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Abstract

Dendrimers have gained much attention in the recent years for their unique architecture
and feasibility of surface modification to cater various functions in drug delivery. They
have been successfully explored for delivery of poorly soluble anti-cancer molecules to
different types of cancers. The purpose of the present research is to study the delivery
potential of dendrimers in targeting anti-cancer agents specifically to tumors by
utilizing various benefits they offer in improving the biopharmaceutical properties of
the drugs. The current thesis focuses on the delivery of paclitaxel (PTX), a poorly
soluble chemotherapeutic agent to cancer cells utilizing Generation 4 (G4)

poly(amidoamine) (PAMAM) dendrimers as delivery system.

First, a-tocopheryl succinate (a-TOS) was conjugated to the surface amino groups of
generation 4.0 PAMAM dendrimer via acid/amine coupling reaction to yield G4-TOS.
Polyethylene glycol was conjugated to the terminated amines of the G4-TOS conjugate
to improve the long circulation in the body and reduce the toxicity of positively charged
dendrimers. Another conjugate G4-poly (ethylene glycol)PEG was also prepared to
assess the therapeutic potential of PTX. PTX was loaded physically into both the
synthesized dendrimer conjugates a-TOS anchored PEGylated G4 PAMAM dendrimer
(G4-TOS-PEG) and PEGylated G4 PAMAM dendrimer (G4-PEG) to yield PTX loaded
a-TOS anchored PEGylated G4 PAMAM dendrimer (G4-TOS-PEG-PTX) and PTX
loaded PEGylated G4 PAMAM dendrimer (G4-PEG-PTX) respectively. The newly
synthesized dendrimers nano-conjugates were characterized by proton nuclear
magnetic resonance (NMR), gel permeation chromatography (GPC), dynamic light
scattering and in-vitro release measurements to confirm the construction of conjugates.

From the GPC results, it was observed that there were 3.47 molecules of TOS and 8.044
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molecules of PEG that were attached on each PAMAM dendrimer molecule. The
hemolytic assay of the developed conjugates revealed that the PEGylated dendrimers
were non-toxic to the cells and a-TOS attachment did not cause any toxicity. The
synthesized nano-conjugates were assessed in murine melanoma cancer cells (B16F10)
and human breast adenocarcinoma cells (MDA MB231) in cell monolayers and 3D
multicellular spheroids well. The a-TOS anchored nano-conjugate G4-TOS-PEG was
internalized significantly into the cancer cells as evaluated by microscopy and flow
cytometry experiments. The anti-cancer activity of PTX was significantly enhanced
when loaded into the G4-TOS-PEG compared to free PTX. Attachment of a-TOS
further improved the delivery of PTX to cancer cells due to solubilization of PTX into
dendrimer cavity and anticancer activity of a-TOS. The studies in multi-layered 3D
spheroids clearly showed the benefit of attaching a-TOS to the surface of dendrimers
which improved the penetration into 3D spheroids thereby accumulating the more
amount of drug into cancer cells. Further, the in vivo efficacy study using B16F10
xenografted C57BI6/J mice indicated that the G4-TOS-PEG localized in tumor
sections. G4-TOS-PEG-PTX reduced the tumor growth significantly compared to free
PTX and G4-PEG-PTX. G4-TOS-PEG-PTX had more apoptotic potential in tumor
sections as analyzed by terminal deoxynucleotidyl transferase dUTP nick end labelling

(TUNEL) assay.

In the next study, active targeting strategy was employed to deliver the drug into the
cancer cells only. Transferrin (Tf), a human serum glycoprotein of molecular weight 80
KDa serves as a cargo for iron and receptor of which are overexpressed in cancer cells
was conjugated over the surface of synthesized dendrimer nano-conjugate to yield Tf
conjugated a-TOS anchored PEGylated G4 PAMAM dendrimer (G4-TOS-PEG-TY).

The PTX was loaded physically into the synthesized dendrimer conjugate G4-TOS-
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PEG-Tf to yield PTX loaded Tf conjugated a-TOS anchored PEGylated G4 PAMAM
dendrimer (G4-TOS-PEG-Tf-PTX). The transferrin targeted and non-targeted
conjugates were evaluated in vitro in human cervical cancer cells (HeLa) which
overexpress transferrin receptors abundantly. The size exclusion chromatography
(SEC) results showed that 3.67 molecules of TOS, 7.27 molecules of maleimide PEG
and 4.19 molecules of Tf were conjugated to each G4 PAMAM dendrimer. Transferrin
saturation studies in HeLa cell lines were carried out to evaluate the uptake pathway of
transferrin anchored dendrimer nano-conjugate into cells. It was observed that the
Transferrin anchored dendrimer conjugate was found to internalize actively via the
transferrin receptors. The G4-TOS-PEG-Tf-PTX revealed the highest cytotoxicity and
penetration in cell monolayers as well as 3D spheroids in comparison to G4-TOS-PEG-

PTX and free drug.

Third, Vitamin-E-succinate (VES) was conjugated to the surface amino groups of
generation 4.0 PAMAM dendrimer (D) via acid/amine coupling reaction to yield VES
anchored G4 PAMAM dendrimer (VES-D). Further, the Polyethylene glycol (P) was
conjugated to the terminated amines of the VES-D conjugate to improve the long
circulation in the body and reduce the toxicity of positively charged dendrimers. The
VES anchored PEGylated G4 PAMAM dendrimer (VES-PD) conjugate was anchored
with a cell penetrating peptide octa-arginine (R) to yield (RVES-PD) to improve the
penetration of conjugate (VES-PD) into the cancer cells. The PTX was loaded
physically into the synthesized dendrimer conjugate RVES-PD to yield RVES-PD-

PTX.

The newly synthesized dendrimers nano-conjugates were characterized by proton
NMR, gel permeation chromatography (GPC), dynamic light scattering and in-vitro
release measurements to confirm the construction of conjugates. From the GPC results,

viii



it was found that 3.41 molecules of VES, 8.07 molecules of PEG and 2.40 molecules
of octa-arginine were conjugated on each dendrimer molecule. The synthesized nano-
conjugates were assessed in murine melanoma cancer cells (B16F10) and human lung
carcinoma cells (A549) in cell monolayers and 3D multicellular spheroids well. The
octa-arginine anchored nano-conjugate RVES-PD was internalized significantly into
the cancer cells as evaluated by microscopy and flow cytometry experiments. The anti-
cancer activity of PTX was significantly enhanced when loaded into the RVES-PD
compared to free PTX. Attachment of VES and octa-arginine further improved the
delivery of PTX to cancer cells due to solubilization of PTX into dendrimer cavity and
anticancer activity of VES as well as attachment of cell penetrating peptide octa-
arginine. The studies in multi-layered 3D spheroids clearly showed the benefit of
attaching VES and octa-arginine to the surface of dendrimers which improved the
penetration into 3D spheroids thereby accumulating the more amount of drug into
cancer cells. Further, the in vivo efficacy study using B16F10 xenografted C57BI16/J
mice indicated that the RVES-PD localized in tumor sections. RVES-PD-PTX reduced
the tumor growth significantly compared to free PTX and VES-PD-PTX. RVES-PD-

PTX had more apoptotic potential in tumor sections as analyzed by TUNEL assay.

Altogether, these studies concluded the ability of multifunctional PAMAM dendrimer
system in efficiently delivering PTX to cancer cells thereby improving the cytotoxic
potential. Therefore, the newly developed PAMAM dendrimer-based drug delivery

system is promising approach to deliver chemotherapeutics to cancer clinically.
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1.1 Cancer

Cancer is the malignant and autonomous progress of cells which is induced by
epigenetic and genetic mutations thereby escaping normal cell cycle (Rubin, Strayer,
and Rubin 2008). The millions of people are killed every year due to cancer disease
irrespective of age, gender and origin. The normal cells are transformed to cancer cells
due to external stimulus by damaging DNA in the normal cells e.g. certain carcinogens
like ultraviolet light, cigarette, tobacco, food contaminants, water pollutants, certain
viral/bacterial infections, or genetic mutations (Rubin, Strayer, and Rubin 2008, Nair,
Varghese, and Swaminathan 2005). Lifestyle related factors like excessive alcohol use,
unhealthy diet, and physical inactivity also pose considerable risk of developing cancer

(Ingole, Kakde, and Bonde 2016).

Cancer is the first or second leading cause of premature death in 134 of 183 countries
in the world (Ferlay et al. 2019). In 2018, there were an estimated 18.1 million new
cases and 9.6 million deaths from cancer. Cancer will develop in one in five people
before they reach the age of 75 (Organization 2020). The cancer statistics in world is

reported has been below.
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Figure 1.1. Global burden of cancer (Organization 2020)
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Incident cases male
Lung 1368 524 14.5% :
Prostate 1276106 13.5%
Colorectum 1026215 10.9% (]
Stomach 683 754 T2%
Liver 596 574 6.3%
Bladder 424082 4£.5%
Cesophagus 399699 4£.2%
MNon-Hodgkin kymphoma 284713 3%
Kidney 254 507 27%
Leukasmia 249 454 26%
Other cancers 2852730 30.6%
Total Cases 9 456 418 100%

Figure 1.2. Estimated global burden of cancer in male in 2018 (Organization 2020).

Incident cases Female

Breast 2088849 24.2%
Colorectum B23 303 9.5%

Lung 725352 8.4% ®

Cenvix uteri 569 847 6.6% ®

Thyroid 436344 51% (]

Corpus uteri 382 069 4 4% L
Stomach 349947 4£1%
COwvary 295414 3.4%
Liver 244 506 2.8%
Non-Hodgkin lymphoma 224877 2.6%
Other cancers 2482031 28.8%
Total Cases 8 539 100%

Figure 1.3. Estimated global burden of cancer in female in 2018 (Organization 2020).
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Figure 1.4. Cancer statistics in India according to WHO cancer country profiles 2020

(https://www.who.int/cancer/country-profiles/IND 2020.pdf?ua=1).

The normal cells in the human body are developed and divide to form new cells as per
the need of the human body (Sherwood 2015). As time goes, the normal cells die or
become damaged, and those old cells are replaced by new cells formed as a general
mechanism whenever it is necessary in a healthy human being. Sometimes the normal
cells may start growing uncontrollably due to fault in cell to cell communication which
leads to irregularities in the cell growth. These abnormalities make the old or damaged
cells continue to live which resulted the formation of tumor. They spread in the whole
human body to places where they do not belong due to loss of ability to distinguish their
own boundaries. The division of the cells is controlled and functioned by the nucleus
which contains the genetic material deoxyribonucleic acid (DNA), a blueprint for
everything the cell does, depending on the body’s need (O’Connor, Adams, and

Fairman 2010).


https://www.who.int/cancer/country-profiles/IND_2020.pdf?ua=1
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The structural proteins are synthesized by certain genes whereas some other genes
direct the cell to form hormones, growth factors or cytokines, which travel outside the
cell and start signal transmission with other cells. The regulatory proteins is synthesized
by some genes which control the function of proteins or convey other genes when to
turn "on" or "off." (Griffiths et al. 2005).

In the mitosis, the cells divide from parent to daughter cells, a event is called cell cycle.
The cell cycle consists of mitosis phase (M phase) and a synthetic phase called S Phase.
DNA is synthesized during S phase. Between M phase and S phase is G1 phase where
RNA, proteins, and enzymes needed for DNA synthesis in S phase are produced. After
S phase is the G2 phase which prepares the cell for M phase. GO phase is the resting
phase where the non-dividing cells fall. The normal cells are divided according to this
process of cell cycle (Hartwell and Weinert 1989).

1.2 Cell biology of cancer disease

The 90% of all cancers induced due to damage in DNA which causes genetic mutations
occur in somatic cells arbitrarily, or by exposure to certain carcinogens such as
ultraviolet light, cigarette, tobacco, food contaminants, water pollutants, certain
viral/bacterial infections like human papilloma virus (HPV) (Siegel, Naishadham, and
Jemal 2012, Curiel and Douglas 2007). The remaining 10% of cancers are induced by
heredity from the family history such as breast cancer 1 (BRCAL), breast cancer 2
(BRCAZ2) (Walsh and King 2007), or adenomatous polyposis coli (APC) for familial

adenomatous polyposis colorectal cancers (Curiel and Douglas 2007).

Cancer is induced by the genetic mutations like inactivation tumour suppressor genes
or activation of oncogenes (Rubin, Strayer, and Rubin 2008, Walsh and King 2007).
The genetic mutations include frameshift mutations (change in reading frame),

missense mutations (change in amino acid sequences), or non-sense mutations
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(truncated proteins) which affect functions of other proteins responsible for the DNA
damage repair, cell functions, cell cycle and apoptosis such as p53 (Walsh and King
2007, Muyrers-Chen and Paro 2001). This irregularities is the major cause for cancer
developed due to gene mutations (Rubin, Strayer, and Rubin 2008, Walsh and King
2007, Muyrers-Chen and Paro 2001). Hence, there are some hallmarks of cancer which
shows typical characteristics of cancer which are not seen in healthy human beings
(Rubin, Strayer, and Rubin 2008, Walsh and King 2007, Verma, Agarwal, and Verma
2014, Hanahan and Weinberg 2011). These are as follows:

= Loss of contact through abnormal cell adhesion.

= [Irregularities in cell cycle and apoptosis

= Augmented response to growth inducing agents by altering the transmission of

growth regulating signals.

= Weakness in immune defence.

= [|rregularities in angiogenesis.
Cancer due to epigenetic inheritance is developed by the non-encoded genes in the
primary sequence of the DNA, or changes in histone acetylation, histone methylation
and DNA methylation (Muyrers-Chen and Paro 2001, Verma, Agarwal, and Verma
2014, Phillips 2008). Sometimes chronic inflammation (i.e. Crohn’s disease, hepatitis,
cystitis) also cause cancer (about 15-25%) by providing the right environment to
growth factors, DNA-damaging agents like oxidative stress which promote the

exaggerated proliferation (Eiré and Vizoso 2012, Kawasaki and Abe 2012).



CHAPTER 1

1.3 Biological hallmarks for cancer and their therapeutic targeting
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Figure 1.5. The biological hallmarks of cancer (Hanahan and Weinberg 2011).
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Figure 1.6. Therapeutic targeting of the hallmarks of cancer (Hanahan and Weinberg 2011)

Hanahan et al. has identified the hallmarks acquired at different stages in the cancer

which has distinct characteristics for each type of human cancers like carcinoma,
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sarcoma, myeloma, leukemia, lymphoma and mixed types (Hanahan and Weinberg
2011). The six hallmarks of cancer are sustaining proliferative signaling, evading
growth suppressors, resisting cell death, enabling replicative immortality, inducing
angiogenesis, and activating invasion and metastasis.

The anti-cancer drugs targeting hallmarks have been developed which interfere with all
six hallmarks, and including genome instability and tumor-promoting inflammatory
markers. Some of these chemotherapeutic drugs are in clinic, some are being tested in
the clinical trials while others are being tested pre-clinically. Eventually, the
development of resistance during cancer treatment with these hallmark targeting drugs
is apparent and co-targeting of multiple hallmarks with chemotherapeutics may prevent
the emergence of drug resistance clinically and preclinically (Hanahan 2014).

1.4 Cancer treatments

The suitable cancer treatments which include chemotherapy, radiotherapy and surgery,
are given to the patients depending on the type and stage of cancer as well as age and
gender of the human being. The chemotherapy and radiotherapy are commonly used
cancer treatments, often given in combinations followed by surgery (Urruticoechea et
al. 2010). But, these commonly used cancer treatments have several drawbacks like
poor prognosis and severe side effects. Hence, there is a need to develop better
treatments to improve the current outcomes.

1.4.1 Chemotherapy

Chemotherapy is the most commonly used cancer treatment which consists of several
hormones, targeted immunotherapy or most commonly used cytotoxic drugs. The
cytotoxic drugs categorized based on the mechanism of action are: alkylating agents
(cyclophosphamide, ifosfamide, dacarbazine, carmustine, lomustine), antimetabolites

(Folate antagonists, purine analogues), natural products and microtubule inhibitors.
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Taxanes (paclitaxel, docetaxel, and cabazitaxel), and vinca alkaloids (vincristine,
vinblastine, vinorelbine) act on the spindle apparatus during cell division. These drugs
can be given before surgery to reduce the tumour size or adjuvantly after surgery to
inhibit metastasis, or in the combination with radiotherapy or hormonal therapy
(Huitink and Teoh 2013). The cytotoxic drugs act rapidly on dividing cells but they are
not able to distinguish between cancer cells and healthy labile cells like bone marrow
cells, gastric mucosa lining, and skin cells (Huitink and Teoh 2013, Urruticoechea et
al. 2010, Galmarini, Galmarini, and Galmarini 2012). These drugs are given at the
maximum tolerated dose (MTD) resulting in dose limiting toxicity in the healthy cell
also. Moreover, these drugs cause myelosuppression, nausea, vomiting, mucositis and
alopecia (Frishman et al. 1997). Furthermore, these anti-cancer agents such as
anthracyclines cause damage to permanent tissues like heart, kidneys and brain. The
cyclophosphamide and ifosfamide cause cardiac failure and life-threatening
arrhythmias at high doses (Frishman et al. 1997). The doxorubicin and
cyclophosphamide cause neurocognitive deficits such as impaired learning, attention,
memory and information processing speed in approx. 40% breast cancer treated patients
(Monje and Dietrich 2012, Jansen et al. 2008). Consequently, due to these side effects,
survival rate of patients falls with the chemotherapy which limits its application in clinic
(Galmarini, Galmarini, and Galmarini 2012).

1.4.2 Radiation and surgery

Radiation therapy is rarely given alone, and often is given in combination with
chemotherapy to treat approximately 60% of all cancers, or post-surgery to remove any
malignant cells post-surgery (Huitink and Teoh 2013, Urruticoechea et al. 2010).
lonizing radiation is applied to induce DNA damage in malignant cells which cause

programmed cell death and reduce tumour size. Though, the patients suffer severe side



CHAPTER 1

effects in normal tissue after radiation therapy resulting in failure to treat the cancer
leads to poor prognosis (Mayer et al. 2011).

Surgical treatments are frequently used in the treatment of breast cancer (lumpectomy),
ovarian cancer, some intestinal cancers, and lung cancers (pneumonectomy). But these
procedures cause other morbidities like psychological problems and deprived quality
of life. The pain is induced after mastectomy in 25% of women which cause depression
social isolation, anxiety and low self-esteem (Miaskowski et al. 2012, Enache 2012).
1.4.3 Limitations of conventional cancer treatments

The current cancer treatments have some drawbacks although the cytotoxic drugs are
being used alone or in combinations.

Poor solubility in water and biological fluid: More than 90% of the anti-cancer agents
are poorly water soluble and necessitate some toxic solvents in formulations. These
chemotherapeutic agents suffer from low bioavailability problems and needs dosing
frequently to achieve minimum effective therapeutic concentrations in blood.
Intravenous dosage forms require the active agents in solubilized form in aqueous
media to stay in the biological system. For example, Paclitaxel (PTX), a highly potent
anti-cancer agent has poor solubility of less than 0.5 mg/L (Kakde et al. 2011). Hence,
Taxol ® was developed to solubilize the PTX in Cremophor EL (castor oil derivative)
and dehydrated alcohol to be administered intravenously which causes serious toxicities
to heart, kidney, brain, hypersensitivity, systemic toxicity, and peripheral neuropathy
(Rowinsky et al. 1993). Moreover, when the drug is solubilized in the surfactants in the
formulations, it may get precipitated in vivo, due to their high critical micelle
concentration in biological fluids.

Non-specific toxic effect: When conventional anticancer agents are administered by

intravenous route, they go into the blood circulation and reaches to the cancer cells and
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normal cells well. These agents have broad biodistribution profile and show non-
specific toxicities resulting in serious side effects such as bone marrow depression,
systemic toxicity, alopecia, anaemia, weight loss, nausea, diarrhoea, infertility,
cardiovascular toxicity, vomiting etc. Also, the cells develop drug resistance to these
single agent therapies over the period of time (Stortecky and Suter 2010). The absence
of selective mechanism of action is a noticeable drawback of conventional
chemotherapy.

Internalization by reticuloendothelial system (RES): The rapid clearance of
hydrophobic drugs from systemic circulation is major drawback due to presence of
macrophages and monocytes in the reticular connective tissue (ex: liver, spleen)
compose the reticuloendothelial system (Kakde et al. 2011). They eliminate the foreign
particles and pathogens from the circulation by phagocytosis mechanism. Most of the
anti-cancer agents are lipophilic in nature and they get engulfed by the RES which
results in rapid clearance of drug from the systemic circulation. Hence, very high drug
concentrations need to be administered to reach the therapeutic concentrations at the
target site and elicit the good response. RES uptake is influenced by the lipophilicity of
the delivery system, particle size and surface charge.

Drug resistance (MDR): The cancers cells become resistant to the drugs over the period
of time and it is the major drawback associated with conventional chemotherapy. The
over-expression of P-glycoprotein (P-gp), a the major efflux protein of the family of
ATP binding cassette (ABC) transporters, in the resistance cells effluxes the drugs out
of the cell obstructing intracellular accumulation of therapeutic agents (Kakde et al.
2011, Chidambaram, Manavalan, and Kathiresan 2011).

Poor vascularization: Tumor environment decreases the drug accumulation to the entire

cancer tissue due to poor vascularization leading to low therapeutic efficacy of drugs in

10



CHAPTER 1

cancer cells. Some of the basic drugs get ionized in the acidic environment of the tumor
which prevents their movement across the cell membrane. High interstitial pressure and
low microvascular pressure may also holdback the extravasation of drug molecules.
Apart from the drug efflux pumps, cancer cells also show drug resistance by decreasing
the uptake of drug, increasing the drug metabolism, altering the drug targets, impair

apoptotic pathways and cell cycle checkpoints (Bar-Zeev, Livney, and Assaraf 2017).

The ideal cancer chemotherapy involves the delivery of the right amount of drugs in a
controlled manner for the suitable time period to the tumor to achieve the desired
therapeutic response and cause no damage to the normal cells. To accomplish this
objective, the delivery systems should be designed in such a way that it should hold
required amount of chemotherapeutic agent and it should eliminate the drawback of
poor bioavailability, unfavourable biodistribution, rapid clearance, non-specific
toxicities, and drug resistance. Hence, the drug delivery system should be able to remain
in the systemic circulation for longer period of time, with tumor specificity, more drug
accumulation in tumor, and modified drug release, providing the maximum therapeutic
efficacy of the chemotherapeutic agents.

1.5 Nanoparticulate drug delivery system

Pharmaceutical nanotechnology is a developing branch in pharmaceutical and
biomedical sciences. It involves the applications of nanotechnology to pharmaceuticals
and biopharmaceuticals as nanomaterials for drug delivery, diagnostic, imaging, and
biosensors as an alternative to conventional dosage form. Nanoparticulate drug delivery
system is powerful tool which provided more fine-tuned diagnosis and focused
treatments for various diseases such as cancer, diabetes mellitus, neurodegenerative

diseases, detecting the microorganisms and viruses at a molecular level. It is anticipated
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that the pharmaceutical market will be flooded with nanotechnology-based medicine
called nanomedicine in next 10 years (Rana and Sharma 2019).

The nanocarriers allows the materials to carry, bind, or absorb a variety of drugs,
genetic material, peptides and, diagnostic agents with great efficacy due to their
nanometer size (1-1000 nm) and high surface to volume ratio which discriminate
nanomaterials from other conventional materials. The nanomedicine are capable of
improving the solubility of poorly soluble drugs, and improving the bioavailability of
poorly absorbed drugs in the human body (Senapati et al. 2018, Chavda 2019).

The nanocarriers discovered in the cancer chemotherapy can be categorized into
targeted and non-targeted nanocarriers. Liposomes, polymeric nanoparticles,
nanocrystals, dendrimers, polymeric micelles, albumin bound nanoparticles, metal
nanoparticles, and polymer-drug conjugates are some of the widely explored nano
systems for delivery of chemotherapeutic agents (Peer et al. 2007).

The drug is either covalently conjugated to the system or it can be entrapped physically
in the delivery system to provide the drug release in controlled manner. The drug
degradation, first pass metabolism and precipitation in the biological system can be
prevented by entrapping the drugs inside the nanocarriers leading to improved

bioavailability (Bobo et al. 2016).

12



- CHAPTER 1

4 %
vﬂ‘:’::o “/\' " ~e

Polymeric Dendrimer Polymeric-Drug Biological Antibody Coated Liposome
Nanoparticles Conjugate Nanoparticles

\ ¢ '{:2
é;’ :\\:‘ Y ",i:, \\.\igrf,;

Y\’L‘ LN} i B N man, X
s v~ 2% )~ o o° J e N
. '
o VWV \'\.\‘ A/f:) ° 4 & (’\1
Fa / j 5 j \ SN
Polymeric Miccelle Hybrid Nanoparticles Liposome Inorganic (iron, silica,
or quantum dot core)
Hydraphabic Polyrmer Lipid
- Targeting Ligand
Hydrophilic Palymer v
il yerop 4 #®  Therapautic Load

Figure 1.7. Most commonly used nanoparticles for drug delivery (Cerqueira et al. 2015)

In 1960, the liposome was developed as first nanocarriers by encapsulating the
chemotherapeutic drug doxorubicin to treat various cancers (Farokhzad and Langer
2009). As research progressed over the period of time, the various nanocarriers have
been investigated for the delivery of anti-cancer agents due to their capability of
improving the solubility and stability of lipophilic drugs, reducing the non-specific
uptake in the body, improving circulation time in blood, reducing undesirable side

effects, improving cellular association, and effective targeting to tumors.
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| Name | Nanosystems | Active component

Myocet™ Liposomal Doxorubicin Breast cancer Elan
Pharmaceuticals
Abraxane Albumin bound Paclitaxel Metastatic breast Abraxis Bioscience
cancer
Doxil PEGylated Doxorubicin Ovarian cancer Ortho Biotech
liposomal
Eligard Biodegradable Leuprolide acetate Prostate cancer Sanofi
polymer
Caelyx PEGylated Doxorubicin Kaposi’s sarcoma Schering Plough
liposomal
DaunoXome PEGylated Daunorubicin Kaposi’s sarcoma Diatos
liposomal
Genexol-PM Polymeric micelles Paclitaxel Breast and lung Samyang
cancer Biopharmaceuticals
Oncaspar Polymeric micelles L-asparaginase Lymphoblastic Sigma-Tau
leukaemia Pharmaceuticals

Table 1.1. Currently FDA and EMA approved nano-systems (Cerqueira et al. 2015).

The nanocarriers offer following advantages:
= Improvement in the therapeutic index of encapsulated drugs encapsulated in
compared to their conventional dosage forms.
= Augmenting the drug efficacy by sustaining the steady state therapeutic
concentrations over a period of time.
= Capable of escaping the phagocytosis by RES with the help of surface
modification with polymers such as polyethylene glycol.
= Potential to conjugate a variety of ligands/drugs which can actively target the
receptors overexpressed in the cell.
= Capability of accumulating in the tumor tissue passively by enhanced
permeation and retention (EPR) effect due to the nano size.
1.6 Targeted drug delivery systems (TDDS)
Conventional dosage forms for tumor treatment are usually administered through
intravenous injection or oral route. Though, the drug molecules will be distributed
systemically after entering into the systemic circulation, they are rapidly eliminated

from the body leading to poor bioavailability of drugs and unwanted toxic side effects.
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Hence, a typical strategy to overcome these issues is the surface functionalization of
nanocarriers or drugs by proteins, nucleic acids, enzymes, receptors and other
functional biological molecules to effectively reach tumor sites in a highly selective
manner. So the design of functional DDSs needs to specifically deliver the drug to target
sites (Torchilin 2006, Breunig, Bauer, and Gopferich 2008, Bae and Park 2011). The
targeting of drugs can be divided into two major categories in general: passive targeting
and active targeting (Koo et al. 2011).

1.6.1 Passive tumor targeting
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Figure 1.8. Schematic representation of the passively targeting DDS and the influence of nanoparticles
for EPR. Nanoparticles passively extravasate though the leaky vasculature and accumulate in tumors due
to the damaged lymphatic drainage (Dai et al. 2016).

Most solid tumors have unique pathophysiological characteristics such as augmented
angiogenesis, defective vascular architecture, limited lymphatic drainage, and
increased production of a number of permeability mediators (Maeda et al. 2000, Petrova
et al. 2004). Hence, the passive targeting to the solid tumor majorly depends on the
enhanced permeation and retention (EPR) effect that has been unanimously observed

in solid tumors (Greish 2012). Matsumara et al. discovered the EPR effect in 1986 and
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was considered as ‘‘a crucial step’’ by the researchers (Torchilin 2011). Moreover, the
rapid vascularization allows the external nutrients and oxygen which are important for
rapid tumor growth. The defects in the tumor blood vessels allow to extravasate the

large molecules and nanocarriers and enhances their retention in the tumor.

In addition, high interstitial fluid pressure and impaired lymphatic drainage in the tumor
environment governs the passive targeting by the size of nanocarriers/macromolecular
drugs preferably with suitable size around 100 nm by accumulating the higher amount
of drug in the tumor (Dai et al. 2016). The nanoparticles with size around 100 nm
facilitate the leakage from defective tumor vessels, avoid kidney filtration and evade

the capture by RES (Qiu et al. 2010, Chithrani, Ghazani, and Chan 2006).

Moreover, the surface charges of the nanocarriers also influence the phagocytic uptake
by RES. For example, negatively charged/neutral nanoparticles have arbitrary effect on
the systemic clearance (Bertrand et al. 2014) but positively charged nanoparticles are
up taken more rapidly compared to other charged particles due to the electrostatic
interactions with negatively charged cell membrane (Thorek and Tsourkas 2008, Wang
et al. 2010). Hence, the EPR effect offers a great opportunity for targeting of lipid or
polymer conjugated anticancer drugs/nanocarriers to the tumor tissues (Figure 8).

1.6.2 Active tumor targeting
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Figure 1.9. Schematic representation of the actively targeting DDS. Targeting ligands grafted on the
surface of nanocarriers bind to receptors overexpressed by tumor cells and facilitate internalization via
receptormediated endocytosis. Target receptor/sites mainly exist on the tumor (1) cytomembrane, (2)
endo/lysosome, (3) endoplasmic reticulum, (4) mitochondria and (5) nucleus. Intracellular drug release
is triggered by special stimuli (Dai et al. 2016).

The surface of nanocarriers are capable for modification by attaching specific ligands
or antibodies which is called active targeting or ligand-mediated targeting. This
targeting approach can enhance the uptake of nanocarriers in tumors and improve the
therapeutic efficacy of the anticancer agents in the tumor sites. In addition, it could also
reduce the unwanted side effects and toxicities because the ligand mediated
nanocarriers bind specifically to the over-expressed receptors in tumors (Figure 9).
Some of the widely used ligands for active targeting of nanocarriers include transferrin,
folic acid, biotin, hyaluronic acid, lactoferrin, angiopep, cyclic RGD peptide etc.

The antitumor efficacy of cytotoxic drugs could be enhanced by developing the smart
nanocarriers which effectively deliver the chemotherapeutic drugs to the cytoplasm in
response to various endogenous (pH, redox, etc.) and exogenous (temperature, light,
ultrasound, magnetic, etc.) stimuli. Hence, the actively targeted nano systems has

gained more attention and they have shown better performance than non-targeted nano
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systems in terms of enhanced cytotoxicity to tumor cells and the elimination of side
effects.

1.7 Intracellular targeting

The chemotherapeutic agents are localized in the particular targets in the intracellular
compartments (cytosol, mitochondria or nuclei) thereby reaching the targets through
diffusion which depends on biological forces responsible for the cell penetration. These
vectors provide improved delivery of chemotherapeutic drugs to these subcellular
compartments thereby leading to enhanced specificity and efficacy, with lesser toxicity
(Pandya and Debinski 2012). One such approach of intracellular targeting to specific

organelles can be achieved by special class of peptides called cell penetrating peptides.

Some carriers enter into endo/lysosomes and release the drugs or escape into the cytosol
and then release the drugs. The released drug molecules have to translocate from the
cytosol to the nucleus. This cytosol-targeted drug delivery followed by drug nuclear
localization is achieved by increasing cytosolic drug concentration to facilitate the drug
nuclear accumulation (Minotti et al. 2004).

Attaching nanocarriers with biorecognized molecules such as ligands whose receptors
are overexpressed on tumor cell surface leads to receptor-mediated endocytosis and
thus promote their cellular uptake. Such ligands including folic acid (FR), peptides,
antibodies, transferrin (Tf), interleukin 13, epidermal growth factor (EGFR) and
transforming growth factor-a and some other moieties have been shown to contribute
to nuclear delivery of various chemotherapeutic drugs (Zaki and Tirelli 2010, Yoon et
al. 2011).

Generally, nanocarriers are internalized by receptor-mediated endocytosis, become
entrapped in endosomes, and eventually encounter late endosomes and lysosomes

where active degradation of the nanoparticles and drugs takes place. The pH of early
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endosomes is typically near 6, the pH of late endosomes is near 5 and that of lysosomes
is about 4 to 5. The acid pH and related enzymes in these compartments are extensively
used to trigger drug release from the carriers for the drugs to diffuse into the cytosol
and nucleus (Ganta et al. 2008, Sahay, Alakhova, and Kabanov 2010, Steinman et al.
1983).

1.7.1 Cell penetrating peptides

Ineffective penetration of chemotherapeutic agents and nanoparticles is a noteworthy
concern with chemotherapy (Ruoslahti 2017). The tumor microenvironment contains
dense connective tissue which restricts the free movement of drug molecule into the
tumor cells (Ruoslahti 2017, Uchida et al. 2011). In addition, the leaky vasculature
creates high osmotic pressure zone within the tumor due to which fluid cannot penetrate
inside, and hence, the chemotherapeutics cannot enter freely. Eventually, very little
drug amount reaches to the core of tumor cells. Hence, the cells in the core of tumor
develop resistant over multiple drug administrations (Ruoslahti 2017). This concern can
be overcome by using cell penetrating peptides (CPPs).

CPPs are short peptides which consist less than 40 amino acids and are able to deliver
the bioactive cargoes intracellularly in energy-dependent or independent manner by
means of various endocytosis mechanisms (Langel 2007, Ye et al. 2016). Most of the
CPPs are cationic, assume amphipathic structures and are rich in lysine and arginine
residues (Hackett 2012).

The mechanism of internalization largely depends on the nature of CPP employed such
as its length, charge, amphiphilicity along with the properties of cargo being
transported. It further depends on the type of cell target and the CPP to cell ratio
employed (Papadopoulou and Tsiftsoglou 2013). The mechanism of cellular uptake

mainly is the endocytosis. CPPs enter into the cells via clathrin/caveolin mediated
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endocytosis or macropinocytosis. The arginine rich positively charged CPPs were
reported to establish electrostatic interactions and hydrogen bonding between the
guanidine group of arginine and the negatively charged cell membrane (like heparin
sulphate proteoglycans, phosphates or carboxylates) before undergoing endocytosis or
macropinocytosis (Papadopoulou and Tsiftsoglou 2013, Shin et al. 2014).

Deshpande et al. has reported that the optimum number of arginine residues needed for
maximum activity is around 8 among polyarginines (Deshpande et al. 2018). A
reduction in the activity was reported for polyarginines longer or shorter arginine
residues than 8. Therefore, the CPP, octa-arginine (R8) can be regarded as a basic or a
proto-type of the proteintransduction domains. Khalil et al. Studied that the mechanism
of cellular internalization of liposomes modified with a low R8 density shifted from
clathrin-mediated endocytosis to macropinocytosis when the density of R8 was
increased (Khalil et al. 2006). Further, PEGylation of CPP-conjugated system protects
the delivery system from the proteolytic enzymes in blood circulation. This improves
the half time of the system by reducing the filtration by kidneys due to increase in size
(Koren and Torchilin 2012). R8 was studied for its ability to improve the anticancer
drug delivery by various research groups.

El-Sayed et al. investigated the role of nanocarriers whose surface was modified with
an octaarginine peptide (R8). It was revealed that R8 on the liposome surface stimulates
efficient escape from endocytic vesicles via a fusion mechanism that works at both
neutral and acidic pH (El-Sayed et al. 2008).

Zhang and co-workers developed the gold nanocarriers modified with R8 to assess the
effectiveness in colorectal cancer cell line LS180. The R8-modified gold nanoparticles

were efficiently up taken by LS180 cells (Zhang et al. 2018).
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Biswas S. et al. have worked on surface functionalization of doxorubicin loaded
liposomes using octa-arginine for enhanced anti-cancer activity. Arg8 was conjugated
to PEG-DOPE co-polymer. The modified liposomes significantly improved the
intracellular and intratumoral delivery of doxorubicin as studied by flow cytometry and
confocal laser scanning microscopy (Biswas, Dodwadkar, et al. 2013).

Deshpande et al. studied R8 and transferrin modified DOX-loaded liposomes to
improve targeting of A2780 ovarian carcinoma cells for intracellular DOX delivery. It
was concluded that R8 and Tf combination elevated the therapeutic potential of DOX
loaded liposome and intracellular delivery via R8 (Deshpande et al. 2018).

1.8 Dendrimers

The remarkable efforts have been done to develop adequate biodegradable polymeric
macromolecules in the 20th century. As a result, the dendrimers have been discovered
as emerging innovations in the field of polymer chemistry. Tomalia et al. and Buhleier
et al. synthesized dendrimers for the first time during 1970-1990 which have indeed
controlled architecture with tailor-made surface groups, which could be surface
modified (Buhleier 1978, Tomalia et al. 1985).

The term dendrimer is derived from a Greek word dendron indicates tree like typical
structure with a number of branching units. They are synthetic macromolecules
characterized by high branching units, three-dimensional globular structure,
monodisperse and size range in nanometer (1-100 nm) with a large number of surface
groups that can be modified to offer a template in the field of drug delivery (Newkome
et al. 1985, Tomalia, Naylor, and Goddard 111 1990).

Dendrimers are nano-sized macromolecules which constitute three discrete domains: i)
a core at the center of dendrimer having an atom or a molecule having at least two

identical chemical functions; ii) branches, originating from the central core having
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repeated units whose repetition is organized in such a way that results in a series of
radially concentric layers called “generations”; and iii) terminal functional groups
located at the surface of dendritic molecules which determine the properties of dendritic
macromolecules (Fréchet 1994).

Dendrimers are used to deliver vaccines, drugs (small molecules and peptides), and
genes effectively. They are being utilized in numerous applications such as drug
solubilization, gene therapy, drug delivery, immunoassays, imaging and diagnostics.
Dendrimers were found to be well tolerated cutaneously, intravenously, orally, rectally,
and vaginally when being employed as nanodrug formulations.

The different strategies have been used to synthesize dendrimers from monomers: (i)
divergent synthesis, (ii) convergent synthesis, (iii) double exponential growth
technique, (iv) self-assembling synthesis, (v) Lego chemistry, and (vi) Click chemistry

(Menjoge, Kannan, and Tomalia 2010).
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Figure 1.10. Synthesis of dendrimers by the divergent growth method (Santos, Veiga, and Figueiras

2020)
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Figueiras 2020)

1.8.1 Types of dendrimers

The recent advances in synthetic chemistry leaded very fast development of dendritic
nanocarriers with defined nanometric size and abundant numbers of functional end
groups which can be finely tuned [59]. The types of dendrimers are as follows:

Poly(amidoamine) dendrimers (PAMAM), Poly(propylene imine) dendrimers (PPI),
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Liquid crystalline dendrimers, Core shell (tecto) dendrimers, Chiral dendrimers,
Peptide dendrimers, Glycodendrimers, Hybrid dendrimers, PAMAM-organosilicon
(PAMAMOS) dendrimers Poly(ethylene imine) dendrimers (PEI) (Kesharwani, Jain,
and Jain 2014, Menjoge, Kannan, and Tomalia 2010).

1.8.2 PAMAM dendrimers

PAMAM dendrimers are now commercially available as “‘Starburst dendrimer’’, a sub-
class of these hyperbranched polymers on a tris-aminoethylene-imine core. The name
itself indicates the star-like pattern observed when the dendrimer structure is viewed in
2D. PAMAM dendrimers commercially available have multiple options for core
materials which includes ethylenediamine, diaminobutane, diamonododecane,
diaminohexane, and cystamine. The terminal groups on surface can be of hydroxyl,
carboxylic acid, or amine functionality. One of the major advantages of PAMAM
dendrimers is their spherical, globular structure resembling endogenous proteins
(Pourianazar, Mutlu, and Gunduz 2014).

Basically, a PAMAM dendrimers have three distinct architectural components: (i) a
core, (ii) interior layers called generations consisting of repeating units which are
attached radially to the core, and (iii) end functional groups (Jain et al. 2010). Each
branching unit is termed a generation (G). The molecular diameter increases by about
1 nm with each generation and ranges from 1.1 to 12.4 nm as they multiply from
generations 1 to 10 in the PAMAM series (Maiti et al. 2004, Pourianazar, Mutlu, and
Gunduz 2014). The shape of the dendrimers is changed by the number of generations.
For example, lower generations (G0-G4) PAMAM dendrimers are planar and elliptical
while higher generations (G5-G10) have spherical/globular with densely packed

branches. The molecular weight, size, and the number of surface groups are also
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changed from generations to generations in PAMAM dendrimers (Pourianazar, Mutlu,

and Gunduz 2014).

Generations Number of amine Molecular formula Molecular weight Hydrodynamic
groups on the (Daltons) diameter (nm)
periphery
0 4 C24H55N,00, 8, 609 1.5
1 8 CoaH132N560155; 1522 2.2
2 16 C143H295N5502,8, 3348 29
3 32 Ci04He12N 12206052 7001 3.6
4 64 Ce24H1252N550012455 14307 4.5
5 128 C1264H253:N50602525: 28918 5.4
6 256 C5544H5095N1012050052 58140 6.7
7 512 C5104H10212N20420102082 116585 8.1

Table 1.2. Approximate diameters (Generations = 0-7) of PAMAM dendrimers (Pourianazar, Mutlu, and
Gunduz 2014)

1.8.3 PEGylated PAMAM dendrimers

The major drawbacks of dendrimers are haemolytic toxicity, immunogenicity, RES
uptake, stability, drug leakage etc. which limits their application to the biomedical field.
Dendrimers interact with the components of cell such as plasma membranes, cell
organelles, and proteins such as enzyme etc. effectively because of their size in
nanometre range. The dendrimers which are being used in the drug delivery field have
surface cationic charge e.g. PPI, PAMAM and PLL and they show remarkable in vitro
cytotoxicity due positive charge (Agashe et al. 2006). These limitations can be
overcome by attaching PEG or ligands over the surface of dendrimers (Jain et al. 2012).
Additionally, conjugation of PEG or other moieties over the dendrimer surface enhance
the solubility of hydrophobic drugs. PEG offers some favourable features such as non-
toxicity, non-antigenic, non-immunogenic, high solubility in water and FDA approval.
The PEG-drug-dendrimer conjugates decrease degradation of drug by metabolic
enzymes and improve the residence time in body (Jain et al. 2012). There are several

type of PEG derivatives which are being conjugated to dendrimers e.g. bromo, amino,
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carboxymethyl, succinimido succinate,tosylate, mesylate, aldehyde, octadesylamine,
monopalmi-tate, and stearyloxy, or methoxy PEG (MPEG) (Harris 1985).

PEGylated PAMAM dendrimers are one of the most efficient nanocarrier to deliver the
anti-cancer agents to tumor site by evading the opsonization and RES uptake and
improve the biodistribution and pharmacokinetics profile of poorly soluble
chemotherapeutic agent (Layek, Lipp, and Singh 2015). Moreover, these PEGylate
PAMAM dendrimers offer higher drug loading and controlled drug release property.
Further, partial conjugation of PEG on the nanoconjugates imparts optimal cationic
charge for cellular association and help in endocytosis of PEG-PAMAM conjugates
(Kesharwani, Jain, and Jain 2014).

1.8.4 PAMAM dendrimers in drug delivery

PAMAM dendrimers are hydrophilic molecules capable of entrapping lipophilic
molecules which makes them good solubility enhancers. PAMAM dendrimers of
generation 3.0 to 5.0 are most widely explored for the delivery of drugs and
macromolecules. PAMAM dendrimers offer wide choice of load to be delivered to the
target site owing to its versatility in physical holding of drugs or chemical conjugation.
Hydrophobic/hydrophilic molecules can be entrapped inside the dendrimers
(dendrimer-drug networks) by host guest interactions inside their empty cavities present
around core (Jang et al. 2009).

In one study, 5-fluorouracil (5-FU) was loaded into PEGylated pH-responsive
dendrimer nanocarrier to tumors for hypoxia treatment. It was revealed that the 5-FU-
loaded nanocarrier improved circulation and residence time in the body after
intravenous administration in mice and showed tumor targeting efficiently (Jin et al.

2011).
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Liu et al. developed PTX loaded hybrid lipid-PAMAM and assessed for in vitro and in
Vivo cytotoxic activity on ovarian cancer cell line (Liu et al. 2015). It was concluded
that this nanocarrier significantly improved the PTX activity by 37-fold compared to
free PTX. In addition, this lipid-PAMAM hybrid nanocarriers improved the solubility

of PTX approximately 465-fold compared to PAMAM alone (Liu et al. 2015).

Zheng and co-workers developed amine terminated PAMAM dendrimer generation 5
(PAMAM-G5) modified selenium nanoparticles for delivery of small interfering RNA
(SIRNA) and cisplatin (Zheng et al. 2015). It was revealed that the formulated
nanocarriers significantly improved the cytotoxicity through apoptosis. Additionally,
in vivo results proved that these nanocarriers improved the antitumor efficacy of drug

without causing abnormality in organs.

Biswas S. et al. investigated the use of dendrimer in SIRNA delivery. They have
synthesized a conjugate consisting poly(amidoamine) dendrimer (generation 4)-poly
(ethylene glycol)-1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE). This
polyplexes were formed to be stable in serum and improved the cellular internalization
and transfection efficiency (Biswas, Deshpande, et al. 2013).

Huihui Liao and Hui Liu along with their co-workers encapsulated Doxorubicin in
PEGylated G5 PAMAM dendrimer. Methoxy PEG with COOH end group was
conjugated to amine terminated G5 PAMAM dendrimer. The conjugate loaded with
Doxorubicin was water soluble and stable. Cytotoxicity using MTT assay was
performed in HelLa cells which was effective than unconjugated doxorubicin (Liao et
al. 2014).

Mekuria et al. developed DOX loaded PAMAM-G4.5 conjugated with IL-6 antibody
and a peptide, arginine-glycine-aspartate (RGD) to improve the activity of DOX for
treatment of cervical cancer (Mekuria et al. 2016). PAMAM-IL6/DOX showed higher
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encapsulation efficiency of 51.3%, higher loading and faster release which
corresponded to greater cytotoxicity.

Urbiola et al. conjugated the Tf over the surface of PAMAM dendrimer (P-Tf) with
enhanced gene delivery to cancer cells. This new vector showed good transfection
efficacy in HeLa, HepG2 and CT26 cell lines (Urbiola et al. 2015).

1.9 Paclitaxel

Paclitaxel is one of the most potent and effective chemotherapeutic drug which is active
against a broad range of cancers like lung carcinoma, ovarian, and breast carcinoma
(Jordan and Wilson 2004). The PTX promotes and stabilizes microtubules and inhibits
late G2 or M phases of cell cycle which results into the cell death (Ma and Mumper
2013). Paclitaxel (PTX), a white crystalline powder, was isolated from the bark of
Pacific Yew tree Taxus brevifolia by Mrs. Monroe E. Wall and Mansukh C. Wani firstly
(Ma and Mumper 2013). The PTX also induces cellular processes which lead to
programmed cell death (Poruchynsky et al. 1998). There are many genes e.g. Bcl-2
which are responsible in the regulation of the apoptotic pathways modulated by post-
translational phosphorylation thereby targeting the microtubules (Blagosklonny et al.
1997, Markman and Mekhail 2002). Although PTX has massive therapeutic potential,
it suffers serious drawbacks of poor aqueous solubility, lack of cancer specificity, and
substrate to P-gp efflux proteins (Sarisozen, Abouzeid, and Torchilin 2014). The low
solubility problem was overcome by developing the PTX formulations based on
Cremophor EL (e.g. Taxol®) and administered via slow intravenous infusion following
dilution with normal saline (0.9% NaCl) or dextrose (5%) solutions. Nevertheless, the
Taxol® shows serious side effects such as brain toxicity and kidney toxicity because of
the excipient Cremophor EL which was used to solubilize PTX (Yuan et al. 2016).

Therefore, Cremophor EL-free formulations of PTX have been investigated and
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numerous attempts were carried out to enhance its therapeutic potential by
incorporating the PTX in different nanocarriers.

The various attempts were reported to enhance the solubility and efficacy of PTX. For
example, PTX is encapsulated in PLA-b-mPEG diblock co-polymers (Paxceed®)
which forms micelles with water. Presently, Paxceed® is in phase Il clinical trials
(Ehrlich et al. 2004). In 2005, Albumin-bound PTX-NPs (Abraxane®) was approved
by US FDA to treat patients of metastatic breast cancer who fail other chemotherapy or
relapse and to treat non-small cell lung cancer approved in October 2012 (Green et al.
2006). Another micellar formulation is based on the co-polymer of PEG and
polyaspartate (NK 105) by incorporating the PTX into the core of the micelles via
hydrophobic interaction which is in phase 11 clinical trials (Kazunori et al. 1993). The
most promising poly (L-glutamic acid)-PTX conjugate (CT-2103) was developed
where PG is conjugated to 2'-OH position of PTX via an ester linker which is in phase
I11 clinical studies currently (Singer 2005). A PTX-Angiopep-2 conjugate (ANG 1005)
is a novel drug-peptide conjugate, which consists of three PTX molecules conjugated
to one molecule of an Angiopep-2 thereby targeting low-density lipoprotein receptor-
related protein 1 (LRP1) receptor to facilitate PTX delivery to across blood brain barrier
for the treatment of brain cancer. The ANG 1005 is in phase Il clinical trials recently
(Regina et al. 2008).

1.9.1 Physicochemical properties of paclitaxel

Paclitaxel (C47H51NO14; molecular weight: 853.9 g/mol), is a cyclodecane derivative
isolated from the bark of the Pacific yew tree, Taxus brevifolia and other Taxus spp.
Sold under the brand name Taxol®, it is a fine, white to off-white crystalline powder

which is poorly soluble in water. Paclitaxel is soluble in alcohols (methanol: 50mg/ml;
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ethanol: 1.5mg/ml) and DMSO (50mg/ml). Paclitaxel is rapidly degraded in weakly
alkaline, aqueous solutions with minimum degradation observed between pH 3-5.

Paclitaxel melts at 213°C and has a logP~3, with the UV absorption maxima at 227 nm.
The chemical structure of paclitaxel is shown in Figure 1.14. It has 4 hydrogen bond
donors and 14 hydrogen bond acceptors (“"National Center for Biotechnology

Information, PubChem Compound Database; CID=36314").
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Figure 1.13. Chemical structure of Paclitaxel

IUPAC name: [4,12-diacetyloxy-15- (3-benzamido-2-hydroxy-3 phenylpropanoyl)
oxy-1,9 dihydroxy-10,14,17,17-tetramethyl-11-0x0-6 oxatetracyclo [11.3.1.0%0.0%7]
heptadec-13-en-2-yl] benzoate

1.10 Objectives

The core objective of the proposed research work was to synthesize and assess the
surface modified PAMAM dendrimer nano-conjugates for the delivery of a

chemotherapeutic agent, paclitaxel (PTX). The PTX has very limited application in the
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clinic due to its poor aqueous solubility, non-specific delivery to other organs, drug
efflux by P-glycoprotein transporters and unwanted side effects. The various efforts
were performed to overcome the abovementioned challenges by improving the
availability of PTX inside the cancer cells. To that end, a-TOS or VES was conjugated
to G4 PAMAM dendrimer. The PEGylation strategy was used to make nano-carriers
long circulating. The various ligands were attached onto the surface modified PAMAM
dendrimer e.g. Transferrin (Tf) or octa-arginine (R) for effective delivery of PTX into
the cancer cells. The chief objectives and definite aims of this thesis are:

Objective 1: To synthesize a-TOS anchored PEGylated multifunctional G4 PAMAM
dendrimer system to deliver PTX.

Specific aims:

Q) To synthesize a-TOS anchored G4 PAMAM dendrimer conjugate by using
EDC/NHS coupling reaction.

(i)  To attach the PEG onto the synthesized G4-TOS which yields G4-TOS-PEG.

(ili)  To load the PTX physically inside the synthesized G4-TOS-PEG dendrimer
nano-conjugate.

(iv)  To perform the physico-chemical characterization of the conjugates using
proton NMR, hydrodynamic size, zeta potential, encapsulation efficiency, drug
loading and GPC analysis.

(v)  Toassess the PTX loaded G4-TOS-PEG dendrimer conjugate in vitro in cancer
cell monolayers and multi-layered 3D spheroids.

(vi)  To evaluate the therapeutic efficacy of the multifunctional dendrimer conjugate

in tumor-bearing mice.

Objective 2: To develop Transferrin anchored multifunctional G4 PAMAM dendrimer
system to deliver PTX.
Specific aims:

Q) To synthesize a-TOS anchored G4 PAMAM dendrimer conjugate by using
EDC/NHS coupling reaction.
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To attach the PEG onto the synthesized G4-TOS which yields G4-TOS-PEG.
To conjugate the targeting ligand Transferrin onto the G4-TOS-PEG which
yield G4-TOS-PEG-TT.

To load the PTX physically inside the synthesized G4-TOS-PEG-Tf dendrimer
nano-conjugate.

To perform the physico-chemical characterization of the conjugates using
proton NMR, hydrodynamic size, zeta potential, encapsulation efficiency, drug
loading, FTIR, XRD, TEM and GPC analysis.

To assess the PTX loaded G4-TOS-PEG dendrimer conjugate in vitro in cancer

cell monolayers and multi-layered 3D spheroids.

Objective 3: To synthesize octa-arginine (R) anchored PEGylated multifunctional G4
PAMAM dendrimer system to deliver PTX.

Specific aims:

Q) To synthesize VES anchored G4 PAMAM dendrimer conjugate by using
EDC/NHS coupling reaction to yield VES-D.

(i)  To attach the PEG onto the synthesized VES-D which yields VES-PD.

(iii)  To conjugate the cell penetrating peptide octa-arginine (R) onto the VES-PD
which yield RVES-PD.

(iv)  To load the PTX physically inside the synthesized RVES-PD dendrimer nano-
conjugate.

(V) To perform the physico-chemical characterization of the conjugates using
proton NMR, hydrodynamic size, zeta potential, encapsulation efficiency, drug
loading and GPC analysis.

(vi)  Toassess the PTX loaded RVES-PD dendrimer conjugate in vitro in cancer cell
monolayers and multi-layered 3D spheroids.

(vii)  To evaluate the therapeutic efficacy of the multifunctional dendrimer conjugate

in tumor-bearing mice.
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CHAPTER 2

2.1 Abstract

This study involves development of a dendrimer-based nanoconstruct by conjugating o-
tocopheryl succinate (a-TOS) and polyethylene glycol (PEG) on a poly (amidoamine)
dendrimer (G4 PAMAM) to improve intracellular delivery of a poorly water-soluble
chemotherapeutic drug, paclitaxel (PTX). The conjugates were characterized by NMR,
and PTX-loaded nanocarriers (G4-TOS-PEG-PTX) were evaluated for hydrodynamic
diameter, polydispersity index (PDI), zeta potential, percentage encapsulation efficiency
(%EE), and percentage drug loading (%DL). A hemolysis study was performed, which
indicated that the synthesized dendrimer conjugates were not toxic to red blood cells;
hence, they were biocompatible. A cellular uptake study in (B16F10 and MDA MB231)
monolayer cells and 3D spheroids showed that a-TOS conjugation improved the time
dependent uptake of nanosized dendrimer conjugates. The cell viability assay revealed
that G4-TOS-PEG-PTX enhanced the cytotoxicity of PTX as compared to free PTX and
PTX-loaded G4-PEG (G4-PEG-PTX) at tested concentrations. Correspondingly, the a-
TOS-anchored dendrimer induced more apoptosis as compared to free PTX and G4-
PEG-PTX. Moreover, the fluorescently labeled G4-TOS-PEG penetrated deeper into
MDA MB231 3D spheroids as visualized by confocal microscopy. G4-TOS-PEG-PTX
showed significant growth inhibition in 3D spheroids as compared to free PTX and G4-
PEG-PTX. Further, the in vivo efficacy study using B16F10 xenografted C57BI16/J mice
indicated that the G4-TOS-PEG localized in tumor sections. G4-TOS-PEG-PTX reduced
the tumor growth significantly compared to free PTX and G4-PEG-PTX. G4-TOS-PEG-
PTX had more apoptotic potential in tumor sections as analyzed by TUNEL assay.
Hence, the newly developed dendrimer conjugate, G4-TOS-PEG, has the potential to
target loaded drug to the tumor, and G4-TOS-PEG-PTX has the potential to be utilized

successfully in cancer treatment.
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2.2 Introduction

Nanotechnology plays a vital role in providing new strategies for the development of
effective therapeutics for cancer with minimal side effects and improved bioavailability.
The chemotherapeutic drugs can be entrapped or conjugated on the nanocarriers, which
provide stability, improved pharmacokinetics, longer circulation times, specificity
toward cancer cells, and improved therapeutic efficacy. Various types of nanodrug
delivery systems include lipid nanocarriers, polymer-drug conjugates, polymeric
micelles, inorganic nanoparticles, and dendrimers. Even though the effectiveness of these
nanoparticles improved compared to conventional free drug treatment, the toxicity
associated with the polymeric systems, premature drug release from the nanocarriers, and
overall effectivity in human cancers still poses challenges and necessitates further
research in this direction to develop superior treatment strategies for cancer (Biswas et
al. 2011).

Dendrimers are hyper-branched synthetic macromolecules having an ordered nanometric
architecture. Dendrimers are available in many generations and possess a central core
withbranches emanating from it, which makes them modifiable by attaching the desired
functional groups at the periphery. For the past decade, poly(amidoamine) dendrimers
(PAMAM) gained more attention over the other nanocarriers in the delivery of small
molecules, proteins and peptides, and gene-based materials in various diseases
(Kesharwani, Jain, and Jain 2014). The toxicity of dendrimers is attributed mainly to the
end group present over the periphery (Malik et al. 2000). However, the toxicity can be
overcome by modifying their periphery using anionic or neutral groups (e.g.,
polyethylene glycol, PEG), which also improve the systemic circulation in vivo (Roberts,
Bhalgat, and Zera 1996, Fuchs et al. 2004, Kesharwani et al. 2011). These nanocarriers

passively enter into the tumor tissue via leaky vasculature by an enhanced permeability
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and retention (EPR) effect. Still the internalization of the dendrimeric nanocarriers into
the cell membrane is limited and energy dependent, which can be largely modulated by
surface modification.

a-Tocopheryl succinate (a-TOS) is a well-known hydrophobic analogue of vitamin E
that has been extensively used in preclinical studies by conjugating it to PEG to improve
the solubility of poorly soluble drugs, and it was proven to be an efficient penetration
enhancer (Gill, Kaddoumi, and Nazzal 2012, Chandrasekharan et al. 2011). Moreover,
a-TOS has proven its anticancer activities in a variety of human cancer cell lines (Abu-
Fayyad et al. 2015, Emami et al. 2015, Nam et al. 2015, Gruber et al. 2014, Muddineti et
al. 2017, Neuzil et al. 2002). o-TOS has apoptosis inducing potential in various cancer
cell lines (Neuzil et al. 2002, Kline, Yu, and Sanders, Yu et al. 2001). a-TOS has proven
its inhibitory effect on cell proliferation by cell cycle arrest at GO or G1 cycle block in
MDA-MB-435 breast cancer cells (Yu, Sanders, and Kline 2002). a-TOS can reduce the
multidrug resistance of various chemotherapeutic drugs (paclitaxel, curcumin, and
doxorubicin) by inhibition of Pglycoprotein (P-gp) (Duhem, Danhier, and Préat 2014,
Guo et al. 2013).

In the present study, we have conjugated o-TOS with the G4 PAMAM dendrimer, which
was further coupled with PEG to explore its potential to deliver the chemotherapeutic
agent, paclitaxel (PTX), to the cancer cells as well as to the solid tumor. The PTX-loaded
dendrimer conjugates were evaluated in the triple negative breast cancer cell (MDA
MB231) in monolayers and 3D spheroids, the murine melanoma cell line (B16F10), and
in B16F10-xenografted C57BL/6 mice to assess in vitro and in vivo therapeutic efficacy.

2.3 Materials and methods
2.3.1 Materials
The generation 4 PAMAM (G4 PAMAM) dendrimer was procured from Dendritech

(USA). PTX wasgiven as a gift sample from Fresenius Kabi India Pvt., Ltd. (Gurgaon,
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India). Methoxy-polyethylene glycol-succinimidyl carboxymethyl ester (MPEG-SCM
ester, MW 2000 Da) was purchased from Jenkem Technology (USA). N-
Ethyldiisopropylamine (DIPEA) was purchased from Avra Chemicals, India. NHS-
Fluorescein was procured from Thermo Scientific (USA). a-TOS was obtained from
Sigma-Aldrich Chemicals (Bangalore, India). N-(3-(Dimethylamino)propyl)-N'-
ethylcarbodiimide hydrochloride (EDC-HCI, 98%) and N-hydroxysuccinimide (NHS,
98%) were procured from Sigma-Aldrich Chemicals (USA). The regenerated cellulose
dialysis membrane (MWCO 2 kDa, 3.5 kDa, and 14 kDa) was purchased from Spectrum
Laboratories, Inc. (USA). All other chemicals and solvents used for the study were of
analytical grade.

Murine melanoma cancer cells (B16F10) and triple negative breast adenocarcinoma cells
(MDA MB231) were procured from the National Center for Cell Sciences (NCCS, Pune,
India). Heat-inactivated fetal bovine serum (FBS), leibovitz (L-15) media, Dulbecco’s
modified Eagle’s media (DMEM), and penicillin/streptomycin solution were obtained
from Himedia Laboratories (Mumbai, India). B16F10 cell lines were grown in DMEM
(10% FBS and 100 IU/mL of penicillin/streptomycin solution) at 37 °C and 5% CO2
atmosphere. MDA MB231 cell lines were grown in L-15 medium (10% FBS and 100
IU/mL of penicillin/streptomycin solution) with the same incubation conditions.

2.3.2 Methods

2.3.2.1 Synthesis of the a-TOS-Conjugated G4 PAMAM Dendrimer (G4-TOS)

The amine terminated G4 PAMAM dendrimer (50 mg, 3.52 pumol) was dissolved in 2
mL of anhydrous dimethylformamide (DMF). a-TOS of about 5 mol equiv (9.341 mg,
17.6 umol) was dissolved in 1 mL of DMF containing EDC (10.13 mg, 52.8 umol) and
NHS (6.072 mg, 52.8 umol), and this mixture was stirred for 3 h to activate the carboxylic

acid group of a-TOS. Then, the activated a-TOS was dropwise added to the G4 solution
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in DMF containing 20 pL. of DIPEA under vigorous magnetic stirring. The stirring
process was continued overnight to complete the reaction in an inert atmosphere. The
DMF was evaporated by rotary evaporator, and the reaction mixture was purified by
dialysis and lyophilized to get G4-TOS. The scheme of the synthesis is shown in Figure
2.1.

2.3.2.2 Conjugation of PEG to G4-a-TOS

MPEG-NHS of about 10 mol equiv (67.82 mg, 33.91 umol) of G4-TOS was dissolved in
1 mL of DMF and was mixed with G4-TOS (50 mg, 3.391 pumol) dissolved in 2 mL of
DMF containing 20 uL of DIPEA under vigorous magnetic stirring. The stirring process
was continued overnight to complete the reaction in an inert atmosphere. The DMF was
evaporated by rotary evaporator, and the reaction mixture was purified by dialysis
(MWCO 12-14 kD) and lyophilized to get G4-TOS-PEG.

2.3.2.3 Conjugation of PEG to the G4 PAMAM Dendrimer

MPEG-NHS (10 mol equiv of G4 PAMAM dendrimer, 70.4 mg, 35.2 pumol) was
dissolved in 1 mL of DMF and mixed with G4 (50 mg, 3.52 umol) dissolved in 2 mL of
DMF containing20 pL. of DIPEA under vigorous magnetic stirring. The stirring process
was continued overnight to complete the reaction in an inert atmosphere. The DMF was
evaporated by rotary evaporator, and the reaction mixture was purified by dialysis

(MWCO 12-14 kD) and lyophilized to get G4-PEG.
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Figure 2.1. Schematic representation for a-TOS and PEG conjugation onto the G4 PAMAM dendrimer.

2.3.3 Characterization of Multifunctional Conjugate

The proton NMR in D20 (300 MHz, Bruker, USA) was done for the synthesized dendrimer
conjugates. The hydrodynamic diameter, PDI, and surface potential of the synthesized
conjugates were performed using a Malvern Zetasizer (Nano ZS, Malvern Instruments,
UK). The dendrimer samples were diluted in deionized water and analyzed by dynamic
light scattering using a Malvern zetasizer at 25 °C. The gel permeation chromatography
was carried out to determine the molecular weight of the synthesized G4-conjugates.
Ultrahydrogel linear (7.8 mm ID x 300 mm x 6 p) size size exclusion column was used to
elute the samples in GPC system (Waters Alliance series). Tris buffer (40 mM) and
potassium chloride (80 mM) was used as a mobile phase with flow rate of 1 ml/min. The
standard molecular weight compounds were run before analysing the sample to plot the
calibration curve. The calibration curve was plotted using different molecular weight
pullulan standards of molecular weight range 0.63 x 10, 0.98 x 10%, 2.20 x 10% 4.71 x 10%,
10.7 x 104, 20.1 x 10%, 33.4 x 10% 64.2 x 10* Da.

2.3.4 PTX Loading in the G4-a-TOS-PEG Nanoconjugate
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For drug loading, an excess (5 mg) of PTX was added to the G4-PEG (25 mg) and G4-
TOS-PEG (25 mg) dendrimer conjugates dissolved in methanol under slow stirring at 50
rpm for 24 h. The methanol was evaporated by rotary evaporator, and PBS was added to
the dried mixture. The suspension was centrifuged at 5000 rpm, and the supernatant was
taken and estimated by HPL.C to determine the amount of drug loaded within the dendrimer.
2.3.5 Percentage Entrapment Efficiency (%EE) and Drug Loading (%DL)
Entrapment and drug loading were carried out for G4-PEG and G4-TOS-PEG by diluting
the sample in methanol to release PTX from dendrimer. PTX concentration was determined
by using an HPLC LC-20AD system (Shimadzu, Kyoto, Japan), LC-20AD prominence
pump, SIL-20ACHT autoinjector, and SPD-20A UV detector. The mobile phase was
phosphate buffer saline pH 7.4 and acetonitrile (60:40 v/v) with a flow rate of 1 mL/min at
Amax 227 nm. After centrifugation, the supernatant was diluted with mobile phase to
determine the amount of PTX. %EE and %DL of PTX-loaded G4-PEG and G4-TOS-PEG
were calculated by the following equations:

WEE = amount of drug in supernatant of dendrimer conjugate < 100
R amount of drug added

%DL = amount of drug in supernatant of dendrimer conjugate % 100
T amount of drug and dendrimer conjugate

2.3.6 In Vitro Release Study
A dialysis method was used to determine the PTX release from dendrimer formulations

(Kulhari et al. 2016). Two milliliters of G4-PEG-PTX and G4-TOS-PEG-PTX
(equivalent to 2 mg of PTX) solution were filled into dialysis bags (MWCO 2000 Da)
using PBS (pH 7.4) as a release media (50 mL) and stirred at 100 rpm at 37 °C. At
different time points, an 1 mL aliquot was taken out from the media, and the same volume
of fresh medium was replaced again to maintain the sink condition. The aliquots were

diluted (if necessary) and filtered through a 0.22 um membrane filter. The amount of
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PTX release was analyzed by HPLC. Free PTX was dissolved in the mixture of Tween
80 and ethanol, and it was used as the control. The sink condition was maintained using
20% methanol added to the media. The experiment was done in triplicate. The graph was
plotted for the percentage cumulative amount of PTX released versus time (mean + SD,
n=3).

2.3.7 Hemolytic Toxicity Study

This assay was carried out to evaluate the safety of the newly synthesized a-TOS-
anchored dendrimer conjugate in vivo following a previously reported literature
(Rompicharla et al. 2018). Briefly, the rat blood (5 mL) was collected in heparinzed
tubes. Further, the red blood cells (RBCs) were isolated by centrifugation of blood for 30
min at 3000 rpm at 4°C. The supernatant was discarded, and these cells were resuspended
by diluting with PBS after a thorough washing (5% v/v suspension). In the next step, a
RBC solution of 5% v/v was incubated with G4-PEG and G4-TOS-PEG (dissolved in
PBS at 5 and 10 mg/mL) for 1 h at 37 °C (without PTX). PBS and Triton-X 100 (1%
solution) were added in the RBC solution as the negative and positive controls,
respectively. After incubation, all the samples were subjected to centrifugation for 20
min at 7000 rpm. The haemoglobin (Hb) present in the supernatant was analyzed by a
microplate reader (Spectramax, Molecular Devices, USA) at 576 nm. The degree of

hemolysis was derived from the following formula:

. (Asample — A(-))
% Hemolysis = x 100
AB)/(A® — AG)

where Asample = the absorbance of the sample, A = the absorbance of sample treated
with just PBS, and A = the absorbance of the 100% lysed sample (Triton X-100).

2.3.8 Cellular Uptake by Flow Cytometry
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The internalization of the a-TOS-conjugated dendrimer was evaluated by flow
cytometry. The B16F10 and MDA MB231 cells were seeded at a cell density of 0.8 x
108 cells/well and allowed to attach overnight in 6-well tissue culture plates. On the next
day, the cells were treated with fluorescently labeled G4-PEG (F-G4-PEG) and G4-TOS-
PEG (F-G4-TOS-PEG) (25 ug/mL) and kept for incubation at 37 °C for 1 and 4 h. After
incubation for 1 and 4 h, the cells were washed with sterile PBS and trypsinized. To
obtain the cell pellet, the cells were centrifuged for 7 min at 1000 rpm. Next, the cells
were suspended again in sterile PBS before analysis using a flow cytometer (Amnis
FlowSight, Millipore, USA) with an argon laser of Aexc at 488 nm. Cells without any
formulation treatment were taken as the control. The data were analyzed by plotting
histograms using IDEAS software (version 6.0). The mean fluorescence of samples (n =
3) was plotted as a bar diagram.

2.3.9 Confocal Microscopy

Confocal microscopy was used to visualize the internalization of the a-TOS-conjugated
dendrimer. B16F10 and MDA MB231 cells were seeded at a cell density of 50000
cells/well in complete media onto the tissue culture plates (12-well) on top of circular
coverslips. On the next day, cells were treated with fluorescently labeled G4-PEG and
G4-TOS-PEG (25 pg/mL) for 1 and 4 h at 37 °C. Following incubation, the cells were
washed two times with PBS and treated with DAPI (1 pg/mL) for 5 min to stain the
nucleus. Further, the cells were washed with PBS and fixed using 4% para-formaldehyde
for 15 min. The treated coverslips were mounted upside down on microscopic slides
using fluoromount-G mounting medium. These microscopic slides mounted with
coverslips were visualized under a confocal microscope (Leica DMi8, Leica
Microsystems, Germany) using FITC and DAPI filters, and the images were captured.

The images were analyzed by ImageJ software.

52



CHAPTER 2

2.3.10 Cytotoxicity Study

The MTT assay was carried out to assess the in vitro cytotoxicity of free PTX and PTX-
loaded dendrimer formulations in B16F10 and MDA MB231 cells. The cells were seeded
at a density of 10,000 cells/well in culture medium in tissue culture plates (96-well). On
the next day, the cells were treated with the above formulations (PTX concentration 0—50
ug/mL) and kept for incubation in an incubator (5% CO2) at 37 °C for 24 and 48 h. Free
PTX was dissolved in DMSO (not more than 0.5% v/v) and diluted further with culture
medium. Following 24 and 48 h of incubation, the growth medium was removed, and the
MTT reagent (50 uL, 5 mg/mL) was added to the cells and incubated for 4 h. The MTT
reagent was discarded, and the formed formazan crystals were dissolved in dimethyl
sulfoxide (DMSO) (150 uL). The optical density was assessed by a microplate reader
(Spectramax M4, Molecular Devices, California, USA) at 590 nm by keeping reference
Amax at 620 nm. Cells with no treatment were taken as the control. Percentage cell

viability was determined by the following equation:

Astample

X 100

Percentage cell viability =
ADscontrol

where ADbSsample = absorbance of the cells treated with free PTX as well as the
formulations, while Abscontrol = average absorbance of the untreated living cells. The data
were shown as the mean + SD; n = 3.

2.3.11 Apoptosis Study

MDA MB231 cells at a density of 0.5 x 10%/well were seeded in tissue culture plates (6-
well) and kept for incubation with free PTX and PTX-loaded dendrimer formulations
(PTX concentration 25 pg/mL) for 18 h at 37 °C in a CO2 incubator to assess the
apoptosis. The study was carried out as per the manufacturer’s instruction. Following 18
h, cells were washed with cold PBS and centrifuged, and the cell pellets were suspended
using the AnnexinV binding buffer (100 pL). Then, 5 pL of propidium iodide (PI)
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solution and 5 uL of AnnexinV were added to stain the cells and kept for incubation for
15 min. AnnexinV binding buffer (200 uL) was added to each sample and characterized
by a flow cytometer (Amnis Flowsight, Millipore, USA). The cells with no treatment
were taken as the controls. The 10 000 cells were gated, and the fluorescence of FITC
and Pl was measured at 535 and 550 nm, respectively. PI versus Annexin V-FITC with
quadrant gating was done as a dot plot, which represents live cells (Q3, Annexin V-
FITC—PI-), early apoptosis (Q4, Annexin V-FITC+PI-), late apoptosis (Q2, Annexin V-
FITC+PI+), and necrotic (Q1, Annexin V-FITC—PI+). To determine the extent of
apoptosis, early and late apoptotic events were taken. The apoptosis data of the histogram
were plotted by IDEAS software version 6.0.

2.3.12 Evaluation of the a-TOS-Conjugated Dendrimer in 3D Spheroid Model
2.3.12.1 Formation of MDA MB231 Spheroids

The MDA MB231 cancer cell spheroids model was developed by the liquid overlay
method as reported previously (Kumari et al. 2018, Rompicharla et al. 2018). Briefly,
1.5% (w/v) agar as a base was prepared in L-15 (serum free) medium and sterilized. To
prevent cell adhesion, agar solution (50 uL/well) was added to the 96-well plates to
prevent cell adhesion, and the plates were kept for drying (30 min) before use. In 8-well
plates, 150 uL of agarose solution was added. MDA MB231 cells (10000 cells/well) were
seeded in 96-well plates which were precoated with agar. Further, the plates were
centrifuged for 15 min at 1000 rcf. The spheroids were visualized daily by an inverted
microscope.

2.3.12.2 Penetration Efficiency in MDA MB231 Spheroids

The MDA MB231 3D spheroids were developed in 8-well tissue culture plates with a
cell density of 1 x 104 cells/well. The depth of penetration of fluorescently labeled G4-

PEG and G4-TOS-PEG into the spheroids was assessed by confocal microscope (Leica
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DMi8, Leica Microsystems, Germany). After incubation for 1—4 h, the spheroids were
washed with PBS and then visualized by a confocal microscope at 10x magnification. Z-
stack images were captured from the top surface toward the equatorial plane of spheroids
at the thickness of 20 pum intervals. Images were assessed by ImageJ software.

2.3.12.3 MDA MB231 3D Spheroids Uptake by Flow Cytometry

Quantitative assessment of cellular internalization of the a-TOS-conjugated dendrimer
in MDA MB231 3D spheroids was done by flow cytometry. The 5-day old MDA MB231
spheroids were kept for incubation for 1 and 4 h with NHSfluorescein-labeled G4-PEG
and G4-TOS-PEG. Twelve spheroids were collected to achieve sufficient cell count as
one replicate at the 1 and 4 h time points. Following being washed with PBS, the 3D
spheroids were dissociated by Accutase (200 uL) solution and kept for gentle shaking for
10 min at 37 °C. The cell suspension was transferred to centrifuge tubes, and FBS was
added to neutralize the effect of Accutase. After centrifugation, the cells were again
suspended in PBS (200 uL) to be analyzed by a flow cytometer (BD FACSCANTO |11,
BD Biosciences, USA). The intracellular fluorescence exhibited by NHS-fluorescein-
labeled G4-PEG and G4-TOS-PEG-treated 3D spheroids was reported as a bar diagram.
The data were analyzed by plotting histograms using FCS express software (version 6.0).
2.3.12.4 Growth Inhibition of the MDA MB231 3D Spheroids

The MDA MB231 3D spheroids were grown with density (10,000 cells/well) in tissue
culture plates (96-well). When the spheroids attained integrity and uniform size, they
were incubated with free PTX and PTX-loaded dendrimer formulations (PTX
concentration 25 pg/mL) for 9 days. The growth medium was changed on alternate days.
Growth inhibition in MDA MB231 spheroids was visualized under a fluorescence

microscope (Leica DMI8, Leica Microsystems) at predetermined intervals (0, 3, 6, and 9
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days) at 10X magnification, and the images were captured. The quantitative data are
reported as the mean diameter of four spheroids with standard deviation.

2.3.13 Determination of Therapeutic Efficacy in Vivo

The antitumor efficacy of free PTX and various PTX-loaded formulations was evaluated
in 6—8 week old female C57BL/6 mice with weights of 18—22 g. The animals were
obtained from the Sainath Agency, Hyderabad, India. Mice were kept in in-housed
conditions at a controlled temperature of 19-23 °C with 12 h nocturnal—diurnal cycles
with a relative humidity of 50-60%, and they were allowed free access to food and water.
For 1 week, animals were subjected to adaptation before initiating the experiment. The
study was performed following the approval from the Institutional Animal Ethics
Committee.

The subcutaneous tumor was developed by injecting B16F10 cells (1 x 106 cells
suspended in 100 pL of Hank’s balanced salt solution) into the dorsal flank region of
mice. The animals were supervised for 10—14 days for the palpable appearance of a solid
tumor. The tumor volume ((length x width2)/2) was measured using the vernier caliper
every alternate day, and body weight was also measured.

2.3.13.1 Localization of Denrimeric Nanocarriers in Tumor

The animals were considered to be used for the treatment when the average volume of
the tumor reached