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Preface

Advances in drug delivery strategies have been phenomenal throughout the past few
decades. The discovery of new drugs has been keenly matched by developments to
ensure their effective delivery. Often, drugs considered hopeless have been revived
through the design of drug delivery systems. Optimizing drug dosage regimens
based on understanding the disease condition, developing patient-friendly systems
to address compliance and other innovative approaches is the order of the day.
Nevertheless the same has been challenged arduously by the development of resis-
tance, particularly in cancer and infectious diseases. The threat today is the develop-
ment of not just multidrug resistance but total drug resistance, which could spell
impending doom.

Targeted drug delivery presents an optimal strategy to tackle such challenges.
From ensuring high drug localization at the sites of action, and hence improved
therapy, to limiting drug toxicity in other organs, targeted drug delivery presents a
host of opportunities to revolutionize medicine. Such delivery relies heavily on
nano drug delivery systems and presents manifold opportunities. Nevertheless, tar-
geted drug delivery using nanosystems is fraught with numerous challenges.

The objective of this book is to serve as a complete reference guide for targeted
drug delivery and as a ready reference for all aspects related to the theme. The book
has been structured into eight sections to address the need of beginners and estab-
lished researchers. Part I is an overview of the basic principles of drug targeting and
possible applications therein. Part II covers the important subject of disease-based
targeting with a focus on cancer and infectious diseases. Part III and IV discuss in
sequence-relevant aspects related to organ-based and organelle-based targeting.

Physicochemical approaches exploited for targeting are elucidated in Part V. This
includes different stimuli-responsive approaches including magnetic, thermal, and
pH-dependent strategies. Prodrug-based conjugates and conjugates with polymers
and lipids are also highlighted in the same section. Carrier-based approaches follow
in Part VI. This part details applications of various types of nanocarriers in targeted
drug delivery such as functionalized lipidic carriers, inorganic nanocarriers, and
carbon nanotubes, to name a few. A study of nanocarriers in targeted delivery is
incomplete without characterization techniques, addressed in Part VII. The major
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challenges in the commercial success of targeted delivery systems are the regulatory
hurdles and the toxicity-related issues. This is discussed in the last part of the book,
Part VIII.

The book is the amalgamation of the experience and expertise of all the contribu-
tors in the field of targeted drug delivery. It is an exhaustive compilation of the
multi-faceted arena of targeted drug delivery, ranging from conceptualization to
product development and design and also to aspects of commercialization. Young
researchers who plan to initiate research in this important field would find this book
extremely relevant and handy. The book would also cater to the needs of advanced
researchers in the field.

The editors also take the opportunity to express their gratitude to all the contribu-
tors for their support. Special thanks are due to Prof. Michael J. Rathbone. Editors
are thankful for the valuable assistance received from Dr. (Ms) Anisha D’Souza,
Mr. Ashish Kumar Agrawal, and Mr. Kaushik Thanki.

Finally, we wish to conclude by saying that this has been a true learning
experience.

Mumbai, India Padma V. Devarajan
Mohali, India Sanyog Jain
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Part I
Targeted Drug Delivery: Basic
Concepts and Advances



Chapter 1
Targeted Drug Delivery Systems:
Strategies and Challenges

Bhushan S. Pattni and Vladimir P. Torchilin

Abbreviations

DDS Drug delivery system

TDDS Targeted drug delivery system

HIV Human immunodeficiency virus

AIDS Acquired immunodeficiency syndrome
BBB Blood-brain barrier

RES Reticuloendothelial system

PEG Poly(ethylene) glycol

MNP Magnetic nanoparticles

SPION  Superparamagnetic iron oxide nanoparticles
ADEPT  Antibody-directed enzyme prodrug therapy
GDEPT  Gene-directed enzyme prodrug therapy
DNA Deoxyribonucleic acid

RNA Ribonucleic acid

HSV Herpes simplex virus

EPR Enhanced permeability and retention
SLN Solid lipid nanoparticle

FDA Food and Drug Administration

siRNA Small inhibiting RNA
RNAIi RNA interference

TNF-a Tumor necrosis factor alpha
WHO World Health Organization
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TB Tuberculosis

MSNP Mesoporous silica nanoparticles
PEI Polyethyleneimine

CNS Central nervous system

RBC Red blood cells

PLA Poly (p,L-lactide)

HAART Highly active antiretroviral therapy
MDR Multidrug resistance

AZT Azidothymidine

BCSFB  Blood—cerebrospinal fluid barrier
CMT Carrier-mediated transport

RME Receptor-mediated endocytosis
AME Absorptive-mediated endocytosis
APOE  Apolipoprotein E

LDL Low density lipoprotein

CSSS Cyanoacrylate skin surface stripping
PLGA Poly (pL-lactide-co-glycolide)

BRB Blood-retinal barrier

RPE Retinal pigmented epithelium

P-gp P-glycoprotein

PepT Peptide transporters

IBD Inflammatory bowel diseases

IBS Irritable bowel syndrome

CDDS Colon targeted drug delivery systems
GIT Gastrointestinal tract

RISC RNA-induced silencing complex
CPPs Cell penetrating peptides

1.1 Introduction

In this complex and ever-evolving world of medicine it has become increasingly
important to address the issues of the drug development involving the delivery of
specific drugs to their site of action in therapeutically acceptable doses. With the
advancement of the pharmaceutical sciences, the industry has certainly observed dis-
covery of several new drug molecules ranging from small molecule drugs to macro-
molecules like proteins and peptides; but the ultimate goal of achieving disease-free
conditions in the patients is often left hanging due to several hurdles relating to phys-
icochemical and molecular intricacies of the “free” drugs and unapproachability and
under-dosing of most of the biological/pathological targets. To improve on these situ-
ations drug delivery systems (DDS) are employed which could either be a formula-
tion or a device that facilitate the administration of a drug to the body whilst
improving its pharmacokinetic and biodistribution profiles and the efficacy and
safety of the whole treatment. Targeting the drugs (and DDS) involves the improve-
ment of the specificity of the system towards the pharmacologically relevant target in
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the body. Targeted drug delivery systems (TDDS) involve the administration of the
DDS to the patient, delivery of the DDS at the target (pathological) site, release of the
active ingredients in/around the target, and avoiding nonspecific toxicity in normal
cells. The above concept of targeted drugs—magic bullet—was first conceived
by Paul Ehrlich in early twentieth century and over the past decades several strategies
have developed to achieve targeting [1, 2].

A TDDS can be broadly understood as a system that carries out the following
functions:

* Facilitate the therapeutic substance to reach the site of action from the site of
administration where the target site can be organ, tissue, cell or even specific cell
organelles.

* Release the therapeutic payload in its active form in/around the target site
presenting effective therapeutic levels at the site of action.

* Protect the drug/gene from the detrimental effects of environmental factors such
as pH, enzymes, etc.

* Avoid toxicity or adverse reactions of the drug/gene on nonspecific normal cells
and facilitating administration of lower doses to achieve therapeutic/diagnostic
benefits.

Research in the field of targeted drug delivery has given several options of carry-
ing out the above functions:

» Direct targeting to site of action, e.g., topical applications for skin diseases.

* Use of external stimuli, e.g., ultrasound.

e Chemical modification of the drug to make its physicochemical properties ideal
for the delivery which includes prodrug approach of attaching a promoiety to
the drug.

* Use of nanocarriers like liposomes, polymeric micelles, polymeric nanoparticles,
solid lipid nanoparticles which can be functionalized further with attachment of
targeting ligands, antibodies.

An efficient TDDS ideally should possess the following properties:

* The drug-conjugate/drug-carrier should reach the intended site of action (organ/
tissue/cell/cell organelles) with minimal nonspecific accumulations.

* The chemical conjugation or physical encapsulation of the drug/gene with the
targeting ligands or carriers should not inactivate or alter the drug/gene action on
the intended site of action; the TDDS should be able to protect the drug from
environmental factors such as enzymatic degradation till they reach the target.

* The chemical conjugation or physical encapsulation of the drug/gene with the
targeting ligands or carriers should not inactivate or alter the ligand or carrier
activity and function to reach the intended site of action.

This chapter has been divided into sections which cover the general strategies of
developing TDDS, the use of TDDS in diseases like cancer, HIV/AIDS, tuberculosis,
and the use of TDDS to target specific organs and locations. While the targeted drug
delivery systems require in-depth study on their own, the intentions of this chapter
remain to provide only an overview of the relevant challenges and strategies.
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1.2 Targeted Drug Delivery: General Concepts

Targeted drug delivery at the site of action can be carried out by direct techniques
usually involving invasiveness: direct injection, catheter [3, 4], gene-gun [5], etc.
Though these systems show direct delivery, invasiveness is not patient convenient
and expensive to carry out in many cases. As a result, efforts are put into developing
TDDS which involve chemical, physical and biological modifications with or
without the use of carriers.

Changes done to improve targeting the drug include study of structure activity
relationships to improve the physicochemical properties for targeting. Small-molecule
drugs intended for brain delivery unable to penetrate the blood—brain barrier (BBB)
may be made more lipophilic to aid penetration through the BBB, provided they have
small size. Prodrugs can be made to improve the pharmacokinetics of the drugs. Small
molecule drugs are chemically modified by attaching “promoeities” rendered pharma-
cologically inactive and are metabolically activated in vivo into active drugs only after
reaching their intended target [6]. Drugs may be conjugated with antibodies, peptides,
aptamers, folic acid, etc. to generate targeted prodrugs [7].

On the other hand, the drugs can be incorporated into nanocarriers or nanosys-
tems. These include drug carrier systems like liposomes, polymeric micelles, poly-
meric nanoparticles, polymer—drug conjugates, nanogels, carbon nanotubes, etc. [8].
The nanosystems are a very efficient way to deliver the drugs or genes. The major
advantage of using such systems is that the pharmacokinetic behavior of the
drug-loaded nanocarriers depends on the nanosystems rather than the drugs or genes,
which makes it easy to control with the help of further targeting. The nanoparticles
described in this chapter are <300 nm, unless noted otherwise.

Such drugs/drug carrier systems depend on a few modes of targeting which are
broadly classified into passive and active targeting.

1.2.1 Passive (Physiology-Based) Targeting

Passive targeting is present naturally in the human body. Hormones, neurotransmit-
ters, growth factors, etc. have a natural tendency to go and target the receptors at their
sites of action, e.g., insulin and insulin receptors. This concept can be applied to the
drugs too. The accrual of drugs/drug-carrier systems at the intended site of action by
the action of physicochemical and physiological factors is passive targeting [9].
Certain tissues under diseased conditions present opportunities in terms of
modified physiologies which can be exploited by passively targeting nanocarriers.
A presence of leaky vasculature with large gaps in the blood vessel’s epithelial
layers has been observed in cases of inflamed tissues in inflammatory bowel disease
and inflammatory rheumatoid arthritis [10] and in tumor tissues [11] which make it
possible to passively target the administered nanocarriers of appropriate sizes to
extravasate into the target tissue. Although the tumor tissue has limited lymphatic
drainage [12] and the inflammatory tissues have a functioning lymphatic drainage,
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the passive targeting can still benefit the inflammatory diseases. Accumulation of
nanocarriers is also observed in the liver due to large fenestrations in it and this
can be used for liver targeting in liver diseases. This phenomenon wherein the nano-
carriers accumulate into the diseased tissues because of loose fenestrations and/or
poorly formed lymphatic drainage is termed as enhanced permeability and retention
(EPR) effect [11, 13].

The nanocarriers are largely affected to clearance by the reticulo-endothelial
system (RES) comprising of macrophages and mononuclear phagocytes. This fact
can be used to passively target the macrophages and even lymph nodes and spleen
to treat infections that affect the RES (e.g., leishmaniasis and malaria) [14].

Often modifications (e.g., attachment of polyethylene glycol; PEG) are made on
nanocarriers to make them long-circulating, avoiding the RES and granting them time
to accumulate at target sites in high amounts (long-circulating nanocarriers) [15].

Passive targeting also benefits from the presence of internal stimuli, such as
pH difference (e.g., low pH in tumor microenvironment [16]), redox systems
(e.g., exploiting high glutathione in cancer [17]), etc. in the diseased tissues.
Stimuli-sensitive drug targeting systems will be spurred by such stimuli to release
the drug only at the target site and spare the normal tissues. Such stimuli-responsive
systems have been extensively studied [18-22].

1.2.2 Active Targeting

While significant results have been observed with passive targeting, the pursuit of
better control on accurate drug delivery has led to a lot of research in active targeting
methods. Appropriate modifications and functionalization on the drugs or drug
carriers afford them affinity towards specific receptors/markers on cells, tissues or
organs. Factors such as the disease, the intended target organ, and a larger presence
of targetable components on the target organ/cell (e.g., transferrin receptors in
tumor) than in normal cells are taken into consideration while deciding on the tar-
geting moiety to be attached to the therapeutic substances. Modifications on the
drugs or drug carriers can involve the use of ligands such as peptides, antibodies,
sugars, lectins, etc. Thus, on administration to the body, the targeting moieties will
enable the drug/drug-carriers to efficiently reach only the intended sites of action
and avoid nonspecific accumulations and related side effects.

Apart from the administration of such actively targeted systems, there are tech-
nologies available to further control the delivery system which are covered below.

1.2.2.1 Targeting Mediated by External Stimuli

External stimulus, such as magnetic fields and ultrasound, acting on on nanocarri-
ers, are employed to perform imaging, to target and release drugs from the nano-
carriers at the intended site of action. The benefits of using this mode of active
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targeting are: real-time targeting, targeting deep-seated tissues, simultaneous
imaging and therapy. The approach can also combine different external stimuli, for
example, ultrasound and magnetic field, for enhanced targeting and efficiency.

The use of magnetic nanoparticles (MNP) as imaging agents for magnetic res-
onance imaging, magnetic drug targeting and hyperthermia treatment is well explored
in the field of targeted drug delivery. The MNP can be either metallic or bimetallic or
superparamagnetic iron oxide nanoparticles (SPION); among them SPION are
widely studied for biomedical applications because of nontoxic nature, ability to be
functionalized with different targeting coatings and can encapsulate drugs in reason-
able quantity. Optimizing the MNP as well as the external magnet is of prime impor-
tance because on application of magnetic field, they must be able to generate enough
magnetic moments and magnetic gradient that the MNP can overcome the force
of the blood-flow (rating from 0.05-50 cm/s) depending on the target area [23, 24].
The MNP have found several uses in thrombolytic therapy [25, 26], intravascular
imaging and cardiovascular diseases [27-29], tumor imaging and treatment [30-35],
as well as delivery across the blood-brain barrier [36, 37].

Ultrasound has been used previously for contrast imaging, and it is explored at
length for use in drug delivery. Ultrasound mediated targeting can lead to disruption
of the drug-loaded carriers (microbubbles, micelles, etc.) causing drug release;
exact mechanism of release is still under study. Furthermore, ultrasound focusing
has also been found to cause reversible disruptions (Fig. 1.1) in the intravascular
endothelial layers creating pores for the drug to enter the extracellular space of the
target tissue. This occurrence was also observed with blood-brain barrier/blood—tumor
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Fig. 1.1 External stimulus of focused ultrasound leads to (a) reversible disruptions and gaps in the
epithelial cell layer allowing drugs/drug nanocarriers to escape the blood vessels into the target
tissues, (b) disruptions to the nanocarriers to release the drugs around the target tissue
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barrier [38—40]. Another benefit of using the ultrasound-mediated delivery is in
targeted hyperthermia when combined with temperature-sensitive nanocarriers
[41]. The generation of hyperthermia can prove cytotoxic for nearby tissues and in
case of tumor treatment this is highly beneficial; the hyperthermia will kill tumor
periphery cells and open the way for simultaneously administered drugs to enter the
core of tumor tissue for enhanced killing. Studies with ultrasound therapy find
applications in tumor imaging [42], tumor treatment [43—48], thrombosis [49, 50],
cardiovascular diseases [51]. This mode of targeting also gives the opportunity to
image and trigger release of the drug at the same time [52-54], and also to combine
it with magnetic field applications for enhanced benefits [55, 56].

1.2.2.2 Antibody-Directed Enzyme Prodrug Therapy (ADEPT)

This approach is a two-step approach: (1) an activating enzyme is specifically
delivered to intended site of action with a targeting antibody (e.g., tumor-specific
antibody, anti-TAG-72) (2) a subsequent administration of substrate prodrug.
The advantage with such a system is a single enzyme at the target site can activate
multiple prodrugs and increase the load at the target site. A 3-phase ADEPT was
performed in human ovarian carcinoma xenografts in mice. First, an enzyme—antibody
complex—ABS57-F(ab’),-CPG2—was allowed to localize in the tumor followed by
a wash step of removing blood CPG2 by anti-CPG2 antibody administration to
avoid nonspecific activation of the prodrug. Lastly, a benzoic acid mustard-derived
prodrug was injected leading to tumor growth delay [57].

A modification of this approach is the gene-directed enzyme prodrug therapy
(GDEPT). Here, instead of antibody-targeted enzyme, a gene is targeted to the
intended site where it transcribes and translates to produce enzyme intracellularly
which acts on the subsequently administered prodrug [7].

1.2.2.3 Targeting in Gene Therapy

This section primarily discusses about the strategies required to transport genes into
their required site of action which is either the cytoplasm or the nucleus. Gene gun as
mentioned previously is a physical method to directly transfer DNA and RNA with
high transfection efficiency but because it is invasive and requires special setup it is
not widely preferred. The current gene therapy employs viral and nonviral vectors.

The viruses have a unique ability to transfer their genes into cells. This function
can be utilized to deliver genes. The bottom line, though, is that the viral vectors have
to be modified to be devoid of virulent pathogenesis and replicative genes. The com-
monly used viral vectors include adenovirus, baculovirus, herpes simplex virus type 1
(HSV-1), etc. [58-60]. Utmost care has to be taken when designing these systems
because the viral vectors are notorious for adverse effects such as inflammatory and
immune responses, activation of latent infections, incorporation of transgenes into the
host genomes and permanent expression persistence.
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Nonviral methods to target gene transfer are not proficient with transfection
efficiency but they are generally safer than the viral vectors. Polymeric micelles, lipo-
somes and other nanocarriers have been studied to deliver the nucleic acids [61-63].

Thus presented are the classifications and the strategies of targeted drug/gene
delivery systems. The next few sections feature the benefits of TDDS in various
diseases.

1.3 Targeted Drug Delivery: Disease-Based Strategies

1.3.1 Cancer Specific Strategies

Cancer is uncontrolled growth of abnormal cells characterized by mutations which
help the cells to proliferate, avoid apoptosis and develop survival proteins. Perhaps,
cancer is the disease on which the most research in targeted drug delivery is focused
and for a good reason. Even though chemotherapy, surgery and radiotherapy are
available, the cancer manages to remit and regrow in most of the cases. It is a dis-
ease where the survival of patients is measured in weeks and months only even if
some of the most advanced drugs are used. There are several reasons why cancer is
so difficult to treat.

To begin with, the tumor microenvironment (higher interstitial fluid pressure,
low extracellular pH, and formation of irregular tumor vasculature) as well as the
cellular level (over-expression of efflux transporters, defective apoptotic machiner-
ies, and altered molecular targets) attribute multidrug resistance (MDR) towards the
drugs [64]. Second, most of the chemotherapeutic drugs do not possess desirable
physicochemical and pharmacokinetic properties. They have low solubility and sta-
bility, are highly nonspecific in nature and show high toxicities and are inconvenient
to the patients. Therefore, targeted therapy in cancer plays a very important role.
Nanopreparations are primarily employed to achieve this task [15] and approved
products include Myocet® (liposomal doxorubicin), Daunoxome® (liposomal dau-
norubicin), Doxil® (liposomal doxorubicin), Depocyt® (liposomal cytarabine),
Oncaspar® (monomethoxypolyethylene glycolol conjugation to L-asparaginase),
Genexol-PM® (paclitaxel-loaded polymeric micelle), Abraxane® (albumin-bound
paclitaxel particles), etc. Apart from these there are several other studies in various
stages of clinical trials. Antibodies directed towards cancer therapy include Rituxan®
(rituximab), Herceptin® (trastuzumab), Campath® (alemtuzumab), etc.

Methods other than using nanopreparations have also been examined. A recent
study used chimeric antigen receptor-modified T cells targeted towards the CD19
expressing chronic lymphocytic leukemia (CLL). This research was performed in two
children with complete remission of cancer with one having a relapse. The researchers
have called for further work but the underlined principle exhibits the benefits of
lentiviral-vector targeting [65].

The nanocarriers can target the tumor via passive targeting and active targeting.
As explained previously, passive targeting involves the physicochemical properties
of nanocarriers and the physiological factors. The tumors are rapidly proliferating
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Fig. 1.2 Enhanced Permeability and Retention (EPR)—Poorly formed tumor vasculature with
leaky vessels and meager lymphatic drainage can be exploited by passively targeting the nanocar-
riers up to size of 500 nm

cells and they require nutrients in large amounts. As a result, the tumors expedite the
blood vessel formation leading to irregular and leaky tumor vasculature. The gaps
in the endothelial layers allow the nanoparticles up to 500 nm in size to extravasate
into the tumor tissue (Fig. 1.2). The absence of a proper lymphatic drainage helps to
accumulate the drug-loaded nanoparticles in the tumor tissue. EPR is responsible
for passive targeting in tumors [13, 66]. To enhance this effect the nanopreparations
are modified by motifs like polyethylene glycol (PEG). In effect the presence of
PEG modifications help nanocarriers avoid RES uptake and they circulate longer in
the blood allowing them more time to accumulate in the tumor tissue.

Active targeting of the nanopreparations involve modifications that will not only
help target the tumor tissue but also overcome the resistance factors. For instance,
ATP-binding cassette transporters like P-glycoprotein on the cell membrane are
responsible for efflux of several drugs and generating multidrug resistance [64]. To
bypass such efflux transporters, drugs have been administered in nanocarriers with
improved tumor inhibition efficiencies [67, 68]. Nanocarriers can also be actively
targeted by conjugation with targeting ligands such as transferrin, folate, antibodies,
etc. [69-73]. Interesting strategies to target tumor also involve stimuli-responsive
nanoparticles which may even be dual targeted to facilitate step-by-step entry into
the tumor cells [18, 74-76]. Several other examples of targeting various facets of
cancer are discussed in these reviews [64, 77, 78]. We are not discussing a huge area
of tumor targeting in details, since a broad variety of recent publications exist on
this subject [79-83].

1.3.2 Targeted Drug Delivery Towards Infections

Infections by bacteria, fungi, virus and other microorganisms were the cause of
widespread diseases and fatalities throughout the world in the early part of the
twentieth century. As the understanding of the pathology expanded and the



12 B.S. Pattni and V.P. Torchilin

discovery of antibacterial penicillin came through, the number of antimicrobial
and antiviral agents have been developed. Essentially the antimicrobial inhibit or
interrupt important cell cycle processes of the microorganisms and kill them.
Even though we have been able to reduce the huge number of fatalities due to
preventive and therapeutic actions, the menace of infections is still present in
several developing and underdeveloped nations. Most of such countries are unable
to meet the demands of antimicrobials to control infections such as malaria, tuber-
culosis (TB), HIV/AIDS, cholera and many more. As a result there is still a preva-
lence of such diseases. Moreover, it has now been observed that the unchecked
abuse of antibacterial agents have resulted in developing resistant strains of the once
sensitive pathogens [84]. While new antibiotics (oritavancin, telavancin, etc.) are in
the various stages of drug discovery and clinical trials, their development will take
time to reach the market [85, 86]. This situation demands for TDDS for the current
class of drugs.

A lot of interest has been generated to develop TDDS especially the ones using
nanoparticles, for infectious diseases, with their simplest advantages being the ability
to deliver a variety of drugs and even genes, the ability to give sustained and targeted
delivery while avoiding the toxicity as well as the ability to deliver combination of
multiple drugs at the same time to overcome drug resistance. Liposomes, SLN, poly-
meric nanoparticles and other forms of nanoparticles are frequently studied for the
TDDS development [87]. An FDA approved injectable liposomal formulation for
amphotericin B, AmBisome (Gilead Sciences, Foster City, California, USA) is
employed for the use against several infections. A targeted drug delivery for the
AmBisome was performed in mice models of disseminated aspergillosis, and it was
observed that the liposomal formulation was superior in efficacy compared to the
amphotericin B deoxycholate in sterile water [88].

Techniques similar to observed in targeted cancer treatment, ligands, antibodies,
peptides, etc. can be attached to the nanocarriers to enhance the efficiency of the
anti-infectious treatments. The cell walls of Helicobacter pylori have carbohydrate
receptors to which lectin-conjugated nanoparticles could specifically bind. Thus, a
targeted preparation of lectin-conjugated gliadin nanoparticles was studied for
receptor-mediated targeting towards H. pylori [89]. Studies have also been
undertaken to deliver genes to infected cells. A TDDS for dengue virus infection
was recently developed to deliver siRNA in a novel manner. The Dengue virus is
known to affect the human dendritic cells as well as macrophages. Hence, a dendritic
cell-targeting 12-mer peptide (DC3) was fused with nona-p-arginine (9dR) residues
to form a DC3-9dR-mediated delivery of siRNA targeting the tumor necrosis factor
alpha (TNF-a) which was able to target the dendritic cells as well as deliver the
siRNA effectively; the result of which was suppressed virus replication and virus-
related symptoms [90].

The remaining part of this section is an overview of TDDS developed for specific
infections.
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1.3.2.1 Tuberculosis (TB)

According to World health Organization (WHO), Mycobacterium tuberculosis,
the bacteria responsible for tuberculosis, has caused infection in 8.6 million people
worldwide by 2012. The infection is transmitted through air and it deposits in the
alveolar region of the lungs. Current therapy employs antibiotics like rifampicin,
isoniazid, ethionamide, etc. and often combination therapy is prescribed to attack
the M. tuberculosis. Still, the bacteria has developed resistance against most of the
drugs and when the condition is aggravated by concomitant HIV/AIDS presence,
patients usually do not survive the infection well [91, 92]. Also, the drugs present
serious side effects such as hepatotoxicity [93].

Hence, research is undertaken to develop targeted drug delivery for TB. Since the
bacteria are taken up by the macrophages/monocytes in the lungs, the opportunity for
targeting receptors such as lectin (mannose) receptors, immunoglobulin receptors,
complement receptors, etc. expressed on such alveolar macrophages is presented
[94]. Moreover, the macrophages have an innate response of phagocytizing the
nanoparticles, hence targeting them makes a valid choice for treatment of TB. Most
of the TDDS developed for TB prefer the pulmonary route of administration because
the TB infection is primarily localized in the lungs.

Active targeting of the lectin receptor on the alveolar macrophages of rats via
pulmonary administration of mannose-coated liposomes containing ciprofloxacin
was performed giving increased drug uptake in the lungs as compared to the free
drug; the plasma concentration of ciprofloxacin was also low with the targeted lipo-
somes in comparison to the free drug exhibiting the benefits of using the targeting
strategy [95]. A similar study was carried out via intratracheal administration of dif-
ferent concentrations of mannose in mannose-coated liposomes resulting in selective
targeting and increased uptake in the alveolar macrophages of the rats [96]. Pandey
and Khuller developed nebulized solid lipid particles incorporating a combination
of rifampicin, isoniazid, and pyrazinamide for bronchoalveolar drug delivery in
M. tuberculosis infected guinea pigs. As compared to 46 daily doses of orally admin-
istered drugs, the nebulized formulation achieved a complete removal of the tubercle
bacilli from lungs and spleen after just seven doses of administration, each dose
administered periodically on every seventh day. Moreover, hepatotoxicity was not
observed suggesting a sound basis for improved drug bioavailability and treatment of
tuberculosis using the nebulized SLN formulation [97]. An interesting approach was
adopted by Clemens et al. to target the TB-infected macrophages with functionalized
mesoporous silica nanoparticles (MSNP). Two formulations were developed—a
rifampicin-loaded MSNP coated with polyethyleneimine (PEI) and an isoniazid-
loaded MSNP equipped with cyclodextrin-based pH-operated valve. In vitro experi-
ments highlighted that the MSNP were internalized efficiently by the human
macrophages and because of their functionalized nature, the MSNP escaped the acidic
endosomes delivering the drugs into the cytoplasm. Thus, the functionalized MSNP
demonstrated targeted intracellular delivery into the macrophages [93].
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1.3.2.2 Malaria

Malaria is also a widely spread disease similar to TB with an estimated 216 million
people affected in 2010 [98]. This disease is caused by the four species of the
parasitic protozoans of the genus Plasmodium: P. falciparum, P. vivax, P. malariae,
and P. ovale. Transmission of these parasites occurs through the bites of infected
female Anopheles mosquito. The life cycle of the Plasmodium in the human host
goes through the red blood cells (RBCs) and the hepatocytes making them the main
parasitic targets. Moreover, the P. falciparum is involved in infecting the CNS often
leading to fatality.

The current chemotherapy focuses on reducing the parasitic load in the infected
cells and the choice of the drug is dependent on the Plasmodium species involved in
infection. Even though chemotherapy is available, often complete treatment falls
short. Apart from the factors related to the spread of the disease, drug resistance and
the protozoan life cycle itself are responsible for the lack of complete therapy. Also,
as with other drugs, side effects such as neuropsychiatric reactions, hypoglycemia,
arrhythmia, hepatitis, agranulocytosis, anemia, and even life threatening reactions
have been observed [14]. Because of the serious implications of the current therapy
in terms of side effects and development of drug resistance, targeted drug delivery
is important in the treatment of malaria. The knowledge that the parasites infect the
RBCs and the hepatocytes mainly can be exploited by developing TDDS directed
specifically towards them.

Chloroquine-resistant transporters develop as resistance mechanisms on the diges-
tive vacuole membranes of the Plasmodium, the main site of action of chloroquine.
A strategy to develop nanosystems sensitive to the pH difference in the intracellular
compartments is suggested to avoid the chloroquine-resistant transporters and increase
the drug payload in the infected cells. Chloroquine diphosphate was loaded into
pH-sensitive liposomes and the release of the drug was estimated in vitro in simulated
physiological pH conditions [14, 99]. Infected hepatocytes were actively targeted with
liposomes incorporating peptides from the Plasmodium circumsporozoite protein in a
series of experiments. It has been demonstrated that the liposomes accumulate rapidly
and selectively in adult mouse livers. The targeting mechanism has been elucidated to
be the binding of the targeted liposomes to the heparan sulfate proteoglycans in a
fashion similar to the development of heparan sulfate immunoreactivity [100—102].
These proof-of-concept studies exhibit the possibility of development of a strategy to
target the hepatocytes with antimalarials.

Halofantrine was intravenously injected in P. berghei infected mice as a formula-
tion of nanocapsules prepared with either poly (p,L-lactide) (PLA) homopolymer or
PEGylated PLA. The PEGylated nanocapsules were observed to be both long-
circulating and cytotoxic to the parasites thus exhibiting passive targeting [103].
Considering that free halofantrine is usually involved in causing arrhythmia as a
side effect, the nanocapsules would also benefit in avoiding such adverse reactions.
In the case of P. falciparum infections, the CNS is usually infected. Accordingly,
TDDS to overcome the BBB and facilitate passage of antimalarials would be
beneficial to the therapy. The transferrin receptors in the BBB were targeted with
transferrin-conjugated SLN loaded wit