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PREFACE

Prostate cancer has become one of the most common reasons for cancer-related deaths in
males globally, is one of the most difficult cancers to cure. It is not invariably lethal; it is a
heterogeneous disease that can vary from asymptomatic to a potentially fatal systemic cancer.
As a result, such people may find it more acceptable to undergo early intervention to treat the
problem with a less intrusive local treatment. Furthermore, patients who experience
recurrence after radical prostatectomy may benefit from local therapy to reduce the risk of
local and/or metastatic disease progression. The approach to prostate cancer treatment must
specifically deliver formulations to the prostate while avoiding harm or toxicity to unaffected
healthy tissues. Nanotechnology is rapidly expanding, and it is expected to have far-reaching
consequences for the future of science and medicine. Active drug-targeted delivery methods
like ligand attachment to the nanoformulations are widely employed as a significant effort to
target cancer-specific cells more efficiently while minimizing negative effects on healthy
tissues and simultaneously increasing biocompatibility, bioavailability, and active targeting at
the cancer site with reduced doses of therapeutic agents and improved residence time in the

body.

In this thesis, poly (D,L-lactide-co-glycolide) (PLGA) nanoparticles containing paclitaxel as
a potent anticancer drug, conjugated with anti-PSMA antibody J591 for targeted delivery at
the prostate cancer cells, were developed (Ab-PTX-NP). The work was carried out in vitro
using prostate cancer cells that express the cell surface antigen PSMA. The antibody (anti-
PSMA antibody J591) can recognize and bind to the PSMA on the surfaces of the prostate.
PSMA is a transmembrane receptor whose expression is largely restricted to prostatic
epithelium and prostate cancer cells, with its expression level increasing during the
progression of malignancy. The pharmacokinetic parameters of the prepared formulations
were studied in Balb/c male mice. Thus, Ab-PTX-NP exhibited the greatest potency in
PSMA-expressing prostate cancer cells (LNCaP) and speed in eliciting apoptosis in PSMA-
expressing prostate cancer cells. Herein, our formulation have shown a considerable potential
to carry the prepared chemotherapeutic nanoparticles directly to the affected prostate cancer
cells and proved to have greater efficacy than the free drug. Patients suffering from prostate
cancer with a poor prognosis could receive exceptional care from it. To benefit society in the
near future, we wish to further investigate our study extensively for translation from pre-

clinical to clinical domain.
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Chapter 1 Introduction

1. Introduction

1.1. Prostate cancer

Prostate cancer is a common and recurrent cancer type in males globally, with a growing
incidence of mortality. The risk of developing prostate cancer and associated mortality
increases with age. Prostate cancer is often asymptomatic in the early stages. The most
common complaint is problem with urination and other similar symptoms as observed
in prostatic enlargement (Rawla, 2019). Patients may feel back pain and retention of urine in
later or advanced stages of prostate cancer. In metastatic stage, prostate cancer cells might
metastasize to axis skeleton causing uneasiness in normal activity. Prostate cancers can be
easily detected in blood by increase concentration of prostate-specific antigen (PSA) above 4
ng/ml; PSA is a glycoprotein that is typically found in prostate. Prostate cancer can be further
confirmed with the help of prostate tissue biopsy. Treatments for initial stage of prostate
cancer includes surgical elimination of the prostate, radiation and androgen ablation but if the
disease is at metastatic stage, none of the above approaches may offer significant benefit to
the patients (Litwin et al., 2017). Androgen deprivation therapy is extensively accepted
treatment, but over a period of clinical benefit, patients develop resistant to the therapy

(Ertugen et al., 2020) which often results in Castration-Resistant Prostate Cancer (CRPC)
(Karantanos et al., 2013).

Table 1.1: Treatments for prostate cancer

Treatment Applications Limitations

Surgical Used for localized disease, Cannot be used in when cancer

approach often combined with chemotherapy | Metastasizes. Recurrence ~chances
and radiotherapy, which may be | @€ high
pre/postoperative

Radiotherapy | With organ-specific tumours, it is | It is linked to an increased incidence
effective. Restricts recurrence post- | of collateral fatality.
operation

Hormonal Effective against malignant tumors | High repetition and emergence rates

therapy

Chemotherapy | Effective along with hormonal | Drug resistance, toxicity, damages
therapy or monotherapy healthy tissues

Genotherapy Inhibits genes responsible for | Often used in combination, along
prostate cancer. with chemotherapy




Chapter 1 Introduction

Over the years, many treatment strategies for prostate cancer have evolved. However, it has
been demonstrated that combining chemotherapy with any of the therapeutic alternatives is
considerably more effective than monotherapies (Galsky et al., 2010). As a result, the number
of the United States food and drug administration (USFDA) approved drugs for the treatment

of prostate cancer has increased remarkably (Omabe et al., 2021).
1.2. Nanoparticulate system based drug delivery

Numerous biological obstacles prevent cancer drugs from becoming effective. Some potent
drugs approved or used for prostate cancer have some common limitations, such as non-
specific distribution to other sites rather than the site of interest, resulting in a low amount of
drug reaching the target and reducing its efficiency. Frequent dosing in higher doses increases
the rate of collateral toxicity and the incidence of multidrug resistance (MDR) (Gillet et al.,
2010). Many physio-chemical properties of drugs such as hydrophobicity, pharmacokinetic
factors act as hindrance. To begin, there are numerous biological barriers that limit the
efficacy of cancer therapeutics. Severe toxicity may often affect the healthy tissues of skin,
hair, liver, spleen and many other tissues which have the tendency of dividing rapidly

(Andreopoulou et al., 2015).

The nanoformulations are made up of materials such as a variety of polymers, inorganic
vectors, and lipids etc, which are competent to be designed, developed to deliver cancer
therapeutics. Polymeric nanoparticles consist of nanoparticles, dendrimers, nanocapsules,
micelles, drug conjugates, protein nanoparticles, nanogels, while liposomes, exosomes,solid
lipid nanoparticles are the examples of lipid nanoformulations. Carbon nanotubes, nano
diamond, metallic nanoparticle, quantam dots, silica based nanoparticles, nanocrystalline are
widely tried for treating prostate cancer (Yetisgin et al., 2020). The prime motive of the
nanoformulations are to deliver the chemotherapeutic drugs either single or in combination in
the optimum quantity to the desired cancerous tissues without causing toxicity to healthy
tissues and non-specific distribution of potent anticancer drugs. Nanotechnology offers a
platform with exceptional characteristics that ensure safe treatment, increased availability,
and therapeutic worth in later stages of prostate cancer. Owing to the peculiar
pathophysiological features of most solid tumors, such as deficient vasculature and
limited lymphatic drainage, nanoparticle (NP) help in overcoming the hydrophobic nature
and adverse outcomes such as nephrotoxicity and neurotoxicity, as well as other problems

associated with chemotherapy, with a simultaneous enhancement of permeability and
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retention (EPR) effect (Chakraborty et al., 2020; Chen et al., 2010). NP enable the drug to
release in sustained pattern along with protection of the encased agent from enzymatic
degradation. NP also prolong pharmacological action, thereby elevating the dose tolerance
and minimizing nonspecific drug absorption-associated toxicity to improve safety and

efficacy (Maleki et al, 2021; Huang et al., 2014)
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Figure 1.1. Different types of nanoformulations used for drug delivery
1.3. Biodegradable poly(lactic-co-glycolic acid) nanoparticles

Nanoparticles are the incredible part of novel drug delivery approach with advanced drug
delivery abilities through the use of mechanism such as passive and active mechanisms.
Nanoparticles concentrates drugs at disease sites, prolongs drug systemic circulation,
improves elimination half life (ti2), releasing the drug in sustained manner while reducing the

side effects and protecting drugs from humoral attacks (Sriraman et al., 2014).

Polymers serve as a boon for chemotherapeutics as it encapsulates the drug. Poly(lactic-co-
glycolic acid) (PLGA) is one of the most extensively used biodegradable polymer for the
preparation of nanoparticles. PLGA is approved by USFDA and can be used for humans by
intravenous route. There is no systemic toxicity attributed with the use of PLGA as the

hydrolysis of this polymer generates lactic acid and glycolic acid, both of which are rapidly
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metabolised by the human body using cellular metabolic conversion to water and carbon
dioxide via the Krebs cycle (Jain et al., 2000; Pagels et al., 2015). Numerous research have
shown that PLGA nanoparticles enters into the cells efficiently mostly by specific and
nonspecific endocytosis and releases the drug in a sustained manner (Panyam and

Labhasetwar, 2004).
1.4. Paclitaxel as potent anti cancer drug

Paclitaxel was encapsulated in PLGA nanoparticles. Paclitaxel (PTX) is the best microtubule
stabilized drug licensed by the USFDA for the therapeutic treatment of a range of
malignancies such as breast, ovarian, and lung cancer. PTX inhibits mitosis and is effective in
eradicating cancer cells during the interphase of the cell cycle (Afrooz et al., 2017). The
physicochemical properties of PTX, in particular, severely limit its administration, due to its
low solubility (0.0015 mg/mL) that has a negative impact on their polycyclic chemistry in
aqueous solution and makes the potent PTX unsuitable for intravenous injections. In
conventional standard-of-care chemotherapy, PTX is administered intravenously as Taxol,
which is a formulated with Cremophor EL and dehydrated ethanol, which result in
hypersensitivity reactions and extreme toxicity, altering the in vivo pharmacokinetic drug
profile and yielding unpredictable non-linear plasma pharmacokinetics (Gelderblom et al.,
2001). Moreover, taxol therapy resulted in drug resistance due to the presence of P-
glycoprotein (P-GP) in PTX, which is actively involved in pumping PTX out of the
cancerous cells (Gallo et al., 2003). To avoid the drug resistance caused by taxol, several P-
GP inhibitors, including verapamil were co-administered, which further resulted in side

effects (Stage el al., 2020).
1.5. Encapsulation of Paclitaxel in a PLGA nanoparticle

Encapsulation of PTX leads to increased aqueous solubility of PTX delivery. Due to the
increased permeability and retention (EPR) effect, nano size promotes the selective transport
of PTX into the tumour location. As a consequence, higher maximum tolerated doses (MTD)
of NP are recognised. The pharmacokinetic characteristics of the medication from NP are

also enhanced, for example, by lengthening the half-life and accumulating PTX in tumours.
1.6. Passive and active targeting as drug targeting of nanoparicles to prostate cancer

Nanoparticles can be administered either directly in the blood circulation or the surface of the

nanoparticles can be engineered for site specific delivery. When the NP are available in the
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cancer tissue through circulation, due to characteristic feature of leaky vasculature or
dysfunctional lymphatic drainage of the cancerous tissue, the NP enter in the tumor sites due
to enhanced permeability and retention of the tumor tissues (EPR) and it is known as passive
targeting. The presence of tight junctions in the normal healthy tissues does not facilitate the
entry of drug loaded NP. The malformation of endothelial cells initiates rapid angiogenesis in
cancer tissues to nurture for further proliferation. Angiogenesis results in formation of gaps
with pore size 100-800 nm to allow the accumulation of nanoparticles to release drug via
passive targeting (Haley and Frenkel 2008). Due to the significant variation found in various
types of tumor, and within the same tumour, the passive targeting phenomenon is highly
diverse. There have been cases where patients' therapy responses have varied dramatically.
NP systems can be engineered with suitable ligands to target the cancer cells, which will

promote tumour absorption and minimize drug adverse effects.

Active targeting aims at delivering the drug directly to the affected cancerous tissues. For
this, the NP are fabricated with ligands that could bind to its respective receptor exclusively
overexpressed on cancer cells. Prostate specific membrane antigen (PSMA) receptor is
overexpressed on cancerous prostate, PSMA can be targeted using various ligands such as
J591 antibody or other anti-PSMA antibody to bind with it. Asialoglycoprotein receptor
(ASGPR) which is present largely on the surface of hepatic cells can be targeted by
galactosamine respectively (Mukherjee. et al., 2022). This would facilitate drug-loaded
nanoparticles to enter the cancer cells with the help of receptor-mediated endocytosis. The
affinity and density of the ligand, the level of ligand-receptor interaction, the stability, and the
non-toxicity of the targeting ligand are some crucial factors that determine how effective
active targeting approaches are. The putative ligand conjugation prevents nanoparticles to
cross the blood brain-barrier, consequently, averting any nonselective actions on the central
nervous system that results in increased targeting and bioavailability to the affected cells
(Huang et al., 2014). Thus, active targeting initiates selective delivery of chemotherapeutics,
eliminating unintended toxicity, delivering the therapeutic payload within the therapeutic

window for an extended period of time in a sustained manner.



Chapter 1 Introduction

Ligand conjugated nanoparticle ‘

Ligand. eart
Biological ligands y
Antibodies Drug Administered
Aptamers in the body
Small molecules
Peptides
Polysaccharides Active targeting by specific binding
wsp
Receptor N

N

‘disease cells -

Figure 1.2. Active targeting by the nanoparticles
1.7. PSMA as target receptor for prostate cancer

Our study will utilize the ubiquitous overexpression of the prostate-specific membrane-
antigen (PSMA) on cancerous prostate cells. PSMA plays an imperative role in diagnosis,
managing as well as treating prostate cancer. The aggrandized PSMA glutamate
carboxypeptidase II, having a molecular weight of about 100kDa, is enhanced and
progressively elevated in prostate adenocarcinoma and in the neovasculature of solid tumors
It positively correlates with tumor progression or metastasis in prostate cancer tissue, thus,
differentiating benign tumors from malignant disease (Gaertner et al., 2017; Maghsoudi et al.,
2019). More crucially, the presence of internalization motif in the cytoplasmic tail of PSMA
might suggest that the ligand nanotherapeutics may get internalised into the cell (Mangadlao

etal., 2018).
1.8. J591 as biomarker proteins in for taregeted therapy of prostate cancer

J591, an anti-PSMA monoclonal antibody (Ab), has already been developed to target PSMA
and has demonstrated cellular internalization (Moffatt et al., 2006; Chang et al., 2004). The
absence of the majority of extra-prostatic expression of PSMA on normal vasculature

endothelium makes feasible for J591 ab to target the prostate cancer cells.
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1.9. Surface modification of Paclitaxel loaded PLGA nanoparticles for site specific

delivery

Various ligands such as antibodies, aptamers, peptides are used for site specific delivery of
chemotherapeutics. In our present work, surface of Paclitaxel loaded PLGA nanoparticles
was fabricated with J591 antibody. The surface modification was done with the help of 1- (3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS), which forms peptide bonds between the amine groups of the J591 Ab and the
carboxyl groups of the PLGA (Lee et al., 2021). The attachment of antibody is done through
the amine group present on the surface of nanoparticle conserves the activity of the antibodies
while simultaneously preventing nonspecific protein absorption (Tan et al., 2015). Ligand
conjugated nanoparticles in prostate cancer therapy in the field of nanomedicine may lead

promising future.
1.10. Ab-PTX-NP research envisaged

In our present study, focus on delivering paclitaxel as a chemotherapeutic payload by
encapsulating it in a designed PLGA nanoparticle (PTX-NP), and further conjugating it with
J591 Ab (Ab-PTX-NP), aids in the higher cellular internalization of Paclitaxel to PSMA
expressed prostate cancer cells. Elevated cellular uptake of Paclitaxel by the prostate cancer
cells was possible by using the extracellular apical domain of PSMA, which contains binding
site for humanized J591 Ab, enabling it as a plausible target, and it may hold potential
promise for tumor targeting. The current goal of the investigation was to target PSMA
positive (+ve) LNCaP cells with J591 conjugated nanoparticles containing paclitaxel. It
appraised the selectivity of Ab-PTX-NP to PSMA (+ve) prostate cancer cells, its cellular
internalization, and drug related apoptotic activity in those cells. Further, pharmacokinetic
assessment of the formulation was conducted in Balb/c mice. J591 has been widely used for
imaging (Taylor et al., 2012). However, in our study, it has been utilized as a ligand, which
when conjugated to the drug loaded nanoparticle can be utilized for advanced prostate

chemotherapy.
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2. Literature review

2.1. Information on prostate cancer

Today, the leading cause of cancer-related mortality among males is prostate cancer. Age,
ethnicity, and inheritance are all significant contributors to the onset and progression of
prostate cancer, while the precise reason is unknown. Age is thought to be the biggest risk
factor, with most instances being identified in males between the ages of 60 and 70 (Sharma

etal., 2017).

Early-stage prostate cancer generally has no symptoms and progresses slowly, necessitating
only active observation. Worldwide variations in incidence rates are a result of diverse
approaches to diagnostic testing. Age has a significant impact as mentioned earlier, on both
the incidence and fatality rates of prostate cancer, with older men experiencing the greatest
incidence. Early stage diagnosis is difficult due to non-prominent symptoms, and in late

stages of metastasis, treatment becomes very difficult (Rawla, 2019).

Prostate cancer patients can now receive more accurate prognostic information due to
enhanced risk categorization tools, imaging technologies, and biomarkers. For some men,
local therapy followed by monitoring for disease development is an acceptable treatment plan
for prostate cancer. As treatment-related side effects are better identified, surgical and
radiation procedures are continually evolving. Due to the early administration of novel
medications, the median survival for men with metastatic illness has also increased. With
recent developments, prostate cancer may now be correctly diagnosed and controlled more
effectively in accordance with tumour biology, patient preferences, and other factors (Litwin

etal., 2017).
2.2. Paclitaxel as an anticancer drug

Cancer is a condition with a high mortality rate. Despite substantial research, not all attempts
in the field of medicine have been successful. Chemotherapy is administered to more than
half of all cancer patients. One such successful discovery is the Paclitaxel isolated from the
Pacific Yew tree (Priyadarshini and Keerthi, 2012). Paclitaxel is a crystalline powder that
ranges in colour from white to off-white. Its empirical formula is C47H51NO14, and its
molecular weight is thought to be 853.9 units. It has strong hydrophobicity and is particularly

insoluble in water. It melts at a temperature of 216-217 °C. Paclitaxel targets tubulin,
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stabilises and prevents microtubule disintegration. The beta-tubulin subunit has been

identified as the site of drug binding.
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Figure 2.1. Chemical structure of Paclitaxel
2.3. Nanotechnology and nanoparticles for cancer treatment

Rizvi and Saleh (2018) in his review, mentioned that the invention of pharmaceutical novel
drug delivery such as nanoparticles has created new opportunities for the treatment of
complicated diseases. Nanoparticles usually used for cancer treatments are in the size range
between 100 and 500 nm. The nanoparticles may be developed into smart systems, encasing
therapeutic and imaging chemicals. He further adds that nanoparticles can be manipulated in
their size, surface properties, and material composition. The prolonged drug release from the
formulation reduces medication-related toxicity while also improving patient compliance
with less frequent dosage. Treatment for AIDS, cancer, and other diseases has benefited from

nanotechnology, which has also improved diagnostic procedures.

The introduction of nanoparticles in the area of cancer has given scientists the knowledge
they need to investigate brand-new approaches to the detection, prevention, and therapy of
cancer. Utilizing nanotechnology has made it possible to create nano-sized formulations that
may be used to encapsulate anti-cancer drugs that have proven good benefits but are often

toxic owing to the high number of doses required for prolonged usage (Siddiqui et al., 2012).
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They also presented an innovative idea in which nanotechnology was used to improve the
effectiveness of chemoprevention and described recent uses of nanotechnology in the
diagnosis, imaging, therapy, and prevention of cancer. Cho et al., (2008), describes that
cancer nanotherapeutics is increasing and that these formulations are being used to overcome
the shortcomings of conventional drug delivery techniques, such as non-specific
biodistribution and targeting, a lack of water solubility, insufficient oral bioavailability, and
low therapeutic indices. In order to extend the biodistribution of cancer therapies for a longer
period of time in the circulation, nanoparticles have been designed for the ideal size and
surface qualities. Additionally, they have the capacity to deliver their loaded active
medications to cancer cells by selectively using the unique pathophysiology of tumours, such

as their increased permeability and retention impact on the tumour microenvironment.

There is a substantial interest in developing therapeutic options for the treatment of prostate
cancer based on the use of nanoformulations to overcome the lack of specificity of
conventional chemotherapeutic agents as well as for the early detection of precancerous and
malignant lesions. Sanna et al.,, (2012) highlighted on the recent development of
nanotechnology strategies adopted for the management of prostate cancer, in particular, the
combination of targeted and controlled-release polymer nanotechnologies. However, several
limitations facing nanoparticle delivery to solid tumours, such as heterogeneity of
intratumoural barriers and vasculature, cytotoxicity and/or hypersensitivity reactions to
currently available cancer nanomedicines, and the difficulty in developing targeted
nanoparticles with optimal biophysicochemical properties, have been addressed for

successful tumour eradication (Sanna et al., 2012).
2.4. Polymeric nanoparticles

Biodegradable polymeric nanoparticles are being exploited as cutting-edge medication
delivery devices because of their adaptability and diverse set of qualities. This kind of carrier
has a lot of potential for controlled delivery of vaccines and treatments for cancer (Hans et
al.,, 2002). Rezvantalab et al., (2018) also mentioned that PLGA nanoparticles have
demonstrated their promise as drug delivery vehicles for several therapeutic agents (such as
proteins, chemotherapy, antibiotics, antiseptics, anti-inflammatory, and anti-oxidant
medicines), and they can be advantageous for tumor-and/or DNA-targeting. Biodegradable
nanoparticles have the potential to deliver cancer therapeutics within the body. Biodegradable

nanoparticles are attracting more attention. For a variety of drugs, vaccines, and biomolecules
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to be used in a variety of medical applications, they offer improved biocompatibility, superior
drug encapsulation, and practical release profiles (Mahapatro et al., 2011). Numerous studies
have been conducted on biodegradable nanoparticles made of poly (D,L-lactide-co-glycolide)
(PLGA) for the sustained and targeted/localized administration of various agents, such as
plasmid DNA, proteins, peptides, and low molecular weight chemicals (Panyam et al.,2002).
Poly (lactic-co-glycolic acid) is one of the most efficient biodegradable polymeric
nanoparticles. Because of its controlled and sustained release capabilities, minimal toxicity,
and biocompatibility with tissue and cells, it has received USFDA approval for use in drug
delivery systems. With excellent efficacy and low side effects, the use of PLGA nanoparticles
in cancer treatment has a bright future, thanks to growing experience in this field, (Mirakabad
et al., 2014),Numerous cancer treatments, such as photodynamic therapy, hyperthermia, and
tumor-targeted medication delivery, can be carried out using materials based on poly (lactic-
co-glycolic acid) (PLGA), which are often employed in such configurations (Danhier et al.,
2012).

Various surface modifications of nanoparticles to enhance in-vivo circulation, distribution,
and multimodal functionalities, along with specific applications such as tumour targeting,
oral delivery, and delivery of these particles to the central nervous system, have been
reviewed in this manuscript. Also, different factors that affect optimal drug encapsulation,
factors that affect drug release rates, and surface modifications of nanoparticles to improve

in-vivo circulation, distribution, and multimodal functions have all been looked at.

2.5. Poly-(D-L-lactide-co-glycolide (PLGA) nanoparicles encapsulating anti-cancer
drugs.

There have been numbers of studies in which anti-cancer drugs are encapsulated in PLGA
nanoparticles. Mandal et al., (2018) developed PLGA nanoparticles with chemotherapeutic
agents to treat hepatocellular carcinoma, which increased the drug water solubility, a decrease
in chemotherapy related adverse effects and toxicity, an enhancement in the pharmacokinetic
characteristics and tissue distribution through the faulty lymphatic system and leaky
neovasculature of tumour cells, and an enhancement in the anti-tumor efficacy of anticancer
agents. PLGA has been particularly useful in the development of drug nanocarriers for cancer
therapy due to its excellent biocompatibility, biodegradability, high stability, and low
immunogenicity. The prepared formulation can also passively target new drug delivery

systems and has an improved permeability and retention effect (EPR).
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Bhattacharya et al., (2018) developed apigenin-loaded PLGA nanoparticles and looked into
the effectiveness of the anticancer drug apigenin both in vitro and in vivo, in order to
suppress the growth of liver cancer. The PLGA nanoparticles were ideal for the purpose due

to their non-toxic and biodegradable qualities.

Sahoo et al., (2004) in their work, evaluated the effectiveness of biodegradable nanoparticles
made of PLGA loaded with paclitaxel in inhibiting tumour growth. Chemotherapy is still the
treatment of choice for prostate cancer, although its efficacy is limited by conventional routes
of administration, low drug response, and severe toxicity. In a murine model of prostate
cancer, the antiproliferative activity of PLGA NP was assessed in a human prostate cancer
cell line (PC3) and its impact on tumour inhibition. The nanoparticles were 220 nm in
diameter with 5.4% w/w drug loading and demonstrated sustained release of the encapsulated

medication (60% release in 60 days).
2.6. Fabrication of the PLGA nanoparticles for site-specific delivery.
Active targeting of PLGA nanoparticles to cancer cells

Drug delivery technologies that are conventional and that have a variety of limitations are
being replaced by multifunctional nanoparticles. Nanoparticles that have been specially
designed to target cancer cells have the potential to lessen the collateral harm that medicines'
overall toxic effects cause to healthy tissue. Since the recently discovered methodologies
demonstrate superior targeted anticancer therapeutic delivery with better treatment results,
practical ways are being considered to advance cancer therapy. Effective cancer therapy
necessitates both types of targeting including passive and active, as well as a comprehensive
awareness of numerous physiologic impediments to targeted delivery (Ahmad et al., 2019).
Bazak et al., (2015) also writes about targeting of nanoparticles that may be accomplished in
two ways: passive targeting and active targeting. The effective localisation of nanoparticles
into the tumour microenvironment is made possible by passive targeting. Active targeting

makes it easier for tumour cells to specifically take up nanoparticles.

To successfully deploy nanoparticle carriers as medication delivery systems, it is essential to
target them to disease areas. Researchers have concentrated on surface modification of
nanoparticles using biological ligands in addition to optimization of their physicochemical
features. Such ligands have the ability to bind certain receptors on the surface of target cells.
Additionally, biological ligands can promote the absorption of modified nanoparticles, and

the process is known as "active targeting" of nanoparticles. In this review work, the
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researcher highlighted the recent developments in the area of biological ligands for
nanoparticle-mediated drug delivery. Such ligands include proteins, antibodies,
polysaccharides, aptamers, peptides, and small molecules. The review seems to be useful to

biomedical researchers who use NP for imaging and medicine delivery (Yoo et al., 2019).

Mondal et al., (2019) in their work fabricated the surface of PLGA nanoparticles containing
doxorubicin (DOX) by conjugating it with CD-340 antibody to target breast cancer cells.
When compared to the treatments with the unconjugated and conjugated nanoparticles, the
CD-340 surface modified nanoparticle formulation revealed preferentially more of the
formulation accumulation in the tumour region. The ligand linked nanoparticles shown
significant promise in reducing the cardiac toxicity of DOX in mice, a notable adverse effect

of the medication, as well as tumour development
2.7. Prostate specific membrane antigen (PSMA)

The use of cell surface antigens as biomarkers has the capability to significantly improve
early diagnosis, prognosis, and therapeutic response in a wide range of disorders, including
malignancies (Saniee et al., 2021). In prostate cancer, the transmembrane glycoprotein known
as PSMA, which is found on the cell membrane, is particularly and prominently expressed.
Additionally, tumour invasiveness is correlated with its expression level. Over the past 20
years, a great deal of research has been done on PSMA as a molecular target of prostate
cancer. Evidence examined by Wang et al., (2022) indicates that considerable advancements
in PSMA-targeted prostate cancer treatment have been made. Here, it was mentioned about
the various PSMA-targeted treatments for prostate cancer, such as using attaching ligand with
radiotherapy, examples 177Lu-PSMA-RLT and 225Ac-PSMA-RLT, conjugating the
antibody with respective drugs to form conjugates such as MLN2704, PSMA-MMAE,
MEDI3726. Also therapeutic efficacy of cellular immunotherapy, photodynamic therapy and

imaging-guided surgery were discussed.
2.8. J591 antibody site-specificity to PSMA

J591 is widely used in diagnostic purposes, it is engineered with several formulations to
target PSMA. Russell et al., (2013), in the study prepared prostate cancer-targeted magnetic
nanoparticles (MNPs) and conjugated them with J591, an antibody particularly attaches to the
prostate specific membrane antigen (PSMA). PSMA is present above 90% on the surface of
the prostate cancer cells, which also includes castration-resistant prostate cancer cells. This

conjugation causes internalization of the prostate cancer-targeted MNPs. Tailored MNPs
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should improve the site- specificity along with sensitiveness of magnetic resonance imaging
(MRI) to allow for more accurate staging patients and eventual targeted medication
administration. It is further mentioned that the conjugation did not affect the cell binding of
J591Ab to the PSMA positive prostate cancer cells. The prepared formulation was taken up
more readily which was confirmed by Prussian blue staining for iron and plasma optical
emission spectroscopy for attachment of antibody. In vivo experiments were carried out on
immunosuppressed mice with subcutaneous LNCaP-LN3 (PSMA-positive) xenografts using
a 16.4T MRI imaging system. The results of administration of J591-MNP conjugates showed
similar augmentation of MRI as obtained by NMR. Mice administered systemic J591-MNPs

underwent live imaging, which revealed prostate tumour uptake.

Tseet al., (2015) prepared and evaluated J591lantibody conjugated iron oxide magnetic
nanoparticles. The results showed enhanced magnetic resonance imaging (MRI) on
investigation, when targeted with conjugated nanoparticles as compared to unconjugated
nanoparticles. The reason for enhanced MRI would be specific to binding of PSMA by J591
fabricated iron oxide magnetic nanoparticles. The results were depicted in SCID mice at
predetermined time, when the above nanoparticles were injected intravenously. It was also
noted that the antibody conjugation did not hinder its specificity. Hence, it is proved that
PSMA-targeting nanoparticles fabricated with J591 antibody have the caliber to localize in

prostate cancer.

A PSMA antibody functionalized formulation may be very helpful for targeted prostate
cancer treatment. Nagesh et al., (2016), developed a tailored nanoparticle system
encapsulating docetaxel to enhance its distribution and action at the tumour location by
functionalizing it with J591 for prostate cancer. In his findings, conjugated formulations
demonstrated strong anti-cancer activity, when compared to PSMA-negative PC3 cells and
PSMA -positive C4-2 cells. The J591-conjugated formulation was profoundly taken up by C4-
2 (PSMA+) cells. While PC-3 tumours did not exhibit a similar targeting capability in ex-
vivo experiments, C4-2 tumours did, which suggests tumor-specific targeting. It was
concluded from the study that a PSMA antibody functionalized SPION-DXT formulation

may be very helpful for targeted prostate cancer treatment.
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3. Objectives and plan of study

3.1. Objectives

To develop and optimize Paclitaxel (as a therapeutic agent) loaded poly lactic co-glycolic
acid (PLGA) nanoparticles and further conjugating it with J591 antibody (anti-PSMA) and

investigate them as a targeted therapy against prostate cancer cells.

This study is divided in following sections:

* Paclitaxel loaded nanoparticles (PTX-NP) will be prepared and conjugated with an
anti-PSMA antibody J591 for site specific delivery. Physicochemical properties of the

prepared formulation will be studied

* Further, investigation to target PSMA overexpressed on LNCaP cells with J591

conjugated nanoparticles containing paclitaxel will be done

* Appraised selectivity of Ab-PTX-NP to PSMA (+ve) prostate cancer cells, its cellular
internalization, and drug related apoptotic activity in prostate cancer cells will be

studied

*  Pharmacokinetic assessment of the optimized formulation will be was conducted in

Balb/c mice.
3.2. Plan of study

The study is planned as delineated below
# Preformulation studies

= Detection of interaction between drug and excipients by Fourier-transform

infrared spectroscopy (FTIR)
=  Development of Standard Calibration Curve of Paclitaxel by UV Spectroscopy.
% Preparation and optimization of PLGA nanoparticles encapsulating Paclitaxel

= Preparation of Paclitaxel loaded polymeric nanoparticles (PTX-NP) by multiple

emulsion and solvent evaporation.

= Conjugation of the prepared nanoparticle with J591 antibody to ensure site

specific delivery to the prostate cancer cells (Ab-PTX-NP).

= Confirmation of the successful antibody conjugation.
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Evaluation of morphological characterizations of the prepared experimental
nanoparticles will be done by using field emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), atomic force microscopy

(AFM), DLS for the determination of the size and zeta potential.

Assessment of stability of prepared optimized nanoparticles by accelerated

stability study and hydrolytic stability study.

¢ In-vitro drug release studies

In-vitro drug release various experimental formulations will be performed in PBS
(pH 7.4) with 0.1%w/v tween 80. The drug release of Ab-PTX-NP in citric acid
buffer (pH 3), acetic acid buffer (pH 5), PBS (pH 7.4) with 0.1%w/v tween 80 and

bicarbonate buffer (pH 10) using cumulative drug release method.

Assessment of various drug release kinetics and regression coefficients of the

prepared formulation in different buffers.

¢ In- vitro cellular experiments in LNCaP and PC3 cells

Examination of the expression of PSMA on LNCaP cells
Cytotoxicity study by MTT assay

In vitro cellular uptake both qualitative and quantitative study, cellular apoptosis,
apoptosis-induced morphological alterations by dual staining with acridine
orange/ethidium bromide (AO/EB), determination of the loss and alteration of
mitochondrial membrane potential (MMP), Quantification of apoptotic/necrotic

cells by flow cytometry.

+» Hemolysis study

< In-vivo experiments

Pharmacokinetic studies of drug-loaded experimental nanoparticles and free

paclitaxel in male Balb/c mice and evaluation of pharmacokinetic parameters.

< Statistical Analysis

>

One way analysis of variance (ANOVA) will be used, followed by Tukey's test

conducted for comparison between the experimental groups.
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4. Materials and equipments

4.1. The chemicals used in the study have been listed below

Table 4.1. List of materials/chemicals used in the study

Serial No Name Source

1. Acetone Merck Life Science Pvt. Ltd, Bengaluru

2. Acetonitrile Merck Life Science Pvt. Ltd, Bengaluru

3. Bicinchoninic acid (BCA) Sigma-Aldrich Co, St Louis, MO, USA.

4. Cell lysis buffer Abcam

5. Chloroform Merck Life Science Pvt. Ltd, Bengaluru

6. Citric acid Merck Life Science Pvt. Ltd, Bengaluru

7. 4' 6'Diamidino-2- Thermo Fisher Scientific, Mumbai, India
phenylindole (DAPT)

8. Dichloromethane (DCM) Merck Life Science Pvt. Ltd, Bengaluru

9. Disodium hydrogen Merck Life Science Pvt. Ltd, Bengaluru
phosphate

10. Dimethylsulfoxide (DMSO)  Merck Life Science Pvt. Ltd, Bengaluru

11. Ethylene diamene tetra acetic Merck Life Science Pvt. Ltd, Bengaluru
acid (EDTA)

12. 1-(3-dimethylaminopropyl)-  Himedia Laboratories
3-ethylcarbodiimide Pvt. Ltd., Maharashtra, Mumbai, India.
hydrochloride (EDC)

13. Ethyl Acetate Merck Life Science Pvt. Ltd, Bengaluru,

14. FBS HiMedia Laboratories, Mumbai, India

15. Fluorescein isothiocyanate HiMedia Laboratories, Mumbai, India
(FITC)

16. FITC annexin Thermo Fisher
V/dead cell apoptosis kit Scientific, Waltham, MA, USA

17. Glacial acetic acid Merck Life Science Pvt. Ltd, Bengaluru,

18. J591 monoclonal antibody Dr Neil Bhandar, Cornell University,San
(J591 Ab) Diego, California, United States.

19. 5,5',6,6'-Tetrachloro- Invitrogen (Carlsbad, CA, USA).
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Serial No Name Source
1,1',3,3'-tetracthyl
benzimidazolylcarbocyanine
iodide (JC-1)
20. Methanol Merck Life Science Pvt. Ltd, Bengaluru,
21. MTT 3-(4,5-dimethylthiazol- HiMedia Laboratories, Mumbai, India
2-yl)-2,5-
diphenyltetrazolium bromide
22. N-hydroxysuccinimide Himedia Laboratories
(NHS) Pvt. Ltd., Maharashtra, Mumbai, India.
23. Paclitaxel (PTX) A gift samples provided by Fresenius
Kabi Oncology, Kolkata, West Bengal,
India with 99.95% purity
24. Penicillin-Streptomycin HiMedia Laboratories, Mumbai, India
25. PLGA Acid-terminated Sigma-Aldrich Co, St Louis, MO, USA.
PLGA (ratio, 75:25;
molecular weight, 4,000—
15,000 Da)
26. Pluronic F-68 HiMedia Laboratories, Mumbai, India
27. Pluronic F127 Sigma-Aldrich Co, St Louis, MO, USA.
28. Potasium dihydrogen Merck Life Science Pvt. Ltd, Bengaluru,
phosphate
29. Polyvinlyl alcohol (PVA ) S D Fine-Chemicals limited, Mumbai,
(M.W. 85,000- 1,24,000) India
(MW 150,000)
30. Roswell Park Memorial HiMedia Laboratories, Mumbai, India
Institute Medium (RPMI
1640)
31. Sodium acetate Merck Life Science Pvt. Ltd, Bengaluru,
32. Sodium bicarbonate Merck Life Science Pvt. Ltd, Bengaluru,
33, Sodium carbonate Merck Life Science Pvt. Ltd, Bengaluru,
34. Sodium citrate Merck Life Science Pvt. Ltd, Bengaluru,
35. Sodium hydroxide Merck Life Science Pvt. Ltd, Bengaluru,
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Serial No Name Source
36. Trypsine HiMedia Laboratories, Mumbai, India
37. Tween 80 SD Fine Chemicals limited, Mumbai, India
38. D-a-tocopherol Sigma-Aldrich Co, St Louis, MO, USA.
polyethylene glycol
succinate (TPGS)
39. Water for HPLC Merck Life Sc. Pvt. Ltd., Mumbai,

Corp. Billerica, MA, USA Mabharashtra, India
41. Millex-GP Syringe Filter

Unit, 0.22 um,

polyethersulfone, 33 mm,

gamma sterilized Millipore

Corp. Billerica, MA, USA

40. Milli-Q water Millipore Corp. Billerica, MA, USA

4.1.2 Animals and different cells used in the study

Table 4.2 The source of animals and different cells used in the study

Animals Source

Balb/C male mice National Institute of Nutrition (NIN),
Hyderabad, Telangana, India.154/GO/RBiBt-
S/RL/99/CPCSEA

Human Cells Source

LNCaP cells, PC3 and HEK  National Centre for Cell Sciences, Pune, India
293 cells

4.2. Instruments

Table 4.3 List of Instruments and equipments used in the study are mentioned

Serial No Name Source
1. Atomic force Dimension icon, Bruker, Billerica, Massachusetts,
microscope USA
2. Bath sonicator Trans-O-Sonic, Mumbai, India
3. FAC Scan Flow BD biosciences, San Jose, CA,USA
Cytometer
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Serial No Name Source
4, COz incubator Thermo Fisher Scientific, Waltham, MA USA
5. Cold centrifuge HERMLE  Labortechnik ~ GmbH, Wehingen,
Germany
6. Confocal microscope TCS-SP8 confocal microscope, Leica, Germany
7. Digital pH meter Thermo Fisher Scientific India Pvt. Ltd.,
(EUTECH) Hiranandani Business Park, Mumbai India
8. Digital weigh balance Sartorius Corporate Administration, Otto-Brenner-
StraBBe 20, Goettingen, Germany
9. Disposable syringe Hindustan Syringes and Medical Devices Limited,
(Dispo Van) Ballabgarh, Faridabad, Haryana, India
10. FTIR instrument Magna-IR 750, Series II, Nicolet Instruments Inc,
Madison, Wisconsin, USA
11. Normal freezer LG double door, Yeouido-dong, Seoul, South Korea
12. -80° C Freezer (Model New Brunswick Scientific, Eppendorf House,
no U410-86) Arlington Business Park, Stevenage, UK
13. High speed IKA Laboratory Equipment, Model T10B Ultras-
homogenizer Turrax, Staufen, Germany
14. Incubator shaker BOD-INC-18, Incon, India
15. Laminar airflow bio- Thermo Fisher Scientific, Waltham, MA USA
safety hood
16. LC-MS/MS LC: Shimadzu Model 20AC,
MS: AB-SCIEX, Model: AP14000,
Software: Analyst 1.6
17. Laboratory Freeze Dryer Instrumentation India, Kolkata, India
(lyophilizer)
18. Magnetic stirrer Remi Sales & Engineering Ltd, Ganesh Chandra
Avenue, Bando House, Dharmatala, Kolkata, India
19. 0.22 membrane filter Merck Life Science Pvt. Ltd, Mumbali, India
20. Microplate reader Spectromax ,Japan
21. Particle size and Zetasizer nano ZS 90, Malvern Zetasizer Limited,

zetasizer

Malvern, UK
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Serial No Name Source
22. Scanning Electron SEM Joel JSM-7600 F, Tokyo, Japan
microscope
23. Transmission electron TEM, JEOL JEM-2010, JEOL, USA
microscope
24, UV-VIS LI-295 UV VIS Single Beam, Lasany International,
spectrophotometer India
25. Vortex mixture Remi Sales & Engineering Ltd, Ganesh Chandra
Avenue, Bando House, Dharmatala, Kolkata, India
26. Zeiss Light microscope. Carl Zeiss: Axiostar plus, Jena, Germany
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5. Methodology

5.1. Calibration curve of Paclitaxel with the help of UV-visible spectroscopy

The maximum wavelength (Amax) of PTX is reported to be 227 nm (Chakraborty et al., 2020)
in different solvents. We ran an absorbance spectrum between 200 and 600 nm to find the
exact absorption maximum of the drug procured for our research. In order to conduct this
study, a small amount of PTX was dissolved in acetonitrile-water (60:40 v/v).The software
was used to establish a baseline for the research (LI-295 UV VIS Single Beam

Spectrophotometer).

To begin, 1 mg/ml Paclitaxel stock solution was made with acetonitrile water. The paclitaxel
stock solution was then diluted to produce a range of solutions with known concentrations,
and the absorbance was recorded in a LI-295 Ultra Voilet Visible single beam
spectrophotometer against blank solution (without drug). Both the slope and regression

coefficient were obtained from the graph made by plotting absorbance versus concentration.
5.2. Preparation of nanoparticles

Paclitaxel loaded biodegradable PLGA nanoparticles (PTX-NP), and FITC labeled PTX-NP
were prepared by multiple emulsion solvent evaporation method (Mandal et al. 2018;
Bhattacharya et al. 2018) mentioned below. Interim alterations of solubilizers such addition
of TPGS (0.03%w/v), Tween 80 (14% v/v), Pluronic- F 68 (0.5% w/v) and Pluronic F-127
(0.5% w/v) along with PVA (2.5% w/v) in the organic phase to detect the drug loading and
stability for the optimization of nanoparticles were done. The formulation PTX-NP with

solubilizer TPGS (0.03%w/v) was selected as an optimized formulation.

Tto prepare PTX-NP, 5 mg of the drug (PTX), 50 mg biodegradable polymer PLGA with the
addition of TPGS (0.03% w/v), were dissolved in 3 ml solvent comprising of 1 part of
dichloromethane and 1 part of acetone [1:1 (v/v)]. The primary emulsion was made by
adding polyvinyl alcohol (PVA) drop by drop from the stock solution (2.5 percent v/v
aqueous PVA solution) to the organic phase while homogenising at 16000 rpm with a high-
speed homogenizer. Subsequently, water/oil/water (w/o/w) type multiple emulsion was made
in 75 ml of 1.5% PVA solution by adding the formed primary w/o emulsion gradually and
homogenized (16000 rpm) (IKA laboratory equipment, model 10B Ultra-Turrax, Staufen,
Germany) for 8 min. After homogenization, the emulsion was kept on bath type sonicator

(TRANS-O-SONIC, Mumbai, India, 30+3 kHz, in cold water) for 30 min, and then left
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overnight to stir on a magnetic stirrer to evaporate the organic solvent. The next day, it was
centrifuged for 10 min (3000 rpm at 4°C) which helps to separate the nanoparticles from
larger size particles. Thereafter, the supernatant was centrifuged for 45 min (16000 rpm at
4°C). The pellet obtained was washed twice using water and stored at -20°C. A freeze dryer
(Laboratory Freeze Dryer, Instrumentation India, Kolkata, India) was used to lyophilize the
final product. Blank nanoparticles (BNP) were also prepared following similar method
without the encapsulation of the drug (PTX) in the organic phase.

Conjugation of prepared nanoparticles with antibody (Ab-PTX-NP)

The conjugation of J591 Ab to the surface of the prepared nanoparticles was done using EDC
and NHS as mentioned in the literature (Mondal et al., 2019). In brief, a weighed quantity of
lyophilized optimized nanoparticles (PTX-NP) were suspended in PBS (1 mg/1 mL). 1 pL
J591 Ab (from the primary stock) was added to the prepared solution. Subsequently, the
solution was incubated at 25°C for 1 h, and then centrifuged at 16,000 rpm for 10 min to
redundant antibodies. The precipitate thus obtained after centrifugation was resuspended in
PBS and followed by washing thrice to get rid of any residual antibody that may be present
on the surface of the conjugated nanoparticles. The final product was then lyophilized and

stored stored at 4°C (Mukherjee et al., 2014).
5.3. Fourier-transform infrared (FTIR) spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was utilized to look for any possible
interactions between the drug and the selected excipients used for the preparation of PTX-NP
as reported (Chakraborty et al., 2019). Paclitaxel, PVA, PLGA, physical mixture of PLGA
and PVA, physical mixture of PLGA, PVA and PTX, BNP, PTX-NP, TPGS, physical
mixture of PLGA, PVA, TPGS and physical mixture of PLGA, PVA, drug, and TPGS were
mixed with infrared grade potassium bromide (1:100 ratio) and compressed in a hydraulic
press to form pellets. The above pellets were scanned from the range of 4000 cm™ and 400

cm™ using FTIR spectroscopy (IRAffinity 1, Schimadzu, Japan).
5.4. Physicochemical characterization of PTX-NP and Ab-PTX-NP
5.4.1. Particle size and zeta potential

The lyophilized nanoformulations were resuspended (Milli-Q® water), sonicated for 15min
and were examined for particle size of the nanoformulations, its distribution, PDI value along

with zeta potential, in the Zetasizer Nano ZS 90 (Malvern Instruments, Malvern, UK) at 25C.
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Data Transfer Assistance (DTA) software (Malvern Zetasizer Limited, Malvern, UK) was

used for the analyses of the data.
5.4.2. Drug loading and encapsulation efficiency

To evaluate the drug loading and its encapsulation efficiency of PTX- NP and Ab-PTX-NP,
2mg of each formulation was dissolved in 2ml of acetonitrile water (6:1 v/v) followed by
sonication for 30 min. it was then centrifuged for 10 min at 16000 rpm. The absorbance was
recorded with the help of Ultra Voilet Visible single beam spectrophotometer against blank
solution (acetonitrile water (6:1 v/v) without drug). The percentage of Drug loading and

encapsulation efficiency was calculated (Das et al., 2015).

Actual drug loading (weight %) = (Amount of drug present in nanoparticles/Total weight of
nanoparticles sample analyzed) X 100 (%)

Drug loading efficiency (%) = (Actual drug loading/Theoretical drug loading) X 100 (%)

5.4.3. Scanning electron microscopy (SEM)

The surface morphology of lyophilized PTX-NP and Ab-PTX-NP were studied by SEM (Joel
JSM-7600 F, Tokyo, Japan). The samples were taken on adhesive carbon tapes which were
placed on metallic stubs followed by platinum coating using sputter coater (QUORUM Q
150T ES) and observed in the SEM instrument as per the published protocol. (Bhattacharrya
et al., 2018; Mandal et al., 2018).

5.4.4. Transmission electron microscopy (TEM)

The lyophilized samples were resuspended in Milli-Q water and a drop of it was placed on a
carbon-coated copper grid (300#; Ted Pella Inc., CA, USA). The excess solution was
removed using blotting paper and dried overnight. It was then visualized in the TEM

instrument (JEM 2100; JEOL, Tokyo, Japan).
5.4.5. Atomic force microscopy (AFM)

A small quantity of lyophilized PTX-NP and Ab-PTX-NP was resuspended in Milli-Q water
and a drop of each sample was placed on respective fresh cover slips and dried overnight.
Further investigation for three-dimensional morphology of the particles using a Pico view

5500 (Agilent Technologies, Santa Clara, CA, USA) was done.

~24 ~



Chapter 5 Methodology

5.5. Energy dispersive X-ray assay (EDX)

Energy dispersive X-ray (EDX) analysis determined the elemental composition and
encapsulation of the drug in PTX-NP and Ab-PTX-NP. EDX was conducted in a SEM
instrument (JSM 60, JEOL, Tokyo, Japan). The experimental formulations were lyophilized
followed by spreading it on the metal stub and coating it with platinum (Maji et al., 2014).

5.6. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis SDS-PAGE

To confirm the conjugation of the antibodies on the surface of PTX-NP, the resuspended
PTX-NP, Ab-PTX-NP, and BNP in PBS buffer in 0.2 mg/ml concentration and standard anti-
PSMA J591 monoclonal antibody (1 pL) was mixed with 2XLaemmli gel loading buffer
(each 5uL) separately. Along with the marker, PTX-NP, Ab-PTX-NP, and BNP were loaded
to a 10% SDS-PAGE gel. Gel electrophoresis was done by running the gel (80 V up to
stacking and 100V up to resolving) (Hu et al., 2010; Aggarwal el al., 2013)

5.7. In vitro drug release analysis

The evaluation pattern of drug release from the commercial formulation (CF), PTX, PTX-NP
and Ab-PTX-NP in vitro in phosphate buffer saline (PBS, pH 7.4) with 0.1% tween 80 was
studied. [n vitro drug release study was evaluated for each of the experimental samples
which were weighed (2 mg each) individually and resuspended in 2ml of the
respective buffers. (The amount of PTX present in 2mg of PTX-NP and Ab-PTX-NP was
138.8 pg and 128 pg, respectively). It was followed by the incubation maintained at 37°C
with agitation 60 rpm in BOD incubator shaker. At different time intervals 0.5,1, 2, 4, 6, 10,
12, 24, 48, 72 till 2200 h, 1ml (supernatant) from each sample was collected after 10 min of
cold centrifugation (16,000 rpm in Hermile Labortechnik GmbH, Wehingen, Germany). The
volume (1ml) was replaced with the respective buffers. The samples were resuspended with
the help of vortex and were placed in the incubator and maintained in the same mentioned
condition till the next sampling. The drug was determined by reading the absorbance
measured in the UV-VIS spectrophotometer at 227 nm against fresh respective media/buffer.
The calibration curve obtained facilitates calculating the drug's concentration. To ensure
reproducibility, the operation was done three times (Mandal et al., 2018; Mondal et al., 2019).
Further, the release pattern of PTX from Ab-PTX-NP in citrate buffer (pH 3), acetate buffer
(pH 5) and bicarbonate buffer (pH 10) for duration of 90 days according to the method

described above and calculated in the cumulative drug release method (Mondal et al., 2019).
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Different release kinetics models with their equations are listed below:

Zero-Order: Qt = Qo + Kot (% CDR vs. time)

First-Order: Log Q:=Log Qo - Kt/ 2.303 (log % ADR vs. time)
Higuchi model: Q:=ku (t) ® (% CDR vs. root of time)
Hixson-Crowell model: Qo' — Q¢ = Kuc t (Cube root of % ADR vs. time)

Korsmeyer-Peppas model:  My/Mq, = Kt" (log % CDR vs. log t)

Where, CDR is cumulative drug release, ADR is amount of drug to be released, Qis amount
of drug release in time t, Qo is initial amount of drug, K is release rate constant, ku is the
release rate constant for the Higuchi model, Knc is the rate constant for Hixson-Crowell rate
equation, My/M,, is fraction of drug released at time t, and n is the release exponent in

Korsmeyer-Peppas model.
5.8. Accelerated stability study:

To assess the impact of temperature and relative humidity (RH) on the stability of PTX-NP
and Ab-PTX-NP, weighed amounts of PTX-NP and Ab-PTX-NP were stored in a
refrigerator (zone III) at 4-8 °C , and at 30 °C, 75% RH and 40 °C, 75% RH for 30, 60 and 90
days, according to the International Conference on Harmonization (ICH) guidelines (ICH,
2003). Experimental samples at the mentioned time points were analyzed for the drug loading

and morphology.

The hydrolytic stability of PTX-NP and Ab-PTX-NP was ascertained in various pH buffers
(citrate buffer pH 3, acetate buffer pH 5, phosphate buffer pH 7.4) for 30 days. (Details are
given in the Supplementary file).

Weight variations were measured for each sample over time according to the formula,
Weight change (%) = (Wo -W)/Wo X 100

Where, Woand W:represents as the initial weight and weight at time t, respectively.
5.9. In vitro studies

5.9.1. In vitro cytotoxicity (MTT) study

Two different human prostate carcinoma cells, LNCaP and PC3, were purchased from

National Centre for Cell Science (NCCS), Pune, India. Cells were maintained in Roswell
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Park Memorial Institute Medium (RPMI 1640) (Hi-Media) supplemented with 10% fetal
bovine serum (FBS, Thermo Fisher Scientific, Waltham, USA.), 100 U/ml penicillin, 100
U/ml streptomycin and kept in 5% CO> incubator (MCO-15AC; Sanyo, Tokyo, Japan) at
37°C.

The experiments were performed to investigate the cytotoxicity of PTX, PTX-NP, Ab-PTX-
NP and the antibody conjugated blank nanoparticles (Ab-BNP) using 3-(4,5-dimethylthiazol-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) analysis to obtain the ICso values
of our various experimental formulations in positive PSMA (LNCaP), negative PSMA cells
(PC3) and normal kidney cells (HEK 293). All the above mentioned cells were seeded in 96
well plates. The number of cells was 5000 per well.  Different concentrations of the
experimental formulations were used to treat the cells for 24 h followed by the addition of
MTT. The treated cells are incubated at 37°C for 4 h. the addition of DMSO leads to the
solubilization of intracellular formazan crystals. Thus, in a microplate reader (Spectromax,
Japan) at 540 nm, the color intensity was measured and the cytotoxic effects of PTX, PTX-
NP, Ab-PTX-NP and Ab-BNP were calculated (Shi et al., 2018; Sen et al., 2021). Cell
viability assay was done on normal human kidney cells HEK 293, since the human normal
prostate cell line such as RWPE-1 was not available. The study was conducted on human
normal embryonic kidney cell line (HEK 293) just to evaluate the effect of the experimental
formulation treatment on any normal cell line. HEK 293 cell type is one most common cell
line used for research purposes due to their easy maintenance, robustness and reliable growth
(Yao-Cheng et al., Yifan et al., 2020). Besides, the HEK 293 cells are also frequently used as
a control in many studies to investigate the effects of treatments on cancer-specific cell lines
(Summart et al., 2020). The cell viability assay on normal human kidney cells HER 293 was

done in a similar way.
5.9.2. Western blot analysis of PSMA expression in prostate cancer cells

LNCaP and PC3 were cultured until the cell count reached to logarithmic phase, followed by
rinsing with phosphate buffer saline (PBS), cooled with the help of ice,
radioimmunoprecipitation assay (RIPA) protein lysis buffer was utilized for suspension to
make up to 400 pl. The resulting supernatant of centrifuged (15000 rpm/ 4°C for 15 min) cell
lysates was transferred to a 1.5 mL centrifuge tube. A bicinchoninic acid (BCA) kit was used
for the assay of protein concentration. The lysate samples were supplemented with 5X

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer, the
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protein was denatured by mixing and boiling for 5 min. After separation of protein using
SDS-PAGE and transferring to a polyvinylidene fluoride (PVDF) membrane through semi-
dry blotting method. After blocking the membrane with a 5% skim milk buffer at room
temperature and probing it with diluted anti- PSMA monoclonal antibody at 4°C overnight
and probing it with the secondary antibody at room temperature for 2 h. After each antibody
incubation, the membranes were washed thrice with PBS (Fan et al., 2015). After the
development of immunoreactive bands by chemiluminescent HRP detection agent
(Luminata™ Forte Western HRP substrate was used for the assay), the images were captured

in BioRad Gel Documentation System using Image Lab Software (Ghosh et al., 2017).
5.9.3. Cellular uptake study of PC3 and LNCaP cells in vitro

In vitro cellular uptake of FITC- labeled conjugated and unconjugated PTX-NP was
investigated in LNCaP and PC3 human prostate carcinoma cells. The uptake was quantified
at 0.5, 2 and 4 h with a flow-cytometer (Becton Dickinson LSR New Jersey, USA) . The data
were acquired through FACS Diva software (BD Bioscience), New Jersey, USA). Cells were
seeded at a concentration of 1 x10° cells/ml on a cover slip placed on a Petri dish (60 mm) for
24 h to allow the cells to proliferate, adhere and confluent. Complete medium for cell growth
was replaced with incomplete medium (culture medium without FBS) in each dish. The next
day, cells had reached ~80% confluence, and the cells were treated with FITC labelled PTX-
NP and Ab-PTX-NP for 0.5, 2 and 4 h. Plates were removed from the incubator at a
predetermined interval and washed three times with sterile cold PBS. Once this was done, the
cells were suspended in phosphate-buffer saline. Using a flow cytometer (Becton Dickinson,
LSR Fortessa, New Jersey, USA) using FACS Diva software (BD Biosciences, New Jersey,
USA)., we compared the fluorescent intensities of cells in the control group (cells without

treatment) to those treated with the experimental nanoparticles.

Further, the qualitative uptake of the experimental formulations in LNCaP and PC3 cells was
investigated by confocal laser microscopy using FluoView FV10i, Olympus microscope
using channels FITC (excitation/emission 495nm/519nm) and DAPI (excitation/emission
359nm/461nm) with an objective magnification of 60X. In this study, the cells were seeded in
a 6-well plate for cellular uptake study at 1X10° cells per well. The following day, complete
media was replaced with incomplete media, and cells were treated for 4 hours with FITC-
conjugated PTX-NP and Ab-PTX-NP. After the treatment, the coverslips were rinsed three

times with sterile cold PBS. The cells were then treated with paraformaldehyde at a
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concentration of 4% (w/v). Before imaging, fixed cells were rinsed in PBS, labelled with

DAPI, and covered with DPX (dibutylpthalate polystyrene xylene) (Sainee et al., 2021).

5.9.4. Induction of cell death by acridine orange/ethidium bromide dual staining

The induction of cell death by PTX/ PTX-NP/ Ab-PTX-NP was observed in confocal laser
microscopy by acridine orange/ethidium bromide (AO/EB) dual staining as observed by
Olympus Fluoview 10i confocal microscope. Filters used were of acridine orange DNA
(green) (Excitation (Ex)/Emission (Em) 502/526 nm) and propidium iodide red (Ex/Em
537/619 nm). Cell suspensions were poured on cover slips placed in 12- well plate kept in
COz incubator for 24 h to allow the cells to grow. After 24 h, complete medium in each well
was replaced with incomplete medium followed by treatment with the ICso concentration of
PTX/ PTX-NP/ Ab-PTX-NP. Post treatment, the cover slips were washed thrice with sterile
PBS followed by dual staining with AO/EB. Morphological changes due to apoptosis were
observed under confocal microscope. Dead cells that had undergone apoptosis were
distinguished in both the cell lines by manually counting from the images for each treatment.
The total fluorescence intensity of each treatment was calculated using ImagelJ software, and

plotted (Dutta et al., 2019 Tawfeeq et al., 2018).
5.9.5. Mitochondrial membrane depolarization analysis using JC-1

Variation in transmitochondrial potential difference occurs when mitochondrial membrane
becomes depolarized. LNCaP and PC3 cells were harvested in 60mm dishes followed by
overnight humidifed incubation. The cells were treated with PTX, PTX-NP and Ab-PTX-NP
for 24h. Further cells were taken off from the dishes to be incubated with 10ul of 200uM
5,5',6,6'-tetrachloro-1,1',3,3"-tetracthylbenzimidazolyl-carbocyanine iodide (JC-1) in Iml
complete media for 10min at 37°C in dark. After centrifugation the cells were suspended in

buffer and analyzed by a flow cytometer.
5.9.6. Apoptosis assay

Annexin V-FITC/PI dual staining using a FITC annexin V/dead cell apoptosis kit (Thermo
Fisher Scientific, Waltham, MA, USA) was used to perform and quantify cancer cells, upon
various treatments to quantitatively measure the ability of free drug, PTX-NP and Ab-PTX-
NP to trigger apoptosis or necrosis in LNCaP (PSMA +ve) and PC3 (PSMA -ve) cells,
respectively. The procedures were followed as mentioned in the kit. Data were obtained using

a FACS Aria flow cytometer (Becton Dickinson, Holdrege, Nebraska, USA) using channels
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of FITC (Ex/Em 488 nm/530 nm) and PE-Texas red (Ex/Em 561 nm/616 nm) and post
capturing analysis was done with BD FACS Diva software (Becton Dickinson, Holdrege
Nebraska, USA) (Tousi et al.,2021; Sen et al., 2021).

5.9.7. Nuclear morphology analysis by DAPI staining

DAPI was used to visualize the apoptotic outcome on the cell morphology of LNCaP and
PC3 after treating them with PTX, PTX-NP and Ab-PTX-NP with their respective ICso dose
for 24 h (Pillai et al., 2015). For the analysis, on the cover slips, LNCaP and PC3 cells were
grown separately. It was placed in 35 mm dish for 24 h in humidified air containing 5% CO-
followed by the treatment with PTX, PTX-NP and Ab-PTX-NP for another 24 h at 37 °C. It
was then washed with PBS followed by fixation in 70% ethanol at =20 °C for 15 min. Again
followed by washing thrice with PBS at room temperature, LNCaP and PC3 cells were
treated with DAPI solution (4 pg/ml) for Smin. After following the protocol, the cells were
imaged to identify the changes in a confocal laser scanning microscope (Leica, DFC 420C,
Germany) and further processed in the software named Leica application suite (Gaonkar et

al., 2017; Mandelkow et al., 2017)
5.10. Hemolysis evaluation

Freshly drawn blood samples from male balb/c mice were placed in heparinised tubes and
centrifuged (5 min at 4 °C). After discarding the supernatant, PBS (pH 7.4) was used to wash
the erythrocytes, which was utilized for hemolysis study. To each well of a 96-well plate, 190
ul of the obtained erythrocyte suspension was added and further, it was treated with 10 pl of
PTX-NP and Ab-PTX-NP (in order of increasing concentration of PTX, e.g. 0.5, 1, 2.5, 10,
15, 30, 50, 75, 100uM), respectively. 10 pl of PBS to 190 pl of erythrocyte suspension
served as a negative control, while 10 pl of TritonX-100 (10%) to 190 pl the erythrocyte
suspension was taken as a positive control. The samples were further incubated (37 °C for 1
h) with occasional stirring. Centrifugation for 5 min leads to separation of the unlysed
erythrocytes. Hence, on completion of the experiment, the optical density (OD) of the
supernatant was measured at 570 nm. The % lysis was calculated from the values obtained
from the experimental samples accordingly. All the experiments were performed thrice

(Gaonkar et al., 2017; Fornaguera et al., 2015; Liu et al.,2017).
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5.11. In-vivo studies
5.11.1 Pharmacokinetic study by LC-MS/MS method

The animals (male balb/c mice body weight: 25-30 g) were obtained from National Institute
of Nutrition, Hyderabad, India. All animals were kept in polypropylene cages and were
housed and maintained under standard laboratory conditions to conduct pharmacokinetic
experiments. The standard protocol for housing of animals (12 h light/ dark cycle) was
maintained with optimum temperature 25 + 2 °C and relative humidity (RH) 55+ 5%,
respectively. Animals were given a standard basal feed and drinking water ad libitum. Before
being sacrificed, the animals were fasted for 12 hours with unrestricted water. All animal
experiments were conducted after getting approved from the Animal Ethics Committee
(AEC), Jadavpur University, Kolkata, India (Ref: AEC/PHARM/1702/24/2017, Dated:
01.06.2017).

Four groups of animals were formed, 36 mice in each group (n=3), Balb/c male mice. The
first group of animals received (PTX), the second group received PTX-NP, and the third
group of animals received Ab-PTX-NP. The fourth group of animals served as a control
group and did not receive any treatment. The experimental formulations (equivalent to
paclitaxel, dose 10mg/kg body weight) were administered through tail vein in mice. The
animals were anaesthetized before sacrifice. At predetermined time points (at 0.25, 0.5, 1, 2,
4, 6, 8, 10, 24, 48, 72 and 96 h) after drug administration, the blood was collected after
animal sacrifice. Terminal heart puncture was done to collect blood into a microcentrifuge
tube containing an EDTA solution. Plasma was separated immediately with the help of
centrifugation at 5000 rpm for 6 minutes at 4 °C. Until analysis, the plasma was kept at -
80°C. The drug content in the blood serum was analyzed by tandem liquid chromatography
and mass spectrophotometry (LC-MS/MS). (Mondal et al., 2019; Ma et al., 2015; Karra et

al., 2013). Docetaxel was used as an internal standard.
5.11.2. LC-MS/MS analysis

100 pl of the sample to be analysed by (LC-MS/MS) was precipitated along with 300 pl of
(1:1) acetonitrile-methanol mixture, along with docetaxel (200 ng/ml) as internal reference.
The prepared mix of the sample was mixed for 10 minutes followed by centrifugation
(10,000 rpm for 5 minutes at 4 °C). 100 pl of collected supernatant collected was mixed with
water (100 pl) before being injected in the LC-MS/MS system (LC: Shimadzu Model 20AC,
MS: AB-SCIEX, Model: API4000, Software: Analyst 1.6). YMC Triat C18158 column (30
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x 2.1 mm, YMC Corp Japan) was used for elution of analytes followed by a gradient elution
technique of injecting volume of 20 pl, consisting of mobile phase A consisting of 0.1%
formic acid in water and mobile phase B consisting of 0.1% formic acid in methanol-
acetonitrile-water (45:45:10) at a flow rate of 0.8 ml/min for a total run time of 3.0 minutes

(Mandal et al., 2018; Alves et al., 2018).
5.12. Statistical analysis

All the data of the experiments are demonstrated as mean + standard deviation (SD). One
way analysis of variance (ANOVA) was used, followed by Tukey's test conducted for
comparison between the experimental groups. A statistical level of significance of P < 0.05

was used.
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6. Results

6.1. Preparation of standard curve of Paclitaxel

The maximum wavelength (Amax) of Paclitaxel was determined by dissolving it in acetonitrile
water, which was found to be 227 nm utilizing UV-VIS Spectrophotometer with LI-295
Scanning Software. The depiction of the absorbance spectrum of Paclitaxel is shown in
Figure 6.1. The spectra indicates purity of Paclitaxel, which correlates with reported
literature (Chakraborty et al,, 2020). The calibration curve was made with different
concentrations of Paclitaxel, the data was taken in triplicate and calibration curve was plotted
Figure 6.2. The equation obtained from calibration curve was applied to determine the drug-
loading and encapsulation efficiency of experimental Paclitaxel loaded nanoparticles. The
calibration curve was also used to assess the quantity of paclitaxel released in vitro from

different experimental nanoparticles in various release media at different time intervals.

Figure 6.1 Absorbance maxima of Paclitaxel

~33 ~



Chapter 6 Results

0.07 « v=10.008x + 0.003

R*=10.999
0.06 o

0.05 o
0.04 +

0.03 +

Absorbance

0.02 s

0.01 1

] 1 2 3 4 3 6 7 8

Concentration of Paclitaxel (ug/mli)

Figure 6.2. Calibration curve of Paclitaxel
6.2. Fourier-transform infrared (FTIR) spectroscopy

The FTIR spectrophotometric investigation revealed the characteristic peaks of Paclitaxel
and the excipients used for the preparation of Paclitaxel loaded nanoparticles and exhibited
no chemical interactions between them as shown in Figure 6.3. Pure PTX shows peaks of N-
H stretching at 3440 cm™! and asymmetric and symmetric vibrations at 2944 cm™ for CHa.
The peaks at 1720 cm™, 1246 cm™, 1072 cm™ were observed due to C=O stretching
vibrations of the ester group, C=N stretching and C=0 stretching vibrations, respectively. For
C-H in-plane and C-H out-of-plane C-C=0, the peaks were seen at 980 cm™ and 710 cm™,
respectively. PLGA portrayed peaks characteristic of O-H at 3508 cm™'; C-H at 2998 c¢cm’!
and C=0 at 1754 cm’!, respectively. The characteristic PVA peaks were noticed at 3450 cm’!
with O-H, 2930 cm™! with C-H, 1738 cm™!, and 1096 cm™ with C=O stretching vibrations.
The PTX-NP and blank formulation shows the signature bands of PVA and PLGA and the
absence of PTX, indicating no free drug molecule on the nanoparticles. The spherical shape
of the nanoparticles might be attributed to physical interactions resulting in minimal peak
shifts due to the influence of some weak physicochemical interactions, such as the formation

of weak H-bonds, van der Waals attraction force, and dipole-dipole interactions.
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Figure 6.3. FTIR spectra of (A) Paclitaxel (drug), (B) PLGA, (C) PVA, (D) Physical
mixture of PVA and PLGA, (E) Physical mixture of drug, PVA and PLGA, (F) Blank
nanoparticles BNP, (G) Paclitaxel-loaded nanoparticles (PTX-NP), (H) TPGS, (I)
Physical mixture of PVA, PLGA, TPGS, (J) Physical mixture of PLGA, PVA, drug, and
TPGS
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6.3. Physicochemical characterization of prepared nanoparticles

Various nanoparticulate formulations with and without the drug were developed. The
formulation (PTX-NP) was optimized after varying different solubilizers such as TPGS,
Tween 80, Pluronic-127 and Pluronic-68 with PVA (2.5% w/v) to increase the sustained
action and stability of the formulation for the desired duration (Mondal et al., 2019) as
mentioned in Table 6.1. The optimized formulation PTX-NP enhanced the solubility of the
PTX, ensued by conjugating with J591 Ab as the ligand attached on the surface of the
optimized PTX-NP to obtain Ab-PTX-NP.

6.3.1. Drug loading and encapsulation efficiency

Therapeutic efficiency such as drug loading is a prerequisite that dictates the amount of
formulation to be administered in the body. The drug loading of prepared nanoparticles was
calculated as mentioned in Table 6.1. The optimized formulation without antibody
conjugation, designated here as PTX-NP, was found to be 6.96% + 0.19% and the
encapsulation efficiency as 76.61% =+ 2.09%, respectively. In the case of Ab-PTX-NP, drug
loading was found to be 6.44% + 0.75% and its encapsulation efficiency as 70.85% =+ 0.83%.
The above obtained values of drug loading and encapsulation efficiency were used for further

investigation.
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Table 6.1 Composition of the experimental nanoparticles with PLGA: Drug at the ratio

10:1 along with drug loading and encapsulation efficiency.

Particle

Zeta
Stabilizer/ size Polydispersity Drug Encapsulation
Formulation potential
Solubilizer used (Z-average) (v index* loading (%)* efficiency (%)*
myv
(nm)*

PTX-NP PVA (2.5% wiv)

(optimized & TPGS

formulation) (0.03%wi/v)

Ab-PTX-NP

(optimized PVA (2.5% wiv)

formulation & TPGS

with (0.03%w/v) 295+0.18 -13.5+33  0.512414 6.44%+0.75%  70.85%+0.83%.
antibody

221 +1.2 -20+1.6 0.554+0.06 6.96%+0.19%  76.71%+2.09%

conjugation)

PVA (25% wiv) &

PTX-NP1 Tween80
349.24+26 -8.39+£2.9 0.120+1.1 5.19%+0.11% 57.09% +1.22%
(14%v/v)
PVA (25% wiv) &
PTX-NP2 Pluronic-127
409.1+18 -5.46+2.3 0.18140.03 5.06%+0.05% 55.73+£0.50%
(0.05%w/v)

PVA (25% wh) &
PTX-NP3 Pluronic-68
(0.05%w/v)

418.4£33  -4.97+0.07 0.305+3.9 4.72%+0.07%  51.92%%0.78%.

NB: PTX-NP, PLGA nanoparticle encapsulating paclitaxel; Ab-PTX-NP, Antibody
conjugated PLGA nanoparticle encapsulating paclitaxel; PLGA, poly (lactide-co-glycolide);
PVA, poly vinyl alcohol; TPGS, D -a-tocopherol polyethylene glycol succinate.

2 Each value represents mean = SD (n = 3).

6.3.2. Particle size and zeta potential

The average particle size found with Zetasizer for PTX-NP was 221 nm, while the size
increased slightly after antibody conjugation, unveiling the particle size as 295 nm for Ab-
PTX-NP (Figure 6.4A and B). Its polydispersity index (PI) of 0.554 + 0.6 and 0.512 + 1.4
was obtained for PTX-NP and Ab-PTX-NP (Table 6.1). The zeta potentials of PTX-NP and
Ab-PTX-NP were =20 mV and—13.5 mV respectively (Figure 6.4C and D). The particle size
and zeta potential of PTX-NP 1, PTX-NP 2 and PTX-NP 3 are shown in (Figure 6.4 E).
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Figure 6.4 B. Average particle size distribution of Ab-PTX-NP
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Zeta Potential Distribution
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Figure 6.4C. Zeta potential of PTX-NP
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Figure 6.4D. Zeta potential of Ab-PTX-NP
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6.3.3. Surface morphology of the prepared nanoparticles

The surface morphology of PTX-NP and Ab-PTX-NP analysed via FESEM images (Figure
6.5A and B) confirmed the particles were in the nano range as well as thickly distributed.
The drug was homogeneously distributed within the nanoparticle, which was confirmed by
TEM analysis (Figure 6.5C and D) for both PTX-NP and Ab-PTX-NP without any notable
difference. The three dimensional AFM images of PTX-NP and Ab-PTX-NP (Figure 6.5E
and F) assured the smooth surface of the spherical nanoparticles in a close packed array,
distinguished, narrow size distribution with structural rigidity without any significant

difference between the two formulations.

e R

Fe kbbbt

0 o B 4 ;
00 01 02 03 04 05 08 07 08 09

Figure 6.5. Field emission scanning electron microscopy (A) PTX-NP at 16,000x
magnification (B) Ab-PTX-NP at 13,000x magnification; Transmission electron

microscopy (C) PTX-NP (D) Ab-PTX-NP; Atomic force microscopy (E) PTX-NP
and (F) Ab-PTX-NP.
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6.4. Energy dispersive X-ray assay (EDX)

The elemental composition of the PTX-NP and Ab-PTX-NP was determined by EDX, which
confirms the weight as well as the atomic percentage of carbon, oxygen, nitrogen, and
sulphur as mentioned in Table 6.2. The presence of nitrogen in PTX is seen in PTX-NP and
Ab-PTX-NP, thus it can be presumed that the Paclitaxel is encapsulated in the nanoparticles,
and the lack of nitrogen in blank nanoparticles advocates the absence of paclitaxel in them

respectively.

Table 6.2. Specific elemental composition (carbon, oxygen, nitrogen and sulphur) of

nanoparticles

Carbon count Oxygen count Nitrogen count Sulphur count

Sample Weight  Atomic  Weight Atomic  Weight Atomic  Weight Atomic
% % % % % % % %

Blank NP 43.14 50.64 56.86 49.36 - - - -

PTX-NP  48.72 54.20 35.19 30.19 16.09 15.61 - -

Ab-PTX-
NP

52.19 53.91 21.25 20.77 24.89 23.89 1.67 1.43

Note: Weight % and atomic % of elements in Blank NP, PTX-NP and Ab-PTX-NP
Abbreviations: BNP, blank nanoparticles; PTX-NP, PLGA nanoparticle encapsulating
paclitaxel; Ab-PTX-NP, Antibody conjugated PLGA nanoparticle encapsulating paclitaxel.

6.5. SDS-PAGE

To determine the conjugation of J591 antibody to the prepared nanoparticles, SDS-PAGE
was conducted. The PTX-NP and Ab-PTX-NP were compared with J591 antibody which
demonstrated that the integrity of J591 Ab was ensured in Ab-PTX-NP after conjugation
(Figure 6.6). Furthermore nanoparticles were conjugated well with the antibody, and the

antibody-conjugated particles ran slightly slowly.
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Figure 6.6. SDS-PAGE gel electrophoresis, Lane 1 in the SDS-PAGE gel showed the
standard anti-PSMA monoclonal antibody Ab (J591), lane 2 represents for antibody
conjugated PTX-NP, and lane 3 shows PAGE run of unconjugated NP followed by

Blank in lane 4, and then the protein marker in lane 5.
6.6. In vitro drug release analysis

The in vitro PTX release profiles from paclitaxel suspension (PS), commercial formulation of
PTX (CF), Ab-PTX-NP, and PTX-NP were studied for 90 days (Figure 6.7A). The release
profile of PTX from unconjugated PTX-NP followed a similar middling pattern to its release
from Ab-PTX-NP. An invariable and optimum drug release of 74.56%= 2.35% and 68.83%=+
3.07% was depicted in phosphate (pH 7.4) buffer saline with 0.1% w/v of tween 80, which

imitates the minimally alkaline environment of the blood.

Further, drug release from our decider nanoparticles Ab-PTX-NP for 90 days in various
buffers of varying pH was studied cumulatively (Figure 6.7 B). The in vitro drug release in
different pH media revealed that the release of PTX from Ab-PTX-NP was increased in lower
pH media, i.e. PTX release in citrate buffer (pH 3) was rapid 96.56% + 1.02%. The release of
PTX in acetate buffer (pH 5) was 92.43% + 1.81%, which might assert steady, prolonged
drug distribution in the acidic environment of tumor cells (pH around 4.5-5.5). The release
was lower in the bicarbonate buffer 29.30% + 1.43% medium (pH 10). It was noted that in
different buffers utilized to examine the release of Ab-PTX-NP, an initial burst release for 24
h was manifested, subsequently releasing the drug in sustained manner for 90 days. PTX-NP
delineated stability in mouse serum for at least 24 h in our previous studies [38]. PLGA

nanoparticles stability in serum condition (100% FBS) was seen in the present study. It can
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be summarized that in various pH media, the stability of PLGA nanoparticles was maintained

during the study period.
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Figure 6.7A. In vitro drug release profile of experimental formulations in phosphate

buffer saline (pH 7.4) with 0.1% w/v tween 80
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Figure 6.7B. In vitro drug release profile of Ab-PTX-NP in different pH (pH 3, 5, 7.4
and 10) media
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Different kinetic models were used to assess drug release kinetic data. Various regression

coefficient (R?) data showed that the PTX release for both PTX- NP and Ab-PTX-NP in PBS

(pH 7.4) with 0.1% w/v tween 80 complied with Korsmeyer-Peppas kinetics. It depicted

good linearity (R?= 0.9179) and the release exponent (n) value of the drug was 0.21 for PTX-
NP, while for Ab-PTX-NP R? was 0.9185 and “n” value 0.18, suggesting release by Fickian
diffusion diffusion (Jahromi et al., 2020). PTX release from Ab-PTX-NP in acetate buffer,

bicarbonate buffer, and citrate buffer also followed Korsmeyer—Peppas kinetic model,

suggesting diffusion release pattern of paclitaxel from Ab-PTX-NP (Table 6.3).

Table 6.3 Equation of in vitro drug release Kinetics tested on different release kinetic

models, with corresponding R? values and release exponent (n) (Korsmeyer—Peppas

model).
Ab-PTX-NP PTX-NP in
in Phosphate Ab-PTX-NP Ab-PTX-NP Phosphate
Ab-PTX-NP
Kinetic buffer saline in in buffer saline
in Acetate
models pH 7.4 Citrate Bicarbonate pH 7.4 (with
buffer
(with 0.1% buffer buffer 0.1%
tween 80) tween80)
y =0.026x + y = 0.2626x y = 0.0436x y=0.0111x+ y = 0.0257x
Zero order 32.946 +52.126 +19.109 10.601 +26.689
R?=0.6334 R*>=0.2804 R>=0.8823 R?=0.7194 R2=0.6951
y = 0.0002x y = 0.0056x y = 0.0005x y = 6E-05x + y = 0.0002x
First order +1.8123 + 1.5595 +1.9309 1.9504 + 1.8576
R2=0.78 R2=0.5395 R*=0.9878 R>=0.7588 R2=0.8182
] ) y = 1.2664x y = 5.7801x y = 1.8066x y=0.5249x+ y = 1.2283x
Higuchi
del +25.344 +37.223 +15.394 7.6348 +19.569
mode
2=10.7976 2=0.5591 R?=0.9442 2=0.8572 2=10.8473
y = 0.1831x y = 0.2216x y = 0.3499x y = 0.228x + y = 0.2122x
Korsmeyer + 1.2968 + 1.5847 +0.825 0.7338 +1.1616
Peppas model R?=0.9185 R2=0.7956 R?>=0.99 R2=0.8943 Rz2=0.9179
n=0.18 n=0.22 n=0.34 n=0.22 n=0.21
Hixson- y = 0.0007x y = 0.0108x y = 0.0013x y=0.0002x+ y = 0.0006x
Crowell +0.6091 +1.2137 + 0.2878 0.1723 +0.4734
model R?2=0.7326 R*=0.4403 R?=0.9691 R?=0.7458 R2=0.779
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6.7. Accelerated stability study

Physicochemical and morphological characteristics of PTX-NP and Ab-PTX-NP along with
the maintaining of drug content stored at 4-8 °C, refrigerator (zone III) remained unchanged,
while at 30 °C, 75% RH and 40 °C, 75% RH, PTX-NP and Ab-PTX -NP retained its PTX
content but spherical morphology was distorted, when kept for 90 days (3 months). Studies
on the stability requirements of these samples were performed and drug assay (drug content

analysis) where drug content remained nearly unchanged (6.3-6.8%)

Table 6.4. Stability study of PTX-NP and Ab-PTX-NP after 90 days (3 months) stored
at 4-8°C

Stability after 90days at 4-8°C

Formulation Encapsulation  Efficiency
Drug loading (%)
(“o)
PTX-NP
(optimized formulation) 6.72% £0.10% 74.04%=~ 1.17%
Ab-PTX-NP
(optimized formulation) 6.23%+0.13% 68.65%* 1.44%

6.7.1 Hydrolytic stability study

The hydrolytic stability study for 4 weeks revealed an increment of weight loss with the
lowering of pH as shown in Figure 6.8. The amount of loss of mass from Ab-PTX-NP in pH
10, pH 7.4, pH 5 and pH 3 was 14.53%+1.33%, 25.73%=+1.55%, 35.83%+1.61% and
56.97%+1.55%, respectively. The Ab-PTX-NP displayed a weight loss of 3.1%+0.15% after
24 h in mouse serum (pH 7.3) at 24h.
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Figure 6.8. The pH-dependent hydrolytic degradation of the Ab-PTX-NP
Data show mean + SD (n = 3).
6.8. In vitro cellular studies
6.8.1. Cell viability assay

In vitro cytotoxic potential was evaluated with the help of 3-(4,5-dimethylthiazol-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) analysis to obtain the ICso values of
our various experimental formulations, i.e., Ab-BNP, PTX, PTX-NP and Ab-PTX-NP in
positive PSMA cells (LNCaP), negative PSMA cells (PC3) and normal kidney cells.

Cell growth inhibitory effect of PTX, PTX-NP, and Ab-PTX-NP determined by the assay
displayed that Ab-PTX-NP had lowest ICso doses, exhibited the highest cytotoxicity toward
LNCaP cells (+PSMA) than in PC3(-PSMA), as portrayed in Figure 6.9A and B. At
different concentrations (0-60 pM)) for 24 h, the ICso value of PTX-NP and Ab-PTX-NP
reveals as 20.6 pM and 7.8 uM which were evidently much lesser than the ICso value of PTX
that was 27.2 uM in LNCaP cells. In PC3 cells, a narrow difference of ICso value of PTX-NP
and Ab-PTX-NP (22.9 uM and 21.3 uM) was observed. That may be due to the lack of
PSMA. The antibody conjugated blank nanoformulation Ab-BNP on investigation yielded
the antibody concentration as non toxic to prostate cancer cells. The formulations, PTX-NP
and Ab-PTX-NP, showed negligible antiproliferative activity in normal kidney cells, HEK
293. Since it showed no toxic manifestation in HEK 293, possibly it had less or negligible
toxicity toward other normal cells (Table 6.5). In vitro cytotoxicity of PTX, PTX-NP, Ab-
PTX-NP and Ab-BNP was determined in LNCaP and PC3 cells.
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Figure 6.9A In vitro cytotoxicity of PTX, PTX-NP, Ab-PTX-NP and Ab-BNP was
determined in LNCaP cells
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Figure 6.9B In vitro cytotoxicity of PTX, PTX-NP, Ab-PTX-NP and Ab-BNP was

determined in PC3 cells.
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Table 6.5. ICso values of PTX, PTX-NP and Ab-PTX-NP on different prostate cancer

cells and normal cells.

Cell types PTX (M)’ PTX-NP (uM)* Ab-PTX-NP (uM)*
PC3 354+1.5 22.9+2.12 203+ 1°

LNCaP 272+03 20.6 + 3.47 7.8+0.5%

HEK 293 >60 >60 >60

NB: LNCaP (+ve PSMA), PC3 (-ve PSMA) prostate cancer cells.
HEK 293: normal kidney cells.

* Each value represents mean + SD (n = 3).

* (p<0.05) when PTX is compared with PTX-NP and PTX is compared to Ab-PTX-NP
b (p<0.05) when PTX-NP is compared to Ab-PTX-NP

6.8.2. Expression analysis of PSMA on LNCaP and PC3 cells by Western blot

PSMA is overexpressed in LNCaP cells. The analysis was done to confirm the expression of
PSMA in LNCaP (+ve PSMA), and PC3 (-ve PSMA) prostate cancer cells (Figure. 6.10).
The results determined that LNCaP cells were found to have a strong level of expression of

PSMA, whereas, PC3 cells exhibited no apparent PSMA expression.
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Figure 6.10 PSMA expression in LNCaP and PC3 cells detected by Western blot
PSMA to GADPH ratio is shown graphically

Data shows mean = SD (n = 3)

*** Statistical significance of PC3 when compared with LNCaP is p<0.001.
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6.8.3. Cellular uptake study on PC3 and LNCaP cells in vitro

Prostate cancer LNCaP (+ve PSMA) and PC3 (-ve PSMA) cells were used for the purpose of
detection of the uptake of FITC tagged PTX-NP and Ab-PTX-NP. The cellular uptake was
quantified by flow cytometry, which reveals a steady increase in median fluorescence
intensity in LNCaP cells as compared to PC3 and untreated cells with increasing time (
Figure 6.11A and B). FITC mean median values in LNCaP cells for PTX-NP were 582,
1328, and 2780, and for Ab-PTX-NP were 1322, 2471, and 3818 at time intervals 0.5, 2, and
4 h.
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Figure 6.11A. Flow cytometry analysis representing distribution of FITC PTX-NP and
FITC Ab-PTX-NP in LNCaP cells after treating them for 0.5 h, 2 h and 4 h, respectively
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Figure 6.11B. Flow cytometry analysis representing distribution of FITC PTX-NP and
FITC Ab-PTX-NP in PC3 cells after treating them for 0.5 h, 2 h and 4 h, respectively
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In LNCaP cells, the FITC mean-median values indicate the cellular uptake of experimental
nanoparticles in the following Ab-PTX-NP > PTX-NP> PTX sequence. While in PC3 cells at
the same time intervals, the cellular internalization was much lower for both PTX-NP and

Ab-PTX-NP, respectively.

The quantitative cellular uptake study of FITC labeled PTX-NP and Ab-PTX-NP was backed
up by qualitative confocal microscopy images of LNCaP (Figure. 6.12A), and PC3 (Figure.
6.12B) treated with FITC labeled PTX-NP and Ab-PTX-NP, which revealed time dependent
internalization of the experimental formulations within cancerous cells at 4h, respectively.
The data suggest maximum internalization of Ab-PTX-NP in LNCaP cells, probably due to
maximum affinity of J591 for PSMA, showing site specific potential of J591 antibody in
PSMA positive LNCaP cells. Since the objectives were fulfilled by the study, it was not
further extended beyond 4h. However, if the cellular uptake continues after 4 h, cellular
uptake may increase with time till the duration, the receptors on the cells are saturated by the
antibody of Ab-PTX-NP, which further result in a constant plateau of cellular drug

concentration, followed by the eventual decrease of the drug in the cells.
DAPT MERGED BRIGHT FIELD

FITC

Figure 6.12A. Confocal microscopy images of LNCaP cells after treating with FITC
PTX-NP and FITC Ab-PTX-NP for 4 h

PTX-INP

Ab-PTX-NP
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MERGED BRIGHT FIELD

FITC DAFI

Figure 6.12B. Confocal microscopy images of PC3 cells after treating with FITC PTX-
NP and FITC Ab-PTX-NP for 4 h

PTX-NP

Ab-PTX-NP

6.8.4. Induction of cell death by acridine orange/ethidium bromide dual staining

The apoptosis-induced morphological alterations in LNCaP and PC3 prostate cancer cells for
24 h, with ICso values of the experimental formulations, PTX, PTX-NP, and Ab-PTX-NP,
were observed upon double staining with AO/EB, which displayed differential uptake of
acridine orange and ethidium bromide by live and apoptotic cells as shown in Figure 6.13A
and B. The healthy condition of control cells appeared green. Acridine orange (AO) was
taken up by live cells while ethidium bromide (EB) was used by apoptotic cells due to the
loss of integrity of the cellular membrane. The nuclei of LNCaP cells when treated with Ab-
PTX-NP appears dark orange to red with condensed or fragmented chromatins due to the
major internalization of EB (increased endocytosis leading to apoptosis). Measuring total
fluorescence intensity in LNCaP and PC3 revealed conformity with the images in our
findings shown in Figure 6.13C. As a result of apoptosis/ necrosis, the reduction in cells via
cell counting was observed more in LNCaP as compared with PC3 cells when treated with
PTX-NP and Ab-PTX-NP. The staining was observed by Olympus Fluoview 10i confocal
microscope. Filters of acridine orange DNA (green) (Excitation (Ex)/Emission (Em) 502/526
nm) and propidium iodide red (Ex/Em 537/619 nm)
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A

Control PTX PTX-NP Ab -PTX-NP

Ethidium Bromide (EB) Acridine Orange (AO)

Merged (AO + EB)

Control PTX-NP Ab-PTX-NP

w
. ' ---

Ethidium Bromide (EB) Acridine Orange (AQO)

Merged(AO + EB)

Figure 6.13. Confocal microscopy images of (A) LNCaP cells after treating with
PTX , PTX-NP and Ab-PTX-NP (B) PC3 cells after treating PTX , PTX-NP and
Ab-PTX-NP, for 24 h followed by staining with acridine orange (4 pg/ml) and
ethidium bromide (4 pg/ml), by acridine orange/ethidium bromide (AO/EB) dual

staining.
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Figure 6.13C. Mean fluorescence intensity percentage obtained by Acridine
orange/ethidium bromide dual staining. Image J software was used.

Total cells seeded=1X10*

LNCaP cells

Cells in control, PTX, PTX-NP, Ab-PTX-NP is 26,28, 33, 27

PC3 cells

Cell in control, PTX, PTX-NP, Ab-PTX-NP is 50,42,21,27

Data show mean = SD (n=3).

6.8.5. Mitochondrial membrane depolarization analysis

The loss and alteration of mitochondrial membrane potential, which is a prerequisite
phenomenon of apoptosis, can be quantified by increased monomer/aggregate ratio
(green/red ratio), which was observed with the highest percentage of cells with depolarized
mitochondria in Ab-PTX-NP. Results yielded 34.1% for PTX-NP and 45.6% for Ab-PTX-
NP, respectively, while only 13.8% for the free drug. Further, PTX-NP and Ab-PTX-NP for
24 h, showed lower and marginalized apoptosis in PC3 cancerous cells on the treatment with

the ICso concentration of the experimental formulations as shown in Figure 6.14.
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Figure.6.14. Loss of mitochondrial membrane potential as estimated by JC-1 staining
analysis after treating the LNCaP (+ve PSMA) and PC3 (-ve PSMA) cells with PTX/
PTX-NP/Ab-PTX-NP for 24 h

6.8.6. Apoptosis Study

In Annexin V-FITC/PI dual staining, annexin V bound with phosphatidylserine helped to
quantitatively detect the induction of apoptosis when LNCaP cells on the treatment with
PTX, PTX-NP, and Ab-PTX-NP (Figure 6.15). The percentage of apoptotic cells was 48.6%
for PTX-NP, and 74.1% for Ab-PTX-NP while for free PTX it was 21% for 24 h. Similar
treatment on PC3 cells was conducted, which showed the lower apoptotic value of the

experimental formulations. Thus, Ab-PTX-NP indicated better efficacy in LNCaP cells.

Control PTX PTX-NP Ab-PTX-INP
(a) = @ q"’e— at || ] =] ot qz
2 g.,‘o_i ﬁvﬁ_: %v‘:?: %"«:1:
& =3 o " 3 e =3 c "3 ol
S (8] 16% 0.38% 5.10.7% 2., 3 5, ] 04%| 6%
= i : & &
Zle 3 ol 0 3 "1 < 71
= |Ee] e e o
Rd: > 1.3% s gdf Qs 18.5% a4 | | =9 qu Q3 62.5 %,
S L s PR Pl by eo B Y L s i i i s R o e e 8 Swmpm—r i
39 0 10 LI 10 o 010 Feos® 10 £t T . e © 0% ‘F;GA 10 w0
b “eHa ez o Q| | = = oz
2 ] £, 3 2. 3 % 7
gvg—, o B Yo R
"3 0.4% | |€ "3 © " < 7
o (8o 5., 3 8. 5]
U &= b3y B £
& E E MO z N 3 = L
i ] e d e ] o e ] s
= = A o (S = .
o4 qfF 0.4%qs | o5 oy 10.7% o4 W oo il 31.4 %04 s;cé! oz M 46.3 Yen
& o T | et i Pyt | B oty
58 0 1w0? F"lng-A 1w 10 S5 L L) Fllqu—A 10 1w 8 0w F‘H’(}A 1w 10 e o F‘\QFC-A 1w il

Figure.6.15. Quantification of apoptosis detected in LNCaP (+ve PSMA) and PC3 (-ve
PSMA) cells treated with PTX/ PTX-NP/Ab-PTX-NP for 24 h
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Data were obtained using a FACS Aria flow cytometer (Becton Dickinson, Holdrege,
Nebraska, USA) using channels of FITC (Ex/Em 488 nm/530 nm), and PE-Texas red (Ex/Em
561 nm/616 nm) and post capturing analysis was done with BD FACS Diva software (Becton
Dickinson, Holdrege Nebraska, USA)

6.8.7 Nuclear morphology analysis

DAPI staining revealed pronounced morphological changes due to apoptotic body formation
in Ab-PTX-NP treated LNCaP (+ve PSMA) cells when studied in both types of prostate

cancer cells. The results are shown in Figure 6.16.

Control PTX PTX-NP Ab-PTX- NP

LNCaP

PC3

Figure 6.16. Confocal microscopic image (100X) representating DNA degradation and
apoptotic body formation upon treatment with PTX/ PTX-NP/Ab-PTX-NP for 24 in
LNCaP (+ve PSMA) cells and in PC3 (-ve PSMA) cells

6.9. Hemolysis study

The hemo-compatibility of PTX, PTX-NP, and Ab-PTX-NP at various concentration range
(2.5 to 100 uM) was studied which resulted in minimal erythrocyte damage and negligible
hemolytic activity in PTX-NP and Ab-PTX-NP containing PTX (below 50uM) as shown in
Figure 6.17. Sequential rise in hemolysis was observed with the elevated concentration of
PTX-NP and Ab-PTX-NP ranging from 50 to 100 uM. Thus, Ab-PTX-NP can be rendered
safe for intravenous administration as the hemolysis rate of the desired formulation was
within the permissible range of 5% as per safe critical value for biomaterials (ISO/TR

7406.46) (Anitha et al., 2012; Liu et al., 2017).
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Figure 6.17. Hemolytic activity of PTX/ PTX-NP/ Ab-PTX-NP
*P<0.05 when PTX treated group is compared with PTX-NP treated and Ab-PTX-NP treated

group
**P<0.05 PTX-NP treated group is compared with Ab-PTX-NP treated group

6.10. In vivo study
6.10.1. Pharmacokinetic study by LC-MS/MS method

The plasma concentration profiles of PTX (free drug), PTX-NP, and Ab-PTX-NP were
determined by pharmacokinetic study, plotted on the graph (Figure 6.18) and the values of
different pharmacokinetic parameters were depicted in Table 6.6. The data depicted that Ab-
PTX-NP maintained steady plasma PTX concentration till 96 h of the study with a notably
increased half life of the drug. The mean residence time (MRTinf), marked 3-4 time fold
increase in AUClast and AUCint, of the drug from Ab-PTX-NP as compared to data obtained
from PTX-NP and PTX. Drug was released from the surface of the engineered Ab-PTX-NP
initially. Further, the release was steady for a longer span of time and showed much higher
availability of the drug, PTX in plasma on administration of a single intravenous injection of

Ab-PTX-NP.
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Table 6.6 Plasma pharmacokinetic parameters of paclitaxel released from PTX-NP/ Ab-
PTX-NP/ PTX suspension after the intravenous bolus administration of PTX-NP/ Ab-
PTX-NP/ PTX with an equivalent amount of drug in BALB/c mice.

Plasma values of Drug (Paclitaxel)

Pharmacokinetic
Upon PTX Upon PTX-NP Upon Ab-PTX-NP
parameters
administration® administration® administration®

t12 (h) 8.309+1.24 18.63+3.11° 20.31+5.86 P
AUCo-

1134.291+47.46 3254.071+849.932 7868.208+818.985 2P
(ng/mL.h)

AUCo» (ng/mL.h) 119526445871  3645.893+1147.267°  8266.213+691.47 *°

AUMCo-»
5621.12+665.949 62590.02+42217.512 258554+16467.68 *°

(ng/mL.h?)
MRTo-» (h) 4.70+0.40 16.005+5.63% 31.34+1.72 b
CL (L/h/kg) 8.38+0.41 2.2+0.812 1.21+0.95 *°

*Data show mean = SD (n=3).

4(p<0.05) The pharmacokinetics data of treatment of PTX-NP treatment

group and Ab-PTX-NP treatment group were compared with PTX- treated
group

5(p<0.05) The pharmacokinetic data of PTX-NP and Ab-PTX-NP groups were compared.
YUnits of AUC in plasma are h.ng/mL.

NB: ti2, half-life; AUCo., area under the plasma concentration—time curve from time 0 to
time of last measurable concentration; AUCo-», under the plasma concentration—time curve
from time O to infinity; AUMCo.-t, area under the first moment curve from time 0 to time of
last measurable concentration; AUMCo-, area under the first moment curve from time 0 to

infinity; MRT, mean resident time; CL, clearance.
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Figure 6.18 Plasma concentration of paclitaxel upon i.v bolus injection (at a dose of

10mg/kg body weight) of PTX/ PTX-NP/ Ab-PTX-NP
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7. Discussion

Prostate cancer is one of the major causes of cancer-related mortality in men and is one of the
most difficult cancers to cure. Conventional chemotherapy targets cancer cells in a non-
specific manner. Nanotechnology is rapidly expanding, and it is expected to have far-
reaching consequences for the future of science and medicine. Significant efforts are being
made to target cancer-specific cells more effectively with nanoformulations while reducing
adverse effects on healthy tissues by adopting active drug delivery vehicles such as ligand
attachment. Ligands for active targeting such as antibodies and aptamers are widely used for
site-specific targeting of cancer cells, which leads to increased biocompatibility,
bioavailability, and active targeting at the cancer site (Wu et al., 2015; Yoo et al., 2019). In
recent times, a substantial increase is seen in the fabrication and development of
nanoparticles to treat prostate cancer. The use of lower doses of therapeutic agents, increasing
efficacy while reducing toxicity, and improved residence time in the body are the ultimate
worthy goals of site-specific targeting of nanoparticles for anticancer drug delivery. The
preparation, optimization, and evaluation of antibody fabricated Paclitaxel encapsulated
nanoparticles (Ab-PTX-NP) was the main goal of this study, and to investigate the ability of
attached J591 Ab nanoparticles to reach the PSMA on the cancerous prostate cells, ensuring
that non-cancerous cells or healthy tissues remain unaffected. The quest for specific prostate
cancer cell targeting by modifying the surface of NP with J591 Ab can avoid nonspecific
uptake of the drug by other cells or healthy tissues (Flores et al., 2017). PSMA expression is
being actively investigated for theranostic purposes, which correlates with the sensitivity of
the androgen and might assist in tumour invasiveness (Chen et al., 2012). The J591 Ab was

used to target overexpressed PSMA in LNCaP prostate cancer cells.

We encapsulated Paclitaxel, which is given as the first line of chemotherapy in prostate
cancer, often combined with noscapine, quercetin, carboplatin, etc (Mohiuddin et al., 2019) in
biodegradable and biocompatible polymeric nanoparticles. Paclitaxel, an anticancer drug,
has poor water solubility and absorption, which previously restricted its clinical use.

However, the PTX formulation of nanoparticles aids in overcoming these drawbacks.

We used the multiple emulsion solvent evaporation method to prepare stable nanoparticles
that could deliver the encapsulated drug sustainably for a longer period of time, as reported
(Mandal et al., 2018; Bhattacharya et al., 2018). Additionally, this method has a number of

benefits due to its biocompatibility, biodegradability, and adaptability to the various organic
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solvents and emulsifiers employed in the preparation. The method creates nanoparticles that
can encapsulate and protect a variety of hydrophilic and hydrophobic drugs in a distinctly

proficient manner (Nava-Arzaluz et al., 2012; Igbal et al., 2015).

PVA is utilized in the preparation of nanoparticles as a stabiliser. It offers a variety of
beneficial properties to improve the quality of nanoparticles, including biocompatibility,
hydrophobicity, adequate mechanical strength, extended temperature, and pH stability (Igbal
et al. 2015). Furthermore, according to Mandal et al., (2018), PVA itself can operate as a
cryoprotectant because it contains several hydroxyl groups, which limits the use of other
commonly used cryoprotectants like mannitol, sucrose, lactose, etc. Different surfactants
were used along with PVA in the preparation of experimental nanoparticles. The
nanoparticles with the incorporation of TPGS (which acts as a solubilizer, emulsifier, and
stabilizer and is non-toxic and USFDA approved) along with PVA (Chakraborty et al., 2020),
show an increase in the solubility of PTX, leading to higher drug loading and preventing
crystallization of free drug. Further, PTX-NP chosen as an optimized formulation was

conjugated with the J591 antibody to produce Ab-PTX-NP.

The antibody conjugation strategy was based on EDC and NHS chemistry, which forms
peptide bonds between the amine groups of the J591 Ab and the carboxyl groups of the
PLGA (Lee et al., 2021). The attachment through the amine group to the nanoparticle surface
conserves the activity of the antibodies while simultaneously preventing nonspecific protein
absorption. Further, increasing the number of ligands per NP might increase the convenience
of the ligand binding to the receptors (Tan et al., 2015). The SDS-PAGE analysis for
conjugation of J591 Ab validates the feasibility of Ab-PTX-NP for further in vitro cellular
study as it shows protein band at almost the same level as the monoclonal J541 antibody. The
weight of the antibody conjugated nanoparticle, Ab-PTX-NP, moved to the higher side (due
to the weight of PTX-NP) in comparison to the free J591.

PTX-NP and Ab-PTX-NP were analysed for physicochemical parameters. Fourier-transform
infrared (FTIR) spectroscopy confirmed the nonexistence of the chemical interactions
involving the drug and the excipients, while diminutive physical interactions might have
helped in the formation of spherical, interstice free, smooth nanoparticle structures. The
presence of nitrogen as detected by EDX in Ab-PTX-NP indicated the inclusion of the PTX
in the particles. The difference in drug encapsulation of antibody conjugated and

unconjugated nanoparticles (Ab-PTX-NP and PTX-NP) was very low. Drug loading was
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slightly lower in Ab-PTX-NP due to antibody conjugation that could be considered trivial.
The narrow range of distribution of the nanoparticles was indicated by its lower PDI. The
zeta potential value proves that Ab-PTX-NP and PTX-NP in their suspended forms would not
conglomerate because of the surface charge (Maji et al., 2014). The zeta potential value of
the nanoparticles after antibody conjugation preserved their negative zeta-potential, though it
shows the drop of negative zeta (less negative) potential in the nanoparticles after conjugation
with antibody. Antibody conjugation increased the average particle size (hydrodynamic
diameter) slightly. According to the results of the stability study, lyophilized PTX-NP and
Ab-PTX-NP were stable at 4-8 °C in a refrigerated condition.

The experimental drug release data explicate that PTX-NP and Ab-PTX-NP had an effective
sustained drug release providing, potentially optimal bioavailability of Paclitaxel within the
therapeutic window over a prolonged period. The antibody conjugated nanoparticles
displayed faster degradation in the acidic medium. Lower pH conditions initiated the
hydrolysis of the polymeric core by striking the ester bonds. Dissolution is stable in higher
pH media due to the polymer retaining its non-polar property, due to the trapping of hydroxyl
groups on its surface, which ultimately lowers the water absorption by the NP. Data suggests
that an acidic tumour environment (pH 5) would exhibit faster drug release while the drug
release would be slow and sustained in the physiologically neutral media of blood (pH 7.4)
(Mondal et al., 2019). The Ab-PTX-NP showed stability in mouse serum, which was
observed for 24 h. PTX release from PTX-NP and Ab-PTX-NP denoted good linearity in the
Korsmeyer- Peppas kinetics (as supported by R? value), suggesting release by Fickian
diffusion, which was observed in PBS buffer (pH 7.4) with 0.1% w/v tween 80, citrate buffer,

acetate buffer, and bicarbonate buffer.

We have used LNCaP and PC3 prostate cancer cells as LNCaP cells express PSMA while
expression of PSMA is absent on PC3 cells. The Western blot analysis further substantiated
the higher level of expression of PSMA in LNCaP cells, whereas the expression was
insignificant in PC3 cells. A cytotoxicity study and ICso doses on prostate cancer cells using
the MTT assay revealed that a lower dose of Ab-PTX-NP was effective in producing a higher
cytotoxic effect than PTX suspension and PTX-NP, most likely due to cellular internalisation
and ultimately the encapsulated drug being delivered to the cytosol. The cytotoxicity of Ab-
PTX-NP cytotoxicity toward LNCaP cells (overexpressing PSMA) was higher due to the
presence of the receptor and showed minimum toxicity in HEK 293 cells (human normal

kidney cells) and non-cancerous cells. The antibody conjugated blank nanoparticles on
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investigation yielded the antibody concentration as non-toxic to prostate cancer cells. The
results of cytotoxicity assays that show Ab-PTX-NP nanoparticles internalise substantially
more than the other experimental nanoparticles are supported by quantitative and qualitative
cellular uptake data of the nanoparticles in prostate cancer cells. PSMA has a substantially
higher affinity for LNCaP cells than in PC3 cells. This could explain why Ab-PTX-NP
internalised to the greatest extent, highlighting the greater potential of the J591 antibody as a

targeted ligand for prostate cancer.

In earlier studies on paclitaxel, it was reported that paclitaxel incorporated polymeric
nanoparticles primarily initiated the apoptotic pathway, which showed potent antiproliferative
activity by bringing the cell cycle to arrest at G2/M and S phases, which normally activates
three principal checkpoints such as G1/S, G2/M, and metaphase/anaphase transitions during
mitosis (Chakraborty et al., 2020). The intrinsic pathway of apoptosis is the possible
mechanism of cell death induced by paclitaxel, although some recent reports suggest that
paclitaxel initiates apoptosis via multiple mechanisms (Vakilinezhada et al., 2019). Paclitaxel
is acknowledged to cause both mitotic arrest and apoptotic cell death. It simultaneously acts
on mitochondria and microtubule assembly to generate sufficient signals for mitochondrial
apoptosis (Wang et al., 2000; Yi al., 2015). It is also reported to elevate ROS by increasing
the activity of the NADPH oxidase (NOX) enzyme (Chakraborty et al., 2020; Yi al., 2015).

Apoptosis, or programmed cell death, is an extremely controlled physiological response
because it results in the death of cells without harming adjacent tissues. Apoptosis is
distinguished by the following hallmarks: loss of phospholipid asymmetry; chromatin
condensation; nuclear shrinkage; apoptotic body breakdown; and finally, phagocytosis of
apoptotic bodies (Indran et al., 2011; Redza-Dutordoir and AverillBates 2016). The apoptosis
inducing ability of Ab-PTX-NP shows cell death by AO/EB staining that was visualized by
the colour change of apoptotic cells. The total fluorescence intensity and cell counting
advocated the effectiveness of Ab-PTX-NP in LNCaP cells. It has distinctly separated normal
and cancer cells due to the loss of integrity of the cellular membrane, nuclear fragmentation,
and chromatin condensation, while recognizing the difference between early and late
apoptotic cells. Mitochondrial membrane depolarization occurs due to changes in
mitochondrial transmembrane potential (MMP). During apoptosis, mitochondria undergo
depolarization, which finally leads to rupturing of mitochondria, leading to the disruption of

Ca?" homeostasis between mitochondria and the endoplasmic reticulum. That indicates a
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lowering of MMP in apoptotic cells (Priyadarshini and Keerthi, 2012; Henry-Mowatt et al.,
2004)

The data indicates effective depolarization of the mitochondrial membrane in LNCaP cells as
the cellular uptake of Ab-PTX-NP increases. It was quantified by determining the decrement
in the values of the ratio of green to red fluorescence owing to the transformation of JC-1
aggregates (live healthy cells with high MMP give red colour) to monomers ( apoptotic cells
with decreased MMP give green colour). The DAPI staining after treating both the prostate
cancer types with the experimental formulations pronounced the morphological changes due
to apoptotic body formations, which was apparently noticeable in LNCaP (+ve PSMA) cells
induced by Ab-PTX-NP as compared to other formulations. Thus, Ab-PTX-NP expedited
apoptosis-inducing ability and depicted the highest potency towards PSMA overexpressed

prostate cancer cells.

So far, J591 Ab has been successfully utilized for the diagnostic purpose of detecting
advanced prostate cancer because of its propensity to attach to abundantly upregulated PSMA
on LNCaP cells (Bander et al., 2003). Combining the efficiency of this anti-PSMA antibody
J591 with the effectiveness of the anti-cancer drug (paclitaxel) incorporated in the
biodegradable (PLGA) nanoparticles has enabled site-specific delivery and showed profound
cellular uptake by the prostate cancer cells. Novelty can be interpreted as site and cancer-
specific drug delivery. Site specificity causes minimal harm to healthy tissues by avoiding
non-specific uptake by healthy tissues, while cancer cell specificity makes the cancer cells

less viable and may decrease the ability of the cancer cells to metastasize.

Thus, the prepared optimized formulation Ab-PTX-NP is low in cost, convenient to produce
and administer via intravenous route, less invasive due to less frequent dosing, and easy
availability to the patients. Furthermore, it is a biodegradable in the human body as well as
for the environment. Therefore, the Ab-PTX-NP selected as an escort can be used as a timely

and significant therapeutic option for prostate cancer.
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8. Conclusion

As a result of the recent explosion in the field of the utility of engineered nanotechnology,
our work was motivated to investigate the therapeutic effectiveness of Ab-PTX-NP for site-
specific delivery to treat prostate cancer. The developed Ab-PTX-NP was deemed promising
due to its biocompatibility, biodegradability, high drug loading capability with acceptable

size, prolonged drug release, stability, and non-toxicity to healthy tissues.

Without restricting the use of J591 as a cancer imaging agent, we attempted to selectively
employ J591 Ab to target overexpressed PSMA. Patients may benefit from our study as a
result of the remarkable characteristics of the nanoparticles and antibody that was attached to
them to achieve the intended therapeutic targeting. Enhanced cytotoxic and apoptotic effects
and decreased mitochondrial membrane potential at a low dose when compared to PTX and
PTX-NP in PSMA-expressing LNCaP cells, the optimized formulation fabricated with J591
antibody demonstrated the ability to concentrate and distribute PTX to prostate cancer cells in
vitro and induced apoptosis by reducing MMP. The comparative investigation of several
formulations on various prostate cancer cells was conducted to support the rationale, and the
results were promising. Patients suffering from prostate cancer with poor prognosis could
receive exceptional care from it. To benefit society in the near future, we wish to further

investigate our study in an extensive manner preclinically followed by clinical trials.
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9. Summary

In recent years, the number of increase in cases, incidence, and mortality associated with
malignancy of the prostate has increased largely. Identifying prostate cancer in the early or
initial stages is difficult as, in most cases, distinct symptoms are not prominent. Once the
disease becomes malignant, the prognosis is poor in most cases, resulting in an increase in

fatalities.

Metastasis in later stages often becomes incurable. Androgen deprivation therapy was the
only treatment option for men with metastatic disease until quite recently. A variety of
treatments in conjunction with surgery or radiotherapy are under research to improve overall
survival in newly diagnosed prostate cancer as well as early metastatic prostate cancer.
Targeted drug delivery is being focused on developing an overarching treatment for patients
with prostate cancer by minimizing toxicity and damage to healthy tissue in order to prevent
further metastases, maintain quality of life, and prolong overall survival. Researchers have
investigated several ligands in an effort to deliver therapeutic preferential to the affected

organ.

A monoclonal antibody, J591, was utilized against prostate-specific membrane antigen
(PSMA). PSMA expression is elevated in prostate cancer cells. The conjugated antibody to
Paclitaxel nanoparticles would bind with the PSMA highly expressed on prostate cancer
cells, delivering the encapsulated drug Paclitaxel (PTX) to the cells. Paclitaxel is an
anticancer drug with a broad anti-tumor activity spectrum. PTX promotes and stabilizes
microtubules while inhibiting the late G2 or M phases of the cell cycle, thus further causing
apoptosis. However, in our study, we tried to use its therapeutic application in cancer therapy,
which was limited due to its low water solubility and associated toxicity. We encapsulated
the potent drug PTX in poly(d,l)-lactic-co-glycolic acid (PLGA) nanoparticles. PLGA is
virtuous over other polymers as it is biodegradable, drug release can be manipulated and it

produces stable desired nanoparticles.

In the present study, Paclitaxel-loaded PLGA nanoparticles were prepared and conjugated
with J591 antibody in order to bind specifically to the specific prostate cancer cell receptor

PSMA. The effectiveness of the nanoformulations was further evaluated.
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Figure. 9.1 Summarization of the present study, which depicts that the optimized
antibody conjugated formulation Ab-PTX-NP recognizes the positive PSMA prostate
cancer cells, further internalization of Ab-PTX-NP results in apoptosis of cancerous
cells. The hemolysis and pharmacokinetics study reveals the hemo-compatibility and
efficiency of the formulation in the form of increased bioavailability and prolonged drug

release from Ab-PTX-NP

To obtain the optimum parameters, the PLGA nanoparticles were prepared using the multiple
emulsion solvent evaporation technique. The formulations made with different stabilizers
were compared. The inclusion of D-o-tocopherol polyethylene glycol succinate (TPGS)
improved the solubility, drug loading, and other physicochemical properties of nanoparticles.
The optimized PTX-NP was conjugated using EDC and NHS to obtain Ab-PTX-NP. The
conjugation was confirmed with the help of SDS-PAGE gel electrophoresis. PTX-NP and
Ab-PTX-NP were evaluated on various parameters; the size range obtained was between
200nm and 300nm with a negative zeta charge for both the formulations. The scanning
electron microscopy and atomic force microscopy evaluations of the morphological
characteristics of the particles revealed distinct, homogenous particles with smooth surface.
Transmission electron microscopy revealed a uniform distribution of the drug throughout the
nanoparticles. The efficiency of drug loading and entrapment was satisfactory. The

experimental data on drug release elucidated that both PTX-NP and Ab-PTX-NP had an
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efficient sustained drug release, which could result in optimal bioavailability of PTX within
the therapeutic window over a long period of time. Further, the release pattern of paclitaxel
from Ab-PTX-NP was evaluated in various release media. The release kinetic study revealed
that the PTX release pattern from PTX-NP and Ab-PTX-NP in the respective medium
followed the Korsmeyer—Peppas kinetic model. The PTX-NP and Ab-PTX-NP were found
to be stable when stored in the refrigerator (at 4—-8°C).

The in vitro cytotoxicity was analysed by the MTT assay, which displayed that the lower
dose of Ab-PTX-NP produced an elevated cytotoxic effect when compared with PTX-NP and
free drug in PSMA overexpressing LNCaP cells. The antibody conjugated blank
nanoparticles were found to be non-toxic, indicating the antibody in the particular
concentration is safe for use. The Ab-PTX-NP cytotoxicity toward LNCaP cells
(overexpressing PSMA) was higher due to the presence of the receptor and showed minimum
toxicity in non-cancerous cells. Cellular internalization of the formulation in LNCaP cells
ensured the encapsulated drug was delivered to the cytosol. The quantitative and qualitative
in vitro cellular uptake study data of the Ab-PTX-NP in LNCaP cells also support the
findings of the cytotoxicity studies, i.e., superior cellular internalizations of antibody
conjugated nanoparticles in LNCaP cells. Ab-PTX-NP capacity to induce apoptosis was
demonstrated by the colour shift of apoptotic cells as observed by AO/EB staining.
According to the total fluorescence intensity and cell count, Ab-PTX-NP appeared to be
effective in initiating apoptosis in LNCaP cells. Loss of membrane integrity, nuclear
fragmentation, and chromatin condensation have allowed us to distinguish between early and
late apoptotic cells, allowing us to identify the state of progress of cancerous cell death by
apoptosis. Variations in mitochondrial transmembrane potential (MMP) lead to
depolarization of the mitochondrial membrane. Apoptosis is characterized by mitochondrial
depolarization and rupturing, which disrupts Ca>" equilibrium between the mitochondria and

the endoplasmic reticulum. This suggests that MMP levels were decreased in apoptotic cells.

As shown by the findings, increasing cellular uptake of Ab-PTX-NP correlates with effective
depolarization of the mitochondrial membrane in LNCaP cells. It was measured by observing
the decrease in the ratio of green to red fluorescence as a result of the transformation of JC-1
aggregates (which, in living cells with high MMP, gives a reddish color) (in apoptotic cells
with decreased MMP gives green colour). The morphological alterations owing to apoptotic
body formations were evident in LNCaP (+ve PSMA) cells generated by Ab-PTX-NP as

compared to other formulations, as shown by DAPI staining after treatment with the
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experimental formulations for both PSMA positive LNCaP cells and PSMA negative PC3
prostate cancer cells. Thus, Ab-PTX-NP exhibited the greatest potency and speed in eliciting
apoptosis in PSMA prostate cancer cells. This study acknowledges the effectiveness of Ab-
PTX-NP in vitro, which displays elevated cellular cytotoxicity and internalization, and
maximum apoptosis (74.1%) in PSMA-abundant LNCaP cells, in comparison to PSMA
negative PC3 cells. Pharmacokinetics data (by LC-MS/MS) for the experimental
nanoparticles and free drug at various predefined time points revealed increased
bioavailability and prolonged drug release from Ab-PTX-NP and PTX-NP during the study
period upon i.v. administration into the systemic circulation of male Balb/c mice. Thus, Ab-
PTX-NP exhibited the greatest potency and speed in eliciting apoptosis in PSMA positive

prostate cancer cells.

Herein, our formulation Ab-PTX-NP was maneuvered in a neoteric way to carry the prepared
chemotherapeutic nanoparticles directly to the affected prostate cancer cells and proved to

have greater efficacy than the free drug.
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Future Prospects

The present study showed that J591 antibody conjugated Paclitaxel loaded nanoparticles (Ab-
PTX-NP) successfully targeted androgen receptor positive prostate cancer cells through

Prostate specific membrane antigen (PSMA) - J591 antibody binding.

The pharmacokinetic profile of the J591 antibody conjugated Paclitaxel loaded nanoparticles
in male Balb/c mice favoured the stability and long residence time with increased biological
half life of the formulation. J591 antibody conjugated Paclitaxel loaded nanoparticles showed
its potential for the management of androgen receptor positive prostate cancer. However,
further studies are warranted to investigate the therapeutic potential in preclinical (animals)
prostate cancer models. Upon success, the formulation can be translated for clinical

investigation.
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ARTICLE INFO ABSTRACT

Keywords: To evaluate the chemotherapeutic efficacy of J591 fabricated poly(d,l)-lactic-co-glycolic acid (PLGA) nano-
Poly(lactide-co-glycolide) nanoparticles particles containing paclitaxel (Ab-PTX-NP) in vitro in PSMA (prostate specific membrane antigen) expressing
Paclitaxel

prostate cancer cells, increase the solubility, bioavailability, circulation time, and limit systemic toxicity to
achieve the maximum curative effect accompanied by controlled dosing, we formulated Ab-PTX-NP. Physico-
chemical characterizations such as Field emission scanning electron microscopy, Transmission electron micro-
scopy, and Atomic force microscopy revealed that the particles were smooth-surfaced, with homogeneous
distribution of drug within the particles and size were in the nano range. The encapsulation efficiency of Ab-PTX-
NP was found to be 70.85%. This study acknowledges the effectiveness of Ab-PTX-NP in vitro, which displays
elevated cellular cytotoxicity and internalization, maximum apoptosis (74.1%) in PSMA-abundant LNCaP cells,
in comparison to PSMA negative PC3 cells. Pharmacokinetic data revealed the bioavailability of paclitaxel upon
i.v. administration in the systemic circulation of male Balb/c mice. Herein, J591 was maneuvered in a neoteric

Surface modification
Prostate-specific membrane antigen (PSMA)
Prostate cancer

way to carry the prepared chemotherapeutic nanoparticles directly to the affected prostate cancer cells.

1. Introduction

Prostate cancer is a common and recurrent cancer type in males
globally, with a growing incidence of mortality [1]. International
management of prostate cancer is still obscure and remains a global
challenge to manage in spite of our perceptive of its biology and growth
regulation. Recent treatments include surgical elimination of the pros-
tate, radiation and androgen ablation (early stage), and chemotherapy
(secondary treatment). Normally, androgen regulates the prostate and
most of its malignancies, development, growth, and function [2,3]. Our
study will utilize the ubiquitous overexpression of the prostate-specific
membrane-antigen PSMA on cancerous prostate cells. PSMA plays an
imperative role in diagnosis, managing as well as treating prostate
cancer. The aggrandized PSMA glutamate carboxypeptidase II, having a
molecular weight of about 100 kDa, is enhanced and progressively
elevated in prostate adenocarcinoma and in the neovasculature of solid
tumors and positively correlates with tumor progression or metastasis in
prostate cancer tissue, thus, differentiating benign tumors from

malignant disease [4,5]. More crucially, the presence of internalization
motif in the cytoplasmic tail of PSMA might suggest that the
ligand-attached nanotherapeutics may get internalised into the cell [6].

J591, an anti-PSMA monoclonal antibody (Ab), has already been
developed to target PSMA and has been demonstrated in cellular
internalization [7,8]. The absence of the majority of extra-prostatic
expression of PSMA on normal vasculature endothelium makes it
target-specific. Paclitaxel (PTX) is the best microtubule stabilized drug
licensed by the United States Food and Drug Administration (USFDA) for
the therapeutic treatment of a range of malignancies, including prostate
cancer. PTX inhibits mitosis and is effective in eradicating cancer cells
during the interphase of the cell cycle [9]. It can be hypothesized that
delivering paclitaxel (PTX) as a chemotherapeutic payload by encap-
sulating it in a designed PLGA (USFDA approved biodegradable polymer
for human use by i.v. route) nanoparticle (PTX-NP), and further conju-
gating it with J591 Ab (Ab-PTX-NP), aids in the higher cellular inter-
nalization of PTX to PSMA expressed prostate cancer cells.

Elevated cellular uptake of PTX by the prostate cancer cells was
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possible by using the extracellular apical domain of PSMA, which con-
tains binding site for humanized J591 Ab, enabling it as a plausible
target, and it may hold potential promise for tumor targeting. Owing to
the peculiar pathophysiological features of most solid tumors, such as
deficient vasculature and limited lymphatic drainage, PTX-NP helps in
overcoming the hydrophobic nature and adverse outcomes such as
nephrotoxicity and neurotoxicity, as well as other problems associated
with PTX chemotherapy, with a simultaneous enhancement of perme-
ability and retention (EPR) effect [10,11]. Nanoparticles (NPs) enable
drugs to release in sustained pattern along with protection of the
encased agent from enzymatic degradation, and also prolong pharma-
cological action, thereby elevating the dose tolerance and minimizing
nonspecific drug absorption-associated toxicity to improve safety and
efficacy [12,13]. The putative ligand conjugation prevents NPs to cross
the blood brain-barrier, consequently, averting any non-selective ac-
tions on the central nervous system that results in increased targeting
and bioavailability to the affected cells [14]. The current goal of the
investigation was to target PSMA positive (+ve) LNCaP cells with J591
conjugated nanoparticles containing paclitaxel. It appraised the selec-
tivity of Ab-PTX-NP to PSMA (+ve) prostate cancer cells, its cellular
internalization, and drug related apoptotic activity in those cells.
Further, pharmacokinetic assessment of the formulation was conducted
in Balb/c mice. J591 has been widely used for imaging [15]. However,
in our study, it has been utilized as a ligand, which when conjugated to
the drug loaded nanoparticle can be utilized for advanced prostate
chemotherapy.

2. Materials and methods
2.1. Materials

Paclitaxel (PTX) with 99.95% purity, commercial formulation (CF)
was obtained from Fresenius Kabi Oncology Ltd., Kolkata, India. Acid-
terminated PLGA {poly (lactide-coglycolide) ratio 75:25, MW
4000-15,000}, p-a-tocopherol polyethylene glycol succinate (TPGS),
Fluorescein isothiocyanate (FITC) were procured from Sigma-Aldrich
Co., St Louis, MO, USA. The anti-PSMA J591 monoclonal antibody
(J591 Ab) was procured from Dr. Neil Bhandar, San Diego, California,
United States. Two different human prostate carcinoma cells, (+ve
PSMA) LNCaP cells, (-ve PSMA) PC3 cells were obtained from the Na-
tional Centre for Cell Sciences, Pune, India. Balb/c male mice were
obtained from the National Institute of Nutrition, Hyderabad, India
(refer Supplementary material).

2.2. Fourier-transform infrared (FTIR) spectroscopy

To detect possible interactions between PTX and the excipients used
for the preparation of PTX-NP were detected via infrared spectra (FTIR
spectroscopy), (refer Supplementary material) [16].

2.3. Physicochemical characterization of PTX-NP and Ab-PTX-NP

Paclitaxel encapsulated biodegradable PLGA nanoparticles (PTX-NP)
and FITC labeled PTX-NP were prepared by multiple emulsion solvent
evaporation method [17,18]. The nanoparticle surface was fabricated
with J591 Ab using 1- (3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS) [18-20].
Detailed methodologies related to the preparation, optimization,
conjugation, and physicochemical characterizations such as drug
loading, particle morphology by Scanning electron microscopy, Trans-
mission electron microscopy, Atomic force microscopy, of the prepared
nanoparticles are mentioned in the Supplementary material.

2.4. Energy dispersive X-ray assay (EDX)

It ensures the elemental composition and encapsulation of the drug
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in PTX-NP and Ab-PTX-NP [21] (Refer to Supplementary material for
details).

2.5. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)

To confirm the conjugation of antibodies on the surface of PTX-NP,
investigation was conducted on SDS-PAGE [22,23] (Details are avail-
able in supplementary material).

2.6. Invitro drug release analysis

Evaluation pattern of the drug released from the commercial
formulation (CF), PTX suspension, PTX-NP, and Ab-PTX-NP in vitro in
phosphate buffer saline (PBS, pH 7.4) with 0.1% tween 80 was studied
[24]. Further, the release pattern of PTX from Ab-PTX-NP in various
buffers of varying pH for duration of 90 days was studied and calculated
in the cumulative drug release method [18,25] (Details are given in
Supplementary material).

2.7. Stability study

Weighed amounts of PTX-NP and Ab-PTX-NP were stored at different
temperatures with variable relative humidities to assess the impact of it,
on the nanoparticles. They were stored in a refrigerator (zone III) at
4-8 °C, and at 30 °C, and 40 °C with a relative humidity of 75% for 1, 2,
and 3 months following the International Council for Harmonization
(ICH, 2003) guidelines and were analyzed for the drug content and
morphology at the mentioned time points.

The hydrolytic stability of PTX-NP and Ab-PTX-NP was ascertained
in various buffers of different pH for 30 days (refer to Supplementary
material for details).

2.8. Cell viability assay

Human prostate carcinoma cells, LNCaP cells, overexpress PSMA
(PSMA + ve cells) while PC3 lacks the expression of PSMA (PSMA -ve
cells). Same numbers of cells were seeded and the study was conducted
for 24h. MTT assay more accurately determines alteration of cell num-
ber. The growth rate of the cells does not differ significantly. It measures
the number of viable cells in the culture. Upon investigations for a short
span of time (as 24 h for present study), the cell sizes are not accountable
in the MTT assay, and the cell size does not interfere in the assay results
[26]. Several reports [27-32] also suggest that same number of different
prostate cancer cells (LNCaP, DU145, LAPC4, and PC3) were seeded in
respective studies. The time-dependent cytotoxic effect of PTX, PTX-NP,
Ab-PTX-NP, and Ab-BNP on LNCaP cells and PC3 cells was determined
for a period of 24 h using MTT dye [33,34] (Supplementary material for
detailed methodology). Cell viability assay was done on normal human
kidney cells HEK 293, since the human normal prostate cell line such as
RWPE-1 was not available in the pandemic situation. The study was
conducted on human normal embryonic kidney cell line (HEK 293) to
evaluate the effect of the experimental formulation treatment on any
normal cell line. HEK 293 cells are one of the most common cell lines
used for research purposes due to their easy maintenance, robustness
and reliable growth [35,36]. Besides, the cells are also frequently used as
a control in many studies to investigate the effects of treatments on
cancer-specific cell lines [37].

2.9. PSMA expression of LNCaP/PC3 cells by Western blot

To enquire the expression of PSMA on LNCaP and PC3 cell lines,
Western blot analysis was performed as per protocol available [38]
(Supplementary material).
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2.10. Cellular uptake study of PC3 and LNCaP cells in vitro

In vitro cellular uptake of FITC- labeled PTX-NP and Ab-PTX-NP was
investigated in LNCaP and PC3 cells. The uptake was quantified at 0.5, 2
and, 4 h with a flow-cytometer. The qualitative uptake of the above
formulations was investigated by confocal laser microscopy in LNCaP
and PC3 cells at 4 h [39] (Supplementary material).

2.11. Induction of cell death by acridine orange/ethidium bromide dual
staining

The induction of cell death by PTX/PTX-NP/Ab-PTX-NP was detec-
ted in confocal laser microscopy in LNCaP and PC3 cells with ICsg
concentration of experimental formulations at 24 h. The total fluores-
cence intensity of each treatment was calculated using ImageJ software,
and plotted [40,41].

2.12. Mitochondrial membrane depolarization analysis using JC-1

Variation in the transmitochondrial potential difference was done
using 5,5,6,6'-tetrachloro- 1,1’,3,3'-tetraethylbenzimidazolyl-carbo-
cyanine iodide (JC-1) and analyzed by flow cytometer [40].

2.13. Apoptosis analysis

Annexin V-FITC/PI (propidium iodide) dual staining was performed
to quantify cancer cells upon various treatments to determine the
capability of PTX, PTX-NP, and Ab-PTX-NP to activate apoptosis or
necrosis in LNCaP and PC3 cells [34,42].

2.14. Nuclear morphology analysis by DAPI (4',6-diamidino-2-
phenylindole) staining

LNCaP and PC3 cells were imaged to visualize the apoptotic outcome
on the cell morphology after staining with DAPI after treating them with
PTX, PTX-NP, and Ab-PTX-NP with their respective IC5y dose for 24 h
[43]. The cells were imaged under a confocal laser scanning microscope
[44,45].

2.15. Hemolysis analysis

Fresh blood samples from male Balb/c mice were collected in hep-
arinized tubes and the experiment was conducted [44,46,47] (for details
please see the Supplementary material).

2.16. Pharmacokinetic study by LC-MS/MS method

The blood was collected from the tail vein of male Balb/c mice (body
weight: 25-30 g) and plasma was separated following the experimental
treatment. Animals were divided into four groups (each contained 36
mice). At each time point, three animals of each group have been
sacrificed. The first group of animals received PTX suspension, the sec-
ond group received PTX-NP, and the third group of animals received Ab-
PTX-NP. The fourth group of animals served as a control group and did
not receive any treatment. This study was conducted to compare the
bioavailability of paclitaxel upon i.v. bolus administration of the
experimental formulations (equivalent to paclitaxel, dose 10 mg/kg
body weight) at predetermined time points (0.25, 0.5, 1, 2, 4, 6, 8, 10,
24, 48, 72, and 96 h) post drug administration. The drug content was
analyzed by tandem liquid chromatography and mass spectrophotom-
etry (LC-MS/MS) where docetaxel was used as an internal standard. [18,
48] (Supplementary material).

2.17. Statistical analysis

All the data of the experiments are demonstrated as mean + standard
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deviation (SD). One way analysis of variance (ANOVA) was used, fol-
lowed by Tukey’s test conducted for comparison between the experi-
mental groups. A statistical level of significance of P < 0.05 was used.

3. Results
3.1. Fourier-transform infrared (FTIR) spectroscopy

The FTIR spectroscopic investigation unfolded all the characteristic
peaks of PTX and the excipients utilized for PTX-NP and depicted no
chemical interactions between them (Supplementary Fig. S1). Pure PTX
showed peaks of N-H stretching at 3440 cm™! and asymmetric and
symmetric vibrations at 2944 cm ™! for CH,. The peaks at 1720 cm ™,
1246 cm ™!, 1072 cm ™! were observed due to C=0 stretching vibrations
of the ester group, C=N (imine) stretching, and C—=O0 stretching vibra-
tions, respectively. For C-H in-plane and C-H out-of-plane C-C=O0, the
peaks were observed at 980 cm ! and 710 cm ™, respectively. PLGA
displayed characteristic peaks of O-H at 3508 cm™'; C-H at 2998 cm™!
and C=0 at 1754 cm ™, respectively. The characteristic PVA peaks were
observed at 3450 cm ™! with O-H, 2930 cm ™! with C-H, 1738 cm™!, and
1096 em ! with C=0 stretching vibrations. The physical mixture of
PTX-NP and blank formulation shows the signature bands of PVA and
PLGA and the absence of PTX, indicating no free drug molecule on the
nanoparticle surface. The spherical shape of the nanoparticles might be
attributed to physical interactions resulting in minimal peak shifts due
to the influence of some weak physicochemical interactions, such as the
formation of weak H-bonds, van der Waals attraction force, dipole-
dipole interference, etc.

3.2. Physicochemical characterization of prepared nanoparticles

Initially, various paclitaxel loaded nanoparticulate formulations
were developed. The formulation (PTX-NP) was optimized after varying
different solubilizers such as TPGS, Tween 80, Pluronic-127 and
Pluronic-68 with PVA (2.5% w/v). The optimized formulation enhanced
the solubility of the PTX, ensued by conjugating with J591 Ab as the
ligand attached on the surface of the optimized PTX-NP to obtain Ab-
PTX-NP. Therapeutic efficiency such as drug loading is a prerequisite
that dictates the amount of formulation to be administered. The drug
loading of the optimized formulation without antibody conjugation,
designated here as PTX-NP, was found to be 6.96% + 0.19% and the
encapsulation efficiency as 76.61% =+ 2.09%, respectively. In the case of
Ab-PTX-NP, it was found to be 6.44% =+ 0.75%, and its encapsulation
efficiency as 70.85% + 0.83% (Table 1). The average particle size found
with Zetasizer for PTX-NP was 221 nm, while the size increased slightly
after antibody conjugation, unveiling the particle size as 295 nm for Ab-
PTX-NP (Fig. 1A and B). The values of polydispersity index (PI) of 0.554
4+ 0.06 and 0.512 + 0.014 were obtained for PTX-NP and Ab-PTX-NP,
respectively (Table 1). The zeta potential of PTX-NP and Ab-PTX-NP
was —20 mV and —13.5 mV respectively, (Supplementary Figs. S2A
and B). The surface morphology of PTX-NP and Ab-PTX-NP analyzed via
FESEM images (Fig. 1C and D) confirmed that the particles were in the
nano range and thickly distributed. The drug was homogeneously
distributed within the nanoparticle, which was confirmed by TEM
analysis (Fig. 1E and F) for both PTX-NP and Ab-PTX-NP without any
notable difference. The three dimensional AFM images of PTX-NP and
Ab-PTX-NP (Fig. 1G and H) assured the smooth surface of the spherical
nanoparticles in a close packed array, distinguished, narrow size dis-
tribution with structural integrity without any significant difference
between the two formulations.

3.3. Energy dispersive X-ray assay (EDX)
EDX was performed to confirm the elemental composition of the

PTX-NP and Ab-PTX-NP, which revealed the weight as well as the
atomic percentage of carbon, oxygen, nitrogen, and sulphur. The
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Table 1
Composition of optimized experimental nanoparticles with PLGA: drug at the ratio 10:1 along with particle size data, zeta potential, drug loading and encapsulation
efficiency.
Formulation Stabilizer/Solubilizer used Particle size (Z- Zeta potential Polydispersity Drug loading Encapsulation
average) (mV)* index” (%)* efficiency (%)"
(nm)”
PTX-NP (optimized formulation) PVA (2.5% w/v) & TPGS 221 £1.2 -20+ 1.6 0.554 + 0.060 6.96% =+ 76.71% + 2.09%
(0.03% w/v) 0.19%
Ab-PTX-NP (optimized formulation with PVA (2.5% w/v) & TPGS 295 £ 0.18 -13.5+3.3 0.512 £+ 0.014 6.44% + 70.85% =+ 0.83%.
antibody conjugation) (0.03%w/v) 0.75%
PTX-NP1 PVA (2.5% w/v) & 349.2 + 26 —8.39 £ 2.9 0.120 £+ 0.011 5.19% + 57.09% + 1.22%
Tween 80 (14% v/v) 0.11%
PTX-NP2 PVA (2.5% w/v) & Pluronic- 409.1 + 18 —5.46 £ 2.3 0.181 + 0.03 5.06% + 55.73% + 0.50%
127 (0.5% w/v) 0.05%
PTX-NP3 PVA (2.5% w/v) & Pluronic- 418.4 + 33 —4.97 + 0.07 0.305 £+ 0.039 4.72% + 51.92% =+ 0.78%.
68 (0.5% w/v) 0.07%

NB: PTX-NP, PLGA nanoparticle loaded with paclitaxel; Ab-PTX-NP, Antibody conjugated PLGA nanoparticle loaded with paclitaxel; PLGA, poly (lactide-co-glycolide);

PVA, poly vinyl alcohol; TPGS, D -a-tocopherol polyethylene glycol succinate.
2 Each value represents mean + SD (n = 3).

presence of nitrogen in PTX is shown in PTX-NP and Ab-PTX-NP, thus it
can be presumed that the nanoparticles were encapsulated with pacli-
taxel, and the lack of nitrogen in blank nanoparticles advocates the
absence of paclitaxel in them, respectively (Supplementary Table S1).

3.4. SDS-PAGE

The SDS-PAGE was carried for PTX-NP and Ab-PTX-NP and
compared with J591 Ab which demonstrated that the integrity of J591
Ab was ensured in Ab-PTX-NP after conjugation (Fig. 2G). Furthermore,
nanoparticles were conjugated well with the antibody, and the antibody-
conjugated particles ran comparatively slowly.

3.5. In vitro drug release analysis

The PTX release profiles from paclitaxel suspension (PS), commercial
formulation of PTX (CF), Ab-PTX-NP, and PTX-NP were studied for 90
days (Fig. 2A). The release profile of PTX from unconjugated PTX-NP
followed a similar middling pattern to its release from Ab-PTX-NP. A
variable drug release of 74.56% =+ 2.35% and 68.83% =+ 3.07% was
depicted from PTX-NP and Ab-PTX-NP, respectively, in phosphate buffer
saline (pH 7.4) with 0.1% w/v of tween 80 that imitates the minimally
alkaline environment of the blood.

Hence, further drug release of PTX from our decider nanoparticles
Ab-PTX-NP for 90 days in various buffers of varying pH was studied
cumulatively (Fig. 2B). It was observed that the release of PTX from Ab-
PTX-NP was increased in lower pH media, i.e. PTX release in citrate
buffer (pH 3) was rapid 96.56% + 1.02%. The release of PTX in acetate
buffer (pH 5) was 92.43% + 1.81%, which might assert steady, and
prolonged drug distribution in the acidic environment of tumor cells (pH
around 4.5-5.5). The release was lower in the bicarbonate buffer
29.30% =+ 1.43% medium (pH 10). It was noted that in different buffers
utilized to examine the release of Ab-PTX-NP, an initial burst release for
24 h was manifested, subsequently releasing the drug in sustained
manner for 90 days (period of the current study). PTX-NP delineated
stability in mouse serum for at least 24 h in our previous studies [49].
PLGA nanoparticle-stability in serum condition (100% Fetal Bovine
Serum) was seen in the present study. It can be summarized that in
various pH media, the stability of PLGA nanoparticles was variably
maintained during the study period.

Different kinetic models were used to assess drug release kinetic
data. Various regression coefficient (Rz) data showed that the PTX
release for both PTX- NP and Ab-PTX-NP in PBS (pH 7.4) with 0.1% w/v
tween 80 complied with Korsmeyer-Peppas kinetics It depicted good
linearity (R2 = 0.9179) and the release exponent (n) value of the drug
was 0.21 for PTX-NP, while for Ab-PTX-NP it was (R2 = 0.9185) and n

value 0.18, suggesting release by Fickian diffusion [50]. PTX release
from Ab-PTX-NP in acetate buffer, bicarbonate buffer, and citrate buffer
also followed Korsmeyer-Peppas kinetic model, suggesting diffusion
release pattern of paclitaxel with the erosion of the matrix from
Ab-PTX-NP (Table 2).

3.6. Stability study

Physicochemical and morphological characteristics of PTX-NP and
Ab-PTX-NP stored at 4-8 °C remained unchanged, while at 30 °C and
40 °C, PTX-NP and Ab-PTX-NP retained its PTX content but spherical
morphology was distorted, when kept for 90 days (3 months). Studies on
the stability requirements of these samples were performed and drug
assay (drug content analysis) where drug content remained nearly un-
changed (6.3-6.8%) (Supplementary Table S2).

3.7. Hydrolytic stability study

The hydrolytic stability study for 4 weeks revealed an increment of
weight loss with a lowering of pH. Different pH buffers yielded the mass
loss of Ab-PTX-NP as 14.53% + 1.33% at pH 10, 25.73% + 1.55% at pH
7.8,35.83% + 1.61% at pH 5 and 56.97% + 1.55% at pH 3, respectively
(Supplementary Fig. S4). The Ab-PTX-NP displayed a weight loss of
3.1% + 0.15% after 24 h in mouse serum (pH 7.3) at 24h.

3.8. Cell viability assay

In vitro cytotoxic potential of PTX, PTX-NP, and Ab-PTX-NP deter-
mined by MTT assay shows that the Ab-PTX-NP lowest ICsy doses,
exhibited the highest cytotoxicity toward LNCaP cells (+PSMA) than in
PC3 (-PSMA), as portrayed in Fig. 2C and D. Reports prior to this study
highlight that PTX effectively reduces cell viability and controls prolif-
eration of LNCaP and PC3 cell lines [51]. At different concentrations
(0-60 pM) taken for 24 h (Supplementary Table S3), the IC5q values of
PTX-NP and Ab-PTX-NP revealed as 20.6 pM and 7.8 pM which were
evidently much less than the ICs( value of PTX (27.2 pM) in LNCaP cells.
A narrow difference in the ICsg values of PTX-NP and Ab-PTX-NP (22.9
pM and 21.3 pM) may be due to the lack of PSMA, in PC3 cells. The
Ab-BNP (antibody conjugated nanoparticle without containing any
drug) on investigation yielded the antibody concentration as non toxic
to prostate cancer cells. Ab-PTX-NP showed negligible antiproliferative
activity in normal kidney cells, HEK 293. Since it showed no toxic
manifestation in HEK 293, we may assume that Ab-PTX-NP possibly has
less or negligible toxicity towards other normal cells also (Supplemen-
tary Table S4).
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Fig. 2. Invitro drug release profile of (A) experimental formulations in phosphate buffer saline (pH 7.4) with 0.1% w/v tween 80 (B) Ab-PTX-NP in different pH (pH
3, 5, 7.4 and 10) media. In vitro cytotoxicity of PTX, PTX-NP, Ab-PTX-NP and Ab-BNP was determined in (C) LNCaP and (D) PC3 cells. PSMA expression (E) in LNCaP
and PC3 cells detected by Western blot (F) PSMA to GADPH ratio was shown graphically (G) SDS-PAGE gel electrophoresis, Lane 1 in the SDS-PAGE gel showed the
standard anti PSMA monoclonal antibody Ab (J591), lane 2 represents for Antibody conjugated PTX-NP, and lane 3 shows PAGE run of unconjugated NP followed by
Blank in lane 4, and then the protein marker in lane 5.NB: PTX, Paclitaxel; NP, nanoparticle; Ab, J591 antibody; BNP blank nanoparticles

Each value in the graphical presentation represents mean + SD (n = 3).
*** Statistical significance of PC3 when compared with LNCaP is p < 0.001.

3.9. PSMA expression of LNCaP/PC3 cells by Western blot

The analysis was done to examine the expression of PSMA in LNCaP
(+ve PSMA), and PC3 (-ve PSMA) cells. The results determined that
LNCaP cells were found to have the highest level of expression of PSMA,
whereas, PC3 cells exhibited no apparent PSMA expression (Fig. 2E and
F).

3.10. Cellular uptake study on PC3 and LNCaP cells in vitro

LNCaP (+ve PSMA) and PC3 (-ve PSMA) cells were used to detect the

uptake of FITC tagged PTX-NP/Ab-PTX-NP. The cellular uptake quan-
tified by flow cytometry revealed a steady increase in median fluores-
cence intensity in LNCaP cells as compared to PC3 and untreated cells
with increasing time (Fig. 3A and C). FITC mean median values in
LNCaP cells for PTX-NP were 587, 1328, and 2780, and for Ab-PTX-NP
were 1322, 2471, and 3818 at the time intervals 0.5, 2, and 4 h,
respectively.

In LNCaP cells, the FITC mean-median values indicate the cellular
uptake of experimental nanoparticles in the sequence of Ab-PTX-NP >
PTX-NP > PTX. While in PC3 cells at the same time intervals, the cellular
internalization was much lower for both PTX-NP and Ab-PTX-NP,
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In vitro drug release kinetic equations tested on different release kinetic models along with corresponding R values and release exponent (n) (Korsmeyer—Peppas

model).

Ab-PTX-NP in
Citrate buffer

Kinetic models Ab-PTX-NP in Phosphate buffer saline

pH 7.4 (with 0.1% tween 80)

Ab-PTX-NP in
Acetate buffer

Ab-PTX-NP in
Bicarbonate buffer

PTX-NP in Phosphate buffer saline pH
7.4 (with 0.1% tween 80)

Zero order y = 0.026x + 32.946 y = 0.2626x + y = 0.0436x + y =0.0111x + 10.601  y = 0.0257x + 26.689
R? = 0.6334 52.126 19.109 R?=0.7194 R? = 0.6951
R? = 0.2804 R? = 0.8823
First order y = 0.0002x + 1.8123 y = 0.0056x + y = 0.0005x + y = 6E-05x + 1.9504 y = 0.0002x + 1.8576
R%2=10.78 1.5595 1.9309 R? = 0.7588 R? =0.8182
R? = 0.5395 R? = 0.9878
Higuchi model y = 1.2664x + 25.344 y = 5.7801x + y = 1.8066x + y = 0.5249x + 7.6348  y = 1.2283x + 19.569
R? = 0.7976 37.223 15.394 R? = 0.8572 R? = 0.8473
R? = 0.5591 R? = 0.9442
Korsemeyer- Peppas  y = 0.1831x + 1.2968 y = 0.2216x + y = 0.3499x + y = 0.228x + 0.7338 y = 0.2122x + 1.1616
model R%=0.9185n = 0.18 1.5847 0.825 R?=0.8943n = 0.22 R%2=0.9179n = 0.21
R%=0.7956 n = R>=0.99n=0.34
0.22
Hixson-Crowell y = 0.0007x + 0.6091 y = 0.0108x + y = 0.0013x + y = 0.0002x + 0.1723  y = 0.0006x + 0.4734
model R? = 0.7326 1.2137 0.2878 R = 0.7458 R? = 0.779
R? = 0.4403 R? = 0.9691
respectively. in PC3 cancerous cells on treatment with the ICs concentration of the

The quantitative cellular uptake study of FITC labeled PTX-NP and
Ab-PTX-NP was backed up by qualitative confocal microscopy images of
LNCaP (Fig. 3B), and PC3 (Fig. 3D) treated with FITC labeled PTX-NP/
Ab-PTX-NP, which revealed time dependent internalization of the
experimental formulations within the cancerous cells at 4h, respectively.
The data suggest maximum internalization of Ab-PTX-NP in LNCaP cells,
probably due to maximum affinity of J591 for PSMA, showing site
specific potential of J591 antibody in PSMA positive LNCaP cells. Since
the objectives were fulfilled by the study, it was not further extended
beyond 4h. However, If the cellular uptake continues after 4 h, cellular
uptake may increase with time till the duration, the receptors on the
cells are saturated by the antibody of Ab-PTX-NP. It further results in a
constant plateau of cellular drug concentration.

3.11. Induction of cell death by acridine orange/ethidium bromide (AO/
EB) dual staining

The apoptosis-induced morphological alterations in prostate cancer
cells, treated with the respective ICsq value of PTX, PTX-NP, and Ab-
PTX-NP for 24h, were observed upon double staining with AO/EB in
LNCaP and PC3 cells. The data showed that differential values of uptake
of acridine orange and ethidium bromide by live and apoptotic cells
were observed (Fig. 4). The control cells appeared green with normal
nucleus structure, which indicates its healthy condition. Acridine orange
(AO) was taken up by live cells while ethidium bromide (EB) was used
by apoptotic cells because of the loss of integrity of the cellular mem-
brane. The nuclei of LNCaP cells when treated with Ab-PTX-NP
appeared dark orange to red with condensed or fragmented chroma-
tins due to the major internalization of EB (increased endocytosis
leading to apoptosis). Measuring total fluorescence intensity in LNCaP
and PC3 revealed conformity with the images in our findings. As a result
of apoptosis/necrosis, the reduction in cells via cell counting was
observed more in LNCaP as compared with PC3 cells when treated with
PTX-NP/Ab-PTX-NP (Supplementary Fig. S5).

3.12. Mitochondrial membrane depolarization analysis

The loss and alteration of mitochondrial membrane potential, which
is a prerequisite phenomenon of apoptosis, can be quantified by
increased monomer/aggregate ratio (green/red ratio), which was
observed with the highest percentage of cells with depolarized mito-
chondria upon Ab-PTX-NP treatment. Results (mitochondrial depolari-
zation) yielded 34.1% for PTX-NP and 45.6% for Ab-PTX-NP,
respectively, while only 13.8% for the free drug. Further, PTX-NP/Ab-
PTX-NP treatment for 24 h showed lower and marginalized apoptosis

experimental formulations (Fig. 5A).

3.13. Apoptosis study

Annexin V-FITC/PI staining, annexin V bound with phosphati-
dylserine quantitatively detected the variable induction of apoptosis
when LNCaP cells were treated with PTX/PTX-NP/Ab-PTX-NP (Fig. 5B).
The percentage of apoptotic cells was 48.6% for PTX-NP, and 74.1% for
Ab-PTX-NP while for free PTX it was 21% in 24 h. Similar treatment on
PC3 cells showed the lower apoptotic value with the experimental for-
mulations. Thus, Ab-PTX-NP indicated better efficacy in LNCaP cells.

3.14. Nuclear morphology analysis

DAPI staining revealed pronounced morphological changes due to
apoptotic body formation in Ab-PTX-NP treated LNCaP (+ve PSMA)
cells when studied for both the types of prostate cancer cells (Fig. 5C).

3.15. Hemolysis study

The hemo-compatibility of PTX, PTX-NP, and Ab-PTX-NP at different
concentration range (2.5-100 M) showed minimal erythrocyte damage
and negligible hemolytic activity in PTX-NP and Ab-PTX-NP containing
PTX (below 50 uM) as shown in Fig. 6A. Elevated concentration ranging
from 50 to 100 pM resulted in consequential rise in hemolysis. Thus, Ab-
PTX-NP can be rendered safe for intravenous administration as the he-
molysis rate of the desired formulation was within the permissible range
of 5% that is considered safe critical value for biomaterials by the In-
ternational Organization for Standardization/Technical report (ISO/TR
7406.46) [47,52].

3.16. Pharmacokinetic study by LC-MS/MS method

The plasma concentration profiles of PTX (free drug), PTX-NP, and
Ab-PTX-NP were plotted on the graph (Fig. 6B) and the values of
different pharmacokinetic parameters depicted in Table 3, showed that
Ab-PTX-NP maintained steady plasma PTX concentration till 96 h of the
study with a notably longer and increased half life of the drug, mean
residence time (MRTjy,¢), marked 3—4 fold increase in AUC| 5 and AUCips,
of the drug from Ab-PTX-NP as compared to those of PTX-NP and PTX.
Drug was released from the surface of the engineered Ab-PTX-NP
initially. Further, the drug release was steady for a longer span of time
and showed much higher PTX availability in plasma following a single i.
v. injection of Ab-PTX-NP.
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Fig. 3. Cellular uptake study. (A) Flow cytometry analysis representing distribution of FITC PTX-NP and FITC Ab-PTX-NP in LNCaP cells after treating them for 0.5h,
2 h and 4 h respectively. (B) Confocal microscopy images of LNCaP cells after treating with FITC PTX-NP and FITC Ab-PTX-NP for 4 h (C) Flow cytometry analysis
representing distribution of FITC PTX-NP and FITC Ab-PTX-NP in PC3 cells after treating them for 0.5h, 2 h and 4 h respectively.(D) Confocal microscopy images of
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Fig. 4. Acridine Orange/Ethidium bromide (AO/EB) dual staining Confocal microscopy images of (A) LNCaP cells after treating with PTX, PTX-NP and Ab-PTX-NP
(B) PC3 cells after treating PTX, PTX-NP and Ab-PTX-NP, for 24 h followed by staining with acridine orange (4 pg/ml) and ethidium bromide (4 pg/ml), by acridine
orange/ethidium bromide (AO/EB) dual staining as observed by Olympus Fluoview 10i confocal microscope using the channels of acridine orange DNA (green)
(excitation/emission) (502 nm/526 nm) and propidium iodide red (537 nm/619 nm). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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(B) Apoptosis detected with the help of Annexin V/PI in LNCaP (+ve PSMA) and PC3 (-ve PSMA) cells treated with PTX/PTX-NP/Ab-PTX-NP for 24 h, Data were
obtained using a FACS Aria flow cytometer (Becton Dickinson, Holdrege, Nebraska, USA) using channels of FITC (Ex/Em 488 nm/530 nm), and PE-Texas red (Ex/Em
561 nm/616 nm) post capturing analysis was done with BD FACS Diva software (Becton Dickinson, Holdrege Nebraska, USA) (C) Image representing DNA
degradation and apoptotic bodies formation upon treatment with PTX/PTX-NP/Ab-PTX-NP for 24 h in LNCaP (+ve PSMA) cells and in PC3 (-ve PSMA) cells under
confocal microscope (100X). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

4. Discussion

The foremost target of this research was to prepare, optimize and
evaluate Ab-PTX-NP and investigate the ability of attached J591 Ab
nanoparticles to reach the PSMA on the cancerous prostate cells.Thus,
non-cancerous cells remain unaffected. The quest for specific prostate
cancer cell targeting by modifying the surface of NP with J591 Ab can
avoid nonspecific uptake of the drug by other cells or healthy tissues.
PSMA expression is being actively investigated for theranostic purposes,
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which correlate with the sensitivity of the androgen and might assist in
tumor invasiveness [53]. In recent times, anti-androgen therapy can be
tracked via the virtue of PSMA expression measurement by molecular
imaging in vivo [53].

Paclitaxel is given as the first line of chemotherapy in prostate can-
cer, often combined with noscapine, quercetin, carboplatin, etc [54], in
biodegradable and biocompatible polymeric nanoparticles. The incor-
poration of TPGS [11] shows an increase in the solubility of PTX, leading
to higher drug loading and preventing crystallization of free drug. The
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Fig. 6. (A) Hemolytic activity of PTX/PTX-NP/Ab-PTX-NP. Data show mean + SD (n = 3)
*P < 0.05 when PTX data were compared with those of PTX-NP and Ab-PTX-NP

**P < 0.05 PTX-NP data were compared with those of Ab-PTX-NP

(B) Plasma concentration of paclitaxel upon i.v bolus injection (at an equivalent dose of 10 mg/kg body weight) of PTX/PTX-NP/Ab-PTX-NP

Data show mean + SD (n = 3).

#P<0.05 when PTX data were compared with those of PTX-NP and Ab-PTX-NP

PP<0.05 PTX-NP data were compared with those of Ab-PTX-NP.

Table 3

Plasma pharmacokinetic parameters of free paclitaxel, and paclitaxel released
from PTX-NP/Ab-PTX-NP/PTX suspension after the intravenous bolus admin-
istration of PTX/PTX-NP/Ab-PTX-NP with an equivalent amount of drug in
Balb/c mice.

Pharmacokinetic Plasma values of Drug (Paclitaxel)
parameters
. . Upon PTX Upon PTX-NP Upon Ab-PTX-NP

(respective unit) .. . . L L e
administration administration' administration

t1,2 (h) 8.309 + 1.24 18.63 £+ 3.11° 20.31 + 5.86™"

AUCy.¢ (ng/mL.h) 1134.291 + 3254.071 + 7868.208 +
47.46 849.93° 818.985™"

AUCy., (ng/mL.h) 1195.264 + 3645.893 + 8266.213 +
58.71 114.7267° 691.47%"

AUMCy., (ng/mL. 5621.12 + 62590.02 + 258554 +

h?) 665.949 4221.751° 164.6768""
MRTy., (h) 4.70 £+ 0.40 16.005 + 5.63" 31.34 + 1.72%"
Cr (L/h/kg) 8.38 + 0.41 2.2 +0.81° 1.21 + 0.95""

NB: ty /5, half-life; AUCy.,, area under the plasma concentration-time curve from
time O to time of last measurable concentration; AUCq.,, under the plasma
concentration-time curve from time 0 to infinity; AUMCy.,, area under the first
moment curve from time O to time of last measurable concentration; AUMCy.q.,
area under the first moment curve from time 0 to infinity; MRT, mean resident
time; CL, clearance.

¢ Data show mean + SD (n = 3).

# (p < 0.05) The pharmacokinetic data of treatment of PTX group was
compared with PTX-NP treatment group and PTX treatment group was
compared with Ab-PTX-NP treatment group.

Y (p < 0.05) The pharmacokinetic data of PTX-NP and Ab-PTX-NP groups were
compared.

nonexistence of the chemical interactions involving the drug and the
excipients was assured by FTIR, while diminutive physical interactions
might have helped in the formation of spherical, interstice free, smooth
nanoparticle structures. The presence of nitrogen as detected by EDX in
Ab-PTX-NP indicated the inclusion of the PTX in the particles.

The antibody conjugation strategy was based on EDC/NHS chemis-
try, which forms peptide bonds between the amine groups of the J591
Ab and the carboxyl groups of the PLGA [55]. The attachment through
the amine group to the nanoparticle surface conserves the activity of the
antibodies while simultaneously preventing nonspecific protein ab-
sorption. Further, increasing the number of ligands per NP might
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increase the convenience of the ligand to bind to the receptors [56].

The difference in drug encapsulation of Ab-PTX-NP and PTX-NP were
very low. Drug loading was slightly lower in Ab-PTX-NP due to Ab-
conjugation that could be considered trivial. The narrow range of dis-
tribution of the NP was indicated by its lower PDI. The zeta potential
value proves that Ab-PTX-NP and PTX-NP in their suspended forms
would not conglomerate because of the surface charge [21]. The zeta
potential value of NP after antibody conjugation preserved their nega-
tive zeta-potential, though it shows the drop of negative zeta (less
negative) potential in the nanoparticles after conjugation with antibody.
Ab-conjugation increased the average particle size (hydrodynamic
diameter) slightly. The data of the zeta potential of the formulation in
the stability study indicate that the stability of lyophilized PTX-NP and
Ab-PTX-NP existed at 4-8 °C in a refrigerated condition.

The SDS-PAGE analysis for conjugation of J591 Ab validates the
feasibility of Ab-PTX-NP for further in vitro cellular study as it shows
protein band at almost the same level as the monoclonal J541 antibody.
The weight of the antibody conjugated nanoparticle, Ab-PTX-NP, moved
to the higher side (due to the weight of PTX-NP) in comparison to the
free J591 Ab. The Western blot analysis further substantiated the higher
level of expression of PSMA in LNCaP cells, whereas the expression was
insignificant in PC3 cells.

The experimental drug release data explicate that PTX-NP and Ab-
PTX-NP had an effective sustained drug release providing potentially
optimal bioavailability of PTX within the therapeutic window over a
prolonged period. Ab-PTX-NP showed faster degradation in the acidic
medium. Lower pH conditions initiated the hydrolysis of the polymeric
core by striking the ester bonds. Dissolution is stable in higher pH media
due to the polymer retaining its non-polar property, due to the trapping
of hydroxyl groups on its surface, which ultimately lowers the water
absorption by the NP. Data suggests that an acidic tumor environment
(pH 5) would exhibit faster drug release while the drug release would be
slow and sustained in physiologically neutral media of blood (pH 7.4)
[18]. The Ab-PTX-NP showed stability in mouse serum which was
observed for 24 h. PTX release from PTX-NP and Ab-PTX-NP denoted
good linearity in the kinetics (as supported by R? value) which was
observed in PBS (pH 7.4) with 0.1% w/v tween 80, citrate buffer, acetate
buffer and bicarbonate buffer. The MTT assay revealed that less dose of
Ab-PTX-NP was effective in producing a higher cytotoxic effect than
PTX-NP, probably due to greater cellular internalization and ultimately
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the encapsulated drug was delivered to the cytosol. Ab-PTX-NP cyto-
toxicity toward LNCaP cells (overexpressing PSMA) was higher due to
the presence of the receptor and showed minimum toxicity in
non-cancerous cells. The quantitative and qualitative cellular uptake
data of the Ab-PTX-NP in LNCaP cells also support the findings of the
cytotoxicity studies.

In earlier studies on paclitaxel, it was reported that paclitaxel
incorporated polymeric nanoparticles primarily initiated the apoptotic
pathway which showed potent antiproliferative activity by arresting the
cell cycle at G2/M and S phase, which normally activates three principal
checkpoints such as G1/S, G2/M, and metaphase/anaphase transitions
during mitosis [57]. The intrinsic pathway of apoptosis is the possible
mechanism of cell death induced by paclitaxel, although some recent
reports suggest that paclitaxel initiates apoptosis via multiple mecha-
nisms [58]. Paclitaxel is acknowledged to cause both mitotic arrest and
apoptotic cell death. It simultaneously acts on mitochondria and
microtubule assembly to generate sufficient signals for mitochondrial
apoptosis [59]. It is also reported to elevate ROS by increasing the ac-
tivity of the NADPH oxidase (NOX) enzyme [57,60].

The apoptosis inducing ability of Ab-PTX-NP shows cell death by
AO/EB staining that was visualized by the colour change of apoptotic
cells. The total fluorescence intensity and cell counting advocated the
effectiveness of Ab-PTX-NP in LNCaP cells. It has distinctly separated
normal and cancer cells due to the loss of integrity of the cellular
membrane, nuclear fragmentation, and chromatin condensation, while
recognizing the difference between early and late apoptotic cells.
Mitochondrial membrane depolarization occurs due to changes in
mitochondrial transmembrane potential (MMP). During apoptosis,
mitochondria undergo depolarization, which finally leads to rupturing
of mitochondria, leading to the disruption of Ca™2 homeostasis between
mitochondria and endoplasmic reticulum. That indicates lowering of
MMP in apoptotic cells [61,62].

The data indicates effective depolarization of the mitochondrial
membrane in LNCaP cells as the cellular uptake of Ab-PTX-NP increased.
It was quantified by determining the values of the ratio of green to red
fluorescence owing to the transformation of JC-1 aggregates (in live cells
with high MMP gives red colour) to monomers (in apoptotic cells with
decreased MMP gives green color). The DAPI staining after treating both
the prostate cancer types with the experimental formulations pro-
nounced the morphological changes due to apoptotic body formations,
which was apparently noticeable in LNCaP (4ve PSMA) cells induced by
Ab-PTX-NP as compared to other formulations. Thus, Ab-PTX-NP
expedited apoptosis-inducing ability and depicted the highest potency
towards PSMA prostate cancer cells.

J591 Ab, so far, has been successfully utilized for the diagnostic
purpose of detecting advanced prostate cancer because of its propensity
to attach to abundantly upregulated PSMA on LNCaP cells [63].
Combining the efficiency of this anti-PSMA antibody J591 with the
effectiveness of the anti cancer drug (paclitaxel) incorporated in the
biodegradable (PLGA) nanoparticles has enabled site-specific delivery
and shows profound cellular uptake by the prostate cancer cells [64].
Novelty can be interpreted as site and cancer specific drug delivery. Site
specificity causes minimal harm to healthy tissues by avoiding the non
specific uptake by healthy tissues, while cancer cell specificity makes the
cancer cells less viable and it may decrease the ability of the cancer cells
to metastasize [65].

Thus, the prepared optimized formulation Ab-PTX-NP is low in cost,
convenient to produce and administer via intravenous route, less inva-
sive due to less frequent dosing, and easy availability to the patients.
Furthermore, it is a biodegradable approach for treatment in the human
body as well as for the environment. Therefore, the Ab-PTX-NP selected
as an escort can be used as a timely and significant therapeutic option for
prostate cancer.
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5. Conclusion

Recently, with an explosion in the field of the utility of engineered
nanotechnology, our study was inspired to explore the therapeutic ef-
ficiency of Ab-PTX-NP for site-specific delivery to treat prostate cancer.
The prepared Ab-PTX-NP was found to be promising owing to its
biocompatibility, biodegradability, high drug loading capability with
suitable size, sustained drug release, stability, and non-toxicity to the
healthy tissues. We tried to utilize J591 Ab strategically to target over-
expressed PSMA, without limiting the use of J591 as a cancer imaging
agent. Our study might benefit the patients as the exceptional qualities
of nanoparticles and the respective antibody was attached to them to
attain the desired drug targeting.

The Ab-PTX-NP fabricated with J591 showcased the potential to
accumulate and deliver PTX in vitro to prostate cancer cells, providing
improved cytotoxic and apoptotic effects and increased mitochondrial
membrane potential at a low dose when compared to PTX and PTX-NP in
PSMA expressing LNCaP cells. The results are potentially attractive as
the comparative study of different formulations on different prostate
cancer cells was done to brace the rationale. It might provide superlative
treatment for patients suffering from prostate cancer with a poor prog-
nosis. Extension of in vivo studies of this work is being initiated. We wish
to further investigate its application, to benefit the society in the near
future.
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Abstract

Corticosteroids commonly prescribed in asthma show several side-effects. Relatively non-toxic andrographolide (AG) has an anti-
asthmatic potential. But its poor bioavailability and short plasma half-life constrain its efficacy. To overcome them, we encapsulated AG in
nanoparticle (AGNP) and evaluated AGNP for anti-asthmatic efficacy on murine asthma model by oral/pulmonary delivery. AGNP had
5.47% drug loading with a sustained drug release in vitro. Plasma and lung pharmacokinetic data showed predominantly improved AG-
bioavailability upon AGNP administered orally/by pulmonary route. Cell numbers, IL-4, IL-5, and IL-13 levels in broncho-alveolar lavage
fluid and serum IgE content were reduced significantly after administration of AGNP compared to free-AG treatment. AGNP-mediated
suppression of NF-kp was predominantly more compared to free-AG. Further, pulmonary route showed better therapeutic performance. In
conclusion, AGNP effectively controlled mild and severe asthma and the pulmonary administration of AGNP was more efficacious than the

oral route.
© 2019 Elsevier Inc. All rights reserved.

Key words: Andrographolide; Nanoparticle; Murine asthma model; Ovalbumin; Eosinophilia

Allergic asthma is a chronic airway disorder characterized by
airway inflammation, mucus hyper-secretion, airway hyper-
responsiveness followed by shortness in breathing' and
approximately three hundred million people around the world
suffer from asthma.? Many inflammatory cells such as Th2 cells,
B-cells, mast cells and a number of cytokines are involved in the
allergic cascade.' Allergen induces crosslinking of IgE with
IgE-receptor (FceRI) on mast cells, releasing histamine,
leukotrienes, interleukins (ILs) and other inflammatory
mediators.* Airway eosinophilia together with Th2 cytokines,
IL-4, IL-5 and IL-13, may ultimately contribute to airway hyper-
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responsiveness in asthma.® Treatment with corticosteroids is a
common therapeutic strategy for asthma but has severe side-
effects.” Novel therapeutic agents with their effective route of
administration and prolonged action may be an alternative to
corticosteroids for management of asthma.

Nanoparticles are frequently used for loading different types
of drug due to the several advantages such as improved
bioavailability, sustained release, tissue targeted delivery,
improved permeability to biological membranes, and usefulness
in different routes of administration.'®"* In the past few
decades, biodegradable polylactide-co-glycolide (PLGA), ap-
proved by the US Food and Drug Administration and European
Medicine Agency, has been extensively used to develop
sustained release nanoparticles to treat various diseases including
pulmonary diseases in animals '>~'” and humans. '®!?

Andrographolide (AG), a labdane diterpene lactone,”
attenuates ovalbumin (OVA) induced allergic asthma.>'~* But
poor water solubility,” and very short biological half-life in
gastrointestinal acidic and alkaline conditions due to its
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Abstract

Hepatocellular carcinoma (HCC) is one of the major causes of cancer related death globally. Apigenin, a dietary flavonoid, possesses anti-
tumor activity against HCC cells in-vitro. Development, physicochemical characterization of apigenin loaded nanoparticles (ApNp),
biodistribution pattern and pharmacokinetic parameters of apigenin upon intravenous administration of ApNp, and effect of ApNp treatment
in rats with HCC were investigated. Apigenin loaded nanoparticles had a sustained drug release pattern and successfully reached the hepatic
cancer cells in-vitro as well as in liver of carcinogenic animals. ApNp predominantly delayed the progress of HCC in chemical induced
hepatocarcinogenesis in rats. Quantification of apigenin by liquid chromatography—mass spectroscopy (LC-MS/MS) showed that apigenin
availability significantly increased in blood and liver upon ApNp treatment. Apigenin loaded nanoparticle delivery substantially controlled

the severity of hepatocellular carcinoma and could be a future hope for lingering the survival in hepatic cancer patients.

© 2018 Elsevier Inc. All rights reserved.

Key words: Apigenin nanoparticles; Hepatocellular carcinoma; Pharmacokinetics; Gamma scintigraphy; Histopathology; LC-MS/MS

Hepatocellular carcinoma (HCC) is one of the most common
malignant solid tumors with a very poor prognosis' and survival
rate” in humans and HCC-related death has been reported as the
second highest among the all cancer related deaths worldwide.?
Treatment of this life-threatening disease includes surgical (liver
resection and transplantation) and non-surgical (chemotherapy)
techniques.” Liver cirrhosis is the most common underlying
cause leading to HCC related deaths in patients.” Dietary
supplements along with the medicines are always under research
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to combat this serious health condition and improve patient-
compliance.® Drug resistance and drug-induced toxicity in
patients and often failure of early detection of HCC make it
very tough to get cure.” Dietary supplements have been reported
to improve the condition of HCC in patients as they possess anti-
proliferative and anti-tumor effect on malignancies including
HCC.® Apigenin is a dietary flavonoid found in various
vegetable sources such as parsley leaves, chamomile tea, celery,
kumgquats, dried Mexican oregano, peppermint, vinespinach
etc.” Tt has effective chemo-preservative and/or tumor-
suppressive activity'® against many kinds of carcinomas such
as prostate, oral, skin'!, colon, breast, lung, pancreatic, colo-
rectal” and hepatic cancer in-vitro.'? Many reports suggest that
apigenin induces apoptosis in liver cancer cells and may play a
vital role in the treatment of HCC. '*~'> Apigenin, after the oral
administration, is cleaved, absorbed and gets distributed inside
the gastrointestinal lumen, and thus, bioavailability of apigenin is
much less when administered orally. '® Further, free apigenin has
a very high level of protein binding (10,000 times more than the
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Abstract

The aim of this study was to investigate the improvement of solubility of a poorly water soluble drug tamoxifen citrate (TC) by various
methods such as cosolvency, micellisation, and complexation. Cosolvents (ethanol, polyethylene glycol-400), surfactants [polyoxyethylene sorbitan
monooleate (Tween-80), poloxamer-407 and poloxamer-188], and cyclodextrins [B-cyclodextrin (BCD) and hydroxypropyl-B-cyclodextrin
(HPBCD)] were used as solubilizing agents in this study. Solubility improvement approaches showed variable degrees of solubility improvement
of TC. Among the solubilizing agents used, the modified B-cyclodextrin was found to be the most effective. The solubility of TC was enhanced
to 6.31 mmolL? in water (about 7.1 fold solubility improvement) using 0.05% m/v hydroxy propyl-f-cyclodextrin. Different thermodynamic
parameters, enthalpy and entropy, were analyzed for solubility enhancement of TC with different cyclodextrins which showed enthalpy not the
entropy was the driving force for TC solubilisation. The less positive enthalpy of BCD complexation than HPBCD complexation signifies the higher
solubilising efficacy of HPBCD. Pharmacokinetic study was performed using HPBCD as solubility enhancer at its optimized concentration which
also resulted in improved bioavailability when compared to the bioavailability obtained with free tamoxifen.

Keywords: Tamoxifen citrate; Solubility; Cosolvent; Surfactant; Cyclodextrin; Pharmacokinetic

Introduction

Tamoxifen citrate (TC) is an antiestrogenic drug and
is first choice treatment of breast cancer in both pre- and
post-menopausal women. The antiestrogenic effects may be
related to its ability to compete with estrogen for binding
sites in target tissues such as breast [1]. Chemically, TC is
the isomer of a triphenylethylene derivative. The chemical
(Z) 2-[4-(1,2-diphenyl-1-butenyl) phenoxy]-N,N-
dimethylethanamine-2-hydorxy-1,2,3-propane tricarboxylate.
Following a single oral dose of 20 mg tamoxifen, an average
peak plasma concentration of 40 pug L'(range 35 to 45 ng ml
1) occurred in 4-7 h after dosing [2,3] and this indicates poor
bioavailability of the drug. Poorly water-soluble drugs often

name is

provide limited bioavailability if dissolution is the rate-limiting
step in overall oral absorption process [4]. Since TC is poorly
soluble in water (equilibrium solubility inwater at 37 °C is 0.5
mg ml™") [5], it is ,therefore, important to improve its solubility
to ameliorate its bioavailability [6].

Although there has been enormous amount of research
works performed using different techniques of solubilisation,

yet a comparative profile is very scarce. In this study, the
effect of different solubilisation approaches such as micellar
solubilisation, complexation by cyclodextrins and cosolvency on
the aqueous solubility of TC has been presented in a comparative
approach. An attempt has been made to provide an insight
into the mechanism of solubilisation of TC particularly by
complexation based on analysing thermodynamic parameters,
since complexation was found to be the most successful approach
among the methods tried.

Experimental
Materials

Poly (ethylene glycol) 400 (SRL Pvt. Ltd., Mumbai, India),
B-cyclodextrin (Hi Media Laboratories Pvt. Ltd., Mumbai,
India), tween-80 (S.d. Fine Chemical Limited, Mumbai, India),
absolute ethanol (Merck Ltd., Mumbai, India) were obtained
commercially. Hydroxypropyl-f-cyclodextrin, poloxamer-407,
poloxamer-188 were purchased from Sigma-Aldrich, Bengaluru,
India. TC (Khandelwal Laboratories Pvt. Ltd.,, Mumbai, India)
was a gift sample.
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CHAPTER 1

Hepatocellular Carcinoma: Diagnosis, Molecular
Pathogenesis, Biomarkers, and Conventional
Therapy
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Abstract: Hepatocellular carcinoma (HCC), the most common liver malignancy, has
been a significant cause of cancer-related deaths worldwide. Cirrhosis, hepatic viral
infections, fatty liver, and alcohol consumption are notable risk factors associated with
HCC. Furthermore, a crucial challenge in the therapeutic management of HCC patients
is the late-stage diagnosis, primarily due to the asymptomatic early stage. Despite the
availability of various preventive techniques, diagnoses, and several treatment options,
the mortality rate persists. Ongoing investigation on exploring molecular pathogenesis
of HCC and identifying different prognostic and diagnostic markers may intervene in
the conventional mode of treatment option for better therapeutic management of the
disease. Subsequently, tumor site and its size, extrahepatic spread, and liver function
are the underlying fundamental factors in treating treatment modality. The development
in both surgical and non-surgical methods has resulted in admirable benefits in the
survival rates. Understanding the mechanism(s) of tumor progression and the ability of
the tumor cells to develop resistance against drugs is extremely important for designing
future therapy concerning HCC. This chapter has accumulated the current literature and
provided a vivid description of HCC based on its classification, risk factors, stage-
based diagnosis systems, molecular pathogenesis, prognostic/diagnostic markers, and
the existing conventional treatment approaches.

Keywords: Cellular signaling pathway, Cirrhosis, HCC molecular pathogenesis,
HCC- prognostic/diagnostic markers, HCC risk factors, Hepatocellular carcinoma
(HCC), cell signaling during HCC development, Ongoing therapy against HCC,
Stage-based diagnosis, Tumor microenvironment.
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Abstract

Guar gum is a natural polymer possessing various unique features such as biodegradability,
biocompatibility, biosafety, etc. and it is widely used in various biomedical industries.
However, the native form of guar gum exhibits difficulties in formulating biomedical devices
due to its excessive swelling ability, instability, and likelihood of microbial contamination.
These drawbacks could be overcome by tailoring the functional groups of guar gum to
accomplish its derivatives with improved physicochemical properties. The various
derivatizations of guar gum include cross-linking, carboxymethylation, amination, and
grafting with other natural, synthetic, or semisynthetic polymers. Recently, various
modified forms of guar gum are exploited to develop an array of nanomaterials for
biomedical applications. In this book chapter, we have summarized the source and
physicochemical properties of guar gum, its modification approaches, and its utilization in
nanomaterial fabrication for drug delivery and biomedical applications. The limitations and
future scopes of such nanomaterials are also discussed.
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Abstract

Systemic fungal infection in pulmonary tissue and viral infections affecting peripheral nerve claim
millions of lives every year. The inability of therapeutics to reach the diseased sites at an optimum
concentration, lack of patient-friendly delivery strategies, and inability of delivery strategies to
penetrate and/or release the therapeutic payload at the diseased sites, keeping the normal cells
unaffected, are some of the reasons which demand alternative or other methods to successfully
deliver drug to affected sites. Since the end of the last century, a novel drug delivery system (drug-
nanocarrier system) has reached a new benchmark with the application of nanomedicine in the
treatment of fatal metabolic disorders and infectious diseases. Despite its ability to increase
permeability and penetrability to cells/tissues/organs, its uncontrolled biodistribution may cause
cytotoxicity to nontargeted cells, resulting in improper therapeutic management. Therefore,
ligand-based active targeting strategies are most popularly exploited by researchers around the
world to develop site-specific targeting of diseased sites. A plethora of site-specific nanomedicines
has been developed on the laboratory scale based on conventional active targeting strategies with
ligands. Even after a lot of sincere efforts, the translation of laboratory to clinic is very limited due
to toxicity, stability, and the nonspecific nature of ligands. Therefore, certain nonconventional
approaches of targeting therapeutics, such as gene-silencing technology, management of glioma
by incorporation of brain-mimicking lipid in nanoliposomal formulations, chemical-mediated
nanoliposomal formulations specifically targeted to peripheral nervous systems (PNS), and
innovation of novel delivery devices, offer significant promise for effective therapeutic
management. This chapter focuses on the pros and cons and future prospects of various
conventional and nonconventional approaches of drug targeting with an insight to develop
powerful therapeutic weapons for effective therapeutic management of deadly diseases.
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Abstract

The emergence of new technologies provides unique opportunities to exploit
novel approaches in drug delivery. Transdermal drug delivery systems (TDDS)
are one of the imperative technologies of increasing interest with the benefits of
sustained/controlled drug delivery leading to patient convenience and compli-
ance. By definition, TDDS are topically administered medications, for example,
patches or semisolids, which permeate the active ingredient through the intact
skin for systemic effects in a sustained manner. Transdermal drug deliveries,
therefore, are the noninvasive administration of active ingredients from the skin
surface across its layers, to the systemic circulation. Nanomedicinal approaches
through TDDS can be utilized for site-specific delivery of drugs which can lead to
the reduction of dose, too. We have reported here TDDS providing
nanomedicinal strategies to deliver drug(s) to the target tissues.

Keywords

Skin - Transdermal delivery - Nanomedicine - Dose - Site-specific delivery

8.1 Introduction

Skin, being the largest organ of our body, protects us as a physiological barrier from
different infections, environmental stress, such as heat or cold, and permeates the
sensation with the help of nerve endings residing beneath the skin. Certain active
ingredients having the potency to cross this physiological barrier can even reach the
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ABSTRACT

Genetic disease is characterized as an ailment due to a defect in an individual’s genome,
chromosomal abnormalities, and gene mutations. A successful therapeutic and diagnostic
intervention on genetic diseases has been unrevealed predominately, and it demands
technological development. Nanomedicine is a boon in various fields of medical
applications from the development of diagnostic devices, contrast agents, in vivo imaging,
analytical tools to drug delivery vehicles. Versatilities of nanomedicines owing to the
dimension, biocompatibility, and manipulating capability to achieve successful delivery at
the targeted site of action and their lower toxicity have made this field a technological
revolution to combat different unmet needs in health. This is a possible alternative for
combating chronic genetic disorders by targeting a particular gene(s) or tissue or cell,
which creates a pathological state. Thus, nanomedicine could be a potential therapeutic
tool to treat different genetic pathological conditions, such as diabetes, heart diseases,
lysosomal storage disorders, Alzheimer’s disease, cystic fibrosis, etc. In this chapter, we
will discuss several strategies to manipulate or knock down the expression of the lethal
gene(s) specifically responsible for some of such diseases. Here we mainly focus on
diseases 104such as cancer and its fate while manipulating genetic alteration by the
nanomedicinal strike.
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