biophysics
150 (2):606-617.

Chen, Chao, Wen Tang, Dawei Jiang, Guoliang Yang, Xiaoli Wang, Lina Zhou, Weian Zhang, and Ping
Wang. 2019. "Hyaluronic acid conjugated polydopamine functionalized mesoporous silica nanoparticles
for synergistic targeted chemo-photothermal therapy.” Nanoscale 11 (22):11012-11024.

Chowdhury, Sayantani, Sumit Ghosh, Abhishek Kumar Das, and Parames C Sil. 2019. "Ferulic acid
protects hyperglycemia-induced kidney damage by regulating oxidative insult, inflammation and
autophagy.”" Frontiers in Pharmacology 10:27.

Chowdhury, Sayantani, Sumit Ghosh, Kahkashan Rashid, and Parames C Sil. 2016. "Deciphering the role
of ferulic acid against streptozotocin-induced cellular stress in the cardiac tissue of diabetic rats.” Food
and Chemical Toxicology 97:187-198.

Cox, Brian, and Andrew Emili. 2006. "Tissue subcellular fractionation and protein extraction for use in
mass-spectrometry-based proteomics.” Nature protocols 1 (4):1872-1878.

Ghosh, Noyel, Sharmistha Chatterjee, Debanjana Biswal, Nikhil Ranjan Pramanik, Syamal Chakrabarti,
and Parames C Sil. 2022. "Oxidative stress imposed in vivo anticancer therapeutic efficacy of novel
imidazole-based oxidovanadium (1) complex in solid tumor." Life Sciences 301:120606.

Ghosh, Noyel, Mousumi Kundu, Sumit Ghosh, Abhishek Kumar Das, Samhita De, Joydeep Das, and
Parames C Sil. 2023. "pH-responsive and targeted delivery of chrysin via folic acid-functionalized
mesoporous silica nanocarrier for breast cancer therapy." International Journal of Pharmaceutics
631:122555.

Ghosh, Sumit, Mousumi Kundu, Sayanta Dutta, Sushweta Mahalanobish, Noyel Ghosh, Joydeep Das, and
Parames C Sil. 2022. "Enhancement of anti-neoplastic effects of cuminaldehyde against breast cancer via
mesoporous silica nanoparticle based targeted drug delivery system." Life Sciences 298:120525.

Hakeem, Abdul, Fouzia Zahid, Ruixue Duan, Muhammad Asif, Tianchi Zhang, Zhenyu Zhang, Yong
Cheng, Xiaoding Lou, and Fan Xia. 2016. "Cellulose conjugated FITC-labelled mesoporous silica
nanoparticles: intracellular accumulation and stimuli responsive doxorubicin release.” Nanoscale 8
(9):5089-5097.

Hissin, Paul J, and Russell Hilf. 1976. "A fluorometric method for determination of oxidized and reduced
glutathione in tissues.” Analytical biochemistry 74 (1):214-226.

Jabbari, Sepideh, Aliyeh Ghamkhari, Yousef Javadzadeh, Roya Salehi, and Soodabeh Davaran. 2018.
"Doxorubicin and chrysin combination chemotherapy with novel pH-responsive poly [(lactide-co-glycolic
acid)-block-methacrylic acid] nanoparticle." Journal of Drug Delivery Science and Technology 46:129-
137.

37| PAGE



Kakkar, Poonam, Ballabh Das, and PN Viswanathan. 1984. "A modified spectrophotometric assay of
superoxide dismutase."

Kim, Eun Ji, Minjeong Shin, Heesook Park, Ji Eun Hong, Hyun-Kyung Shin, Jongdai Kim, Dae Young
Kwon, and Jung Han Yoon Park. 2009. "Oral administration of 3, 3’-diindolylmethane inhibits lung
metastasis of 4T1 murine mammary carcinoma cells in BALB/c mice." The Journal of nutrition 139
(12):2373-2379.

Kundu, Mousumi, Sharmistha Chatterjee, Noyel Ghosh, Prasenjit Manna, Joydeep Das, and Parames C
Sil. 2020. "Tumor targeted delivery of umbelliferone via a smart mesoporous silica nanoparticles
controlled-release drug delivery system for increased anticancer efficiency." Materials Science and
Engineering: C 116:111239.

Kundu, Mousumi, Pritam Sadhukhan, Noyel Ghosh, Sharmistha Chatterjee, Prasenjit Manna, Joydeep
Das, and Parames C Sil. 2019. "pH-responsive and targeted delivery of curcumin via phenylboronic acid-
functionalized ZnO nanoparticles for breast cancer therapy." Journal of advanced research 18:161-172.

Lespagnol, Alexandra, D Duflaut, Chantal Beekman, L Blanc, G Fiucci, Jean-Christophe Marine, M
Vidal, Robert Amson, and Adam Telerman. 2008. "Exosome secretion, including the DNA damage-
induced p53-dependent secretory pathway, is severely compromised in TSAP6/Steap3-null mice." Cell
Death & Differentiation 15 (11):1723-1733.

Li, Wei, Chen Zhang, and Xiulian Sun. 2018. "Mitochondrial Ca2+ retention capacity assay and Ca2+-
triggered mitochondrial swelling assay." JoVE (Journal of Visualized Experiments) (135):e56236.

Lungare, Shital, Keith Hallam, and Raj KS Badhan. 2016. "Phytochemical-loaded mesoporous silica
nanoparticles for nose-to-brain olfactory drug delivery." International journal of pharmaceutics 513 (1-
2):280-293.

Nishikimi, Morimitsu, N Appaji Rao, and Kunio Yagi. 1972. "The occurrence of superoxide anion in the
reaction of reduced phenazine methosulfate and molecular oxygen." Biochemical and biophysical
research communications 46 (2):849-854.

Peng, Hailong, Ruichen Dong, Shengi Wang, Zhong Zhang, Mei Luo, Chunging Bai, Qiang Zhao, Jinhua
Li, Lingxin Chen, and Hua Xiong. 2013. "A pH-responsive nano-carrier with mesoporous silica
nanoparticles cores and poly (acrylic acid) shell-layers: fabrication, characterization and properties for
controlled release of salidroside." International journal of pharmaceutics 446 (1-2):153-159.

Pijuan, J., C. Barcel6, D. F. Moreno, O. Maiques, P. Sis6, R. M. Marti, A. Macia, and A. Panosa. 2019.
"In vitro Cell Migration, Invasion, and Adhesion Assays: From Cell Imaging to Data Analysis." Front
Cell Dev Biol 7:107. doi: 10.3389/fcell.2019.00107.

Pillar, Nir, Avital Luba Polsky, Daphna Weissglas-Volkov, and Noam Shomron. 2018. "Comparison of
breast cancer metastasis models reveals a possible mechanism of tumor aggressiveness." Cell Death &
Disease 9 (10):1040.

Sadhukhan, Pritam, Sukanya Saha, Krishnendu Sinha, Goutam Brahmachari, and Parames C Sil. 2016.
"Selective pro-apoptotic activity of novel 3, 3'-(aryl/alkyl-methylene) bis (2-hydroxynaphthalene-1, 4-
dione) derivatives on human cancer cells via the induction reactive oxygen species.” PloS one 11
(7):e0158694.

38| PAGE



Sarkar, Abhijit, Shatadal Ghosh, Sayantani Chowdhury, Bhawna Pandey, and Parames C Sil. 2016.
"Targeted delivery of quercetin loaded mesoporous silica nanoparticles to the breast cancer cells."
Biochimica et Biophysica Acta (BBA)-General Subjects 1860 (10):2065-2075.

K. Sinha, S. Chowdhury, S. Banerjee, B. Mandal, M. Mandal, S. Majhi, G. Brahmachari, J. Ghosh, P.C.
Sil, Lupeol alters viability of SK-RC-45 (Renal cell carcinoma cell line) by modulating its mitochondrial
dynamics, Heliyon 5(8) (2019).

Xiao, J, H Zhai, Y Yao, C Wang, W Jiang, C Zhang, AR Simard, R Zhang, and J Hao. 2014. "Chrysin
attenuates experimental autoimmune neuritis by suppressing immuno-inflammatory responses."
Neuroscience 262:156-164.

Yang, Liang, Ling Yong, Xiao Zhu, Yaoyao Feng, Yu Fu, Daming Kong, Wei Lu, and Tian-yan Zhou.
2020. "Disease progression model of 4T1 metastatic breast cancer." Journal of pharmacokinetics and
pharmacodynamics 47:105-116.

Zhai, Wanyin, Changliang He, Lei Wu, Yue Zhou, Hangrong Chen, Jiang Chang, and Hongfeng Zhang.
2012. "Degradation of hollow mesoporous silica hanoparticles in human umbilical vein endothelial cells."
Journal of Biomedical Materials Research Part B: Applied Biomaterials 100 (5):1397-1403.

Zhang, Jing, Li Li, Yueting Peng, Yu Chen, Xiaoying Lv, Shun Li, Xiang Qin, Hong Yang, Chunhui Wu,
and Yiyao Liu. 2018. "Surface chemistry induces mitochondria-mediated apoptosis of breast cancer cells
via PTEN/PI3K/AKT signaling pathway." Biochimica et Biophysica Acta (BBA)-Molecular Cell
Research 1865 (1):172-185.

39| PAGE



Chapter 3
Oxidative Stress-mediated In vivo Anticancer
Therapeutic Effectivities of Novel 1-allyimidazole-
substituted Oxidovanadium (IV) Complex in Solid

Tumor
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3.1. Introduction

In this current investigation, we have extensively examined the anticarcinogenic effects of a newly
developed water-soluble oxidovanadium complex. This complex features ‘vanadium’ as the central atom,
which exists in the IV oxidative state. The water solubility of the compound is achieved through the
inclusion of dipicolinic acid, while its anticarcinogenic properties are attained through the incorporation
of a mononuclear imidazole group. In this group, the first nitrogen atom has been substituted with an allyl
group. For easy interpretation, this compound can be chemically represented as VOLB;, where H,L =
dipicolinic acid and B = 1-allyl imidazole (Figure 1).
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Figure 1: Chemical structure of mononuclear dipicolinic acid-1-allyl imidazole-based

oxidovanadium (1V) complex, referred to as VOL

In the present investigation, the compound has been designated as VOL. The previous research endeavor
of our collaborator has already elucidated the anticancer properties of VOL in the human hepatocellular
carcinoma cell line Hep3B. Bearing in mind the findings from that study, we have now examined the
efficacy of VOL as an anticancer agent in the progesterone receptor-positive human breast cancer cell line
MCEF-7, in comparison to the platinum-based drug cisplatin, which is widely recognized for its anticancer
properties, using in vitro experiments. VOL has been observed to induce cytotoxicity in a dose-dependent
manner in the MCF-7 cell line, primarily through the generation of intracellular oxidative stress and
modification of the mitochondrial membrane potential. Once identified as highly effective, such as
cisplatin, in laboratory settings, further investigations were conducted in Swiss Albino mice. These
experiments revealed that VOL exhibits a dose-dependent anticancer effect, accompanied by the
induction of oxidative stress. Notably, VOL treatment has been shown to induce both mitochondrial and
extra-mitochondrial apoptosis in tumor tissue, leading to a more potent anticancer effect. Moreover, in
vivo treatment with VOL was found to be well-tolerated, as evidenced by a noticeable reduction in tumor

size, absence of significant body weight loss, and absence of nephrotoxicity and hepatotoxicity.
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3.2. Utilized reagents

The necessary reagents and chemicals for conducting this study have been acquired from reputable
scientific manufacturing companies, as mentioned in section 2.1. A mononuclear dipicolinic acid-1-allyl
imidazole-based oxidovanadium (IV) complex, referred to as VOL, was successfully synthesized by
Biswal et al. and generously provided for experimental use by Professor Nikhil Ranjan Pramanik (Biswas
etal, 2017).

3.3. Methods
3.3.1. Cell culture

In the current study, the anticancer effect of the concerned compound was checked on human PR™ breast
cancer cell line MCF-7 and one normal cell line, human normal kidney epithelial cell line NKE.
Maintenance of the cells has been done according to the protocol described in section 2.2.1.1.

3.3.1. Study of VOL-induced in vitro cytotoxicity

The measurement of VOL-mediated cytotoxicity was conducted using the fundamental MTT assessment
method, as outlined in section 2.2.1.2. Within this study, various doses of VOL ranging from zero to 40
ug/ml were examined on both MCF-7 and NKE cell types.

3.3.2. Dosage for in vitro treatment

In contradistinction to the well-established platinum metallodrug cisplatin, the cytotoxicity of VOL was
assessed. The MTT assay was performed on both MCF-7 cells and NKE cells. Furthermore, a variety of
additional in vitro experiments were conducted on both MCF-7 and NKE cells, using their corresponding
LCso doses.

3.3.3. Determination of in vitro LDH activity

The quantification of LDH release in vitro was conducted by subjecting the cells to VOL with LCso doses

following the methodology outlined in section 2.2.1.3.
3.3.4. Analysis of VOL-induced in vitro apoptosis

Flow-cytometric analysis of cell death modality has been studied on both MCF-7 and NKE cells after
being treated with respective LCso doses of VOL and cisplatin for 48 hours through FITC-Annexin-V

staining according to the protocol described in section 2.2.1.4.
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3.3.5. Determination of intracellular ROS production

Detection of intracellular ROS was carried out employing fluorescent H.DCFDA dye following the
method described by Cossarizza et al (Cossarizza et al. 2009). In brief, MCF-7 and NKE cells after being
treated with optimum cytotoxic doses of VOL and cisplatin were checked for flow cytometry basis
analysis according to the protocol described in section 2.2.1.5.

3.3.6. Analysis of treatment-induced changes in transmembrane mitochondrial potential (TMP)

The determination of TMP in both MCF-7 and NKE cells was performed after treatment with VOL and
cisplatin for 48 hours. This was done after the cells were stained with JC-1 dye, as detailed in the earlier
section 2.2.1.6. In this study, flow cytometric analysis was solely employed to examine the alteration in

TMP resulting from treatment at a specific dosage.
3.3.7. Estimation of in vitro GSH to GSSG ratio

To find out in vitro GSH to GSSG ratio, GSH, and GSSG content after treatment with respective LCso
doses of VOL and cisplatin for 48 hours were evaluated separately following the protocol described
earlier in section 2.2.1.7. The study was done both in MCF-7 and NKE cells.

3.3.8. Quantification of in vitro lipid peroxidation

To authenticate the modulation of cellular oxidative status through treatment, the measurement of lipid
peroxidation in terms of MDA content was conducted after 48 hours of treatment with VOL and cisplatin
in both MCF-7 and NKE cells. This measurement was carried out following the aforementioned protocol

outlined in section 2.2.1.8.
3.3.9. Determination of in vitro antioxidant enzyme activities

Enzymatic activities of antioxidant enzymes, catalase (CAT), and superoxide dismutase (SOD) were
checked in both NKE and MCF-7 cell lines after treatment with respective LCso doses of VOL and
cisplatin for 48 hours. The activity of CAT and SOD were estimated spectrophotometrically obeying the

protocols demonstrated previously in section 2.2.1.9.
3.3.10. Determining effect in vitro ROS inhibition

Both cell types (MCF-7 and NKE) were treated at 80 % confluency with an LCso dose of VOL (20.83

pg/ml) alone and with 5 mM NAC. Later on, treated cells were checked for cytotoxicity via MTT assay
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and for oxidative status of cells by evaluating flow cytometric intracellular ROS content, intracellular
GSH/GSSG ratio, enzymatic activities of SOD and CAT.

3.3.11. Invivo antitumorigenic activities of VOL in Swiss Albino mice

A total of thirty-six male Swiss Albino mice were obtained and were maintained under laboratory
conditions following the guidelines outlined in section 2.2.2.1. To induce the growth of EAC-induced
solid tumors, eighteen mice were selected at random and administered with EAC cells intramuscularly, as
described in section 2.2.2.3., in the left flanks. Subsequently, the tumors were allowed to reach a certain
volume over 10 days, following which the mice were intravenously injected with VOL treatment doses.
The grouping of the mice was carried out as detailed below in Scheme 1. The remaining eighteen mice

were not injected with EAC cells and were instead kept for toxicological studies.

Group | — tumor-bearing mice treated intravenously with 0.9 % saline water

Group 11 —tumor-bearing mice treated intravenously with VOL (10 mg per kg body weight)
Group 111 —tumor-bearing mice treated intravenously with VOL (20 mg per kg body weight)

The treatment was sustained for fourteen days. The mice were subjected to continuous monitoring to
discern any alterations in body mass, tumor size, and general vitality. After the culmination of the entire
treatment span, the mice were sacrificed and the excised tumors were physically appraised concerning
their mass. To determine the tumor volume, the subsequent equation was employed. Additionally, the

excised tumor tissues as well as the spleens underwent further histological evaluation.

2wks
(alternative

10 days days)
— EAC(H) —»| Group T1 LY Tumor control
2wks
(alternative
6 wks Acclimatizatio 8 wks 10 days days) VOL (+) 10 mg
old mice 2 wks old mice EACH) Group T2 kg body weight
2wks
10 days (3"3;“:‘)“"6 VOL (+) 20 mg
| EACH#) |—| Group T3 Y. | kg body weight

Scheme 1: Schematic work plan for EAC-mediated solid tumor induction and further treatment with VOL

injection in Swiss Albino mice.
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3.3.12. Determination of SOD and CAT activities in resected VOL-treated tumor tissues

The enzymatic activities of catalase (CAT) and superoxide dismutase (SOD) were quantified in tumor
tissues that were surgically removed from experimental Group-I-111, as outlined in section 2.2.2.7.1.

3.3.13. Determination of lipid peroxidation in resected VOL-treated tumor tissues

The measurement of lipid peroxidation extent in tissue homogenate derived from resected tumor tissues

of groups | to 11 was conducted as previously explained in section 2.2.2.7.2.
3.3.14. Extraction of RNA and reverse transcriptase PCR from resected tumor tissues

Resected tumor tissues were assessed for the transcriptional expression of specific genes that pertain to
the present investigation. These genes are enumerated in Table 1 hereunder. To confirm the VOL-
mediated alteration at the tissue level, homogenates of the resected tumor tissues were subjected to RNA
isolation. Subsequently, the RNA was converted into cDNA, and alterations in expression levels were
examined using agarose gel electrophoresis. A comprehensive outline of this methodology can be found

in Chapter 2, specifically under section 2.2.2.8.

Table 1: Sequence, amplicon size, and annealing temperature of primers used for RT-PCR analysis

of specific genes.

CAT FP: CACACTCACACACACTCATACA 50 178
RP: CACACTCACACACACTCATACA

TNF-a FP: TCTCAGAATGAGGCTGGATAAG 55 188
RP: CCCGGCCTTCCAAATAAATAC

IL-1p FP: GAGTGTGGATCCCAAGCAATA 45 174
RP: TCCTGACCACTGTTGTTTCC

IL-6 FP: GATAAGCTGGAGTCACAGAAGG 58.7 163
RP: TTCTGACCACAGTGAGGAATG

MCP-1 FP: GAAGGAATGGGTCCAGACATAC 55 190
RP: CACTCCTACAGAAGTGCTTGAG
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GAPDH FP: GGAGAAACCTGCCAAGTATGA 50 193
RP: CCAGGAAATGAGCTTGACAAAG

3.3.15. Protein quantification and immunoblotting of excised neoplastic tumor tissues

To investigate the impact of VOL on the translational expression of relevant genes, the resected tumor
tissues were initially homogenized and subjected to total protein estimation using the methodology
described in section 2.2.2.9. Subsequently, the tumor tissue samples were assessed using the SDS-PAGE
technique, followed by western blotting, as outlined in section 2.2.2.9. The translational expression of
proteins was examined by employing primary antibodies targeting SOD2 (ab13533), Bcl-2 (ab7973), Bax
(#2772), Bid (#2002), cytochrome C (#4272), Apaf-1 (#8723), caspase 9 (#9508), caspase 8 (ab25901),
caspase 3 (#9662), TNF-a (ab6671), and TRADD (ab223040), with B-actin (#4970) serving as the

internal loading control.
3.3.16. Immunohistochemical studies of resected tumor tissues

Resected tumor tissues were evaluated for immunohistochemical expression of caspase 9 (#9508),
caspase 8 (ab25901), and caspase 3 ((#9662) using DAB-substrate assisted method as discussed in section
2.2.2.10. in detail.

3.3.17. Experimental set-up for in vivo toxicological evaluation

To investigate the systemic toxicity induced by VOL, a total of eighteen Swiss Albino mice with wild-
type phenotypes were divided into three groups. These mice were administered VOL via intravenous

injection for fourteen days, as described in the following manner:

Group IV — wildtype mice treated intravenously with 0.9 % saline

Group V - wildtype mice treated intravenously with 10 mg per kg body weight of VOL
Group VI - wildtype mice treated intravenously with 20 mg per kg body weight of VOL

These animals were analyzed for any alteration in their fur pigmentation, physical mass, and other
relevant factors. After undergoing treatment, mice were subjected to blood extraction via cardiac
puncture. Additionally, essential organs including the liver and kidneys were obtained and histologically

assessed.
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3.3.18. Analysis of toxicological serum parameters

Following the serum isolation procedure as described in section 2.2.2.5, the serum levels of ALP, ALT,

BUN, and creatinine were examined.
3.3.19. Physical analysis of splenic profile

To evaluate the decrease in EAC-induced splenomegaly mediated by VOL, an examination of splenic

parameters was conducted on mice belonging to groups I-1V.
3.3.20. H & E staining

Resected tumor tissues, spleens collected from tumor-bearing mice, and vital organs (liver & kidney)
collected from mice from groups 1V-VI were stained with H & E following the steps discussed in section
2.2.2.6. Slides carrying stained tissue sections were evaluated histologically under a light microscope at

20 X magnification.
3.3.21. Statistical analysis

The data has been presented in the form of mean * standard deviation (SD) after conducting a minimum
of three independent experiments. The statistical analysis employed ANOVA and to compare the mean
values among the different groups, Tukey's post-hoc test was conducted. A P-value less than 0.05 was

deemed to have statistical significance in this particular study.
3.4. Results and Discussions
3.4.1. VOL s differentially cytotoxic to MCF-7 cells at a dose comparable to that of cisplatin

When subjected to the MTT assay, the cytotoxic effect of VOL on MCF-7 cells exhibited a dose-
dependent relationship within the range of 0-40 pug/ml (Figure 2A). The LCsp dose of VOL in MCF-7 cells
was determined to be 20.825 pg/ml based on calculations from the standard curve. In the case of NKE
cells, the LCso value of VOL was approximately five times higher at 104.723 pg/ml (Figure 2A).
Furthermore, to assess the extent of cytotoxicity, the cytotoxic nature of VOL was compared to that of the
well-known platinum drug cisplatin. The LCso dose of cisplatin in MCF-7 cells was recorded as 21.136
pg/ml, whereas in NKE cells it was 24.616 pg/ml (Figure 2B). Furthermore, the cytotoxic patterns of
VOL and cisplatin in both MCF-7 and NKE cells as obtained from the MTT assay were validated by
assessing the amount of LDH leakage from each cell type (Figure 2C). In MCF-7 cells, treatment of VOL
and cisplatin both caused significant amounts of LDH leakage, i.e., 82.909 U/L and 81.099 U/L
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respectively. However, the non-cancerous NKE cells were found to be less sensitive to VOL treatment as
it caused LDH leakage in negligible amount with respect to untreated NKE cells; however, cisplatin was
potent enough to cause significant damage to NKE cells as it triggered significantly higher LDH leakage
(76.211 U/L) than that of the non-treated ones. Thus, unlike cisplatin, VOL was found to be distinctively
toxic to MCF-7 cancer cells showing no remarkable toxicity for normal NKE cells.
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Figure 2: Cytotoxic effect of VOL in MCF-7 cells in comparison with known anticancer agent

cisplatin: Dose-dependent cytotoxicity of (A) VOL and (B) cisplatin in MCF-7 and NKE cell lines through
a range of 0-40 ug/ml concentration detected through MTT assay. (C) Comparison of VOL (20.83 ug/ml)
and cisplatin (21.13 pg/ml)-mediated LDH leakage in MCF-7 and NKE cells. All the data are
representatives of three independent experiments. “*” represents a significant difference from the control

group (P* < 0.05).
3.4.2. VOL induces dose-dependent apoptosis to MCF-7 cells

The FITC-Annexin-V-mediated flow cytometric assay was conducted to comprehend the characteristics
of cellular demise caused by VOL. As illustrated in Figure 3, the existence of cells in the fourth quadrants
of the scatter plots signifies cells that exhibit a positive response to Annexin-V labeling. Cells exhibiting
this staining pattern demonstrate the presence of phosphatidylserine residues on the outer surface of the

cell membrane, which is indicative of apoptotic cells. Consequently, the compound VOL induces
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apoptosis in MCF-7 cells, with 46.99 % of the cells undergoing apoptosis at the respective LCsy dose.
Similarly, like VOL, cisplatin also exhibits sufficient efficacy in inducing apoptotic cell death in human
breast cancer cells MCF-7, with 46.50 % of the cells undergoing apoptosis at its LCso dose. However, in
contrast to VOL, which has minimal apoptotic effects on normal NKE cells (with only 7.84 % apoptotic
cell population), cisplatin induces significant apoptosis (with 41.34 % apoptotic cells) even in the NKE
cell population.
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Figure 3: Detection of VOL and cisplatin-induced apoptosis in both MCF-7 and NKE cell lines:

MCF-7 and NKE cells pretreated with desired compounds (20.83 ug/mL of VOL and 21.12 ug/mL of
cisplatin) were subjected to Annexin-V-FITC staining and subsequent flowcytometric study. Here, a dual
parameter dot plot has been prepared where the x-axis represents the logarithmic fluorescence of FITC-
tagged Annexin V. Apoptotic cell deaths are indicated in (A) MCF-7 cells and (B) NKE cells.

3.4.3. VOL treatment imposed oxidative stress significantly in MCF-7 cells

In both physiological and pathological states, reactive oxygen species (ROS) play crucial roles in
initiating apoptosis. Consequently, alterations in intracellular ROS production were assessed via flow
cytometry using fluorescent DCFDA dye after the treatment. An elevation in green fluorescence was
detected in MCF-7 cells treated with VOL, in contrast to untreated cells and VOL-treated normal NKE
cells. Conversely, the induction of ROS was significantly higher in cisplatin-treated MCF-7 cells as well
as NKE cells (Figure 4A-4B). This observation suggests a distinct augmentation of intracellular ROS in

response to VOL treatment. Elevated intracellular ROS levels serve as a hallmark of global cellular
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oxidative stress (Park, Lee, and Choi 2011). To verify the state of oxidative stress in cells, various cellular
antioxidant markers were examined. These markers included the activities of antioxidant enzymes SOD
and CAT, the extent of lipid peroxidation (MDA), and the ratio of GSH to GSSG, among others (see
Figure 4C-4F). Both cisplatin and VOL exposure had a significant detrimental effect on the antioxidant
activities of CAT and SOD in MCF-7 cells. Exposure to these compounds also led to a significant
decrease in GSH levels and an increase in GSSG levels in MCF-7 cells. In NKE cells, exposure to
cisplatin resulted in a much lower GSH to GSSG ratio, whereas VOL-treated NKE cells maintained a
normal physiological range of this ratio. Furthermore, VOL treatment greatly increased the amount of
MDA in MCF-7 cells, but not in the non-cancerous cells. This indicates that VOL-induced oxidative

stress is specific to MCF-7 cells.
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Figure 4: Determination of oxidative status of MCF-7 and NKE cells upon VOL and cisplatin

treatment: VOL-mediated differential ROS production in contrast to cisplatin treatment in (A) MCF-7
cells and (B) NKE cells. whereas, cisplatin-mediated enhanced oxidative stress is prominent in both
MCF-7 and NKE cells. VOL and cisplatin-mediated changes in (C) SOD, (D) CAT activities, (E) MDA
content & (F) GSH: GSSG ratio in cancerous MCF-7 and non-cancerous NKE cells. Each column is
represented as mean £SD, n = 6. “*” represents the significant difference with respect to control MCF-7;
whereas, “'#” represents the significant difference with respect to the Control NKE cells. (P* < 0.05).

Each data is representative of three independent experiments.
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3.4.4. VOL treatment selectively induces changes to TMP in MCF-7 cells

The induction of apoptosis and heightened cellular ROS are frequently associated with an augmented
permeability and dysfunction of the mitochondria (Ghosh and Sil 2021). Consequently, we sought to
investigate any potential alterations in the mitochondrial membrane potential of MCF-7 cells following
treatment with cisplatin and VOL. Upon staining with JC-1 and subsequent flow cytometric analysis, an
increase in green fluorescence accompanied by a simultaneous decrease in red fluorescence is indicative
of a decline in the transmembrane potential (TMP). Notably, cisplatin exhibited the ability to diminish the
mitochondrial membrane potential in both MCF-7 cells and NKE cells (Figure 5A-5B). Whereas, a
reduction in transmembrane potential (TMP) was selectively induced by VOL in MCF-7 cells. The
change in TMP induced by VOL was negligible in the treated NKE cells. This observation also suggests

that mitochondrial dysfunction may play a crucial role in the apoptotic death of breast cancer cells.
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Figure 5: Detection of VOL and cisplatin-imposed TMP induction: Effect of 20.83 ug/ml of VOL

and 21.13 ug/ml of cisplatin treatment upon changes in mitochondrial membrane potential of (A) MCF-7
cells and (B) NKE cells respectively represented by the monomeric green fluorescence of the JC-1 dye. All

data are representative of three independent experiments.
3.4.5. NAC modulates VOL-mediated cell death

From the aforementioned observations, we harbored a sense of curiosity regarding the impact of reactive
oxygen species (ROS) on the overall efficacy of VOL-induced cell death. To appease our curiosity, we
employed NAC, a well-known ROS inhibitor. Upon treating MCF-7 cells with NAC in conjunction with
an LCs dose of VOL, we observed a significant reduction in intracellular ROS levels compared to cells
treated solely with an LCs dose of VOL (Figure 6A). Furthermore, pretreatment with NAC exhibited a
remarkable ability to greatly mitigate the effect of VOL on the enzymatic activities of intracellular
catalase (CAT) and superoxide dismutase (SOD) (Figure 6B-6C). NAC pretreatment, surprisingly,
exhibited a notable decrease in VOL-induced cell death in MCF-7 cells (Figure 7A). The decrease in

apoptotic cell death caused by VOL, as a result of NAC pre-treatment, was confirmed through flow
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cytometric sorting analysis of FITC-Annexin-V-stained control and treated MCF-7 cells (Figure 7B).
These findings indicate that ROS plays a crucial role in the VOL-mediated anticancer effectiveness in

inducing cell death in MCF-7 breast cancer cells.
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Figure 6: NAC reverses VOL induced ROS: (A) Flowcytometric histogram showing comparative

intracellular ROS content in MCF-7 cells treated with LCso dose of VOL alone and with 5mM NAC. Effect
on (B) CAT & (C) SOD activities of MCF-7 cells upon exposure to VOL alone and in combination with
5mM NAC. Data are represented as mean + SD, (n = 6) from three independent experiments. “*” & “'#”

represent significant differences in contrast to normal control cells and VOL-treated cells (P* & P* <

0.05).
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Figure 7: NAC reverses VOL-induced subsequent cell death and apoptosis: (A) Bar diagram

showing the percentage of viability of MCF-7 cells treated with LCs, dose of VOL alone and with 5mM
NAC. Each column is represented as mean £ SD, n = 6. “*” and “#” respectively represent the
significant with respect to the normal control and VOL-treated cells (P* & P*< 0.05). Data are
representatives of three independent studies. (B) Effect of exposure of 20.83 ug/ml VOL alone and in
combination with 5mM NAC on cellular apoptosis in MCF-7 cells.

3.4.6. VOL-induced tumor reduction study in vivo

EAC-derived solid tumors obtained from sacrificed experimental mice were assessed for their masses and
dimensions. The average tumor mass and size of each experimental cohort (Groups I, I, and I11) were

graphed to facilitate visual comprehension of the changes.
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Figure 8: VOL-induced reduction in tumor mass and volume: Dose-dependent reduction in (A)

tumor mass (expressed in gram), (B) tumor volumes (expressed in cubic centimeters) upon VOL
administration. (C) Relative changes in tumor volume (expressed in cubic centimeters) over 15
experimental days. Each column is represented as mean £ SD, n = 6. “*” & “'#” respectively represent
the significant difference with respect to Group-l & Group-I1. (P* & P* < 0.05).

It was observed that VOL significantly reduced tumor magnitude, both in terms of mass and volume, in
the treated cohorts (Figure 8A-8B), when compared to the untreated cohort (Group 1), where the tumors
had grown significantly substantial sizes throughout treatment (Figure 8C). Moreover, the outcomes
demonstrated a dosage-dependent relationship, with a more pronounced anti-tumorigenic effect observed
at higher doses (specifically in group 111, where mice were administered VOL at a concentration of 20 mg
per kg of body weight).

3.4.7. VOL treatment repairs disrupted tumor tissue architecture

VOL has been found to decrease multinucleated cells, distorted tumor tissue architecture and total number

of nuclei in resected tumor tissues dose dependently (Figure 9A).
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Figure 9: VOL-induced reduction in tumor load: (A) Representative photographs of dorsal and

ventral views of tumor-bearing mice, respective dissected tumor tissues, and their histological
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appearance with H & E staining. All data are representative of experiments repeated three times. (B)
Representative photographs of dissected spleens from experimental mice of Group I-1IV and their
respective H & E-stained histological sections (at 20X magnification).

3.4.8. VOL treatment reduces EAC-induced splenomegaly in Swiss Albino mice

The evaluation of splenic size and weight was conducted as a means to identify inflammatory markers in
vivo, which were induced by the incorporation of EAC (Queiroz et al. 2004). It was observed that the
administration of VOL resulted in a reduction of splenomegaly in the treated animals of Groups Il and IlI,
in comparison to the untreated control group (Group 1) (Figure 9B). These findings suggest that VOL
treatment did not elicit significant toxicity in the overall physiological well-being of the animals; instead,
it demonstrated efficacy in mitigating the extent of splenomegaly in the treated animals of Group Il and
111, thereby indicating an overall decrease in cancer burden in the tumor-bearing animals that received
treatment. To substantiate these findings, histological analysis of H & E-stained splenic tissue sections
from experimental animals of groups I-1V was performed, yielding consistent results as previously

observed.
3.4.9. VOL altered in vivo redox parameters in tumor tissue

The investigation focused on the examination of antioxidant enzymes, specifically SOD and CAT, within
tumor tissues (Figure 10A-10B).
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Figure 10: Changes of in vivo tumor tissue antioxidant parameters after VOL application: (A)

SOD and (B) CAT activities in tumor tissues of respective experimental groups. (C) represents the MDA
levels in tumor tissue after being treated with 10 mg/kg and 20 mg/kg doses of VOL (expressed in terms of

umol/g of protein). (D) & (E) respectively represent expressions of CAT and SOD2 in tumor tissue.
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Expression of CAT was assessed through RT-PCR; whereas, SOD2 expression was studied by western blot
analysis. The data shown here are representatives of three individual experiments. Each column has been
plotted as mean = SD, n = 6. “*” represents the significant difference with respect to Group |; whereas,
“'#” represents the significant difference with respect to Group II. (P* < 0.05).

This examination was conducted using tumor tissue homogenates obtained from the corresponding
experimental animals. The purpose was to determine if the observed in vivo outcomes aligned with the
findings of the in vitro assays. CAT, a phase Il detoxification enzyme of great significance, plays a crucial
role in safeguarding against cancer cell damage caused by ROS. Similarly, SOD2 or MnSOD functions in
a comparable manner. Therefore, in addition to assessing the activities of these two enzymes within the
tumor tissue, we also analyzed the respective transcriptional and translational levels of CAT and SOD2 in
vivo (Figure 10D-10E). It has been determined that the findings from the in vivo investigation indeed
support the results obtained from the in vitro analysis, albeit with certain variations due to the
physiological conditions present in the in vivo setting. In the group treated with VOL, the antioxidant
activities of CAT and SOD2 were observed to decrease in line with their expression levels, in contrast to
the tumor control group. Furthermore, an increase in the dose of VOL was found to stimulate lipid
peroxidation in tumor tissues as well (Figure 10C). Therefore, it can be deduced that VOL has the
potential to disrupt the redox balance in tumor tissue.

3.4.10. VOL altered Bcl-2-family proteins inducing intrinsic apoptotic effect

To examine the protein expressions of different pro-apoptotic and anti-apoptotic molecules in the tumor
tissues at the translational level, we analyzed the data obtained from western blotting. The findings of our
previous determination of the transmembrane potential (TMP) provided a clue regarding the
dysfunctionality of mitochondria. Consequently, we aimed to investigate the translational expression of
crucial molecules that are associated with the mitochondria-mediated apoptotic pathway (Figure 11A). In
this particular course, it was observed that the administration of VOL had a dose-dependent effect on
reducing the Bcl-2/Bax ratio. The decrease in the Bcl-2/Bax ratio is a distinctive characteristic that leads
to the activation of intrinsic apoptotic cell death. Additionally, the depletion of TMP is correlated with an
increase in mitochondrial permeability, resulting in the release of the mitochondrial protein cytochrome
C. Consequently, there was a noticeable translation of cytochrome C. Subsequently, we examined the
heightened expression of Apaf-1, which confirmed the formation of the apoptosome. Furthermore, to
verify the specific activation of caspase, we assessed the expression levels of cleaved caspase 9 and
cleaved caspase 3, both of which exhibited higher levels of expression in tumor tissue treated with 20 mg
of VOL (Figure 11A, 11D).
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3.4.11. VOL concomitantly induced extra-mitochondrial apoptosis in tumor tissues

As we observed a significant increase in tumor-related inflammatory splenomegaly in mice carrying
experimental tumors, we were interested in determining whether there was a corresponding increase in
inflammatory signals in tumor tissue treated with VOL. Therefore, we assessed the expression of pro-
inflammatory cytokines, such as tumor necrosis factor-o. (TNF-a) and interleukins (IL-6, IL-1p), at the

transcriptional level (Figure 11B, 11E).
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Figure 11: VOL-induced in vivo tumor reduction is related to upregulation of apoptotic and
inflammatory markers: (A) Immunoblot analysis of Bcl-2, Bax, cytosolic Cyt C, apaf-1, cleaved caspase
9 and 3 from tumor tissues homogenates obtained from respective experimental groups. S-actin has been
used as the loading control here. (B) Analysis of transcriptional expression of inflammatory markers such
as TNF-o, IL-1p, IL-6, and MCP-1 in tumor tissues from all three experimental groups through RT-PCR.
GAPDH has been used as a loading control. (C) Immunoblot expression of TNF-a, TRADD, cleaved
caspase-8, and Bid (f-actin has been employed as internal loading control) (D-F) Densitometric analysis
respective immunoblot and RT-PCR data expressed as the mean £ SD. “*” & “#” respectively represent

the significant difference with respect to the Group-I and Group-1l. (P* & P*< 0.05).

Inflammatory cytokines are known to stimulate the production of chemokines, leading to the infiltration

of leukocytes. In our current investigation, we examined whether there were any changes in the
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transcriptional expression of monocyte chemo-attractant protein-1 (MCP-1) as a result of VOL treatment.
Additionally, we utilized western blotting to analyze the expression of TNF-a in tumor tissues collected
from the experimental mice in Groups I-1ll. Our study revealed that the expression of TNF-o was
upregulated at both the transcriptional and translational levels following VOL treatment (Figure 11B-
11C). Additionally, based on the analysis of RT-PCR data, it was observed that VOL treatment could
enhance the expression of IL-1p, IL-6, and MCP-1 mRNA. In addition to its role in the inflammatory
response, TNF-a can also induce apoptosis. Consequently, an investigation was conducted to assess the
expression of genes involved in the extrinsic apoptotic pathway mediated by TNF-a (Figure 10C).
Consequently, it was found that downstream of TNF-a, the expression of TNFR1-associated death
domain protein (TRADD) and cleaved caspase-8 were both elevated (Figure 11C-11F). Furthermore,
downstream of this, the increased expression of Bid was sufficient to establish a link between the

extrinsic apoptotic pathway mediated by TNF-o and the intrinsic pathway.

3.4.12. VOL induces higher expression of cleaved caspases 9, 8, and 3 in tumor tissue in vivo with

dose-dependency

To visualize the changes induced by VOL treatment in vivo, an immunohistochemical experiment was
conducted to examine the expressions and localizations of Caspase-8, 9, and 3 in the tumor tissues of
experimental animals (Figure 12A-12C).
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Figure 12: Immunohistochemical expression of (A) caspase-9, (B) caspase-8, and (C) caspase-3 in
resected tumor tissue after being treated with different doses of VOL.
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The degree and intensity of DAB expression were utilized as markers for the expression of the proteins of
interest. It was observed that the immunohistochemical results aligned with the findings obtained from
western blotting. Furthermore, Caspase-9, caspase-8, and caspase-3 also exhibited increased expression
and localization in the tumor tissues obtained from animals in Group Ill, which were administered a
higher dosage in comparison to Group Il. As anticipated, the untreated group displayed minimal
expressions of these three pro-apoptotic proteins.

3.4.13. VOL is overall non-toxic to healthy body tissues

The mice that received VOL treatment were regularly monitored to observe any alterations in their fur
color or change in body weight throughout the treatment period to detect any indications of toxicity
resulting from the treatment. Additionally, it was observed that there were no changes in the fur color of
the treated animals (Figure 9A). Moreover, in animals belonging to Group IlI, the tumors visibly
diminished in size, while the mice from Groups I, I, 1V, V, and VI continued to display normal growth
in terms of body weight. This was in contrast to the sporadic increase in body weights observed in mice
from Group I. In other words, there was neither a decrease nor a cessation in the growth of the mice
(Figure 13).
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Figure 13: Changes in body weight of tumor-bearing mice over a treatment period of 15 days
3.4.14. VOL does not alter in vivo liver and kidney parameters significantly

Serum derived from experimental animals, from all six groups were assessed for the levels of crucial liver
and kidney health indicators, namely ALT, ALP, BUN, and creatinine (Figure 14A-14D). The findings of
the experiments were promising, as they revealed that the administration of VOL in either of the two
doses did not cause any substantial toxicity to the animals in groups V and VI. This outcome was further
supported by the examination of histopathological sections of liver and kidney tissues stained with

hematoxylin and eosin from the respective experimental groups, demonstrating no significant systemic
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cytotoxicity of our compound candidate VOL (Figure 15). The levels of all four toxicity indicators
remained almost similar to those of the healthy control animals in group V.
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Figure 14: In vivo systemic toxicity profile of VOL: (A) Serum ALT level; (B) Serum ALP level; (C)

Serum BUN level; (D) Serum creatinine level of experimental mice of Group-1V-VI. Each column is

represented as mean £ SD, n = 6.
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Figure 15: Histological assessment of representative H & E-stained microscopic sections of renal
and hepatic tissues under 20X magnification.

3.5. Conclusion

The current study showcases the robust anticancer properties of the newly synthesized oxovanadium
complex VOL, which have been succinctly outlined in Figure 16. VOL was observed to exhibit dose-
dependent cytotoxicity in human breast cancer cells comparable to the anticancer efficacy of cisplatin.
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Figure 16: Schematic diagram representing the anti-cancer activity of VOL: In vitro (in MCF-7
cells) and in vivo (in Swiss Albino mice) anti-tumor efficacy of novel water-soluble mononuclear

dipicolinic acid-imidazole based oxidovanadium (IV) complex VOL.

The administration of cisplatin is associated with the occurrence of significant adverse effects on healthy
tissues in cancer patients due to its non-specific toxicity. In contrast, VOL demonstrated limited toxicity
towards normal cells in vitro, as confirmed by both MTT and LDH leakage assays. Furthermore, when
evaluated in vivo, VOL displayed no significant toxicity toward vital organs such as the liver and kidney.
The demonstration of normal levels of serum hepatic and renal toxicity markers, as well as the absence of
histological abnormalities in liver and kidney sections, provides sufficient evidence to support the claim

of minimal off-target toxicity. Despite this minimal off-target toxicity, VOL exhibited potent tumor-

60 | PAGE



suppressing effects, leading to a reduction in tumor volume and mass within a treatment period of only 14
days. Additionally, increasing doses of VOL were found to alleviate the splenomegaly observed in tumor-
bearing Swiss Albino mice. Furthermore, an improvement in splenomegaly was observed in Swiss Albino
mice along with tumor regression when they were administered increasing doses of VOL. Upon closer
examination of its mechanism of action, VOL was found to activate both the intrinsic and extrinsic
pathways of programmed cell death. VOL was noted to induce mitochondrial apoptosis by modulating the
delicate balance between cellular pro-apoptotic and anti-apoptotic factors. The primary regulator in this
process was identified as an augmented intracellular load of ROS and subsequent reduction in
mitochondrial potential. The study conducted with NAC elucidates the clear indication of the induction of
ROS-dependent apoptosis by VOL. To circumvent the detrimental effects of oxidative stress, tumor cells
are known to possess a higher-than-normal level and/or activity of antioxidant enzymes (George and
Abrahamse 2020). VOL has been documented to diminish both the activity and level of antioxidant
enzymes, both in vitro and in vivo, thereby augmenting the overall likelihood of intrinsic apoptosis
induction. Additionally, VOL has been found to elicit a heightened inflammatory response in tumor
tissues, subsequently leading to extra-mitochondrial apoptosis. Furthermore, the in vivo immunoblot
analysis has revealed the confluence of the extrinsic apoptotic pathway with the intrinsic one, contributing
to the enhanced cell-killing ability of VOL. Based on the aforementioned observations, it can be
hypothesized that similar to other oxidovanadium complexes, VOL primarily triggers apoptosis through
the mechanism of oxidative damage. In this particular context, it is imperative to conduct further analysis
on anticancer oxidovanadate compounds such as VOL. However, to briefly summarize, VOL and
cisplatin, despite their comparable anticancer and tumor-inducing properties, differ fundamentally in
terms of their mode of action. According to numerous existing reports, it is widely recognized that
inorganic compounds containing vanadium (IV) can hydroxylate 2’-deoxyguanosine, subsequently
leading to DNA breakage mediated by reactive oxygen species (Shi, Jiang, et al. 1996, Shi, Wang, et al.
1996). Furthermore, it has been observed that VOL induces its anticancer effects by first inducing reactive
oxygen species, followed by alterations in the oxidative state of cells and an associated increase in
mitochondrial permeability. Thus, based on the aforementioned discussion, VOL may serve as a powerful

metallodrug for breast cancer treatment, serving as an alternative to platinum-based drugs.
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Chapter 4

Multifaceted Antineoplastic Curative Potency of
Novel Water-soluble Methylimidazole-based
Oxidovanadium (1V) Complex in Triple
Negative Mammary Carcinoma
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4.1. Introduction

At present, we have studied the anticarcinogenic properties of a newly synthesized hydrophilic
mononuclear dipicolinic acid and 1-methyl imidazole-substituted oxidovanadium (IV) complex (Biswal et
al. 2017) (Figure 1).
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Figure 1: Chemical structure of synthesized hydrophilic mononuclear dipicolinic acid and 1-methyl

imidazole-substituted oxidovanadium (1V) complex, abbreviated as OVMI

In this context, it is important to note that along with its amphiphilic nature and several pharmacological
advantages, dipicolinic acid, present in various natural compounds, is known to stabilize unusual
oxidation states of the metals (Jakusch et al. 2003). Besides, pentameric ring structure and potency to
intercalate and cleave DNA strands (Keter 2010, Pizarro and Sadler 2009, Reedijk 2003) due to the
presence of heteroatom nitrogen, imidazole shows significant antioxidant (Smith and Reeves 1987),
antimicrobial (Aridoss et al. 2006, Bhandari et al. 2009, Eslami Amirabadi et al. 2019) as well as
anticancer (Congiu, Cocco, and Onnis 2008) therapeutic efficacies. For easy interpretation, the compound
has been denoted as OVMI throughout the manuscript. Earlier anticarcinogenic activities of OVMI have
been explored in vitro using human hepatocellular carcinoma cell Hep3B (Biswal et al. 2017). In our
previous work, another compound in this series has also been tested for its both in vitro and in vivo anti-
neoplastic activities in progesterone receptor-positive breast carcinoma (Ghosh et al. 2022). To be
consistent with the outcome, currently, we have tried to find out the anti-neoplastic activities of OVMI in
human TNBC cells, MDA-MB-231. Additionally, findings are also extrapolated in vivo system using 4T1
cell-induced Balb/c TNBC-bearing mice. Also, work has been extended to see the effect of OVMI against
4T1-mediated secondary lung metastasis in vivo. Once found to be significantly effective against TNBC
cell proliferation and metastasis, we also looked deep into the molecular aspect of its antitumor activities

and probable systemic toxicities (if any) associated with female Balb/c mice.
4.2. Utilized reagents

The reagents and chemicals utilized in this research were acquired from esteemed scientific

manufacturing corporations, as mentioned in section 2.1. The focus of this study centers around
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evaluating the effectiveness of the mononuclear dipicolinic acid-1-methyl imidazole-based
oxidovanadium (1V) complex (OVMI), which was synthesized by Biswal et al. and generously provided
for experimental use by Professor Nikhil Ranjan Pramanik (Biswal et al. 2017).

4.3, Methods
4.3.1. Cell culture

Three different types of cells were introduced, cultivated, and sustained for experimentation in this
particular study. Specifically, the cells used were human triple-negative breast epithelial cancer cells
MDA-MB-231 (which were originally acquired from ATCC, US), immortalized normal human renal
epithelial cells NKE, and murine triple-negative mammary carcinoma cells 4T1 (both of which were
generously provided by Prof. Kaushik Biswas). These cells were grown under standard laboratory

conditions in DMEM media, as described in section 2.2.1.1 of Chapter 2.
4.3.2. Cytotoxicity assessment

The cytotoxic impacts of OVMI were assessed in both MDA-MB-231 and NKE cells across a range of
doses spanning from 0 pg/ml to 50 pg/ml over 24 hours. This evaluation was conducted utilizing the
established MTT method, as described in detail in Chapter 2, specifically in section 2.2.1.2. For
comparative purposes, cisplatin was employed as the positive control in this investigation.

4.3.3. LDH leakage assessment

Cellular injury induced by OVMI in both MDA-MB-231 and NKE cells was assessed using the LDH
leakage assay, as elaborated upon in section 2.2.1.3 of Chapter 2.

4.3.4. Analysis of apoptosis induction by Annexin-V-PI dual staining

After undergoing treatment with three distinct doses of OVMI (0, 10, 20, and 30 pg/mg) over 24 hours, an
analysis of apoptosis induction, which was dependent on the administered dose, was conducted using
Annexin-V/Pl-dual staining as elucidated in section 2.2.1.4. of chapter 2. The assessment was performed

utilizing both flow cytometry and confocal laser scanning microscopy.
4.3.5. DCFDA Staining

Following exposure to various doses (0, 10, 20, and 30 pg/mg) of OVMI, MDA-MB-231 cells were

subjected to DCFDA staining. Subsequently, the resultant fluorescence was assessed using both flow
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cytometry and confocal microscopy. A comprehensive methodology outlining the study can be found in
section 2.2.1.5. of Chapter 2.

4.3.6. JC1 staining

The alterations in OVMI-induced TMP in MDA-MB-231 cells at different doses (0, 10, 20, and 30 pg/ml)
were assessed utilizing JC1 staining. Additionally, the fluorescence intensity of the JC1 monomer as well
as the dimer was analyzed using both flow cytometry and confocal microscopy. The application of image-
J software enabled the computation of the red-to-green fluorescence intensity ratio of JC1. A
comprehensive description of the representative methodology can be found in section 2.2.1.6. of Chapter
2.

4.3.7. Evaluation of mitochondrial swelling

The phenomenon of OVMI-mediated calcium ion-dependent mitochondrial swelling was investigated

using the experimental procedure outlined in section 2.2.1.11. of Chapter 2.
4.3.8. Inhibitor study

Cells that underwent pretreatment with NAC were subsequently subjected to treatment with OVMI to
assess the impact of inhibiting ROS in MDA-MB-231 cells. The cells were treated in three distinct
groups: one with NAC alone, another with OVMI alone, and the last one with NAC + OVMI. The
influence of NAC treatment was then assessed in terms of the antineoplastic effectiveness of OVMI. The

detailed protocol has been described in section 2.2.1.16. of Chapter 2.
4.3.9. Whole cell protein extraction and immunoblotting

The extraction of total cellular protein and subsequent determination of protein levels was conducted
following the procedure outlined in section 2.2.1.14. within Chapter 2. Following the measurement, the
proteins of interest were separated and subjected to electrophoresis on an SDS-polyacrylamide gel based
on their molecular weight. In this study, primary antibodies targeting Bcl-2 (ab7973), Bax (#2772), Apaf-
1 (#8723), cleaved caspase-9 (#9508), cleaved caspase-3 (#9662), PARP (#9532), calpain-1 (ab39170),
GRP-78 (ab21685), phosphor-elF-2a (ab32157), and CHOP (#5554) were employed, and their detection
was carried out using secondary antibodies labeled with HRP against both rabbit (ab97051) and mouse
(#9508). To ensure equal protein loading, B-actin (BB-AB0024) was utilized as a control. A
comprehensive protocol detailing these experimental procedures can be found in section 2.2.1.15. within
Chapter 2.
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4.3.10. Acquirement of cytosolic and mitochondrial fractionations

Mitochondrial and cytosolic subcellular fractions of MDA-MB-231 cells treated with OVMI were
acquired following the methodology elucidated in section 2.2.1.13 of Chapter 2. Primary antibody against
cytochrome C (#4272) in both mitochondrial and cytosolic fractions was utilized here, For the
cytoplasmic and mitochondrial separations, $-actin (BB-AB0024) and VDAC (#4866) were employed as

loading controls, respectively.
4.3.11. Wound healing assay

The anti-migratory properties of OVMI concerning MDA-MB-231 cells were assessed at three distinct
dosages over a time frame ranging from 0 to 48 hours. This evaluation was conducted according to the
comprehensive protocol outlined in Chapter 2, specifically within section 2.2.1.12. The quantification of

data was made feasible through the utilization of the Image-J software.
4.3.12. 4T1 induced in vivo breast tumor regression study

Twenty female Balb/c mice, with standard age and body weight, were acclimated and maintained
according to the standard protocol outlined in the previous exposition, specifically in chapter 2 within
section 2.2.2.1. The experimentation involving animals adhered to the ethical guidelines set forth by the
Committee for Control and Supervision on Experiments on Animals (CPCSEA) located in New Delhi,
India (1796/PO/Ere/S/14/CPCSEA), and received the necessary approval from the Institutional Animal
Ethics Committee (IAEC) of Bose Institute, Kolkata [Approval no. IEAC/BI1003/2021]. The procedure
for 4T1-based mammary tumor inoculation was carried out as described in section 2.2.2.3 of Chapter 2.
Once the tumor volume reached an approximate size of 100 mm?2, the mice were randomly divided into

four groups and the treatment plan was as depicted in Scheme 1.

PTne - mice treated with 1X PBS (pH 7.4)

PTwo treated at a dose of 10 mg/kg of body weight with OVMI
PTxn treated at a dose of 20 mg/kg of body weight with OVMI
PTsx treated with 30 mg/kg of body weight with OVMI

A total of six injections were administered through the tail vein over a duration of 16 days, ensuring a 72-
hour interval between each consecutive injection (Scheme 1). Alterations in body weight were assessed

throughout treatment. Upon completion of the treatment, the mice were euthanized, and both tumors and

67| PAGE



spleens were excised from each animal. On the day of euthanasia, the volume and mass of the tumors

were measured, followed by their immersion in formalin solution for subsequent histological

examination.
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4T1(+) » LMy »|  PBS(pH 7.4)
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L 4T1(+) ™ LMy, > | OVMI 30 mg/kg
Scheme 1: Schematic diagram explaining: 4T1-induced mammary tumor induction and subsequent

treatment plan in female Balb/c mice
4.3.13. TUNEL assay

The degree of apoptosis in mammary tumor tissues treated with OVMI was assessed by utilizing the
TUNEL assay as per the provided protocol guidelines from the manufacturer of the APO-BrdU™ TUNEL
Assay Kit, which employed Alexa Fluor™ 488 (A23210, Thermo Fischer). A comprehensive protocol
explanation can be found in section 2.2.2.11. of chapter 2. The processed tissue sections were examined

using confocal microscopy.
4.3.14. Immunohistochemistry

Immunohistochemical staining was conducted on mammary tumor tissues treated with OVMI. The
staining procedure utilized a DAB-based IHC detection kit (ab80437, Abcam, UK). The steps for staining
were carried out under the guidelines provided by the manufacturer, as previously described in Chapter 2,
section 2.2.2.10. The stained slides were examined under a bright field microscope to assess the relative
expression of PARP (#9532), Ki-67 (#12202), N-cadherin (A19083), and E-cadherin (ab76055) using

respective primary antibodies.
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4.3.15. Study of 4T1-mediated secondary lung metastasis induction and its regression through
OVMI treatment

Female Balb/c mice were administered an intravenous injection of 4T1 cells via the tail vein to induce the
formation of lung metastases. The detailed procedure for this experiment is described in the section of
chapter 2. Fourteen days after the inoculation of the tumor, the mice were divided into four groups to

receive OVMI treatment, as outlined below (Scheme 2):

14 days 16 days
” 4T1(+) »  LMxc »| PBS(pH 7.4)
E
=
Acclimatization > 14 davs 16 days, 6 injections

4 weeks 6 weeks |z 4T1(+) Pl LM, » | OVMI 10 mg/kg

old mice 2 weeks old mice "
—
S
=]
= 14 days 16 days, 6 injections
£ 4TI » LM, » | OVMI 20 mg/kg
*]
g
=
°>: 14 days 16 days, 6 injections
=L_| 411(H » LM, » | OVMI 30 mg/kg
&

Scheme 2: Schematic diagram explaining: 4T1-mediated secondary pulmonary metastasis

induction and subsequent treatment plan in female Balb/c mice

LMnc : These mice were treated with 1X PBS of pH 7.4.

LMo : These mice were treated with OVMI at a dose of 10 mg/kg of body weight.
LMz : These mice were treated with OVMI at a dose of 20 mg/kg of body weight.
LMs, : These mice were treated with OVMI at a dose of 30 mg/kg of body weight.

The treatments were administered intravenously through the tail veins for 16 days, with a total of 6
injections administered at intervals of 72 hours (Scheme 2). Following the treatment period, the mice
were euthanized and the metastatic lungs were surgically removed and examined for the presence of

external micro-metastatic nodules. Additionally, the weight of the resected lungs was also recorded.
4.3.16. In vivo western blot analysis from secondary lung metastasis

The translational expression of proteins implicated in metastasis, namely MMP-2 (#40994), MMP-9
(A0289) VCAM-1 (A11236), and ICAM-1 (A20472), was assessed using western blotting. This was
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achieved by homogenizing lung tissues in RIPA buffer, followed by quantification of protein
concentration and subsequent SDS-polyacrylamide gel electrophoresis. A comprehensive protocol for this
procedure can be found in the relevant section 2.2.2.9. of Chapter 2.

4.3.17. In vivo systemic toxicity assessment

To evaluate the systemic toxicity induced by OVMI, a total of twenty female Balb/c mice without tumors
were selected and divided into four different treatment groups in a random manner. These groups were as

follows:

STnc @ This group was treated with 1X PBS of pH 7.4.

ST : The mice in this group were administered a dose of 10 mg/kg OVMI.
STy  : The mice in this group were administered a dose of 20 mg/kg OVMI.
STs  : The mice in this group were administered a dose of 30 mg/kg OVMI.

After a period of experimentation lasting sixteen days, during which OVMI/PBS was administered
intravenously six times through the tail veins of the mice, the mice were euthanized. Blood was obtained
from each experimental mouse through cardiac puncture, and vital organs such as the lungs, liver,
kidneys, and heart were collected for subsequent histological analysis using H & E staining. The collected
blood from each mouse was then processed to isolate the serum, followed by the use of a kit to determine
the levels of serum ALP, ALT, BUN, and creatinine. A detailed protocol outlining the procedures

undertaken in this experiment can be found in section 2.2.2.5 of chapter 2.
4.3.18. Histological assessment

Resected 4T1-induced mammary tumor tissues and isolated cardiac, hepatic, renal, and pulmonary tissues
from systemic toxicity experimental studies were processed through H & E staining for histological
analyses under a bright field microscope. Detailed protocol of H & E staining has been described in
section 2.2.2.6. of Chapter 2.

4.3.19. Statistical analyses

Each set of experimental data has been expressed as the mean value plus or minus the standard deviation
(SD) of three separate experiments. These data were then subjected to an analysis of variance (ANOVA)

test with a one-factor design. In cases where it was appropriate, a Tukey's post-hoc test was conducted for
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further evaluation of significance. A significance level of *P < 0.05 was deemed as statistically
significant.

4.4. Result and Discussion
4.4.1. OVMI inhibited MDA-MB-231 cell proliferation and induced cell death

The cytotoxic impact of OVMI on the proliferation and survival of MDA-MB-231 cells was evaluated
using the conventional MTT assay. It was observed that OVMI triggered cell death in MDA-MB-231
cells in a dose-dependent manner. The IC50 value of OVMI against MDA-MB-231 cell proliferation
within 24 hours was determined to be 20.04 pg/ml. In contrast, OVMI did not exhibit any toxicity
towards nonmalignant NKE cells, even when exposed to similar doses, as evidenced by an ICs value of
118.39 pug/ml (Figure 2A). Furthermore, microscopic examination was conducted on MDA-MB-231 cells
treated with OVMI at three distinct doses of 10, 20, and 30 pg/ml. The administration of OVMI was
observed to induce notable alterations in the morphology of MDA-MB-231 cells. In addition to
experiencing a loss of membrane integrity, the cells exhibited clear indications of apoptotic death, such as

the formation of membrane blebs and the presence of apoptotic bodies, as depicted in Figure 2D.
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Figure 2: In vitro cytotoxic nature of OVMI in MDA-MB-231 cells: Dose-dependent detection of
cytotoxicity of (A) OVMI and (B) cisplatin in MDA-MB-231 cells and NKE cells in a range of 0-50 ug/mL
concentration through MTT assay. Cisplatin taken as a positive control. (C) Determination of dose-
dependent leakage of cellular LDH in OVMI-treated MDA-MB-231 cells. (D) Microscopic images of
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MDA-MB-231 cells treated with 0, 10, 20, and 30 ug/mL doses for 24 hrs. All the data are representative

of three independent experiments. “*” and “#” represent significant difference with respect to zero dose

and 1Cso dose treatment of OVMI (P* < 0.05, P# < 0.05).

To further confirm the cytotoxic properties of OVMI, an LDH leakage assay was conducted. It was found
that the extent of LDH leakage was significantly higher in TNBC cells treated with OVMI. However,
when the same range of doses was applied to NKE cells, the leakage was negligible, as illustrated in
Figure 2C. Within the same realm of investigation, the half maximal cytotoxic capacity of OVMI is
comparable to that of cisplatin demonstrated at a concentration of 15.76 pg/ml in MDA-MB-231 cells
(Figure 2B). However, unlike OVMI which displayed negligible toxicity in NKE cells even at a higher
dosage of 50 pg/ml, cisplatin was highly cytotoxic to NKE at a minimal concentration of 5 pg/ml (1Cso
21.55 pg/mL) (Figure 2B). Consequently, it can be concluded that the synthesized derivative of
oxovanadium complex, specifically 1-methylimidazole, exhibited noteworthy cytotoxicity in human

TNBC cells at a dosage that did not affect normal epithelial cells, NKE.
4.4.2. OVMI induces apoptosis in MDA-MB-231 cells

To explore, the cell cell-killing modality of OVMI, we employed Annexin-V affinity binding assay along
with Pl counterstaining. As per standard rules, Annexin-V* and Annexin-V*/PI* cells were considered
here as early apoptotic and late apoptotic cells respectively constituting the total population of apoptotic
cells. When checked through flow-cytometric dot plots, apoptosis was delineated as the principal mode of
cell death imposed by OVMI against MDA-MB-231 cells (Figure 3).
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Figure 3: OVMI is capable of inducing apoptosis in vitro: Flow cytometric analysis of apoptosis

of OVMI-treated MDA-MB-231 cells; represented through dual parameter dot plots (x-axis representing

the logarithmic fluorescence of FITC/Annexin V and the y-axis reprsenting that of PI.
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When treated with a lower dose (10 pg/ml), OVMI was found to induce early apoptotic changes in MDA-
MB-231 cells (18.61 % were early apoptotic and 9 % were late apoptotic). At ICso concentration, a total of
47.1 % cell population was found to be apoptotic where 30.39 % were early apoptotic and 16.17 % were
late apoptotic. At a higher dose (30 pg/ml), it was found that more cells were primed for apoptosis (25.48
% of cells were in late apoptotic out of 57.23 % of total apoptotic MDA-MB-231 cells).

Induction of apoptosis in a dose-dependent manner was also validated through confocal microscopy in
this study (Figure 4).

OVMI doses
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Figure 4: OVMI is capable of inducing apoptosis in vitro: Confocal microscopic images of FITC-
Annexin-V/PI-stained and OVMI-treated MDA-MB-231 cells. (Scale bar 25 um).
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4.4.3. OVMI induces Bax to Bcl-2 ratio alternation in vitro

After validating apoptosis induction by OVMI treatment, we looked for changes related to apoptosis-
related protein machinery at the molecular level. Two key proteins of the Bcl-2 family, i.e., Bax and Bcl-2
itself are known to be modulated during the time of apoptosis induction (Qian et al. 2022). Hence, OVMI-
mediated modulation of the Bax to Bcl-2 ratio was quantified after analysis of their translational
expressions. OVMI was found to uplift Bax/Bcl-2 ratio dose-dependently by downregulating Bcl-2

expression very significantly providing a molecular hallmark of apoptotic death (Figure 5A & 5B).
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Figure 5: OVMI induces Bax to Bcl-2 ratio alternation in vitro: (A) Immunoblot analyses of Bax

and Bcl-2, where p-actin has been employed as a loading control. Blots are representatives of three
individual experiments. (B) Densitometric analysis of the respective immunoblots. “*” and “#” represent

significant difference with respect to zero dose and ICso dose treatment of OVMI (P* < 0.05, P# < 0.05).

4.4.4. OVMI disrupts mitochondrial membrane potential

The alteration of the Bax to Bcl-2 ratio frequently results in compromised mitochondrial membrane
potential (Kuwana and Newmeyer 2003). Consequently, we investigated whether OVMI was associated
with the induction of changes to the mitochondrial membrane potential. To assess this, MDA-MB-231
cells treated with OVMI were subjected to JC-1 staining. Following staining, the cells were evaluated
using flow cytometry to determine any alterations in the green fluorescence emitted by JC-1 monomers
(Figure 6A). Additionally, confocal microscopy was employed for further analysis (Figure 6C). Our
results demonstrated that OVMI treatment led to a decrease in the red-to-green ratio of fluorescence
emitted by JC-1 monomers and dimers, respectively (Figure 6B). Therefore, it can be concluded that
OVMI has the potential to induce a significant decline in mitochondrial membrane potential in treated
MDA-MB-231 cells. Loss of mitochondrial membrane potential often is related to loss of mitochondrial
membrane integrity that may lead to the release of mitochondrial cytochrome C (cyt C) into cytosol;

thereby, initiating an intrinsic apoptotic cascade within the cell (Ghosh and Sil 2021).
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Figure 6: OVMI induces apoptosis in vitro through disrupting mitochondrial membrane

potential: (A) Confocal fluorescence micrographs of OVMI-treated MDA-MB-231 cells depicting changes
in mitochondrial membrane potential through JC-1 staining under the red and green filter. (Scale bar 25
um). (B) Determination of changes in transmembrane mitochondrial potential by calculating fluorescence
intensity ratio of JCI aggregates to JCI monomer. “*” represents significant difference with respect to
zero dose and ICso dose treatment of OVMI (P* < 0.05, P# < 0.05). (C) Flow cytometry-assisted detection
of changes of mitochondrial membrane potential in OVMI-treated MDA-Mb-231 cells, corresponding to

changes in fluorescence intensity of monomeric JC-1.

Thus, to confirm cytoplasmic mobilization of cyt C, its mitochondrial as well as cytoplasmic protein

expressions were checked through western blotting. In mitochondrial subcellular fraction, translational
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expression of cyt C was found to be gradually decreasing with an increase in OVMI dosage (Figure 7A &
7C); whereas, an opposite trend was noticed for cytosolic cyt C expression in MDA-MB-231 cells, treated
with OVMI (Figure 7B & 7D). Parallelly, translational expressions of molecules of the intrinsic apoptotic
cascade, i.e., Apaf-1, cleaved caspase 9, and caspase 3 were also evaluated. OVMI was able to increase
translational expressions of these proteins in MDA-MB-231 cells followed by cleavage of PARP,
emphasizing its ability for DNA degradation (Figure 7B & 7D)
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Figure 7: Effect of OVMI treatment on translation expression of molecules related to

mitochondrial apoptosis pathway: (A) Immunoblot analyses of mitochondrial cyt C where VDAC has
been utilized as an internal loading control. (B) Immunoblot analyses of cytosolic cyt C, Apaf-1, cleaved
caspase-9, cleaved caspase-3, and PARP-1 to rule out the occurrence of intrinsic apoptosis in vitro. Here,
fS-actin has been used as the loading control. (C-D) Densitometric analyses of respective immunablots.
“*” and “#” represent significant difference with respect to zero dose and ICsy treatment dose of OVMI
(P* < 0.05, P# < 0.05).
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4.45. Excessive cellular ROS drives cytotoxic ability of OVMI

Excessive cellular ROS and mitochondrial cyt C release are frequently correlated with the onset of
apoptosis (Ghosh et al. 2022). In continuation of previous experiments, we were keen to know whether
OVMI-mediated cell killing is ROS-driven or not. Thus, OVMI-treated MDA-MB-231 cells were stained
with DCFDA to check the amount of intracellular ROS generation in response to OVMI treatment.
Extents of green fluorescence emitted by fluorescent DCF in MDA-MB-231 cell (treated with different
doses of OVMI, i.e., 0, 10.20, and 30 pg/ml) was then compared flow-cytometrically and also through
confocal microscopy (Figure 8A-8B).
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Figure 8: OVMI works through inducing excessive ROS production in MDA-MB-231 cells: (A)
Flow cytometric study of intracellular ROS generation through DCFDA staining in response to dose-
dependent OVMI treatment. (B) Confocal microscopic imaging of DCFDA-stained, OVMI-treated MDA-
MB-231 cells (scale bar 10 um).
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Treatment with 10 pg/mL of OVMI was noticed to elicit of significant extent of ROS overproduction in
MDA-MB-231 cells. Moreover, ROS generation in MDA-MB-231 was found to be dose-dependent.
When MDA-MB-231 cells were subjected to NAC pretreatment along with OVMI exposure, cells were
noted to experience significantly lower ROS production (Figure 9A). Moreover, scavenging excess ROS
production was overserved to reduce OVMI-mediated overall cell death percentage (Figure 9B). When
checked through Annexin-V/PI affinity binding assay, a similar outcome was obtained; i.e., NAC
pretreatment was found to reduce apoptotic cell counts from 56.29 % (treated with 30 pg/ml OVMI

alone) to 18.26 %. Such results indicate inhibition can severely damage the cell-killing ability of OVMI in
MDA-MB-231 cells (Figure 9C).
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Figure 9: Effect of NAC pretreatment on OVMI-treatment outcome: (A) Flow cytometric
histogram showing changes in intracellular ROS content upon NAC pretreatment. (B) Effect of NAC
pretreatment upon cell viability percentage of OVMI-treated MDA-MB-231 cells. (C) Effect of NAC-
pretreatment upon OVMI-mediated apoptosis of MDA-MB-231 cells.

When translational expressions of chief apoptotic molecules were checked, it was observed that NAC-
mediated inhibition of ROS overproduction, reduced Bax and cleaved caspase 3 expression in OVMI-
treated MDA-MB-23 cells along with comparatively higher Bcl-2 expression (Figure 10A-10B).
However, it must be noted that NAC + OVMI treatment cannot completely reverse OVMI-mediated
cytotoxicity in MDA-MB-231. Hence, it can be speculated that beyond ROS overload there must be some
other mechanism/s involved to drive proapoptotic property of OVMI.
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Figure 10: (A) Immunoblot analysis of Bcl-2, Bax, and cleaved caspase 3 upon NAC pretreatment.
(B) Densitometric analysis of the NAC pretreatment immunoblots. All data are representatives of three
individual experiments where “*” and “#” represent significant differences with respect to control and

OVMI-treated groups, respectively, (P* < 0.05, P# < 0.05).
4.4.6. OVMI treatment sensitizes MDA-MB-231 cells towards ER stress with CHOP upregulation

Following the elucidation of OVMI-mediated apoptotic death induction in MDA-MB-231 cells via ROS-
mediated mitochondrial cascade, we again questioned the involvement of another probable signaling
pathway that may act in association with ROS generation. Inline, we studied the effect of OVMI
treatment on mitochondrial health again through mitochondrial swelling assay. From this study, it was
noticed that apart from changes to mitochondrial membrane potential, OVMI could induce Ca?*-mediated
mitochondrial swelling in MDA-MB-231 cells (Figure 11A). To ensure, whether such excessive
mitochondrial swelling has resulted from faulty Ca* homeostasis, translational expression of calpain 1 (a
major protein involved in Ca?* homeostasis) (Storr et al. 2011) was checked through western blotting and
found to be elevated due to OVMI treatment (Figure 11B-11C). Now, it is noteworthy that the
endoplasmic reticulum (ER) is known to be the center of maintaining cellular Ca?* homeostasis (Papp et
al. 2020). Hence, in the current study, the effect of OVMI treatment on ER health in vitro was evaluated.
In this context, it is important to remember that excessive ROS production and imbalance of ER-protein
folding are linked often, subsequently which may result in ER stress provoking unfolded protein response
(UPR) cascade providing an opportunity for proper folding of proteins. However, when the defect cannot
be resolved, UPR can signal cell death decisions upstream and irrespective of the mitochondrial gateway
of death (Bravo et al. 2013). Thus, we looked for changes in the translational expression of molecules
related to the UPR cascade. Here also, enhanced translational expressions of GRP78, phosphorylated elF-
20, and CHOP in a dose-dependent fashion were visible in OVMI-treated MDA-MB-231 cells (Figure
11B-11C). CHOP upregulation is also known to be associated with Bcl-2 downregulation (Li et al. 2019)

which corresponds to immunoblot expression of Bcl-2 represented in Figure 5A.
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Figure 11: OVMI exerting in vitro ER stress in MDA-MB-231: (A) Mitochondrial swelling of
OVMI-treated MDA-MB-231 cells with dose dependency. (B) Immunoblot expression of proteins involved
in ER stress pathway. (C) Densitometric analyses of translational expression of calpain-1, GRP78,
phosphor-elF-2a, and CHOP. “*” and “#” represent significant differences with respect to zero treatment
dose and ICso dose of OVMI respectively (P* < 0.05, P# < 0.05).

4.4.7. OVMI induces in vitro retardation of TNBC cell migration

Apart from that, MDA-MB-231 cells are known to be highly metastatic with their eminent migratory
nature. Hence, we also inspected about anti-migratory roles of OVMI (if any). Thus, a bidirectional
wound-healing assay was performed in MDA-MB-231 cells (Figure 12A). It has been observed that in the
control group of cells, gradually almost filled up wound space after 24 hours (wound representing 14.57 +
2.53 % of total area) whereas, OVMI is effective in inhibiting migration of MDA-MB-231 cells dose-

dependently. Even at a dose as low as 10 pg/ml, OVMI is effective in stalling cell migration significantly
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by representing a wound area accounting for 45.80 + 14.35 % of the total area (Figure 12B). After 24
hours, the wound area percentage was higher at the highest experimental dose, i.e., 30 pg/mL, accounting
for 93.15 + 4.12 %. This undoubtedly correlates with antimigratory properties imposed by OVMI (Figure
12B). Even after 48 hours of treatment, OVMI was potent enough to prevent the migration of MDA-MB-
231 cells on a 2D plane in a dose-dependent manner (Figure 12B).
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Figure 12: OVMI exerting in vitro anti-migratory effect on MDA-MB-231 cells: (A) Bright-field
microscopic images of bidirectional wound healing in MDA-MB-231 cells after being treated with OVMI
at three successive doses for 24 and 48 hrs. (B) Anti-migratory effect of OVMI expressed in form of a

percentage of wound area healed.
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For evaluating the effect of OVMI on migratory properties of MDA-MB-231 cells, we further performed
immunoblot analysis of proteins related to epithelial-to-mesenchymal transition (EMT) of cancer cells,
such as E-cadherin, N-cadherin, and vimentin. OVMI treatment declined translational expression of
mesenchymal marker N-cadherin and vimentin (Figure 13A-13B). In this context, it is important to state
that E-cadherin which seems to be one of the most significant epithelial markers, has also been checked
through immunoblot analysis. Expression of E-cadherin, even in control MDA-MB-231 cells, was not
very prominent, probably due to mutated and hypermethylated promoter region of the gene responsible
for coding E-cadherin, specific to this cell line (Chao, Shepard, and Wells 2010, Eslami Amirabadi et al.
2019). However, no significant change in the translational expression of E-cadherin upon OVMI
treatment was noted (Figure 13A-13B). These findings discussed so far, clearly showed that apart from

the apoptotic impact on TNBC cells, OVMI is capable of imposing potent in vitro anti-migratory effects
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Figure 13: Effect of OVMI on EMT markers in vitro: (A) Immunoblot analyses of protein involved

in epithelial-mesenchymal transition of OVMI-treated MDA-MB-231 cells. f-actin had been employed
here as the internal loading control. (B) Densitometric analyses of immunoblots of E-cadherin, N-
cadherin, and vimentin. All data are representatives of three separate experiments, where “*” and “#”
represent significant differences with respect to zero treatment dose and 1Cso dose of OVMI respectively,

(P* < 0.05, P# < 0.05).
4.4.8. Antitumorigenic effects of OVMI on 4T1-induced mammary tumors in female Balb/c mice

Furthermore, for validating the anticancer effect of OVMI, a synergistic in vivo mice model was built by
injecting 4T1 cells in mammary fat pad regions of immune-competent female Balb/c mice. Tumors grew
in size till the day of sacrifice in the group containing untreated tumor-bearing mice. However, the group
of mice that received OVMI intravenously at a concentration of 10 mg/kg body weight, exhibited a

significant reduction in tumor volume along with the time of the entire treatment period.
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Reductions in tumor weight and volume were highest among the animals of group PTso (Figure 14C-
14D). In this context, we have found a dose-dependent reduction in tumor size upon OVMI treatment.

Moreover, tumor tissues were examined histologically along with their morphological evaluation (Figure
14A).
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Figure 14: In vivo anti-tumorigenic activity of OVMI: (A) Representative photographs of resected

tumor tissues showing an overall reduction in tumor size. (B) Representative micrograph of H & E-
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stained tissue sections of mammary tumor tissues from female Balb/c mice. Overall reduction in (C)
tumor volume and (D) tumor mass after OVMI treatment. Changes in splenic profile exhibited (E)
representative photographs of spleens collected from tumor-bearing OVMI-treated mice and (F) changes
in splenic mass after being treated with OVMI. “*” and “#” represent significant differences with respect
to control and OVMI (ICsp)-treated groups respectively, (P* < 0.05, P# < 0.05).

Microscopic observations of H & E-stained tumor tissue sections revealed restoration of better tissue
architecture and reduced number of multinucleated cells upon OVMI treatment (Figure 14B). 4T1
carcinoma cells are capable of inducing a leukemoid reaction to the spleen resulting in the occurrence of
splenomegaly (Chen and Ross 2012). This is probably because 4T1 cells are capable of inducing a
leukemoid reaction to the spleen resulting in the occurrence of splenomegaly. Notably, signs of
splenomegaly were also reduced in treated mice may be due to an overall reduction in tumor load (Figure
14E-14F.

4.4.9. OVMI induced apoptosis and reduced EMT markers in primary mammary tumor

As recorded from earlier in vitro observations, we wanted to know whether OVMI follows a similar
mechanism of apoptosis induction in vivo as well. So, tissue sections of mammary tumors were subjected

to TUNEL assay to validate the in vivo proapoptotic nature of OVMI.

Indications of DNA fragmentation by nicking, specific to late apoptosis were observed to be significantly
higher in treated groups with respect to the PTnc group. Furthermore, an increase in OVMI dosage was
found to increase the TUNEL-positive apoptotic index in vivo dose-dependently (Figure 15A).
Additionally, immunohistochemical expressions of PARP1 and Ki67 were studied in resected breast
tumor tissues (Figure 15B). It was quite prominent that OVMI treatment was highly effective in
increasing PARP1 expression in vivo along with a significant reduction in expression of proliferation
marker Ki67 (Tuninetti et al. 2023, Chopra et al. 2020).

Apart from apoptotic and proliferation markers, in vivo, the anti-migratory effect of OVMI was evaluated
immunohistochemically in the resected mammary tumors. Evaluation of EMT markers such as E-
cadherin and N-cadherin were examined here (Tuninetti et al. 2023) (Figure 16). Tissue-specific reduction
in immunohistochemical expression of N-cadherin and enhancement of that of the E-cadherin in a dose-

dependent manner signifies migratory effectivity of OVMI in vivo.
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Figure 15: OVMI is capable of exerting apoptosis in vivo: (A) Confocal micrographs depicting
TUNEL-positive apoptotic tissue section of mammary tumor tissue of female Balc/c mice (Scale bar 50
um). (B) In vivo apoptotic and anti-proliferative effectivities of OVMI on resected mammary tumor tissues
(from group PTnc to PT3g) through microscopic evaluation (20X magnification) of immunohistochemical
expression of PARP-1 and Ki67.
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Figure 16: Anti-migratory effect of OVMI through immunohistochemical expressions of EMT
markers in mammary tumor tissue: (A) Immunohistochemical expression of E-cadherin and N-cadherin
in vivo in resected primary mammary tumor tissues captured by bright field microscope (20X

magnification).
4.4.10. OVMI reduces 4T1-induced secondary lung metastasis in female Balb/c mice

The effect of OVMI was evaluated on female Balb/c mice having 4T1-induced secondary pulmonary
metastasis (Figure 17A). OVMI treatment has been found to reduce the number of external metastatic
pulmonary nodule-count dose-dependently. Also, there was a significant reduction in the weight of lungs
in OVMI-treated mice in comparison to untreated ones, emphasizing its altogether antitumorigenic and
antimetastatic roles in vivo (Figure 17B-17C). To get a deeper insight into the effect of OVMI treatment
against 4T1-induced secondary lung metastasis, the translational expressions of molecules significant in
this respect were studied. In this regard, it is noteworthy that both MMP-2 and MMP-9 belong to zinc-
based endopeptidases which through the destruction of extracellular matrix proteins play key roles in
tumor invasion, metastasis, and angiogenesis (Somiari et al. 2006, Coussens and Werb 1996, Duffy et al.
2000). Here, we have found that translational expression of MMP-2 and MMP-9 were higher in the lungs
of mice where 4T1-induced metastasis was left untreated; whereas, such upliftment was reduced by the
intravenous administration of OVMI (Figure 17D-17E). Another two molecules, ICAM-1 and VCAM-1
have been checked also as they are known to be associated with the endothelial adhesion of cancer cells
resulting in the induction of metastasis and promotion of tumor invasiveness (Carlos and Harlan 1994,
Coskun et al. 2006, Polychronidis et al. 2003). OVMI treatment was potent enough to reduce VCAM-1
dose-dependently though ICAM-1 expression was found not to be significantly responsive to OVMI

treatment in a dose-dependent manner (Figure 17D-17E).
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Figure 17: Anti-metastatic effect of OVMI treatment on secondary lung metastasis in vivo:
Determination of capability of OVMI for the reduction of 4T1- induced secondary pulmonary metastasis
by (B) representative photographs of lungs resected from female Balb/c mice showing a reduction in
secondary pulmonary metastasis, (C) reduced pulmonary weight, and (D) reduced number of external
nodules on the surface metastatic lungs. “*” represents significant differences with respect to the LMNC
group and “#” represent significant difference with respect to the LM20 group (P* < 0.05, P# < 0.05).
(E) Immunoblot analysis of metastatic parameters in untreated and OVMI-treated female Balb/c
metastatic lung tissues. (F) Densitometric analysis of MMP-2, MMP-9, VCAM-1, and ICAM-1 in
metastatic lung tissues. “*” represents significant differences with respect to the LMNC group and “#”
represent significant difference with respect to the LM20 group (P* < 0.05, P# < 0.05).

4.4.11. OVMI is non-toxic to vital organs

Ideally, a successful anticancer agent must be able to kill neoplasm without causing any harm to normal
healthy body cells. For that anticancer agent must be biocompatible to the in vivo system. Hence, we
checked serum hepatic and renal parameters such as ALP, ALT, BUN, and creatinine (Figure 18A-18D).
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Figure 18: OVMI is safe to use in vivo: Analysis of systemic toxicity by assessing serum (A) ALT,
(B) ALP, (C) BUN, and (D) Creatinine in different experimental groups of mice. Data are represented by
mean = SD (n = 3).
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Figure 19: Body weight of female Balb/c mice over the treatment period

No toxic increase in these parameters was noted in response to OVMI treatment. Additionally, H & E-
stained hepatic, cardiac, renal, and pulmonary tissue sections were histologically assessed with no sign of
abnormality (Figure 19).

Besides, we looked for any treatment-induced abnormal change in body weight in all sets of experimental
mice (Figure 20). However, no significant abnormality was noted. Thus, OVMI can be said to be safe and
biocompatible in murine system when treated within the aforementioned experimental doses.
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Figure 20: OVMI is non-toxic to vital organs:Histological assessment of H & E-stained
microsections of murine heart, liver, kidney, and lung from different experimental groups with bright field

microscopy under 20X magnification.
4.5.  Conclusion

Despite significant advancements in clinical research over the past few decades, breast cancer remains the
leading cause of cancer-related deaths in women. The effectiveness of chemotherapeutic management
using conventional anticancer agents such as doxorubicin, cisplatin, and tamoxifen is severely
compromised due to their significant off-target adverse effects on healthy noncancerous cells (Aggarwal
et al. 2021). Consequently, the pursuit of novel therapeutic options continues. In this context, we have
selected a small synthetic molecule, OVMI, which has been extensively studied for its ability to
selectively eliminate cancer cells while minimally affecting normal cells (Figure 21). OVMI has
demonstrated the ability to cause a 50% reduction in the population of MDA-MB-231 cells when
administered at a concentration of 20.04 pg/mL. Notably, this effect does not pose a risk to the normal
epithelial NKE cells within the same concentration range, distinguishing OVMI from the cell-killing
mechanism employed by the metallodrug cisplatin. Additionally, studies conducted in vivo have
confirmed the safety and biocompatibility of OVMI in female Balb/c mice. This current investigation
aims to validate the apoptosis-inducing nature of OVMI in a dose-dependent manner, specifically by
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evaluating its impact on the expression ratio of Bax to Bcl-2 proteins in vitro. Furthermore, OVMI has
been observed to generate elevated levels of intracellular ROS and subsequently diminish the
mitochondrial transmembrane potential, thereby initiating the intrinsic apoptotic cascade in MDA-MB-
231 cells.
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Figure 21: Schematic representation of antineoplastic effect of OVMI

However, it is important to note that the ability of OVMI to induce cell death appears to only be partially
attributed to the ROS-mediated mitochondrial apoptosis mechanism. Moreover, OVMI can enhance ER
stress-induced UPR in MDA-MB-231 cells, which ultimately primes the cells for CHOP-mediated
apoptosis. However, it is crucial to address another clinical aspect of TNBC cells, which is their
significant metastatic potential. Through the use of OVMI treatment at higher concentrations, researchers
have discovered its effectiveness in inhibiting the migration of MDA-MB-231 cells across bidirectional
wounds on culture plates. This treatment also leads to a reduction in the translational expression of
metastatic markers such as vimentin and N-cadherin in vitro. Furthermore, in vivo studies have
demonstrated that OVMI can decrease the number of pulmonary nodules induced by 4T1 cells, along with
a concurrent decrease in the translational expression of specific metastatic markers. As a result, signs of
secondary lung metastasis of 4T1 cells in female Balb/c mice are significantly reduced. OVMI has the

potential to not only reduce the size and volume of primary mammary tumors but also to decrease cancer
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cell proliferation and the presence of EMT markers. Additionally, OVMI can enhance the expression of
apoptotic markers in 4T1-induced mammary tumors. It is important to note that TBNC is a complex
disease that manifests as a multimodal condition, often characterized by heightened drug efflux, severe
chemoresistance, and a propensity for aggressive metastasis. Consequently, patients with TBNC often
have a poor prognosis. Therefore, there is a need for chemicals that can target multiple signaling
pathways involved in carcinogenesis, while minimizing harm to vital organs and circumventing
chemoresistance. In this context, OVMI emerges as a promising chemotherapeutic agent for future
clinical investigations, as it possesses the versatility and the ability to exert cytotoxic, antiproliferative,

and antimetastatic effects on TNBC in various ways.
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Chapter 5

Folic Acid-Functionalized pH-responsive
Mesoporous Silica Nanocarrier-assisted Enhanced
Antineoplastic Efficacy of Chrysin in Breast Cancer
Therapy
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5.1. Introduction

Standard cancer therapeutics include surgical resection of tumor mass, hormonal inhibition,
chemotherapy and radiation; altogether which only offer limited benefits in cancer treatment leading to
collateral damage to vital organs and decreased post-treatment average patient survival (Sengupta and
Balla, 2018). Such disparity calls for the significance of advanced and thoughtful strategies leading to
minimal off-target toxicity. In this context, naturally-occurring flavonoid-phytochemicals attract our
attention as prospective anticancer agents. Among several other flavonoids, 5,7-dihydroxyflavone (Figure
1), also known as chrysin, is an attractive option. However, inadequate absorption- and rapid metabolism-
driven poor bioavailability and insufficient water solubility are the current major challenges for chrysin to

be considered in cancer therapeutics (Walle et al., 2001).

HO o)
OH o)
Figure 1: Chemical structure of chrysin (5,7-dihydroxyflavone)

In line, bioavailability and subsequent efficacy of chrysin can be uplifted by packing it inside tumor cell-
specific ligand-labeled smart nanocarrier which will be capable of stimulus-responsive drug unloading at
tumor microenvironment (Wang, Lu, et al. 2021, Sun et al. 2022). Such tumor-specificity can be achieved
easily by functionalizing nanocarrier surface through cognate ligand mounting (Deshayes et al., 2013).
Additionally, premature and unnecessary off-target unloading of the therapeutic agents can be
accomplished by modulating nanocarrier for stimuli-driven drug release (Garcia-Bennett, Nees, and
Fadeel 2011, Salinas et al. 2018, Wang, Zhang, et al. 2021). Among several stimuli-guided drug release
mechanisms, change in pH is the most studied one, as tumor microenvironment is known possess a sharp
pH-gradient (Kundu et al. 2019). By acknowledging modulation procedures, here, we have formulated a
mesoporous silica nanoparticle (mSiOz)-based nanocarrier for chrysin where polyacrylic acid (PAA)
coating has provided a superior ‘molecular gate’-like effect to deliver its cargo following the change in
pH. Further, tumor-selectivity has been achieved through folic acid (FA) fabrication. In this regard, it is

important to state that mSiO, has been selected due to its phenomenal features of silica scaffold which is
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suitable for pH-guided controlled release of drug at tumor site following a steady state kinetics (Salinas et
al. 2018, Giret, Wong Chi Man, and Carcel 2015, Lu et al. 2010). In addition to nanohybrid formulation,
we have studied enhanced cellular uptake and consequent increased bioavailability, anticancer effectivity
of chrysin both in vitro and in vivo. Study was extended to find out possible molecular mechanisms
responsible for chrysin nanocarrier-driven cell killing in MCF-7 cells and further validated in Ehrlich

Ascites Carcinoma (EAC) cell-induced solid tumors in Swiss Albino mice.
5.2. Utilized reagents

Required chemicals were procured from eminent chemical and biochemical companies as stated in

Chapter-2 under section 2.1.

5.3. Methods

5.3.1. Formulation of amine (-NH)-functionalized mSiO,

Chemical formulation of mSiO, was done by chemical combination of CTAB, NaOH and TEOS. Further

amine functionalization with addition of APTES was done as discussed section 2.2.3.1 of Chapter 2.
5.3.2. Chrysin entrapment inside aminated mSiO and formulation of Chr-mSiO;

Chrysin was ensnared inside the pore of mSiO; in 2:1 feed ratio as described in Chapter-2 under section

2.2.3.2. followed by calculation of respective percentage of DLC and DEE.
5.3.3. PAA addition upon Chr-mSiO; (Chr-mSiO.@PAA)

Chr-mSiO, and PAA in 1:1 mass ratio, were combined to prepare Chr-mSiO,@PAA as described in
chapter-2 under section 2.2.3.3.

5.3.4. Preparation of Chr-mSiO.@PAA/FA through FA labelling

Chr-mSiO.@PAA was added to FA in 2:1 weight ratio to formulate Chr-mSiO,@PAA/FA as discussed in
Chapter-2 under section 2.2.3.4.

5.3.5. Preparation of fluorescent mSiO, nanoconjugates

According to the method described in chapter-2 under section 2.2.3.5, Chr-mSiO.@FITC and Chr-
mSiO@FA/FITC were prepared through conjugation of FITC with Chr-mSiO, and Chr-mSiO,@PAA

respectively.
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5.3.6. Characterization of nanoconjugates

Synthesized nanoconjugates were characterized at each step by FTIR spectra, specific UV absorption
spectra, DLS and zeta potential analyses. TEM and SEM were performed to as represented in detail in
chapter-2 under section 2.2.3.6.

5.3.7. Hemolytic capability of nanoconjugates

Changes in nanoconjugate-induced hemolysis, at each step from bare mSiO; up to the final modification,

were assessed according the protocol discussed in chapter-2 under section 2.2.3.7.
5.3.8. Protein adsorption on surface of nanoconjugates

Adsorption of protein on the surface of prepared nanoconjugates was measured spectrophotometrically

using BSA as discussed in chapter-2 under section 2.2.3.8.
5.3.9. Stimuli-responsive release profile of chrysin

Here, we have studied pH-dependent release of chrysin from mSiO, nanoconjugates through mounting
PAA. Study of chrysin release due to pH-sensitivity was done at different pH-conditions (pH 7.4, pH 6.0
and pH 5.0) following the protocol described in chapter-2 under section 2.2.3.10.

5.3.10. Cell culture

Seeding, culture and respective maintenances of MCF-7 and NKE cells were done according to the

standard protocol mentioned in chapter-2 under section 2.2.1.1.
5.3.11. Invitro cellular uptake of nanoconjugates and release of chrysin

After treatment with Chr-mSiO.@FITC and Chr-mSiO.@FITC/FA, FA-guided uptake of mSiO,
nanoconjugates in MCF-7 cells were checked flowcytometrically at 520 nm and were validated through
confocal scanning laser microscopy as per the protocol mentioned in chapter-2 under section 2.2.3.9. For
studying intracellular release of chrysin from nanohybrids, both MCF-7 cells and NKE, both cells were

treated and finally spectrophotometric reading was taken at 315 nm (discussed in the section 2.2.3.10.).

5.3.12. Cytotoxic effect of synthesized chrysin nanoconjugates

Standard MTT assay was carried out on both MCF-7 and NKE cells following the protocol described in
chapter-2 under section 2.2.1.2. Treatments were made with free chrysin, Chr-mSiO.@PAA, Chr-
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mSiO,@PAA/FA and mSiO,@PAA/FA for 24 hours in a range of five doses from 5 pg/ml to 40 pg/ml of
free chrysin and corresponding equivalent concentrations of chrysin-loaded nanoconjugates.

5.3.13. Determination of mode of cell death

Chrysin nanoconjugates-mediated mode of cell death in MCF-7 cells, was checked by Annexin V/FITC
staining followed by flowcytometric and confocal microscopic analysis as stated in chapter-2 under
section 2.2.1.4.

5.3.14. Intracellular cumulative ROS generation

Intracellular ROS content in MCF-7 cells, following the treatment with LCso doses of free chrysin, Chr-
mSiO,@PAA and Chr-mSiO.@PAA/FA was made using DCFH-DA staining as stated in chapter-2 under

section 2.2.1.5. Results were evaluated through flowcytometry and confocal microscopy.
5.3.15. Invitro mitochondrial membrane potential detection

Following the treatment with nano-chrysin-formulations, mitochondrial membrane potential was
determined according to the protocol described in chapter-2 under the section 2.2.1.6. using JC-1 dye

followed by flow cytometric analysis using BD FACS Verse flow cytometer.
5.3.16. Detection of in vitro oxidative status

Changes in oxidative status of MCF-7 cells after being treated with free chrysin, Chr-mSiO,@PAA and
Chr-mSiO.@PAA/FA, was investigated by evaluating intracellular GSH and GSSG content; extent of
intracellular lipid peroxidation; quantifying catalytic activities of antioxidant enzymes, such as, SOD and
CAT as discussed in sections 2.2.1.7.,2.2.1.8. and 2.2.1.9.

5.3.17. Cell cycle distribution analysis

Cultured MCF-7 cells were analyzed flow cytometrically for cell cycle distribution after being treated
with free chrysin and Chr-mSiO,@PAA/FA. Pl was used to stain for this assessment. Detailed protocol

has been discussed in chapter-2 under section 2.2.1.10.
5.3.18. Whole cell protein extraction & immuno-blotting

MCF-7 cells, treated with LCso dose of free chrysin and corresponding equivalent doses of Chr-
mSiO,@PAA and Chr-mSiO,@PAA/FA, were lysed in 1X RIPA lysis buffer followed by quantification of
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total protein concentration in cell lysates as per the protocol discussed earlier in chapter-2 under section
2.2.1.14. Cell lysate from each experimental group were then compared for translational expression of
certain selective proteins using primary antibodies against GSK-3, cyclin D1, p-Akt, cytochrome C,
Apaf-1, Bax, Bcl-2, cleaved caspase 9 and cleaved caspase 3 through immune blotting as explained in
chapter-2 under section 2.2.1.15. p-actin was used as internal loading control.

5.3.19. Inhibitor study

Effect of NAC-based ROS inhibition was studied in Chr-mSiO.@PAA/FA-treated MCF-7 cells as
discussed in chapter-2 under the section 2.2.1.16. Following ROS inhibition, cells were checked for
intracellular ROS content, cell viability % through MTT assay, extent of apoptosis through Annexin-V
staining and protein-level expression study of Bcl-2 to Bax ratio and cleaved caspase-3 via

immunoblotting.
5.3.20. Study of tumor regression study in EAC-induced tumor-bearing Swiss Albino mice

Thirty Swiss Albino mice (4-6 weeks old and weighing 23-25 gm) were received from central animal
house of Bose Institute, Kolkata, India, were acclimatized and maintained in laboratory condition
according to the standard guidelines explained in chapter-2 under the section 2.2.2.1. Ten days after EAC-
induced tumor inoculation (following the standard protocol explained previously in chapter 2 under the
section 2.2.2.2.), twenty-four tumor-bearing mice were segregated randomly in four groups (namely, T1,
T2, T3 and T4), each group carrying a total of six animals. Mice receiving no EAC injection were
designated to group-TO. Twenty-four tumor-bearing mice bunched in four groups (T1-T4) received tail-

vein injection for two consecutive weeks on alternative days as follows:

TO — control mice without tumor

T1- treated with intravenous PBS of pH 7.4 (tumor control)

T2 — treated with intravenous chrysin solution (10 mg per kg body weight)

T3 treated with intravenous Chr-mSiO@PAA solution (60.60 mg per kg body weight)
T4 — treated with intravenous Chr-mSiO.@PAA/FA solution (74 mg per kg body weight)

Mice were evaluated for any changes in body weight and tumor volume on day-to-day basis throughout
the entire treatment period. Tumor volume was measured by following equation: Tumor Volume =
[(tumor length) x (tumor width)?] / 2
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Later, upon the completion of entire treatment period, mice were sacrificed by cervical dislocation and
precautions were taken to reduce pain and suffering of the animals. Tumors from each group (T1-T4)
were collected and studied for spot weight and volume calculation. Further, spleen from tumor-bearing
mice were collected to evaluate tumor-responsive splenomegaly and any changes related to the same.
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Scheme 1: Schematic work plan for EAC-mediated solid tumor induction in Swiss Albino mice and
further treatment with chrysin-nanohybrids.

5.3.21. Assessment of chrysin uptake in tumor tissue through HPLC performance

Efficacy of nanoencapsulation of chrysin and its further medication in terms of increased tumor-tissue
specificity was evaluated through assessing chrysin uptake in tumor tissues of treated mice. HPLC was
performed for estimation of chrysin uptake in tumor tissues following the protocol discussed in chapter-2
under the section 2.2.3.11.

5.3.22. Immunohistochemical study of in vivo proapoptotic behavior of chrysin nanohybrid

Immunohistochemical expressions of caspase-9 and caspase-3 were evaluated on resected tumor tissue
sections using IHC assay kit (Abcam, ab80437) following manufacturer’s guidelines are described under
the section 2.2.2.10. in chapter-2.

5.3.23. Systemic toxicity assessment

To examine nanoconjugate induced systemic toxicity, twelve wildtype Swiss Albino mice were divided

into four groups (S1-S4). These mice were subjected to treatment schedule of fourteen days as follows:
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S1 - control group of mice receiving 1X PBS (pH 7.4) intravenously.

S2 — mice treated with free chrysin intravenously (10 mg kg-1 body weight).

S3 - mice receiving intravenous Chr-mSiO2@PAAtreatment (60.60 mg kg-1 body weight).
S4 - mice receiving intravenous Chr-mSiO2@PAA/FA treatment (74 mg kg-1 body weight).

After completion of entire treatment, mice were sacrificed. Blood and serum were collected for checking
hepatic and renal heath parameters such as ALP, ALT, BUN and creatine, following the protocol described
in section 2.2.2.5. Additionally, vital organs such as lung, liver, kidney and heart were resected out to

check any treatment-induced sign of tissue-specific histological abnormality.
5.3.24. Histological assessment

Resected tumor and splenic tissues from tumor-bearing mice as well as tissues of vital organs from
systemic toxicity experimental groups were evaluated histologically as described in chapter-2 under the
section 2.2.2.6.

5.3.25. Statistical analysis
Statistical analyses were carried out as described under the section 2.2.4. in chapter-2.

5.4. Results and Discussion
5.4.1. Characteristic properties of Chr-mSiO, nano-formulations

Schematic description of Chr-mSiO.@PAA/FA formulation has been depicted in Figure 2.

Chrysin

mSiO, Chr/mSiO, Chr/mSiO,-PAA Chr/mSiO,-PAA/FA

Figure 2: Schematic representation of step-by-step formulation and modification of mSiO; -based

chrysin nanohybrids.
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In short, synthesized mSiO, was amine (-NHy) functionalized initially, followed by chrysin entrapping
into the pores of aminated mesoporous nanoparticles. Amine functionalization provided positive charge to
the bare mSiO, nanoparticles that was anticipated to ease the loading process of negatively charged
flavonoid, chrysin, inside mSiO; pores. Unexpected drug leakage was diminished by providing a coating
of PAA on the surface of Chr-mSiO; nanoconjugates. Finally, Chr-mSiO.@PAA/FA was formulated by
labelling FA on the PAA-coated nanoconjugate to achieve FA-specific tumor targeting. Actual size and the
overall morphology of synthesized nanoconjugates were investigated by performing TEM and SEM.

TEM image reveals well-defined porous and almost spherical morphology of bare mSiO, with an average
diameter of 34.167 nm (Figure 3A & 3D).
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Figure 3: Characterization of chrysin-nanohybrid by TEM, SEM, EDX, XRD: Representative

TEM photographs of (A) bare mSiO, and (B) Chr-mSiO,@PAA/FA. (C) SEM photograph of Chr-
mSiO.@PAA/FA. Diameter-wise particle distribution of (C) bare mSiO, (TEM), (D) Chr-mSiO,-PAA/FA
(TEM) and of (E) Chr-mSiO,-PAA/FA (SEM). (F) EDX analysis of Chr-mSiO.@PAA/FA. (G) XRD graphs
of bare mSiO; and final chrysin nanoconjugate Chr-mSiO,@PAA/FA.
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Finally obtained Chr-mSiO,@PAA/FA exhibited almost similar nearly-spherical morphology as that of
the bare mSiO, but differed in an increase in particle size to an average diameter of 47.619 nm and blurry
pores (Figure 3B & 3E). These suggest the presence of PAA and FA layers around. Corresponding SEM
image of Chr-mSiO.@PAA/FA also validates the same (Figure 3C & 3F). The EDX analysis was
performed to ensure chemical nature of final nanocomposite, Chr-mSiO.@PAA/FA and was found to
contain C, N, O and Si (Figure 3G). The X-ray diffraction spectral patterns of bare mSiO, and final Chr-
mSiO,@PAA/FA were investigated too. In both cases, no distinctive crystalline peak was found and broad
peaks at 2e values in between 20° to 30° were found that specify amorphous natures of both mSiO; and
Chr-mSiO.@PAA/FA (Figure 3H)

FTIR spectra were collected at each step of nanoconjugate modification to validate successful loading of

chrysin and subsequent addition of PAA and FA (Figure 4).
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Figure 4: Characterization of chrysin-nanohybrids by FTIR spectra analysis: FTIR spectra of

free chrysin, Chr-mSiO,, Chr-mSiO,@PAA, Chr-mSiO.@PAA/FA

A spectral peak at 1075 cm specific to Si-O stretching bond vibration in bare mSiO, shows successful

formulation of mesoporous silica nanoparticle. Additional peaks at 1635 cm™ and 3435 cm™ are due to
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respectively bending and stretching vibrations of N-H bond which demonstrates successful -NH;
functionalization of mSiO, (Kundu et al., 2020). Additionally, a series of peaks from 1653 cm™ to 1245
cm? region in FTIR spectrum of chrysin, are also visible in the FTIR spectrum of Chr-mSiO,, indicating
successful loading of chrysin. Presence of two new peaks at 1634 cm™ and 1564 cm™ in the FTIR
spectrum of Chr-mSiO.@PAA, reveals presence of respectively C=0O stretching vibration and N-H
bending vibrations of amide linkage. FTIR spectrum of Chr-mSiO.@PAA/FA, similarly, shows peaks at
1682 cm™, 1635 cm™ and 1570 cm™® assigning stretching vibrations of carboxylic acid group of lastly

added FA along with C=0 stretching vibration and N-H bending vibration of amide bond respectively
Nano-formulations were also characterized by their specific UV-vis absorption spectra (Figure 5A).
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Figure 5: Characterization of chrysin nano-hybrids by analyzing (A) UV-VIS spectra, (B)

hydrodynamic sizes through DLS and (C) zeta potentials.

No absorption spectrum was obtained in a wavelength range of 250-400 nm for mSiO, and aminated
mSiO; (data not shown). Two characteristics absorption peaks of pure chrysin were obtained; strong one
at 272 nm (created due to @ — w* transition in benzoyl system) and another weak one at 315 nm (due to
absorbance of cinnamoyl system) (Zeng et al., 2003). The absorbance peak at 315 nm was considered as

characteristic peak for chrysin for any UV-based detection throughout the study. Successful chrysin
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entrapment was validated further as both of these characteristic peaks were present in UV-spectrum of
Chr-mSiO.. As the capping agent PAA didn’t exhibit any absorption spectrum in aforementioned UV-vis
range, Chr-mSiO,@PAA had no distinct absorption spectrum distinct from that of the Chr-mSiO..
However, significantly reduced absorption intensity of Chr-mSiO.@PAA with respect to that of the Chr-
mSiO,, signifies satisfactory PAA-coating around Chr-mSiO,. Targeting molecule FA itself exhibits a
distinct absorption peak at 289 nm due to m — 7* transition of pterin ring which can be noticed at 290 nm
in the absorbance spectrum of Chr-mSiO,@PAA/FA. Nevertheless, another absorbance peak of free FA at
364 nm is also evident in UV-vis spectrum of Chr-mSiO.@PAA/FA.

Hydrodynamic sizes of synthesized nanoconjugates were determined through DLS (Figure 5B). Average
hydrodynamic size of bare mSiO, was recorded to be 111.85 + 5.303 nm; whereas, that of the Chr-mSiO,
Chr-mSiO.@PAA and Chr-mSiO,@PAA/FA were found to be respectively 164.35 + 15.485 nm, 264.90 +
8.768 nm and 387.45 + 4.030 nm. Successive increase in average hydrodynamic diameter related to
sequential modification steps, validates successful nano-modulation of bare mSiO.. In this regard, it is
important to state that hydrodynamic sizes of nanoconjugates significantly differ from actual sizes

measured by TEM due to the formation of aqueous layer surrounding the nanoparticles during DLS study.

Finally, nanoconjugates were studied through their characteristic zeta potential values at each of
modification (Figure 5C). Zeta potential of aminated mSiO. was highly positive (38.30 £ 0.707 mV)
which modulated only to a little extent (33.60 + 0.565 mV) after chrysin entrapping and a little probable
adsorption. After fabrication of negatively charged PAA onto Chr-mSiO,, average surface charge of Chr-
mSiO,@PAA was a way more negative (19.65 + 2.333 mV). Lastly, FA addition to the carboxyl group of
PAA through amide bonding were expected to leave the carboxylic group of FA free on Chr-
mSiO,@PAA/FA surface leading to a highly negative average zeta potential (-24.40 £ 1.272 mV) of Chr-
MSiO,@PAA/FA.

5.4.2. Biocompatibility and stability assessment of chrysin-nanocarrier

An ideal nanocarrier must be highly biocompatible in order to minimalize unwanted adverse effect.
Hence, hemocompatibility of the final nanocarrier, mSiO.@PAA/FA was checked by hemolysis assay
(Figure 6A). It has been found to be highly hemocompatible (exhibiting 7.34 % hemolytic activity), even
at a concentration of 500 pg/ml in contrast to initial bare mSiO. (exhibiting 32.75 % hemolytic activity).
Lowered hemolytic activity of mSiO,@PAA/FA may be due to the shielding effect on the surface silanol
groups of naked mSiO, by PAA-FA layering as it prevents interaction of silanol groups to the RBC

membrane, rendering RBC membrane less disturbed and damaged.
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Besides, study of protein adsorption is also of great worth as it explains possibility of nanoparticle
clumping within bloodstream. Result from BSA adsorption study (Figure 6B), illustrates that PAA and FA
modification on mSiO, has reduced BSA adsorption. In contrast to BSA adsorption on bare mSiO; (18.83
wt %), PAA coating and FA labelling has been shown to lower the same in mSiO.@PAA and
mSiO,@PAA/FA to 10.7 wt % and 18.83 wt % respectively. Such decrease in BSA adsorption not only
ensures stability of circulating nano-conjugate but also prolongs blood circulation time of the synthesized

nanocarrier.
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Figure 6: Assessment of in vitro stability and biocompatibility of chrysin nanoconjugate. (A)

Hemolysis at different concentrations of mSiO, and mSiO.@PAA/FA. (B) Unadsorbed amount of BSA of
mSiOz, mSiO,@PAA and mSiO.@PAA/FA. Data are represented as mean £ SD (n = 3). (C)
Hydrodynamic size (d.nm) of Chr-mSiO.@PAA/FA on 0", 7" and 14" day after synthesis.

Stability of the nanoconjugates was evaluated by checking whether the synthesized nanoformulations
swell due to prolonged suspension in aqueous media or not. Thus, the final nanohybrid, Chr-
mSiO,@PAA/FA was suspended in 1X PBS (pH 7.4) supplemented with 10 % FBS in order to mimic
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condition similar to human plasma and was further examined with DLS for respective average
hydrodynamic diameters on 7™ and 14" day post-incubation. Comprehensive result mentioned in Table 1
and Figure 6C, suggests no significant change in hydrodynamic diameter of Chr-mSiO,@PAA/FA over
two weeks. Moreover, the lower PDI values indicate homogeneous size distribution and stability of the

final nanohybrid within the circulating blood-stream.

Chr-mSiO,@PAA/FA
Size Size Size

Average (d.nm) 387.45  0.461 394.30 0.391 398.05 0.543
SD (% d.nm) 4.030 0.169 2.545 0.070 0.212 0.148

Table 1: Time dependent changes in hydrodynamic sizes and corresponding PDI values of Chr-
mSiO2@PAA/FA

5.4.3. PAA-coating mediated pH & time-responsive steady release of chrysin

In order to explore advantage of PAA capping, release patterns of chrysin in cell-free system were noted
from Chr-mSiO; and Chr-mSiO.@PAA over a period of 48 hours. Chrysin release from the Chr-mSiO>
has been found to be pH-independent (Figure 7A).
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Figure 7: pH-dependent release of chrysin: The release profiles of Chr from (A) Chr-mSiO; (B)

Chr-mSiO,@PAA nanocomposites under different pH conditions (pH 7.4, 6.0 and 5.0) for a time span of
0-48 hours.
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Within first 6 hours, a burst effect was evident that seemed to be related to release of surface-adsorbed
nanocarrier (Jabbari et al., 2018). Release increased with time over a period of 48 hours at pH 7.4.
However, at a lower pH (pH 5), chrysin release did not change significantly. Such pH-independent
behavior of chrysin is probably due to lack of ionic interaction with mSiO, nanocarrier. Here also,
chrysin release reached its peak at 48 hours (Figure 7B). However, in case of Chr-mSiO,@PAA, only
about 7.92 + 0.33 % chrysin was released after 48 hours at pH 7.4. While, at pH 6.0 and pH 5.0, total
release of chrysin were recorded to be 15.62 + 0.32 % and 53.33 = 0.76 % respectively. This may result
from the partial detachment and hydrolyzation of PAA layer from the surface of Chr-mSiO,@PAA under
acidic condition. PAA has a pKa value of 4.5; thus, around pH 5 it undergoes a reversible coil-to-globule
conformational transition due to ionization state of its carboxylic group (Swift et al., 2016). Additionally,
over the time of 0 — 48 hours, very little chrysin release can be seen from Chr-mSiO.@PAA at pH 7.4;
thus, under normal physiological condition this nanocomposite can be regarded as stable. Also, chrysin
release at each distinct pH was higher with time (highest after 48 hours), indicating a clear time-

dependent nature of chrysin release.
5.4.4. FA attachment resulted in higher Chr-mSiO, uptake and subsequent cargo release

When checked flow cytometrically, it was found that FA tagging attributed superior uptake of FITC-
tagged mSiO; nanocarrier in MCF-7 cells (Figure 8A). This outcome was further validated through
fluorescence microscopy (Figure 8C) as well as by confocal microscopy (Figure 9). Inline, intracellular
release of chrysin was verified again. Intracellular concentration of chrysin was 5.5-fold higher when
delivered through mSiO, entrapped condition than in free form. Additionally, there was another 1.8-fold
increase in intracellular chrysin concentration in Chr-mSiO,@PAA/FA-treated MCF-7 cells in
comparison to that of the Chr-mSiO,@PAA nanoconjugate (Figure 8B). Therefore, it can be said that
chrysin entrapping inside mSiO- has increased its bioavailability. So, it can be said that FA-labelling on
Chr-mSiO, nanohybrids has increased efficient mSiO, uptake due to ligand-receptor recognition and

subsequent receptor-mediated endocytosis in MCF-7 cells (Xu et al., 2013).

However, compared to MCF-7 cells, much lesser amount of chrysin uptake was evident in Chr-
mSiO,@PAA/FA-treated non-cancerous NKE cells (Figure 8B). The finding implies folate receptor-
oriented tumor cell selectivity of smart Chr-mSiO,@PAA/FA which allows it to differentiate absence of
folate receptor overexpression in NKE cells. Thus, all of these observations emphasize the superiority of

this nano-formulation with chrysin and its subsequent flagging with FA moieties.
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Figure 8: Study of mSiO, nanocarrier uptake and subsequent chrysin release: (A) Study of
intracellular uptake of FA conjugated mSiO nanoparticles in contrast to untagged mSiO, by FACS. (B)
Study of intracellular release of chrysin from Chr-mSiO,@PAA and Chr-mSiO.@PAA/FA in contrast to
intracellular availability of free chrysin in MCF-7 and NKE cells. (C) Microscopic images of MCF-7 cells
after 3 h incubation with free Chr (control), Chr-mSiO,@FITC, Chr-mSiO,@FITC/FA respectively.
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Figure 9: Confocal laser scanning microscopic images of MCF-7 cells descripting in vitro cellular

uptake of nanoconjugates after 3 h incubation with free Chr, Chr-mSiO,@FITC and Chr-SiO.@FITC/FA.
Scale bar: 10 um.

54.5. Chr-mSiO.@PAA/FA-mediated in vitro cytotoxicity

Cell killing ability of Chr-mSiO.@PAA/FA was evaluated in both MCF-7 and NKE cells. Free chrysin
showed a dose-dependent cytotoxicity in a range of 5-40 ug/ml in MCF-7 cells with a LCso value of
31.426 pg/ml (Figure 10A). Similar patterns of dose-dependance were exhibited by Chr-mSiO,@PAA and
Chr-mSiO.@PAA/FA in MF-7 cells. At a particular concentration of chrysin, Chr-mSiO,@PAA/FA (LCso
17.526 pg/ml) was found to be most cytotoxic may be attributed to the folate receptor-mediated enhanced
endocytosis of Chr-mSiO,@PAA/FA in comparison to Chr-mSiO.@PAA (LCsy 24.283 pg/ml) and free
chrysin within MCF-7 cells.

Microscopic evaluation of treated MCF-7 cells exhibited presence of cellular shrinkage, membrane
blebbing as well as apoptotic bodies that provided an idea about the probable apoptotic death of treated

cells (Figure 10B). Later on, to ensure the nature of cell death, Annexin V-FITC-stained and nanohybrid-
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treated MCF-7 cells were scrutinized through fluorescence-assisted cell sorting (Figure 10C). At a
specific concentration (10 pg/ml), Chr-mSiO,@PAA/FA treatment imposed highest degree of apoptosis in
MCEF-7 cells (37.04 %) compared to free chrysin (13.06 %) and Chr-mSiO,@PAA (21.81 %) treatments.
FACS data was further validated by confocal laser scanning microscopy which also suggests increased
apoptotic signal due to Chr-mSiO,@PAA/FA-treatment in contrast to to free Chr and Chr-mSiO,@PAA
respectively (Figure 11). However, in case of NKE cells no remarkable cell killing was detected (Figure
10D
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Figure 10: Cytotoxic nature of chrysin nanohybrid in the MCF-7 and NKE cells line:
Comparative study of cytotoxic ability of free Chr, Chr-mSiO.@PAA and Chr-mSiO,@PAA/FA by
checking viabilities of (A) MCF-7 cells and (D) NKE cells after incubation with different concentrations
of free Chr, Chr-mSiO,@PAA and Chr-mSiO.@PAA/FA for 24 h. Data are represented as mean = SD (n =
5) where “*” and “#” represent significant differences with respect to chrysin and Chr-mSiO,-PAA-
treated groups, respectively, (P* < 0.05, P# < 0.05). (B) Optical microscopic images of MCF-7 cells
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incubated with free Chr, Chr-mSiO,@PAA and Chr-mSiOx@PAA/FA for 24 h (scale bar: 200 um). (C)
Detection of free Chr, Chr-mSiO,@PAA and Chr-mSiO.@PAA/FA induced apoptosis on MCF-7 cells via
Annexin V-FITC staining. Dual parameter dot plot of FITC-labelled Annexin V fluorescence (x-axis) has
been shown in logarithmic fluorescence intensity.

Chr-mSiO@PAA/FA Chr-mSiOaPAA Free Chr Control

DAPI

DCFDA

Merged

Figure 11: Confocal laser scanning microscopic images defining free Chr, Chr-mSiO,@PAA and
Chr-mSiO,@PAA/FA-treated induced apoptosis in MCF-7 cells via Annexin V-FITC staining. Scale bar:
50 um.

5.4.6. Chrysin nano-conjugates imposed changes in oxidative status of MCF-7 cells

In search of probable molecular mechanism behind selective cytotoxicity of chrysin-mSiO. nanodevice
against MCF-7, we studied oxidative status of treated MCF-7 cells. Acknowledging the fact that increased
cellular ROS unequivocally promotes intracellular oxidative stress, disturbing fine balance of cellular
redox system, we performed DCFDA-assisted investigation of generated ROS in treated MCF-7 cells.
Flow-cytometry (Figure 12A) as well as confocal laser scanning microscopy (Figure 12C) were

performed to examine DCFDA-fluorescence.
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Figure 12: Chrysin  nanohybrid treatment-mediated changes in intracellular ROS and
mitochondrial matrix potential: Flow cytometric analyses of changes in (A) ROS content and (B)
mitochondrial potential in MCF-7 cells upon treatment with free chrysin, Chr-mSiO,@PAA and Chr-
mSiO.@PAA/FA. (C) Validation of excess ROS generation by confocal laser scanning microscopy. Scale

bar: 10 um.

Inline, it is well known that excessive cellular ROS can increase mitochondrial membrane porosity
reducing mitochondrial membrane potential (MMP). Hence, a study of relative change in MMPs of

treated MCF-7 cells was performed by JC-1 staining and further sorting of cells on the basis of
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fluorescence intensity. From the aforementioned experiments, it was found that Chr-mSiO,@PAA/FA was
most potent to induce excessive ROS enhancement (Figure 12A) and MMP disruption (Figure 12B) in
MCF-7 cells in contrast to Chr-mSiO>@PAA and free chrysin respectively.
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PAA /FA

Oxidative status free Chr, Chr-mSiO.@PAA and Chr-mSiO.@PAA/FA-treated MCF-7

cells: Spectrophotometric detection of (A) intracellular MDA content, (B) GSH to GSSG ratio, (C) GSH
content, (D) GSSG content, (E) CAT activity and (F) SOD activity in treated MCF-7 cells.

Apart from cellular ROS content, control and treated MCF-7 cells were also checked for their relative
extent of protein carbonylation, GSH to GSSH ratio and catalytic activities of CAT as well as SOD. Cells
exposed to Chr-mSiO,@PAA/FA, showed lowest GSH:GSSG ratio along with significantly uplifted level
of MDA content. Additionally, both CAT and SOD enzyme activities were highly compromised in Chr-
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mSiO,@PAA/FA-treated MCF-7 cells ensuring a cellular status of compromised redox system (Figure
13).

5.4.7. Chr-mSiO,@PAA/FA can manipulate cell cycle progression in MCF-7

Motivated by the observations, we were curious to know whether Chr-mSiO,@PAA/FA could modulate
cell cycle distribution in MCF-7. Besides, chrysin has already been assigned to work as a cell cycle
arresting agent according to the experiments performed elsewhere (Weng, Ho, and Lin 2005). When
treated with Chr-mSiO.@PAA/FA, distribution of MCF-7 cells exhibited stalled progression at Go/Gi
stage in comparison with control group having lowered population of MCF-7 cells at Go/G: phase (Figure
14A-14B).
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Figure 14: Cell cycle modulation by chrysin nanohybrid: (A-B) Effect of free chrysin and Chr-
mSiO»-PAA/FA upon cell cycle progression of MCF-7 cells. (C) Immunoblot analysis of phospho-Akt,
GSK-3p and cyclin-D1. f-actin was used as an internal control. (E) Densitometric analysis of the

respective immunoblots. Data are representative of three individual experiments (n=3). “*” and “#”
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represent significant differences with respect to chrysin and Chr-mSiO,-PAA-treated groups, respectively,
(P* < 0.05, P# < 0.05).

Thus, like free chrysin, mSiOz-nanoconjugate of chrysin were found to impose Go/G: arrest. However, it
also must be noted that mSiO, incorporation and subsequent FA-tagging has remarkably increased the
efficiency of free chrysin to impose cell cycle arrest in vitro.

5.4.8. Chrysin-nanoconjugates induced apoptosis in MCF-7 cells by checking cell cycle
progression & cellular survival

One of the prime proteins that regulates cell survival and cellular growth by modulating cell cycle is Akt.
Hence, often in several cancer types Akt is found to be elevated translationally (Shimura et al., 2012).
Upon phosphorylation Akt gets activated which promotes cell cycle progression by phosphorylation-
mediated cyclin D1 upregulation and subsequent inactivation of GSK-3p. In response to growth factors,
cyclin D1 is considered as a chief regulator of cell cycle transition from G: to S phase in somatic cells
(Neganova and Lako, 2008). Thus, inspired by the observation that chrysin-nanoconjugates can cause
Go/Gy arrest in vitro, we checked translational expression of p-Akt and its downstream GSK-3f and cyclin
D1 (Figure 14C-14D). Expression of both p-Akt and cyclin D1 were higher enough in control MCF-7
cells which were reduced significantly upon chrysin treatment, and even more after Chr-mSiO.@PAA/FA
treatment. Later on, we checked the translational expression of GSK-3p. Expression of GSK-3 was
lowest in control MCF-7 cells and its expression was uplifted in treated groups being highest among Chr-
mSiO,@PAA/FA treated cells.
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Figure 15: Translational expressions of molecules related to intrinsic apoptosis pathway. (A)
Representative immunoblots of Bcl-2, Bax, cytochrome C, Apaf-1, cleaved caspase 9 and cleaved caspase

3. p-actin was used as an internal control. (B) Densitometric analysis of the respective immunoblots. Data
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are representative of three individual experiments (n=3). “*” and “#” represent significant differences

with respect to chrysin and Chr-mSiO,-PAA-treated groups, respectively, (P* < 0.05, P# < 0.05).

p-Akt as well as increased ROS, both are capable of shifting balance between the antiapoptotic and pro-
apoptotic cell machineries. Hence, we have also checked the expression of proapoptotic protein Bax and
that of antiapoptotic protein Bcl-2 (Figure 15A-15B). It was found that chrysin enhances the ratio of Bax
to Bcl-2 protein levels in MCF-7 cells. Following this observation, we have also studied the changes in
translational expression of the components of intrinsic apoptosis, i.e., cytochrome-C, Apaf-1, cleaved
caspase 9 and caspase 3 upon chrysin-nano-formulation treatment. All these proteins showed increased
expression after chrysin treatment compared to untreated MCF-7 cells, suggesting possible action of
chrysin through intrinsic apoptosis. The result indicated that effectivity of free chrysin was magnified

further after its nano-encapsulation and further by FA functionalization.
5.4.9. NAC diminished Chr-mSiO.@PAA/FA-imposed cell death in MCF-7 cells

NAC pretreatment inhibited excess intracellular ROS generation in Chr-mSiO.@PAA/FA treated MCF-7
cells (Figure 16A).
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Figure 16: Effect of NAC pre-treatment: (A) Changes in intracellular ROS content upon NAC
pretreatment. (B) Effect of NAC pretreatment upon cell viability of MCF-7 cells. (C) (E) Effect of cellular
apoptosis upon MCF-7 cells upon NAC treatment with or without LCso dose of Chr-mSiO,-PAA/FA.
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Also, existing reports suggest that ROS can uplift of GSK-3 expression which further capable of
decreasing cyclin D1 (Takahashi-Yanaga and Sasaguri, 2008). If so, our motto was to find out whether the
chrysin-mediated enhanced ROS generation is the key ruler imparting the antineoplastic capacity to Chr-
mSiO,@PAA/FA. It was observed that NAC pretreated cells dramatically showed higher viability
percentage even after treating with most potent Chr-mSiO.@PAA/FA (Figure 16B). So, we hypothesized
the obvious outcome would be reduced apoptosis in NAC pretreated MCF-7. Thus, to evaluate our
perception, we studied percentage of apoptotic cells through Annexin V-FITC staining. It was found that
NAC pretreatment was potent enough to reduce the overall apoptotic MCF-7 cell population significantly
even in presence of highly potent Chr-mSiO,@PAA/FA (Figure 16C). Alongside, we have also checked
the translational expression of key apoptotic proteins of intrinsic pathway (Figure 17A-17B). It was found
that the expression of antiapoptotic Bcl-2 was significantly higher in NAC pretreated cells accompanied
by a decreased expression of Bax and cleaved caspase-3. Altogether, these results suggest that change in
redox balance in MCF-7 cells by higher ROS generation is the chief operational hub controlling the

antitumor activity of chrysin.
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Figure 17: Effect of NAC pretreatment on translational expressions of molecules related to
intrinsic apoptosis pathway in chrysin nanohybrid-treated MCF-7 cells: (A) Representative
immunoblots of Bax, Bcl-2 and cleaved caspase 3 upon NAC pretreatment. (D) Densitometric analysis of
immunoblots of aforementioned molecules. Here, the data are representatives of three individual
experiments (n=3) where “*” and “#” represent significant differences with respect to chrysin and Chr-
mSiO,-PAA-treated groups, respectively, (P* < 0.05, P# < 0.05).

5.4.10. PAA-capping and FA-fabrication ensure increased chrysin uptake in tumor tissue

During HPLC, linearity of calibration curve for chrysin has been confirmed by R? = 0.9998. LOD (limit
of detection) and LOQ (limit of quantification) were respectively found to be 1.16 % and 3.52 %. The
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retention time for chrysin was 3.4 min; whereas, the recovery percentage for chrysin solution of 3, 5, 15,
30 and 50 pg/ml concentrations were calculated respectively as 95.13 %, 102.77 %, 101.89 %, 98.45 %
and 100.37 %. Accumulation of chrysin within tumor tissue has been shown to be improved in Chr-
mSiO@PAA (from 9.96 ug/gm) compared to free chrysin (3.08 pg/gm tissue homogenized). Moreover,
functionalization of Chr-mSiO,@PAA with folic acid has further increased tissue accumulation of chrysin
to 18.27 pg/gm tissue homogenized suggesting FA-guided selective enhanced drug accumulation and
release at tumor site (Fig. 18A).
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mSiO.@PAA/FA explained through overall reduction in (C) tumor weight and (D) tumor volume. (E)
Representative photographs of dissected tumor tissues showing overall reduction in tumor size.

5.4.11. mSiO,@PAA/FA encapsulation uplifts in-vivo antitumor efficacy of free chrysin

Antitumor efficacy of chrysin has been shown to improve with mSiOz-encapsulation when compared to
its non-encapsulated free form. Tumor volume was found to increase gradually with time in T1 group
where the animals were left untreated. Rest of the animals receiving intravenous treatment showed
gradual decrease in tumor volume over the treatment period of two weeks where treatment with Chr-
mSiO,@PAA/FA was found to be most effective (Figure 18B). Additionally, at the day of dissection, the
volume and mass of tumors were highest among the untreated animals. Rest of animals receiving chrysin
injection either in free form or in mSiO2-encapsulated form showed significant reduction in both tumor

mass and volume (Figure 18C-18D). Reduction was highest among the animals of T4 group (Figure 18E).
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Figure 19: Histological analysis of resected tissues from tumor-bearing mice: Microscopic
assessment of H & E-stained micro tissue sections of (A) tumor tissues tissues (here, red arrows
demarcate multinucleated cells and black-dotted selected areas signify tumor tissue architecture
gradually resembling normal muscle architecture with subsequent higher grade of nanohybridization of
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chrysin) and (B) splenic tissues (here, red and white arrows demarcate red pulp and white pulp of spleen
with black-dotted selected areas signifying extent tumor-induced immunological response through

enlargement of splenic white pulp) under 20X magnification

Moreover, the findings from the H & E-stained sections of tumor tissues from all four experimental
groups (T1-T4) were also in line (Figure 19A). Normal skeletal muscle tissue architecture was completely
lost in the tumors of group T1 with several multinucleated cells. This condition was slightly improved in
the tumor tissues resected from group T2, where tissue architecture was restored a bit but still there were
enormous number of nuclei. Visible reduction in nuclei as well as restoration of muscle tissue
architecture can be marked at first in tumors isolated from group T3. However, best recovery condition
was found in tumors collected from Chr-mSiO,@PAA/FA-treated mice (T4 group) where tissue
architecture was good enough to recognize its muscle tissue origin with significantly lesser number of
nuclei. These observations not only illustrate in vivo antitumor activity of chrysin but also suggest uplifted

antitumor efficacy of chrysin due to mSiO.-encasing and FA-guided tumor specific routing.

Furthermore, splenic profile of treated animals was examined (Figure 20A-20B). EAC is known to induce
splenomegaly and splenic WBC infiltration in tumor-bearing mice that serve as markers for existing
tumor load in vivo (Ghosh et al., 2022a). In free chrysin treated mice, EAC-induced splenomegaly was
found to be reduced to great extent probably due to the anti-inflammatory effects of chrysin (Xiao et al.,
2016) as well as reduction in tumor load; whereas reduction in splenomegaly and associated distortion in
splenic tissue architecture (Figure 19B) in Chr-mSiO.@PAA and Chr-mSiO,@PAA/FA-treated mice are
thought be a result of tumor load reduction.
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Figure 20: Changes in splenic profile explained: by (A) change in splenic mass and (B)

representative photographs of spleens removed from different experimental mice. “” represents

significant difference with respect to untreated group (P* < 0.05).
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5.4.12. Chrysin nanoconjugates capable of inducing intrinsic apoptosis in vivo

To check whether decrease in tumor size and volume is due to activation of intrinsic apoptosis pathway
within tumor tissues, we compared immunohistochemical expression of two key caspases typical to
intrinsic apoptosis pathway, i.e., caspase 9 and caspase 3 (Figure 21). Expressions of both caspase 9 and
caspase 3 were found to be elevated in treated tumor tissues in comparison to untreated ones. Expressions
of both of these proteins were highest among the tumor tissues collected from group T4. This emphasizes
increased efficiency of chrysin nanoconjugates upon FA functionalization for equivalent amount of
chrysin. Also, the data suggest that the reduction in tumor size and mass is due to intrinsic apoptosis
which lies in line with the findings from the in vitro observations.
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Figure 21: Immunohistochemical detection of (C) caspase 9 and (D) caspase 3 in resected tumor

tissue section viewed under 20X magnification of optical light microscope.
5.4.13. Chrysin nanoconjugates are non-toxic to vital organs

The aim cancer nano-therapeutics is to gain cancer cell-specificity in vivo to minimalize unnecessary
damage to healthy tissues. Hence, a nanohybrid should be smart enough to distinguish between cancer

cells and healthy non-cancerous cell. Thus, we checked nanohybrid induced damage to heathy vital
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organs by a series of biochemical assays and histological evaluation. Hepatic serum markers such as ALP
and ALT of animals belonging to group S2-S4 were within normal range. Similar remark was made by
examining serum renal markers such as level of creatinine and BUN (Figure 22A-22D).

Additional histological examinations of H & E-stained pulmonary, hepatic, renal and cardiac tissue
sections exhibited no significant sign of abnormality (Figure 22E). Thus, Chr-mSiO.@PAA/FA can be
regarded as safe for the purpose of in vivo treatment.
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Figure 22: Analysis of systemic toxicity by assessing serum renal and hepatic parameters:
Estimation of serum (A) BUN, (B) Creatinine, (C) ALT and (D) ALP in different experimental groups of
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mice. Data are represented mean + SD (n = 3). (E) Histological assessment of H & E-stained
microsections of murine kidney, liver, heart and lung from different experimental groups with bright field
microscopy under 20X magnification.

5.5. Conclusion

In summary, we have demonstrated the prospect of attaching nontoxic PAA as pore blocking agent on

mSiO; to effectively control the release of uploaded cargo according to pH-gradient (Figure 23).
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Figure 23: Generalized scheme of anticancer activity exhibited by Chr-mSiO2-PAA/FA.

PAA capping tightly sealed the pores of mSiO; so that at neutral pH (7.4) negligible premature cargo
release can be achieved fulfilling one of the important targets in nanomedicine to prevent uncontrolled
drug release and associated side effects. PAA was selected to facilitate the covalent functionalization to
the mesoporous silica scaffold through acid-liable amide bond formation. Moreover, the pH-triggered
behavior of this hybrid system may bring interesting future applications. Furthermore, this nanostructure
with mesoporous silica scaffold core was chemically vectorized with FA offered selective and higher
cargo release capacity for chrysin. According to flow cytometry analysis, significant improvement was

noticed in cellular uptake of FA-functionalized mSiO; nanodevice due to receptor-mediated endocytosis
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in MCF-7 cell lines. In vivo experiments in Swiss Albino mice demonstrated higher chrysin accumulation
in the tumor tissue following PAA capping and FA functionalization; whereas, healthy cells of vital organs
were found unaffected. Hence, FA vectorization allowed increased selectivity and specificity toward
cancer cells. Lastly, the issue with chrysin being used as a potent anticancer agent due to its higher
hydrophobicity has been smartly overcome by entrapping it inside the pores of mSiO,. Thus, in general
the bioavailability and anticancer functionality of chrysin was boosted many folds after its
nanoformatting. Therefore, in view of non-toxic nature, an excellent drug release capacity, an enhanced
and selective cellular uptake within the tumor tissue of living organisms, effective anticancer activities of
such chrysin nanoformulation (Chr-mSiO.@PAA/FA) opens up a highly promising pathway for effective

breast cancer treatment.
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Summary

The current female population continues to experience mortality and morbidity due to breast cancer.
Many ground-breaking studies in the field of cancer therapeutics have resulted in significant
improvements in current therapeutic approaches, which taken together have improved disease prognosis
day by day. From a clinical perspective, however, the only effective treatments for breast cancer are
combinations of any two or three of the following: chemotherapy, radiotherapy, hormone replacement
therapy, surgery, or any two or three of these. Even though such methods continue to be effective in
eliminating cancer cells, they frequently cause unintended systemic harm to healthy body cells or become
completely ineffective as a result of the development of resistance. We have concentrated on researching
the anticancer effectivities of specific synthetic metallic compounds that are safe to use in vivo when used

within the recommended dosage in order to prevent such treatment-related anomalies.

In contrast to platinum-containing metallodrug cisplatin, we have chosen vanadium-containing ones. In
our first study, the anticancer effectivity of 1-allyl imidazole substituted oxidovanadium complex (IV)
(VOL) against PR* breast carcinoma was observed. This compound was found to mitigate MCF-7 breast
cancer cell proliferation by increasing intracellular ROS burden and decreasing cellular antioxidant
system efficacy. Increased oxidative stress was found to sensitize cells for apoptosis both through
mitochondrial dysfunction and extracellular modality. When checked in the murine system (Swiss Albino
mice), VOL was implicated to exhibit anti-tumor efficacy replicating the same mechanistic approach as in

vitro.

Another similar oxidovanadium complex (IV) with 1-methyl imidazole substitution (OVMI) was checked
for its probable antineoplastic efficacy against more aggressive TNBC. It was observed to pose excessive
intracellular oxidative load in addition to UPR-mediated ER stress in vitro. Besides, increased ROS-
mediated mitochondrial dysfunction and Ca?*-mediated mitochondrial swelling both offered OVMI-
triggered apoptosis of human TNBC cell MDA-MB-231. Apart from that, OVMI was investigated to
diminish the migratory properties of MDA-MB-231 cells along with the decrease in translational
expressions of certain key metastatic markers. When observed in vivo a similar mechanistic approach was
taken by OVMI.

When considering natural compounds, there are several phytochemicals with anticancer efficacies that
can be used in this regard to mitigate off-target side effects along with effective anticancer shields.
However, poor water solubility, lower gut absorption, and quick systemic clearance led to lower
bioavailability of such phytochemicals. In our last chapter, we have described how a smart targeted
nanocarrier can be designed that be effective in unloading drugs specifically at the target area only

through pH responsiveness. This not only reduces off-target drug unloading but also increases the
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effectiveness of the concerned anti-cancer agent at the tumor site. Chrysin which has already been
highlighted as an anticancer agent in many other scientific literatures, has been chosen as a model
compound owing to very poor water solubility and bioavailability. Here, we have studied folic acid-
guided targeted delivery of chrysin and its pH-dependent release from mesoporous silica nanocarrier
specifically to breast cancer cells (having overexpressed folic acid receptor) limiting chances of off-target
toxicity caused by conventional chemotherapy along with enhanced antineoplastic efficacy and effective

tumor-regression capability.
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Abbreviations

AIF: Apoptosis inducing factor; ALP: Alkaline phosphatase; ALP: Alanine transferase; AMPK: AMP-
activated protein kinase; ANOVA: Analysis of variance; ANT: Adenine nucleotide translocator; Apaf-1:
Apoptotic protease activating factor 1; APTES: 3-aminopropyl triethoxysilane; ATF4/6: Activating
transcription factor 4/6; ATG: Autophagy related protein; ATM: Ataxia-Telangiectasia mutated; Bax: Bcl-
2 associated X protein; BC: Breast cancer; Bcl-2: B-cell lymphoma 2; BRCA1/2: Breast CAncer gene
1/2; BSA: Bovine serum albumin; BUN: Blood urea nitrogen; CAT: Catalase; CDK: Cyclin dependent
kinase; CHOP: C/EBP homologous protein; CTAB: Cetyltrimethylammonium bromide; DAPI: 4°,6-
diamidino-2-phenylindole; DCFDA: 2’.7’-dichlorofluorescein diacetate; DCIS: Ductal carcinoma in situ;
DDS: Drug delivery system; DEE: Drug entrapment efficiency; DISC: Death inducing signaling complex;
DLC: Drug loading capacity; DLS: Dynamic light scattering; DMEM: Dulbecco’s modified eagle media;
DNA: Deoxyribonucleic acid; DR: Death receptor; EAC: Ehrlich ascites carcinoma; EDC.HCI: 1-(3-
dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride; EDTA: Ethylenediaminetetraacetic acid; elF-
20 Eukaryotic initiation factor 2o; EPR: Enhanced permeability and retention; ER: Estrogen receptor;
ER: Endoplasmic reticulum; ERO1a: ER oxidoreductase 1a; ERS: ER stress; FA: Folic acid; FBS: Fetal
bovine serum; FITC: Fluorescein isothiocyanate; FTIR: Fourier-transform infrared; GRP78: Glucose -
regulated protein 78; GSH: Reduced glutathione; GSSG: Oxidized glutathione; H & E: Hematoxylin and
eosin; HRP: Horseradish peroxidase; HER2: Human epidermal growth factor receptor 2; HIF1la: Hypoxia
inducing factor 1a; HPLC: High pressure liquid chromatography; HR: Hormone receptor; HSP: Heat
shock protein; ICAM1: Intracellular adhesion molecule 1; IL: Interleukin; IREla: Inositol requiring
enzyme la; JC1: 5.5.6.6’-tetrachloro-1.1’3.3’ tetraethylbenzimidzoylcarbocyanine iodide; LDH: Lactate
dehydrogenase; PERK: Protein kinase R-like ER kinase; PR: Progesterone receptor; MCP: Monocyte
chemoattractant protein; MDA: Malonaldehyde; MMP: Mitochondrial membrane potential; mSiO.:
Mesoporous silica nanoparticle; mTOR: Mammalian target of rapamycin; MTT: 3-(4, 5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide; NADPH: Reduced nicotinamide adenine dinucleotide phosphate;
NF-«B: Nuclear factor kB; NHS: N-hydroxy succinimide; NOX: NADPH oxidase; NRF2: Nuclear factor
erythroid 2-related factor 2; OVMI : mononuclear dipicolinic acid-1-mrthyl imidazole-based
oxidovanadium (IV) complex; PAA: Polyacrylic acid; PARP: Poly-(ADP-ribose)polymerase; PBS:
Phosphate buffered saline; PGC-1a: Peroxisome proliferator-activated receptor gamma coactivator 1a; PI:
Propidium iodide; PI3K: Phosphoinositide 3-kinase; Rb: Retinoblastoma; RIPA: Radio
immunoprecipitation assay buffer; ROS: Reactive oxygen species; RPMI: Roswell park memorial
institute medium; SDS: Sodium dodecyl sulphate; SEM: Scanning electron microscope; SOD: Superoxide

dismutase; TBS: Tris buffered saline; TEM: Transmission electron microscope; TEOS: Tetra ethoxy
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silane; TNBC: Triple negative breast carcinoma; TNF-a: Tumor necrosis factor o, TNFR: TNFa receptor;
TRADD: TNFR associated death domain; TRAILR: TNF-related apoptosis inducing ligand receptor;
TUNEL.: terminal deoxynucleotidyl transferase dUTP nick end labeling; UPR: Unfolded protein response;
VCAML1: Vascular cell adhesion molecule 1; VDAC: Voltage-dependent anion channel; VEGF: Vascular
endothelial growth factor; VOL: mononuclear dipicolinic acid-1-allyl imidazole-based oxidovanadium
(1V) complex; XBP1: X-box binding protein 1.
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ARTICLE INFO ABSTRACT

Keywords: Vanadium is a transitional metal having several therapeutic aspects that can be exploited for its anticancer
Vanadium activity. Herein, we have verified anticancer effectivity of synthesized novel water soluble mononuclear dipi-
Anticancer colinic acid-1-allyl imidazole-based oxidovanadium (IV) complex [VOL(1-allylimz),] with respect to anticancer
iggptosis effectivity of known standard platinum-based anticancer agent cisplatin. In current work, we have verified VOL
Gisplatin (1-allylimz), as highly potential anticancer agent selectively against human breast cancer cells. VOL(1-allylimz),

has been noticed to elicit dose dependent cytotoxicity in MCF-7 cell line through induction of intracellular
oxidative stress and mitochondrial membrane potential. Apart from in vitro validation, in vivo studies in male
Swiss Albino mice also have seen to portray dose-dependent anticancer effect of [VOL(1-allylimz),], where in-
dications of oxidative stress induction became prominent too. Besides, both mitochondrial as well as extra-
mitochondrial apoptosis in tumor cells have been shown to be induced by [VOL(1-allylimz);] treatment,
together enforcing its anticancer potency. In contrast to cisplatin, which shows high chances of nephrotoxicity in

cancer patients, [VOL(1-allylimz),] has been found to be comparatively safe for in vivo studies.

1. Introduction

Depending on the fact that metal ions can selectively regulate a wide
range of cellular processes, designing and synthesis of metallodrugs was
initiated in the field of medicinal chemistry aiming to find cure for
‘difficult to treat’ diseases such as cancer. Till date cancer has been
considered as one of the most fatal diseases causing severe mortality
over the world. Among several cancer types, incidence of breast cancer
is most common among worldwide female population [1]. According to
current statistical count, nearly 1.3 million females suffer from mam-
mary carcinoma [2,3]. In this context, metallodrugs were considered as
highly potential anticancer agents from decades. Example of metal-
lodrugs include popular platinum complexes such as cis-[Pt(NH3)2CI2]
[4] and its derivatives oxoplatin and carboplatin [5] which are used as
popular chemotherapeutic agents in combination with radiation and
other medication in cancer treatment. Interaction between genomic
DNA and platinum is essential for exerted cell killing by platinum-based
drugs [6,7]. After initial phase of intensive interest in platinum-based
metallodrugs, other potential anticancer metal complexes including

gold, palladium, copper, iron-based metallodrugs were also assayed
which could follow distinct cell-death mechanisms beyond DNA binding
[8,9]. Despite of being an efficient anticancer mediator, most of the
metallodrugs especially, platinum-based drugs, mostly cisplatin exhibit
a huge number of adverse effects due to low target selectivity and high
off-target toxicity. Thus, introduction of metallodrugs with potent
anticancer efficacy and minimal collateral systemic toxicity are of
utmost importance in field of cancer therapy. In this regard, though the
pharmacological potentials of vanadium as a metallodrug was first
exploited in diabetes management, nearly 50 years back vanadium was
first implicated in field of cancer research [10]. Till then, multiple arrays
of vanadium compounds have arisen as prospective therapeutic agents
for cancer treatment and management. Vanadium is a well-known first
row transitional metal having an electronic configuration of [Ar]3d34s®
with two naturally occurring isotopes, >’V and °!V. Presence of vana-
dium in abiotic [4] and biotic systems [11] of both marine and terrestrial
origins are well established. Among the several elements found on earth,
vanadium is the 22nd most abundant one (0.013% w/w). Human blood
plasma contains nearly 200 nM of vanadium and while in tissues, such as
kidney, liver and bone, its concentration is approximately 0.3 mg kg ™!
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Abbreviations

ALP Alkaline phosphatase

ALT Alanine aminotransferase
Bax Bcl-2-associated X
BCA Bicinchoninic acid
Bcl-2 B-cell lymphoma 2

BUN Blood urea nitrogen
CAT Catalase

CIS Cistplatin

FITC DCFDA dichlorodihydrofluorescein diacetate Fluorescein
isothiocyanate

GSSG Oxidized glutathione

GSH Reduced glutathione
HRP Horseradish peroxidase
IHC Immunohistochemistry

JC1 tetraethylbenzimidazolylcarbocyanine iodide

LDH Lactate dehydrogenase

MDA Malonaldehyde

MMP Mitochondrial membrane potential

MTT 3-(4 5-dimethylthiazol-2-yl)-2 5-diphenyltetrazolium
bromide

NAC N-acetylcysteine

PBS Phosphate buffered saline

RIPA Radioimmune precipitation assay

ROS Reactive oxygen species

SOD Superoxide dismutase

SDS Sodium dodecyl sulfate

TBARS thiobarbituric acid reactive substance

VOL mononuclear dipicolinic acid-1-allyl imidazole-based

oxidovanadium (IV) complex [VOL(1-allylimz),]

[12,13]. From biological aspects, only two of higher oxidation states of
vanadium, i.e., V(IV) and V(V) are of our interest [14] as these two
oxidation states of vanadium are capable of forming cationic and anionic
complexes within physiological pH (2-8) range. Intracellularly, vana-
dium exists mostly in tetravalent form, producing vanadyl ion (VO*") in
association with protein [15]. However, only 1% vanadyl ions remain in
free unbound state [16]. Besides, pentavalent form of vanadium mostly
occurs extracellularly as vanadate ion or (VO3). Based on structural
similarities, anticancer vanadium complexes can be grouped as organ-
ometallic vanadocene, polyoxovanadate complexes, binary& tertiary
peroxivanadates, vanadium peroxide-betaine complexes and most
importantly oxidovanadium complexes [4].

Universally, vanadium has been recorded that vanadium inhibits
tumor growth by inhibiting uncontrollable tumor cell proliferation and
inducing apoptosis. The potentials of vanadium complexes in ROS-RNS-
driven apoptosis [17], involvement in autophagy [10,18], cell differ-
entiation and even in anoikis mechanistic procedures [19] or in onco-
gene modulation [20] either individually or collectively contribute to
the possibility of designating vanado-drugs as potent anticancer agents.

In current manuscript, we have extensively studied anticancer role of
novel water soluble mononuclear dipicolinic acid-1-allyl imidazole-
based oxidovanadium (IV) complex [VOL(1-allylimz);]. For easy inter-
pretation, the compound has been denoted as VOL in rest of the
manuscript. Anticancer role of was VOL demonstrated earlier in human
hepatocellular carcinoma cell line Hep3B in a previous study made by
our collaborator [21]. Keeping the outcome in mind, here we have
explored anticancer efficacy of VOL in human breast cancer cell line
MCEF-7. Also, we have compared its effectivity with a widely-used plat-
inum-based metallodrug cisplatin (CIS) in vitro. Once found to be highly
effective like CIS, VOL was also scrutinized for the mechanism of its in
vivo antitumor activities and probable systemic toxicities (if any) within
EAC-induced solid tumor-bearing male Swiss albino mice.

2. Experimental section
2.1. Chemicals and reagents

Cell culture media (RPMI-1640) along with other necessary in-
gredients for preparation of culture media, like amino acids and anti-
biotics, etc., were procured from HIMEDIA (Mumbai, India). Cytiva
HyClone™. Foetal bovine serum (FBS), RevertAid First Strand cDNA
Synthesis Kit, DreamTaq Green PCR Master Mix (2x) were bought from
Fisher Scientific (ThermoFisher Scientific, Logan, Utah, USA).
Methylthiazolyldiphenyl-tetrazolium bromide (MTT) for cell viability
study was purchased from Sisco Research Laboratory, Mumbai, India.
Ribonuclease, FITC-Annexin V (Fluorescein isothiocyanate conjugated

Annexin V), N-acetylcysteine, BCA (bicinchonic acid) assay kit were
obtained from Thermo Fisher Scientific (USA). Cisplatin was provided
by Sigma (St. Louis, MO). Mononuclear dipicolinic acid-1-allyl imid-
azole-based oxidovanadium (IV) complex [VOL(1-allylimz),] was syn-
thesized from Biswal et al. [21], Department of Chemistry, University of
Calcutta. Protease and phosphatase inhibitors, coumaric acid and
luminol were procured from Sigma (Missouri, USA). Required anti-
bodies and Immunohistochemistry kit were bought from Cell Signaling
Technology (Danvers, MA, USA) and Abcam (Cambridge, UK). Other
essential chemicals and reagents were purchased from local sellers of
Kolkata, India, and were of analytical grades with high purity.

2.2. Methods

2.2.1. Cell culture

In the present study, human breast cancer cell line MCF-7 and one
normal cell line, human normal kidney epithelial cell line NKE were
used. Former cell line was purchased from NCCS, Pune and NKE was
given as a gift by Dr. Kaushik Biswas, Bose Institute. At 37 °C temper-
ature, both of these cells were cultured in RPMI-1640 media supple-
mented with 10% FBS and required antibiotics and antifungal agents
(penicillin [100 U mL‘l], streptomycin [100 pg/mL], gentamycin [50
pg/mL] and amphotericin B [2.5 pg/mL]) within a humidified incubator
with a 5% CO; concentration.

2.2.2. Determination of VOL imposed in vitro cytotoxicity

Cells were initially seeded in separate 96-well flat-bottomed plates
and were cultured at an approximate density of 0.5 x 10° cells per well
in 100 pL media. The cells were then exposed to varying doses of VOL in
a range from 10 to 40 pg/mL, for 48 h. In this context, time-dependent
assay was conducted previously to find the optimum time of exposure
and pertinent assay conditions (data not shown). Following 48 h of in-
cubation at 37 °C temperature, cells were subjected to 1x PBS solution
of MTT solution (0.5 mg mL 1) to determine the percentage of cell death
according to the method described elsewhere [22,23]. After 4 h of in-
cubation in MTT solution, purple MTT formazan was dissolved in DMSO
followed by absorbance calculation at 570 nm.

2.2.3. Dosage for in vitro treatment

In order to compare the cytotoxicity of VOL in respect to a known
anticancer agent CIS, MTT assay for CIS was also performed in both
cancerous MCF-7 cells and in non-cancerous NKE (in a range concen-
tration from 10 to 40 pg/mL). Additionally, a series of other in vitro
experiments were also made in both MCF-7 and NKE cell lines with their
respective LCsq doses.
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2.2.4. Determination of in vitro LDH activity

In vitro release of lactate dehydrogenase (LDH) was measured after
treating the cells with LCs( concentration of VOL using the LDH assay kit
[24]. Experiment was done following the protocol provided by the
manufacturer (Sigma-Aldrich) to confirm cellular damage.

2.2.5. Detection of VOL treatment-induced in vitro apoptosis

Induction of apoptosis was analysed using FITC-tagged Annexin-V
buffer solution. MCF-7 cells, at an approximate 80% confluency, were
incubated with LCsy dose of VOL and CIS. Followed by a treatment
period of 48 h, treated MCF-7 cells were scraped and then centrifuged at
300 xg for 5 min at room temperature. Obtained cell pellets were then
washed in 1x PBS followed by further suspension in the Annexin V-
binding buffer containing 1 pL of Annexin V/FITC for 5 min at room
temperature under dark condition. Finally, the incubated cell pellets
were analysed via flow cytometry (FACS Verse) at the excitation
wavelength of 488 nm and emission wavelength of 520 nm [25]. A
similar study was made in NKE cells using the same concentration of
VOL & CIS used to treat MCF-7 cells for this experiment.

2.2.6. Detection and measurement of intracellular ROS

Intracellular ROS was detected using fluorescent H,DCFDA dye
following the protocol defined by Cossarizza [26]. In short, both MCF-7
and NKE cells were incubated with optimum toxic doses of VOL and CIS
for 48 h. Cells were then scrapped and centrifuged at 300 xg for 5 min at
room temperature followed by cell pellet collection, resuspension of cell
pellet in 1x PBS and incubation with 2 pM of H,DCFDA (in the dark at
37 °C for 20 min). The resulted green fluorescence emitting samples
were then flow cytometrically analysed by FACS Verse at 488 nm
excitation and 520 nm emission wavelengths respectively [27].

2.2.7. Determination of in vitro mitochondrial membrane potential

MMP of VOL and CIS-treated MCF-7 cells was determined following
the previously established method of Saha et al. [28], and compared
with respect to the MMP of untreated control cells. MMP detection was
made in both MCF-7 and non-cancerous NKE cells. VOL and CIS-treated
cells (at respective optimum concentrations) were incubated with 5 mM
JC-1 dye for 30 min at 37 °C in dark. Following incubation, cell pellet
collection by centrifugation at 300 xg for 5 min and 1x PBS resus-
pension, fluorescently labelled cells were analysed flow-cytometrically
at excitation and emission wavelengths of 530 nm and 590 nm respec-
tively in a BD FACS Calibur Flow Cytometry System (BD Biosciences)
[29].

2.2.8. Estimating intracellular GSH/GSSG ratio

The reduced glutathione (GSH) level of the treated cells was deter-
mined by using Ellman's reagent (i.e., DTNB solution) following a pre-
viously described protocol [30,31]. Initially, the cells were treated with
VOL and CIS at its LCso doses. Cells were sonicated and centrifuged for
15 min at 1200 xg for total protein isolation to which Ellman's reagent
was added, and the absorbance was measured at 412 nm. Again,
glutathione (GSSG) level was measured following the method described
by Hissin and Hilf [32]. Initially, 0.04 M NEM was added to the samples
to prevent GSH oxidisation to GSSG followed by 30 min incubation and
addition of Ellman's reagent and 300 mM NayHPO4, Finally, absorbance
was recorded at 420 nm. Similarly intracellular GSH/GSSG ratio was
checked in NKE cell line as well.

2.2.9. Estimation of in vitro lipid peroxidation

To justify the condition of cellular oxidative stress in the MCF-7 cells,
the extent of lipid peroxidation was studied by calculating the level of
intracellular malondialdehyde (MDA). In short, the control and treated
NKE and MCF-7 cells were sonicated, added to 0.67% thiobarbituric acid
and 20% trichloro acetic acid mixture. The sample mixtures were then
heated for 60 min at 100 °C for 1 h followed by a rapid ice cooling. Next,
followed by centrifugation the supernatants were checked for
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spectrophotometric absorbance of thiobarbituric acid reactive substance
(TBARS) at 535 nm wavelength [33]. As 99% of TBARS exist as MDA,
concentration of TBAR was later calculated using the molar extinction
coefficient of MDA (1.56 x 105 ML cm’l).

2.2.10. Assessment of antioxidant enzyme activities

Activities of intracellular antioxidant enzyme catalase (CAT) and
superoxide dismutase (SOD) were checked in both cell line after treat-
ment with respective LCs doses of VOL and CIS. The activity of CAT and
SOD were estimated spectrophotometrically following protocols
demonstrated elsewhere [34-36].

2.2.11. Invitro inhibitor studies

Both cell types were treated at a confluency of 80% with 20.83 ng/
mL VOL and 5 mM NAC in conjugation and with VOL alone [22]. MTT
assay was carried out after treating MCF-7 cells with VOL and NAC in
separate sets of experiments under similar conditions, and calculating
the cell viabilities in both cases. Moreover, cells were also checked for
intracellular ROS content following the method described earlier along
with for their intracellular GSH/GSSG ratio, activities of SOD and CAT
and the results were analysed and compared to draw a conclusive idea
about the oxidative-stress inducing properties of VOL in cancer cells.

2.2.12. Experimental set-up to assess in vivo antitumor activity of VOL

At first, a total of 36 male Swiss albino mice (4-6 weeks old) with
average body weight of 25 g were collected from central animal house of
the Bose Institute, Kolkata, India. Mice were further acclimatized to
laboratory environment for 2 weeks keeping them in alternative 12 h
light & dark cycle and provided with sterile food and water ad libitum.
Any further experimental planning and procedure were done by
following rules and regulations of Institutional Animal Ethics Committee
(IAEC), Bose Institute, Kolkata [IAEC/BI/142/2019], CPCSEA (Com-
mittee for the Purpose of Control and Supervision on Experiments on
Animals), Ministry of Environment and Forests, New Delhi, India (1796/
PO/Ere/S/14/CPCSEA). In order to grow solid tumors, randomly
selected eighteen mice out of 24 mice received EAC (Ehrlich ascites
carcinoma) cells (at a density of 107 cells/50 pL in each mouse) con-
taining intramuscular injections at their left flanks. Rest of the 18 mice
were kept uninoculated for toxicological studies. 10 days after injection
eighteen tumor-bearing mice were further grouped as follows:

Group I — tumor bearing mice receiving intravenous injection of
0.9% saline water.

Group II - tumor bearing mice receiving intravenous injection of
VOL at a concentration of 10 mg kg ™' body weight.

Group III - tumor bearing mice receiving intravenous injection of
VOL at a concentration of 20 mg kg~ ' body weight.

All of the tumor bearing mice received intravenous injection via tail
vein with respective doses on alternate days, for a total of 14 days.
Animal were kept under day-to-day observation for the any changes in
their body weight, tumor volume and overall vigour. After completion of
the 14-day treatment period, the experimental animals were sacrificed.
The tumors from animals belonging to Groups I, II and III were carefully
removed from the bodies, physically examined for weight and volume.
Tumor volume was measured employing ellipsoid volume equation, i.e.,
volume = (length x breadth x height x 0.5). Lastly, tissues were stored
separately for further histological, molecular and immunohistochemical
studies. Besides, a ruler was used to determine the lengths of the
collected spleens from animals of all the groups to observe signs of
splenomegaly, if any.

2.2.13. Histological analysis of collected tissues

The tissues collected from experimental animals of relevant experi-
mental groups were cleaned and fixed in 10% formalin. Fixed tissue
sections were processed for embedding in paraffin blocks and further
sectioning. Microtome sections of the tissues of an approximate thick-
ness of 5 pm were then obtained on slides, which underwent the process
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of serial dehydration and rehydration. Tissue sections were then double-
stained with hematoxylin and eosin followed by further dehydration and
subsequent mounting in DPX (distyrene, plasticizer, and xylene) [37].
Finally, the stained tissue sections were viewed under a light microscope
at 20x magnification to determine the histological changes that have
occurred in the body tissues upon VOL treatment.

2.2.14. Assessment of SOD and CAT activity in dissected tumor tissue

Activity of antioxidant enzymes such as SOD and CAT were checked
in dissected tumor tissues. At the beginning, tumor tissues collected
from Group-I-1II were homogenized using RIPA lysis buffer and were
checked spectrophotometrically for protein concentration using BCA
protein concentration measuring kit. Once measured, the activity of CAT
and SOD were estimated spectrophotometrically following protocols
mentioned earlier [34,35], in order to verify the oxidative changes
occurring in tumor tissues of the experimental animals upon treatment
with VOL.

2.2.15. Estimating lipid peroxidation in tumor tissues

The condition of oxidative stress at the tumor tissue level in the in
vivo system was assessed spectrophotometrically following the protocol
described earlier in the manuscript [38].

2.2.16. RNA extraction and reverse transcriptase PCR

To determine the transcriptional expression of our interest in VOL
treated tumor tissues, RNA was extracted from the collected tumor tis-
sues of the animals of the three experimental groups (I, II, and III) using
TRIZOL, following the manufacturer's protocol (Invitrogen, Carlsbad,
CA). The concentration of total RNA was spectrophotometrically
measured in a nanodrop (Hellma Tray Cell Type 105.810) after its
isolation. cDNA was prepared from 2 pg RNA using Thermo Scientific
Verso cDNA synthesis kit, following the manufacturer's protocol
(Thermo Scientific, USA) followed by a PCR reaction was conducted in a
thermal cycler according to the protocol as established by Banerjee et al.
[39]. Amplified PCR-products were stored at 4 °C and sequenced veri-
fied. The, then PCR products were electrophoresed in 1.5% agarose gel
according to the cognate annealing temperatures of the respective
primers (Table 1). A control sample containing all reverse transcriptase
reagents excluding reverse transcriptase enzyme was also electro-
phoresed to ensure the amplified PCR products were not contaminated

Table 1
Sequence, amplicon size and annealing temperature of primers used for RT-PCR
analysis of respective genes.

Gene Primer sequence (5'-3') Annealing
name temperature (°C)

Amplicon
size (bp)

CAT FP: 50 178
CACACTCACACACACTCATACA
RP:
CACACTCACACACACTCATACA

TNF-a FP: 55 188
TCTCAGAATGAGGCTGGATAAG
RP:
CCCGGCCTTCCAAATAAATAC

IL-1p FP: 45 174
GAGTGTGGATCCCAAGCAATA
RP: TCCTGACCACTGTTGTTTCC

IL-6 FP: 58.7 163
GATAAGCTGGAGTCACAGAAGG
RP:
TTCTGACCACAGTGAGGAATG

MCP-1 FP: 55 190
GAAGGAATGGGTCCAGACATAC
RP:
CACTCCTACAGAAGTGCTTGAG

GAPDH FP: 50 193
GGAGAAACCTGCCAAGTATGA
RP:
CCAGGAAATGAGCTTGACAAAG
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with genomic DNA. As, no product was generated from such control
sample, it ensured lack of genomic DNA contamination.

2.2.17. Immunoblotting

The collected sample tumor tissues (stored at —80 °C) were lysed
using the lysing RIPA buffer as following the method established else-
where [33]. To segregate and purify the protein, the tissue homogenate
was centrifuged at 1200 x g for 10 min at 4 °C. The supernatant (protein-
rich fraction) was then collected, and the total protein content in each
sample was determined by following the protocol of BCA assay kit. The
protein samples were then stored at —80 °C for future use.

Immunoblotting was performed by resolving equal amounts of pro-
tein in an SDS-polyacrylamide gel by electrophoresis followed by
transfer on PVDF membranes. Non-specific interactions on PVDF
membranes were blocked with 5% BSA (in TBST buffer) for 1 h at room
temperature. Then the membranes were incubated overnight at 4 °C
with primary antibodies of interest (at 1:1000 dilution). Following three
times TBST washes membranes were incubated with HRP-conjugated
secondary antibody (at 1:20000 dilution) at room temperature for 2 h.
Finally, the membranes were developed onto X-ray plates using ECL
solution (HRP substrate).

2.2.18. Immunohistochemistry

Tissue microsections were obtained on poly-L-lysine-coated slides.
Tissue section-containing glass slides were then subjected to the proto-
col of immunohistochemical analysis as established by Kundu et al. [23].
Sections were deparaffinized, rehydrated, incubated overnight at 4 °C
with the specific primary antibodies in a damp followed by next day-
wash and HRP-tagged secondary antibody exposure at room tempera-
ture for 30 min. DAB (3,3'-diaminobenzidine tetrahydrochloride) was
finally added to the sections as an HRP substrate. The tissue sections
were then counterstained with hematoxylin, dehydrated and were
mounted with DPX. These H & E-stained tissue sections were then
observed under a bright field microscope at a magnification of 20x.

2.2.19. Experimental set-up for toxicological evaluation

To ascertain VOL treatment based systemic toxicity eighteen wild
type male Swiss albino mice were divided in three groups and they
received intravenous injection as follows:

Group IV - wildtype mice receiving intravenous injection of 0.9%
saline water.

Group V - wildtype mice receiving intravenous injection of aqueous
solution of VOL (10 mg kg~! body weight).

Group VI - wildtype mice receiving intravenous injection of aqueous
solution of VOL (20 mg kg~! body weight).

All of these animals were examined for any change in their coat
colour, body weight etc. Experimental animals received injections on
alternate days for a total of 14 days after which animals were sacrificed
and blood from each experimental animals was collected by puncturing
left ventricle of heart with a fine needle. Also, vital organs such as livers
and kidneys were collected.

2.2.20. Assessment of toxicological serum parameters

Serum was isolated from collected blood samples by centrifugation
[40]. Level of alkaline phosphatase (ALP), alanine transferase (ALT),
two well-known hepatic toxicity markers were assessed following the
protocol of assay kit (Span Diagnostic Ltd., India) [41]. Besides, renal
toxicity markers such as blood urea nitrogen (BUN) and creatinine level
in serum were also checked.

2.2.21. Physical assessment of splenic profile

The spleens collected from experimental animals of group I-IV and
were scrutinized to check if VOL could reduce the cancer-induced
splenomegaly in tumor-bearing animals, thus indicating a strong
healthy parameter of reduced inflammation in splenic tissue.
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2.2.22. Statistical analysis

All the results of the experiments conducted throughout this study,
are represented as their mean + standard deviation (SD), after per-
forming at least three independent sets of experiments. The statistical
analyses overall were performed using ANOVA (one-way analysis of
variance), and to compare the mean values within the groups them-
selves, Tukey's test was also performed. A P-value that came out to be
less than 0.05 was considered statistically significant in this study.

3. Results and discussions

3.1. VOL is differentially cytotoxic to breast cancer cells at a dose
comparable to that of cisplatin

The cytotoxicity of VOL on MCF-7 breast cancer cells was assessed
through performing MTT assay. Cellular toxicity and percentage of cell
death increased along with increasing the doses of VOL. In MCF-7 cell
line, LCsp dose of VOL came out to be 20.825 pg/mL. However, LCsg
value of VOL in NKE was much higher (104.723 pg/mL) showing its
selective cytotoxicity towards cancer cells (Fig. 1A).

Besides, cytotoxicity of VOL was compared to that of the known
anticancer agent CIS. LCso doses for CIS in MCF-7 and non-cancerous
NKE cells were recorded to be 21.136 and 24.616 pg/mL respectively
(Fig. 1B).
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Furthermore, the extent cytotoxic effects of VOL and CIS obtained
from MTT assay were validated by assessing the amount of LDH leakage
from the cells (Fig. 1C). In MCF-7 cells, exposures of VOL and CIS both
resulted in significant amount of LDH leakage (82.909 UL ! and 81.099
ULt respectively). However, in non-cancerous NKE cell line, VOL
triggered only a bit of LDH leakage in contrast to significantly higher
LDH leakage upon CIS treatment (76.211 U Lh. Thus, unlike CIS, VOL
was found to be distinctively toxic to cancer cells showing no remark-
able toxicity for normal cells such as NKE.

3.2. VOL induces apoptosis in breast cancer cells in dose dependent
manner

Annexin-V-mediated flowcytometric assay was carried out for un-
derstanding the mode of cell death inflicted by VOL. As depicted in the
Fig. 2, presence of cells in the 4th quadrants of dot plots indicates
apoptotic mode of cell death by VOL. Like CIS, VOL at its LCs dosage
was also found to be highly potent to cause apoptotic death of human
breast cancer cells MCF-7. However, CIS caused apoptosis in NKE cell
population to significant percentage in contrast to VOL which was found
to be merely toxic to normal NKE cells.
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Fig. 1. Cytotoxic effect of VOL in MCF-7 cells in comparison with known anticancer agent cisplatin: Dose dependant cytotoxicity of (A) VOL and (B) in MCF-7 and
NKE cell lines in a range of 0-40 pg/mL concentration detected through MTT assay. (C) Comparison of VOL (20.83 pg/mL) and CIS (21.13 pg/mL)-mediated
cytotoxicity in MCF-7 and NKE cells detected via LDH leakage assay. All the data are representative of three independent experiments. “*” represents significant

difference with the control group (P* < 0.05).
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Fig. 2. Detection of VOL and CIS-induced apoptosis in both MCF-7 and NKE cell lines: MCF-7 and NKE cells pretreated with desired compounds (20.83 pg/mL of VOL
and 21.12 pg/mL of CIS) were subjected to Annexin-V-FITC staining and subsequent flowcytometric study. Here, a dual parameter dot plot has been prepared with an

x-axis representing the logarithmic fluorescence of FITC-labelled Annexin V.

3.3. VOL treatment differentially imposed oxidative stress in the breast
cancer cells

ROS play a crucial role in apoptosis induction both in physiologic
and pathologic condition. Hence, intracellular ROS generation was
checked flow cytometrically using fluorescent DCFDA dye. An increase
in green fluorescence was observed in VOL treated MCF-7 cells in
comparison to untreated cells and VOL treated normal kidney cells.
Otherwise, ROS induction was significantly higher in both CIS-treated
breast cancer and normal kidney cell lines (Fig. 3A & B). This observa-
tion indicates significant differential enhancement in intracellular ROS
in human breast cancer cells. Uplifted intracellular ROS is a hallmark of
overall cellular oxidative stress. In order to confirm the condition of
cellular oxidative stress several cellular antioxidant markers such as
activities of antioxidant enzymes SOD, CAT, extent of lipid peroxidation
(MDA) and the ratio of GSH-GSSG etc. were tested as well (Fig. 3C-F).
CIS and VOL exposure significantly hampered the antioxidant activities
of CAT and SOD in MCF-7 cells. Exposure to both of these compounds
resulted a significant lowering in reduced glutathione level (GSH) along
with an enhanced oxidized glutathione (GSSG) level in MCF-7 cells. NKE
cells after being exposed to CIS, showed much reduced GSH-GSSG ratio,
in contrast to NKE cells where a normal range of GSH-GSSG ratio was
maintained. Besides, VOL treatment significantly uplifted malondial-
dehyde (MDA) amount in the breast cancer cells barring the non-
cancerous cells which clearly denotes that VOL-driven oxidative stress
induction is breast cancer cell specific. SOD and CAT form a part of first
line defence system that act to suppress or prevent the formation of free

radicals or reactive species in cells. Decreased activities of such enzymes
indicate faulty cellular oxidative stress management system resulting in
excessive load of ROS. In line, glutathione, a substance made from three
amino acid cysteine, glutamic acid and glycine aids in the resistance of
oxidative stress. It exists in a ratio of GSH to GSSG. Normal cells account
90% glutathione in GSH form. However, an increased ratio of GSSG to
GSH indicates a status of oxidative stress. Consequently, that results in
increased level of oxidation to cellular macromolecules such as proteins.
Thus, reduced SOD, CAT activities in association with increased GSSG-
GSH ratio and cellular MDA content cumulatively indicate a condition
of cellular oxidative stress which emphasise ROS generating ability of
VOL to be involved in its differential anticancer activity.

3.4. VOL treatment selectively hampered MMP in breast cancer cells

Induction of apoptosis and uplifted cellular ROS both are often
related to increased mitochondrial permeability and dysfunction.
Hence, we checked for the relative change in mitochondrial membrane
potential of untreated cells with that of the CIS and VOL-treated cells
(Fig. 4A & B). Increase in green fluorescence with concomitant loss of
red fluorescence was considered as the notion of reducing MMP. CIS was
capable of reducing mitochondrial membrane potential both in
cancerous and non-cancerous cell lines. Whereas, VOL was able to
induce reduction in MMP selectively in MCF-7 cells, change in MMP was
negligible among VOL treated NKE cells. Such observation also indi-
cated that mitochondrial malfunction could be the key for apoptotic
death of breast cancer cells.
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GSH: GSSG content in cancer and non-cancerous NKE cells treated with 20.83 pg/mL VOL and 21.13 pg/mL CIS. Each column is represented as mean + SD, n = 6.
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represents the significant difference with respect to control MCF-7; whereas,
Each data is representative of three independent experiments.

3.5. Involvement of ROS is at the central to the VOL-mediated cell death

From above results, we were curious to know the impact of ROS in
overall effectivity of VOL mediated cell death. NAC which is a well-
known ROS blocker was used to satisfy our curiosity. When treated
with NAC in addition to LCsy dose of VOL, it usually lowered overall
intracellular ROS in MCF-7 cells compared to those treated with LCsq
dose of VOL alone (Fig. 5A). Also, similar observations were made in
case of enzymatic activities of intracellular CAT and SOD (Fig. 5C & D).
Apart from that, NAC addition was found to significantly reverse VOL
assisted cell death in MCF-7 cells (Fig. 5B). Reduction in VOL driven
apoptotic cell death due to NAC pre-treatment was confirmed by flow-
cytometric sorting of annexin-V-stained control and treated MCF-7 cells
(Fig. 5E), suggesting ROS to be the key role player for VOL induced
breast cancer cell death.

w#ry

G

3.6. VOL causes reduction in tumor weight and volume

EAC-originated solid tumors from sacrificed experimental mice were
checked for their weights and volumes. The mean weight and volume of
each experimental group (Groups I, II, and III) were plotted to easily
understand the change graphically. It was found that VOL significantly
decreased the tumor size, both in terms of weight and volume in the
treated groups (Fig. 6A & B), as compared to the untreated group (Group
I), in which the tumors had grown to significantly large sizes over the
treatment period (Fig. 6D). The results were more pronounced for the
higher dose-treated group (Group III, 20 mg kg™1).

3.7. VOL treatment repairs disrupted tumor tissue architecture

The tumor tissues were studied for their histological details by
interpreting the H & E-stained tumor sections (Fig. 6E). Increase in
micronuclei and disruption of tissue architecture are hallmarks of solid
tumor. Both of these signs were most pronounced in untreated tumor
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tissue sections; whereas, tumor sections of VOL-treated mice showed
signs of betterment. Both of these characteristics were found to have
significant improvement with increase in dose of VOL. In the higher dose
group (Group III), tumor micronuclei are barely visible in significant
number and the tissue architecture was found to have nearly returned to
normal muscle tissue architecture.

3.8. VOL treatment reduces splenomegaly in tumor-bearing mice

The splenic size and weight were considered as inflammatory
markers in vivo which was imposed by EAC-incorporation. It was
observed that VOL reduced splenomegaly in the treated animals of
Group-II and III, as compared to that of the untreated control group
(Group-I) (Fig. 6C). The results indicated that VOL treatment did not
induce major toxicity in the animal bodies as a whole; rather, it was
successful in reducing the extent of splenomegaly in the treated animals
of Group-II and III, indicating an overall reduction of cancer load in
treated tumor-bearing animals. To validate further we studied H & E-
stained splenic tissue sections from experimental animals of group I-IV
(Fig. 6E). There were no signs of disparity in splenic tissue architecture
even in wild type tumor non-bearing mice. These observations not only
ensure tumor healing property of VOL but also mark it to be safe for in
vivo usage.

3.9. VOL altered in vivo redox balance in tumor tissue

The activities of antioxidant enzymes SOD and CAT in tumor tissues
were studied (Fig. 7A & B) from tumor tissue homogenates of respective
experimental animals to find whether the in vivo results were in line with
the results of the in vitro assays. CAT is a highly significant phase II
detoxification enzyme which is essential to prevent ROS-driven cancer
cell damage. In this regard, SOD2 or MnSOD functions similarly. Thus,
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apart from measuring activities of these two enzymes in tumor tissue, we
also analysed transcriptional and translational level of CAT and SOD2
respectively in vivo (Fig. 7D & E). It was found that results from in vivo
study indeed corroborated the in vitro results, albeit with certain degrees
of variation owing to in vivo physiology. Antioxidant activities of CAT
and SOD2 were lowered parallelly with their expression level in VOL
treated group in contrast to tumor control group. Additionally, with
increasing dose, VOL was able uplift lipid peroxidation in tumor tissues
as well (Fig. 7C). Thus, it can be inferred that, VOL can potentially
hamper red-ox balance in tumor tissue.

3.10. VOL altered Bcl-2-family proteins inducing intrinsic apoptotic effect

To check the expressions of various pro-apoptotic and anti-apoptotic
proteins in the tumor tissues at translational level, data from Western
blotting were considered. Result from previous MMP determination
hinted us about mitochondrial dysfunctionality. Hence, we wanted to
check the transcriptional as well as translational expression of key
molecules associated with mitochondria-based apoptotic pathway. In
this course, we found VOL treatment dose-dependently reduced Bcl2/
Bax ratio. Reduction in Bcl-2/Bax ratio is a hallmark, leading the cell
towards intrinsic apoptotic death. Moreover, loss of MMP is associated
with increased mitochondrial permeability causing the release of mito-
chondrial protein cytochrome C. Thus, translational expression of cy-
tochrome C was noticed. Thereafter, we have checked increased
expression Apaf-1 confirmed apaptosome formation. Further, to confirm
specific caspase activation we checked expression level of cleaved cas-
pase 9 and cleaved caspase 3, both of which were expressed higher in
tumor tissue treated with 20 mg of VOL (Fig. 8A).
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Fig. 7. Changes of in vivo tumor tissue antioxidant parameters after VOL application: (A) SOD and (B) CAT activities in tumor tissues of respective experimental
groups. (C) represents the MDA levels in tumor tissue after being treated with 10 mg kg™* and 20 mg kg~* doses of VOL (expressed in terms of pmol/g of protein). (D)
& (E) respectively represent expression of CAT and SOD2 in tumor tissue. Expression of CAT was assessed through RT-PCR; whereas, SOD2 expression was studied by
Western blot analysis. Data shown here are representatives of three individual experiments. Each column has been plotted as mean + SD, n = 6. “*” represents the

significant difference with respect to the Group-I; whereas, “**

represents significant difference with respect to Group-II. (P* < 0.05).
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Fig. 8. VOL-induced in vivo tumor reduction is related to upregulation of apoptotic and inflammatory markers: (A) Immunoblot analysis of Bcl-2, Bax, cytosolic Cyt
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significant difference with respect to the Group-I; whereas, “*”

3.11. VOL concomitantly induced extra-mitochondrial apoptosis in tumor
tissues

As we noticed significant tumor-related inflammatory splenomegaly
in experimental tumor bearing mice, we were keen to know whether
inflammatory signals were boosted in VOL treated tumor tissue as well.
Hence, expression of pro-inflammatory cytokines such as tumor necrosis
factor-a (TNF-a), interleukins (IL-6, IL-1f) were examined at transcrip-
tional level (Fig. 8B). Inflammatory cytokines are known to upregulate
chemokine production resulting in leucocyte infiltration. In present
study, we checked for any alternation in transcriptional expression of
monocyte chemo-attractant protein-1 (MCP-1) due to VOL treatment.
Also, by Western blotting we checked the expression of tumor necrosis
factor-a (TNF-a) in tumor tissues collected from experimental mice from
Group-I-III. In our study, we found the expression of TNF-a to be
upregulated both at transcriptional and translational levels due to VOL
treatment. Additionally, as interpreted from RT-PCR data, VOL treat-
ment was also noticed to uplift IL-1p, IL-6 and MCP-1 mRNA expression.
Apart from inflammatory response TNF-o is capable of inducing
apoptosis too. Thus, we also investigated translational expression of
genes involved in TNF-a-mediated extrinsic apoptotic pathway
(Fig. 8C). So, downstream to TNF-a, expression of TNFR1-associated
death domain protein (TRADD) as well as that of the cleaved caspase-

11

represents significant difference with respect to Group-II. (P* < 0.05).

8 were found elevated. Further, downstream, increased Bid expression
was enough to link TNF-a-mediated extrinsic apoptotic pathway with
intrinsic one.

3.12. VOL induces higher expression of cleaved caspases 9, 8 and 3 in
tumor tissue in vivo with dose-dependency

To visualise the changes induced by VOL treatment in vivo, we per-
formed immunohistochemical experiment to study the expressions and
localisations of Caspase-8, 9 and 3 in the tumor tissues of experimental
animals (Fig. 6G-I). The extent and intensity of DAB expression was
considered as the marker of expression of the proteins of interest. It was
observed that the IHC results were in line with the results obtained from
Western blotting. Caspase-9, caspase-8 and caspase-3 as well showed
higher expression and localisation in the tumor tissues obtained from
animals of Group-III, that were treated with the higher dose as compared
to that of Group-II. The untreated group, as expected, showed negligible
expressions of these three pro-apoptotic proteins.

3.13. VOL is overall non-toxic to healthy body tissues

The VOL treated mice were regularly checked for any changes in
their coat colour, or reduction in weight, throughout the treatment



N. Ghosh et al. Life Sciences 301 (2022) 120606

period, to get a hint of any toxicity that was occurring in the animals' sporadic rise in body weights of mice from Group-I), that is, there was no
bodies due to the treatment. Furthermore, there was no change in coat reduction or halt in their growth (Fig. 9A).

colour of treated animals (Fig. 6D), the tumors visibly reduced in size in

animals of Group-III, and the mice belonging to Groups IL, III, IV, V and

VI continued to grow normally in terms of body weight (as compared to
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Fig. 9. In vivo systemic toxicity profile of VOL: (A) Body weight (in gram) of experimental mice from Group-I-1V; (B) Serum creatinine level; (C) Serum BUN level;
(D) Serum ALT level; (E) Serum ALP level of experimental mice of Group-IV-VI. Each column is represented as mean + SD, n = 6. (F) Representative H & E-stained
histological sections of renal and hepatic tissues under 20x magnification.
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3.14. VOL does not alter basic liver and kidney parameters significantly

The serum obtained from treated and untreated experimental ani-
mals from all six groups were checked for the levels of major liver and
kidney health parameters, that is, ALT, ALP, BUN and creatinine
(Fig. 9B-D). The experiments gave promising results as it was observed
that VOL treatment in any of the two doses did not render any major
toxicity to the animals belonging to group-V and VI. This result was
further strengthened by observing H & E-stained kidney and liver tissue
sections from respective experimental groups establishing no significant
systemic cytotoxicity of our candidate compound VOL (Fig. 9F & G). The
levels of all the four toxicity parameters remained nearly similar to that
of control healthy animals of group-IV.

Life Sciences 301 (2022) 120606
4. Conclusion

The present work demonstrates potent anticancer activities of syn-
thesized novel oxidovanadium complex VOL, which has been summar-
ised in Fig. 10. VOL was found to exert dose-dependent cytotoxicity in
human breast cancer cells with an almost equal anticancer potency of
cisplatin. Due to off-target toxicity, cisplatin is known to cause some
serious side effects related to healthy tissues in cancer patient [6,42].
However, in contrast to such popular platinum-based metallodrug
cisplatin, VOL exhibited minimal toxicity to normal cell in vitro which
was validated both by MTT and LDH leakage assays. Additionally, VOL
was recorded with no serious toxicity vital organs such as liver and
kidney when checked in vivo as well. Getting normal serum hepatic and
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tumor in Swiss Albino mice
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Fig. 10. Schematic diagram representing the anti-cancer activity of VOL: In vitro (in MCF-7 cells) and in vivo (in Swiss Albino mice) anti-tumor efficacy of novel water
soluble mononuclear dipicolinic acid-imidazole based oxidovanadium (IV) complex VOL.
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renal toxicity markers along with normal histological interpretation of
liver and kidney sections are enough to satisfy its minimal off-target
toxicity though VOL was potent enough to reduce tumor volume and
mass over just a 14-day-long treatment period. Moreover, splenomegaly
imposed in tumor bearing mice was found to show betterment with
increasing dose of VOL in Swiss Albino mice. When, investigated deep
into its working mechanism, VOL was found to activate both intrinsic
and extrinsic pathway of programmed cell death. VOL was recorded to
trigger mitochondrial apoptosis by alternating fine balance between
cellular pro-apoptotic and anti-apoptotic factors. Increased intracellular
ROS load and subsequent decreased mitochondrial potential came out as
the chief controller here. Study with NAC, clearly indicated towards
ROS-dependent apoptosis induction by VOL. In order to bypass oxida-
tive stress tumor cells are known have higher than normal level and/or
activity of antioxidant enzymes [43]. VOL was recorded to reduce
antioxidant enzyme activity and level both in vitro and in vivo increasing
the overall possibility of intrinsic apoptosis induction. Besides, VOL was
found to trigger higher inflammatory response in tumor tissues which
was further observed to elicit extra-mitochondrial apoptosis. Moreover,
in vivo immunoblot analysis was found the merger of extrinsic apoptotic
pathway with the intrinsic one, together attributing a stronger cell
killing ability of VOL From the observations made here, it can be
postulated that like most of oxidovanadium complex, oxidative damage
seems to be the main mechanism by which VOL initiates apoptosis.
Unlike platinum-containing drugs such as CIS that form potentially
mutagenic covalent DNA adducts, anticancer activity of oxidovanadium
complexes such as VOL is mostly due to their non-covalent DNA inter-
action and ability for ROS production [44]. In contrast to CIS, metal-
lodrugs such as VOL function by inhibiting DNA synthesis and exerting
antimitotic activity. Epigenetic changes at cellular and molecular levels
due to DNA adduct formation (by interaction at N7 reaction centre of
purines of deoxynucleotides) is the main key behind CIS-driven che-
moresistance which can be bypassed through the use of metallodrugs
such as VOL which follow a separate cell killing mechanism in cancer
cells. Additionally, reduced accumulation of platinide drugs, increased
level of DNA damage repair, increased detoxification by GSH are
thought to be also responsible for CIS-mediated chemoresistance [45].
In this context, anticancer oxidovanadate compounds such as VOL must
be scrutinized further. However, briefly, VOL and CIS, despite of their
similar anticancer and tumor-inducing properties, differ fundamentally
in their mode of action. Based on several existing reports, it is well
known that vanadium (IV)-containing inorganic compounds are capable
of 2'-deoxyguanosine hydroxylation and subsequent ROS-mediated
DNA breakage [46,47]. Additionally, VOL has been observed to
induce anticancer effect via inducing ROS prior to change in oxidative
status of cell and related increase in mitochondrial permeability. Thus,
so far as discussed, VOL can represent a potent anticancer metallodrug
as platinide alternatives in breast cancer treatment.
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ARTICLE INFO ABSTRACT

Keywords: Cancer is a disease of global importance. In order to mitigate conventional chemotherapy-related side effects,
Cancer phytochemicals with inherent anticancer efficacy have been opted. However, the use of nanotechnology is
Chrysin

essential to enhance the bioavailability and therapeutic efficacy of these phytochemicals. Herein, we have
formulated folic acid conjugated polyacrylic acid capped mesoporous silica nanoparticles (~47.6 nm in diam-
eter) for pH-dependent targeted delivery of chrysin to breast cancer (MCF-7) cells. Chrysin loaded mesoporous
silica nanoparticles (Chr- mSiO;@PAA/FA) have been noted to induce apoptosis in MCF-7 cells through
oxidative insult and mitochondrial dysfunction with subsequent G; arrest. Further, in tumor bearing mice,
intravenous incorporation of Chr-mSiO>;@PAA/FA has been noticed to enhance the anti-neoplastic effects of
chrysin via tumor site-specific accumulation. Enhanced cytotoxicity of chrysin contributed towards in vivo tumor
regression, restoration of normalized tissue architecture and maintenance of healthy body weight. Besides, no
serious systemic toxicity was manifested in response to Chr-mSiO2@PAA/FA administration in vivo. Thus, the
study evokes about the anticancer potentiality of chrysin and its increased therapeutic activity via incorporation
into folic acid conjugated mesoporous silica nanoparticles, which may hold greater impact in field of future
biomedical research.

Mesoporous silica nanoparticle
pH-dependent drug release
Receptor-mediated targeted drug delivery

1. Introduction cancer therapeutic strategies such as tumor removal surgery, hormone
therapy, chemotherapy, radiation or even immunotherapy offer only

Despite of the remarkable advances in fundamental cancer biology in limited benefit in cancer treatment leading to collateral damage to vital
the last quarter century, cancer stands as the second leading cause for organs and reduction in patients’ average survival rates (Sengupta and
common death involving approximately 10 million deaths worldwide as Balla, 2018). Such disparity calls for the significance of advanced and

recorded in 2020 (Ghosh et al., 2019; Sung et al., 2021). Conventional thoughtful strategies facilitating cancer therapeutics (Das et al., 2022a).

Abbreviations: ALP, Alkaline phosphatase; ALT, Alanine aminotransferase; APTES, (3-Aminopropyl) triethoxysilane; Bax, Bcl-2-associated X; BCA, Bicinchoninic
acid; Bcl-2, B-cell lymphoma 2; BSA, Bovine serum albumin; BUN, Blood urea nitrogen; CAT, Catalase; CTAB, N-cetyltrimethylammonium bromide; DAPI, 4',6-
diamidino-2-phenylindole; DCFDA, Dichlorodihydrofluorescein diacetate; DEE, Drug entrapment efficiency; DDS, Drug delivery system; DLC, Drug loading content;
DLS, Dynamic light scattering; DMEM, Dulbecco’s Modified Eagle’s Medium; DMSO, Dimethyl sulfoxide; EAC, Ehrlich ascites carcinoma; EDC, 1-(3-dimethylami-
nopropyl)-3-ethyl carbodiimide hydrochloride; EPR, Enhanced permeability and retention effect; FA, Folic acid; FACS, Fluorescence-activated single cell sorting; FBS,
Fetal bovine serum; FITC, Fluorescein isothiocyanate; FTIR, Fourier transform infrared spectroscopy; GSSG, Oxidized glutathione; GSH, Reduced glutathione; HPLC,
High performance liquid chromatography; H,0,, Hydrogen peroxide; HRP, Horseradish peroxidase; IHC, Immunohistochemistry; JC1, Tetraethylbenzimidazo-
lylcarbocyanine iodide; K>-EDTA, Dipotassium ethylene diamine tetraacetic acid; LDH, Lactate dehydrogenase; MDA, Malonaldehyde; MMP, Mitochondrial mem-
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chloride; NaOH, Sodium hydroxide; NHS, N-hydroxy succinimide; PAA, Polyacrylic acid; PBS, Phosphate buffered saline; PI, Propidium iodide; RIPA, Radioimmune
precipitation assay; ROS, Reactive oxygen species; RPMI, Roswell Park Memorial Institute; SOD, Superoxide dismutase; SDS, Sodium dodecyl sulfate; TBARS,
Thiobarbituric acid reactive substance; TEOS, Tetraethylorthosilicate.
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In this context, the dreadful effects of traditional cancer therapeutics can
be easily bypassed by replacing them with naturally occurring plant
derived polyphenolic anticancer compounds. Among various poly-
phenolic compounds, chrysin (5,7-dihydroxyflavone) extracted from
honey, propolis, passion flowers, etc. was initially known for its anti-
inflammatory and antioxidant roles (Pushpavalli et al., 2010; Samar-
ghandian et al., 2016). Later on, researches elucidated its proapoptotic
effects on several human cancers including gastric (Chen et al., 2021),
colorectal (Salama and Allam, 2021), pancreatic (Zhou et al., 2021),
breast (Azar et al., 2021) and prostate (Ganai et al., 2021) carcinomas. It
was found to mitigate chemo resistance of adriamycin and cisplatin in
non-small cell lung carcinoma as well (Xu et al., 2018). However, poor
solubility and lower bioavailability due to insufficient absorption and
rapid metabolism are the most common challenges for administering
chrysin in cancer therapeutics (Walle et al., 2001). In line, bioavail-
ability and potency of chrysin can be upgraded by the assistance of
specific targeting ligand-labeled smart nano-drug delivery system
(nano-DDS) which will be capable to induce specific interaction with
tumor cells and intelligent stimulus-boosted drug unloading perfor-
mance at tumor microenvironment (Sun et al., 2022; Wang et al.,
2021b).

When injected intravenously, in addition to enhanced permeability
and retention (EPR) effect (Matsumura and Maeda, 1986), circulating
nanoparticles can specifically gathered at the tumor site through surface
functionalization with cognate ligand molecules which are proficient of
recognizing tumor-specific receptor molecules (Deshayes et al., 2013).
Therefore, in a targetable n-DDS the surface of the core nanocarriers are
often properly harmonized with cognate targeting moieties such as
hormones, aptamers (Farokhzad and Langer, 2006), vitamins, peptides,
antibodies etc (Cheng et al., 2017; Salmaso et al., 2004). Additionally,
an ideal ‘smart’ DDS must avoid premature unloading at nonspecific
sites and should be capable of tailoring therapeutic agents by dis-
tinguishing healthy cells from the neoplastic ones (Garcia-Bennett et al.,
2011; Salinas et al., 2018; Wang et al., 2021a; Zhu and Chen, 2015).
Among various stimuli-guided drug release mechanisms of nanocarriers,
change in pH is the most studied one, due to unequivocal occurrence of
pH gradient in tumor microenvironment (Kundu et al., 2019). Under-
standing all the requirements to synthesize successful nano-DDS for
chrysin, in the current work, we have formulated, folic acid (FA) ligated,
polyacrylic acid (PAA) coated mesoporous silica nanoparticles (mSiO3)
with chrysin infiltration which in assemblage act as a superior ‘molec-
ular gates’ delivering its cargo following the change in pH specific to
tumor cells.

mSiO, has been selected due to its phenomenal features of silica
scaffold which is suitable for pH-guided drug unloading at tumor site (Lu
et al., 2010; Salinas et al., 2018). The ordered porous network of mSiO4
allows controlled loading of therapeutic agents and their steady release
kinetics (Giret et al., 2015; Lei et al., 2019). Overall non-toxicity and
chemical inertness of mSiO5 make them suitable as biocompatible in vivo
therapeutic nanocarrier. Additionally, bigger surface area and the ease
of its surface modification using the popular alkoxysilane chemistry
uphold mSiO5 as ideal candidate for smart nano-DDS (Renner et al.,
2020; Xu et al., 2022). PAA was chosen as it behaves distinctly in
different pH. At neutral or basic environment, PAA remains deproto-
nated and hydrophilic; whereas, at much lower pH it entangles to pre-
cipitate and behaves hydrophobically (Peng et al., 2013). Additionally,
PAA can be conjugated easily upon mSiO3s’ surface either electrostati-
cally or by covalent bonding (Yuan et al., 2011). Besides, PAA instal-
lation upon aminated mSiO; enables controlled release of chrysin as
well (Kundu et al., 2020). Whereas, FA which basically belongs to water-
soluble vitamin B-complex family, is stable and nonimmunogenic
(Chowdhuri et al., 2016; Salmaso et al., 2004; Tao et al., 2015); thus,
using it as a tagging agent prevents immunogenic recognition of mSiOy
nanocarrier by reticuloendothelial system and prolongs the overall cir-
culation time. Furthermore, FA exhibits higher affinity for folate re-
ceptors (a type of folate-binding glycosylphosphatidylinositol (GPI)-
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linked cell surface receptor) (Porta et al., 2013). Folate receptors are
overexpressed on variety of cancer tissues including breast (Karamipour
et al., 2015; Leamon and Reddy, 2004), ovarian, lung, kidney and
cancers arrived from epithelial tissue (Garin-Chesa et al., 1993; Parker
et al., 2005). However, sarcoma, lymphoma as well as carcinomas
originating from bladder, liver, prostate and testicles lack expression of
folate receptors. On the other hand, they are expressed on limited basis
on the apical surfaces of polarized epithelia of normal tissues including
lung, choroid plexus, kidney and placenta etc (Parker et al., 2005). Such
precision enables folate-tagged nanocarrier for selectively target cancer
cells. After attachment of folate to the folate receptor within caveolae,
they are internalized via endocytic pathway. At the acidic pH (pH 5.0) of
endosomes, folic acid dissociates from the receptor for the required drug
release (Zwicke et al., 2012). Here, we have invented novel nano-DDS
using FA-targeted mSiOy using PAA-assisted pH-dependent release of
chrysin specific to tumor cells reducing collateral damages. In addition
to mesoporous silica-based nano-DDS, we have also studied enhanced
cellular uptake of chrysin nano-formulation and reactive oxygen species
(ROS)-induced enhanced apoptotic as well as anticancer potency of
chrysin in human breast carcinoma cells MCF-7. Also, molecular
pathway responsible for chrysin-based nano-DDS induced apoptosis of
MCF-7 cells has been studied translationally with the same, replicated in
vivo using Ehrlich Ascites Carcinoma (EAC) cell induced solid tumors in
Swiss Albino mice.

2. Experimental section
2.1. Chemicals

PAA, chrysin and 99 % extra pure APTES were bought from Sigma-
Aldrich. FA, NaOH, NaCl, disodium hydrogen phosphate dihydrate,
99 % pure EDC. HCl, TEOS, CTAB, 97 % NHS, MTT reagent and BSA
were purchased from SRL, India. VECTASHILD mounting medium was
purchased from Vector Laboratories, Inc. Burlingame, CA 94010.
Ethanol and DMSO were obtained from Merck. DMEM, RPMI-1640,
antibiotics and amino acids were provided by Hi-Media, India. Fetal
bovine serum (FBS) was obtained from Thermo Scientific Hy-Clone,
USA. BCA kit was obtained from Thermo Fisher Scientific, USA. Anti-
bodies were provided by Abcam (Cambridge, UK), Cell Signaling (USA),
Novus Biologicals (USA) and BioBharti Life Sciences Private Limited,
India.

2.2. Preparation of amine functionalized mSiO»

Preparation of mSiO, was done by adapting the method described in
previously reported literature (Kundu et al., 2021; Xiao et al., 2014). In a
nutshell, 1 gm of CTAB and 280 mg of NaOH were dissolved in 480 mL
ultrapure deionized water at 80 °C with vigorous stirring. Next, 6.7 mL
of TEOS was added in drop-wise fashion at a point when previous so-
lution became transparent. In order to get aminated mSiO, 1 mL of
APTES was added and left for 5 h of stirring followed by centrifugation.
At the end, the surfactant was washed off by refluxing the synthesized
product with a mixture of 500 mL ethanol and 6 mL concentrated HCl
for 24 h at 78 °C temperature. Finally, the end product was obtained by
several times absolute ethanol-wash followed by the centrifugation at
6000 rpm for 10 min and subsequent oven-drying.

2.3. Synthesis of chrysin entrapped mSiO2 (Chr-mSiO2)

For chrysin entrapment, dispersed solution of amine-functionalized
mSiO, was added to DMSO solution of chrysin at 1:2 feed ratio and
was kept under stirring condition using magnetic stirrer at 400 rpm for
24 h at room temperature. At this point drug loading profile was checked
by calculating drug loading content (DLC) and drug entrapment effi-
ciency (DEE) of mSiO,-Chr through UV-vis spectroscopy at 315 nm. A
calibration curve was drawn using absorbance values at distinct known
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concentrations. DLC and DEE were calculated as follows (Kundu et al.,
2019):

DLC (%) = (weight of chrysin lodged in nanoparticle)/(total weight
of nanoparticle) x 100.

DEE (%) = (weight of chrysin lodged in nanoparticle)/(weight of
chrysin used for drug loading) x 100.

2.4. PAA fabrication upon Chr-mSiOz (Chr-mSiO,@PAA)

Dispersed solution of Chr-mSiO; was added to PAA solution in 1:1 wt
ratio and was kept stirring at 400 rpm using a magnetic stirrer at 100 °C
for 2 h to formulate Chr-mSiO,@PAA (Peng et al., 2013; Xiao et al.,
2014).

2.5. Formulation of FA-tagged Chr-mSiO,@PAA (Chr-mSiO,@PAA/FA)

The free carboxyl groups of PAA at Chr-mSiO,@PAA surface were
activated by addition of EDC and NHS in a 3 h-long stirring condition
with the help of a magnetic stirrer at 400 rpm. Finally, FA (dissolved in
DMSO) was added to the reaction mixture in 2:1 wt ratio to Chr-
mSiO,@PAA and kept for 24 h in stirring condition to get final nano-
composite, Chr-mSiO;@PAA/FA.

2.6. Preparation of fluorescein isothiocyanate (FITC) tagged mSiOz
nanodevice

In order to check FA receptor-based increased chrysin nanoconjugate
uptake, Chr-mSiO5 was tagged with FITC and were processed further to
produce Chr-mSiO2,@FA/FITC according to method described elsewhere
(Hakeem et al., 2016; Zhai et al., 2012). Briefly, Chr-mSiO, and Chr-
mSiO,@FA were mixed with ethanolic solution of FITC and were kept
stirring using magnetic stirrer for 24 h at 400 rpm in dark to obtain Chr-
mSiO@FITC and Chr-mSiO2@FA/FITC respectively.

2.7. Characterization

Size of the nanoparticle was measured using transmission electron
microscope or TEM (Tecnai G2 TF-20-200 KV). Morphology and the
structure of the synthesized nanoconjugates were observed by scanning
electron microscope or SEM (JSM7600F, JEOL, Japan). To clarify suc-
cessful loading of chrysin and further addition of PAA and FA, a series of
experiments were performed. The Fourier-transform infrared (FTIR)
spectra of the samples were collected in a range of 4000 cm™'-400 cm ™!
with FTIR-analyzer (NEXUS-470, Nicolet, USA) using KBr pellets.
UV-vis spectra of the nanocomposites were recorded using Shimadzu
spectrophotometer. Furthermore, both hydrodynamic size and zeta po-
tential of the synthesized nanoconjugates were measured from their
aqueous suspension through dynamic light scattering (DLS) using
Delsa™ Nano C particle size analyzer, Beckman Coulter, Brea, CA, USA.

2.8. Hemolytic assay

Hemolytic study of nanoconjugates was performed according to the
protocol established elsewhere (Chen et al., 2019b; Evans et al., 2013).
Initially, 2 mL human blood was collected in Ko-EDTA coated vials to
prevent blood coagulation. Collected blood was centrifuged for 5 min at
500 x g; after which sedimented pellet and plasma supernatant volume
was marked on hematocrit tube. Next, plasma was discarded and
replaced by 150 mM NaCl solution and mixed well. Then, the solution
was centrifuged again at 500 x g for 5 min. This time, supernatant was
discarded again and replaced by equal volume of PBS (pH 7.4). RBC
solution was 50 times diluted further using PBS. Then, 100 pL of mSiO,
and mSiO,@PAA/FA solutions of five different concentrations (0.5, 1.0,
2.0, 4.0, 8.0, 10.0 mg mL 1) were added to diluted 1.9 mL of RBC so-
lution to get final mSiO, and mSiO2@PAA/FA solutions of 25, 50, 100,
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200, 400 and 500 pg mL ™! concentrations. The solutions were shaken at
100 rpm for 1 h at 37 °C temperature followed by centrifugation at 500
x g for 5 min. Finally, supernatants were analyzed spectrophotometri-
cally at 541 nm. 100 pL of each 20 % triton-X-100 and 1X PBS (pH 7.4)
were used as positive and negative controls respectively. Hemolysis
percentage was calculated as follows (Chen et al., 2019b):

Hemolysis % = (absorbance of samples — absorbance of negative
control)/(absorbance of positive control — absorbance of negative
control) x 100.

2.9. Protein adsorption assay

Protein adsorption onto the surface of synthesized nanoparticles was
estimated by studying adsorption of BSA [34]. 60 mg of BSA was dis-
solved in 100 mL of distilled water. Then 5 mL of each 2 mg mL~! PBS
suspension of mSiOy, mSiO2@PAA and mSiO>@PAA/FA were added to
5 mL of prepared BSA solution. Sample mixtures were kept in shaking
condition at 135 rpm for 4 h at 37 °C temperature; after which upper
clear solutions were collected and subsequent BSA concentrations were
checked by BCA kit at 562 nm. Adsorbed amount of BSA for each sample
was calculated using the following equation (Chen et al., 2019b).

BSA adsorption = [(initial concentration of BSA — concentration of
BSA in samples) x volume of sample solution]/weight of nano-
particle added.

2.10. Study of chrysin release profile

In order to justify drug release content from nanoconjugates within
acidic tumor microenvironment, a mimicking laboratory situation was
created extracellularly using PBS (154 mM) of three distinct pH (pH 7.4,
pH 6.0 and pH 5.0). To analyze the in vitro pH dependent release of
chrysin from Chr-mSiO; and Chr-mSiO2@PAA, PBS was supplemented
with 0.1 % Tween 80 to maintain the sink condition for chrysin disso-
lution in release media (Lungare et al., 2016). 2 mg chrysin containing
mSiO, were dispersed into 2 mL of release medium which were soni-
cated throughout the experimental time maintained at 100 rpm and
37 °C. Sample were transferred at set time interval and the volume was
replaced with an equal volume of pre-warmed release medium (Lungare
etal., 2016). Then amount of released chrysin in original buffer solution
was determined spectrophotometrically at 315 nm on specific time spots
within 0-48 h time span. Percentage of drug release was calculated as
(Jabbari et al., 2018):

Drug release (%) = (amount of drug in release medium at time t/
amount of drug entrapped in nanoparticle) x 100.

2.11. Cell culture

Human breast adenocarcinoma (MCF-7) cells were purchased from
National Centre for Cell Science (NCCS), Pune and noncancerous normal
human kidney epithelial (NKE) cells were acquired from Prof. Kaushik
Biswas as a gift to satisfy experimental needs. At 37 °C and in a humified
5 % COg incubator, both types of cells were routinely maintained in 75
cm? culture flasks using RPMI-1640 media with 10 % FBS, streptomycin
(0.1 gm L™Y and penicillin (1,00,000 IU/L) incorporation. Cells were
allowed to attain monolayered confluency of 70 % (with 5 x 10° cell
seeding concentration) for any further treatment.

2.12. Study of in vitro cellular uptake and release

MCEF-7 cells were treated with equivalent dose of Chr-mSiO;@FITC
and Chr-mSiO,@FITC/FA for 3 h, and then washed with 1X PBS. The
cell suspension was further centrifuged at 6000 rpm for 5 min to get the
cell pellet which was resuspended in 1X PBS and analyzed
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flowcytometrically at 520 nm to check mSiOs-nanoparticle uptake
(Kundu et al., 2021). Apart from that confocal laser scanning microscopy
was further used in order to check cellular uptake. MCF-7 cells were
precultured on coverslip directly overnight. Afterward, the cells were
incubated with Chr-mSiO,@FITC and Chr-mSiO,@FITC/FA (equivalent
Chr concentration of 1 pg mL™!) at 37 °C. At predetermined time in-
tervals, the cells were washed with PBS thrice and were mounted with
VECTASHIELD mounting media. Finally, the cells were subjected to the
CLSM observation (Chen et al., 2019a).

For studying intracellular release of chrysin from nanohybrids, MCF-
7 cells were treated with the equivalent dose of free chrysin, Chr-
mSiO,@PAA and Chr-mSiO,@PAA/FA for 24 h. After that, the cells
were washed with 1X PBS and lysed in lysis buffer. Supernatants from
these three treatment groups were then obtained via centrifugation at
6000 rpm for 5 min and checked the amount of released chrysin spec-
trophotometrically at 315 nm. Release pattern of chrysin was similarly
studied on NKE cells as well.

2.13. Cytotoxicity assay of synthesized chrysin nanoconjugates

MTT assay was performed to evaluate cytotoxicity of chrysin and
chrysin-loaded nanoconjugates. At 70 % confluence, cultivated MCF-7
cells at a density of 1 x 10° cells per well, were chemosensitized with
free chrysin, Chr-mSiO2@PAA and Chr-mSiO,@PAA/FA and mSiO,@-
PAA/FA. Treatment included a range of five doses (5-40 pg mL™1) for
free chrysin and corresponding equivalent concentrations of chrysin-
loaded nanoconjugates. Post-24 h of treatment, media was discarded
and 100 pL of 0.5 mg mL~! MTT solution was added to each well. After 4
h of incubation at 37 °C, each well received 100 pL. DMSO to dissolve
purple formazan crystal of MTT and corresponding absorbance was
estimated at 570 nm on a microplate reader (Kundu et al., 2019) and the
cell viability was calculated. Besides, a similar experiment was carried
out for NKE cells.

2.14. Determination of mode of cell death

For studying the mode of cell death, 70 % confluent MCF-7 cells were
cultured in 6 well plates and exposed to 10 pg mL ™ of free chrysin, Chr-
mSiOo@PAA and Chr-mSiO;@PAA/FA. After 24 h of incubation cells
were mildly scraped and centrifuged for 5 min at 300 x g and room
temperature. Derived cell pellet was washed in 1X PBS and suspended in
1X Annexin V binding buffer. Next, Annexin V/FITC (1 pL) was incor-
porated in cell suspension and incubated in dark at room temperature
for 5 min followed by quick excitation at 488 nm and analysis fluores-
cent emission at 520 nm employing FACSVerse cell sorter (Sadhukhan
et al., 2016; Sarkar et al., 2016). FACSuite software was employed for
data quantification where Annexin V/FITC positive cells were contem-
plated as apoptotic cells.

Apart from that, mode of cell death was studied through confocal
microscopy as well. MCF-7 cells were grown on coverslips in a 12-well
plate. Cells were incubated for 24 h with 10 pg mL™! of free Chr, Chr-
mSiO2@PAA and Chr-mSiO2@PAA/FA. After diluting Annexin-V/FITC
within Annexin-V/FITC binding buffer in a 1:100 ratio, cells on the
coverslips were incubated in Annexin V/FITC for 1 h. Next, the cells
were washed twice in Annexin-V binding buffer, mounted using VEC-
TASHIELD mounting media, and finally were checked through confocal
laser scanning microscopy.

2.15. Detection of cumulative intracellular ROS

Intracellular ROS content in MCF-7 cells was made using DCFH-DA
(2,7-dichlorodihydro-fluorescein di acetate) (Kundu et al., 2019). For
this experiment, MCF-7 cells were seeded (2 x 10°) and subsequently,
cells were treated in four groups with doses equivalent to the LCso doses
of free chrysin, Chr-mSiO,@PAA and Chr-mSiO>@PAA/FA respectively.
Later, cells were scraped and centrifuged (at room temperature and 300
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x g for 5 min) to obtain cell pellet which was suspended in 1 mL PBS.
Finally, DCFH»-DA was added to the cell suspension to the final con-
centration of 2 uM followed by 20 min incubation at 37 °C in dark.
Lastly, cells were washed, resuspended in 1X PBS and ROS measurement
was carried out at 525 nm employing FACS Calibur flowcytometry.
Besides, generated ROS was detected via confocal microscopy using the
same DCFH-DA dye in contrast with nuclear staining with DAPI (Sad-
hukhan et al., 2016).

2.16. Detection of in vitro mitochondrial membrane potential (MMP)

Following the treatment with nano-chrysin-formulations, MMP was
determined according to the protocol described previously (Sadhukhan
et al., 2019) using JC-1 dye. In brief, free chrysin, Chr-mSiO,@PAA and
Chr-mSiO,@PAA/FA-treated MCF-7 cells were incubated with 5 mM JC-
1 dye and were kept at 37 °C for 30 min. Following centrifugation at 300
% g for 5 min, MCF-7 cells were suspended in PBS and were subjected to
flow cytometric analysis using their fluorescence emission at 525 nm by
BD FACS Caliber flow cytometer.

2.17. Detection of in vitro GSSG and GSH content

Intracellular GSH content was quantified using Ellman’s reagent
following the procedure described elsewhere (Sarkar et al., 2011).
Briefly, post-treatment with chrysin, Chr-mSiO;@PAA and Chr-
mSiO,@PAA/FA, whole cell lysates of MCF-7 cells from different
experimental groups were obtained and centrifuged at 12000 rpm for
15 min. Next, Ellman’s reagent (DTNB solution) was added to the cell
lysates and the absorbance was recorded at 412 nm based on DTNB
reduction. Cellular GSH content was calculated with reference to a GSH
standard curve and values were expressed in umol mg ™ of protein.

GSSG content was then detected following the method described by
Hissin and Hilf in 1976 (Hissin and Hilf, 1976). Similar to GSH esti-
mation procedure, cell lysate from each experimental group was first
added up with 400 mM NEM to limit further oxidation of GSH to GSSG,
followed by 30 min incubation at room temperature. Following the in-
cubation, 300 mM NayHPO,4 and DNTB solution were added. Lastly,
spectrophotometric absorbance was calculated again at 412 nm (Sinha
et al., 2007).

2.18. Assessment of in vitro lipid peroxidation

Post-treatment with nano-formulations, the occurrence of increased
oxidative stress was ensured by assessing extent of intracellular lipid
peroxidation in both control and treated groups. Lipid peroxidation was
measured in term of MDA content (Manna et al., 2009; Sadhukhan et al.,
2016). In gist, cells from different experimental groups were lysed to
obtain whole cell lysate. Cell lysates were treated with 0.67 % thio-
barbituric acid and 20 % trichloro acetic acid. The mixtures were heated
at 100 °C for 60 min, cooled down to room temperature and then were
centrifuged to eliminate any precipitate. Finally, the clear supernatants
were evaluated spectrophotometrically for absorbance at 535 nm.

2.19. Assessment of ROS-scavenging enzymes

Activity of ROS-scavenging antioxidant enzymes such as SOD and
CAT were assayed from the cell lysate of control and treated experi-
mental groups of MCF-7 cells. The procedure followed here, has been
describe somewhere else (Sinha et al., 2007).

2.20. Cell cycle analysis

Cultured MCF-7 cells were analyzed for cell cycle progression after
being treated with free chrysin and Chr-mSiO,@PAA/FA. Cell cycle
analysis was made flow-cytometrically using the protocol of Riccardi et
al (Das et al., 2015; Riccardi and Nicoletti, 2006). Concisely, after
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synchronized culture, MCF-7 cells were exposed to desired doses of Chr-
mSiO,@PAA/FA and MSN-NH2-PAA-FA. After 24 h of harvesting, cells
were washed with cold PBS and were fixed with 70 % ethanol for 4 h at
4 °C temperature. Following fixation, cells were centrifuged at 1500 rpm
for 4 min followed by 2 % FBS supplemented PBS wash twice and
ribonuclease treatment. Thereafter, 50 pg mL ™! PI was used to incubate
cells for 30 min at 37 °C followed by fluorescence measurement at 617
nm using FACS calibur system (BD biosciences) by the Cell Quest soft-
ware. ModFit LT software (BD Biosciences) was employed to examine
the percentages of MCF-7 cells in respective cell cycle phases. Here, PI
fluorescence has been calculated along x-axis displaying DNA content
versus cell counts along y-axis.

2.21. Protein extraction & immuno-blotting

For immunoblotting, MCF-7 cells were plated in 96-wells at 70 %
confluency. Cells were treated with LCsg dose of free chrysin and cor-
responding equivalent doses of Chr-mSiO2@PAA and Chr-mSiO,@PAA/
FA respectively in contrast to a batch of cells left untreated (control
group). After 24 h of treatment, cells were washed with 1X PBS, resus-
pended and were lysed by buffer solution containing 0.5 % sodium
deoxycholate, 150 mM sodium chloride, Triton X-100, 50 mM Tris and
0.1 % SDS. During lysis, buffers were supplemented with phosphatase
and protease inhibitors (pH 8). Following lysis, lysate was centrifuged at
12000 rpm for 10 min at 4 °C. Supernatants from the centrifuged sam-
ples were collected and utilized for protein concentration measurement
at 562 nm using BCA assay kit (Das et al., 2022b; Ghosh et al., 2022a).

Next, equal amount of proteins from each experimental group were
resolved on SDS-PAGE gel (10-12 %), transferred on PVDF membranes
following the established standard protocol (Ghosh et al., 2018; Ghosh
et al., 2022b; Sadhukhan et al., 2016). To avoid non-specific protein
binding, membranes were blocked with 5 % BSA solution. Afterwards,
membranes were probed with specific primary antibodies (1:1000
dilution) against p-actin (internal loading control), GSK-3p, cyclin D1, p-
Akt, cytochrome C, Apaf-1, Bax, Bcl-2, cleaved caspase 9 and cleaved
caspase 3 for 24 h at 4 °C temperature. On next day, 2 h of incubation
with HRP-conjugated secondary antibody (1:20,000 dilution) was
employed to cross-mount primary antibodies after through washing
with wash buffer. Finally, ECL solution was used to visualize protein
expression on X-ray films (Sarkar and Sil, 2014).

2.22. Inhibitor study

To check whether the cell-killing ability of Chr-mSiO, is ROS-
influenced, a batch of MCF-7 cells pre-treated with 5 mM of NAC (a
highly effective antioxidant) were retreated with Chr-mSiO,@PAA/FA
(Das et al., 2015; Ghosh et al., 2022a) and were compared with MCF-7
cells treated with Chr-mSiO;@PAA/FA (15 ug mL 1) alone for a series of
studies. Cells were compared on the basis of their intracellular ROS
content, percentage of cell viability through MTT assay, extent of
apoptotic cell death via Annexin V staining and immunoblot analysis for
Bcl-2, Bax and cleaved caspase-3.

2.23. EAC-induced tumor regression study in Swiss Albino mice

Thirty Swiss Albino mice (4-6 weeks old and weighing 23-25 gm)
obtained from central animal house of Bose Institute, Kolkata, India,
were acclimatized in a temperature-controlled laboratory room with
proper twelve-hour light-dark cycle furnishing with proper food and
water ad libitum. Any further experimental planning was done according
to the guidelines provided by Institutional Animal Ethics Committee
(IAEC) of Bose Institute, Kolkata [Approval no. IAEC/BI/142/2019]. In
vivo experimental facilities were registered with Committee for the
Purpose of Control and Supervision on Experiments on Animals
(CPCSEA), Ministry of Environment and Forests, New Delhi, India
(1796,/PO/Ere/S/14/CPCSEA) (Kundu et al., 2021). Protocol of tumor
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inoculation has been summarized in Table 1. Briefly, once acclimatized,
1 x 107 EAC cells in 50 pL of PBS were injected intramuscularly in the
left flanks of twenty-four mice (on 1st day) and tumors were allowed to
grow. After 10 days of tumor inoculation (on 10th day), 24 tumor-
bearing mice were divided randomly in four (n = 6/groups) groups
(T1, T2, T3 and T4). Wild type mice receiving no EAC injection were
designated to group TO. For next 14 days (11th-24th day), mice of all
four groups (T1-T4) received intravenous treatment through tail veins as
follows:

TO - control mice.

T1 - treated with intravenous PBS of pH 7.4 (tumor control).

T2 - treated with intravenous chrysin solution (10 mg kg™! body
weight).

T3 - treated with intravenous Chr-mSiO;@PAA solution (60.60 mg
kg ™! body weight).

T4 — treated with intravenous Chr-mSiO,;@PAA/FA solution (74 mg
kg~! body weight).

During 14 days of treatment each mice received 7 doses of intrave-
nous injection at every alternative day. Mice were also checked for
tumor volume on every treatment day. Measurement of tumor volume
was done using following equation (Bhattacharya et al., 2015), for the
mice in group T1-T4 were taken with the help of caliper also on alter-
native days.

Tumor Volume = [(tumor length) x (tumor width)?]/2.

After completion of 14-day treatment, all mice were sacrificed (on
25th day) by cervical dislocation and precautions were taken to reduce
pain and suffering of the animals. Tumors from each group (T1-T4) were
collected and checked for respective weight and volume. To evaluate
tumor- responsive splenomegaly, spleens were collected.

2.24. Study of in vivo chrysin accumulation in tumor tissue

HPLC was performed to calculate post-treatment assembled amount
of chrysin in the tumor tissue. Thus, tumor-bearing mice were grouped
into three groups namely, group-I (receiving free chrysin solution at 10
mg kg~! wt intravenously), group-II (treated with intravenous Chr-
mSiO,@PAA solution at a dose of 60.60 mg kg™ body weight) and
lastly, group-1II (treated with 74 mg kg~ Chr-mSiO,@PAA/FA solution
intravenously). After 24 h of treatment, mice were sacrificed to collect
tumors. 100 mg of tumor tissue from each experimental mice was ho-
mogenized using a solvent mixture of 75 % ethanol and 0.05 % DMSO.
Homogenates were allowed to centrifuge for pellet sedimentation sep-
aration at 10,000 rpm for 15 min. Liquid portion of the supernatant was
dried in nitrogen evaporator followed by dissolution of rest in methanol.
Methanolic tumor tissue extract (20 pL) from each group was injected
into a C;g column (250 x 4.5 mm in dimension) at an optimized flow
rate of 1 mL min ! using acetonitrile and methanol (65:35) mixture as
solvent system (Bharathi, 2019). Lastly, HPLC detection was made on
315 nm spectrophotometrically. For calculating the amount of chrysin in
tissue sample solutions, standard methanolic solution of chrysin was
prepared and calibrated at five different concentrations (3, 5, 15, 30 and
50 pg mL~Y).

2.25. Immunohistochemical study of in vivo proapoptotic behavior of
chrysin nanohybrid

Immunohistochemical study was performed for caspase-9 and
caspase-3. Formalin-fixed tumor tissues from experimental groups T1-
T4 were processed in paraffin blocks and micro-sectioned followed by
attachment on sterile poly-1-lysine-coated glass slides (Kundu et al.,
2020). Tissue sections were deparaffinized and rehydrated through se-
rial down-gradation of absolute ethanol to water. Antigen retrieval was
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performed by using trypsin solution (0.05 %, pH 7.8). Rest of the assay
was executed following protocol provided with IHC assay kit (Abcam,
ab80437). In short, endogenous peroxidase blocking was accomplished
by kit-based H205 blocking solution. To avoid non-specific binding, next
a protein block was used to incubate the sections for 10 min prior to the
overnight incubation with anti-caspase 3 and anti-caspase 9 antibodies
at 4 °C temperature. On next day, incubation with Horseradish Peroxi-
dase (HRP)-conjugated secondary antibody was carried out followed by
a chromogenic HRP substrate 3, 3'-diaminobenzidine tetrahydro-
chloride (DAB) application. Hematoxylin was used to counter stain
nuclei present in tissue sections and DPX was applied for mounting.
Finally, stained tumor tissue sections were examined under 20X
microscopic magnification (Ghosh et al., 2022a).

2.26. In vivo systemic toxicity assessment

To investigate nanoparticle induced systemic toxicity, healthy Swiss
Albino mice were divided into four groups (S1-S4), each group con-
taining three (n = 3) mice. Groups and related treatment (for 14 days)
were as follows:

S1 - control group of mice receiving 1X PBS (pH 7.4) intravenously.
S2 — mice treated with free chrysin intravenously (10 mg kg~! body
weight).

S3 - mice receiving intravenous Chr-mSiO;@PAAtreatment (60.60
mg kg1 body weight).

S4 — mice receiving intravenous Chr-mSiO;@PAA/FA treatment (74
mg kg~! body weight).

After completion of 14-day long treatment, mice were sacrificed and
blood was collected from each mice puncturing left ventricle of heart
with a disposable syringe. Collected blood was subjected to centrifuga-
tion for serum collection. Isolated serum from each group were tested for
ALP and ALT as hepatic heath biomarkers along with creatinine and
BUN estimation to check renal heath following the method described in
respective estimation kits (Span Diagnostic Ltd., India) (Chowdhury
et al., 2016). Additionally, to assess systemic toxicity through histology,
livers, hearts, lungs and kidneys were collected and fixed in 10 %
formalin solution for further use.

2.27. Histological assessment

For further investigation about the therapeutic efficacy of mSiO,-
nanoconjugates, tumor tissues fixed in 10 % formalin were double

stained with hematoxylin and eosin (H & E) (Kundu et al., 2019).
Additionally, hepatic, cardiac, lung and renal tissue sections (from
S1-S4 groups) were also stained with H & E to ensure histocompatibility
of nanoconjugates. After staining all sections were examined patholog-
ically under light microscope at 20X magnification.

2.28. Statistical analysis

Every experiment was performed at least thrice under same experi-
mental conditions. Results were expressed as mean =+ standard devia-
tion. Statistical analyses were performed through one way analysis of
variance (ANOVA) followed by the Tukey test. In current manuscript, p-
value < 0.05 was considered to be statistically significant for all
experimental data analysis.

3. Results & discussion
3.1. Synthesis & characterization of Chr-mSiO2 nano-formulations

The fabrication process of Chr-mSiO2@PAA/FA has been pictorially
illustrated in Fig. 1A. Briefly, synthesized mSiO5 was amine function-
alized initially, followed by chrysin entrapping into the pores of ami-
nated mesoporous nanoparticles. Amine functionalization conferred
positive charge to the bare mSiO, which was expected to ease the
loading of negatively charged flavonoid inside the pores of mSiO,. To
avoid unnecessary drug leakage a coating of PAA was mounted on
chrysin entrapped mSiOy (Chr-mSiO;@PAA). Finally, Chr-mSiO,@-
PAA/FA was synthesized by tagging FA on the PAA-coated nano-
conjugate to provide selective targeting toward tumor cells.

Both TEM and SEM were performed to evaluate the actual size and
overall morphology of the nanoparticles. Fig. 2A reveals well defined
porous and nearly spherical morphology of bare mSiO,. The average
particle size was found to be 34.167 nm in diameter (Fig. 2D). After
chrysin loading, PAA coating and FA mounting, the obtained final Chr-
mSiO2@PAA/FA exhibited almost similar nearly spherical morphology
as that of the bare mSiOs. In addition to increased average particle size
of 47.619 nm, the blurry pore structure observed in the TEM image of
Chr-mSiO,@PAA/FA (Fig. 2B & 2E) suggests the presence of PAA and
FA layers around. Corresponding SEM image of Chr-mSiO;@PAA/FA
also justifies the same (Fig. 2C & 2F). The EDX analysis also showed the
presence of Si, C, O, and N in Chr-mSiO,@PAA/FA (Fig. 2G).

The X-ray diffraction pattern for both bare mSiO, and final Chr-
mSiO,@PAA/FA have been depicted in Fig. 2H. No distinctive crystal-
line peak was found for both mSiO; and Chr-mSiO@PAA/FA. Both of



N. Ghosh et al.

International Journal of Pharmaceutics 631 (2023) 122555

(A)

Chrysin

mSiO, Chr/mSiO,

®
~ 5 4. /7_77/

Receptor-mediated
endocytosis of
chrysin
nanoconjugate

—_—

VT
#j _:.»
NAY
\;-7-/_'>

-,

® 0 0 0 0 00 0 000 0 0 00

N
1

N "; |

\ ”

Y, 7

U
/

08 le)
” TN
/

I

L L
AR
A

Fig. 1. (A) Schematic illustration of Chr-mSiO,-PAA/FA synthesis. (B) Generalized scheme of anticancer activity exhibited by Chr-mSiO,-PAA/FA.

them showed broad peaks at 2e value between 20° to 30° which denoted
amorphous nature of both mSiO; and Chr-mSiO,@PAA/FA (Rameli
et al., 2018).

To ensure successful loading of mSiOy with chrysin, as well as
modification with PAA and FA, FTIR spectrum at each step was
collected. As shown in Fig. 3A, spectral peak at 1075 cm™! is due to
Si—O stretching bond vibration for bare mSiO. Additional peaks at
1635 cm ™! and 3435 cm ™! are due to bending and stretching vibration
of N—H bond which satisfy successful amine functionalization of mSiOy
(Kundu et al., 2020). Additionally, a series of peaks can be found from
1653 em ! to 1245 cm ! region in FTIR spectrum of chrysin, all of
which are also noticeable in the FTIR spectrum of Chr-mSiO,, suggesting
effective chrysin loading inside the pores of mSiO;. Two new peaks at
1634 cm ™! and 1564 cm ™! appeared in the FTIR spectrum of Chr-
mSiO,@PAA, revealing presence of C=O0 stretching vibration and N—H
bending vibrations of amide linkage respectively. FTIR spectrum of Chr-
mSiOy@PAA/FA, similarly, shows peaks at 1682 em™!, 1635 cm™! and
1570 ecm™! assigning stretching vibration of carboxylic acid group of
lastly added FA along with C=0 stretching vibration and N—H bending
vibration of amide bond respectively (Dada, 2019; Kundu et al., 2020).

Synthesized nano-formulations were also evaluated by their UV-vis
absorption spectra (Fig. 3B). For mSiOy and aminated mSiOj, no ab-
sorption spectrum was obtained in a range wavelength from 250 nm to
400 nm (data not shown). However, for pure chrysin two absorption
peaks were obtained; © — n* transition in benzoyl system created an
intense band at 272 nm and another weak one at 315 nm was obtained

due to absorbance of cinnamoyl system (Zeng et al., 2003). The second
wavelength, i.e., 315 nm was considered as characteristic absorption
wavelength of chrysin for further UV-based studies in this manuscript.
Both of these peaks were also noticeable in absorption spectrum of Chr-
mSiO,, which again illustrates successful chrysin entrapment. Capping
agent PAA, similarly as mSiO; didn’t show any absorption spectrum in
aforementioned UV-vis range (data not shown); thus, Chr-mSiO,@PAA
had no distinct absorption spectrum from that of the Chr-mSiO,. How-
ever, distinctly reduced absorption intensity of Chr-mSiO,@PAAwith
respect to that of the Chr-mSiO,, implied satisfactory PAA-layering
around Chr-mSiO,. Targeting molecule FA, showed a distinct absorp-
tion band at 289 nm. Similarly, Chr-mSiO,@PAA/FA also exhibits
characteristic absorption band 290 nm which is critical to = — n* tran-
sition of pterin ring of FA (Dada, 2019) revealing successful association
of FA to Chr-mSiO,. Also, second peak of free FA at 364 nm is also
evident in UV-vis spectrum of Chr-mSiO,@PAA/FA.

According to the standard curve of absorbance of chrysin, the drug
loading content (DLC) and drug entrapment efficiency (DEE) of Chr-
mSiO, were estimated spectrophotometrically at 315 nm and were
valued respectively 22.77 % and 29.48 %. DLC for Chr-mSiO>@PAA and
Chr-mSiO2@PAA/FA were found to be respectively 16.50 % and 14.35
%.

The hydrodynamic size of synthesized nanoconjugates was deter-
mined through dynamic light scattering. According to the data obtained
and as presented in Fig. 3C, the average hydrodynamic size of bare
mSiO, was 111.850 + 5.303 nm; whereas, that of the Chr-mSiO,, Chr-
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final chrysin nanoconjugate Chr-mSiO,@PAA/FA.

mSiO,@PAAand Chr-mSiO;@PAA/FA were found to be 164.35 +
15.485 nm, 264.9 + 8.768 nm and 387.45 + 4.030 nm respectively.
Increased average hydrodynamic diameter in each step indicates the
successful modification of initial mSiOy to Chr-mSiO,@PAA/FA.
Notably, sizes of synthesized nano-conjugates, obtained from DLS
experiment are larger than the actual sizes calculated from TEM data.
This is due to the formation of water layer surrounding the nanoparticles
(Pecora, 2000).

Additionally, zeta potential values after each modification step have
also been changed significantly indicating successful step-by step
formulation of mSiOy nanoconjugate (Fig. 3D). Zeta potential values of
mSiOy was quite highly positive (38.3 & 0.707 mV) due to presence of
positively charged amine groups. A less positive surface charge (33.6 +
0.565 mV) of Chr-mSiO; indicates negatively charged chrysin entrap-
ping and a little probable adsorption. However, fabrication of negatively
charged PAA must have musk most of amine groups on Chr-mSiO,
lowering the overall surface charge on Chr-mSiO;@PAA (19.65 + 2.333
mV). And finally, FA addition to the carboxyl group of PAA through
amide bonding were thought to leave the carboxylic group of FA free on
Chr-mSiO,@PAA/FA surface leading to negative zeta potential (-24.4 +
1.272 mV) of Chr-mSiO,@PAA/FA. Thus, the change in overall surface
charge in each step also reveals successful modifications step by step.

3.2. Biocompatibility and stability of synthesized nanocarrier

Alongside, hemocompatibility of the final nanocarrier,

mSiO,@PAA/FA was checked by hemolysis assay. Fig. 4A illustrates
insignificant hemolytic activity of the nanocarrier with respect to the
positive control (20 % triton-X-100). Even, at the highest concentration
of 500 ug mL™}, the hemolytic activity of mSiO,@PAA/FA is only 7.34
% compared to 32.75 % hemolytic activity of bare mSiO5 nanoparticles,
representing exceptional biocompatibility of mSiO,@PAA/FA. The fact
of shielding the surface silanol groups of naked mSiOy by PAA-FA
coating may be the reason behind enhanced hemo-compatibility of
mSiO,@PAA/FA as this prevents interaction of silanol groups to the RBC
membrane rendering RBC membrane less disturbed and damaged (Feng
et al., 2013).

Besides, result from BSA adsorption study also demonstrates that
PAA and FA modification on mSiO5 has decreased the adsorption of BSA.
Fig. 4B illustrates that FA grafting has reduced BSA adsorption upon
surface of mSiO2@PAA/FA nanocarrier (1.96 wt%) remarkably with
respect to that of the mSiO, (18.83 wt%) and mSiO,@PAA (10.7 wt%).
Such reduction in BSA adsorption not only ensures stability of circu-
lating nano-conjugate but also prolongs blood circulation time of the
synthesized nanocarrier.

To check the stability of the final nanohybrid, Chr-mSiO,@PAA/FA
was suspended in 1X PBS (pH 7.4) supplemented with 10 % FBS in order
to mimic condition similar to human plasma and was further evaluated
with DLS for respective average hydrodynamic diameters on 7th and
14th day post-incubation. Comprehensive result mentioned in Table 2
and Fig. 4C, suggests no significant change in hydrodynamic diameter of
Chr-mSiO,@PAA/FA over two weeks. Moreover, the PDI values further
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indicate homogeneous size distribution and stability of final nanohybrid
and its related advantages for blood circulation.
3.3. PAA-capping enabled pH & time-dependent steady release of chrysin

In order to explore mSiO,-conjugate as potential nano-drug delivery
system, release patterns of chrysin in cell-free system were noted from

Chr-mSiO; and Chr-mSiO2@PAA over a period of 48 h. As showed in the
Fig. 5A, chrysin release from the Chr-mSiO; is pH-independent. Within
first 6 h, a burst effect is evident which correlates with release of drug
adsorbed on the nanocarrier surface (Jabbari et al., 2018). Release
increased with over 48 h at the physiological pH (pH 7.4). However, at
the lower pH of 5, chrysin release did not change significantly. Such pH-
independent behavior of chrysin is probably due to lack of ionic
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Table 2

Time dependent change in hydrodynamic size of Chr-mSiO,@PAA/FA.
Chr-mSiO,@PAA/ Day 0 Day 7 Day 14
FA Size PDI Size PDI Size PDI
Average (d.nm) 387.45 0.461 394.30 0.391 398.05 0.543
SD (+d.nm) 4.030 0.169 2,545  0.070 0.212  0.148

interaction with mSiOy nanocarrier. Chrysin release reaches its peak at
48 h. However, as in Fig. 5B, only about 7.92 + 0.33 % chrysin was
released after 48 h at pH 7.4. While, at pH 6.0 and pH 5.0, total release of
chrysin were recorded to rise to 15.62 + 0.32 % and 53.33 + 0.76 %
respectively. This behavior could be the result of partial detachment and
hydrolyzation of PAA layer from the surface of Chr-mSiO,@PAA under
acidic condition. PAA possess pKa value of 4.5; thus, around pH 5 it
undergoes a reversible coil-to-globule conformational transition due to
ionization state of its carboxylic group (Swift et al., 2016). Additionally,
over the time of 0-48 h, very little chrysin release can be seen from Chr-
mSiO,@PAA at pH 7.4; thus, under normal physiological condition this
nanocomposite can be regarded as stable. Also, chrysin release at each
distinct pH was higher with time (highest after 48 h), indicating a clear
time-dependent nature of chrysin release.
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3.4. FA tagging attributed towards increased cellular uptake of Chr-
mSiO2 nanodevices and subsequent cargo release

When checked flow cytometrically, it was found that fluorescently
labeled, FA tagged mSiO5 (Chr-mSiO,@FITC/FA) were taken up supe-
riorly by MCF-7 cells than FA untagged Chr-mSiO>@FITC (Fig. 5C, 5E &
Fig. S1). In this context, further intracellular release behavior of chrysin
was verified too. Intracellular concentration of chrysin was 5.5-fold
higher in mSiO; bound state than that of the free chrysin treatment.
However, there was another 1.8-fold increase in chrysin content in Chr-
mSiO,@PAA/FA-treated MCF-7 cells was observed in comparison to
Chr-mSiO>@PAA nanoconjugate (Fig. 5D). Therefore, it can be said that
entrapping chrysin inside mSiO,, has increased its bioavailability.
Additionally, MCF-7 cells with overexpressed folate receptors can up-
take FA-labeled Chr-mSiO, nanohybrids much efficiently than naked
mSiO, due to ligand-receptor recognition and subsequent receptor-
mediated endocytosis (Xu et al., 2013).

In comparison to MCF-7 cells, much lesser amount of chrysin uptake
occurred in Chr-mSiO;@PAA/FA-treated non-cancerous NKE cells
(Fig. 5D). The finding implies folate receptor-oriented tumor cell
selectivity of smart Chr-mSiO2@PAA/FA which allows it to differentiate
absence of folate receptor overexpression in NKE cells. Thus, all of these
observations emphasize the superiority of this nano-formulation with
chrysin and its subsequent flagging with FA moieties.
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3.5. Chr-mSiO2@PAA/FA showing in vitro cytotoxicity

Inspired by result of cellular uptake study, cytotoxic efficacy of Chr-
mSiO,@PAA/FA was evaluated in both MCF-7 and NKE cells. Free
chrysin showed a dose-dependent cytotoxicity in a range of 5-40 g
mL ™! in MCF-7 cells and 31.426 pg mL ™! was recorded as its LCsg value.
Similar patterns of dose-dependance were noticed in MCF-7 cell line
when chrysin was piled up in both Chr-mSiO,@PAA and Chr-mSiO»@-
PAA/FA. At a particular concentration of chrysin, Chr-mSiO2@PAA/FA
(LCsp 17.526 pg mL™!) exhibited highest degree of cytotoxicity which
must be an attribution to the folate receptor-mediated enhanced endo-
cytosis of Chr-mSiO,@PAA/FA in comparison to Chr-mSiO;@PAA (LCsg
24.283 pg mL™Y) and free chrysin within MCF-7 cells (Fig. 6A).

Indications of cytotoxicity imposed by the treatments with free
chrysin and chrysin nanoconjugates were also studied by optical
microscopic images of different experimental groups of MCF-7 cells.
Occurrences of cellular shrinkage, membrane blebbing as well as pres-
ence of apoptotic bodies gave clear idea about the apoptotic death of
treated cells (Fig. 6B).

Furthermore, encouraged by the MTT assessment data, cell killing
ability of free chrysin and chrysin-entrapped nanoconjugates were
scrutinized by FACS analysis employing Annexin V-FITC staining to the

International Journal of Pharmaceutics 631 (2023) 122555

treated MCF-7 cells. At a fixed concentration (10 pg mL’l), Chr-
mSiO,@PAA/FA-treated MCF-7 cells exhibited highest percentage of
apoptotic MCF-7 cells (37.04 %) compared to free chrysin treated cells
(13.06 %), validating the usefulness of FA receptor-oriented drug de-
livery. Furthermore, increased apoptotic cell population (21.81 %) in
Chr-mSiO2@PAA treatment group with respect to free chrysin treated
MCF-7 cells also emphasize that chrysin infiltration inside mSiO, has
definitely increased efficiency of chrysin by enhancing its intracellular
bioavailability (Fig. 6C). FACS data was further validated by confocal
laser scanning microscopy which also suggests increased apoptotic
signal via Chr-mSiO,@PAA/FA-treatment with respect to free Chr and
Chr-mSiO,@PAA respectively (Fig. S2).

From Fig. 6D, it is also noticed that free chrysin, Chr-mSiO,@PAA
and Chr-mSiO2@PAA/FA showed similar pattern of dose-dependency
for the mentioned range of doses of chrysin in NKE cell line. But no
remarkable cell killing was detected in non-cancerous NKE cells. As
expected, due to overexpression of folate receptors in MCF-7 cells,
cytotoxic effect of Chr-mSiO,@PAA/FA was way too higher in MCF-7
cells than NKE cells. However, no significant cellular toxicity was
noticed for nanocarrier mSiO,@PAA/FA in both cell lines.
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Fig. 6. Comparative study of cytotoxic ability of free Chr, Chr-mSiO,@PAA and Chr-mSiO,@PAA/FA by checking viabilities of (A) MCF-7 cells and (D) NKE cells
after incubation with different concentrations of free Chr, Chr-mSiO>@PAA and Chr-mSiO,@PAA/FA for 24 h. Data are represented as mean + SD (n = 5) where “*”
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3.6. Induction of oxidative stress by chrysin nano-conjugates in MCF-7
cells

In order to study possible mechanism for chrysin-mSiO nanodevice-
induced selective cytotoxicity against MCF-7 breast carcinoma cell, we
were intended to investigate oxidative condition of treated MCF-7 cells.
Increased cellular ROS unequivocally exert oxidative stress within the

International Journal of Pharmaceutics 631 (2023) 122555

cells, disturbing fine balance in cellular redox system (Ghosh and Sil,
2021; Sun et al., 2022). Thus, flow cytometric study was performed
using ROS-sensing cell penetrable dye DCFDA after treating four groups
of MCF-7 cells with chrysin and chrysin-trapped nanoconjugates. Rela-
tive amount of cumulative ROS generation was studied flow-
cytometrically as well as through confocal microscopy. The fluores-
cence level DCFDA is directly proportional to the amount of cumulative
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Fig. 7. Oxidative status of MCF-7 cells upon treatment with free Chr, Chr-mSiO,@PAA and Chr-mSiO,@PAA/FA. FACS-assisted detection of (A) intracellular ROS
content and (B) change in MMP in MCF-7 cells respectively by DCFDA and JC1 staining. Spectrophotometric detection of (C) intracellular MDA content, (D) GSH to
GSSG ratio, (E) GSH content, (F) GSSG content, (G) CAT activity and (H) SOD activity of MCF-7 cells after being treated with free Chr, Chr-mSiO,-PAA and Chr-

mSiOy-PAA/FA.
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ROS generated in the cell.

Additionally, it has been studied extensively that excessive cellular
ROS content can increase mitochondrial membrane porosity reducing
cellular MMP. Hence, we also checked the relative MMP of treated cells
from separate experimental groups by JC-1-assisted FACS. Similar to
DCFDA, green fluorescence level of JC-1 is also directly proportional to
loss of MMP.

As depicted in Fig. 7A, S3 & 7B, Chr-mSiO,@PAA/FA was most
potent to induce ROS enhancement and MMP disruption in MCF-7 cells
over Chr-mSiO,@PAA and free chrysin respectively. Hence, at a distinct
equivalent dose, green fluorescence intensity (oxidative stress and MMP
loss indicator) was highest in the cells, treated with Chr-mSiO;@PAA/
FA and was significantly higher in comparison to cells treated with Chr-
mSiO,@PAA and free chrysin respectively.

Apart from cellular ROS content, control and treated MCF-7 cells
were also checked for their relative intracellular MDA content, GSH to
GSSH ratio as well as the status of antioxidant enzyme activities for CAT
and SOD (Fig. 7C-7H). Among treated cell groups, the MCF-7 cells
which were exposed Chr-mSiO,@PAA/FA, showed lowest GSH:GSSG
ratio along with significantly uplifted level of MDA content. Addition-
ally, both CAT and SOD enzyme activities were highly compromised in
Chr-mSiO,@PAA/FA-treated MCF-7 cells ensuring a status of unduly
oxidative stress.

3.7. Chr-mSiO2@PAA/FA can modulate in vitro cell cycle progression

Motivated by the observations made from the aforementioned ex-
periments, investigation about the effect of chrysin nanoconjugates
upon cell cycle regulation of MCF-7 cells was an obvious incidence.
Besides, chrysin has already been assigned to work as a cell cycle
arresting agent according to the experiments performed elsewhere
(Weng et al., 2005). When treated with Chr-mSiO;@PAA/FA, MCE-7
cells exhibited marked increase in Go/Gi-cell population in compari-
son with control group along with lowered population of MCF-7 cells at
G2/M phase. Thus, like free chrysin, mSiOz-nanoconjugate of chrysin is
also capable of imposing Go/G; arrest. As depicted in Fig. 8A & 8B, it
also must be noted that mSiO; incorporation and subsequent FA-tagging
has remarkably increased the efficiency of free chrysin in terms of cell
cycle arrest induction in vitro.

3.8. Chrysin-nanoconjugates induced enhanced apoptotic signal checking
cell cycle progression & cellular survival

One of the prime proteins that regulate cell survival and growth
through cell cycle regulation is Akt which often renders at elevated level
in several cancer types (Shimura et al., 2012). Thus, we have checked
the expression of phosphorylated Akt (p-Akt) protein, passing survival
signal to cancer cells. Activated Akt promotes cell cycle progression by
enhancing cyclin D1 upregulation through phosphorylation and subse-
quent inactivation of GSK-3p (Chen et al., 2019b; Saha et al., 2016). In
response to growth factors, cyclin D1 is considered as a primary regu-
lator of cell cycle transition from G; to S phase for somatic cells (Neg-
anova and Lako, 2008). Thus, inspired by the observation that chrysin-
nanoconjugates induct Go/Gj arrest in vitro, we checked translational
expression of p-Akt and its downstream GSK-3f and cyclin D1 (Fig. 8C).
Expression of both p-Akt and cyclin D1 were higher enough in untreated
MCEF-7 cells which were reduced significantly upon chrysin treatment,
and even more after Chr-mSiO,@PAA/FA treatment. Later on, we
checked the translational expression of GSK-3f. Expression of GSK-3f
was uplifted in treated MCF-7 cells and its expression was highest
amongst Chr-mSiO,@PAA/FA treated cells.

p-Akt as well as increased ROS, both are capable of shifting balance
between the antiapoptotic and pro-apoptotic cell machineries (Saha
et al., 2016). Hence, we have also checked the expression of proapo-
ptotic protein Bax and that of antiapoptotic protein Bcl-2 (Fig. 8D). It
was found that chrysin enhances the ratio of Bax to Bcl-2 protein levels
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in MCF-7 cells. Following this observation, we have also studied the
changes in protein expression of the components of intrinsic apoptosis,
cytochrome-C, Apaf-1, cleaved caspase 9 and caspase 3 upon chrysin-
nano-formulation treatment. All these proteins showed increased
expression after chrysin treatment compared to untreated MCF-7 cells,
suggesting possible action of chrysin through intrinsic apoptosis. The
result indicated that effectivity of free chrysin was magnified further
after nano-encapsulation of chrysin and its FA functionalization. This
allowed increased apoptotic activity among MCF-7 cells for equivalent
dose of free chrysin.

3.9. NAC reverses Chr-mSiO2@PAA/FA-imposed cell death in MCF-7
cells

NAC pretreatment inhibits intracellular ROS generation in Chr-
mSiO,@PAA/FA treated MCF-7 cells (Fig. 9A). Also, existing reports
suggest that ROS can uplift of GSK 3p expression which further capable
of decreasing cyclin D1 (Takahashi-Yanaga and Sasaguri, 2008). If so,
our motto was to check whether the chrysin-mediated enhanced ROS
generation is the key ruler controlling the antineoplastic nature of Chr-
mSiO,@PAA/FA. It was observed that NAC pretreated cells dramatically
showed higher viability percentage even after treating with most potent
Chr-mSiO;@PAA/FA (Fig. 9B). So, we hypothesized the obvious
outcome would be reduced apoptosis in NAC pretreated MCF-7. Thus, to
evaluate our perception, we have also checked the translational
expression of key apoptotic proteins of intrinsic pathway (Fig. 9C & 9D).
It was found that the expression of antiapoptotic Bcl-2 was significantly
higher in NAC pretreated cells accompanied by a decreased expression
of Bax and cleaved caspase-3. Alongside, from the study with Annexin V-
FITC staining it was found that NAC pretreatment was potent enough to
reduce the overall apoptotic MCF-7 cell population significantly even in
presence of highly potent Chr-mSiO;@PAA/FA (Fig. 9E). Altogether,
these results suggest that change in redox balance in MCF-7 cells by
higher ROS generation is the chief operational hub controlling the
antitumor activity of chrysin.

3.10. PAA-capping and FA-fabrication ensure increased chrysin uptake in
tumor tissue

In HPLC method, linearity of calibration curve for chrysin has been
confirmed by R? = 0.9998. LOD (limit of detection) and LOQ (limit of
quantification) were respectively 1.16 % and 3.52 %. The retention time
for chrysin was at 3.4 min; whereas, the recovery percentage for chrysin
solution at 3, 5, 15, 30 and 50 pg mL~! concentration were calculated
respectively as 95.13 %, 102.77 %, 101.89 %, 98.45 % and 100.37 %.
Accumulation of chrysin within tumor tissue has been shown to be
improved in Chr-mSiO,@PAA compared to free chrysin (3.08 pg g~*
tissue homogenized). Moreover, functionalization of Chr-mSiO,@PAA
with folic acid has further increased tissue accumulation of chrysin from
9.96 pg g~ ! to 18.27 pg g ! tissue homogenized suggesting FA-guided
selective enhanced drug accumulation and release at tumor site
(Fig. 10E).

3.11. mSiO2@PAA/FA uplifts in-vivo antitumor activity of free chrysin

Antitumor efficacy of chrysin has been shown to improve with
mSiOs-encapsulation when compared to its non-encapsulated free form
which is evident from Fig. 10D. Tumor volume was found to increase
gradually in T1 group where the animals were left untreated. Rest of the
animals receiving intravenous treatment showed gradual decrease in
tumor volume over the treatment period of 14 days where treatment
with Chr-mSiO,@PAA/FA was found to be most effective (Fig. 10C).
Additionally, at the day of dissection, the volume and mass of tumors
were highest among the animals of untreated group. Rest of animals
having chrysin administration either in free form or in mSiOs-encap-
sulated form showed significant reduction in both tumor mass and
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volume; which was highest among the animal of T4 group, i.e., those
treated with Chr-mSiO,@PAA/FA (Fig. 10A & 10B).

Moreover, the observations from the H & E-stained sections of tumor
tissues from all four experimental groups (T1-T4) were also in line
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(Fig. 11A). Normal skeletal muscle tissue architecture was completely
lost in the tumors of group T1. Additionally, numbers of nuclei were too
high as seen in Fig. 11A. This condition was slightly improved in the
tumor tissues of group T2, where tissue architecture was restored a bit
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tumor volume. (C) Reduction in tumor volume over the period of treatment. (D) Representative photographs of dissected tumor tissues showing overall reduction in
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Changes in splenic profile explained by (F) representative photographs of spleens removed from different experimental mice and change in (G) splenic mass. (H)

Changes in overall body weight over the entire treatment period.

but still there were enormous number of nuclei. Reduction in visible
nuclei number as well as restoration of muscle tissue architecture can be
marked at first in tumors isolated from group T3. However, best con-
dition of recovery can be noted in tumors collected from Chr-mSiO,@-
PAA/FA-treated mice (T4 group) where tissue architecture was good
enough to recognize its muscle tissue origin with much lesser number of
nuclei. These observations not only illustrate in vivo antitumor activity
of chrysin but also suggest uplifted antitumor efficacy of chrysin due to
mSiOy-encasing and FA-guided tumor specific routing.

Furthermore, splenic profile of treated animals was also observed
(Fig. 10F & 10G). EAC is known to induce splenomegaly and splenic
WRBC infiltration in induced tumor-bearing mice which can be referred
as a marker for existing tumor load in vivo (Ghosh et al., 2022a). In free
chrysin treated mice, EAC-induced splenomegaly was found to be
reduced to great extent probably due to the anti-inflammatory effects of
chrysin (Xiao et al., 2016) as well as reduction in tumor load; whereas
reduction in splenomegaly and associated distortion in splenic tissue
architecture in Chr-mSiO,@PAA and Chr-mSiO,@PAA/FA-treated mice
are thought be a result of tumor load reduction (Fig. 11B).
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3.12. Chrysin nanoconjugates capable of inducing intrinsic apoptosis in
Vivo

To check whether decrease in tumor size and volume is due to acti-
vation of intrinsic apoptosis pathway within tumor tissues, we compared
immunohistochemical expression of two key caspases typical to intrinsic
apoptosis pathway, i.e., caspase 9 and caspase 3. As depicted in Fig. 11C,
11D & S4, expressions of both caspase 9 and caspase 3 have been
increased in treated tumor tissues in comparison with the untreated
ones. Expressions of both of these proteins are highest among the tumor
tissues collected from group T4. This emphasizes increased efficiency of
chrysin nanoconjugates upon FA functionalization for equivalent
amount of chrysin. Also, the data suggest that the reduction in tumor
size and mass is due to intrinsic apoptosis which lies in line with the
findings from the in vitro observations.

3.13. Chrysin nanoconjugates are non-toxic to vital organs

The aim of any nanohybrid in the field of cancer nano-therapeutics is
to gain cancer cell-specificity mostly within in vivo physiological con-
dition so that respective preclinical and clinical studies can be per-
formed as well. Hence, a nanohybrid should be smart enough so that it
remains capable of exerting cytotoxicity to target cancer cells keeping
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Fig. 11. Representative micrograph of H & E-stained tissue sections of (A) tumor tissues (here, red arrows demarcate multinucleated cells and black-dotted selected
areas signify tumor tissue architecture gradually resembling normal muscle architecture with subsequent higher grade of nanohybridization of chrysin) and (B)
splenic tissues (here, red and white arrows demarcate red pulp and white pulp of spleen with black-dotted selected areas signifying extent tumor-induced immu-
nological response through enlargement of splenic white pulp) under 20x magnification. Immunohistochemical detection of (C) caspase 9 and (D) caspase 3 in
dissected tumor tissue section viewed under 20x magnification of optical light microscope. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

the healthy cells of vital organs safe. Therefore, zero to negligible in vivo
systemic toxicity is ideal for a nanohybrid to be body hepatic serum
markers such as ALP and ALT from animal of group S2-S4 were within
normal range, showing no obvious sign of harm in kidney and liver
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(Ghosh et al., 2019) (Fig. 12A-12D). Additionally, histological evalua-
tion of H & E-stained sections of vital organs such as lung, liver, kidney
or heart showed no significant sign of abnormality (Fig. 12E). Thus, Chr-
mSiO,@PAA/FA can be regarded as safe in purpose of in vivo treatment-
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mean + SD (n = 3). (E) Histological assessment of H & E-stained microsections of murine kidney, liver, heart and lung from different experimental groups with bright
field microscopy under 20x magnification.

related systemic toxicity.

4. Conclusion

capping tightly sealed the pores of mSiO, so that at neutral pH (7.4)
negligible premature cargo release can be achieved fulfilling one of the
important targets in nanomedicine to prevent uncontrolled drug release
and associated side effects. PAA was selected to facilitate the covalent

In summary, we have demonstrated the prospect of attaching functionalization to the mesoporous silica scaffold through acid-liable
nontoxic PAA as pore blocking agent on mSiOs to effectively control the amide bond formation. Moreover, the pH-triggered behavior of this
release of uploaded cargo according to pH-gradient (Fig. 1B). PAA hybrid system may bring interesting future applications. Furthermore,
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this nanostructure with mesoporous silica scaffold core was chemically
vectorized with FA offered selective and higher cargo release capacity
for chrysin. According to flow cytometry analysis, significant improve-
ment was noticed in cellular uptake of FA-functionalized mSiO5 nano-
device due to receptor-mediated endocytosis in MCF-7 cell lines. In vivo
experiments in Swiss Albino mice demonstrated higher chrysin accu-
mulation in the tumor tissue following PAA capping and FA function-
alization; whereas, healthy cells of vital organs were found unaffected.
Hence, FA vectorization allowed increased selectivity and specificity
toward cancer cells. Lastly, the issue with chrysin being used as a potent
anticancer agent due to its higher hydrophobicity has been smartly
overcome by entrapping it inside the pores of mSiO,. Moreover, we have
also tried to put our current in vivo work in comparison with positive in
vivo data reported in parallel recent literatures that proves our current
chrysin nanoconjugate to be equally potent and comparable (Table S1).
Thus, in general the bioavailability and anticancer functionality of
chrysin was boosted many folds after its nanoformatting. Therefore, in
view of non-toxic nature, an excellent drug release capacity, an
enhanced and selective cellular uptake within the tumor tissue of living
organisms, effective anticancer activities of such chrysin nano-
formulation (Chr-mSiO;@PAA/FA) opens up a highly promising
pathway for effective breast cancer treatment.
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