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Preface

This book is on the progress made in hormone-related cancers and their management
by nanomedicine-based therapy for targeting the hormone-regulated cancer.
Chapters by experts on different specific aspects of hormonal anticancer agents
and their effective delivery by nanomedicines for better healthcare applications
have been presented to our widespread readers and healthcare professionals. The
nanotheranostics sector provides a very promising strategy for monitoring drug
biodistribution and pathology longitudinal processes by integrating the imaging
and drug delivery functions in nanoformulation, providing vital insights into the
identification of tumor and predicting the efficacy of nanomedicine. For their unique
properties, which include their small size and biocompatibility and the ability to
permeate the cellular membrane with carrying drugs, nanomaterials have been used
for various biomedical applications. Metallic nanoparticles are now commonly used
as therapeutics due to their interesting surface reactivity and low cytotoxicity effects.
There are several reports that AuNPs are antiproliferative in numerous model
diseases such as prostate cancer with anti-angiogenic and anti-inflammatory. There
is a trend toward optimizing the design such that more nanomedicines reach the
tumor while minimizing systemic loss with significant regulation of hormones.
Cancer nanomedicines are currently facing challenges because of some recent
clinical failures.

A succinct account of key highlights of each of the chapter included in the book
has been discussed in the text mentioned below.

Chapter 1 entitled “Challenges and opportunities in the delivery of oral anticancer
therapeutics” extensively covers drug delivery challenges related to oral routes of
administration, marketing, or in development that answer those challenges.

Chapter 2 of Dr. Jain on “Nanotechnology in the Management of Hormonal
Cancer” covers owing to the limitations of the traditional drug delivery system,
advanced targeting drug delivery systems are employed in the management of
hormonal cancer.

Chapter 3 of Dr. Jindal entitled “Progress of Cancer Nanomedicine, Clinical
Hurdles, and Opportunities” covers the challenges encountered during clinical
testing and development of cancer nanomedicines, as well as future opportunities.

vii
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In Chap. 4, Dr. Akbar describes the role of nanohybrids in hormonal cancer
therapy that overcomes the drug resistance as one of the major contributing factors in
the conventional anticancer product.

Dr. Sandeep in Chap. 5 summarizes that the combination of administration and
targeting of the functionalized nanoparticles to the tumor may cause decreased
systemic toxicities and result in enhanced drug payload.

Dr. Verma in Chap. 6, “Pancreatic Cancer: Nanoparticle-Targeted Therapy via
Epidermal Growth Factor Receptor,” summarizes that pancreatic cancer is the
malignant neoplasm of the pancreas and c specifically targets and blocks the
EGFR signaling cascade that represents various strategies exploited for targeting
EGFR overexpressed on cancer cells as a therapeutic intervention approach for
cancer treatment. Dr. Rahman and Dr. Sandeep in Chap. 7 entitled “Nanocarriers-
Based Targeted Therapies for Pancreatic Cancer and Challenges Ahead” and
Chap. 8 “Pancreatic Cancer Treatment By Using Theragnostic Nanoparticles”
describe the new possibilities of targeting pancreatic cancer via nanocarriers and
the challenges ahead.

Dr. Iqbal in Chap. 9 discusses “Nanomedicine-Based Combinational Therapy for
Breast Cancer” with an insight into the general pathophysiology of breast cancer and
available combinational drug therapy. Further authors have elaborated on the
applications of nano-based combinational drug therapy for breast cancer treatment.
This chapter provides an insight into the clinical trial status and limitations of nano-
based combinational drug therapy for breast cancer.

In Chap. 10, “Nano-Liposomal System for Breast Cancer Therapy,” Dr. Ahmad
highlights the recent advances in the nanoliposomes-based therapeutic system for
breast cancer, including gene and theranostic delivery perspectives. The challenges
associated with the development of liposome-based products for future clinical
settings are also discussed.

Dr. Sandeep in Chap. 11 discusses conventional to nanotherapeutic strategies
against triple-negative breast cancer further with special emphasis on biological
processes and nanotechnology advancements and future nanomedicine treatments
for TNBC.

Dr. Verma in Chap. 12 discusses the effect of thymoquinone and its delivery by
using nanomedicine in benign prostatic hyperplasia, which may be successfully
established using a nanoscale transport stage layout for TQ, which could manipulate
its biopharmaceutical limitations boundaries.

Dr. Shukla in Chap. 13 describes the concept of nanomedicine in endocrine
hormone cancer treatment. Although the nanomedicines could be an ideal strategy
to treat the endocrine cancer using different forms of nanoproducts.

In Chap. 14, Dr. Saini Patel discusses the “Neurocognitive Underpinning of
Neurological Disorders: The Role of Default Mode Network” and how it altered
DMN may be plausibly extended as an indicator of neurological disorders.

Dr. Akbar in Chap.15 summarizes neuroendocrine carcinoma of the endometrium
and their therapeutics from conventional treatment approach to nanomedicine.

https://pubmed.ncbi.nlm.nih.gov/32416712/
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In Chap. 16, Amita Verma describes the “Effective Luteinizing Hormone Drug
Delivery by Nanocarriers in Hormonal Cancer Treatment” even though several
nanomedicines have been developed to improve the anticancer effect. Hence,
synthesized nanoparticles could serve as potential carriers with advantages of
improved biodegradability, biocompatibility, improved loading capacity, targeting
ability, scalability, and stability.

Dr. Shukla in Chap. 17 discusses regulatory landscapes in approval of cancer
vaccines. Hence, bilateral talks with the regulatory body are a mandatory require-
ment to discuss and deliberate the clinical development plan on a case-by-case basis.
Therefore, consider the specific issues related to the quality of product under
development. All such regulatory aspects about the development and approval of
cancer vaccines are discussed hereby in this book chapter.

This book focuses on the advanced progress made in hormone-related cancers
and their management by nanomedicine therapy for targeting the hormone-related
cancer. The book, therefore, carries a lot of potential as a repertoire of knowledge
and package of information for the pharmaceutical scientists, nano-scientists and
nanobiotechnologists, endocrine scientists to provide holistic information on
interest.

Finally, volume editors would like to extend their appreciation to Springer and
their staff for providing a professional platform for communication with the experts
in the field.

Allahabad, India Mahfoozur Rahman
Mecca, Saudi Arabia Waleed H Almalki
Taif, Saudi Arabia Majed Alrobaian
New Delhi, India Sarwar Beg
Sakakah, Saudi Arabia Khalid S Alharbi
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Challenges and Opportunities
in the Delivery of Oral Anticancer
Therapeutics

1

Mahfoozur Rahman, Kainat Alam, Shipra Daniel, Afroze Alam,
and Sarwar Beg

Abstract

Global cancer prevalence has continuously increased in the last decades despite
substantial progress achieved for patient care. Cancer is no longer recognized as a
singular disease, but as a plurality of different ones, leading to the important
choice of the drug administration route and promoting the development of novel
drug-delivery systems (DDS). Due to their structural diversity, therapeutic cancer
drugs present specific challenges in physicochemical properties that can
adversely affect their efficacy and toxicity profile. These challenges are addressed
by innovative DDS to improve bioavailability, pharmacokinetics, and
biodistribution profiles. Here, we define the drug delivery challenges related to
oral routes of administration and review innovative DDS, marketed or in devel-
opment, that answer those challenges.
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1.1 Introduction

With 9.6 million victims globally in 2018, cancer is the second biggest cause of
death after cardiovascular illnesses, and cancer fatalities are expected to rise by 60%
in the next two decades (Thanki et al. 2013). Since 2012, the pharmaceutical industry
has been aggressively focusing its resources on the research, development, and
marketing of novel oncology treatment products to meet unmet medical needs,
with the US FDA having approved 90 new cancer medicines (Thanki et al. 2013).
More than 30% of these novel medications are for the treatment of blood and lymph
node malignancies (leukaemia, myeloma, and lymphoma), whereas 12–13% are for
the treatment of lung and skin cancers. Other indications account for fewer than 10%
of all newly authorized medicines (Thanki et al. 2013). Small molecules, monoclo-
nal antibodies (mAbs), and peptides are examples of active pharmaceutical
ingredients (API) utilized in cancer therapy. Small molecules are still the most
common kind of cancer treatment, accounting for roughly 63% of newly authorized
medications, while antibodies (Ab) are also a rapidly increasing industry, with
23 new Ab-based therapies approved since 2012. Tyrosine kinase inhibitors, such
as CabometyxR, and programmed death receptor-1 (PD-1)-blocking antibodies are
the most often produced therapy options within those two therapeutic groups,
accounting for 33 of 46 small molecules and 9 of 22 antibody-based medicines,
respectively. With the approval of Zaltrap®R, Xofigo®R, and Kymriah®R, respec-
tively (Subklewe et al. 2019), new treatment classes such as proteins, systemic
radiotherapies, or cell-based therapies are becoming increasingly common.The
majority of today’s cancer medicines are utilized in combination regimens
(Subklewe et al. 2019). Indeed, around 30% of newly authorized medications are
given in combination with one or more other therapeutic agents in order to improve
therapy efficacy (Subklewe et al. 2019). Nevertheless, and in order to be effective,
these therapeutic entities always require: the selection of the ideal administration
routes for monotherapy and/or combination and the adjustment of the formulation
and the drug-delivery systems (DDS) to provide optimal access to the targeted
cancer cells (Subklewe et al. 2019). In cancer therapy, oral and intravenous (i.v)
administrations are routinely employed, but subcutaneous (sc.) administration has
only been used in a few cases (Subklewe et al. 2019). There are several factors to
consider when deciding how to administer a therapy. There are a number of reasons
why oral delivery of small molecules is the gold standard, whereas intravenous
administration (IV) remains the preferred method for more problematic molecules
such as biologics or nano-DDS (Subklewe et al. 2019). As a result, new formulations
and DDS would be needed to enable a wider range of administration choices and to
ensure that the drugs reach the cancer cells or tissues in the most effective way
possible. Liposomal nano-DDS, such as Vyxeos®, Onivyde®, and Marqibo®, or
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albumin-based nanoparticles, have recently been used to boost drug delivery to
cancer cells, increasing therapeutic effectiveness (Porter et al. 2007). There are a
number of benefits and potential to increase cancer therapy efficacy independent of
the molecular class of the API that may be gained by using DDS. It is not only cancer
therapies that face difficulties (Porter et al. 2007). Oral use of these drugs is not
recommended due to their low stability in the gastrointestinal system and poor
permeability through the intestinal epithelium (Porter et al. 2007). For example,
mAbs, such as ocrelizumab (Ocrevus®) or atezolizumab (Tecentriq®), which are
utilized as immunotherapeutic drugs and administered intravenously to boost the
cancer immune system, are an example of this (Porter et al. 2007). It is possible that
APIs have undesirable physicochemical or pharmacokinetic characteristics. Pacli-
taxel (Taxol®) or doxorubicin (Adriamycin®) at their therapeutic dosage, these
small compounds require chemical modification or formulation development (Date
et al. 2016). Due to a low therapeutic index, these active molecules may potentially
have detrimental effects on normal tissues, limiting their effectiveness (Date et al.
2016). Many tumours, such as pancreatic cancer, have a thick stromal compartment
or a weak or non-functional vascularization, making it difficult to administer many
forms of therapy to the condition (Vaz et al. 2015). DDS is under growing pressure
because of these challenges to guarantee that the proper medicine is delivered at the
right time and place while reducing adverse effects on healthy cells by developing
effective and hopefully non-invasive techniques (Giordano et al. 2017). There are
several obstacles and possibilities involved with delivering cancer drugs via various
administration routes, which we explore in this chapter in conjunction with an
appropriate drug delivery system (DDS) (Giordano et al. 2017). Special attention
will be given on new delivery options that might significantly contribute to
transforming the cancer treatment environment.

1.2 Oral Anticancer Drug Delivery Route: Challenges &
Opportunities

The oral route is commonly believed to be the ideal mode of administration for
patients, since it is the least intrusive delivery route, and it adheres to cost-
containment rules in place in most industrialized nations, supporting the transfer of
cancer treatment away from hospital-based settings. Orally given medications may
be designed to have a systemic impact or a local effect when their targets are in the
GI tract (Thanki et al. 2013; Banerjee et al. 2017). After oral administration, drugs
meant to have a systemic impact are expected to reach the circulation via passing the
stomach-lining epithelium or more commonly the intestinal epithelium, and then be
exposed to first-pass metabolism by the liver, depending on enzymatic stability
(Thanki et al. 2013). To present, the oral route has been predominantly employed
to transport tiny molecules with a molecular weight of less than 500 μg/mol, while
novel drug-delivery techniques are currently contemplated to broaden this delivery
route to bigger molecules, such as peptides and proteins (Thanki et al. 2013). The
solubility and stability of small drugs in intestinal medium, as well as their
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Table 1.1 Challenges faced and overcome in oral anticancer drug delivery [Ref (Thanki et al.
2013), (Junyaprasert and Morakul 2015), (Maher et al. 2016), 8]

Challenges
faced

• Poor drug
stability,
enzymatic
degradation

• Drug-loaded nanocarriers Polyarginine nano
capsules

Thanki et al.
(2013)

• Poor
permeability
across
epithelium

• Permeation enhancers,
• Mucus-penetrating
formulations, intraepithelial
microneedles

Peptelligence®,
Mycapssa®, Eligen®,
Rybelsus®
Covalent coupling to
CPP
RaniPill™, SOMA

[8],
Junyaprasert
and Morakul
(2015)

• Poor
solubility/poor
dissolution rate

• Nanonization and lipid-based
formulation

Nano crystal®
SMEDDS

Maher et al.
(2016)

• GI-specific
targeting drug
delivery

• Gastroretentive formulation
• Enteric formulations
• Dual-responsive hydrogels
(pH and microbiota
responsive) for colon drug
delivery.
• Electronic smart pills.

Star-shaped ultralong-
lasting capsule,alginate/
polyacrylamide hydrogel
Eudragit®
Guar gum/PVA hydrogel
Intellicaps®

Thakral et al.
(2012a)

permeability across the intestinal membrane, drive their oral bioavailability,
(Junyaprasert and Morakul 2015). In terms of solubility and permeability, the
biopharmaceutical classifies pharmaceuticals into four categories. Oral transport of
90% of molecules was predicted to be restricted by intestinal fluid solubility (Maher
et al. 2016; Thakral et al. 2012a). Table 1.1 summarizes four significant issues linked
to oral medication bioavailability: insufficiency of drug solubility, GI tract drug
stability, absorption, and enzyme degradation; necessity for tailored therapy admin-
istration to specific GI tract areas where cancer is present. The primary strategies
proposed to overcome such issues are the creation of formulations able to boost drug
solubility and permeability, the use of novel nanocarriers to improve/crossing of the
intestinal epithelium, and the development of site-specific delivery systems. In order
to improve low drug solubility, the drug nanonization procedure is frequently
employed. Drug particle size reduction has been effectively applied to diverse
molecules for many years, allowing the expansion of drug substance surface area,
thereby boosting dissolving rate or perceived solubility. As a result of the increased
apparent solubility, bioavailability increases 5–10 times (Junyaprasert and Morakul
2015). Medication nanocrystals have an average size of less than 1 μm and are made
entirely of the drug. Solid dosage forms (capsules, tablets) or liquid suspensions of
these nanocrystals can be stabilized due to their possible physical instability (poly-
morphism, Ostwald ripening, aggregation). Because they don’t require organic
solvents or extremely high pH ranges for solubilization, drug nanosuspension
formulations can provide higher doses of nanonized medication in less amounts.
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Mucoadhesion is thought to be aided by increased surface area due to nanocrystal
particle size reduction and/or the presence of surfactants in addition to an apparent
increase in solubility (Maher et al. 2016). Since the first nanocrystal medication
(Emend®R) was released in 2000 (Thakral et al. 2012a), many more have followed.
Recent approvals include NanoCrystals®R from Alkermes, DissoCubeTM from
SkyePharma, and SolumatrixTM from iCeutica. It was also proven that making
poorly soluble medications into homogenous nanosuspensions reduces interpatient
variability (Rabinow 2004), which is important for cancer patients on long-term
therapy. Lipid-based formulations are another way to alleviate low medication
aqueous solubility (Junghanns and Muller 2008). For example, simple oily solutions
of oils and cosolvents, surfactants, and cosurfactants can be prepared (Jannin et al.
2008). Microemulsions and self-micro emulsifying DDS have been extensively
studied for GI medication solubility. The formulations can be packed into hard or
soft capsules for oral administration due to their isotropic combination stability.

Drug solubilization, penetration, and absorption are improved by these systems,
which generate lipid droplets in interaction with intestinal fluids. Self-micro
emulsifying DDS can be made with drug peptides and proteins. Because lipidic
formulations are mostly hydrophilic, drug loading is frequently restricted unless
hydrophobic ion pairing methods and other formulation optimization approaches are
applied (Griesser et al. 2017). Some examples of commercial success include the
immunosuppressive peptide cyclosporine A (NeoralR) and the antiviral medicines
ritonavir (NorvirR), saquinavir (FortovaseR), and tipranavir (AptivusR). These
lipidic systems with permeation enhancers have the benefit of addressing both
solubility and permeability (Aungst 2000). In order to boost bioavailability without
causing toxicity, this technique requires simultaneous administration of the medici-
nal ingredient and the permeation enhancer to the absorption site. Peptides, peptide
analogues, and other polar high-molecular-weight compounds are common perme-
ation enhancers. The most promising technologies are Peptelligence R from Enteris
BioPharma and TPER from Chiasma. TPER and PeptelligenceR (Maher et al. 2016)
use enteric-coated solid dose forms with a permeation enhancer, acyl carnitine for
PeptelligenceR (Maher et al. 2016). Solubilization and absorption of the peptide
drug are improved by simultaneous release of the permeability enhancer and the
peptide drug (TJ). To treat neuroendocrine tumours (NET) and acromegaly (Clinical
trials. Octreotide capsules n.d.), a rare, severe illness caused by a benign pituitary
gland tumour, the FDA has accepted a resubmission by Chisma. The oral GLP-1
analogue is delivered by forming a noncovalent compound with salcaprozate
sodium, shielding it from digestive enzymes and enhancing its permeability through
the intestinal epithelium. An oncology peptide, protein, or other big molecule might
be used (Twarog et al. 2019; Davies et al. 2017). Oral delivery of fragile molecules,
such as peptides or proteins, appears to be a future problem due to their limited
stability in the GI tract and low bioavailability (Richard 2016). Several techniques to
improve molecule stability and permeability are now being investigated (Date et al.
2016). To create prodrugs, nonpharmacologically active compounds are covalently
linked to the drug, increasing permeability and decreasing metabolism (Duncan
2006). PEGylation (Benny et al. 2010) and cell-penetrating peptides (CPPs), such
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as the HIV transactivator of transcription (Khafagy and Morishita 2012), were two
early development tactics investigated. Identifying functional reactive groups for
covalent modification of the medication without affecting its pharmacological action
is crucial, as is selecting a linker strategy. This method maintains conjugate stability
in the GI system while allowing for timely drug release in a therapeutically active
state.

These benefits are crucial in cancer therapeutic peptide and protein delivery.
Other CPPs include polyarginine and penetratin, which were employed to transport
proteins or peptides like insulin (Khafagy et al. 2010; Nielsen et al. 2014; Kamei
et al. 2013). Small hydrophilic medications are linked to lipidic squalene to generate
an amphiphilic prodrug able to self-assemble and form nanoparticles (Couvreur et al.
2006). This method has been used for cisplatin oral administration (Kotelevets et al.
2017). Due to the carrier’s nanoscale size and improved epithelial permeability
associated to a specific interaction mechanism or cell-penetrating capabilities,
nanocarriers have also been widely studied to boost drug bioavailability after oral
delivery. One of these, polyarginine (PArg) nano capsule, was recently employed in
early research for oral administration of an antitumoural peptide, elisidepsin. Their
guanidine functional groups (CPPs) stimulate cellular internalization and their oily
core of Mygliol®R and lecithin promotes cellular internalization. After oral admin-
istration of PArg nano capsules, in vivo studies in mice showed longer GI retention.
It is probable that they developed TJ protein connections that promote paracellular
transport of hydrophilic medicines due to their contact with the GI mucosa. Despite
improved bioavailability over free drugs, the intestinal membrane penetration to
reach the systemic circulation remains a problem for such systems. Due to their
nanometre size range, nanocarriers often struggle to permeate intestinal mucus,
especially in the thickest regions of the GI tract walls (Ensign et al. 2012; Lai
et al. 2009). Thus, optimizing nanocarrier size and surface characteristics is required
to efficiently permeate the mucus layer before turnover (Lollo et al. 2017). Oral
nanocarriers like eRAPA, encapsulated rapamycin, are also in Phase II clinical trials
for non-muscle invasive bladder cancer (Rapamycin Holdings n.d.). Methyl
metacrylate is a pH-sensitive polymer used in eRAPA particles. When taken orally
as a free medication, rapamycin is very poorly bioavailable due to its short half-life
and high first-pass hepatic clearance. With improved bioavailability and safety in
Phase Ib clinical trials, eRAPA (encapsulated rapamycin) has been developed
(Bohan et al. 2020). Some anticancer medicines struggle to penetrate mucus in the
intestinal lumen. Several new delivery techniques are now being studied in preclini-
cal and clinical settings. These methods employ dissolvable drug-loaded
microneedles embedded in gastro-resistant capsules. The microneedles are
implanted into the intestinal epithelium when they reach the GI tract. The medicine
inside the microneedles dissolves and enters the systemic circulation. For oral insulin
delivery, MIT and Novo Nordisk have developed a self-orienting millimetre-scale
applicator (SOMA). Similar to regular SC delivery, this potential technology
revealed similar insulin pharmacokinetic characteristics (Abramson et al. 2019).
Aside from systemic distribution, oral administration can deliver drugs to particular
GI tumours including gastric, intestinal, or colorectal cancer. Several medication
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delivery techniques are currently being tested. The stomach is the simplest GI area to
access following oral medication delivery. However, medication residence duration
in the stomach is generally brief, limiting therapeutic effectiveness. A gastroretentive
dose form is included in most sophisticated systems (Abramson et al. 2019). One of
such systems is an ultralong-acting capsule that delivers a continuous therapeutic
dose of ivermectin against malaria for up to 14 days (Lopes et al. 2016) (not designed
for cancer therapy). Another approach uses two types of alginate and polyacrylamide
networks interconnected and crosslinked to generate a hydrogel capable of
withstanding in vivo stomach stresses (Bellinger et al. 2016). This system can be
easily dismantled by ingesting a biocompatible chelator and a reducing agent. This
characteristic is essential in cancer therapy, but not limited to, halt the treatment if an
adverse response occurs. The main issue in treating intestinal cancer is to avoid the
harsh stomach environment and deliver the medicine solely in the more neutral gut.
Polyanionic pH-sensitive polymers, which dissolve exclusively at neutral pH, are
commonly used to coat enteric-coated products (Liu et al. 2017; Liu et al. 2017).
These polymers (e.g. Evonik’s Eudragit R) effectively shield pharmaceuticals from
the acidic environment of the stomach while enabling drug release in the intestinal
fluid (Thakral et al. 2012b). Oral administration may also reach the intestinal
lymphatic system, which can help treat lymphoma and certain metastatic
malignancies (Trevaskis et al. 2015). This delivery method might be appealing for
medications sensitive to hepatic processing; however, the bioavailability of the
molecules is minimal. Using lipid-based formulations and chemical changes of
medications to generate lipid prodrugs is the most common strategy to target the
intestinal lymphatic system (Chaudhary et al. 2014). Finally, targeting the colon may
increase medication delivery to colorectal tissues, notably in colorectal cancer
(Esseku and Adeyeye 2012). Reduced proteolytic activity, decreased expression of
efflux transporters, and increased residence time can enhance systemic macromole-
cule absorption. The medicine must traverse the thick mucus layer in this portion of
the GI tract to reach the colon without being discharged in the stomach or intestine
(Sinha et al. 2004). To administer the anticancer medication 5-fluorouracil (5-FU)
(Soppimath et al. 2000), guar gum, a natural polysaccharide, was employed. With
polymers like poly(vinyl) alcohol, it can generate a pH-responsive hydrogel (Palo
et al. 2017). These tactics must be modified to the illness condition, which might
alter the pH and bacteria of the colon. The next generation of oral drugs may use
cutting-edge technology like 3D printing (US FDA n.d.). Beyond quick prototyping,
3D printing allows for unparalleled flexibility in drug design and production, which
is ideal for individualized treatments. Thus, 3D printing is gaining traction in the
pharmaceutical industry, especially after the FDA-approved 3D-printed pills for
epileptic seizures in 2015 (Becker et al. 2014). The Spritam tablet is created by
layering powder liquid until the correct dose is reached. It provides for a large dosage
of medication in a little tablet. Porous, the tablet dissolves fast in fluids, making it
easier for patients who have problems swallowing to follow their treatment regimen.
In the near future, individualized medicine delivery digital devices are being
investigated. This includes the electronic smart pill Intellicap®R from Medi metrics
Personalized Drug Delivery, which can measure individual GI residence durations,
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temperature, and local pH (Mazzaferro et al. 2013). This should allow locating the
capsule and regulating medication distribution to a specific area. With this smart
medication delivery pill, the traditional oral administration pill will become a vital
building element of a future tailored and integrated healthcare system. Table 1.1
summarizes challenges and solutions for oral anticancer medication delivery. The
oral route is favoured for most drugs due to its simplicity, non-invasiveness, and
improved quality of life for cancer patients (Mazzaferro et al. 2013). This mode of
administration is ideal for treating gastrointestinal and colorectal malignancies, as it
allows direct access to the tumour, despite the fact that medication absorption in the
colon is variable. It must also be suitable for localized distribution, necessitating
complicated and costly technology such as smart pills. Using lipid-based
formulations, this pathway can also enable selective entrance into the systemic
lymphatic system via the intestinal lymphatic network. It is also used to treat non-
small-cell lung cancer, renal cell carcinoma, and hepatocellular carcinoma. Oral
administration of big molecules like peptides and biologics has several obstacles in
order to compete with IV administration in terms of bioavailability. The large dosage
of macromolecules or small molecules to be supplied must also be considered while
creating a novel oral formulation (Brayden et al. 2020). Oral administration of
cytotoxic drugs with a short therapeutic window may be constrained by intra- and
interpatient absorption variability, as well as treatment regimen and tolerability.
Conversely, newer cancer treatments, such as noncytotoxic targeted therapies or
hormone therapy, may benefit greatly from innovative oral formulations, such as
nanotechnologies (O’neill and Twelves 2002; Huda et al. 2020).

1.2.1 Current Challenges in Oral Anticancer Drug Delivery

• The variety of available medications and their physicochemical features, the
safety of administration, the possible difficulty of reaching a specific tumour
site, and the complexity of treatment schemes are all challenges.

• These issues should be taken into account while developing a medicine delivery
strategy and selecting an administration route.

• The oral route is chosen by patients due to its ease and non-invasiveness.
This method confronts two significant obstacles: poor drug bioavailability (solu-
bility and/or permeability difficulties depending on the molecule) and targeted
delivery to a specific GI tract segment.

• Drug nanonization, lipid-based formulations, permeability enhancers, and
gastroretentive dose forms are the key new techniques.

• Oral cancer treatment is widely utilized and suitable for gastrointestinal
malignancies. It also allows specialized lymphatic system access for lymphoma
and several metastatic malignancies.

• Newer treatment techniques include noncytotoxic-targeted medicines, immuno-
therapy, and hormone therapy which may benefit from innovative oral
formulations.
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1.3 Conclusion

Increasing knowledge of cancer pathology and development of innovative therapeu-
tic techniques has led to the assumption that cancer is a multi-disease entity that
requires well-defined and reasoned cancer therapies. In order to provide anticancer
medications orally, intravenously or subcutaneously, DDS must be used efficiently.
As discussed in this study, developing novel formulations has shown to increase
effectiveness and toxicity profiles of various treatment approaches. It’s probable that
improving oral cancer drug bioavailability will remain a critical problem. To perfect
delivery methods for specific drugs and indications, we believe a greater knowledge
of GI barrier crossing processes is needed. Also, limited bioavailability of drugs
necessitates frequent administration of large dosages of biologics or small
molecules. In order to dramatically enhance patient quality of life, drug distribution
difficulties must be solved. Only one anticancer medicine has been authorized by the
FDA since 2013, Amgen’s XgevaR.
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Abstract

Hormone-related cancers, specifically breast, endometrium, ovary, and prostate,
show a distinctive mechanism of carcinogenesis. The occurrence of cancer
depends upon the endogenous and exogenous hormones-driven cell proliferation
that also leads to genetic modification. Management of hormonal cancer includes
the implementation of newer strategies for early detection and prevention of
hormonal cancer metastasis. Owing to the limitation of the traditional drug
delivery system, advanced targeting drug delivery systems is employed in the
management of hormonal cancer. Nanotechnology-based drug delivery systems
like lipid-based carrier systems (solid lipid nanoparticles), liposomes, polymeric
nanoparticles, inorganic nanoparticles, caron nanotubes, and other carrier systems
are routinely employed. Besides, peptide and nucleic acid-based (DNA and
siRNA) technology is recently used to target the desired receptors which are
over-expressed over tumour mass.
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Fig. 2.1 Population-case-death data of cancer patients across various continent

2.1 Introduction

Cancer, a proliferative syndrome, has a multifaceted character with unlimited growth
and affects mankind for decades as a leading cause of death worldwide (Khurana
et al. 2018). It comprises of a group of varied tissue responses due to mutation(s) in
genetic material, resulting eventually in the uncontrolled growth, invasion and
destruction of adjacent tissues, and at times, metastasis to other locations in the
body via liquid tissues (Qiao et al. 2015). Globally, the cancer burden is estimated to
have risen to 19.3 million new cancer cases and 10.0 million deaths in 2020 and is
anticipated that there will be 28.4 million new cancer cases by 2040 and approxi-
mately 17 million cancer-caused mortalities every year (Sung et al. 2021). Figure 2.1
illustrates the overall percentage of the population affected by cancer, across the
globe. Besides, in India, it is estimated that around 13.24 Lac cases are bearing the
disease in the year 2020 with an annual progression of 1.2 million new cases and 8.5
Lac deaths (National Institute of Cancer Prevention and Research (NICPR). Cancer
Statistics India 2020). Further, in India alone, it has been estimated that by 2020, the
number of patients affected with cancer may reach beyond 15 million. The most
prevalent cancer among males includes prostate, colon, rectum, and melanoma,
while among the females, predominant ones are breast, uterine corpus, and colorectal
carcinoma (Howlader et al. 2021).
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2.1.1 Cancer Classification and Pathophysiology

Cancer can be classified into two categories, based on the type of tissue and location,
viz. (a) Histological type (the type of tissue) and (b) primary site (location in the
body). Cancer cells differ from normal cells in size, structure, function, and growth
rate (Cooper 2000). Malignant cells grow uncontrollably and invade adjacent
structures and destroy surrounding tissues and organs through the cardiovascular
or lymphatic system metastasis (Seyfried and Huysentruyt 2013). Cancerous cells
lose their ability to differentiate and prevent themselves from performing the normal
essential functions required by the tissues, resulting in a variety of other tissue
changes in the body, viz., pain, cachexia, lowered immunity, anaemia, leukopenia
and thrombocytopenia, etc. However, a cluster of abnormalities is required before a
normal cell transforms into an uncontrolled proliferating mass (Shigdar et al. 2014;
Anand et al. 2008). Primarily, the development of cancer depends both on internal
(genetic factors-inherited mutations, immune conditions, and hormones) and exter-
nal (lifestyle factors like use of tobacco, diet, infectious organisms, environmental
exposure to chemicals and radiation) factors and later on abnormalities in the genetic
material (tumour initiator mutagenic and tumour promoter non-mutagenic agents)
caused by the said factor together resulting in the tumour formation (Ali et al. 2011).
Inherited cancers tend to occur earlier in life and typically cause multiple growths in
the same organ. Although some cancers appear to follow racial and ethnic lines, it is
difficult to segregate genetic influences from environmental and lifestyle factors as
the major cause of cancer (Maskarinec et al. 2011). Alteration in the genetic makeup
of normal cells can cause their transformation into cancerous cells (American Cancer
Society. Breast Cancer 2019a). However, most DNA changes linked to breast cancer
are acquired, which take place over time. There is a set of genes that regulate the
growth, division, and apoptosis of cells. Changes in genetic makeup can cause the
cells to depart from their physiology and are linked to cancer (Davis and Lin 2011).
Malignant cells lose their ability to perform the regular functions required by the
tissue resulting in pain, cachexia, lowered immunity, anaemia, thrombocytopenia,
and leucopenia (Baba and Câtoi 2007). This uncontrolled cellular growth and spread
of cancer cells are regulated by proteins produced in cells, which are altered or
mutated by environmental factors, alteration in gene replication, or repair processes.
Uncontrolled growth can eventually interfere with one or more physiological
functions and possibly lead to death too. The primary sites of cancer metastasis are
bone, lymph nodes, liver, lungs, and brain (Learner 2019).

2.1.2 Theory of Cancer Initiation

The development of cancer is a complex process and is interconnected with factors
related to environmental exposure, lifestyle practices, medical interventions, genetic
traits, viruses, familial susceptibility, and ageing. Interactions between repeated
carcinogenic exposure and an individual’s susceptibility status might be the most
probable reason for the development of cancer (Garg et al. 2019). According to Rous
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Fig. 2.2 Theory of Initiation-Promotion-Progression

Table 2.1 Role of the commonly associated genes in cancer development

Name of Gene Impression

Proto-oncogenes Responsible for normal cell growth; on mutation, it converts into a “bad”
gene and called an oncogene. When oncogene remains active, even its
activity is not required, resulting in uncontrolled cell growth that may lead
to cancer

Tumour
suppression genes

BRCA genes (BRCA1 and BRCA2) are normal tumour suppressor genes
that slow down cell growth, repair DNA alterations, and help in the
management of apoptosis. Alteration in BRCA genes leads to abnormal
cell growth resulting in cancer

Inherited gene Transfer of inherited mutated altered gene takes place from a parent to a
child that increases the chance of occurrence of cancer

Acquired gene Mutation in a gene related to breast cancer takes place during her life-span
and leads to changes which may arise due to environmental or lifestyle of
the person

and Kidd (Rous and Kidd 1941), the probable theory behind the cause of cancer is
the “Initiation-Promotion-Progression” theory, where the multiple exposure and
mechanisms factors are responsible for developing cancer, as shown in Fig. 2.2.
Besides, Table 2.1 enlists a description of some common genes associated with
cancer development (Sledge et al. 2014).
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2.2 Hormonal Cancer

A hormone is a natural chemical substance, produced in the body, transported in
tissue fluids to regulate each vital activity of our body system. However, they’re also
handy for some types of cancer to grow and spread, leading to hormone-sensitive or
hormone-dependent cancer. Hormone-dependent cancers are identified as the pres-
ence of proteins on their cell surfaces known as receptors. Receptors play with
hormones like a “lock and key” (Casey et al. 2015). Hormone-dependent cancer
shows a distinctive mechanism of carcinogenesis. Cell proliferation via endogenous
and exogenous hormones drives cell proliferation, and thus the opportunity for the
accumulation of random genetic errors (Henderson and Feigelson 2000). Cancer
affected by hormones show some common side effects such as nausea, weakness,
unexplained weight loss or weight gain, loss of body hair, feeling cold, feeling tired
or weak, menstrual changes or loss of menstrual periods in women, and erectile
dysfunction (trouble with erections) in men. Most common cancers which are fueled
by hormones include breast cancer (estrogen and progesterone), ovarian cancer
(estrogen), uterine or endometrial cancer (estrogen and progesterone), and prostate
cancer (testosterone and similar hormones) and can help in growing and spreading.
Other hormone-based cancers include cancer of the thyroid, pancreas, testis, pitui-
tary, osteosarcoma, and adrenal (Biggers 2020; Nwadike 2018).

2.2.1 Types of Hormonal Cancer

2.2.1.1 Breast Cancer
Breast cancer is one of the leading causes of death in women (15%), followed by
lung cancer (Sung et al. 2020). It holds the second and fifth position in occurrence
and mortality, respectively, and it is the leading type at a global scale in terms of the
occurrence of new cases (WHO 2018). Although it is not an epidemic, the reports in
recent years are spine chilling with approximately 2.3 lac females suffering from
breast cancer in the USA alone. In the Western world, approximately 1 in 11 develop
the malignancy and 1 in 30 dying from the disease (Brown et al. 2017). The tumour
is malignant if the cells can grow into (invade) surrounding tissues or spread
(metastasize) to distant areas of the body where cells usually form a tumour that
can often be seen on an X-ray or felt as a lump. A small number of cancers start in
other tissues in the breast. These cancers are called sarcomas and lymphomas and are
not really thought of as breast cancers. Non-cancerous breast tumours have abnormal
growths, but they do not spread outside of the breast and they are not life-threatening
(Society AC 2019). However, some benign breast lumps can increase a woman’s
risk of getting breast cancer. Most of the breast cancers begin in the ducts (ductal
cancers) or glands (lobular cancers). Clinically, estrogen and progesterone are the
most suitable cell surface markers in breast cancer, which are used to predict
response to hormone therapy. Besides, genes also play a significant role in the
pathophysiology of the cancer.
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Propagation of breast cancer takes place when the cancer cells get metastasized
via blood or lymph to different parts of the body, like lungs, liver, bone, brain, and
skin (Leyrer et al. 2017). The lymphatic system has higher susceptibility to partici-
pate in the spreading of cancer to other parts of your body, as lymph nodes are small,
bean-shaped collections of immune system cells (metastasized) (Sandhu et al. 2017).
Most of the lymph vessels of the breast drain into axillary lymph nodes (present
under the arm), supraclavicular and infraclavicular lymph nodes (present around the
collar bone), and internal mammary lymph nodes (present in the chest near the breast
bone) (American Cancer Society 2019a, b).

2.2.1.2 Cervical Cancer
Cervical cancer is the fourth most common cancer in women worldwide. Cervical
cancer is nearly always caused by infection with human papillomavirus (HPV).
Despite being highly preventable, cervical cancer is the fourth most common cancer
and cause of cancer death in women globally (Castle et al. 2021). The most
carcinogenic form of HPV is the high-risk human papillomavirus 16 (hrHPV16).
However, only a few hrHPV16 infections develop into cancer. Demographic
variations within the HPV16 genotype have been proposed to give differentiation
into carcinogenicity (Singh et al. 2017).

2.2.1.3 Endometrial Cancer
The uterus is the pear-shaped pelvic hollow muscular organ, where the development
of fetal occurs. Endometrial cancer begins in the uterus, where malignant cancer
cells form in the tissues of the endometrium (lining of the uterus) (Ameer et al.
2020). Endometrial cancer begins in the layer of cells that form the lining of the
uterus. Endometrial cancer is sometimes called uterine cancer and it is different from
cancer of the muscle of the uterus known as sarcoma of the uterus. Signs and
symptoms of endometrial cancer include unusual vaginal bleeding or pain in the
pelvis. Besides, obesity, a person having metabolic syndrome, women taking
tamoxifen or estrogen alone (without progesterone) for breast cancer may increase
the risk of endometrial cancer (Kim et al. 2013). Other risk factors for endometrial
cancer include hormone replacement therapy only after menopause, use of
tamoxifen in the management of breast cancer, type 2 diabetes, exposure of endo-
metrial tissue to estrogen produced in the body by never giving birth, menstruating at
an early age and starting menopause at a later age, presence of polycystic ovarian
syndrome, family history of endometrial cancer, genetic symptoms like Lynch
syndrome, endometrial hyperplasia, etc.

2.2.1.4 Prostate Cancer
Prostate cancer is dependent on testosterone and similar hormones that can help it
grow and spread. Androgens-dependent prostate cancer is one of the most common
cancers that occur in men. It is affected by testosterone and similar related hormones.
As compared to other cancer, its progression rate is very slow and finding and
treating it before symptoms occur may not improve men’s health. Adenocarcinoma
and neuroendocrine are the most common and less common histologic types

https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=509341&version=patient&language=English&dictionary=Cancer.gov
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observed in prostate cancer (Rawla 2019). Cells of the prostate gland secrete
Prostate-specific antigen (PSA), a protein in the bloodstream. The highest concen-
tration is indicative of prostate cancer. Besides, ejaculation can temporarily enhance
the PSA levels. Overall management of prostate cancer is purely based on the size,
location, and the type of cancer (malignant and Benign). Hormone therapy is
associated with persons with large advanced tumours, also known as androgen
deprivation therapy (ADT), along with radiation therapy. Further, if it no longer
responds to ADT, it is termed castration-resistant prostate cancer. The latter was
treated with chemotherapy, immunotherapy, radiation therapy, or other newer treat-
ment options, such as new drugs that target androgen. Incontinence, bone pain and
weakness, and sexual problem are the major side effects that can be managed with
the suggestion of health care professionals (Society AC 2021).

2.3 Limitations of Conventional Treatment and Opportunities
for Cancer Treatment

Surgery, radiation therapy, chemotherapy, hormonal therapy, and immunotherapy
are considered to be the most frequently employed therapies for the treatment of
breast cancer. Surgical removal of the tumour and surrounding tissue is preferred for
cancer treatment in the chronic stages (Gonzalez-Angulo et al. 2007). However, the
foremost drawbacks of surgery are severe pain, the necessity of hospitalization, and
chances of remaining cancerous tissue in the affected area. On the other hand,
treatment with radiation therapy, involving the use of high-energy electromagnetic
waves to eradicate cancer cells, is challengeable in the context of patient safety
(Sledge et al. 2014). Among all the approaches, the most frequently employed is
chemotherapeutic treatment using diverse anticancer drugs. Nevertheless, the major
pitfalls associated with chemotherapy include extra-vascularization, higher drug
resistance, lack of site-specific targeting, drug elicited and solvent-associated
adverse effects, and nonselective cytotoxicity, leading eventually to poor patient
compliance and submaximal therapeutic benefits (Selimah Fauzee et al. 2011;
Mettler et al. 2014).

2.4 Targeted Drug Delivery

Targeted drug delivery plays an important role in the management of cancer
treatment as drug molecule gathers at the specified site of the body selectively,
with a low toxicity profile, independent of the site and mode of its administration
(Bae and Park 2011). Delivery of anticancer molecule should be specific, precise in a
sustained and controlled manner via suitable biological events (receptor targeting)
which also overcome the non-specific toxic effect and accumulation of drug mole-
cule as observed conventional drug delivery (Senapati et al. 2018). Table 2.2
Advanced nanocarriers systems facilitate the accumulation of drug molecules in
the desired site and remain in the bloodstream for the longest time because of the
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Table 2.2 Various types of nanocarriers used in drug delivery

Type of Carrier Type of the carrier Name of the carrier

Colloidal carrier Vesicular Liposome, Niosome, Pharmacosome, Virosomes,
Immunoliposome

Particulate carrier Biodegradable polymeric /lipidic nanoparticle,
Nanocapsule, nanocomposite, microsphere,
microparticle, microsponge

Cellular carrier Biological Resealed erythrocyte, albumin, antibodies, platelets,
leukocytes

Supra molecular
delivery system

Bio-polymer Polymeric micelles, lipid crystals, lipoprotein

Macromolecular
carrier

Protein/
glycoprotein

Neo-glycoprotein, artificial viral envelops

Others Glycosylated
hydrophilic
polymer

Poly-L-lysine,

Monoclonal
antibodies

Antibody-antigen complex, bispecific antibodies

Lectin Polysaccharides

EPR effect (Golombek et al. 2018). Different levels of targeting can be achieved
after an alteration of nanocarriers as targeting towards discrete (i) organ (ii) specific
cell type within a tissue or organ, and (iii) specific intracellular compartment in the
cells (Jain et al. 2018). Table 2.3 summarizes the current chemotherapy option
available for major hormonal cancer.

2.5 Advanced Drug Delivery System for the Management
of Hormonal Cancers

Despite the multiple challenges for effective delivery of the existing chemothera-
peutic agents, it has been revealed from the vast literature reports that delivery of
such drugs through nanostructured drug delivery systems (DDS) has demonstrated
immense therapeutic benefits (Singh et al. 2009). Frequently explored nanocarrier
systems include lipid-based nanoparticles (SLNs and NLCs), liposomes, polymeric
nanoparticles, lipid-polymer hybrid systems, lyotropic-liquid crystals, carbon
nanotubes, dendrimers, nanomaterials, nanocomposites, etc. (Jain et al. 2020),
owing to their minuscule size, high aspect ratio, ability to get functioned and rescued
from the macrophage defence mechanism, and enable these nanocarriers to move
into the cancer cells transcellular (Kapse-Mistry et al. 2014). Besides, the
nanostructured systems also provide the desired enhancement in the absorption
potential of the “difficult” drugs, site-specific delivery of the drugs to the affected
site, dose reduction, controlled release action, excellent encapsulation ability,
enhanced distribution potential, and the overall improvement in the biopharmaceu-
tical performance (Mussi et al. 2013). In the industrial milieu, these nanostructured
systems are also considered to be relatively more amenable to product development,
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Table 2.3 List of different major hormonal cancer and associated chemotherapy

Name of the
Name of the therapy/

Drug
Side/ Adverse

Breast
cancer

Aromatase
inhibitors

Anastrozole
(Arimidex®),
letrozole
(Femara®) and
Exemestane
(Aromasin®)

Used in
menopause
condition when
production of
estrogen reduces
significantly
In premenopausal
women,
production of
aromatase is high
to inhibitors to
work effectively
These are used to
shrink tumors
before surgery, and
after surgery to
prevent
reoccurrence of
breast cancer

Hot flashes, night
sweats and vaginal
dryness or atrophy,
similar to
symptoms of
menopause
(amount of
estrogen decrease
in the body).
Increase the risk
for heart attack,
chest pain
(angina), heart
failure, high
cholesterol, bone
loss, joint pain,
depression, and
mood swings.

Selective
estrogen
receptor
modulators
(SERMs)

Tamoxifen
(Nolvadex®),
Taloxifene
(Evista®), and
toremifene
(Fareston®)

To prevent
reoccurrence of
breast cancer, it is
given after surgery
for early
ER-positive breast
cancer in men or
women.
They’re also
approved to treat
advanced breast
cancer and may be
used to prevent
breast cancer in
high-risk
individuals.

Hot flashes, blood
clots, stroke, bone
loss, mood
changes,
depression and
loss of sex drive,
headaches, nausea,
vomiting, rashes,
impotence, and
loss of sex drive
(tamoxifen side
effect).
Stroke or
developing
potentially fatal
blood clots in the
lungs or legs
(Raloxifene).

Toremifene is only approved for advanced stage breast cancer that has spread

Fulvestrant Faslodex Fulvestrant is
approved for
female candidate
who has advanced
ER-positive breast
cancer after
treatment hormone
therapy. Also
prescribed for
postmenopausal

Nausea, vomiting,
constipation,
fatigue, back pain,
bone pain, joint
pain, headaches,
hot flashes, and
breathing issues
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women with
ER-positive,
HER2-negative
cancers
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Table 2.3 (continued)

Name of the
Name of the
therapy/
Drug

Side/ Adverse
effects

Cervical
cancer

Chemo with
targeted
therapy,
biosimilar

Bevacizumab
(Avastin),
Bevacizumab-
awwb (Mvasi) and
bevacizumab-bvzr
(Zirabev),
Tisotumab vedotin
(HuMax-TF)

Treatment checks
the growth and
spreading of the
cancer cells
especially in
recurrent cancer
patients, and for
the treatment of
recurrent or
metastatic cervical
cancer that has
progressed during
or after
chemotherapy

Skin reactions,
flu-like symptoms,
diarrhea, and
weight changes

Endometrial
cancer

Tamoxifen,
sLHRH
agonists,
aromatase
inhibitors

Anastrozole
(Arimidex®),
letrozole
(Femara®) and
Exemestane
(Aromasin®)

Hormone therapy
is typically
reserved for
advanced uterine
or endometrial
cancer, or for
reoccurrence
cases, generally
it’s often
combined with
chemotherapy

Constipation,
fatigue, back pain,
bone pain, joint
pain, headaches,
hot flashes, and
breathing issues

Prostate
cancer

Androgen
deprivation
therapy
(ADT)
(LHRH
agonists, or
GnRH
agonists)

Leuprolide
(Lupron®,
Eligard®),
Goserelin
(Zoladex®),
Triptorelin
(Trelstar®) or
Histrelin
(Vantas®).

Used to lower the
amount of
testosterone, drugs
are given as a
small implant skin

Lack of sexual
interest, shrinkage
of testicles and
penis, breast
tenderness, bone
thinning and
fractures, low red
blood cells
(anemia), brain
fog, loss of muscle
mass, weight gain,
fatigue, high
cholesterol,
depression

Androgen
blockers

Testosterone
Enzalutamide
(Xtandi®),
Apalutamide
(Erleada®) and

Androgen blockers
if an orchiectomy
or an LHRH
agonist or

Diarrhea, fatigue,
rash and
worsening hot
flashes, dizziness
and seizures are

(continued)
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Darolutamide
(Nubeqa®).

antagonist is no
longer working
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Table 2.3 (continued)

Name of the
Name of the
therapy/
Drug

Side/ Adverse
effects

more severe, but
less common, side
effects

pilot plant scale-up, and subsequent commercialization. These systems have been
metamorphosed as one of the most effective drug delivery technologies of the
twenty-first century to combat multiple cancers (Nakamura et al. 2012).

2.6 Nanomedicine-Based Therapies for Hormonal Cancers

The multifold challenge is evident for targeting to investigate selective target, to find
the drug specific to the disease/condition, and (Cavanagh et al. 1995) to have
information about drug carrier (Tannock 1998). The effective tumour targeting of
NPs leads to having better control over the release of the drugs from a carrier,
effective in vivo fate (pharmacokinetics and pharmacodynamics), augmented
uptake, and cytoplasmic delivery with alleviated toxicity levels. Cancer targeting
involves “passive targeting” and its interrelated but refined and effective way of
targeting, i.e. “Active targeting”. Tumour nanotechnology-based therapeutics are
swiftly moving forward with the capacity to answer numerous restrictions of con-
ventional therapeutics such as unspecific biodistribution, low therapeutic indices,
and lack of water solubility.

Passive targeting consists of the transport of nanocarriers through leaky tumour
capillary fenestrations into the tumour interstitium and cells by convection or passive
diffusion. Selective accumulation of nanocarriers and drugs then occurs by the
enhanced permeability and retention effect (EPR) that has become the gold standard
in tumour targeting, especially in all the rapidly growing solid tumours (Haley and
Frenkel 2008; Maeda et al. 2000, 2009). Indeed, the EPR effect is pertinent in
practically all human cancers except hypovascular tumours, i.e. pancreatic cancer
or prostate cancer, etc.(Maeda et al. 2001). Passive targeting always consolidates the
significantly lower toxicity with active targeting as the latter assists in increasing the
drug titer in tumour viz a viz passive targeting. This can be achieved using second-
order (cell-specific) targeting of the drug-taking help of tumour microenvironment
characteristics like pH, temperature, and receptor overexpression, leading to the
reduction of dose and side effects of the drug. Although the role of the receptor
and ligands has already been explained, carriers do perform an imperative role in
carrying a drug to the site of action, i.e. specific cells.

Currently, cancer therapy has become a multidisciplinary challenge requiring
close collaboration among clinicians, biological and materials scientists, and bio-
medical engineers. Conventional chemotherapeutic agents are distributed
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non-specifically in the body affecting both normal and tumour cells. Given the
potency of modern pharmacological agents, tissue selectivity is a major issue.
Hence, the dose achievable within the solid tumour is limited resulting in suboptimal
treatment due to excessive toxicities. The ultimate goal of cancer therapeutics is to
increase the survival time and improve the quality of life of the patient by reducing
the systemic toxicity of chemotherapy (Byrne et al. 2008). The idea of exploiting
vascular abnormalities of tumours, avoiding penetration into normal tissue
interstitium while allowing access to tumours, becomes particularly attractive. In
this context, the tumour targeting of nanomedicine-based therapeutics has emerged
as one approach to overcome the lack of specificity of conventional chemotherapeu-
tic agents. Carrier is one of the most important entities required for the successful
transportation of loaded drugs.

The choice of carrier system depends upon the target cells that should be reached
and the choice of drug that needs to be delivered. Drug delivery carriers can be
classified into two major types, i.e. soluble and cellular carriers. Soluble carrier helps
to deliver the drug to the systemic circulation or assist in drug delivery to the tumour
micro-environment. However, cellular carriers help in the localization of a drug to
the defined cells. Other strategies, like, polymeric or lipidic carriers carrying physi-
cally or chemically enclosed/conjugated drugs are apt choices against tumour
targeting. There are a heap of carrier systems that can be taken into account to
design an active drug targeting system. But every nanoparticulate carrier system has
its advantages and disadvantages. However, their specific characteristics assist to
choose the desired system for specific cancer.

Nanotherapeutics emerged as a refuge for the conventional drug delivery to target
the conventional drugs to target them to tumour environ. Nanoparticles are solid
architectures with at least one dimension having a size less than 1000 nm. They can
either be “nanospheres” with the drug dispersed in a polymeric lipid matrix, or
“nanocapsules” where the drug is enclosed in a cavity made by the layer of polymer
or lipids (Meier 2000; Caban et al. 2014). Predominantly, they comprise of a
framework (polymer or lipids), where contrast agents/drugs, etc. are attached or
encapsulated in the matrix of polymeric/lipidic. This architecture assists in improv-
ing the pharmacokinetics and biodistribution of the drug. Furthermore, a ligand
potentiates directing the nanoparticle specifically to the tumour cell itself. Depending
upon the selection of scaffold, many nanocarriers have emerged in the arena of drug
delivery. However, drug delivery systems having significance with current work are
explained here onwards.

Targeting through ordinary or conventional nanotherapeutic is non-specific and
can cause toxicity due to extra pyramidal side effects. Cell machinery got impaired in
a diseased state and this resulted in diseased machinery that can be explored for
designing new vehicles. A few years ago, Hanahan and Weinberg (Hanahan and
Weinberg 2011) tallied six important hallmarks of cancer (which was further
increased by the same group); these hallmarks are vital for a cell to acquire its way
to master its destiny to become a tumour. These hallmarks include (1) ability of
cancer cells to stimulate growth signals; (2) uncontrolled multiplication ability;
(3) evading apoptosis; (4) downregulate anti-growth signals; (5) angiogenesis to
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develop new blood vessels to supply nutrients to the tumour; and (6) stimulate
metastasis and invasion. A keen understanding of the hallmarks helps researchers
to develop better and efficient targeted cellular drug delivery carrier systems.

Through these hallmarks, cancer cells become controllers in developing the
disease by deregulating tumour pathogenesis. Due to all such hallmarks, the cancer
cells become rigid and gather the ability to mutate. Abundant understanding in the
area of tumour pathogenesis has not helped us to translate the knowledge into
clinical findings against cancer. The non-specific distribution of the chemotherapy
in the body leads to unwanted toxicity to normal cells. Although as mentioned
earlier, by developing the hallmarks the cancers cells become the controller of
their fate, these traits can be used against the tumour itself by developing a carrier
system that contains ligand specific to over-expressed receptors over tumour cells or
by EPR effect. These ligands include small chemical entities, carbohydrates,
polysaccharides, peptides, nucleic acid, monoclonal antibodies, or hormones that
have an affinity for the over-expressed receptors in the cell surface. Thus, ligand-
associated nanoparticles further potentiate the action of NPs by active targeting,
which has a special role in targeting ‘Hormonal Cancers’. Jain et al. discussed a brief
account of ligands, receptors, and different types of targeting in drug delivery in the
management of cancer treatment (Jain et al. 2018). In the following sections,
nanoparticles were discussed in detail concerning their inherent material.

2.6.1 Lipidic Nanoparticles

Lipidic drug delivery systems emerged as the most potent drug delivery system due
to their higher stability and targeting efficacy. Till now, lipidic nanoparticles (NPs)
are the most advanced and highly explored carrier system in the pharmaceutical
research domain. Lipidic drug delivery system contains numerous types of NPs,
i.e. Solid lipid nanoparticles, Liposomes, Lipid conjugate, etc. Many scientists
explored the use of estrogen derivatives to be used as targeting moiety to target
these tumours. Salkho et al. used an estrogen derivative, estrone, to develop a
doxorubicin-loaded lipidic vesicular system for estrogen receptor targeting to estro-
gen receptor-positive cancer cells. The estrone-conjugated liposomes showed nota-
bly higher retention in MCF-7 (ER (+) cells) than the MDA-MB-231 cells (ER (-)
cells), dictating the targeting potential of estrone (Salkho et al. 2018). Similarly,
Paolino et al. demonstrated the synthesis and evaluation of nanoliposomes, which
were covalently attached to the thyroid-stimulating hormone (TSH), having the
ability to specifically bind to TSH receptors (TSHr) over-expressed on thyrocytes.
The targeting using conjugated NPs leads to a significant reduction in the tumour
volume and weight w.r.t. naïve counterparts. Similarly, He et al. synthesized stealth
liposomes surface decorated with luteinizing hormone-releasing hormone (LHRH)
receptor over-expressed on the majority of cancer cells, to accelerate the inflow of
NPs to LRHH expressing tumour cells through receptor-mediated endocytosis
(He et al. 2010). Group reported significantly higher tumour retention of drug
encapsulated LHRH decorated liposomes in the tumour leading to reduced tumour
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volume in the ligand-conjugated liposomes treated group as compared to naïve MTO
(P < 0.05) or unconjugated drug encapsulated liposomes (P < 0.05) groups. The
same group also presented another peptide ligand, gonadorelin, a peptide analog of
LHRH, in dictating higher potential to bound vesicles to LHRH receptor over-
expressing tumours. It was evident from their studies that gonadorelin bound
liposomes displayed noteworthy stability and provided sustained release kinetics
of loaded MTO, and thus showed improved in vitro efficacy. Several other studies
employing in vivo xenograft model were also presented in the previous literature. In
another experiment, LHRH analogue was employed to target docetaxel-loaded
liposomes to ovary cancer, which delivered nine times more docetaxel at the ovarian
tumour compared with the naïve drug or unconjugated liposomes with decreased
exposure to the other peripheral organs like liver and spleen (Qin et al. 2008).
Likewise, the transferrin receptor 1 (TfR1) aka CD71 is another marker for
tumourigenesis. Bhagwat et al. documented the synthesis of transferrin-conjugated
solid lipid nanoparticles (SLNs). These particles were consistent and effective
enough to deliver loaded Tamoxifen citrate to breast cancer. Other scientific groups
too presented work in the same field. Dai et al. developed transferrin-conjugated
paclitaxel-loaded lipidic nanoparticles to target Tf receptors in leukaemia cells. The
IC50 value of Tf-conjugated paclitaxel-loaded liposomes was 0.45 μg/ml as com-
pared to 2.8 μg/ml for unconjugated nanoparticles. Overall, the outcomes clearly
illustrated the targeting potential of the Tf-conjugated lipid nanoparticle system to
the leukaemia cells. In another study, Radhakrishnan et al. reported the use of
bombesin to target solid lipid nanoparticles encapsulating epigallocatechin gallate
to breast cancer. Bombesin confers affinity towards gastrin-releasing peptide
receptors (GRPR) over-expressed in breast cancer. In vitro and in vivo data showed
the superiority of the developed formulations. The animals treated with the devel-
oped formulations illustrated greater survivability and reduction in tumour in case of
bombesin-conjugated SLN viz. a viz. naïve drug. Similar outcomes were also
corroborated by Kashanian et al., who presented a capable dual ligand-targeted
system (folate-apoferritin) using cationic SLN. The dual-drug targeted delivery
system in cancer therapy: nanocomplexes of conjugated cationic solid lipid
nanoparticles. The cytotoxicity of the dual-targeted SLN (DTPLNs) was greater
than individual-unconjugated SLNs (PLNs) in folate receptor-positive cells. The
enhanced cytotoxicity of DTPLNs, as compared with PLNs, can be explained by the
greater cellular uptake via FRs-mediated endocytosis in MCF-7 (breast cancer) and
PC-3 (prostate cancer) cell lines as cancer cells need more FA than healthy cells for
sustaining uncontrolled cell proliferation. These higher need was perfectly being
utilized by the group to target the uncontrolled cancer cells (Amer Ridha et al. 2021).
Multifunctional nanocarriers have been widely applied due to their enhanced effect
on tumour therapeutics. Wang et al. constructed a highly effective dual targeting
liposomal drug delivery system. They exploited immune targeting ligand (Self-
Peptide (SP)) and tumour identification ligand (anti-ER (Estrogen Receptor) anti-
body) for effective breast cancer therapy. The anti-ER antibody assists in directing
the liposomes ER-positive breast cancer. SP could help to inhibit the ‘Reticulo
Endothelial System (RES)’ uptake that causes persistent circulation of NPs in
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systemic circulation. Results clearly demonstrated successful attaining of the
hypothesis. In vivo fluorescence images of the mice at different time points with
different formulations illustrated the higher retention of the developed
liposomal-targeted synergetic-conjugated liposome system in the tumour and reduc-
tion in the tumour volume to about 38.0%. In contrast, the tumour growth rates of the
groups treated with different non-targeted NPs formulation and their naïve
counterparts were 68.1%, 95.2%, 95.9%, 103.7%, 131.9%, and 158.4%, respec-
tively (Wang et al. 2019b).

Apart from the higher potential of lipidic NPs in tumour research, they still have
reduced pace. This lagging is due to their higher leaching of the drug content from
the NPs. Moreover, lipids have an inherent characteristic of degradation due to
oxidation. Furthermore, liposomes kind of nanoparticles cannot be explored for
oral delivery due to their instability in GI fluids. For the mentioned reasons,
polymeric nanoparticles were explored to find the probable alternative to the
lipid NPs.

2.6.2 Polymeric Nanoparticles

With the emergence of newer, safer, and biocompatible polymers, a surge in research
exploration, clinical trials, and approved drugs from polymeric nanoparticles is
progressing. Hence, it becomes of utmost importance to mention the role of
polymers in the mitigation or detection of hormonal tumours.

As already mentioned, estrogen derivatives have the potential to target hormonal
cancers like breast cancer. By exploring the same hypothesis, Kurmi et al. also
developed and evaluated estrone decorated doxorubicin-loaded chitosan NPs.
Estrone conjugation reduced the secondary and adverse effects of the drug by
actively transporting the drug to the tumour area. Moreover, those chitosan poly-
meric nanoparticles helped in increasing the bioavailability and half-life of the drug,
which further passively increases the efficacy. In the literature, many scientists
explored the use of estrogen derivatives to be used as targeting moiety to target
these tumours. Polymeric nanoparticles can be used for encapsulation of hydropho-
bic drugs too. The polymeric architecture decides the encapsulation efficiency of the
drug. Paclitaxel is the first line of treatment for many of the cancers; however, the
clinical used formulation of paclitaxel contained a very high level of surfactants like
Cremophor EL (CrEL) and tween 80 to solubilize a higher amount of hydrophobic
drugs in hydroalcoholic base. However, these surfactants were known to produce
remarkable hypersensitivity reactions, making drugs toxic for cancer patients, lead-
ing to a reduction in patient compliance. Thus, PEG (Hydrophilic polymer)-
associated polymeric nanoparticles emerged as an excellent choice to passively
target tumours by reducing the RES uptake and avoiding aggregation of NPs. In
the past literature, other receptors like Follicle-stimulating hormone receptor (FSHR)
is over-expressed on ovarian cancer cells. By using a peptide derived from FSH, the
group developed peptide-conjugated nanoparticles to target ovary cancers to pro-
duce higher improved anti-proliferation and antitumour effects compared with naïve
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drug or its unconjugated counterpart with 70% inhibition of tumour volume (3.5
folds higher than clinical paclitaxel formulation) (Zhang et al. 2009). Zang et al.
presented hormone peptide-conjugated Poly lactic acid (PLA) nanoparticles,
facilitating paclitaxel internalization to ovary tumours. The results remarkably
demonstrate the significantly higher anticancer properties of the formulation.
FSH33-NPs mediate NP to internalize in ovarian cancer at a higher rate as compared
to naïve drugs (Zhang et al. 2009).

2.6.3 Inorganing Nanoparticle

Metallic and semi-metallic materials are profoundly used as contrast agents in cancer
research. However, the ease in preparation and heat-absorbing/emitting properties of
these substrate helps in designing the potential application of drug delivery for
cancer. Moreover, recently ligand-conjugated inorganic nanoparticles were
exploited for better properties such as higher contrasting power, multiple
functionalities of the inorganic nanoparticles, and better imaging properties. Their
unique material gives multiple characteristics to them which can be explored in
multiple tumours for theranostic purposes. These nanoparticles include magnetic
nanoparticles, silver nanoparticles, gold nanoparticles, silica nanoparticles, etc.
Fluorescent nanoparticles are promising tools for living cancer cell imaging and
cancer targeting. To explore the same fluorescent NPs, Chen et al. synthesized and
characterized estrogen complexes dye-doped fluorescent nanoparticles (FNPs) as
optical probes for breast cancer. The results were evident to show that estrogen
binding can effectively enhance the accumulation of nanoparticles in the breast
cancer itself, causing better contrast images (Chen et al. 2019). The targeting ability
of the ER(+) ligands was further assessed by Xia et al. They presented an anti-ER
probe in 99mTc-labeled estradiol with diethylenetriaminepentaacetic acid (DTPA)
as a cheating agent. Tumour mice (MCF-7) significantly reduced tumour uptake of
99mTc-DTPA-estradiol (2.24 ± 0.28%ID/g) when tumours were pre-injected with
an excess of DTPA-estradiol, suggesting specificity of 99mTc-DTPA-estradiol
against ERs in tumours (Xia et al. 2016).

Antiestrogen compound, such as tamoxifen (TAM), is a famous drug used in the
treatment of ER (+) breast cancers. This antiestrogen compound was carefully
explored to initiate dual targeting against breast cancer. Dreaden et al. prepared
tamoxifen PEG decorated Gold NPs. Results showed enhanced higher efficacy of the
TAM-conjugated Gold to ER(+) breast cancer cells. Particle uptake was found up to
2.7-fold versus the free drug. Combined targeting selectivity and enhanced potency
provide opportunities for both multimodal endocrine treatment strategies and
adjunctive laser photothermal therapy (Dreaden et al. 2009).

Just like lipidic nanoparticles, transferrin has been extensively used in metallic
NPs to target them to hormonal cancers. Li et al. developed transferrin-conjugated
gold NPs for targeting and imaging and therapy for breast tumours. Results show
that the transferrin–transferrin receptor-mediated cellular uptake of gold
nanoparticles is six times that in the absence of this interaction. As a consequence,
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the laser power effective for photothermal therapy of the cancer cells was reduced to
values of two orders of magnitude lower. Likewise, folic acid derivative, methotrex-
ate (MTX), has also been used for targeting metallic nanoparticles. Chen et al.
presented MTX surface-conjugated gold NPs for effective tumour targeting. Nota-
bly, MTX–gold nanoparticle illustrated potentiated cytotoxicity on numerous
tumour cell lines compared with an equal dose of free MTX due to its “concentrated
effect”. Administration of conjugated gold nanoparticles suppressed the growth of
Lewis lung carcinoma (LL2), whereas negligible activity was persistent with no anti-
tumour effect (Chen et al. 2007). Ferro magnetic NPs were also explored by many
scientific groups for the effective targeting of breast cancer cells. Through a
published report, Meng et al. illustrated LHRH-conjugated superparamagnetic iron
oxide nanoparticles (SPIONs) to specifically target breast cancer cells. A series of
investigations involving contrast scanning studies proved the higher uptake of
KHRH-SPIONs in the tumour tissue than their other non-conjugated counterparts
(Meng et al. 2009).

2.6.4 Caron Nanotubes and Carbon Dots-Based Hormonal Cancer
Therapies

Carbon nanotubes (CNTs) have emerged as the breakthrough in nanotherapeutics
with multiple applications due to their remarkable unique structures and properties,
including high aspect ratios, large surface areas, rich surface chemical
functionalities, and size stability on the nanoscale. Through potential surface
functionalization, the CNTs can be given better dispensability as well as selectivity
towards cancer cells. CNTs’ inner cavities and surface can be used to carry multiple
drugs, biotherapeutic agents, etc. CNTs have been used for photodynamic therapy
due to their capacity to provide space for inorganic metal ions encapsulation. On the
similar verge of the utilization of the NPs, estradiol was appended for targeting the
NPs to hormonal cancer cells via estrogen receptors targeting. Das et al. presented
estradiol-based PEG-linked multi-walled CNTs (MWCNTs). The structures were
intrinsically cells for intranuclear drug delivery of doxorubicin causing better anti-
breast cancer potential. The anti-tumour efficacy of doxorubicin encapsulated
estradiol-PEG bound MWCNTs produced 18, 17, and 5 higher compared to the
groups exposed to saline, drug-deprived estradiol-PEGMWCNTs, and free DOX.
respectively (Das et al. 2013). By continuing on the same line, Ghosh et al. work
reported the synthesis of a 17β-estradiol-based amphiphiles comprising of
polyethene glycol (PEG) moiety linked through succinic acid that non-covalently
dispersed (76%) the single-walled carbon nanotubes (SWNTs) in water for the breast
cancer targeting. The in vitro data illustrated promising�three fold higher efficiency
than that of ER-negative MDA-MB-231 (advanced breast cancer cell) and HeLa
cells that are deprived of estrogen receptors (Ghosh et al. 2016). Hyaluronic acid
(HA), a natural polysaccharide, has a higher affinity for CD44 receptors over-
expressed on numerous tumour cells. Being hydrophilic, the HA proved stealth
properties to the NPs. These HA-conjugated NPs can be used to deliver drugs in

https://www.sciencedirect.com/topics/materials-science/iron-oxide
https://www.sciencedirect.com/topics/materials-science/iron-oxide
https://www.sciencedirect.com/topics/materials-science/nanoparticles
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the tumour tissue more than the unconjugated or naïve drugs. Li et al. developed an
HA-modified carbon dots (HA-CDs) carrier by one-step hydrothermal treatment
within 1 h with citric acid and branch-PEI as core carbon source. HA
functionalization not only worked as the ligand, but also produced a hydrophilic
character to the surface that helps in targeting as well as excusing RES uptake. These
carbon dots were also conjugated with doxorubicin using pH cleavable bond
(succinic acid) causing the release of doxorubicin in the acidic tumour microenvi-
ronment which resulted in superior anti-tumour efficacy of the carrier against
heterotopic and orthotopic 4 T1 cell tumour models as compared to naïve drugs.
Moreover, the hydrophilic HA also aids in elevating the carrier stability,
dispersibility, and hemocompatibility (Li et al. 2020).

2.6.5 Miscellaneous

There are plenty of drug delivery systems that have been used for targeting hormonal
cancer that does not come under certain of the above classes. However, they
predominantly ascertain their existence in the therapeutic world due to their potential
efficacy and stability. These moieties include dendrimers, drug ligand complexes,
fullerenes, etc. Dendrimers are molecular (nano) architectures of well-defined size
(depends on the generation) and several terminal groups with certain symmetrical
and globular geometry, starting from a multifunctional core unit, structure branches
in three dimensions from the inside outwards. These layers are designated as
“Generations”. With each generation, a fixed number of atoms are added into the
structure with a definite rise in size and molecular weight. The exact information
about the size and molecular weight of the dendrimer is helpful in the characteriza-
tion of the conjugated carriers using Mass spectroscopy and Nuclear Magnetic
Resonance (NMR). Each generation increases a set of flanking ends that can be
used to attach ligand molecules to target-specific cancer cells (Swami et al. 2014).
However, the cavities between the dendrimer generation and aliphatic chains can be
utilized to encapsulate drugs (hydrophobic and hydrophilic). These advantages made
dendrimers a self-reliant nanotherapeutic. There are multiple scientists who have
worked over the same to fabricate targeted drug delivery systems for hormonal
cancer. Modi. Et al. designed poly(amidoamine) (PAMAM) dendrimers to preferen-
tially target the FSHR to ovarian cancer cells, but not to other non-tumourigenic
cells. The higher targeting efficacy of dendrimers displayed resulted in a noteworthy
internalization and downregulation of an anti-apoptotic protein called surviving. In
vivo studies too illustrated higher retention of the fabricated ligand-conjugated
dendrimer in the tumour vicinity (Modi et al. 2014). On the same line, Bi et al.
synthesized based on PAMAM 5 Generation as a platform with LHRH peptide as a
targeting moiety over the surface. Results were again encouraging with higher
stability (Bi et al. 2008). The inner cavities of the dendrimers were also employed
for the encapsulation of the paclitaxel (hydrophobic) drug. Bhatt et al. demonstrated
that the newly developed dendrimers hold promise as an efficient delivery system for
PTX or other hydrophobic chemotherapeutic agents for targeted delivery to tumours.



2 Nanotechnology in the Management of Hormonal Cancer 31

Results demonstrated increased cellular uptake, cytotoxicity, and apoptotic potential
of PTX compared with free paclitaxel and G4-TOS-PEG-PTX. Tf conjugated
G4-PTX-dendrimer assisted to inhibited growth of human cervical epithelial cells
spheroids significantly (Bhatt et al. 2019). Zang et al. expanded the work by
combining multiple approaches such as fullerenes nanocarriers, artesunate (iron-
dependent drug), and hyaluronic acid (HA). In this approach, HA was grafted onto
fullerene to get a water-soluble biomaterial (HA-C60) with excellent biocompatibil-
ity and then combined with transferrin (Tf) to obtain a multifunctional drug delivery
system (HA-C60-Tf) with significant tumour-targeting efficacy and powerful photo-
dynamic therapy capacity (Bhatt et al. 2019). In another approach, bevacizumab, a
monoclonal antibody for ovary tumour targeting, was utilized as polymer-drug
conjugate by Pham et al. The results were significantly high as compared to naïve
drugs (Bhatt et al. 2019).

2.7 Peptide-Based Anti-Tumour Approaches for Hormonal
Cancers

A large number of peptide-based drugs have been approved for their application in
cancer therapy in general and hormonal cancers in particular. This application of
peptides in the treatment of hormonal cancers is evident from several different
paradigms that regulate tumour progression and disease progression
(Thundimadathil 2012). Peptide-based nanotherapeutics are also significant in
providing personalized medicine approach in a way that these are efficient in
targeting some specific kinds of cancers in some particular patients by inhibiting
and affecting only the cancer cells while sparing the healthy cells. Many peptide/
protein-based receptors have been discovered which employ tumour targeting
peptides and have led to the creation of a kind of a “recent wave” in occupying a
larger share of the anti-cancer nano-therapeutics. Figure 2.3 represents several
molecular mechanisms that exist, by which peptides are useful in targeting the
hormonal cancers, viz. by directing the movement or pharmacokinetics of the anti-
tumour drugs, by interaction with the peptide-based receptors, some peptide-based
hormonal therapies of cancers, peptide-based anti-cancer vaccines, as radionuclide
carriers, etc. (Ediriwickrema and Saltzman 2015; Tran et al. 2017).

Direct application of nano peptides in anti-tumour therapy in conjugation with
other therapeutic regimens has acquired momentum in the recent past. The anti-
tumour activities of peptide-based nanoformulation are dependent on their inhibition
of the oncogene expressing capabilities, prevention of the angiogenesis pathways,
regulation of the various signal transduction pathways, and inhibition of the protein-
protein interactions involved in the pathophysiology of the tumour cells uncontrolled
and unregulated proliferation (Bertrand et al. 2014). In this regard, the anti-PD-L1
peptide was formulated for paclitaxel (PTX) pro-drug and photosensitizer
pheophorbide-A co-loaded cationized gold nanoclusters for multimodal therapy of
breast cancer. This nanomedicine was composed of RBCs membrane-coating;
hyaluronic acid (HA) outer covering with cationic gold nanoparticles as the inner
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Fig. 2.3 Different possible treatment options of cancer using peptides. Peptides can be used as
anti-cancer drug, cytotoxic drug carrier, vaccine, hormones, and radionuclide carrier

core materials. The outer membrane from RBCs aided in prolonged blood circula-
tion and improved cancer cell uptake and the HA portion allowed for the tumour
microenvironment (TME) stimulus-dependent drug release from the
nanoformulation. This combinatorial approach of ROS production by photosensi-
tizer components, accompanied with the cancer cell inhibiting effect of PTX as well
as immune activation of anti-PD-L1 peptide, culminated into the appreciable cancer
cell inhibiting and tumour-metastasis prevention efficacy (Yu et al. 2019). Another
approach talks about the formulation of polylactic acid and polyethene glycol
polypropylene-glycol polyethene glycol-based multi-block copolymers-based
nanocarriers for simultaneous delivering of anti-tumour peptide NuBCP9 with
PTX for the treatment of breast. BCP-9 aids in the inhibition of BCL-2, an
anti-apoptosis proteinaceous molecule that enhances the surviving capacities of
drug-resistant cancer cells. This synergistic combinatorial approach of PTC with
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NuBCP-9 peptide has resulted in almost 40 times decrease in IC50 values in vitro and
an appreciably enhanced cancer inhibition in the in vivo model of xenograft tumours
(Gupta et al. 2018b).

In the context of peptide-based nano-drugs in ovarian cancer, a dendrimer-based
arginine-rich peptide has been worked upon as a doxorubicin prodrug nanocarrier
for tumour microenvironment stimuli-responsive drug delivery across cancer cell
hurdles. Doxorubicin was combined with dendrimer-based peptides by acid-
dependent cleaving of the hydrazine bondings and circumferential arginine-based
residues got blocked out by applying 2,3-dimethyl maleic anhydride to mask the
tumour microenvironment acidified pH responses. Finalized prodrug formulation
prepared by this approach can self-assemble in a hydrous milieu and make virus-like
nanocarriers having a particle size of 136 nm. Nanocarriers exhibited considerable
penetration in cancer tissues and cells after being activated by a weakly acidic
environment in cancer tissues. I.V. administration of this virus-like peptide-based
prodrug nanocarriers in SKOV3/R anti-cancer drug-resistant ovarian cancer model
of nude mice delivered considerably significant cellular and tumour-tissue double
penetrabilities, enhanced the blood residence time, and effective tumour inhibitory
capabilities (Zhang et al. 2018). Another report elaborates on the combination of
follicle-stimulating hormone (FSH) and peptide-based polyethyleneimine–
polyethene glycol nanocarriers containing growth-regulating small hairpin RNA
molecules for silencing the proto-oncogene α to culminate into its increased anti-
tumour effectiveness in the ovarian tumour xenograft model (Fan et al. 2014).

Combinatorial therapeutic strategies of employing peptide-based and hormonal
agents with radio-nuclides or cancer management drugs have been researched but
have got mixed outcomes. Lutathera, which is an example of lutetium 177 coupled
with the somatostatin-based analogue has been approved by FDA for
gastroenteropancreatic’s cancers of neuroendocrine nature, whereas another peptide
hormone, zoptarelin coupled with doxorubicin, has failed the clinical studies in
Phase III stage for the treatment of advanced-stage uterine cancer. Many of the
reports of polymer-based and lipid nanocarriers for peptide hormones as well as
several of their combinations, however, have not yet been researched to their full
potential (Mehrotra et al. 2020).

The initial example of peptide hormone employed for anti-tumour therapeutics
was the luteinizing hormone-releasing hormone (LHRH) agonist as researched by
Schally et al. for the management of prostate cancers. After this event, various other
agonists of LHRH have been formulated, while some of these including goserelin,
buserelin, leuprolide, and triptorelin got approval from US-FDA for the management
of cancers. Many others of these LHRH antagonists including abarelix, cetrorelix,
degarelix, etc. are now US-FDA-approved to be employed for advanced stages of
prostate cancer (Engel et al. 2007). Another polypeptide-based nanoparticle was
formulated for prostate cancer which employed the combination of proteasomal
inhibiting agents and histone deacetylation inhibitor is taken concomitantly in
zein-based nanoparticles. This is because prostate cancer develops resistance, and
followed by its progressive metastasis, causes increased incidences of cancer-related
deaths in men. In this approach, vorinostat, as well as bortezomib, was loaded into
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Fig. 2.4 Schematic illustration showing the peptide-functionalized liposomal NDS acting on
receptors overexpressed on the surface of cancer cells via targeted delivery. The peptide conjugated
to the NDS binds specifically to the receptors upregulated on the surface of cancer cells, which is
followed by its uptake by the cancer cells through receptor-mediated endocytosis. Subsequently, the
payload of the NDS is released by the degradation of the lipid bilayer via the endosomal–lysosomal
pathway

zein-based nanocarriers for combination therapy of metastasizing prostate cancer.
The nanocarriers possessed the advantages of pH-dependent and precisely controlled
release of drug from drug-loaded nanoformulation. These nanocarriers also
demonstrated higher cellular uptakes in various prostate cancer cell lines and caused
higher cytotoxic and apoptotic effects. Furthermore, the higher anti-metastatic
efficacy and better induction of pro-apoptotic factors by these nanocarriers establish
their potential applicability in the management of prostate cancers. This peptide-
based nanoformulation further demonstrated higher in vivo anti-cancer efficacy in
comparison to naïve or free form of drugs as well as their combinatorial approach
and caused the least toxic effects to normal cells and tissues as depicted in Fig. 2.4.
Taken together, these vorinostat and bortezomib combinations containing zein
nanocarriers can prove to be of potential applicability in the efficient management
of advanced-stage prostate tumours with high metastatic potential (Thapa et al.
2017).
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2.8 Nucleic Acid-Based Nanomedicine Targeting Hormonal
Cancers

2.8.1 DNA-Based Nano-Therapeutics Targeting Hormonal Cancers

Recent DNA nanostructures and smart stimuli-responsive nanomaterials can effec-
tively present the entrapped drug cargo in the presence of several drivable forces.
The regulated and controlled drug release from these DNA-based nanocarriers by
alteration of dynamic aspects of DNA nanostructure and sometimes in response to
micro-environment of tumour tissues leads to highly specific delivering of the
entrapped active pharmaceutical ingredients to cancer cells and tissues. Therefore,
specified pharmaceutical delivery appreciably increases the pharmacological effec-
tiveness and significantly lowers down the undesired and adverse and toxic reactions
on the non-cancerous normal and healthy cellular environments. Despite significant
pharmacological applicabilities of these DNA-based and pH-responsive smart
nanomaterials, several limitations need to be taken care of before these paradigms
can be employed in clinical settings. Since therapeutic and pharmacological effec-
tiveness of these DNA nanostructures has been researched in some proof of concept
fashion, detailed in vivo properties of these must be looked into and explained,
including the colloidal stabilities, their half-lives in the blood circulation, their
immunogenic potential, dose-dependent cytocompatibility and biocompatibility,
various pharmacokinetic parameters, and their various body clearance routes as
well as their mechanism.

One approach for the formulation of DNA nanostructures is the hybridization
process through which hairpin conjugation-based catalysis can form DNA-based
nano-ribbons. Their rigidity and highly regulated DNA components are employed to
formulate significant one-dimensional nano-ribbon and various other
two-dimensional and even three-dimensional nano-crystals. Several distinct
technologies have been undertaken by many researchers to design and formulate
various nano-ribbons for the delivery of siRNAs, drugs like doxorubicin, many
photosensitizer molecules, etc. (Ouyang et al. 2020). DNA-based nano-ribbons
were developed by some altered DNA-origami-based technologies and several
reports have suggested that these DNA-based nano-ribbons can efficiently deliver
the encapsulated or loaded siRNAs into human cancer cell lines. These
multifunctionalized DNA nanostructures have depicted appreciable operations in
the cancer diagnostic as well as therapeutic strategies due to smaller size, optimized
and desirable morphological features, and high cyto- and biocompatibilities. Many
researchers have put collective efforts into developing several kinds of these DNA
nano-ribbons, viz. Liang et al. formulated the DNA-based nano-ribbon by two
compartmental techniques, where one compartment gets loaded with the -GC-
base pairings for the delivery of doxorubicin drug, while the other compartment
was made up of AS1411 aptamers, which serves as the DNA-based aptamer. This
formulation aided in the increment of tolerabilities against the drug doxorubicin in
the human breast cancer cell lines and also led to the inhibition of cancer progression
and metastasis (Liang et al. 2004). In some other paradigms, DNA-based
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nanoformulations have been prepared by employing circular DNA nanotechnology-
based techniques for various ligand-mediated functionalization approaches which
include neuregulin-1 and their biomedical applicabilities. Researchers have also
formulated DNA-based nano-spindals for the efficient loading of daunorubicin
drug molecules for the targeting of human epidermal growth factor receptor-2 located
on cellular membranes of the MCF-7 breast cancer cell lines which have shown drug
resistance. The drug loading capacities and encapsulation efficiencies of daunorubi-
cin were established by analyzing the UV-Visible spectroscopic shift. Thereafter, the
MTT assay exhibited the decreased cell viabilities of breast cancer cells once the
treatment of daunorubicin-loaded DNA-based nanostructures was given. Further-
more, outcomes of the cell proliferation and apoptosis as obtained from flow
cytometry studies demonstrated that these DNA-based nanostructures caused higher
apoptosis, i.e. up to 65% in comparison to free or naïve forms of the drug. Hence, it
can be suggested that most kinds of DNA nanoformulation result in stiffer, consis-
tent, and highly biocompatible kinds of targeted anti-tumour therapies (Baig et al.
2021).

In the context of another hormonal cancer, viz., prostate cancer, researchers have
formulated a DNA aptamer for the prostate-specific antigen (PSA) which possessed
a constant number of sequencing for the facilitation of doxorubicin attachments and
formation of the dimerized complexes of DNA-based aptamers. The nanostructure
got immediately taken by prostate-specific membrane antigen (PSMA) possessing
tumour cells. These dimerized DNA-based aptameric complexes represent
complexes that can deliver doxorubicin to these PSMA-positive tumour cells.
Under normal physiological circumstances, doxorubicin gets released from these
within the initial 8–10 h. In this way, doxorubicin could be delivered to C4–2 cell
lines by employing the nanostructures which could get localized in the nuclear
region. Thus, it could be suggested that the nanostructures have quite higher
specificities and enhanced durabilities, which can aid in the delivery of doxorubicin
to cancer cells as well as in vivo (Boyacioglu et al. 2013).

2.8.2 RNA-Based Anti-Cancer Nano-Therapeutics for Hormonal
Cancers

Ribonucleic acids (RNAs) present a larger portion of the human transcriptional
machinery and perform quite important parts in cellular and molecular pathophysi-
ology as well as the pathogenesis of various disorders. Amounting evidence has
established the functional plays of RNAs in tumour pathology and cancer progres-
sion which establishes their potential applicabilities in the treatment of various
tumours. Various roles of RNAs in the exogenous silencing or inhibition of the
various genes and/or proteins that have their erroneous over-expression in tumours
can exhibit high capabilities in the therapeutic paradigms of various kinds of cancers.
However, specific targeting capabilities, stabilities of siRNAs, and their effective
and efficient delivery still possess a large number of limitations in their clinical
progress (Wang et al. 2019a). Nanotechnology highlights a hopeful advancement for
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entrapment and delivery of these RNAs and can offer higher pharmacological
activity and safety indices with lower toxicity portfolios. Advancements in the
pre-clinical, as well as clinical, reports about the utilization of engineered
nanocarriers loaded with many types of RNAs to manage various cancer types
have been elaborated. Quite selective and specific approaches have been followed
in the context of RNAs for regulating several signalling cascades and molecular
events and pathways at cellular and molecular levels in cancer cell proliferation and
controlling of various check-points in the cell cycle. Invasiveness of cancer cells and
the tumour metastasis, control of the angiogenetic events with the tumour microen-
vironment, and chemotherapy of resistant cancer types are the other aspects where
RNAs have demonstrated higher efficiencies by nanotechnology-based tumour
targeting paradigms (Hattab and Bakhtiar 2020).

Silencing or knocking down various genes with RNA-based interference
approaches for the treatment of breast cancers is one of the therapeutic paradigms.
For example, BCL-2 gene expression higher than normal leads to enhancement of
cancer cell survivability via inhibition of the apoptotic pathways. Therefore, a recent
and novel method for suppression of the anti-apoptotic genes undertakes the
employment of small-interfering RNAs in tumour cell lines. However, some
challenges persist in applying these siRNAs which include the necessity of vector
molecules to permeate across cellular membranes and deposit the desired nucleic
acid into the target cell or nucleus. For this purpose, hybrid nanoparticles containing
RNAs have been formulated for the promotion of the delivery of siRNAs into the
cultured human MCF-7 cell lines of breast cancer. For the evaluation of silencing
capacities of anti-apoptotic genes, BCL-2, by these siRNA-loaded nanocarriers
would enhance the cancer cell inhibition. After 48 h incubating time, expression
levels of these genes lowered down from 49% to 23%; siRNA sequences loaded in
nanocarriers led to the death of cancer cells in the concentrations of as low as 200 nM
after an incubation time point of 72 h. Since the proteins under target can be linked to
the resistance of cancer cells against anti-cancer chemotherapeutics, the nanocarriers
got also evaluated with doxorubicin drugs. Outcomes of this approach demonstrated
an appreciable decrease in IC50 values of doxorubicin molecules, once the silencing
of anti-apoptotic genes was completed. Additionally, the upregulation of cancer cell
apoptosis was also observed for both of the incubation time points as well (de Mello
Jr et al. 2017).

Likewise in another report, it is stated that MDM2 being an oncogene is respon-
sible for the inactivation of p53, the tumour suppressor gene, and its expression is
appreciably higher in triple-negative breast cancer cells. If MDM2 gets over-
expressed, it causes p53 suppression, thereby affecting the proliferation and apopto-
sis of breast cancer cells cell. In this regard, effective delivery of siRNAs has been
undertaken by using carbon nanotubes which got functionalized with polyethene
glycol. The encapsulated siRNAs then targeted and caused the silencing of the
MDM2 genes. It has therefore been suggested that these polyethene glycol-modified
single-walled carbon nanostructures can effectively deliver siRNAs and aid in the
promotion of the silencing of MDM2, leading to a suppressed and lowered cancer
cell proliferation and induction of the apoptosis of breast cancer (Chen et al. 2012).
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Cyclin-dependent kinases as well as some casein kinases are some of the significant
protein kinases that regulate surviving capability of the cancer cells. These kinases
are significantly over-expressed in triple-negative breast cancer cells and tissues. A
novel kind of tenfibgen-coated nanocarriers were formulated which contained some
RNA molecules against those over-expressed CDKs like CDK11 and were meant to
target tenascin kid of receptors which are abundant in the stroma of breast cancer
cells. I.V. injection of these nanocarriers were meant for genetic suppression of the
target mRNAs and their resultant proteins, thereby finally leading to the appreciable
lowering down of the cancer cell proliferation and tumour growth and metastasis
(Xu et al. 2019).

In the context of the nanotherapeutics ovarian cancer, Kenny and co-workers
formulated siRNA containing PEGylated liposomal theranostic nanocarriers which
also possessed the capability to decrease the expression levels of survivin molecules
and inhibited the growth of cancerous tissues and enabled the real-time monitoring
of siRNA payload delivery by magnetic resonance imaging combined with flores-
cence. The mean particle size of the nanocarriers was around 90 nm. In vivo imaging
demonstrated that after the i.v. administration of nanocarriers in mice via tail vein,
various signal intensities of fast-spin echo imaging got enhanced because of the
availability of gadolinium carrying lipids of these nanocarriers. Magnetic resonance
relaxivity of this siRNA containing nanocarriers got comparatively enhanced as
compared to that of the clinical magnetic resonance imaging contrast media. Addi-
tionally, apart from their efficacy in bio-imaging, siRNA containing nanocarriers
also led to an appreciable lowering of OVCAR-3 cancer xenograft growth, 48 and
72 h after the administration of siRNA-loaded nanocarriers. Protein expression also
demonstrated that survivin expression gets considerably lowered down after the
nanocarrier administration. Fluorescent microscopic analysis of sections of tissues
exhibited co-localization of rhodamine-loaded bimodal PEGylated liposomal
nanocarriers and Alexa-Fluor tagged siRNA inside the tumour cells. Thus, along
with the delivery of therapeutic siRNAs, concomitant supervision of the delivery can
also be done (Kenny et al. 2011).

Ramos and co-researchers prepared gold nanorods by employing the layer by
layer method for the investigation of RNA-mediated lowering down of the expres-
sion of protein luciferase by shRNA in human prostate cancer cell lines (22Rv1-Luc)
(Ramos and Rege 2013). Further for prostate cancer targeting, chitosan containing
hybrid nanocomplexes was formulated which possessed considerably higher physi-
cal stabilities in physiological medium. These hybrid nanoformulations had a parti-
cle size of 200 nm and were synthesized by the combination of siRNA against
survivin, for effective systemic delivery. Tumour targeting capabilities, as well as
anti-cancer efficiency of this siRNA containing nanoformulations, were assessed in
the prostate cancer model of mice xenografts with NIR-fluorescence-based
bio-imaging as well as cancer growth and metastasis supervision. The chitosan
containing nanocarriers had lower cytotoxic effects, and comparatively higher
biocompatibilities, enhanced mucoadhesive properties, and increased cellular
permeabilities; however, these also possess few lacunae, which include decreased
gene delivering efficacies in vivo (Ki et al. 2014).
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2.9 Translational Potential and Clinical Advances
in Innovative Treatment of Hormonal Cancers

Cancer research has put huge efforts in discovering novel and effective therapeutic
paradigms for the alleviation of unwanted and harmful adverse effects of the
presently available traditional therapies. Various technological advances have pres-
ently been under critical assessments for clinical trial studies or are being undertaken
in inpatient settings. While nanotherapeutics has contributed hugely to developing
the various biocompatible and biodegradable materials for diagnosis and treatment
approaches for hormonal cancers, biomedical engineering of cellular and extracellu-
lar components obtained from cancer patients paves the way for the formulation of
additional advanced systems and unequivocal directional and cancer-specific thera-
peutic schemes (Ahmad and Ahsan 2020; Ahmad et al. 2019a; Pucci et al. 2019).
Various efforts have been put into developing the various newer and recent progno-
sis, diagnosis, and therapeutic nanoformulations that have led to tremendous trans-
lational potential in hormonal cancer-related research activities for their
flourishment. Fig. 2.5 depicts the various genome and proteome-based technical
advancements that have resulted in the tremendous quantity of data crucial for the
expansion of in-depth realization of hormonal-cancer pathophysiology. Newer and

Fig. 2.5 Recent cellular and molecular paradigms employed for realization of clinical translations
potential of anti-cancer nanomedicine
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recent research paradigms focusing on distinctions among healthy and cancerous
cellular pathology caused the drug development targeting specialized biomolecules
and nanocarriers, appreciably improving anti-cancer activity and additionally reduc-
ing the toxicological profiles of drugs in hormonal cancer patients which are
observed in the case of present-day conventional anti-cancer tenement regimen.
Recent novel anti-cancer drug targets undertake cell-cycle regulation, angiogenesis
in tumour tissues, cancer cell apoptosis, targeting the DNA damage and DNA repair,
and regulation of the growth factors including their growth factor-receptors. High-
level collaborative efforts among various clinical researchers, physicians, surgeons,
and pharmaceutical industry experts have proven critical for the conduction of
pre-clinical and clinical evaluations of nanomedicine for hormonal cancers for
their translation originating from the laboratory determinations and then into clinical
therapies (Ahmad et al. 2019b; Goldblatt and Lee 2010; Gupta et al. 2018a).

In the context of clinical advancements and translational potential of breast cancer
nano-therapeutics, gold NPs exhibited various interesting characteristic features due
to their electrical as well as optical features and lower toxic profiles and higher
biocompatibilities. These Au-NPs have been exploited in various contrast media in
X-ray bio-imaging, CT-scans, photo-acoustic image acquisition, and photodynamic
treatment of cancer cells and tissues. A kind of core-shell nanocarriers having gold
and silica nano-shell and polyethene glycol coatings has been approved by the
United States Food and Drug Administration (US-FDA) and thus has then been
commercialized by the brand name of AuroShell by Nanospectra for nano-therapy of
breast cancers with the photodynamic therapeutic regimen (Kim and Jeong 2017).
Polymeric nanocarriers are composed of highly biocompatible and biodegradable or
natural as well as synthetic polymers, including but not limited to poly-lactide-co-
glycolide (PLGA), poly-ε-caprolactone (PCL), alginate-based polymers and
co-polymers, albumin and its other heterogenous polymers, etc. Few of these
nano-formulations are already approved by US-FDA, viz. albumin-based paclitaxel
containing nanoparticles by the name of “Abraxane” metastatic breast cancer ther-
apy and also for the treatment of pancreatic ductal adenocarcinoma. It also includes a
bioengineered protein and interleukin-2 combination with the diphtheria toxins by
the brand name of “Ontake” employed for therapy of non-Hodgkin’s T-cell
lymphomas of peripheral origin (Nasir et al. 2015).

Three studies in the clinical settings have undergone trials implicating that the
application of drug-carrying exosomal nanoformulations has undergone evaluation
for therapy of various cancers, viz. phase one clinical study evaluated the efficacy of
this exosomal formulation for delivering the curcumin and compared the effects on
normal healthy tumour tissues. Another phase two clinical study investigated the
in vivo effects of autologous cancer tissue descended microparticulate formulation
loaded with the anti-cancer drug methotrexate (MTX) in human subjects of cancers,
while the final clinical study focused on another microparticulate formulation
derived from erythrocytes which were prepared for delivering the methotrexate
and applied for treatment of ovarian cancers (G.W.D. J 2021; Jin 2021; Xu and
Ting 2021). In other aspects of ovarian cancer, it is suggested that neutral liposomal
nanoformulations prepared from DOPAC (1,2-dioleoyl-sn-glycerol-3-
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phosphatidylcholine) exhibit higher efficiencies in the in vivo model of ovarian
cancers in mice. This is in this context that a phase one clinical study has recruited
the human subjects for the evaluation of the safe and effective nature of siRNA
containing DOPAC-based formulations for the treatment of advanced stages of
ovarian cancers (M.D. Anderson Cancer Center 2021).

In the recent past, exosomal carrier detection capabilities have been exploited as
an authentic and dependable method in pre-clinical practices to be employed in
various tumour types, due to their ability to identify their inclusions: some cancer-
related double-stranded DNAs, tumour-based messenger RNAs, as well as cancer,
linked micro RNAs, long non-coding RNAs, protein molecules, and lipid-based
agents. Double-stranded DNAs have also been observed in exosomal carriers which
are sequestered out of the serum or plasma of various kinds of tumour cells, some of
the highly mutated genes which include mutated forms of TP53 genes and KRAS.
These genetic abnormalities have been recognized as cancer disease prediction
markers. Likewise, AR-V7 messenger RNAs from these exosomal carriers have
been applied as the prognosis marker for the development of resistance against the
hormonal therapies in patients having metastasizing prostate cancers (Del Re et al.
2017). Antibodies have also been employed as immune-conjugating agents when
linked to some drugs or drug-loaded nanocarriers or in naïve or free forms as well. In
the initial cases, these are employed for the targeting of some specific cancer
antigens which have been expressed on the tumour tissues. Antibodies applied in
this technique also consider those antibodies which can be bonded to human
epidermal growth factor receptors-2, epidermal growth factor receptors, transferrin
receptors, and prostate-specific membrane antigens (Bazak et al. 2015).

2.10 Future Perspectives and Conclusion

Nano-therapeutical paradigms against hormonal cancers have already produced
quite appreciable findings in their diagnosis and detection, as well as therapy, and
possess the significant capabilities to yield much more, with in-depth and focalized
pathways of research and development which bear many advantages for the future
industries and the opportunities for nanocarrier-based hormonal cancer management.
But it has also been absolved that nanotechnological advances need to be interpreted
for their in-depth understanding and risk associated with the use of nanocarriers
should also be evaluated for its safe development, and the scientific expertise needs
to be relished in various arenas to bring closed different discoveries from the
laboratory scale to the clinical translational scenario where patients can get the
maximum benefits. As a fast-improving interdisciplinary science, nanotechnology
for hormonal cancers can bring several views for improving the traditional
treatments of hormonal cancers and offer appreciably safer and more effective
therapeutic paradigms. Various nanoparticles-based approaches have already been
FDA-approved or are under clinical studies for delivering the chemotherapies
against hormonal cancers (including liposomal formulations, polymeric
nanocarriers, and nanoforms of paclitaxel). For the promotion of hormonal cancer
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treatment nanocarriers, still, a large number of scientific efforts can be undertaken.
For example, there is still a requirement for much improvement of the therapeutic
strategies of hormonal cancers types, which possess high recurrence chances and the
mortality is comparatively higher which includes the examples of triple-negative as
well as HER2-positive breast cancers. Nanocarriers for HER-2 breast cancers for the
HER2 targeting ligand like lapatinib, trastuzumab, or pertuzumab appreciably
enhance the effectiveness of HER2 receptor-positive cancer therapies. While the
nanocarriers-induced necrotic damage of cancer cells provides some newer solutions
for the treatment of triple-negative breast cancers, the safety issues concerned with
the application of viral vectors are often the chief concern in the advancements of
clinical studies. Various anti-cancer mechanisms have been emerging and attracting
a lot of enthusiasm concerning RNA-based nanotherapeutics for hormonal cancers.
RNA-associated interferences are focusing on the nano-therapy of hormonal cancers
at genetic stages by degradation of messenger RNAs or suppression of the RNA
translational processes in cancer cells and tissues when other antibody or inhibitor-
based therapies cannot target the hormonal cancers appreciably. Immunological
adverse reactions are the qualifications of RNA-interference-based therapy research
since hormonal receptors are implicated. With nano carrier-based therapy against
hormonal cancers, cancer tissues are treated with non-invasive treatment paradigms,
which become advantageous for patients who respond to chemotherapy or
radiotherapies. Finally, the invention of the newer nanomaterials-based medicinal
approaches will be an alternative pathway for the creation of biomolecular targets
which fall under the broad perspectives of nanotherapeutics for hormonal cancers.
Chemotherapy, various hormone-based approaches, RNA moieties, or virus-based
paradigms can also be formulated with non-toxic nanocarriers and can release the
drugs into cancer tissues and can respond to pH-based triggers. Ligand targeting, viz.
by various aptamer-based techniques, antibody conjugations, and peptide- and
protein-dependent therapies can be undertaken through their bioconjugation and
regulated their accumulation of nanocarriers within hormonal cancer cells. The
entrapment of NIR-based fluorophores in nanocarriers also extends their
applications against hormonal cancers. Overall, the nanocarriers will prove to be
versatile platforms for most types of drugs to encompass various types of therapeu-
tics strategies mentioned above, making nanocarrier-based therapy and other
personalized nanomedicine for generalized promises in hormonal cancer treatments.
In conclusion, the versatile nature of nanocarriers will allow delivering the multiple
drugs and pharmacological agents which possess the capability for targeting the
various hormonal cancer kinds. This will also lead to the improvement in the efficacy
and advances in both hormonal cancer diagnostic procedures and therapeutic
paradigms. These distinct features make nanomedicine interesting for research
studies, and simultaneously, appealing for the research and scientific communities
with an aim for the improvement of patient outcomes. In this review, we have
presented our views about the various recent advancements of various nanoparticles
and also exemplified their applicability in hormonal cancer therapies, particularly in
breast cancers, ovarian cancers, endometrial cancers, prostate cancers, etc. These
nano-systems would also be assessed or evaluated for various other kinds of cancers.
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The selection of nanoparticle materials will also be critical for the achievement of a
more effective hormonal tumour targeting. Unique characteristics (escape from the
immune mechanism, achieving the longer blood circulation times, inherent
biocompatibilities and biodegradabilities of nanocarriers, avoidance of the use of
pharmaceutical additives or excipients) prolong their lifetime, adhesion capabilities,
and targeting of the hormonal cancer cells and tissues.
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Abstract

Cancer is the second leading cause of mortality in the globe. One of the most
severe flaws in most anticancer medicines is their lack of tumor selectivity.
Nanomedicine for cancer treatment given intravenously to avoid renal clearance
cannot pass through tight endothelial junctions in normal blood arteries and
accumulate in plasma at high levels. In this chapter, we will look at the
advancements of nanomedicine in all areas of pharmaceuticals. We will also
discuss the challenges encountered during clinical testing and development of
cancer medicines, as well as future opportunities.
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3.1 Introduction

Cancer nanomedicine is the use of nanotechnology in cancer treatment, and although
the area has progressed significantly, there is still much more to be done. The EPR
effect, tumor targeting, and deposition, and the role of “nano” in cancer treatment are
all highly contested subjects in the area. This chapter indicates cancer nanomedicine
and discusses challenges, concepts, and prospects (Tseng et al. 2020). With a
projected rise in the number of patients diagnosed worldwide from 18.1 million in
2018 to 23.6 million in 2030, cancer is one of the most severe disease burdens in
contemporary times. Traditional treatments have made tremendous progress, but
they still have limits and are far from optimal (Haider et al. 2020). As a result, safe,
effective, and broadly applicable therapies are urgently required (Ouyang et al.
2020). The development of new delivery methods based on membrane-core
(MC) nanoparticles for transferring chemotherapeutics, nucleic acids, and immuno-
logical modulation techniques has increased anticancer effectiveness and decreased
side effects considerably in recent decades (Ferraro et al. 2020).

Cancer is a disease that is very diverse and complex. The treatment strategy is
curative or noncurative, depending on the severity of the illness and the patient’s
overall clinical condition. It may use both imaging and direct vision techniques to
determine the degree of disease (“staging”) (e.g., visualization at the time of
surgery). The goal of the curative (“radical”) operation, or surgery coupled with
radiotherapy and chemotherapy, is to eliminate the whole tumor (von Roemeling
et al. 2017).

Many primary tumors (tumors at the site of cancer development) may be cured
using the best treatment methods, but metastatic tumors cause the overwhelming
majority of cancer-related fatalities. When a cure isn’t possible, the emphasis shifts
to improving the overall survival of patients, such as with chemotherapy and targeted
treatment (e.g., with molecular-targeted agents and antibodies) (Tong and Kohane
2016).

As a result, metastatic illness is an appealing target for the treatment of novel
therapies to improve patient survival. Thousands of cancer nanomedicines have been
created too far, with just a few dozen having been authorized for clinical use. The
primary benefit for most of them is a lowering in adverse effects, such as nausea/
vomiting, hair loss, anemia, and cardiotoxicity. While several recent clinical studies
have shown promise, the survival benefits of nanomedicine over conventional
therapy are usually small (Balasubramanian et al. 2018a).

For example, no difference in survival was observed in a recent meta-analysis
comparing liposomal vs. non-liposomal chemotherapy (Balasubramanian et al.
2018b) clinical studies, which included a total of 2589 individuals. These findings
contrast sharply with preclinical mouse studies, which showed a significant improve-
ment in survival. The discrepancies are attributable to variances in human and rat
tumor microenvironments, dosage regimens, pharmacodynamics, and a lack of
uniformity in preclinical anticancer efficacy studies’ execution and presentation.
Although many of the drug delivery methods used in these clinical trials were
established many years ago, the basic ideas and reasoning that underlie most cancer
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nanomedicine fields have stayed relatively unaltered (van der Meel et al. 2017). This
involves, for instance, the use of nanomaterials to directly destroy tumors through
cytotoxic drug delivery that has been refined using animal models. Moving ahead,
we should think about how we might enhance and expand on existing methods to
both optimize our fundamental understanding of nanomaterial behavior in cancer
nanomedicine and make it easier to translate that knowledge into better patient
outcomes. Human cancers are complex and diverse, with differences across patients,
between several tumors in the same patient (e.g., original tumor and metastatic, and
between metastases), and even within the same tumor microenvironment (Bae et al.
2013).

This has significant consequences for therapeutic responsiveness and resistant
strains. Nonetheless, malignancies have many characteristics, such as unabated
proliferation and development, immune system alterations, and angiogenesis activa-
tion (i.e., new blood vessels). The aberrant tissue environment related to cancer
presents difficulties as well as possibilities for therapy development. Obstacles to the
delivery of medicines to tumors include vascular and interstitial barriers
(Anchordoquy et al. n.d.).

This has huge consequences for anticancer drugs, antibodies, and nanomedicines
penetrating tumors. Unique characteristics associated with tumors, on the other
hand, present opportunities because they may allow for selective detection and
treatment. Dyes inoculated into the blood of mice and rats (with implanted tumors)
or cats and dogs (with spontaneous tumors) have been recognized to extravasate out
of the blood circulation and accumulate in tumors since the late 1950s (Shi et al.
2020; Xie et al. 2020).

3.2 Using the Next-Generation of Cancer Nanomedicine

Most malignancies need combinational treatments, like surgery, radiation therapy,
and chemotherapy, often coupled with biological treatment, like antibodies therapy,
immunomodulation, (Weiner 2015; Åstrand et al. 2016), and T cell engineering.
Nanomedicine may help with these methods by directing tumor removal surgery,
(ii) improving radiation, (iii) co-delivering medicines to decrease the risk of acquir-
ing multidrug-resistant malignancies, and (iv) activating the immune system to
generate or maintain antitumor activities.

The potential of utilizing cancer nanomedicine to categorize treatment based on
imaging and response complements the methods described above. Early work on
antibody imaging aided clinical translation and approval processes (knowing where
the substance is and what will happen to it helps with development and regulatory
decisions, and molecular imaging is now an effective tool in pharmaceutical research
and trial design (Sandström et al. 2016).

Nanomedicine is becoming more reliant on imaging methods. While it’s essential
to keep in mind the expenses of increasing imaging capabilities, there are methods to
cut down. The employment of “companion particles”with good imaging capabilities
in conjunction with therapeutic particles is an intriguing recent example. Another
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example is the use of nanomaterials or medicines such as quantum dots or doxoru-
bicin, which are both fluorescent and therapeutic (e.g., cytotoxic). In nanomedicine,
imaging may assist with dosage modifications and give feedback on the therapy
(Keyaerts et al. 2016).

Nanoparticles for tumor therapy and imaging that can remove rapidly and safely
have recently improved (Thomas et al. 2016). Also, employing carriers that are
strong enough that any excess is eliminated from the body (e.g., via the kidneys and
urine) since before the medication is released, reducing off-target toxicity, may open
up new options for drug administration (In't Veld et al. 2020).

Cancer is the leading cause of mortality worldwide. The current treatments are
insufficient, prompting a need for more advanced technology. The rapid advance-
ment of nanotechnology in creating nanomedicine products offers tremendous
potential for improving cancer treatment methods. Nanomedicine products provide
the possibility of developing advanced targeting methods as well as
multifunctionality. They may enhance traditional treatments’ pharmacokinetics
and pharmacodynamics, potentially increasing the effectiveness of already available
anticancer drugs (Wicki et al. 2015a). Advancements in medical biology have only
slowly translated into significant progress in cancer treatment during the last two
decades. According to the World Health Organization (WHO), cancer was responsi-
ble for 8.2 million fatalities in 2012, accounting for 13% of all deaths, according to
the World Health Organization (WHO). Global cancer occurrences are projected to
rise from 14 million in 2012 to 22 million in the next two decades (World Health
Organization 2013). The lack of targeted delivery of anticancer chemicals to neo-
plastic tissue is one of the major causes. Dose-limiting toxicity is often seen after
high systemic exposure to antineoplastic drugs. As a result, to overcome existing
limits in cancer treatment, tailored delivery is critical. Recent advances in nanotech-
nology are anticipated to enhance medication delivery, boosting effectiveness while
reducing anticancer treatment adverse effects (Song et al. 2021).

Nanocarriers are distinguished by their nanoscale size, high surface-to-volume
ratio, and favorable physicochemical properties. They can change a drug’s pharma-
cokinetics and pharmacodynamic characteristics, thus improving its therapeutic
index. Drug loading onto nanocarriers may improve in vivo stability, prolong the
duration a chemical spends in the bloodstream, and permit controlled drug release
(Ahmad et al. 2021). As a result, nanomedicine substances may change medication
biodistribution by enabling them to concentrate near the tumor site. The increased
permeability and retention effects are the name for this phenomenon (Riaz et al.
2021).

Nanomaterials based on organic, inorganic lipids, proteins, or glycan compounds,
as well as synthetic polymers, have been used to create new cancer therapies.
According to clinicaltrials.gov, 1575 nanomedicine formulations have been filed
for clinical trials as of December 2014 (Manoharan et al. 2021). On the other hand,
most clinical trials concentrate on commercially accessible medicines such as
liposomal doxorubicin and albumin-bound paclitaxel (Kirn and Thorne 2009).
New indications or therapies in combination with other anticancer drugs are cur-
rently being studied.

http://clinicaltrials.gov
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In light of this, we highlight current advances in nanomedicine treatments in early
and late clinical trials in this analysis. We deliberate the possibilities for developing
sophisticated clinical nanomedicine treatments in the future. We also handle issues
that arise during medication development and regulatory approval (Andtbacka et al.
n.d.; Chung et al. 2020).

3.3 Viral Nanoparticles for Cancer Therapy

An innovative approach for creating nanoparticles for cancer therapy is to utilize
tumor-homing viruses that have been engineered to generate therapeutic proteins.
Myxoma and vaccinia viruses, for example, prefer to reproduce in tumor cells.
Blocking apoptotic pathways, deregulating cell reproduction, and immune evasion
are all favorable characteristics of cancer cells for effective pox virus replication
(Shahgolzari et al. 2020).

JX-594 is a poxvirus that multiplies in tumor cells and kills them via the EGFR-
Ras-MAPK signaling pathway. JX-594 also codes for granulocyte colony-
stimulating factor (G-CSF), a protein that may help the immune system fight cancer.
Intramuscular injection of this oncolytic virus resulted in three partial remissions and
six cases of stable disease in 10 patients with primary or metastatic liver cancer.
Flu-like symptoms and hyperbilirubinemia were the most frequent side effects
(Parato et al. 2012).

In a second phase one trial, JX-594 was given intravenously (i.v.) to 23 patients
with advanced solid tumors. After successfully homing to tumor tissue, JX-594
showed dose-dependent antitumor effectiveness. Normal tissue did not show any
signs of viral replication (Park et al. 2015). Although the virus was picked up by the
epithelium adjacent to it, it did not reproduce. When an oncolytic virus was
administered intravenously, this solid evidence study was the first to show dose-
dependent viral multiplication and tumor response (Heo et al. 2013).

The OPTiM trial (Kaufman and Bines 2010) was the first significant phase
3 study employing oncolytic viruses in individuals with advanced melanoma (stages
IIIB–IV). The study’s main aim was to get a long-term response. 16.3% of patients
infected with the virus had a long-term response, compared to just 2.1% in the
control group (Harrington et al. 2015).

Surprisingly, non-injected metastases showed responses, indicating that the virus
may move to non-injected tumor locations. Cellulitis was the most common grade
3/4 hazard, affecting 2.1% of study participants. Although there was a long-term
survival tendency, this has yet to be verified. T-Vec may be the first oncolytic virus
to get FDA approval for cancer treatment (Tam et al. 2019).

Various medication delivery methods have been developed as a significant
advancement in nanotechnology and chemical/pharmaceutical engineering. These
systems aim to enhance chemotherapeutic medication bioavailability of drugs and
target site deposition (Westphal et al. 2013).

Several additional oncolytic viruses have been tried in clinical trials in recent
years, but nobody has yet made it to market. Concerns regarding biosafety and
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cytocompatibility are two of its main disadvantages. Many reviews have addressed
the clinical outcomes and difficulties (Bottagisio et al. 2019).

3.4 Nanocarrier’s Properties

3.4.1 Physicochemical Properties

Nanomaterials for cancer research may be customized in size, shape, and surface
properties to treat particular cancers. The size of the nanocarriers is essential for their
passage through the circulation and subsequent distribution to tumor tissue. While
smaller nanoparticles are more readily accumulated in tumors’ leaky blood arteries
than bigger ones, they may also extravasate into normal tissue. On the other hand,
large nanoparticles cannot extravasate as readily and therefore have a very varied
distribution in circulation and may optimize the size of nanoparticles to enhance
selective absorption into tumor tissue. The form of the nanocarriers may affect fluid
dynamics, affecting absorption. Due to synthesis and testing difficulties, spherical
nanocarriers seem to be more prevalent than nonspherical nanocarriers at the
moment (Larsen et al. 2020).

Nanocarriers’ charge may have an impact on their stability and dispersion in the
blood. Positively charged nanoparticles were previously found to be the most
successful in targeting tumor vasculature; however, switching to a neutral charge
after extravasation allowed faster nanoparticle diffusion into tumor tissue. The
surfaces of the nanocarriers may also be changed with ligands that stimulate
particular kinds of endocytosis and cellular absorption into tumor tissue, extending
blood circulation and promoting specific types of endocytosis (Ryu et al. 2020).

3.4.2 Solubility, Degradation, and Clearance Are all Factors
to Consider

Drugs that are poorly soluble in water may be removed from the circulation before
reaching tumor tissue. Using hydrophilic nanoparticles to enclose these medicines
may enhance their solubility, increasing their bioavailability in vivo and allowing for
more effective administration. It has been shown that coating nanoparticles with
polyethylene glycol (PEG), a hydrophilic and nonionic polymer, increases their
solubility and stability (Tran et al. 2017).

PEG is uncharged. Therefore, it doesn’t interfere with the operation of charged
molecules like DNA. Monocytes and macrophages are more likely to detect foreign
objects coated with opsonin proteins (Siegel et al. 2017). Opsonizing hydrophobic
molecules may decrease their capacity to penetrate tumor tissue and lead to inflam-
mation due to phagocytic cells secreting cytokines. PEGylated nanoparticles hide
their hydrophobicity, allowing them to spend more time in the bloodstream before
reaching tumor tissue (Siegel et al. 2016).
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This decrease in clearance not only extends the nanoparticle’s half-life, but also
enhances its bioavailability. This increased bioavailability enables the medication to
circulate in the bloodstream for more extended periods, avoiding breakdown before
reaching the target region. Additional surface changes, such as ligands for
overexpressed receptors, may aid in the selective absorption of medicines in the
tumor. Controlled release systems may also help to avoid nonspecific harmful
medication delivery to healthy tissue (Hanahan and Weinberg 2011).

3.5 Targeting

To reach tumor tissue, nanocarriers may be tailored to use passive and active
targeting methods. The increased permeability and retention (EPR) effect enables
nanoparticles to collect leaky blood vessels in tumors without surface modification
passively. On the other hand, passive targeting cannot completely prevent the
possibility of nanocarriers accumulating in organs with fenestrated blood arteries,
such as the liver or spleen (Tahmasbi Rad et al. 2019). Moreover, the
microenvironments of different cancers differ, which may be a stumbling block for
nanomedicine production (Bregoli et al. 2016). The attaching of ligands to the
surface of nanocarriers is used for active targeting. These ligands are highly selective
for receptors and other cancer-specific targets, such as glycans, which are
overexpressed on the surface of tumor cells. Conjugation of these ligands may
prevent nanocarriers from being taken up by tissue other than tumor tissue.
Examples of ligands include transferrin, folic acid, enzymes, modified antibodies,
and macromolecules like proteins and polysaccharides (Truong et al. 2015). The
density of these ligands should be adjusted to prevent detection by the RES and
interaction with serum proteins, allowing nanoparticles to circulate for longer (von
Roemeling et al. 2017; Wang et al. 2017).

3.5.1 Tumor Targeting

Tumor targeting is one of the possible basic benefits of nanotechnology for cancer
therapy. Nanotechnology’s goal in cancer therapy is to distinguish malignant cells
from nonmalignant cells and selectively destroy malignant cells. Passive and active
targeting are two basic mechanisms involved in the differentiation of malignant and
nonmalignant cells.

To raise the concentration of nanoparticles (NPs) in the tumor, passive targeting
uses the increased permeability and retention (EPR) effect (Shi et al. 2020). To
localize NPs to malignant cells, active targeting may encompass selective intermo-
lecular interactions of antigens, most commonly proteins, expressed on the surfaces
of cancer cells, or conversely, exploiting biochemical properties linked with malig-
nancy and matrix metalloproteinase secretion (Kang et al. 2020).

Both passive and active targeting techniques may be used alone or in combina-
tion. Both methods benefit from NP surface changes that reduce absorption by the
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macrophage phagocytic system (MPS) (Huang et al. 2020), increasing
circulation time.

3.5.2 Targeting via the EPR

The cancerous vascular is well-accepted to be leaking, contrary to the structured
society of regular vascular, since cancerous cells do not respond to intercellular
communication essential for efficient cellular proliferation (Subhan et al. 2021).
Polymers may reach the disease through a reticuloendothelial system and remain due
to decreased lymph drainage in cancers due to higher porosity and persistence
(EPR). The EPR’s effectiveness is determined by many therapeutic variables, such
as clinical outcome, kind, and diversity. The amount of treatment being addressed
influences the EPR’s effectiveness. Isolation of materials by the EPR is effective in
the MW range 40 kDa–800 kDa, which correlates to glycosylated minimal radii of
2.3–6.1 nm, as per Maeda (Gmeiner and Ghosh 2014). Interestingly, the EPR
showed that a minimal of 25 kDa was needed for enzyme localization in cancer
cells, with different size proteins having better uptake—however, small compounds
needed documenting progress for storage. On the other hand, lipids cannot revert to
their original state after being continuously attacked (Bertrand et al. 2014).

Extensive nanomaterials with an aerodynamic radius more significant than the
kidney clearance limit, which may also physically contact from leaky tumor vascu-
lature, cause Porphyrin molten rock. Recent research has looked at ways to broaden
the traditional notion of Porphyrin cancer therapy. Bort et al. talk about their research
into using superparamagnetic iron particles to target tumors (Liyanage et al. 2019).

Xu et al. compare the tumor aiming effectiveness of 3 and 30 nm receptor
particles in a research method. Their findings indicate that adding a focusing ligand
to 3 nm nanoparticles improved tumor-targeted point and tumor penetration, but not
for 30 nm nanoparticles (Gurunathan et al. 2018). Pharmaceutical and muscle ache
have been used to stimulate the cancer cell to enhance the EPR effect and
Nanoscience efficacy. Biological and behavioral methods to alter the cancer cell
are also suggested as priming tactics to enhance EPR impact (Li et al. 2021a).

3.5.3 Active Targeting

Systemic toxicity may be utilized in conjunction with EPR-based targeted delivery
to enhance biomedicine molten rock and stability. Antibodies, fractions (e.g.,
nanobodies), and acids are examples of tumor protein targets. The uses of chemo-
therapy drugs in cellular diagnostics of cancer, inflammatory illnesses, and heart
disease are summarized (Belhadj et al. 2020). The use of polyclonal immunoglobu-
lin genomic imaging techniques in theranostics and treatment plans is also
emphasized. Hypermethylation (EGFR) targeted nanobodies to deliver
photocatalysts to tumors for photothermal treatment. Photocatalysts are coupled to
both tetravalent and biparatopic changes in cognition. While bioavailability patterns
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of these two kinds of agonists vary, they both cause comparable amounts of necrotic
following photothermal treatment, ending in tumor shrinkage (Liang et al. 2021).

Another scholar describes the utilization of a synthesized vocabulary learning
estrogen protein decapeptide to transport docetaxel and siRNAs to breast cancer
cells through nano-sized solid lipids. The nanotechnology was inhaled, and it was
shown to be effective in sticking to the tumor site (Stack et al. 2021). To enhance the
distribution of glucan chlorine polyols to B16 cancer, Zhong and colleagues use
cyclic RGD to help refine. The dynamically focused polymeric micelles had a 6.5 h
in vivo clearance half-life in the bloodstream, resulting in effective cancer treatment
(6.7% ID/g) and potential therapeutic efficacy (Zhang et al. 2015). Nanotechnology
combination therapies are another way to enhance chemotherapy treatment. Zhao
et al. (Zhou et al. 2015) highlight the possibility of this strategy for the treatment of
glioblastoma, which makes use of synergistic psychoactive drugs. The authors go
through the rationale for nanotechnology medication combos as well as recent
clinical advances in grain size distribution therapeutic compounds and describe a
kind of biomedicine that causes cancer starving by inhibiting proliferation and
circulatory blockage. To obtain synergies for clinical trials, thermo have been
coupled with other methods such as chemotherapeutic, regenerative medicine, and
photothermal therapy. To enhance cyclophosphamide treatment, Zhu et al. report on
a pH-sensitive nanoscience composition comprising an enzyme, targeted ultrasonic
tumor elimination, and hypoxic relief (Zhou et al. 2015). Their telomerase nanopar-
ticle were capable of converting H2O2 to O2, increasing oxygen content in tumors,
and reducing tumor hypoxia, all of which enhanced cisplatin effectiveness.

New planes built on genomics manufacturing processes that enable cancer dosage
forms have been explored compared to existing nanomedicines utilized for
EPR-based targeted therapy. (Miller-Kleinhenz et al. 2018). Intracellularly vesicles’
intrinsic tissue virulence factors are very intriguing for targeted treatment, and the
authors discuss techniques for loading bioactive drugs into exosomes and modifying
tactics to enhance tumor persecuting capabilities. Nanocarriers that respond to both
internal and external stimuli are addressed, as well, as their help improves therapeu-
tic effectiveness. To improve treatment results, cancer nanomaterials have been
widely coupled with chemotherapy. Huang et al. review current advances in com-
bined graphene oxide, emphasizing nanocarriers that enhance chemotherapeutic
effectiveness by modifying the tumor immune ecology (TIME) (Huang et al. 2016).

Immunosuppressive nanotechnology based on exosomes co-loaded with an
activated receptor beta-blocker and an immunologic cell death initiator was
described by Panagi et al. in an observational investigation. The combined therapy
based on liposomes increases the immunology of quadruple breast cancers, while
also increasing the effectiveness of circuit blocking antibodies. Imaging can assist
capture tumor targeting efficiency and the diversity of the EPR effect in tumors,
which is essential for tumor targeting and integrative cancer nanotechnology. The
use of cognitive computing to comprehend and guide the trickery of the EPR effect
and tumor cells for improving biomedicine therapy is mentioned, focusing on using
the latest events in fermenting techniques and approaches in systems toxicology of
biomedicine (Panagi et al. 2020).
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3.5.4 Enhanced Permeability and Retention (EPR) Imaging

The use of imaging methods such as partner analysis of the proposed, nano
theragnostic, traditional imaging technology, and histopathology to ultimately
allow client classification is addressed. De Maar et al. published a thorough study
on parametric imaging methods for evaluating the diversity of nanomedicines’
geographic variation in tumors, which is a significant—and frequently ignored—
cause of ineffective nanotherapy (De Maar et al. 2020). Quasi clinical screening tests
(nuclear imaging, radiography, ct scans, and ultrasonic), optical imaging, and elec-
tron microscopy imaging are the three classes of diagnostic devices discussed by the
authors for evaluating the intra-tumoral allocation of nanocarriers. A new informa-
tion on the use of elevated ex vivo segments and sub-ultrasonography to investigate
the geographic variation of exosomes in four distinct malignant tumors were carried
out. Their findings show that vascular dispersion and vessel assistance are important
factors in effective lipid formation and dispersion in malignancies. In circumstances
that allow for surgery, Qi et al. report on the use of salicylic acid coupled with gold
nanoparticles for cellular diagnostics of pancreatic cancer (Qi et al. 1993). Their
findings show that alginate particle size and the biological activities of attached dyes
have an impact on the effectiveness of tumor cells’ detection. Lastly, using
EPR-based molten rock, Li et al. reported on means maximizing coagulated with
Pharmaceutical excipients and radionuclide for cellular diagnostics and
endoradiotherapy of malignant tumors. The star polyethylene particles showed a
very high tumor targeting effectiveness (15–22%ID/g) in CT26 tumor cells mice,
which led to the animals’ increased survival after endoradiotherapy treatment
(Li et al. 2021b).

3.6 Challenges and Barrier in Success of Nanomedicine
for Cancer

After a nanomedicine is injected into the body, it is subjected to various barriers,
which can limit the total amount of nanomedicine that reaches the tumor, influencing
the outcome. For example, macrophages found in the liver, spleen, lungs, lymph
nodes, and skin can phagocytoze and degrade nanoparticles. If the nanoparticles are
opsonized with serum proteins, aggregate, are large in size, or have a cationic surface
charge, phagocytosis is enhanced (Sengupta 2017; Kievit and Zhang 2011).

To address the aforementioned challenges and avoid macrophage capture,
nanoparticles (ideally less than 100 nm in diameter) are traditionally coated with
polyethyleneglycol (PEG), which reduces opsonization and acts as a ‘stealth’ cloak
around the nanoparticles (Sun et al. 2014).

Despite the aforementioned challenge, a recent analysis of data from 117 reports
published over the last decade revealed that only 0.7% (median) of the injected
nanomedicine dose reaches the tumor (Wilhelm et al. 2016; Rosenblum et al. 2018).
It is possible that only a portion of this dose reaches the cancer cells, with the
remainder trapped in the stromal compartment. The limited success of cancer
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nanomedicine clinical translation, according to this provocative analysis, is due to a
small fraction of the administered drug reaching the desired site of action. Attempts
have been made to improve tumor targeting by incorporating homing mechanisms,
such as tumor-binding antibodies, aptamers, and peptides, on the surface of
nanomedicines. However, such approaches have been shown to increase
intratumoral delivery to 0.9% of the injected dose (Sun et al. 2020).

Another reason for nanomedicine’s failure is our lack of understanding of disease
heterogeneity in the patient population, inability to fine-tune the system based on
disease biology or stage of the target patients, and failure to build an evidence
platform supporting a specific end clinical application (Hare et al. 2017).

In a recent study, gamma-scintigraphy/SPECT imaging of indium/technetium-
labeled liposomes and detection of drug fluorescence in patient biopsies were used to
document nanomedicine biodistribution and accumulation in human tumors in a
small number of patients. Tumor accumulation of indium-labeled liposomes differed
by tumor type, ranging from 53% of the injected dose/kg in breast cancers to
33 ± 16% of the injected dose/kg in head and neck cancers. These findings highlight
the concern that nanomedicine access and/or accumulation may be disease-
dependent and vary from tumor to tumor. The significance of this concept should
not be underestimated. The inter-tumor variability in nanomedicine delivery is
confirmed by a recent analysis of the EPR effect in spontaneous canine carcinomas
and sarcomas that showed substantial heterogeneity in the level of liposome uptake,
as measured by CT/PET scanning (Hare et al. 2016; Jang and Sengupta 2019).

3.7 Progress in Nanomedicines

The progress in nanomedicine is presented in Tables 3.1 and 3.2.

3.8 Summary and Future Perspective

In the diagnosis and treatment of cancer, nanotechnology is becoming increasingly
important. Because NPS is so small compared to cells and organelles, they may
interact with specific cell features, allowing for active tumor cell targeting. The size
regime of NPs is also appropriate for EPR-based passive tumor tissue targeting. As a
consequence, as compared to low molecular weight medicines, nano-sized materials
provide substantial chemotherapeutic benefits. These properties are being effectively
exploited for improved chemotherapeutic drug delivery, resulting in enhanced
anticancer effectiveness and reduced systemic toxicity (Wiwatchaitawee et al.
2021; Pei et al. 2020; Cheng et al. 2021).

NPs may engage with magnetic fields, NIR irradiation, and other external fields
due to their chemical diversity, enabling for exact interactions between exterior areas
and tumor tissue and potentially with specific malignant cells in vivo. The chemical
composition of NPs varies, which allows for external field disruption and enhanced
contrast in imaging applications (Rommasi and Esfandiari 2021; Zhang et al. 2021).
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The exceptional sensitivity of the link between external fields and malignant cells in
the presence of normal tissue provided by appropriate NPs is expected to lead to
more accurate and quicker diagnoses, as well as improved treatment outcomes. One
problem that has to be studied further is the toxicity of nanoparticles, which may
limit the use of particular NPs for cancer treatment. (Yang et al. 2014) Nonetheless,
cancer treatments based on nanotechnology will keep evolving, resulting in
improved treatment outcomes.
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Abstract

Chemotherapeutic agent’s toxicity issues can be addressed by using nano-drug
carriers, which have been shown to be more effective at treating cancer than
conventional chemotherapeutics while also being less toxic to healthy cells. This
is due to the carriers’ improved enhanced permeability and retention effect (EPR),
as well as their active cellular uptake. Nano-carriers containing chemotherapeutic
drugs can be conjugated with molecules that bind to overexpressed receptors to
boost therapeutic efficacy and limit the risk of probable harm. Some intriguing
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clinical uses have been demonstrated for polymeric nanoparticles, liposomes, and
micelles. Nano-carrier chemotherapeutic drugs have recently been authorized for
clinical use, while others are either in preclinical or clinical development phases.
As drug delivery systems, however, nano-drug carriers offer several benefits; yet,
their poor biodegradability, low bioavailability, poor tissue distribution, and
possible toxicity raise concerns about their safety especially in long-term usage.
Most cancer treatments fail because of drug resistance as one of the major
contributing factors. Consequently, new nano-drug carrier systems for cancer
treatment are needed in order to reduce chemotherapy-related adverse events and
better treat cancer.

Keywords

Cancer · Nano-carriers · Polymeric nanoparticles · Bioavailability · Enhanced
permeability · Retention effect

4.1 Introduction

Cancer is a term that denotes to group of ailments initiated by an unrestrained
abnormal division of cells that can further penetrate or expand to other normal
tissues/organs of the body. Cancer treatment modalities include generally chemo-
therapy (drug-based), radiotherapy, surgery, or a combination thereof. Treatment of
cancers by employing chemotherapeutic agents is a conventional treatment modal-
ity, which typically exhibits its action by disrupting the synthesis of DNA and arrest
of uncontrolled cell division, consequently resulting into the death of speedily
multiplying malignant cells or arrest of uncontrolled cell division.

Chemotherapeutic agents are usually nonspecific and able to destruct normal
healthy and unaffected cells, which often result in critical, unavoidable, unantici-
pated, and painful side effects, like nausea, sometime vomiting, lack of appetite,
cachexia, loss of hair, gastric irritation, etc. Unrestrained critical adverse effects of
chemo agents on normal cells are one of the noteworthy factors behind the increased
death rate of patients with malignancy. Additionally, the availability of chemothera-
peutic agents to cancerous cells is comparatively meagre, generally higher strengths
are needed in order to treat the cancer, which consequently lead to increased toxicity
in healthy tissues, which may further increase the chances of drug resistance. Hence,
it is necessary to improve treatment modality based on chemotherapeutic agents that
can target malignant cells specifically and decrease the chances of severe adverse
side events with the improvement in therapeutic effectiveness. Recently an improved
knowledge of cancer biology, better accessibility and availability of multipurpose
smart material comprising of lipids, polymers inorganic carriers, biomacromolecular
frameworks and hydrogels have led to good safety and efficacy. Consequently, it has
steered the improvement and development of drug carrier system that could carry the
chemo agents to target cells with enhanced efficacy and improved safety with
reduction in chances of adverse effects (Jin et al. 2020; Neidle and Thurston 2005).
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In general, evolution of nanotechnological tools has deeply impacted the appli-
cability of clinical therapeutics. Nano-drug carriers have established the potential to
overcome the challenges associated with toxicity of chemotherapeutic agents by
improving the treatment efficacy as compared to conventional chemotherapeutic
drugs, while avoiding toxicity in normal cells because of characteristics like better
accumulation in cancerous cells, generally, by improved enhanced permeability and
retention effect (EPR) and active cellular uptake. Active targeting strategies, improv-
ing the therapeutic efficacy and minimizing the chances of possible toxicity, may be
established by conjugating nano-carriers with chemotherapeutic agents to molecules
that bind to overexpressed receptors. Polymeric nanoparticles, liposomes, and
micelles have shown promising clinical applications among evolving nano-drug
carriers. Numerous nano-carrier-based chemotherapeutic agents are recently
approved clinically and some are either in preclinical or clinical stages of develop-
ment. However, nano-drug carriers cater significant advantages as the drug delivery
systems, but instability in the blood circulation, poor biodegradation, reduced
bioavailability, inadequate tissue distribution, and potential toxicity risks increase
the apprehensions over their safety, particularly for long-term use. Drug resistance is
one of the important causes for the failure of most of the cases in cancer treatment.
Because of this reason, nano-drug carrier systems with improved targeting capacity
are required for better treatment of cancer, with reduction of adverse side effects
related with chemotherapy (Jin et al. 2020; Neidle and Thurston 2005; Senapati et al.
2018).

4.2 Hormone-Related Cancer

Hormones perform a critical role in the etiology of various types of cancer world-
wide, encompassing women-specific malignancies like breast, ovary, and endome-
trium cancers and man-specific cancers like prostate malignancies. The pathways by
which hormones influence the risk of malignancy are likely to be controlling the
speed of division of cells, cell differentiation, and count of vulnerable cells.
Hormones have a substantial influence on cell division in the endometrial cells;
estrogens promote mitotic cell division, while progesterone inhibit it. Delayed
menopause, treatment with estrogen, and obesity increase the risk of endometrial
cancer, but usage of oral contraceptive decreases the risk. Therefore, risk grows in
percentage to the time period of contact (exposure) to the estrogen generally
unrestricted by progesterone, possibly due to unopposed estrogens initiating uncon-
trolled endometrial cell division. Generally, hormones exhibit a considerable impact
on cell division of endometrium as compared to breast epithelium in nonpregnant
women. However, both progestins and estrogens seem to excite mitotic cell division.
Premature and delayed onset of menstruation and hormone replacement therapy
(estrogen in this case) escalate the chances of breast cancer possibly due to elevated
concentration of progesterone and/or estrogen in the plasma and hence consequently
more exposure to the breast. Chances of breast cancer risk are diminished substan-
tially by early first parity and multiple births (multiparity) possibly due to
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differentiation of breast cells because of hormones and hence resultant decrease in
the susceptible cells.

Generally, hormones indirectly influence the epithelial cells, lining the ovaries,
rather they instigate ovulation, followed by the process of cell division at the time
repair of the epithelium. Usually, the chances of ovarian malignancy rise with
delayed menopause and reduce after the intake of oral contraceptive and pregnancy,
signifying that the number of ovulations in the life may be an important factor. For
the hormone-related malignancies, chances of risk change in some years of contact
to sex hormones and some changes in risk continued for many years, demonstrating
that hormone may influence both early and late phases of tumorigenesis. The
implication of sex hormones in the etiology of prostate malignancies and other
infrequent malignancies is less known. The development of the prostate gland is
relied on the testosterone, which is eventually changed into the dihydrotestosterone
within the organ. There have been many studies suggesting that prostate
malignancies are developing after androgen therapy (Key 1995).

4.2.1 Breast Cancer

The cancers associated with breast are one of the most common malignancies among
women around the globe. Approximately, 70–80% breast cancer patients of early-
stage are generally nonmetastatic. Advanced malignancies of breast with metastases
are generally considered as incurable with existing therapy. At the molecular level,
malignancies of breast are considered as heterogeneous disease. Molecular
physiognomies include stimulation of hormone receptors (progesterone/estrogen
receptor) or onset of BRCA mutations and stimulation of human epidermal growth
factor receptor 2 (HER2). Therefore, treatment modality varies according to the
molecular subtype. Treatment modalities for these malignancies are of various types;
it encompasses generally two approaches, viz., systemic therapeutic treatment
strategies (employing antineoplastic agents, hormone replacement therapy, and
monoclonal antibodies) and localized treatment modalities which include surgical
procedures and radiotherapy. Futuristic therapeutic modalities in breast cancer are
aimed to personalize therapy and treatment escalation and/or de-escalation according
to the early therapeutic response and cancer biology (Harbeck et al. 2019).

4.2.2 Ovarian Cancer

Ovarian cancer is one of the important causes of mortalities because of gynecologi-
cal cancers. Generally, ovarian carcinomas are originated from the surface epithe-
lium of ovary and its cystic remnants. It is evidenced that hormones such as
progesterone and estrogens are involved in the carcinogenesis of ovaries. Neverthe-
less, it is quite difficult to comprehend the mechanisms of action on the carcinogenic
process. Recent data have showed that estrogens favor carcinogenesis of the ovarian
surface epithelium, whereas progesterone protects against ovarian carcinogenesis.
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Precisely, estrogens available in ovulatory follicles exhibit both mitogenic and
genotoxic to ovarian surface epithelium. However, pregnancy equivalent progester-
one concentrations are very much impactful as apoptotic agents for ovarian surface
epithelium and malignant cells. Hence, high dose progesterone may be utilized as an
exfoliation agent for shedding the aged ovarian surface epithelium of precancerous
cells. A few clinical studies have showed effectiveness of progestins, aromatase
inhibitors, and antiestrogens, alone or in combination with chemo agents in treating
ovarian cancer (Ho 2003). It has been observed through many epidemiological
studies that reproductive and hormonal variables are the key factors which are
involved in the pathophysiology of ovarian cancer. Direct effects exerted by proges-
tin and estrogen, incessant periodic ovulation, and gonadotropin signaling are key
hormonal concepts that are suggested to elucidate the etiology of ovarian cancer. The
gonadotropin hypothesis is supposed to be the first theory of sex hormones as a
likely mechanism causing ovarian cancer. According to this theory, OC spreads
because of unwarranted excitation of ovarian tissue by luteinizing hormone and
follicle-stimulating hormone (Cramer and Welch 1983). Contact to the excess
gonadotropins, related to the menopause, infertility treatment, or ovulation, has
been recognized as an imperative cause of ovarian cancer (Cramer and Welch
1983; Riman et al. 2002; Rodriguez et al. 2001).

4.2.3 Prostate Cancer

Prostate cancer develops in reaction to the testosterone. When testosterone reaches to
the prostate cell, it assists to select genes that are switched on or off. Antiandrogen
agents can help to slow down the growth of cancer by switching genes on and off.
However, as the time passes, sometimes these malignancies become drug resistant to
antiandrogens and consequently relapse (American Cancer Society 2019). How
testosterone controls the complex process of gene activity is of utmost importance
to understand the etiology of prostate cancer. Initially, a human cell copies the
related gene, cutting and pasting and then modifying different parts of the sequence
by the process known as gene splicing before the synthesis of corresponding protein.
Specifically, splicing regulator proteins regulate the patterns of splicing that a cell
exhibits. Hence, in prostate cancer cells, testosterone can change the splicing
patterns, but exact molecular mechanism is not yet known clearly. It has been studied
that a set of genes turn off in reaction to the antiandrogen agents in the patients with
prostate cancer. It is also reported that testosterone controls epithelial splicing
regulatory protein 2 (ESRP2), a master splicing regulator, which is exists in epithe-
lial cells. Extra ESRP2 slowed down the prostate cancer growth found in mice.
Nevertheless, ESRP2 concentrations are elevated in prostate cancer cells, and
generally level of the regulator protein reduced in the presence of antiandrogen
agents (Munkley et al. 2019; Munkley et al. 2017).
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4.2.4 Endometrial Carcinoma (EC)

It one of the most widespread gynecologic malignancies and is generally faced by
every gynecologist. A detailed knowledge of anatomy, pathophysiology, extent of
spread in women populace, and treatment strategies for malignancy associated with
endometrium permits the gynecologists and obstetricians to categorize the women at
high risk, aid timely diagnosis of cancer, and impart their role to risk reduction
measurements. The most common symptoms of endometrial cancer are unusual
bleeding from uterus and vaginal secretions. Patients with progressive cancer may
exhibit the symptoms like those with advanced ovarian cancer, such as pelvic or
abdominal pain, distension, early satiety, and alteration in bowel or bladder function
(Mayo Clinic 2021).

The uterus is a hollow organ that resembles a medium-sized pear in size and form.
The fetus grows in the uterus and develops during pregnancy. It has two parts:

• the upper part, which is also known as the corpus (Latin word for the body), and,
• the lower part of the uterus is known as cervix, as it joins with the vagina.

Endometrial cancer starts to grow when the endometrial cells initiated to divide
uncontrollably. Malignant cells can grow virtually in any part/organ of the body and
metastasize (spread to other parts). Malignancy associated with endometrium starts
in the cells of the inner facing of the uterus. Endometrial cancer is one of the
common categories of malignancy in the uterus. (American Cancer Society 2020).

4.3 Treatment Modalities of Hormone-Related Cancer

There are a number of cancer treatments strategies, the kind of treatment modality
that the patient will receive generally depends on the type of malignancy the patient
has and in which stage it is present. A few patients with malignancy receive only one
type of treatment. Nonetheless, most of the patient population receive a combination
of treatments, like chemotherapy, surgical procedures, radiotherapy, immunother-
apy, targeted therapy, and/or hormone replacement therapy (Cramer and Welch
1983; Riman et al. 2002). Here some treatment modalities for hormone-related
cancers are discussed.

4.3.1 Breast Cancer

The stage of breast malignancy is a vital factor selection of treatment choices.
Usually, the more the spread of breast cancer, the more treatment is possibly to
provide.

Stage 0 cancers are noninvasive and restricted to the interior of the milk duct
(does not invade nearby tissues). The ductal carcinoma in situ and lobular carcinoma
in situ are also represented as stage 0; however, these are not cancers. Though, it may
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lead to an augmented risk of breast cancer. Hence, LCIS poses the threat of evolving
invasive breast malignancy in the later stage. Because LCIS is neither a precancer
nor a cancer, generally no therapy is required as such, after the biopsy. Occasionally,
LCIS is detected by employing a needle biopsy. In that case, the oncologist may
advise to eradicate LCIS using surgical procedure or other type of breast conserva-
tion procedure (lumpectomy) in order to ensure that LCIS was the only abnormality.
Generally, a patient with DCIS can undergo either breast-conserving surgery (BCS)
or simple mastectomy. Mastectomy could be a good choice, if DCIS is spread widely
in the breast.

Majority of patients with breast cancer in I, II, or III stage undergo surgery,
frequently followed by radiotherapy. Some of the patients also receive chemother-
apy therapy. Treatment strategy basically depends on the extent of spread of cancer.
Hence, if the extent of spread of malignancy is more, the patient will likely to take
more treatment. Maximum patients having breast cancer in I, II, or III stage get
systemic drug therapy as a part of the treatment plan. Drug therapy may encompass
hormone replacement therapy, chemotherapy, monoclonal antibodies like
pertuzumab, trastuzumab, or abemaciclib immunotherapy, and combinations
thereof.

Stage IV malignancies have extension outside the breast including lymph nodes
to other organs like liver, bones, lungs, brain, etc. Key treatment plan for stage IV
breast malignancy is chemotherapy which includes chemotherapy, hormone therapy,
and immunotherapy, and a combination thereof. Radiotherapy and surgical
procedures may be employed as alternative in certain conditions. Though cancer
in this stage is considered incurable, treatment can generally retard the growth of
cancer, for symptomatic relief, and support some patients to live longer.

Breast cancer might recur in some patients after the treatment. Recurrence could
be local (in the same breast), regional (in neighboring lymph nodes), or distant. A
local recurrence in the breast after breast-conserving surgery (lumpectomy) is
generally treated by mastectomy. The problems of relapses around the mastectomy
area are addressed by eradicating the tumor whenever required if the first therapy
was mastectomy. If radiation therapy has not been employed previously, it is usually
provided after this procedure. After radiotherapy/surgery or/and hormone replace-
ment therapy, targeted immunotherapy (such as trastuzumab), chemotherapy, or a
combination thereof may be employed. If surgery or radiotherapy is not a possibility,
these medications may be utilized.(American Cancer Society 2019).

4.3.2 Ovarian Cancer

Surgical procedure is the initial treatment strategy for stage I ovarian cancer.
Generally, both ovaries, both fallopian tubes and the uterus, are removed. The
treatment strategy after surgical procedure is mainly dependent on the substage of
malignancy.

For stages, namely IA and IB, treatment after surgical procedures is mainly
governed by the tumor grade. Majority of the patients do not require any treatment
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after surgical procedures for low grade tumors (grade 1). For high grade (grade 2)
tumors, patients are either treated with chemotherapeutic agents or kept under
observation after surgical procedures without further treatment. The chemotherapeu-
tic agents employed generally are cisplatin/carboplatin and docetaxel/paclitaxel for
3–6 cycles. For high grade (grade 3) tumors, treatment plan usually covers the
equivalent chemotherapy for grade 2 stage IA and IB malignancies. Surgical
procedures to eliminate the tumor for stage IC is, however, the first-line treatment.
After surgical procedures, chemotherapy is preferred, typically with 3–6 cycles of
treatment with paclitaxel and carboplatin. Primary peritoneal malignancies and stage
I fallopian tube cancer patients undergo the same treatment as ovarian cancer of stage
I. For stage IIA and IIB malignancies, treatment initiates with surgery for staging and
debulking, which includes a hysterectomy and bilateral salpingo-oophorectomy.
Chemotherapy is generally advised for at least 6 cycles, after the surgical procedures.
Usually, carboplatin in combination with paclitaxel is employed in the
treatment plan.

Stage IIIA1, IIIA2, IIIB, and IIIC are usually treated in the similar way as to the
stage II malignancies. In this case, initially, cancer is debulked and surgically staged,
similar to the stage II. The ovaries, fallopian tubes, uterus, and omentum are
removed by surgical procedures. The objective of surgery is to leave behind no
tumor larger than 1 cm, or essentially no visible tumor. Once this objective is
achieved, tumor is considered to be optimally debulked. Occasionally, the malig-
nancy may reach to the intestines; in order to eliminate tumor, intestine must have to
be incised, in part.

After undergoing surgical procedures, a combination chemotherapy is required.
Cisplatin/Carboplatin in combination with paclitaxel, intravenous for 6 cycles, is
generally recommended. Monoclonal antibodies like bevacizumab might be
administered in combination with a chemotherapeutic agent. Alternative choice is
to give in intraperitoneal (IP) and intravenous (IV) chemotherapeutic agent after
surgical procedures. Intraperitoneal chemotherapy is generally considered only if the
tumor was optimally debulked- it may also not work if much tumor is left behind in
the abdomen.

In advanced stage that is stage IV, cancer has grown to distant organs like lungs,
liver, bones, etc. Advanced stage malignancies are very difficult to treat with current
therapeutic regimen; however, stage IV malignancy can still be managed. Treatment
of stage IV can be carried out like stage III, with debulking of malignancy, followed
by chemotherapeutic agents monoclonal antibodies, e.g., bevacizumab.
Bevacizumab is given either alone or in combination with chemotherapeutic agents
olaparib; otherwise treat with chemotherapeutic agents first. If the malignancy
shrinks from the chemotherapy, surgical procedures may be employed; subsequently
additional chemotherapy is required. Generally, three cycles of chemotherapy are
employed before surgical procedures (American Cancer Society 2019).
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4.3.3 Prostate Cancer

In prostate cancer, stages are key factors in selecting the paramount treatment
modality. Staging of prostate cancer is mainly based on the magnitude of spread
of malignancy and Gleason score based on the initial diagnosis, the prostate-specific
antigen (PSA) level. Prostate malignancies that have not entered into the stages (I to
III), oncologist identify risk groups based on how much the prostate cancer has
spread, Gleason score, PSA level and prostate biopsy results in order to assist to
govern treatment choices. Malignancies with lower risk groups have lower chances
of spreading than those in higher-risk groups. Overall health, age, personal
preferences, and life expectancy are the factors which are considered at the time of
treatment. After the preliminary treatment and prostate cancer patient’s life expec-
tancy, oncologists help to determine potential treatment choices for the patients,
based on the stages and the threat of malignancy relapses.

Prostate malignancies have not spread outside the prostate and are small in size in
very-low-risk groups. These patients have Gleason score of six or less (grade group
1) and low PSA levels (less than 10). Observations are generally advised for the
patients not having any other serious health complications. Brachytherapy or EBRT
(radiotherapy) or surgical procedures like radical prostatectomy may be employed
for men who wish to start treatment. Treatment modality for prostate malignancy
with low-risk groups includes EBRT or brachytherapy (radiation therapy) or surgical
procedures (radical prostatectomy), which mainly depend on probability of cancer
growth, personal (patients) preferences, and risks and benefit of the treatment. If the
observations after surgery exhibit that malignancy has characteristics of relapses,
then the EBRT with or without androgen deprivation therapy (ADT) or observations
with PSA levels with the plan to start radiotherapy as early as the PSA level starts
to rise.

Prostate malignancy of intermediate-risk groups can be diagnosed on the exami-
nation or observed on an imaging test. EBRT or brachytherapy (radiotherapy) is an
important choice for the patients of intermediate-risk group. It is generally
recommended in combination with androgen deprivation therapy (ADT). Surgical
procedure (radical prostatectomy) with pelvic lymph node removal is an alternate
choice of treatment.

High-risk group prostate cancer patients may be treated with radiotherapy (EBRT
alone in combination with brachytherapy) and ADT for about 1–3 years. Surgical
procedures (such as radical prostatectomy) with pelvic lymph node dissection
(PLND) might be advised. If malignancy is detected in the lymph nodes during
surgery, ADT alone or in combination with EBRT may be recommended. Generally,
radiotherapy alone or in combination with ADT is recommended, in case it is not
detected in the lymph nodes, but may exhibit characteristics of recurrences. Radio-
therapy or ADT is generally recommended, when the PSA level rises after surgical
procedures. Additionally, in some cases, the chemotherapeutic agents like docetaxel
and/or abiraterone, as an ADT agent, might be given in combination with
radiotherapy.
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4.3.4 Endometrial Cancer

The most crucial and important elements in considering the treatment modality are
the stages of cervical cancer. However, additional causes can also influence the
treatment choices, encompassing the precise situation (locus) of malignancy within
the cervix, age of the patient, the category of cancer (whether adenocarcinoma or
squamous cell), and whether the subject wants to have pregnancy, above all general
health.

Basically, the treatment modality for stage IA1 is based on whether the subject
(s) want to sustain fertility in order to bear children and whether or not the
malignancy has spread into the lymph and blood vessels (also known as
lymphovascular spread of cancer). For the subjects who want to maintain fertility
in order to have children conization, cone biopsy is one of the most preferred
treatment modalities. If the cone boundary does not comprise cancerous cells, also
called negative margins, the subject can be kept under observations without further
treatment, until the malignancy relapses. In case the boundary of the cone has
cancerous cells also known as positive margins, then it means malignancy is left
behind. Hence, it can be managed with the help of repeated conization or complete
surgical removal of cervix, a radical trachelectomy. In case the malignancy has
spread into lymph or blood vessels, treatment modality is the conization to eradicate
lymph nodes located in the pelvis region. Alternate option to cone biopsy
(conization) is the complete surgical removal of the pelvic lymph nodes (radical
trachelectomy).

For women who do not want to have fertility, treatment choices are hysterectomy,
if malignancy does not exhibit lymphovascular spread and the boundary of the
biopsy has no malignant cells. A radical hysterectomy or repeat conization with
the eradication of the lymph nodes present in the pelvis might be a choice, if the
malignant cells are present in the boundary of the biopsy. If malignancy has spread
into the lymph and blood vascular system, the patient may require a radical hyster-
ectomy and removal of the pelvic lymph nodes. Usually, surgical procedures are not
required, generally in such cases an external beam radiation (EBR) to the pelvis is
employed after brachytherapy. If lymph nodes are not affected with the malignancy,
still radiation may be a choice if the cancer is large in size, and the malignancy has
spread into lymph and blood vessels, or invading the nearby connective tissue that
braces the organs like vagina, bladder, and uterus. If the malignancy has spread to
the tissues next to the uterus (parametrium) or to any nearby lymph nodes, or the
tissue incised has positive boundary, EBRT along with chemotherapy is generally
advised. The oncologist may also recommend brachytherapy followed by combined
chemo therapy and radiation therapy.

Treatment strategy for stage IA2 is partly dependent on whether the patient
wishes to maintain the fertility in order to have children. Conization with the surgical
removal of pelvic lymph nodes and radical trachelectomy with pelvic lymph nodes
surgical procedure are the choices of treatment for patients who want to bear
children.
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Pelvis EBRT with brachytherapy and radical hysterectomy along with pelvic
lymph nodes are treatment choices for women who do not wish to maintain fertility.
If the cancer is large and has spread into the lymph and blood vessels, and is grown
into the surrounding tissue that braces organs like urinary bladder, uterus, and
vagina, and lymph nodes having no cancer cells, radiotherapy might be a choice.
If the malignancy has expanded to the parametrium and lymph nodes tissue isolate
has positive margins, EBRT in combination with chemotherapy is generally
recommended. The oncologist may recommend brachytherapy after the combination
of radiation and chemotherapy.

In the stages IB and IIA, radical hysterectomy eradicates pelvic lymph nodes, and
occasionally lymph nodes from the para-aortic region, if lymph nodes are not found
to have malignancy. If the cancer is large and has spread into the lymph and blood
vessels, and is grown into the surrounding tissue that braces organs like urinary
bladder, uterus, and vagina, and lymph nodes having no cancer cells, radiotherapy
might be a choice. If the malignancy has expanded to the parametrium and lymph
nodes and tissue isolate has positive margins, EBRT in combination with chemo-
therapy is generally recommended. The oncologist may recommend brachytherapy
after the combination of radiation and chemotherapy. If a woman is not healthy
enough to tolerate surgery and determine not to undergo surgery, in that case
radiation employing EBRT and brachytherapy might be a good choice. Concurrent
chemoradiation (chemotherapy in combination with radiation) is another treatment
strategy. In this case, chemotherapeutic agent may be carboplatin, cisplatin, or
cisplatin in combination with fluorouracil.

In stages IIB, III, and IVA, chemotherapeutic agents may be carboplatin, cis-
platin, or cisplatin in combination with fluorouracil. Radiotherapy encompasses both
brachytherapy and EBRT. In stage IVB, where malignancy has spread out of the
pelvic region to other regions, in that case cervical cancer is generally considered as
incurable. In order to retard the growth of malignancy or for symptomatic relief only,
treatment choices are radiotherapy with or without chemotherapeutic agents. Usu-
ally, cisplatin or carboplatin (platinum drugs) in combination with other drug(s),
like, gemcitabine, topotecan, paclitaxel, etc., is one of the most standard regimens.
Immunotherapeutic agents (monoclonal antibodies) like bevacizumab in combina-
tion with chemotherapeutic agents, pembrolizumab alone, the targeted drug
tisotumabvedotin-tftv (Tivdak), or pembrolizumab (Keytruda) in combination with
chemotherapeutic agents (with or without bevacizumab), are also good treatment
choice.

In case of recurrence in the center of the pelvic region, widespread surgical
procedures (like pelvic exenteration) are required for some patients, which proposes
the higher probability to cure malignancy; however, it may show major side effects.
Radiotherapy, sometimes in combination with chemotherapeutic agents, may be an
alternative choice. Chemotherapeutic agents, immunotherapeutics, may be
employed to retard the further growth of tumor or for symptomatic relief, but are
not likely to cure tumor.

Stage I cervical malignancies are also diagnosed in pregnant women, though
small in number. Hence, at the time of pregnancy, the treatment strategy is planned
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according to size of tumor, spread of cancer nearby lymph nodes, and how far along
the pregnancy is the specific type of cervical cancer. In stage IA, most of the
oncologists consider it is safe to carry on the pregnancy and recommend treatment
after a few weeks of birth. Surgical procedure is the treatment choice after birth for
stage IA, which include radical trachelectomy, hysterectomy, or cone biopsy. In
stage IB or higher, the patient and the oncologist must resolve whether or not to carry
on the pregnancy. Treatment strategy is invasive if the patient decided not to
continue the pregnancy which might be radiation/hysterectomy. Occasionally, che-
motherapeutic agents can be employed at the time of pregnancy in the first 12 weeks
or the third trimester in order to shrink the malignancy. If the patient chooses to carry
on the pregnancy, the neonate must be delivered by cesarean method so that
delivered baby can survive outside the womb (American Cancer Society 2019,
2020).

4.4 What Is Nanohybrid?

Vagueness in definition of nanohybrid literature is similar to the discussion available
for single nanomaterials. Here, it was attempted to elucidate the literature’s nuance-
related nanohybrid and define it according to various regulatory agencies’ perspec-
tive. In the literature available in material science, a normal surface engineering or
mixing– with organic soft material and robust inorganic materials– is considered as
hybridization. Anchoring a monomeric or polymeric material onto an inorganic,
generally metallic nanomaterial, is claimed to form nanohybrid. Although slight
surface engineering can alter the performance of nanomaterial, it is possible that the
inherent physicochemical properties may remain unaltered. Hence, nanohybrid
definition can be framed as: when more than one nanomaterial of the distinctive
chemical properties or varied dimensions and measurement, anchored by weak or
strong forces, or when one material coats another having an altered chemical features
or when the complex soft organic molecules are altered to chemically link to
nanomaterial surfaces, all are to improve the inherent functional properties in order
to achieve multifunctional applications (Aich et al. 2014).

4.4.1 Nanohybrids in Cancer

Tumor microenvironment consists of fast-growing, hyperproliferative cancer cells
having a demand for the generation of new vessels (neovascularization) and high
metabolic rate to supply the nutrients to the rapidly dividing malignant cells
(Carmeliet and Jain 2000). Microenvironment of cancerous cells is generally acidic
because of utilization of the glycolysis pathway in order to obtain the required
additional energy due to high metabolic activity (Pelicano et al. 2006). Tumor
cells release growth factors and enzymes such as matrix metalloproteinases and it
leads to an imbalance of angiogenic regulators dilating the tumor vessels, resulting in
large gap junctions ranging from 200 to 2000 nm in size between endothelial cells
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(Jain 2001). Additionally, the interstitial pressure elevated by the reduced lymphatic
drainage added by a lower intravascular pressure generally limits the movement of
large molecules/nanoparticles out of the malignant tissue blood vessels into the
extravascular compartment; this phenomenon is also called enhanced permeability
and retention effect (EPR) (Jain 2001). Hence, greater vascular permeability and
deficient lymphatic drainage (EPR) in the cancerous tissue enable passive targeting
by utilizing polymeric nanomaterials (Maeda 2001; Maeda and Matsumura 1989;
Matsumura and Maeda 1986). The retention effect is further augmented by the
chemical nature, molecular weight, and surface charge of nanomaterial. Drug load-
ing to the polymers reduces the chances of abrupt variability of bioavailability and
allows the drug molecule to target specificity. Nevertheless, the molecular weight of
the nanomaterials as well exhibits a significant role in the drug delivery.
Nanomaterials of a molecular weight of <50 kD or of a size <6 nm are generally
cleared rapidly by the kidney after the systemic administration (Brenner et al. 1978;
Maack et al. 1979; Mihara et al. 1993). For nonbiodegradable polymers-based nano-
carriers, size is important so as to be cleared from the systemic circulation, after the
administration of drug-loaded nano-carriers. Nano-carriers with cationic surface
charge are, generally, more subject to glomerular filtration than their anionic
counterparts, because of the negative charge on the glomerular capillaries, which
results in a charge selective retention and the nano-carriers of larger molecular
weight amass in the kidneys, liver, and lungs (Fujita et al. 1992; Mahato et al.
2003; Ma et al. 2005). Therefore, the perfect molecular weight of the nanomaterial
generally depends on the specific functional application; it ranges from 30 to 100 kD.
Nano-carriers that follow the above said conditions of size and surface properties,
generally, escape the Reticulo-Endothelial System (RES) and are capable to circulate
in the systemic circulation for a longer period of time with a higher probability to
reach to the specific tissue (cancerous cells). Therapeutic molecules which are
anchored to nanomaterial through ester or amide bonds are useful for precise drug
release. In another example, the therapeutic molecule is released via thiol-dependent
cleavage by protease cathepsin B. A pH-triggered drug release model involving
hydrazine, cis-aconityl, acetyl linkages are studied (Duncan 2006; Ulbrich and Šubr
2004).

4.4.2 Advantages of Nanohybrids

• hybridization enhances the biocompatibility and photostability of materials
employed in the synthesis of quantum dots.

• if molecules fail to exhibit a specific required purpose for a specific use, generally
it is recommended to associate them with an appropriate molecule which can
further improve or impart a new feature to the nanohybrids.

• various properties can be combined in a single structure that is nanohybrid.
• Physicochemical stability, biodegradability, biocompatibility and in vivo clear-

ance can be improved (Choi et al. 2021).
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4.4.3 Disadvantages of Nanohybrids

• lack of toxicity evaluation,
• lack of pharmacokinetic data,
• limited preclinical and clinical data (Choi et al. 2021).

4.5 Nanohybrids in Hormone-Related Cancer

4.5.1 Nanohybrids in Breast Cancer

Deficiency of cutting-edge approaches to inhibit the growth of breast cancer is one of
the challenging issues for scientific community. Because of the vague tracing, low
transfection proficiency, and poor therapeutic effects, nonviral gene delivery carriers
for the treatment of cancer still face challenges. It is recently investigated that
reduced graphene oxide (GO) can instigate apoptotic cell death, hence can be
employed as a new treatment modality in cancer therapy. Organic–inorganic nano
hybrids exhibit synergistic and balancing effects in nano-drug delivery system,
hence can be employed as carrier in gene delivery. Interestingly, MXenes, a newly
explored two-dimensional and conductive nanomaterial, has acknowledged an
increasing attention in biosensing because of its large surface area and distinctive
surface and interfacial properties. New folate-anchored chitosan-grafted disulfide-
containing polyethylenimine copolymer-based silica nanohybrids were synthesized
for the delivery of P-shRNA and taxol. Such nano-carriers can proficiently safeguard
P-shRNA against degradation and showed good pH-responsive drug release and
oxidation-reduction-triggered P-shRNA release behaviors. Folate can increase the
cellular uptake of nano-medicines by multidrug-resistant breast cancer cells
(Maheswari et al. 2021; Hossieny IbrahimIbrahim et al. 2019; Cheng et al. 2021;
Luo et al. 2021; Vajhadin et al. 2022; Nabih and Hassn 2021; Jia et al. 2021).

4.5.2 Prostate Cancer

High-risk prostate cancer individuals (approximately 30–50%), who experience
radiotherapy, may exhibit biochemical recurrence or biochemical failure (increase
in prostate-specific antigen). The chances of biochemical recurrence are either due to
distant disease or because of a poor local control. In this case, chemotherapy relied
on Taxanes has been evidenced to be beneficial in prostate cancer. Combining
chemotherapy (Taxanes based) with radiotherapy can improve the efficacy, though
about 95% drug reaches to the healthy tissues, if administered in the form of
conventional injectables, whereas approximately 2–5% drug only reaches to malig-
nant tissue; adverse effects associated with taxanes in particular and anticancer
agents in general are another critical issues. Additionally, drug resistance
mechanisms associated with intracellular concentration of drugs generally reduce
the efficacy of drug by reducing the drug concentration inside the tumor cell. Drug
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resistance issues can be resolved after converting conventional anticancer
formulations to nano-drug carriers by employing cutting edge nano technological
tools, in order to maintain the concentration and residence time of drug in the
affected organ or inside the malignant cell, eventually improving the effectiveness
of drug. It has been investigated, in vitro, that a needle-shaped carrier can penetrate
inside malignant cells and stay there for 10 days without the induction of cytotoxic
effects.

A unique treatment modality, viz. boron neutron capture therapy (BNCT), has
been employed for the management of malignancies, encompassing head and neck
and brain cancers. For effective better treatment with BNCT technique, proficient
and targeted delivery of a high boron dose to malignant cells is required. Basically,
prostate-specific membrane antigen (PSMA) is the target for drug delivery and
diagnostic purposes. The development of a sensitive, fast, and simple detection
method of PSA is necessary for the timely diagnosis of prostate malignancies.
Nanohybrids based on titanate nanotubes are fabricated by critical step by step
synthesis procedure to cure prostate malignancies by intra-tumoral administration.
The conjugation of chemotherapeutic agents and metal oxide (MxOy) nanoparticles
has ignited a swiftly growing interest in onco-nanomedicine. Fundamentally, the
idea was to maintain the concentration and residence of drug inside the malignant
cells, primarily, and evade the issue of multidrug resistance, which generally reduces
the drug efficacy by reducing the intracellular concentrations in malignant cells
(Mirjolet et al. 2014; Castro Nava et al. 2015; Wang et al. 2019; Feng et al. 2017;
Aayanifard et al. 2021; Loiseau et al. 2019, 2021).

4.5.3 Endometrial (Cervical Cancer)

Nanohybrids are interestingly showing considerable promising biomedical
applications like bioimaging and drug delivery carriers because of their additional
advantages of distinct components. Furthermore, improvement of the reproducible
synthesis methods and stability (colloidal), to enable applied biomedical purposes,
still faced considerable challenges. Novel approach to fabricate magneto-fluorescent
nanohybrids encompassing fluorescent carbon dots and magnetic iron oxide
nanoparticles through polyglycerol (PG) facilitated covalent linkage in water,
superparamagnetic iron oxide-reduced graphene oxide (Fe3O4-RGO) nanohybrid
and encapsulation of Hydroxyapatite nanocrystals (HAP NCs) were encapsulated
(Bach et al. 2013; Gupta et al. 2018; Lee and Kim 2020; Wen et al. 2019; Girma et al.
2019).

4.5.4 Ovarian Cancer

Some of the researches suggest a new hesperidin and Sperm protein-loaded
nanohybrid carrier-based drug delivery targeted to the progesterone receptor,
which is selectively overexpressed in some cancers including ovarian malignancy,
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and generally less expressed or absent in most normal cells. Phytomedicines are
enthusiastically being investigated as anticancer agents substituting synthetic anti-
neoplastic agents. Genistein (phytomedicine), an antineoplastic agent, loaded casein
(milk protein)-based pH and magnetic field-triggered nanohybrid carriers conjugated
with progesterone for the site specific delivery were synthesized. Hence, casein in
combination with calcium ferrite, a super paramagnetic agent, showed improved
surface area for drug entrapment, biocompatibility, colloidal stability, and magneti-
cally triggered release properties (Purushothaman and KM MS. 2020; Gasparotto
et al. 2017; Bindhya et al. 2021; Liu et al. 2017).
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Abstract

Ovarian cancer (OC) is one of the most common and dreadful cancer types which
has affected the female population worldwide with an increased number of cases.
Broadly, OC has been categorized into two types based on its mutational changes.
These are Type 1 OC which is found to show less aggressive tumors without any
mutation of the tumor protein p53 gene and Type 2 OC which exhibits tumors
resulting from significant mutation of the P53 gene. The major molecular
pathways and cellular targets responsible for the progression of OC include
VEGF, PDGF, FGF, (PI3K)/AKT pathway, PARP, and others. The conventional
therapies for the management of OC include surgery, chemotherapy, hormonal
therapy, radiotherapy, monoclonal antibodies, and others. However, conventional
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therapies are restricted due to a few limitations such as unintended toxicities,
relapse of the conditions, high dose, less bioavailability, and prolonged therapeu-
tic regimen. Thus, to overcome these limitations nanotherapeutic approaches can
be used for the effective delivery of drugs with superior targetability and negligi-
ble or no toxicity. In this chapter, we have discussed the major molecular
pathways and cellular targets causing ovarian cancer. Also, the significant role
of nanotherapeutic approaches and targeting mechanisms of encapsulated bioac-
tive/drugs against ovarian cancer cells is summarized.

Keywords

Ovarian cancer · Cellular responses · Molecular pathways · Nanotherapy ·
Targeted delivery systems · Bioavailability

5.1 Introduction

The need for advancements in therapeutics is often triggered by the severity of
disease and the statistics that revolve around it. Ovarian cancer (OC) is one such
dreadful disease that finds itself in the list of common cancers around the globe. As
per the American Institute of Cancer Research, OC is the 18th most common cancer,
while being the eighth most common for women (Ferlay et al. 2019). In 2021, an
estimated 21,410 cases received the diagnosis and around 13,770 lives were
expected to be claimed by OC in the USA. All of these data accompanied with a
delayed and limited and complicated diagnosis calls for effective treatment of the
disease, which shall not only lessen hospital stay, but also prevent the recurrence of
the disease. Even though patients respond to treatments initially, about 50–75% of
the cases see a relapse (Das and Bast Jr. 2008; Jacobs and Menon 2004; Sarojini
et al. 2012). OC can be of two types; Type 1 and Type 2. Type 1 OC houses less
aggressive tumors without any mutation of the Tumor Protein p53 gene; whereas
Type 2 houses tumors resulting from significant mutation of the P53 gene (Kurman
and IeM 2010). OC of Serous type associated with BRCA1, BRCA2, MMR,
BARDI, etc. mutations is responsible for more than half the cases. Their area of
metastasis is similar(Ducie et al. 2017).

As per FIGO Committee on Gynaecologic Oncology, OC can be classified under
4 stages based on the extent of metastasis. In stage 1, the tumor growth is confined to
the ovaries. In stage 2, the tumor has spread to the pelvic region. When metastasis
has occurred to the organs of the peritoneal cavity such as the liver and intestine, and
lymph nodes, the cancer is in stage 3. If further metastasis occurs, then it can be
classified as stage 4 (Prat 2014). Epithelial carcinoma constitutes 85–90% of the
cases. Such type of OC includes endometrioid, mucinous, and a few other cell
growths such as Brenner; but mostly constitutes epithelial cell growths. Epithelial
cell growths have two subtypes; namely high-grade serous carcinoma (HGSC),
which is quite common, and the uncommon low-grade serous carcinoma (LGSC)
(Chen et al. 2014).
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A rare type of OC includes Ovarian Malignant Germ Cell Tumors (OMGCTS), a
condition arising from the malignancy of the primitive germ cells of the embryonic
gonads. Their various types include the less malignant but more common,
dysgerminoma, and the more malignant teratomas, yolk sac tumors, embryonal
carcinomas, and polyembryomas. The tumor markers include alpha-fetoprotein,
beta-human chorionic gonadotropin, and lactic dehydrogenase, all of which may
or may not be present for a tumor type (Shaaban et al. 2014).

5.1.1 Conventional Therapies Used to Combat Ovarian Cancer

5.1.1.1 Surgery
In the early stages of OC, especially in stages 1 and 2, medical practitioners turn to
surgeries such as Bilateral Salpingo-Oophorectomy (BSO), which has not only
reduced the chance of recurrence, but also minimized the dependence on chemo-
therapy. BSO is a cytoreduction surgery done to remove small tumors (less than
1 cm diameter). To increase the efficacy of the treatment, the patient may be put
through a cycle of cisplatin or paclitaxel administered intravenously every 21 days
for 6 cycles. Carboplatin and/or cisplatin may also be used, albeit with some side
effects like neuropathy (Wang and Fang 2021; McGuire et al. 1996; Elit et al. 2007).

5.1.1.2 Chemotherapy
Cytoreductive surgeries are usually followed by a few cycles of chemotherapy as
mentioned above. However, the relapse of the disease in most cases remains a major
challenge. Initially, the disease is seen to progress during platinum-based medication
regime; possibly due to platinum resistance or sensitivity. In later stages of the
regime, usually after 6–12 months, the condition is again seen to relapse due to
resistance to platinum-based therapeutics. Anticancer agents, being low molecular
weight compounds, are limited by their inability to attack specific targets; i.e., the
site of cancer. Moreover, such agents are required in high doses during the treatment
regime; thus, chemotoxicity also becomes a major hurdle. Their low bioavailability
needs to be tackled as well (Bharadwaj et al. 2021; Pignata et al. 2011; Das et al.
2020d).

5.1.1.3 Intraperitoneal Chemotherapy
OC has been observed to not metastasize beyond the abdominal cavity. This is a type
of treatment where the drug is administered into the abdomen region intraperitone-
ally (IP). A study conducted by Gynecologic Oncology Group (GOG), a randomized
controlled trial with 876 patients, showed that the mean survival for intraperitoneal
therapy was 61.8 months, while the same being only 51.4 months for conventional
IV therapy. Thus, IP therapy was judged to be more effective when compared to IV
therapy(Tewari et al. 2015; Becker et al. 2019; Barlin et al. 2012).
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5.1.1.4 Hormone Therapy
Luteinizing Hormone Releasing Hormone (LHRH) receptor agonists like goserelin
and leuprolide are administered to lower the gonadotropin secretion leading to lower
estradiol level, which is highly increased in cases of OC. Vaginal bleeding, osteo-
porosis, and vaginal dryness are common side effects of the treatment (Katchman
et al. 2017). Tamoxifen, a nonspecific estrogen receptor antagonist, is often used in
the treatment of stromal OC. Its anticancer activity is due to the ability to competi-
tively inhibit the binding of estrogen to its receptor leading to a reduction in freely
circulating estradiol. Tamoxifen reduces tumor growth factor α. Hot flushes and
vaginal dryness are some of the major limitations of this treatment (Katchman et al.
2017). Apart from this, various aromatase inhibitors such as anastrozole,
exemestane, letrozole, etc. exhibit potential effects in inhibiting the binding of
Oestrogen to the growth hormone receptors of tumors. It acts by competitive
inhibition of aromatase enzyme, which is responsible for conversion of androgens
into estrogen, primarily in women after menopause. This treatment also has its fair
share of side effects like osteoporosis and hot flushes among others (Katchman et al.
2017; Kok et al. 2019).

5.1.1.5 Radiation Therapy
This therapy involves the use of powerful electromagnetic waves like X-rays to treat
malignancy. The radiation can be administered either externally; i.e., outside the
body; or internally, also known as brachytherapy. In external beam radiation ther-
apy, a linear accelerator machine emits x-ray or photon beams in a controlled manner
to attack the malignant areas, while leaving the healthy cells unharmed. External
beam radiation therapy can be of various types like Intensity-modulated radiation
therapy (IMRT), Proton beam therapy, Image-guided radiation therapy (IGRT), and
Stereotactic Radiation Therapy (SRT). Internal radiation therapy or brachytherapy,
on the other hand, employs a radioactive material to target the tumor. This material is
delivered using capsules, catheters, needles, or other special kinds of applicators.
The therapy is permanent if the capsule or any other such delivery system containing
the radioactive therapeutic agent is implanted in the affected tissues. The therapy is
temporary if the fluidized form of the radioactive therapeutic agent is delivered using
needles or catheters. Apart from this, some other specific types of radiation therapy
are also used to mitigate OC.

Intraoperative Radiation Therapy
When vital organs are close to the tumors, surgeons make use of this therapy to
deliver the radiation. This therapeutic procedure is carried out during surgical
operation, where any effect due to the radiation on healthy tissues can be subsided
by making way for the radiation to directly reach the affected area.

Systemic Radiation Therapy
For this therapy, the patient has to swallow a pill containing a radioactive therapeutic
agent that is supposed to target the tumor tissues. The radioactive material gets
excreted from the body through feces, urine, and sweat. (Rai et al. 2014).
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Radioimmunotherapy
This type of therapy employs monoclonal antibodies that identify specific markers
surrounding tumor tissues. IgG1 antibody, Ibritumomab, is one such therapeutic
agent that has found itself useful in cases of lymphomas. It is administered in a
combination with a tiuxetan, a chelator that carries a radioactive isotope like yttrium
or indium. This system binds to a CD20 antigen present on malignant and normal B
cells at tumor sites. The therapeutic activity occurs through two mechanisms; one,
through irradiation of the tumor tissue by the beta waves emitted by the radioactive
isotopes; and second, through the attachment of the antibody to the antigen to bring
about antibody-dependent cell-mediated cytotoxicity. (Song and Sgouros 2011).

5.1.1.6 Monoclonal Antibodies
Following various targets present on tumor tissues and those exhibited during the
physiological process of tumor progression, many monoclonal antibodies have
paved the way for the effective treatment of OC. A trifunctional antibody molecule
currently in Phase 2 of clinical trials, called Catumaxomab, works by targeting
Epithelial Cell Adhesion Molecule (EpCAM) on cancer sites and CD3 on T cells.
In doing so, it allows macrophages, dendritic cells, natural killer cells, and T cells to
make their way to the cancer site that would result in tumor cell death (Das et al.
2020a). This treatment is aimed to be effective in patients who face a recurrence of
cancer or in cases where their condition has become resistant to conventional
platinum-based chemotherapy. This can be attributed to EpCAM-positive OC
cells, which remain viable even after conventional chemotherapy (Tayama et al.
2017). CD25 is another lucrative which targets cancer for immunosuppressant
monoclonal antibody in treating serous ovarian; a candidate for which is Daclizumab
that suppresses T cell population; although the binding seems to be nonspecific
(Santoiemma and Powell Jr. 2015).

5.2 Molecular Targets and Cellular Pathways Associated
with Ovarian Cancer

Various molecular targets and pathways have been associated directly or indirectly
with ovarian tumors leading to cancer. Some of the major targets have been
discussed below.

5.2.1 Vascular Endothelial Growth Factor (VEGF), Platelet-Derived
Growth Factor (PDGF), Fibroblast Growth Factor (FGF)

Several factors contribute to the progression of the tumor. Some of the prominent
factors include VEGF, PDGF, and FGF. Anti-VEGF agents result in inhibition of
angiogenesis at tumor sites by either blocking the receptor-mediated pathways of
neutralization of VEGF. Bevacizumab is a monoclonal antibody formulation that
inhibits angiogenesis by binding to VEGF and prevents it from binding to the
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Table 5.1 Clinical status of a few targeted therapeutic products in ovarian cancer therapy

Molecular
target

Aflibercept VEGF A&B,
PIGF

Binds to VEGF A&B and
placental growth factor
(PGF) and inhibits
angiogenesis

Approved Drugs@FDA:
FDA-Approved Drugs (n.d.)

Ramucirumab VEGF
receptor
tyrosine kinase
inhibitor

Blocks the interaction of
VEGFR-2 with its ligands,
VEGF-A, VEGF-C, and
VEGF-D and inhibits
angiogenesis

Approved FDA approves
ramucirumab plus erlotinib
for first-line metastatic
NSCLC (n.d.)

Sunitinib Multiple
receptor
tyrosine kinase
(RTK)

Inhibition of multiple RTKs
including PDGF-R and
VEGF-R leading to
inhibition of angiogenesis

Phase 2 Chan et al. (2018)

Sorafenib
with
bevacizumab

Multiple
receptor
tyrosine kinase
(RTK)

Interact with multiple
intracellular (CRAF, BRAF,
and mutant BRAF) and cell
surface kinases (KIT,
FLT-3, VEGFR-2, VEGFR-
3, and PDGFR-ß), thus
inhibiting tumor cell
proliferation

Phase 2 Drugs@FDA:
FDA-Approved Drugs
US-FDA (n.d.),
Drugs@FDA:
FDA-Approved Drugs
US-FDA (n.d.)

Pazopanib VEGFR-1, -
2 and - 3,
PDGFR-α and
-β, and c-kit

Inhibition of intracellular
tyrosine kinase of VEGF
and PDGF receptor leading
to antiangiogenesis action

Phase 3 Kasper and
Hohenberger (2011);
Vergote et al. (2019);
Novartis Pharmaceuticals
(2013)

Sirolimus,
Everolimus

mTOR Inhibits cytokine by
blocking PI3K/AKT
signaling pathway

Approved

Olaparib,
Rucaparib

PARP Binds to PARP enzyme and
inactivates DNA repair
mechanisms

Approved

receptor. Although some side effects like cardiotoxicity, hypertension, and dermato-
logical conditions have been associated with the treatment, Bevacizumab has
become a preferred addition to the conventional therapeutic regimen (Burger
2011; Amini et al. 2012). A few targeted therapeutic products that are either under
clinical trial or approved are mentioned in Table 5.1.

5.2.2 (PI3K)/AKT Pathway

A signaling pathway that has a major contribution towards cancerous cell growth is
the phosphatidylinositol-3-kinase (PI3K)/AKT pathway. A protein kinase in this
pathway is the mTOR protein that is encoded by the mTOR gene.
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Immunosuppressant cytokine inhibitor drugs like Sirolimus and Everolimus target
mTOR protein and inhibit cell proliferation (Das et al. 2020b).

5.2.3 Poly (ADP-Ribose) Polymerase (PARP)

Another lucrative target for beating OC is the enzyme Poly (ADP-ribose) Polymer-
ase (PARP). This enzyme is responsible for DNA repair; in both normal and
cancerous cells. PARP detects single-strand breakage on DNA and binds to it and
initiates repair by synthesizing poly-ADP ribose. This acts as a trigger for other DNA
repairing enzymes like DNA Ligases. Programmed cell death is also regulated by
this enzyme. PARP enzyme (PARP 1, PARP 2, etc.) inhibitors like Olaparib,
Rucaparib, and Niraparib have been approved for the treatment of OC (AstraZeneca
2021; Barkat et al. 2021).

5.3 Novel Drug Delivery Systems for Treatment of Ovarian
Cancer

Conventional cancer therapies come with several limitations; especially unintended
toxicities, relapse of the conditions, high dose, less bioavailability, and prolonged
therapeutic regimen. This not only makes the treatment inaccessible to the common
public, but also increases the chance of propagation of the disease to the next
generation. Thus, there is a need for innovation that makes the treatment not only
economic, but also effective. Various drug delivery systems based on passive and
active mechanisms, aimed to improve the Spatio-temporal response of the therapeu-
tic system, are being continuously developed.

5.3.1 Passive Drug Delivery Systems

Sound knowledge of the physiology of the cancerous tissues helps in designing a
drug delivery system that can take advantage of the existing conditions to make the
therapeutic agent reach the desired location of action in appropriate amounts. The
regions of cancer are characterized by irregular and uncontrolled growth of
fenestrated blood vessels that result in the proliferation of the cancerous tissues by
a supply of nutrients; while also resulting in hypoxia at that region (Danhier et al.
2010). There are also few angiogenic regulators present at the site that cause the
endothelium to become “leaky”. Matrix metalloproteinases are one such regulator
whose inhibition (e.g., MMP inhibitor like Doxycycline) can form a treatment
method. Moreover, the poor drainage of the lymphatic system makes the drug
delivery systems like nanocarriers carrying the therapeutic moiety leak out of the
fenestrated vasculatures and reach the target cancer tissue; while also staying in
circulation for a longer time. This mechanism is termed enhanced permeation and
retention effect and is widely employed for targeted therapy (Torchilin 2006).
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The process by which passive targeting occurs is diffusion while escaping the
reticuloendothelial system (RES). For diffusion to occur effectively, the nanocarriers
need to have certain characteristics to remain circulating. Few of the desired
characteristics include a particle size between 10 and 100 nm, a mostly hydrophilic
composition, and a neutrally charged surface. Few materials that are widely used to
develop nanoparticles (NPs) are poly-(vinyl alcohol) and poly-(ethylene glycol).
Being immunologically inactive, PEG has been employed widely in varying molec-
ular weights by altering PEG chain length (Tirelli et al. 2002).

Some passive drug delivery systems have exploited the potential of decorating the
surface of nanocarriers with a copolymer block made using both hydrophilic and
hydrophobic polymers. Hydrophilic polymers like PEG conjugated with hydropho-
bic polymers like Polyoxypropylene (PPO) form a PEG/PPO block copolymer. The
PPO chains are bound to the nanocarrier by hydrophobic interaction and the PEG
chains face the surrounding hydrophilic medium providing steric stability. The
stability of the therapeutic system is an important consideration for sufficient
circulation time in the body for an optimum therapeutic effect (Illum et al. 1987).
A Phase 2 trial of combination therapy of carboplatin and pegylated liposomal
doxorubicin yielded satisfactory results and the treatment was deemed feasible for
gynaecologic sarcomas (Harter et al. 2016).

5.3.2 Active Drug Delivery System

The guiding principle behind designing site-specific targeting drug delivery systems
is being able to recognize the receptors on the cancerous cells’membranes. To target
these receptors, various ligands, including new generation monoclonal antibodies,
can be attached to the nanocarrier. The nanocarriers after getting attached to the cells
utilize uptake mechanisms like phagocytosis and endocytosis (Das et al. 2020c;
Barkat et al. 2020). Nanoparticulate systems to which PEG is to be attached can be
done so by attaching the PEG to polymers like poly-α-hydroxy acids (PLAs) or
polylactic-co-glycolic acid (PLGA) copolymers (Milane et al. 2011). A lipidic
nanocarrier like that made of distearylphosphatidylethanolamine (DSPE) can be
also decorated with PEG, non-covalently; as with the case of adamantane inserted
into a cyclodextrin system (Bartlett and Davis 2007; Chenjie et al. 2009). To
stabilize a liposomal system, formulators often use PEG of molecular weight 2000
dalton or more. This affords a thermodynamically stable system (Garbuzenko et al.
2005).

PEG chains attached to liposomes have to be attached to a functional group like
carbonyl, amide, or sulfhydryl; which can serve as active points (thus forming a
bridge) where a therapeutic agent can be attached (van Vlerken et al. 2007). The
attachment can take place in the presence of a linking or coupling agent like N, N’-
dicyclohexylcarbodiimide or cyanuric chloride, which acts as a catalyst (Cirstoiu-
Hapca et al. 2010). One of the major disadvantages of the above technique is the
remains of unreacted end groups of PEG chains, those that have not been associated
with any functional groups. This can lead to unsuitable interactions of the liposome
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with the surrounding system; while also providing hindrances to conjugation of the
therapeutic moiety or other ligands to the system (Zalipsky et al. 1997). A strategy to
overcome this barrier has been to form a conjugated system consisting of Lipid-
PEG-Ligand and make them attach to a preformulated nontargeting liposome. This
not only positions the conjugated system outside the liposomal bilayer unlike the
previous strategy where the conjugate would be trapped inside the liposome, but also
allows a great deal of flexibility in designing an effective drug delivery system that
has highly specific actions. Commonly used linkages include peptides, transferrin,
and folate moieties (Uster et al. 1996).

These actively targeting drug delivery systems mainly target various receptors,
biomarkers, and some biochemicals like proteins that are expressed during tumor
proliferation for delivery of the therapeutic moiety. The Follicle Stimulating Hor-
mone or FSH is known to activate FSH Receptor (FSHR) on the ovarian epithelium.
This receptor is overexpressed in OC cells which can be targeted by the drug
delivery systems (Zhang et al. 2009a). Paclitaxel-loaded NPs conjugated with a
peptide derived from FSH have been developed (Zhang et al. 2009b). A tumor in its
course of proliferation releases various proteins or antigens that get reflected during
the evaluation of the serum of the patient. One such antigen is CA-125. This gets
expressed in more than 80% of the cases of OC; which makes it an ideal target for
designing therapeutic agents (Bast Jr et al. 1981; Moore and Maclaughlan 2010).

HER-2 is another receptor that is overexpressed in OC that leads to tumor
proliferation and various pathways attached to it. A monoclonal antibody approved
by FDA and EMA that is currently being used is Trastuzumab in the treatment of
HER2-positive breast cancer, but has not proven itself effective in the treatment of
epithelial OC (Wilken et al. 2010). Another biomarker expressed during cancer
angiogenesis is nucleolin, which is a 31-amino acid F3 peptide. This F3 peptide is
synthesized from the protein High Mobility Group (HMG) 2. F3 can bind to
nucleolin protein expressed at tumor sites. Thus, it was considered as a targeting
moiety; the same has been demonstrated in a study conducted by designing
PEG-ylated liposomes functionalized with nucleolin targeting F3 peptide and loaded
with Doxorubicin and C6-Ceramide synergistic combination and results show to be
effective in generating cytotoxicity towards cancerous ovarian cells (Cruz et al.
2021).

Angiogenesis is also known to be regulated by integrins. Thus, a certain combi-
nation of amino acids sequence results in a peptide such as RGD (Arginine-Glycine-
Aspartic acid) that can bind to integrin molecules (Janssen et al. 2002). The
Transferrin Receptor (Tfr) is overexpressed in OC and is known to be stimulated
by certain antibodies and transferrin. Thus, a drug delivery system associated with
transferrin and loaded with a monoclonal antibody like R17217 and OX26 (Ulbrich
et al. 2009; Béduneau et al. 2007) or Docetaxel-loaded liposomal drug delivery
system modified with transferrin can target the OC sites (Yuan et al. 2014).
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5.3.3 Materials for Fabrication of Nanoparticulate Drug Delivery
Systems

While fabricating a nano delivery system, the materials used are particularly impor-
tant for compatibility with the therapeutic agent, toxicity and biodegradability, and
any adverse effects. Factors governing the feasibility of scaling up the product to the
industrial level are also taken into consideration. The ultimate goal shall be to design
an effective drug delivery system that possesses enhanced permeation and retention
effect (EPR), an optimal dissolution profile, and a good Spatio-temporal response
that delivers the drug at the particular cancerous site without causing any harm to the
surrounding healthy cells.

5.3.3.1 Biodegradable Polymers Used in the Fabrication
of Nanoparticles

Biodegradable polymers are preferred materials for the fabrication of NPs. They are
made up of naturally occurring polymers containing amide, ester, and ether func-
tional groups which can be broken down by the biological mechanisms in the body
without the generation of toxic residues (Sivasankarapillai et al. 2021). A few
examples are mentioned in Table 5.2.

5.3.4 Nanocarriers for Targeted Drug Delivery in Ovarian Cancer
Therapy

Various types of nanocarriers, including metallic NPs, polymeric NPs, liposomes,
solid-lipid NPs, micelles, and others, have been reported for effective management
of OC. These nanocarriers due to their versatile size, shape, and surface charge assist
the targeted delivery of loaded drugs/bioactive to the targeted diseases to the site
rather than affecting the healthy cells or tissues, thus reducing the chances of
systemic toxicity.

5.3.4.1 Nanoparticles
Various metallic elements like gold, silver, and metallic oxides, especially Iron oxide
NPs, have been explored to fabricate NPs (Horák et al. 2017). Iron oxide NPs have
been shown to exhibit significant cytotoxic effects. The in vitro study performed on
OC cell lines found an increased level of ROS, resulting in damaging the mitochon-
drial membrane of cancer cells. This resulted in the caspase-mediated apoptosis in
the OC PA-1 cells (Ramalingam et al. 2020). The success of such systems is
attributed to the superparamagnetic characteristic of iron oxide that renders enhanced
Spatio-temporal control over drug delivery (Zhi et al. 2020).

Chitosan is another biopolymer that due to its low toxicity and biocompatibility
characteristics has found its way to the fabrication of NPs. Several amine and
hydroxyl groups in their structure mean that they can be effective sites of
associations with therapeutic moieties (Muddineti et al. 2017). NPs fabricated
using chitosan and conjugated with proteins, drugs, and nucleic acids have exhibited
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Table 5.2 List of some major biodegradable polymers used in the fabrication of novel drug
delivery systems used in the management of ovarian cancer

Natural biodegradable polymers

Polymers Structure Examples Reference

Chitosan Units of D-glucosamide
and N-acetyl-D-
glucosamide

Nanogel composed of
poly (ethylene glycol)-b-
poly(L-glutamic acid)-b-
poly(L-phenylalanine)
copolymer block
incorporating cisplatin
and paclitaxel; surface
decorated with a folic acid
ligand using PEG as a
spacer.

Desale
et al.
(2015)

Proteins Chains of amino acids of
20–30 residues

Albumin, collagen,
gelatine
Albumin NPs
incorporating
Albendazole

Zhang
(2008)
Noorani
et al.
(2015)

Polysaccharides Polymeric carbohydrate
molecule composed of
monosaccharides

Cellulose, starch,
glycogen

Varki
et al.
(2015)

Synthetic biodegradable polymers

Poly (lactic-co-glycolic)
acid (PLGA)

A dimer of lactic acid and
glycolic acid in varying
ratios results in different
drug release profiles.

Lupron depot developed
for prostate cancer

Astete
and
Sabliov
(2006)

Polylactic acid (PLA) A polyester structure
obtained from the
condensation of lactic
acid monomers

Chitosan-coated
Polylactic acid
nanoparticle

Babu
et al.
(2014)

Polycaprolactone (PCL) A polyester formed by
polymerization of
ε-caprolactone

Tumor-targeting
polycaprolactone NPs
with codelivery of
paclitaxel and IR780 for
combinational therapy of
drug-resistant OC

Pan et al.
(2020)

Polyhydroxyalkanoates
(PHA)

A class of biopolyester
consisting of various side
chains and fatty acids

Poly(3-hydroxybutyrate-
co-3-hydroxy valerate) or
PHBV NPs loaded with
paclitaxel show anti-OC
activity

Vilos
et al.
(2013)

enhanced localization at cancerous sites and taken up by cells through endocytosis
among other internalization phenomena. In a bid to explore the possibility of
employing biodegradable photoresponsive NPs in the treatment of OC, chitosan
and PLGA-based NPs were designed and loaded with carboplatin (CP) and the near-
infrared (NIR) photosensitizer indocyanine green (ICG). The study found effective
cytotoxic effects against OC cell lines when the target cells were irradiated with
800 nm laser (Sánchez-Ramírez et al. 2020).
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Another nanoparticulate drug delivery system fabricated from PLGA and loaded
with Cannabidiol (CBD) has been shown to significantly induce apoptosis by
inducing the expression PARP. The drug-loaded nanoparticle was found to have a
high encapsulation efficiency of 95% and a drug release lasting about 96 h. The
internalization of the NPs into the OC cell line was found to be between 2 and 4 h.
Although CBD-NPs showed a tumor growth inhibition similar to CBD in solution,
the IC50 value of CBD-NPs was found to be significantly lower than that of CBD
solution (Fraguas-Sánchez et al. 2020).

5.3.4.2 Liposomes
Liposomes are nanoparticulate drug delivery systems in the size range of 2 to
400 nm. They are composed of lipid materials that are easily biodegradable and
generally nontoxic to the patient’s body. Liposomes show high encapsulation
efficiency for both hydrophilic and lipophilic pharmaceuticals while also showing
Spatio-temporal control. The circulation time of liposomes is of prime importance
when it comes to their efficacy. PEG-ylation is a well-explored technique to do the
same. A study with PEG-ylated liposomal loaded with paclitaxel observed that the
liposomal drug delivery system was able to contain the growth of OC cells both
in vitro and in vivo by inducing their apoptosis by TNF-mediated ERK/AKT
signaling (Alizadeh et al. 2020).

In a study involving cisplatin-resistant OC cells, Cisplatin-loaded liposomal
particles functionalized to target transferrin receptors were designed. Their cell
uptake in both resistant and nonresistant cells was found to be similar, but signifi-
cantly better than that of free cisplatin. Cytotoxicity was related to the accumulation
of platinum in both resistant and nonresistant cancer cells when treated with
targeting liposomes. However, Tfr targeting was not found to have any significant
advantage over nontargeting liposomes (İnce et al. 2020).

Often the idea of co-encapsulating two or more drugs in the liposome gains
research attractions for their ability to synergistically act on the cancerous cells. Such
a system was designed by encapsulating a topoisomerase inhibitor, Irinotecan, and a
DNA transcription inhibitor through various mechanisms, Doxorubicin (in the ratio
1:1 in circulation), by the process of coordination complexation and pH gradient.
The encapsulation efficiency was found to be more than 80%. This liposomal
formulation was delivered in a xenograft model intraperitoneally growing a human
ovarian tumor and found to have effective therapeutic potentiality (Qi et al. 2018).

5.3.4.3 Nanomicelles
Micelles are formed as self-aggregating amphiphilic structures in an aqueous
medium above a certain concentration called the critical micellar concentration.
Like liposomes, Nanomicelles can also be loaded with hydrophilic and hydrophobic
pharmaceuticals. Nanomicelles have been shown to exhibit higher drug loading
capacity than other drug delivery systems (Krieger et al. 2010; Shaikh et al. 2013).
Small size and effective penetrability and endocytosis at OC sites, accompanied by
their unique characteristics like in vivo stability, biocompatibility, long plasma
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circulation time, and site-specific action, have made them a quite sought-after
candidate for OC therapeutics (Yu et al. 2018; Fathi et al. 2018).

In a study, Paclitaxel-loaded redox-sensitive nanomicelles were designed to
target OC cells. Cytotoxicity studies revealed the therapeutic potential of the system
(Pantshwa et al. 2020).

Similar effective cytotoxic effects were observed for a nanomicellar system
loaded with Docetaxel and functionalized to target folate receptors on OC sites
(Feng et al. 2014). A nanomicellar drug delivery system designed to incorporate two
synergistically acting drugs has shown promising results. The study fabricated the
nanomicelles from an amphiphilic copolymer, phenylboronic acid-coated methoxy
poly (ethylene glycol)- block-poly-((N-2-hydroxyethyl)-aspartamide). The stability
of the system was attributed to an electron donor-acceptor mechanism between the
polymer particles and the encapsulated drugs doxorubicin and irinotecan. The
nanomicelles were found to be biocompatible, while also affording significant
cytotoxicity by the production of ROS. Apart from this, various functionalized
nanocarriers have been listed in Table 5.3.

5.4 Conclusion and Future Perspectives

In western countries, OC has been reported as the second most common and the most
fatal gynaecologic malice. Till now, there is a deficiency of approaches suggested for
screening and early diagnosis of the disease, and if left untreated then at the final-
stage OC is incurable in most of the clinical cases. In respect of treatment
approaches, several conventional therapies, surgical technologies, and modern ther-
apeutic regimes, entering the preclinical/clinical stages, have led to hope for the
effective treatment of OC. In recent times, researchers have been able to develop
potential nanocarriers for the establishment of targeted drug delivery systems to
transport therapeutic regimens into ovarian carcinogenic cells with more precision.
In this review, we have highlighted the outcomes and major findings of the recent
articles and clinical trials associated with OC therapy and also have highlighted the
significant impact of NPs-based drug delivery systems in OC therapeutics.

Studies have shown that as compared to other routes of administration, the
intraperitoneal might be more beneficial for effectively targeting the folate-receptor
in OC in vivo. Moreover, the amalgamation of intraperitoneal administration and
targeting of the functionalized (peptides, antibodies, and aptamers)-NPs to the
tumor-specific proteins might lead to decreased systemic toxicities and also increase
the drug payload within the tumors. Apart from this, certain nanomaterial-mediated
biosensors, due to superior sensitivity and selectivity, have exhibited a potential role
in OC diagnosis. In the future, it is very important to explore the diverse aspects of
NPs-based technologies and study their effects in improved tumor targeting, drug
efficiency, and toxicity profiles.
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Table 5.3 Various functionalized nanocarriers for targeting chemotherapeutic agents in ovarian
cancer therapy

Functionalized Major outcomes/
Nanocarriers mechanism

Nanoparticles (metallic/
polymeric functionalized
with biodegradable
polymers)

Chitosan-silicon
dioxide nanoparticle
(SiO2-CS) loaded with
epigallocatechin gallate
(EGCG)

Aptamer conjugation
resulted in effective
internalization into OC
cell lines through
nucleolin recognition

Mutlu-
Agardan
et al. (2020)

NPs functionalized with
radio-iodinated folic
acid

Showed improved
targeting of SCOV3
cancer cell lines when
compared to free
thymoquinone

Zhou et al.
(2021)

Dendrimers (regularly
branched spherical
system able to load
drugs either attached to
the branches or
internalized)

Cisplatin-dendrimer
conjugate

33% reduction in
ovarian tumor size;
relative to the control
group which was
administered free
cisplatin; at the highest
tolerable dose of 6 mg/
kg.

Kirkpatrick
et al. (2011)

Cisplatin-paclitaxel
co-encapsulated
telodendrimer micelles

Co-encapsulation was
done through the
introduction of
carboxylic acid and
cholic acid functional
groups in the layers of
the dendrimer.
The highest in vitro
antitumor activity was
observed at 1:
2 PTX/CDDP loading
ratio.
Corresponding results
were observed in
xenograft mouse model
studies including
demonstration of
efficient targeted drug
delivery and lesser side
effects.

Cai et al.
(2015)

Folate targeted polyurea
dendrimer for delivery
of L-buthionine
sulfoxamine (L-BSO)

Effective inhibition of
glutathione (GSH)
(usually responsible for
chemoresistance) by the
designed dendrimer
while also reducing the
systemic toxicity of
L-BSO by targeted
delivery.

Cruz et al.
(2020)
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Table 5.3 (continued)

Functionalized
Nanocarriers

Major outcomes/
mechanism

Polyelectrolyte
nanocapsules loaded
with Lapatinib and
paclitaxel

In vitro studies on
multidrug-resistant OC
cell lines yielded
promising results for
inhibition of cell growth.

Vergara
et al. (2012)

Nanocapsules
(a vesicular membrane-
covered system having a
core to load drugs while
the targeting ligands or
antibodies can be
attached to the outer
membrane)

Paclitaxel-loaded SLNs
composed of trimyristin
(TM) as a solid lipid
core and egg
phosphatidylcholine
and pegylated
phospholipid as
stabilizers.

OVCAR-3 human OC
cell line and the MCF-7
breast cancer cell line
with paclitaxel-loaded
SLNs yielded
cytotoxicity comparable
to those of a
commercially available
Cremophor EL-based
paclitaxel formulation

Lee et al.
(2007)

Solid lipid nanoparticles
(SLNs) (polymeric
colloidal nanoparticles
composed of lipids and
surfactants)

Verteporfin, a
photosensitizer
encapsulated
nanostructured lipid
carrier (NLC) for
targeted photodynamic
therapy

In vitro and in vivo
studies demonstrated
effective targeting of
cancer cells while also
affording a long
circulation time for
NLC, thus being more
effective than
conventionally
administered free
verteporfin. Laser light
exposure of tumors after
intravenous
administration of
NLC-verteporfin
(8 mg�kg-1)
significantly inhibited
tumor growth without
visible toxicity; unlike
free verteporfin which
exhibited severe
phototoxic adverse
reactions

Michy et al.
(2019)

Paclitaxel-loaded solid
lipid microparticles

While affording a
sustained release profile
in peritoneum as
observed through
pharmacokinetic studies
on Wistar rats, the
in vitro studies on
SKOV-3 OC cells
demonstrated strong
cytotoxic activity when
compared to Taxol®.

Han et al.
(2019)
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Abstract

Pancreatic cancer is the malignant neoplasm of pancreas and has the worst
mortality rate with a 5-year survival rate of only 7%. Pancreatic cancer is tough
to detect, hard to diagnose, and early to metastasize. Hence, by the time
symptoms are diagnosed it may be at higher phases and could have been spread
to other organs. Pancreatic cancer is a malignant neoplasm that arises from the
cells of pancreas, a glandular organ made of both endocrine and exocrine cells
behind the stomach. The role and significance of EGFR in the development and
progression of human malignancies highlight the fact that EGFR blockade offers
to be a promising therapeutic intervention strategy for cancer. The ligand or the
targeting moiety which could be exploited for the development of an efficient
targeted nanotherapeutics has to be chosen only after clear understanding about
the various strategies which specifically target and block EGFR signaling cascade
representing various strategies which have been exploited for targeting EGFR
overexpressed on cancer cells as a therapeutic intervention approach for cancer
treatment.
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6.1 Introduction

Pancreatic cancer is the malignant neoplasm of pancreas and has the worst mortality
rate with a 5-year survival rate of only 7% (Siegel et al. 2015). Pancreatic cancer is
tough to detect, hard to diagnose, and early to metastasize. Hence, by the time
symptoms are diagnosed, it may be at higher phases and could have been spread to
other organs. Nearly 52% of all patients are diagnosed when the cancer has already
metastasized, leaving little hope for survival (Tingstedt et al. 2011). In general, the
treatment options for pancreatic cancer include surgery, radiation therapy, and
chemotherapy. However, chemotherapy is the only inevitable treatment modality
when the cancer has advanced and has spread beyond the pancreas (Wood et al.
2022).

The chemotherapy drugs approved by FDA for treating pancreatic cancer include
gemcitabine, 5-fluorouracil (5-FU), irinotecan, oxaliplatin, cisplatin, paclitaxel, etc.
(Klatte et al. 2022). Although chemotherapy is useful for advanced cancers as it
reaches all areas of the body through the bloodstream, it is always associated with
several far-reaching side effects (Klatte et al. 2022). Some of the common side
effects of chemo-drugs used against pancreatic cancer include fatigue, nausea,
mouth sores, diarrhea, hair loss, hand/foot syndrome, loss of appetite, neuropathy,
increased chance of infection, etc. (Klatte et al. 2022; Huang et al. 2022). The most
commonly used chemo-drug, gemcitabine, causes specific side effects such as
myelosuppression, pulmonary toxicity, hepatic toxicity, capillary leak syndrome,
etc. (Hamidi-Sofiani et al. 2022). The adverse effects of chemotherapy depend
largely on the type and dose of drug administered and length of the treatment
(Hamidi-Sofiani et al. 2022). Therefore, any treatment modality having minimum
side effects or that can reduce the therapeutic dose of chemo-drugs hold great
promise for pancreatic cancer therapy.

New strategies are being explored to improve the treatment of pancreatic cancer,
such as new chemotherapeutic agent, combination therapy, and potential drug
delivery system. Among the potential new chemotherapeutic agent for pancreatic
cancer therapy, drugs such as metformin, aspirin, chloroquine, etc. are gaining
attention because of its long-established safety profile in clinics in addition to its
low cost and experimentally proven anticancer effect (Li et al. 2009; Currie et al.
2009; Sadeghi et al. 2012; Wang et al. 2014; Cerullo et al. 2016; Tan et al. 2011;
Bonifazi et al. 2010; Cavalla 2015). While considering the therapeutic perspective,
in addition to the anticancer potential of a chemo-drug, its effective delivery is also a
key issue to attain ideal efficacy. Recent advancement from preclinical studies using
drug delivery systems holds great promise for improving pancreatic cancer therapy.
Encapsulation of drugs into suitable nanocarrier can significantly enhance its anti-
cancer effect by modifying the drug solubility, extending drug exposure time,
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selectively delivering the drug to target, improving therapeutic outcome, reducing
toxic effects, and also by decreasing drug resistance (Yu et al. 2010). For pancreatic
cancer treatment, the most commonly investigated nanocarriers for drug delivery
include nanoparticles, liposomes, and carbon nanotubes (Yu et al. 2010). Develop-
ment of nanocarriers for delivering common chemotherapy drugs such as irinotecan
and paclitaxel has led to improved survival benefits through combination approach
in pancreatic cancer patients (Passero et al. 2016).

In the clinical scenario, combination therapy using two or more chemo-drugs is
often prescribed in order to achieve the best outcome. FOLFIRINOX, a combination
of 5-FU/leucovorin, irinotecan, and oxaliplatin, is generally used for the treatment of
metastatic pancreatic cancer (Reni and Orsi 2022). Currently, drug-loaded
nanoparticles have been utilized for combination therapy to elicit better anticancer
effect, thereby reducing therapeutic dose and adverse side effects. Clinical trials
conducted using drug-loaded nanocarriers in combination with other chemo-drugs
showed a beneficial effect against pancreatic cancer. For instance, Abraxane®
(albumin-bound paclitaxel nanoparticles) in combination with gemcitabine
exhibited superior effects in clinical trials and has been used as a promising
second-line treatment option for metastatic pancreatic cancer (Hosein et al. 2013).
Onivyde®, a nano liposomal formulation of irinotecan, was recently approved by
FDA as a combination regimen with 5-FU/leucovorin for gemcitabine-resistant
metastatic pancreatic cancer (Zhang 2016). Even though the combination therapy
improves overall survival, the patient might experience added side effects due to the
overburden of toxic drugs involved in the combination regimen.

Metformin is a well-accepted and FDA-approved drug for treating Type II
diabetes, an increasingly common metabolic disorder which has also been listed as
a risk factor and a potential consequence of pancreatic cancer (Wang et al. 2003).
The prevalence of diabetes in 50–80% of patients diagnosed with pancreatic cancer
further emphasizes the clinical potential of metformin as a dual-therapy for pancre-
atic cancer and associated diabetes (Permert et al. 1993; Wakasugi et al. 2001;
Pannala et al. 2008). The potential of metformin is widely investigated for
repurposing it as an anticancer agent against pancreatic cancer. Studies from phar-
macy and disease database show decreased cancer incidence in individuals taking
metformin, emphasizing the cancer preventive effect of metformin (Lee et al. 2012;
Zhang et al. 2011; Wright and Stanford 2009; Bodmer et al. 2011; Donadon et al.
2010; Donadon et al. 2009). Studies analyzing the influence of metformin in
pancreatic cancer cells revealed that the drug effectively decreases insulin/insulin
growth factor (IGF) signaling, disrupts mitochondrial respiration, and inhibits the
mammalian target of rapamycin (mTOR) pathway. The antineoplastic effects of
metformin also include its ability to downregulate specific protein transcription
factors and associated genes, alter miRNAs, reduce proliferation of cancer stem
cell, and decrease DNA damage and inflammation (Karnevi et al. 2013; Nair et al.
2013; Rozengurt et al. 2010; Gou et al. 2013; Lonardo et al. 2013; Mohammed et al.
2013).

However, one of the major disadvantages of metformin is its fast renal clearance
with an elimination half-life of 6.2 h from plasma (RIOMET® (metformin
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hydrochloride oral solution) n.d.; Sexton et al. 2022). Hence, it is required to have
longer sustainable therapeutic time to elicit a better therapeutic response.
Nanoparticles (NPs)-mediated drug-delivery system can be an effective and radical
new approach for delivering metformin for its application against pancreatic cancer.
Nano-encapsulation of metformin can provide extended circulation time and con-
trolled release of metformin, thereby reducing drug clearance. In addition, the better
in vivo retention of metformin nanoparticles might also improve the antineoplastic
effect of metformin towards pancreatic cancer cells, minimizing the therapeutic dose
required. The advantages of combination therapy and the better outcome from the
combinatorial chemotherapeutic regimen urged clinical trials to assess the combina-
torial effect of metformin with chemo-drug towards pancreatic cancer (Kordes et al.
2015; Braghiroli et al. 2015; Reni et al. 2016). There have been no prior studies of
nano-encapsulated metformin used as a combination therapy for pancreatic cancer.
Hence, the current clinical scenario demands combinatorial effect assessment of
metformin nanoparticles with other standard chemo-drugs to evaluate its potential as
an adjuvant to chemotherapy. Hence, we propose that nanoparticles drug delivery
system encapsulated with metformin, a clinically safe antidiabetic drug with potent
anticancer effect, can be a promising supplement to the existing chemotherapy for
better management of pancreatic cancer with minimum side effects. In addition, the
metformin-encapsulated nanoparticles with better in vivo retention than the conven-
tional free metformin can also have its application as a prospective antidiabetic
therapy.

6.2 Pancreatic Cancer

Pancreatic cancer is a malignant neoplasm that arises from the cells of pancreas, a
glandular organ made of both endocrine and exocrine cells behind the stomach. The
pancreatic cancer cells which grow, divide, and spread uncontrollably form a
malignant tumor. Although cancer can occur from either exocrine or endocrine
cells of pancreas, the majority of pancreatic cancer starts in the exocrine cells
contributing almost 95% of cases (pancreatic adenocarcinomas) (Sexton et al.
2022). Pancreatic cancer is referred as a “silent cancer” as its early symptoms remain
unrecognized and it quickly spreads to other organs or tissues before it is being
diagnosed (Gugenheim et al. 2022). Only 10–15% of pancreatic cancers are
diagnosed at an early stage when it is limited only to the pancreas (Heinemann
et al. 2022). In 2016, pancreatic cancer became the third leading cause of cancer-
related mortality in U.S surpassing breast cancer (Goldberg 2022). According to the
GLOBOCAN 2012 estimates, pancreatic cancer is responsible for more than
3,31,000 annual deaths worldwide (Kalthoff 2022). Despite years of research, the
survival advances for pancreatic cancer have been slow in contrast to most cancers
where there is a steady increase in survival. Currently, the 5-year relative survival for
pancreatic cancer is 8% in U.S, as estimated by the American Cancer Society (Siegel
et al. 2017). According to the latest estimates in India, the annual pancreatic cancer
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load was approximately 17,000 and has predicted to increase in future (Gopinath
2015).

6.2.1 Treatment Options for Pancreatic Cancer

Based on the type and stage of the disease, treatment options for pancreatic cancer
include surgery, ablation or embolization treatment, radiation therapy, and chemo-
therapy (Kalthoff 2022). Among them, the only potential curative therapy for
pancreatic cancer is surgery. However, only 20% patients are eligible for surgery
because most patients are diagnosed with pancreatic cancers at an advanced stage.
Even if the cancer is resected, the median survival among these patients is only
13–18 months with a 5-year relative survival of 10–20% (Kalthoff 2022; Wilkowski
et al. 2008). For locally advanced pancreatic cancer, where the cancer has spread to
nearby tissues or organs, chemotherapy alone or in combination with radiation
therapy is the treatment choice. In metastatic stage, when the cancer has spread to
organs such as liver, lungs, and peritoneal cavity, chemotherapy is the only option to
improve survival (Kalthoff 2022). Although ablation or embolization treatment
alone is very unlikely to cure the cancer, they are sometimes used to treat pancreatic
cancer especially when it has metastasized to the liver. Sometimes, more than one
type of treatment may be combined to increase the effectiveness of pancreatic cancer
therapy (Schmidt et al. 2022). Pancreatic cancer patients are also recommended to go
for clinical trials when the standard treatments are not effective in tumors (Immuno-
therapy for Pancreatic Cancer n.d.; Kalthoff 2022) (Fig. 6.1).

6.2.2 Chemotherapy

Chemotherapy uses drugs to prevent cancer cells from growing and dividing thereby
killing the cancer cells (Kalthoff 2022). In chemotherapy, anticancer drugs are
administered either as IV injection or as oral formulation. Although chemotherapy
can be used at any stage of pancreatic cancer, it is inevitable at advanced stage when
the tumor is unresectable or if resection is not an option due to some other reason.
Further, as the chemo-drugs can reach all parts of the body through bloodstream, it is
the only potentially useful treatment when the cancer has spread beyond the pancreas
(Kalthoff 2022). Chemo-drugs commonly used to treat pancreatic cancer include
gemcitabine, 5-FU, irinotecan, oxaliplatin, abraxane, capecitabine, cisplatin, pacli-
taxel, docetaxel, and onivyde. Depending on patients’ general health, combination of
two or more chemo-drugs is usually given for better effect (Schmidt et al. 2022). For
instance, FOLFIRINOX (combination of 5-FU, leucovorin, oxaliplatin, and
irinotecan) is given when the patient is in good health. However, when patients
are not healthy enough, single drugs like gemcitabine, 5-FU, or capecitabine are
generally given (Huang et al. 2022). Further, chemotherapy can be given alone or
alongside other treatments like radiotherapy and/or surgery to enhance the effect of
treatment (Gugenheim et al. 2022).
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Fig. 6.1 Different stages of pancreatic cancer

6.2.2.1 Limitations of Current Chemotherapy for Pancreatic Cancer
As chemo-drug kills fast growing cancer cell, it can also damage rapidly dividing
normal cells such as blood cells, bone marrow cells, cells in the reproductive and
digestive tracts, etc. (Heinemann et al. 2022). Hence, chemotherapy can cause side
effects which will also differ from person to person (Klatte et al. 2022). Common
side effects of chemotherapy include nausea, poor appetite, hair loss, mouth sores,
constipation or diarrhea, increased risk of infection, bleeding or bruising, fatigue,
etc. (Hamidi-Sofiani et al. 2022). In addition, some drugs can also induce other
specific side effects; for example, gemcitabine causes flu-like symptoms, neuropa-
thy, hand/foot syndrome, pulmonary problems, etc. and 5-FU causes photophobia,
skin reactions, cardiac problems, etc. (Huang et al. 2022; Reni and Orsi 2022). Side
effects of chemotherapy mainly depend on the type and dose of drugs used, as well
as the duration of the treatment (Hamidi-Sofiani et al. 2022). Hence, any treatment
modality which can replace the toxic chemo-drug with a biocompatible and potent
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alternative or which can reduce the dose or treatment duration required for current
chemo-drug can substantially minimize the side effects of chemotherapy.

Another major limitation of chemotherapy is that the current chemo-drugs only
modestly improve overall survival. In locally advanced pancreatic cancer, the
median survival with chemotherapy has been reported as only 6–11 months
(Thomasset and Lobo 2010). Gemcitabine, the standard drug for pancreatic cancer
since its FDA approval in 1996, has a survival benefit of only 6 months (Klatte et al.
2022; Burris et al. 1997). The combination of abraxane with gemcitabine which was
approved as first-line treatment for metastatic pancreatic cancer in 2013 has added
only an overall survival advantage of only 2.6 months compared to that with
gemcitabine as single agent (Reni and Orsi 2022; Von Hoff et al. 2013; Goldstein
et al. 2015). FOLFIRINOX, another drug combination commonly used for meta-
static pancreatic cancer, has reported a significant clinical survival benefit o
11.1 months, but only at the expense of more severe side effects, making the
combination suitable only for patients with good performance status (Conroy et al.
2011). Even with the most recently approved drug combination of onivyde with
5-FU and leucovorin, the median overall survival was improved to only 6.2 months
compared to 4.2 months with 5-FU and leucovorin alone in gemcitabine-resistant
metastatic pancreatic cancer patients (Wang-Gillam et al. 2016b). New therapeutic
approaches are being investigated such as more effective therapeutic agent, combi-
nation therapy, and improved drug delivery systems to prolong survival time and to
increase quality of life in pancreatic cancer patients.

Most of the chemo-drugs are metabolically unstable and are rapidly cleared from
the blood circulation which reduces its therapeutic efficacy. Efforts to compensate
these limitations usually result in administration of high dose of these cytotoxic
drugs which in turn increases side effects. For example, gemcitabine is administered
at a dose of 1 g/m2 causing severe side effects such as neutropenia, breathlessness,
nausea, and kidney failure (Huang et al. 2022). To circumvent this, novel strategies
such as nanocarrier-based approaches are being explored to improve drug delivery
and to extend retention time (Amrutkar and Gladhaug 2017; Moysan et al. 2013).
The latest advancement in overall survival with the drug-loaded nanocarrier such as
onivyde emphasizes the benefit of nanoparticles-mediated drug delivery in pancre-
atic cancer therapy (Zhang 2016).

The chemo-drugs are expensive, especially the newer ones, as they are required
for long-term and more than one chemo-drug may be needed. According to the
U.S. Centers for Disease Control and Prevention, 20% of cancer patients below the
age of 65 years delayed or avoided chemo treatment solely due to the high cost
involved (Uddin n.d.; Huang et al. 2022; The Cost of Cancer Treatment with
Chemothreapy is Going Up n.d.; Sexton et al. 2022). Hence, a relatively cost-
effective new drug with similar or better antitumor efficacy as that of current
chemo-drugs can alleviate the economic burden in patients.
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6.3 Alternative to Conventional Chemotherapy for Pancreatic
Cancer Management

6.3.1 Potential Drugs Other than Standard of Care

Increasing prevalence of pancreatic cancer in the world, as well as the limited effects
and substantial toxicity of conventional drugs, has created a strong need for novel
therapeutic agents. Several innovative drugs are being explored for pancreatic cancer
treatment including FDA-approved drugs which were initially developed for other
diseases but have been incidentally shown as having anticancer effect towards
pancreatic cancer (Schmidt et al. 2022). Generally, these drugs are used off-label
as an alternative in the absence of an approved therapy or may be used instead of the
standard drug to improve efficacy or to minimize side effects (Levêque 2008;
Levêque 2016). The off-label use is only recommended if there is clear evidence
from published research, ongoing research, or from molecular tumor testing that the
drug can work for the disease (Heinemann et al. 2022). Based on clinical studies
suggesting beneficial use, the anticancer drugs which are Compendia-listed for
off-label use against pancreatic cancer are doxorubicin HCl, epirubicin, flutamide,
octreotide, tamoxifen, etc. (Kristin n.d.; Goldberg 2022). In addition to the off-label
use of cancer drugs, there is also another category of drugs used for other disease but
are extensively studied due to their potential off-label use for pancreatic cancer. This
includes metformin (antidiabetic drug), aspirin (anti-inflammatory drug), chloro-
quine (antimalarial drug), etc. (Cavalla 2015; Gugenheim et al. 2022).

6.3.2 Different Types of Nanocarriers Used against Pancreatic
Cancer

The poor response of pancreatic cancer to the conventional systemic chemotherapy
can be also attributed to the inefficient delivery of chemo-drugs to the tumor.
Nanotherapeutics is a fast-developing area in cancer research with an intention to
resolve limitations of conventional chemotherapy (Sebastian 2017). New strategies
using nanocarriers-based systems, such as nanoparticles, liposomes, polymersomes,
etc., have been utilized to deliver drugs to cancer cells through enhanced permeabil-
ity and retention (EPR) effects. In EPR effect, the increased permeability of blood
vessels and dysfunctional lymphatic drainage can increase permeation and retention
of nanocarriers in the tumor which permit drug release near the tumor cells (Peer
et al. 2007). The encapsulation of chemo-drug into nanocarrier can protect the drug
from degradation and rapid clearance from the blood circulation before it reaches the
target site (Vieira and Gamarra 2016). Hence, the nanocarrier can improve the
pharmacokinetics and tissue distribution of chemo-drugs which in turn enhance
drug delivery to target, thereby increasing the therapeutic index of the drug (Hare
et al. 2017). In addition, with suitable surface modification of nanocarriers, it can be
directed to specific cancer cells via active targeting, increasing the likelihood of
destroying cancer cells without causing much damage to normal tissue (Sebastian
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2017; Peer et al. 2007). Nanocarriers can impart controlled release of drugs and serve
to reduce undesirable off-target toxicity of chemo-drugs. Nanocarrier has also been
reported to be capable of multidrug delivery to combat drug resistance and to
improve cancer treatment (Sebastian 2017). The first nanotherapeutic approved by
FDA was Doxil, a PEGylated liposomal formulation encapsulated with doxorubicin
for breast cancer (Barenholz 2012). Advances in nanotechnology have also devel-
oped chemo-drug-loaded nanocarrier system that has added clinical benefit i
pancreatic cancer therapy. Abraxane was approved for pancreatic cancer in advanced
stages as it has improved overall survival in combination with gemcitabine, by
increasing intra-tumoral concentration of paclitaxel and gemcitabine. Further, the
toxicity of abraxane such as peripheral neuropathy and myelosuppression was
reported as manageable compared to that with the conventional cremaphor formula-
tion of paclitaxel (Von Hoff et al. 2013; Von Hoff et al. 2011; Ma and Hidalgo
2013). Nano liposomal irinotecan (Onivyde) was approved by FDA in combination
with leucovorin and 5-FU for gemcitabine-refractory metastatic pancreatic cancer
based on significant improvement observed in overall survival due to prolonged
circulation and a higher concentration of irinotecan in the tumor (Passero et al. 2016;
Wang-Gillam et al. 2016a).

6.3.2.1 Polymer
Polymers include PCL, PLA, PEG, PLGA, chitosan, etc. Cationic SLNs were loaded
with carmustine and functionalized with an anti-EGFR antibody which was found to
inhibit the growth of U87MG glioma cells in vitro by enhancing the transport and
reducing the administered dosage. Anti-EGFR antibody-conjugated liposomes and
PLGA nanoparticles were reported to be effective for EGFR-specific delivery of
gemcitabine in A549-based lung cancer model and orthotopic pancreatic carcinoma
model.

6.3.2.2 Carbon Nanotubes
Carbon nanotubes have been functionalized with cetuximab antibody for EGFR
targeted delivery of different imaging and therapeutic moieties. The majority of
these targeted nanosystems exhibited EGFR-specific internalization for effective
imaging and more than 80% therapeutic potential in vitro. Cetuximab was also
reported to enable targeted drug delivery following noncovalent functionalization
of carbon nanovectors.

6.3.2.3 Iron
Conjugated quantum dots or iron oxide nanoparticles were found to internalize
efficiently in an orthotopic pancreatic model proving to be used as a molecularly
targeted in vivo tumor imaging agent. EGFR-specific iron-oxide Nps, silica-coated
polystyrene-loaded Nps, and quantum dots have been developed as targeted contrast
agents.



120 V. Dwivedi et al.

6.3.2.4 Gold Nano
Gold nanoparticles were utilized for EGFR targeted photo thermal therapy and RF
(radiofrequency) ablation reported to induce complete cancer cell death in vitro.
Antibody conjugation enhanced the receptor-specific uptake of these Nps and the
accumulated gold Nps generated heat upon light or RF exposure and resulted in
enhanced cancer cell death conjugated gold nanoparticles within EGFR+ve A431
cells. 20-fluoro RNA aptamers were used as a cell internalization SELEX approach
by gold nanorods (Apt EGFR-PGNRs) and were reported to exhibit excellent tumor
targeting ability and feasibility of effective photothermal ablation pancreatic cancer
therapy. Despite these promising targetability, aptamer-based targeting is challenged
by their stability and degradation properties in physiological conditions.

6.4 Combination Chemotherapy

For pancreatic cancer, combination chemotherapy has emerged as a new standard of
care. In combination chemotherapy, more than one chemo-drug are used simulta-
neously to treat cancer. Use of drug combinations has several advantages in cancer
therapy such as it can reduce the risk of tumor resistance, can act on multiple
molecular targets, and can make the heterogeneous tumor more susceptible to
therapy, which collectively can increase the probability of eliminating the cancer.
In addition, a successful combination of drugs can reduce the dose required which in
turn can minimize the side effects of chemotherapy (What Is Combination Chemo-
therapy? n.d.; Kartal et al. 2022). Criteria for developing drug combination for
cancer therapy involve that the different drugs should combat the malignancy
through a different mechanism of action, reducing the chance of further mutation.
Toxicity of drugs selected for combination must also be considered to avoid any
additive toxic effect to any organ system (de la Pinta 2022). FOLFIRINOX is the
first introduced combination chemotherapy regimen showing improved overall
survival for treatment of metastatic pancreatic cancer. However, the combination
is recommended as a first-line treatment option only for patients having good
performance status because of its severe side effects (McDonald 2022). Abraxane
plus gemcitabine is another combination approved by FDA for the treatment of
metastatic pancreatic cancer because of its better safety profile, although overall
survival was not good as FOLFIRINOX (Baines et al. 2016). Finally, a combination
regimen of onivyde with leucovorin and 5-FU is the first and only treatment option
for gemcitabine-refractory advanced or metastatic pancreatic cancer approved by
FDA (Onivyde (Irinotecan Liposome Injection) n.d.; Cabasag et al. 2022).

6.4.1 Cancer Nanotherapeutics

In order to improve the availability of onco drugs at the targets, researchers devel-
oped strategies for enhancing the accumulation of therapeutic payloads at the target
site. Tumor accumulation of therapeutic macromolecules was reported by
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Matsumura and Maeda for the distribution and retention of poly (styrene-co-maleic
acid)-Neocarzinostatin (SMANCS) in the tumor interstitium. The presence of
fenestrations in the tumor blood vessels and poor lymphatic drainage to the tumor
were inferred as the main factor to this macromolecular accumulation and this
phenomenon was known by the name Enhanced Permeation and Retention (EPR).
Based on this, people started looking into the efficiency of nanometer scale
(10–100 nm) delivery systems or nanotherapeutics with high surface to volume
ratio in accumulating the tumors by utilizing EPR effects. The possibility to design
nanoparticles to encapsulate poorly soluble anticancer drugs and tune their systemic
circulation and tissue distribution profiles was the focus of cancer researchers to
formulate nanotherapeutics for the wide range of potential cytotoxic.
Nanotherapeutics or nanomedicines can improve drug solubility by providing
hydrophilic and hydrophobic environments, protect the payload from premature
degradation by functioning as a sustained release systems thereby reducing dosing
frequencies, control the rate of drug release which avoids unexpected tissue damage
due to accidental extravasation, enhance the transport across biological barriers,
improve pharmacokinetic and pharmacodynamic profiles, and reduce toxicities. To
be more precise, the nanoengineered formulations yielded longer circulation half-
lives and superior bioavailability and also evaded efflux proteins (e.g.,: Pgp), thereby
overcoming drug resistance. The modular design capabilities with improved
biological and therapeutic effects, thereby improving patient outcomes, would
make this nanometric drug delivery systems an efficient class of cancer therapeutics.
Various nanoparticle systems under current focus to be developed as cancer thera-
peutics include dendrimers, polymeric nanoparticles, protein nanoparticles, viral
nanoparticles, metallic nanoparticles, and carbon nanotubes. The size, particle
shape, and surface characteristics of a nanoparticle govern the lifespan of a nanopar-
ticle within the circulation and can be modulated by its interactions with the above-
mentioned physical characteristics and the environment in which the nanoparticles
are existing. The significance of EPR in delivering therapeutic moieties in
nanoparticulate form has been studied for past 20 to 30 years and well-established
and first-generation nanomedicines (e.g.,: Abraxane, Doxil) rely on this mechanism
for controlling the pharmacokinetics and biodistribution of a compound by
modulating its physicochemical properties.

6.4.2 Targeted Pancreatic Cancer Nanomedicines

Targeted Pancreatic Cancer Nanomedicines targeted cancer therapies include drug
molecules which specifically interfere with the molecular pathways involved in
tumor growth and progression. In general, these targeted drugs are broadly classified
into a) monoclonal antibodies (mAb) and b) small molecule inhibitors. Therapeutic
mAbs target specific cell surface antigens such as transmembrane receptors or
extracellular growth factors, whereas small molecule inhibitors penetrate the cell
membrane and act on intracellular targets. Table 6.1 provides a list of the
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Table 6.1 FDA-approved targeted pancreatic cancer therapies

Targeting agent Target FDA-approved indications

Everolimus (Afinitor) mTOR Pancreatic, gastrointestinal cancer

Erlotinib (Tarceva) EGFR (HER1/ERBB1) Pancreatic cancer

Fig. 6.2 Schematic representation showing passive and active targeting of nanoparticles attached
with various ligands specific for cancer cell surface markers which could improve tumor targeting
and in turn therapeutic efficacy

FDA-approved targeted pancreatic cancer therapies for solid malignancies and their
molecular targets.

Active targeting depends upon the recognition of the ligand by the target
substrates wherein ligands could be antibodies, proteins, peptides, nucleic acids, or
sugars, whereas targets could be cell surface proteins, sugars, or lipids. Active
targeting enhances the therapeutic outcome by increasing cellular internalization,
thereby improving the availability of the therapeutic agent at the target site. In short,
the long-circulating nanoparticles allow EPR-mediated effective transport to the
tumor and simultaneously are taken up by the tumor cells by targeted endocytosis
mechanism by which the nanoparticles are internalized and release the therapeutic
moiety, thereby enhancing therapeutic effect (Fig. 6.2).
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6.5 Significance of EGFR as a Target

The significance of epidermal growth factor receptor (EGFR) in the development
and prognosis of epithelial malignancies is being exploited by the researchers for
developing therapeutic interventions. The over proliferating cancer cells are known
to overexpress growth factor receptor molecules like EGFR which serve as an
endogenous tool or docking sites for developing targeted nanotherapeutics.
Receptor-ligand interactions belong to the most important aspect of active targeting
of nanocarriers and could be further potentiated by EPR. EGFR plays a crucial role
in controlling cell survival and apoptosis, angiogenesis, cell motility, and metastasis.
Many established studies reported EGFR to be overexpressed in many of the human
solid tumors, including glioma, head and neck, non-small cell lung, breast, gastric,
colon, pancreatic, renal, ovarian, and bladder carcinomas and they are associated
with poor prognosis. These receptors are single chain transmembrane glycoproteins
(170 kDa) with an extracellular ligand binding ectodomain, a transmembrane
domain, a short juxta membrane section, a tyrosine kinase domain, and a tyrosine
containing C-terminal tail. Specific ligands bind to the ectodomain promoting homo/
hetero dimerization, which further activates intracellular tyrosine kinase domain and
eventually the C-terminus tail. EGFR stimulation activates downstream components
of Ras/MAPK, PLCg1/PKC, PI (3) kinase/Akt, and STAT signaling pathways.
EGFR family comprises of four structurally related members: EGFR (ErbB1,
HER1), ErbB2 (HER2, neu in rodents), ErbB3 (HER3), and ErbB4 (HER4). EGF,
TGF-β, heparin-binding EGF, amphiregulin, and betacellulin fall in the list of
endogenous ligands for EGFR. These receptors undergo internalization followed
by nanoparticles carrying therapeutic cargo by targeting EGFR using EGFR-specific
ligand (Fig. 6.3).

Strategies for Targeting EGFR
The discussion about the role and significance of EGFR in the development and
progression of human malignancies highlights the fact that EGFR blockade offers to
be a promising therapeutic intervention strategy for cancer. The main strategies
reported to target EGFR includes the following: a) anti-EGFR monoclonal
antibodies which bind to extracellular domain of the receptor, thereby blocking the
natural ligand binding and EGFR pathway activation, b) Small molecule inhibitors
which specifically block the tyrosine kinase intracellular pathway, c)
immunoconjugates where the anti-EGFR antibodies could be conjugated to toxin,
d) ligand conjugates where the toxins could be conjugated to EGFR-specific ligands,
and finally e) antisense therapy from the genetic level by targeting EGFR using DNA
or RNA oligonucleotides. The ligand or the targeting moiety which could be
exploited for the development of an efficient targeted nanotherapeutics has to be
chosen only after clear understanding about the various strategies which specifically
target and block EGFR signaling cascade. Further, various strategies which have
been exploited for targeting EGFR overexpressed on cancer cells as a therapeutic
intervention approach for cancer treatment.
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Fig. 6.3 EGFR targeting strategies which have been exploited as therapeutic intervention approach
for cancer treatment
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Abstract

Pancreatic cancer is one of the deadliest types of cancer and is considered the
seventh leading cause of cancer. Pancreatic cancer incidence and mortality have
been steadily increasing. Over the last decade, advancements in diagnosis, pan-
createctomy surgery, radiotherapy technique, and systemic therapies have made
advances, but relatively small improvements in patient outcomes. Furthermore, in
pancreatic cancer, most of the chemotherapy drugs respond poorly or intrinsic
resistance to chemotherapeutics, and lack effective target therapies that are the
key factors contributing to a dismal prognosis. Recently, significant attempts have
been made to provide targeted-based nanocarriers to treat pancreatic cancer. This
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chapter tries to give information about the new possibilities of targeting pancre-
atic cancer via nanocarriers and challenges ahead.

Keywords

Pancreatic cancer · Targeted therapy · Signalling pathway · Receptors ·
Resistance · Challenges

7.1 Introduction

The pancreas is a vital organ in the digestion and absorption as well as the use and
storage of energy. The pancreas consists of two structurally different but functionally
linked glandular systems, the exocrine and endocrine pancreas, which developed
from the primitive gut. The exocrine pancreas secretion is regulated by neural and
hormonal signals, mostly in the form of gastrointestinal peptide hormones. Pancre-
atic cancer (PC) is the seventh leading cause of cancer with 496,000 cases and
466,000 deaths due to its poor prognosis in both genders (Sung et al. 2021). There
are many factors contributing to the poor prognosis of pancreatic cancer, such as late
diagnosis, high inherent resistance to conventional chemotherapy, a lack of
biomarkers, and lack of effective therapeutic alternatives. From an epidemiological
viewpoint, high-risk factors for pancreatic cancer include age, genetic predisposi-
tion, diabetes mellitus, family or personal history of pancreatitis, and especially the
lifestyle of a person such as chain smoking, drinking alcohol, tobacco, and obesity,
which increase the chance of development of PC by up to 50–60 percent (Dariya
et al. 2019; Brand et al. 2007), whereas 5–10% is due to genetic mutations such as
Kristen rat sarcoma (Kras). In addition to genetic mutation, PC is associated with
epigenetic aberration abnormality of oncogenes. Silencing of tumour suppressor
genes such as p16, TP53, and cyclin-dependent kinase inhibitor 2A (CDKN2A) is
the risk hallmark of PC (Dariya et al. 2019). PC will soon be the second most
malignant cancer in the world, with an overall survival rate of 26% for 5 years in
advanced stages of the disease, and 22% for early-stage detection with surgical
resection of the tumour.

Currently, treatment options are limited and chemotherapy is one of the choices
for the treatment of cancer. Chemotherapy often fails to completely treat and cure
cancer due to the high dose of drug required, poor accessibility of antineoplastic
agents to tumour, and significant toxic effects due to their nonselective nature. As a
result, nanocarrier-based targeted therapies have the potential to significantly
enhance cancer treatment by delivering a therapeutically effective concentration of
drug at the tumour site. Nanocarriers-based targeted therapies have advantages over
conventional therapy such as (1) reducing cytotoxic compound effects on healthy
cells, (2) fighting drug-resistant cancerous cells, and (3) reduction in dose-limiting
adverse effects (Attia et al. 2019).
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7.1.1 Pathophysiology of Pancreatic Cancer and their Types

Pancreatic cancer develops from epithelial cells that are responsible for the forma-
tion of digestive pancreatic enzymes and line the pancreatic duct, known as pancre-
atic exocrine or pancreatic ductal adenocarcinoma (PDAC). There are many
characteristic precursor lesions in PDAC, including intraductal papillary mucinous
neoplasm, mucinous cystic neoplasm, and pancreatic intra-epithelial neoplasia (most
common). Others include the type of exocrine that includes acinar cell carcinoma,
intraductal papillary-mucinous neoplasm, and mucinous cystadenocarcinoma,
which are less prevalent but common (Chiaravalli et al. 2017). Pancreatic cancer
may also grow from the pancreas’s endocrine cells called islets of Langerhans,
which produce hormones such as glucagon and insulin that are released into the
blood circulation and regulate the blood glucose level in the body. This particular
cancer is referred to as pancreatic endocrine cancer. It is necessary to identify the
type of tumour that has developed in order to treat it effectively because they act and
respond differently to treatment. Exocrine tumours are the most common type of
pancreatic cancer, accounting for about 93% of cases and nearly 7% of neuroendo-
crine tumours (pancreatic NETs or PNETs), also known as islet cell tumour.
Pancreatic NET grows slower than the endocrine tumour. PNET is generally
non-functional (i.e. it does not produce hormones), but in some cases it may be
functional (produce hormones), which make it important due to a major glucose
homeostasis imbalance. Pancreatic cancer was described in revolutionary terms by
Alvin et al. (Makohon-Moore and Iacobuzio-Donahue 2016) They classify it into
three stages: the initiation of normal cells driven by gene mutation caused by
environmental exposure and clone expansion, in which mutant cells continue to
divide; the formation of a clonal population; and lastly, the introduction into a
foreign microenvironment, in which tumour cells break through the basement
membrane and invade the surrounding stroma. Multiple pancreatic cancer begins
with pancreatic intraepithelial neoplasia (PanIN-IA, IB, II, and III), which is caused
by a gene mutation, and progresses to invasive neoplastic lesions in the pancreas
(Dariya et al. 2019). PanIN are the histological precursors of PC, characterized by
enlarged nuclei, polarity loss, crowding of the nucleus, and pseudo-stratification
hyper-chromatin. The process begins with dysplastic epithelial cells such as PanIN-
IA and B, progresses into dysplasia cells including PanIN-II and III, and ultimately
transforms into invasive carcinoma characterized by mutations in oncogenes like
Kras and tumour suppressor genes like TP53, CDKN2A, and SMAD4 (Aslan et al.
2018). In one manner, pancreatic cancer is caused by epigenetic modulation and
digestive enzyme inhibition that begin in childhood and eventually become chronic
in adults (Table 7.1).

Cancer cells have a high degree of plasticity (i.e. the capacity to change to adapt
to the intense tumour environment), which mostly involves the transformation from
epithelial to mesenchymal form and metabolic alterations. These alterations provide
cancer cells unique phenotype characteristics, including strong invasiveness and
resistance to apoptosis. Changes in environmental factors have been suggested as
potential causes of cell plasticity. However, genetic alteration (p53 and NFATc1
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Table 7.1 A comparison of key features of different types of pancreatic cancer

Type of pancreatic cancer Features

Exocrine

Pancreatic
adenocarcinoma

Highly aggressive
Presence of typical precursor lesions viz. pancreatic
intraepithelial
Prevalence: > 95% of reported cases
Neoplasia (most common), mucinous cystic
Neoplasm, and intraductal papillary mucinous
neoplasm

Desai et al.
(2019)

Acinar cell carcinoma Vary rare type
Possibility of excessive pancreatic lipase secretion

Desai et al.
(2019)

Intraductal papillary-
mucinous neoplasm

Potential precursor of PDAC
Main duct carcinoma is more severe
Pancreatic duct carcinoma (grows from main
pancreatic duct or branches of the duct)

Desai et al.
(2019)

Mucinous
cystadenocarcinoma

Rare type
More commonly observed in tail of pancreas
Type of cystic tumour
Predominant in women

Desai et al.
(2019)

Pancreatic neuroendocrine tumours (pancreatic NETs or PNETs) islet cell tumours

Prevalence: < 5% of reported cases
Less aggressive than PDAC
Can be functional (produce hormones) or non-functional
(produce no hormones)
Majority are non-functional tumours

Desai et al.
(2019)

signalling activity) is the most common cause. The classic desmoplastic/stromal
reaction is an important histopathological feature of pancreatic cancer, and it is
caused by the interaction of various factors including pancreatic stellate cells
(PSCs), fibroblasts, inflammatory cells, and derived factors including fibronectin,
fibronectin, extracellular matrix (ECM) proteins, and different growth factors (Liu
et al. 2016; Apte et al. 2013). Pancreatic cancer cells upregulate various growth
factors that cause tumourigenesis and contribute to stromal reaction. These factors
include hepatocyte growth factors, transforming growth factors-β, insulin-like
growth factor 1, fibroblast growth factor, epidermal growth factor, vascular endo-
thelial growth factor (VEGF), platelet-derived growth factor, and connective tissue
growth factors.

7.2 Targeted Therapy

As previously stated, PDAC is genetically heterogeneous, and traditional treatments
that target distinct biological processes fail to differentiate between malignant and
normal cells, resulting in severe side effects. Hence, small-molecule inhibitors and
monoclonal antibodies targeting cancer cell surface receptors, growth factors, or
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other proteins that contribute to disease development are needed for targeted
treatments utilizing small molecules.

7.2.1 Targeting Surface Receptors

Multiple surface receptors have been linked to pancreatic cancer progression. Only a
few inhibitors have been developed, including the EGFR inhibitor erlotinib, but they
do not substantially enhance patient survival. However, despite the development of
new inhibitors for various receptors, more precise therapeutic targets remain a need.

7.2.1.1 Epidermal Growth Factor Receptor (EGFR), VEGF and IGF
Receptor Targeted Delivery

Epidermal growth factor receptor (EGFR or HER1) (Philip et al. 2010), VEGF
(Martin et al. 2012), and IGF receptors have been targeted by monoclonal antibodies
(Mab) and have been evaluated in both preclinical and clinical trials. Using EGFR
inhibitors in a phase III clinical study did not improve outcomes in patients with
advanced pancreatic cancer compared to use of gemcitabine when used alone in a
patient.

7.2.1.2 Targeting Transferrin Receptors (TFRC)
The membrane-bounded protein TFRC is overexpressed in 90 percent of pancreatic
cancer cells, and it is thought to be a marker of malignant cells (Ryschich et al.
2004). TFRC plays a critical role in the development and progression of pancreatic
cancer. Along with gemcitabine, a tumour-specific liposome-based nanocomplex
conjugated with a single-chain antibody fragment (TfRsFv) targeted the transferrin
receptor in vivo mice model with PDAC (Camp et al. 2013). This complex system
was demonstrated to be effectively located inside the tumour tissue through the
transferrin receptor, to significantly reduce tumour growth and to extend the median
survival of a metastatic pancreatic cancer mouse model.

7.2.1.3 Folate Receptor (FR)
FR, a glycosylphosphatidylinositol-anchored receptor, is another potential target for
pancreatic cancer treatment, since it is expressed at moderate to high level in more
than 80% of patients with PDAC tumours (Cai et al. 2017). FR is mostly expressed
in tumour cells with limited expression in normal cells (Zwicke et al. 2012) and may
serve as a good receptor for nanoparticle-based targeted drug delivery.

7.2.2 Targeting Signalling Pathway in PDAC

The abnormal activation or dysregulation of several signalling pathways signifi-
cantly contributes to pancreatic cancer heterogeneity. Numerous attempts have been
made to create effective inhibitors, including biological and small molecules. Most
of these signalling inhibitors are still being investigated and have not yet been
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approved for clinical use. Targeted treatments are more precise than conventional
drugs in the clinic because they block a key signalling pathway that is crucial for cell
proliferation, survival, metastasis, and progression.

7.2.2.1 KRAS Signalling
About 90% of PDAC patients have a KRAS mutation, making it an excellent
therapeutic target since KRAS triggering mutations of this oncogene are the primary
cause of the disease and its development (Collins et al. 2012). The KRAS proto-
oncogene is responsible for the production of the GTPase protein. The KRAS
mutation G12D leads to constitutive phosphorylation and activation of this pathway
(Eser et al. 2014). Many distinct signalling pathways are activated when KRAS
mutations occur. These signalling pathways include RAF, MEK, ERK, and the
P13K/AKT pathways (Knickelbein and Zhang 2015). These pathways play key
roles in cell division, survival, and drug resistance. KRAS activity affects the
microenvironment of PDAC by generating sonic Hedgehog (Ji et al. 2007),
interleukin-6 (Lesina et al. 2011), and prostaglandin E (Charo et al. 2013) an
therefore regulates stroma maintenance (Pylayeva-Gupta et al. 2012). KRAS signal-
ling has also contributed to the promotion of immunosuppression (Pylayeva-Gupta
et al. 2012).

Although KRAS, one of the most potent of all human oncogenes, is activated in
over 90% of PDAC, there are currently no KRAS-targeted treatments in the clinic.
Due to the relatively smooth surface of the 3D structure, it has been difficult to
inhibit KRAS directly, making it an untreatable target (Van Cutsem et al. 2004;
Zeitouni et al. 2016). Several groups have been studied and the efficacy of targeting
KRAS indirectly, as well as its downstream mediators PI3K and MEK pathway.
However, it is difficult to suppress PI3K due to the presence of multiple isoforms of
PI3K protein and not all isoforms of PI3K interact with KRAS (Vanhaesebroeck
et al. 2010). To overcome the high levels of drug resistance and improve patient
survival, new therapeutic strategies for PDAC at an advanced stage are required.
Inhibiting KRAS activity by targeting it offers many opportunities for new drug
development. Although compounds that access an inducible pocket generated in the
KRAS structure have been discovered, more optimization is needed before these
compounds can be developed into a clinically useful drug.

7.2.2.2 TGF-b Signalling
TGF is involved in a variety of biological processes, including homeostasis and
cellular processes such as cell proliferation, differentiation, and apoptosis (Elliott
and Blobe 2005). TGF- suppresses cell proliferation and has tumour suppressive
activity in the early stages of tumour development, but as tumourigenesis progresses,
it takes on an oncogenic role in PDAC (Shen et al. 2017). TGF-signalling is typically
activated by SMAD proteins that are classified as receptor-regulated, mediators, or
inhibitors. TGF-ligand binding to the type II receptor phosphorylates SMAD2 and
SMAD3, which then form a complex with the tumour suppressor protein SMAD4
(Singh et al. 2015). This signalling may be disrupted by inhibiting SMADs (SMAD6
and SMAD7) from interacting with the receptor. This pathway is usually
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upregulated in patients with PDAC. In about 40% of pancreatic tumour cases,
SMAD4 mutations are observed, resulting in decreased SMAD4 expression and
inactivation (Malkoski and Wang 2012). The SMAD4 mutation is recognized and
seen in high-grade PanIN lesions (Malkoski and Wang 2012). Most pancreatic
carcinoma cell lines and patients with advanced pancreatic cancer have mutations
in TGF-β1 and TGF-βR-1-2, which contribute to their poor prognosis. It has been
shown that immune activation of TGF-β gene knockdown mice can result in tumour
cell apoptosis and prolonged survival (Javle et al. 2014). TGF-siRNA induced
apoptosis by activating RGI-I signalling, and TGF-siRNA decreased serum levels
and anticancer efficacy in an orthotopic PDAC mouse model (Ellermeier et al.
2013). The SnoN (Ski-related novel protein N) protein is a molecule that negatively
regulates the TGF- pathway, and its silencing leads to a decrease in cancer cell
proliferation and an increase in apoptosis in vitro, indicating that TGF- signalling is
an important molecular target in PDAC tumours.

7.2.2.3 Hedgehog Signalling
In PDAC tumours, overexpression of Sonic Hedgehog ligands (SHH) leads to
cancer initiation and metastasis, as well as a substantial desmoplastic response
(Olive et al. 2009). It binds to the PTCH1 receptor, which is involved in the
regulation of Smoothened protein (SMO) and downstream pathways. The sHH
pathway is abnormally activated in pancreatic cancer when Hedgehog SMO is
overexpressed (Honselmann et al. 2015). Currently, many ongoing studies investi-
gate the role of inhibition of SMO receptors in PDAC. The combination of saridegib
and gemcitabine, which inhibits the SMO receptor, reduced desmoplasia and colla-
gen deposition, while increasing the intratumoural gemcitabine concentration and
improved overall mice survival (Olive et al. 2009). However, in clinical studies
combining hedgehog signalling inhibitors with gemcitabine failed to provide posi-
tive outcomes. As a part of one pilot study and phase II clinical trial, small-molecule
SMO antagonist vismodegib showed disappointing results in patients with meta-
static pancreatic cancer (Kim et al. 2014) (NCT01064622). Targeting any Hedgehog
pathway molecule seems to be a viable approach since it can impact both the tumour
and its surrounding stroma, as well as their interaction.

7.2.2.4 Notch and Wnt Signalling
Overexpression of Notch genes, Notch receptors, and ligands were recognized even
in early PanIN lesions (Guo et al. 2016; Mazur et al. 2010). Notch signalling
pathway activation upregulates the invasive phenotype of pancreatic cancer by
interfering with oncogene pathways and decreasing EGFR and NF-kB signalling
(Mccleary-Wheeler et al. 2012). Pancreatic cancer cell lines BxPC-3, HPAC, and
PANC-1 exhibited a high level of Notch 1 expression, and siRNA-mediated sup-
pression of Notch 1 substantially reduced cell proliferation and induced apoptosis
(Wang et al. 2006). However, the abnormal activation of the Wnt signalling pathway
was also discovered in PDAC (Mccleary-Wheeler et al. 2012; Zeng et al. 2006). Wnt
receptor activation is caused by ligand binding, which in turn activates β-catenin.
Normally, β-catenin is inactive; however, active-catenin levels are elevated in
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pancreatic cancer. Extracellular proteins, such as Hsulf-1,2, may serve as positive
regulators of the Wnt signalling pathway and are often overexpressed in tumour cells
but not in normal cells (Nawroth et al. 2007), indicating that the Wnt signalling
pathway is constitutively active and therefore a therapeutic target. Patients with stage
IV pancreatic cancer are being treated with biological therapeutic agent
OMP-54F28, a type of decoy receptor protein that binds to Wnt ligands. This
treatment is being utilized in conjunction with paclitaxel and gemcitabine as part
of a phase I clinical study. The study’s findings have not yet been made public
(NCT02050178).

7.2.3 Tumour-Specific Nanotherapeutics for Targeting PDAC

In pancreatic cancer, use of nanoparticles has recently emerged as a therapeutic
option for pancreatic cancer. The shape, size, and charge of nanoparticles affect their
ability to enter into the cell. Tumour-specific nano-delivery systems are important
for improving the effectiveness of anticancer therapies in PDAC because they
minimize undesired and dose-limiting damage to normal cells while targeting
tumours specifically and selectively. Drugs conjugated or encapsulated into
nanoparticles have improved stability and half-life, allowing for more controlled
release. Using modified nanoparticles, it is possible to improve the pharmacokinetics
and biodistribution profiles of drugs substantially. Size influences cargo drug
biodistribution and allows them to enter tumours via the increased permeability
and retention effect of nanoparticles (EPR). They can easily penetrate the cell
membrane, interact with various biological molecules, and accumulate inside
tumours. Charged particles generate electrostatic attraction or repulsion with other
charged particles, further impeding their diffusion. Their stability can be increased
by functionalizing their surfaces with molecules that prolong their circulation
throughout the body. These nanoparticle nanocarriers may be used to enhance the
intracellular delivery of drugs to cancer cells while also knocking down abnormal
gene or protein expression in cancer cells when combined with chemotherapy drugs
or therapeutic RNA molecules (siRNA) for gene therapy. Nanoparticle-mediated
targeted delivery may substantially reduce drug dosage and toxicity while improving
drug bioavailability and gene therapy for improved prognosis in the case of hardly
treated pancreatic cancer.

7.2.3.1 Chemoprotective Drug Delivery Via NPs
Low dosages of gemcitabine are administered using nanoparticles, which enhance
distribution in cancer cells and enhance efficacy. In PDAC tumour models, Rejiba
et al. demonstrated increased efficacy of Gem (4-(N)-tris-nor-squalenoyl-
gemcitabine (SQ-Gem) nanoparticle formulation (Couvreur et al. 2008). It inhibited
cell proliferation and induced apoptosis in resistant Panc1 cells when administered at
a concentration of 5 microM, resulting in 40% of apoptotic cells. In contrast,
treatment with free gemcitabine killed only 10% of the cells and had no effect on
tumour growth or survival in mice. The gemcitabine–squalene nanoassemblies
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produced similar results in vitro and in vivo, with a 70% reduction in tumour volume
(Maksimenko et al. 2015).

(a) Gelatin-based drug delivery—Gelatin has been proven as an effective
gemcitabine carrier owing to its safety, biocompatibility, and biodegradability
(Maksimenko et al. 2015). To enhance absorption of NP by pancreatic cancer
cells, the EGFR peptide was attached to gelatin through a PEG linker
(MW 2000 Da, size: 150–250 nm) for targeted drug delivery. PEGylation is
well recognized to improve and prolong the systemic circulation. Gemcitabine
release into Panc-1 cells from Gem-Gel-PEG- EGFR nanoparticles occurs
following a disulfide bond cleavage. Intravenous injection of an EGFR-targeted
Gem-Gel-PEG nanoparticle (one per week for four weeks) substantially
decreased tumour volume (approximately 70%). However, nanoparticles were
also found in the liver and spleen, and no adverse effects were found. Two
chemotherapeutic drugs may be incorporated into nanoparticles to enable dual
or multidrug delivery. Self-assembled nanoscale coordination polymers
(NCPs)-based nanoparticles containing two agents (oxaliplatin and
gemcitabine) showed a significant anticancer impact by inducing apoptosis by
75% in AsPc-1 and 80% in BxPc-3 cells in vitro and 80% in vivo (Poon et al.
2015). AsPc-1 xenograft models treated with this formulation showed an
11-fold reduction in tumour size compared to the controls, indicating that it
prevented tumour development.

(b) Inorganic nanoparticles—Some of these NPs, including iron oxide, carbon
nanotubes (CNT), quantum dots (QDs), and gold nanoparticles (AuNP), have
been studied as drugs or gene carriers to enhance drug treatment effectiveness
and extend the lifespan of pancreatic cancer models in preclinical and clinical
trials (Hwang et al. 2012). The administration of (intravenous) IONPs coupled
with IGF-1 and loaded with Dox (size: 20.4 nm) into an orthotopic pancreatic
PDX model (Zhou et al. 2015) showed enhanced nanoparticle selectivity and
accumulation within the tumour region, resulting in substantial suppression of
cell proliferation and tumour development (untreated vs. IGF1-IONP- Dox).
Using a drug that selectively targets IGF-1R led to increased amounts of Dox
(5 mg/kg dose) in the tumour, which helped reduce tumour mass.

7.2.3.2 Nanoparticle-Based Delivery of siRNAs
In the RNA interference (RNAi) pathway, there are three primary methods to silence
genes: small interfering RNAs, microRNA, and short hairpin strands of RNA
(shRNA). Non-coding RNAs, such as siRNA, also known as small interfering
RNA or silencing RNA, are made from double-stranded RNA molecules and have
a length of 20–25 base pairs. These molecules act as part of the RNAi mechanism.
Once siRNA has been delivered into cells, the enzyme Dicer cleaves it into small
fragments that direct the loading of siRNA molecules into a protein complex known
as the RNA-inducing silencing complex later on (RISC). RISC proteins act in the
unwinding of siRNA and cleavage of siRNA sense strand, leaving anti-sense strand
free to complementary bind to mRNA and induce post-transcriptional gene silencing
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(Guo et al. 2013). RNAi has been used in many preclinical and clinical
investigations to suppress tumour-associated oncogenes, growth factors, and
angiogenesis-promoting receptors that are overexpressed and contribute to tumour
development; compared to other oligonucleotides, siRNA therapies offer many
benefits. They can be easily chemically synthesized and efficiently suppress gene
expression. Since it doesn’t directly attach to DNA, there are no concerns of new
mutations being generated during gene therapy. While siRNA has many benefits, it
also has certain drawbacks when it comes to cancer treatment. It is highly unstable in
body fluids and serum due to nuclease-induced degradation. For successful delivery
of siRNA to cancer cells, many delivery systems including liposomes, polymers, and
inorganic nanoparticles have been developed and conjugated with cancer-specific
targeting molecules.

Polymeric-Based Nanoparticles for siRNA Delivery into PDAC
NPs based on polymers have been utilized in vitro and in vivo as carriers for siRNA
delivery that specifically targets the KRAS gene or other target genes (Xu and Wang
2015). Stability, safety, and effectiveness have been shown in a PDAC mouse model
for the local intratumoural delivery system LODER (Local Drug EluteR)
(Khvalevsky et al. 2013). When used in a mouse model of PDAC tumours,
LODER effectively delivered KRAS siRNA, reduced tumour development, and
extended overall survival.

Cationic poly (lactic acid) (CPLA) biodegradable nanocapsules (CPLA-NC with
zeta potentials of +45 MV and diameters of 32 nm) were evaluated for their ability to
silence the KRAS oncogene in PDACmodels (Lin et al. 2013). Through electrostatic
interactions, negatively charged siRNA was attached to the surface. In PDAC
models, CPLA-NC containing anti-KRAS siRNA could reduce the expression of
the KRAS gene by nearly 50%. This complex did not have any nanoparticle-based
cytotoxicity, indicating that it is safe for use in in vivo experiments.

PLGA/poloxamer (polyethyleneimine-poly (lactide-coglycolide) nanoparticle for
siRNA delivery into PDAC. About 67% of PDAC patients had elevated levels of
hypoxia-inducible factor 2 (HIF-2), also known as endothelial PAS domain protein
1 (EPAS1). Overexpression is associated with a poor prognosis, an advanced stage,
and lymph node metastases, making it a possible therapeutic target in PDAC. In vivo
targeting of EPAS1 with siRNA encapsulated in a PLGA/poloxamer
(polyethyleneimine-poly (lactide-coglycolide)) nanoparticle resulted in improved
intracellular uptake (Pan et al. 2015). PLGA has been used for many years for
siRNA delivery. However, due to the low electrostatic interaction between PLGA
and siRNA, a cationic polyetheyleneimine (PEI) polymer is coated on the surface of
PLGA to overcome this limitation. Treatment of a nude mouse model with
EPAS1siRNA nanoparticles resulted in a substantial decrease in tumour volume,
according to in vivo tests in PDAC models.

To address the issue of opsonization and improve the efficacy of gene silencing,
nanoparticles were PEGylated with POEGMA (38 nm). High transfection efficiency
and uptake of fluorescently labelled siRNA star-POEGMA nanoparticles into
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MiaPaca-2 cells were observed. There was a significant, more than 80%, reduction in
βIII- tubulin gene expression following systemic delivery (4 mg/kg) of star
nanoparticles. The stability of nanoparticles with POEGMA was achieved and star
polymeric nanoparticles carrying siRNA against βIII-tubulin showed a therapeutic
effect in an in vivo orthotopic pancreatic mouse model (Teo et al. 2016).

The overall study suggested that using siRNA as a therapeutic agent for pancre-
atic cancer with the ability to image tumour response in vitro and in vivo offers a
feasible approach, with numerous benefits over conventional treatments.

7.2.3.3 Photothermal Therapy by Inorganic Nanomaterials
Some nanomaterials can transform light energy into heat energy, which makes them
potent therapies for targeting cancerous tissues. Using this approach to treat cancer
has many benefits, including less invasion, fewer side effects, controllability, and
specificity to particular tumour areas. Inorganic nanoparticles such as gold, carbon
nanotubes, and copper sulfide nanoparticles were shown to successfully convert
photo energy into thermal energy (Bao et al. 2016).

• Gold nanorods
Recently, gold nanorods have gained considerable interest owing to their
plasmonic photothermal treatment properties. After being irradiated with a short
laser pulse, gold nanorods produce vapour nanobubbles called plasmonic
nanobubbles. Patino et al. (Patino et al. 2015) functionalized the surface of gold
nanorods using thiol-PEG-biotin to remove the cetyltrimethylammonium bro-
mide (CTAB) layer on the nanorod’s surface, which is known to be hazardous to
cells. Additionally, they coupled gold nanorods with EPPT (MUC-1-specific
peptide) and MPAP (myristoylated polyarginine peptide) peptides to enable
targeted delivery by MUC-1 markers and enhance cellular uptake of gold
nanorods. This resulted in extremely selective apoptosis after laser irradiation
with no harm in surrounding cells. High loading of nanomaterials is usually
needed in photothermal treatment approaches to produce adequate heating, and
in this instance, the uptake rate of gold nanorods was enhanced by dual conjuga-
tion (EPPT and MPAP). Yin and colleagues (Yin et al. 2015) investigated the
triple impact of KRAS gene silencing, doxorubicin, and photothermal treatment
in pancreatic cancer therapy. They utilized a multilayer arrangement to cover the
surface of gold nanorods with a negatively charged PSS polymer for doxorubicin
capture and a positively charged PAH polymer for siRNA capture. Doxorubicin
and KRAS siRNA were released into tumour cells under the control light
(665 nm), which inhibited tumour development for at least 25 days.

• Carbon nanotubes
PEG-functionalized multi-walled carbon nanotubes showed photothermal effects
on PANC-1 cells at varying nanoparticle concentrations (5, 10, 50 g/ml) (Mocan
et al. 2014). At dosages of more than 10 μg, laser irradiation significantly
increased the number of apoptotic cells. Exposure to 50 μg/ml resulted in a
substantial increase in reactive oxygen species (ROS), with 57% of pancreatic
cancer cells expressing ROS.
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7.3 Clinical Trials

In clinical trials, the entry of nanocarriers-based formulations opens a new pathway
for the treatment of pancreatic cancer. A significant number of nanocarrier-based
formulations are now in various phases of clinical trials. This formulation includes
polymeric nanoparticles, liposomes, amphiphilic polymers nanoparticles, small
interfering ribonucleic acid (siRNA) nanoparticles, dendrimers, carbon nanotubes,
gold nanoparticles, quantum dots, inorganic nanoparticles, and magnetic
nanoparticles (Table 7.2).

7.4 Challenges for Nanocarriers-Based Targeted Therapies

7.4.1 Physiological Barriers

Pancreatic stellate cells (PSCs) are a major barrier to any antineoplastic
nanomedicine or conventional drug delivery to pancreatic tumour cells. PSCs cells
stimulate pancreatic cancer and undergo functional and morphological alterations.
As a consequence, the ECM is overproduced and deposited, leading to fibrosis of
pancreatic stroma. Stromal fibrosis promotes tumour development by creating a
favourable environment, and it also plays a key role in distant metastasis. Addition-
ally, stromal fibrosis restricts delivery of drugs to the tumour site, resulting in less
sensitivity to drugs and, sometimes, resistance.

PDAC develops in the exocrine area of the pancreas and is graded according to
the histology of intraepithelial neoplasms (PanIN-1–3). Each PanIN stage has its
own histological features, and the accumulation of mutations at each stage correlates
with the progression of the disease (Cowan and Maitra 2014).

The desmoplastic nature of the stroma generates solid stress and/or increased
interstitial fluid pressure inside the tumour, resulting in vessel compression and
insufficient perfusion and hypo-vascularity, leaving about 80% of the tumour’s
vessels non-functional. The tumour microenvironment in PDAC is typically hypoxic
due to poor perfusion and hypo-vascularity (Chauhan et al. 2013).

PDAC has a high stromal-to-neoplastic tissue ratio and a thick desmoplastic
stroma composed of cellular (endothelial, nerve, and immune cells, as well as
fibroblasts) and acellular (fibrin, collagen, fibronectin, and hyaluronan) components
(Cowan and Maitra 2014; Rucki and Zheng 2014). Neoplastic cells usually make up
less than 20% of the tumour mass.

Inflammatory cytokines, such as IL-1 and IL-6, and growth factors, such as
tumour necrosis factor (TNF) and transforming growth factor1 (TGF-1), may acti-
vate pancreatic stellate cells in the tumour stroma, causing them to secrete copious
quantities of extracellular matrix components that serve as a barrier to drug extrava-
sation into the tumour interstitium (Phillips et al. 2003).

Stellate cells secrete matrix metalloproteinases (MMP-1 andMMP-9) that destroy
basement membrane proteins, causing the initiation of fibrosis and cancer cell
invasion (Li et al. 2010).
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Table 7.2 Current status of nanocarriers-based targeted therapies in clinical trials

Intervention Targets Phase Result NCT identifier

ATI-1123:
Liposomal
docetaxel

Tubulin I Tumour size reduced
to 29% from baseline
in 1 of 6 patient with
PDAC

NCT01041235

BIND-014:
Polymeric docetaxel
nanoparticle

Tubulin I _ NCT01300533

Doxil: PEGylated
liposomal
doxorubicin
(in combination
with topotecan)

DNA I _ NCT00252889

TKM-080301:
Lipid nanoparticles
containing PLKI
siRNA

PLK1 I _ NCT01437007

siG12D-LODER:
Biopolymeric
cylindrical implant

KRASG12D I
II

Decreased CA19–9
levels in 70% of
patients; median
overall survival
(OS) was
15.1 months.
Phase II trial ongoing

NCT01188785
NCT01676259

Atu027: Liposomal
PKN3 siRNA

Silences PKN3
(a PKC-signalling
pathway
molecules)

I & II Ongoing NCT01808638

SGT-53: Liposomal
p53 plasmid DNA
(with nab-paclitaxel
+ gemcitabine)

P53 II Ongoing NCT02340117

NC-6004
(Nanoplatin):
Micellar polymeric
nanoparticles
encapsulating
cisplatin (with
gemcitabine)

DNA II &
III

_ NCT00910741
NCT02043288

MM-398 (onivyde):
Liposomal
irinotecan (with
5-FU/folinic acid)

Topoisomerase
1 inhibitor

III Improve PFS, ORR,
and OS versus 5-FU/
folinic acid alone
The FDA has given its
clearance for usage in
combination as a
second-line treatment.

NCT01494506
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7.4.2 Challenges in Clinical

7.4.2.1 Controllable and Reproducible Synthesis
It is necessary to determine the optimum physicochemical parameters for the
effective development of therapeutic nanoparticles (NPs). There has been significant
progress in understanding the individual factors that contribute to successful immune
evasion, cell targeting and internalization, extravasation and diffusion, and con-
trolled drug release (Alexis et al. 2008; Perrault et al. 2009). It is still difficult to
systematic parallel screening the wide range of NP attributes, due to the challenges
of rapid, precise, and reproducible synthesis of NP libraries with unique
characteristics. For the high-speed self-assembly of NPs with smaller size distribu-
tion, adjustable physical and chemical properties, and better batch-to-batch repeat-
ability, microfluidic methods have lately gained interest compared to conventional
bulk approaches that typically produce NPs with significant polydispersity (Valencia
et al. 2010; Chen et al. 2012). In the same way, particle replication in non-wetting
template (PRINT) technology has allowed the synthesis of monodispersed
nanoparticles with exquisite control over chemical composition, drug loading,
surface characteristics, and shape and size (Rolland et al. 2005; Xu et al. 2013).

7.4.2.2 Evaluation and Screening
As new biomaterials or nanostructured NPs rapidly develop, in vitro assessment is
becoming more essential for identifying biocompatible candidates before moving to
animal testing. Additionally, in vitro tests may help us better understand the interac-
tion between the nanoparticle and the cell. However, since traditional in vitro models
based on cell culture in multi-well plates lack the complexity of real biological tissue
and the ability to regulate fluid flow, they may be unable to represent the complicated
interaction of nanoparticles with physiological barriers. Recent attempts to create
biomimetic ‘organ/tumour on a chip’ technology may overcome some constraints
associated with existing in vitro models (Toh et al. 2009; Huh et al. 2010; Albanese
et al. 2013). Tumour-like spheroids incorporated into a microfluidic channel may
provide information on the impact of cell binding, interstitial flow, and diffusion
(Albanese et al. 2013). Nanoparticle behaviour in these chip systems may be
comparable to those of animals, which may provide a glimpse into the future
possibilities of these biomimetic microdevices. To evaluate NP performance
in vivo (for example, biodistribution, PK, efficacy, and safety), animal models are
required. One well-recognized barrier is the difference seen between efficacy
achieved in preclinical studies and the results of clinical trials. This is a significant
area due to the paucity of tumour models that adequately replicate human
malignancies, despite the fact that certain studies have shown PK scaling across
various species (including humans) for different nanotherapeutics (Zuckerman et al.
2014; Schultheis et al. 2014). Many animal models are now available, including
orthotopic xenografts, cell line-based subcutaneous, genetically engineered mouse
models (GEMMS), and patient-derived xenografts (PDX). However, not a single
model can completely replicate all aspects of human malignancy. On the other hand,
EPR is usually more consistent in animals than in human cancer patients.
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Additionally, since tumour metastases are a significant cause of cancer death, a
model of human tumour metastasis will be crucial in evaluating EPR and nanoparti-
cle penetration and targeting in metastasis tumour in comparison to primary tumour.

The translation of nanotherapeutics may be significantly aided by the creation of
animal models that accurately replicate the heterogeneity and anatomical histology
of human tumours, such as humanized mouse (Shi et al. 2017)models (Rongvaux
et al. 2014), high-fidelity PDXs (Lin et al. 2014), and GEMMs with aggressive
metastasis.

7.4.3 Manufacturing on a Large Scale

Another challenge to clinical development stems from the escalating complexity in
chemistry, manufacturing and controls (CMC) and good manufacturing practice
(GMP) requirements as NP technology transitions from preclinical to clinical devel-
opment, subsequent commercialization and beyond, as long as the product is on the
market. Both aim to ensure that a product consistently meets a specified quality
standard, although their methods and regulations diverge yet overlap. Additional
GMP and CMC difficulties may arise when more complex nanomedicines are scaled
up. This could involve changes to current unit operations or the development of
novel manufacturing processes.

Complex technology and numerous stages in the NP formulation process make
large-scale and repeatable synthesis more challenging (Shi et al. 2017). A change in
formulation parameters or technique is almost always required when moving a
molecule from the laboratory to clinical trials, thus thinking about scaling up early
is critical to NP design and engineering.

7.4.4 Funding

Financial issues are yet another hindrance in the development of nanocarrier-based
systems, as it is difficult to demonstrate their efficacy and safety to gain regulatory
approval using traditional medicine’s guidelines (Rebelo and Reis 2018). The
majority of currently approved nano pharmaceuticals are based on already approved
conventional drugs, and their contribution is still negligible. Only a small number of
nanotherapeutics are currently in the development stage and will get regulatory
approval.

7.5 Conclusion

Several attempts have been made recently to deliver chemotherapeutic drugs such as
gemcitabine and gene inhibitors such as siRNA via nanoparticles. Various
nanoparticles, including polymeric, inorganic and lipid-based NPs, have been cre-
ated to suppress pancreatic cancer development, and metastasis in addition to efforts
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to enhance gemcitabine administration, a front-line treatment in PDAC. There is also
optimism that siRNA therapies will be utilized to inhibit pancreatic cancer develop-
ment by overcoming drug resistance, decreasing off-target toxicity, and improving
chemotherapeutic agent antitumour effectiveness. PDAC may be treated well by
targeting KRAS, EGFR, and genes. Developing nanoparticles that contain both
siRNA molecules and chemotherapeutic drugs and then delivering them to cancer-
specific receptors to enhance active cancer cell delivery has emerged as a viable
treatment for PDAC. Most nanoparticles have desirable characteristics in vitro, such
as toxicity and stability, but in vivo safety and toxicity profiles may vary. As a result,
after in vivo administrations, comprehensive safety and toxicology investigations
should be performed. Both cancer cells and the tumour microenvironment are
anticipated to be targeted by novel formulations as well as communication networks
in the stroma that support cancer cells. Targeting signalling pathways active in both
the stroma and tumour compartments is effective. In conclusion, nanoparticles are
probably more widely used in the era of personalized drugs to create single- or multi-
gene targeting therapeutic approaches as well as chemotherapeutic or small molecule
inhibitors.
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Abstract

Pancreatic cancer (PC) is becoming a major cause of cancer death and is difficult
to treat due to poor detection and late-stage diagnosis. However, various
approaches have been implemented for the detection of PC at an early stage.
Apart from this several chemotherapeutic drugs are suggested for patients
diagnosed with PC but their applications are restricted due to systemic toxicity
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due to long-term usage. Nanotechnology-based therapeutic approaches have
gained significant importance in both early-stage detection and targeted drug
delivery in PC therapy. The nanoparticles assist in the sustained and targeted
release of a drug regimen to cancer/tumor-specific sites rather than affecting
healthy cells, leading to negligible or no toxicity. In this chapter, we have
highlighted the significant role of various PC-specific receptors, the mechanism
of nanocarrier accumulation in carcinogenic cells, biomarkers in PC diagnosis,
and the role of nanocarriers in theranostic applications in the PC
microenvironment.

Keywords

Pancreatic cancer · Molecular mechanism · Targeted nanocarrier · Drug delivery ·
Biomarkers · Theranostics

8.1 Introduction

Pancreatic cancer is claimed to be the seventh type of demise in earlier reports. Then,
gradually, it becomes the fourth prime reason for tumor-related mortality in Europe
and/or the USA (Kunnumakkara et al. 2007; Shamseddine et al. 2014). In most of
(90%) pancreatic cancer clinical examinations, it is normally called pancreatic ductal
carcinoma (Ansari et al. 2015). The delayed diagnosis and/or asymptomatic at the
beginning stages is the major hurdle. Until diagnosis is done, pancreatic cancer
reached late stages. This stage is unfortunate as the cancer multiplies rapidly and is
resistible to treatment (Li et al. 2016). The substandard prognosis is further held
responsible for delayed diagnosis. The clinical examination in 80% of cases which
are presented for histopathology already outstretched to metastasis or final stages of
cancer (Klein 2012). Hereafter, the only possibility that remain in treatment is
surgery (of tissue or part of an organ), cut out for further spreading the tumor
(Macgregor-Das and Iacobuzio-Donahue 2012). This is the only present functional
approach to counteract the mortality before the tumor worsens. The previous data
reveal that pancreatic adenocarcinoma has a very little survival rate (6%) in the last
five years, as reported by the American cancer society (ACS). Pancreatic exocrine
cancer is so much fatal that only 4.1/one lakh patients survived (Siegel et al. 2014).
This tumor genesis is a mass or lump of tissues, a sclerotic mass of penetrating ductal
carcinoma. The corners of those tumors persist long spread carcinoma mass that lays
away from the primary tumor sites. This results in insignificant knowledge of
pancreatic corners/edges. Adeno carcinomas are infiltrative abnormal growth and
sometimes invade vascular and perineural areas. This affects other areas of the
human body and cancer metastasis with severity (Maitra and Hruban 2008; Yachida
and Iacobuzio-Donahue 2009). As discussed above, tissue resection is the last option
in cancer morbidity but due to delayed diagnosis and critical situations, only a few
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number (9–15%) of cases are available for surgery (Patra et al. 2008). The postsur-
gical morbidity complications also have been seen in pancreatic cancer cases. This
happened because of delayed gastric emptying and pancreatic anastomotic leaks.
About 40% of complicated cases were reported after pancreatic resection surgery
(Vincent et al. 2011). The study found that chemo-radiations on patients did not
better the situation and survival rate. Therefore, chemotherapy is the only treatment
option with moderate results (Neoptolemos et al. 2004). These treatment modalities
also have limitations because radiotherapy is generally postponed until chemother-
apy goes on. About 70% systemic and exceeding 20% local recurrence occur after
postsurgery of tumor and clinicians cannot perform radiotherapy due to treatment
modalities. To counteract the effects of chemo-medications, the adjuvant “chemo” is
given to cancer survivors (Redmond et al. 2010).

Basic treatments, such as Gemcitabine (GEM), are given to patients with
advanced stages of cancer. The combination therapy such as GEM and Capecitabine
is also prescribed in some other cases (Cunningham et al. 2009; Burris et al. 1997).
Indeed, toxicological parameters and/or drug bioavailability are the main factors in
redefining the regimen (Bramhall et al. 2002; Yallapu et al. 2013). Moreover, it was
observed that inaccurate prognosis is due to drug resistance of chemo-agents in
pancreatic tumor cases (Erkan et al. 2012). It was also found, in adenocarcinoma,
that little blood circulation was delivered at tumor sites when seen in preclinical and
clinical studies. Therefore, chemo-resistance occurs because of improper blood
supply at adequate area. The drug delivery methods then become inefficient for
treating cancer. One of the major discoveries elaborated that chemotherapeutic
resistance can be overcome by targeting the stromal hedgehog pathway. This
pathway targeted drug agent ameliorate the delivery system and profound achieve-
ment in medication fulfilled in pancreatic cancer (Olive et al. 2009). In consequence,
the present decade of research work focuses on in vivo toxicological assessment of
chemotherapeutic agents to elucidate and settle down resistance problems.
Repurposing the existing drugs and novel drug delivery methods or nanocarriers
are the solving strategies and innovation in pharm-nanobiotechnology leads to the
best hits in chemotherapy. The nanoparticle-based vehicles (NPs encapsulated
drugs) to target sites are the modus operandi in modern therapeutics. This approach
is used these days for the exact delivery at tumor sites/bio-distribution with mini-
mum toxicity on healthy tissues (Harshita et al. 2020). Bypassing the GIT by
nanosystem drug conjugates and tracking-targeting tumor sites, this will resolve
the therapeutics degradations and upgrade the adsorption, dissolution, metabolism,
excretion ratios (ADME) and pharmacokinetics. These are liquid crystalline
nanoparticles (LCNPs), Fe2O3/Fe3O4 NPs with curcumin as a drug moiety, versa-
tile delivery vehicle super nanoporous silica NPs (2–50 nm) with lipid coats, solid-
lipid NPs (lipid nanocarriers), etc. Recently, poly (lactic-co-glycolic acid)
nanoparticles and chitosan-derived polymers encapsulation approaches are at
promising level in anticancer therapy for pancreatic tumor (Freag et al. 2016).
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Fig. 8.1 Schematic illustration of various molecular targets and theragnostic approaches
associated with pancreatic cancer therapy

8.1.1 Targeting Surface Receptors

The gene expression of transmembrane receptors (cell surface-anchored) is linked to
disease proliferation or metastasis. The signal transduction via several surface
receptors is the prime mechanism in pancreatic cancer progression. Some
antagonists are approved in anticancer therapy such as epidermal growth factor
receptor (EGFR) signaling pathway inhibitors, e.g., Erlotinib; this inhibition did
not improvise the patient’s health appreciably. Noble inhibitors are being developed
against various receptors, but more specific therapeutic targets are still needed.
Moreover, the probable mechanism associated with pancreatic cancer molecular
targeting and the effects of diverse theragnostic approaches have been illustrated
in Fig. 8.1 and have been detailed below.

8.1.1.1 Transferrin Receptors (TFRC)
Heme uptake is required for tumor cell growth onset and progression. Transferrin
receptor protein 1 (TfR1)/CD71, its dysregulation, is observed in many pancreatic
cancer cases. It was diagnosed that nearly 93% pancreatic tumor tissues over-
expressed TFRC-markers, mostly in malignant cells. This is a very important
specific biomarker significantly used in diagnostics (El-Zahaby et al. 2019; Jeong
et al. 2016). A study is performed on pancreatic ductal adenocarcinoma (PDAC) in
BALB/c model for preclinical data. Here, liposome-derived nanoparticles were used
that conjugates with a single monomeric variable antibody domain/fragment and for
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TFRC targeting. Gemcitabine was also used in combination with liposome NPs:
anti-transferrin receptor single-chain antibody fragment (TfRscFv) targeted for
in vivo efficacy evaluation to target tumor cells. This model was found to be highly
successful and the proliferation of cancer was also decreased in in vivo animal model
(Ryschich et al. 2004).

8.1.1.2 Folate Receptor (FR)
Specialized biomarkers for pancreatic tumor detection. These receptors are
membrane-bound surface proteins; ligate with folate molecules,
glycosylphosphatidylinositol-anchored receptors. Its overexpression is found in
80% of pancreatic ductal adenocarcinoma cases, mostly in lethal tumor situations.
The FRs are mostly over-expressed in PDAC cases and minimally expressed in
healthy cells. Therefore, these specific receptors are an excellent target for
nanoparticle-based therapeutics (Camp et al. 2013).

8.1.1.3 Epidermal Growth Factor Receptor (EGFR/HER1), Vascular
Endothelial Growth Factor (VEGF), and Insulin-like Growth
Factor (IGF) Receptor-Targeted Delivery

These molecular receptors are also diagnosed and/or assessed in both animal models
and cancer patients. In addition, these three receptors are targeted by monoclonal
Abs for histopathological nonclinical/clinical considerations. A study reported in
clinical oncology, phase-III clinical trials, was performed on advanced pancreatic
carcinoma. Here, gemcitabine+cetuximab combination vs gemcitabine was used for
human trial phase-III. The results were not satisfactory in targeting EGFR with
combination therapy (Cai et al. 2017; Philip et al. 2010).

8.2 Pancreatic Microenvironment and Impact of Nanocarriers

To monitor patient compliances in cancer diseases, clinicians should know well
about the disordered physiological processes/pathophysiology. Secondarily,
nanotechnology-based bioimaging, theragnostics, nano biotechnology understand-
ing, and nano-grafted designing are the essential advanced techniques that should be
used in pancreatic cancer targeting, increasing the residential time and decreasing the
dosing frequency within the tumor (Martin et al. 2012).

The two primarily involved factors in the pancreatic cancer microenvironment are
stromal invasion (invasive growth of cancer cells into fibrotic septa or within the
expanded portal tract) and hypo-vascularity (Fatty/hypoxic changes in vasculatures
arteries and/or veins). The stroma persists in numerous cells but the specific fibrous
stromal cells are known as pancreatic resident cells/stellate cells (PSCs). The fibrotic
modification decreases the vasculature, the root cause behind ill pathophysiological
state. These two factors lead to complications in disease management of PDACs
cases. Both manifestations hype the critical situation in cancer case handling (Das
et al. 2020d; Li et al. 2010). Hence, nanotechnologist is considering pancreatic
stroma as a prominent target, i.e., advancement in nanocarrier targeting pancreatic
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tumor. Another established molecular switch turn is over mass production of mucin
in pancreatic tumor. In healthy tissues, there is minimal production of mucin but
over-expression of mucin boosts cancer to migrate to different locations. Therefore,
over-expression of mucin helps in the metastasis of pancreatic cancer (Bachem et al.
2005). In recent times, most of the research focuses on nanoformulations to investi-
gate xenograft cancer models (tumor xenograft) or immune-compromised models in
preclinical studies. Here, tumor cells’ sensitivity and functionality are tested; tumor
cells are implanted in the same organs of animals where cancer originates. After-
ward, the mechanism has to be understood, but still much unique information is
lacking in these pilot studies. The efficacy and toxicity parameters of
nanoformulations have to be well-understood with more and more preclinical
testing. To see into the depth of tumor microenvironment changes after drug
nanocarrier: conjugates targeting, researchers have to test with specific animal
models, e.g., EL1-luc/TAg transgenic mice. These mice are ideally suited for
pancreatic cancer-related studies as specific bioluminescence signal are produced
whenever the tumor progress. One can determine penetration, bioavailability, sys-
temic toxicity, etc., of these targeted nano-grafted formulations in cases of adeno-
carcinoma (Kaur et al. 2013). Challenges in nanocarriers formulation related to the
diseased microenvironment in both diagnosis and treatment of pancreatic cancer will
be more discussed in this article in detail under relevant sections.

8.2.1 Mechanisms of NPs Accumulation in Tumors

There are two ways of tumor targeting by novel drug delivery system, active and
passive. In active targeting, direct binding of decorated NPs as ligand-receptor
(Antibody, peptides, etc.); selective accumulation and uptake of designed NPs in
effected site. Another way of neoplastic tissue targeting is passive which relies on the
enhanced permeability and retention (EPR) effect. High molecular weight prodrugs
encapsulated in NPs (size varies) are targeted to the cancer sites. Due to different
NPs sizes, two primary characteristics are involved in this EPR-based approaches of
NPs targeting cancer, that is, rifty vasculature and faulty lymphatic drainage. These
two properties are significant for tumor tissues (Cabral et al. 2013). The vasculature
permeabilization and payload retention pave the way for NPs accumulation, and,
thus, enhance neoplasm concentration. In passive targeting, membrane-bound
proteins carry the drug cargo complex and this is basically known as diffusion-
mediated transport. So, different NPs’ topological/geometrical parameters are
responsible for cellular compartment internalization. While in active targeting,
receptor-facilitated transport occurs. After diagnosis, few biomarkers are detected
which are upregulated from cancer cells, through them drug-loaded NPs cargos
complexes are uptaken and assembled at tumor sites or tumor microenvironment
(Bazak et al. 2014). Some receptors that are specifically over-expressed or only
unique to cancer cells enable and facilitate the uptake of NPs and therapeutic cargo
accumulation of chemotherapeutic agents in the tumor. Targeting moieties, such as
high-affinity ligands (i.e., antibodies, Ab-fragments, peptides, aptamers) that bind to
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the specific receptors on tumors, are usually used to functionalize the surface of the
delivery system to increase NP/drug uptake.

8.2.2 Nanocarriers-Loaded Drug Delivery Systems for PC Therapy

The mostly used chemotherapeutic since the last 40–50 years is 5-Fluorouracil
(5-FU); antineoplastic agent given usually through i.v routes. It is one of the best
anticancer drugs, also as the first line of drug recommended in different cancer types,
specifically highly potent and highly competent to work against breast, colon,
pancreas, skin, throat, mouth cancer, etc. (Danhier et al. 2010; Neoptolemos et al.
2010). This drug is a sparingly soluble drug when given orally. Its short half-life and
insufficient bioavailability lead to faster desorption and metabolism. Moreover,
being the reason behind sparingly soluble and incomplete oral absorption, this
drug is metabolized by dihydropyrimidine dehydrogenase (Chandran et al. 2017).
If we focus on pharmacological properties, then it causes gastrointestinal irritation
during absorption, interference in hematological consequences, changes in derma-
tology (skin), heart-related problems, other serious side effects, etc. (Diasio and Lu
1994). To decrease the dose-related side effects, nanometer size carrier with
gemcitabine (GEM) is designed as de novo drug delivery against cancer.
These GEM: AuNPs (Gold NPs) reduce systemic toxicity and enhance clinical
aftereffect. In this study, cetuximab-C225 (EGFR antibody) is applied as a targeting
agent. This novel preparation was a multistep process and had a higher inhibitory
effect on pancreatic exocrine cancer cells. This approach was not only good at
inhibiting cellular proliferation of cancer cells but also less toxicity profile to healthy
tissues in patients. The preparation involves firstly conjugate of gold NPs (GNP) to
C225 Abs, secondarily fabrication of gold rod (GEM+C225). Then, the nano-
designed product is brought up to ultracentrifuge to get an excellent dispersion
outcome (Chandran et al. 2017). A few years back, Trabulo S. and coworkers
developed multifunctional Fe2O3/Fe3O4 nanoparticles addition with GEM. These
special magnetic properties bearing iron oxide NPs (MNP) comprised of anti-CD47
Abs and drug conjugates in a vial. This research has proven the expected results and
the combined therapy achieved suppression/downregulation in pancreatic adenocar-
cinoma outgrowth in vivo (Patra et al. 2008).

Moving further, a study was performed by Lee et al. for pancreatic tumors
magnetic resonance bioimaging (contrast modified-MRI) and GEM-targeted therapy
implanted via theranostic methodology. Here, sustained release of gemcitabine as an
antitumor is targeted and delivered through activated peptide solution in vivo. This
formulation is synthesized as iron oxide NPs-GEM-activated peptides and this is
facilitated by clathrin-mediated endocytosis intra-cellular (Trabulo et al. 2017). Dai
JT research team proposed that gemcitabine encapsulated into cell-derived
nanovesicles (mesoporous silica NPs vesicles) targets pancreatic neoplasm (Lee
et al. 2013). Nigam P. and his colleagues researched graphene nano-dots which
are conjoint with blood serum albumin-nanoparticles (BSA-NPs); loaded with
gemcitabine. The results showed negligible toxicity and 3D bioimaging of human
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pancreatic cancer cell line (Panc-1) tumor cells. The cell viability found was about
90% in this case (Dai et al. 2017). Wang L et al. showed GEM-loaded magnetic
albumin nanospheres and iron oxide NPs are combined for surplus chemotherapy
with cetuximab. This enables the MRI performance increment overall. This is an
approach of double targeting via thermo-chemotherapy. This model showed maxi-
mum destruction of pancreatic tumor cells (Nigam et al. 2014). Moving further, a
phase-II testing was performed by Halford S et al., studying the tolerance and
efficacy (expected degree potency) of CAELYX; a concentric phospholipid bilayer
vesicles conjugates with doxorubicin. This liposomal doxorubicin is also famous by
the trade name “Doxil.” In preclinical evaluation, prominent tumor cell growth
inhibition with tolerable toxicity was observed (Wang et al. 2015). A different
kind of study was performed by Murphy E.A. and colleagues on doxorubicin NPs
(DOX:NPs) conjugated formulations. Here, he synthesized anticancer targeted
peptides with DOX and they were delivered to the body to understand the ανβ3-
integrin receptor. These receptors are well expressed and used to target tumor
vasculature which is a marking point in pancreatic cancer. The systemic delivery
of peptides-DOX-nanoparticles enhances targeting competency onto cancer cells.
The results shown were 15-fold increased antitumor activity (Halford et al. 2001).

Thapa et al. designed vibrating droplet synergistic chemotherapy in addition to
photo-therapy for delivering the drug DOX. He invented AuNPs hold DOX chemo
agent and thermoagent-graphene oxide (TGO) for cancer treatment. Therewith
chitosan polymers were used for robust surface-coating onto nanoparticles to stave
off the quick clearance by the RES system. The RES system associates with
mononuclear phagocyte system, widely known as reticuloendothelial system. The
methodology was very simple, i.e., dissociation factor, purification without heat-
generated reaction. Here, laminar jet break-up technique/microencapsulation with a
vibration nozzle is used firstly then afterward drying optimization (diffusion drying
process) to prepare doxorubicin droplets in addition to gold-graphene nanoparticles
with a layer of chitosan Zwittor ion. The characterization proved of uniform size of
NPs and transmission electron microscopy data vindicate the AuNPs deposition over
oxide of graphene. The results of novel AuNPs:OxG:Chitosan onto Panc-1 and Mia
Paca-2 cell lines diminished the toxicity and uptake/retention at cellular level
(Murphy et al. 2008). Lo et al. prepared paclitaxel (Ptx) self-emulsifying oil in
water nanoformulation mixed with electrically charged surfactants proven its bio-
availability and minimal tissues toxicity (Thapa et al. 2018). Hu C-MJ in 2010
developed a de novo drug-targeting method encapsulated the drug paclitaxel. The
structure lays ligands; anti-human carcinoembryonic antigen (CEA) monoclonal
antibody (mAb), and hybrid NPs. Hybrid NPs are synthesized by functionalized
liposomal formulation loaded with 0.1 mg of paclitaxel. As cancer proteomics said
that CEA is expressed at a higher rate in tumor tissue, active bound structure/
functionalized NPs are targeted against pancreatic cancer cells. A therapeutic win-
dow showed that this nanoconstruct attained twofold efficacies with Ptx on pancre-
atic neoplasm (Lo et al. 2010). Research by Zhang et al. furnished polyethylene
glycol (PEG)-farnesylthiosalicylate (FTS) conjugated nanomicelles. He used PTX
drug to deliver with nanomicellar system. Therefore, FTS is a prominent antagonist
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to small GTPases RAS proteins (excessive tumor proliferator); hence, it was used
while nanomicelles enhance the paclitaxel solubility and controlled releases. They
draw a line via in vivo experiment that nanomiceller targeted PTX is better than
marketed TAXOL (Hu et al. 2010). Kim et al. formed a natural nanoconstruct by
compound turmeric combined with albumin nanoparticles in which PTX is
encapsulated. This natural nanoconstruct found antitumor activity when they were
targeted via GP60-mediated pathway (Tyrosine kinase-dependent) (Zhang et al.
2013). In another study, Bisht S and coworkers designed curcumin-grafted poly-
meric NPs against pancreatic tumor. The construct is framed by N-
isopropylacrylamide, vinylpyrrolidone, and acrylic acid. The amides,
tetrahydropyrrole, and poly (ethylene glycol) units showing hydrophilic behavior
and nanomicelles were used for hydrophobicity in the central core. This
hydrophobic-hydrophilic moiety NPs construct gave better outcomes rather than
free turmeric as a drug. The systemic circulatory curcumin drug observed a greater
extent, i.e., tissue/plasma bioavailability achieved by NPs delivery (Kim et al. 2016).
A study published in molecular cancer therapeutics by Yallapu et al. developed a
novel turmeric encapsulated magnetic NPs for anti-pancreatic tumor targeting. He
used Muc-1/EMA as a molecular target (glycoprotein with extensive O-linked
glycosylation or cell surface associated protein or epithelial membrane antigen) to
check “Cur”-loaded nanoparticle’s efficacy. He used a gold standard mice model
(CDX model), also known as mouse xenograft tumor model. The most interesting
fact examined is that about 80% of mouse model showed downward Muc-1 expres-
sion. The survival rate was also prolonged after delivery by Cur-loaded magnetic
NPs in preclinical studies (Bisht et al. 2007). In recent years, to understand the tumor
microenvironment, micro-RNA (miRNA/miR)-based researches are going
on. Presently, miRNA-based molecular therapies strategies highlighted two major
points which are applicable. One is mimicking cancer suppressor micro-RNA and
secondarily, miR inhibition tactics by miR-inhibitors (oncogenic miRNA blockers)
and miRNA gene silencing/knockdown, etc. (Yallapu et al. 2013; Ling et al. 2013).
At preclinical stages, there are various studies on miR targeted, reported such as
remedial delivery of miRNA-29b by positively charged lipoplexes against cancer
and anticancer miRNA delivery targeted to eGFR by exosomes after systemic
administration (Cheng et al. 2014; Wu et al. 2013). While some of them have
registered on clinical platform/cancer registry (Ohno et al. 2013; Li and Sarkar
2016). A drug called Miravirsen had registered or first mentioned for clinical trials.
This is a small RNA short locked nucleic acid drug tried for clinical medicine and
this had gone up to II phase in human trials. A dose-related study of miravirsen in the
treatment of chronic Hepatitis-C subjects; the molecular target was miR-122 in liver
cells infected with HCV-RNA virus (Pai et al. 2013). One more micro-RNA mimic
molecular drug (MRX34) combined with lipid NPs tried in phase-I human trials for
calculation of safety and efficacy. Their aim was to develop a clinical practiced drug
for solid tumors, e.g., Herpetological cancer, but can also be recommended for
hematological cancers (Janssen et al. 2013). Therewith, a report on MRX34 + NPs
complexes was published. Here, miR-34a impregnated nano-preparations delivered
and targeted, examined on Panc-1 xenograft model for an anticancer modality
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improvement. These testings showed a rise in micro-RNA-34a level but parallel
downregulation shown in messenger RNA of B cell lymphoma-2 (BCL-2), cellular-
Myc (c-Myc) factor/MYC proto-oncogenes, cyclin D-1 (CCND1), and E2F Tran-
scription Factor 3 (E2F3), respectively (Bader 2012).

8.2.3 Circulating Biomarkers for Pancreatic Cancer Early Diagnosis

The signature molecules/Biomarkers are the biological molecules often used in
bioassays development and their over/underexpression relates to early diagnosis.
They are mostly produced by cancerous cells or tumor rafted organs. These can be
gene mutated markers, nucleic acids, peptides, fatty acids, glycans, by-products of
the cell, small molecules, etc. They are often related to the pathophysiology of cancer
cells. The molecules which can differentiate between healthy and defected tumors
are referred as putative signature molecules. Biomarkers discovery and validation
need time and cancer management; the better the technology used, the better the
biomarker-based diagnosis achieved (Hu et al. 2013). The methods and techniques
that lead to signature molecule identification preferably depend on the need for
discovery. Two things matter: novel biomarker discovery and dosage optimization
of the known markers (Goossens et al. 2015). Present scenario, the scaled-up
techniques such as bioinformatics, and transcriptomics allow the various forms of
samples to understand biomedical markers evaluations. The biomolecules along
with secondary metabolites quantification estimation at the laboratory stage and
animal model studies lead to novel biomarker discoveries. Advance 3D imaging
and morphological processes examination added will boost the naïve discovery in
the indicator-biomarker field (Wu and Qu 2015). The diagnostic indicators that
arouse from the clinical investigation of genomic approaches are thus known as
genetic markers. The whole genome sequencing, Real-time PCR, fluorescence in
situ hybridization probes (sometimes said as M-FISH) techniques, etc., are the few
genetic tools to identify specific genomic markers. In forensic science, molecular
fingerprinting is used for detection, possibly because of microarray (multiplex
lab-on-a-chip). The same technique employed for expression profile is used to detect
expression biomarkers in cancer cases. Through MALDI-TOF, protein-based new
biomarkers discovery is possible because mass spectrometry can analyze small
changes in proteomics. Therefore, genetics and proteomics involved techniques
allow a specific discovery otherwise there will be a burden on clinical practices in
cancer detection. Different PCR-based techniques lead to a faster and more accurate
diagnosis. The sensitivity and specificity matter in diagnostics (Scaros and Fisler
2005). An immune-PCR methodology is introduced in prognosis/diagnosis where
antibodies/DNA/RNA conjugates and signal amplification detection are used to get
specific antigen findings, i.e., immune assays for protein biomarkers examination
(Rifai et al. 2006; Niemeyer et al. 2005).
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8.2.4 The “Bio-Nano” Interface in Cancer Nanotechnology

Nanotechnology is an interdisciplinary and applied field. Its translational outcomes
have been proven in many fields such as engineering, molecular biology, physical
science, and chemical science-related fields. The nanometer range (1–100 nm)
constructs with fruitful properties of optics, magnetism, and topology give a
founding rationale in applied research. Solid materials are lacking in these
characteristics (McDermed et al. 2012). The branch “Cancer nanotechnology” sets
a resonance in the cancer field. National Cancer Institute Alliance for nanoscience/
nanomedicine and quantum dots to give momentum in cancer diagnosis and thera-
peutics (EUR-Lex–32011H0696–EN–EUR-Lex n.d.). In the early diagnosis of
adenocarcinoma, cancer nanotechnology sparks light in timely detection, i.e., ease
in prognosis and diagnosis because nanosize particles can detect the meager quantity
of molecular signals. This is a very important salient feature of nanoscience and
provides opportunities for on-time diagnosis in pancreatic cancer patients
(EUR-Lex–32011H0696–EN–EUR-Lex n.d.). Several nanoparticle types have
been proposed for biomarkers harvesting. Tamburro and his team synthesized
multifunctional core-shell NPs to discover invisible biomarkers. Here, core-shell
hydrogel potentiates a 10,000-fold amplification of low-molecular-weight
macromolecules by expunction albumin and biomolecules (≥30 kilodalton MWt.
proteins) (Hartshorn et al. 2019). Smart hydrogel NPs are basically used in
biomarkers harvesting (Tamburro et al. 2011). A study was published on nano
research that core-shell hydrogel NPs concentrate and preserve labile and low
abundance signature molecules (Luchini et al. 2007; Longo et al. 2009) and
T.A. Douglas proposed that hydrogel concentrates the antigens of bacteria in a
urine sample (Lyme disease) (Fredolini et al. 2008). Through nanotechnology,
capturing biomarkers is also employed for early detection and discovery (Douglas
et al. 2011). This gained momentum and many studies have been explored based on
biomolecules (protein coronas)-NPs conjugates in cancer diagnosis. A protein
corona influences the nanobiointerface and therapeutic impact of graphene oxide
NPs (Fredolini et al. 2010; Hajipour et al. 2014). Colapicchioni et al. showed that
there is a defined link between plasma protein of mammary glands, GIT, pancreas
tumor, and personalized protein corona-NPs (Hajipour et al. 2015). Capturing the
primary ideas in a diseased state and adjoining nano-biotechniques, disease
recognized protein corona sensing array has the specific diagnosis potential and a
sensitive platform can be developed (Colapicchioni et al. 2016). Among the fastest
growing technologies, NPs enabled blood (NEB) assessment is emerging as an
earlier, economical, patient accessible technology for the fastest tumor diagnosis.
The NEB clinical examinations are based on protein corona (nano-concentrator)
characterization via Zeta-sizer, electrophoresis (micro and 1-D), and SDS-PAGE
biotechnological techniques (Caracciolo et al. 2019). A series of biochemical
research was performed by Hua and coworkers taking into account the NEB test
evaluation. Some are pioneering research on NPs derived-corona-protein (Caputo
et al. 2017; Huo et al. 2011). Gold NPs (GNP)-based NEB test was developed for
early-stage neoplasm diagnosis with a 50% sensitivity and about 95% specificity to
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cancer cells (Huo et al. 2012). Therefore, this represents a valuable upgrade in
cancer. In the year 2017, Hua and his team designed and modified a NEB test to
understand the active status and acute viral infection (AVI) time period in patients
(Zheng et al. 2015). The question becomes more profound and relevant; can
modified NEB test resolve the diagnostic issues in early cancer detection? As
PDAC cases are huge in number with maximum mortality and asymptomatic
behavior of this form of tumor. In a relevant study, liposome-based NEB test
differentiates the pancreatic ductal adenocarcinoma patients from healthy persons
(Zheng et al. 2017).

8.3 Theranostic Nanoparticles

Theragnostic platform (diagnosis/treatment) is the new emerging technology in
recent times. The theranostic-designed Q-dots have the ability to deliver therapeutics
at the exact location with the advantage of 3D bioimaging (Caputo et al. 2017).
Stimuli-responsive smart nanocarrier systems have played a crucial role in
theranostic applications to precisely detect and mitigate cancer types (Das et al.
2020c; Bharadwaj et al. 2021; Das et al. 2020a). Two promising events, early
diagnosis and surgical resection, increased the survival rate of patients; a study
conducted by Cleary and colleagues on PDAC malignancy cases. They concluded
that 5-year survival with 31.7 ± 3.6 months if prognostic factors are included (Cleary
et al. 2004). Sivasankarapillai et al. showed the possibility of image-guided tumor
surgery by delivering imaging agents NPs in PDAC cases (Sivasankarapillai et al.
2021). Qi et al. designed and demonstrated fluorophore probe-based bioimaging.
They developed indocyanine green (ICG)-loaded hyaluronan NPs for enhancing the
fluorescence in pancreatic tumor surgery. They called it “Nano ICG.” This gives
approximately 8 mm of fluorescence imaging depth in tissues and facilitates visuali-
zation of diverse cancer cells. They had taken the homograft orthotopic murine
model of PDAC to verify their hypothesis. They had seen greater fluorescence signal
from the loaded ICG and this leads to primary tumor diagnosis and also malignant
metastasis in comparison to free ICG. This confirms hyaluronic acid NPs potential to
target PDAC cells in addition to greater extent imaging in tissue resection (Qi et al.
2018). Mattheolabakis et al. showed that (C14H21NO11)n molecules affinity with
hematopoietic CD44 (transmembrane proteoglycan) that are over-produced in pan-
creatic cancer cells can be used to trigger and accumulates nanoparticles at PDAC
sites by the active transport mechanism (Mattheolabakis et al. 2015).

Targeted nanocarriers have shown promising applications in molecular pathway
targeting in target-specific cancer therapy (Barkat et al. 2021; Das et al. 2020b;
Barkat et al. 2020). Sometimes, the small metastatic sites are present while
performing surgery but not visualized due to limited magnification. Therefore, in
the year 2018, Hoogstins et al. developed an image-guided surgery by targeting
putative SGM-101 (antigen) in PDAC patients. Here, higher resolution in fluores-
cence is detected by coupling fluorescent moiety to Abs (Hoogstins et al. 2018). This
may facilitate identification of the resection margins and quantification of the



8 Pancreatic Cancer Treatment by Using Theragnostic Nanoparticles 161

residual disease, albeit the clinical benefit still remains to be demonstrated. A
combination of magnetic resonance imaging (MRI) with fluorescence imaging, by
co-encapsulation of superparamagnetic iron oxide NPs (IONPs) was also proposed
in a study conducted by Luo et al. in 2019. The iron oxide NPs and FITC were
co-encapsulated into hyaluronic-derived nanoparticles for the specific sensing of
hyaluronic acid by cell surface adhesion receptors (CD44) (Luo et al. 2019) and
nanoparticles modified with tPA-mediated plasminogen activation molecules with
greater binding for galectin-1 (Gal-1), which has higher expression in pancreatic
tumor cells. Another proposed model is the image-guided therapy by a combination
of magnetic resonance imaging and chemotherapy (DOX) drugs to target antitumor
PDAC. This approach was theranostic because high sensing image and therapy, both
can be achieved at the same time. Precise monitoring of tumor metastasis and
proliferation may be targeted by dexterous methods (Rosenberger et al. 2015).
Zhou H and his team researched on the conjugation of magnetic NPs (iron oxide
NPs/IONPs) with somatomedin C (insulin-like growth factor-1/IGF-1) that has an
affinity to transmembrane receptor IGF1. The IONPs-IGF1 is loaded with DOX
drugs. This construct had shown magnificent results in orthotopic preclinical model
when given from intravenous route of administration. Moreover, when dosage is
given within the tumor, these NPs construct suppress the growth of cancer (66.6%)
in comparison to doxorubicin alone (Zhou et al. 2015). A study by Lee and
coworkers designed and characterized iron oxide NPs complexed with serine prote-
ase (Urokinase/uPA). Drug gemcitabine is encapsulated within nanoconstructs.
Through the mechanism of endocytosis, urokinase plasminogen activator receptors
were recognized. This method also showed an excellent benefit in both therapy and
imaging. Here, 50% inhibition was observed in pancreatic tumor in vivo when
performed in orthotopic murine model (Lee et al. 2013).

8.4 Conclusion and Future Perspectives

The concluding remark, pancreatic cancer management needs novel strategies. This
can be done through theragnostic approaches in medicine. As stated earlier,
nanoparticle-based blood tests are commencing the possibilities of early tumor
detection with safe consideration. Protein corona-NPs are the new highlighter in
biomarker diagnosis. These tests not only detect signature molecules but also a
pattern of proteins at a prognostic’s stages before tissue resection/surgery. Superior
sensitivity and specificity are the foremost factors in nanoparticle-enabled diagnostic
tests. In chemotherapy and radiotherapy, safety and efficacy are the firmest factors.
Indeed, more and more preclinical, clinical evaluations are needed for relevance in
patient compliances. Targeting EGFR pathway genes, i.e., KRAS and others, have
shown promising targets in PDAC therapeutics. Fusion strategy in designing
Si-RNA NPs/Q-Dots and targeting them to cancerous cells; emerged as momentarily
effective in PDACs cases. Some NPs has toxicity profile in vitro but different
properties in vivo in terms of stability and toxicity. Therefore, detailed preclinical
studies are required to document in vivo route of administration. Cancer
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microenvironment/signaling pathways and novel therapies build a greater commu-
nication network and greater extent in molecular signal sensing detection and
overcome tumor stromal barriers. This will lead to a consequential approach in
pancreatic cancer management.
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Abstract

Among the malignancies, breast cancer is the most common one and the high
mortality rate indicates that the available treatment modalities are not sufficient to
cater to this fatal disease. The complex pathophysiology of the disease demands
multidrug therapy or combinational drug therapy, in which the two drugs show
the nonoverlapping mode of action. Drug combinations such as doxorubicin and
cyclophosphamide, bevacizumab and paclitaxel, lapatinib and paclitaxel, etc. are
the clinically used combinations for breast cancer treatment where one compo-
nent either enhances the therapeutic action of another drug or confers less
toxicity. Along with combinational drug products, nanomedicine-based products
are the promising approach for breast cancer management. Although marketed
nanomedicine-based drug-products like Abraxane and Doxil were originally
developed for generic anticancer purpose, they have already been exploited
with fruitful clinical outcomes as breast cancer adjuvant therapy as well. How-
ever, advancements in the molecular level understanding of breast cancer and
in-silico techniques have led to the development of novel nanotherapeutic
strategies for complete disease amelioration, but still, some issues are there
which need to be addressed such as optimal drug proportions and its control
over several batches, large scalability, cost, and reproducibility of these
nanomedicines during manufacturing to ensure the successful commercialization
of nano-combination therapy. This chapter gives an insight into the general
pathophysiology of breast cancer and available combinational drug therapy.
Further, authors have elaborated on the applications of nano-based combinational
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drug therapy for breast cancer treatment. Researchers may get insight into the
clinical trial status and limitations of nano-based combinational drug therapy for
breast cancer.

Keywords

Nanomedicine · Combinational drug therapy · Clinical trials · Metastatic breast
cancer · Nanocarriers

9.1 Introduction

In females, one of the prevalent forms of invasive cancer is breast cancer, abnormal
growth of breast cells. It is regarded as a serious public health concern worldwide, as
it is the second largest cause of cancer mortality after lung/skin cancer.
(Momenimovahed and Salehiniya 2019). Breast cancer is often considered gender-
specific as it rarely occurs in males, 1% of all breast cancer; however, it is important
to be cognizant even for such rare cases (Khattab et al. 2021). Breast cancer is the
second most prevalent cancer in the world and the fifth most common cause of
cancer-related mortality. It is labelled as the most common cause of death in women
due to cancer in developing nations and the second most common cause of cancer
death in women in industrialized countries, after lung cancer (Loh et al. 2013). In the
previous two decades, the rate of mortality from this malignancy has decreased by
30%, whereas in the last 5-years, overall survival rates have been increased to around
90%. Despite these signals of success, metastatic breast cancer remains a difficult
disease to treat. In 2020 itself, worldwide about 2.3 million new instances of breast
cancer were identified, with more than 600,000 breast cancer-related death (Pilleron
et al. 2021).

Breast cancer originates from the inner lining of lobules or milk ducts of the
breast tissue (Weigelt et al. 2010). Various types of tumors arise from the breast
tissue, such as the noncancerous benign growth, cysts, generation of scar-like tissue,
thickening, lumpiness, and tenderness of breast area (Lang et al. 2021; Patterson
et al. 2004).

Despite the prevalence of breast cancer, there has been a decrease in mortality
over the years, owing to advances in diagnosis and treatment, which vary greatly
among geographic areas. When choosing a therapy, the advantages must outweigh
the hazards. A critical concern is there to monitor the doses, medication adherence,
dosing regimens, and respective responses to the treatment regimen (Anjum et al.
2017; Howard and Bland 2012). Table 9.1 enlists drugs that have been approved by
the FDA in the treatment of breast cancer (Kim et al. 2016; Wang et al. 2004).

Cancer can be thought of as a network of interrelated molecular pathways that can
be susceptible to the action of multiple medications at the same time, and this allows
a thorough investigation of medication combinations (Foucquier and Guedj 2015).
Drug combinations have various advantages, including reduced toxicity, enhanced
efficacy, reduced dose at the same or higher level of efficacy, and potential to combat
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Table 9.1 List of drugs approved by FDA in the treatment of breast cancer

Raloxifene
Hydrochloride

Alpelisib Ado-Trastuzumab
Emtansine

Anastrozole Capecitabine

Atezolizumab Docetaxel Cyclophosphamide Doxorubicin
hydrochloride

Eribulin Mesylate Everolimus 5-fluorouracil Exemestane

Gemcitabine
hydrochloride

Fulvestrant Ixabepilone Goserelin acetate

Letrozole Lapatinib Ditosylate Methotrexate Megestrol acetate

Olaparib Palbociclib Paclitaxel Neratinib maleate

Pembrolizumab Ribociclib Pamidronate Pertuzumab

Tamoxifen citrate Sacituzumab Thiotepa Talazoparib

Tucatinib Vinblastine sulfate Trastuzumab Toremifene

Table 9.2 Combination of Cytotoxic agents approved by FDA

Combination of Cytotoxic agents approved by FDA Class of drug

Doxorubicin hydrochloride
Cyclophosphamide

Anthracycline
Alkylating agent

Doxorubicin hydrochloride
Cyclophosphamide
Paclitaxel

Anthracycline
Alkylating agent
Microtubule damaging agent

Doxorubicin hydrochloride
Cyclophosphamide
5-fluorouracil

Anthracycline
Alkylating agent
Pyrimidine antagonist

Cyclophosphamide
5-fluorouracil
Methotrexate

Alkylating agent
Pyrimidine antagonist
Folate antagonist

Cyclophosphamide
5-fluorouracil
Epirubicin

Alkylating agent
Pyrimidine antagonist
Antibiotic

Doxorubicin hydrochloride
Cyclophosphamide
Docetaxel

Anthracycline
Alkylating agent
Microtubule damaging agent

drug resistance from cytotoxic agents (Han et al. 2017). Six medication
combinations have been thoroughly studied in breast cancer. Adjuvant therapy
with doxorubicin and cyclophosphamide is utilized for the primary, recurring, and
metastatic breast cancer treatment (Jones et al. 1975). Docetaxel, doxorubicin, and
cyclophosphamide can be used as adjuvant treatment options. In nonmetastatic
cancer; a combination of 5-fluorouracil, cyclophosphamide, and or doxorubicin, or
a combination of 5-fluorouracil, cyclophosphamide, and methotrexate is being used
(Hassan et al. 2010). Combination therapy approved by FDA for treating breast
cancer is summarized in Table 9.2 (Yadav et al. 2015).
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Table 9.3 Various nanocarriers for breast cancer treatment

Type of Breast Cancer Type of Nanocarrier Carrier Reference

Triple-negative breast
cancer-EGFR

Nanoparticle—pH and redox-
sensitive cationic unimolecular

siRNA Chen et al.
(2017)

Triple-negative breast
cancer-folate receptor

Micelle Orlistat Paulmurugan
et al. (2016)

Triple-negative breast
cancer-CXCR4

Liposome siRNA Guo et al.
(2014)

HER-2 positive Modified gold nanoparticles Radioactive
111-in

Cai et al.
(2016)

HER-2 positive Gold sulfide nanoparticle
conjugated with HER2 antibody

Gold-gold
sulfide

Day et al.
(2010)

Triple-negative breast
cancer-folate receptor

Liposomes conjugated with
folate

Derivative of
Benzoporphyrin

Sneider et al.
(2017)

Nanomedicine attempts to leverage nanotechnology for a variety of biomedical
applications, including disease treatment, diagnosis, molecular imaging, regenera-
tive medicine, and tissue engineering, through the utilization of particles that are
1-100 nm in size. Nanomedicine has been linked to the use of nanoparticles in
oncology since the very start (Etheridge et al. 2013). Nanomedicine can be in the
form of micelles, nanotubes, nanoparticles, dendrimers, and various others
(Table 9.3). These can be made from proteins, lipids, inorganic products, polymers,
phospholipids, or a combination of all (Xue et al. 2014; Zhang et al. 2016). In the
USA, nanomedicines like Abraxane® and Doxil® are being clinically used for the
treatment of breast cancer. Nanomedicine can even be used for cancer detection,
theranostic, and tissue repair in breast cancer (Wu et al. 2017). Using nanomedicine,
passive and active drug targeting can be done for increasing the drug levels inside the
tumor, circulation time of the drug can be increased by PEGylating technique,
specificity to target tumor increases, enhancement of endocytosis due to active and
passive targeting, control drug release, targeting the tumor microenvironment, and
co-delivery of combination chemotherapy (Wu et al. 2017).

9.2 Nanotherapy for Breast Cancer

Despite several technical advances, even the most effective breast cancer treatments
do not have a high degree of specificity, are invasive in nature, and are marred with
severe side effects making them not 100% effective. Owing to this, a pragmatic
clinical approach of nanoparticulate-based platforms seems revolutionary as they are
rapid and can be employed for detection, diagnosis, treatment, and prevention of
breast cancer (Tang et al. 2017). The multivariate functions of nanoparticulate
systems are transport across biological barriers to allow prolonged blood circulation
time, passive tumor accumulation (enhanced accumulation of drugs in tumors), and
active tumor targeting (“Benefits of Nanotechnology for Cancer—National Cancer
Institute,” 2017). The applicability of nanotherapies to target drug-resistant breast
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cancer, triple-negative breast cancer (TNBC), nanoparticle-mediated photothermal
ablation, and cancer immunotherapy are trending owing to their promising
observations and outcomes which are discussed further (Wu et al. 2017; Tang
et al. 2017).

9.2.1 Nanoparticulate-Based Systems for Cancer Treatment

9.2.1.1 Selection Criteria
The US FDA posits an invasive selection criterion for a clinical application of
nanoparticulate-based systems for cancer treatment as presented in Table 9.4.
Since their origin, innumerable nanomaterials have been invented but only a few
can meet the requirements of the US FDA (Adair et al. 2010).

Table 9.4 US FDA-approved selection criterion of nanoparticulate-based system for cancer
treatment

Requirements Inference

Nontoxic and The material used for nanoparticulate systems should be inherently
biocompatible nontoxic and biocompatible to ensure patient and environmental safety.

Small size Being nano, the most desired particle size range is 10–200 nm for a wide
variety of delivery systems. However, the influence of a particular shape
is debatable.

Encapsulation
efficiency

The prime focus of nanoparticles is the entrapment/encapsulation of
active pharmaceutical agents at a desired therapeutic levels (>50 Mol%)
within the core. This may salvage unwanted degradation or clearance
from blood circulation and facilitates drug release in a suggested manner
(controlled/sustained/prolonged, etc.)

Colloidal stability The nanoparticles should be resistant to the physiological conditions,
namely, pH/ionic strength/macromolecular interactions/temperature to
avoid particle agglomeration and sequestration in organs or membranes.

Blood circulation Being a foreign entity, the nanoparticulate system should follow
reasonable circulation time to complete the undersigned function and
degrade through a biological process (photo/thermal/biological/
chemical).

Targeting The nanoparticulate system should either follow active or passive
targeting to ensure accumulation of high concentration of a desired
therapeutic within the tumor with maximum efficacy and least side
effects, especially in and around healthy tissue is active targeting. Active
targeting involves surface receptor molecules and passive targeting
involves high permeability and retention effect.

Controlled release The nanoparticulate system should have a trigger mechanism, either
biological or extrinsic, to mimic the controlled release of active
molecules in tumors.

Clearance A clearance mechanism for the nanoparticle vehicle or carrier is
necessary after the completion of a designed task to surpass systemic side
effects, biological interference, and toxicity development with the host.
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9.2.1.2 Clinical Modalities
The repercussions of conventional anticancer pharmaceuticals are quite high in
terms of nontargeting, systemic toxicity, and other severe side effects (Shapiro and
Recht 2001). For long, anthracyclines and taxanes are two mainstay conventional
therapeutics used for advanced breast cancer chemotherapy. However, the induction
of cardiotoxicity via doxorubicin (anthracycline) and bone marrow suppression,
hypersensitivity/cutaneous reactions, and dose-limiting neurotoxicity vis-à-vis pac-
litaxel and docetaxel (taxanes) have limited their clinical applicability (Tang et al.
2017). The exploration of nanomedicine thus seems important as they offer positive
attributes of low degradation of the active component during in vivo transport, low
occurrence of adverse effects, enhanced biocompatibility, targeting, elimination, and
chemotherapeutic delivery to tumors (Adair et al. 2010). For example, a reported
high potential of nanomedicine against breast cancer stem cells, an important factor
cited for the initiation, recurrence, and resistance of breast cancer therapies (He et al.
2016). Following is a brief discussion of different forms of the nanoparticulate
system in cancer therapy.

Liposomes: Amphiphilic, self-assembling, spherical vesicles having both hydro-
philic (aqueous core) and hydrophobic (lipid bilayer) membranes. The small size
(typically 50-100 nm) and presence of a membranous bilayer which consists of
phospholipids and glycolipids make them biodegradable, thus, supporting the prime
requirements for a nanoparticulate system. They are often used for encapsulating
hydrophilic chemotherapeutics (Grodzinski and Farrell 2014). Doxil® is the first
liposome (50–80 nm) that has been approved by the FDA (Food and Drug Admin-
istration) to carry chemotherapy drug Doxorubicin to treat Kaposi’s sarcoma, Multi-
ple myeloma, breast, and ovarian cancer. It has been found to significantly slow
tumor development, increase progression-free and overall survival rates, and reduce
cardiotoxicity (Pillai 2014). Few clinical trials have outlined the combination of
Doxil with cyclophosphamide+5-fluorouracil (Rau et al. 2015), cisplatin+infusional
fluorouracil (Dellapasqua et al. 2011), cyclophosphamide followed by paclitaxel
(Gil-Gil et al. 2015), and targeted therapy such as trastuzumab (Torrisi et al. 2010)
for advanced breast cancer treatment. The aforesaid combinations have indicated
high treatment efficacy and low cardiotoxicity, but the occurrence of new yet less
serious side effects such as mucositis and skin toxicity needs further attention
(Ansari et al. 2017). The liposome-based nanomedicine in the treatment of breast
cancer is well developed. Sneider et al. have reported a novel liposome formulation
for the management of triple-negative breast cancer via photodynamic therapy
(Sneider et al. 2017). Qin et al. also have studied chlorotoxin-modified liposomes
to target metastatic breast cancer for tumor growth and metastasis (Qin et al. 2014).
Unlike, every formulation liposome is marred with some limitations such as physi-
cal/chemical instability, low encapsulation efficiency, and affinity to hydrophobic
drugs, such as paclitaxel (Wu et al. 2017).

9.2.1.3 Polymeric Nanoparticles or Polymersomes
The nanoparticles are composed of biocompatible and biodegradable polymers (poly
lactic-co-glycolic acid, polylactic acid, polyethylene glycol) and polysaccharides
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(chitosan, alginate, and pectin). They could further be classified as micelles,
dendrimers, and polymer-drug conjugates. Polymeric nanoparticles can encapsulate
hydrophilic or hydrophobic medicines, allowing for surface changes and
pH-dependent controlled release. They are quite versatile in terms of chemical
composition, but degradation as a carrier could be a disadvantage (Hussain et al.
2018).

Micelles: Colloidal particles (~100 nm) which are self-assembled from amphi-
philic and biodegradable polymers. They encapsulate hydrophobic drugs for cancer
therapy (breast, lung, ovarian) (Oerlemans et al. 2010), ex, polyethylene glycol- poly
D L-lactic acid polymeric micelle encapsulating paclitaxel (marketed product:
Genexol-PM) (“Current Nanotechnology Treatments—National Cancer Institute,”
2017).

Dendrimers: Polymeric macromolecules that are star-shaped or branched, have
two or more groups, and are repeated (generations) from a central core. The
physicochemical characteristics of a dendrimer are determined by the peripheral
surface groups, which may be changed to provide both a charged hydrophilic and
lipophilic function. To achieve desirable physical properties, biodistribution,
receptor-mediated targeting, and conjugation, dendrimers can be modified in terms
of surface groups, interiors, cores, molecular weights, and chemical compositions. A
successful study reported ten-fold reduction in tumor size when treated with metho-
trexate conjugate polyamidoamine (PAMAM) dendrimers as compared to a free
form of methotrexate. The few limitations of dendrimers are repetitive steps for
synthesis which eventually increase cost especially for large-scale production
(Abedi-Gaballu et al. 2018).

9.2.1.4 Inorganic Nanoparticles
Gold nanoparticles, magnetic nanomaterials, carbon nanotubes, silica nanoparticles,
and quantum dots are examples of inorganic nanoparticles. Chemical composition,
size, form, good stability, ease of functionalization, and better surface-to-volume
ratios are among the physicochemical qualities that are exploited. They are primarily
proposed for breast cancer predictive oncology and human cancer therapy. They can
also be protein-coated like albumin-bound paclitaxel nanoparticles for the treatment
of metastatic breast cancer (“Nanobiotechnology for Breast Cancer Treatment |
IntechOpen,” n.d.).

Gold nanoparticles: small metal particles which are coated with drug fragments.
They are one-of-a-kind in terms of oxidation resistance, cell membrane penetration,
increased targeting for rapid transport kinetics, long circulatory half-life, increased
binding affinity, size-enhanced tumor absorption, and biocompatibility. Gold
nanoparticles are used in the diagnosis, biomedical imaging, and therapy of solid
breast cancers because of these properties. They’re also employed as
radiosensitizers, contrast agents, photothermal agents, and medication transporters
(Lee et al. 2014). Day et al. have reported the antibody-conjugated gold
nanoparticles as multipronged agents for breast cancer treatment and imaging (Day
et al. 2010).
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Quantum dots: Semiconductor fluorescent nanoparticles having a polymer layer,
zinc sulphide, and a stabilizing molecule on the shell and core. They are highly
efficient as contrast agents for imaging and drug tracking and as noninvasive probes
for targeting disease biomarkers (Hussain et al. 2018).

9.2.2 Innovative Nanotherapies

9.2.2.1 Nanotherapies for Triple-Negative Breast Cancer (TNBC)
Estrogen receptor, progesterone receptor, and HER2 (transmembrane receptor with
tyrosine kinase activity) expression are all absent or poorly expressed in TNBC.
TNBC is a difficult condition to treat as it is proliferative, approximately 12–17% of
female breast cancer patients, and is marred with poor prognosis, early recurrence,
and poor survival rate. Conventionally chemotherapeutics for TNBC treatment
include anthracyclines, taxanes, and cisplatin; however, they lack robust outcomes
as compared to other breast cancer subtypes. The metastatic nature of TNBC
demands a customized therapy and nano targeting could be one approach
(Al-Mahmood et al. 2018). Earlier, Alam et al. have proposed a strategic therapy
on mice to induce necrotic tumor cell death to inhibit tumor growth using adeno-
associated virus type 2 (AAV2). However, the safety of the virus involved posed a
big concern. This can be improved by encapsulating the virus in targeted
nanocarriers (Alam et al. 2014).

9.2.2.2 Nanoparticle-Mediated Photothermal Ablation
Photothermal ablation (PTA) is a noninvasive breast cancer treatment option for
individuals who have failed to respond to standard chemotherapies or radiation.
When delivered to cancer tissues, the targeted nanoparticle-mediated PTA absorbs
near-infrared irradiation and releases thermal energy above the threshold (50 °C) to
damage tumor cells through various mechanisms such as membrane conformation/
permeability change, cell deformation, and cell cycle dysregulation, ultimately
leading to cell death or necrosis. Although the specific mechanism of tissue damage
is unknown, a few seconds of irradiation are sufficient to disrupt the plasma
membrane integrity of tumor cells without causing detectable harm to nonmalignant
cells (Guo et al. 2013). Metallic nanomaterials (gold or silver) or other materials with
high photothermal conversion efficiency are used. Metallic nanoparticles have a high
photothermal conversion efficiency and substantial absorption in the near-infrared
range. The prominent examples include gold nanoshells, gold nanorods, gold
nanospheres, and carbon nanotubes (Chen et al. 2019). The potential for biofilm
formation and persistent wounds are a key drawback of PTA, as the low metabolic
activity of necrotic areas caused by irradiation renders antibiotics, antiseptics, and
disinfectants ineffective. The ineffective clearance of metallic nanoparticles could
also be concerning (Tang et al. 2017). As a result, new research has explored using
organic nanomaterials like conjugated polymeric nanoparticles for PTA to improve
biodegradability (Zha et al. 2013).
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9.2.2.3 Nanotherapy of Breast Cancer Stem Cells (BCSCs)
Stem cells or tumor-initiating cells are a small fraction of cancer cells capable of self-
renewal and differentiation to multiple cancer cell types. These stem cells are
tumorigenic as they may initiate the formation of a full tumor. They may also pose
drug resistance leading to tumor relapse. The targeting of BCSCs biomarkers via
nanomedicines could prevent cancer relapse and metastasis, but not many well-
characterized biomarkers for targeting are known. The few most popular ones are
CD44, CD133, and DCLK1 receptors. CD44 also has a signalling role in tumor
microenvironment for the integration of the growth factors and cytokines (Wu et al.
2017). Gener et al. have investigated PLGA-co-PEG micelles encapsulating pacli-
taxel and decorated with anti-CD44 antibodies to improve treatment sensitivity
against breast/colon cancer stem cells (Gener et al. 2015). Rao et al. have reported
an enhanced targeting and elimination of BCSCs by delivering chitosan-decorated
doxorubicin nanoparticles to CD44+ cells (Rao et al. 2015). Muntimadugu et al.
have proposed CD44 targeted chemotherapy against BCSCs and cancer cells with
salinomycin+paclitaxel polymeric nanoparticles surface coated with hyaluronic
acid. The use of hyaluronic acid led to a 1.5-fold increase in nanoparticles uptake
into the CD44 cells (Muntimadugu et al. 2016). Swaminathan et al. have
demonstrated a CD133-targeted paclitaxel delivery to inhibit local tumor recurrence
in breast cancer modal when compared to free paclitaxel treatment (Swaminathan
et al. 2013). BCSC targeting though seems appealing, their low population and
dormant state may require further attention to improve targeting. Recently, Zhao
et al. have suggested a novel polymeric nanoparticles formulation double grafted
with hyaluronic acid and DCLK1 antibody as a nondrug delivery system for
targeting BCSCs. The effect of the dual system was pronounced as compared to
only one targeting moiety (Zhao et al. 2016).

9.2.2.4 Nanotherapy to Tackle Drug-Resistant Breast Cancer
A passive targeting approach in which nanocarriers bypass the cell membrane barrier
via endocytosis to achieve improved intracellular drug concentration. Drug resis-
tance could be due to ineffective drug concentration, overexpression of
glycoproteins, drug-binding sites mutations, mutations of genes, etc. and served as
an obstacle in breast cancer treatment. Owing to multiple mechanisms of resistance
development, the application of the nano approach could either be single or combi-
natorial for synergistic and better therapeutic efficacy (Gao et al. 2017; Wu et al.
2017).

9.3 Combination Therapies in Breast Cancer Management

Being one of the most prevalent cancer types, breast cancer treatment comprises
multidisciplinary approaches such as surgical treatment, radiotherapy, chemother-
apy, hormonal therapy, immunotherapy, targeted therapy, neoadjuvant (radiation
therapy before surgery), and adjuvant therapy (radiation and/or drug therapy after
surgery). An effective breast cancer management approach should produce maximal
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therapeutic efficacy, with minimum side effects to ensure an improved quality of life
(QoL) which may depend on either single drug treatment, sequential drug treatment,
or a combination of treatments.

It has been practically observed that in the case of cancer treatment, the best
strategy is the combination of approaches such as surgery, radiation, immune, or
chemotherapy. Additionally, surgery or radiation therapy is highly effective against
local tumor/cancer. Further, the application of combination therapy depends on the
stage, category, and location of cancer. In the case of early stage of breast cancer,
surgery can be helpful alone but combination therapy can be preferred depending on
the size and the stages (risk of recurrence) of the tumor. It has been reported that
cancer drugs are most effective when used in combination. It is necessary that, in
combination therapy, the individual drug should have a different mechanism of
action, thereby reducing the possibility of cell resistance, and further in drug
combination each medication can be used at its optimal dose without producing
severe side effects. Furthermore, combination medication therapy is used to alleviate
cancer symptoms, especially in advanced malignancies that cannot be treated with a
single agent, such as non-small cell lung melanoma, oesophageal, or bladder cancer.
Sometimes neoadjuvant therapy is used to shrink a tumor, thereby improving the
opportunity for successful tumor removal during operation. Further, adjuvant ther-
apy helps to abolish any remaining cancer cells after surgery.

Each component in a combination therapy (or polychemotherapy) method should
have single-agent activity with no cross-resistance, as well as nonoverlapping safety
profiles and preclinical synergy data. However, these standards are rarely met. As a
result, combination therapy has occasionally failed to meaningfully improve results
as compared to the sequential administration of single drugs because their
components are delivered at inadequate dosages due to dose-limiting toxicities.
Further, sequential or combined administration of antitumor agents remains a con-
troversial approach during metastatic breast cancer management.

9.3.1 The Current Status of Combination Therapies in Breast
Cancer

Traditionally, combination chemotherapy employed incorporation of an alkylating
agent (cyclophosphamide) with antimetabolites (methotrexate and 5-fluorouracil)
that effectively reduces the risk of recurrence and used to treat breast cancer
(Bonadonna et al. 1976). Furthermore, the prescription to employ many agents
rather than a single drug for the treatment of local breast cancer, regardless of
lymph node, hormone receptor, or menopausal state, is based on the scant evidence
supporting polychemotherapy (Abrams 2001; Mohapatra et al. 2020).

Owing to the advantages like improved efficacy with the reduced dose, minimal
drug resistance, and low toxicity, combinational drug therapy has become a tradi-
tionally applied method in clinical practice (Anampa et al. 2015; Chou 2006). This is
based on the idea that combining numerous medications with diverse biological
targets can delay cancer cell mutations in the long run. Additionally, when numerous
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medications are designed to target the same biological pathway, they may work
together to maximize efficacy and target selectivity (Lee and Nan 2012). In modern
medical practice, developments in isolation technique and chemical synthesis, along
with cell biology and omics, have served as a major protagonist in the advancement
of the combination treatment approaches (Chou 2006; Keith et al. 2005). It results in
increased response as compared to single-agent chemotherapy, even if the effect on
overall survival is less well-recognized (Telli and Carlson 2009).

In the case of metastatic breast cancer, older, empirically determined medication
combinations are no more effective and far more hazardous than monotherapy,
affecting quality of life while providing little or no clinical benefit. Sometimes
combination therapy may be chosen over sequential therapy to meet the patient’s
need for urgent intervention. Furthermore, sequential therapy provides for the most
effective distribution of a single drug, potentially lowering the risk of toxicity,
particularly in the case of frail or elderly patients who cannot withstand the side
effects of combination therapies.

Hypothetically, the combination treatment is supposed to be the promising
approach based on the nonoverlapping mechanism of action of the individual drug
in combination. However, practically it is not completely possible. The current
combination regimen in metastatic breast cancer leads to moderate enhanced effi-
cacy with some adverse effects which might reduce the overall effectiveness. A few
clinically used combination regimens for metastatic breast cancer management are
included in Table 9.5. Traditionally in a combination regimen, individual anticancer
medicaments are taken as a physical mix without modifying the pharmacokinetic
behavior, and hence, eliminated independently. Thus, they produce simultaneous
increases in therapeutic effectiveness as well as adverse effects which is less helpful.
An improved strategy such as combining molecularly targeted agents is helpful but
is not patient-compliant. This leads to the development of novel methods by
incorporating nanotechnology with combination treatment for the management of
cancer.

The above-discussed challenges encouraged researchers to investigate novel
approaches by incorporating nanotechnology with combination anticancer treat-
ment. The potential theory is that by simultaneously delivering multiple drugs via
a carrier-mediated drug delivery system, the combination system may be able to
create synergistic anticancer benefits with enhanced pharmacology and reduced
individual drug-related toxicity. This can be shown by the following Fig. 9.1.

9.3.2 Novel Approaches for Combination Drug Delivery in Breast
Cancer Management

Currently, the new technique of delivering multiple drugs simultaneously via a
carrier-mediated drug delivery system is widely used, and it has a number of
advantages over traditional drug delivery via physical mixing. This novel approach
of drug combinations helps to enhance the drug-carrying capacity; increases the
circulation half-life; increases the active targeting and accumulation at the tumor site;
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Table 9.5 Combination regimens for metastatic breast cancer frequently used in clinical practice

Drug combination
regimen

Doxorubicin +
cyclophosphamide

" response rate
(RR)

No substantial alteration
in survival/progression
time, " treatment linked
toxicity, & # quality of
life

Bonneterre
(1991); Joensuu
et al. (1998); Lee
and Nan (2012)

Epirubicin + fluorouracil

Epirubicin +
cyclophosphamide

Doxorubicin + paclitaxel " response rate
and progression-
free survival

" hematologic toxicity,
cardiotoxicity

Bria et al. (2005);
Burzykowski
et al. (2008)

Capecitabine +
docetaxel

" time to
progression,
response rate,
and overall
survival

" nonhematologic
toxicity (stomatitis,
diarrhoea, and hand-foot
syndrome)

Albain et al.
(2008); Chan
et al. (2009);
O’Shaughnessy
et al. (2002)

Cyclophosphamide +
methotrexate +
fluorouracil

" response rate,
relapse-free
survival, and
overall survival

Rapid bone loss Ackland et al.
(2001);
Bonadonna et al.
(1995);
Hainsworth
(1997)

Doxorubicin +
cyclophosphamide+
Trastuzumab

" response rate,
progression-free
survival, and
overall survival

Hematologic toxicity &
cardiomyopathy

Marty et al.
(2005); Robert
et al. (2006)

Trastuzumab + other
chemotherapy
(Vinorelbine, docetaxel,
paclitaxel, platinum
compounds,
Capecitabine, and
gemcitabine)

" response rate
and progression-
free survival

hematologic toxicity Bartsch et al.
(2007)

Paclitaxel +
bevacizumab

" progression-
free survival

" toxicity (bleeding,
hypertension, nasal
septum perforation,
proteinuria, heart failure,
thromboembolic event,
mortality)

Miller et al.
(2007)

Paclitaxel + Lapatinib " response rate,
time to
progression, and
progression-free
survival

" toxicity (toxicity from
chemotherapy
characterized by
diarrhoea, skin rash,
nausea, pruritis)

Cameron et al.
(2010)

Cisplatin + Erotinib +
gemcitabine

Well-tolerated No survival assistance Gatzemeier et al.
(2007)

Iniparib + carboplatin +
gemcitabine

" progression-
free survival and
overall survival

Neutropenia,
thrombocytopenia,
anemia,leukopenia,
fatigue or asthenia

O’Shaughnessy
et al. (2011)
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Table 9.5 (continued)

Drug combination
regimen

Lapatinib +
Trastuzumab

" progression-
free survival and
overcome
trastuzumab
resistance

Patient noncompliance
with additive toxicity

Blackwell et al.
(2010)

Pertuzumab+
Trastuzumab+ plus
docetaxel/
hyaluronidase-zzxf

response rate Alopecia, nausea,
diarrhoea, anemia, &
asthenia

Richard et al.
(2016)

Palbociclib+Fulvestrant " progression-
free survival and
response rate

Neutropenia, leucopenia
& fatigue

Turner et al.
(2018)

Fig. 9.1 Drug combinations utilizing a carrier-mediated drug delivery system

has the potential to circumvent the multidrug resistance mechanisms by endocytotic
uptake; reduces nonspecific uptake; controls the pharmacokinetics of individual
drug; capability to carry and transport varieties of diagnostics and therapeutic agents
through a single carrier system, that would act in a controlled manner; enhanced drug
stability and biocompatibility; reduces the overall dose, its frequency, and toxicity,
and ultimately enhances the efficacy and patient compliance thus pragmatically used
in breast cancer management.
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Among novel approaches, nanotechnology in cancer plays a vital role with
several applications such as in the diagnosis, treatment, to understand the cancer
progression and identification of cancer biomarkers, etc. They can deliver both
hydrophilic and hydrophobic drugs to the targeted site along with the delivery of
small molecular drugs, peptides, or antibodies. Further, the small size of the particle
adds value to their penetration capacity and hence efficiency. Nanoparticles can
combine several therapeutic agents that belong to different classes within the same
system to achieve the desired objective in breast cancer treatment. Nano-
combinations of drugs help to control the release characteristic and altered pharma-
cokinetics and biodistribution of individual drugs in such a manner that would not be
possible with conventional formulations of free drugs. Practically, it has been found
that nano-combination chemotherapy produces comparatively better outcomes and
an enhanced survival than that of single-drug therapy in both preclinical and clinical
investigations. During the last few years, nanotechnology has become an important
area of research in medicine and has contributed to clinical therapeutics significantly.
Liposomes and polymeric nanoparticles, in particular, have made medication deliv-
ery safer and more efficient for a variety of treatments. Few other nanoparticulate
systems include nanoemulsions, dendrimers, carbon nanoparticles, inorganic
nanoparticles, carbon nanotubes, quantum dots, water-soluble polymer-drug
conjugates, etc. Currently, theranostic nanocarriers made up of metallic/magnetic
nanoparticles have gained much attention owing to their ability to perform concur-
rent functions at targeted sites. In addition to the above, some other interesting
systems have been exploited in breast cancer to improve the antitumor immunoge-
nicity such as phage nanoparticles, virus-like nanoparticles, extracellular vehicles,
etc. (Bahreyni et al. 2020). The following Fig. 9.2 depicts the several possible
combinations of cytotoxic therapies (such as chemotherapy, photothermal, and
photodynamic) with biologics and immunotherapies using nanoparticles that are
used in clinical applications for cancer management (Jadia et al. 2016). Irrespective
of all these stratagems, cancer management is still a hard nut to crack. However,
several investigations are carried out for nano-combination treatments, using multi-
ple drug loading tactics through nanoparticles to target various cancer hallmarks; but
it is important to select the right combination to target and schedule the specific
therapies for better outcomes. Table 9.6 enlists various combinational drug delivery
approaches using the novel delivery systems for metastatic breast cancer
management.

However, nanotechnology is expanding its stake in cancer drug applications, but
has several limitations specified in the development of nano-combinations which
decrease its scalability. The main disadvantage related to nanoparticles is their cell-
mediated clearance by the reticuloendothelial system which may stimulate the
production of cytokines such as interleukins, interferons, and tumor necrosis factor
that leads to local inflammation (Desai 2012; von Roemeling et al. 2017). This
nonspecific uptake to normal tissues results in a higher dose for anticancer drugs and
hence increases the toxic effects. This can be minimized by altering the surface
chemistry to prevent serum protein adsorption/absorption on the nanoparticle sur-
face. PEGylation suspends the opsonization (Choi et al. 2009), by promoting the
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Fig. 9.2 Possible combination therapies using nanoparticles for cancer management

stronger bonds between polyethylene glycol subunits and water molecules, thereby
forming a hydrating layer that can block the absorption/adsorption of protein
(Schöttler et al. 2016). Further, the coating of nanoparticles with surfactants
facilitates receptor-mediated transport by specifically adsorbing serum proteins
(Niewoehner et al. 2014), which further helps to cross the blood-brain barrier and
to treat brain cancer/tumor. Furthermore, the optimal drug proportions and its control
over several batches, large scalability, cost, and reproducibility of these
nanomedicines during manufacturing are the challenges that need to be addressed
to ensure the successful commercialization of nano-combination therapy.

9.4 Clinical Trials on Combinational Nano Therapy for Breast
Cancer

Based on the promising results of in vitro and in vivo studies, studies on human
subjects were conducted across the globe and some of them are listed in table 9.7.
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Table 9.6 Combinational drug delivery approaches using the novel delivery system for metastatic
breast cancer management

Drug combination Carrier composition Status Reference

Quercetin +
vincristine

PEG-liposome In vivo Wong and Chiu (2011)

siRNA +
doxorubicin

Cationic, anionic PEG-liposome In vivo Chen et al. (2010)

Lonidamine +
paclitaxel

PEG-PLGA In vivo Milane et al. (2011)

Paclitaxel +
Interleukin-12 or
siRNA

Poly(N-methyldietheneamine
sebacate)-co-[(cholesteryl
oxocarbonylamido ethyl) methyl
bis(ethylene) ammonium
bromide] sebacate P(MDS-co-
CES)

In vivo Wang et al. (2006)

Doxorubicin +
Wortmannin

PEG-block-poly(N-hexyl stearate
l-aspartamide)

In vitro Bae et al. (2007)

Aminoglutethimide
+ doxorubicin

N-(2-hydroxypropyl)
methacrylamide (HPMA)

In vitro Greco et al. (2007,
2005)

Trastuzumab +
PKI166

N-(2-hydroxypropyl)
methacrylamide copolymer

In vitro Lee et al. (2011)

Doxorubicin +
Mitomycin C

Polymer-lipid hybrid
nanoparticles

In
vitro/
clinical

Prasad et al. (2013);
Shuhendler et al.
(2010); Zhang et al.
(2016)

Paclitaxel+
rapamycin+17-
AAG (Triolimus)

Poly(ethyleneglycol)-block-poly
(lactic-acid; PEG-PLA) micelles

In vitro
&
in vivo

Hasenstein et al. (2012)

Hyaluronic acid
ligand modified
paclitaxel

1,2-distearoyl
phosphatideylethanolamine

In vitro
and
in vivo

Yu et al. (2016)

Docetaxel+
Trastuzumab

Nanostructured lipid carriers
having fatty amines stearyl amine/
dodecyl amine/spermine

In vitro Varshosaz et al. (2018)

Gemcitabine +
gadolinium

Magnetic resonance imaging
contrast agent, with self-
assembled nanoparticles

In vivo Li et al. (2016)

Thechnetium-
99 m + Galium-68

Trastuzu-mab and diethylene-
triamine-pentaacetic acid-
conjugated iron oxide
nanoparticles

In vitro
&
in vivo

de Souza Albernaz et al.
(2018)

Vincristine
+verapamil

Poly(lactic-co-glycolic acid)
nanoparticle
Co-encapsulating

In vitro Song et al. (2009)

Paclitaxel+
thioridazine
and + HY19991

Biodegradable polymer+ zinc
phthalocyanine photosensitizer

Ex
vivo

Marrache et al. (2013)

Doxorubicin+ T780 Bovine serum albumin In vivo Bahreyni et al. (2020)

Indocyanine green+
doxorubicin,
a + CpG

Surface-functionalized modified
copper sulfide nanoparticles

In vivo Wang et al. (2019)
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9.5 Limitations of Nanotherapy for Breast Cancer

Angiogenesis is actively involved in tumor growth so that the blood vessels can
continuously supply oxygen and nutrients to the cancer cells. For the treatment of
cancer, antiangiogenic drug molecules are either alone or in combination with
cytotoxic drugs. However, the mechanism of their combinational therapies is not
clear, with few studies revealing their limitations (Casanovas 2012). According to
research reports, antiangiogenic agents pharmacologically act to prevent the delivery
of cytotoxic drugs to the targeted area, and hence lead to the reduced therapeutic
effect of other anticancer drugs, thereby enhancing the tumor growth. As we know,
angiogenesis inhibitors act on vascular endothelial growth factor (VEGF) that
efficiently prevents tumor aggressive cell growth (Conley et al., 2012).

As per vascular normalization theory, an antiangiogenesis drug abnormally
develops changes in structure and function of blood vessels in tumors and behaves
as normal functional blood vessels having better blood flow and allows more
systemic delivery of cytotoxic drugs on the cancer cell (Luchino et al. 2013). By
using radiolabelled docetaxel with PET (positron emission tomography) imaging
technology, an inhibitor of VEGF in combination with drugs (known as
bevacizumab) exhibits fast and sustained delivery of docetaxel on the targeted
tumor, but it reduces the permeation of docetaxel as shown in Fig. 9.3. Bevacizumab
facilitates high glucose uptake to the cancer cell due to the development of a normal
vascular system (Hurwitz et al. 2005).

Another limitation of antiangiogenesis drugs is related to the high adaptability of
tumors. Initially, it was believed that no resistance will be developed for
antiangiogenesis drugs, as these drugs target blood vessels instead of tumor cells.
But later on, studies revealed that antiangiogenesis drugs could also develop resis-
tance (Kabbinavar et al. 2005). To clarify this problem, Conley and coworkers
studied mice (animal models) by the implantation of human breast cancer cell
lines and further treated with antiangiogenic drugs. During treatment, certain cancer
cells are deposited to activate the enzyme aldehyde dehydrogenase similar to
progenitor cells, which can initiate cancer by reinjection in another animal (mice)
(Sarah J. Conley et al. 2012).

Treatment-related issues can be resolved by the addition of drugs that can induce
hypoxia or inhibit the Akt/β-catenin pathway with an antiangiogenesis agent. Hyp-
oxia (deficiency of oxygen) in cancer activates the hypoxia-response program and
the Akt/β-catenin pathway regulates the growth of cells and adheres in between the
cells (Van der Veldt et al. 2012). It was observed that drugs can suppress the tumor
cells due to hypoxia or deactivate the Akt/β-catenin pathway. In order to control the
cancer spreadability, semaphorin proteins can also be targeted with the drug
molecules (Conley et al., 2012).
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Fig. 9.3 Limitations of anticancer therapies. (a) Cancer is treated with antiangiogenesis either
single or along with cytotoxic agents that prevent cell growth. In this, some cancer cells are resistant
to cytotoxic drugs (more aggressive than other cancer cells) and can be capable to spread cancer in
other organs. (b) Low cytotoxic drug distribution and efficacy due to limited blood vessels (c) In the
tumor under hypoxia, antiangiogenic treatment can induce the deposition of more aggressive cells
and high spread ability

9.6 Conclusion

The high mortality rate associated with breast cancer is due to its heterogeneous
nature. If cancer metastasized, then despite the availability of various standard
chemotherapeutic agents, the effective treatment options become very less. Owing
to the complex pathophysiology, single drug treatment is not sufficient for breast
cancer treatment, hence combination therapy is most suitable. But, in most cases,
systemic drug delivery is not effective, and despite the combinational therapy,
chances of patient recovery are very less. Therefore, we are in urgent need of
novel treatment modalities to tackle this deadly disease. And nanomedicine is a
broad umbrella, underneath which various vehicular systems are present to cater to
complex diseases. The past few decades have witnessed substantial progress in
nanomedicines development. FDA-approved nanomedicines are available in the
market for cancer patients; however, for breast cancer, no specific product is
available but many of them are in different phases of the clinical trial.

But before exploiting nano vehicles for breast cancer treatment,
nanoformulations-associated toxicity and immunogenicity should be carefully
evaluated. And the emphasis should be given to drug pharmacology,
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pharmacokinetics, formulation materials, toxicity, and nano-formulation type. Alto-
gether, it is hoped that, in near future, we will be able to successfully treat breast
cancer with nano medicinal products.
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Abstract

In the midst of a plethora of nanomaterial-based drug delivery platforms,
liposomes have been predominantly successful with several products conceded
into clinical applications. Liposomes are well-established and effective drug
delivery systems, extensively used in cancer therapy including breast cancer. In
this chapter nanoliposomes designed with the breast cancer targeting feature and
drug release triggering functions are emphasized. The chapter also highlights the
recent advances in the nanoliposomes-based therapeutic system for breast cancer,
including gene and theranostic delivery perspectives. The challenges associated
with the development of liposome-based products for future clinical settings are
also discussed.
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10.1 Introduction

Subsequent to skin cancer, breast cancer (BC) is the most common cancer diagnosed
in women in the United States. Breast cancer can occur in both men and women, but
it’s far more common in women. BC is also one of the leading causes of cancer-
related deaths. Every year, one million women are diagnosed with breast cancer,
with approximately one new case diagnosed every 18 seconds (Bray et al. 2018). It
has been estimated that the breast carcinomas cases could rise to 2.50 million by
2025, with 768,646 people dying as a result of this disease. An in-depth study of BC
pathophysiology at the molecular level confirms the heterogeneous nature of this
carcinoma. If detected in its early stage, then BC can be cured. The metastatic
progression is the most challenging aspect in the alleviation of BC. In the current
scenario, the therapeutic intervention has been drastically improved as reflected in
increased patient survival rates. However, an advanced form of breast cancer that has
spread to other organs could not be cured with current chemotherapeutics. BC is
usually characterized by uninhibited and excessive cell growth that affects other
nearby healthy tissues and organs (Nosrati et al. 2018). Nonetheless, breast cancer
alleviation is very difficult to deal with despite the tremendous efforts and develop-
ment in this field. Until now, chemotherapy, in addition to surgery, has been the
foremost strategy to treat BC. There are serious concerns with most of the chemo-
therapeutic drugs such as they exert a toxic effect on normal cells and tissues (Zhu
et al. 2016). In addition, multidrug resistance caused by chemotherapeutics drugs
could lead to failure of treatment upon the recurrence of carcinomas (Lu et al. 2016).
At the present, therapeutic intervention of BC lays stress upon biologically directed
therapies, personalized treatment, and de-escalation of chemotherapy. Although the
5-year survival rate of advanced or metastasized BC is low (28%), the primary goal
of targeted therapy is to prolong survival, control symptoms, and reduce cytotoxic
drug toxicity, thereby improving the quality of life of BC patients (Harbeck et al.
2019).

Studies at the molecular level revealed that mutated genes’ expression substan-
tially contributes to the development and progression of BC (Yang et al. 2018).
Therefore, gene therapy is a promising approach that can revolutionize the BC
treatment paradigm (Cardoso et al. 2012). Nevertheless, gene therapy is also very
challenging owing to the issue of the safety and efficient delivery of therapeutic
genes or gene-regulating products into the nucleus of mammalian cells.

Various drug and gene delivery systems, including viral and nonviral vectors, are
being explored currently (Huo et al. 2017; Li et al. 2019; Maggio et al. 2020).
Liposomes (ZununiVahed et al. 2017), polymeric (Zuris et al. 2015; Chen et al.
2017), and inorganic nanomaterials (Ma et al. 2015) are examples of nonviral
vectors. The clinical application of viral vectors is hampered due to safety concerns
and cargo size limitations. On the other hand, liposomes are well-established
potential nanocarriers for drug/gene delivery with high loading capacity, ease of
preparation, and excellent physiological compatibility (Zylberberg et al. 2017, Zuris
et al. 2015; Chen et al. 2017).
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Liposomes are established and absolute nanomaterials for drug/gene delivery
(Pattni et al. 2015; Zylberberg et al. 2017). The predominant merits of liposomes
are high loading capacity, convenient preparation, and excellent biocompatibility
(Zuris et al. 2015; Wang et al. 2017a, b, c). Liposomes are chiefly composed of
phospholipid molecules having hydrophobic tails and hydrophilic heads, forming
the amphiphilic vesicle structures in aqueous solutions. Structurally, liposomes are
alienated into small unilamellar vesicles (~ 100 nm) and large unilamellar vesicles
(200–800 nm) with a single bilayer, and multilamellar vesicles (500–5000 nm)
containing multiple bilayers. Owing to their amphipathic nature, liposomes can
successfully encapsulate both hydrophilic and hydrophobic compounds (Olusanya
et al. 2018a, b; Yang et al. 2021).

The mitigation of adverse effects of anticancer drugs for the patients can be
accomplished via targeted liposomes (Federman and Denny 2010). The liposomes’
surface can be adapted by apt ligands to target the specific receptors of BC or its
microenvironment to attain selective delivery. Triggering is one more approach that
allows to control the local dose of the drug and, for example, initiate the drug release
at a certain time point after accumulation of a required dose, depending upon the
sensitivity of the tumor (Moussa et al. 2015). Nonetheless, liposomes represent a
promising nanoparticle-based delivery system in cancer therapy including breast
cancer.

In this chapter, we first discuss characteristics of breast cancer followed by recent
achievements in liposome-based drug delivery for therapeutic intervention in breast
cancer. The key challenges that need to be addressed to improve the utility of
liposomes in clinical settings are also discussed.

10.2 Breast Cancer Characteristics and Novel Targets

The molecular mechanisms involved in BC pathophysiology, invasion, and metas-
tasis are explicitly studied (Allred et al. 2001). The profound understanding of
molecular events in BC resulted in novel targeted therapies. The different targets
and receptors expressed on breast cancer cells along with their endogenous ligands
and drugs that bind to them are summarized in Table 10.1.

Nonhormonal targets regulate the process of cell progression and mobility,
cellular communications between cancer cells, and the microenvironment of the
tumor. Hormonal targets primarily regulate cell differentiation. Steroid receptors and
nonsteroid receptors are among the possible hormone targets. Signal transduction
mediators, cell-cycle mediators, and angiogenesis mediators are the three categories
of nonhormonal targets. There are five different types of steroid hormone receptors
that have been implicated in the pathophysiology of breast cancer. Estrogen
receptors (ERs), progesterone receptors (PRs), androgen receptors (ARs), glucocor-
ticoid receptors (GRs), and mineralocorticoid receptors (MCRs) are some of them.
The importance of estrogen receptors and progesterone receptors in breast cancer
upregulation is well established. Vitamin D’s biological actions are mediated by the
Vitamin D receptor (VDR) (Haussler et al. 1998), which plays a key role in the
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Table 10.1 Different class of targets and receptors

Target class Receptor Natural ligand Synthetic ligand

Steroids Estrogen receptor Estrogen Tamoxifen

Progesterone receptor Progesterone Medroxyprogesterone
acetate

Androgen receptor Dihydrotestosterone Hydroxyflutamide

Glucocorticoid receptor Cortisol CP-409069

Nonsteroids Thyroid receptor Tri-iodothyronine –

Vitamin D receptor 1a,25-(OH)2
D3

1a-(OH)2
D5, EB1089

Retinoic acid receptor Retinoic acid All-trans retinoic acid

Retinoic-X receptor Retinoic acid All-trans retinoic acid,
9-cis retinoic acid

Peroxisome proliferators
activated receptor

15-deoxy-D12,14-
Prostaglandin

Troglitazone

Farnesoid X-activated
Receptor

Bile acid SR-45023A

Constitutive active
receptor

Phenobarbital None

Signal
transduction
Modulators
Cell-cycle and
apoptosis
Modulation

Endothelial growth factor
Receptor (EGFR)

Endothelial growth
factors

Gefitinib, Erlotinib

HER2/neu – Trastuzumab

c-kit Ras family Kit ligand, steel
factor

Imatinib mesylate p53 -
CP-31398

Angiogenesis
modulation

VEGF receptor Growth factors Bevacizumab, Imatinib

PDGF receptor PDGF Tanomastat

Integrins – RGD peptide

Matrix metalloproteinases MMP substrate
peptide

Anti-MT1-MMP

regulation of cell growth and differentiation. The VDRs are ligand-dependent
nuclear receptors that regulate gene expression. In about 80–90% of breast cancer
cases, VDR expression has been identified (Colston et al. 1989). Cellular retinol-
binding proteins control the actions of every member of this family (Mangelsdorf
et al. 1995). During breast carcinogenesis, RAR loss has been observed (Ariga et al.
2000). Thyroid hormones (tri-iodothyronine (T3) and the prohormone thyroxin)
have also been studied in the context of breast cancer. T3 receptors are abundant
in normal mammary epithelial cells, but how T3 acts on mammary epithelial cells at
the cellular or molecular level is still unknown. The nuclear receptor superfamily
includes three members (Tontonoz et al. 1994). PPARγ are transcription factors that
belong to the nuclear receptor superfamily (Selliti et al. 1983). PPARγ is found
primarily in adipose tissue and is expressed in both primary and metastatic breast
cancers. Changes in gene expression occur when PPARγ is activated in breast cancer
cells (Mueller et al. 1998). Natural prostaglandin (PGJ2) and synthetic antidiabetic
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thiazolidinediones are PPARγ ligands (Schwartz 1997). Hence, PPARγ serves as an
interesting target for the prevention and treatment of breast cancer.

Signal transduction moderators perform as a messenger to control the cell cycle
and communication between the cell’s intracellular and extracellular compartments
(Aaronson 1991). The constituents of signal transduction could be categorized into
cell surface receptors, growth factors, and intracellular signaling pathways.

Breast cancer has also been linked to members of the human EGFR family,
particularly HER1 and HER2 (Bacus et al. 1994). HER2 is established as a
promising therapeutic target for metastatic breast cancer as its activation results in
neo-angiogenesis (Cobleigh et al. 1999; Viloria Petit et al. 1997).

The C-kit receptor tyrosine kinase expresses structural similarities with the
macrophage colony-stimulating factor and the PDGF receptor (PDGFR) (Qiu et al.
1988). The appearance of c-Kit is critical for the maintenance of normal hematopoi-
esis as well as several other functions. Several studies have shown that c-Kit is
expressed in both malignant and benign breast epithelia (Matsuda et al. 1993;
DiPaola et al. 1997). Cancers of mesenchymal origin like human breast carcinoma
have been linked to the PDGFR (Lokker et al. 2002; Bhardwaj et al. 1996). Ras is a
membrane-bound GTP/GDP-binding (G) protein that converts signals from the cell
surface to the nucleus (Valencia et al. 1991). Breast cancer has also been shown to
regulate the expression of Rho C and RAC1. Rho C expression may also be a
determinant of recurrence in axillary negative node breast cancer in patients, even in
lesions just under 1 cm in length (Kleer et al. 2002).

The ability to regulate cell proliferation and apoptosis is crucial for the growth
and development of cancer cells. Cyclins and CDKs have been linked to cell-cycle
control (Sherr and Roberts 1999). TNF and the TNF-receptor family are two
components of apoptotic cell death. Cell-cycle control and apoptosis are impossible
without p53 working properly. The activation of p53 is essential for cells to respond
effectively to stress stimuli like DNA damage and hypoxia (Giaccia and Kastan
1998). Growth arrest, senescence, or apoptosis are examples of the response (Asker
et al. 1999). There is a link between p53 abnormalities and more aggressive tumors,
early metastasis, and lower overall survival (Pharoah et al. 1999).

Angiogenesis is the formation of blood vessel networks to transport nutrients and
oxygen to the tumor cells, as well as waste products. Many proangiogenic and
antiangiogenic factors are involved in angiogenesis that can be used as molecular
targets in the treatment of breast cancer. (Carmeliet 2000). Vascular endothelium
cells are activated by angiogenesis factors such as b-FGF and VEGF, which secrete
and activate MMPs and plasminogen activators. There are several factors involved in
the expression of VEGF, a vascular endothelium cell-specific mitogen, which tends
to increase tumor growth and angiogenesis. When VEGF binds to its receptor
proteins, recognized as VEGF receptors 1 (Flt-1) and 2 (KDR/fek-1), signaling
pathways that control cellular functions involved in new blood vessel formation
are initiated (Ullrich and Schlessinger 1990). Small molecules with tyrosine kinase
inhibitory activity or neutralizing antibodies (rhuMab-VEGF) are explored in the
testing of BC for therapeutic VEGF targeting. Several proteinases, including MMPs,
serine, and cysteine proteinases, are critical in the progression of cancer (Fox et al.
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2001). High levels of uPA in the primary tumor have been found to have prognostic
significance, including axillary node-negative breast cancer (Malmstrom et al.
2001). It has been discovered that uPA system antagonists impede tumorigenesis
(Rabbani and Gladu 2002). In the integrin family, there are transmembrane subunit
pairs and that is chosen from at least 16a and 8a subunits to form more than
20 heterodimeric receptors on the cell surface. Integrins a3 1 and a6 4 have been
linked to the invasion and spread of mammary carcinoma (Mercurio et al. 2001).
When it comes to cancer metastasis and invasion, specific modulators may be used to
target members of the interleukin (IL) family, particularly a6 4 (and possibly a3 1).
Another intriguing component of the angiogenesis process involves prostaglandins,
which appear to be involved in cell proliferation, migration, and the ability to form
new vessels (Rozic et al. 2001).

10.3 Different Types of Nanoliposomes-Based Drug Delivery
in Breast Cancer

Liposomes represent an ideal approach with desirable characteristics prerequisite for
targeted delivery of anticancer agents in BC therapeutic intervention. Examples of
commercially available liposomes include Doxil® (PEGylated liposomal doxorubi-
cin; Centocor Ortho Biotech Inc., USA), DaunoXome® (non-PEGylated liposomal
daunorubicin; Diatos, France), and Myocet® (non-PEGylated liposomal doxorubi-
cin; Sopherion Therapeutics, USA) (Misra et al. 2010). Liposomes can efficiently
incorporate both lipophilic and hydrophilic compounds within the lipid bilayer and
aqueous core phase, respectively. Liposomes possess good biocompatibility and a
high drug loading capacity. Liposomes can be easily customized to achieve desirable
attributes such as prolong blood circulation time and receptor-mediated site-specific
dissemination (Wang et al. 2017a, b, c).

Recently, a plethora of research studies are being carried out to explore different
aspects of liposomal-based therapeutic delivery to cancer cells. Functionalized
liposomes are being explicitly explored at present to reap the benefits of biochemical
and physiological differences between normal and cancerous tissue. The most
promising strategy in tumor therapy is active targeting combined with a conjunction
of other strategies, such as the stimuli-responsive targeting approach. Liposomes are
transplanted with a variety of targeting ligands including peptides, dendrimers, and
monoclonal antibodies employing apt surface engineering technology. Surface
functionalization has played a remarkable role in the development of a liposomal
delivery system for efficient targeting, endocytosis, and producing an optimal
therapeutic response. Additionally, other advantages of liposomes include avoiding
lysosomal degradation, high accumulation at the tumor site, and stimuli-responsive
drug release at the desired location. Moreover, simultaneous diagnostic and thera-
peutic functions can be incorporated in liposomes (Durymanov et al. 2015). A
typical structure of liposomes with their advantages is shown in Fig. 10.1.
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Fig. 10.1 Typical structure of conventional liposomes with advantages of nanoliposomes

Fig. 10.2 Characteristic
attributes of conventional and
novel surface-engineered or
stimuli-responsive liposomes

Conventional 
Liposomes

• Bilayer phospholipid vesicles loaded with 
hydrophilic and/or hydrophobic drug

Novel targeted 
Liposomes

• Bilayer phospholipid vesicles conjugated 
with antibody, PEG, aptamer, and/or 
receptor-targeted peptide

• Trigger drug release by different stimuli 
such as pH, temperature, light, and 
ultrasound

Conventional Liposomes It is constituted of phospholipid bilayers (Fig. 10.1) and,
when injected intravenously, are prone to be engulfed by the reticuloendothelial
system (RES), resulting in short circulation times.

They are destroyed by phagocytes because opsonin recognizes them as foreign
substances.

To enhance circulation time, the outer layer of the liposomes was coated with a
hydrophilic polymer, namely polyethylene glycol (PEG), and termed as PEGylated
or stealth liposomes (Hatakeyama et al. 2013). It improved the electrostatic repulsive
between the liposomes and serum components. Stealth liposomes prevent
opsonization and hence, extended circulation half-life. Caelyx® (liposomal doxoru-
bicin; Merck & Co., Whitehouse Station, New Jersey, USA) is an indicator of the
effective use of stealth liposomes in the chemotherapeutic agent. Figure 10.2
highlights the basic characteristic attributes of conventional and novel surface-
engineered targeted liposomes.

Surface-engineered Liposomes A diverse range of therapeutics, together with
bioactives, have demonstrated potential anticancer efficacy via multiple
mechanisms, including angiogenesis, tumor growth, invasion, and metastasis sup-
pression. Despite their potential antitumor activity, they showed limited applications
in cancer therapy (Liu et al. 2020; Feng et al. 2017). Perhaps the key reason is that
their low hydrophobicity results in poor cellular uptake and devastated
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physicochemical stability. Furthermore, in animals, several bioactive constituents
undergo a series of reactions that transform them into water-soluble metabolites,
which are then excreted in urine and bile, and some drugs are also excreted in their
original form. Because of their hydrophilic nature, they generally show low serum
protein binding and are rapidly cleared up by the reticuloendothelial system (RES)
(Zhan et al. 2014). Novel liposomal formulations are being developed that are
surface-modified with a low molecular weight lipid conjugate and can be used in
place of PEG. The formulations had very good stability characteristics in ion- and
protein-rich mediums. Adsorption of proteins to the liposomal surface did not affect
the cellular interaction. The limitation of PEGylation includes its potential to cause
impaired cellular interactions, allergic reactions to be triggered, and an increase in
IgM production after repeated dosing.

Multifunctional Liposomes The multifunctional liposomes transport therapeutic
molecules with excellent targeting and imaging properties. Liposomes with a single
functionality face numerous challenges, and multifunctional liposomes have the
potential to solve these problems. The formulation of nanoscale liposomes with a
wide range of functions was made possible by combining surface-functionalization
and modification techniques. Liposomes with two ligands, such as two peptides
(Yuan et al. 2015), two ligands, and two anticancer drugs (Zhang et al. 2017),
targeting ligand and an imaging agent (Erdogan and Torchilin 2017; Portnoy et al.
2011; Al-Jamal et al. 2008), have been reported by various studies (Fig. 10.3).

Liposomes containing iron-oxide or metal have therapeutic and imaging
properties in one package. The imaging in core and ligand on the liposome surface
of a multifunctional carrier are decorated. HER-2 overexpressing breast cancer was
imaged using an immunoliposome-encapsulated nitroxide sensor developed by
Burks and coworkers (Burks et al. 2010). These multifunctional liposomes have
been shown to preferentially generate an intracellular EPR signal in the cells
overexpressed with HER-2. High nitroxide concentrations resulted in greatly
reduced EPR spectral transmissions and endocytosis of liposomes produced by a
cell-activated contrast-generating technique.

Stimuli-responsive Liposomes The slow release of drugs from liposomes could be
attributed to passive diffusion as the main mechanism of release from them. Stimuli-
responsive liposomes can modulate the release rate of encapsulated drugs.
Liposomes do not release their contents unless structural changes are induced by
an endogenous or exogenous stimulus. These liposomes provide rapid release of
drugs at the desired target sites and reduce the risk of the emergence of MDR tumors.
Endogenous stimuli include pathological changes in the target cancer tissues, such as
reduced pH (Karanth and Murthy 2007), overexpression of specific enzymes, and
abundance of reducing agents (Deshpande et al. 2013).

Temperature-sensitive liposomes Encapsulated bioactives are released near the
liposome’s phase transition temperature, where the lipid membrane transitions
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Fig. 10.3 Liposomes and characteristics of its different types: Conventional liposomes are made of
phospholipids (a); PEGylated/stealth liposomes contain a layer of polyethylene glycol (PEG) at the
surface of liposomes (b); targeted liposomes contain a specific targeting ligand to target a cancer site
(c); and multifunctional such as theranostic liposomes, which can be used for diagnosis and
treatment of breast tumors (d). (Reproduced from Riaz et al. 2018)

from its gel to liquid crystal phase (Yatvin et al. 1978). Lipid bilayer transient pores
are created by the incorporation of lysolipids into the liposomal membrane. These
transient pores allow the rapid release of the encapsulants. Hyperthermia is the
medical term for heating a tumor to a temperature that is slightly higher than normal
(40–43 �C). Hyperthermia increases liposome uptake by two to three times (Leopold
et al. 1992). Celsion Corporation has developed a thermoresponsive liposomal
formulation of DOX, i.e., ThermoDox® for the treatment of various cancers,
including breast cancer. ThermoDox®, when given intravenously and combined
with hyperthermia, exhibited a potentially inhibiting effect on tumor growth.

Enzyme-Responsive Liposomes Several enzyme concentrations are elevated in
several pathological conditions, including cancer. Enzyme-responsive liposomes
were developed using this approach (de la Rica et al. 2012; Yan and Boyd 2007).
Secreted phospholipase A2 (sPLA2) levels increase substantially of various inflam-
matory conditions, atherosclerosis, and cancer. Prostate, breast, and pancreatic
cancer exhibited elevated levels of sPLA2 (Dennis et al. 2011; Dong et al. 2006;
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Graff et al. 2001). Hence, sPLA2 responsive liposomes loading Doxorubicin were
formulated with 1,2-distearyl-sn-glycero-3-phosphocholine (DSPC), 1,2-distearyl-
sn-glycero-3-phosphoethanolamine (DSPE), cholesterol, and DSPE-PEG. The
developed enzyme responsive liposomes exhibited a higher (2.5 times) decrease in
tumor growth than conventional liposomes in a mouse model of prostate cancer.
MMPs play a significant role in tumor growth, invasion, and metastasis (Curran and
Murray 2000; Chambers and Matrisian 1997). Zhu et al. (2012) described enzyme
MMP responsive liposomes comprising two kinds of components: TATp-PEG
�1,2-dioctadecanoyl-sn-glycero-3-phosphoethanolamine and mAb 2C5-PEG-
MMP2 cleavable peptide-1,2-dioleoyl-sn-glycero-3-phosphoethanolamine to target
hepatocellular tumor; PEG was attached to the phospholipid DOPE via an MMP-2
cleavable peptide linker. These MMP-sensitive peptides act as a linkage between the
lipids and the polymer. The conjugated liposomes with polymer prevent liposome
uptake. The peptide is cleaved when it comes into contact with MMPs at the target
site, resulting in the dissociation of the polymer and finally uptake of liposomes.
Liposomes’ galactose ligand is protected from cellular uptake by the PEG group,
which forms a barrier on their surface. MMP-2 overexpression in HCC, on the other
hand, cleaves the linker and releases PEG. The exposed galactose ligand then binds
to HCC cells’ asialoglycoprotein receptors. Gal-PEG-DOPE (0.5 percent) liposome
uptake was significantly enhanced in the presence of over 5 mcg/mL hMMP-2 in
HepG2 cells, according to Terada et al. (Terada et al. 2006). An elevated level of a
serine protease known as urokinase plasminogen activator (uPA) is reported in
several human cancers, including breast, colon, bladder, and ovarian (Liu et al.
2001). Tumor angiogenesis, progression, and metastasis are aided by uPA (Duffy
2002). In peptides containing the consensus sequence Ser-Gly-Arg-Ser-Ala, the
enzyme cleaves the Arg-Ser bond. Liposomes encapsulating uPA-cleavable peptides
could thus discharge their encapsulated payload while they come into contact with
uPA at tumor sites. It was discovered by Basel et al. that uPA-responsive liposomes
in a hyperosmotic medium can be stabilized with a copolymer cage on their surface
(Basel et al. 2011).

pH-sensitive Liposomes Because of lactic acid production and ATP hydrolysis, the
pH around the tumor cells is lower than healthy tissue (Gerweck and Seetharaman
1996). The endosomal or lysosomal partitions of tumor cells have low pH, which can
be utilized to construct pH-responsive liposomal delivery models. The pH-sensitive
liposomes systems are fabricated for extracellular or endosomal/lysosomal triggered
release. The pH-responsive liposomes have been optimized so that they can trans-
form at various stages between pH 7.4 and 5.0 to efficiently deliver anticancer agents
at target sites. If pH is low because of pathological conditions like inflammation,
infection, or malignancy, the pH-sensitive liposomes become soft and leaky
(Torchilin et al. 1993). The pH-sensitive liposomes are intricately fabricated to
circumvent the obstacles such as recognition and endocytosis by the RES, so that
they could efficiently release their anticancer agents in the endosome and partially
into the cytosol (Budker et al. 1996). Antitumor drugs, antigens, antisense
oligonucleotides, and plasmid DNA have been delivered in vitro cytoplasmically
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using these methods (Legendre et al. 1992). Liposomal systems encoded with
specific ligands can bind to and be taken up by cells, allowing for pH-mediated
intracellular drug delivery (Harel and Kato 2007). Accumulation in low pH
compartments, such as endosomes and lysosomes, can be utilized to trigger drug
release after internalization in tumor cells. Karve and associates reported
pH-sensitive immunoliposomes encapsulating DOX for site-specific delivery
(Karve et al. 2009). The study demonstrated that pH-sensitive liposomes prevent
the growth of cancer cells in a much better way than simple immunoliposomes, and
hence, could potentially enhance the therapeutic prospect via liposomal
chemotherapy.

10.4 Advances in Nanoliposomes-Based Drug Delivery
for Therapeutic Intervention in Breast Cancer

Cationic liposomes are being investigated as a possible efficient method for gene
delivery. The complex formed between encapsulated plasmids DNA (Kaneda et al.
1989) and cationic lipids of liposomes is termed as lipoplex (Alino et al. 1996;
Crystal 1995). The lipoplex can be fused with the plasma or endosome membrane to
transport into cells (Sharma and Sharma 1997). The lipid composition, lipid/DNA
ratio, and particle size of the liposome–DNA complex greatly impact their transfec-
tion efficiency (Zou et al. 2000). The limitation of cationic liposomes is their poor
specificity. This limitation can be addressed by modifying cationic liposomes with
cell-specific targeting moieties. For direct cytosolic delivery of liposomes, several
cell-penetrating peptides have been implicated. For breast cancer gene therapy,
antiangiogenesis strategies involve nonviral vectors (Feldman and Libutti 2000).
Angiostatin and endostatin gene therapy is one way to deliver angiogenic polypep-
tide inhibitors. Previously, liposomes complexed with plasmids encoding
angiostatin (PCI-Angio) or endostatin (PCIEndo) exhibited successful inhibition of
angiogenesis in BC cells (Chen et al. 1999). Such liposomal delivery of
antiangiogenic genes could represent promising therapeutic prospects. The wild-
type p53 gene was also included in a liposome–plasmid complex used to treat naked
mice injected with breast carcinoma cells (Lesoon-Wood et al. 1995). Xu et al.
investigated a cationic immunoliposome tagged with single-chain antibody Fv
fragment (scFv) for systemic p53 tumor suppressor gene therapy for treating BC
(Xu et al. 2001). The scFv-tagged immunolipoplexes significantly improved trans-
fection efficiency and extended the animals’ survival time. However, the scFv-
targeted immunoplex’s expression was found to be low. A new expression strategy
for anti-TfRscFv was reported by Xu and colleagues (Xu et al. 2002). In this,
the scFv was covalently coupled to the liposome via a cysteine at the 30 end of the
protein and a maleimide group on the liposome. According to the findings, the
immunological activity and targeting ability of the scFv were not affected by this
conjugation. The scFv-cys-targeted tumor cells with a cationic liposome–DNA
complex (lipoplex) markedly improved transfection efficiencies in BC models. BC
cells overexpress the human HER-2/neu oncogene, and research has shown that the
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E1A gene acts as a tumor inhibitor gene by reducing HER-2/neu transcription.
tgDCC-E1A, a stable E1A lipid complex, was developed by Yoo and coworkers
using cationic liposomes and plasmid DNA encoding E1A (Yoo et al. 2001). In
accordance with the results of preliminary tests carried out on animals as well as on
humans, researchers moved forward with clinical trials to see if delivering the E1A
gene via liposomes would be safe and would have an effect on tumor response when
administered to cancer patients with an advanced form of BCs. Recent
advancements in the use of liposomes as a diagnostic tool underscore the use of
imaging techniques and the recognition of diverse molecular targets. There are
numerous medical imaging techniques that make use of liposomes as
nanomedicines. Some of these methodologies encompass ultrasound, nuclear imag-
ing, fluorescence, and magnetic resonance.

Fluorescence imaging is the most commonly used diagnostic tool. Imagining the
position of the biomolecule, enzyme activity as well as gene expression is also
possible in living cells or tissues. Functionalized quantum dot–liposome (f-QD-L)
was developed by encompassing quantum dots by PEG (QD) for cancer diagnosis
(Chen et al. 2000). There has been a lot of interest in NIR fluorescence imaging
because of the low photon absorption and scattering (Min et al. 2014). Rare-earth-
doped nanoparticles are one material under consideration for use in NIR fluores-
cence (Eliseeva and Bunzli 2010; Bunzli 2010). Using a liposome-nanoparticle
hybrid, Soga and coworkers found that it has a strong NIR fluorescence component.

Radiofrequency pulses are commonly used in MRI for whole-body imaging (Sun
et al. 2008). Liposomes can encapsulate a wide range of contrast agents like
fluorophores, enabling efficient implementation and controlled release of probes
for better image analysis (Kamaly et al. 2009; Soenen et al. 2011). Studies have
been reported in which liposomes were concomitantly loaded with the MRI contrast
agent Gd-DTPA and doxorubicin (DOX) (Tagami et al. 2011). The simultaneous
delivery of Gd-DTPA and DOX allows controlled drug release in a tumor’s micro-
environment where localized heating could potentially trigger the release of a drug.
Another paramagnetic MRI contrast agent is ferrimagnetic iron oxide (FMIO)
nanoparticles, which have been used in the preparation of liposomal MRI probes
(Mikhaylov et al. 2011). An external magnetic field was used to target the liposomal
FMIO nanoparticle cluster at tumors and the tumor microenvironment.

Medical ultrasound, which is defined as sound waves with frequencies greater
than 20,000 Hz, is another commonly used noninvasive diagnostic imaging tech-
nique. (Cheng et al. 2010) Ultrasound imaging is performed by directing ultrasound
pulses into tissue and measuring the echoes caused by the tissue at various reflection
angles. Contrast agents for ultrasound imaging, like MRI, have the ability to label
specific tissue types or tumors. Acoustic liposomes (ALs), which contain
perfluoropropane gas, can be used as ultrasound imaging probes (Deckers and
Moonen 2010). For passive tumor tissue localization, high-permeability/high-reten-
tion acoustic liposomes can be used because of their small diameter (100 nm) and
high retention effect (90% retention). With the help of high-frequency ultrasound
(HF-US), acoustic liposomes can be used to test both drug delivery efficiency and
antitumor efficacy (Ferrara et al. 2009). Using HF-US imaging, a cisplatin-loaded
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AL was evaluated for its antitumor effects (Kodama et al. 2011). Nuclear imaging is
another noninvasive imaging technique that uses small molecule radioactive tracers
(Srivatsan and Chen 2014). PET (positron emission tomography) works by detecting
gamma rays emitted from the destruction of positrons of radioactive materials.
SPECT (single-photon emission computed tomography) is able to detect gamma
rays directly emitted from isotopes such as 99mTc (Rahmim and Zaidi 2008).
Various research studies have been reported indicating that liposomes can encapsu-
late radionuclide tracers inside their aqueous compartment or within a chemically
engineered lipid bilayer (Henriksen et al. 2015; Ogawa et al. 2014; Seo et al. 2008;
Petersen et al. 2011). Ferrara and colleagues designed temperature-sensitive
liposomes using a combination of PET and fluorescence imaging (Paoli et al.
2010). They used 18F- or 64Cu-labeled lipids in liposome preparations, which
embody the fluorophore Alexa Fluor 750 as a hydrophilic model drug. The tumor
fluorescence images correlate well with PET and ex vivo fluorescence images when
using a stable liposome formulation. Hence, a combination of PET and optical
imaging techniques could be very beneficial for alleviating tumors.

188Re-labeled DSPC-based liposomal doxorubicin was fabricated and evaluated
their targeting efficiency and antitumor effects in a C26murine tumor model by
SPECT imaging (Chang et al. 2010). In in vivo micro, SPECT/CT imaging was used
to assess the liposomes tumor targeting by measuring their biodistribution and
pharmacokinetics. The bimodal radiochemotherapeutic 188Re-liposome-DOX
showed greater tumor inhibition and a longer median survival time than either
single-functionalized 188Re-liposomes or liposome-DOX.

10.5 Challenges in Translation of Nanoliposomes-Based Drug
Delivery in Clinical Settings

The advancements in the development of liposome delivery systems are progressing
at a fast pace, in light of the demand for the new stratagems for breast cancer therapy.
However, a well-built understanding or road map on the design of the new liposome
formulation for BC is lacking somewhere. Selection of the targeting and triggering
modalities depends on the molecular subtypes of the tumor and the ongoing conven-
tional treatments. Although the conventional liposome-encapsulated chemothera-
peutic drug-based formulation is being frequently used in the clinical practice in BC
treatment, still there are countless obstacles in the clinical implementation of these
novel and advance versions of liposome formulations (Yang et al. 2021). With
triggerable liposomes, the triggering mechanisms need to be further explored
while designing such liposome formulations. For example, the selection of the
phospholipid component for light-triggered liposomes needs to be in accordance
with desired photo-induced mechanisms. In a photochemical pathway, for instance,
photooxidative reaction, unsaturated phospholipids should be used in the formula-
tion (Yang et al. 2021). Furthermore, active ingredients employed in the triggerable
liposome formulation should be optimized to weigh up their benefits and risks to
healthy tissues (Yang et al. 2021). From the perspective of the clinical applications,



212 G. Mustafa et al.

the far-reaching development of liposome technology will ultimately benefit BC
patients. Recent studies confirmed that various liposome constructs loaded with
drugs can reduce the intensities of cardiotoxicity, address drug resistance, and
improve the overall drug release profile. Modification of the liposome surface with
targeting ligands offers surplus opportunities for designing site-specific therapy and
curtailing the nonspecific effect of conventional chemotherapeutic drugs. The new
genera liposomes with triggering features also allow efficient control of payload
release and thus substantially augmenting the therapeutic outcomes for BC patients.
Advance forms of liposome formulations could magnify the assortment of drug
delivery options for the treatments of BC by efficaciously addressing the critical
problems of drug toxicity and limited therapeutic effects.

10.6 Conclusion

The liposomes represent a promising approach as efficient and targeted delivery
of anticancer agents to various tumor sites in BC alleviation. The advantages of
encapsulating the drug in the nanoliposomal carrier are improved solubilization of
the drug, increased half-life, prolonged circulation, selective accessibility of the drug
to the target site, and substantially overcoming of multidrug resistance. The
advanced and modified versions of liposomes as discussed in this chapter curtail
the highly desirable characteristic features of tumor cell recognition and internalizing
that could contribute substantially to the therapeutic intervention of BC. Precise
molecular targeting can be accomplished with these smart generations of
nanoliposomes, besides enhanced pharmacokinetic and biodistribution of anticancer
agents. The integrated approaches such as theranostic liposomes or antibody-
targeted ones can be efficiently employed for targeting small molecule drugs as
well as biological agents with anticancer activity and can provide a new landscape in
the liposomes-based BC therapeutic front. Earlier, PEGylated liposomes have
addressed critical pharmacological concerns accompanied with the conventional
drug delivery system, such as disruption by blood lipoproteins, uptake by RES,
and rapid clearance from blood circulation. Now PEGylated liposomes are approved
by regulatory authorities and have successfully reached the market. However, the
clinical success of PEGylated liposomes is hampered by some grave limitations,
such as a lack of tumor cell specificity. Therefore, to increase the target specificity
and the amount of released therapeutic agent at the tumor site, stimuli-sensitive
liposomes and multifunctional carriers such as theranostic liposomes have been
designed. The increasing complexity of advanced versions of liposomal formulation
needs rigorous in vitro and in vivo preclinical studies for their translation to the
clinics. Certainly, recent research studies demonstrate that new generation liposomes
could be a viable anticancer therapeutic tool in the treatment of BC.
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Abstract

Triple-negative breast cancer (TNBC) is an aggressive form of breast cancer that
lacks the expression of the progesterone receptor, estrogen receptor, and human
epidermal growth factor receptor-2. In the past several decades, the absence of
specific targets resulted in a shortage of innovative treatments, and chemotherapy
remained the dominant treatment option. However, TNBC has a lower survival
rate and an increased likelihood of recurrence and metastasis compared to the
other subtypes of breast cancer, resulting in the development of resistance to
chemotherapy. The use of nanotechnology enables the attachment of several
targeting moieties, controlled release, site-specific targeting, and small size
(nanometric) as well as active and passive targeting, which offers significant
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potential to address the unmet needs of TNBC treatments. This chapter discusses
the conventional treatment approaches, novel target therapies, their molecular
mechanisms, and recent advancements in nanotherapeutic-based treatments.
Overall, this chapter aims to lay a roadmap for the researchers currently working
in the field for their ongoing and future research. Nonetheless, the panorama of
therapy options for TNBC is rapidly shifting toward a more individualized
approach, with encouraging expectations resulting from this evolution.

Keywords

Triple-negative breast cancer · Receptor-based mechanism · Nanotechnology ·
Targeted drug delivery · Controlled drug release

11.1 Introduction

Breast cancer is the most common kind of cancer among females, aged 45 to
55 years and the world’s second major cause of cancer-related death (DeSantis
et al. 2019). An estimated 1 to 1.3 million new instances of breast cancer are
identified each year around the world and triple-negative breast cancer (TNBC)
accounts for around 15-20% of them (Anders and Carey 2008). TNBC is
characterized as tumors with triplet negative staining for the progesterone receptor,
estrogen receptor, and human epidermal growth factor receptor 2 (HER2) as deter-
mined by immunohistochemistry or the lack of its gene amplification, as determined
by fluorescence in situ hybridization technique (Das et al. 2020b). The three key
breast cancer indicators include a lack of progesterone and estrogen receptor expres-
sion, as well as HER2 (also known as ERBB2) amplification or overexpression
(Gluz et al. 2009). TNBC patients are frequently diagnosed late, with a severe
histological grade, and therefore hormonal or targeted treatment is ineffective
because of the lack of early detection biomarkers and unambiguous therapeutic
targets. As a result, an extensive effort has been made to decipher the underlying
mechanisms for this heterogeneous attribute and to identify therapeutically relevant
target molecules for TNBC. Numerous attempts have centered on categorizing
TNBC molecular features into subtypes with distinct disease histories and similar
sensitivity patterns to chemotherapy or novel treatments. Since TNBC represents a
significant clinical issue, rapid development of new diagnostic therapeutic targets
and biomarkers are of paramount importance and should be prioritized for extensive
research.

Over 95% of TNBCs (invasive mammary carcinomas that are undefined, or
invasive ductal carcinomas) show no distinguishing histological traits; however,
there are additional subtypes that have been identified (Weigelt and Reis-Filho
2009). The classically reported medullary carcinoma, which has been identified as
a subgroup within TNBC15 by gene-expression profiling, is atypical (0.4–1%)
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(Bertucci et al. 2006) and is characterized by pronounced lymphoplasmacytic
infiltration and a favorable prognosis when compared to other subtypes (Huober
et al. 2012). Other subtypes with distinct morphologies, such as adenoid cystic
carcinoma (Wetterskog et al. 2012; Weigelt and Reis-Filho 2009), fibromatosis-
like spindle-cell metaplastic carcinomas, and adenosquamous carcinoma, are
uncommon (1%) and far less severe, capable of only local recurrence, which should
be taken into account for adjuvant therapy (Wetterskog et al. 2012). Adenoid cystic
carcinoma is a genomically different subtype defined by a less occurrence of copy-
number defects and a specific chromosomal translocation t(6;9) (q22–23;p23–24),
which leads to the MYB–NFIB fusion gene, which is found in 90% of patients with
this TNBC subtype (Wetterskog et al. 2012). Furthermore, based on transcriptomic
and genomic data, various attempts have been undertaken to construct a molecular
categorization of TNBC. Lehmann et al. (Lehmann et al. 2011) defined six novel
TNBC subtypes based on gene-expression profiles to better dissect TNBC-specific
tumor heterogeneity: two mesenchymal-related subtypes including mesenchymal
and mesenchymal stem-like (M and MSL, respectively), two basal-like-related
subtypes including basal-like 1, and basal-like 2 (BL1 and BL2, respectively)],
one luminal subtype (LAR), and lastly one immunomodulatory subtype
(IM) (Lehmann et al. 2011). TNBCs are classified as LAR subtype tumors by
immunohistochemistry, although they are genetically and histologically identical
to luminal A breast cancer subtype. Since the TNBC of the LAR subtype is defined
by androgen receptor (AR) expression in the context of a luminal-like expression
profile, it can be treated with AR-targeting agents, similar to prostate cancer therapy.
Some TNBC subtypes are interestingly connected to histological types: MSL and M
tumors overlap with metaplastic breast cancer, IM tumors overlap with medullary
breast cancer, and LAR tumors with apocrine tumors (Lehmann et al. 2011). TNBC
can also be classified based on the intrinsic PAM50 subtyping into basal-like,
followed by HER2-enriched normal-like, luminal B, and luminal A accounting for
80.6%, 10.2%, 4.7%, 3.5%, and 1.1% occurrences, respectively. The convergence
between the TNBC type and PAM50 classification inferred that, apart from MSL
and LAR type of tumors, the majority of the other TNBC subtypes were grouped as
basal-like tumors namely BL1, BL2, IM, and M, accounting for 99%, 95%, 84%,
and 97%, respectively, by PAM50 analysis. MSL TNBCs were classified as basal-
like in 50% of cases, normal-like in 28% of cases, and luminal B tumors in 14% of
cases. Finally, within the LAR subtype, tumors were mostly classified as HER2
enriched or luminal B, accounting for 74% and 14%, respectively. In another study,
TNBC was classified using integrated genomic and transcriptome data to create
10 integrative clusters (IntClust) of breast cancer (Curtis et al. 2012). Basal-like
breast cancers (BLBCs) in the IntClust 4 subgroup exhibit substantial Jessner
lymphocytic infiltration, a powerful immunological and inflammatory sign, and
minimal copy-number aberrations (‘CNA-devoid’ subgroup), thus patients in this
grouping have a good prognosis (Curtis et al. 2012). IntClust 10 BLBCs, on the other
hand, exhibit a high level of genomic instability and commonly show severe
chromosomal abnormalities including chromosome 5 deletion, 8q gain, 10p gain,
or 12p gain (Curtis et al. 2012).
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Patients dread TNBC since there are no site-specific treatments and the illness has
a dismal prognosis. In fact, the treatment approaches are much more complicated
depending on the drug sensitivity, with drug sensitivity being determined not just by
the target pathway’s degree of expression or mutational status, but also by the state
of upstream, downstream, and parallel pathways. Furthermore, there are likely to be
distinct treatment methods for different subclassifications of TNBCs. The following
section sheds light on the conventional and evolving therapeutic interventions for the
treatment of TNBC.

11.2 Conventional Approaches for the Treatment of TNBC

There are no specific therapeutic options for TNBC at this time, thus surgery,
radiation, and chemotherapy are the mainstays of treatment. TNBC, like other
kinds of breast cancer, is best controlled locally with surgical excision by mastec-
tomy, followed by radiotherapy [breast-conserving therapy (BCT)] (Yagata et al.
2011). Radiation of the chest wall following mastectomy (if necessary) and of the
breast and surrounding region following BCT is also a viable option (Yagata et al.
2011). Furthermore, chemotherapy is the only systemic treatment for TNBC that has
been approved due to the lack of a specific target owing to the heterogeneous nature
of TNBC. Anthracyclines, taxanes, and platinum-based drugs (carboplatin and
cisplatin) are among the current therapies for TNBC. Conventional treatment
approaches for TNBCs are shown in Table 11.1. The Japan Breast Cancer Society’s
evidence-based medicine (EBM) medication therapy recommendations propose
anthracycline (doxorubicin and epirubicin) or taxane-based regimens (docetaxel,
paclitaxel), or a combination of the two, as standard chemotherapy for TNBC
(Shimoi et al. 2020). Other systemic therapeutic alternatives with greater selectivity
and efficacy are now being investigated, including medications that target the
cytoskeleton, molecular-directed targeted therapies, vascular system, cell migration,
and high proliferation gene pathways, vaccine, and immunotherapy.

TNBC is a vascularized malignancy with high levels of VEGF (vascular endo-
thelial growth factor) in the intratumoral space (Linderholm et al. 2009). In TNBC,
the elevated levels of VEGF are an unfavorable prognostic factor, laying the
groundwork for clinically testing VEGF receptor (VEGFR) inhibiting agents. The
angiogenesis blockers, also known as VEGF inhibitors, prevent tumor
neovasculature from growing. Bevacizumab (Avastin), an anti-VEGF humanized
monoclonal antibody, has consistently increased PFS (progression-free survival) and
response rate in HER2-negative BC when given along with the first-line chemother-
apy (Miles et al. 2013). Bevacizumab binds to VEGF-A and its isoforms in particu-
lar, but only to a limited extent to other VEGFR ligands like VEGF-B and VEGF-C.
Recently developed antiangiogenic drugs, on the other hand, bind to VEGFR-2-
[ramucirumab (IMC-1121B, ImClone), Clinical Trials.gov NCT00703326] and
prevent any ligands from interacting with this target (Kumar and Aggarwal 2016).
Inhibiting VEGFR in this manner might result in a more thorough target inhibition
and more efficient angiogenesis suppression. Inhibitors of the PARP [Poly

http://trials.gov
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(ADP-ribose) polymerase] enzyme, such as iniparib and olaparib, are also being
explored as potential TNBC treatments. While preserving cells with normal BRCA
function, PARP agents produce synthetic lethality in homozygous BRCA-deficient
individuals. PARP-1 overexpression and BRCA-mediated DNA repair impairment
in TNBC provide an attractive biological platform for PARP inhibition. IGFR
(insulin-like growth factor receptor) inhibitors such as BMS-754807 (Litzenburger
et al. 2009) are also potential targets as elevated insulin-like growth factor-1 receptor
(IGF-IR) levels are observed in TNBC owing to the alterations in genes such as
BRCA1 and p53 that inhibit IGF-IR promoter expression (Litzenburger et al. 2011).
EGFR overexpression is seen in approximately 60% of TNBC tumors, and its
suppression may indeed serve as a promising therapeutic target in TNBC (Cheang
et al. 2008). Cetuximab (Erbitux), a chimeric monoclonal antibody in combination
with carboplatin, demonstrated therapeutic effectiveness in phase II clinical trials
(Carey et al. 2008). FGFR inhibitors such as lucitanib (a potent inhibitor of FGFR1/
2/3, VEGFR1/2/3, and PDGFR) are being investigated because FGF receptor
overexpression is enhanced in TNBC; TNBCs with augmentation of FGFR1 and
FGFR2 are seen in around 9% and 2–4% of cases, respectively. (Lehmann and
Pietenpol 2014).

Survival, proliferation, and growth are the most important biological implications
of AKT activation in cancer cells. AKT may also possibly play a role in the
beginning and course of BC. MK-2206, Ipatasertib, GSK2141795, and AZD5363
are the top four AKT inhibitors under research as possible candidates for the
treatment of TNBCs (Tripathy et al. 2015). Another class of drugs, called
Epothilones, are microtubule-targeting agents in which the mechanism of action
hinders cell division by interfering with tubulin. Ixabepilone improved pCR rates in
ER/PR-negative cancers in a neoadjuvant trial when compared to tumors with
hormone receptors (Baselga et al. 2009). Platinum-based compounds have recently
been studied as a possible treatment for TNBC. As a result of platinum coupling,
they are thought to cause DNA damage via double-strand cross-links and
impairments in BRCA-associated DNA repair (Weisenthal 2009). Small molecule
inhibitors of the receptor tyrosine kinases (TKIs), such as geftinib, are under
investigation as well in patients with TNBC (Baselga et al. 2005). The Src tyrosine
kinase, also known as Rous sarcoma virus, is upregulated in TNBC and has been
linked to the progression of metastatic cancer (Verbeek et al. 1996). Dasatinib is a
Src inhibitor that is taken orally and has shown modest but intriguing single-agent
action in patients with advanced triple-negative breast tumors, with a clinical benefit
rate of 9.3% (4/43 patients) (Finn et al. 2009). For the best use of these agents in
clinical practice, further research is warranted. The PI3K, i.e., phosphoinositide
3-kinase signaling pathway, is mediated by the tumor suppressor PTEN and AKT,
and the mammalian target of rapamycin (mTOR) is an effector of PI3K. PI3K
pathway protein mutations are often observed in BC, and loss of PTEN is a typical
finding in TNBC, which results in greater mTOR activation in the condition. (Saal
et al. 2005). As a result, mTOR inhibitors are currently being evaluated in patients
with TNBC. Many clinical trials (Phase I and phase II) employing everolimus alone
or in conjunction with other drugs such as lapatinib are enrolling patients with
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TNBC (ClinicalTrials.gov NCT01272141). In metastatic TNBC, the mTOR inhibi-
tor temsirolimus is being studied in a phase I/II clinical study in conjunction with
neratinib (ClinicalTrials.gov NCT01111825). In addition, cellular and molecular
immunotherapies like anti-PD-1 and anti-PD-L1 appear to be particularly advanta-
geous in the treatment of TNBC. Several investigations have shown that TNBC
outcome is linked to tumor immune infiltration, which supports the hypothesis.
Aurora kinase, which is elevated in TNBC, has sparked interest, leading to the
development of Aurora kinase inhibitors such as AS703569 and ENMD-2076 for
TNBC treatment. The summary of the potential agents under development for the
treatment of TNBC is shown in Fig. 11.1.

Since there are so many genetic anomalies seen in TNBCs, researchers have
shifted their emphasis to various treatment approaches, several of which are now
being evaluated in clinical trials. These include kinase inhibitors, such as tGF-β,
TRAIL receptor, androgen receptor, and high-dose chemotherapy, vaccines, and
others. The enormous complexity of TNBC’s resistance to single-agent treatment
has prompted researchers all over the world to propose various novel targeted
signaling pathways in order to make advances in TNBC management. As we go
forward to the next decade, cytotoxic chemotherapy may continue to be beneficial in
the treatment of TNBC. Several challenges with chemotherapy, such as multidrug
resistance, rapid in vivo clearance, endosome degradation in the cytosol, and severe
systemic toxicity, have led to novel approaches to its management, such as Trojan
horse-like carriers that mimic eukaryotic cell components to avoid immune recogni-
tion. TNBC management with Trojan horse-like carriers has been studied in con-
junction with previously recognized therapeutic targets, such as EGFR inhibitors,
VEGF inhibitors, mTOR inhibitors, AR receptor antagonists, protein 90 inhibitors,
PARP inhibitors, heat shock, and so on. A greater understanding of TNBC carcino-
genesis and progression, as well as the causes of phenotypic heterogeneity, may aid
in the development of novel, tailored treatments for this disease. However, before
these treatments can be implemented in clinical practice, accurate predictive
biomarkers must be discovered. Biomarker-selected medicines may soon be a reality
attributable to robust biomarkers and randomized studies that are promising with
well-designed prospective. It is possible that newer technology for unraveling the
disease’s geno-molecular roots may also lead to new therapy options.

11.3 Nanomedicine-Based Strategies for Targeting
Triple-Negative Breast Cancer

The aberrant tumor microenvironment and vasculature impact the precision of
nanotechnology-based treatment. In the last decade, this has garnered attention in
the field of targeted drug delivery and cancer therapy. The most important compo-
nent is size; the targeted size of nanoparticles (NPs) (1 – 200 nm) and the particle’s
travel dynamics are dictated by its shape and conformation, which is vital in the
development of nanoformulation. Additionally, the encapsulation and surface
charge capabilities of the NPs are crucial for precisely site-specific drug delivery

http://clinicaltrials.gov
http://clinicaltrials.gov
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Fig. 11.2 Emerging nanotechnologies for the treatment of triple-negative breast cancer

employing a particular conjugated ligand against the cancer cell’s target receptor.
Long circulation half-life with minimal systemic toxicity, high drug loading effi-
ciency, high tumor adhesion, selective localization, augmented internalization into
the tumor facilitated by endocytosis, controlled or sustained release of cytotoxic
drugs and imaging agents over the appropriate time period, and safe bioelimination
from the body are all main attributes of nano-based drug delivery systems. In
addition, technical practicality (high recuperation with regulated drug loading and
release) and economic stability for large-scale manufacturing are also significant
considerations in cancer nanomedicine research. Nanomedicines, such as drug-
loaded NPs, micelles, liposomes, polymeric micelles, polymeric drug conjugates,
inorganic NPs, etc., have unique properties that allow them to pass through
biological membranes and deliver the entrapped drug to cells (Fig. 11.2.). Hence,
nano-based drug delivery systems can serve as a novel therapeutic strategy to
overcome current challenges in TNBC treatment. Recently, investigated
nanotherapeutics for TNBC therapy are represented in Table 11.2.

Nanoparticles (NPs) are a class of nanocarriers that are ultra-dispersed solid
supramolecular structures having a size range of 10-1000 nm. A recent surge in
interest in the field of nanopharmaceuticals has resulted in a slew of new
developments. Drugs can be encapsulated, entrapped, dissolved, or linked to an
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NP matrix that acts as a drug reservoir, which could have an impact on cancer
treatment. For the synthesis of NPs, polyethylene glycol (PEG), poly (lactic-co-
glycolic acid) (PLGA), and modified PLGA are common polymers. To increase
treatment effectiveness against perlecan (maintains endothelial barrier function),
PEG-maleimide factionalized with PTX loading PLGA NPs were coupled with an
antibody in TNBC. As these carriers demonstrate better cellular absorption,
increased cytotoxicity, and decreased tumor growth, this study revealed that NPs
can enhance the delivery of TNBC drugs. (Khanna et al. 2019). With numerous
intriguing evidences blooming in recent years where novel drug delivery and
imaging technologies are developed, there is an optimistic vision for NPs as drug
delivery systems and their clinical translation might be achieved in the near future to
revolutionize cancer therapy.

11.3.1 Polymeric Nanoparticles and Polymeric Micelles

Polymeric NPs are another type of NPs which have specialized structural
arrangements for drug delivery that are generated by various monomers. The
polymeric core can be surface-adsorbed with active ingredients, or the components
can be encapsulated inside the core and may range in size from 1 to 1000 nm.
Biocompatibility is a particular benefit of polymeric NPs. Chen et al. (Chen et al.
2021) verified the overexpression of PD-L1 and CD155 in TNBC cell lines and
developed CD155 siRNA-containing mPEG-PLGA-PLL NPs coated with
antibodies that block PD-L1 to asynchronously inhibit CD155 and PD-L1 in a
spatiotemporal way. In a syngeneic 4 T1 orthotopic TNBC tumor model, the
developed NPs showed good TNBC targeting and produced CD8+ TILs-dominant
intratumor antitumor immunity to effectively limit TNBC development and metas-
tasis with great safety. A combination of the efforts put forth in the development of
novel polymeric materials that may meet the specific requirements of a specific
delivery system, the greater understanding scientists have of disease mechanisms,
and the collaborative research work carried out across all scientific disciplines will
improve the current state of polymeric NPs use in the medical field, resulting in
improved and safer therapeutic interventions.

Polymeric micelles are nanoscopic core/shell structures composed of amphiphilic
block copolymers. Because of their semisolid hydrophobic core made of a biode-
gradable polymer such as PLA, PCL, and PLGA, the polymer micelles have a
diameter of 10 to 100 nm and are suitable for supporting a variety of water-insoluble
chemotherapy drugs. (Das et al. 2020c). NBC-specific folate receptor-targeted
micellar NPs carrying orlistat were developed and evaluated by Paulmurugan et al.
(Paulmurugan et al. 2016). The developed NPs showed higher cytotoxicity than the
free drug. Moreover, the developed micellar NPs demonstrated significantly higher
tumor volume reduction as compared to the control group. The ever-increasing
discovery of poorly soluble compounds has proven to be a big concern for pharma-
ceutical industry formulators, and polymeric micelles may pave the way to
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successfully develop a universal formulation with decreased risks of additive
toxicities and formulation instability.

11.3.2 Metal and Inorganic Nanoparticles

Inorganic NPs have a larger surface area to volume ratio than organic NPs. They
have a versatile surface conjugation chemistry and are simple to prepare, albeit this
generally comes at the expense of poor biodegradability and biocompatibility.
Carbon nanotubes (CNTs), magnetic NPs (MNPs), gold NPs (AuNPs), quantum
dots, and silica NPs (SNPs) are among the inorganic NPs that have been
investigated. Surapaneni et al. (Surapaneni et al. 2018) developed gold NPs. The
authors reported that administration with AuNPs increases the sensitivity of
MDA-MB-231 cells to 5-FU by lowering the levels of thymidylate synthetase,
resulting in cytotoxicity in TNBC cells. In another study, Snyder et al. synthesized
silver nanoparticles (AgNPs) and evaluated their capacity to destroy mesenchymal
TNBCs in a targeted manner. Researchers discovered that the synthesized AgNPs
eliminated mesenchymal TNBCs by a process involving protein and lipid oxidation
without causing similar damage to normal breast cells, resulting in improved TNBC
therapeutic outcomes.

To circumvent the limitations of other delivery carriers, mesoporous silica
nanoparticles (MSNs) are being employed as emerging nanocarriers. Because of
the enormous internal pore capacity, they can encapsulate a significant number of
anticancer medications, and the supramolecular components function as a cap,
allowing active ingredients to be captured and released. Ahir et al. (Ahir et al.
2020) developed mesoporous silica NPs (MSNs) for the simultaneous delivery of
antisense-miR-10b and miR-34a-mimic which were then coated with a PEG-PLGA
polymer with a hyaluronic acid attachment for more precise targeting. TNBC tumor
targeting was found to be highly specific in both in vitro and in vivo studies,
resulting in effective tumor growth reduction and metastasis retardation, supporting
the system’s therapeutic application potential. In another study, Yang et al. (Yang
et al. 2018) developed graphene quantum dots (GQDs) which were further integrated
into the cavity of hollow MSNs to form GQDs@hMSN-PEG NPs. The developed
MSNs exhibited a long retention duration in the tumor and strong drug loading
effectiveness, indicating that it might be a suitable option for combinational TNBC
treatment with photodynamic therapy and chemotherapy modules combined into
one system. Inorganic NPs with intriguing inherent features for cancer treatment
have been developed at a rapid pace during the last three decades. Many of these
synthetic technologies have advanced to full-scale commercial production after
demonstrating proof-of-concept efficiency. However, ensuring biological applica-
bility requires optimization of suitable size scales and batch-to-batch repeatable
synthetic techniques of NPs with unique magnetic or optical characteristics.
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11.3.3 Lipid-Based Nanosystems

Lipid-based nanomedicines have been proposed as a possible solution to improve
delivery of therapeutic interventions into tumor site while lowering side effects and
countering resistance to a number of drugs. Lipidic colloids may be synthesized from
a range of materials and are used in cancer research for a variety of therapeutic and
diagnostic purposes. They offer benefits such as biocompatibility, biodegradability,
and site-specific delivery when developed as SLNs, NLCs, or self-micro/nano
emulsified formulations (SMEDDS/SNEDDS), SLNs, and NLCs.

Slow tumor development and metastasis were seen in SMEDDS containing
doxorubicin hydrochloride and LyP-1. LyP-1 is a peptide that targets the p32
receptor and is found in abundance in malignant BC cells. The 4 T1,
p32-expressing BC cells, and MDA-MB 231 (TNBC) cell lines were used in
in vitro cytotoxicity tests, which resulted in substantial cell death (Timur et al.
2019). Pindiprolu et al. (Pindiprolu et al. 2019) developed niclosamide-containing
SLNs for the effective treatment of TNBC. In an in vitro anticancer investigation,
niclosamide-containing SLNs outperformed niclosamide drug alone in terms of
cytotoxicity, which is due to improved cell absorption of the SLN formulation. In
another study, Chand et al. (Chand et al. 2021) prepared NLCs containing
cabazitaxel (CBT), a taxane analog and microtubule inhibiting drug. In vitro cell
culture experiments revealed that CBT-containing NLCs showed increased cytotox-
icity by a factor of 6 to 2.5 against MDA-MB-468 cell lines, respectively, than the
pure drug. In MDA-MB-468 cell lines, cellular uptake of NLC was also found to be
2.5 and 2.1 times greater than CBT alone. Moreover, CBT-loaded NLCs dramati-
cally increased apoptosis and hindered MDA-MB-468 and MCF-7 cell mobility. In
another study, DSPE-PEG2000-tLyp-1 peptide-modified liposomal formulation
encapsulated with a new miRNA sense strand of 25 nucleotides in length was
developed by suppressing the Slug gene in order to cure TNBC. TNBC cancer-
bearing mice were treated with functional miRNA liposomes, which had a greater
chemotherapeutic impact than functional vinorelbine liposomes, and coupling the
2 treatments resulted in almost total prevention of tumor development in the mice.
Furthermore, the functioning liposomes boosted the drug’s half-life in the blood of
cancer-bearing nude mice, as well as its accumulation in breast cancer tissues (Yan
et al. 2019). Liposomes, owing to their biocompatibility and adaptability, are the
most extensively utilized; however, SLNs and NLCs have lately gained a lot of
interest. Some of these lipid-based systems have even progressed to clinical trials,
and some, such as Abraxane®, Doxil®, Myocet®, and nal-IRI, have been authorized
in clinic for the treatment of cancer. As a result, lipid-based systems appear to be
very promising for TNBC treatment in the future.

11.3.4 Carbon-Based Nanomedicines

Carbon-based nanocarriers like carbon nanotubes (CNTs), diamonds, graphene,
fullerenes, etc. have piqued the interest of scientists owing to their varied chemical
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functionalization, biocompatibility, effective drug delivery approach, and stable
physicochemical properties. Recent research suggests that these carbon-based
nanocarriers can be utilized for regulated drug administration of medications as
well as contrast agents for imaging, localizing therapies within malignancies, and
diagnosing.

For combined thermal-photo-chemo treatment of TNBC, very recently Gadeval
et al. (Gadeval et al. 2020) developed green graphene oxide (GO) nanoplates
reduced and stabilized by quercetin and driven by folate receptors. MDA-MB-231
cells treated with the near-infrared laser at 808 nm demonstrated very high absorp-
tion of the quercetin-loaded GO nanoparticles-FA and cytotoxic effects (p 0.001),
suggesting that this treatment could be beneficial for the treatment of TNBC. In
another study, Liao et al. (Liao et al. 2019) developed a nanocomposite by
employing nanodiamond conjugated with cetuximab and paclitaxel (ND-PTX-Cet)
with the purpose of concentrating treatment on TNBC cells that express the EGFR
gene. The developed formulation decreased cell viability and triggered mitotic
catastrophe in MDA-MB-231 cell lines; in contrast, the nanodiamond alone did
not cause apoptosis. Additionally, it was able to bind to EGFR selectively, enhanc-
ing anticancer effects such as mitotic catastrophe, drug absorption, and cell death in
EGFR-expressing MDA-MB-231 cells. The research findings reported that ND-
PTX-Cet can serve as a viable treatment option for TNBC. Carbon-based NPs,
being one of the most commonly employed nanomaterials, have been the subject
of much research over the last two decades. Carbon-based NPs have been widely
employed in a variety of applications due to their inherent mechanical, optical,
electrochemical, and electrical capabilities. Because of the presence of both inor-
ganic and organic π–π stacking features, carbon-based NPs are emerging as potential
new nanocarriers. Chemical modification techniques have been introduced and
effectively applied in bio-applications such as cancer therapy to reduce their detri-
mental effects on the biological system. However, since carbon-based NPs still
exhibit toxicity, more comprehensive research is needed to evaluate their toxicity
and pharmacokinetics.

11.4 Future Perspectives and Conclusions

Given the aforementioned limitations, the therapeutic strategy for TNBCs should
focus on cellular targeting to eliminate tumor mass, related blood vessels, and key
subpopulations. The treatment objective should be founded on the notion of
customized medicine, with each patient or cell subpopulation having unique
needs. The ability to use a basic grasp of cellular biology to investigate the role of
cell-to-cell communication in tumor resistance might open up new possibilities for
TNBCs therapy. However, while immunotherapy has a high success rate, a
hyperthermia-based strategy also contributes significantly to the current treatments’
overall success. Antioxidants derived from plants have a critical role in the treatment
of cancer as well. Comprehensive screening and comprehending the notion of
conventional treatment methods that aid the development of excellent immunity in
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the human body are still needed to further study natural compounds’ potential.
Employing a reliable multivariate data analysis on a well-programmed repository
of multidimensional, multimodal sets of data provided by the simultaneous applica-
tion of various ‘omics’ at preclinical and clinical levels and analyzing the outcomes
within a suitable Systems Biology approach, a breakthrough in the field may be
achievable. A constructive collaborative effort between a molecular biologist, a
phytochemist, a formulation scientist, and a physician might serve as a stepping
stone for therapeutic interventions in clinical that addresses the specific needs of a
cancer patient.

A plethora of nano-sized formulations, including herbal nanotherapeutics and
targeted therapeutic systems, have been designed for the effective management and
treatment of TNBCs (Bharadwaj et al. 2021; Das et al. 2020a; Barkat et al. 2021).
Next-generation TNBC therapeutics include NPs loaded with pharmacological
agents with molecular specificity and imaging functionality. Various new pharma-
cological compounds have proven to be effective TNBC inhibitors; however, there is
no evidence in the literature that these medicines are being investigated for use as
nanomedicine. With greater knowledge of biological processes and nanotechnology
advancements, future nanomedicine treatments for TNBC will be more compatible.
Nevertheless, breakdown of the barriers between material research, preclinical
testing, and clinical reality, a more rational design of nanomedicines for the treat-
ment of TNBCs, as well as therapeutically appropriate preclinical treatment settings
in which nanomedicines are evaluated, are necessary.
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Abstract

Thymoquinone (TQ) is a water-insoluble phytochemical compound (black cara-
way) isolated from Nigella sativa, which is highly recommended as a carcinogen.
The reason for this appearance is the polymeric nanoscale formula, a strong lipid
nanoparticle, for TQ to enhance the chitosan nanoparticle to release the demand-
ing conditions of its delivery. Poly-lactide-co-glycolide (PLGA) formulations of
TQ-encapsulated nanoparticles (NPs) containing chitosan, pectin, and alginate,
which participate in the improved transport across mucous membranes and
increase drug shipping. In most cancer cells, TQ is encapsulated in nanoparticles
by PEG nanoprecipitation. Every other chemical compound used is polymeric
nanoparticle poly-A-caprolactone (PCL) which is a perishable polyester.
Formulations are distinguished in terms of their cell length, drug loading perfor-
mance, and drug launch. Formula Cultured is trying to confirm its
antiproliferative effect on human maxillary cancer cellular scars as a potential
anticancer nanomedicine. Polymeric NPs may be successfully established a
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nanoscale transport stage layout for TQ which could manipulate its biopharma-
ceutical limitations boundaries.

Keywords

Thymoquinone · Polymeric nanoparticles · PLGA · PCL · Encapsulated
nanoparticles · Antiproliferative

12.1 Introduction

Benign prostate hyperplasia (BPH) is one of the foremost common diseases in older
men which might cause lower tract symptoms (LUTS). Glandular cancer typically
grows terribly slowly, and finding and treating it before symptoms occur might not
enhance convenience health or facilitate them live longer. Prostate dysplasia grows
and varies from man to man as they age, and a prostate enlargement might constrict
and compress the duct and cause issues with micturition and urine outcome is
decreased (Lerner et al. 2021). BPH might cause tract infections, bladder or excre-
tory organ harm, bladder stones, or incontinence. BPH is that the most typical
disorder of the endocrine, and therefore, the most typical identification by urologists
for males is between the ages of 50 and 75. More than half of men in their sixties and
as several as 90% in their seventies and eighties have some symptoms of BPH.

In the control of inauspicious LUTS, it is critical that tending dealers cognize the
multifaceted bladder dynamics, prostate, bladder neck, and canal. Similarly, signs
and symptoms might result from the interaction of these organs likewise to the
primary device or extraordinary trendy diseases (e.g., metabolic syndrome and
symptom heart failure) (Lim 2017).

Testosterone does not act in competition to BHP. The mechanism through
manner of that androgenic hormone exerts several of its functional effects on the
endocrine through dihydrotestosterone (DHT), an androgenic hormone within the
prostate to be able to inspire the growth of cell. Androgen, which incorporates,
androgenic hormone, is the rectangular degree made via using the adrenal glands and
Leydig cells. When manufacturing, androgenic hormone is circulated through the
blood to the endocrine, then center into the cellular via clean diffusion.

Once intra cytoplasmic, the androgenic hormone is regenerated to its activated
remember DHT via the accelerator of five alpha enzymes. DHT elaborates with
androgenic hormone receptors which can be then conveyed to the nucleus. At
intervals within the nucleus, its results to transcription of deoxyribonucleic acid.
Those required for improvement in conventional treatment of the endocrine carci-
noma, e.g., Benign prostatic hyperplasia (BPH) (BPH 2021).

Thymoquinone may be a natural drug. Its seasoner medicines employed in
medical specialty properties against many illnesses several disease TQ effectively
transforms the signals of cancer progression. It does not solely improve the antineo-
plastic activity of therapy medicine however additionally attenuates their facet
effects. It reduces the adverse consequences of respiratory disorders, inflammation,
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arthritis, gastro, and liver issues. TQ has several attributed clinical specialty moves,
as well as an inhibitor, anti-inflammatory effects. It additionally exhibits
hepatoprotective, gastroprotective, neuroprotective, and nephroprotective activities
(Prostate Cancer–Patient Version 2021).

12.2 Benign Prostatic Hyperplasia

12.2.1 Cause

• The prostate is found simply at a lower place than the bladder. The prostate is
regarding the scale of hazel and adjacent is the canal that passes through the
middle of the prostate (the tube that empties pee from the bladder) (Auanet.org
2021).

• Once the prostate is enlarged because of cause benign ductless gland, dysplasia
begins to dam pee flow. Most men have continued prostate growth in older age of
fifty, up to five-hundredths of men might have histologically prominent BPH with
reported generality increasing to ninetieth by age ninety (Jokisch et al. 2017)
(Fig. 12.1).

• Prostatic dysplasia is usually caused by an associate degree underlying condition
that affects your alteration in sex steroid metabolism.

• Family history is additionally to blame for BHP. Cognate, like a father or a
brother, with a prostate downside, means that additional seemingly to transfer that
downside.

• In polygenic disorder and cardiopathy use, beta-blockers would possibly increase
the danger of BPH.

• Lack of exercise and blubber will increase the danger of BPH.

Bladder

Prostate

Urethra

Urine Urine

Enlarged prostate

Compressed urethra

B. Prostaic hyperplasiaA. Normal prostate

Fig. 12.1 (a) Normal prostate. (b) Prostatic hyperplasia



242 S. Pandey et al.

12.2.2 Mechanisms of Cause of Benign Prostatic Hyperplasia

• The main mechanism of BPH is increase of ductless gland tissue that takes place
in older age, and the endocrine becomes enlarged. Dihydrotestosterone (DHT) is
a male secretion that plays a crucial position in prostate growth and improvement.
Inhibits or decreases in blood androgenic hormone (testosterone) tiers in older
men still turn out and acquire excessive ranges of DHT within the prostate. This
accumulation of DHT might encourage prostate cells to nonetheless grow to
cause benign ductless gland dysplasia and obstruction of (pee) urine flow (Gravas
et al. 2018).

• In men, bladder outlet obstruction has been ascribed to static obstacle, it is
because of the enlargement of the prostate incursive upon the ductless gland
canal and bladder outlet, whereas the dynamic impediment is said to the stress of
prostate sleek muscle.

• Testosterone androgenic hormone directly stimulates androgen-dependent pro-
cesses. Testosterone (androgenic hormone) converts to DHT by the action of the
5-alpha reductase enzyme (alpha-adrenergic receptors settled at intervals the
graceful muscle tone, deteriorating symptoms of obstruction, and retention of
urine and declining the urinary flow rate) at these target tissues. DHT is the most
potent hormone among the androgens. Testosterone androgenic hormone and
DHT both bind to the similar receptor. However, DHT will be additional expedi-
tiously. DHT is transported to focus on cells (postal cell and animal tissue cell).
Binding of DHT to androgenic hormone receptor with sequent modulate of
sequence. There is an unbalanced proliferation of cell and programmed cell
death, because of this reason, abnormal cell growth causes prostate enlargement
referred to as benign ductless gland dysplasia [BHP] also known as benign
prostate hyperplasia (Symptoms and Overview of BPH 2021) (Fig. 12.2).

12.2.3 Symptoms of Benign Hyperplasia

• Frequency of urination—A large prostate can place pressure on urinary system,
in this condition, not much urine can be held in bladder and cause frequent
urination. Urination takes place eight or more times a day.

• Urinary urgency—An overactive bladder puts pressure on the urethra to release
urine even when bladder is not full.

• Dribbling—Urinary incontinence is leaking of urine that is the inability to delay
urination. Loss of bladder control that is ordinarily seen in older age. The
accidental loss of urine.

• Kidney damage—Renal failure is a lower urinary tract indications (LUTS), which
occur due to benign prostatic hyperplasia (BPH) in people over the age of 50.
Injury to the excretory organs (kidneys) due to obstructive disease occurs
sporadically.
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Fig. 12.2 Mechanism of cause of benign prostatic hyperplasia

• Bladder stone—Bladders basically collect urine from kidney until you need to
urine ejaculation. Therefore, bladder should be empty due to frequent urination.
In some cases, due to the lack of fluids, some of the elements in the urine start to
stick together and form the crystals followed by bladder stone.

• Painful orgasms—Inflammation is associated with BHP, that is why pain occurs
after ejaculation or during urination.

• UTI—In benign prostatic hyperplasia, obstruction in urine may inhibit the com-
plete emptying of the bladder, bacterial infection leading to urinary tract infection.
Urine that has an unusual color or smell.

• Blood in the urine—Due to infection in bladder and kidney in benign prostatic
hyperplasia causes hematuria in men.

• Urinary hesitancy—Trouble starting a urine stream. Urinary hesitancy is most
common in older man due to enlarged prostate.

• Urinary retention—An obstruction because of enlarged prostate or bladder stone,
a blockage occur, and urine cannot flow unimpeded through urinary tract.

• Nocturia—Frequent urination during sleep time. Nocturia is a commonly cause
by urinary tract infection or enlargement of prostate or bladder infection or
overactive bladder (Gravas et al. 2018; Symptoms and Overview of BPH 2021)
(Fig. 12.3).
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Fig. 12.3 Symptoms of benign prostatic hyperplasia

12.3 Thymoquinone

Bioactive compound derived from the seeds of Nigella sativa is thymoquinone (TQ),
commonly known as black cumin. Evidence indicates that the medicinal properties
of TQ have been recognized for more than thousands of years. TQ has been shown to
exhibit anticancer and anti-inflammatory activities. TQ in nanoparticles is more
powerful than TQ in suppressing and inhibiting the proliferation of prostate cancer,
colon cancer, breast cancer, etc. (Gupta et al. 2016).

12.3.1 Properties

Structure Properties

Chemical formula: C10H12O2,

Molecular weight: 164.20
IUPAC name: 2-methyl-5-isopropyl-1,4- benzoquinone
Boiling point: 232.0°C
Melting point: 45.5°C (10)

ThymoquinoneThymoquinone
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12.3.2 Pharmacology and Mechanism of TQ

Prostatic adenocarcinoma is the most dangerous urinary and genital tumor in men
(Gomathinayagam et al. 2020). TQ suppresses the development of prostate adeno-
carcinoma by decreasing the expression of epithelial-mesenchymal cells (epithelial
cell loss) in DU145, PC3, and LNCaP prostatic adenocarcinoma cell lines.
Transforming beta growth (TGF-β) that plays a necessary role within the control
of animate signal material (Siegel et al. 2019). TQ may be an operative story for the
active sites of hemoprotein P450 enzymes, which are thought to be a significant
target in the medical care of prostatic adenocarcinoma (Othman et al. 2018; Dirican
et al. 2015). TGF-β itself exhibits a complex 0receptor made up of two completely
different proteins, a TFT-β type II receptor and a TFT receptor called activin
receptor-like 5-alpha reductase (kinase enzyme five), ALK-5, each expressed in a
cell type. TQ suppressed carcinogenesis of prostate cancer at forty-five units of
weight by downregulating IL-6 expression, phosphorylation of STAT3, AKT, and
protein-regulated enzyme (ERK) proteins in PC3 prostatic adenocarcinoma
(Ma et al. 2017; Das et al. 2012).

As a naturally occurring chemical, TQ allows a non-enzymatic chemical plagia-
rism reaction (reduction followed by oxygen oxidation) to be accelerated, resulting
in the antioxidant-like release of antioxidants (Bolton et al. 2000; Mansour et al.
2002). TQ performs its antitumor function by modifying the profile-like expression
of key communication skeletons involved in the growth and development of neo-
plastic cells. TQ has antitumor function. Thus, its regulation of inflammatory
pathways participated in cell proliferation, survival, death, invasive metastasis, and
inflammatory pathways via multidrug/epigenetic regulation. LNCaP glandular car-
cinoma cells treated with TQ show a decrease in E2F-1 secretion of controlled
proteins and cyclin A with a G1/S component of cell cycle binding (Kaseb et al.
2007). In metastatic tumor cells, T2 cell cycle binding caused by TQ is associated
with the excretion of an increasing number of nuclear cells, cyclin B1, and CDK1
alongside expanded expression of p53 and p21 (Paramasivam et al. 2015).

12.3.3 Other Combination of Drug

Combination drug therapy is most widely used in all over the world. Combination
drugs have many advantages like increased compliance, synergy, enhanced activity,
and increased efficacy. Some combination drugs and disease treated are shown in
Table 12.1.

12.4 Nanomedicines of TQ

“Nanomedicine is that the branch of drugs. There’s no nanomedicine, there’s applied
science in medication. Although the demonstration or expression “nanomedicine”
has been widely used for some of the years, it’s additional correct to talk to
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Table 12.1 Combination of other drugs with TQ

Combination of
drug

1 TQ + CYS
(cyclophosphamide)

Rheumatoid arthritis,
Breast cancer

Pal et al. (2021)

2 TQ + IM Colorectal cancer Imran et al. (2018)

3 TQ + 5FU
(fluorouracil)

Colorectal, gastric,
Nasopharyngeal cancer

Imran et al. (2018); El-Shemi et al.
(2016)

4 TQ+ DTX
(docetaxel)

Prostate and breast
cancer

Singh et al. (2019); Alkhatib et al.
(2020)

5 TQ+ ZA
(Zoledronic acid)

Prostate cancer Dirican et al. (2014)

6 TQ+ TMZ
(Temozolomide)

Glioblastoma Pazhouhi et al. (2018)

7 TQ+ CDDP
(cisplatin)

Esophageal, gastric,
lung, ovarian, oral,
squamous cancer

Jafri et al. (2010); Wang et al.
(2019)

8 TO+PAC
(paclitaxel)

Breast cancer Şakalar et al. (2016)

9 TQ + BTZ
(Bortezomib)

Myeloma Şakalar et al. (2016)

10 TQ+ TP
(Topotecan)

Leukemia colon cancer Fatfat et al. (2021); Mostofa et al.
(2017)

11 TQ+ TAM
(doxorubicin)

Breast cancer Khalife et al. (2016)

12 TQ+ DOX
(doxorubicin)

Leukemia, breast, liver
cancer

Rajput et al. (2013); Effenberger-
Neidnicht and Schobert (2011);
Jehan et al. (2020)

13 TQ + AS (arsenic
trioxide)

Leukemia Houssein et al. (2020)

“nanotechnology-enabled medication” in numerous medicines like medical spe-
cialty, treatment, or observation” (Vinogradov and Wei 2012).

Nanomedicine could be a moderately new field of science and technology
“nanotechnology-enabled medication” in various drugs like medical science, treat-
ment, or observation.” It is often vague and the exact definition of the word may
vary, especially between Europe and the U.S. By interacting with living molecules,
thus in nanoscale, applied science expands the broad field of analysis and applica-
tion. The interaction between cells produced by cells or nanodevices and
biomolecules is often understood individually within body fluids and the protoplasm
of human cells. The application of nanoscale allows the escape of visible structures
that are completely different from those expressed on a small scale such as surface
quantitative relation. Tested diagnostic applications are often considered in vitro
additionally as in vivo diagnostics.

The second area that shows strong training is “nanomedicines,” where
nanoparticles are engineered to deliver targeted drugs. The use of such carriers
facilitates drug delivery, directing active molecules to diseased tissues while
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preserving healthy tissues. A third application area of regenerative medicine, where
nanotechnology enables the creation of biocompatible compounds that promote cell
proliferation, is used in cell therapy. The use of nanotechnology in medicine poses
new problems because of the new applications they allow, if possible: Can the
medical field harness the power of this new experiment? Does this mean treating a
patient with no clinical symptoms? Nanomedicine can provide the loading of
individual drugs for diagnosis, imaging, and drug delivery for the management of
disease (Shah et al. 2011).

The most commonly used components of nanomedicine are as follows:

• Delivery of drug combinations.
• In vitro and in vivo diagnostic equipment, including imaging.
• Rejuvenating (regenerative) medicine.
• Implant medical equipment.

12.4.1 Type of TQ Nanoparticles

12.4.1.1 Polymeric Nanoparticle of TQ PLGA and b-Cyclodextrin
Nanoparticles

The nanoprecipitation method used to immobilize the structure of macromolecular
nanoparticles has several advantages, which make this suitable for the optimal drug
delivery. Nanoparticles are lesser in size than cells, steady in blood stream, and
non-toxic in nature, which also promote decomposition and regulate drug delivery.
Poly-lactide-coglycolide (PLGA) nanoparticles are the most abundant polymer
blends (Saghir et al. 2021) used in the field of nanomedicine. Addition of PLGA
with pectin, chitosan, and alginate can improve mobility across all mucosal barriers
and improve drug delivery. Polyethylene glycol (PEG) is a water-insoluble and
non-toxic polymeric nanoparticle, which is used in a combination and protect certain
drugs, such as doxorubicin (Nallamuthu et al. 2013). TQ is incorporated into PEG
nanoparticles by nanoprecipitation in cancer cells [43)]. The formulation made by
PEG also acts as a safe transporter of various hydrophobic drugs, such as TQ, which
have nontoxic effects on rat hippocampal neurons with a drug loading capacity of
97.5%. Therefore, it may be useful for the interpretation of clinical TQ (Gali-
Muhtasib et al. 2006). The nanoprecipitation method was developed for the prepa-
ration of mixed states of nanoparticles and has many advantages, suitable for drug
delivery. The localized nanoparticle unit is cellular, blood-stable, non-toxic,
promotes biodegradability, and regulates drug delivery (Sunoqrot et al. 2020).
PLGA nanoparticle is an amazing synthetic claim used in the field of nanomedicine.
The glycol synthetic resin (Notch) is a localized unit of nanoparticle, which is a clear
and non-toxic compound (Saghir et al. 2021). Notch is used to regenerate and protect
certain drugs, such as antibiotics (Bhattacharya et al. 2015). TQ was reconstituted in
Notch nanoparticles by nanoprecipitation, in cancer cells (Gali-Muhtasib et al.
2006). Another nanoparticle used is polyεcaprolactone (PCL), which is a perishable
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polyester. What else, cyclodextrin (CD) is used for two-fold encapsulation, which is
an external hydrophilic unit and an internal hydrophobic (Nallamuthu et al. 2013).
The CD is low in toxicity, prevents conjugated physic degradation, and is supplied in
several sizes. The natural integration style is used to combine TQ with CD, where
TQ mixed with bCD with direct volume correlation (4 TQ1 CD) developed a TQ lot
that inhibits proliferation in a time-dependent manner; inhibitory concentration
(IC50) is estimated to be five times greater compared to free TQ (Abu-Dahab et al.
2013; Cardoso et al. 2012; Omtvedt et al. 2021).

12.4.1.2 Solid Lipid Nanoparticle of TQ
Solid lipid nanoparticles are lipid nanoparticles with specific potential for applica-
tion in drug delivery, which, based on the rapidly evolving field of nanotechnology
and its size-dependent properties, offer an opportunity for development of new
treatment modalities (Mukherjee et al. 2009).

Different types of solid lipid-based nanocarriers, such as solid lipid-based
nanoparticles, nanostructured carriers, and drug conjugates, are deliberated along
with their structural variances. SLNs offer distinctive features such as lesser size,
bulky surface area, maximum drug loading and step-by-step interactions at
interfaces, and the ability to increase the activity of pharmaceuticals, nutraceuticals,
and other materials (Ramachandran and Thangarajan 2016).

Liposomes, first prototype lipid-based carriers, labeled as non-toxic, synthetic,
supple, and fully degradable. (Mukherjee et al. 2009) They mainly consist of
phospholipid bilayers, phosphatidylcholine, and phosphatidylethanolamine.
Liposomes also consist other bilayer components such as cholesterol and lipophobic
polymers surround each lipid vesicle.

The cytotoxicity of 1,2-dipalmitoylsnglycerol3phosphocholine phospholipids
against T47D and MCF7 cancers was induced using a 90% wrapping efficiency
using a conventional thin-layer hydration technique (Fig. TQLP). The cell line has
little effect on normal cells (Scioli Montoto et al. 2020).

They have promising characteristics such as biodegradability, biocompatibility,
and non-toxic nature. TQ assay in overexpressed active MCF7 cells, tamoxifen
resistant MCF7 (TAM) cells. Furthermore, TQ and Akt siRNA (siRNANioAuTQ)
with a TQ loading efficiency of 82% and exerted higher in vivo effect in the BALB/
xenograft murine model of MCF7/TAM (Sarangi et al. 2019). In all experiments, TQ
nanoparticles showed better efficacy than free TQ in reducing cellular ACT levels
and significantly reducing tumor mass and volume. Research by vivo showed that
TQSLN increased five times in rat plasma compared with free TQ after administra-
tion. On the other hand, during in vitro studies, the TQSLN formulation exhibits
controlled drug release with a 70% maximum release as compared to 47% for free
TQ. In addition, TQ concentrations were increased with SLN administration in
organs such as the heart, lungs, prostate, spleen, brain, liver, and kidneys (Mukherjee
et al. 2009; García-Pinel et al. 2019). However, inorganics such as gold and silica
based NP-TQs have also been investigated for enhanced antitumor activity.
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12.4.1.3 Chitosan-Based TQNP
Chitosan consists higher degradation compatibility. Therefore, it is one of the most
widely used natural biofilm forming agents in the pharmaceuticals. These rights have
led to them being used in compiling nanoparticles for medicine over the past 20 years.
Incorporating compounds with completely diverse phases (hydrophilic and hydro-
phobic compounds) in a chitosan carrier can be difficult due to the hydrophobic
nature of chitosan (de Sousa et al. 2020). The use of L-ascorbic acid (LAA) and
thymoquinone (TQ) effective as antioxidant compounds with poor absorption and
limited bioavailability. Nanoparticles (NPs) have solved this problem by acting as a
charge carrier for them because they need higher levels (Naskar et al. 2019).

12.4.1.4 Thymoquinone Loaded Gold Nanoparticle
Gold nanoparticles (AuNPs) may be used as nanocarriers (nanomaterials being
employed as a transport medicament) for corrective to inhibit its toxic properties
and enhance the healing property. Thymoquinone (TQ) has anti-tumor properties
and thymoquinone with AuNPs will increase and enhances its conditioning against
anti-cancer or tumors. The combined treatment of thymoquinone-containing AuNPs
increases tumor-regulating and immunomodulatory potential. AuNPs will accumu-
late in cancer cells and exhibit ocular diffusion. Therefore, these nanoparticles will
play a vital role as collaborators in the study of carcinoma cells. These nanoparticles
are used to identify cancers. In a general sense, the identification of specific cells,
organs, and tissues has become a central question and a challenge. Drug delivery
systems are a promising substitute to orthodox chemotherapy that can provide truly
targeted delivery and modulate a range of biochemical barriers in the body such as
the blood barrier and brain. Large amounts of AuNPs are used to treat cancer to
speed up blood capillaries. The small size of AuNPs should be avoided due to trappy
macrophages within the reticuloendothelial system (RES). The prepared or complete
size of the AuNPs used in the treatment of cancer is recommended to be approxi-
mately 50–100 nm to gather in the tumor tissue to increase the efficiency of
“improved accessibility and retention (EPR)” (Song et al. 2013; Gomaa et al. 2018).

12.5 Conclusion

TQ is the main bioactive constituent in N. Sativa that has been intensively shown to
own many therapeutic properties, together with malignant neoplasm (anticancer)
activity. Its effectiveness on nanoparticles of TQ enhances higher survival rates,
reduced tumor volume, reduced pre-cancerous molecules, and elevated anti-
tumorigenesis in vitro studies; TQ has shown the power to inhibit cancer staging
like migration, proliferation, and invasion or cell death induction by inhibiting the
activation of significant pathways, like JAK/STAT and PI3K/AKT/mTOR. How-
ever, the TQ impact mechanism on cancers continues to be not absolutely under-
stood. It is significant to mention that the introduction of dangerous carcinogens
(tyrosine kinase inhibitors (TKIs)) represents a revolution in anticancer medication.
TQ has been incorporated into lipid polymeric nanoparticles (LPNPs) composed of
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phosphatidylcholine (PC) and PLGA to enhance oral TQ delivery and malignancy.
AuNPs suppress the progression of ductless gland dysplasia in a size-dependent
manner. AuNPs suppress the progression of ductless gland dysplasia in a size-
dependent manner. Although 20 nm AuNPs ameliorate non-ductal benign glandular
hyperplasia with the effect of reducing prostate cell proliferation, inflammation, and
maturation, 50 nm AuNPs can certainly exacerbate the incidence of prostate cancer,
hyperplasia, mainly by enhancing the inflammatory process. It can be concluded that
NPs supported the perishable polymer mPEG-PCL can be a nanoscale delivery
system for the TQ. The optimum TQ NP relies on the mPEG-PCL polymer with
the larger PCLMW. However, the nanoparticles formulation enhances the antitumor
efficiency compared to the free drug of TQ.
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Abstract

Cancer is the deadliest disease that led to the death of millions of people around
the world. Endocrine cancer is one of the most common types of cancer and badly
affects the endocrine system of the patient. Currently, due to the alarming
increase in the endocrine cancer patients, there is a need for nanotechnology
like therapeutic options to treat the endocrine cancer. This chapter describes about
the steroid-based hormone receptors in the cancer biology and remedies like
hormone-based therapy to target the different forms of cancers. However, the
nanomedicines could be the ideal strategy to treat the endocrine cancer using
different forms of nanoproducts. The chapter also briefs about different types of
drugs approved for cure of different types of cancer along with their recent status
in the market. There is numerous research available in the field of hormone-based
treatment for cancer through use of nanotechnology but still no milestone is
established.
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13.1 Introduction

Cancer is one of the humanity’s most challenging diseases, and it is increasingly
becoming a worldwide health issue. Localized malignancies respond well to surgery
and radiation therapy, but only chemotherapy can stop the disease from spreading
throughout the body. Nanomedicine has progressed in recent years to become a
game-changing tool for the treatment and diagnosis of several types of cancers
(Feinberg 2004). Scientists are trying to find ligand-based targeted therapeutic
techniques with the aid of the conjugation of different drug therapies with a variety
of MAbs (monoclonal antibodies) or the ligands that are selectively bound to
antigens and receptors on the surface of the tumour cells (Coulson et al. 2014).
Despite the fact that this approach outperforms chemotherapy in preclinical and
clinical trials, for instance, problems like limited targeted selectivity and potency
must need to be considered.

According to statistics, approximately eight million people across the globe and
5,00,000 people in the United States die each year because of the deadly and
dreadful disease called “cancer” (Lozano et al. 2012). The chances of cancer
occurrence increase with age, and studies prove that it will affect almost 22 million
people by the year 2030. Cancer is a disease produced by the spontaneous and
regular fragmentation of aberrant cells inside the body. Tumours can be solid or
filled with liquid, and in some situations, they can progress to malignancy. It is
crucial to understand that not every tumour is cancerous. In general, abnormal tissue
growth defines one of the three conditions: malignant, pre-malignant, or benign.
According to biopsies, a benign tumour is not a carcinogenic type, and it will not be
able to penetrate neighbouring tissues. If removed, it will not relapse, and it will
remain confined to its original location without migrating to nearby tissues (Hakim
et al. 2015). Haemangiomas, a benign tumour known as strawberry markings,
showed an increase in blood. The premalignant type of tumour requires constant
monitoring since it has the capability to mature into proper cancer. The malignant
form of tumours develops and spreads quickly, attacking neighbouring cells and
tissues by making entry into the bloodstream (Lin and Pollard 2007). This is known
as the metastatic cancer and proved to be a devastating disease that puts patients’
lives in danger. The basic difference between the tumour and cancer is that the
tumour is the uncontrolled growth of cells and cancer is the irregular development in
the growth of the cells that can be migrated to other parts of the body and damage the
surrounding tissues (Loree et al. 2018). The movement of the cells from the specific
place of the body to distant regions of organs is known as metastasis. Tobacco use,
radiation, loss of daily physical activities, several infections, and obesities are all
known to raise the risk of cancer. Nanomedicines are helpful in cancer due to their
superior physicochemical and pharmacokinetic features. Nanoparticles, unlike tradi-
tional cancer treatments, have several characteristics that put them on a superior list
for oncological applications.

The endocrine system is a type of messenger system in which the internal glands
secrete hormones in an organism directly into the blood system of circulation. These
hormones provide feedback loops that help in the regulation of the targeted organs
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residing at distant sites (Lauretta et al. 2019). The adrenal glands and thyroid gland
are the principal glands of the human endocrine system. The hypothalamus is the
brain activity control center for all endocrine systems. Endocrine glands produce
hormones directly into interstitial spaces, where they are absorbed into the blood-
stream, irrespective of the duct so called as ductless glands. The pancreas, adrenal
glands, pituitary gland, ovaries, parathyroid gland, testes, hypothalamus, pineal
gland, and thyroid gland are the primary glands of the endocrine system (Hiller-
Sturmhöfel and Bartke 1998). Neuroendocrine organs include the hypothalamus and
pituitary gland. Mineralocorticoids, glucocorticoids, and androgens are the three
types of steroid hormones produced by the adrenal cortex. Mineralocorticoids (like
aldosterone) produced in the zona glomerulosa assist regulate blood pressure and
electrolyte balance. In the zona fasciculata, the glucocorticoids cortisol and cortisone
are generated, which aid in metabolic regulation and immune system inhibition
(Rosol et al. 2001). Three hormones, namely, calcitonin (peptide hormone), T4
(thyroxine), and T3 (triiodothyronine) are released by the thyroid gland. These
three hormones of the thyroid gland control the growth and development in children
and plays a role in the synthesis of proteins and basal metabolic rate. Homeostasis of
the calcium ions is aided with the help of the calcitonin hormone. Thyroid cancer is a
very prevalent form of endocrine cancer type and exists in many forms (Cabanillas
et al. 2016). Nanomedicine solves biopharmaceutical issues associated with tradi-
tional therapies, such as lack of selectivity, drug water solubility, and multidrug
resistance (MDR), which results from the repeated administration of the same drug.

Nanotechnology deals with the deliberate creation of substances for practical use
in all sectors of sciences by the cutting edge shape and size of the substances based
upon the nano-size range of 1–100 nm (Ehdaie 2007). Multi-modular treatment can
be obtained by modifying the surface of these nanoparticles (NPs) with diverse
moieties such as ligands. Furthermore, the form of NPs has a significant impact on
medication uptake and viability in cells. Because of these unique properties, NPs
have attracted huge studies in the field of biomedical sciences as a means of
transporting cancer therapies (Misra et al. 2010). Nanotechnology-dependent drug
delivery systems have improved pharmacokinetic properties, for example, high
volume of distribution, good bioavailability to the cancerous cells, and increased
clearance value as a consequence of raised enhanced permeation and retention (EPR)
effect (Greish 2010). Furthermore, nanomedicine-based techniques would assess
molecular alterations and serve as a vital tool for transferring treatments across the
biological domains. Nanoparticles having 5.5 nm hydrodynamic diameter can clear
the renal track without causing negative effects (Choi et al. 2010). Nanocarriers are
appealing because of the safe administration of medications to prevent non-targeted
cells and tissues from major unwanted symptoms. The use of nanoparticles as
effective carriers is their ease of modification and regarded as distinguished property
of NPs. To reduce unwanted side effect and optimize proper response opposite to
malignant cells nanocarriers are effective for such aid. However, precise targets, as
well as nanocarriers, must be wisely selected. The cure can deposit the medicine in
malignant cells by the leaky vasculature with the aid of increased EPR effect (Greish
2010). Furthermore, it becomes crucial to determine the ability of the nanoparticles
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as well as the qualities of medicines to predict their capability to cross the biological
membrane, their release, and biocapability to deliver the desired medicine to a
specific spot.

13.2 Steroid-Based Hormone Receptors in Cancer Biology

Several types of human cancers are affected by steroid hormones throughout their
formation and proliferation. As a result, altering the endocrine milieu is an effective
palliative treatment for hormone-dependent cancer patients. Many essential cell
regulators are mediated by steroid hormone receptors (SHRs), which are intracellular
transcription factors that are dependent on the ligand. SHRs are ligand stimulated
transcription factors that include receptors for GR (glucocorticoids), ER
(oestrogens), PR (progesterone), AR (androgens), as well as mineralocorticoids
(MR) (Ahmad and Kumar 2011). They are distinguished by the similarity of certain
modular domains, with the DNA binding domain (DBD) providing the most direct
link. Certain portions of the SHR proteins fulfil specific tasks, and these areas might
potentially be swapped in themselves to generate molecules that function as a hybrid,
allowing SHR to function independently. SHRs appear to have a minimum of four
key functional regions: C-terminal, NTD (N-terminal domain), DBD (DNA binding
domain), and LBD (ligand-binding domain) (Lavery and McEwan 2005). SHRs
have tissue and cell-specific actions, as well as developmental-specific regulation,
which cause malignancies that include prostate cancer, breast cancer, lung cancer,
ovarian cancer, lymphoma, and leukaemia (Miller and Langdon 1997; Huang et al.
2009). The invention of phenomena of the target site selectivity for the modification
of the responses of antagonist and agonist. This must focus on the total pharmaco-
logical effects of the signal transduction through SHRs with concurrent competition
from internal hormones, which is the central issue for SHR pharmacology research
(Ahmad and Kumar 2011). The discovery of the underlying mechanisms that control
this activity could lead to the creation of tissue-specific modulators SHR. The
therapy by the use of the hormones plays a vital role in the cure of numerous
malignancies, resulting in a lower death rate and raised lifespan. The main problem
of concern is the time period and levels of therapy by hormones in the development
of new steroid-based medicines, which could lead to resistance for the steroid over
time. The problem has become a serious therapeutic issue, necessitating the produc-
tion of new drugs to overcome developed resistance in various types of populations
of cancer patients.

13.2.1 Leukaemia and Glucocorticoid

Glucocorticoids have been used to treat inflammatory illnesses for decades, and their
therapeutic benefits are mediated by changing the transcriptional process of the
glucocorticoid receptors through binding to the glucocorticoid receptors
(GR) (Schleimer 1993). For many lymphomas, glucocorticoids are the basic parts
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of therapy and leukaemia because of their ability to limit malignant cell development
and trigger apoptosis (Ploner et al. 2005). The key component contributing to
glucocorticoids’ therapeutic effectiveness is their ability to decrease inflammation
and cause apoptosis. Apoptosis introduced by the dexamethasone in cells of lym-
phoma occurs via the intracellular route as per the recent understanding of
GR-dependent apoptosis in leukaemia (Rambal et al. 2009). Dexamethasone, a
glucocorticoid, induces apoptosis in some cell types while having ineffective or
anti-apoptotic in others. Various types of mechanisms, include GR isoform expres-
sion patterns and post-translational changes, and hypothesized to describe the
specificity for cellular apoptotic effect of glucocorticoid. It has been proven that in
malignant lymphoid cells, enhanced levels of stimulated intracellular glucocorticoid
receptors and an interval of regular exposure to steroids lead to the participation of a
complicated signalling process transmission and invoking a network of regulatory
mechanisms (Reichardt and Schütz 1998). These GR-mediated lymphoid cell loss
mechanisms are influenced significantly by signalling systems cells which have an
active role at the level of the process of post-translation. Death of lymphoid cells
occurs due to the different kinase mechanisms when working in sequence with the
GR (Distelhorst 2002).

A mutation in the GR gene causes glucocorticoid resistance through altering,
GR-cofactor interactions, nuclear translocation, ligand-binding affinity, or GR sta-
bility. The increased activity of FKBP51 has been linked with glucocorticoid
resistance (Scammell et al. 2001). The kinase functional role of p38 MAPKs,
ERK, and JNK has also been associated with glucocorticoid resistance (Pace et al.
2007). Combining glucocorticoids with kinase/phosphatase inhibitors has the poten-
tial to modify the activity of GR in a gene-specific, cell-specific, and/or time-
dependent behaviour (Ismaili and Garabedian 2004).

Incorporating the kinase inhibitors and glucocorticoids and various other types of
therapies that treat the response of inflammation is not simple as it seems due to the
phosphatases or kinases with signalling glucocorticoid receptors (Beck et al. 2009).
As a consequence, extensive studies done for investigating the role of phosphatases
and kinases in signalling controlled by the glucocorticoid might lead to novel
treatment targets for glucocorticoid-controlled deleterious effects and the lowering
of glucocorticoid resistance. Some investigations imply that mineralocorticoids, at
least in some leukaemic cells, are accountable for excessive cell growth, which may
have therapeutic implications, specifically in resistance related to the glucocorticoid.

13.2.2 Breast Cancer and Oestrogen

The most common malignancy found in women is breast cancer, due to which
several types of threat and defensive factors have been established in the last two
decades or more (Al-Hajj et al. 2003). The most crucial hormone for the normal
activity of the female reproductive system is estrogens and is required for the
differentiation and growth of the epithelium of the healthy and normal breast
(Bonney et al. 1983). This ovarian hormone impacts cell division rates and hence
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affects breast cancer risk by promoting breast epithelial cell proliferation, which is
prone to genetic mistakes during the replication of DNA (Subramani et al. 2017).
These types of genetic mistakes can eventually result in a cancerous phenotype.
Early menarche and late menopause, both of which result in increased oestrogen
build-up in the breast epithelium, are well-known threats for breast cancer. Two
forms of genes, BRCA2 and BRCA1, frequent in most of the cancer patients, and
discovered as genes linked to breast cancer susceptibility (Ford et al. 1998). Breast
cancer risk has also been linked to ER gene polymorphisms, that can hinder the
linkage of ER receptors to the action factor DNA or any other proteins which
coregulates and directly affects the further ER target gene transcription. According
to the American Cancer Society, about 60% of premenopausal breast cancers and
80% of those detected after menopause are ER-positive, demonstrating the expres-
sion of ER as a potent indicator of responsiveness to endocrine treatment in patients
of breast cancer. Estradiol increases proliferation in MCF-7 cells of breast cancer in
human by upregulating c-myc, a gene that controls multiple cell cycle-related
signalling pathways (Lee et al. 2015). However, disrupting the ER-a signalling
system with a pure anti-estrogen completely limits estrogen’s apoptotic effect. The
ER-a signalling route has been proved to be important for estrogen-induced tumour
regression and death. Raloxifene and tamoxifen which are SERMs (selective
eestrogen receptor modulators) have proved to show the reduction in invasive breast
cancer in the current recent trials in women (Lee et al. 2008). The use of raloxifene
plus tamoxifen for the high risk associated with breast cancer in women has been
licensed by the US FDA (United States Food and Drug Administration) (Vogel et al.
2010). Following oestrogen deprivation using anti-estrogens, cell death of apoptotic
tumour can be induced by the very little number of estrogens. The advancement of
new genomic technologies has resulted in the progression of sophisticated tools for
identifying genes which are differently expressed between cancers.

13.2.3 Prostate Cancer and Androgen

In males, the most common form of non-skin type of cancer is prostate cancer, and
this cancer is prevailing as the second most reason for the death in the United States
of America (Scardino 2003). Cancer related to the prostate gland is uncommon
before the age of 40, but the disease’s risk rises dramatically with age, and exceeds
that of any other cancers (Muir et al. 1991). Prostate cancer is 50–70% more
common in African/Americans, i.e., Caucasians. Japanese and Chinese males, as
well as probably other Asian groups, have lesser chances of being diagnosed with
the prostate cancer across the globe (Paris et al. 1999). Androgen, particularly
dihydrotestosterone, is required for normal prostate growth (DHTb) (Traish and
Morgentaler 2009). AR regulates all the biological activities of androgens. In
prostate cancer, AR and its modulators continue to be relevant. Through signal
transduction pathways that involve changed expression/binding of AR coregulators,
dysregulation of AR function results in prostate cancer progression (Gioeli 2005).
During the beginning of prostate cancer, AR expression is profound and can be
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observed in the hormone-refractory tumours and hormone-sensitive tumours
throughout their course. The most common endocrine-based treatment for prostate
cancer is ablation therapy and controlling the circulating testicular androgens
(Sriprasad et al. 2009; Labrie et al. 1983). However, deficiency of androgen causes
prostate cancer cells to die, these may evolve tolerance to cell death triggered by
androgen ablation. A protein generated specifically in the tissue of the prostate called
a PSA (prostate-specific antigen) is a widely and normally used biomarker for
diagnosis of prostate cancer (Hernández and Thompson 2004). In normal prostate,
the PSA levels are more when compared to the serum and serum PSA levels have
been found to rise considerably as prostate cancer progresses. PolyQ
(polyglutamine) chain repeated sequence encoded by polymeric CAG repeated
sequence in the AF1 region of AR gene. The polyQ chain length is inversely
proportional to the AR’s transcriptional activity (Giovannucci et al. 1997). Because
androgens are required for prostate carcinogenesis, and shorter polyQ repeat lengths
are linked to increased AR transcriptional activity, it is hypothesized that there are
more chances of threat for prostate cancer in males with shorter repeat lengths. The
androgen receptor is found on the X chromosome, and it is constant with an X-linked
hereditary component for prostate cancer that a brother’s history of the disease is
riskier than a father (Nelson and Witte 2002). These surprising findings prompted
researchers to investigate whether the polyQ chain length in the AR is linked to the
development of prostate cancer.

13.2.4 Ovarian Cancer and Progesterone

Ovarian malignancy is the fifth most commonly found cancer in females, accounting
for approximately one out of five of all gynaecologic cancers. When ovarian cancer
is diagnosed, it has likely progressed to a metastatic stage in most women, resulting
in a high fatality rate (Ho 2003). The worldwide use of reproductive medicines that
trigger the release of follicles from the ovaries is one of the primary reasons for
raised chances of ovarian cancer (Sueblinvong and Carney 2009). Levels of proges-
terone are quite excess during pregnancy, and certain studies indicate that continual
ovulation in females might prone to ovarian cancer (Scully 1995). Some data show
that progesterone suppresses the proliferation of ovarian cancer cells in women. It is
indicated that the doses equivalent to the progesterone during pregnancy are very
effective similarly to the inducers of apoptosis in cells of ovarian cancer and where
this mechanism is blocked by estrogens (Dor et al. 2002). In hospital-based investi-
gation, the chance of ovaries-related malignancy for ever use of HRT was 0.9, and in
population-dependent survey was 1.1, with no uniform duration—risk relationship.
Longer-term usage of HRT has been linked to an augmented risk of ovarian
malignancy (Gambacciani et al. 2003). The amount of PR-A isoform action is
drastically lowered in tissues of ovaries with specimens of malignant cancer,
whereas PR-B is unchanged, showing that PR-mediated transcriptional regulation
of the target genes (Akahira et al. 2002). Progesterone has also been shown to limit
the proliferation of ovarian cancer cells, perhaps via changing genes such as p53,
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c-myc, bcl-2, and others which are apoptotic in nature (Syed et al. 2002; Bu et al.
1997; Yu et al. 2001). Multiple SHR coregulator expression levels must have a
critical function in ovarian cancer tissue sensitivity and response to progesterone.

13.2.5 Multiple Endocrine Neoplasia

Multiple endocrine neoplasia (MEN) is categorized into two types: type 2 and type
1. MEN2-A and MEN2-B are further classified in the MEN type-2 (Marx 2005).
There are some new classified types of MEN; but somehow, they are placed under
these two types: MEN4 is currently thought to be a variant of MEN1, while another
variant of MEN2 is familial medullary thyroid cancer (FMTC). Anterior pituitary
tumours, parathyroid tumours, and pancreatic islet cell tumours are all symptoms of
MEN1 (Trump et al. 1996). The autosomal dominant mode of inheritance is
common for MEN1. When the MEN1 linked primary hyperparathyroidism is com-
pared with the non-MEN1 primary hyperparathyroidism, it is seen that MEN1 linked
primary hyperparathyroidism is most prone to develop in younger aged individuals
and may affect numerous glands (Thakker et al. 2012). Carcinoid tumours of the
lungs, gastrointestinal system, pancreas, and thymus have all been reported in MEN1
patients. One of the most common manifestations of MEN1 is cutaneous symptoms.
One-third of MEN1 patients have been diagnosed with subcutaneous lipomas. The
MEN1 gene which codes for Menin protein is found on the 11th chromosome and
has a vital function in genome stability and transcription regulation (Nord et al.
2010). The MEN1 gene has been connected to the loss of heterozygosity in the
genomic area, indicating that it can act as a blocker for tumour growth.

Multiple endocrine neoplasia (MEN2)—type 2 is an autosomal dominant disease
which affects roughly one in every 30,000 people (Moline and Eng 2011). There are
two types of MEN2: MEN2A and MEN2B. The traditional MEN2A, MEN2A with
cutaneous lichen amyloidosis (CLA), MEN2A with familial medullary thyroid
tumour, and Hirschsprung’s disease (HD) are four clinical variations of MEN2A.
MEN2 is defined by the coexistence of a number of malignant and benign endocrine
neoplasia with non-endocrine disorders such as pheochromocytoma, parathyroid
gland adenomatosis. The RET gene, which is responsible for MEN2, has been
localized at 10q11.2. There are 21 exons in total. It is a proto-oncogene for tyrosine
kinase receptors. Stimulation of the germline point mutations in the RET gene which
encodes for receptor tyrosine kinase caused the MEN2A, MEN2B, and FMTC
(Santoro et al. 2002). Both MEN2A and MEN2B have a high penetrance and follow
an autosomal dominant inheritance pattern. MEN2 can be commonly treated either
by visiting to a clinical geneticist or endocrinologist. Individuals with MTC require
molecular genetics and biochemical testing for diagnosis and monitoring of their
illness state.
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13.3 Rationale of Nanomedicine in Hormone-Based Cancer
Therapy

Drug delivery has the advantage of eliminating some of the challenges associated
with traditional DDS, such as drug absorption while passing through the membrane
of cell, insignificant biodistribution, and low bioavailability, all of which impede
optimal therapeutic results (Aftab et al. 2018). Targeted DDS in form of
nanomedicines is the ideal strategy in this regard. Since it can maintain the needed
tissue drug levels as well as plasma concentration inside the body, all types of
hazardous effects on the tissues which are fit and healthy in nature are prevented.
These DDS reduce healthcare costs by increasing product longevity, product differ-
entiation, and patient compliance. Targeted medication distribution is one of the
most significant characteristics since it reduces undesirable toxicity and side effects
in the tissues (Dharap et al. 2005). Small capillaries have a diameter of between
5 and 6 microns. Because the diameter of cancer medications is bigger than that of
capillaries, they cannot penetrate effectively unless their particle size is reduced.
Because nanoparticles are smaller than microparticles, they can easily pass through
capillaries and deliver drugs for successful treatment. Furthermore, when drugs are
transported by nanoparticles, their efficiency increases because they are efficiently
digested by cells. Greater bioavailability, prolonged circulation, improved tumour
disposal, appropriate half-life, and transporting the high concentrations of drug at
tumour site are all important aspects of nanomedicines (Saha et al. 2010).

13.4 Recent Development in Nanomedicine-Based Hormone
Cancer Therapy

FDA is actively creating regulations for items including nanomedicines by forming a
“Nano Task Force” that gives sufficient information on the FDA’s process for
accepting nanomedicines. So far, we’ve looked into genetic changes that affect
tumour prognosis, as well as several targetable biomarkers and imaging techniques
that can aid in efficient cancer therapy. Polymer chemistry has progressed because of
recent advancements in protein engineering to create complex nano formulations
that meet basic criteria (increased pharmacokinetic (PK), safety and controlled
release) while also optimizing the delivery system for improved efficacy (via active
targeting) and concurrent surveillance of adverse reactions and toxic effects. During
the last five decades, endocrine treatment for metastatic prostate cancer has been the
primary line of treatment. However, newer kinds of hormonal therapy have broad-
ened the therapeutic options in recent times. Newer options to estrogens and
orchiectomy include inhibitors of androgen production, also referred as
“antiandrogens,” and LHRH (luteinizing hormone-releasing hormone) analogues,
which can be used alone or in combination (Labrie et al. 2005). Many people
consider orchiectomy to be the “gold standard” form of endocrine therapy since it
causes a rapid drop in serum testosterone, although there are concerns regarding the
surgery’s psychological effects. The recently available antiandrogen flutamide,
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when paired with LHRH analogues or orchiectomy, can prevent the “flare,” and may
enhance survival time, especially when the illness is less severe (Hellerstedt and
Pienta 2002). Because LHRH analogues may elicit an initial increase or “flare” in
blood testosterone before it declines to castrate levels, they should not be
administered alone to individuals with neurologic issues or substantial discomfort.
Tamoxifen inhibits the expression of oestrogen receptors in breast cancer cells. It
prevents oestrogen from binding to cancerous cells and instructs them to proliferate
and develop. Tamoxifen functions as an oestrogen in other types of tissues, such as
the uterus and bones, while having an anti-estrogen effect in breast cells. As a result,
it is known as a selective oestrogen receptor modulator (SERM). It should be
employed to treat both menopausal and non-menopausal women with breast cancer.
Hormone-based treatment of cancer has a range of side effects that vary depending
on the kind of hormone therapy and how your body reacts to it. Vaginal dryness, hot
flashes, lack of interest in sex, changes in your cycles (if you haven’t entered
menopause yet), weariness, nausea, and mood swings are all possible symptoms.
So, recent studies are in pipeline to develop a formulation with lesser side effects and
toxicity.

13.5 Clinical Status

Doxil, the first licensed nanomedicine by the FDA, was introduced in 1995. It’s
liposomal doxorubicin that is been PEGylated. It was licensed for the therapy of
Kaposi’s sarcoma, refractory breast cancer, and ovarian cancer, and at the beginning.
A list of drugs developed under nanotechnology with their advantages is discussed
in Table 13.1.

13.6 Conclusion

The efficacy of nanomedicine-based therapy depends on early cancer identification.
Nanomedicines are advantageous because they are highly exposed and specific in
imaging cellular tumour, making them excellent candidates as one of the best
carriers for giving treatments against cancer with minimum damage to normal
tissues. The conventional method of drug delivery has a limitation that a huge
release of the drug(s) occurs during the circulation of the blood. Traditional systems
are affected by the rapid drug(s) release during circulation of blood, so advancement
in the availability of nanomedicines provides more beneficial health results.
Nanomedicines which act to little modifications in the biological activities may be
able to replace current prescription formulations, despite a variety of limitations and
flaws. The synthesis flexibility, biocompatibility, optimum size, and long-term
release give incredible applications. Hormone-based cancer therapy is the treatment
of choice for many cancers like breast cancer, prostate cancer, endometrial cancer,
ovarian cancer, and others. But it offers certain side effects along with some
toxicities in the patient body, so these should be noticed while considering cancer
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Table 13.1 List of drugs developed using nanoengineered approaches in clinicals

Approval
status

1 Immunoevasion

Doxil
Onivyde

Liposomal doxorubicin
(pegylated)
Liposomal irinotecan
(pegylated)

HV-related Kaposi sarcoma
ovarian cancer, and multiple
myeloma
Advanced pancreatic cancer

Approved
in the US
(1995)
Approved
in the US
(2015)

2 Hemodynamics

Nanoparticle
generator

Porous silicon
micropartticle with
polymeric doxorubicin

Breast cancer lung
metastasis

planning
of phase I

3. Protection from degradation

Atu027
ALN-VSP02
DCR-MYC
MRX34

Liposomal small
interfering RNA
(siRNA)
Liposomal siRNA
Lipid nanoparticle with
Dicer-substrate siRNA
Liposomal micro-RNA
(miRNA)

Advanced or metastatic
pancreatic cancer
Solid tumours with liver
involvement
Advanced solid tumours
Advanced cancers

Phase I/II
completed
(2016)
Phase I
completed
(2011)
Phase I/II
terminated
(2016)
Phase I
terminated
(2016)

4. Unique electromagnetic properties

Nano Therm
AuroShell

Iron oxied NP
Gold nanoshells

Brain tumours
Prostate cancer

Approved
in Europe
(2011)
Phase I
ongoing

5. Combination therapy

Vyxeos Liposomal cytarabine
and daunorubicin

High-risk acute myeloid
leukaemia

Approved
in the US
(2017)

6. Unique transport properties
(EPR) effect Enhanecd permeability and retention

SMANCS
DaunoXome
Myocet

Polymer-
neocarzinostatin
conjugate
Liposomal
daunorubicin

Liver and renal cancer
HIV-associated Kaposi’s
sarcoma

Approved
in Japan
(1993)
Approved
in the US
(1996)

treatment. Nanotherapeutics have shifted the clinical therapeutic paradigm of cancer
from nonspecific chemotherapy (give the appropriate medicine to the correct dis-
ease) to site-specific therapy (deliver the right drug to the right spot at the right time).
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Abstract

Over the past few decades, the brain’s default mode network (DMN), consisting
of a constellation of brain regions active during rest, has been associated with
many neurological disorders. However, this network has recently shown activa-
tion during high-order social cognitive tasks attributed to self-referential
processing and theory of mind. Furthermore, in several disorders with deficits
in social cognition, or disrupted physiology including autism spectrum disorder
(ASD), Alzheimer’s, Parkinson’s, hormonal cancer, and strikingly aberrant
patterns of brain activity have been observed in certain cortical regions
overlapping the DMN. This suggests that DNM overlaps the social brain network
extensively involved in social cognitive processes and is often compromised in
brain disorders. Here, we explore how an altered DMN may be plausibly
extended as an indicator of neurological disorders.
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14.1 Introduction

As the saying goes, “An idle mind never rests,” neuroscientists set out afoot to
navigate the regions in the human cerebral cortex which are active during rest. In
1997, Shulman was the first to report reduced activity in some regions of the cerebral
cortex while performing non-referential and goal-directed tasks (Shulman et al.
1997). In 2001, Marcus Raichle introduced positron emission tomography (PET)
measurements and observed distinct and bilaterally symmetrical cortical areas
showing suppression during active tasks, collectively referred to as the brain’s
default mode network (DMN) (Raichle et al. 2001). It has been highlighted that
even when an individual is at rest and mind is left undirected, their thoughts tend to
gravitate towards self or other people related to them, which implies that the idle
brain is indeed constantly active and at work. Researchers from neuroimaging
studies have encountered some brain areas showing activation during self-referential
tasks (Mars et al. 2012).

Multiple approaches have been adopted to characterize the DMN components,
from which core regions identified are the medial prefrontal cortex, posterior cingu-
late cortex, inferior parietal lobule, and medial temporal lobe, which show enhanced
responses at cognitive rest (Xu et al. 2016; Alves et al. 2019). In addition, some
subcortical regions like basal forebrain, cholinergic nuclei, anterior, and mediodorsal
thalamic nuclei are structurally and functionally connected to other regions of the
DMN (Alves et al. 2019). Functionally, the default network is active when an
individual is engaged in social cognitive and mental processes, including autobio-
graphical memory retrieval, envisioning the future, self-reference, and theory of
mind (ToM) (Buckner et al. 2008). Apart from that, it is involved in mind wandering
and spontaneous thought processes. However, the exact mechanisms of the contri-
bution of DMN to this social cognitive behaviour are still subject to further research
(Fig. 14.1).

To understand the function of the DMN, we need to understand the functional
role of each component of the DMN individually. The essential nodes in the DMN
attributing to the psychology of self and others are the medial posterior cortex,
specifically posterior cingulate cortex (PCC) and often the precuneus, the medial
frontal cortex, and bilateral inferior parietal and posterior temporal areas around the
temporoparietal junction area (TPJ) (Mars et al. 2012). Interestingly, different
regions of DMN serve diverse cognitive functions such as PCC is involved in
autobiographical episodic memory and self-referential processes, the medial pre-
frontal cortex is linked to social processing, and medial temporal lobe is associated
with episodic memory. The inferior parietal cortex is implicated in attention and
semantic processing (Mevel et al. 2011) (Fig. 14.2).
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Fig. 14.1 An overview of the DMN perspective with regard to cognitive load tasks, reproduced
with permission

MPFC

  AI

IFG/PMC

        STS

aIPL

pIPL

PCC/Prec

Fig. 14.2 Functional connections underlying interactions between the DMN andMNS. The DMN,
a system for psychological self-relevant processing and mentalizing, and the MNS, a system for
physical self-recognition and embodied simulation, may interact through densely connected “hubs”
such as the AI and PCC/Prec. Green, DMN nodes; red, MNS nodes; blue, interaction nodes; MPFC,
medial prefrontal cortex; pIPL, posterior inferior parietal lobule; PCC/Prec, posterior cingulate
cortex/precuneus; IFG/PMC, inferior frontal gyrus/premotor cortex; aIPL, anterior inferior parietal
lobule; STS, superior temporal sulcus; AI, anterior insula; and gray lines indicate possible func-
tional connections

Moreover, PCC is involved in working memory tasks, whose attenuated activity
during rest in Alzheimer’s disease is thought to be susceptible to atrophy (Greicius
et al. 2004). While comparing activity in DMN during baseline state and visual
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processing tasks, the functional connectivity maps between posterior cingulate
cortex (PCC) and anterior cingulate cortex (ACC) were identical, regions implicated
in DMN suggesting that the DMN is minimally disrupted by sensory processing
tasks with low cognitive load (Greicius et al. 2003). The ventral and dorsal regions of
mPFC are thought to mediate emotional processing and cognitive functions, respec-
tively (Gusnard et al. 2001; Raichle 2015). Both PCC and mPFC mediate introspec-
tive processes such as self-referential and emotional processing, which show
reduced activity when attention is directed externally (Gusnard et al. 2001). Together
how these interconnected regions contribute to social cognition is still unclear. The
integrity of spatially distinct but functionally connected regions of DMN plays a
crucial role in the health of the mind; however, DMN disruptions are noted in
Alzheimer’s disease (Jones et al. 2011; Cha et al. 2013) and Parkinson’s disease
[in PD Sect. 14.3].

14.2 Default Mode Network Dysfunctions in Neurological
and Neuropsychiatric Disorders

14.2.1 Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurocognitive disorder associated with structural and
functional changes in the brain networks that gets exacerbated on its progression.
One of the earliest clinical manifestations of AD is episodic memory problems
leading to cognitive decline. Memory consolidation is thought to be supported by
the DMN during resting state (Yildirim and Büyükişcan 2019). Hence, alterations in
the activity of the DMN have been associated with working memory impairments in
Alzheimer’s disease (Greicius et al. 2004). Another reason why it is relevant to study
DMN in patients with AD is that the brain regions that are DMN structures are
vulnerable to amyloid plaque deposition, atrophy and show a reduced glucose
metabolism. For instance, prominent atrophy and metabolic abnormalities were
observed in the posterior cortical and medial temporal regions of the DMN (Buckner
et al. 2005). Studies have investigated reduced functional connectivity between the
hippocampus and mPFC, PCC, precuneus and ventral ACC in AD patients with mild
memory impairments (Wang et al. 2006). Few studies have shown a greater decrease
in functional connectivity between the frontal cortex and the hippocampus in
moderate AD patients than patients with mild AD, showing an association between
DMN connectivity and disease severity (Allen et al. 2007; Zhang et al. 2010).

On the contrary, some studies have found evidence for increased resting-state
connectivity between the left hippocampus and right lateral PFC (Wang et al. 2006)
and between PCC and mPFC (Zhang et al. 2010). One possible explanation for this
inconsistency could be the compensatory-recruitment hypothesis, which assumes
that AD patients use additional neural resources to compensate for the loss of
cognitive function (Grady et al. 2003). The functional connectivity can also be
used to trace alterations in the DMN of AD patients after treatment (Dennis and
Thompson 2014). Also, a decreased task-induced deactivation was observed in
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medial and lateral parietal regions during associative memory paradigm in AD
patients, together suggesting disrupted neural responses in the DMN due to amyloid
pathology (Celone et al. 2006; Hafkemeijer et al. 2012).

The first pathological mechanism of AD is the deposition of amyloid-β (Aβ)
fibrils decades before disease manifestation (Jack Jr et al. 2013). A study has
reported an initial accumulation of Aβ predominantly in the precuneus, medial
orbitofrontal, and posterior cingulate cortices, regions mainly located within the
DMN. This early Aβ burden further associates hypoconnectivity within the DMN,
which contributes to cognitive changes (Palmqvist et al. 2017). Age-related effect on
DMN activity was observed in APOE-ε4 carriers, where young ε4 carriers
demonstrated high activity in the retrospinal, medial temporal, and medial-prefrontal
cortices compared to young non-carriers, and older APOE-ε4 carriers were
characterized by reduced DMN activity in anterior and posterior cingulate, and
cerebellum compared to old non-carriers (Filippini et al. 2009; Mevel et al. 2011).
The strength of DMN’s functional connectivity partly depends on white matter tracts
connectivity. APOE-ε4 carriers have shown disruptions in the white matter tracts,
primarily in the cingulum, which interconnects PCC and hippocampus (Heise et al.
2011). These white matter disruptions are reported in individuals at high AD risk
before cognitive decline (Gold et al. 2012). APOE-ε4 carriers have reduced func-
tional connectivity between PCC and hippocampus, suggesting early hippocampal
structural alterations. This hippocampal atrophy is thought to induce structural and
functional perturbations along with memory impairments through cingulum
disruptions (Chételat et al. 2003; Villain et al. 2008). A study reported grey matter
atrophy in the PCC following cingulum disconnection, leading to amnestic mild
cognitive impairment (aMCI) to AD. In a study employing sensory-motor
processing tasks, reduced activity in the DMN was observed in patients with
Alzheimer’s disease, particularly in the PCC and medial temporal lobe (Grady
et al. 2003). This study revealed a significant role of the hippocampus in DMN
activity. As the disease progresses, these disruptions spread within the cortex,
suggesting that the disruptions are not restricted to hippocampus only (Gili et al.
2011).

Some studies show disruptions of functional connectivity within DMN nodes that
may lead to cognitive decline. Furthermore, healthy ageing and AD have significant
and distinct effects on DMN activity or connectivity; thus, early disruptions in DMN
can be considered the potential biomarkers of AD. Therefore, DMN seems to be an
essential network that can help us answer many vital questions at the forefront of this
debilitating disease. A few literature instances are summarized in Table 14.1.

14.2.2 Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative condition accompanied by cogni-
tive, emotional, and motor symptoms, which are often associated with dysfunction in
the DMN (Tepper et al. 2017; Weil et al. 2019). It has been noted that the functional
connectivity between the anterior and posterior hubs of the DMN affect cognitive
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Table 14.1 Literature instances of exploration of DMN functionality in Alzheimer’s disease

Technique Inference Reference

fMRI and
FDG-PET

AD patients showed reduced input into the
medial parietal system and absent input from
hippocampus into medial prefrontal cortex.

Scherr
et al.
(2021)

fMRI Prominent coactivation detected in the
hippocampus suggests the involvement of
default-mode network in episodic memory
processing. In AD group, reduced resting-state
activity in the posterior cingulate and
hippocampus suggest that disrupted connectivity
between these two regions accounts for the
posterior cingulate hypometabolism commonly
detected in positron emission tomography
studies of early AD.
As a result, a goodness-of-fit analysis applied at
the individual subject level demonstrates that
activity in the default-mode network may be a
sensitive and specific biomarker for incipient
AD.

Greicius
et al.
(2004)

Resting-state functional
magnetic resonance imaging

A study indicated significant variability of
dALFF in the cerebellar posterior and middle
temporal lobe among the AD, MCI, and HC
groups. In AD patients, these brain regions had
high dALFF variability. The AD group showed
lower dfALFF in the left calcarine cortex and
white matter than the MCI group.

Li et al.
(2021)

MRI While all RSNs represent an increase in
connectivity within networks by enhancing inner
cohesive ability, 7 out of 10 RSNs were
characterized by a decrease in connectivity
between networks, indicating a weakened
connector among networks from the early stage
to dementia.
This abnormal network connectivity is
significantly correlated with the levels of
molecular biomarkers of AD.

Wang et al.
(2020)

fMRI This study suggests that cognitive decline in
Alzheimer’s disease is a reciprocal of a
decreased signal complexity in DMN nodes,
which might further lead to disrupted DMN
functional connectivity.

Grieder
et al.
(2018)

fMRI The functional connectivity of the default-mode
network (DMN) in Alzheimer’s disease
(AD) patients is weaker than that in healthy
participants. However, upon considering
physiological noise, such as breathing and heart
beating, DMN difference between AD patients
and healthy controls became insignificant, owing
to importance of controlling physiological noise
in the resting-state fMRI analysis to obtain
clinically related characterizations in AD.

Li et al.
(2020)
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functions; for instance, visual hallucinations in PD is thought to result from disrupted
connectivity in the resting state network (Shine et al. 2014). Several fMRI studies
have reported impaired deactivation of the DMN during executive task performances
along with disturbed connectivity between medial prefrontal cortex and rostral
ventromedial caudate nucleus in patients with PD. One of the major hallmarks of
PD is the loss of dopaminergic neurons projecting to the striatum, leading to
functional disconnection in the striato-thalamo-frontal loop resulting in cognitive
deficits. Hence, it has been suggested that the dopamine depletion might lead to
functional disconnection in the DMN, inappropriately modulating DMN activity and
ultimately failing at executive tasks (van Eimeren et al. 2009).

The network underlying the disease is suggested to influence functional connec-
tivity between the DMN and the Central Executive Network (CEN), which is
important in cognitive functions such as attention, reasoning, working memory,
and inhibition. These two networks show anticorrelation in a healthy brain. In
contrast to PD patients who show an atypical pattern of network interaction, positive
coupling between the right CEN and DMN is shown (Fox et al. 2005; Sridharan et al.
2008). A study investigated the three neurocognitive networks supporting efficient
cognition, salience network (SN), CEN, and DMN in PD patients and reported
increased connectivity within the SN and DMN but decreased connectivity with
CEN (Tessitore et al. 2017). Another study examining resting-state networks (RSNs)
in PD showed a significant decrease in connectivity within at least seven RSNs as
compared to healthy controls (Ghasemi et al. 2021). Aberrant intra- and inter-
functional network connectivity in left frontoparietal, basal ganglia network, SA,
and DMN were demonstrated in patients diagnosed with PD with depression (DPD)
(Zhang et al. 2021). Enhanced functional coactivation was reported within the DMN
of PD patients with visual hallucinations; however, low functional coactivation was
found within the DMN of PD patients with visual hallucinations and without
compared to the control group (Yao et al. 2014).

Network-based analysis in PD patients shows a decreased morphological con-
nection in the DMN and sensorimotor network while increased connections in the
salience and frontoparietal networks (Hafkemeijer et al. 2012). Healthy coupling
between SN and DMN is essential for efficient cognition, which seems to be
dysfunctional in PD (Mevel et al. 2011). The degree centrality (DC) mapping
approach found functional connectivity alterations in patients with PD and PD
with mild cognitive impairment (PD-MCI) compared to healthy controls. Comparing
PD patients with no cognitive impairment (PD-NCI), the PD-MCI group showed
abnormal DC in the left fusiform gyrus, precuneus, cerebellum VI, cuneus, and
hippocampus. The severity of cognitive impairment in PD-MCI patients is correlated
to altered DC in the left fusiform gyrus and left precuneus (Filippini et al. 2009).
These alterations were mainly exhibited in the DMN core hubs, for instance,
precuneus, which regulates cognitive function. Also, studies showed precuneus
dysfunctions association with cognitive impairment in patients with PD (Heise
et al. 2011). Increased metabolic and functional connectivity along frontoparietal
connections was identified in PD-MCI patients compared to controls and unimpaired
patients (Gold et al. 2012). A study also demonstrated that the DMN dysfunction
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Table 14.2 Literature instances of exploration of DMN functionality in Parkinson’s disease

Technique Inference Reference

fMRI The RSN scores showed a significant decrease in connectivity
particularly striking on the lateral and medial posterior occipital
cortices in 7 ICs patients with PD compared to HCs. The results
show altered connectivity in cluster of the default mode network
in PD patients.

Ghasemi et al.
(2021)

fMRI Glucose metabolism was significantly reduced in all DMN hubs
in both PD patient groups. However, an increased metabolic and
functional connectivity was identified along fronto-parietal
connections in PD-MCI patients compared to controls and
unimpaired patients. Functional connectivity is reported to
negatively correlate with cognitive functioning. Thus, the study
provides the importance of measuring brain network activity to
highlight cognitive symptoms in PD, which seems to be a
potential network approaches for identifying prospective
biomarkers.

Ruppert et al.
(2021)

improved upon treating the patients with levodopa, typically regulating activity in
two midline components of DMN, MPFC, and PCC, which suggests rewiring in the
DMN improves symptoms of PD patients (Villain et al. 2008). A few literature
instances are summarized in Table 14.2.

14.2.3 Schizophrenia

Schizophrenia is a psychotic disorder identified by disturbed functional integrity
across frontotemporal regions, and its symptoms have been attributed to disrupted
connectivity among cortical regions (Fletcher et al. 1999; Friston 1999). Schizophre-
nia is associated with abnormal temporal and spatial patterns of activity in the DMN,
primarily in the frontal, anterior cingulate, and parahippocampal gyri. The patients
also show hyperactivity within PFC and between PFC and subcortical regions such
as the thalamus and caudate during cognitively demanding tasks (Garrity et al. 2007;
Woodward et al. 2012; Giraldo-Chica and Woodward 2017). Reduced resting-state
connectivity has been found between DMN and CEN in patients with schizophrenia
which could be regarded as a trademark of schizophrenia pathology (Friston 1998;
Riehemann et al. 2001; Giraldo-Chica and Woodward 2017). This reduced suppres-
sion of the DMN can be considered as a failed ability to allocate attention to tasks at
hand, which results in impairment in task performance. An important question
remains if this reduced suppression of the DMN causes impaired cognition in
neuropsychiatric disorders. In line with the existing literature, abnormal functional
connectivity is found in the DMN, where hyperconnectivity is demonstrated in the
posterior cingulate and inferior parietal lobule in the ventral DMN in schizophrenic
compared to first-degree relatives (Li et al. 2017).

A study reported increased connectivity in the PCC, mPFC, and inferior parietal
lobule in some regions of DMN during self-reflection task in schizophrenia patients;
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Table 14.3 Literature instances of exploration of DMN functionality in schizophrenia

Technique Inference Reference

FMRI A study used ICA to evaluate hidden
spatiotemporal structures contained within fMRI
data from a large group of schizophrenia
patients, healthy controls, and individuals with
bipolar disorder. The default mode network
regions show significant and specific differences
between healthy subjects, patients with
schizophrenia, and patients with bipolar disorder.

Calhoun
et al.
(2012)

Resting-state functional
magnetic resonance imaging

The results indicated that patients with
schizophrenia show impaired interaction among
DMN subsystems, with a reduced central role for
posterior cingulate cortex (PCC) and anterior
medial prefrontal cortex (aMPFC) hubs as well
as weaker interaction between dorsal medial
prefrontal cortex (dMPFC) subsystem and
medial temporal lobe (MTL) subsystem.
This weak DMN integration may be associated
with impaired ability in making self-other
distinctions and coordinating present mental
states with future envisioning.

Du et al.
(2016)

however, low white matter integrity was observed compared to the healthy controls.
These changes in the DMN are associated with impaired self-insight in schizophre-
nia (Ćurčić-Blake et al. 2015). Functional connectivity impairments have been
studied in schizophrenia; however, the specific difference varies across the literature.
For example, in an eyes-closed resting condition, a global and non-specific
disconnectivity is observed in schizophrenic patients. At the same time, in the
same, increased functional connectivity was reported in the DMN and task-positive
network (Zhou et al. 2007). A study performed social cognition tasks by patients
with schizophrenia demonstrated abnormal hyperactivity in the medial PCC and
reduced activation of the right VmPFC (Holt et al. 2011. In addition, it has been
observed that DMN activity attenuates differently in patients depending on cognitive
load during goal-directed tasks (Schneider et al. 2011). These abnormal patterns
connectivity in the intrinsic networks of patients with schizophrenia may be potential
endophenotypes of this disorder. Some compelling evidence suggests that compared
to controls, patients with schizophrenia had low connectivity strength in the PCC
whereas more significant in the precuneus and inferior parietal and that the DMN
responds to antipsychotic medications; for instance, olanzapine treatment in patients
with schizophrenia increased the ventromedial PFC connectivity, but no changes
observed in the posterior regions of the DMN. A few literature instances are
summarized in Table 14.3.
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14.2.4 Attention Deficit Hyperactivity Disorder (ADHD)

ADHD is manifested by impaired levels of impulsivity, hyperactivity, and attention,
pointing to the inability of DMN to deactivate, which interferes with the task-
positive activities, consequently causing attentional lapses in people with ADHD
(Weissman et al. 2006; Sonuga-Barke and Castellanos 2007). Decreased network
integrity is found in the DMN, particularly between the precuneus and other regions
of DMN, which draws our interest to impaired precuneus connectivity in ADHD
(Uddin et al. 2008). Increased functional connectivity was observed in bilateral
dorsal ACC, thalamus, cerebellum, insula, and brainstem in individuals with
ADHD, reflecting impairments in autonomic control functions from these regions
(Tian et al. 2006). On the other hand, reduced functional connectivity has been
observed between anterior and posterior regions, showing a relationship between
deficits in working memory and attentional lapses in ADHD (Castellanos et al.
2008). Dysfunctional dorsal anterior cingulate cortex (dACC) has been indicated
in the pathology of ADHD, showing decreased activation and reduced volumes
compared with normal controls (Bush et al. 2005; Carmona et al. 2005). A study
found significantly decreased resting-state functional connectivity between PCC and
dACC, suggesting an abnormal balance between attentional and self-related
thoughts (Makris et al. 2007).

For response inhibition, where an affected individual has trouble suppressing an
ongoing, inappropriate response, the DMN must be actively inhibited to perform a
task successfully. However, there are stronger connections within the nodes of DMN
than with the nodes of response inhibition network, contributing to decreased task
performance in ADHD (van Rooij et al. 2015). The cognitive control network,
engaged during cognitively demanding tasks, works in anticorrelation with the
DMN. Attenuated negative connectivity is seen between the DMN and central
control network, which may be vital in ADHD pathophysiology (Cole and Schneider
2007). Another study observed increased frontoparietal connectivity in boys with
ADHD. Also, it examined the effect of methylphenidate on functional connectivity
in boys with ADHD and observed drastic suppression in the frontoparietal connec-
tivity associated with improved cognitive performance (Silberstein et al. 2016). A
few literature instances are summarized in Table 14.4.

14.2.5 Autism

Autism is a heterogeneous condition often characterized by deficits in social cogni-
tive processes. Impaired introspective thoughts, social and emotional processing are
attributed to altered patterns of DMN deactivation in ASD patients (Kennedy et al.
2006). The neural mechanism underlying the pathogenesis of the social impairments
in this disorder is poorly understood. Disrupted functional connectivity in the DMN
regions between ACC and PCC has been implicated in autism, proposing an absence
of self-referential thoughts in people with ASD (Cherkassky et al. 2006). A resting-
state condition showed reduced functional connectivity in mPFC and angular gyrus,
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Table 14.4 Literature instances of exploration of DMN functionality in ADHD

Technique Inference Reference

Resting-state functional
magnetic resonance imaging

The developmental patterns of local and global
brain activities between ADHD and typically
developing (TD) individuals were analyzed.
Results showed that the ADHD group had
abnormal amplitude of low-frequency
fluctuation, fractional amplitude of
low-frequency fluctuation, and regional
homogeneity in the medial orbital frontal
cortex, anterior cingulate cortex, postcentral
gyrus, thalamus, precuneus, and cerebellum
from local brain activity.

Tang et al.
(2018)

Resting-state functional
magnetic resonance imaging

ADHD symptoms are related to lower levels of
detail in ongoing thought while the
participants made more difficult, memory-
based decisions.
In addition, greater ADHD scores are linked to
lower levels of connectivity between the DMN
and right sensorimotor cortex, and between the
FPN and right ventral visual cortex.

Vatansever
et al. (2019)

also reported no anticorrelation between DMN and task-positive network in the ASD
group. These abnormalities in the DMN, specifically reduced functional connectivity
in mPFC associated with social and emotional processes and deficits in the mirror
neuron system, suggesting atypical self-processing with others. Studies on
adolescents demonstrate global patterns of underconnectivity within and between
DMN and other brain areas (Nomi and Uddin 2015).

The maturation trajectory of DMN connectivity focuses on age-related patterns of
DMN connectivity, which shows ASD groups do not show a typical age-related
increase in connectivity between PCC and frontal areas (Wiggins et al. 2011). On the
contrary, a study demonstrated an age-associated rise in negative functional connec-
tivity between the DMN and the task-positive CEN in the control group (Lawrence
et al. 2019). DMN shows variations across factors, such as age, gender, and
cognitive functions. A study exploring sex differences in DMN connectivity
shows that the female controls have stronger within-DMN connectivity than the
male control group; in contrast to ASD, females and males reported similar strength
of connectivity within DMN, which was significantly low control counterparts
(Ypma et al. 2016). This hypoconnectivity in the DMN seems to be an
endophenotype that suggests aberrant DMN connectivity may contribute to
autism-relevant traits. Studies show DMN is underdeveloped in infants and
continues to develop in adolescence; the strength of functional connectivity tends
to decrease with age and is also correlated with cognitive abilities (Mak et al. 2017).

Another critical variable relevant to DMN connectivity is intellectual functioning.
The low cognitive functioning group showed significant underconnectivity within
the DMN compared to the high cognitive functioning group, despite managing
symptoms severity (Mash et al. 2019). Structural aberrations, including increased
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cortical thickness in the PCC and VmPFC in children with ASD as well as reduced
gyrification in the VmPFC, were reported in male participants of mixed age group
(Padmanabhan et al. 2017). Diffusion tensor imaging studies demonstrated aberrant
white matter connectivity in ASD, primarily along with the cingulum bundle that
connects the mPFC to PCC (Ismail et al. 2016). Atypical neuronal migration during
early development may contribute to the pathophysiology of ASD. The human post-
mortem analysis shows an increased density of white matter neurons in the superfi-
cial layers of PCC (Oblak et al. 2011). An imbalance in the excitatory/inhibitory
(E/I) neural circuits is thought to alter inter- and intra- signaling of DMN and
contribute to atypical behaviours (Padmanabhan et al. 2017). An optogenetic study
on rodents shows increased E/I imbalance in the mPFC, resulting in impaired social
functions. Complex social processes are supported by intrinsic connectivity between
large-scale brain networks, including salience network (SN), central executive
network (CEN), and DMN. Therefore, suggesting the importance of interwork
interactions in the pathophysiology of ASD. Overall, the literature suggests
impairments in the DMN underlie social deficits in ASD.

In the strictest sense, social cognition is regarded as the social understanding of
self and others, a vital part of social life. The self-reflective processes typically begin
developing during the early years of life and continue through adulthood. The task-
negative network is implicated in the self-referential processing and socially perti-
nent information – typically by showing suppressed activity in the cortical areas
during social cognitive tasks. When individuals are not engaged in any specific task,
their mind is left undirected to process thoughts relating to themselves or others.
Besides, there is an overlap between core DMN areas and the social brain, attributed
to understanding cognitive processes of self and others (Li et al. 2014). A set of
regions including PCC, mPFC, and left IPL have been demonstrated to show
everyday activity to self-referential thoughts and rest (Davey et al. 2016).

A brain network dedicated to support human sense of self has been reported from
self-referential tasks studies that show activation patterns in the regions of the DMN.
A self-related mental process evokes a resting state; however, this poses a question,
what are the different and common components between the two states. Recently, a
study has shown an overlap in the regions mPFC during the self-referential and task
conditions (Bernier et al. 2013). The PCC, the core functional hub of DMN, is
implicated in both self and other relevant information. A study reported reduced
activity in the PCC during self-related judgement tasks.

On the other hand, EEG showed enhanced alpha-band activity in the posterior
hubs of the DMN during self-referential thoughts (Knyazev et al. 2011). Together,
these findings imply that the DMN is the seat for self-referential processing in the
brain. In autism, atypical self-referential and introspective thoughts result from low
activation of DMN in the baseline state. Reduced activity is also observed between
PCC and ACC, which is thought to disturb self-referential thoughts in autism (Broyd
et al. 2009). ToM refers to the ability to infer the thoughts, intentions, and mental
perspective of others which is often regarded as underdeveloped in people with
autism spectrum disorder that results in social cognitive deficits (Baron-Cohen and
Wheelwright 2004). From previous neuroimaging studies, mPFC was recognized as
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a critical area for ToM tasks; however, there were certain discrepancies where Saxe
demonstrated right TJP involvement in understanding mental states of others (Saxe
2006), whereas Samson argued that the left TJP was representing the mental states
(Samson et al. 2004). Also, ToM studies revealed strong functional connectivity
between the parietal and frontal cortex in the DMN. On the contrary, it detected
lower functional connectivity within DMN during intentional mentalizing in
individuals with autism (Li et al. 2014).

Humans have an incredible tendency to process mental states of self and others,
and the default mode network is seen to be processing these cognitive functions.
However, the default mode network is highly correlated to resting states such as
daydreaming or mind-wandering. It is also seen to be active when an individual
engages in thinking about self, conceiving perspectives of others, envisioning the
future, and retrieving autobiographical memory. Individuals with autism spectrum
disorder have social difficulties understanding others’ emotional or mental states,
and self-referential processing is also atypical in autism. Studies have shown that
networks for social cognition, particularly higher-order tasks of attributing to others’
mental states, overlap the DMN (Mars et al. 2012), and impairments in similar social
cognitive abilities are reflected in autism. This overlap between the social brain
network and default mode network may provide evidence for DMN dysfunction
resulting in social cognitive dysfunction in patients with autism in two core domains:
self-referential processing and ToM.

Autism spectrum disorder is a cluster of social impairments that makes it difficult
for individuals to reciprocate social interaction due to a lack of sense of self in
context to others. Hence, it is not surprising to link DMN, a core neural network
processing information relevant to self and inferring the mental states of others, to
ASD phenotypes. Studies have suggested that PCC and mPFC manifest aberrant
patterns of self-representation in ASD (Mars et al. 2012). Therefore, the literature
points towards the idea that social impairments in ASD are linked to dysfunctional
DMN. Complex social behaviour is supported by interactions between large neural
networks, such as the salience network, central executive network, and default mode
network. However, alterations in connectivity are likely to present atypical
behaviour signifying the inter-network connectivity in the pathophysiology of
ASD. A few literature instances are summarized in Table 14.5.

14.2.6 Multiple Sclerosis (MS)

Multiple sclerosis (MS) is a debilitating demyelinating disease of the central nervous
system, characterized by a cognitive decline among other motor symptoms, hamper-
ing daily life (Inglese and Petracca 2018). It has previously been demonstrated that
alterations in resting-state networks are observed mainly in the DMN related to
altered cognitive processes (Faivre et al. 2012). Using fMRI, changes within DMN
connectivity and attentional networks were associated with cognitive impairments
(Louapre et al. 2014). Furthermore, an MEG study of patients with MS reported
reduced within and cross-network DMN connectivity, complementing previous
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Table 14.5 Literature instances of exploration of DMN functionality in autism

Technique Inference Reference

Resting-
state fMRI

Individuals with ASD displayed significantly impaired
connectivity in the ventral medial prefrontal cortex and
posterior cingulate cortex, which are two critical hubs of the
default mode network (DMN).

Guo et al.
(2019)

fMRI This study found a small-world regimen in the DMN; however,
there were no significant differences in global network of ASD
participants.
The ASD group exhibited reduced nodal centralities in the
bilateral anterior medial prefrontal cortex and increased nodal
centralities in the right lateral temporal cortex and the right
retrosplenial cortex.
Moreover, ASD participants also displayed significantly
reduced and increased FC within the DMN. Overall, showing
disrupted patterns of FC metrics and nodal network metrics in
the DMN, that could be a potential biomarker for ASD
diagnosis.

Chen et al.
(2021)

Resting-
state fMRI

Whole-brain within-connectivity showed hyper-connectivity,
especially in cerebellum and brainstem in ASD children but
both hyper-/hypo-connectivity in adolescents and ASD adults
and between-connectivity.
While in the between-connectivity, negative correlation
between DMN and temporal network was examined in ASD
group.
Significant differences between cerebellum and DMN was
observed from full correlation comparison between ASD
adolescents and TD individuals.

Haghighat
et al. (2021)

Rs-fMRI Hyper-connectivity of the posterior cingulate and retrosplenial
cortices with predominately medial and anterolateral temporal.
Cortex was observed in ASD children.
On the contrary, the precuneus demonstrated hypo-connectivity
with visual cortex, basal ganglia, and locally within the
posteromedial cortex in ASD children.
In ASD, aberrant posterior cingulate cortex hyper-connectivity
was associated with severity of social impairments in ASD,
whereas precuneus hypo-connectivity was not linked to social
deficits.

Lynch et al.
(2013)

fMRI studies (Sjøgård et al. 2021). In a study, dynamic functional connectivity
(dFC) of patients with MS was measured to explore its link with fatigue experienced
by more than 80% of patients. Global increase of dFC was reported in MS patients
compared to healthy controls. Besides, ganglia-DMN dFC was associated with
fatigue in MS, where patients with lower ganglia-DMN dFC were estimated to
have higher fatigue scores, indicating a neural correlate of fatigue in MS (Tijhuis
et al. 2021).

Another symptom of MS specifically associated with functional disconnection of
neurotransmitter-related nuclei is depression. A study investigated a significant
reduction of raphe nuclei related functional connectivity in MS patients with
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Table 14.6 Literature instances of exploration of DMN functionality in multiple sclerosis

Technique Inference Reference

fMRI Impairment in the anterior parts of the DMN has been shown to
be associated with cognitive impairment in patients with
progressive MS.

Rocca et al.
(2010a, 2010b)

fMRI Functional abnormalities were present in cognitive networks,
including DMN of patients with relapsing–remitting multiple
sclerosis (RRMS).

Nejad-
Davarani et al.
(2016)

fMRI In benign multiple sclerosis, patients showed reduced white
matter fractional anisotropy (WM FA), gray matter
(GM) atrophy, and increased resting-state functional
connectivity (RS FC) in fronto-temporo-parietal regions.

Riccitelli et al.
(2020)

Resting-
state fMRI

In the relapsing–remitting multiple sclerosis (RRMS) patients,
DMN connectivity was found to be significantly weaker in the
anterior cingulate cortex. It was significantly weaker in the
core but stronger at the periphery of the posterior cingulate
cortex which demonstrates possible compensatory effect on
cognitive performance.

Bonavita et al.
(2011)

depression compared to those without depression. This signalling deficit may induce
changes in the DMN which in turn may be behaviourally manifested in MS patients
with depression (Martino et al. 2020). Research suggested that reduced activity in
the anterior component of the DMN was marked more in cognitively impaired
patients with MS than cognitively preserved patients (Rocca et al. 2010a, 2010b).
Functional connectivity (FC) changes occur in both the ACC and PCC of the DMN
in MS patients with depression. Since there are partially overlapping FC changes in
the PCC of MS patients with depression and cognitive decline, FC changes within
the DMN can serve as an early marker of cognitive impairment in MS patients
(Bonavita et al. 2017). A few literature instances are summarized in Table 14.6.

14.2.7 Glioma

Gliomas are the most frequent primary intracranial tumours, whose malignant forms
exhibit a high degree of tumour cell proliferation and infiltration compared to
low-grade gliomas (Ostrom et al. 2014). Patients with low-grade glioma are seen
with cognitive deficits that affect the quality of life. A study conducted on low-grade
glioma patients after respective surgery showed increased lower alpha band connec-
tivity within the DMN. This increase in alpha band functional connectivity after
surgery is correlated with improved cognitive performance (van Dellen et al. 2012).
DMN connectivity patterns differ significantly in patients with gliomas as compared
to healthy individuals. Changes in the connectivity pattern of the DMN are observed
at or near tumour sites and in patients who underwent a series of radiotherapy.

Furthermore, neurocognitive impairments are mainly associated with reduced
connectivity in the left temporal and parietal DMN nodes; therefore, these nodes
of the DMN should be considered for personalized treatment strategies (Kocher et al.
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2020). Lower DMN integrity was observed in high-grade tumour with low-grade
patients. That tumour in the left parietal lobe reported more impaired DMN,
suggesting tumour grade and location impact DMN connectivity (Harris et al.
2014). In an fMRI study, impaired cognitive performance in glioma patients prior
to treatment was associated with reduced deactivation in the DMN (Schouwenaars
et al. 2020).

Tumours affect the resting state networks, reportedly significant changes are
observed in the right angular gyrus/inferior parietal lobule of the DMN (Maesawa
et al. 2015). Modifications of the DMN connectivity are seen to be induced by
different tumour grades. A patient study showed an increased DMN integrity in the
hippocampal regions, whereas reduced connectivity in the prefrontal regions
(Esposito et al. 2012). In patients with frontal gliomas, the intra-hemisphere func-
tional connectivity was reduced between the PCC and temporal-parietal junction
(TPJ), suggesting that gliomas not only affect local functions but also disrupt the
global functional state (Zhang et al. 2016). Tumour leads to neuronal generation,
decreasing the hemispheric connectivity and disrupting connections across the
corpus callosum. It has also been observed that tumours in the left parietal lobe
have more impact on the DMN integrity. In contrast, tumours within DMN have no
significant impact, showing how tumour locations impact connectivity (Tordjman
et al. 2021). Studies also reveal the effect of tumour on brain and memory deficits
induced by it depend on the DMN integrity (Romero-Garcia et al. 2021). A few
literature instances are summarized in Table 14.7.

14.2.8 DMN in Addiction

The DMN has been implicated in the substance use disorder (SUD), both aberrant
DMN function and other disturbed large scale interacting networks have been
associated with impaired cognitive functions contributing to craving and relapse
Jovicich et al. 2016; Pinter et al. 2016. The core midline regions of the DMN have
extensively been investigated through neuroimaging studies of addiction. Both
anterior and posterior parts of DMN, including medial prefrontal cortex and PCC
which presumably interact with other cortical areas, have profound effect of drugs
(Gusnard and Raichle 2001). A few literature instances are summarized in
Table 14.8.

14.2.9 Epilepsy

Epileptic activity has been found to influence abnormal functional connectivity
among resting state networks, particularly in the default mode network which
might be associated with loss of consciousness and cognitive deficits during epilepsy
(Li et al. 2015). Cerebral blood flow hypoperfusion has been indicated in some
regions of the DMN, in tonic-clonic and temporal lobe seizures, inducing physio-
logical changes in these regions (Danielson et al. 2011). An increased functional
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Table 14.7 Literature instances of exploration of DMN functionality in glioma

Technique Inference Reference

Functional MRI Patients with gliomas, mainly with tumours near
the posterior DMN, showed reduced posterior
cingulate cortex anticorrelation in task-based
fMRI than controls.
Moreover, patients with both left- and right-
hemisphere tumours, and those with grade IV
tumours, showed significantly lower posterior
cingulate cortex anticorrelation than controls.
A study concluding impaired deactivation of the
default mode network in patients with gliomas.

Kenna et al.
(2013)

Magnetoencephalography Increased alpha band RSN functional
connectivity in MEG recordings correlates with
improved cognitive outcome after resective
surgery. The mechanisms resulting in functional
connectivity alterations after resection remain to
be elucidated. Importantly, our findings indicate
that connectivity of MEG RSNs may be used for
presurgical prediction of cognitive outcome in
future studies.

Van Dellen
et al. (2013)

fMRI Compared with the HCs group, the patient group
exhibited significant differences in functional
connectivity among default mode network,
executive control network, and salience network.
In addition, the number of the significant
functional connectivities between the paired
seeds observed in the patients was greater than
that in HCs and significantly increased functional
connectivity was detected between left posterior
cingulate cortex and right angular gyrus.
Furthermore, altered neural activities in the
RSNs of patients with frontal glioma were
positively associated with certain aspects of
cognitive function.

Liu et al.
(2019)

fMRI Brain tumours and their corresponding treatment
affecting brain networks that are fundamental for
memory functioning such as the DMN can have
a major impact on patient’s memory recovery.

Assem et al.
(2021)

fMRI A significantly increased and reduced integration
of DMN areas was observed in hippocampal area
sand prefrontal regions, respectively.

Esposito et al.
(2012)

fMRI Functional connectivity in each default mode
network region was not significantly different
between task-based and resting-state maps.
Task-based fMRI showed impaired deactivation
of the default mode network in patients with
gliomas. The functional connectivity of the
default mode network in both task-based and
resting-state fMRI in patients with gliomas using
the posterior cingulate cortex identified in task-

Maniar et al.
(2021)



based fMRI as an ROI for seed-based correlation
analysis has strong overlap.
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Table 14.7 (continued)

Technique Inference Reference

RS-fMRI Tumours in the left hemisphere had the largest
effect on DMN connectivity regardless of their
size and type, while this effect was not observed
for right hemispheric tumours. Tumours in the
cerebellum also had statistically significant
effects on DMN connectivity. These results
suggest that DMN connectivity in the left side of
the brain may be more fragile to insults by
lesions.

Ghumman
et al. (2016)

Pseudo-resting state fMRI Higher tumour grade along with prior surgery
and/or treatment cause the largest reduction in
DMN functional connectivity in patients with
primary gliomas, and that tumour location has an
impact on connectivity.

Harris et al.
(2014)

Resting state fMRI These findings suggest the possibility that
functionally intact regions may persist within
GBMs and that the extent to which FC is
maintained may carry prognostic value and
inform treatment planning.

Daniel et al.
(2021)

Resting state fMRI Cognitive deficits in glioma patients prior to
treatment are associated with reduced
responsiveness of the DMN, but not with
abnormal CEN activation. These results suggest
that cognitive deficits in glioma patients reflect a
reduced capacity to achieve a brain state
necessary for normal cognitive performance,
rather than abnormal functioning of executive
brain regions. Solely focusing on increases in
brain activity may well be insufficient if we want
to understand the underlying brain mechanism of
cognitive impairments in patients, as our results
indicate the importance of assessing
deactivation.

Schouwenaars
et al. (2021)

fMRI A significantly increased and reduced integration
of DMN areas was observed in the hippocampal
and prefrontal regions, respectively.
Modifications were closely related to tumour
grading. Moreover, the DMN lateralized to the
hemisphere contralateral to tumour in the
low-grade, but not in the high-grade tumour
patients.

Esposito et al.
(2012)

MRI Although the tumours were localized in the left
side of the brain, changes in connectivity were
observed in the contralateral side. Moreover,
these changes correlated with some aspects of
cognitive function indicating that patients with
gliomas may undergo cognitive changes even in

Maesawa et al.
(2015)



the absence of or before the onset of major
symptoms. Evaluation of resting state networks
could be helpful in advancing our hodological
understanding of brain function in glioma cases.
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Table 14.7 (continued)

Technique Inference Reference

Resting state fMRI Altered functional connectivity is reliably found
with seed-based correlation analysis and
independent component analysis in the DMN,
dorsal attention network, and fronto-parietal
executive control network in glioma patients,
possibly explained by decreased connectivity
between the cerebral hemispheres across the
corpus callosum due to disruption of the
connections.

Tordjman et al.
(2021)

connectivity was observed between DMN and the right medial temporal region as
well as anterior cingulate cortex during temporal lobe epilepsy (Hsiao et al. 2015). A
decreased integration within DMN and reduced functional connectivity among
temporal, parietal, and frontal was observed in patients with absence epilepsy,
suggesting how impaired anatomo-functional architectural integration in DMN,
result in cognitive mental impairment and unconsciousness during absence seizure
(Hu et al. 2017). A few literature instances are summarized in Table 14.9.

14.3 Conclusion and Future Prospects

DMN on the whole can be visualized as a novel perspective to neurological
diagnostics. The said tool can be used as a prognostic tool and predict the advent
of disease much before its clinical manifestation which can be used to control as well
as to follow up the efficacy of treatment provided to subjects. A quantum of research
is still underway and needed to establish the underlying mechanisms of the same and
comprehend the different strata of brain connectivity and how it can be used as well
explored to detect as well as treat the diseases. A early detection is a major problem
with neurological diseases like AD/PD. It has advantages over current methods used
for detection viz. biochemical. Treatment can be started early to reverse the damages.
An alternate way of visualizing the disease rather from a biochemical or immuno-
logical perspective may shed light with upcoming research, finding the new ways to
have a better understanding of the disease as well as newer methodologies for its
treatment.
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Table 14.8 Literature instances of exploration of DMN functionality in addiction cases

Drug of
abuse

fMRI Betal
quid

Decreased network connectivity observed. Zhu et al.
(2017)

fMRI Heroin These findings suggest drug addicts’ abnormal
functional organization of the DMN, and are
discussed as addiction-related abnormally increased
memory processing but diminished cognitive
control related to attention and self-monitoring,
Which may underlie the hypersensitivity toward
drug-related cues but weakened strength of
cognitive control in the state of addiction.

Ma et al.
(2011)

fMRI Cocaine In individuals with cocaine-use disorder,
Greater D3R-related binding in the substantia nigra
was associated with improved performance and
greater DMN suppression.
Exploratory moderated-mediation analyses
indicated that DMN suppression was associated with
Stroop performance indirectly through D2R in
healthy comparison
And D3R in cocaine-use disorder
Participants.

Worhunsky
et al. (2021)

fMRI for
BOLD
signal

Internet
addiction

Hyper-connectivity in
Cognitive control network and default mode
network as well as the hypo-connectivity
In visual attention network, verifying the common
mechanism in IA and substance
Addiction, and the underlying association between
IA, and attention deficit/hyperactivity
Disorder in terms of neurobiology.

Wang et al.
(2019)

Resting
stage fMRI

Alcohol
addiction

rsFC within
The DMN. Functionally, this finding may be
associated with impairments in memory
Encoding and self-referential processes commonly
observed during alcohol intoxication.
Future resting- state functional magnetic resonance
imaging studies might therefore
Also investigate memory function and test whether
DMN-related connectivity
Changes are associated with alcohol-induced
impairments or craving.

Fang et al.
(2021)

fMRI Cocaine Cocaine addiction is associated with disrupted
interactions among
DMN, medial temporal lobe, and salience network,
which have been implicated, respectively, in self-
referential functions, emotion and memory, and
coordinating
Between internal and external stimuli, providing
novel and important insights into the
neurobiological mechanisms of cocaine addiction.

Liang et al.
(2015)
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Table 14.9 Literature instances of exploration of DMN functionality in epilepsy

Technique Inference Reference

MRI Altered functional connectivity, particularly in dorsal
attention (DAN), salience (SN), and default mode
(DMN) networks, might lead to the loss of
consciousness during seizures and cognitive deficits in
patients with children absence epilepsy (CAE).

Li et al.
(2015)

EEG The theta (4–8 Hz) and alpha (8–13 Hz) bands activity
in each DMN subnetwork shows alterations during
epileptiform discharges which may suggest serve as
an underlying mechanism for the generation and
propagation of epileptiform discharges in the brain.

Cui et al.
(2018)

BOLD-fMRI data
EEG

Compared to healthy group, epilepsy patients showed
significant decreased DMN functional connectivity in
right uncus, left inferior parietal lobule, left
supramarginal gyrus, left uncus, left parahippocampal
gyrus, and left superior temporal gyrus, suggesting
how patterns in BOLD-fMRI may suggest networks
responsible for partial epilepsy genesis or progression.

Hu et al.
(2017)

Functional magnetic
resonance imaging (MRI)

Results: The analyses revealed that hypervariable
edges within the specific DMN subsystem were
shared by all subtypes (all PNBS < 0.005), and
deficits in node-wise temporal variability were
prominent in TLE (all t(243) ≤ 2.51, PFDR < 0.05)
and FLE
(all t(302) ≤ -2.65, PFDR < 0.05) but relatively
weak in GGE-GTCS. Moreover, dynamic states were
generally less stable in patients than controls (all
P’s < 0.001).

Yang
et al.
(2021)
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Abstract

Endometrial carcinoma is the fourth most common malignancy in the female
population worldwide. Subsequent death due endometrial carcinoma is around
12,590 in the US in 2020. Patients with type II and advanced endometrial cancer
do not respond well to the current treatments. Therefore, endometrial cancer
should be better understood in order to develop more effective treatments.
Neuroendocrine carcinoma (NECa) of the endometrium is an uncommon tumour.
Identifying an appropriate therapeutic management for SCC of endometrium is
challenging since these are extremely rare tumours. An optimal initial therapeutic
approach to this rare disease, especially at an advanced stage, has not yet been
clearly defined. However, in these a multidisciplinary therapy, including surgery,
chemotherapy, and radiotherapy represent until this time the only therapeutic
option. Neuroendocrine carcinomas (NEC) of the female genital tract are aggres-
sive and rare tumours that usually involve the cervix and ovary, and are seen
rarely in the endometrium in perimenopausal or postmenopausal women But,
their prospective role in gNECs still remains uncertain because of the small
prevalence. Few subjective proofs exist on the effectiveness of ICIs in gNECs
and mostly comes from cervical gNECs Inception of more effective treatment
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choices are intensely needed. In the generation of précised and accurate medicine
and therapeutic systems, novel target focused treatments could change the pattern
of care for these uncommon cancers, particularly in the recurrent situation.
Though, a number of immunotherapies and targeted molecules have shown
efficacy in other high-grade neuroendocrine tumours strategies focused on the
HIF-1α pathway, the mTOR pathway as well as the immunotherapy.
Nanomedicine showed great potential in endometrial cancer’s early diagnosis,
metastasis determination and treatment.

Keywords

Endometrial · Neuroendocrine carcinomas · Immunotherapies · Conventional ·
Nanomedicine

15.1 Introduction

Human body is made up of trillions of cells, and the cells are the basic building block
of all living things. Normal cells undergo a regulated cell division process to form
new cell when body requires them or when cells grow old, become damaged or they
die. When this regulated process breaks down, and abnormal or damaged cells grow
and multiply, then it leads to cancer. Cancer is a type of disorder in which the
abnormal cells of body divide uncontrollably and move towards other body parts.
These abnormal cells may form tumors, which are a mass of tissue. Tumors are of
two types: one is malignant and the other is benign. Malignant tumors lead to cancer
while benign tumors are non-cancerous and they do not spread to nearby tissue.
Metastasis is a process by which cancer cell spreads to other parts of the body. Many
types of cancer form solid tumors but blood cancer like leukemias do not form solid
tumors. On removal of malignant tumors, there is chance of grow back but it usually
do not grow in case of benign tumor. Sometimes benign tumors are large such as
benign tumors in the brain and cause serious symptoms which may be fatal (National
Cancer Institute 2022).

The diffuse neuroendocrine cell system gives rise to range of malignancies like
neuroendocrine tumors. Its prognosis mainly depends on its histological subtype and
its origin site. Well-differentiated neoplasms (i.e., carcinoid and atypical carcinoid)
are clinically and morphologically different from high-grade or poorly differentiated
neuroendocrine carcinoma (i.e., small cell and large cell). This high-grade neuroen-
docrine carcinoma is closely related to highly aggressive pulmonary small-cell
carcinoma which is managed by platinum-based chemotherapy, a multimodality
approach (Moertel et al. 1991).

Generic neuroendocrine marker expression, i.e., expression of the markers
synaptophysin and chromogranin which is detected by immunohistochemistry and
due to this, well and poorly differentiated neuroendocrine tumors are grouped
together. The clinical and biological outcome of poorly differentiated neuroendo-
crine carcinomas, nonetheless, are boundlessly not the same as very much separated
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from the well-differentiated neuroendocrine tumors. Recent investigation at Memo-
rial Sloan Kettering had suggested that neuroendocrine carcinoma is correspond-
ingly similar to de novo carcinoma and it has non-neuroendocrine cell lineage (Yao
et al. 2008).

15.2 Neuroendocrine System

The neuroendocrine system exists in concordance in a combination of both the
nervous system (central and peripheral) and the endocrine system. This is a type
of homeostasis regulatory system. The cells of this neuroendocrine system are nerve
like structure and are highly specialized. These cells in response to nervous and
chemical input synthesize, store, and release neurohormones, thus acting like
receptor-effector units. Neurohormones are made up of amino acid and are stored
in synaptic like vesicles (neurosecretory granules), and it plays different roles from
endocrine and paracrine to neurotransmitter and neuromodulatory (Rindi and Inzani
2020; DeLellis 2001).

The cellular expression of neuroendocrine, which is detected by immunohis-
tochemistry, acts as a marker of NE differentiation. The cells of neuroendocrine
are characterized by the expression of several NE markers such as CD56,
synaptophysin (SYN), chromogranin-A (CgA), and neuron-specific enolase
(NSE), which are most frequently employed for IHC detection (Tempfer et al. 2018).

Protein gene product 9.5 (PGP 9.5), CD57, synaptic vesicle protein 2 (SV2), and
wide-spectrum cytokeratins (CK) are the other NE markers and the most sensitive
markers are CD56 and SYN. CD56 lacks specificity; thus, its isolated finding is not
sufficient to confirm NE differentiation while CgA lacks sensitivity, its expression is
diagnostic of NE differentiation and thus it is considered as most specific NE marker
(Kyriakopoulos et al. 2018; Eriksson et al. 2000). The neuroendocrine system is
divided into two categories, i.e., confined and diffuse. The confined NES is
organized in distinct organs including hypothalamus, neurohypophysis, adrenal
medulla, ganglia, and paraganglia while the diffuse NES system dissipates the NE
cells all over the body specially within lungs, gastrointestinal tract, pancreas,
thyroid, thymus, and genitourinary system (Caruso et al. 2021).

15.3 Neuroendocrine Carcinoma

Cancer that begins in specialized cells are neuroendocrine tumors, and these
specialized cells are known as neuroendocrine cells. These neuroendocrine tumors
arise scarcely but it takes place anywhere in the body, mostly it occurs in lungs,
appendix, small intestine, rectum, and pancreas. NE tumors are of different types;
some grow slowly and some grow rapidly, some produce excess hormones (func-
tional neuroendocrine tumors) while some of them don’t release enough amount of
hormones to cause symptoms (nonfunctional neuroendocrine tumors). Its diagnosis
and treatment depend on the type of tumor, its location, whether it produces excess
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hormones, how aggressive it is, and whether it has spread to other parts of the body
(Mayo Clinic 2022).

These NE tumors firstly don’t always cause sign and symptoms as their
symptoms depend on their location and quantity of hormones they produce. Gener-
ally, the symptoms include growing lump under the skin and pain from that lump,
feeling tired, and loss of weight without attempting. NE tumors which produces
excess hormones may cause symptoms like skin flushing, diarrhoea, frequent urina-
tion, increase in thirst, shakiness, skin rash, and dizziness (Mayo Clinic 2022).

Particular reason of NE carcinoma is not yet known. These cancers emerge in
neuroendocrine cells which have similar traits of nerve cell and hormones producing
cell. These NE cells are found throughout the body, and when these cells cause
mutation in their DNA, then these neuroendocrine tumor develops. The DNA
contains all the necessary information required for the functioning of cell. The
changes occur in DNA due to mutation tells the endocrine cell to multiply rapidly
and form tumor. Some NE tumors grows very slowly while others are aggressive
tumors that invade and destroy normal body tissue or spread (metastasize) to other
parts of the body rapidly (Mayo Clinic 2022).

15.4 Endometrial Carcinoma

Endometrial neuroendocrine carcinoma (NECE) is an infrequent histological type of
endometrial carcinoma, with the manifestation of high invasiveness and deprived
prognosis. Generally, at diagnosis, majority of the cases are in the advanced stage of
the disease without precise clinical presentations. However, most of subjects take
appointment with the doctor for vaginal bleeding, and rest of the patients seek
medical assistance for paraneoplastic syndrome (such as retinopathy and Cushing’s
syndrome). Nevertheless, post-surgery pathological check-ups confirm that the
subject had neuroendocrine carcinoma of the endometrium (Atienza-Amores et al.
2014).

15.5 Diagnosis

Occurrence of cervical cancer is about 2% of total small cell carcinoma. The
frequency of these tumors is increasing due to increase in its recognition and
accuracy of diagnostic method. The median age of diagnosis is in fifth decades
which lies down in a range of 21–87 years. Its salient symptoms are vaginal bleeding
with frequentation on cervical mass is identified. On examination, abnormal pap
smear test may occur. In some case, patients may exhibit evidence of abnormal
hormone production, including vasopressin in SIADH, corticotropin in Cushing’s
syndrome, insulin in hypoglycaemia, parathormone in hypercalcemia, and serotonin
in carcinoid syndrome. Cervical biopsy method is used as a diagnostic tool for
cervical cancer, on obtaining an inadequate amount of tissue results in poorly
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distinguished cervical carcinoma. Generally, the neuroendocrine component is
recognized later which is followed by hysterectomy.

Staging of endometrial NECs follows for common cervical cancer. However, it is
of utmost importance to know the augmented risk for lymph-vascular space invasion
(LVSI) and increased rate of extrapelvic relapses which is associated with an
unskilled prognosis. For instance, initial lymphatic extension to the local lymph
nodes was noted in 40% of stage IB small cell carcinoma 3 cm in diameter, and 60%
of small cell carcinomas demonstrated LVSI at the time of diagnosis. Average time
to relapse was 19.9 months. Lungs supraclavicular lymph nodes and bones were the
most common sites of extrapelvic disease spread. Radiographic assessment should
usually include either a CT or PET/CT scan. PET/CT imaging may be better tool to
consider, in case of high rate of distant metastatic spread. Head CT is not necessary
on early assessment for small cell tumors of the cervix. In a 14-year retrospective
study, no cranial metastatic cases were observed on initial patient presentation (Lee
et al. 2009; Hoskins et al. 2003; Gardner et al. 2011).

15.6 Neuroendocrine Endometrium Carcinoma Management

Because of the infrequency of NECE and the insufficiency of potential data to direct
the treatment strategies, there are no typical treatment recommendations or guideline
for these types of cancers. Treatment of NECE is still based on the conventional
treatments of endometrial cancer and small cell lung cancer, like chemotherapy
surgical removal and radiation therapy (Sidibe et al. 2018; Posligua et al. 2008).
Treatment contemplations for small cell and large cell NEC of the endometrium take
into account of the treatment possibilities for endometrial cancer, and draw on the
data for treating small cell lung carcinoma. New findings back the use of cisplatin
with or without combination of etoposide in small cell and large cell NEC to increase
the survival (Embry et al. 2011).

15.7 Chemoradiation

As such there are no prospective figures to compare surgical procedure with initial
chemoradiation for small cervical NECs, which can be manoeuvred by surgery. For
non-surgical or advanced stage condition of cancer, chemo-radiation is judicious.
Subjects with sign of lymphadenopathy or FDG-avid nodal basins might also be a
subject for initial chemoradiation. To deduce from lung tumor regimens,
chemoradiation in combination with cisplatin/etoposide with simultaneous pelvic
radiation is good. A fruitful management of cervical small cell carcinoma employing
chemoradiation in combination with cisplatin/etoposide, for initial stage to advanced
stage disease, has been reported Metastasis was the maximum about 28%, and
clinical results associated with initial disease extent (Hoskins et al. 2003).
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15.8 Chemotherapy

For initial stage disease, subjects with comprehensive surgical procedure should be
given adjuvant chemotherapy. In a study, survival up to 5 years of about 68% of
patients who were given vincristine, adriamycin, and cyclophosphamide rotating
with cisplatin and etoposide (VAC/PE) regimen as compared to 33% for those
treated with a combination of cisplatin, vinblastine, and bleomycin (PVB) (Chang
et al. 1998). It has also been observed that chemotherapy after surgery, either with
EP or VAC/PE, was connected with a noteworthy advantage of survival. Adjuvant
chemotherapy is useful for the survival rate of subjects with or without lymph node
metastasis. Moreover, there was no extra survival rate with the adjuvant radiotherapy
(Boruta II et al. 2001). In a clinical study, extraordinarily alike advantages of
adjuvant chemotherapy were reported in the subjects with initial stage of cancer,
who received post-surgical EP, experienced an 83% 3-year recurrence-free survival
as compared to 0% for subjects who did not underwent adjuvant chemotherapy.
Remarkably, because of less toxicity, EP regimens are routinely preferred over
VAC-containing regimens (Zivanovic et al. 2009).

15.9 Pelvic Radiation

In a clinical study on 14 subjects, with timely diagnosis and treatment in initial stage
of the disease with surgical procedure in combination with radiation for positive
nodes or other high-risk features shows traditional mode of treatment are not
effective in early-stage neuroendocrine small-cell cervical carcinoma (Sheets et al.
1988). After the treatment, cancer relapsed in all subjects, among them two died at
the time of the report. In another study, 12 patients went through the surgery with
radiation as adjuvant therapy for positive lymph node metastatic carcinoma or close
surgical margins (Sevin et al. 1996). Four out of five subjects who underwent
radiation therapy died of the disease had pelvic relapses. The subjects with minor
lesions who underwent adjuvant radiation therapy were only survived, of the whole
study group. However, these retrospective studies did not comprise any adjuvant
chemotherapy, and do not seem to support the use of adjuvant radiation. In another
study, among the 23 subjects, adjuvant radiation did not increase the survival of the
subjects (Chang et al. 1998). In a clinical study, patients who underwent adjuvant
radiation therapy likely to had a poor prognosis than the patients who did not went
through radiation therapy with a survival of 5 years. This finding was consistent even
after excluding those patients with minor tumors (Lee et al. 2008).

15.10 Nanomedicine in Cancer Therapy

Cancer is still thought to be one of the most problematic health complications.
However, there are number of approved therapeutic molecules that can be employed
in the treatment of malignancies, with obstacles of the treatment being drug delivery
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and drug resistance. Moreover, conventional cancer treatment is hindered due to the
varied pathophysiological features of malignancies and their unusual blood circula-
tion and blood vessel architecture and hence function. Consequently, looking for
technological tools that can enhance the efficacy of the treatment such as
nanoparticles (NPs) is of vital importance. NPs have many properties such as their
small size, ability to load various drugs and large surface area, and ability to increase
the absorption of conjugated. Hence, the NPs are considered as outstanding tumor-
targeting carriers. In recent times, nanocarriers encompassing polymeric
nanoparticles, liposomes, nanocapsules, magnetic nanoparticles, dendrimers, and
lipid nanoparticles have been employed as conjugates. The AmBisome®
(amphotericin B liposomal) and Doxil® (liposomal doxorubicin) are few instances
of approved conjugated antineoplastic NPs. There are numerous other conjugated
antineoplastic drugs, those are in different phases of clinical trials for effective
management of various other cancers (El-Readi and Althubiti 2019).

The management of EMNECs is a big challenge in clinical settings due to its
rarity, primarily and differentiation from other related tumors, secondarily. Conse-
quently, no nanotechnological advancements are observed for the treatment of
ENEMC. Additionally, a very less findings are observed in tumors of other endo-
crine origins. For instance, ligand-anchored targeted liposomes have the promising
characteristics to improve the therapeutic efficacy of antitumor drugs. A study was
performed to evaluate the capability of a peptide targeting agent, i.e., antagonist G,
able to hinder the action of multiple neuropeptides. Long circulating liposomes,
LCL, and stabilized antisense lipid particles containing ionizable amino lipid, SALP
were synthesized in order to enhance the targeting and uptake to H69 and H82 small
cell lung cancer (SCLC) cell lines. Antagonist G anchored LCL, and SALP were
synthesized by two different techniques (one is by direct covalent link at activated
PEG, grafted onto the liposomal surface and another by post insertion of DSPE-PEG
antagonist-G-conjugates into pre-formed liposomes, i.e., ex situ synthesis). Uptake
of the liposomes in SCLC target cells was exhibited by fluorescence microscopic
technique employing fluorescence-anchored liposomes. It was confirmed quantita-
tively with the help of [3H]-CHE-anchored liposomal formulation. An antisense
oligodeoxynucleotide against the overexpressed oncogene c-myc(as(c-myc)) was
proficiently entrapped into SALP, the entrapment efficiency reduced because of
the insertion of the targeting ligand. Physico-chemical properties of as(c-myc) has
substantial effect on the size of liposomes. The extent of the concentration of
antagonist G anchored to the surface of the liposomes was affected by the conjuga-
tion method as well as lipid composition used. It was observed that covalent linking
of antagonist G enhanced the cellular uptake and accumulation of liposomes through
clathrin-dependent endocytosis, receptor-mediated internalization in SCLC cell
lines. Tissue distribution studies in mice shown a better lung accumulation of
antagonist G–targeted SALP as compared to the non-targeted one. Accumulation
antagonist G–targeted SALP in lungs was up to three times higher after 24 h of
administration, exhibiting the importance of their probable use as drug delivery
carriers for SCLC treatment (Carvalheiro et al. 2022). The occurrence of pancreatic
neuroendocrine tumor (PNET) is constantly increasing. Because of their sluggish
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feature, PNET patients frequently manifested with incurable, metastatic malignancy.
New types of treatment regimen are instantly required. It has been exhibited that
Receptor for Hyaluronic Acid-Mediated Motility isoform B (RHAMMB) and Bcl-xL
are overexpressed in PNETs, interestingly both of them are found to be responsible
for PNET metastasis. Since RHAMM is untraceable in majority of the adult tissues,
it was assumed that RHAMMB could be a potential gateway for nano-drug delivery
into PNETs. To assess this assumption, a RHAMMB-targeting nanocarrier was
developed. In this nanocarrier, siBcl-xL, a small interfering RNA (siRNA) against
Bcl-xL and KLA, a mitochondria-fusing peptide were incorporated. It was observed
that RHAMMB-positive PNETs picked up the RHAMMB-anchored nanocarriers. It
was seen that either siBcl-xL or KLA alone destroyed approximately 30% of PNET
cells. Whereas, a synergistic effect was exhibited by the co-delivery of siBcl-xL and
KLA peptide in vitro. Unpredictably, siBcl-xL prompted cell death was seen before
reducing Bcl-xL protein levels. Direct injection of RHAMMB-anchored nanocarriers
carrying siBcl-xL and KLA peptide, into the systemic circulation, substantially
decreased the tumor size in mice bearing RHAMMB-positive PNETs. Collectively,
these outcomes showed that the RHAMMB-targeting nanomedicine functions as a
potential drug carrier system for PNET and probably other malignancies with
upregulated RHAMMB. The combination of siBcl-xL and KLA peptide could be a
potential therapy for the management of PNET (Chen et al. 2021; Carvalheiro et al.
2022).

15.11 Targeted Therapies and Future Perspectives

The therapeutic management of gNECs is a challenging task in clinical practice. In
spite of various surgery-based treatment modalities, still the CHT and RT prognosis
is not up to the mark, in the maximum cases, the survival is still not more than two
years (Gardner et al. 2011). Inception of more effective treatment choices are
intensely needed. In the generation of précised and accurate medicine and therapeu-
tic systems, novel target focused treatments could change the pattern of care for these
uncommon cancers, particularly in the recurrent situation. However, a number of
immunotherapies and targeted molecules have shown efficacy in other high-grade
neuroendocrine tumors (Herrera-Martínez et al. 2019; Lee et al. 2017; Caruso et al.
2021; Cives et al. 2019). But, their prospective role in gNECs still remains uncertain
because of the small prevalence. Because gNECs are morphologically alike that of
SCLC, disease management contemplations may be inferred from cohort clinical
studies conducted in SCLC subjects. In the recent times, targeting programmed cell
death-1 (PD-1) or programmed death-ligand 1 (PD-L1) by immune checkpoint
inhibitors (ICIs) has attained encouraging outcomes in numerous cancers,
encompassing gynaecological cancers (Menderes et al. 2016; Kurnit et al. 2020;
Grywalska et al. 2019). On the basis of the outcomes of the IM power-133 trial
(Horn et al. 2018), the CheckMate-032 trial (Antonia et al. 2016), and the pooled
analysis of KEYNOTE-158 and KEYNOTE-028 (Chung et al. 2020), the FDA has
approved, atezolizumab (anti-PD-L1 antibody), nivolumab (anti-PD-1 antibody),
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and pembrolizumab (anti-PD-1 antibody), respectively, for the management of
SCLC. Similar to other malignancies, gNECs are capable to dodge the immune
reconnaissance, though PD-1/PD-L1 manifestation and immune response are not yet
known and the advantages of ICIs are still debateable. Only subjective proofs exist
on the effectiveness of ICIs in gNECs and mostly comes from cervical gNECs
(Morgan et al. 2019; Zhao et al. 2019; Paraghamian et al. 2017; Sharabi et al. 2017).
Furthermore, a new study established that cervical NECs were microsatellite stable
and tremendously negative for PD-L1 manifestations, raising major apprehensions
about the efficacy of ICIs in this disease setting (Carroll et al. 2020). The somato-
statin (SST) receptor denotes an important and effective target for the neuroendo-
crine tumors of the gut, it can be targeted with other SST analogues. A very few
accounts of positivity SST receptor in gNECs, which consequently are improbable to
respond to SST analogues (Kajiwara et al. 2009). Remarkably, neuroendocrine
carcinomas from other different sites have shown promising effect on poli-ADP-
ribose-polymerase (PARP) inhibitors. Various studies in recurrent SCLC have
shown overexpression of PARP and inhibition of tumor growth with PARP
inhibitors (Cardnell et al. 2013). In a recent research, it was studied that more than
90% of the cervical NECs tested expressed PARP-1, opening new vista for the
prospective use of PARP inhibitors (Carroll et al. 2020). Additionally, as HPV
16 and 18 infections has been found implicated in about 50–100% of cervical
NECs, therapeutic HPV vaccines, inhibitors of cell cycle, and gene therapy might
be a promising target for the treatment of cervical NECs (Manchana et al. 2010).

There is an increasing attention in exploring the role of the other targeting agents,
say for example, PTEN inhibitors, MEK inhibitors, antiangiogens (like sunitinib,
bevacizumab, and sorafenib), and mTOR inhibitors (everolimus), which have
exhibited potential results in other non-gynecological NECs, though there are no
substantial data on their any part to play in patients with gNECs (Manchana et al.
2010). Implementation of synergistic combination treatment strategies should be
included in the futuristic treatment. Numerous new treatment choices are presently
under study, and will possibly become accessible in the near future. Initial consider-
able outcomes of preclinical and clinical data are hopeful. However, conclusive
evidence of their efficacy on rate of survival is challenging to attain as large,
randomized clinical trials are prerequisite, which though cannot amass an adequate
number of subjects, because of the rareness of the disease. Wide-ranging genomic
categorization and unique study designs, including umbrella, basket, and platform
trials, will perhaps throw more light on the efficacy of targeted agents. A DART
(ClinicalTrials.gov identifier: NCT02834013) phase II (basket trial) is underway to
evaluate the combination of ipilimumab and nivolumab, for a number of rare
malignancies. Fascinatingly, in a high-grade neuroendocrine cohort study, around
more than 40% overall response rate was observed (Patel et al. 2020). Presently, two
ongoing studies are registered on ClinicalTrials.gov: (1) the phase II trial
NCT04635956, which is assessing the combination of cisplatin/paclitaxel/
bevacizumab with camrelizumab (anti-PD-1 antibody) for advanced or recurring
cervical NECs and (2) the observational study NCT04723095, which is gathering
more data on patients with cervical NECs directing to understand the disease

http://clinicaltrials.gov
http://clinicaltrials.gov
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comprehensively, its treatment, and results. One more clinical trial (NCT00626561)
for estimating the effectiveness of paclitaxel and bevacizumab in subject with
recurrence of cervical NECs is aborted because of very slow accumulation treatment
subjects (Clinical Trials.gov 2022).

Owing to the deficiency of uniform and consistent guidelines for the treatment,
primary gNECs pose a massive treatment challenge for gyneco-oncologists across
the globe. In this chapter, we collect and analyze the main quality evidences
available on this rare topic, although inadequate, in an effort to reinforce the clinical
decision-making process. Nonetheless, there is a crucial requirement to improve and
develop unconventional treatments, particularly in the cases of recurrence.
Randomized clinical trials are discontinued or discouraged due to the scarcity of
gNECs and the low probability of attaining adequate number of subject. In near
future, research centres across the globe should enter into a compact collaboration
and collect a sufficient amount of data, sharing and comparing their single-institution
experiences. Certainly, estimating huge population data from global databases may
lead to a real step forward in the management of these rare and baffling
malignancies. Finally, new basket clinical trials could assist to better comprehend
the genetic and molecular features of gNECs, opening new windows for the novel
targeted therapies.
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Abstract

The luteinizing hormone (LH) secretes mainly two types of hormone, that is, LH
and follicle-stimulating hormone (FSH). The receptors of luteinizing hormone-
releasing hormone (LHRH) are overexpression in the majority of different types
of cancers, while their expression in healthy tissues, apart from pituitary cells, is
limited. In the current scenario, modern research studies recommended that
LHRH peptides can be employed to efficiently guide anticancer and imaging
agent means visualizing the internal organs directly to cancerous cells. As a
result, the number of these compounds in tumour tissue increases, while normal
cells are spared unneeded exposure. Nanoparticles can be employed for targeting
anticancer drugs in which it is anticipated that nanocarriers would deliver the drug
at the unhealthy cancerous tissues via two mechanisms, i.e., passive or active
mechanism. However, several nano-medicines have been formulated to improve
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the anticancer effect. Hence, synthesized nanoparticles could serve as a potential
carrier with an advantage of improved biodegradability, biocompatibility,
improved loading capacity, targeting ability, scalability, and stability.

Keywords

Receptors · Nanocarriers · Biodegradability · Biocompatibility · Improved
loading · Targeting ability

16.1 Introduction

Cancer is one of the contemporary medicine’s most difficult challenges, and it is still
the top cause of mortality globally (WHO: Cancer 2012). The limited accessibility of
available therapeutic and imaging agents to cancer cells, their lack of selectivity,
rapid clearance from the blood circulation, and toxicity on healthy organs are the
main causes for the high mortality rate among cancer patients (Allen et al. 1995;
Minko et al. 2013; Torchilin VP Passive and active drug targeting 2010). As a result,
a medication delivery strategy that is focused and selective to cancer cells has
enormous potential to increase the efficacy of cancer detection and treatment
(Allen et al. 1995; Torchilin VP Passive and active drug targeting 2010).

It is commonly acknowledged that two major techniques, passive and active
targeting, can be used to deliver anticancer medicines to specific cancer areas (Bae
and Park 2011; Allen et al. 1995). The ability of large molecules and nanoparticles
ranging in size from 10 nanometers to several hundred nanometers to accumulate
specifically in the tumour microenvironment by escaping from systemic circulation
into the tumor interstitium through leaky tumour blood vessels is the basis for
passive targeting (Bae and Park 2011; Torchilin VP Passive and active drug
targeting 2010). Furthermore, the retention of penetrated macromolecules inside
cancer tissues is due to a lack of lymphatic outflow. Another strategy based on the
modification of anticancer agents and/or drug-loaded nanoparticles with targeting
ligands that bind specifically to the receptors preferentially expressed or highly
overexpressed by cancer cells is active targeting of cancer cells (Bae and Park
2011; Torchilin VP Passive and active drug targeting 2010; Maeda et al. 2000).
Many cancer cells have overexpressed cell surface receptors for peptides, hormones,
and vital nutrients as a result of their changed cellular nature, giving a large number
of target options for active drug targeting to cancer cells (Minko et al. 2013;
Torchilin VP Passive and active drug targeting 2010). The goal of this research is
to look into current drug delivery system improvements and advancements. Whereas
the active targeting characteristics that utilize the luteinizing hormone-releasing
hormone (LHRH) receptor.
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16.1.1 Hormonal Cancer

Cancer is found in different parts of the body but not all types of cancer are affected
by hormones. But some types of cancer such as ovarian cancer, breast cancer, and
prostate cancer, uterine or endometrial cancer need hormones as estrogen and
progesterone to grow. Hormone can influence your weight, your internal body
temperature level, and surprisingly your mindset. (Garrett 2008) They can likewise
affect your disease hazard. Estrogens, a female sex hormone, are known as human
cancer-causing agents. Albeit these hormones play fundamental physiological parts
in the two: females and male, they have additionally been related with an expanded
danger of cancer. For example, taking joined menopausal hormone treatment (estro-
gen in addition to progestin, which is an engineered adaptation of the female
hormone progesterone) can build a female breast cancer. In cancer cells, LHRH
controls the cell multiplication and abnormal growth of cancer cell. (Pike et al. 1983;
Collaborative Group on Hormonal Factors in Breast Cancer 1996).

Types of Hormone-Sensitive Cancer.
Few types of cancer powered by hormone:

• Ovarian cancer: Ovarian cancer beginning in female is more difficult to treat. It
can be affected by estrogen. For a long time, scientists have accepted that in the
case of female ovarian cancer, the stage of metastasizes through a passive cell
mechanism system by which ovarian malignant growth cells are shed from the
essential cancer and conveyed by the physiological development of peritoneal
liquid to the peritoneum and omentum. Ovarian cancer is a hormone-based cancer
with estrogen receptor.

• Breast cancer: Breast cancer also begins in female organ and affected by proges-
terone and estrogen. HER2 or HER2/Neu receptor of breast cell is responsible for
the development of cancer cell, whereas HER2 receptor works with cancer cell
and develops cancer fast.

• Prostate cancer: Prostate cancer begins in male organ. Some male sex hormones
such as testosterone and other male sex hormones that help to grow for cancer.
The male prostate malignant growth is essentially portrayed on the hub of
androgen hormone and its intellectual receptor, the nuclear receptor (NR) and
androgen receptor (AR), which assumes parts in carcinogenesis, malignancy
advancement, illness movement, and treatment obstruction in the male prostate
cancer. Prostate cancer progresses with androgen level.

• Uterine or endometrial cancer: Uterine cancer also begins in female organ and
some female sex hormones such as estrogen and progesterone that help to grow
for cancer. In the case of female uterine cancer, both estrogen and progesterone
female sex hormone apply their impact through intra- and extra-nuclear receptors
mechanism. The estrogen receptor and progesterone receptor are decidedly
connected with the anticipation of endometrial malignant growth, including the
endurance rate and endurance time.
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16.2 Nanoparticles (NPs)

The term “nano” is derived from the Greek word meaning “Dwarf” which implies
that nanoparticles size is generally in the range from 1 to 500 nm. NPs are of great
scientific interest as they serve as a bridge between bulk materials and atomic
molecules/structures. Properties of the substance vary completely when it is
converted from bulk matter to nanomaterial. Bulk gold, for example, is a brilliant
yellow colour, whereas nanogold seems red. Silver nanoparticles have a great deal of
potential.

Different Types of Nanoparticles for Drug Delivery.
Nanoparticles in the size ranging from 1 to 500 nm are well known for their

applications in various sectors, and specifically, healthcare system is increasing and
replacing conventional systems. Various nanoparticles are involved in drug delivery
systems.

1. Polymeric nanoparticles
2. Dendrimers
3. Carbon nanotubes
4. Nanocapsules
5. Liposomes
6. Solid lipid nanoparticles
7. Self-nanoemulsifying drug delivery system
8. Silica nanoparticles
9. Fullerenes

10. Metallic nanoparticles

16.2.1 Drug Delivery System

Drug delivery is an interesting field of pharmaceutical research which mainly
encompasses the process of releasing the drug/pay loads at the specified cite and at
a specific rate. Recent advances have proved that the research in targeted drug
delivery is very crucial to improve therapeutic efficacy and reduce drug toxicity. It
also attracts the attention of pharmaceutical industry to expand commercial drug
markets. TDDS serves various advantages such as (Jing-Liang et al. 2009; Sperling
et al. 2008; Kim et al. 2004):

1. Improved patience compliance
2. Improved product shelf life
3. Reduced costing
4. Reduced drug toxicity
5. Better therapeutic efficacy

Therefore, developments of techniques which are focused on TDDS are on rise in
the present pharmaceutical drug delivery research. Emergence of nanotechnology in
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Fig. 16.1 Schematic representation of different types of drug delivery system by nano carriers

the field of drug delivery is well known for its potential to effectively deliver the drug
at targeted cites and is well proved for its improved therapeutic and diagnostic
potential.

16.2.1.1 Single Drug Delivery System (SDDS)
Fig. 16.1 represents that the SDDF increased bioavailability, solubility, permeabil-
ity, stability, and bio-distribution of drug.

16.2.1.2 Targeted Drug Delivery System (TDDS)
The aim of TDDS is to reach at the desired site after administration of it. Improved
accumulation targeted and sustained drug release and reduced tumor growth
(Fig. 16.1).

The two approaches explaining targeting mechanisms are as follows:

1. Active targeting
2. Passive targeting

Active targeting involves active ligands (drug molecule, peptides, proteins, and
genes, DNA or RNA) loaded on the carrier surface for exact recognition by cell
surface receptors. On the other hand, passive targeting depends on the concentration
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of the drug molecules in unhealthy cancerous tissues due to extravasation via leaky
gaps (approx. 600 nm) in blood vessels (Raghunandan et al. 2009; Naik et al. 2002).

16.2.1.3 Dual Drug Delivery System (DDDS)
Dual drug delivery system stacked nanoparticles showed essentially improved
cancer cell inhibitory impact. Figure 16.1 shows that the DDDS synchronized
bio-distribution, internalization, synergistic effect, and co-accumulation of drug.

16.3 LHRH Drug Delivery by Nano Carriers

Gonadotropin-releasing hormone (GnRH) LHRH stimulates the pituitary to release
LH and FSH, which regulate gonadal sex steroid synthesis in both males and
females. LHRH binding to its receptors (LHRH-R) appears to cause receptor
micro aggregation and peptide internalization (Keller et al. 2005a; Emons et al.
1996). It is well known that LRHR-R is expressed not only in the pituitary but also in
cancer tissues. Although the precise biological role of LHRH-R in cancer tumours
has yet to be determined, many studies show that LHRH peptides may act as local
tumour growth regulators. The binding of LHRH activates mitogenic signal trans-
duction pathways involving growth factor receptors and tyrosine kinase activity, as
well as antimetastatic signal transduction (Emons et al. 1996; Moretti et al. 1996).
Overexpression of the LHRH-R gene was found in hormone-dependent cancer
tissues such as breast cancer, endometrial cancer, ovarian cancer, and prostate
cancer, as well as hormone-independent cancer tissues like pancreatic cancer, lung
cancer, melanoma, and glioblastoma. Furthermore, LHRH-R expression has been
observed to be common in a variety of malignancies. LHRH-R is expressed in 86%
of prostate cancers, 80% of human endometrial and ovarian cancers, 80% of renal
malignancies, 50% of breast cancers, and 32–50% of pancreatic cancers. LHRH-R
expression is much higher in several malignancies than in normal tissues, including
tissues of the reproductive organs. Previous research also found that LHRH-R
expression in lymph node metastases was comparable to or even greater than that
in original cancer tumours (Keller et al. 2005a; Emons et al. 1996). The patients who
received neo adjuvant LHRH agonist therapy, there was no substantial influence on
receptor expression on cancer cells when pituitary LHRH receptors were down
regulated (Keller et al. 2005b; Minko 2013). With the maximum effectiveness,
nanoparticles conjugated with LHRH. These qualities have the potential to usher
in a new era of tailored imaging and treatment, as well as expand nanoparticle uses in
the future (Moretti et al. 1996; Needham et al. 2000).

16.3.1 Inorganic-Based Nano Carrier in Drug Delivery

For LHRH-targeted DDS, inorganic nanocarriers have also been developed. The
production of nanocarriers from metallic and semimetallic materials for the possible
application of medication delivery is referred to as inorganic nanomedicine. Due to
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Table 16.1 Advantages and disadvantages of different types of nanocarrier in drug delivery

Targeted drug delivery therapyS.
No. Advantage Disadvantages

1. Inorganic based nano carrier
in drug delivery

• Nontoxic in nature
• Hydrophilic in nature
• Highly stable biocompatible

• Toxicity

2. Dendrimers nano carrier in
drug delivery

• Incorporate both hydrophobic
and hydrophilic molecules
• High drugs carriage

• Low hydro
solubility
• Cytotoxic

3. Liposomes and lipid-based
nano carrier in drug delivery

• Wide range of drug delivery
system

• Cationic lipids
cause toxicity

4. Polymers nano carrier in drug
delivery

• Biocompatibility,
biodegradability
• Non-toxicity
• Hydrophilicity

• Toxic degradation
• Toxic monomers
aggregation

5. Carbon nanotubes Nano
carrier in drug delivery
(CNTs)

• Better flow
• Improved hydrophilic
properties

• Potential material
toxicity
• Lack of solubility
in aqueous media

their diverse features, chemically modified inorganic nanoparticles are given as
another choice for cellular delivery breakthrough. 39 Controlled release, various
functions, good biocompatibility, and the ability to facilitate targeted drug delivery
with imaging capabilities are among these qualities (Xu et al. 2006; Bauer et al.
2004). LHRH-targeted inorganic nanoparticles have also been investigated as PET
and MRI contrast agents. By encapsulating hydrophobic Mn3O4 nanocrystals with
lipid-PEG molecules, water soluble manganese oxide (Mn3O4) nanoparticles were
created. Nano carrier of face-centered cubic (fcc) FePt NPs with an LHRH peptide
were found to bind and highly toxic to the human ovarian cancer cell line.
Nanocarrier of LHRH-targeted super paramagnetic iron oxide nanoparticles
(SPION) increased accumulation of SPION in cancer cells (Table 16.2). The
inorganic-based nano carrier has advantages such as high stability, biocompatibility,
nontoxic in nature, and hydrophilic in nature and disadvantage of toxic in nature
sometimes (Table 16.1).

16.3.2 Dendrimers Nano Carrier in Drug Delivery

Dendrimers are nanometer-sized drug delivery devices made from synthetic poly-
meric macromolecules. They are made up of several conspicuously branching
monomers that protrude outwards from a central core. Because of their changeable
surfaces, monodisperse size, hydrophilic interior chambers, and multivalences,
dendrimer-based drug delivery devices have a lot of unique qualities (Li et al.
2018). Scaffold systems made on poly(amidoamine) dendrimers coupled with cis-
platin are well-known. (Wang et al. 2009) Dendrimers are unique multifunctional
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Table 16.2 Summary of LHRH-targeted nano drug delivery system

Type of
cancer

Inorganic based nano
carrier in drug delivery

Face-centered cubic
nanoparticles (FCC-FEPT-NPs)

Ovarian Xu et al. (2009)

Super paramagnetic iron oxide
(SPION-NPs)

Ovarian Li et al. (2018)

Dendrimers nano carrier
in drug delivery

Poly propylene imine (PPI-NPs) ` `

Poly-amido-amine (PAMAM-
NPs)

Ovarian Wang et al.
(2009); Luo et al.
(2019)

Liposomes and lipid-
based nano carrier in drug
delivery

Liposome-NPs Breast Schurmann et al.
(1994)

Polymers nano carrier in
drug delivery

Poly(ethylene glycol) (PEG-NPs) Ovarian Gasco (1997,
1993)

Poly(ethylene glycol)-poly
(methyl methacrylate) (PEGG-
PMAA-NPs)

Ovarian Vauthier and
Bouchemal (2009)

Dextran-NPs Breast Qiu and Bae
(2006)

Human serum albumin
(HAS-NPs)

Breast Qiu and Bae
(2006)

Carbon nanotubes
(CNTs) nano carrier in
drug delivery

Cisplatin (CDDP—NPs) Breast Qiu and Bae
(2006); Prakash
et al. (2021)

Multiwalled carbon nanotubes
cisplatin (MWCNT-COOH-
CDDP—NPs)

Breast Prodana et al.
(2011)

Multiwalled carbon nanotubes
(MWCNTs-NPs)

Breast Shaffer and Koziol
(2002)

drug delivery devices because their single adjustable exterior property allows them
to be conjugated with many molecules at the same time. LHRH-designated poly
propyleneimine(PPI) dendrimers stacked with the CD44siRNA that have been
additionally used to beat the cancer prevention agent protection instrument in
ovarian malignancy cells, which thus essentially upgraded the remedial impact of
photodynamic therapy. In option to the PPI dendrimers, an siRNA conveyance
framework dependent on the LHRH focused on polyamidoamine (PAMAM)
dendrimer was likewise evolved. The subsequent LHRHPAMAM forms proficiently
complexed siRNA into circular nanoparticles and just the designated edifices essen-
tially downregulated the designated quality in LHRH positive malignant growth
cells (Table 16.2) (Luo et al. 2019). Advantages of dendrimers nano carriers are
incorporate both hydrophobic and hydrophilic molecules, high drugs carriage with
disadvantage of low hydro solubility, sometimes cytotoxic in nature. The impact of
dendrimers loaded nanocarrier on cancer cell results good as shown in Fig. 16.2.
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Fig. 16.2 Schematic representations of different types of nano carrier in drug delivery system

16.3.3 Liposomes and Lipid-Based Nano Carrier in Drug Delivery

Liposomes have a wide range of features in terms of size, surface charge, and lipid
content, and their ability to incorporate practically any medication regardless of its
water solubility making them suitable for drug administration. Song and colleagues
developed an LHRH-targeted liposome method to deliver the anticancer medication
mitoxantrone (Mit). A thioether bond was used to link gonadorelin, a peptide
homolog of LHRH, to PEGylated liposomes. At a dosage of 1.0 mg/mL, the loading
of MIT was 98%. Targeted liposomes showed increased uptake and cytotoxicity
than non-targeted liposomes in in vitro tests on LHRH-R high expressing MCF-7
cells (Gasco 1997). This increased performance, however, was Mit dose-dependent,
and the difference between targeted and non-targeted liposomes may not be signifi-
cant at some dosage ranges. This study also discovered that the tested formulations
of targeted liposomes containing Mit did not achieve the same threshold of toxicity
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as free Mit. According to the scientists, the release of encapsulated Mit from
endocytosed liposomes and subsequent escape from endosomes or lysosomes was
less than that of free Mit, which is consistent with earlier research. Liposomes have a
lengthy history of use as a drug delivery vehicle for APIs with poor pharmacokinet-
ics, bioavailability, or solubility (Schurmann et al. 1994; Gasco 1993, 1997).

Nanostructured lipid carriers (NLCs) are a new class of lipid nanoparticles that
combine the benefits of several nanocarriers, such as liposomes, multifunctional
NLC DDS for pulmonary co-delivery of an anticancer medication and siRNA via
inhalation. This NLC has an analogue of LHRH on the surface, an encapsulated
anticancer drug (doxorubicin or paclitaxel), and electrostatically bound siRNAs
targeted to MRP1 mRNA as a suppressor of drug efflux pumps (pump drug
resistance), as well as siRNA targeted to BCL2 mRNA as a suppressor of
antiapoptotic defence (nonpump drug resistance). The suggested NLC efficiently
delivered its payload to lung cancer cells after inhalation in mouse orthotopic models
of human lung cancer, although healthy lung tissues and organs were much less
exposed when compared to intravenous injection. The results showed effective
tumour growth reduction and no harmful effects on healthy organs, confirming the
great efficacy of NLC DDS for tumor-targeted delivery of anticancer medicines and
siRNA mixes directly to lung cancer cells by inhalation (Schroit et al. 1986; Wang
et al. 2004; Terada et al. 2006) (Table 16.2). Advantages of liposomes nano carrier
are wide range of drug delivery system with disadvantage of cationic lipids causing
toxicity (Table 16.1). The impact of liposomes loaded nanocarrier on cancer cell
results good as shown in Fig. 16.2.

16.3.4 Polymers Nano Carrier in Drug Delivery

Polymeric nanoparticles are colloidal materials of nanoscale dimensions that can
encapsulate, adsorb, or covalently bind pharmaceuticals. Minko and colleagues
attached an LRHR homolog to one end of PEG and an anticancer medication called
camptothecin (CPT) to the other (LHRH-PEG-CPT) (Vauthier and Bouchemal
2009; Qiu and Bae 2006). When compared to free CPT and PEG-CPT conjugates,
the conjugation considerably increased cytotoxicity in human ovarian cancer cells.
On mice with xenografts of human ovarian cancer, the LHRH-PEG-CPT compound
was also tested. When compared to CPT alone and PEG-CPT, LHRH-PEG-CPT
dramatically reduced tumour size. The targeting polymer (LHRH-PEG) accumulated
primarily in the ovaries (endogenous LHRH-R) of mice without tumours and in the
cancer tissues (specific targeting) of mice bearing human ovarian carcinoma
xenografts, whereas the non-targeting conjugate (PEG) accumulated in the liver
and in the tumour tissues (enhanced permeability retention effect of nanocarriers)
(Lestrell et al. 2019). The tumor-targeted polymer accumulated at about twice the
rate of PEG alone, suggesting the anticancer drug’s precise targeting effect and
improved efficacy in this LRHR-targeting DDS. As a result, several molecules of the
targeting peptide and anticancer medicines were covalently coupled with bis
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(2-carboxyethyl)-PEG using citric acid as a multivalent spacer (Prakash et al. 2021).
In vitro cytotoxicity and in vivo antitumor activity of conjugates containing up to
three copies of the LHRH targeting moiety and the anticancer drug, and found that
conjugates containing multiple copies of the targeting molecule and drug had
amplified in vitro and in vivo activity. In addition to the anticancer medication
CPT and the LHRH targeting moiety, one or more copies of the BCL2 Homology
3 domain (BH3) peptide were linked to PEG via a citric acid spacer to reduce cellular
anti-apoptotic defence, which is principally responsible for ovarian cancer cell
treatment resistance. This multifunctional DDS elicited a robust apoptotic response
in human ovarian cancer cell lines, and numerous treatments with DDS led to nearly
full regression of the primary tumour and prevented the formation of malignant
ascites in nude mice with the human ovarian cancer xenograft.

PEG polymer, dendrimers, and liposomes have typical sizes of 30 nm, 5 nm, and
100 nm, respectively. The LHRH analogue, paclitaxel (TAX) anticancer medication,
and near-infrared cyanine Cy5.5 imaging agent were all used as targeted DDSs in
this work. Adding the LHRH peptide to DDS increased their anticancer activity to a
level that was comparable across all three types of nanocarriers. As a result, tumour
targeting reduces the disparities in anticancer efficacy and unfavourable side effects
on healthy tissues between DDS of diverse architecture, size, molecular mass, and
composition. The in vivo bio distribution of these three nanocarriers differed signifi-
cantly, despite the fact that the major accumulation site in each case was a tumour.
Furthermore, the size variation between these nanocarriers was caused by their
composition, which should be taken into account. Overall, this study contributed
to the field of targeted drug delivery by establishing that the most important
component in DDS design for high therapeutic yield is tumor-specific receptor
targeting Table 16.2). Advantages of polymer nano carriers are biocompatibility,
biodegradability on-toxicity hydrophilicity with disadvantage toxic degradation,
toxic monomers aggregation (Table 16.1). The impact of polymer loaded nanocarrier
on cancer cell results good as shown in Fig. 16.2.

16.3.5 Carbon Nanotubes (CNTs) Nano Carrier in Drug Delivery

Carbon nanotubes (CNTs) have been used in the delivery of medicinal agents such
as peptides, proteins, nucleic acids, genes, and vaccines, as well as in the regenera-
tion of bone and neural tissue. LHRH-R expression is much higher in several
malignancies than in normal tissues, including tissues of the reproductive organs. a
CNTs can be loaded with bioactive peptides, proteins, nucleic acids, and medicines
before being delivered to cells and organs (Prodana et al. 2011; Shaffer and Koziol
2002). The multiple rolled layer carbon nanotubes (MWCNTs) are basically used in
the transporters for a medication dependent on platinum metal for the best treatment
of breast cancer. This technique for functionalization includes the carboxyl
functionalization of CNTs and exemplification of cisplatin loaded (CDDP) into
MWCNTs includes for the cancer as ovarian, cervical, oesophageal, and types of
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cancer. Advantages of carbon nano carriers are better flow, improved hydrophilic
properties with disadvantage potential material toxicity, and lack of solubility in
aqueous media (Table 16.1). The impact of carbon loaded nanocarrier on cancer cell
results good as shown in Fig. 16.2.

16.4 Conclusion and Future Perspectives

LHRH-targeted DDS (LHRH-PEG-Camptothecin) do not have effect on the plasma
concentration of luteinizing hormone (LH) following systemic administration. It
improves drug efficacy and decreases side effects; LHRH receptors have been
discovered in many types of cancer like lung, breast, and ovarian, etc. LHRH-
targeted drug delivery system has been shown to be effective carriers in treatment
of different types of cancer. LHRH-targeted-DDS for anticancer improves drug
efficacy and decreases side effects. Different types of nanoparticles have proven
useful in imaging and delivery of therapeutics; it includes increasing tumor penetra-
tion, increasing circulation time, enabling non-invasive tracking of nanoparticles
over time, and optimizing selective release and targeting of contents within desired
regions.
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Regulatory Landscapes in Approval
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Abstract

Cancer vaccines are hypothesized to trigger an immunological reaction against
cancerous tissues. The scope of expanded clinical activities in the cancer vaccine
research programmes can be acknowledged by the fact that around 2000 trials are
registered under clinical cancer vaccines programme. The research activities in
the cancer vaccine research area have gained a boost following the marketing
authorization of Sipuleucel-T—the very first cancer vaccine in the US and
EU. Though the regulatory guidelines for already existing cancer therapies like
chemotherapy, radiotherapy are well established. Recently, the guidelines regard-
ing regulatory aspects for cancer vaccines are developed. However, these
guidelines are advisory in nature about the clinical requirements. However, the
cancer vaccine development is relatively new area of research. There exists a
huge scope for innovative strategies in this field. Hence, bilateral talks with the
regulatory body are mandatory requirement to discuss and deliberate the clinical
development plan on case-by-case basis. Thereby, the specific issues related to
the quality of product under development are taken into consideration. All such
regulatory aspects pertaining to the development and approval of cancer vaccines
are discussed hereby in this chapter.
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17.1 Introduction

Cancer is amongst the most serious health concerns among all age groups around the
globe. Current available treatment approaches for cancer have serious toxicity
concerns. Hence, a relatively non-toxic approach that neutralizes cancerous growth
by the immune system of the patients is a recent subject of interest for researchers.
The domain of research and innovation in this area expands with high profile success
owing to the advances in research methodologies and diagnostic techniques. How-
ever, to overcome regulatory hurdles, it is essential to demonstrate proof of concept
and evidence supporting safety and efficacy. Furthermore, it must clarify the pro-
posed mechanism of action. Hence, the clinical development plan must be
constructed keeping the same in mind. However, to demonstrate mechanism of
action in non-clinical program, a different approach should be considered. One
must bear vast knowledge regarding regulatory guidelines regarding clinical devel-
opment plan and clear plan for its justification and ensured regulatory input.

In some instances, the immune system has exhibited the ability to demonstrate the
immune response against tumor. A successful, specific, and effective immune
response would be the one which destroys not only the tumor tissue specifically
but also toxicity to normal tissues and risk of second malignancy. Long-lasting
immune memory and the specificity of cancer vaccine would induce destruction of
existing tumor (therapeutic benefits) or identification of antigens on premalignant
cells by immune system (prophylactic benefits).

The approaches in cancer immunotherapy include passive immunization (mono-
clonal antibodies (MABs) specific to tumor cell antigen), utilization of tumor
specific cells (e.g., lymphocytes that penetrate melanoma tumor), silencing of
immune check points to enhance immune response (anti-PD-1 and CLTA4), and
CAR (chimeric antigen receptor) T cell engager technology (Heelan 2014). Recent
findings in tumor pathophysiology and associated immunity have opened a broad
gateway of better understanding of balance among immune cell activation, tumor
cell proliferation, and escape mechanisms. This information can be utilized to assert
the need for safe, effective, and successful cancer vaccines. Existing regulatory
guidelines regarding antineoplastic medicinal products in the EU (European
Union) and US (United States) mostly consider MABs and cytotoxic treatment
approach. However, later on guidelines pertaining to cancer vaccine have been
included. As different approaches are undertaken for different types of tumors, it
becomes very cumbersome for both the drug developers and the regulatory person-
nel to ensure adequate quality, clinical and non-clinical attributes.
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17.2 Overview of Cancer Vaccines and its Types

17.2.1 Cellular-Based Strategies

Preclinical studies indicate that CD8+ T cells specific to tumor play a significant
therapeutic role. On this preclinical observation, majority of the cancer vaccines
attempt to stimulate these cells. The most widely utilized immunization techniques
for activating CD8+ T lymphocytes have relied on major histocompatibility complex
(MHC) class I restricted peptide epitopes on tumor associated antigens (TAAs).
They enhance presentation by endogenous antigen presenting cells (APCs) after
administration with several adjuvant preparations (containing cytokines and toll-like
receptors ligands). In order to evaluate protein amino acid sequences for candidate
MHC class I members, peptide vaccines use computer-based algorithms. These
candidature epitopes are evaluated in vitro for their ability to bind with human
leucocyte antigen molecules, to be processed and presented naturally by cancer
cells, as well as immunogenicity (able to stimulate CD8+ cells). Most of these
epitopes have also been evaluated in mice models (to either extremely comparable
human antigens, mouse self-antigen homologs, transgenic, or transfected models)
and prove to possess tumor rejection antigen therapeutic characteristics. Another
frequent strategy for stimulating CD8+ T cells specific to TAA is to prepare
TAA-based vaccine containing autologous APCs like dendritic cells. This method
considers the fact that tumors might impart a deleterious impact on endogenous
APCs (Kiertscher et al. 2000). Tailored APCs can successfully stimulate antitumor T
cells. However, these tailored APCs must be free of tumor-derived substances but
should possess appropriate growth factor and immunological signals.

Another technique employs tumor cells (a complicated and incompletely defined
antigens array, mutant antigens specific to tumor), which are frequently modified
using cytokines like granulocyte-macrophage colony-stimulating factor (GM-CSF)
or manufactured using adjuvants (or both). The whole set of mutations specific to
tumor as well as all the MHCmolecules are present on these cells. Another technique
makes use of viruses’ inherent effective infectivity to infect tumor antigens encoded
cells. Oncolytic viruses are also used in viral strategies. It comprises autologous
antigen-presenting cells that have already been loaded with GM-CSF and TAA
prostatic acid phosphatase. It received approval for prostate cancer (metastatic)
based on evidence from phase III clinical studies that showed the increased survival
rate by around 4 months (Kawalec et al. 2012).

17.2.2 Peptide-Based Strategies

The most prevalent ways of cancer vaccination are to give epitopes of MHC class I
restricted peptide produced from common TAAs to stimulate rare particular CD8+ T
cell clones which respond to self-antigens (Kissick et al. 2014). Preclinical studies
show the possibility of such vaccinations having a significant clinical utility (Komita
et al. 2008; Zhao et al. 2012). Peptides crafted in adjuvants even without cytokines
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like interferon γ and TLR agonists or GM-CSF have demonstrated therapeutic
benefit in clinical trials (Slingluff et al. 2013; Pollack et al. 2014). Vaccines relied
on a peptide or perhaps many peptides can be administered either individually or
with Montanide ISA-51 in conjunction with a cytokine to stimulate APCs, additional
adjuvants (like a particular TLR ligand to stimulate and mature APCs), or the
peptides pulsed on to autologous APCs or a combination of these approaches.
TAA-specific cytotoxic T cells were observed to be activated in mice models upon
administration of IFA like oil-in-water emulsion of Montanide ISA-51(Fourcade
et al. 2008; Kenter et al. 2008; Schwartzentruber et al. 2011). Data revealed that
adjuvanticity of Montanide were also altered when olive oil source was used instead
of beef source in manufacturing of Montanide (Rosenberg et al. 2010). A current
issue related to IFA is that it may cause T cell buildup at immunization sites rather
than fostering systemic immunity (Hailemichael et al. 2013). As peptide-based
vaccines are tried in preclinical as well as clinical trials, appropriate vaccine
formulations and adjuvants are constantly being developed (Bezu et al. 2018).
Peptide-based techniques offer economic advantages in terms of cost of production
as nine to 10 amino acid peptides are conveniently as well as inexpensively
produced. Large-scale production is feasible, also the stability of peptides remains
robust upon storage and transportation. Tragically, those who fail to express typical
HLA cannot be tackled with this kind of vaccines due to HLA restrictions. Further-
more, CD4+ helper T cells cannot be triggered by the typical MHC class I binding
short peptides, limiting the activity of CD8+ cytotoxic T cells. Although no data on
the type of the “aid” provided by heterologous helper peptides exists, the insertion of
non-tumor specific aid like tetanus, keyhole limpet hemocyanin (KLH), or pan-DR
binding synthetic helper (PADRE) peptides has addressed this obstacle.

Another clinically effective method is to use synthetic peptides that are capable to
encompass numerous epitopes of MHC class I and II (Welters et al. 2010). These
subcutaneously injected long peptides with 23–45 amino acids have demonstrated
better efficacy, presumably due to effective processing, and presentation route,
ultimately leading to greater T cell activation (Rosalia et al. 2013). The data obtained
in phase III clinical trials suggest that complete tumor antigen protein method allows
for the absorption, processing, as well as the presentation of several antigen peptides
of MHC class II and MHC class I (although with maybe lesser efficiency) (Dreno
et al. 2018). Despite being formulated with an improved adjuvant, this vaccine
contains full-length protein but still to achieve clinical objectives (Hirschler 2014).
Several peptides can be administered simultaneously, targeting multiple antigens
and T cell clones at the same time (Slingluff 2011). A study that combines cyclo-
phosphamide (pre-vaccine) with GM-CSF and various peptides discovered that
better survival was correlated with antigenic range of response and decreased
myeloid-derived suppressor cells (MDSCs) and suppressive circulating regulatory
T cells (Tregs) (Walter et al. 2012). Studies on mouse models support the use of
multiple-antigen peptide vaccines in combination with chemotherapy (Disis et al.
2013). Peptide vaccines may potentially be effective in preventing pre-malignant
lesions from advancing to cancer. A mucin 1 TAA peptide-based method was
evaluated in a recent clinical study to prevent the development of colon adenoma
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to colorectal cancer (Kimura et al. 2013). Nearly half of the 39 individuals tested
exhibited high immunogenicity developed by vaccine. Notably, in more than half of
the individuals having advanced colonic adenoma, a significant number of immuno-
suppressive MDSCs were already present. This suggests that circulating MDSCs
could serve as a biomarker to access the response to vaccine and that previous
vaccination should be investigated, since systemic immunosuppression may even be
caused by premalignant lesions.

17.2.3 APC-Based Strategies

A diverse population of APCs comprises dendritic cells which may effectively
absorb antigens and subsequently process and present them to CD4+, CD8+ T
cells, additionally include immune response modifying signals such as the release
of cytokines. Interferon, tumor necrosis factor, and IL-2 mediate a type 1 response,
which enhances the stimulation of cytotoxic CD8+ T cells (Palucka et al. 2011;
Palucka and Banchereau 2013).

17.2.3.1 Dendritic Cells
Clinical studies of dendritic cell-based vaccines are often one-of-a-kind, including
personalized patient immunization procedures and just one clinical trial arm. As a
result, comparing trials and drawing clear inferences regarding the efficacy or
different methods is challenging. CD34+ progenitor cells and monocytes were
examined, and antigens such as complex tumor lysates possessing non-malignant
tumor-related antigens, in addition synthetic MHC class I restricted peptides, were
employed. Vaccines were administered intravenously, subcutaneously, and intrader-
mally. All these variables might have an impact on the clinical outcomes observed.
The dendritic cell-based vaccines were found to be safe practical, and immunogenic,
and in certain individuals, they could produce clinically meaningful shrinkage of
tumor (Hsu et al. 1996; Banchereau et al. 2001). Numerous significant clinical
studies using dendritic cell vaccines have recently been reported. In a study with
dendritic cells pulsed with heterologous PADRE peptides and mucin 1-based pep-
tide administered subcutaneously in individuals having renal cell cancer, objective
immunologic as well as clinical results were observed (Wierecky et al. 2006). Mucin
1 was a high-ranking antigen in the National Cancer Institute’s prioritization study
(Cheever et al. 2009). A modest dose of IL-2 was given in conjugation with these
dendritic cell vaccines. In another trial, individuals suffering from acute myeloid
leukemia were administered vaccines containing WT-1 TAA mRNA loaded den-
dritic cells. These individuals were under remission following normal therapy. These
individuals demonstrated immune stimulation and enhanced clinical response.
Another study that looked at dendritic cell-tumor fusions in participants prior to
and after the transplantation of autologous stem cell discovered antitumor autoim-
mune response as well as disease decrease (Rosenblatt et al. 2013). Surprisingly, all
of these studies employed a dendritic cell vaccine combination method, in which
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systemic cytokine therapy and standard care therapies were combined with vaccines
loaded with antigens (Galluzzi et al. 2012).

17.2.4 Tumor-Based Strategies

Early research focused non-development of cancer vaccine discovered that the tumor
cells that had been destroyed as well as modified to produce immunostimulatory
cytokines such as GM-CSF may be injected into the mice (Dranoff et al. 1993;
McBride et al. 1992). Autologous tumor cells-based approach of cancer vaccine
preparation was suitable but quite complex. The evidence supporting clinical testing
of autologous, syngeneic, or allogeneic tumor cells expressing increased levels of
GM-CSF due to transfection justified clinical study with some clinical and immuno-
logical responses (Soiffer et al. 1998; Nemunaitis et al. 2004; Luiten et al. 2005).

17.2.4.1 Cell Lines
Allogeneic cell lines had been investigated, either with autologous tumor cells or
alone. The G-Vax platform is still being investigated, and it is an element of a “prime
boost” combined vaccine research which includes participants having pancreatic
cancer. These participants are administered with recombinant Listeria bacteria
encoding TAA mesothelin, alone or with a G-Vax consisting of two cell lines of
allogeneic pancreatic cancer (Le et al. 2012a, b). Furthermore, numerous injections
are achievable without being hampered by induced neutralization by antibody, along
with that the addition of bacteria mimics many elements of a genuine infection by
activating foreign pathogen pattern recognition receptors or TLRs. Other
individualized approaches utilizing autologous tumor antigens involve the use of
tumor lysates for loading APCs ex vivo and the fusion of tumor cells with autolo-
gous APCs. Many of them are evaluated in initial stage clinical studies, with
encouraging results. In rare situations, immune responses to unidentified foreign
helper proteins and tumor lysates have been shown (Chakraborty et al. 1998; Geiger
et al. 2000).

17.2.4.2 Autologous Tumor Cells
Transfection of APCs with tumor genomic DNA can also be done using autologous
tumor cells (Kim and Chopra 2006). This permits unidentified altered tumor related
unique gene products to be produced as well as given to the immune system for
activation.

17.2.5 Virus-Based Strategies

As previously stated, if the pathogens are introduced in cancer vaccines, they can
significantly boost immune response as tumor antigens are presented. Although TLR
ligands like polyIC/polyICLC or CpG molecules are used in peptide-based vaccines,
pathogens possess complex arrays comprising molecules capable of activating
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several immune stimulation channels. Vaccines against Gardasil and human papil-
lomavirus (HPV) Cervarix are approved to prevent cervical cancer caused by the
HPV. They function by inducing humoral immunity towards viral capsid proteins
that have been organized into viral particles non-infectious in nature. However, they
are ineffective against malignancies developed in infected people. Viruses, particu-
larly adenovirus, were employed as vectors for the purpose of active immunization
with tumor antigens by injecting into muscle tissue with rapid transfection (Meng
et al. 2001; Butterfield et al. 2014), leveraging their intrinsic infectivity. To transduce
antigens into APCs, viruses have been utilized earlier (Arthur et al. 1997;
Schumacher et al. 2004). These transduced cells exhibited activation or inhibition
as a set of consequences due to each virus. Direct delivery of viral vectors can
neutralize antibody responses preventing recurrent usage; however, following vac-
cination using ex vivo transduced viral APCs, the production of neutralizing
antibodies is limited. But, clinical utilization of viral vectors can be complicated
logistically, including the need for therapeutic grade virus manufacturing. Some of
these restrictions can be overcome by using virus-related prime boost using viral
backbones of heterologous nature encoding tumor antigens. This strategy has been
demonstrated by the fowl pox virus and vaccinia virus prime boost for prostate
cancer, expressing the TAA and PSA and the intercellular adhesion molecule
1 (CD54), lymphocyte function-associated antigen 3 (CD58), and costimulatory
markers B7–1 (CD80) (Madan et al. 2012). This intriguing technique has enhanced
survival in individuals with prostate cancer, and it is still being explored in late-stage
clinical studies (Smith and Kantoff 2010; Gulley et al. 2010). This team is also
working on viruses that encode mucin 1 and CEA rather than PSA to be used against
various types of cancer. Oncolytic viruses drive the trans-activator early genes like
E1b as well as E1a, as well as viral amplification from a tumor-specific promoter
(which includes promoters driving TAAs such as human telomerase reverse tran-
scriptase (hTERT), PSA, and fetoprotein) (Kanerva et al. 2013). Vaccinia viruses are
also employed for this purpose. To increase tumor specificity for viral multiplication
and neutralization, one approach has induced viral serpin genes mutations (Guo et al.
2005). Additional customization is being explored, including the use of chemokine-
encoding genes or combinations with co-stimulation (John et al. 2012; Li et al.
2012). Herpesviruses have additionally been utilized in cancer vaccination as
oncolytic viruses. A possible approach has been to include GM-CSF as an adjuvant
or APC growth factor into herpesvirus vectors that proliferate. T-VEC, one of such
vectors, had recently been evaluated in melanoma sufferers in a phase III experiment
(Kaufman and Bines 2010). The experiment estimated a 26% rate of objective
response and an 11% rate of full clinical response in individuals carrying stage
IIIB-IV melanoma (Ross et al. 2014). However, it will be critical to explore immune
response mechanisms.
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17.3 Regulatory Considerations

The regulatory body ensures quality safety and efficacy before granting marketing
approval to a medicinal product. This function of regulatory body ensures that the
medicinal product has positive benefit to risk ratio in an indicated set of population.
Even after marketing approval clinical safety data are continuously collected which
helps to ensure that benefit to risk ratio stays positive after marketing approval also.
Rare adverse effects undetected in initial clinical experiments on limited number of
people can be detected in this way. Like all other products, cancer vaccines also have
to comply to the need of regulatory and pharmacovigilance requirements along with
proper risk management plan. Here, regulatory requirements mean the requirements
for the benefit: risk ratio to remain positive.

The US-FDA (Food and Drug Administration) and EMA (European Medicines
Agency) which are regulatory bodies for the United States and Europe, respectively,
regularly keep watch on quality, clinical, and non-clinical aspects by releasing
guidelines regarding them. ICH guidelines cover regulatory as well as multidisci-
plinary aspects along with quality safety and efficacy issues. The ICH (International
Council for Harmonisation) releases harmonized guidelines in the US, Japan, and
European Union; hence, they are very useful for drug developers as they provide
guiding principles for multi-regional drug development approach.

17.3.1 Quality Considerations

EMA has issued guidelines for variety of products like gene therapy products, cell
therapy products, etc.; but due to continuously growing knowledge of tumor patho-
physiology as well as immune system along with novel therapeutic options such as
ATMPs (Advanced Therapy Medicinal Product), it becomes unattainable to accom-
modate all scenarios in any fixed single guideline. Although guidelines have regu-
latory purpose, they should not be mandatorily followed if not feasible. Sometimes,
if a new understanding about the disease emerges and if the drug developers can
firmly justify their position based on this new understanding, they should consult the
regulatory body regarding the differences between existing guidelines and the
findings of drug development program. The drug developers must have a good
quality data and sound rationale to support their claims. Quality assessment of
cancer vaccines is more complex and challenging. Hence, for some cancer vaccines,
case-by-case release specifications must be agreed upon provided that these
specifications must be in accordance with the product’s mechanism of action.

17.3.2 Non-clinical Considerations

For non-clinical trials, selection of non-clinical model is governed by the target
tumor and cancer vaccine type. Various products like proteins, peptides, and cells,
e.g., tumor cells, T cells, and dendritic cells are tested. In-vitro manipulated cells,
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genetically modified cells, expanded cells, and fused cells were also tested. Vaccines
combinations with adjuvants, vectors, cytokines, and immune checkpoint inhibitors
have also been tested. However, in some instances, due to unavailability of suitable
non-clinical model, demonstration of mechanism of action and proof of concept may
be difficult or impossible. This problem arises more prominently during develop-
ment of autologous personalized vaccines. In this case, while planning the
experiments, use of pre-clinical models would vary from case to case.

In some cases, the murine model can demonstrate the proof of concept which
extends the base for clinical development; however, in these cases also, differences
arise due to differences of patients in comparison to the murine model. Generally,
young mice are utilized for the experiments. Therapeutic vaccines are used in
patients who might be having tumor for long period of time. Owing to prior
radiotherapy or chemotherapy and tumor specific suppression, such patients may
have immunosuppression and tolerance to tumor. In case if non-human primates are
used, prominent immune system related inter-species differences are observed (ICH
n.d.; Sathish et al. 2013). Hence, non-human primates are not recommended.

Human tissues are tested in vitro to check how TAA are distributed and to support
the desired outcomes of modifying candidate antigen (Badaracco et al. 1981).
Antigen expression can be visualized using tumor cell lines and tumor tissues.
Proof of concept can be established by checking cell count and activation status of
tumor penetrating cells like CD4+ and CD8+ T cells, MDSCs, dendritic cells, and
tumor infiltrating myeloid cells (Horn et al. 2021). Proof of concept can be further
supported if it is possible to test the tumor sequentially after vaccination.

A separate section on cancer vaccines is available under anticancer products in
EMA guidelines (European Medicines Agency 2012). The EMA guideline states
that “Non-clinical in vitro and in vivo proof-of-concept should be presented to
justify the planned starting dose and phase 1 studies.” However, there is some
limitation for instances in which relevant non-clinical model is unavailable. This
caveat considers the challenges in planning non-clinical program for few types of
cancer vaccines. In such cases, proof of concept can be acceptably established by
in vitro experimentations with human cells.

17.3.3 Clinical Considerations

In case of few cancer vaccines, due to limitations in non-clinical study plan, human
in vivo studies are undertaken to establish the mechanism of action of cancer vaccine
product.

17.3.3.1 Immune Status Pre- and Post-Vaccination
Immune system baseline considerations may differ in animal models from human
patients. Prior therapy and older age may be the primary reasons for immune
function reduction. The process called immunoediting is the defensive mechanism
for tumor to befool the immune system and to evade detection and elimination by the
immune system (Dunn et al. 2004). In addition to this, it is observed in early
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tumorigenesis that tumor microenvironment also exhibits immunosuppression
(Predina et al. 2013).

All these factors affect the individual patient’s response to the cancer vaccine.
CD4+ cells, CD8+ cells, serum Igs, dendritic cells, MDSCs, and tumor antigen
associated specific T cells must be measured during a clinical program as they
indicate the baseline immune status. These parameters affect the prognosis as well
as individual patient’s response to the vaccine. If early phase studies indicate a
correlation between baseline status of immune system and patient’s response to
vaccine, these data can be utilized to design the clinical trial program.

17.3.3.2 Changes Following Vaccination
Periodic in vitro testing gives idea about therapeutic efficacy of vaccine and can be
the source of crucial data in early development clinical phase (Pagès et al. 2009).
Ex-vivo method of direct peripheral blood analysis can produce more satisfying
outcomes as compared to in vitro testing of expanded cells from peripheral blood.
Although it remains well-established fact that the changes in immune cells within the
tumor cannot be entirely indicated by peripheral blood analysis, this can be a
preferred method to assess pharmacodynamic effect in absence of tumor biopsies.
Assessment of peripheral blood for tumor antigen associated T cells is very relevant
method to establish pharmacodynamic effect. However, additional phenomena like
epitope spreading that might be an element of the effect proposed thereby cannot be
fully reflected by this method. Establishing the pharmacodynamic effect strengthens
the proposed mechanism of action, supports the proof of concept, and helps in
determining the dose. This information is very crucial in determining optimum
treatment duration.

To establish proof of concept, all the available clinical data are recommended to
be utilized as the non-clinical data may not provide sufficient evidence in this regard.

However, major concern about cancer vaccines is the paradox that they can
sometimes affect the tumor infiltrating cells and demonstrate enhanced tumor-
specific immunosuppression which raises the concern about safety of cancer
vaccines (Zhou et al. 2006). Hence, it becomes very crucial to establish proof of
concept and pharmacodynamic readout after vaccination. If these types of evidence
are available in human, they should be well understood before planning pivotal
investigations.

Prophylactic vaccines on the other hand offer lesser obstacles as far as
overcoming of immune suppression is concerned. In this case, the subjects under
question are not cancer patients; they are rather high-risk individuals with
pre-cancerous lesions (Finn 2014). Hence, selection of patients and assigning of
suitable endpoints in clinical studies may differ for prophylactic vaccine than for
therapeutic vaccine. In such cases, the need for development as well as validation of
surrogate end points arises (Gilbert and Hudgens 2008). As the regulatory guidelines
are not very well established and very limited knowledge and experience is available
in this area, it becomes essential to have two-way communication with regulatory
body. This is recommended to be done after acquiring good initial clinical informa-
tion and a strong basis for future development. In case of therapeutic cancer
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vaccines, studies for clinical dose determination with reference to periodic monitor-
ing of immune functions are required. The guidelines also assert the importance of
descriptively elaborating the analytical assays performed during the development of
cancer vaccine. In cases wherever possible, serial tumor biopsies are performed but
the outcomes can provide marker for anticancer action. In such case, the proof of
concept can be established from the data generated in early clinical studies wherein
few numbers of subjects are subjected to serial tumor biopsies. Although it is not
mentioned in guidelines, imaging techniques can also be used to establish evidence
for such response in case of tumors for which safe biopsies are not possible.

The patients with large tumors and late-stage disease will show immune suppres-
sion and limited life expectancy which makes it difficult to select group of patients
for pivotal clinical studies. Hence, EMA guidelines in this regard suggest selecting
those having a low or minimum illness burden.

Newly detected cases are not pretreated; immune stimulation approach in such
patients may provide greater likelihood of success. Nevertheless, a satisfactory
justification for use of such patients must be provided owing to existence of
alternative therapies. If a good proof of concept and a sound rationale supports
this approach, then it is advised to discuss with regulatory body in order to develop
suitable clinical plan. Delayed response for efficacy read-out is allowed for cancer
vaccines as per the guidelines which suggest that “revised criteria defining progres-
sion is accepted if properly justified.” This is with reference to revised RECIST
(Response Evaluation Criteria for Solid Tumors) criteria highlighting the possibility
of time lag in producing effective immune response hence delayed tumor response in
contrast to anticancer agents (Wolchok et al. 2009). EMA recommends overall
survival (OS) as the core efficacy endpoint.

While overall survival (OS) is the clear objective, it may be acceptable if the
sufficient proof of concept and significantly increased progression-free survival
(PFS) is demonstrated by a cancer vaccine in comparison to a suitable comparator.
Additional information on post-licensing OS, on the other hand, will be extremely
crucial in these scenarios to assure that there is no trace of any significant
consequences on OS.

A double-blind trial is employed for evaluating PFS. When double blinding is not
practicable, the trials should employ blinded effectiveness assessment. The blinded
evaluators should review the radiological examinations if they are the primary
measures of effectiveness. The FDA guidance to industry on clinical aspects of
therapeutic cancer vaccines (Guidance for industry n.d.) covers a more extensive
overview, including the design of companion diagnostics. Yet, as with the EU
guidelines, the concerns of the patient group to be investigated as well as determina-
tion of realistic endpoint remains unresolved. If the patient group selected has no or
little residual illness, the effectiveness objective of illness recurrence will need a
longer period of monitoring. The FDA considers immune response monitoring to be
experimental, and relevance of such measures is acknowledged as valuable in proof
of concept, dosage determination, and probable association with clinical effective-
ness. For proof-of-concept purposes, the FDA encourages the utility of exploratory
biomarkers as well as offers some recommendations on multi-antigen and adjuvants
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treatment. Given the variety of therapeutic vaccination approaches, the guideline
suggests that the major clinical outcomes have clinical meaningfulness and reviewed
with the FDA.

Following a study of the guidelines of FDA and EMA, it is obvious that the
essential standards for safety, efficacy, and quality stays the same as that for other
products, and the pathway to marketing authorization would be case-by-case. When
available guidelines do not cover the strategy employed in the development of new
drug, as is intended for therapeutic as well as all prophylactic cancer vaccines, it is
recommended that discussions with regulatory bodies be held to reach consensus on
the grounds of a well-justified methodology and well-thought-out program for
clinical development.

There are yet no regulatory guidelines for prophylactic cancer vaccines. It is
crucial to consider this form of prophylactic vaccine in a different light since the
participants engaged in studies will be healthy, as opposed to those getting cancer
vaccines. As a result, safety would be a greater issue in such scenario, mandating a
bigger patient-safety group than would be required for a therapeutic vaccine
administered in advanced cancer sufferers. Another issue to consider is that the
uncertainty around the safety of a gene therapy product will be greater than that of,
say, a peptide vaccine. Drug developers should perceive the lack of guidance for
prophylactic cancer vaccines as a chance to influence regulatory decision-making
rather than an obstacle. Regulators appreciate such early communication, which can
take the shape of a meeting with the EMA’s innovation task force (ITF). Although
regulatory clearance is obliged, it does not promise the success with regards to
patient access and reimbursement. Hence, considerations for rapid commercial
utilization are essential. Consultation with Health Technology Assessment (HTA)
bodies is indeed recommended to verify that endpoints specified by regulatory
agencies are agreeable to both the payers and HTAs. In November 2011, the EMA
organized a workshop on EMA/HTA-body parallel scientific guidance in drug
development. The documents and presentations can be accessed from the EMA
website. While this workshop is not indication-specific, the underlying conclusion is
obvious; whatever the program, it is best to get early involvement of HTA/payer and
regulatory authority. Such a strategy is likely to lower the chance of failure at the
post-licensing reimbursement phase. Such collaborative consulting practices are also
accessible at the national level, and in the UK, concurrent scientific advice
conferences with MHRA and NICE are provided.

17.4 Personalized Cancer Vaccines

Owing to the emergence of next-generation sequencing (NGS) to recognize tumor
mutations, the concept of developing vaccines capable of targeting specific tumor
neoantigens was conceived. Complete exome sequencing of tumor as well as healthy
cell DNA from specific patient is used to identify non-synonymous somatic
mutations. The mutations are then graded based on their probability of manifestation
and affinity adherence of the neoantigen to autologous MHC (major
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histocompatibility complex) molecules, that may be anticipated with bioinformatic
technologies such as NetMHCpan or IEDB (Ott et al. 2017; Sahin et al. 2017).

Since central tolerance is unlikely to remove cytotoxic T cell clones with high
affinity for these antigen, neo-antigens arising from tumor specific mutations are
strongly immunogenic. This strategy was tested in a phase 1 trial employing six
patients who had melanoma of stage III and IV following surgical resection.
Subcutaneous vaccination of synthetic long peptides designed to target up to 20 spe-
cific neoantigens per patient were administered, together with the TLR 3 and
melanoma differentiation linked protein 5 agonist poly-ICLC as an
immunostimulant. After 25 months of follow-up, four patients were free of tumor
relapse (Ott et al. 2017). A phase 1 trial is now underway in glioblastoma individuals
to probe a tailored personalized vaccine based on mutations. The vaccine is made up
of numerous peptides that are tailored to individual patient’s unique tumor sequence.
The vaccine is administered following chemotherapy and radiation, during the
temozolomide maintenance phase, and in tumor-treating fields (NCT03223103).
Some other phase 1 trial is employing the personalized peptide vaccine strategy in
individuals suffering from severe pancreatic colorectal or pancreatic cancer in
conjunction with the checkpoint inhibitor pembrolizumab (NCT02600949). The
use of mRNA-based cancer vaccines is by far the most current approach (Pardi
et al. 2018). The IVAC-mutanome trial, a phase 1 trial that involved 13 participants
having late melanoma (Sahin et al. 2017). Ten mutations had been specified for each
patient, and couple of synthetic RNA molecules encoding five (27 mer) peptides
showing the position 14 mutation were produced in vitro. Following that, the RNA
molecules were coupled to an MHC trafficking signal peptide for improved routing
and presentation to MHC and injected into inguinal lymph nodes of the patients.
IFN-ELISpot was used to assess immunogenicity in CD4+ and CD8+ T cells from
both before and post-vaccination leukapheresis samples. Without in-vitro stimula-
tion, blood responses to one-fifth of the mutations could be detected. Two of the five
patients with advanced illness demonstrated clear vaccine-related responses. The
removal of an individual’s lymph node metastases verified the presence of vaccine-
induced T cells specific to neoepitopes in the tumor (Sahin et al. 2017).

A phase 1 clinical trial is now underway in patients with solid tumors to investi-
gate an intravenous preparation of an RNA-based personalized vaccine in conjunc-
tion with the PD-L1 specific drug atezolizumab (NCT03289962) (Liao and Zhang
2021).

17.5 Challenges in Personalized Vaccines

17.5.1 Selecting the Right Antigen: Improving Bioinformatics

Owing to the advent of parallel sequencing, a new era in antigen selection emerged.
It is difficult to determine mutations that will have the greatest in vivo immunoge-
nicity. Bioinformatic forecasting methods strive to rate antigen immunogenicity
based on the expected epitope’s binding affinity to molecules of MHC, the chances
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of presentation, clonality, and the amount of expression of the related RNA. But
subsequent studies revealed that CD8+ responses to predicted high-affinity binders
were as low as 29%, highlighting the necessity of improved algorithms (Sahin et al.
2017).

17.5.2 Selecting the Right Combination

Because tumor cells have developed several immune escape strategies, combined
therapies are required to re-establish anticancer immunity. Antigen release by tumor
cell death can be aided by traditional approaches such as chemotherapy and radia-
tion. By inhibiting the negative regulatory route employed by tumors, checkpoint
inhibitors put a stop to endogenous T cells. They have demonstrated effectiveness
across many cancer types on their own; however, less effectiveness was gained in
tumors free of penetrating lymphocytes (Hegde et al. 2016). The absence of invading
T cells may be due to cancer cells creating a tumor suppressive milieu via the
production of immunosuppressive cytokines, recruitment of regulatory T cells, and
MDSCs. An increased level of indoleamine-pyrrole 2,3-dioxygenase (IDO) expres-
sion in cancerous cells results in immunosuppression via depletion of tryptophan,
that promotes T regulator cells (Elia et al. 2008; Moon et al. 2015; Braun et al. 2005).
T cell migration via the vascular endothelium at the tumor site requires the expres-
sion of vascular adhesion molecules (VCAM-1) and intercellular adhesion
molecules (ICAM-1). Angiogenic chemicals, such as vascular endothelial growth
factor (VEGF), restrict endothelial adhesion molecule production and hence T cell
movement in the tumor microenvironment (Bouzin et al. 2007; Motz and Coukos
2013). Combination therapy with TGF-ß inhibitors, VEGF inhibitors, or newer
immunomodulators such as IDO inhibitors may be beneficial in overcoming the
tumor-suppressive microenvironment and are now being studied in clinical
investigations (NT02873962, NCT03347123, and NCT02423343) (Moon et al.
2015). Traditional chemotherapy, such as cyclophosphamide, can also be used to
deplete Tregs.

17.5.3 Choosing the Right Time: Adjuvant Vs. Palliative

Tumor immunosuppression frequently corresponds to tumor burden, lowering the
benefits of immunotherapy in patients with advanced illness. Immunologic
responsiveness rates to vaccinations in clinical trials are frequently greater during
adjuvant treatment than in palliative care, providing support for the use of vaccines at
an initial phase of disease (Gulley et al. 2011). Moreover, existing personalized
vaccine techniques are demanding, and the manufacturing duration of few months
may be difficult for individuals with severe illness. Again, the combination
approaches might be utilized to strike a balance between vaccine production and
application.
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17.5.4 Tumor Evolution and Loss of Antigen

Along with the tumor growth, additional mutations arise, that can render neo-epitope
vaccines ineffective owing to mutation and loss of neoepitope’s antigenicity (Ott
et al. 2017; Sahin et al. 2017). T cells rely on processing and presentation of antigen
via MHC proteins to recognize targets. Downregulation of MHC class I proteins in
cancerous cells leads to diminished antigen presentation, which favors immune
evasion (Seliger et al. 2001). MHC class I protein downregulation is seen in a variety
of cancer types. It can occur either genetically or because of a protein synthesis
deficiency (Reeves and James 2017). Antigens are normally broken into the
fragments of peptide by immunoproteasomes in the cytoplasm of cells in order to
ensure their attachment to MHC class I. Downregulation of proteasome complex
subunits has been correlated to tumor proliferation and metastasis. The endoplasmic
reticulum is where tiny peptide fragments are coupled to MHC class I. A deficiency
in the antigen processing associated transporters (TAP) in the endoplasmic reticulum
or a loss of the endoplasmic aminopeptidases (ERAP 1 and ERAP2) can lead to even
lower antigen expression (Mehta et al. 2009) (Table 17.1).

17.6 Conclusion

The reported success stories of vaccines have provided an explosion of rejuvenation
approaches like tailored approaches and renewing of techniques specifically for
vaccine development. But till date, there is no vaccine in market that act as pillar
to neutralize progression of cancer. Many clinical trials at early stages indicate the
potential of vaccines. Furthermore, advancement in molecular techniques has paved
way for much advanced protocol designing and preparation of target-based vaccines.
Hopefully, the next decade expects to provide market with high throughput vaccines
that will act as boon to eradicate the mass tumor cases. Further advancements are
required for precision-based prediction about modeling, algorithms, and simulation
factors. This era must focus on the development of validated simplified complex
models for pharmacological platforms that play a rational role in acceptance of these
vaccines. Overcoming of these hurdles will pave a way for optimized vaccine with a
tagline of “one short to curb cancer menace.”
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Table 17.1 Cancer vaccines in clinical development

Phase
of
study

Clinicaltrials.

NCT03328026 Phase 2 Breast
carcinoma

Intradermal SV-BR-
1-GM, ipilumab,
interferon,
cyclophosphamide,
pembrolizumab

Vaccine containing
cells secreting
GM-CSF, anti-CLTA-
4, cytokine,
chemotherapy, anti-
PD-1

NCT03152565 Phase1/
2

Colorectal
cancer

Autologous
dendritic cell
(ADC)
(intradermal) in
combination with
avelumab

ADC vaccine, anti-
PD-1

NCT03029403 Phase 2 Fallopian tube
cancer,
epithelial
ovarian
carcinoma

DPX survivac
(subcutaneous),
Pembrolizumab,
cyclophosphamide

Peptide vaccine
targeting surviving,
anti-PD-1,
chemotherapy

NCT02499835 Phase-
1

Carcinoma of
prostate

pTVG-HP
(intradermal),
Pembrolizumab

pTVG-HP plasmid
DNA vaccine
encoding prostatic acid
phosphate, anti-PD-1

NCT03164772 Phase
1/2

Non-small cell
lung cancer

BI 1361849
(intradermal),
Durvalumab alone
or in combination
with tremelimumab

m-RNA vaccine,
Anti-PD-1, anti-
CLTA-4

NCT03406715 Phase 2 Small cell lung
cancer

Ad.p53-DC
(intradermal) in
combination with
ipilimumab and
nivolumab

Autologous dendritic
cell based p53 vaccine,
anti-CLTA-4, anti-PD-
1

NCT03289962 Phase 1 Solid tumors RO7198457
(intravenous),
atezolizumab

Personalized RNA
mutanome vaccine,
anti-PD-L1

NCT03162224 Phase
1/2

Head and neck
cancer

MEDI0457
(intramuscular),
Durvalumab

HPV DNA vaccine,
anti-PD-L1

NCT03260023 Phase
1/2

HPV related
carcinoma

TG4001
(subcutaneous),
Avelumab

Anakinra virus
vaccinia encoding IL-2
and HPV-16, anti-PD-
L1

NCT02451982 Phase 2 Pancreatic
adenocarcinoma

GVAX
(intradermal),
Cyclophosphamide
alone or in
combination with
nivolumab

Vaccine based on
whole tumor cell
secreting GM-CSF,
chemotherapy, anti-
PD-1

http://clinicaltrials.gov
http://clinicaltrials.gov
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Table 17.1 (continued)

Clinicaltrials.
Phase
of
study

NCT03047928 Phase
1/2

Metastatic
melanoma

PD-L1/IDO vaccine
(subcutaneous),
nivolumab

Peptide vaccine, anti-
PD-1

NCT02808143 Phase 1 Bladder
carcinoma

Pembrolizumab,
BCG

BCG, anti-PD-1

NCT03199040 Phase 1 Triple negative
breast cancer

DNA vaccine
(intramuscular)
individually or with
durvalumab

DNA vaccine, anti-
PD-L1

Note. The data shown in following table have been retrieved from https://clinicaltrials.gov
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