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Abstract Cancer as a noncommunicable disease remains the major cause of death
globally. A major drawback for cancer therapeutics is the lack of specific delivery to
disease sites which in turn accounts for adverse effects on healthy cells. Incorporation
into nanoparticle (NP) and subsequent surface functionalization remain a preferred
strategy to circumvent this limitation and to achieve optimal delivery of anticancer
drugs. NPs can be coated with hydrophilic and positively charged surfaces that con-
fer on them stealth characteristics that enhance long circulation times and internal-
ization through receptor-mediated endocytosis within the biological systems. One
way of achieving this is the coating of poly ethylene glycol onto the surfaces of NPs.
In this way, opsonization is reduced and engulfment through reticuloendothelial sys-
tem is avoided. Central to the concept of passive targeting of NPs is the unique
microvasculature of tumor. Various regulatory factors that control the blood pressure
as well as maneuvering of the vasculature may shift the equilibrium towards the
more captivating tumor environment for NPs. Highlighted in this chapter is how
PEGylation of NPs and exploration of the EPR effect could increase the circulation
times of NPs while escaping immediate elimination by the immune systems and
rapid renal clearance in vivo. Similarly, the stealth properties of NPs can be explored
for enhance therapeutic effects through surface modification with other nonfouling
hydrophilic polymers in order to cover for the PEG dilemma. Meanwhile, the zebraf-
ish model provides a more promising alternative to detect, view, monitor, image and
characterize the interactions between NPs and neoplastic tissues in real time.
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1 Cancer: Introduction, History, Geographical Distribution,
and Causes

Cancer as a noncommunicable disease remains the major cause of death globally
after cardiovascular disease [1]. The global burden of cancer as reported by the
International Agency for Research on Cancer (IARC) showed that cancer incidence
has occurred at a rate that is twice its previous occurrence over the past 30 years.
Current prediction has it that by the end of year 2030, there will be an additional
21.4 million people living with cancer. With 17 million deaths yearly due to cancer,
there will be an average of 75 million cancer patients within 5 years of diagnosis.
The World Health Organization report showed that 8.2 million new cases of deaths
were recorded globally in 2012 due to cancer, 60% of which were from Africa, Asia,
Central and South America and only 30% of cancers could be prevented [2]. In the
year 2014, a total of 4500 new cases of cancer were projected to be diagnosed daily
in the United States amounting to an average of 1,665,540 of which 585,720 deaths
was recorded yearly [3].

The term cancer originates from the word “karkinos,” which was used by a Greek
doctor called Hippocrates to mean carcinoma between 460 and 370 BC. Meanwhile,
prior to his discovery, records of human bone cancer discovered in mummies in
ancient Egypt were documented as far back as 1600 BC. Egyptian scientists in
1500 BC were the first group of researchers that discovered and recorded the first
breast cancer case without any treatment but palliative option. Through surgical
procedures, tumors on the body surface were excised in the same way it is carried
out today [4]. Generically, the word cancer is used to describe a large group of dis-
eases. This disease group has the potential to affect any part of the body and is
defined by abnormal cell growth both in the organ or part of the body it resides in
and beyond their usual boundaries. Many types of cancer have their origin in cells
and natural mutations of the DNA. However external factors are also reported to
facilitate the development of cancer, including environmental toxins, radiation,
exposure to certain chemicals, and more.

2 Employing the Enhanced Permeability and Retention
Effect in Cancer Nanomedicines

Passive and active targeting are the two principal alternatives by which nanoparticles
(NPs) can be delivered to the tumor sites. Tumor microenvironments possess unique
characteristic features within the tumor cells and vasculatures that are different from
that of healthy cells. Passive targeting employs this unique feature inherent within
cancer cells to facilitate the deposition of NPs into the tumor milieu [5]. The charac-
teristic features of the tumor vasculature as well as the stealth property of the NP
including its shape, size and surface charge are the principal determining parameters
for the delivery of NPs to cancer [6]. Meanwhile, in active targeting, various
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mechanisms have been employed to facilitate the selective delivery and uptake of NPs
into the tumor cells. Tumor cells overexpress some biomolecules on their surfaces as
opposed to healthy cells that could serve as molecular signatures. Thus, molecular
biomarkers such as ligands and short homing peptides are attached to the surface of
nanovectors to target these overexpressed biomolecules on the neoplastic cells [7].

3 Passive Targeting of NPs in Cancer Nanomedicines

A unique phenomenon in passive targeting is the preferential accumulation of bio-
molecules including NPs into tumor tissues due to the enhanced permeability and
retention (EPR) effect as first reported by Meada and Matsumura [8]. Two intrinsic
properties of the tumor tissues, that is, the leaky vascular and impaired lymphatic
drainage and the nanometer size distribution of the NPs are principal factors that
influence the EPR phenomenon [6].

During tumor growth, the rate of diffusion of NPs across neoplastic tissues becomes
limited at a volume of 2 mm? or above [9]. The movement of nutritional intake, the
delivery of oxygen and excretion of waste are all impaired by the diffusion limitation
effect. Meanwhile, through the process of angiogenesis, increased microenvironment
of the tumour vasculature assists to overcome the diffusion limitation [10]. In angio-
genesis, the basement membrane is abnormal and the pericytes, which underline the
endothelial cells, are absent [10]. As such, compromised tumor vasculature becomes
leaky with gap sizes ranging between 100 nm to 2 pm based on the tumor type [11].
Also, the interstitial pressure at the circumference of tumors is less compared to the
pressure at their centres due to the absence of a finely defined lymphatic system. Thus,
increased pressure within the tumor results in an outflow of convective interstitial
fluid, which limits the diffusion of drug to the center of the tumor. Howbeit, drug-
loaded NPs that penetrated into the tumor possessed high retention times compared to
normal tissues [12]. The combinatory effects of a leaky vasculature as well as a poor
lymphatic drainage are termed as the Enhanced Permeation and Retention (EPR)
effect. The overall surface charge of the NPs can also influence their passive targeting
to the tumour. Positively charged liposomes were reported to bind preferentially
through electrostatic interactions, to the negatively charged phospholipid surfaces
expressed on endothelial cells of tumor [13, 14].

4 Factors Influencing the Enhanced Permeability
and Retention Effect

Aberrant Structural Tumor Vessels and Blood Pressure The normal blood ves-
sels have a smooth muscle layer that is used to facilitate a vasogenic response to
vascular mediators and maintain a steady blood supply to the organs. Conversely,
smooth muscle cells are absent in the tumor tissues’ microvasculature. As such,
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tumor microvessels are in permanently vasodilated and do not respond to physio-
logical stimulus regulating blood circulation [15]. These abnormalities in tumor
vasculatures account for the irregular transport dynamics of fluid and solutes across
its vessels, an option that can be maximized to further enhance the EPR effects [16].
Report has shown that increasing the mean arterial blood pressure by infusing
angiotensin II yields a ~5.7-fold preferential increase in blood flow in neoplastic
tissues as opposed to normal tissues. More so, tumor tissue selectively accumulate
drugs having molecular weight of ~80 kDa while a reduction of about 60-80% drug
accumulation was recorded in healthy organs including kidney and bone marrow
[17]. The open endothelial gap interphase with abnormal neoplastic blood vessels
allow for an increased intratumoral blood flow in response to raise the blood pres-
sure [18]. Similarly, aberrant leaky vasculature and increased blood supply result in
the enhanced accumulation of macromolecular drugs in tissues of diverse solid
tumors when angiotensin II was administered to induce hypertension [19]. In con-
trast to the low toxicity effects of macromolecular anticancer drugs, macromolecu-
lar drugs under hypertensive state showed a greater concentration of higher than a
five-fold increase in the neoplastic tissue while the hypertension was monitored for
approximately 20 min [20].

Vasogenic Mediators Several internal mediating factors regulate the tumor micro-
vasculature. Notably among these are the vascular endothelial growth factor
(VEGF), Matrix metalloproteinases (MMPs), bradykinin, prostaglandins (PGs),
nitric oxide (NO), and peroxynitrite. Several studies have documented the influence
of these mediators for the potential application of the EPR effect for enhanced drug
targeting and delivery to neoplastic tissue [21]. A brief listing of their influence will
be discussed in this section.

VEGF Previously referred to as vascular permeability factor (VPF), the role of
VEGF in enhancing the EPR effect has been well documented [22]. Increased
VEGF concentration up to 30-fold high has been reported in tumor tissues as
opposed to that recorded in healthy tissues [23]. Meanwhile, an exception was
observed in the lung. Increased vascular permeability and mitogenic property of
VEGF [19] are central for endothelial cells extravasation of Evans blue dye in a
dose-dependent rate through intradermal administration. In this way, the role of
VEGEF is pivotal for enhancing the EPR effect.

MMPs The growth and spread of solid tumor depends the degradation of their
extracellular matrix thereby increasing angiogenesis. Meanwhile, MMPs are known
to enhance cancer metastasis in this regard [24]. In an in vivo experiment using
mice, MMPs increased the permeability of solid tumors vasculature while this effect
was reduced by MMP inhibitors [25]. A number of factors have been itemized limit-
ing the application of various MMP inhibitors that have been developed over the
decades. Since neoplastic cells remain viable, they easily resume growth when
treatment with anticancer chemotherapeutics are stopped vis-a-vis MMP inhibitors.
Also, since MMPs are proteases, they are pivotal for cellular metabolism and a
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higher dosage of MMP inhibitors results in toxicity. Owing to these negative conse-
quences, the development of several anti-MMP based drugs has been terminated
and clinically not applicable [19].

Bradykinin The kallikrein—kinin system is made up of a couple of proteases
such as the Hageman factor XII of the coagulation cascade. Prior to the conver-
sion of prekallikrein to kallikrein is the activation of the Hageman factor
XII. Bradykinin is produced directly from kininogen through the activity of kal-
likrein [23]. Several research reports have identified bradykinin receptors in dif-
ferent types of animal and human tumors [26]. The bradykinin-producing cascade
has been shown to be activated in cancer tissues [27]. Bradykinin is upregulated
is both the pleural and peritoneal fluids of animals and human neoplastic tissues.
Studies have also shown that bradykinin inhibits kallikrein in the extravasation of
plasma components into either the pleural or peritoneal cavity [28]. As such, bra-
dykinin plays a pivotal role as a mediator in regulating the EPR effect in tumor
tissues [27]. Meanwhile, bradykinin also activates endothelial NO synthase
(eNOS), which in turn triggers the production of NO [25]. The angiogenic char-
acteristics of VEGF in human endothelial cells is enhanced by NO production
[29]. The inhibition of angiotensin-converting enzyme (ACE), among other pep-
tidases that degrade bradykinin [30], results in higher concentration of bradykinin
thereby increases the permeability of neoplastic vasculature. Inhibitors of ACE
including temocapril and enalapril, have been reported to enhance the EPR effect
[31, 32]. Interestingly, ACE inhibitors enhance the delivery of macromolecular
drugs to cancers at normal blood pressure [33]. Thus, ACE inhibitors may act
preferentially at tumor sites in individuals with normal blood pressure as ACE
inhibitors are only active in patients with high blood pressure, a condition that
enhances the EPR effect [34].

NO The reaction between L-arginine and oxygen by three isoforms of NOS
results in the production of NO the most active form of NOS is produced in mac-
rophages and neutrophils which are readily present in neoplastic tissues [34]. NO
is an established mediator of vasodilation, angiogenesis and extravasation [23].
It has been shown that NO mediates increased vascular permeability in solid
tumours, a phenomenon that is hindered by NO scavengers and NO synthase
inhibitors [28]. Due to its role in mediating the permeability of tumor vascula-
ture, NO contributes immensely in facilitating the EPR effect in neoplastic tis-
sues [30]. In addition to its direct influence on the EPR, the interaction between
NO and the superoxide anion, mainly produced by leukocytes, results in the pro-
duction of peroxynitrite. Peroxynitrite converts MMP precursors (proMMPs)
into MMPs [35] which also play a vital role in the EPR effect [35]. Simultaneous
systemic infusion of both isosorbide dinitrate—an NO-releasing agent and
angiotensin II into the artery of a localized tumor resulted in an enhanced site-
specific delivery of poly(styrene-co-maleic acid/anhydride) neocarzinostatin
(SMANCS)-Lipiodol, corroborating the postulation that NO influences the EPR
effect [36].
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Prostaglandins (PGs) Among the PGs, PGE2 is a unique mediator of vascular
permeability. It is produced through the activation of cyclooxygenase (COX) iso-
zymes, like COX-2, which is highly expressed in tumors. Reports have shown that
the vascular permeability in sarcoma 180 and other solid tumors are suppressed by
COX inhibitors including indomethacin and salicylic acid [37]. This in turn further
validates PGs as potent enhancers of vascular permeability and their subsequent role
in the EPR effect. In another related report by Tanaka and colleagues [38], the sys-
temic circulation half-life of a PG12 derivative, beraprost sodium, is significantly
longer (>1 h) compared to PG12 which only lasts for a few seconds. Their finding
showed that the EPR effect was increased up to about two- to three-fold by PG12
analogs which may provide an efficient delivery alternative for macromolecules.

5 Types of Nanoparticulate Systems Employed in Cancer
Therapy

Various types of nanoparticulate systems are presently under investigation for the
delivery of cancer drugs [12] including polymeric NPs [39], protein NPs [40],
ceramic NPs [41], viral NPs [42], metallic NPs [43], carbon nanotubes [44], micelles
[45], dendrimers [46] and liposomes [47]. The design and fabrication of each NP
system is tailored towards its intrinsic material characteristics in order to facilitate
efficient delivery to the tumor sites. NPs can be coated with hydrophilic and posi-
tively charged surfaces that confer on them stealth characteristics that enhance long
circulation times and internalization through receptor-mediated endocytosis within
the biological systems [48]. Quite often, serum proteins adhered to the surfaces of
NPs through a process called opsonization [49]. This is turn exposes the NPs to
resistance through the reticuloendothelial systems (RES) and thereby limits their
circulation times within the biological systems [50]. A major way to circumvent this
anomaly is to functionalize the surfaces of NPs in order to create a stealth surface
from opsonization. As such, their circulation times are increased and the resistance
through RES is avoided [51]. One way of achieving this is the incorporation of poly
(ethylene glycol) (PEG) onto the surfaces of NPs. In this way, opsonization is
reduced and engulfment through RES is avoided.

Advances in nanotechnology have given a major boost to research in the design
and development of various nanoparticulate systems for cancer therapeutics [52].
Meanwhile, only few NP drug delivery systems have been approved till date by the
US Federal Drug Administration and the European Agency for the treatment of
cancer. Notable among those approved includes liposome-PEG doxorubicin
(Doxil®, Ortho Biotech, and Caelyx®, Schering Plough), methoxy-PEG—poly(D,L-
lactide) taxol (Genexol-PM®, Samyang), albumin-bound paclitaxel NPs
(Abraxane®, Abraxis BioScience) [12]. Zhang and colleagues have reported a com-
prehensive review of the NP systems in preclinical and clinical developmental
stages [53].
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6 Stealth Properties of NPs and Their Possible Application
in Cancer Nanomedicine

The stealth property of NP refers to the ability of a NP, through diverse modification
processes, to by-pass detection and destruction by the immune systems thereby hav-
ing a prolonged circulation time within the biological system and enhanced target-
ing potential to its site of action. This phenomenon is termed “stealth coating.”
Study has shown that opsonization of NPs remained a major factor the influ-

enced the clearance of NPs by RES within few minutes upon their intravenous
administration into the blood [49]. The intrinsic chemical composition of the NP
matrix [54], its shape/modulus [55], surface architecture [56], surface charge [57],
and size [58] determine its circulation half-life within the biological system
(Fig. 5.1). Research has shown that both hydrophobic and charged NPs possess
shorter circulation times as a result of their ability to evade the opsonization process

[60]. As such, coating the surfaces of NPs intended for systemic application with

neutrally charged hydrophilic surface layer is a preferred alternative. Thereby, the
circulation half-life of surface modified NPs is prolonged to more than 40 h by the

stealth process [61].

The intrinsic material composition of NPs is directly linked to their ability to
interact with their environment [62]. The rate at which NPs deliver their payloads
at the site of interest can be engineered based on material degradation, or the dif-
fusion through the NP matrix or pores [63]. To facilitate the level of control,

peat Degrade Releage

(@° Reacy
N 7 R LS
&R
’9@
Q}\k\b o C .Lo 00(9
o e® )
S
%
5,
®
)
<
e )

obred

Nanoparticle Nanoparticle Nanoparticle Nanoparticle
behavior design design behavior

TRENDS in Biotechnology

Fig. 5.1 Stealth properties of NPs. NPs’ behavior are influenced by their size, shape, modulus,

charge, material, and surface architecture. Reprinted under the permission of [59] (Copyright
Elsevier Publishers, 2018)
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materials can either be designed to release their payload at the action site or adopt
new physical characteristics in response to internal stimuli in tumor microenvi-
ronments including changes in pH condition or enzymatic activities [64, 65].
External stimuli such as magnetic, sound or light waves can also be employed to
activate materials which are responsive to energy for theranostics applications
[66, 67].

The size effect on the circulation time, extravasation, internalization and diffu-
sion into the cellular compartment has been widely reported [58]. NPs with smaller
size below 5 nm possessed lower circulation half-life and gain rapid entrance into
neoplastic cells and tissues [68]. Meanwhile, their disappearance from the tumor
cells is rapid due to enhanced filtration by the kidney and rapid renal clearance from
the urine. Conversely, NPs with larger size ranging between 5 nm and 500 nm have
a higher circulatory retention time and accumulate in neoplastic tissues by exploit-
ing the enhanced permeability and retention (EPR) effect [69]. Also, the size of NP
influences its cellular internalization since different NP sizes are transported through
diverse endocytic channels [70].

The shape of a NP also has a direct effect on its cellular uptake. Spherically
shaped NPs showed increased cellular uptake into the tumor microenvironments.
NPs that possessed high aspect ratios and have rigid shape were reported to accu-
mulate more slowly in macrophages than those that have small and flexible mor-
phology. This in turn enhances their retention time within the system and ultimately
minimize their clearance time from the circulation [71].

The surface charge of NP influences its circulation time. Charged NPs are highly
opsonized and are rapidly engulfed by the immune [72]. Meanwhile, positively
charged NPs bind and are preferentially internalized by tumor cells than their
uncharged pairs once they are in a tumor environment [73]. Hence, studies to shield
NPs once they enter the tumor environment, and release their charged interiors and
encapsulated payloads, as a result of the changes in pH or enzymatic activity within
the tumor microenvironment, are the paradigm in cancer nanomedicines [74].
Therefore, passive coating, by using polyethylene glycol to confer neutral surface
architecture, has been well documented to shield the charged surfaces of NPs,
enhance their circulation time, and accumulation in tumor tissues [75]. Similarly,
the threat faced by the phagocytes that engulf NPs are being eliminated by shielding
NPs with “self-peptides” derived from the human CD47 receptor as later amplified
in this review [52, 76].

In all, the potential of NPs to detect, navigate, and deliver their payloads in the
body is influenced by their fabrication and interactions with their
macro/microenvironments. Maneuvering the properties and subsequent behavior of
NPs has become increasingly possible vis-a-vis the deepening knowledge expansion
and understanding of molecular biology and NP transport. More important is the
impressive nanotechnological techniques and toolbox available to bioengineers to
modify NPs and biological systems.
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7 Surface Modification and Optimization of NPs for Passive
Targeting to Human Cancer Tissues

7.1 PEGylation Chemistry: Stealth Coating of NPs
for Biological Application in Cancer Nanomedicines

The covalent attachment of the polyethylene glycol (PEG) chain unto specific given
molecule for an enhanced systemic delivery is termed PEGylation. The stealth char-
acteristics conferred on PEGylated molecules allow for their long circulation within
the biological system as well as provide a “shield effect” from the RES systems and
other blood phagocytes [77]. The first attempt by Abuchowski and colleagues using
PEG coating on bovine serum albumin and bovine liver catalase significantly altered
both their immunological properties and stability by covalently linking them to
methoxy PEG (mPEG) using cyanuric chloride activation [78, 79]. Several other
biomolecules including peptides, enzymes, liposomes, carbohydrates, nucleotides,
antibody fragments, as well as small organic molecules and various nanoparticulate
systems have all been modified using PEGylation chemistry [80-82]. While mPEG
is mainly employed for the modification of polypeptides, several PEG variants hav-
ing different molecular weights and structures including linear, branched, PEG den-
drimers and of recent, multiarm PEGs are now being used in PEGylation chemistry
[83]. The first approach in the PEGylation process is the activation of native PEG
molecule through conjugation of its functional derivative at either one or both termi-
nals of the PEG chain. The PEGylation conjugation process can either be by the first
generation randomized technique or the second generation site-specific procedure
[84]. Meanwhile, the focused has been given to second generation site-specific
PEGylation because it produces well-defined conjugated products having improved
product profiles more than those obtained using the randomized technique [77].
Similarly, both reversible and irreversible mechanisms are employed in PEGylation
conjugation. However, irreversible PEG conjugation technique showed some nega-
tive effects on the biological activity of some therapeutics. As such, the reversible
PGylation strategy has been adopted in order to reduce the loss of biological activity
of potent therapeutics. In reversible PEGylation technique, drugs are attached to PEG
variants through cleavable linkages. Thereafter, the drug is release through various
cleaving agents including enzyme and hydrolytic cleavage, or degradation within the
biological system at a predetermined release rate over a period of time (Fig. 5.2) [85].

A critical aim of most PEGylation conjugation process is to improve the circula-
tion half-life of therapeutic biomolecules without affecting their activity. The unique
advancement in PEG conjugation chemistry and the difference in both structural
and molecular architectures of PEGs employed for the conjugation contribute
immensely to the increasing demand for PEgylated products in the pharmaceutical
industry. Surface modification of drugs and biomolecules enhance their therapeutic
efficacy with several advantages over non-PEGylated products. Noteworthy among
these systemic modifications are presented in Fig. 5.3. Increased circulation half-
life of the PEGylated conjugated product in the blood is the major way to enhance
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its therapeutic effect. PEGylation increases the circulation time of the PEG-modified
therapeutics by reducing its renal clearance with increasing hydrophilicity [86].
PEGylation confers on the PEG-modified product protection from reticuloendothe-
lial cells, degradation by proteolytic enzymes, reduced formation of neutralizing
antibodies against the protein by hiding antigenic sites through the formation of a
protective hydrophilic shield [87]. This in essence improves the pharmacokinetic
profile of the PEGylated conjugates. Previous reports showed that the absorption
half-life of therapeutics administered subcutaneously increased when PEGylated
and showed reduced distribution volume [86].

As a nonbiodegradable polymer, the use of PEG is limited in its application.
Previous reports showed that PEGs having molecular weight of about 20 kDa are
easily cleared by the renal system while those with higher molecular weight were
eliminated by fecal excretion [88]. Though PEGylation confers stealth property on
conjugated therapeutics and biomolecules with prolong serum half-life, some hurdles
were recorded on liposomes particular for the delivery of genes and nucleic acids in
anticancer nanomedicines. The surface modification of lipoconjugates by PEG due to
its hydrophilic shield decrease their cellular uptake with increasing stability of the
lipid envelop, thereby results in lysosomal degradation of the conjugated vector due
to poor endosomal escape through membrane fusion [89]. As such, PEG application
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Fig. 5.2 Schematic diagram showing PEGylation and its influence on NP delivery (a) Surface
modification using PEG on either preformed NPs loaded with drugs or attaching the PEG chain to
drug through a linker (b) The stealth effect of PEGylation against blood barriers thereby enhancing
prolonged systemic circulation of PEGylated drug-loaded NPs or PEG-prodrug as the case may be
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in gene and nucleic acid delivery to tumor cells is termed “the PEG dilemma” [90].
Meanwhile, this limitation in “lipo-PEGylation” can be successively tackled by fab-
ricating tumor-specific and pH-sensitive targeted PEG conjugated therapeutics [91,
92]. Nonsystemic delivery approach has also been shown to be efficient for the deliv-
ery of PEGylated NPs. In this way, PEGylated therapeutics is delivered locally rather
than into the systemic circulation, thereby improving their efficacy while minimizing
nontargeted side effects. A detail listing of various local administration strategies
including vaginal delivery, pulmonary administration, gastrointestinal tract delivery,
ocular and vaccine based delivery systems, of PEGylated NPs for improved delivery
of their payloads has been well documented by Jung and coworkers [93].
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8 Surface Modification of Nanoparticles Using PEG Chains

The surface characteristics of NPs play a principal role as a determining factor that
regulates the extent of their cellular internalization. Meanwhile, NPs surfaces can be
engineered by the composition of the polymer to regulates either their hydrophobic
or hydrophilic surface composition. The use of Polyethylene Glycol (PEG) is fore-
most in surface medication of these polymers in order to shield these nanosystems
from opsonization and clearance by the RES as previously discussed [94]. Also,
increased PEG molecular chains has been shown to enhance NPs circulation time as
PEG chains provide a shielding effect particularly for negatively charged particles
to protect them from immediate clearance in vivo [95].

Two major techniques that are employed in formulating PEGylated NPs includ-
ing polymeric formulation, lipid-based NPs or micelle type NPs are the self-
assembly of PEG-containing biomolecules, or surface modification of preformed
NPs with PEG. It should be noted that the density of PEG on the surface of
PEGylated NPs is a major factor that enhances their delivery in vivo [93]. In this
chapter, effort will be focused on the surface modification of polymeric formula-
tions using PEG chain.

A more assuring way to ascertain that a vast amount of the PEG molecules coated
on NPs remained on their surfaces is to modify preformed NPs with PEG. One way
to achieve this is through the adsorption technique. Using this method, PEG deriva-
tives are dissolved in an aqueous phase and binds to the NP surface through hydro-
phobic and electrostatic interactions or ligand-binding. In polyethylene
oxide—b-polypropylene oxide—b-polyethylene oxide (PEO-PPO-PEO) triblock
copolymer popularly known as pluronics, the hydrophobic PPO component is sur-
rounded by two molecules of PEO chains which are hydrophilic (PEO is a variant
form of PEG) [96]. Using their hydrophobic PPO segment, pluronic molecules can
interact with and adsorb on NP hydrophobic surfaces. In a report by Yang et al., PPO
chain length was observed to contribute immensely in the interaction with NP sur-
face. At a PPO chain length of ~3 kDa molecular weight (MW) pluronic molecules,
a densely coated PEG surface that could enhance the diffusion of NP in human
mucus was achieved [96]. In other developments, PEGylated phospholipids [97],
fatty acid-PEG-esters [98], Vitamin-E-TPGS-PEG [99] among others can be engi-
neered to absorb on polymeric NPs as well as inorganic NPs to form a PEG corona.
Through electrostatic interactions, NPs with charged outer surfaces can coated with
PEG-containing molecules having opposite charge. For instance, positively charged
PEG-PLL and PEG-PEI block polymers can bind to negatively charged PLGA NPs
[100]. This noncovalent adsorption technique is a weak interaction that allows for
easy desorption of the PEG molecules from the NP surface. Furthermore, using
ligand-interactions, a more stable biotinylated PEGylated avidin-functionalized
NPs are formed as biotin—avidin interactions can be employed in attaching either
ligands or drugs to NP surface for targeted delivery. Meanwhile, it is harder to sepa-
rate and remove the nonadsorbed PEG molecules from the adsorbed ones using this
procedure. Such unintended aftermaths on both delivery and translational mecha-
nisms should be considered prior to preparation [101].
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Chemical conjugation is another technique employed to PEGylate preformed
NPs. This procedure is also termed grafting. PEGylated polystyrene (PS) NPs [102],
PEGYlated gold NPs [103] as well as PEGylated dendrimers [104] have all been
produced using this strategy. Meanwhile, a major setback using this approach is the
steric hindrance that can limit the amount of PEG that can be coated (grafted) onto
the surface of NP. In a comparison research, Nance et al. found that the amount of
sufficiently dense mPEG-amine coating on PS NPs required to penetrate the human
mucus is less as opposed to that required to penetrate the extracellular matrix of the
brain tissue [105]. A limitation to this approach is the possible leakage of the encap-
sulated drug from the preformed NPs and variation from one batch to another.

The lipid bilayer of preformed liposomes can be explored in PEG-lipid conju-
gation. PEGylated lipid conjugates can be grafted preferentially to preformed
liposomes using their hydrophobic lipid tail for interaction with the lipid bilayer.
Attention must be given to the temperature and concentration of the lipids in the
PEG-lipid solutions. While the temperature should be closer to the melting tem-
perature of the lipid components and added at a slower rate, formation of micelles
must be avoided by keeping the concentration of the PEG-lipid below the critical
micellar concentration [106]. An interesting advantage of post-insertion tech-
nique as opposed to the self-assembly process is the allowance to modify the
outer surface of liposome bilayer rather than the nonspecific insertion of PEG
into the interior of liposome using the self-assembly strategy. As such, the post-
insertion technique provides for the use of lesser PEG-lipid conjugate to achieve
the same surface PEGylation compared to preinsertion method and provides for
prolonged blood circulation half-life [107]. Another application using postinser-
tion conjugation technique is in the preparation of PEGylated liposomes when
their surfaces are to be functionalized with targeting ligands. Tendered reaction
conditions that underline the reactions between amino and carboxylic groups,
pyridyldithiols and thiols, maleimide and thiols are fundamental for lipid
PEGylation due to the fragile nature of liposomes [108]. A novel approach termed
“click chemistry” has also been employed for PEG post-conjugation including
interactions between the azide-modified PEG and the alkynyl groups on the sur-
face of liposome [109, 110].

9 Alternative Polymers Used to Coat Nanoparticles

The paradigm in surface modification strategy employs PEGYlation—modifying
the NPs’ surfaces with PEG to reduce abrupt clearance of NPs from the systemic
circulation. Notwithstanding, several reports have shown the some undesired nega-
tive influence PEGylation may presents on the performance of NPs as a vector in
drug delivery. Meanwhile, alternative surface modification techniques, using other
polymers to coat and provide stealth property on NPs, may offer possible solutions
to the PEG dilemma [61]. Some of these alternative polymers for surface modifica-
tion of NPs are highlighted below:
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Polyoxazolines (POXs) POXs are group of potential alternative stealth polymers
that have been explored in amphiphilic block copolymer as the hydrophilic com-
ponents. POXs are generated through living cationic ring-opening polymerization
(LCROP) of 2-oxazolines. They are versatile with a number of available variants
with end-group and side-chains that could be functionalized [111]. POX has been
used to coat proteins, micelle-based and liposomal formulations and have shown
good nonbiofouling characteristics comparable to PEG in stealth effects [112].
More so, POXylated therapeutics have shown increased bioavailability compared
to PEGylated formulations [113, 114] with more stability under physiological
conditions [115]. For instance, poly(2-methyl-2-oxazoline) is more hydrophilic
than PEG without amphiphilicity [116], having high biocompatibility with no
cytotoxicity recorded at concentrations up to 20 g/L in cell culture [117] and up to
2 g/kg upon its intravenous administration in rats [113]. Poly(2-methyl-2-
oxazoline) was coupled to poly(L-lysine) in exchange for PEG for nonviral gene
delivery [118]. Poly(2-ethyl-2-oxazoline) was grafted to poly(caprolactone) [119],
poly(1,3-trimethylene carbonate) [120], and poly(aspartic acid) [121], to produce
polymeric micelles.

Polyglycerols Either in their linear of branched forms, polyglycerols which are
also referred to as polyglycidols, are flexible and biocompatible hydrophilic ali-
phatic polyether polyols [122]. Highly branched polyglycerols possess antifouling
properties with reduced susceptibility to oxidation or thermal stress that is compa-
rable to PEG [123]. Also, the presence of multiple hydroxyl groups in polyglycerols
allow for easy functionalization with other moieties [123]. The enhanced circulation
half-life of hyper branched polyglycerols showed their potential as stealth polymer
for surface modification of NPs [124]. Surface coated nanoliposomes were reported
to show prolonged plasma circulation [125] and prevent opsonization to gold sur-
face [123]. Recently, a multifactorial strategy in which both hyper branched polyg-
lycerol and PEG were used as a block-copolymer to coat liposome was reported
[126]. In this liposomal system, the polyglycerol moieties allowed for the multiva-
lent functionalization of the liposome.

Poly (Amino Acids) Previous studies have reported the potential stealth character-
istics of poly (amino acids) such as the poly hydroxyethyls of both L-asparagine and
L-glutamine. Because poly (amino acids) are susceptible to protease degradation,
there are limited chances that they will be accumulated in the biosystem [127].
Prolonged plasma circulation of NPs was observed using poly (amino acids) surface
coating comparable to PEGylation [127]. Particularly, poly(hydroxyethyl-L-
asparagine)-coated liposomes showed enhanced ABC resistance with higher stealth
property than PEGylated liposomes after repeated low dose lipid administrations
[128].

Polybetaines Zwitterionic molecules including sulfobetaine and carboxybetain as
betaine derivatives interact with water molecules through electrostatic bonds [129]
with stronger binding force as opposed to weak interaction via hydrogen bonding
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[130]. Betaine-based polymers have been shown to decrease nontargeted protein
adsorption [131], formation of biofilm [132], and bacterial adhesion on diverse sur-
faces. Interestingly, the carboxyl derivative of betaine (polycarboxybetaine) possess
multiple functional groups which are responsive to multivalent conjugations thereby
allows for multiple surface functionalization that could be explored in nanomedi-
cines [133]. Based on these unique qualities, the use of polybetaines as alternative
nonfouling materials for the surface medication of NPs has gained a lot of recogni-
tion. For instance, various nanomaterials including iron oxide [134], silica [135],
gold [136], PLGA [137], and hydrogels have been modified using
poly(carboxybetaine). These polybetaine-modified NPs exhibited enhanced size
stability in protein solutions such as serum, which showed their potent resistance to
nonspecific protein adsorption [134, 136].

Polysaccharides Another class of polymers that could provide excellent stealth
property employed in surface medication of NPs are the polysaccharides. Surface
engineered polysaccharide-coated NPs, having hydrophilic surfaces conferred on
their surfaces, by polysaccharide derivatives such as chitosan [138], hyaluronic acid
[139], dextran [140], and heparin [141] are well documented. The biodegradable,
low immunogenic and less toxic properties of polysaccharides make them advanta-
geous in surface medication chemistry [142]. Also, the presence of multiple func-
tional groups that could be implored for conjugation with drugs molecules as well
as cell-penetrating ligands allows for their application for surface modification.
Reports have shown that polysaccharide-based NPs increase circulation half-lives
of loaded therapeutics with enhanced accumulation in neoplastic tissues. For exam-
ple, at lower acidic pH, chitosan molecules become positively charged and can
facilitate cellular binding of coated NPs. This unique characteristic can be explored
for direct targeting and delivery of anticancer drugs to the negatively charged sur-
faces of tumor tissues [143]. In another development, Papisov and colleagues
employed acyclic hydrophilic polyacetals, a derivative of polycarbohydrates,
instead of PEG for surface modification [144]. The high hydrophilicity and multiple
modifiable functional groups of polyacetals make it more advantageous compared
to PEG [144]. More importantly, the conjugation of polylysine to polyacetal pro-
duced a prolonged circulation time than a polylysine grafted dextran—a polysac-
charide precursor for polyacetal. This was however attributed to changes in the rigid
stereochemical structure of dextran [144].

10 The Rationale for Zebrafish as a Vertebrate Model
for Human Disease

The completion of the human genome project as well as the complete sequencing of
the zebrafish (ZF) genome allow for their comparative analyses in scientific research.
Overall, ZF possess several unique features as a model organism in human disease
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including their high fecundity, fast growth rate, easy and cost-effective mainte-
nance, relatively small morphology having embryos and larvae that are optically
translucent [145, 146]. Most importantly, a comparison between the ZF genome and
that of human showed that over 70% of the human genes have their orthologs in the
ZF genome [146]. ZF are readily available as transgenic lines having specialized
marker genes for fluorescent macrophages, endothelial and the lymphatic systems.
Meanwhile, diverse genetic tools have been developed for ZF mutation including
zinc finger nucleases and knockdown using morpholino antisense oligonucleotides
[147, 148]. These unique characteristics have popularized the increasing use of ZF
as a model in scientific research of human disease including cancer over the past
two decades [149].

11 Zebrafish as a Model for the Characterization of Human
Cancer

Over the years, the ZF model has gained recognition as a diverse model for human
diseases including cancer. Through transgenic techniques and gene-specific muta-
tions in ZF cell lines, different models including that for melanomas, rhabdomyo-
sarcoma and several other solid tumors are available [150]. There exists a large
similarities between the growth of human cancer cell lines in ZF to the behavior
of tumor xenografts in mammalian models like mice [151, 152]. Interestingly,
tumors are developed in almost all the organs with similar histology to those
found in human when carcinogens are used to induce tumor in ZF [153]. This is
probably because many of the genes in human have at least an ortholog gene in
ZF genome having the same cellular and molecular components which are
involved in the disease initiation and development [146]. More importantly, the
absence of any functional adaptive immune system during the early developmen-
tal stage in ZF until ~4 to 6 weeks old [154], allows for easy the formation of
tumor within the model using either mouse or human cancer cells as there is noth-
ing to actively suppress the immune system to avoid the rejection of injected
human cells [154—-156]. The transplanted tumors are established within 2 days
post inoculation of the cancer cells. These properties make the ZF viable for can-
cer studies in vivo.

A more treasured and unique characteristic feature of the ZF model is the optical
transparency of the embryo which allows for tissue imaging and monitoring down
to the single cell level as a vertebrate research animal [151]. As such, the growth of
tumors can be characterized by microscopic imaging at high resolution at time
intervals in vivo in living organisms [149] which is a major advantage in cancer
research. In time way, the growth of human cancer cells and the formation of solid
tumor can be monitored as live phenomenon in real time with high spatial and tran-
sient resolution. Similarly, other fluorescent therapeutics such as NPs can be stud-
ied in vivo due to this optical transparency observed in ZF as further detailed in the
next section.



5 Stealth Properties of Nanoparticles Against Cancer: Surface Modification of NPs... 115

12 NPs and the Zebrafish Model in Human Cancer
Nanomedicines

Having highlighted the unique features of ZF as a model system for human dis-
eases and tumor transplantation of human cancer cells into the ZF, the exceptional
qualities of the ZF which allow for in vivo fluorescent microscopy coupled with
its reduced immune system at the embryonic stage can be explored to study the
mechanisms of action of cancer as well as to understand the possible treatment
alternatives for cancer and other human diseases [157]. The importance of NPs
both for diagnostic and drug delivery purposes is not easily understood in cancer
nanomedicines. It is not readily easy to understand the dynamics of NP-host or
NP-disease interactions within the biological system of most models after injec-
tion or other forms of delivery. Similarly, NPs’ biodistribution and cellular inter-
nalization cannot be monitored easily in higher order vertebrate models such as
mice and rats which require more complex and rigorous methods. Conversely, the
ZF allows for an excellent view, monitoring and characterization of the interac-
tions between NPs with the host as well as the disease in question [157]. In this
way, both the benefits and potential complications of using NPs can be monitored.
For instance, the undesirable characteristics exhibited by some NPs binding to the
endothelial cells have been reported. Meanwhile, with very few exceptions, not
many analyses have been done to understand the in vivo interactions of NPs with
endothelial cells [158-160].

Usually, many of the studies that explored the use of nanotechnology and ZF
mainly concentrate on the evaluation of the potential toxic effects of the NPs, with
varied chemical makeup, have on normal systems [161, 162]. The report of Wagner
and colleagues showed that prelabeled gold NPs with antibody specifically target
and killed cancer cells when administered into the ZF embryo. Upon the application
of heat through the laser pulse, the functionalized gold NPs generated a plasmonic
nanobubble which killed the cancer cells preferentially [163]. However, in another
development, previous report showed that NPs do not exhibit any toxic effect on the
growth of cancer cells injected the ZF embryos [164]. Meanwhile, their reports do
not validate the accumulation of NPs in the cancer tissues while the NPs were
administered through bath-treatment.

13 Concluding Remarks

The increasing emergence of novel nanoparticulate systems has orchestrated the
dire need of direct and accurate delivery of chemotherapeutics to tumor cells with-
out harming the normal tissues. Central to the concept of passive targeting of NPs is
the unique microvasculature of tumor. Various regulatory factors that control the
blood pressure as well as maneuver the vasculature may shift the equilibrium
towards the more captivating tumor environment for NPs. Based on the initial
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success of an improved systemic delivery of proteins upon PEGylation, surface
modification of NPs using PEG has also yield promising results for enhanced sys-
temic delivery of therapeutic vectors. More importantly, we highlighted in this
chapter how PEGylation of NPs and exploration of the EPR effect could increase
the circulation times of NPs while escaping immediate elimination by the immune
systems and rapid renal clearance in vivo. Similarly, the stealth properties of NPs
can be explored for enhance therapeutic effects through surface modification with
other nonfouling hydrophilic polymers in order to cover for the PEG dilemma.
Furthermore, the zebrafish model presents a promising platform to monitor and
characterize “magic” engineered nanocargoes for theranostic interventions. Overall,
a matter of debate among the scientific community is that while passive targeting
enhances the efficient accumulation of NPs in the neoplastic interstitium, it cannot
facilitates their cellular uptake thereby requires the more promising and specific
active targeting of NPs to overexpressed receptors on cancer cells. It is therefore our
proposition that these two strategies be harnessed simultaneously in order to achieve
an optimum therapeutic efficacy from prospective nanoengineered systems in can-
cer nanomedicines.
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