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1.1 Introduction

Biological effects conferred by drugs are associated with drug mechanism of action,
and drug pharmacological and physicochemical properties. To elicit pharmacologi-
cal response, drugs are commonly designed to bind to a target and activate or inhibit
them, for example, chemotherapy drug belonging to the class of topoisomerase-2
inhibitors binds to and stabilizes enzyme topoisomerase-2 in cells to induce cell
death, antidiabetic medication exenatide binds to and activates good lab practices
(GLP)-1 to increase insulin secretion. Further, depending upon the route of drug
administration, drugs undergo four main processes – absorption (absorption of drug
from site of administration into blood), distribution (distribution of drug to different
tissues from bloodstream), metabolism (breakdown of drug), and excretion (elimi-
nation out of the body) which are predominantly affected by the physicochemical
properties of the drug. These factors largely account for the rate and extent of drug
efficacy and overall potency.

In addition to the above-mentioned processes, pharmacological response and
efficacy induced by the drug are also governed by its delivery to the site of
action, the selective delivery to the target, and associated safety. To facilitate
safe and effective drug transport, various drug-delivery systems (formulations,
dosage forms, drug-device combinations, etc.) have been developed thus far.
During the last several decades, multiple technologies and formulations, including
controlled-release drug-delivery technology, oral and transdermal drug-delivery
systems, nanotechnology-based products, have significantly improved patient
outcomes [1]. While significant improvements have been made in multiple disease
indications, there continue to remain areas that require attention to fulfill the
unmet need in terms of increasing drug efficacy by improving patient compliance,
reducing side effects, and reducing dosing frequency. Targeted drug-delivery
systems have gained wide attention in recent years to selectively target the drug at
the site of action and thereby facilitate site-specific delivery to ensure high safety,
efficacy, and patient compliance. This chapter introduces some basic concepts
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Figure 1.1 (a) Bioavailability of an agent administered intravenously (in red) and orally (in
blue). (b). Therapeutic index (TI) of an agent as defined by the ratio of ED50 to TD50. ED50:
Effective dose for 50% response points, TD50: Toxic dose for 50% response points.

followed by the rationale for development of targeted drug-delivery approaches,
different approaches to achieve this, commercial success to date, and challenges
associated with this approach.

1.1.1 Concept of Bioavailability and Therapeutic Index

Bioavailability (BA) is the rate and extent to which the drug is absorbed from the drug
product and becomes available at the site of action [2]. BA of an agent administered
intravenously is high as compared to oral administration. This is a result of instant
entry of the agent in the systemic blood circulation following intravenous dosing
as compared to absorption from the Gastrointestinal (GI) tract followed by entry
into systemic circulation with oral dosing (Figure 1.1a). Therapeutic index (TI) is an
indicator of relative safety of a drug. TI is defined as the ratio of maximally tolerated
toxic dose to minimum effective dose. A common method used to calculate TI of an
agent is to calculate ratio of dose that induces toxic effects in 50% response points
(TD50) to the dose that induces therapeutic effects in 50% response points (ED50)
(Figure 1.1b).

1.2 Targeted Drug Delivery

The terms “targeted drug delivery” and “targeted drug therapy” are frequently used
in drug discovery research; however, both these terms are distinct from one another
and cannot be used interchangeably. Targeted drug therapy refers to specific inter-
action between drug and a certain protein or moiety on target/disease cells [3]. Tar-
geted drug delivery, on the other hand, refers to predominant accumulation of the
drug/drug formulation in the target/disease zone [4]. Effective drug-delivery system
design, for all kinds of formulation, requires four key requirements – retain, evade,
target, and release.
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Retain: The delivery system should remain intact in its original form throughout
the course of formulation development, processing, and administration.

Evade: Upon administration, it should be retained in the form such that it evades
body defense mechanisms, stays protected from the body’s immune system attacks,
and reaches desired target zone in an optimal time frame.

Target: Drug-delivery system should be designed to result in exclusive drug accu-
mulation at the intended site of action, i.e. disease area, while avoiding healthy
tissues and drug-associated toxicity.

Release: Once at the desired site of action, the system should be capable of releasing
drug from the formulation for the agent to confer its therapeutic effect.

The goal of targeted drug-delivery system is to increase TI of a drug over a nonspe-
cific drug-delivery system. A delivery system that results in preferential accumula-
tion of drug at the disease site while sparing nondisease sites in the body and limiting
overall toxicity is considered to have a higher TI as compared to a system that results
in equal accumulation of the drug in both disease and nondisease sites [5]. A general
rule is delivery system that confers higher drug TI is clinically safer as compared to
lower TI.

1.3 Strategies for Drug Targeting

Over the last few decades, multiple ideas have evolved ranging from identification of
different materials to invention of novel concepts to potentiate and improve delivery
of drugs to intended target region. Strategies for drug targeting are often classified
into three main categories – passive targeting, active targeting, and physical targeting
(Figure 1.2).

Normal blood vessels and endothelial cells Diseased blood vessels and endothelial cells

Increased

permeability

of endothelial

cell membrane

Exposure of

endogenous

antigen

Conjugation with

pH/temperature-

sensitive linkers

Ultrasound/

magnetic field

EPR effect

Ligand/

antibody

modification

Passive
targeting

Active
targeting

Physical
targeting

Drug carrier Drug

Chemical moiety Disease cell

Antibody Nucleic acid

Disease zone

Figure 1.2 Schematic representing different directed drug-delivery-targeting techniques.
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1.3.1 Passive Targeting

Often referred to as “no targeting,” passive targeting utilizes the principle to accu-
mulate drugs into specific regions of the body due to inherent features and charac-
teristics of the said tissue. Passive targeting makes use of differences in anatomical
features between target tissue and nontarget tissue to ensure preferential accumula-
tion of drug. Common examples of passive targeting include accumulation of drugs
via the reticuloendothelial system (RES), increased accumulation of drugs due to
enhanced permeability and retention (EPR) effect, and localized delivery.

1.3.1.1 Reticuloendothelial System (RES) System
RES is an essential part of the immune system that lines organs, including liver
and spleen. RES consists of phagocytic immune cells, including monocytes and
macrophages, that can recognize and uptake foreign moieties. Biological function of
monocytes and macrophages includes opsonization or capturing foreign substances
that reach the systemic circulation. Thus, the RES system enables preferential
uptake of nanoparticles by organs, including liver and spleen. For example,
nanoparticles with strong hydrophobic surfaces are preferentially taken up by the
liver followed by spleen and lungs.

1.3.1.2 Enhanced Permeability and Retention (EPR) Effect
Tumor vasculature is highly leaky and discontinuous as compared to normal tis-
sue vasculature. Unlike normal vasculature, which is lined with endothelial cells
tightly held together, tumor vasculature is more heterogeneous in size and perme-
ability. Depending on the stage of tumor progression and anatomical location, gaps
between endothelium range in size from 100 to 780 nm [6, 7]. Additionally, ele-
vated expression of proteins, including vascular epithelial growth factor (VEGF),
epithelial growth factor (EGF), and basic fibroblast growth factor (bFGF), enhances
vasodilation and extravasation of drugs from the leaky vasculature in tumors [8].
These characteristics of tumor vasculature enable enhanced delivery and retention
of high-molecular-weight drugs in the target region. Augmented therapeutic effect
achieved as a result of this phenomenon is associated with EPR effect. EPR effect is
commonly used for passive targeting of agents >40 kDa in molecular weight. Addi-
tionally, low-molecular-weight agents that are administered in drug carriers, includ-
ing conjugates, nanoparticles, and liposomes, can also be delivered preferentially to
the tumor by leveraging the EPR effect.

Examples of commercially available formulations that target drug to tumor region
leveraging the EPR effect include DaunosomeTM and DoxilTM, clinically used anti-
cancer agents. Both Daunsosome and Doxil are liposomal formulations that effi-
ciently accumulate in the tumor cells minimizing the frequency of drug-induced
adverse effects [9].

1.3.1.3 Localized Delivery
As the name suggests, localized delivery emphasizes direct delivery of the drug to the
disease site or organ, thus limiting systemic exposure of drug to blood circulation and
minimizing adverse drug toxicities. Localized delivery is often amenable to certain
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tumor types, including some forms of prostate and breast cancer, but not all tumor
types or all diseases, thus limiting its use. Preclinical work has shown intratumoral
delivery of paclitaxel nanoparticles conjugated to transferring ligand was effective in
inducing tumor regression in mice models of prostate cancer. This treatment was sig-
nificantly more effective as compared to systemic administration of paclitaxel [10].
Corticosteroids, a class of drug commonly used in asthma maintenance, are adminis-
tered locally by using metered-dose inhalers. Other examples of drugs administered
via local delivery systems include corticosteroids, used in metered-dose inhalers for
asthma management and metronidazole, an antibiotic used in a gel formulation for
treatment of periodontal diseases.

1.3.2 Active Targeting

Active targeting is by far the most well-recognized and implemented form of
targeted drug delivery. This approach confers targeting properties to the drug that
enables accumulation and consecutively pharmacological action toward specific
molecule or region. Commonly used strategy to enable active targeting includes
techniques that impose targeting properties on the drug, i.e. combining drug with
other components that possess targeting features. This can be done in one of two
ways. Firstly, by coupling drug with components that do not display affinity or
binding toward a specific target but enable release of drug under a unique envi-
ronment, e.g. sensitive to diseased (impacted) tissue pH, temperature, or enzymes.
Many pharmaceutical and biotechnology companies are undertaking development
of prodrugs – where drugs are conjugated and masked by enzyme-sensitive linkers
to maintain them in an inactive state. On reaching the target site, these linkers are
cleaved by enzymes specifically known to be upregulated in tumor microenviron-
ment, thus making the active drug moiety selectively available for tumor region
and limiting off-target adverse events.

The other technique, and which is often used, includes coupling drugs to compo-
nents that display potent affinity and binding to a particular receptor expressed in
the pathological tissues. This form of active targeting is also called ligand-mediated
targeting. Ligand-based active targeting is commonly used in the development of
many therapeutic and diagnostic modalities. Active cellular-targeting strategies
involve use of affinity ligands on the surface of nanocarriers or developing antibod-
ies against a certain ligand that can induce specific homing along with increased
retention and uptake by the target cells. Antibody–drug conjugates (ADCs) utilize
the principle of conjugating a drug to an antibody directed against antigens with
increased expression on disease cells using cleavable linkers, thus ensuring selective
binding of the ADC to the target cell over other tissues to minimize adverse drug
reaction (ADR).

1.3.3 Physical Targeting

Physical targeting refers to a technique that utilizes external stimuli to induce release
of the drug at a specific target site in the body. Common indications that utilize phys-
ical targeting to achieve targeted drug delivery include cancer treatment, chronic
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lung diseases, including chronic obstructive pulmonary disease (COPD) and cystic
fibrosis (CF). Commonly used techniques for physical targeting of drug to patho-
logical area include using ultrasound and magnetic field to target the pathological
tissue.

1.3.3.1 Ultrasound for Targeting
Research focused on utilizing ultrasound waves to target tissue to release drug from
polymeric micelles and enable uptake by disease cells is underway for over a decade
now. Ultrasound waves can induce delivery of anticancer agents by either degrada-
tion of micelles to release drug at target site or partition of drug out of the micelles
at the target tissue [11]. One of the main advantages of this technique is its noninva-
sive nature, leading to increased patient compliance. This technique also offers the
unique advantage of deep penetration into the body along with extensive control
to cater the waves to specific target sites. Despite the advantages, there are con-
cerns associated with use of ultrasound radiations, including their effect on cell
plasma membrane. Preclinical studies addressing the effect of lower-energy ultra-
sound radiations on the efficacy of drug release from micelles and damage to cellular
membranes are underway [11].

1.3.3.2 Magnetic Field for Targeting
Magnetic targeting utilizes an external magnetic field to induce preferential local-
ization of an intravenously injected therapeutic agent bound to or encapsulated in a
magnetic drug carrier. Such drug carriers include magnetic liposomes, nanospheres,
and magnetic ferrofluids and incorporate materials, such as iron, nickel, and mag-
netite [12]. Preclinical investigation for many magnetic drug carriers or various
anticancer agents, including mitoxantrone, etoposide, and epirubicin, is currently
underway [13, 14].

1.4 Therapeutic Applications of Targeted Drug Delivery

Nanocarriers are the most commonly used drug carrier system to mediate targeted
drug delivery. These employ nanosized materials, including nanoparticles, lipo-
somes, micelles, and dendrimers for targeted and controlled drug-delivery systems
[15]. These delivery systems are commonly used for a wide range of purposes,
ranging from disease diagnosis to management. Different disease indications that
can be detected and treated with targeted drug-delivery systems are discussed
below.

1.4.1 Diabetes Management

Diabetes mellitus (DM) is a chronic metabolic disorder that has significantly
impacted lifestyle due to increased frequency of occurrence over the last decade.
DM can be classified into Type 1 (T1DM) and Type 2 (T2DM), where T1DM results
due to absolute deficiency of insulin and T2DM is a result of insulin resistance,
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increased glucose production, or impaired insulin secretion. Liposomes, composed
of phospholipids and cholesterol, can entrap and deliver both hydrophobic and
hydrophilic agents to site-specific regions. Many reports have used liposome-based
delivery systems to improve site-specific delivery of insulin. Zhang et al. have
shown liposomes composed of 3 : 1 ratio of lipid – cholesterol show increased
entrapping of insulin, optimal membrane fluidity along with minimal insulin
leakage [16]. Additional reports have shown enhanced target-specific delivery
when the liposomes are coated with folic acid [17]. Nanoparticle-based targeted
therapy has also been developed and tested for targeted delivery of insulin in DM
management. Nanoparticles encapsulating DNA-encoding interleukins, including
IL-10 and IL-14, have been designed and tested in prediabetic animal models.
Results from these studies showed nanoparticles encapsulating these interleukins
were potent in inhibiting response of T-cells against native islet cells and signif-
icantly inhibited development of DM [18]. Overall, treatment with nanoparticle
and liposomal-based approaches has significantly improved DM management as
compared to conventional treatment.

1.4.2 Neurological Diseases

Incidence of neurological diseases, including Alzheimer’s and Parkinson’s, has
significantly risen over the last few years. While Alzheimer’s is associated with
extracellular deposition of amyloid beta-peptide and tau proteins, Parkinson’s
is associated with degeneration of dopaminergic neurons in the brain. Effective
targeting of neurological disorders is often complex due to the inability or limited
ability of treatment modalities to cross the blood–brain barrier (BBB). However,
nanomedicines have evolved with positive outcomes in overcoming the BBB and
increasing BA of therapeutic agents in neurological disorders. Acetylcholinesterase
inhibitors (AChEs) inhibitors, including donepezil, rivastigmine, and galantamine,
are commonly used therapeutic agents for Alzheimer’s management [19]. Pre-
clinical studies with rivastigmine-loaded poly(lactide-co-glycolide) (PLGA) and
polysorbate 80 (PBCA-80)-coated poly(n-butylcyanoacrylate) nanoparticle formula-
tion have demonstrated improved memory in mice behavioral studies as compared
to rivastigmine-in solution [20]. Furthermore, nanoformulations for donepezil
encapsulated in PLGA particles demonstrated higher penetration and accumula-
tion in the brain compared to drug in solution formulation [21]. Nerve growth factor
(NGF), an essential protein in survival of neurons, is currently being investigated for
its therapeutic potential for neurological diseases. While NGF has limited ability to
penetrate the BBB, NGF adsorbed on PBCA-80-coated poly(n-butylcyanoacrylate)
nanoparticles have shown beneficial effects in slowing neurodegeneration and
reversing amnesia in rat models [22]. Furthermore, encapsulation of curcumin
and NGF in nanoformulation induced synergy and enhanced therapeutic effect in
preclinical studies [23].

Treatment with dopaminergic agents, including levodopa and carbidopa, is the
first-line therapy for management of patients with Parkinson’s. However limited
permeability across the BBB and BA of dopamine agonists necessitates increased
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dosing frequency of these agents. This has, however, resulted in lower patient com-
pliance given the systemic side effects induced by increased dosing frequency.
Nanodrug-delivery strategy has shown promising outcomes in manage-
ment of Parkinson’s. Dopamine-loaded chitosan nanoparticles demonstrated
dose-dependent increase in dopamine levels and increased BA in preclinical
settings [24]. Continuous stimulation of dopaminergic neurons is beneficial in
the treatment of Parkinsons disease. While dopamine receptor agonist rotigotine
is a potent stimulator of dopaminergic neurons in in vitro systems, its utility is
limited due to poor penetration across the BBB in animal models. However, chronic
administration of rotigotine loaded in PLGA-MS demonstrated sustained exposure
of drug in the brain over an extended period along with improved safety and
tolerability in monkeys and rats [25, 26]. In addition to nanoformulations, ADCs
administered subcutaneously or systemically are being studied for management of
neurological diseases. SER-241 is an investigational once-a-week ADC from Serina
Therapeutics that utilizes apomorphine conjugated to an antibody for treatment
of Parkinson’s. SER-214 is currently in Phase 2 clinical testing in patients with
advanced Parkinson’s disease.

1.4.3 Cardiovascular Diseases

Cardiovascular diseases (CVDs) are the leading cause of death in the United States.
Targeted drug delivery offers the potential of fulfilling unmet needs in treatment of
CVDs by minimizing renal excretion of the drug, which in turn elongates residence
time of the drug in systemic circulation.

Atherosclerosis is a CVD characterized by hardening and narrowing of arteries
due to excessive plaque formation that eventually decreases blood flow to the
heart and brain ultimately leading to conditions, such as stroke and coronary
heart disease. Targeted drug delivery not only offers therapeutic options in treat-
ment of CVD, but has also shown significant improvement in diagnosis and
imaging of plaques. N1177, an iodinated aroyloxy ester, has successfully been
used to identify macrophage accumulation in arterial walls in animal models of
atherosclerosis [27]. This approach has shown promising results and is currently
undergoing clinical testing in human patients. Targeted therapy combining phys-
ical and active targeting showed increased internalization of nanoparticles in
atherosclerotic macrophages when super-paramagnetic iron oxide nanoparticles
were used [28].

Myocardial ischemia–reperfusion (IR) injury is a cardiovascular condition
characterized by apoptosis of cardiomyocytes due to mitochondrial disturbances
and generation of reactive oxygen species. Multiple promising therapeutic agents
tested for treatment of myocardial IR have failed clinical testing due to inefficient
delivery of drug within a critical time frame. Nanodrug-delivery vehicles, including
PLGA nanoparticles as well as PEGylated liposomes, have shown significant
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promise in targeting inflammatory cells due to increased inflammation-induced
permeability of myocardium [29]. ONO-1301, a synthetic prostacyclin IP receptor
agonist, is currently under development for myocardial IR. Preclinical work has
demonstrated selective accumulation of the drug in the ischemic myocardial tissue
when administered intravenously as a nanoparticle formulation as compared to
ONO-1301 solution. Furthermore, ONO-1301 NPs also led to increased secretion of
cytokines and tumor necrosis factor-alpha in turn increasing myocardial blood flow
and reduction in infarct size [30].

1.4.4 Respiratory Diseases

Targeted drug-delivery systems administered intranasally are known to be highly
effective in management of respiratory diseases, including asthma and chronic
obstructive pulmonary disorder. Advantage of intranasal formulation includes
minimizing drug resistance, increasing lung deposition of the drug, and minimiz-
ing toxic effects to nonpulmonary tissue. Targeted drug delivery in the form of
nanoformulations, including liposomes and nanoparticles, is the new paradigm for
the treatment of respiratory diseases.

Asthma is a common chronic condition characterized by shortness of breath,
coughing, and wheezing. Corticosteroids and bronchodilators are commonly used
in management of asthma. Preclinical studies showed nanoparticles containing
salbutamol resulted in long-term relief due to sustained accumulation in the lungs
as compared to solution formulation. Liposomal formulation of salbutamol sulfate
also resulted in extended retention of the drug in lungs, ∼10 hours, thus prolonging
therapeutic effect [31]. Mycobacterium tuberculosis (MTB), commonly known to
cause tuberculosis (TB), is one of the leading causes of fatalities worldwide. MTB
reaches lung alveoli and resists macrophage-mediated destruction by preventing
formation of phagolysosome. Standard-of-care drugs for the treatment of TB include
rifampicin, isoniazid, and ethambutol used either alone or in combination with
injectable agents (streptomycin and viomycin), fluoroquinolones, or few oral agents
(ethionamide and para-aminosalicylic acid). Targeted drug delivery using the plat-
form of mesoporous silica nanoparticles (MSNPs) has shown promising outcomes
for the delivery of anti-TB drugs. Surface functionalization with poly(ethylene
imine) (PEI) yielded higher loading and controlled drug delivery of rifampicin
MSNPs. Furthermore, MSNPs-containing pH-sensitive pores have been shown to
release isoniazid directly to MTB-infected macrophages following endocytosis [32].

1.4.5 Cancer Indications

Cancer, also referred to as malignant tumors, is characterized by a condition where
genetic or acquired mutation in DNA leads to uncontrolled proliferation of cells that
also has the potential of migrating from primary site of origin and invading into a
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secondary site. Heterogeneous nature of tumors along with dense tumor microenvi-
ronment makes treatment of cancers much more complex. Multiple technologies,
including nanoformulations, radiation therapy, immunotherapy, and chemother-
apy, have shown improvement in cancer management; however, toxicities associated
with systemic delivery, poor drug accumulation at tumor site, and nonspecific drug
effects limit the benefits offered by current drug-delivery technologies.

Antibody-mediated target engagement, a commonly used form of active targeting,
has shown promising success in oncology treatment. Antibodies are commonly
raised against tumor-associated antigens (TAA) that provide critical downstream
signaling for cancer cell survival, thus providing therapeutic option for targeting
them. Many such antigens show increased expression on cancer cells as compared
to nonmalignant tissue, thus making this a targeted therapy approach. Examples
include Trastuzumab developed by Genentech against Her-2 receptor and is
upregulated in breast cancer cells. Another FDA-approved monoclonal antibody
is bevacizumab which targets VEGF and inhibits angiogenesis in tumors. Both
Trastuzumab and bevacizumab have shown improved patient survival in cancer
management [33]. Drugs conjugated to TAA antibody using cleavable linkers,
i.e. antibody–drug conjugates, are extensively being evaluated in preclinical and
clinical studies to achieve tumor-specific targeted delivery of cytotoxic drugs.
Liposomal formulations of anticancer agents have demonstrated a promising
strategy for many chemotherapeutic agents, including doxorubicin and paclitaxel.
PEGylated liposomal doxorubicin (Doxil) showed potent anticancer activity and
reduced cardiotoxicity for first-line treatment of metastatic breast cancer [34].
DaunoXome (daunorubicin liposomes) has shown significant improvement in
therapeutic efficacy and survival in patients with Kaposi’s sarcoma [35]. In addition
to antibodies and nanoparticles, dendrimers have also shown promise in delivering
anticancer agents to specific targets. Doxorubicin-conjugated dendrimers using
polyamidoamine significantly reduced tumor burden through enhanced drug
accumulation in B16F10 melanoma tumors in mice [36]. Another group also
showed pH-sensitive dendrimers increased tumor penetration and release of drugs
into tumor microenvironment [37].

1.5 Targeted Dug-Delivery Products

Over the past few decades, multiple targeted drug-delivery products have received
Food and Drug Administration (FDA) approval. Currently, the market has more
than 50 products based on this technology (Table 1.1) [38, 39]. Notably, targeted
delivery systems are extensively developed for drugs, which have low aqueous
solubility and high toxicity, such that when administered as nanoformulations,
these drugs show enhanced BA, better accumulation, pharmacokinetic properties,
and reduced toxicity.



1.6 Challenges 11

Table 1.1 Nanomedicines approved by FDA classified by type of carrier/material used in
preparation of the formulation.

Drug name Active agent Carrier Company Indication

Doxil® Doxorubicin Liposomes Janssen Ovarian Cancer;
Myeloma

Marqibo kit® Vincristine Liposomes Onco TCS Acute
lymphoblastic
leukemia

Onivyde® Irinotecan Liposomes Merrimack Pancreatic cancer
DaunoXome® Daunorubicin Liposomes Galen Kaposi’s sarcoma
DepoCyt© Cytarabine Liposomes (Sigma-Tau) Lymphomatous

meningitis
AmBisome® Amphotericin B Liposomes Gilead Sciences Fungal and/or

protozoal infections
Adagen® Pegademase

bovine
PEGylated
adenosine
deaminase enzyme

Sigma-Tau
Pharmaceuticals)

Immunodeficiency
disease

Oncaspar® L-Asparaginase PEGylated
L-asparaginase

Enzon
Pharmaceuticals

Acute
lymphoblastic
leukemia

Copaxone® Glatopa L-Glutamate,
L-alanine, L-lysine,
and L-tyrosine
random copolymer

Teva Multiple sclerosis

Bydureon® Exenatide
synthetic

PLGA AstraZeneca AB Type 2 diabetes

Atridox® Doxycycline
hyclate

PLA Tolmar Chronic adult
periodontitis

Abraxane Paclitaxel Albumin-based
particles

Celgene Metastatic Breast
Cancer; NSCLC

Zyprexa
Relprevv®

Olanzapine
pamoate

Microcrystal Eli Lilly Schizophrenia

Invega
Sustenna®

Paliperidone
palmitate

Nanocrystal Janssen Schizophrenia

Source: Adapted from Patra et al. [38] and Zhong et al. [39].

1.6 Challenges

Despite the preclinical promise illustrated by targeted drug delivery in mediating
disease effects, there has been limited clinical success for the therapeutic potential
of this strategy in many disease indications, including cancer. Key challenges asso-
ciated with active and passive drug-delivery strategies are discussed below.
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1.6.1 Passive Targeting and EPR Effect

Multiple physiological barriers are involved in delivery of drug systems that lever-
age the EPR effect. Nanocarriers are often cleared by the mononuclear phagocytic
system (MPS) in the leaky blood vessels. Many drug carriers get trapped in the sinu-
soids of the liver, while others are taken up by the hepatocytes and macrophages
of liver (Kupffer cells) [40]. Drug delivery of passively targeted systems is also gov-
erned by the heterogeneity of the EPR effect in the disease area. Indications, such
as cancer, are characterized by highly heterogeneous disease environment. Several
factors, including spatial changes within the target zone, variable endothelial gaps
(ranging from 1 to 100 nm) as well as temporal heterogeneity, contribute to variable
permeability and perfusion of drug carriers [41, 42]. Furthermore, there are limited
clinical data surrounding the potency of EPR effect in different disease conditions.
To date understanding of the effectiveness of the EPR effect is primarily based on
preclinical model of the disease; however, these animal models do not accurately
recapitulate human anatomy or progression of disease in human settings. Limited
clinical data on the effectiveness of the EPR effect in inducing accumulation of drug
at the disease site and associated therapeutic benefits make translation of preclinical
results more challenging [43].

A recently conducted meta-analysis on preclinical studies using nanocarriers sug-
gested about 0.7% of injected dose of drug reaches the tumor site. Additional efforts
are underway to increase the drug-delivery efficiency of nanocarriers. Preclinical
studies have shown angiotensin II-induced vasodilation can enhance the EPR effect.
Furthermore, cell-mediated delivery of drug carriers can overcome areas of low EPR
and still offer increased drug accumulation at the disease site. This approach exploits
the ability of certain cell types, specifically immune cells, to penetrate target area
due to disease pathology. For example, preclinical studies have shown targeting of
chemotherapy drugs to tumors using T-cell [44]. Tumors are often penetrated by
immune cells, including T-cells. This phenomenon can be leveraged by administer-
ing nanoparticle-carrying T-cells that can target chemotherapy drugs to the tumor
microenvironment.

1.6.2 Active Targeting

Ligand-based targeting is the most commonly used form of active-targeted drug-
delivery system. Ligand conjugation of drug carriers facilitates uptake of the
carrier by target cells, thus offering a platform to enhance delivery of macro-
molecules, including proteins and nucleic acids. However, targeted carriers carrying
macromolecules often undergo endocytosis in the target cell, resulting in degrada-
tion of the macromolecule. Preclinical studies with transferrin-targeted nanocarriers
have shown that they undergo clathrin-mediated endocytosis and degradation in the
lysosome [43, 45]. Many ongoing efforts are addressing ways to facilitate endosomal
escape of these drug carriers, e.g. pore formation proteins and pH-buffering sub-
stances [1]. Ligands chosen for actively targeted drug carriers are most commonly
selected on the basis of classical disease markers, e.g. CD19 for B-cell malignancies
and HER2 for breast cancer. However, given the heterogeneous nature of many
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diseases, cell-specific drug carriers have a high probability of promoting selection
toward survival of resistant cells, since cells that do not express the classical disease
marker escape being targeted by drug carriers. Furthermore, despite increased
surface expression on cells, not all ligands are suitable for internalization of drug
carriers into the cell thus limiting drug uptake. Therefore, ligand selection for tar-
geted drug delivery is an important consideration, and ligands should be screened
and selected not only based on their expression profile but also on their ability to be
internalized by target cells.

Compared to manufacture of passively targeted drug carriers, conjugation of
ligands to drug carriers for active delivery involves a complex manufacturing
process. Multiple designs and engineering steps, including ligand synthesis, purifi-
cation, and stability of drug carrier–ligand conjugate, make active drug delivery
significantly more challenging with longer timelines and increased cost. Addition-
ally, active-targeting strategies are also associated with complex pharmaceutical
development and scale-up under good manufacturing practice (GMP) laws that
further add to the cost of this therapy.

1.7 Scale-up and Challenges

Several methods have been developed and reported for the manufacture of targeted
drug-delivery products. The process of manufacturing depends on whether the
nanocarrier is composed of polymer, lipids, or is metal based. Table 1.2 lists differ-
ent manufacturing processes that are commonly used for each of the nanocarrier
types [46].

Table 1.2 Methods of nanocarrier production with various materials.

Nanocarrier type Manufacturing processes

Polymeric
nanocarriers

Nanocrystallization
Extrusion
Supercritical fluid technology
Sonication method
Salting out

Lipid nanocarriers High-pressure homogenization
Solvent emulsification evaporation
Solvent emulsification diffusion
Ultrasonication

Metallic nanocarriers
Carbon Chemical vapor deposition, laser ablation, combustion process
Gold Chemical reduction, UV irradiation
Silica Etching, deposition, photolithography
Iron Co-precipitation, thermal decomposition, hypodermal synthesis
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All the methods listed above can be classified as bottom-up or top-down processes.
Bottom-up processes include processes where the final product is produced as a
result of precipitation whereas top-down process starts with a macro-size drug power
that further undergoes size reduction. Multiple factors need to be accounted for
while choosing the scale-up method for nanocarriers. These include toxicological
features, size and shape, nature of the material, generally regarded as safe (GRAS)
status, and biodegradable nature of the material [47]. Hence, it is essential to ensure
that the key features of the drug-delivery carrier are retained, and not lost, during
the process of scale-up.

Given the engineering and chemical complexity of nanocarriers, commercializa-
tion and regulatory approval constitute the most time-limiting factors in commercial
success of nanocarriers to date. One of the most common obstacles is presented by
the lack of GLP compliance during preclinical studies in academic setting which,
in turn, limits their collaboration with pharmaceutical sector. While incorporating
GLP is not crucial for proof of concept (PoC) aimed at preclinical studies, it is critical
that studies be conducted in a GLP setting when they are aimed at demonstrating
the promise of the technology and its translational application. GLP compliance
is also associated with significant increase in overall costs and time, and careful
assessment should be conducted with respect to the objective of preclinical studies
before embarking on the GLP route. Design of the clinical trial also significantly
influences success rate of a nanocarrier. Recent advances in clinical trials for
nanocarriers have highlighted the importance of factors, including companion
diagnostics, patient selection criteria (extent of EPR effect), disease heterogeneity,
presence of target receptor, and the ability of drug carrier, to bind the target. All
these factors are responsible to govern the success of targeted drug-delivery systems.
Merrimack Pharmaceuticals achieved significant success in clinical testing of their
nanoliposomal irinotecan (nal-IRI), using a companion diagnostic tool of feru-
moxytol (FMX) iron nanoparticles. Their studies demonstrated positive correlation
between accumulation of ferumoxytol (FMX) iron nanoparticles and response
to nal-IRI, such that tumors that accumulated more FMX were more responsive
to nal-IRI [48].

1.8 Current Status

Continued research and preclinical success in optimizing targeted drug-delivery
systems have resulted in ongoing multiple clinical trials by using targeted nanocar-
riers. Table 1.3 lists some of the currently ongoing trials that are testing targeted
nanocarriers for different therapeutic indications. Table below summarizes the
ongoing clinical trials using targeted nanocarriers.
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Table 1.3 List of ongoing clinical trials that utilize targeted nanocarriers.

Nanocarrier
type Drug

Therapeutic
indication

Clinical trial
identifier #

Polymeric
nanoparticles

Cetuximab Colon cancer NCT03774680

Silver nanoparticles Antimicrobial drugs Bacterial and fungal
infection

NCT03752424

Albumin-stabilized
nanoparticles

Paclitaxel Breast cancer
(Stage III, Stage IV)

NCT00785291

Ultrasmall silica
nanoparticles

(64Cu)-labeled
PSMA-targeting
particle tracer

Diagnostic tool for
prostate cancer

NCT04167969

Topical fluorescent
nanoparticles

Quantum dots coated
with veldoreotide

Breast cancer, skin
cancer

NCT04138342

Cholesterol-rich
nonprotein
nanoparticle

Paclitaxel Coronary artery
disease

NCT04148833

Targeting-enhancing
Nanoparticle

Paclitaxel Solid cancer NCT02979392

Targeted silica
nanoparticle

Fluorescent-dye
labeled particles
cRGDY-PEG-Cy5.5-C

Head and neck cancer NCT02106598

Magnetic
nanoparticle

Chemotherapy Prostate cancer NCT02033447

1.9 Conclusion and Prospects

Research focused on identifying, improving, and applying targeted drug-delivery
systems has seen unprecedented advances in the last few decades. The rationale
supporting this strategy includes improving therapeutic efficacy, minimizing
drug-induced adverse effects, developing improved versions of current drugs as
well as better patient compliance. An ideal drug-delivery system should deliver
maximum drug at the disease site; however, this is often not the case in diseases,
such as cancer, where less than 5% of administered drug reaches the tumor site
even when delivered using targeted delivery systems. While nanodrug carriers have
made extensive contributions to increase the circulation time to better leverage the
EPR effect to reach target site, additional efforts need to be made on improving the
delivery of these nanocarriers to the disease site. This requires better understanding
of multiple factors, including disease physiology, regulation of blood vessels and
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blood flow, heterogeneity of disease region as well as physiological barriers. Further-
more, improving models, laboratory practices, and techniques used in conducting
preclinical research can assist in achieving successful bench to bedside translation.
A modified regulatory framework focused on evaluating safety and quality of
targeted drug-delivery systems will further enable clinical success of emerging
technologies. While efforts aimed at improving targeting specificity of delivery
systems are underway, many products, including Abraxane®, an albumin-bound
paclitaxel formulation for the treatment of cancer; liposome-based drugs Caelyx®,
Myocet® (doxorubicin), and Mepact® (mifamurtide); and nanoparticle-based thera-
peutic agents Emend® (aprepitant) for nausea and Rapamune® (sirolimus) for graft
rejection have been marketed for human use and are widely improving patient
outcomes.
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