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A Personal Foreword



Paul Ehrlich, the German scientist who was awarded Nobel Prize in Physiology or Medicine in the year 1908, formulated the “lock‐and‐key theory” of drug and receptor interaction. This was a significant milestone to understand the interaction of the drug molecules with the target receptor to induce any physiological activity, either desired or undesired. All the adverse events or side effects of any drug are linked to the undesired physiological activity induced by these therapeutic agents. And that's where the concept of the targeted drug delivery gains prime importance in the field of medicine. The overall and foremost objective of the drug‐delivery scientist is to deliver the drug at the right site in a desired amount to achieve the cure without inducing any adverse effects.

The present edition focuses especially on the development of drug‐delivery systems on the interface discovery and of clinical development of investigational drugs which covers both approved and marketed drugs, where targeting concept should allow precise delivery of a moiety at the site of action. Most importantly, the issue focuses on the targeted drug delivery of not only small molecules but also complex biologicals such as peptides, proteins, and antibodies.

I would like to thank all the authors for their contribution to this book; without their support, this compilation was not possible. You guys really went out of way to collect all the novel findings in the designated area which significantly increases the overall value of this edition.

My sincere thanks to Dr. Frank Weinreich for his timely guidance, fruitful discussion, and feedback to all the urgent queries. I would also thank to Ms. Stefanie Volk for all her help during the publication work.

Finally, I would like to thank Dr. Helmut Buschmann for all his encouragement; without that, it was simply not possible to edit two books for Wiley‐VCH. Furthermore, I would like to dedicate this book to my Mother (a school drop-out from rural India) whose teachings always helped to fight against all the odds and to excel further.


Mumbai
June 2022

Dr. Yogeshwar Bachhav

Founder and Director

Adex Pharma Consultancy Services
 






Preface



The latest volume in our book series Methods and Principles in Medicinal Chemistry with the book title Targeted Drug Delivery, edited by Yogeshwar Bachhav, highlights the critical role of targeted drug delivery for unmet medical needs, by describing a wide range of different approaches for targeting small‐molecule as well as peptide and macromolecular drugs. In the 15 chapters written by world‐renowned experts in their field, a broad range of specific formulation aspects for different types of drug classes are provided. The art and science to craft good drugs require an ever‐growing plethora of skills from a medicinal chemist. The overall process of drug discovery however requires significant changes to become a more sustainable endeavor. There are many aspects in the evolving role of medicinal chemistry to consider – from potentially encompassing different molecule types to moving closer to biological and pharmaceutical development to chemically navigate efficiently in biological and drug delivery space to better designing effective molecules and addressing the biological target within a living system. The best‐designed molecule for a specific disease is successful only if it can be introduced to a patient safely and efficiently. Formulation is becoming a fast‐growing success factor in drug development, and matrix interactions of drug‐delivery systems are becoming a key role in early development stages.

The editor has intentionally included chapters which put an emphasis on the development on the interface of drug discovery and drug development and not just on approved or marketed drugs. Above all, the book covers the targeting options not only for small molecules but also for complex biologicals such as nucleic acids, peptides/proteins, and antibodies. Key aspects of this field are presented in the following chapters:


	Basics of targeted drug delivery

	Addressing Unmet Medical Needs using Targeted Drug‐Delivery Systems: Emphasis on Nanomedicine‐Based Applications

	Nanocarriers‐Based Targeted Drug‐Delivery Systems: Small and Macromolecules

	Liposomes as Targeted Drug‐Delivery Systems

	Antibody–Drug Conjugates: Development and Applications

	Gene‐Directed Enzyme Prodrug Therapy (GDEPT) as a Suicide Gene Therapy Modality for Cancer Treatment

	Targeted Prodrugs in Oral Drug Delivery

	Exosomes for Drug‐Delivery Applications in Cancer and Cardiac Indications

	Delivery of Nucleic Acids such as siRNA and mRNA using Complex Formulations

	Application of PROTAC Technology in Drug Development

	Metal Complexes as the Means or the End of Targeted Delivery for Unmet Needs

	Formulation of peptides for targeted delivery

	Antibody‐Based Targeted T‐Cell Therapies

	Devices for Active Targeted Delivery: A Way to Control the Rate and Extent of Drug Administration

	Drug Delivery to the Brain: Targeting Technologies to Delivery Therapeutics to Brain Lesions



The present book provides exhaustive review of the advanced technologies evolving in the field of the targeted drug‐delivery systems. The authors especially tried to cover the approaches used to develop fast‐track vaccines in the covid pandemic. Also, there is particular emphasis on the different routes where the targeted delivery concept can be used.

The book editor Yogeshwar Bachhav is a pharmacist by training and has a PhD in advanced drug‐delivery systems from ICT, Mumbai (India). He has around 16 years of post‐PhD experience in Europe in the field of pharmaceutical development of investigational drugs. He has contributed to the success of the clinical candidates ranging from preclinical to phase 1, 2, and 3 trials followed by commercial launch.

Yogesh has worked as a Research Scientist for around four years on a collaborative project between Pantec Biosolutions AG (Lichtenstein) and University of Geneva, Switzerland. After this, he has worked as a Formulation Manager at Debiopharm Group, Lausanne, Switzerland, for around four years in the capacity of a lab head, where he successfully developed preclinical and clinical formulations for oncology indication.

Currently Yogesh is working as a Senior Director at AiCuris Anti‐infective Cures AG Germany and responsible for pharmaceutical development of investigational drugs in the domain of innovative anti‐viral and anti‐bacterial drugs.

Yogesh has also started a consultancy firm called Adex Pharma which deals with solving complex issues in the pharmaceutical development of new and approved drugs since 2016.

Yogesh's expertise in the field of advanced drug‐delivery system comprises pre‐formulation, formulation development of small molecules and/or peptides for oral, dermal, and parenteral applications. Also, he has exposure to in‐house development and outsourcing these novel dosage forms.

Besides several publications in the targeted formulation field, Yogesh is a well‐known expert with over 30 conference proceedings and has been named as inventor in several patent applications. He has already edited a book for Wiley‐VCH in the same book series titled Innovative Dosage Forms: Design and Development at Early Stage.

In summary, the present book will be a very good source of the advanced knowledge in the field of targeted drug‐delivery systems for many medicinal chemists facing the interdisciplinary drug discovery and development interfaces.

With this, we – the series editors – sincerely believe that readers would be highly benefited from the contents of this book.

We, as series editors, would like to thank Yogesh for putting together the brilliant contributions of the authors, all authors for their brilliant contributions, and Frank Weinreich, Stefanie Volk, and their co‐workers for their great support to make this book possible.
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Basics of Targeted Drug Delivery
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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 pharmacological 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 (elimination 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 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.
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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.




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 interaction between drug and a certain protein or moiety on target/disease cells [3]. Targeted 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.

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 accumulation 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 nonspecific drug‐delivery system. A delivery system that results in preferential accumulation 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).
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Figure 1.2 Schematic representing different directed drug‐delivery‐targeting techniques.




1.3.1 Passive Targeting

Often referred to as “no targeting,” passive targeting utilizes the principle to accumulate drugs into specific regions of the body due to inherent features and characteristics of the said tissue. Passive targeting makes use of differences in anatomical features between target tissue and nontarget tissue to ensure preferential accumulation 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 tissue vasculature. Unlike normal vasculature, which is lined with endothelial cells tightly held together, tumor vasculature is more heterogeneous in size and permeability. Depending on the stage of tumor progression and anatomical location, gaps between endothelium range in size from 100 to 780 nm [6, 7]. Additionally, elevated 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. Additionally, low‐molecular‐weight agents that are administered in drug carriers, including 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 Daunosome™ and Doxil™, clinically used anticancer agents. Both Daunsosome and Doxil are liposomal formulations that efficiently 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 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 significantly more effective as compared to systemic administration of paclitaxel [10]. Corticosteroids, a class of drug commonly used in asthma maintenance, are administered 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 environment, 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 microenvironment, 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 components 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 antibodies 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 physical targeting to achieve targeted drug delivery include cancer treatment, chronic lung diseases, including chronic obstructive pulmonary disease (COPD) and cystic fibrosis (CF). Commonly used techniques for physical targeting of drug to pathological 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 degradation 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 noninvasive 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 concerns associated with use of ultrasound radiations, including their effect on cell plasma membrane. Preclinical studies addressing the effect of lower‐energy ultrasound 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 localization 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 magnetite [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, liposomes, 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, 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 significantly 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]. Preclinical studies with rivastigmine‐loaded poly(lactide‐co‐glycolide) (PLGA) and polysorbate 80 (PBCA‐80)‐coated poly(n‐butylcyanoacrylate) nanoparticle formulation 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 accumulation 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 dosing frequency of these agents. This has, however, resulted in lower patient compliance given the systemic side effects induced by increased dosing frequency. Nanodrug‐delivery strategy has shown promising outcomes in management 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 treatment 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 physical 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 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 minimizing 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 platform 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 secondary site. Heterogeneous nature of tumors along with dense tumor microenvironment makes treatment of cancers much more complex. Multiple technologies, including nanoformulations, radiation therapy, immunotherapy, and chemotherapy, 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.



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

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





	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 
  




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 associated with active and passive drug‐delivery strategies are discussed below.


1.6.1 Passive Targeting and EPR Effect

Multiple   physiological barriers are involved in delivery of drug systems that leverage 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 sinusoids 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 governed 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 suggested 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 administering 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 macromolecules, including proteins and nucleic acids. However, targeted carriers carrying macromolecules often undergo endocytosis in the target cell, resulting in degradation 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 substances [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 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 targeted 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, purification, and stability of drug carrier–ligand conjugate, make active drug delivery significantly more challenging with longer timelines and increased cost. Additionally, 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 different 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 
  


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, commercialization 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 ferumoxytol (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 nanocarriers. 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.



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 blood flow, heterogeneity of disease region as well as physiological barriers. Furthermore, 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 therapeutic agents Emend® (aprepitant) for nausea and Rapamune® (sirolimus) for graft rejection have been marketed for human use and are widely improving patient outcomes.



References


	1 Sahay, G., Querbes, W., Alabi, C. et al. (2013). Efficiency of si RNA delivery by lipid nanoparticles is limited by endocytic recycling. Nat. Biotechnol. 31 (7): 653–658.

	2 Millar, S.A., Stone, N.L., Yates, A.S., and O'Sullivan, S.E. (2018). A systematic review on the pharmacokinetics of cannabidiol in humans. Front. Pharmacol. 9: 1365.

	3 Gerber, D.E. (2008). Targeted therapies: a new generation of cancer treatments. Am. Fam. Physician 77 (3): 311–319.

	4 Torchilin, V.P. (2000). Drug targeting. Eur. J. Pharm. Sci. 11 (Suppl. 2): S81–S91.

	5 Bodor, N. (1987). Redox drug delivery systems for targeting drugs to the brain. Ann. N. Y. Acad. Sci. 507: 289–306.

	6 Hobbs, S.K., Monsky, W.L., Yuan, F. et al. (1998). Regulation of transport pathways in tumor vessels: role of tumor type and microenvironment. Proc. Natl. Acad. Sci. U.S.A. 95 (8): 4607–4612.

	7 Yuan, F., Salehi, H.A., Boucher, Y. et al. (1994). Vascular permeability and microcirculation of gliomas and mammary carcinomas transplanted in rat and mouse cranial windows. Cancer Res. 54 (17): 4564–4568.

	8 Dellian, M., Witwer, B.P., Salehi, H.A. et al. (1996). Quantitation and physiological characterization of angiogenic vessels in mice: effect of basic fibroblast growth factor, vascular endothelial growth factor/vascular permeability factor, and host microenvironment. Am. J. Pathol. 149 (1): 59–71.

	9 Gregoriadis, G. (1995). Engineering liposomes for drug delivery: progress and problems. Trends Biotechnol. 13 (12): 527–537.

	10 Sahoo, S.K., Ma, W., and Labhasetwar, V. (2004). Efficacy of transferrin‐conjugated paclitaxel‐loaded nanoparticles in a murine model of prostate cancer. Int. J. Cancer 112 (2): 335–340.

	11 Rapoport, N. (2004). Combined cancer therapy by micellar‐encapsulated drug and ultrasound. Int. J. Pharm. 277 (1‐2): 155–162.

	12 Hafeli, U.O. (2004). Magnetically modulated therapeutic systems. Int. J. Pharm. 277 (1–2): 19–24.

	13 Lubbe, A.S., Alexiou, C., and Bergemann, C. (2001). Clinical applications of magnetic drug targeting. J. Surg. Res. 95 (2): 200–206.

	14 Alexiou, C., Arnold, W., Klein, R.J. et al. (2000). Locoregional cancer treatment with magnetic drug targeting. Cancer Res. 60 (23): 6641–6648.

	15 Mahapatro, A. and Singh, D.K. (2011). Biodegradable nanoparticles are excellent vehicle for site directed in‐vivo delivery of drugs and vaccines. J. Nanobiotechnol. 9: 55.

	16 Zhang, X., Qi, J., Lu, Y. et al. (2014). Enhanced hypoglycemic effect of biotin‐modified liposomes loading insulin: effect of formulation variables, intracellular trafficking, and cytotoxicity. Nanoscale Res. Lett. 9 (1): 185.

	17 Agrawal, A.K., Harde, H., Thanki, K., and Jain, S. (2014). Improved stability and antidiabetic potential of insulin containing folic acid functionalized polymer stabilized multilayered liposomes following oral administration. Biomacromolecules 15 (1): 350–360.

	18 Ko, K.S., Lee, M., Koh, J.J., and Kim, S.W. (2001). Combined administration of plasmids encoding IL‐4 and IL‐10 prevents the development of autoimmune diabetes in nonobese diabetic mice. Mol. Ther. 4 (4): 313–316.

	19 Hernando, S., Gartziandia, O., Herran, E. et al. (2016). Advances in nanomedicine for the treatment of Alzheimer's and Parkinson's diseases. Nanomedicine (London) 11 (10): 1267–1285.

	20 Joshi, S.A., Chavhan, S.S., and Sawant, K.K. (2010). Rivastigmine‐loaded PLGA and PBCA nanoparticles: preparation, optimization, characterization, in vitro and pharmacodynamic studies. Eur. J. Pharm. Biopharm. 76 (2): 189–199.

	21 Md, S., Ali, M., Baboota, S. et al. (2014). Preparation, characterization, in vivo biodistribution and pharmacokinetic studies of donepezil‐loaded PLGA nanoparticles for brain targeting. Drug Dev. Ind. Pharm. 40 (2): 278–287.

	22 Kurakhmaeva, K.B., Djindjikhashvili, I.A., Petrov, V.E. et al. (2009). Brain targeting of nerve growth factor using poly(butyl cyanoacrylate) nanoparticles. J. Drug Targeting 17 (8): 564–574.

	23 Kuo, Y.C. and Lin, C.C. (2015). Rescuing apoptotic neurons in Alzheimer's disease using wheat germ agglutinin‐conjugated and cardiolipin‐conjugated liposomes with encapsulated nerve growth factor and curcumin. Int. J. Nanomed. 10: 2653–2672.

	24 Trapani, A., De Giglio, E., Cafagna, D. et al. (2011). Characterization and evaluation of chitosan nanoparticles for dopamine brain delivery. Int. J. Pharm. 419 (1–2): 296–307.

	25 Ye, L., Guan, X., Tian, J. et al. (2013). Three‐month subchronic intramuscular toxicity study of rotigotine‐loaded microspheres in SD rats. Food Chem. Toxicol. 56: 81–92.

	26 Tian, J., Du, G., Ye, L. et al. (2013). Three‐month subchronic intramuscular toxicity study of rotigotine‐loaded microspheres in Cynomolgus monkeys. Food Chem. Toxicol. 52: 143–152.

	27 Weissleder, R., Nahrendorf, M., and Pittet, M.J. (2014). Imaging macrophages with nanoparticles. Nat. Mater. 13 (2): 125–138.

	28 Morishige, K., Kacher, D.F., Libby, P. et al. (2010). High‐resolution magnetic resonance imaging enhanced with superparamagnetic nanoparticles measures macrophage burden in atherosclerosis. Circulation 122 (17): 1707–1715.

	29 Hausenloy, D.J. and Yellon, D.M. (2013). Myocardial ischemia‐reperfusion injury: a neglected therapeutic target. J. Clin. Invest. 123 (1): 92–100.

	30 Yajima, S., Miyagawa, S., Fukushima, S. et al. (2019). Prostacyclin analogue‐loaded nanoparticles attenuate myocardial ischemia/reperfusion injury in rats. JACC Basic Transl. Sci. 4 (3): 318–331.

	31 Chen, X., Huang, W., Wong, B.C. et al. (2012). Liposomes prolong the therapeutic effect of anti‐asthmatic medication via pulmonary delivery. Int. J. Nanomed. 7: 1139–1148.

	32 Clemens, D.L., Lee, B.Y., Xue, M. et al. (2012). Targeted intracellular delivery of antituberculosis drugs to Mycobacterium tuberculosis‐infected macrophages via functionalized mesoporous silica nanoparticles. Antimicrob. Agents Chemother. 56 (5): 2535–2545.

	33 Kabbinavar, F., Hurwitz, H.I., Fehrenbacher, L. et al. (2003). Phase II, randomized trial comparing bevacizumab plus fluorouracil (FU)/leucovorin (LV) with FU/LV alone in patients with metastatic colorectal cancer. J. Clin. Oncol. 21 (1): 60–65.

	34 O'Brien, M.E.R., Wigler, N., Inbar, M. et al. (2004). Reduced cardiotoxicity and comparable efficacy in a phase III trial of pegylated liposomal doxorubicin HCl (CAELYX/Doxil) versus conventional doxorubicin for first‐line treatment of metastatic breast cancer. Ann. Oncol. 15 (3): 440–449.

	35 Sadava, D., Coleman, A., and Kane, S.E. (2002). Liposomal daunorubicin overcomes drug resistance in human breast, ovarian and lung carcinoma cells. J. Liposome Res. 12 (4): 301–309.

	36 Zhong, Q., Bielski, E.R., Rodrigues, L.S. et al. (2016). Conjugation to poly(amidoamine) dendrimers and pulmonary delivery reduce cardiac accumulation and enhance antitumor activity of doxorubicin in lung metastasis. Mol. Pharmaceutics 13 (7): 2363–2375.

	37 Li, H.J., Du, J.Z., Liu, J. et al. (2016). Smart superstructures with ultrahigh pH‐sensitivity for targeting acidic tumor microenvironment: instantaneous size switching and improved tumor penetration. ACS Nano. 10 (7): 6753–6761.

	38 Patra, J.K., Das, G., Fraceto, L.F. et al. (2018). Nano based drug delivery systems: recent developments and future prospects. J. Nanobiotechnol. 16 (1): 71.

	39 Zhong, H., Chan, G., Hu, Y. et al. (2018). A comprehensive map of FDA‐approved pharmaceutical products. Pharmaceutics 10 (4): 263.

	40 Sadauskas, E., Wallin, H., Stoltenberg, M. et al. (2007). Kupffer cells are central in the removal of nanoparticles from the organism. Part. Fibre Toxicol. 4: 10.

	41 Chauhan, V.P. and Jain, R.K. (2013). Strategies for advancing cancer nanomedicine. Nat. Mater. 12 (11): 958–962.

	42 Ernsting, M.J., Murakami, M., Roy, A., and Li, S.D. (2013). Factors controlling the pharmacokinetics, biodistribution and intratumoral penetration of nanoparticles. J. Controlled Release 172 (3): 782–794.

	43 Bogart, L.K., Pourroy, G., Murphy, C.J. et al. (2014). Nanoparticles for imaging, sensing, and therapeutic intervention. ACS Nano. 8 (4): 3107–3122.

	44 Huang, B., Abraham, W.D., Zheng, Y. et al. (2015). Active targeting of chemotherapy to disseminated tumors using nanoparticle‐carrying T cells. Sci. Transl. Med. 7 (291): 291ra94.

	45 Rosenblum, D. and Peer, D. (2014). Omics‐based nanomedicine: the future of personalized oncology. Cancer Lett. 352 (1): 126–136.

	46 Paliwal, R., Babu, R.J., and Palakurthi, S. (2014). Nanomedicine scale‐up technologies: feasibilities and challenges. AAPS Pharm. Sci. Tech. 15 (6): 1527–1534.

	47 Colombo, A.P., Briancon, S., Lieto, J., and Fessi, H. (2001). Project, design, and use of a pilot plant for nanocapsule production. Drug Dev. Ind. Pharm. 27 (10): 1063–1072.

	48 Ramanathan, R.K., Korn, R.L., Raghunand, N. et al. (2017). Correlation between ferumoxytol uptake in tumor lesions by MRI and response to nanoliposomal irinotecan in patients with advanced solid tumors: a pilot study. Clin. Cancer Res. 23 (14): 3638–3648.








2
Addressing Unmet Medical Needs Using Targeted Drug‐Delivery Systems: Emphasis on Nanomedicine‐Based Applications

Chandrakantsing Pardeshi1 Raju Sonawane1 and Yogeshwar Bachhav2

1R. C. Patel Institute of Pharmaceutical Education and Research, Department of Pharmaceutics, Shirpur, 425 405, India

2Adex Pharmaceutical Consultancy Services (OPC) Pvt Ltd., Mumbai, India



2.1 Introduction

The prime goal of drug‐delivery research is to improve patient compliance by formulating clinically efficient drug products. Current scenario aims at developing targeted drug‐delivery systems that deliver therapeutics at specific target sites in the body in therapeutically acceptable doses, after administration [1]. Here, while delivering the drug at desired sites (cell, tissue, or organ), the severity of the adverse effects could be reduced significantly. Thus, ideal drug delivery should be capable of finding a potential, highly specific target. In addition, the targeted drug delivery would reduce the effective dose and dosing frequencies required for disease treatment [2].

An ideal targeted drug‐delivery system should avoid the off‐target toxicity in normal cells [3, 4]. A targeted drug‐delivery system additionally protects the therapeutic agent from degradation by the pH of the tissue environment where it is supposed to exert the therapeutic effect or due to the enzymatic activity.

A successful targeting can be achieved by chemically attaching a receptor‐specific ligand to the surface of the drug carrier or by the use of external stimuli, such as magnetic field, pH change, temperature change, or ultrasound [5, 6].

During the course of targeting, the targeted drug‐delivery systems are expected to reach the intended target with minimal nonspecific accumulation. The physical adsorption, chemical conjugation with the targeting ligand, or encapsulation of drug within the carrier should neither alter the drug's action at target site nor the function of ligand or carrier to reach the intended site of action [7, 8]. Thus, effective targeted drug‐delivery systems require four key elements – retainment, evasion, targeting, and release. The targeted drug‐delivery systems are highly complex systems and involve integration of various disciplines viz. biology, chemistry, physics, engineering, and medicine [9]. The current unmet needs and challenges in this area were summarized by Alexander Florence who is one of the few who raised awareness on the exaggerated claims of nanoparticle‐based drug targeting [1, 10].

The major strategies of drug targeting have been categorized into two types viz. active and passive targeting. The term active targeting represents the interactions between drug or drug‐loaded carriers with the specific receptors present on the surface of the target cells, usually mediated through specific ligands [11]. Passive targeting refers to the accumulation of a drug‐carrier system or drug targeting at a precise site (particular regions of the body, due to the natural features and physiological role of said tissues); it may be attributed to chemical, physical, pharmacological, and biological aspects of the disease. The carrier size and surface properties of the drug‐targeted systems must be specially controlled to prevent the uptake by the reticuloendothelial system (RES) to maximize the targeting capability, and increase the systemic circulation of the drug‐containing carrier [12, 13].

The present idea of developing targeted drug‐delivery systems was originated in early twentieth century from the observations of Paul Ehrlich (a German physicist and Nobel laureate), who proposed a hypothesis of magic bullet concept. Strategic efforts have been taken over the past few decades to investigate several options for achieving selective drug targeting [13, 14]. While developing targeted drug‐delivery systems, pharmaceutical nanoparticulate carriers (nanomedicines) offer several benefits, as listed below to minimize the potential systemic side effects.


	protection of encapsulated drug from biological and/or chemical degradants

	increased apparent aqueous solubility of drug

	enhanced residence time at the site of absorption

	enhanced cellular internalization

	controlled release kinetics of the encapsulated drug

	targeted drug delivery through surface modification of the therapeutic nanocarriers with specific ligand

	In addition, targeted drug‐delivery systems also suffer few limitations viz rapid clearance of the targeted systems, sometimes immune reactions against such targeted systems, requirement of highly skilled manufacturing and sophisticated technology for formulation development, and difficulty in maintaining stability of formulation at the target site [13–15].



Though the present chapter preliminarily focuses on the basic concepts, types, and strategies of targeted drug‐delivery systems, the major emphasis is also to explore the nanomedicine‐based systems to address the unmet medical needs.

In view of this, Figure 2.1 illustrates the diagrammatic representation of the various targeting approaches, types of targeting, ligands, and targeted nanocarriers. We believe that this compilation would be helpful for the readers and researchers who engaged in developing novel nanomedicines intended for various targeted drug‐delivery applications.

  [image: Schematic illustration of the various targeting approaches, types of targeting, ligands, and targeted nanocarriers.]

Figure 2.1 Schematic representation of the various targeting approaches, types of targeting, ligands, and targeted nanocarriers.





2.2 Targeted Drug‐Delivery Systems for Unmet Medical Needs

Target refers to the specific tissue, organ, or a cell or group of cells, which in chronic or acute pathophysiological condition needs medical treatment. Carrier is one of the special molecules or systems essentially required for effective transportation of laden drugs to the preselected target site. They have engineered vectors, which retain the drug inside or onto them either via encapsulation or via spacer moiety and transport or deliver it either inside or into the vicinity of the target cell [16].

While adopting different drug‐targeting strategies, the complex nature of biological systems, from macroscale level (tissues and organs) to the molecular or atomic level (cell or cell constituent) need to be considered (Figure 2.2). It is expected that the drug binds specifically and effectively to the molecular determinant involved in a disease. Moreover, safe and efficient transport of the therapeutic cargo from the tissue or organ to the cell, or cell constituent could be achieved by utilizing a drug‐targeting strategy that overcomes the most common challenges posed by the variety of barriers in the body, such as low diffusion of ligand‐gated carrier into tissues and tissue heterogeneity [17].

Figure 2.3 illustrates the design of an ideal ligand‐targeted drug‐delivery system. It is made of a targeting ligand (lectin, lactoferrin, peptide, aptamer, or antibody) linked to the therapeutic or diagnostic payload via a cleavable linker and a spacer [19].

  [image: Schematic illustration of levels of drug targeting.  Source: Reproduced from Muro  with kind permission of Elsevier.]

Figure 2.2 Levels of drug targeting. 

Source: Reproduced from Muro [17] with kind permission of Elsevier.
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Figure 2.3 A schematic illustration of an ideal ligand‐targeted drug‐delivery system.

Source: Modified after Vyas and Sihorkar [18].




2.2.1 Targeting Ligands

The term ligand refers to a component that is coupled to the drug molecule to achieve active targeting and that possess affinity toward a specific receptor present at the disease site (on the surface of a cell, tissue, or organ). A drug can be coupled to the ligand either directly by chemical conjugation or indirectly through encapsulation into a carrier, most preferably nanocarrier [17, 18].

Basically, there are two main types of ligands viz intracellular ligands (ligands that bind to receptors inside the cell), and extracellular ligands (ligands that bind to receptors outside the cell). Several strategies have been explored by researchers around the globe for the design and investigation of the installation of ligands on the surface of nanocarriers intended for therapeutic, diagnostic, and theranostics applications. The attachment of ligands on the nanocarrier surface is a complex task involving knowledge of the properties of both the ligand and the nanocarrier to maintain the structures of both the participants as well as the stability of the formed ligand–nanocarrier construct [20].

The targeting ligands can be installed onto the surface of nanocarrier either through preconjugation of the ligands to the materials prior to formulating nanocarriers (Figure 2.4a) or by physically attaching the ligands to the surface after formulating nanocarriers (Figure 2.4b). In the preconjugation strategy, ligands can be applied to initiate polymerization of the polymers that will assemble into nanocarriers. In general, preconjugation of ligands is ideal for chemistry‐based conjugation, which is suitable for most of the ligands, including small molecules, peptides, and aptamers, whereas the postattachment route may benefit the ligands that are sensitive to chemical environments, such as antibodies. Conjugation of ligands can also be done by covalent bonding (Figure 2.4c) through amide bond formation between the amine groups present in ligand and carboxyl groups on the surface of nanocarriers, mediated using cross‐linkers, such as 3‐(3‐dimethylaminopropyl)‐1‐ethylcarbodiimide hydrochloride (EDC), and N‐hydroxysuccinimide (NHS). In addition, targeting ligands can be attached to the surface of nanocarriers through physical adsorption by utilizing affinity complexes (Figure 2.4d) [20].

In execution of successful targeting, the ligand‐installed nanocarriers suffer many challenges viz enzymatic degradation, potential immune reaction, and uptake by RES. Therefore, various ligand presenting strategies have been investigated by the researchers to maximize the ligand efficacy in the diseased region while minimizing the potential risks during administration [20].

These ligand presentation strategies include (i) directly presenting ligands on the surface of nanocarriers, (ii) uncaging of the ligand through the light‐triggered activation, (iii) ligand exposure through pH, enzyme‐triggered degradation of the surface polymeric coating, (iv) conformation change of ligand‐supporting materials, and (v) reversible shielding between dual ligands [20–26].


2.2.1.1 Small Molecules as Targeting Ligands

Li et al. [27] have recently developed a novel glucose‐functionalized (glucose transporter‐1 [GLUT‐1]) targeting, tumor microenvironment responsive, and drug‐delivery system made of polydopamine nanoparticles (PDA NPs). Photothermally triggered cytosolic drug‐delivery system was designed by conjugation of bortezomib (BTZ, an anticancer agent) to the catechol groups of PDA NPs in a pH‐dependent manner so as to efficiently accumulate in tumor site and localize in subcellular endo/lysosomes of tumor cells. In addition, they could respond to tumor microenvironment and endo/lysosomal pH as well as near infrared irradiation (NIR) to promote the robust release of BTZ. Authors concluded that the GLUT1‐targeting, pH, and photothermal‐responsive drug‐delivery NPs showed great potential for widely used chemophotothermal tumor therapy [27].

  [image: Schematic illustration of strategies of installation of targeting ligands on the surface of nanocarriers.]

Figure 2.4 Strategies of installation of targeting ligands on the surface of nanocarriers. (a) Strategies for preconjugation and (b) postconjugation of ligands during nanocarrier formulation. Strategies of (c) bioconjugation and (d) physical attachment of ligands on formulated nanocarrier surface. 

Source: From Mi et al. [20]. Republished with permission of John Wiley and Sons.





2.2.1.2 Aptamers as Targeting Ligands

The  word aptamer is derived from the Latin word aptus, which means, “to fit.” Aptamers (first reported by Ellington and Gold in 1990) are single‐stranded DNA or RNA sequences that can specifically bind to targets by folding into well‐defined three‐dimensional structures [28, 29].

Xing et al. [30] developed a doxorubicin (DOX) doped liposome for the real drug delivery in vitro and in vivo cancer models.

As shown in Figure 2.5, the chemotherapeutic drug DOX was doped in the aqueous core of the liposome, and AS1411aptamer (targeted to nucleolin) was attached to liposome through the hydrophobic interaction between lipid bilayer membranes and the cholesterol end on the aptamer. With this functionalized liposome, the drug delivery and therapeutic efficiency to target cancer cells and tissues were investigated, which showed improved anticancer efficacy targeting the MCF‐7 breast cancer cells and xenograft MCF‐7 breast tumors in nude mice. The modification of polyethylene glycol (PEG) on the surface of liposome not only increased its biocompatibility but also prolonged the circulating half‐life, which enhanced the targeting efficiency to the tumor tissues in mice [30].

  [image: Schematic illustration of nucleolin aptamer-functionalized liposome for in vitro and in vivo cancer therapy.]

Figure 2.5 Schematic illustration of nucleolin aptamer‐functionalized liposome for in vitro and in vivo cancer therapy. Cholesterol‐modified DNA strands were immobilized onto the surface of liposome by intercalating the 30‐cholesterol modification into the lipid bilayer.

Source: Xing et al. [30] with kind permission of the, The Royal Society of Chemistry, London.





2.2.1.3 Antibodies as Targeting Ligands

Antibodies are typically 200–300 nm‐sized proteins and part of immune system. Following conjugation to nanoparticles, these antibodies can deliver a therapeutic or theranostic agent to a specific diseased site, maybe a tissue or organ [31].

Scindia et al. [32] specifically targeted the alpha 8 (α8) integrin receptors overexpressed on the glomerular mesangial cells in lupus glomerulonephritis (GN; inflammation of the glomeruli of kidneys) by preparing anti‐α8 integrin antibody conjugated immunoliposomes (ILs). These immunoliposomes (ILs) were loaded with DiI, a red fluorescent dye, to allow tracking in vivo and injected into the tail vein of female mice at different ages. Specificity of targeting was studied by fluorescence microscopy and flow cytometry. Delivery by anti‐α8 integrin ILs was specific to the kidney even in the severely nephritic mice. Thus, targeted delivery by anti‐α8 integrin ILs opens a novel method for treatment of glomerular diseases in humans. Authors stated that this method can be used for the treatment of a diverse range of chronic glomerular diseases, in addition to lupus GN, and will facilitate the concept of end‐organ‐targeted therapies in renal disease [32].



2.2.1.4 Lectins as Targeting Ligands

Lectins  are plant‐derived proteins or glycoproteins with high specificity for sugar (carbohydrate) moieties and are able to recognize and bind specifically to the glycan arrays of glycosylated lipids and proteins. In the last two decades, several investigations have reported the conjugation of lectins on colloidal carrier systems. Among them, wheat germ agglutinin (WGA), odorranalectin, Solanum tuberosum lectin, and Ulex europaeus agglutinin I (UEA‐I) have been investigated widely for targeted drug delivery [15].

Chen et al. [33] constructed the S. tuberosum lectin (STL)‐conjugated poly (DL‐lactic‐co‐glycolic acid) nanoparticles (PLGA NPs) as novel biodegradable and targeted nose to brain drug‐delivery system. The aim of this study was to investigate the in vitro cellular uptake and brain‐targeting efficiency of STL–PLGA NPs compared to unmodified NPs. The in vitro uptake study showed markedly enhanced endocytosis of STL–PLGA NPs compared to unmodified PLGA NPs in Calu‐3 cells. In addition, STL–PLGA NPs demonstrated 1.89–2.45 times (p < 0.01) higher brain‐targeting efficiency in different brain tissues of Sprague–Dawley rat model than unmodified NPs. These findings suggested that the conjugation of STL on the surface of PLGA NPs could enhance the targetability of prepared nanoformulation and could serve as a promising brain drug‐delivery system [33].



2.2.1.5 Lactoferrins as Targeting Ligands

Lactoferrin (Lf) is a natural cationic iron‐binding glycoprotein belonging to the transferrin (Tf) family. Extensive histological investigations reported that the Lf receptors (LfR) are highly expressed on the apical surface respiratory epithelial cells and the brain cells, such as brain endothelial cells and neurons. Lf also possesses the ability to cross the BBB, and therefore, it has also been widely investigated for the targeted delivery of neurotherapeutics [15]. Furthermore, it has been proved that the Lf is safer than lectins [34].

Meng et al. [35] developed a Huperzine A (HupA)‐loaded PLGA NPs surface modified with Lf‐conjugated N‐trimethylated chitosan (TMC) (HupA Lf‐TMC NPs) for safe and efficient intranasal delivery of HupA to the brain for the treatment of Alzheimer's disease (AD). The HupA Lf‐TMC‐PLGA NPs were prepared by emulsion–solvent evaporation method and optimized using Box–Behnken experimental design. MTT assay was used to evaluate the cytotoxicity of the NPs. In vivo imaging system was used to investigate brain‐targeting effect of NPs after intranasal administration. The biodistribution of HupA‐loaded NPs after intranasal administration was determined by liquid chromatography–tandem mass spectrometry. HupA Lf‐TMC NPs showed lower toxicity in the 16HBE cell line compared with HupA solution. Qualitative and quantitative cellular uptake experiments indicated that accumulation of Lf‐TMC NPs was higher than nontargeted analogs in 16HBE and SH‐SY5Y cells. In vivo imaging results showed that Lf‐TMC NPs exhibited a higher fluorescence intensity in the brain and a longer residence time than nontargeted NPs.




2.2.2 Targeting Approaches


2.2.2.1 Disease‐Based Targeting

This  section highlights the disease‐based targeting approaches for the delivery of nanomedicines as an effective strategy against therapy of various diseases (cancer and infectious diseases viz. tuberculosis, malaria, human immunodeficiency virus [HIV], and so on).


2.2.2.1.1 Tumor Targeting

Nanoparticle‐mediated  targeted drug‐delivery systems have been designed to promote the therapeutic delivery to the tumor sites, minimizing the side effects associated with the use of free drug and main aim should be to have accumulation of NPs in tumors by the enhanced permeation and retention (EPR) effect. Tumor treatment necessitates optimum dose of therapeutic agent to be delivered to the tumors. The intravenously (IV) administered drug or drug‐NPs need to circulate in the bloodstream, extravasate (cross the vascular walls) into the interstitium, and penetrate the tumors [36, 37]. Several nanoformulations have recently been approved for the treatment of cancer clinically viz. Myocet® (liposomal doxorubicin), Daunoxome® (liposomal daunorubicin), Doxil® (liposomal doxorubicin), Depocyt® (liposomal cytarabine), Genexol‐PM® (paclitaxel‐loaded polymeric micelle), Abraxane® (albumin‐bound paclitaxel particles), and additionally, other products are in the various stages of the clinical trials viz. Rituxan® (rituximab), Herceptin® (trastuzumab), Campath® (alemtuzumab) and so on [3].

Tumors can be targeted both passively as well as actively by using NPs. Passively, NPs of size up to 500 nm can extravagate the leaky tumor vasculature via EPR. To avoid RES uptake, often these NPs are PEGlyated [38]. NPs can also be targeted actively by conjugating targeting ligands (aptamers, lectins, transferrin, folate, and antibodies) on their surface [39].



2.2.2.1.2 Targeting Infectious Diseases

Bacteria,  viruses, fungi, and other such microorganisms are the major sources of infectious diseases (malaria, tuberculosis, HIV/AIDS, cholera, and several other diseases). Essentially, the antimicrobial compounds inhibit or interrupt important cell cycle processes of the microorganisms and kill them. However, there is increased risk of developing resistance and many new antimicrobials are currently in the early stages of clinical trials to address this multidrug resistance. This situation requires the use of targeted drug‐delivery approach for treating infectious diseases [3, 40].

Nanoparticles‐mediated targeted drug‐delivery systems have attracted several research groups worldwide to focus potentially on the advantages of these systems, such as:


	ability to deliver drugs/genes

	sustained action, ability to deliver drug combinations

	fewer incidence of systemic side effects

	overcome drug resistance [40].



Ligand‐conjugated nanocarriers have been found to be highly effective against infectious diseases. Lectin‐conjugated gliadin NPs were investigated for targeting Helicobacter pylori infections [41]. Also, a DC3‐9dR‐mediated delivery of siRNA targeting the tumor necrosis factor‐alpha (TNF‐α) was investigated for targeting the dendritic cells and to suppress the viral replication in dengue [42].

Li et al. [43] have recently developed PLGA‐based NPs of dapsone and clofazimine for the treatment of tuberculosis. The aim of the investigation was to overcome poor solubility of clofazimine and to avoid production of toxic metabolites due to first‐pass metabolism of dapsone following oral administration. The NPs were prepared by emulsion–solvent evaporation method. It was observed that the PLGA‐based NPs of dapsone and clofazimine targeted the deep lungs and exhibited higher therapeutic efficiency in the in vivo experiments compared to dapsone–clofazimine solution which might be attributed to the enhanced distribution and sustained release of the drugs from the nanoparticulate system. In conclusion, authors stated that the PLGA NPs of dapsone–clofazimine combination would be a cost‐effective, safe, efficacious, and clinically pertinent novel dosage form for the delivery of these anti‐TB drugs systemically [43]. A similar study has been reported by Pandey & Khuller [44] who developed nebulized solid lipid particles (SLNs) incorporating a combination of rifampicin, isoniazid, and pyrazinamide for bronchoalveolar drug delivery in Mycobacterium tuberculosis‐infected guinea pigs. The nebulized formulation achieved complete removal of the tubercle bacilli from the lungs and spleen after just seven doses of pulmonary administration compared to forty‐six oral doses of bulk drug solutions [44].

Malaria is another widespread infectious disease caused by the four species of the parasitic protozoans of the genus Plasmodium: Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae, and Plasmodium ovale. Owing to serious side effects and drug resistance associated with current therapy, there is an urgent need for targeted drug therapy against malaria. In milieu of this, Marques et al. [45] developed primaquine‐loaded liposomes functionalized with covalently bound heparin for targeted delivery to Plasmodium‐infected RBCs (pRBCs) [45]. Mosqueira et al. [46] formulated parenteral formulation of poly(D,L‐lactide) (PLA) or PEGylated PLA nanocapsules loaded with halofantrine. The passively targeting PEGylated nanocapsules were observed to be both long‐circulating and cytotoxic to the parasites. The halofantrine‐loaded nanocapsules showed activity that was similar to or better than that of the solution‐based formulation in the 4‐day test and as a single dose in severely infected mice. Nanocapsules increased the area under the curve for halofantrine in plasma more than sixfold compared with the solution throughout the experimental period of 70 hours. In addition, nanocapsules induced a significantly faster control of parasite development than the solution in the first 48 hours posttreatment. The parasitemia has fallen more rapidly using PLA nanocapsules, and the effect was more sustained in case of PEGylated PLA nanocapsules [46].

Antiretroviral drugs are the major means of effective management of HIV and prevent its progression toward AIDS. Theoretically, all stages in the life cycle of HIV are potential targets for antiretroviral therapy [47, 48]. Along with the treatment based on different categories of anti‐HIV/AIDS drugs, combination therapy has been a major revolution in the treatment of HIV/AIDS. This therapy is specifically designated as highly active antiretroviral therapy (HAART) [48]. Today, the most severe problem with HIV/AIDS therapy is the emergence of multidrug resistance (MDR) against antiretroviral agents during the course of therapy, which leads to poor clinical outcomes [48]. NPs‐based targeted delivery of antiretroviral therapeutics has widely been investigated to target the mononuclear phagocytic system (MPS) cells viz. monocytes/macrophages (Mo/Mac), common reservoirs for HIV virus [49]. Wu et al. [50] reported the galactosylated liposomes of azidothymidine palmitate (AZTP) for active targeting of AZT to the hepatocytes which otherwise act as reservoirs for HIV [50]. Garg and Jain [51] studied the azidothymidine (AZT)‐loaded galactosylated liposomes targeting the lectin receptors present on the macrophages.

A single IV dose of galactosylated liposomal encapsulated AZT was investigated in Sprague–Dawley rats to get insight into bone marrow toxicity, plasma and tissue distribution of free drug.

The maximum cellular uptake and no significant hematological toxicity were observed with AZT‐loaded galactosylated liposomes. Present formulation has maintained a significant level of AZT in the tissues rich with galactose‐specific receptors and had a prolonged residence in the body resulting in enhanced half‐life of AZT, thereby enhancing the anti‐HIV efficiency in the selected animal model [51].




2.2.2.2 Location‐Based Targeting

Present  section highlights the targeted drug‐delivery approaches for the organ‐specific (brain, lungs, liver, and kidney) delivery of nanotherapeutics.


2.2.2.2.1 Brain Targeting

A range of polymers and/or polymer derivatives has been explored for surface modification of the fabricated nanocarriers to enhance the residence time of the nanoformulations on the nasal mucosal membrane, which will further aid in improved targetability; following the direct nose‐to‐brain delivery of neurotherapeutics [15].

Recently, Pardeshi and Belgamwar [52] have investigated the fabrication of flaxseed oil‐based neuronanoemulsions (NNEs), which were further surface‐modified with TMC to prepare mucoadhesive neuronanoemulsion (mNNE) intended for the direct nose‐to‐brain drug delivery. The NNEs were loaded with high‐partitioning ropinirole‐dextran sulfate (ROPI‐DS) nanoplex and fabricated using the hot high‐pressure homogenization (HPH) technique. The NNEs were optimized using central composite experimental design. The primary objective was to provide a controlled drug release with prolonged residence on the nasal mucosa for the treatment of Parkinson's disease (PD). Enhanced brain targeting through direct nose‐to‐brain drug delivery and improved therapeutic efficacy through enhanced retention of mNNE formulation over the nasal mucosal membrane led to the reduction of the dose and frequency of administration and also the higher safety.

The mNNE formulation was administered to the Swiss albino mice model via the intranasal route, and both the plasma and brain pharmacokinetics were estimated in comparison to intravenously administered mNNE formulation and intranasally administered aqueous ROPI suspension. The in vivo studies performed on mice exhibited the high brain‐targeting efficiency of mNNE formulation through the nose‐to‐brain delivery via the olfactory pathway. Following the intravenous administration, at each time point, the concentration of ROPI from mNNE formulation was higher in the plasma compared with the brain (Figure 2.6a). Following the intranasal administration, at each time point studied, the concentration of ROPI was higher in the brain from mNNE formulation compared with aqueous ROPI suspension (Figure 2.6b). The mNNEs formulation also showed the highest brain–blood ratio (Figure 2.6c), thereby suggesting the high brain‐targeting efficiency as compared to aqueous ROPI PDS suspension and NNEs formulation, after the intranasal administration [52].



2.2.2.2.2 Lung Targeting

The lungs provide a large surface area and a thin epithelial layer perfused with continuous blood flow. Targeting the lungs assists in avoiding the first‐pass effect faced by oral drugs and provides quick systemic drug administration for the treatment of respiratory diseases, such as asthma, TB, cystic fibrosis, chronic obstructive pulmonary disease (COPD), and lung cancer. Targeted drug delivery via pulmonary administration overcomes the major barriers viz. mucus layer and enzymatic degradation, thereby making lungs favorable site for drug and/or gene delivery [3, 53].

  [image: Schematic illustration of (a) Plasma concentrations vs. time profile of ROPI PDS and mNNE formulations after intranasal and intravenous administration. (b) Brain concentrations vs. time profile of ROPI PDS and mNNE formulations after intranasal and intravenous administration, and (c) the brain-blood ratio of ROPI PDS (i.n.), mNNEs (i.n.), and mNNEs (i.v.) formulations in Swiss albino mice model. ]


































































OEBPS/images/c02f001.png
v Peptides
v Aptamers
v Antibodies
v’ Lectins

v’ Lactoferrins

v’ Polymer based
v’ Lipid based
v Oil based

v" Inorganic

Targeting
ligands

Targeting
approaches

Targeted
nanocarriers

Passive
Active
Physical
Inverse

Dual
Combination

v" Disease based
v Location based
v' Trigger based





OEBPS/images/titlepage.png
W11 EY-VCH





OEBPS/images/c01f002.png
Normal blood vessels and endothelial cells Diseased blood vessels and endothelial cells

[6[TO0JoTo
X

*

Increased Exposure of Conjugation with Ultrasound/
permeability endogenous pH/temperature- magnetic field
of endothelial antigen sensitive linkers
cell membrane
Ligand/ .
antibody
EPR effect modification
Passive “Active ~ Physical
" targeting targeting targeting

 Drugcarrier ®Drug (' Antibody . Nucleic acid

/ Chemical moiety ~ «  Disease cell






OEBPS/images/c01f001.png
100%

- Intravenous

——Oral herapeutic index (TI),

50% pe====ofrmmcmmmeaeeaas

Plasma concentration

O,
0 4 8 12 16 20 % ED50

(b) Dose

N
5

=
=
3
@





OEBPS/images/9783527827879.jpg
WILEY-VCH

Edited by
Yogeshwar Bachhav

Targeted
Drug Delivery

Volume 82
Series Editors:
R. Mannhold,
H. Buschmann, J. Holenz






OEBPS/images/c02f006.png
30000
——ROPI PDS (i.n.) —=—mNNE (in) —s—mNNE (i.v.)

)

25000

ng mL

20 000

15000

10 000

a
o
o
o

Plasma drug concentrations

- T T T
¥ ¥

0 100 200 300 400 500 600 700 800
Time (min)

O

30 000

——ROPI PDS (i.n.) —e—mNNE (i.n.) —s— mNNE (i.v.)

25000

gmL~

£
~ 20000
15 000

10 000

Brain drug concentration:

ol
o
o
o

I X
0 100 200 300 400 500 600 700 800
Time (min)

—
(=)
~

1.8
1.6
1.4
1.2

0.8
0.6
0.4

-
0

ROPI-PDS-i.n. mNNE-i.n. ’ mNNE-i.v. ‘

Brain—blood ratio

| 1} 1]
(c) Animal groups






OEBPS/images/hyphen.png





OEBPS/images/c02f003.png
Therapeutic or
diagnostic cargo

/

Cleavable
linker

v Small molecules
v’ Therapeutic genes
v' Proteins

v’ Peptides

v" Chemotherapeutics
v’ Diagnostics

Spacer

Targeting
ligand

v" Small molecules
v Peptides
v’ Aptamers
v' Antibodies
v Lectins

v’ Lactoferrins






OEBPS/images/c02f002.png
(TR —————,
Organ/tissue Cellular
P ——_

: Nontargeted Targeted
Nontargeted = Targeted
TS —T T ————
Subcellular Molecular
Target
Nucleus {—————__Drug

Dashed lines represent cell borders





OEBPS/images/c02f005.png
Q Q
-
/\/\/\/\/\/\/\/\)J\O /\,.(\O’RO\,O/\/N\
o0 H

HSPC °
[¢] 9 H
-./v _ /\/\/\/\/\/\/\/\)J\O/YH\O, FE;O/\/Nm/(OCHQCHZ)‘,SOCH3
= O o
mPEG-DSPE M
@ =
Cholesterol

5 -GGT GGT GGT GGT TGT GGT GGT GGT GGT (T);, - Cholesterol - 3
Nucleolin aptamer





OEBPS/images/c02f004.png
Preconjugation of ligands
AN 7, §
\/W Self-assembly ‘/\/\,

+

@ @

Postconjugation of ligands

)

4 \ Ligand
~ L. —
b R

Bioconjugation of ligands
N3

Q&] Ligand
BCO

Ny

Physical attachment of ligands
SEEEES

+

VZ\VZ\N

+

Self-assembly

¥, # Ligand

(d) A






