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1.1
Introduction

Nanomaterials (NMs) refer to synthetic or naturally occurring substances with
size ranging from 1 to 1000 nm. The concept of “nanomaterial” was proposed by
Feynman 50 years ago in the field of physics [1], which has since unveiled an era of
nanotechnology. NMs contain merely tens to thousands of atoms, and are char-
acterized by the surface and quantum size effects that are distinct from the bulk
matters, and have thus gained wide applications in various areas [2]. For example,
in medical application, nanotechnology has attracted specific attention in cancer
therapy and diagnosis, largely due to the proposal of enhanced permeation and
retention (EPR) effect by Maeda and coworkers; they demonstrated that nano-
sized macromolecules displayed a preferential retention in tumor site due to the
leaky vasculatures [3, 4]. The EPR effect-associated nanomedicine composed of
various natural or synthetic entities in the nanoscale, which have been developed
to deliver drugs/imaging agents to the tumors based on the passive targeting effect
[5]. Later, in order to further increase the transport efficiency, antibodies or tar-
geting ligands with high binding affinity to tumor-overexpressed surface antigens
or receptors have been applied to conjugate onto the surface of NMs to achieve
the so-called active targeting [6].

NM:s can also be applied in formulation development because of their capability
to improve solubility [7], drug permeation [8], and drug stability [9]. Pharmaceuti-
cal nanotechnology may thus help improve druggability of those active molecules
that are otherwise considered to be unsuitable for formulation development for
clinical use due to unfavorable properties such as poor solubility and low perme-
ation to the lipid bilayer membranes [10].

The emerging nanomedicine has greatly promoted drug development, and a
good number of NM-based medicine or diagnostic agents have entered clinical
trials, most in the field of cancer therapy, in which the NM-based delivery strate-
gies are characterized by EPR effect for achieving tumor targeting. However, in
spite of the enhanced permeability of the tumor vasculature, not all types of NMs
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could benefit from EPR effect to achieve a substantial targeting efficiency [11]. The
in vivo ADME (absorption, distribution, metabolism, and excretion) behaviors of
NDMs vary because of the difference of the surface properties, size, and charges of
the NMs, as well as their compositions, often leading to inconsistent therapeutic
outcomes in animal studies [12].

On this account, investigation of “what the body does to NMs” may help us with
a better understanding of the in vivo fate. We herein present a brief introduction of
the commonly utilized NMs in pharmaceutical research, the anatomic features of
the body and tumor, and the physiochemical natures of NMs that affect the in vivo
fate. The established PK/PD models for simulating the in vivo ADME behavior of
NMs will also be introduced. We hope this summary would give a glimpse into
the complicated in vivo processes and provide helpful information for the rational
design of NM-based drug delivery systems.

1.2
Commonly Utilized NMs in Pharmaceutical Research

NDMs can be categorized into different groups based on certain classification. To
make it simple, we use the natural/synthetic classification in this chapter because
the natural/synthetic NMs are generally disposed by the body in different ways.
Moreover, inorganic NMs characterized by the hard-core structure bear unique
physical characteristics (magnetism, thermal response to radiation, optical fea-
tures, etc.) [13, 14], and are discussed as an independent section. Other resources
such as cell-based NMs (e.g., RBCs [15] and MSCs [16]) and components from
microbes (e.g., inactivated virus envelope [17] and TAT [18]), are usually utilized
with preservation of their original natures, which are thereby discussed as a com-
plimentary to this classification.

1.2.1
Natural NMs

Natural NMs have been widely investigated because of their biodegradability
and compatibility to human body. As known, lipids, proteins, carbohydrates,
and nucleic acids are highly biodegradable in the body. Phospholipids are one
of the most widely applied natural resources to build the nanocarriers such as
liposomes and solid lipid nanoparticles (SLNs) [19]. Polysaccharides, including a
variety of carbohydrates with different structures and functional groups, can be
utilized to build different types of nanoparticles. Protein-based NMs (typically,
serum proteins such as albumin [20], high-density lipoprotein (HDL) [21], and
lactoferrin [22]) are often utilized as drug carriers.

1.2.1.1 Lipid-Based NMs

Lipid-based NMs include liposomes [19], SLNs, micelles [23], and nanoemul-
sions [24] (Figure 1.1). The main components of liposomes are phospholipids. In
aqueous solution, the phospholipids will self-assemble into a bilayer structure
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Liposome Solid lipid nanoparticle Micelle Nano-emulsion

Figure 1.1 Schematic illustration of lipid-based NMs.

that functions as drug carriers with hydrophilic drugs encapsulated inside the
interior, whereas hydrophobic drugs in bilayer [19]. One-tail lipids are inclined
to form micelles in aqueous media [25], whereas using steric acid or oleic acid
supplemented with surfactants to stabilize the solid/liquid lipids normally results
in nanoparticles [26] or emulsions [27].

1.2.1.2 Protein-Based NMs

Protein-based drug carriers have been widely used in pharmaceutical industry.
However, owing to the concerns of protein immunogenicity (e.g., OVA, which
has been utilized as adjuvant for immune activation [28]), endogenous serum-rich
proteins with low immunogenicity and long half-life such as albumin, high-density
lipoprotein, and lactoferrin have distinct advantages [20—22]. As a case in point,
albumin-bound paclitaxel nanoparticles (Abraxane®) have attained great market
success [29]. In general, proteins can either be processed to form nanoparticles
[30] or directly coupled with drugs by physical adsorption or via covalent bonds
[20]. In certain instances, the protein carriers are further modified with targeting
ligands to achieve specific delivery [31].

1.2.1.3 Polysaccharide-Based NMs

Polysaccharides originate from animal, plant, or bacterial sources. In general, the
physicochemical properties of polysaccharides are governed by monosaccharide
unit and the overall molecular weight [32]. The high molecular weight molecules,
such as heparin and hyaluronic acid, show strong affinity to water molecules,
and thus form hydrogels that have been widely applied for local administration
because of their biocompatibility and sustained drug release functions [33].
The ionic polysaccharides can bind with molecules of the opposite charge, and
the interaction normally leads to decreased solubility and the formation of
nanoparticles [34].

1.2.2
Synthetic NMs

Although NMs based on naturally occurring materials have the advantages
of biocompatibility and wide availability, structure modification is difficult
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Figure 1.2 Various forms of PEI.

to process to tailor their functions to satisfy the needs from pharmaceutical
application.

By contrast, synthetic polymers can be much more flexibly designed for a
specific application. For example, by using the pH-sensitive synthetic materials,
the NMs could release drugs in a pH-dependent manner for achieving tumor-
targeting delivery [35], because the rapidly prolific neoplastic tissues normally
secrete more lactose from the hyperactive anaerobic glycolysis, leading to a
decreased pH in tumor microenvironment [36].

1.2.2.1 Diversity of Synthetic NMs in Forms
Synthetic NMs can be tailored for different purposes. For instance, polyethylenei-
mine (PEI) can be synthesized in the forms of linear, branched, or dendritic struc-
tures (Figure 1.2) [37]. Synthetic polymers can be fabricated into various types of
NMs such as nanoparticles, micelles, and nanocubes. For example, poly(lactic-co-
glycolic acid) (PLGA) can be made into widely applied nanoparticles [38], micro-
spheres [39], and micelles [40].

NDMs are often used as carriers for small molecular drugs. Drugs are loaded into
NMs by encapsulation or via a covalent linkage, in order to improve the PK profiles
and achieve targeting delivery to a specific site.

1.2.2.2 Drug Release Behaviors

Drug release from NMs is governed by the physiochemical properties of the drug
and NMs. Burst release is often seen for the hydrophobic drugs in capsulation by
liposomes, while sustained release for the hydrophilic drugs in liposomes, which
are slow to diffuse across the lipid bilayers [41]. However, it is more complex to
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investigate the drug release profile when NMs are injected to the body, and knowl-
edge of the in vitro in vivo correlation (IVIVC) is still insufficient.

In order to reduce the unwanted drug exposure, a number of strategies have
been developed to achieve a site-specific release of the loaded cargos.

pH-sensitive NMs
The slightly acidic tumor environment and endosome’s even lower pH have
attracted extensive interests in the application for designing NMs with the
ability to respond to pH changes during the delivery. This strategy has been
intensively explored by employing the polycationic dendrimers such as PEI
and PAMAM. Acidic pH could cause the electrostatic repulsions between
side chains in these polyamines because of the protonation of amino groups.
As aresult, the dendrimers swell in response to the acidic condition and the
abrupt pH drop — the so-called “proton sponge” effect [42]. After engulfed
by the cells, the swelling of NMs can lead to endosome rupture, and thus is
favorable for intracellular drug release.
Another strategy is to use pH-sensitive linkage (e.g., hydrazone bonds) for
cross-linking and building the NMs [43]. The NMs disassemble in a pH-
dependent pattern, thus triggering drug release in acidic environments.

Redox-sensitive NMs
Besides the decreased pH, the rapidly growing tumor is also characterized
by the intracellular reducibility due to the increased level of glutathione
(GSH) [42]. The redox-sensitive NMs (e.g., NMs built via disulfide linkage)
can display an accelerated drug release once entering the tumor cells.

Enzyme-sensitive NMs
Tumor-associated proteases have been widely investigated for their appli-
cation as biomarkers in cancer diagnosis, prognosis, and therapy. Overex-
pression of tumor-associated proteases (e.g., MMP-2 [44], MMP-9 [45], and
legumain [46]) in tumors provides ideal targets for the design of “smart”
NMs with controlled release. A general strategy is to use a specific substrate
peptide to modify the NMs, and the cleavage of the peptide would trigger
drug release or cellular uptake.

Thermo/radio wave-sensitive NMs
Other stimulus-responsive NMs can respond to external physical stimu-
lation (such as localized heating and electromagnetic radiation) and have
been applied in drug delivery [47]. Specificity of this strategy is largely
dependent on the precise control of the applied stimuli at the target sites.

123
Inorganic NMs

Inorganic NMs are distinguished from the organic NMs (soft matters) with the
hard cores. In order to avoid aggregation in aqueous media, the inorganic cores are
typically modified with surfactants or hydrophilic polymers to form a core—shell
structure [48]. Of note, the in vivo biofate of inorganic NMs is greatly affected by
the surface characteristics of the coating materials [49].
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Inorganic NMs exhibit many unique physical properties — for example —
fluorescence (quantum dots), superparamagnetism (iron oxide nanoparticles),
photothermal effect (gold nanorods, carbon nanotubes), or special optical
properties (silver nanoparticles) [13, 50]. These properties of the inorganic NMs
have been utilized in cancer diagnosis and treatment applications.

1.24
Other NMs

Together with the rapid development of NMs, knowledge of NMs has accumu-
lated. Proteins, in terms of the size, can also be viewed as bionanomaterials, which
are rich in the body. As a case in point, albumin (MW 67 kDa) with a diameter
around 7 nm [51] can serve as a unique “protein carrier” for drugs. Another
example is the red blood cells (RBCs), with diameter from several to tens of
micrometers [15], which may be regarded as a type of “microliposomes” to deliver
therapeutic macromolecules. Moreover, even the protein capsids of a virus (size
<100 nm) can be used as a “nanocapsule” [52]. Inspired by biomimetics, these
physiologically originated NMs have been explored as novel carriers for drug
delivery.

Moreover, there is another form of nanodrugs — the nanocrystals of hydropho-
bic drugs [53]. Such nanodosage forms can solve the solubility problem, and fur-
thermore improve the PK profiles.

1.3
In vivo Biodistribution and the Evolving Targeting Principles for NMs

The targeting strategies have been mostly employed in cancer therapy areas. In
general, there are two types of targeting strategies: the passive targeting via EPR
effect and the active targeting mediated by antibodies or ligands that can specif-
ically bind with receptors on cancer cells. Recently, with the growing knowledge
of tumor physiology, the tumor microenvironments (e.g., acidic pH and the over-
expressed proteases) have been used as a target for cancer drug delivery [6]. A
combination of the targeting strategies by using multifunctional NMs has also
been investigated for achieving improved specific targeted delivery and controlled
release [54]. The ultimate goal is to increase drug concentration in tumor while
reducing its exposure to the healthy organs.

1.3.1
Organ Distribution versus Cell-Specific Targeting

Ideally, NMs should be able to deliver the cargo drugs specifically into a target
site. The in vivo fate of NMs is determined by a combination of multiple factors,
including particle size, shape, and surface characteristics [55]. It is thus difficult to
assess the overall targeting efficiency from in vitro data (e.g., cellular uptake by a
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target cell line) for a given NM. A biodistribution study of the NMs is necessary
to investigate the preferential accumulation site of the administrated NMs. If a
certain NM is highly accumulated in a specific organ, it could be used as a potential
drug carrier for targeting the organ.

However, organ-specific accumulation may not ensure the satisfactory treat-
ment outcomes. For example, in brain cancer, an ideal delivery should be a
“dual-targeting” mode, that is, the chemotherapeutics could not only prefer-
entially accumulate in brain, but also selectively act on the cancer cells, while
sparing the normal cells in the central nervous system and thus preventing
adverse effects.

13.2
Targeting Delivery Strategies

With growing understanding of the pathology and diseases, different targeting
strategies have been developed.

Passive targeting
EPR effect is one of the major mechanisms responsible for cancer
nanomedicine. However, due to nonspecific capture by the RES and
retention by organs such as liver, spleen, and lung, the vast majority (>95%)
of administered nanomedicine distributes into the undesired organs [56].
The overall benefit of the targeting efficiency by EPR effect for clinical use
is still not clear [57]. Much effort has been made on surface modification
with hydrophilic polymers such as PEG to evade the RES uptake [58].
Furthermore, the extended blood circulation facilitates extravasation for
increased tumor accumulation.

Targeting to membrane-overexpressed receptors
Many diseases are related to gene mutations that generally lead to phe-
notypic changes and overexpression of certain membrane receptors. The
overexpressed membrane receptors may serve as “zip code” and facilitate
site-specific drug delivery. The drug carriers modified with targeting
ligands (e.g., antibody and peptide), like “postmen,” would recognize the
“address” and achieve precise delivery. Moreover, some receptors can
also induce receptor-mediated endocytosis after binding [59]. An ideal
targeting receptor should be specifically expressed in the pathological site,
but does not exist in normal tissues or cells.

Tumor-overexpressed enzyme-mediated targeting
Tumor-overexpressed enzymes provide another group of promising
targets for site-specific drug release. A typical design is that drugs are
cross-linked with NMs by peptide substitutes, or encapsulated into NMs
that are featured by the protease-triggered cell penetration, thus achieving
tumor-specific drug release or cell entry. Furthermore, if the fluorochrome
is linked with its quencher by using a protease substrate peptide, FRET
(fluorescence resonance energy transfer) effect can be produced, leading to
fluorescence quench. Such type of FRET-based probe can be specifically
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two components (the fluorescence donor sequence [60]. (Reprinted with permissions
QD-LH and the FRET quencher QSY21), from John Wiley & Sons, Copyright 2014.)

activated by the tumor-overexpressed proteases, and thus serve as a
potential method for tumor detection and imaging (Figure 1.3) [60].

Tumor microenvironment-responsive NMs

The slightly acidic tumor microenvironment [36] and high level of GSH [61]
have been extensively explored for controlled drug release. For example,
amphoteric polymers are neutral or negatively charged at pH 7.4, but
become positively charged at slightly acidic condition [62]. The charge
conversion facilitates NMs to be preferentially engulfed by the tumor cells
because of the lowered extracellular pH in tumor tissue.

High level of GSH in cancer cells is the key factor for reduction-responsive
drug delivery. For example, NMs that are built via disulfide bond can disas-
semble when exposed to the increased intracellular GSH, leading to burst
release of the encapsulated drugs. Another interesting application is the cell-
penetrating peptide (CPP)-mediated intracellular drug delivery. CPPs are
effective in transporting macromolecules across the cellular membranes,
but the delivery through the cell membrane could be an in-and-out bidirec-
tional pattern [63]. The potential solution to entrap the cargo drugs inside
the cytoplasm is to conjugate CPP with the drugs via disulfide bond. Once
the linker is cleaved in the presence of high level of intracellular GSH, the
cargo drugs will thus be left in the cytoplasm [15].

Physical targeting

The superparamagnetism of iron oxide nanoparticles with size of 3—50 nm
has been applied for magnetic targeted drug delivery. In this strategy, drugs
are normally encapsulated in the coating layers on the magnetic cores, or
cross-linked onto the surface of the NMs [64].

In addition, photothermal effects of gold NMs have been explored
for thermal-triggered drug release at the target site. For instance, gold
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Figure 1.4 Schematic illustration of folate-modified pH-sensitive PAMAM. (Reprinted with
permissions from Elsevier, Copyright 2012.)

nanorods are coated with a thermal sensitive layer, which could be degraded
by heating of the inorganic cores under external light radiation [65].
Physical targeting delivery could be relatively precisely controlled by
fine-tuning the external stimulations. However, there is still much room to
improve for the precise focus of the external energy on the target sites.
Combination of different targeting strategies to achieve a “smart delivery”

The different targeting strategies can be combined to prepare the “smart”
NMs by taking advantage of multiple characteristics of the tumor microen-
vironment to achieve a synergetic effect of drug delivery. For example,
the pH-sensitive NMs can be further modified with a targeting moiety. It
has been reported that a multifunctional drug delivery system was devel-
oped for enhanced tumor targeting via multiple mechanisms: (1) acidic
microenvironment-triggered drug release, (2) folate modification for
receptor-mediated active targeting, and (3) PEGylation-induced long
circulation for passive targeting through EPR effect (Figure 1.4) [66].

1.4
Processing NMs by the Biological Systems

The body has evolved with a conservative mechanism of dealing with the bio-
logical “invaders” [67]: first, the circulating NMs will encounter serum proteins
that tend to bind on to the surface of NMs and form a protein “corona” [68], and
thus be identified and captured by the circulating leukocytes [69]; second, the
majority of the circulating NMs will be trapped by RES organs and kidneys with
fenestrated vasculatures, resulting in macrophage-mediated metabolism or renal
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excretion [55]; third, the remaining NMs that survive from blood clearance will
gain a chance to reach the target organs, where the retaining NMs will degrade,
with drugs releasing into the extracellular space and releasing to the cells [70].
Therefore, once entering the blood circulation, NMs overcome multiple physio-
logical barriers before reaching their target cells or subcellular organelles.

1.4.1
Anatomic Basis of NMs' in vivo Biodistribution Behavior

EPR effect is the important physiological basis for NMs’ application in tumor.
Anatomically, the neovasculatures in rapidly growing tumor are impaired with
endothelial cells, thus generating nanosized gaps (400—600nm) [71]. The leaky
vessels facilitate extravasation of NMs to the tumor site [72]. Besides, the tumors
overexpress a number of membrane receptors such as EGFRs [73], «, B; integrin
receptor [74], HER-2 [73], folate receptor [75], and transferrin receptor [76],
which have been applied for mediating active targeting via interactions with the
ligand-modified NMs and triggering receptor-induced endocytosis of NMs. By
contrast, some overexpressed membrane proteins, such as CD-20 that not induce
endocytosis [77], are less frequently used for targeting delivery. Moreover, the
tumor-overexpressed enzymes, such as legumain, MMPs, and hyaluronidase [78],
can serve as the stimulus factors for the enzyme-sensitive NMs with controlled
release behavior.

However, the overall transport efficiency to tumor via blood circulation is still
below satisfaction, because the majority of the circulating NMs is retained by other
organs [79]. A better anatomical understanding of in vivo procession of NMs will
be helpful for rational design of a highly efficient system.

In blood circulation, interactions between NMs and blood cells and serum pro-
teins greatly affect the biofate of the circulating NMs. The composition of the
“protein corona” on the NMs is determined by the protein/NM binding affinity
and regional concentrations of the proteins [80]. Albumin, lipoprotein, and com-
plements are the major constitutions of the “corona.” Nevertheless, the protein
absorption is a competitive process, and the difference in the composition leads
to different biofate of the NMs [81]. Albumin is the most abundant serum pro-
tein with a plasma half-life of about 19-22 days. Albumin absorption onto the
surface of NMs will prevent from further interaction with other types of proteins,
and benefit prolonged circulation. On the contrary, the lipoprotein-bound NMs
tend to accumulate in the tissues rich in lipoprotein receptors, while for example,
albumin binding with complements usually induces clearance by the macrophages
[81].

Tissues and organs serve as “filters,” playing important roles in drug retention
and metabolism as well (Figure 1.5). Due to anatomic differences (e.g., blood
perfusion rate, vascular structure, and resident macrophage density), the tissues
process the NMs in different mechanisms [81]. For example, the RES organs (e.g.,
liver, spleen, and the lung) with rich blood flow are the traps for NMs, where
about 90-95% of the injected NMs are accumulated and metabolized [82]. Other
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Figure 1.5 Distribution of blood flow in the pulmonary and systemic circulations [81].
(Reprinted with permissions from Elsevier, Copyright 2012.)

organs with rich blood flow such as heart and brain, on the contrary, do not show
significant retention of the NMs, because of the rapid blood perfusion or tight
junctions of the vasculature [83].

1.4.2
Factors Affecting in vivo Biodistribution of NMs

1.4.2.1 Size
The “filtration efficiency” in various organs is closely associated with the “cutoff
size” of NMs (Figure 1.6). As for the liver, the size of the endothelial fenestrated
capillaries ranges from 100 to 200 nm, and inside the sinusoid capillaries they are
rich in kupffer cells that account for 80-90% of the body’s resident macrophages
with [81]. Therefore, the NMs size 100—200 nm will be engulfed by the sinusoidal
resident macrophages; the spleen is apt to entrap the NMs larger than 200 nm
due to the existence of discontinuous arterioles [84]. Although vascular pores of
the lungs restrain extravasation of NMs larger than 3 nm, NM aggregates or large
particles could be easily captured by the lungs in the extremely small diameter of
the capillaries (3—13 pm) [81].

Tight junctions of renal basal lamina only allow the NMs smaller than 5nm to
pass through and be eliminated via urine [81].
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Figure 1.6 The tissue-specific extravasation of NMs [84]. (Reproduced with permission from
American Chemical Society, Copyright 2012.)

14.2.2 Zeta Potential

Highly charged NMs tend to remain stable in aqueous solutions due to electro-
static repulsions [85]. Positively charged NMs are not compatible with the bio-
logical environments due to their strong interactions with cell membranes, serum
proteins, and the complements that mediate endocytosis by mononuclear phago-
cytic system (MPS) [86]. In comparison, even though negative charge may also
promote complement activation, the weak interaction with serum proteins and
cell membranes may contribute to prolonged circulation; for instance, the reduced
filtration by the glomerular basal membrane bearing anionic charges leads to slow
renal clearance [87]. Compared with the charged NMs, neutral NMs display good
compatibility to the body environment, and benefit long circulation, but once they
aggregate, significant uptake by the lung and spleen occurs [88].

1.4.2.3 Shape and Deformability
The effects of shape on blood circulation are primarily determined by the aspect
ratios of the NMs. Although elongated NMs are unfavorable for the interactions
with plasma membrane, high aspect ratios may hinder membrane spreading dur-
ing endocytosis, leading to inefficiently phagocytized by MPS. On the contrary,
NMs with low aspect ratio have a more rapid clearance rate [89].

Deformability is another important factor that affects the in vivo biofate of the
NMs. As a case in point, the RBCs may squeeze through the capillaries that are
25% smaller than their size, due to the deformability [90].
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1.4.24 Hydrophilicity and Hydrophobicity

Hydrophilicity and hydrophobicity also greatly affect the NMs’ pharmacokinetic
behaviors [91]. In the physiological fluids, the hydrophobic NMs show high affin-
ity to the nonpolar domains of the plasma proteins, promoting opsonization and
leading to the decreased circulation time. Therefore, surface modification with
hydrophilic polymers is a useful strategy for improving the stability and PK pro-
files of the hydrophobic NMs.

143
Metabolism and Elimination of NMs

1.43.1 Common Metabolism

The different biodistribution and disposition of the NMs will lead to different
metabolism in the body. In general, the majority of the administrated NMs are cap-
tured by the RES organs, where the tissue-resident macrophages serve as the scav-
enger for degradation and clearance of the NMs. Apart from leukocyte-mediated
clearance, superfine NMs and the degraded debris of NMs with size smaller than
5nm will be excreted by the kidney; and the liver-accumulated NMs will be par-
tially processed in the biliary pathway and excreted via feces [92].

1.4.3.2 Degradable versus Nondegradable NMs

Degradable NMs have been well accepted in drug delivery because of their bio-
compatibility, and nondegradable, inorganic NMs also have been applied with
benefits of stability and robustness in resisting to enzyme digestion. However, it
is a potential risk that nondegradable NMs may retain in the body for months,
and the NMs that are deposited in the host organs may be released and lead to
redistribution [93]. There are unknown threats about the excessive exposure of
the NMs to the major organs such as the brain and heart. Therefore, the long-term
nanotoxicity should be placed under scrutiny.

1.4.3.3 Free Drug versus Drug Encapsulated by NMs

Once encapsulated by NMs, the metabolism and elimination of drugs change,
together with the altered biodistribution of NMs into different target organs. The
drug-loaded NMs are apt to accumulate in macrophages, which express low level
of drug metabolic enzymes [94], thereby potentially leading to a decreased rate of
drug metabolism. On the contrary, the activities of the enzymes may be up- or
downregulated by the NMs, giving rise to diverse effect on metabolism of the
released drugs [95].

1.5
Rational Design of Long-Circulating NMs

In the body, MPS serves as scavenger to clear up the circulating exogenous
particles. This self-protection nature, meanwhile, creates an extra barrier against

13
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effective drug delivery by using the NM carriers. In fact, the drug delivery
efficiency mediated by NMs is often under expectation, because the majority of
the administrated NMs are entrapped in the undesired organs, leading to a rapid
clearance from blood. The off-target effect raises side-toxicity concerns.

In order to address this problem, a number of methods have been investigated
to reduce nonspecific retention by the RES, extend circulation time, and improve
the delivery efficiency.

1.5.1
NMs with Optimal Physicochemical Characters

The nanosized entities should be built with optimal physicochemical parameters
such as size, zeta potential, and shape, to achieve long circulation.

In general, superfine NMs less than 5 nm, or the nanoparticles with a size range
of 10—20nm, are disadvantageous for long circulation due to the potentially
rapid renal excretion or hepatic uptake. However, if the NMs are designed to
deliver drugs across capillaries with tight junctions such as the blood—brain
barrier, where the gaps between endothelial cells are estimated to be less than
3kDa (2.3 nm) [83], the superfine nanoparticles would have advantages. Usually,
NMs between 20 and 200 nm have been mostly applied because of decreased
hepatic retention.

The shape of the NMs should be tailored to achieve an extended circulation.
For example, their shape significantly affects the interaction of NMs with the ves-
sel wall. The nanorods, compared with nanospheres, may have a higher chance of
binding with the wall due to larger length and tumbling motion [96]. The larger
contact area usually produces stronger adhesion to the wall, displaying higher
resistance to blood perfusion.

15.2
Surface Modification to Improve the Intrinsic Features of NMs

Surface modification plays an important role in determining the in vivo fate of
the NMs, because it changes the physical characters of NMs such as size, zeta
potential, and the bind affinity to plasma proteins [49].

PEGylation is the most commonly used method for surface modification of
NMs. The coated hydrophilic and flexible PEG chains protect the NMs from
adsorption of various plasma proteins, resulting in a decreased uptake of NMs by
the MPS. Of note, the shielding effect of PEGylation is governed by the surface
density of the coated PEG [58] and the length of the PEG chains [97]. In general,
proper density PEG coatings in the form of brush- or mushroom-like structure is
crucial in protecting the NMs from opsonization [98].

Apart from PEG, a number of materials such as surfactants, polymers, pro-
teins, or even plasma membranes, have been utilized as coating materials. Some
materials can provide special functions. For example, surface coating with the sur-
factants, such as Tween-80 and Pluronic, is helpful to promote the NMs to cross
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the blood —brain barrier [99]. RBCs have a long half-life [100], and surface coat-
ing with RBC membranes will increase the circulation time of the NMs due to
the biomimetic effect [101]. Serum albumin also offers a promising material for
surface modification. It has been reported that human serum albumin was used
to modify the hydrophobic PLGA nanoparticles, thus yielding the hydrophilic,
biocompatible surface [102].

1.6
Mathematic Simulation of NM-Mediated Cancer Drug Delivery

1.6.1
Progress: From Experiment to Simulation

The pharmacological effects correlate with the local concentration of drugs deliv-
ered by the NMs [103]. Researchers have worked on how to predict the tumor
concentration of NMs (PK) and the treatment effects (PD) and establish a reliable
theoretical model depicting the dynamic processes. However, the difficulties lie in
the vast diversity of the NMs in the compositions and physicochemical properties,
as well as the highly variable drug release behaviors in the body. Extra parameters
and variations will make the simulation too complicated and less precise.

1.6.2
Compartment Models for PK Assessment of NMs

Simulations have been widely applied in drug development and safety assessment
by describing the absorption, distribution, metabolism, and excretion (ADME) of
small molecular drugs by using the compartment models [104]. Tissues/organs
are classified into different theoretical compartments, and the drug distribution
in each compartment is treated as in an equilibrium state, with homogeneous drug
concentration. When the blood carries drugs with indiscriminate distribution into
all the organs, the whole body can be viewed as a single compartment. Meanwhile,
the drugs undergo first-order elimination. Taken together, mass balance equation
for one compartment model after a single intravenously administration can be
expressed as follows:

dAC

de = _kIOAc’
where A_ and k,, represent drug amount in the single compartment and the first-
order clearance rate constant, respectively. In general, the single-compartment
model is one of the most simplified simulations based on the assumption that
all the organs/tissues are homogeneous in blood flow, drug partition coefficient,
as well as elimination rate. However, in most cases, great flow diversity exists
among different organs/tissues. Under this circumstance, the organs with slower
blood flow are categorized as peripheral compartment, and drug transport occurs
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Figure 1.7 Schematic illustrations of one- and two-compartment models.

between multicompartments. Of note, drugs are supposed to be eliminated by
the central compartment, because the main metabolic organs (e.g., liver and kid-
ney) are characterized with abundant blood supply. The mass transfer balance
equations for the two-compartment model are as expressed as follows:

For the central compartment:

dAC
? = k21Ap - (k12 + klO)Ac‘

For the peripheral compartment:

p
? = klZAc - kZIA

where A_and A, represent the amount of drug in the central and peripheral com-
partments; k;,, the elimination rate constant, and k;, and k,; the drug transfer
rate constants between the two compartments (Figure 1.7).

The conventional compartment model is a simulation of kinetic blood drug con-
centrations for the prediction of pharmacodynamic outcomes. The accumulation
of small molecular drugs in the target organs often correlates with the blood drug
concentration. However, it is different for application of the compartment mod-
els in simulating the PK behavior of NMs. As discussed above, the drug-loaded
NMs vary in physicochemical properties resulting in vast diversity in biodistribu-
tion, degradation, and the drug release behavior. Consequently, the drug-loaded
NDMs display totally different PK profiles from those of the free drugs, provid-
ing extra challenges to build a model to predict drug concentration changes in
the target sites by using the blood PK parameters. The drugs accumulate in the
target sites via two pathways. First, the drug-loaded NMs distribute into the tar-
get tissues, and subsequently drugs are released therein; second, the prematurely
released drugs in circulation diffuse into the target tissues. Because the encap-
sulated and released drugs make different contributions to the deposition in the
target sites, they should be considered separately. A total drug concentration in
blood is not sensitive enough to reflect actual condition. Sometimes, it may even
provide misleading information, because there could be a very weak connection
between drug concentrations in the blood and target tissues. In order to address
this issue, additional parameters are needed to modify the model better fit for the
changes.

Harashima et al. developed a simulating model for investigating the in vivo
PK/PD of liposomal DOX in tumor tissue (Figure 1.8) [105]. The elimination

p’
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Figure 1.8 Pharmacokinetic model for free equilibrium was assumed between CAP and
and liposomal DOX [105]. Open and closed INT for free DOX and C__. was defined for

ecs

circles represent free and liposomal DOX, free DOX in the extracellular compartment
respectively. Liposomal DOX in CAP was (ECS). Distribution of free DOX to tumor cells
transported into INT unidirectionally (k). was described using k; and k. The param-
Liposomal DOX was taken up by RES (k) eters k,,, ky;, and k,, represent the micro-
and efflux of DOX was neglected. Rapid pharmacokinetic constants for free DOX.

of liposomal DOX was fitted with a single-compartment model, which was
characterized as liposome entrapment by the RES system without DOX release.
Tumor tissue was divided into three compartments: capillary (CAP), interstitial
space (INT), and tumor cells. Liposomal DOX was assumed to be in a first-order
release in the blood flow (Q). The pharmacodynamics of the administrated
liposomal DOX depends on the free-drug concentration in the interstitial fluid.
Meanwhile, for free drugs released from liposomes, a two-compartment model
was applied. The free drug undergoes a first-order elimination. A schematic
illustration of the compartment model is shown in Figure 1.8.

Mass balance equations for both liposomal and free drugs are depicted as
follows:

Mass balance for liposomal DOX
In blood:

dCb lipo * Vb lipo

dt =Q- Ccap lipo — Q- Cblipo - (kRES + krel)vclipocb lipo*

RES clipo ipo*
dr k * Velip 'Cblp

Mass balance for free drugs
In blood:

ac, - V.
—b ek

dr rel Vclipo ! Cblipo - k12 Ve Cb +k21 X+Q- Cecs -Q- Cb
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In tissue:

% =k Ve G —ky - X

In extracellular compartment (ECS):

dCecs " Vecs

—a - Q-Cyt+ke  Viyg  Cu = Q- Cogg = ket * Viees * Cc
+ ket (Veap * Coaplipo T Vine * Cintlipo)

In tumor cell:
dCtu : Vtu

dr = ket ' Vecs : Cecs - kte ' ‘/tu : Ctu'

By using this model, the drug release rate and nonspecific uptake of liposomes
by the RES systems could be assessed by &, and &, values (Figure 1.9). The tumor
Dox retention generally benefits from decreased RES uptake and a relatively faster
drug release.

By taking advantage of this model, PK/PD profiles of the long-circulating lipo-
somal DOX were simulated in a peritoneal leukemia mouse model. It was found
that AUC of free DOX in interstitial space could be optimized by adjusting k
value at 0.06 h=! (Figure 1.9). The results were further confirmed by the PD simu-
lation, of which k, set as 0.06 h~! displayed the most proficient antitumor effect
(Figures 1.10 and 1.11) [106].

1600 0.6 . & K,=0.006
- K,=0.06
1200 = =3 & K,=0.6
£ 04 E
800 E 22 a: Gyt ipo
§02 3 D Cocs gox
400 = .
0 0.0 0
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
Kes (071) (b) Kees (171) (c) Kees (71)
80 80 -a K,=0.006
100 o K,=0.06
60 60 80 A K,=06
40 55 40 5% 60 d Tt ipo
£ = 40 € Tocg gox
20 20 20 £ T aox
0 0 0
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Figure 1.9 Changes of C,, and T, in dif- dox in the tumor site, respectively; T;n ji50s

ferent compartments with different K., and  Tog goyr and Ty, g0y the time at which C
Kies- The parameters G jinor Cocs goxs and was reached. (Reproduced from Table 2,
Ciu dox denote liposomal dox in the inter- with permissions from Elsevier, Copyright

stitial space, free dox in the ECS, and free 1999.)



1.6 Mathematic Simulation of NM-Mediated Cancer Drug Delivery | 19

1000 7
1 —— Free DOX in blood
00 "‘-. """"" Liposomal DOX in blood
3 Free DOX in CAP
- Free DOX in INT

Liposomal DOX in INT

0.01

1000
100 ]
10

1

0.1
0.01

——— Free DOX in blood
--------- Liposomal DOX in blood
-- Free DOXin CAP
JER— Free DOX in INT

———— Liposomal DOX in INT

T
£
2 0.001 " 0.001
c 0 120 240 360 480 600 240 360 480 600
§ @ (b)
g
*q:: 1000 1000
o ——— Free DOX in blood Free DOX in blood
8 100 Liposomal DOX in blood 100 Liposomal DOX in blood
O 10 Free DOX in CAP 10 Free DOX in CAP
- Free DOXin INT - Free DOXin INT
1 Liposomal DOX in INT 1 Liposomal DOX in INT
0.1 0.1
0.01 _ 0.01 4
0.001 +—r . . . 000l
0 24 48 72 96 0 24 48 72 96
(c) (d)
Time (h)

Figure 1.10 Simulations of the time courses
of free and liposomal DOX in mice bearing
P388 tumor in the peritoneal cavity [106].
With the other fixed parameters, while k

value was adjusted at: (a) k,, =0.006 (h~"),
(b) ke =0.06 (h71), (¢) k, =0.6 (h71), and (d)
ko =6 (h="). (Reprinted with permissions
from Elsevier, Copyright 1999.)
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Figure 1.11 Effect of k, on the antitumor effect of liposomal DOX [106]. (Reprinted with
permissions from Elsevier, Copyright 1999.)
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The model is useful, especially in predicting how drugs release and the
nonspecific distribution affects the delivery efficiency of the encapsulated drugs.
However, this model does not take other important factors into account, such
as physicochemical characters of the NMs (size, shape, zeta potential, etc.),
NM-mediated tumor retention, site-specific drug release/drug delivery, and the
physiological differences among organs. These factors often play important roles
in NMs’” ADME. Therefore, specific models should be developed for different
cases in the PK/PD assessment of the drug-loaded NMs.

1.6.3
Physiologically Based Compartment Models

The development of physiologically based compartment models has provided a
solid basis for the establishment of physiologically based PK (PBPK) models for
NMs [107, 108]. In this method, each organ or tissue of the body with anatomically
distinct structure is defined as an independent compartment. These compart-
ments are connected with blood flow, through which the NMs enter the compart-
ment in a perfusion- or membrane-limited pattern. Therefore, the model can be
subsequently divided into different types (Figure 1.12). For the perfusion-limited
model, NMs are assumed to be able to diffuse into the compartment rapidly, and
the transportation is mainly governed by the local blood supply. The mass trans-
fer balance for a certain tissue is described as follows (annotations are listed in
Figure 1.12):

dC_Q

dr V.. CARTT, TR Cyen-CLy - Cr.
T T &1
Membrane-limited tissue
——| Lungs

QT, CAR QT, CVEN

(b) CLy

Blood flow-limited tissue

QT, CAF(T

Excretion

Absorption
Excretion | Gl Iumen|<

() (c)

Veins

Qi, CVEN

Blood capilla

Intracellular space Cly Tissue interstitial space

Figure 1.12 (a) A typical blood flow-limited physiologically based pharmacokinetic
model structure; (b) a membrane-limited tissue; and (c) a blood flow-limited tissue [108].
(Reprinted with permissions from American Chemical Society, Copyright 2010.)
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Table 1.1 Drug transport process equtions [109].

Specified process Equations

Capillary blood flow Navier —Stokes equation: po,u, — szuv +p(u, - Viu, +VP, =0
Tumor interstitial blood flow Darcy’s law: u; — V' - [KP;] = 0

Transmural blood flow Starling/s law: J, = LP(PV - P)—oy(x, — 1)

Diffusion drug transport Diffusion convection reaction equation: d,c +V - (=DVc +uc) —R =0
Transmural drug transport Kedem —Katchalsky equation: Jp = P(c, — ¢;) + (1 — o)/, ¢

For the membrane-limited model, the rate-limiting step for transportation is the
process of membrane penetration, and the mass balance equation is described as
follows:

dC; Krp
T = 1<P,T . CART - E . CT - CLT . CT'

1.6.3.1 Protocols of Building a PBPK Model for NMs

Li and coworkers proposed a three-step protocol for building PBPK models for
assessing the PK profile of NMs [108]. First, specific analysis of each component
in the model, including the description of characteristics of the physiological com-
partments and NMs. Second, development of equations to describe the process
of NMs/body interactions. Some equations reflecting the transport process have
been summarized in Table 1.1. Generally, mass transfer balance equations are used
to describe transportation of the NMs and drug release. Third, calculation of the
PBPK parameters. The experimental data are input into the established equations
for calculating the model parameters. The robustness of the model could also be
verified by comparing the simulated data with the measured values. An optimized
model should be able to predict the ADME of NMs with minimum deviation.

1.6.3.2 Examples

Size is an important factor affecting the NMs’ in vivo distribution (e.g., the blood
circulation and transmembrane processes). Bachler and coworkers developed a
PBPK model to assess the biodistribution of TiO, nanoparticles based on their
ability to cross the capillary and to be phagocytosed in the MPS [110]. The effects
of the fenestrated vasculatures on capture of NMs could be divided into five groups
based on the permeation of epithelial wall (Table 1.2).

In the case of excretion, high permeation of the biologically stable nano-TiO,
into the liver resulted in more pronounced biliary excretion than the urinary path-
way. The biliary/urinary ratio of excretion was estimated to be 70: 1. The ADME
processes are separately described later, and the mass balance equations can be
expressed as follows:

Absorption

— C
= nano-T,;0,exposure - f

mabsorption absorption”
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Table 1.2 Category and feature of capillary wall from different organs [110].

Category Features Organs

CT1 Nonsinusoidal, nonfenestrated capillary wall Brain, heart, lung

CT2 Nonsinusoidal, fenestrated capillary Intestines, kidneys, stomach
CT3 Sinusoidal capillary with pores > 15 nm Liver, spleen

CT4 Myeloid bone marrow sinusoidal capillary Bone

CT5 Other compartment that cannot be assigned to a CT group Hair, fat

CT, capillary wall type.

Distribution:
In blood:
dAblood _ k A
dt - mabsorption + ( trans-organ-blood organ)
organs?
- Z (ktrans—blood—organ 'Ablood)‘
organs®
In organ compartment:
dA
organ
a ktrans—blood—organ “Aplood ~ ktrans—organ-blood : Aorgan - kdeposition : Aorgan’

where the transportation coefficient from blood to the organs was defined

as:
Qorgan-blood
ktrans-blood-organ - btrans—constant-organ ’ Ve
blood
Organ deposition:
dAdeposition —k A k A
dr — Rdepositon " “*organ ~ "clearance ' “organ
Excretion:
Biliary excretion:
dA,,
bileel __
dt - ktrans—blood—organ ' Ablood + 2 (kclearance ' Adeposition)'
organs®
Urinary excretion:
d‘Aurinaryel —k
de — Rtrans-blood-organ * Ablood‘

It was found that in a size range of 15—150 nm, the size of nano-TiO, had a
minor impact on the biodistribution. Furthermore, with high-dose exposure, the
administrated nanoparticles tended to agglomerate and be mainly captured by the
macrophages in MPS.
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Figure 1.13 Schematic representation of drug RADME process in a polymer formulation
[111]. (Reprinted with permissions from American Chemical Society, Copyright 2010.)

The modeling of drug release from NMs with mathematical methods has been
extensively applied. Combination of this with the in vivo ADME models, however,
has been rarely explored. In some cases of oral administration, the encapsulated
drugs are released from NMs in GI environments. The growing complication is
caused by complex process in GI tract, such as matrix swelling and erosion, drug
dissolution, diffusion, and GI metabolism, giving additional variables (release
behavior of drugs) to the ADME, thus termed “RADME.” Grassi and coworkers
presented a mathematical model for simulating the RADME process of the
vinpocetine-encapsulated particles for oral administration [111]. GI tract is
treated as a homogeneous compartment where drug solubility and permeability
are presumed to be constant. Therefore, the GI environment is set as the central
compartment, while blood and tissues are set as two “external” compartments
(Figure 1.13).

The mass balance is presented by dividing the given dose of drugs (M) into six
subgroups, including the drugs in the GI tract (V.C,), NMs (X), circulating system
(V,Cy), organs/tissues (VCr), form of recrystallized drugs released from NMs
(M,), and excreted (M,):

My =V,C, + Z / +CINR) + CIR) + C('L‘,C(Rj)]éLande
+ VoG, + VoCyp + M, + M,
t
Me =/ KeIVbedt,
0

where V, and N ,; represent the volume of release medium and the number of
particles belonging to the “j” class, respectively.

Drug release in the GI is treated to be equivalent to the in vitro release behav-
ior, which is determined by characteristics of the drug-loaded polymer particles
(but with polymer erosion being ignored), as well as concentration gradient in and
outside the polymer particles. Thereby, drug release from NMs can be described
as follows:
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where C; is the concentration of the dissolved drug at radius R; inside the par-
ticles of the jth class;C"‘;“, Cg}.c, and Cg}c are, respectively, the concentrations of
the nondissolved drug in the amorphous, nanocrystalline, and macrocrystalline
states at radius R; inside the particles of the jth class; and D is the drug diffusion
coefficient (depending on ij(Rj)).

Blood concentration C, changes as a result of the combined contribution of
drug influx from GI tract fluid, distribution into (or redistribution from) the
organs, and elimination. Thus the differential equation is defined as

d¢
Vbd_tb =AP(C, - G) - K;C, - K7, G, + K3, Cy.

The simulated data were found to fit well with experimental results (Figure 1.14),
providing a good prediction of ADME processes.

1.6.4
Brief Summary

Despite the efforts that have been made in simulating the PK of NMs, the devel-
oped models are biased, because the algorithms are primarily built to simulate
a few parts of the whole dynamic process, with other parts being simplified to
reduce complexity of the simulation. For example, the model developed by Bachler
and coworkers provided a good interpretation of the influence of the fenestrated
capillaries on capture of the hard-matter nanoparticles, but it may not be sensi-
tive in assessing the PK profiles of biodegradable NMs. As for the work of Grassi
and coworkers, since the simulation is based on the model that drugs are released
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from NMs before absorption by the GI tract, the model is not applicable when the
drugs are loaded onto NMs via specifically designed covalent bonds. The draw-
back of the biased simulation is that the model only responds to changes of the
parameters that are built in the functions.

However, the PK of drug-loaded NMs is a very complicated process with each
component varying distinctly depending on different design. In order to make
the model feasible to a wide application, additional factors concerning features of
NMs (opsonization, receptor-mediated binding and internalization, site-specific
release, etc.) and the body (receptor density, blood perfusion, enzyme activity,
physiological volume of the organs, etc.) should be taken into account. On the
contrary, the incorporation of additional parameters to the functions will dra-
matically increase the complexity of the model. As a solution, the transportation
parameters that derive from a series of interrelated parameters are introduced. For
example, the multiple properties of NMs, such as size, zeta potential, and PEGyla-
tion, could be transformed into an individual parameter by a certain function (i.e.,
linear multivariate regression) [112].

Furthermore, establishment of a PBPK model for NMs is an interdisciplinary
work that includes characterization of the physicochemical properties of NMs,
specification of physiological systems, and mathematical simulation. Therefore,
it requires collaboration of professionals from different fields such as physiology,
physical chemistry, nanotechnology, mathematics, and computer science. Impor-
tantly, the robustness of the model is needed to be improved, which requires a
great amount of high-quality training data [113].

1.7
Experimental PK Data of the Applied NMs

Owing to the development of nanotechnology, a variety of NMs are currently
available for market and clinical trials in drug delivery. Here, we summarize the
PK data of a number of NM-loaded drugs including paclitaxel [114—116], doxoru-
bicin [117-121], curcumin [122-124], and large molecules such as siRNA [125]
and insulin (Tables 1.3 and 1.4) [126, 127, 133]. By comparing the PK behaviors
of drugs encapsulated by different NMs, it would be helpful to get a better under-
standing on how the physiochemical changes of NMs affect the ADME:

1. Size.In a study using PAMAM dendrimer for calcitonin delivery, it was found
that the pharmacological effect was enhanced when large PAMAM was used:
the pharmacological availability (PA) was increased from 22.0% to 27.6% in a
comparison between the GO polymer and G3 dendrimer [141]. However, in
the case of orally administered drugs, small NMs may be superior to the large
ones in transporting across the intestinal membrane. Similarly, PEGylation
that help prevent NMs from aggregation under physiological conditions was
demonstrated to be effective to increase the oral bioavailability of the encap-
sulated drugs [121].
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1.7 Experimental PK Data of the Applied NMs

2. Components. By adjusting the constituents, the features of NMs, such as size,
zeta potential, and hydrophobicity, can be changed, thereby leading to differ-
ent blood PK of the loading drugs [130, 131, 135].

3. Shape. In line with the findings that NMs with high aspect ratio were
less-efficiently phagocytized by MPS, cylinder PLGA nanoparticles with low
aspect ratio (200 nm X 200 nm, d X &) were more readily captured by the RES
organs, compared with elongated ones (80 nm X 320 nm, d X /1), and thus was
more effective in improving the BA of encapsulated drugs [136].

4. Surface coating. PEGylation is effective in improving systemic circulation of
NMs. For example, the blood clearance rate (CL) and mean resident time
(MRT) of Dox [121] and curcumin [122] in the nanoformulations were greatly
extended with PEGylation. Surfactant coating was also effective in adjusting
the surface characteristics of NMs, and thus changed blood PK of the drugs
[129].

5. Ligand modification. Generally, ligand modification promotes preferential
uptake by the target organ. In order to increase the targeting efficiency for
indomethacin delivery, PAMAMSs modified with different amounts of folic
acid were investigated. The BA of the drugs in the target organ increased
when the dendrimer was coupled with more folate molecules. However,
ligand modification may also cause unfavorable changes of the NMs and lead
to accelerated elimination of NMs from the blood [119], or decreased blood
concentration due to increased volume of apparent distribution (Vd) [144],
which may account for the decreased blood BA. As a potential solution, small
and active fragments may be utilized. For example, the liposomes modified
with the Fab’, or Fv fragment from CD 19 antibody can lower CL and Vd, with
3.4-fold increase in blood AUC of the encapsulated dox compared with those
modified with the whole antibody (1291.2pgmL~'h vs 292.6 ugmL™! h)
[128].

6. CPP modification. CPP modification enhances transport efficiency of NMs,
and has been applied for oral drug delivery. It was demonstrated that the oral
BA of tripterine [132] and insulin [133] was increased when NM loading was
modified with CPPs.

It should be mentioned that the PK profiles are also affected by many other fac-
tors such as intrinsic features of the drugs and routes of administration. All these
factors contribute to diversity of the drug biofate.

1.71
PK Data of NMs Without Drugs

Dendrimers or metallic nanoparticles are useful tools for investigating NMs” PK
parameters, because the NMs can be conveniently tailored with tunable size or
modified with different ligands. For example, by using dendritic polylysines, it was
found that the blood clearance rate decreased from 194 to 0.4 mLh~! when the
MW increased from 6 to 68 kDa [97]. Furthermore, the incorporation of lipophilic
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Figure 1.15 Organ content of triphenylphosphine-coated AuNP with different size.

drugs can increase the surface hydrophobicity of the dendrimer, leading to a rapid
blood clearance [145]. Although the RES organs have different “appetites” on the
uptake of particles, PK results of triphenylphosphine-modified gold nanoparti-
cles of size 1.4—200nm revealed that the liver remained the most preferential
target of the injected NMs [146]. By plotting the tissue concentration against the
particle size, it was further depicted that the particle retention by the liver and
spleen increased together with the increase of particle size, whereas renal content
decreased as the particle size was increased to 5 nm, in line with the reported “cut-
off” size of renal clearance (Figure 1.15). Other factors, such as zeta potential and
surface coating, could also be adjusted and lead to different PK profiles, which are
summarized in Table 1.5.

1. Long-chain PEGs are more effective than their short-chains counterparts
to create dense surface polymer coating [145]. Besides, the brush- and
mushroom-like PEG confirmations are the most effective forms in protecting
NMs from rapid clearance [98].

2. Renal clearance is a major way for elimination of ultrafine particles, but it
decreases once the NMs’ size surpasses the renal “cutoft.” Uptake by the RES
organ becomes the major clearance route for the large NMs.

1.7.2
PK Differences Between Drugs Encapsulated by Different NMs

PK analysis of different formulations for a certain drug enables the selection of
the suitable NMs for efficient delivery. Table 1.6 lists the PK data of paclitaxel
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and doxorubicin encapsulated by different NMs. It should be noted that conclu-
sions should be carefully drawn based the comparison because the experimental
differences exist in drug dose, administration route, animal species, sampling pro-
tocol, PK model, and the method of data analysis. A “standard protocol” should
be designed to acquire the high-quality data in analyzing PK profiles of differ-
ent NMs.

1.7.3
Reciprocal Blood and Tissue PK

There could be a poor correlation between drug concentrations in blood and the
target organs for NM-based drug delivery. In this case, the discrepancy between
blood PK and PD cannot be precisely predicted by using the conventional PK/PD
model. Therefore, it is important to compare both the blood and tissue concen-
trations when analyzing PK of drug-loaded NMs. Table 1.7 summarizes both the
blood and tissue PK from a number of NMs. It was demonstrated that the NMs
with a relatively longer blood resident time were usually less efficiently taken by
the major organs [152—154]. As for tumor-targeting NMs, there often was not
much difference between the ligand-modified and nonmodified particles in blood
PK [136], probably because of the small proportion of tumor-retained drugs.

1.74
PK Differences Between Different Components of the Drug-NM System

In the case of drug co-encapsulation, the PK profiles also show different behaviors
for two drugs (Table 1.8). For example, the ¢,,, of the paclitaxel was less than half
of the co-loaded EGCG (26.5h vs 56.1 h) due to the intrinsic differences between
the two drugs [155]. Furthermore, variations also existed between NMs and their
encapsulated drugs (Table 1.9). It was found that blood PK of encapsulated Dox
was different from that of the loading phospholipid, and drug t,,, depended on
the release kinetics of the drugs from the liposomes; the liposomes with slower
drug release had higher AUC [118].

1.7.5
PK Variations Among Different Routes of Administration

For intravenous administration, biodistribution of NMs is size-dependent, and
rapid uptake of small NMs by the RES organs leads to a fast clearance of the loading
drugs from the blood. When other types of administration (such as p.o., i.p., s.c.,
and i.m.) are applied, the given NMs have to penetrate a physiological membrane
barrier before entering blood circulation, thereby leading to the changed PK pro-
files [158—160]. For the routes other than intravenous (i.v.) injection, NMs need
to be carefully tailored by adopting effective strategies such as small size [134],
PEGylation [121, 122], and CPP modification [132], so as to improve the blood
PK of the loaded drugs (Table 1.10).
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1.7 Experimental PK Data of the Applied NMs
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1.7 Experimental PK Data of the Applied NMs
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1.7 Experimental PK Data of the Applied NMs
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1.8
Perspectives

1.8.1
Development of NMs

The development of NMs has raised great attentions. NMs can improve the drug
stability and protect drugs from enzymatic digestion, and enhance the bioavail-
ability. The targeting delivery and controlled release of the NM-encapsulated
drugs are also beneficial for cancer treatment and diagnosis.

However, there are many biological barriers in the human body against exoge-
nous particles, and the majority of the administrated NMs will end up in the RES
system. One of the design strategies is to escape the surveillance of the RES system
by using surface modification. Moreover, targeting ligands are also used to modify
the NMs to increase the specific binding with the desired organs/cells. Although
much effort has been made, the overall efficiency is still under satisfaction for
clinical use. The efficiency of the NM-based delivery systems needs to be further
improved.

182
Pharmacokinetic Study and Model Development

The currently available pharmacokinetic studies of NMs focus on the biodistri-
bution models. The drawback lies in the fact that the parameters such as tissue
drug concentrations are hard to be detected continuously. As consequence, the
limited, discontinuous data make it difficult to depict the detailed and precise PK
profiles for the NMs. Compared with organ distribution, blood concentration is
more convenient to determine, but the results from blood PK analysis are less
suitable for NM-based systems, which are intended for an organ-specific delivery.
Furthermore, the diversity of intrinsic features of NMs, modification, and species
variation contribute to deviations of the overall PK behaviors of NMs. There-
fore, “standard protocols” for PK experiments, including administration, dosing,
sampling, and data processing, would be helpful to acquire high-quality parame-
ters to develop PK models. A potential solution to the NM-based drug PK model
could be the establishment of a theoretical “body,” which is composed of differ-
ent “digital” compartments simulating the physiological features of each organ.
The model would help us to give better predictions on the in vivo behaviour of
the NMs.
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