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Preface

The studies o drug design have improved significantly over this decade, starting with the
implementation of nimotuzumab as a chemotherapy agent for glioma and squamous cell
carcinomas. In this respect, nimotuzumab was design by taking into consideration the ad-
vances in molecular biology, especially in proteomics study, with blocking the Epidermal
Growth Factor Receptor (EGFR). Some approaches, whether it is computationally-based, or
wet experimentally-based, has made the improvement of nimotuzumab into a much safer
chemotherapy agent. In this end, science has seen some interesting progress that possibly
could follow the successful example of nimotuzumab. The multidisciplinary nature of drug
design has opened many new possibilities in combating pathogens or other cause for diseas-
es. Although the role of medical, pharmacy, and nursery studies still be a focal point for
drug design, the rising roles of the multidisciplinary sciences are taking place as well.

The approaches in drug design are mainly comprised of these three multidisciplinary scien-
ces. First, Bioinformatics has successfully gather biological data in form of biomolecular se-
quences, in order to construct knowledge on drug and vaccine design. It is of considerable
importance for drug designers to comprehend the utilization of bioinformatics tools for re-
solving their research questions. Second, Nanotechnology has made possible the design and
delivery of the nano-based drug. Third, Pharmaceutical Chemistry made it possible to inves-
tigate the adsorption, distribution, metabolism, and toxicology of the drug candidates in a
fine-grained resolution. Although other approaches could be in place, the three of them are
noted for providing a significant contribution to drug design. It is noticeable that many re-
search groups have consisted of multidisciplinary team members with at least professionals
in those three approaches. As drug design is becoming needier in experts in those ap-
proaches, study programs in bioinformatics, nanotechnology, and pharmaceutical chemistry
are enacted to educate and trains experts in those particular fields. Those programs are
enacted as early as Bachelor level because the multidisciplinary approaches should be em-
phasized as early as possible. The program managers of those study programs could be
from diverse backgrounds, whether they are medical doctors, biologist, chemist, physicist,
informaticians, engineers or others, but they should act as the scientist that love to work in a
multidisciplinary environment and willing to defend the interest of many different scientific
approaches accordingly. In this end, the graduates of those study programs are working to-
gether in a very diverse background team for constructing novel design of modern drugs.
This book is indeed showing that such initiatives are in place at academia and industry. In
this end, it could be stated that the goal of this book is to give the clear picture of how those
different approaches worked in solving problems in drug design.

Hopefully, this book will be a significant contribution to the resolution of the world’s health
problems in relation to the complexity of drug design. This contribution will be useful to
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students, researcher, industrialist, and even the business development of drug companies, in
order to anticipate the future menace of human health. It could be seen that after the eluci-
dation of modern molecular-based medication, the human health problems are still there.
The cure for cancer is still yet on the way, while some diseases such as Tuberculosis are re-
emerged as antibiotic-resistant strain. Multidisciplinary approaches could be promising in
resolving those issues because they observed scientific phenomenon based upon a very di-
verse perspective that could enrich each other into much more holistic problem-solving
pieces of advice.

Thus, in order to facilitate easy reading, this book is divided into two sections. The first
section will discuss General Information and Quality Control in Drug Design. This particu-
lar section will primarily emphasize on the general features of modern drug design and how
to ensure its fine-grained quality control for consistent production outlook. It comprises of
three chapters. The Chapter 1, introductory chapter will be useful for explaining the current
trend in drug design.will discuss. The Chapter 2 will discuss Framework of Evaluating
Qualitative and Quantitative Information on Drug Safety. Lastly, the chapter 3 will discuss
Integrated Approach to Nature as Source of New Drug Lead.

While the second section will discuss Specific Molecular Mechanism and Lead Compounds
for Drug Design. This particular section will primarily emphasize on the biomolecular and
biochemical mechanism of drugs in a cell or in the laboratory. It comprises of four chapters.
The Chapter 4 will discuss Molecular Classification of anti-tubulin Agents with Indole Ring
Binding at Colchicine Binding site. The Chapter 5 will discuss Multifunctional Polymeric
Enveloped Nanocarriers: Targeting Extracellular and Intracellular Barriers. The Chapter 6
will discuss Multifunctional Nanoparticles for Successful Targeted Drug Delivery and Diag-
nostics Across Blood-Brain Barrier. gnostics Across Blood-Brain Barrier.

Based on those particular studies as aforementioned before, the future of drug design will
be, fortunately, moving towards a much more multidisciplinary nature. Moreover, the cur-
rent state of higher education and industry is on a very good moment in order to align
themselves with this current development in drug design.

Arli Aditya Parikesit

Head of Bioinformatics Department

School of Life Sciences

Indonesia International Institute for Life Sciences
Indonesia
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Chapter 1

Introductory Chapter: The Contribution of
Bioinformatics as Blueprint Lead for Drug Design

Arli Aditya Parikesit

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79664

1. Bioinformatics and drug design

Drugs are the most utilized pharmacobiochemicals for sustaining human'’s health. Previously,
the drug was designed unintentionally and mostly with trial and error. The well-known exam-
ple is the discovery of antibiotics by Alexander Fleming which was found unintentionally [1].
However, as pharmaceutical technology is gaining momentum with the advance of molecular
biology, the genome technology was applied as well to assist the development of the novel
drugs. It has given a way for the development of the new kind of science, bioinformatics, which
is a multidisciplinary study to integrate molecular biology and information technology [2].
There are some methods in bioinformatics that provided assistance to drug design. They
are, namely, sequence alignment for determining the conservation of genome and proteome;
homology modeling for determining the protein model; molecular docking method to enable
high-performance screening of large amounts of lead compound [3]; molecular dynamics to
set the standard to comprehend the trajectory of lead compound, as well as its interaction [4];
and ADME-TOX method to enable fine-grained detection of pharmacological and toxicologi-
cal properties of lead compounds [5]. Those methods are eventually used as blueprint lead for
molecular cloning or genetic engineering experiment to generate high throughput molecular
profiling of the drug leads, as a means of rational drug design approach [6].

2. Rational design of drugs

The implementations of rational drug design made it possible to customize drugs at the
molecular and structural level. The possibilities are enormous as the molecular design is only
limited by the extent of the available computational power. The availability of commercial

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN



4 Molecular Insight of Drug Design

cyclic peptide database has made possible to design drugs in various molecular configura-
tions of peptide sequences [7, 8]. However, the classical approach of the isolation of natural
product-based is still in use due to the availability of its respective database [9]. Moreover,
due to the influence of natural product chemistry, the design of semisynthetic or synthetic-
based compounds is still on demands [10]. Researchers also look for a smarter pathway to
deliver drug such as utilizing E-cadherin-based drug design [11].

Although the rational drug design approach has provided groundbreaking innovations such
as the development of antiretroviral/HIV drugs and smart anticancer chemotherapy agent
such as nimotuzumab, it does not mean that the progression of life-threatening diseases has
been halted [12, 13]. The complexity of disease’s molecular mechanism has long baffled the
biomedical researchers. The threat of multidrug antibiotic resistance bugs, pandemic viral
infections (Ebola, avian influenza, MERS-CO, etc.), and civilization disease such as aging
is pushing the researchers to develop much more advanced drug designs. In this end, the
intelligence modifications of existing bioinformatics methods are devised to propose the
novel way of developing drugs. The fragment-based docking method was utilized in order
to construct drugs based upon the molecular fragment database [14]. Moreover, the reverse
docking method was devised to optimize the lead compounds based on the proteomics
library [15-17]. Finally, the development of transcriptomics approach enables researchers
to develop the new breed of drugs, such as silencing(si)RNA-based lead compounds [18].
In this end, the smart design enables novel wet laboratory experimental methods such
as the blood-brain barrier drug design method [19] and high throughput screening [20].
Thus, the molecular elucidation of the drug could be elucidated in a fine-grained manner
using the NMR and crystallography instruments that are already commonly utilized in the
field of protein crystallography [21]. Based on the advanced crystallography techniques,
more proteins structure is already elucidated. This could be a great help in providing
fine-grained receptor structures for rational drug design. Moreover, although crystallizing
RNA molecules are tougher than protein, more RNA structures are already elucidated and
deposited in the online database [22].

3. Outlook

As bioinformatics and protein crystallography are getting their momentum to contribute
greatly in the study of rational drug design, it is found that the molecular mechanism of
diseases is possible should be revealed based upon post genomics and proteomics approaches
especially transcriptomics and epigenetics-based ones. The interplay of transcriptomics and
epigenetics in the molecular mechanism of disease should be considered as primary informa-
tion in the biomedical research [23]. Moreover, due to the influx of transcriptomics data, RNA
structure elucidation is getting a momentum to be considered as a blueprint in drug design
[24]. In this end, due to the specificity of the human genetic fingerprint, personalized medi-
cine was developed where each patient got different medication depending on their genomics
fingerprint [25-27]. The role of big data and artificial intelligence methods will be crucial in
screening the influx of omics data in order to generate useful information to be revealed as
the blueprint of drug design.
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Abstract

Significant public health issues caused by adverse drug reactions in the post-marketing
phase, such as birth defects by thalidomide, have been well described. Unfortunately,
subjects in clinical trials cannot completely avoid severe harm during drug development.
TGN1412 in 2006 and BIA 10-2474 in 2016 were withdrawn from development due to
severe adverse reactions in first-into-man studies. Thus, monitoring drug safety is impor-
tant throughout all phases of development. In twenty-first century, minimizing drug
development cost and time is a challenge for pharmaceutical companies. When a drug is
approved with a smaller size and fewer number of clinical trials, pharmacovigilance and
benefit-risk evaluation after marketing need to be sufficiently performed. Underpinned
by understanding of the traditional methods of evaluating adverse drug reactions, new
developments in IT and computing might well help us to detect drug safety signals ear-
lier, enabling prompt intervention for protecting the rights of subjects and public health.

Keywords: risk management, pharmacovigilance, DSUR, PSUR, ADR, causality

1. Introduction

A new drug application dossier, accompanied with the Common Technical Document (CTD),
needs to provide a risk management plan, and a marketing authorization holder needs to set
up both the policy framework and a quality system for pharmacovigilance. This approach
has become more important and valuable in regulating drugs, because the novelty, rarity,
or technical specificity of drugs produces complexities to evaluating efficacy and safety.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINEN
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Furthermore, in this decade, the risk-based approach for application has been proposed to
address and evaluate potential risks associated with the clinical use of medicines, with regard
to quality, safety, and efficacy. While the risk-based approach is to be differentiated from the
risk management system or the benefit-risk assessment for evaluating marketing authoriza-
tion, the idea is very close to it. This chapter introduces pharmacovigilance in the clinical
development phase, especially with the aim of stimulating discussion about identification of
risks associated with the clinical use of drugs qualitatively and quantitatively.

1.1. What to do when any clinical safety problem happen in the development
phase?

Throughout the history, humans have used a variety of different therapies to treat injuries
and diseases. During the nineteenth century, medicines were developed by separating, iso-
lating, and extracting certain active ingredients from medicinal plants, e.g., morphine, qui-
nine, and ephedrine. Then, in twentieth century, chemists discovered new chemicals, e.g.,
penicillin and streptomycin, from bacteria and synthesized better chemical substances of
sulfonamides. In the first decades of twenty-first century, the development of drugs had
been dramatically changed. Pharmaceuticals benefit from advances in all fields relating to
medicine, e.g. pharmacology, physiology, and biochemistry, and were derived from synthetic
compounds to target a certain site of action. For example, the progresses in medical science
helped to reveal many of the mechanisms of the pathophysiological and pharmacological
effects at the molecular level; for example, cimetidine and histamine-2 receptor blocker, which
was a break through pharmacotherapy at that time for gastric ulcer. Molecular-targeted drugs
now have been developed to treat various diseases, especially targeting specifically expressed
molecules of cancer cells, e.g., imatinib.

Common to all pharmaceuticals is that they can bring both benefits and risks to humans.
Thalidomide, which is now administered with dexamethasone to multiple myeloma patients,
used to be first sold in West Germany as a sedative or hypnotic drug in 1950s, and then it was
withdrawn from the market in 1961, because it was found to be responsible for teratogenic
deformities in children based on reports of children of those mothers who took thalidomide
during pregnancy. This tragedy was both a pre- and post-marketing landmark; countries
recognized the need of adequate testing of medicines prior to marketing, the regulation of
medicines, and the systems to identify the adverse effects of medicines as well as the poten-
tial relationship between marketing claims and safety [1, 2]. Because of the need for effective
therapies in myeloma, thalidomide demonstrated sufficient benefit to achieve authorization
and turned around the balance of benefit-risk from negative evaluation. This depended on
effective risk minimization to prevent pregnancies in those who receive thalidomide.

International activities actively promoted regulations and empirical knowledge on clinical
development in 1990s. However, in twenty-first century, one programme of an investigational
medicinal product was withdrawn due to serious adverse reactions in the first-in-human clin-
ical trial in 2006. This was known as TGN1412, a CD28 superagonist monoclonal antibody. Six
volunteers were seriously afflicted by a cytokine-release syndrome requiring intensive care
just after they received a bolus injection of TGN1412.
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Although many new drugs implement a lifecycle risk management, another tragedy in clin-
ical trial happened with a dose-finding study for BIA 10-2474, an experimental fatty acid
amide hydrolase inhibitor for the treatment of anxiety disorder, Parkinson’s disease, etc. An
acute and rapid progressive neurologic syndrome developed on the fifth day of BIA 10-2474
administration (50 mg). The underlying mechanism of adverse drug reaction is still unknown
regarding BIA 10-274, but it is supposed to be associated with drug accumulation as no clini-
cal severe adverse events had been observed in single dose (0.25-100 mg) and 10-day admin-
istration (0.25-20 mg) [3].

The stories addressed above are extreme examples. However, a number of drug develop-
ment programmes have been abandoned because of safety concerns or lack of efficacy. As
mentioned in ICH Good Clinical Practice (GCP) [4], “A trial should be initiated and continued
only if the anticipated benefit justifies the risks.” Thus, sponsors need to make sure that ben-
efit for patients should overweigh risk to patients. Information sharing and a system for risk
management throughout the lifecycle of drugs from preclinical, clinical, and post-marketing
are crucial, and this is reflected in the development safety update report (DSUR) which had
been proposed [5] and then taken forward by the International Conference on Harmonization
of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) [6]. This
emphasizes the importance of the principle of the benefit-risk balance, which is supported by
pharmacovigilance concepts which originally emerged in the post-marketing phase.

1.2. The latest strategy to promote marketing a new medicine

Drugs are approved based on the evidence of efficacy and acceptable level of harm that
have been observed during clinical trials. Now, to tackle remaining unmet needs of patients
globally, the regulatory schemes for supporting early access have been adopted, such as
compassionate use, accelerated assessment by regulatory agencies, and conditional market-
ing authorization. If it is expected to have new medicines with conditional use, an appli-
cant is allowed to provide comprehensive data after approval. Once such a new medicine
is approved, definitely, there is little evidence of efficacy and safety in real-world practice,
so that effective pharmacovigilance should produce the important data to supplement the
evidence as well as cost savings for an applicant in the drug development. As we receive
more applications of early access program, the more careful that we should be to pay atten-
tion with not to confusing “absence of evidence” with “evidence of absence” at approval. It is
critical to detect precisely and promptly the harms potentially caused by an investigated drug
(monitoring), to assess individual cases (qualitative evaluation) and comparative groups as
planned (quantitative evaluation), and to finalize benefit-risk assessment at defined points in
time (Figure 1).

How we can define “risk” then? According to the International Organization for Standardiza-
tion, risk is the “effect of uncertainty on objectives” [7] and in terms of drug development, the
objectives are patients’ and public health. Another definition can be “combination of the prob-
ability of occurrence of harm and the severity of that harm” for medical devices and manu-
facturing medicinal products [8, 9]. As such, risks related to use of a drug is defined “any risk
relating to the quality, safety or efficacy of the medicinal product as regards patients’ health

11
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Figure 1. Drug development process and clinical data review. The figure is arranged and restructured from some of
slides provided with the kind permission of the Product Safety Culture Initiative in the Alliance for Clinical Research
Excellence and Safety.

or public health and any risk of undesirable effects on the environment” [10]. In traditional
pharmacovigilance, the concept of risk concerns adverse drug reactions [11], as described later,
however EU regulations now emphasize that it is as been expanded to include ineffective use
outside the label, misuse and abuse. In reality for pharmacovigilance, we propose to bear in
mind other systematic factors impacting risks of medicines as well (such as facilities, proce-
dures, computerized systems) that may cause medication errors. Those risks cannot be evalu-
ated enough in drug development, therefore the plan is necessary to continue vigilance once
marketed and take action once a potential harm is identified. Thus pharmacovigilance has
become even more important to manage various safety problems with these new rapid access
regulatory approvals.

Risk management encompasses “risk assessment” and “risk minimization” with the man-
agement cycle to assess, implement, evaluate, and modify safety measures; the former is to
identify and characterize the nature, frequency, and severity of the risks associated with the
use of a product, as focused in this chapter; the latter is to minimize or mitigate a product’s
risks through communication, education, and restriction of use while preserving its benefit.

2. Pharmacovigilance in clinical trials

Data obtained from clinical trials vary depending on the situation of an investigational sub-
stance and those are different from post-marketing data; the patient being administered can
be perfectly observed, the number of patients is small, and the information on subjects can be
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biased under restrictions of subjects” health background. As with post-marketing data collec-
tion, the data collection method is an essential element of the pharmacovigilance process dur-
ing clinical trial with proper data collection to enable analysis of medical interpretation of the
case narrative and the aggregated data. Evaluation of case information obtained in clinical trials
is possible by use of the approaches cultivated in pharmacovigilance over years of experience.

2.1. Characteristics of pharmacovigilance in clinical trials

It is commonly known that not all hazards can be found before a drug is marketed. Phar-
macovigilance is the science and activities relating to the detection, assessment, understand-
ing and prevention of adverse effects or any other possible drug-related problems [12]. It is
now also more involved in pre-approval drug assessment as well-designated clinical trials
in phase IV, referred to “the clinical safety activities throughout the lifecycle of a medicinal
product” [13]. Drugs at approval have limited clinical information from clinical trials. For
example, 16,000 subjects are needed to receive a drug to detect one adverse drug event out of
10,000 people with 80% probability, while clinical trials for most new drugs are conducted
with 2000-3000 patients prior to approval. Therefore, rare adverse drug reactions are hardly
detected, although relatively common adverse drug reactions (ADRs) are identified. Patients
with complex conditions are excluded in order to eliminate factors that may affect efficacy
of a tested drug. Most, but not all, ADRs occur in rather short time after administration. The
short duration of observation, for example, 1 year or less in clinical trials is another limita-
tion that will not observe late-onset ADRs. CIOMS VI [13] would help readers understand
systematic approach for safety management during clinical development. Missing informa-
tion at approval concerning clinical safety often refers to use in children, elderly, kidney
disorders, drugs for oncology, HIV, vaccines, biologicals, and other advanced drugs as they
will all mostly have a comparatively small number of subjects. All those limitations are to
be addressed in pharmacovigilance plan for post-marketing. Clinical trials need to be moni-
tored by the Data and Safety Monitoring Boards (DSMBs), also known as Data Monitoring
Committees (DMC), who periodically review and evaluate the accumulated data from one
or multiple clinical trials for safety of trial subjects. After DSMB evaluation, apparently obvi-
ous favorable or unfavorable results in the treatment group will lead to recommendations
to discontinue a trial for the reason of negative benefit-risk in the treatment of the control
group. However, the benefit-risk assessment continues throughout the drug development
lifecycle.

2.2. Hazard data collection: planning and practical realization

Although there are regulatory systems for both pre- and post-marketing individual case
safety reports (ICSRs), the concept of cases to be reported is somewhat different between pre
and post. After marketing, it is rather appropriate to pay more attention to unknown serious
adverse reactions than known or non-serious ADRs, although the latter can provide useful
supporting information about risk factors and nature of known ADRs. Clinical trials explore
unknown properties and use of a medicine, and so taking ethics into account, all adverse
events (AEs) must be collected and in addition, serious and unexpected adverse events are
subject to expedited reporting.

13
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All serious adverse events must be assessed regardless of causality by the applicant at the
time of application submission. Furthermore, what kind of AE data can be collected in the
development phase depends on the clinical evaluation stage in the development process in
which the investigational drug is as described in the protocol. The judgment as to whether a
case is expected (known) or unexpected (unknown) is based on the labeling of the marketed
drug, while in clinical trials, the reference safety information in the investigator’s brochure
is used. It is necessary for clinical trial sponsors to update the investigator’s brochure at any
time as needed, and the latest reference safety information receives close regulatory attention
to ensure it is up to date for the judgment of known/unknown (or listed/unlisted) cases.

In addition, since many of post-marketing ICSRs are spontaneous reports, there is a vast
range in the quality of the information from rich cases to poor cases (e.g., age/gender, drug,
and adverse event are minimum requirements for regulatory reporting), mostly without labo-
ratory results and the exact size of the exposed population is unknown. Since laboratory test
values of participants in a clinical trial are regularly collected, assessment of individual case
safe report, described later in this chapter, should effectively utilize theses results for each
subject as well as the corresponding case narratives. Clinical trials have detailed information
on cases such as the AE development date and dose (details of which are often missing in
post-marketing ICSRs) and the size of population is known, so it is possible to calculate the
frequency of occurrence and the incidence of AE. Of course, efficacy is statistically evaluated
in a prospective statistical analysis plan. Various designs of clinical investigation are avail-
able, not only clinical trials for the development of new drugs but also that for the extension
of indication of existing drugs, development of new routes of administration, and changes in
dosage regimen.

As regard to data collection of safety information in clinical trials, the Good Clinical Practice
guideline [6] does not address details of standards for the types of data to be collected for
safety monitoring although traditionally reliance has been placed mainly on AE case reporting
to the regulatory agencies. While another guideline, ICH E2A [14], specify only the key data
elements for inclusion in expedited reports of serious unexpected adverse drug reactions, it is
prudent to collect more comprehensive safety data during development because poorly estab-
lished safety profiles need to be clarified in greater detail with the collection of non-serious
adverse events and essential laboratory data. Therefore, the study protocols should be well
designed defining the data to be collected, which differs according to characteristics of a drug.

When collecting data, sponsors may prepare different procedures for targeted or untargeted
AE detection. However, the methods are commonly used in the same manner such as ques-
tionnaires, patient diary cards, and medical records supplemented with serious adverse event
(SAE) reporting forms. Safety outcomes can be presented using descriptive text or visual ana-
logue scales for severity rating, based on subjective opinion, of adverse events during inves-
tigation, pre-, during-, and post-trial, since a participant was enrolled. Patients’ opinions may
not be scientifically presented, but an understanding of benefit and risk and impact of an AE
on quality of life, thereby revitalizing patient-focused drug development, can be elaborated.
Narratives are important information for in-depth investigation of suspected unexpected seri-
ous adverse drug reactions (SUSARs) and to understand the reasons why a participant has



Frameworks for Evaluating Qualitative and Quantitative Information on Adverse Drug Events...
http://dx.doi.org/10.5772/intechopen.76331

dropped out from a trial. A protocol needs to specify testing intervals and thresholds for
evaluating data later. Discordance of coding interpreted from collected data will cause both
false positives and false negatives. Issues of coding, if left unresolved, will worsen with mul-
ticenter research which will provide aggregate data for quantitative analysis.

How data are presented influences the impression that an assessor would have. An appropri-
ate approach should be selected among many options such as tables with strata according
to, for example, dosage, duration of treatment with scatter plots for clinical chemical data,
Kaplan-Meier plots for cumulative hazard clinical chemical data and outcome evaluation,
and so on.

2.3. Safety profile and risk assessment

It is important to gain an understanding of the safety profile of a drug as early and as much
as possible during development as possible as risks can be more easily controlled. Once the
efficacy is proven at the end of clinical development, the benefit-risk profile of the drug is
reviewed whether it is acceptable for approval. Both medical judgment (qualitative) and sta-
tistics including descriptive and inferential approach (quantitative) influence the evaluation
of clinical safety during drug development. The same principles apply to post-marketing
evaluation. It is more likely, however, that safety signal detection and assessment during
clinical development depend as much on clinical judgment with case reports, especially for
serious rare AEs. Such an approach is reasonable and necessary for small-size trials, since data
accumulation is limited due to the small number of subjects. With accumulated data, statisti-
cal methods are possibly available for the evaluation of safety signals in clinical trials, espe-
cially for more commonly occurring adverse events, and it is certainly a practical option to
use a database for the phase IV studies especially after conditional approval has been granted.
Any approaches need to consider patient population characteristics including natural history
of disease and current therapeutic standards for comparison, when evaluating safety. Safety
evaluation is the basis of risk assessment as a whole, and it is required to report an unusual
or worrying ICSR, especially for AE of special interest, routinely anytime and when a certain
evaluation milestone is reached such as with DSUR submissions.

Risk assessment as a part of pharmacovigilance in drug development requires analyzing and
interpreting the safety profile. After risk assessment, investigator’s brochure may be updated
and risk management measures may be taken to minimize the risks, if necessary and medi-
cally significant. From perspectives of public health, risk assessment and decision-making
should be done at the right time rather to wait for punctual dataset for review.

Although the clinical efficacy is steadily and iteratively demonstrated through phase I, 1I,
and III, and then confirmed at the end of development, serious harm can occur at any stage
of drug development. Thus pharmacovigilance in drug development may be more of a risk-
based approach relating to any other drug-related issues that could affect patient safety and
safe use of drug, including concerns about quality and efficacy as well as safety. In this sense,
pharmacovigilance is consistent with a “risk-based approach” which to some extent can be
found in regulatory guidances recently [15-17].
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3. What can be done for “evaluating benefit-risk balance”?

Many methods have been proposed and each of them gives us thoughts to some extent. So,
do we need to apply all to our daily work? Those evaluation methods have been reviewed
in terms of usefulness in benefit-risk assessment and reported by the European Medicines
Agency, suggesting three quantitative methods for regulatory assessment use, Bayesian sta-
tistics, Decision trees and influence/relevance diagrams and Multi-criteria analyses, as well
as qualitative approach [18]. They also pointed out some limitations, for example, Bayesian
statistical model do not generally deal with multiple criteria, and some other approaches
such as conjoint analysis may contribute to some specific cases. An assessment process, which
includes many dimensions of public health to consider, will be enforced by the integration
of methods/approaches. Authors make the point that quantitative methods/approaches are
effectively adopted in practice only when a qualitative approach works.

3.1. Basic processes of adverse event evaluation

The identification of a potential safety issue for a drug requires processes to distinguish adverse
reactions from unrelated adverse events. These cases can be found in reports submitted to regu-
latory authorities or published articles/posts through journals, media and even through social
media and Internet. As a basic reference for risk assessment, the evaluation result of each indi-
vidual case of suspected ADRs, as well as adverse events, is important because even one ADR
case can be sufficient by evidence itself of a risk serious enough to stop a clinical trial. Therefore,
the first step of the process is the assessment of individual case observations, and the difficulties
of causality assessment are addressed further in the next Section 3.2. Case evaluation needs to
consider clinical significance, seriousness, severity (continuous variables), and expectedness
based on the latest investigator’s brochure, causality, place and time of occurrence, dosage,
and predisposing factors of trial subject. AEs based on laboratory data need to be interpreted
as to whether they are of value as surrogate markers, whether testing intervals are adequate
and whether such surrogate markers can be correlated with or help predict harmful endpoints.

Detection of specific ADRs as harmful properties of a medicine itself has an obvious purpose.
These can be grouped or aggregate cases with features in common or a case series where the
number of cases, individual causalities, inter-case consistency, and severity/seriousness can
all be assessed. Plausibility of causal relationship between a drug and event can be discussed
on the ground of causal assessment of each case or of a group of cases as an aggregate.

The next stage for attributing causality is to review the statistical quantification of safety data
from individual studies. Biostatisticians can prepare and present data with tables and graphics
as well as quantities of continuous/discrete variables. Points to consider include epidemiological
morbidity and subjects’ background data (bias and confounders), investigational comparators,
randomization or not, primary/secondary/surrogate endpoint, dropouts and missing data, and
data dependency on dose and time (hazard function). All aspects of statistical testing may play a
critical role when applying a statistical analysis plan: types of test, probability threshold (p-level),
adjustment for multiple testing and confounders, power of test, and confident intervals.
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Toward the end of development, all data pooled through clinical trials are reviewed. This
may require meta-analysis of individual data of clinical trials as well as meta-analysis of pub-
lished studies as well. It has been reported that no significant difference exists between meta-
analysis of published data and of individual data, and using published data is still considered
the norm [19]. From different studies, there needs to be a pooling of numerators (e.g., number
of affected patients) and denominators (e.g., number of patients or patient years) for ADR
frequency estimation; frequency expression as “number needed to treat to harm,” pooling of
within-study and between-treatment group differences.

After AE assessment, if necessary, a sponsor should update the investigator’s brochure and
continue developing the labeling and future surveillance plan. Accordingly, Core Safety
Information of an investigator’s brochure should be based on the Company Core Safety
Information, which in turn will be transferred to the Summary of Product Characteristics.
To extend development, phase IV studies are possible, for example, with registers for long-
term follow-up, observational studies for safety in clinical setting or using the large clinical
database.

3.2. Qualitative data: case narrative

Many algorithms and classification systems on causality have been proposed; however, none
has been agreed and accepted by everyone. In recent years, it has been questioned whether it
is worthwhile to spend much effort conducting causality assessment on individual suspected
ADR reports. The reason why is that ICSRs are considered relatively weaker as an evidence
for causality than compared to the frequency of events in the actively treated group with that
of the comparative control group. If randomized controlled trials found significant differ-
ences with appropriate statistical power, it is likely that pharmacotherapy was the cause of
event, that is, the medicinal product directly caused the event under certain conditions of use.
It is important to ensure robustness and objectivity of the trial is preserved by blinding (as
qualitative assessment of unblinded data is considered subjective). But can even the best con-
duct clinical trials replace spontaneous reporting? Clinical trials from the early development
phase to phase IV cannot replace spontaneous ADR reporting systems for detecting very rare
ADRs, and it is not realistic to conduct a large-scale epidemiological survey/study for each
new drug. Large databases may consider a signal such a rare ADR as noise and so it may be
missed. Therefore, even though information technology has evolved, it remains important to
evaluate causal relationship qualitatively on ICSRs individually, using medical inference, tak-
ing into account the widely different circumstances in which they arise ranging from clinical
trials, registries, to spontaneous reports.

As atool to assist qualitative evaluation, A to F ADR classes have been proposed and extended
since the 1970s. It addresses the characteristics of how to categorize ADRs pharmacologically:
Type A—augmented; Type B—bizarre; Type C—chronic; Type D—delayed; Type E—end of
use; and Type F—failure of therapy [20, 21].

In addition, the DoTS classification considering dose, time, and susceptibility was also pro-
posed from the viewpoint of elements that are thought to affect how side effects become
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manifested rather than the pathology of side effects in isolation (Table 1). [21] The authors
recognize absorption/distribution/metabolism/elimination to be included as susceptibility
factors and, in addition, propose to consider these factors as contributing to medication error
(contribution of human factors and other causal and predisposing factors).

WHO-Uppsala Monitoring Center advises that evaluation of causality can be categorized into
six stages, such as certain, probable, possible, unlikely, conditional/unclassified, and unas-
sessable/unclassifiable [22], and for that the following major four aspects are to be considered
[23]. (1) temporal relationships: What is the temporal relationship between treatment initia-
tion and the beginning of the event? How has the event changed after discontinuing treat-
ment? (negative dechallenge) Did it recur after re-administration? (positive rechallenge) (2)
Alternative causes: Have there been exposure factors other than complications, concomitant
medications, or medicines that can explain the event occurrence? (3) Nature of the event:
Some clinical events are often caused immediately by drugs (e.g., swelling in injection site).
(4) Plausibility: Is the reaction already recognized by this medicine? (Is it a known side effect
with this class?) Can the explanation for mechanism of event be derived from its known phar-
macological action?

As a more specific evaluation criterion, nine criteria by Hill [24] and a number of scoring
algorithms such as that devised by Naranjo et al. [25] can be used and applied to as part of
causality assessment. Effective use of all these causality techniques requires practical knowl-
edge about how to blend clinical, medical, and pharmacological sciences, which it means it
is necessary to have suitably qualified persons with such knowledge actively leading and
involved in the assessment team. Behavioral competencies for effective performance in phar-
macovigilance have been discussed elsewhere [26].

As will be described later, it is not uncommon for elucidation of the mechanism of the
development of ADR after many years following new drug approval often linked to
advances in in scientific technology and research. Benefit-risk assessment that involves
scientific review should be considered as standard operational procedures with structured
framework to achieve feasible decision-making. However, as there are no perfect causality
criteria, we should always bear in mind and not ignore clinical significant events regard-
less of causality unless there is overwhelming evidence of other causal factors which are

obvious.

Dose Time Susceptibility

Toxic Time independent Age

Collateral Time dependent (rapid, first dose, and early/intermediate/ Sex
Hypersusceptibility late/delayed) Physiological variation

Exogenous factors

Disease

Table 1. DoTS classification of adverse drug reaction.
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3.3. Quantitative data: statistical approach

Statistics are widely used in the drug development as “biostatistics” to validate the efficiency
of investigational products entity. What about the application of statistics to assess safety?

In the mid-1980s, the term “pharmacoepidemiology” was used for the first time, which often
refers to the academic field of study, drug use and safety on a group level. As you can imagine
from the phrase “epidemiology,” the “group of subjects” or “population” studied by pharma-
coepidemiology is a larger patient group than that of the clinical trial numbering up to tens
of thousands or even an entire national population. This academic field has greatly expanded
in the 1990s which is underpinned by the increased use of computerized databases including
prescription records and clinical outcomes to investigate safety issues quickly and efficiently,
as well as sophisticated computer technology, which enables high-enough performance to
handle enormous amounts of data.

More recently, the design of pharmacoepidemiologic studies has turned to using big data.
No matter the size of study subjects, the most challenging aspect of pharmacoepidemiology
is its research design as with clinical trials. The place of “chance” that may lead statistically
significant difference, “Bias” by systematic error, and “Confounding” as a third factor asso-
ciated with both drugs and events, all may contribute to a direct association between drugs
and events, which should be considered when designing the research plan and considering
their results. Studies on drug safety are often performed further in the post-marketing phase
observationally. Because, a double-blind trial to verify whether a serious adverse event will
occur to a patient can be ethically dubious as patients cannot be denied an approved effective
medicine, and in order to mitigate weakness and strengthen observational studies, pharmaco-
epidemiological researches inevitably consider new designs. In this academic domain, study
designs and statistical techniques have been evolved, such as self-controlled case series, new
user design, etc., handling bias and confounding that are classic and common in cohort and
case-control studies. Frequently used study designs in pharmacoepidemiology are described
further in the regulatory guidelines and the academic proposals [27-29].

New designs seem to be developed and used mainly for retrospective observational database
studies. For the question of interest, there is still needs to conduct a traditional epidemio-
logical study design for post-approval, phase IV study. As with the example of Brigham and
Women'’s Hospital epidemiological studies, it may be necessary to plan for a cohort study
to assemble from the beginning of development. Recently, many large-scale databases are
becoming available and it is prudent to first make use of them. When choosing a database,
you should make sure that prescription records, event data, and health-related information,
such as gender and age, are available. If you can reconcile patient ID, separate databases may
be combined. However, this requires epidemiological knowledge and experience.

3.4. Much to do in the post-marketing phase to fully develop and define a
medicine’s properties and potential

Based on the principle of ICH E2E, risk management plans have become a part of a new drug
approval document to be submitted to the regulatory authorities in many countries/regions.
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Most of the processes for evaluating ADRs are similar in the pre- and post-authorization
phases, although differences are found in data source for evaluation which impact on the
quality and meaning of an adverse event case. One of the significant differences is that the
spontaneous reporting system plays a critical role in post-authorization for both qualitative
and quantitative analysis, especially for the identification of potential safety issues as soon as
possible. This requires the process for quality management of spontaneous reporting so that
spontaneous reporting to be improved [30].

One of major challenges of ICSR reporting is its quality variation over time and between dif-
ferent geographical regions, depending on reporting cultures and regulations. This means it
is to be expected that the databases of aggregated ICSRs can vary between countries/regions
and indicate different drug-event combinations as safety signals. To illustrate these differ-
ences, a comparison study was performed on ICSRs databases between the United States
and Japan, namely, FDA Adverse Events Reporting System (FAERS) and Japanese Adverse
Drug Event Report (JADER) [31]. The ICSR elements and their definitions defined by ICH
have been implemented by countries/regions. It is expected that a case should be recorded in
the same manner in different countries, however, not in reality. In the study, although both
databases limitedly open the data elements, there were discrepancies in the type of reported
AEs, reported drugs, reporter type, seriousness, and average number of reported events per
case, between the JADER and FAERS. For example, the average number of AEs per case was
1.6 (SD = 1.3, max = 37) in the JADER and 3.3 (SD = 3.5, max = 62) for the Japanese cases in
the FAERS; “drug exposure during pregnancy,” “no adverse events,” and non-serious cases
are present in FAERS, but as these are not mandatory for electronic submission in Japan, few
reports from non-professionals were found in the JADER.

These differences are mostly due to regulations and customs. In addition to these, social fac-
tors and healthcare systems also have a considerable impact. Interstitial lung disease (ILD) is
an example of how an AE can be differently reported in Japan based on social-induced report-
ing bias. Japan has experienced serious social concerns with ILD related to several drugs and
simultaneously, diagnosis with x-ray imaging is available in Japanese clinics and hospitals
so it would appear that ILD could be more efficiently detected than other countries. Coding
rules also may affect ICSRs data, because medical terminologies of ICSRs are submitted using
codes inputted by a reporting company, where the company culture may have been embed-
ded in the process so that bias may arise. All these unresolved biases threaten internal and
external validity of the ICSR databases.

Nevertheless, the ICSR database is still very useful for review in the post-approval phase. It
gives an opportunity to detect any safety signal (a combination of a medicine and an event
considered to require more detailed examination) that would require a closer scrutiny.
Collecting individual cases in the post-approval phase is said to be particularly suited for
capturing suspected cases of serious and rare adverse drug reactions; however, if healthcare
professionals, especially physicians, do not report the event, the potential safety risk cannot
be noticed. In order to complement this, those who evaluate actively post-marketing data are
extending their activities to include looking for signals from a large amount of information,
which is out of scope of this chapter.
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Data management and statistical methods draw attention to the need to press forward by
improving the efficiency of data analysis. However, it is hard for database analyses to iden-
tify issues such as dependency problems of medicines such as benzodiazepines and many
delayed side effects unless they are flagged as a safety problem by patients’ complaints in the
first place through spontaneous reporting.

4. Remaining issues and the future for pharmacovigilance

4.1. Characteristics of phase IV studies

Phase IV studies, either interventional or observational studies, have to be appropriately
designed, according to the purpose/hypothesis about drug efficacy, effectiveness, or safety.
To say that “the medicine is safe” in regulatory science means that the probability of hazard
is low and acceptable, as compared to the disease to be treated and the benefit expected
by the drug. In that sense, the safety concerns of the marketed drug are always linked to
the benefit of the drug which has been accepted in the approval process. Unlike “efficacy”
review, observational studies prevail in drug safety due to ethical reasons. Clinical trials
are designed to reduce a statistical erroneous conclusion that efficacy exists when it really
does not (Type I error). It defines “efficacy” to be tested, and statistical analysis is planned
on the basis of a single hypothesis of the efficacy, thus the testing of multiple hypothesis
within a single study is discouraged. However, there are a lot of potential types of ADRs that
would be inappropriate to examine in a randomized trial. This is another reason for using
surveillance to catch any signs of hazard and using prospective/retrospective longitudinal
observational studies and pharmacoepidemiological database studies to assess the occur-
rence of ADRs. In addition, population-based design is of significance to compensate limited
generalizability in clinical trials. “Effectiveness” in real-world clinical settings of a drug is
scrutinized normally by non-interventional study or trial where the drugs are prescribed as
per usual based on the terms of a drug marketing license. Definition of “effectiveness” may
be prone to chance of subjective variation of the prescribing physician, which would make
designing a study difficult.

Some registration systems provide an overview of clinical trials and studies: purpose, study
type, intervention, recruitment criteria, etc. One such system in regulatory use is ClinicalTrials.
gov, where information on phase II to IV studies of drugs, biological products, and medical
devices regulated by the FDA is submitted [32-34]. Approximately 20,000 phase IV studies,
over a half of which were interventional, have been registered in ClinicalTrials.gov; among over
250,000 studies in 203 countries, noticeably, registered phase IV studies include studies without
drugs and observational studies [35, 36]. Those interventional studies examine various aspects
of efficacy, pharmacodynamics, pharmacokinetics and other pharmacological aspects. Safety
is often focused along with efficacy as described above, and 4392 of 4722 safety studies were
aimed at efficacy as well as safety from 2004 to 2014. Of those which were interventional stud-
ies, 226 (68.5%) of them recruited less than 300 patients. Again, from a public health view point
of generalizability, safety profile cannot be efficiently informed through clinical studies alone.
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4.2. Utilizing and making sense of new data sources

Real world data (RWD) refers to all the data relating to patient health status and/or the deliv-
ery of health care routinely collected from a variety of sources [37]. They are collected under
day-to-day circumstances and not through international trials with a control or comparative
group. This means data are outside the controlled constraints of conventional randomized
clinical trials. Especially occurring in the post-approval setting, the data can be used to evalu-
ate what happens when a medicine is used in normal clinical practice. Such data can arise
from a number of sources, not only in the clinical settings, but also social settings. Therefore,
RWD can be found in electronic health records (EHRs), claims and billing activities, product
and disease registries, patient-related activities in out-patient or in-home use settings, health-
monitoring devices and even blogs if possible [38]. In addition, RWD can include data on
outcomes (both clinical and patient-reported), resource use (medical institutions, patient, and
societal), treatment pathways, service models, patient preference, experience, and compli-
ance. Secondary research data derived from routinely collected data is also applicable. Real-
world evidence in drug development is, in turn, the clinical evidence regarding the usage and
potential benefits or risks of a medical product derived from the analysis of all of this RWD.

RWD and RWE may not be the best thing for collecting efficacy data, and interventional trials
are essential and inevitable to prove efficacy of medicinal entity. The methodology to utilize
RWD would elaborate the better use of RWD for the monitoring of safety information in the
post-approval phase to add further information on benefit-risk balance [39]. As of today, the
majority of studies with RWD are safety-focused, and real-world pharmacovigilance is one of
the main drivers currently for collection of RWD for many companies, based on post-authori-
zation requirements for safety evaluation in real-world patients. It is reported that registries,
in the form of a cohort study, have not sufficiently enrolled participants [40], and it should
bear in mind that any type of data source has difficulties and limitations in collection and
quality of its data.

4.3. Necessity of pharmacovigilance for the development of pharmaceuticals

Access to new therapies in oncology has depended on the results of post-approval RWD. There
are some drugs approved based on progression-free survival using Kaplan-Meier survival
analysis with no difference in overall survival time. Can the data of progression-free survival
really support a clinically meaningful effect of anticancer drugs? Would not data about the
overall survival period be better? It may be agreed with regulators that data on the over-
all survival time derived from post-approval observational research be evaluated with the
results fed back to healthcare professionals through updates to the package insert, etc. Such
an approach may well lead to increase in utilization of conditional approvals.

Beginning with imatinib, the development of molecular-targeted drugs and utilization in clin-
ical practice became popular especially in the twenty-first century. However, it has been noted
in recent years that many genetic mutations are present in the signal transduction system and
from this scientist can more easily predict outcomes concerning effectiveness and safety. Even
though we cannot fully clarify molecular targeted drugs at the time of approval, research
for confirming gene mutation should continue to be recommended after marketing by using
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companion diagnostic agents often as personalized medicine. As the tragedy of thalidomide
was one milestone, the lessons learned after gefitinib’s marketing in Japan can be considered
a further milestone for molecular targeted drugs. Gefitinib was the second molecular-targeted
drug that was launched in Japan ahead of the world in July 2002 based on the approved
indication of lung cancer. Some years later, it was confirmed that the effectiveness is valid for
small cell lung cancer patients with EGFR gene mutation (L858R or Exon 19 deficiency), and
that the mutation of the ATP binding site is more common in Oriental women such as Japan
and China [41]. In terms of safety, many adverse reaction cases of Interstitial Lung Disease
were reported at the time of clinical trials, but the mechanism of action that caused such an
adverse reaction had not yet been elucidated.

However, there remains a huge question about the feasibility for a company being obliged to
obtain even more data during development by investing in post-marketing safety studies
and effectiveness studies. In recent years, regulatory authorities have streamlined reviews for
approval, such as FDA’s Accelerated Approval Program, and there are increasing numbers of
applications requiring post-approval safety measures at the time of approval. It is considered as
one possible solution to replace conducting many phase IV studies and in vitro studies with uti-
lizing RWD, as described above. However, it should be noted that profiles of each database vary
so much that they produce different results even if you study with the same objective, for exam-
ple, pioglitazone [42]. Therefore, it is necessary to sufficiently clarify the risk minimization actions
in a RMP, and to keep these in mind when choosing a database for quantitative assessment.

5. Conclusions

Pharmacovigilance can be defined as a multidisciplinary science consisting of systematic
activities and processes relating to the detection, assessment, understanding, and prevention
of adverse effects or any other problems related to medical healthcare products and their
handling throughout their lifecycle, thus mitigating risk and maximizing benefits for patients.
These activities include those required to monitor and assess a quality system embedded in a
just and fair culture that facilitates reporting, communication, and organizational learning to
demonstrate that the system is performing according to guiding safety principles agreed by
all stakeholders. What has been learned from the history of various medicines is that the bal-
ance between benefit and risk can change from time to time based on the obtained experience
and information, and that taking multiple approaches to a certain safety research objective can
often result in different answers. Therefore, pharmacovigilance is a challenging and evolving
multidisciplinary science that has to be applied logically throughout drug lifecycle. This chap-
ter presented what are available in practice to assess and profile safety with a central aspect of
adverse drug event/reaction throughout the development phase to the post-marketing phase.
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Abstract

Classically, the development and launching of a new drug is a highly time consuming,
tedious and expensive process involving following fundamental steps: (1) Identification
of cause of Disease and Search for target site. (2) Search and Optimisation of active com-
pound, that is, the Drug Lead. (3) Testing of Drug in Animals (pre-clinical phase). (4)
Clinical Trials. (5) Approval of New Drug by Competent authority and availability of the
drug. Drug discovery and development process involves around 10-15 years of investi-
gation period and incredibly high cost and investment. This process also involves partic-
ipation of experts from various disciplines and fields. Therefore, the new approaches are
obligatory to be developed not only to expedite the process but also to ensure the launch
of safer and effective drug. Over this background, the importance of experimental wis-
dom and holistic approach is intensifying to offer good base as an attractive discovery
engine. Natural product drug discovery, ethno-pharmacology, traditional and attractive
medicines are re-emerging as new strategic options. In the past decade, the number of
new chemical entity (NCG) in drug development channel is declining markedly might
have led to the rekindling of interest in emergence of natural product as new drug leads.
The novel natural products can be optimised on the basis of their biological activities
using highly sophisticated combinatorial biosynthetic techniques, microbial genomes
and screening process.

Keywords: natural products, drug leads, microorganism and marine source

1. Introduction

Drug discovery and development is mainly concerned with new chemical entity with biologi-
cal activity. It works on enhancing the properties of drugs used in the treatment of different

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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medical conditions. Classically, the development and launching of a new drug is a highly time-
consuming, tedious and expensive process involving under mentioned fundamental steps:

¢ Identification of cause of Disease and Search for target site

¢ Search and Optimisation of active compound, that is, the Drug Lead
¢ Testing of Drug in Animals (pre-clinical phase)

¢ Clinical Trials

* Approval of New Drug by Competent authority and availability in market.

Drug discovery leading to strong and doable lead candidate always remained exigent assign-
ment for scientists. In fact experts accomplish the task by transforming the screening hit com-
pound to a suitable drug candidate. The journey of new drug to the market is considerably
long and takes about 10-15 years of investigation period. Therefore, the new approaches are
obligatory to be developed not only to expedite the process but also to ensure the launch of
safer and effective drug [1].

Over this background, the importance of experimental wisdom and holistic approach is inten-
sifying to offer good base as an attractive discovery engine. Natural product drug discovery,
ethno-pharmacology, traditional and attractive medicines are re-emerging as new strategic
options. In the past decade, the number of new chemical entity (NCE) in drug development
channel is declining markedly might have led to the rekindling of interest in the emergence
of natural product new drug leads. The novel-natural products can be optimised on the basis
of their biological activities using highly sophisticated combinatorial biosynthetic techniques,
microbial genomes and screening process (Figure 1).

Procurocmaent of
optimized
therapeutic agont

Figure 1. Complete process of drug discovery from plants.
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Since ages the natural products have been the source of medicinal agents and will continue
to play crucial role in the human health through the expanded investigation of world biodi-
versity. World Health Organization (WHO) reports that about 80% of the world’s population
depends on traditional medicine for their health care. Further, at least 119 important chemical
substances have been derived from 90 plant species [2].

With the advent of theory of drug-receptor action, the scientists concluded that it is the iso-
lated compound from the plant extract that is responsible for pharmacological action. This
leads to new era in pharmacology and area of new drug research. The classical example is
morphine (from opium) and digoxin (from Digitalis purpurea). A number of modern med-
icines have been obtained from natural resources such as plants, microorganisms, marine
organisms and minerals. Nature continues to be a main source of molecular diversity, which
through the pursuit of multidisciplinary, international collaborative research can result in the
development of promising lead compounds [3].

2. Natural product as new drug lead

Lead identification/optimisation is the one of the most important steps in drug develop-
ment following the biological target identification. The properties of a drug can be enhanced
or potentiated by making certain modifications/alterations in its chemical structure. Drug
efficacy, potency, selectivity and pharmacokinetic parameters can be improved by making
necessary structural changes. The chemical structure is the key to lead compound iden-
tification. After the lead compound identification, the next step is the study of ADMET
that is absorption, distribution, metabolism, excertion and toxicology of the probable drug
lead. If these studies are positive and satisfactory, the compound is nontoxic and non-
mutagenic, then the compound is turned to be potential lead compound. This may then be
developed as new drug. (Figure 2). Lead compound is a chemical compound that shows
desired pharmacological activity and may initiate the development of new chemical entity,
relevant compound. These are actually the starting molecule for the new drug. Newer tech-
niques can be adopted to accelerate the enhancement in the compounds pharmacological
properties.

The promising sources of lead compound and novel drugs are:

¢ Natural products
¢ Chemical libraries

¢ Computational Medicinal Chemistry

Recently, there has been a keen interest in natural product research as the traditional method
of drug discovery failed to yield desired lead compound particularly in areas such as immu-
nosuppressant, anti-infective and metabolic diseases. Natural product research continues to
explore a variety of lead chemical structures that can be used as a template for new drug by
the pharmaceutical industry. This is also evident that new approaches to enhance the joint
drug discovery and development process would be expected to take place basically from
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Figure 2. Process of lead selections and identification.

Figure 3. Drug leads and drug development.

innovation in drug target elucidation along with lead structure discovery. There are new tech-
nologies like automated separation techniques, high throughput screening and combinatorial
chemistry are powerful and revolutionising drug discovery. (Figure 3).
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Plants

Figure 4. Natural products as drug leads.

Apart from comparing with other drug discovery methods, natural products are still provid-
ing their fair share of new clinical candidates and drugs. These said compounds were still a
significant source of new drugs, especially in the anticancer, anti-infective, antihypertensive,
immune-suppression and neurological disease therapeutic areas [4-7]. The natural products
used as drug lead are shown in Figure 4.

2.1. Plants

Plants are affluent source of pharmaceuticals as well as drug leads. They are the natural labo-
ratories where the simple chemical skeleton is transformed to complex chemical structures.
The natural metabolites are far better than the synthesised metabolites in biological efficacy.
A survey of plant-derived drugs in countries that host the WHO—Traditional medicinal
Centres indicated that out of 122 compound identified 80% were derived from 94 plant spe-
cies. Some of the drugs obtained in this approach are: sodium cromoglycate, a bronchodila-
tor from khellin (Ammi visnaga), Metformin, an antidiabetic from galegine (Galega officinalis),
verapamil a antihypertensive from papaverine (Papaver somniferum), aspirin an analgesic from
salicin (willow bark), atorvastatin from mevastatin (Penicillium citrinum), (Figure 5). Malaria
remains one of the biggest challenges faced by the mankind, and there is a continuous search
for an effective drug. The isolation of quinine from cinchona bark was reported in 1820 by the
French pharmacists Caventou and Pelletier. Quinine formed the basis for the synthesis of the
commonly used antimalarial drugs. Another antimalarial drug developed from plant lead is
artemisinin obtained from Artemisia annua. There analogues are used in many countries for
the treatment of malaria.

Other noteworthy drugs developed from traditional medicinal plants are: Reserpine an anti-
hypertensive drug from Rauvolfia serpentina, Ephedrine from Ephedra sinica used as the basis
for the synthesis of the anti-asthmatic drug salbutamol and salmeterol, tubocurarine a muscle
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Figure 5. Drugs developed from plant lead molecule.

relaxant, from Curare species. A number of anticancer agents have been obtained from plants:
vinblastine and vincristine from Catharanthus roseus and two clinically active compounds eto-
poside and teniposide, Paclitexel most exhilarating anticancer derived from Taxus species.
(Figure 6).

In addition, recently, various other chemically active agents have gained attention and impor-
tantly placed in the arsenal of plant-derived anticancer agents. These are topotecan, irinote-
can (CPT-11); belotecan and also their analogues 9-amino and 9-nitro camptochecin. These
are semi-synthetic in nature, derived from camptochecin isolated from a Chinese ornamental
tree camptotheca acuminate. One of the first plant-derived tubulin interactive compounds
recently entered clinical trials, maytansine from the Ethiopian tree Maytenus serrata. This plant
granted a new lease of life “warhead” (slightly modified), on a monoclonal antibody. The nat-
ural product chemists wondered if the compound was microbial in origin due to its similarity
to the “ansa” antibiotic such as the rifamycins. Scientists at Takeda during 1977 reported very
closely resembled the maytansinoids structure. Thereafter, compounds isolated from bacte-
rium which was renamed as Actinosynnema pretiosum in fact similar to those isolated from
other plant genera [8].
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Figure 6. Plant-derived drugs.

2.2. Animals

Amphibians, reptiles and humans have been a fine source of drug. Epibatidine is a potent
analgesic obtained from the skin of epipedobates tricolour (A frog). This drug is several times
stronger than morphine. But the main snag is that the therapeutic dose of the drug is more
close to its toxic dose that drives the development of synthetic analogue. Epibatidine has
turned out to be important lead compound for potential novel painkillers. Teprotide isolated
from the venom of the snake pit viper, Bothrops jararaca led to the design and synthesis of ACE
inhibitor Captopril used in the management of hypertension. Another noteworthy finding
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Figure 7. Drug from snake venom.

was the isolation of exendin-4 from the venom of Gila monster, Heloderma suspectum that leads
to the development of Byetta an injectable antidiabetic drug to control type 2 diabetes. In 2009,
a notable peptide having closeness to Human GLP-1 was approved for similar indication in
Europe and then in Japan, in 2010, in the USA, under the name liraglutide [9] (Figure 7).

2.3. Micro organisms

The discovery of Penicillin from Penicillium notatum in 1929 by Fleming steers a new era in
medicine “The Golden Era of Antibiotics” and accelerated the investigation of nature for bio-
active agents. The microorganisms are the productive source of dissimilar bioactive metabo-
lites and have turned out to be a vital source of drugs in Pharmaceutical industry. These are
antibacterial agents: Penicillin from Penicillium species, cephalosporins from Cephalosporium
acremonium, tetracycline, chloramphenicol, aminoglycosides, rafamycin, and so on. In addi-
tion to this immunosuppressive agents like cyclosporins from trichoderma, cholesterol low-
ering drug such as mevastatin (compactin; from Penicillium species) and lovastatin from
Aspergillus species, anthelmintics and antiparasitic drugs like ivermectins from Streptomyces
species are all originated from microorganisms [9].

Among the anticancer drugs, anticancer antibiotics plays a significant role in the chemother-
apy. These are given in Table 1.

2.4. Marine organisms

Seventy five percent of the earth surface has been covered by water, but there is limited
research as far as pharmacology of marine organisms is concerned. Many of these are still

S.No. Anti-tumour antibiotic Source

1 Bleomycin Streptomyces verticillus

2 Mitomycin Streptomyces caespitosus

3 Daunomycin Streptomyces peucetius

4 Doxorubicin Streptomyces peucetius var. caesius.

Table 1. Antitumor antibiotics.
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unexplored. Marine environment characterises various diverse resources towards new
drugs to fight most major diseases like malaria and cancer. Marine environment also sig-
nifies an ecological resource consisting of a variety of aquatic plants and animals. Such
aquatic organisms are screened for immunomodulatory, antibacterial, antifungal, anti-
inflammatory, antimicrobial, neuroprotective, anticancer, analgesic and antimalarial prop-
erties. These aquatic organisms are used for new drug developments mostly all over the
world. Thus, under the marine pharmacology, there is further scope for research on the
drugs of marine origin [10]. Marine pharmacology can be classified on the basis of source
of the candidate drug:

¢ Genetically engineered marine organisms
¢ Manufacture of pharmaceuticals and nutraceuticals of marine origin

® Chemicals produced by or found in marine organisms shown to have a wide variety of
applications as pharmaceuticals.

Classification of marine drugs on the basis of their action (Table 2).

Some of the drugs of marine origin approved for human use in different parts of the world
are as follows (Table 3).

Given underneath are certain marine drugs that are now under Clinical Phase IlI trial (Table 4).
There are some marine drugs that are undergoing Phase II trial (Table 5).

Few drugs are also undergoing Clinical Phase I trial (Table 6).

Class Marine drugs

Antibacterial Eicosapentaenoic acid, isolated from Phaeodactylum tricornutum active against gram
positive and gram negative bacteria.

Anti-inflammatory The extracts and other parts of a Mediterranean sponge species Spongia officinalis showed
anti-inflammatory activity in vivo.

Neuroprotective Extracts of South Indian green seaweed Ulva reticulate having neuroprotective action.

Antiparasitic Extracts of Sarcotragus sp. known as Tunisian sponge showed in-vitro anti-leishmanial
activity.

Antiviral agents Exo-polysaccharide extracted from the Celtodoryx girardae has Anti-herpes simplex virus-1

(HSV) activity.

Anticancer Bryostatin, obtained from the Bryozoan, Bugula neritina, some forms from sponges and
tunicates have cytotoxicity.

Analgesic Ziconotide, first US FDA approved analgesic of marine origin.
Antimicrobial The cephalosporins are well-known antimicrobial agents with a marine source of origin.
Antimalarial activity Isonitrile containing antimalarial molecules have been extracted from the Acanthella sp.,

a Japanese sponge.

Table 2. Classification of marine drugs.
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Approved marine drug

Cytarabine It is FDA approved and mainly used in different types of leukaemia, including acute myelocytic
leukaemia, lymphocytic leukaemia, meningeal leukaemia, and chronic myelogenous leukaemia.

Vidarabine It is FDA approved used in recurrent epithelial keratitis caused by HSV type 1 and 2, acute kerato-
conjunctivitis, and also for superficial keratitis

Ziconotide Ziconotide, FDA approved has shown potential as an analgesic.

Trabectedin A marine product extracted from Ecteinascidia turbinate. First anticancer molecule of marine

origin got approval in EU for use in soft-tissue sarcoma and in relapsed cases of platinum-sensitive
ovarian cancer

Table 3. Approved drugs of marine origin.

Marine drugs in clinical Phase III trial

Eribulin mesylate (E7389)
or halichondrin B

Soblidotin (auristatin PE
or TZT-1027)

Tetrodotoxin

It is a polyether macrolide natural molecule originally extracted from marine sponges,
with potent anticancer activity reported in preclinical animal models. Eribulin is a
potent molecule which produces irreversible antimitotic activity leading to cell death by
apoptotic pathway.

Is a synthetic derivative of the dolastatin backbone from dolastatin 10. It is a vascular
disrupting agent causing the collapse of the vasculature inside the tumour, in addition
to its tubulin inhibitory activity. It is undergoing trials in clinical Phases I, II, and III and
companies are trying to use it as a weapon to specific monoclonal antibodjies.

Well-known “marine toxin”, and highly substituted guanidine-derivative is not an anti-
tumour agent, currently in Phase III trials as analgesic against inadequately controlled
pain related to the cancer.

Table 4. Marine drugs in clinical Phase III trial.

Marine drugs in clinical Phase II trial

DMXBA (GTS-21)

It is a synthetic imitative of anabaseine, an alkaloid found in many species

[3-(2,4-dimethoxybenzylidene) of aquatic worms of phylum nemertea. It is reported to be beneficial

-anabaseine; GTS-21]

Plitidepsin

Elisidepsin (PM02734)

PM00104 (Zalypsis)

Plinabulin (NPI-2358)

for improving cognition and sensory gating deficiency in a variety of
laboratory animals.

It is a natural marine depsipeptide, currently obtained by total synthesis.
It was primarily isolated from a tunicate Aplidium albicans found in the
Mediterranean Sea. It is a highly potent apoptosis inducer.

It is a novel cyclic peptide derived from marine sources belonging to the
Kahalalide family. It is now in Phase II with proof of antitumor potency
with positive therapeutic index.

It is linked to jorumycin extracted from the Pacific nudibranch’s (Jorunna
funebris) skin and mucus as well as from renieramiycins extracted from
varieties of sponges and tunicates. Preclinical in vivo studies indicated
high antitumor activity in cells of breast, prostate and renal cancers with a
modest antitumor action on colon cancer cells.

It is a fully laboratory made analog of the natural product halimide
originally derived from marine Aspergillus sp. CNC-139 and phenylahistin
extracted from Aspergillus ustus. It inhibits the polymerisation of tubulin,
resulting in destabilisation of the vascular endothelial cells of the tumour.
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Marine drugs in clinical Phase II trial

ILX-651 (tasidotin or synthadotin) A synthetic derivative of dolastatin-15 and it inhibits assembly of tubulin.
It is an orally active drug and has progressed to Phase II trials in different
types of cancer.

Pseudopterosins A leading class of diterpene glycosides primarily extracted from the
octocoral Pseudopterogorgia elisabethae. It is a strong phorbol myristate
acetate inhibitor. In a double-blind, Phase II clinical trial, the drug was
found to augment re-epithelialisation process in early wound repair
process.

Table 5. Marine drugs in clinical Phase II trial.

Marine drugs in clinical Phase I trial

Leconotide (AM-336, It is a peptide similar to Ziconotide and is undergoing Phase I trials for the treatment of
w-conotoxin CVID) cancer.
Enfortumab vedotin It is used in immunotherapy, and it is a combination of a fully human IgG1k antibody

and monomethyl auristatin E.

Vorsetuzumab mafdotin ~ An antibody-drug conjugate, with monomethyl-auristatin F attached to the anti-CD70

(SGN-75) monoclonal humanised antibody 1F6. This molecule is presently being evaluated for its
value in relapsed and refractory non-Hodgkin’s lymphoma in Phase I clinical trials and
also in metastatic renal cancer.

Table 6. Marine drugs in clinical Phase I trial.

3. Natural product drug discovery and development: an integrative
approach

An integrative approach comprising various discovery tools and novel discipline would defi-
nitely endow with an input in natural product drug discovery and development. Natural
product can be envisaged to remain an indispensable component in the development of new
drug. According to Lutz natural product not only complement synthetic molecule, they also
exhibit drug-related features unsurpassable by any synthetic compound. An important attri-
bute of natural product is their huge structure and chemical diversity. Another beneficial
feature of natural product is their biological history. The natural products possess an inherent
ability to interact with other molecules, which is a crucial precondition for making a drug.
The natural product due to its sterically more complex structure exhibit advanced binding
properly compared with synthetics. The natural products are perceived as “drug like-ness”
and “biological friendliness” than totally synthetic molecule making them apposite lead
candidates.

The process of drug discovery involves the identification of candidates, synthesis, screen-
ing, characterisation and assays for therapeutic efficacy, which in fact is a very lengthy and
tedious process. Considering the success of natural products as source of new drugs, new
technologies have emerged to facilitate the process. These technologies are combinatorial
chemistry, high throughput screening (HTS), bioinformatics, proteomics and genomics.
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Other recently developed techniques are molecular diversity, compound library design,
MMR based screening, QSAR and computer-aided drug design.

3.1. Combinatorial chemistry

Combinatorial chemistry involves the rapid synthesis or the computer simulation of a
large number of different but often structurally related molecules or materials. In a com-
binatorial synthesis, the number of compounds made increases exponentially with the
number of chemical steps. In a binary light-directed synthesis, 2n compounds can be
made in n chemical steps. Combinatorial chemistry is especially common in computer
aided drug design (CADD) and can be done online with web-based software, such as mole
inspiration.

3.1.1. Principle of combinatorial chemistry

Combinatorial chemistry is a technique by which large numbers of structurally distinct mol-
ecules may be synthesised in a time and submitted for pharmacological assay. The key of
combinatorial chemistry is that a large range of analogues is synthesised using the same reac-
tion conditions, the same reaction vessels. In this way, the chemist can synthesise many hun-
dreds or thousands of compounds in one time instead of preparing only a few by simple
methodology.

The conventional approach of synthesis is
A+B - AB

In contrast to this approach, combinatorial chemistry offer the potential to make every combi-
nation of compound A1 to An with compound B1 to Bn.

Compound Libraries 5-:1"5.-tar|ingI Lead Compounds Detimizatiﬂl In -Vivo Studies

The range of combinatorial techniques is highly diverse, and these products could be made
individually in a parallel or in mixtures, using either solution or solid phase techniques.

Combinatorial Chemistry is used to synthesise large number of chemical compounds by com-
bining sets of building blocks. Each newly synthesised compound’s composition is slightly
different from the previous one. A traditional chemist can synthesise 100-200 compounds
per year. A combinatorial robotic system can produce in a year thousands or millions com-
pounds, which can be tested for potential drug candidates in a high-throughput screening
process [11].

3.2. High throughput screening

High throughput screening is a standard method for hit discovery for scientific experimen-
tation in drug discovery and allied field. HTS uses robotics, data processing and control
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software, liquid handling devices and sensitive detectors making researchers to quickly con-
duct the biochemical, genetic or pharmacological tests. Employing HTS, it is comparatively
trouble-free and swift to identify active compounds. HTS is hassle free technique that collects
large amount of experimental data in a relatively short time [11].

3.3. Bioinformatics, proteomics and genomics

Genomics and proteomics in combination with combinatorial chemistry and high-throughput
screening are helping to bring forward an unparalleled number of potential lead compounds.
Proteomics includes technologies for protein mapping that is separating, distinguishing and
quantifying the proteins in samples and also identification and characterisation of specific
protein. The main protein mapping technology currently in use is two-dimensional polyacryl-
amide gel electrophoresis (2D-PAGE) that can resolve up to 2000 proteins in single gel.

Genomics is an area within genetics that concerns the sequencing and analysis of an organ-
ism’s genome. The genome is the entire DNA content that is present within one cell of an
organism. Experts in genomics strive to determine complete DNA sequences and perform
genetic mapping to help understand disease. Since many diseases occurs due to failure of
genes to perform correctly, genomics help to identify the genes involved in responsiveness to
a given drug. Hence, genomics is an integral part of drug discovery [12].

4. Challenges with natural products

In spite of so many inherent advantages of these natural products for the synthesis of various
molecules ranging from simple skeleton to highly complex chemical structures, they do have
certain potential limitations.

* Drug discovery from natural products would eventually lead to its commercialisation. This
may further burden the natural resource and consequently lead to undesirable environ-
mental concerns. While synthesis of active molecule could be an option, not every molecule
is amenable for complete synthesis. Hence, certain degree of dependence on lead resource
would continue, for example, anticancer agent like etoposide, docetaxel, paclitaxel. It is
expected that around 25,000 plant species would cease to exit by the end of this century.

¢ Anotherissue, the IPR protection related to the natural products is creating some confusion
because the lead compounds are based on some linkage to traditional uses.
These processes impede the pace of discovery process at various levels. Challenges in the new
drug developments are mainly due to:
i. Existing prototype for drug discovery in large pharmaceutical industries.

ii. Technical limitation of natural products
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According to Koehn and Carter, the unique feature/characters of the compound isolated from
natural products are:

a. Increased steric complexity

b. Presence of large number chiral centres

c. Presence of greater number of oxygen atoms

d. Ratio of aromatic ring atoms to total heavy atoms, that is, low
e. Molecular rigidity is high

f. Wider distribution of molecular properties, such as molecular mass, O/w partition coef-
ficient and diversity of ring system [13].

It is presumed that large number of NP despite being biologically active and having favour-
able pharmacokinetic profile do not satisfy the criteria “drug likeness.” The challenge is of
building a physio-chemical tuned natural products library in line ¢ the lead generation to
promote natural products to their full potential. Therefore, ultimately, the biggest challenge
is to find alternative drug ability criteria for the compound of natural origin, as they do not
fit “rule of five” for to be drug like. As per rule of five propagated by Lipinski [14], a drug
candidate should have:

i. Less than 10 H bond acceptors
ii. Less than 5 H bond acceptors
iii. Mol, wet >500 Da
iv. PK of less than 5

5. Conclusion

Natural product drug discovery, ethno-pharmacology, traditional and attractive medicines
are re-emerging as new strategic options. The chapter endeavoured that novel-natural prod-
ucts can be optimised on the basis of their biological activities using highly sophisticated
combinatorial biosynthetic techniques, microbial genomes and screening process.

The chapter made efforts to provide short-lived imprint of the significance of natural products
as bioactive molecules and also as pharmaceutical agents. On the advent of novel screening
systems related to the discovery of genetic information accelerating the need to rapidly iden-
tify effective and novel lead structures as important necessity. It is certain that an important
portion of these leads will remain to be resultant natural product.

As on today, comparative ease of access to plants now resulted in the discovery of a plant-
derived compounds, so far as the microbial sources are particularly important in the area
of antibiotic. Further effort suggests, that marine organisms, and such group of organisms
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not much published, the marine-sourced fungi shall perform progressively significant role in
the future. This role especially when given the impressive advances in the power of organic
synthesis to report the supply problems intrinsic with this source material. With the arrival of
genetic techniques that permit the isolation and expression of biosynthetic cases in the future,
microbes and their marine invertebrate hosts might better be the new frontier towards natural
products lead discovery. Plant endophytes also offer stimulating new resource.

Forthcoming features of antibiotic discovery and development include somewhat from a dif-
ferent perspective, a significant number of issues referred to in this chapter. Together with
these novel sources to refurbished phenotypic screens that employ high-content imaging sys-
tems and that can run in microliter volumes, it might enable investigators to speedily evaluate
the activity of individual agents and their potential.
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Abstract

Algorithms for classification and taxonomy are proposed based on criteria as information
entropy and its production. A set of 59 antitubulin agents with trimethoxyphenyl (TMP),
indole, and C=0 bridge present inhibition of gastric cancer cell line MNK-45. On the basis
of structure-activity relation of TMPs, derivatives are designed that are classified using
seven structural parameters of different moieties. A lot of categorization methods are
founded on the entropy of information. On using processes on collections of reasonable
dimension, an extreme amount of outcomes occur, matching information and suffering a
combinatorial increase. Notwithstanding, following the equipartition conjecture, an assort-
ment factor appears among dissimilar alternatives resultant from categorization among
pecking order rankings. The entropy of information allows classifying the compounds
and agrees with principal component analyses. A table of periodic properties TMPs is
obtained. Features denote positions R;_4 on the benzo and X-Rs/; on the pyridine ring in
indole cycle. Inhibitors in the same group are suggested to present similar properties;
those in the same group and period will present maximum resemblance.

Keywords: periodic law, periodic property, periodic table, information entropy,
equipartition conjecture, anticancer activity

1. Introduction

Experimentally, antitubulin analogues were synthesized/tested for antitubulin activity, reveal-
ing ligand-interaction principles with tubulin/related bioactivity [1-13]. Molecular modeling
studies of antitubulin agents were performed to aid in the design of better antitubulin inhibi-
tors [14-16]. In computer-aided drug design studies, comparative molecular field analysis

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN



48 Molecular Insight of Drug Design

(CoMFA) combined with docking calculations was applied to protein-ligand-binding com-
plexes [17-21]. A class of antitubulin agents, binding at colchicine (COL) site with an indole
ring, was developed and underwent examinations for binding, antitubulin polymerization,
and/or anticancer effects. The discovered properties are helpful for better-inhibitor design. Half
inhibitory concentrations (ICsp) were collected for the inhibition of gastric cancer cell MKN-45,
for 59 COL-like compounds with indole and trimethoxyphenyl (TMP) rings (Figure 1), which
bind at COL site [22]. The ICs, were measured for 24 compounds and reviewed for others: 71
compounds were collected. Trial CoMFA calculations for all gave a low leave-one-out deter-
mination coefficient 4°~0.2. Examination of functional groups showed that three ones are much
more bulky than the others. Functional groups of eight are much different from others.
Compounds were excluded leaving 59 substances in CoMFA calculation. With data, three-
dimensional (3D)-quantitative structure-activity relationship (SAR) (QSAR) examination was
performed with CoMFA [23], combined with docking calculations for compounds to illustrate
correlation of functional group variations with anticancer effect. An approach was employed
to examine QSAR for a number of other protein-ligand-binding complexes. Functional-group
substitutions locate at sites around indole ring, i.e., Ry functional-group sites. Comparative
QSAR modeling of 2-phenylindole-3-carbaldehyde derivatives was performed as potential
antimitotic agents [24]. The KIT kinase mutants showed unique mechanisms of drug resistance
to imatinib and sunitinib in gastrointestinal stromal tumor patients [25]. Gene expression
profiling of gastric cancer was reported [26]. Natural product COL, obtained from Colchicum
autumnale, is a bioactive alkaloid used in the treatment of a number of diseases [27]. It received
considerable attention in the basic study of neoplasia by its capacity for interrupting mitosis,
ending the process in metaphase [28]. The COL acts as an inhibitor of the polymerization of
tubulin (a protein that contains eight Trp units) [29]. It was used as a probe to understand
microtubule role in cells because of its big affinity to tubulin, in which structure presents a
binding site (colchicine domain) [30, 31]. Tubulin is a target for cancer treatment: a number of
drugs were developed to target it [32]. Binding with it, ligands interfere with its polymeriza-
tion dynamics and exhibit an antitumor effect. In addition to developed drugs (viz. taxol,
vibrestine), which bind with it at taxol/vibrestine-binding sites, COL presents a tubulin bind-
ing site and showed anticancer effects although with significant toxicity. Developing COL-like
compounds with lesser toxicity represented an effort in finding better ligands to target tubulin
at COL-binding site [33, 34]. A simple computerized algorithm useful for establishing a relation

OMe

OMe

Ra Ro

Figure 1. General structure motifs: Trimethoxyphenyl (TMP) ring/indole ring/C=0 bridge.
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between chemical structures [35, 36] was proposed. The preliminary idea results the entropy of
information for configuration detection. The entropy of information results was expressed based
on a similarity matrix among a pair of chemical entities. Because the entropy of information
results feebly discerning for categorization reasons, the more influential concepts of entropy
production and equipartition conjecture result were presented in [37]. In previous articles, the
classifications by periodic properties of local anesthetics [38—40], inhibitors of human immuno-
deficiency virus [41-43], and anticancer drugs [44, 45] were analyzed. The goal of the current
account is expanding the promises of knowledge of the algorithm and, as compounds are
unaffectedly explained by a changeable-dimension prearranged model, learning universal
methods in the dispensation of prearranged information. Next goal presents a periodic classifi-
cation of TMPs. A further objective is to perform a validation of the periodic table (PT) with an
external property not used in the development of PT.

2. Computational method

The key problem in classification studies is to define similarity indices when several criteria of
comparison are involved. The primary stage in counting resemblance for TMPs records the
majority of the significant moieties. The vector of properties i = <1iy,is,...i,... > should be linked to
each TMP i, whose parts match with dissimilar characteristic groups in the molecule, in a
pecking order consistent the predictable significance of pharmacological potency. Whether
moiety m-th results more important than portion k-th then m < k. The parts i, are values “1” or
“0”, consistent if an alike portion of rank k is present in TMP i contrasted to the recommen-
dation one. The examination comprises two regions of structure variation in TMP molecules:
positions Ry_4 on the benzo and locations X and Rs/ on the pyridine ring in the indole cycle.
The TMPs are inhibitory to gastric cancer cell line MKN-45. The structural elements of a TMP
molecule can be ranked according to their contribution to MKN-45 inhibition in the order:
Ry >Ry >Ry > X > Rs > R3 > Rq. Index iy = 1 denotes Ry = H (i; = 0, otherwise), i = 1 means
R4 =H, i3 =1 signifies R, = H, iy = 1 stands for X = N, 75 = 1 indicates Rs = H, is = 1 represents
R; =0OMe, and i; = 1 implies Rg = CH,~OH. In TMP 42, R; =R4 =R, =Rs=H, X=N, R; =OMe
and R4 = CH,—OH; obviously its associated vector is <1,111,111>. The TMP 42 was selected as
reference because of its greatest MNK-45 inhibition. Vectors were associated with 59 TMPs with
gastric anticancer activities. Vector <1,111,110> is associated with TMP 1 since
Ry =R4=R;=R5=Rs=H, X=N and Rz = OMe. Mean by r;; (0 < r;; < 1) the similarity index of
a pair of TMPs linked to vectors i and j, in that order. The relationship of similarity results is
typified by a similarity matrix R = [r;]. The similarity index among a pair of TMPs i = <1y, iy,...
ir...>and j = <ji,jo,...jx... > is described by:

=y k() (k=12,..) (1)
K
where 0 <1, <1 and t, = 1 whether i = j; except t, = 0 whether iy # j. The definition allocates a

weight (a,)* to whichever feature concerned about the explanation of molecule i or j. The MNK-
45 gastric cancer inhibition data reported by Lin et al. were used for the present classification
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study. The grouping algorithm applies the stabilized similarity matrix obtained via the max-min
composition rule o as described by:

(RoS);; = max; [ming (ri, i) | )

where R = [r;] and S = [s;] that result in matrices of the same kind and (RoS);;, entry (i,j)-th of
matrix RoS [46—49]. On using composition rule max-min iteratively, so that R(n + 1)=R(n) o R,
an integer n results fulfilling: R(n) = R(n + 1) = ... The resultant matrix R(n) is named as
stabilized similarity matrix. The importance of stabilization stretches out in the categorization
procedure, and stabilization generates a separation in displaced divisions. From the present on, it
results implicitly that the stabilized similarity matrix is applied and named as R(n) = [r;(1)].
The grouping rule is as follows: i and j results allocated in the same division whether r;i(n) > b. The

grouping of i (?) results in the collection of molecules j that fulfills the grouping rule r;(1) > b. The
matrix of clusters results in

—~

R (n) = {r?f;} = max;, ("st) (se ?,te ?) ®)

where s means whichever indicator of a molecule fitting in class i (likewise for t and 7). Rule
(3) denotes discovering the main similarity index among molecules of a pair of divisions. In
information theory, information entropy h measures the surprise that the source emitting the
sequences can give [50, 51]. We consider the utilization of a qualitative mark assay to decide
the attendance of Fe in a sample of water. With no sample in the past, the analyst has to start
with the pair of results supposing: 0 (Fe not present) and 1 (Fe there), which are equiprobable
with likelihood 1/2. As up to a pair of elements are there in the sample solution (e.g., Fe, Ni or
both), there are four achievable results neither from (0, 0) to the two being there (1, 1) via on a
par likelihood 1/2%. Which of the four options goes is decided by a pair of assays, each one with
a pair of clear conditions. Likewise, with three metals, there are eight options, every one with a
likelihood 1/2°: three assays are necessary. The following configuration clearly connects uncer-
tainty to information necessary to solve it. The amount of options results stated to the power of
2. The power to which 2 is lifted to provide the amount of occurrences N results in the
logarithm to base 2 of that amount. Both information and uncertainty are described in terms
of the logarithm to base 2 of the amount of achievable analytical results: log, N. The initial
uncertainty is defined in terms of the probability of the occurrence of every outcome; e.g., the
definition is as follows: I = H =log, N =1log, 1/p = —log, p, where I denotes the information held
in the reply provided that there were N options, H, the first uncertainty coming from the
necessity of taking into account the N options and p, the likelihood of each result whether or
not all N occurrences are evenly probable to occur. The equation can be extended to the case in
which the likelihood of each result does not result the same; whether it is identified from
historical experiment is proven by some metals that result in more probability than other ones,
the expression results are corrected so that the logarithms of the particular likelihood appro-
priately weighted result in: H= —X p; log, p;, where: = p; = 1. Take into account the first case but
at present, historical experiment proved that 90% of the samples had no Fe. The amount of
uncertainty results is computed as: H=—(0.9 log, 0.9 + 0.1 log, 0.1) = 0.469 bits. For a particular
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case happening with probability p, the amount of astonishment results is proportional to —In p.
Extending the outcome to a random variable X (that is able to present N achievable values x4,
..., Xy with probabilities py, ..., pn), the astonishing mean is obtained when finding out the
value of X results —X. p; In p;. The entropy of information is linked to similarity matrix R results:

h(R) = — Z rilnry — Z (1 —r;)In(1 —ry) 4)
ij ij

Mean is obtained by C,, the collection of divisions and ﬁb, the similarity matrix at the classifi-
cation level b. The entropy of information fulfills the following features. (1) h(R) = 0 whether
rii=0or r;;=1. (2) h(R) results maximum whether r;; = 0.5, i.e., as the ambiguity is maximum. (3)

h(ﬁh) <h(R) for whichever b, ie. categorization directs to a deficit of entropy. (4)

h(ﬁb]) Sh(f{bz) if by < by, i.e., entropy is a monotone function of grouping level b. In the

categorization procedure, each hierarchical tree matches to a reliance of the entropy of informa-
tion on the classification level, and a plot h-b is obtained. The equipartition conjecture of entropy
production of Tondeur and Kvaalen results is suggested as an assortment principle, between
dissimilar alternatives coming from categorization between pecking order rankings. Consis-
tent with the conjecture, for a provided custody, the top arrangement of a dendrogram results
in which the production of entropy results is mainly dispersed regularly, i.e., neighboring a
type of equipartition. It is gone on at this point similarly via information entropy in its place of
thermodynamic entropy. Equipartition entails a linear relationship, i.e., a steady production of
entropy of information all along the extent of b, so that the equipartition line results are
explained by:

heqp = hmaxb (5)

As the categorization results are disconnected, a mean of stating equipartition is a usual
staircase function. The most excellent alternative results decided the one minimizing the
addition of the square differences:

58 =" (h— hegp)’ ©6)

b;

Learning procedures alike the ones met in stochastic methods are the results as applied in [52].
Taking into account a provided classification as good or perfect from practice or experience,
which matches to a reference similarity matrix S = [s;] obtained for equivalent weights
ap = ap = ... = a and any amount of fabricated features. Then, take into account identical
collection of molecules as in the good categorization and the real features. The similarity index
r;j results calculated with Eq. (1) provided matrix R. The amount of features for R and S can
vary. The learning process lies in attempting to get categorization outcomes for R as near as
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likely to the good categorization. The primary weight 4, results obtained constant and just the
next weights a,, as,... result exposed to random changes. A novel similarity matrix results via
Eq. (1) and the novel weights. The distance among the classifications typified by R and S
results is provided by:

1—r; Tii
E Y E Y
D=— - (1 — 1’1‘]‘)11'11_—5{]‘ — - rijlns—jj v0< 7’1‘]‘, Sl‘]‘ <1 (7)

The definition was suggested by Kullback to measure the distance between two probability
distributions, which is an amount of the distance among matrices R and S [53]. As for each
matrix a matching categorization exists, the pair of categorizations result contrasted by dis-
tance, which results a non-negative amount that approximates zero as the similarity among R
and S rises. The outcome of the procedure results a collection of weights permitting proper
categorization. The algorithm was utilized in the production of complicated dendrograms via
the entropy of information [54]. Our program MolClas is an easy, dependable, effective, and
quick process for molecular categorization, founded on the conjecture of the equipartition of
the production of the entropy of information consistent with Egs. (1)—(7). It reads the amount
of features and molecular indices. It permits the optimization of the coefficients. It not obliga-
torily reads the initial coefficients and the amount of iteration cycles. The correlation matrix
results are computed by the algorithm or read from input. Code MolClas permits the alteration
of the correlation matrix from [—1, 1] to [0, 1]. The program computes the similarity matrix of
the features in symmetric storage mode, computes categorizations, checks whether categoriza-
tions result is dissimilar, computes distances among categorizations, computes the similarity
matrices of categorizations, works out the entropy of information of categorizations, optimizes
coefficients, carries out single/complete-linkage hierarchical cluster analyses, and charts classi-
fication plots. It was written not only to analyze the equipartition conjecture of entropy
production but also to explore the world of molecular classification. Code MolClas is different
from other program MolClass as referred in the literature [55]. While MolClas classifies mole-
cules based on hierarchical dichotomic (Boolean) descriptors, MolClass discovers SARs from
molecular patterns (fingerprints) extracted from experimental datasets and needs to interrogate big
databases (PubChem, ChEMBL, ChemBank). Code MolClas is available at Internet (torrens@uv.
es) and is free for academic use.

3. Calculation results and discussion

Matrix of Pearson correlation coefficients results computed among couples of vector properties
diagram, which encloses high (r > 0.75), medium (0.50 < r <0.75), low (0.25 < r < 0.50), and zero
(r <0.25) partial correlations. Couples of inhibitors with superior partial associations present a
vector property alike. Notwithstanding, the outcomes have to be gotten with concern since the
TMP with steady vector <1,111,111> (Entry 42) presents zero standard deviation, producing
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maximum partial correlation r = 1 with whichever TMP, which results an artifact. After the
conjecture of equipartition, the intercorrelations are illustrated in the partial correlation dia-
gram, which contains 1382 high (Figure 2, red lines), 109 medium (orange), 161 low (yellow), and
59 zero (black) partial correlations. Six out of 58 high partial correlations of Entry 42 were
corrected; e.g., its correlations with Entries 3 and 47 are medium, its correlations with Entries
12, 15, and 43 are low, and its correlation with Entry 46 is zero partial correlation.

The grouping rule in the case with equal weights a; = 0.5 for b; = 0.97 allows the classes:
C-b, =(1,5-8,10,11,13,16,17,26-28,41,42,44,45,48,58,59),(2,4,9,18,19,49),(3),(12),
(14,20-25,29-33,35,50-55),(15,43),(34,36-40,56,57),(46),(47)

The nine groupings are obtained with associated entropy h-R-b; = 39.44. The dendrogram

binary taxonomy that separates the same nine classes: from top to bottom, the data bifurcate
into groupings 3,4, 8,9,1,2,5,6,and 7 with 1, 1, 1, 1, 20, 6, 19, 2, and 8 TMPs, respectively [59].
The TMPs 42, 26, etc. with the greatest inhibitory activity are grouped into the same class.

Figure 2. Partial correlation diagram: High (red), medium (orange), and low (yellow) correlations.
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The TMPs in the same grouping appear highly correlated in the partial correlation diagram. At
level b, with b, = 0.86, the set of classes results in:

C—b, = (1,4-8,10,11,13,14,16-42,44,45,48-59),(2,9),(3,47),(12,15),(43), (46).

iz > and C-b, divides the same six classes: from top to bottom data bifurcate into classes 5, 6, 1,
2, 3, and 4 with 1, 1, 51, 2, 2, and 2 TMPs, respectively. Again, TMPs with the greatest
inhibitory potency belong to the same class. The TMPs in the same class appear highly
correlated in the partial correlation diagram and dendrogram. An analysis of set containing
1-59 classes was performed, in agreement with partial correlation diagram and dendrograms.
In view of partial correlation diagram and dendrograms, we split data into seven classes:
(1,26-28,41,42,45,58,59), (5-8,10,11,13,16,17,44,48), (14,20-25,29-33,35,50-55), (34,36—40,56,57),
(2,4,9,18,19,49), (3,47), and (12,15,43,46). Figure 3 displays corresponding tree. Again, TMPs
with the greatest activity correspond to the same class.

The illustration of the classification above in a radial tree (Figure 4) shows the same classes, in
qualitative agreement with the partial correlation diagram and dendrograms. Once more,
TMPs with the greatest potency are included in the same grouping.

Program SplitsTree analyzes cluster analysis (CA) data [60]. Based on split decomposition, it
takes a distance matrix and produces a graph that represents the relations between taxa. For
ideal data, graph is a tree, whereas less ideal data cause a tree-like network, which is
interpreted as possible evidence for different and conflicting data. As split decomposition does
not attempt to force data on to a tree, it gives a good indication of how free-like are given data.
Splits graph for 59 TMPs in (Figure 5) shows that most TMP groups collapse: (1,2,4-11,13,16-
19,26-28,41,42,44,45,48,49,58,59), (3,47), (12,15,43), (14,20-25,29-33,35,50-55), and (34,36—40,56,57);
classes 1, 2, and 5 coincide. No conflicting relation appears between TMPs. Splits graph is in
partial agreement with partial correlation diagram, dendrograms, and radial tree.

Usually in quantitative structure-property relationships (QSPRs), the information archive
encloses fewer than 100 molecules and thousands of X-variables. There are a lot of X-variables
that nobody is able to find out by inspection configurations, tendencies, groupings, etc. in the
molecules. Principal component analysis (PCA) results a method helpful to summarize the knowl-
edge enclosed in the X-matrix and place it comprehensible [61-66]. The PCA acts by
decomposing the X-matrix as the product of two matrices P and T. The loading matrix (P), with
knowledge concerning the variables, encloses some vectors [principal components (PCs)], in
which results are obtained as linear combinations of the first X-variables. In the score matrix
(T), with knowledge about the molecules, each molecule result is expressed by projections on
to PCs instead of original variables: X = TP’ + E. Knowledge not enclosed in the matrices stays
as unexplained X-variance in a residual matrix (E). Each PC; results a novel coordinate stated as a
linear combination of the first characteristics x;: PC; = L;b;x;. The novel coordinates PC; result
scores or factors whereas the coefficients b;; result the loadings. The scores are sorted consistently
with the knowledge regarding the entire variability between molecules. The score-score plots
present the places of the molecules in the novel coordinate scheme, whereas the loading-loading
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Figure 3. Dendrogram of TMP ring/indole ring/C=0 bridge as MKN-45 inhibitors.
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Figure 4. Radial tree of TMP ring/indole ring/C=0 bridge as MKN-45 inhibitors.

plots display the position of the properties that correspond to the molecules in the novel
coordinate scheme. The PCs show a pair of features. (1) The PCs result taken out in decreasing
sequence of significance: the first PC encloses more knowledge than the second one, the second
more than the third one, and so on. (2) Each PC results orthogonal to each other: no correlation
exists between information contained in different PCs. A PCA was performed for TMPs. The
first factor F; explains 27% of the variability of data (73% error), the combined application of
the first two factors Fy, accounts for 45% of variance (55% error), the utilization of the first
three factors Fy_; justifies 60% of variability (40% error), etc. Factor loadings of PCA were
computed. Profile of PCA F,—F, for vector property was calculated. For F;, variable is shows
the maximum weight in the profile; notwithstanding, F; is not able to be downgraded to two
variables {is,is} devoid of a 48% error. For F,, variable i, presents the maximum weight and F,
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Figure 5. Splits graph of TMP ring/indole ring/C=0O bridge as MKN-45 inhibitors.

is able to be downgraded to two variables {iy,is} with a 5% error. For F;, variable iy assigns the
maximum weight and F; is able to be downgraded to two variables {i4,i7} with a 3% error. For
E4, variable i; consigns the maximum weight; however, F, is not able to be downgraded to two
variables {i5 i3} devoid of a 15% error. For Fs, variable i; represents the maximum weight and Fs
is able to be downgraded to two variables {iy,is} with a 6% error. For F, variable i, explains the
maximum weight; notwithstanding, Fe is not able to be downgraded to two variables {iy,i}
devoid of a 25% error. For F7, variable i5 accounts for the maximum weight; nevertheless, F is
not able to be downgraded to two variables {is,ic} devoid of a 36% error. In PCA Fx—F; scores
plot (Figure 6), TMPs with the same vector property collapse: (1,26-28,41,45,58,59), (2,9),
(4,18,19,49) (5-8,10,11,13,16,17,44,48), (14,20-25,29-33,35,50-55) and (34,36—40,56,57). Seven
TMP classes are clearly distinguished: class 1 with 9 compounds (0 < F; < F,, right), class 2 with
11 substances (F; < F, = 0, middle), class 3 with 19 molecules (F; > > F,, bottom right), class 4 with
8 organics (0 < F; << F,, top), class 5 (6 units, F; < F, = 0, middle), class 6 (2 units, F; << F, <0, left)
and class 7 (4 units, F; < F, < 0, bottom). The classification is in agreement with partial
correlation diagram, dendrograms, radial tree, and splits graph.

From PCA factor loadings of TMPs, F,—F; loadings plot (Figure 7) depicts the seven properties.
In addition, as a complement to the scores plot for the loadings, it is confirmed that TMPs in
class 1, located in the right side, present a contribution of R; = OMe situated in the same side.
The TMPs in class 3 in the bottom have more pronounced contribution of X = N in the same
location. Two classes of properties are clearly distinguished in the loadings plot: class 1 {Ry,Ry,
Ry, R3} (F1> Fo > 0, right) and class 2 {X,Rs5,R¢} (F1 < Fy, left).
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Figure 7. PCA F,—F; loadings plot for TMP ring/indole ring/C=0O bridge.

Instead of 59 TMPs in the 7 space of seven vector properties, we consider seven properties
in the > space of 59 TMPs. The dendrogram for vector properties separates properties {R,
R4 Ry, R} (class 1) from {X,Rs5,Re} (class 2), in agreement with PCA loadings plot. The splits
graph for properties indicates no conflicting relation between vector components, separating
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properties {R1,R4,Rp,R3} (class 1) from {X,Rs5,R} (class 2), in agreement with PCA loadings
plot and dendrogram. A PCA was performed for the vector properties. The use of only the
first factor F; explains 51% of variance (49% error), the combined application of the first two
factors Fy/, accounts for 71% of variability (29% error), the utilization of the first three factors
F;_5 rationalizes 82% of variance (18% error), etc. In the PCA F,—F; scores plot, property Ry
appears superimposed on R;. Two groupings of properties are distinguished: class 1 {Ry,Ry,
Ry, R3} (Fq > Fy, right) and class 2 {X,Rs5,R¢} (F1 < Fy, left), in agreement with PCA loadings plot,
dendrogram and splits graph. Format for PT of TMPs (Table 1) indicates that TMPs are
categorized first by 7y, then i, 73, i4, i5, is, and i;. Vertical groups result described by {i1,i,13,
is} and horizontal periods, by {is,isi7}. Periods of eight elements are considered; e.g., group
g0011 denotes <iy,ip, 13,14 > = <0011>: <0011100> (R; # H, Ry # H, R, =H, X=N, Rs = H,
R; # OMe, R¢ # CH,-OH), etc. The TMPs in the same column appear close in partial
correlation diagram, dendrograms, radial tree, splits graph, and PCA scores.

opment of PT and serves to validate it. Most points appear superimposed, and lines 75/ on
i and iy on iy. Results show the order of importance of parameters: iy > i > i3 > iy > i5 > ig > iy,
in agreement with PT of properties with vertical groups defined by {iy,i5,i3,i4} and horizon-
number of group in PT, for TMPs, reveals minima corresponding to compounds with <iy,i,,
i3,isy > ca. <0011> (group g0011) and maxima ca. <1111> (group gl1111). Periods p010, p100,
p110, and pl11 represent rows 1-4, respectively. For groups 3 and 6, period p110 is
superimposed on p100, and for group 8, all periods coincide. The corresponding function

with TMP collections in consecutive periods. The maxima are in similar locations in the
curve and are in phase. The typical points in phase have to match with the components in
descriptions; notwithstanding, the constancy is not universal. The assessment of the waves
presents a pair of dissimilarities: (1) periods are incomplete and (2) periods 2 and 3 are
somewhat staircase like. The most characteristic points of the plot are maxima that lie about

presents significance just if it is contrasted with the previous P(p-1) and afterward P(p + 1)
points, necessitating to satisfy:

®)

Sequenced relationship (8) has to be done again at determined gaps peer to the dimension of
the period and is equal to:
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0011 g0101 g0111 g1001
-OMe -OMe -H -N -OMe-H-H-N-H-H-H -H-OMe -OMe -N
-H-H-H -H-H-H

-OMe -H -OMe -N -OMe -H -H -N

-H-OMe -H -H-OMe -H
gl011 g1101 g1110 gli11

-H -H -H -N -CO-CH=CH,
-OMe -H

-H -H -H -N -Me -OMe -H
-H-H-H -N -Pr -OMe -H

-H -H -H -N -Bu -OMe -H

-H -H -H -N -CH,-CH,-N(CHj3),
-OMe -H

-H -H -H -N -CH,~CH,~CO-OH
-OMe -H

-H -H -H -N -CH,-Ph -OMe -H
-H-H -H -N -CH,-Pyr -OMe -H
-H -H -H -N -CO-Ph -OMe -H
-H -H -H -N -CO-2-Furan

-OMe -H

-H -H -H -N -CO-C(CHj3);
-OMe -H

-H -H -H -N -CO-O-Ph -OMe -H
-H -H -H -N -SO,-Ph -OMe -H
-H -H -H -N -Et -OMe -H

-H -H -H -N —i-Pr -OMe -H

-H -H -H -N -CH,~CO-OH
-OMe -H

-H -H -H -N —-CO-2-Thiofuran
-OMe -H

-H -H -H -N -CO-O-C(CH;);
-OMe -H

-H -H -H -N -CO-N(CHz),
-OMe -H

-H-OMe-H-N-H -H-H-OMe-N-H-H-H -H-H-H-N-H-F-H
-H-H -H-H-OMe -N -H -H -Me -H-H-H-N-H-OEt-H
-H -H-H -N -H -OPr -H
-H-H-H-N-H-O-i-Pr-H
-H-H-H-N -H -NO, -H
-H-H-H-N-H-Br-H
-H -H -H -N -H -O-CH,-O- -H
-H-H-H-N-H-NHMe -H
-H-H-H-N-H-N(Me), -H
-H-H-H-N-H-OH -H
-H-H-H-N-H-NH, -H

-H-H-OMe-N-H-OMe-H -H-H-H-O-H -H-H-H-N-H-OMe -H
-H-H-NH,-N-H-OMe-H -OMe-H -H-H-H-N-H-OMe -Me
-H-H-OH-N-H-OMe-H -H-H-H-O-H -H-H-H-N-H-OMe -Et

-H-H -O-CH,-Ph -N -H —-OMe -Me -H-H-H-N-H-OMe -Pr

—OMe -H -H-H-H-O-H -H-H-H-N-H-OMe -CO-O-CH;

-OMe -Pr -H-H-H-N-H-OMe
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g1011 g1101 g1110 gl111
-H-H-H-S-H -CH,-C=CH
-OMe -H -H -H -H -N -H -OMe -CO-OH
-H-H-H-S-H -H-H-H-N-H -OMe
-OMe -Me —-CH,-N(CH3;),
-H-H-H-S-H
—OMe -Pr
-H-H-H-O-H
-OMe -Et
-H-H-H-S-H
-OMe -Et

-H-H-H -N -H -OMe -CH,-OH

Table 1. Periodic properties for 2-phenylindole-3-carbaldehyde derivatives.

0

Prin(p) — P(p — 1)
i 0

P(p+1) — Prin(p) )

<
>
Because relationship (9) is just suitable for minima, additional universal others are wanted

for all positions p; D(p) = P(p + 1) — P(p) differences are computed by allocating each value to
TMP p:

D(p) =P(p+1) — P(p) (10)

In the place of D(p), the values of R(p) = P(p + 1)/P(p) are obtained by assigning R(p) to TMP p;
whether PL is universal, components in similar group in equivalent locations in dissimilar
periodic waves assure:

either

D(p) >0orD(p) <0 (11)

either

R(p)>1orR(p) <1 (12)

Notwithstanding, the outcomes demonstrate that this is not the case, so PL is not universal but
with anomalies. The change of D(p) vs. group number shows that for group 6, periods p100 and
Whether constancy were exact, every position in each period present similar sign: in general, a
tendency exists in the positions to provide D(p) > 0 for the lower groups but not for group §;
however, the latter results should be taken with care because D(p) are calculated using data from
the next period. In detail, irregularities exist in which TMPs for successive periods are not always
in phase. The change of R(p) vs. group number shows that for groups 3 and 6, periods p100 and
p110 collapse, and, for group 8, all periods coincide, confirming the lack of steadiness among
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Cartesian and PT representations. Whether control were precise or not, every position in every
period presents R(p) either smaller or larger than one. A tendency exists in the positions to
provide R(p) > 1 for the lower groups but not for group 8; however, the latter should be taken
with care because R(p) are calculated from the next period. Confirmed incongruities exist in
which TMPs for successive periods are not always in phase.

4. Conclusion

1. Several criteria were selected to reduce analysis to manage quantity of trimethoxyphenyl,
indole, carbonyl bridge antitubulins referred to structural parameters related to positions
R;_4 on benzo, Rs/ on pyridine, and heteroatom X in indole. Molecular structural elements
were ranked according to inhibitory activity: Ry > Ry > Ry, > X > R5 > R; > R¢. In compound
42, R; =R4 =R, =Rs =H, X=N, R; = OMe and R = CH;-OH <1,111,111>, which was
selected as reference. Many classification algorithms are based on information entropy. For
moderate-sized sets, an excessive number of results appear compatible with data and
suffer a combinatorial explosion; however, after the equipartition conjecture, one has a
selection criterion, according to which the best configuration is that in which entropy
production is most uniformly distributed. Method avoids the problem of continuum vari-
ables because for compound with constant <1,111,111> vector, null standard deviation
causes Pearson correlation coefficient of one. Classification is in agreement with the ana-
lyses by principal components.

2. Code MolClas is an easy, dependable, effective, and quick process for the classification of
molecules founded on the conjecture of the equipartition of the production of the entropy
of information. The code was developed not just to examine the conjecture of equipartition
but, in addition, to discover the world of the classification of molecules.

3. The periodic law does not convince the category of the laws of physics: (1) antitubulin
inhibitory powers do not result done again; maybe their chemical nature; (2) sequence
relations are done again with exemptions. The examination compels the declaration:
relationships that whichever molecule p presents with its neighbor p + 1 are more or less
done again for each period. Periodicity result is not universal; notwithstanding, if a usual
order of molecules are agreed, the rule should be phenomenological. The antiproliferative
potency did not generate the table of periodic classification and serves to confirm it. The
examination of other antitubulin features would give an insight into the achievable gener-
alization of the periodic table.
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Abstract

Over the past several years, employment of multifunctional polymeric excipients-based
nanoparticles for controlled and targeted drug delivery of therapeutic modalities to
mucosal membrane-based organelles and systemic circulation has gained enormous
interest. Because they promise to resolve numerous key therapeutical issues associated
with current clinical practice including low treatment efficacy and significant side effects.
Potential controlled and targeted drug delivery systems, therefore, should be able to
overcome not only extracellular barriers but also intracellular barriers. Extracellularly,
targeted nanocarriers ought to provide extended circulation time, selective binding to
the targeted mucosal tissues, long residence time at the site of absorption, and controlled
drug release. Intracellularly, the targeted nanocarriers should offer cellular uptake, cellu-
lar localization, and endosomal release. Hence, this chapter will provide an overview of
the unique chemistry of multifunctional polymeric enveloped diverse nanocarriers such
as dendrimers, semiconducting polymer dots, quantum dots, carbon dots, and magnetic
as versatile platform addressing both extracellular and intracellular barriers.

Keywords: polymeric nanocarriers, extracellular drug targeting, intracellular drug
targeting, carbon dots, polymer dots, quantum dots, magnetic nanoparticles

1. Introduction

Targeted drug delivery has been massively investigated because of their potential to overcome
hurdles of conventional therapy [1]. Administration of drug selectively at desired site ensures
the maximum amount of drug to be available at that locality. Moreover, lesser absorption of
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drug systemically minimizes the potential for unwanted effects. To target a drug so that it
may avoid its uptake by off target tissues or cell and allow its residence at desired site for lon-
ger period of time, it is usually escorted with some targeting agent. These targeting molecules
can be receptor-specific ligands, vehicles, or biological molecules [2].

Nanocarriers have revolutionized therapeutic approaches by providing numerous means for
drug targeting. Nanocarriers have employed various approaches to target drug to a specific
organ, tissue, cell, or organelle. The therapeutic efficacy of these carrier systems is highly
dependent on their entry into target sites. It has been studied that passage of particles across
endothelial cells requires their size to be less than 100 nm approximately [3]. This limits the
greater-sized particles to extravagate into tissues having compromised endothelial arrange-
ment. Nanostructures with hydrophobic outer surface have been observed to undergo phago-
cytosis after being opsonized [4].

Various polymers with diverse chemical nature and various activities and characteristics have
been explored to design nanocarriers for delivery of drug molecules. Among them, biode-
gradable polymers have been of particular interest. Both natural and synthetic biodegradable
polymers have been exploited to functionalize nanoparticles exploiting diverse approaches
to deliver drug in an effective manner to its target site [1]. Such functionalized polymeric
nanostructures (also known as multiplex nanoparticles) have been widely investigated as an
effective carrier for a wide variety of drugs as well as biological molecules such as DNA and
proteins [1]. Current research has been precisely focused on the use of biodegradable poly-
mers that have shown great promise in modifying the delivery of drug as well as tissue engi-
neering. Such polymers have shown to provide extended and targeted drug release for days
to weeks as well as shown great promise for intracellular transport of drugs [5].

Various treatment modalities require intracellular delivery of drug as the causative agent is
harboring within cell. This is the case commonly associated with infectious diseases such
as tuberculosis, leishmaniasis, and leprosy, where the pathogen invades macrophages.
Therefore, complete eradication requires utmost delivery of drug at right concentration to
infected cells. Certain other conditions also require delivery of therapeutic agents into cyto-
plasm where they can target various cellular organelles such as endoplasmic reticulum, mito-
chondria, nucleus, and lysosomes [6]. This has found particular interest in gene therapy for
targeting cellular genome [7] as well as drug targeting for the treatment of cancer and lyso-
somal storage disease [6]. Intracellular transport has also been widely appreciated for bioim-
aging and biosensing both in vitro and in vivo.

2. Intracellular drug targeting

Entry or transport of drug into the cell has never been easy and thus widely explored [6].
Cells offer several mechanisms to allow ingress of drug carriers prominently comprising
endocytosis. Internalization of drug into cells may either obey receptor-dependent endocyto-
sis or receptor-independent pathway as shown in Figure 1. Combining small drug molecules
with macromolecular carriers restricts their entry into highly perfused tissues, thus averting
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Figure 1. Pathways adopted for intracellular drug transport.

untoward side effects [2]. Macromolecules (proteins, peptides, DNA, etc.) are not allowed by
lipophilic biological membranes to enter into cytoplasm. Such molecules may follow active
transport involving endocytosis via cell surface receptors [6]. This receptor-mediated endo-
cytosis offers a faster course for drug internalization in contrast to untargeted conjugates.
These receptors have been located on surface of cells as well as accompany intracellular
membranes [8].

2.1. Clathrin-associated, receptor-mediated endocytosis

The bases on which molecules are sorted to follow either clathrin-dependent or clathrin-inde-
pendent pay are still not fully understood. However, it has been found that some specialized
lipid domains are involved in membrane organization, sorting, and signal transduction in
clathrin-independent endocytosis [9]. Ligand-associated drug carriers may bind to specific
cell receptors that get assembled into particular areas of plasma membrane termed as coated
pits. These regions (diameter 0.1 um approx.) have been explained as plasma membrane
invaginations with fuzzy cytoplasmic coat. This coat is mainly composed of clathrin protein
present at cytoplasmic periphery of membrane and serves as major route for cellular inter-
nalization [10] as depicted in Figure 2. These coated pits allow intracellular vesicle forma-
tion in less than 1 min of time that is much faster than other mechanisms of endocytosis. A
protein known as adaptin is responsible for polymerization of clathrin in the form of polyhe-
dral lattice scaffold by binding with cell surface receptors. Two other proteins amphiphysin
and endophilin get neighboring membrane into close vicinity. Dynamin (a cytosolic GTPase)
gathers around the neckline of budding vesicle followed by its scission and intracellular
discharge [2]. After intracellular entry of vesicle, an uncoating protein (heat shock protein;
hsc70) causes the clathrin coat to shed of. At this stage, endocytosis trafficking of endosomal
content decides the fate of therapeutic agent delivered. Endosomes may end up into lyso-
somes that may lead to degradation of drug or may be safely released into cytoplasm to reach
desired organelle [6].
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Figure 2. (A) Clathrin-dependent receptor-mediated endocytosis, I—entry of targeting drug carrier in clathrin-coated
pits and binding with ligand-specific receptor; II—dynamin-associated endocytosis; IIl—formation of clathrin-coated
vesicle; IV—shedding of clathrin coat; V—early endosomal sorting and uncoupling of ligand-receptor; VI-A —formation
of late endosome; VI-B—formation of transport vesicle; VII—fusion of lysosome with transport vesicle; VIII—formation
of endolysosome. (B) Caveolin-dependent, receptor-mediated endocytosis, I—interaction of ligand with receptor;
II—movement of receptor ligand complex toward caveolar invagination; III—retention of receptor ligand complex in
caveolar invagination; IV—dynamin-associated caveolar endocytosis; V—formation of caveosome; VI-A and VI-B—
transport of drug carrier to endoplasmic reticulum or Golgi apparatus, respectively. (C) Macropinocytosis, [ —movement
of drug carrier toward membrane ruffling; Il —rearrangement of cytoskeleton, folding of ruffle around drug carrier;
IV —internalization; V—formation of macropinosome; VI—early maturation of macropinosome; VII—late endosome;
VIII—endolysosome.

2.2. Cell adhesion molecule (CAM)-mediated endocytosis

Drug targeting has also been investigated using cell adhesion molecules (CAMs). Recently,
integrins and cadherins have been found to internalize their ligand into intracellular milieu.
Thus, many cell adhesion peptides such as arginylglycylaspartic acid (RGD) [11] and pep-
tides derived from intercellular adhesion molecule 1 (ICAM-1) and lymphocyte function-
associated antigen 1 (LFA-1) sequences that bind to specific integrins have been extensively
investigated for targeting tumor and vascular endothelial cells and suppressed progression
of autoimmune disorders [12]. CAMs undergo cellular internalization while they are recycled
via clathrin-coated pits and thus can be useful in cell-specific drug targeting through specific
peptides. Such peptides are usually derived from proteins comprising extracellular matrix,
immunoglobulins superfamily, and integrins. Integrins have also been associated with cellu-
lar uptake of certain viruses and bacteria through surface interactions at unique regions and
initiate transduction pathways [13].

2.3. Caveolin-dependent, receptor-mediated endocytosis

Another version for cellular internalization of drug carriers is caveolin-mediated endocytosis.
This process is sensitive to temperature and also dependent on ATP and sulphydral reagents
[14]. Caveolin-1 is a protein associated with flask-shaped invaginations making up greater
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than 10% of endothelial cell membrane. Only cells expressing caveolin-1 protein develop
caveolar invaginations [15]. Ligand after association with plasma membrane moves along it
toward caveolar invagination, where being retained for some time internalization occurs via
certain unidentified receptor as shown in Figure 2. The presence of GTPase dynamin has sug-
gested involvement of caveolae in membrane internalization [9].

Folic acid, cholesterol, albumin complexes, and serum lipoproteins are commonly encoun-
tered ligands internalized via caveolae-dependent endocytosis. These ligands have been
considered as attractive candidates for drug targeting especially to intracellular organelles.
Caveolar vesicles after getting internalized fuse with caveosomes following delivery of con-
tent at subcellular level bypassing acidic and degradative milieu of lysosomes [15]. Another
mechanism suggested for caveolae-dependent internalization is “potocytosis’ that implies dif-
fusion of smaller moieties into cytoplasm after interacting caveolae without membrane inter-
nalization [16]. One other associated pathway for cells without caveolae expression is ‘lipid
rafts’. These flat structures are composed of lipid- and protein-based assemblies that allow
receptor-specific ligands to anchor on raft domain [15].

2.4. Macropinocytosis

Macropinocytosis employs distinct mechanism to transport molecules inside the cell without
any direct coordination with receptors [17]. Macropinocytosis begins with actin polymeriza-
tion at surface of cell membrane that is regulated by tyrosine kinase, epidermal growth factor,
and platelet-derived growth factor receptors. This leads to increased ruffling at membrane
surface and subsequent formation of macropinosomes (Figure 2). It involves absorption of
molecules present in extracellular fluid (ECF) and seems to be a slower process as compared
to RME. This process has sometimes shown to accompany receptor-mediated endocytosis;
thus, absorption of receptor bound ligand and molecules in ECF may occur through clathrin-
coated vesicles side by side. After entry of fluid vesicles, they are supposed to follow usual
endolysosomal trafficking pathway [18]. Negative charge on membrane surface naturally
favors positively charged molecules to reside there and eventually get internalized through
fluid phase endocytosis. This phenomenon has been exploited by researches for intracellular
delivery of drugs [19].

3. Extracellular drug targeting

Many targeting approaches utilize such mechanisms that exploit extracellular barriers to
ensure efficient delivery of drugs. Nanocarriers following intravenous administration are rap-
idly recognized by reticuloendothelial system (liver and spleen macrophages), making it dif-
ficult for drug to reach its site of action at the minimum effective concentration [20]. This owes
to opsonization of particle surface with certain plasma proteins (albumin, apolipoprotein-E,
etc.) that make them recognizable by body’s immune system and thus are rapidly evacuated
from circulation. Therefore, the extent of opsonization will determine the fate of nanoparticles
in vivo [21].
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Recognition of nanoparticles by RES and their uptake by macrophages can be avoided by
modifying surface properties of these carrier systems. One of such modifications is by mak-
ing surface of nanoparticles to be very hydrophilic. This avoids adsorption of opsonins and
ensures nanoparticles to pass unrecognized by RES [22]. Surface of nanoparticles has been
made more hydrophilic by increasing the thickness of coating layer of poloxamer and polox-
amine. Coating layers up to 10 nm were considered necessary to bypass RES [23].

Many drug molecules have shown poor penetration across the blood-brain barrier due to
their inherent nature. These molecules have been successfully delivered to the brain when
incorporated into nanocarriers [24]. Coated nanoparticles have been studied for delivery of
drug into the brain. Polybutylcyanoacrylate (PBCA) nanoparticles coated with polysorbate-80
have been studied to improve penetration of drug across the blood-brain barrier [25]. In a
study, transport of nanoparticles across BBB was investigated. Penetration of nanoparticles
across BBB was three to four times increased when charged nanoparticles were coated with
dipalmitoyl phosphatidyl choline and cholesterol-based lipid bilayer [26]. Multifunctional
nanoparticles have also been investigated for delivery of proteins and peptides. These bio-
logical molecules are associated with rapid degradation at acidic pH of GIT and by activity of
proteolytic enzymes that owe to their shorter half-life. Moreover, lesser partition coefficient
and diffusivity make their movement difficult across biological membranes. These limitations
can be conquered using functionalized polymeric nanoparticulate drug delivery systems [27].
Properties of PLGA matrices have been modified through hydrogel systems to deliver pro-
teins and peptides. Bovine serum albumin was loaded in poly vinyl alcohol nanoparticles,
which were then incorporated into PLGA microspheres and characterized to release the pro-
tein for more than 2 months [28]. Poly(isobutyl cyanoacrylate) nanocapsules have also been
investigated for oral delivery of insulin [29].

Sustained release of drugs has also been achieved using various functionalized nanocarri-
ers. Poly DL-lactic acid (PLA) nanoparticles have been used to provide sustained release
of savoxepine following intramuscular and intravenous administrations [30]. Damge and
his coworkers have successfully developed nanocapsules for sustained delivery of insu-
lin. About 100 U/kg of insulin-loaded nanocapsules were effective to reduce blood glucose
level for 6 days by 25% on oral administration to diabetic rats [31]. Colloidal suspension
of docetaxel-loaded nanospheres has been prepared using PLA and PLGA to study sus-
tained release of drug after intravenous administration [32]. PEG-grafted polyamidoamine
(PAMAM) dendrimers were used to control the release of adriamycin and methotrexate [33].
Mu and Feng have used d-a-tocopheryl polyethylene glycol 1000 succinate (TPGS) to pre-
pare controlled release paclitaxel nanoparticles with high encapsulation efficiency [34].

4. Nanocarriers for intracellular and extracellular targeting

Scientists have extensively explored a wide range of drug carriers at nanoscale extending
from highly simple to complex geometries. Other than polymeric nanostructures, several
lipids-based structures have been investigated for drug delivery, among which liposomes
hold a noticeable status. Owing to their resemblance to lipid bilayer structure, they have been
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studied for a wide range of therapeutic applications (antivirals, antimicrobials, antitubercu-
lar drugs, biological molecules, and gene therapeutics) by offering enhanced accumulation
and reduced toxicity at targeted site. However, reduced stability and trouble in immobili-
zation of vector molecules on exterior of liposomes have led to exploration of other more
useful nanocarriers [35]. Nanodots have exhibited great promise in therapeutics owing to
diverse physicochemical properties, functionalization opportunities, and contenting stability
attributes, which make them excellent candidate for bioimaging along with drug delivery.
They have also been found substantially successful in photodynamic therapy in treatment
of tumors [36]. Further, our discussion will be focused on multifunctional polymeric nano-
carriers including dendrimers, various nanodot structures, and magnetic nanoparticles with
reference to their application in intracellular and extracellular targeting for diagnostics and
therapeutics.

4.1. Dendrimers

Dendrimers are three-dimensional, globular structures consisting of highly branched, repeat-
ing, and controllable peripheral functionalities originating from a central core [37]. These
structures are assembled in layered fashion from core by repetition of two sequential reac-
tion steps. Origination of a new branching point in layer leads to creation of a new genera-
tion (denoted as G). Thus, a regular dendrimer structure is usually composed of three major
elements, i.e., a central core, branched units, and surface groups [38]. Such a diverse struc-
ture and nanometric size range has pulled them to massive exploration as potential carrier
for drug delivery to targeted regions. The chemistry of dendrimers offers several modes for
incorporation of drugs. Most commonly, drug is linked either covalently or noncovalently to
dendrimers. A drug can be noncovalently introduced into dendrimer by simple encapsulation
method that is mostly used to enhance solubilization of lipophilic drugs in aqueous media.
Charged drugs such as DNA, RNA, or siRNA can also be incorporated into dendrimers
through noncovalent electrostatic interactions. Thus, drug can be conjugated in this manner
to both the internal and external regions of dendrimer. Covalent incorporation involves for-
mation of stable bonds between drug and dendrimers [39].

Recent research is focused on development of synthetic carriers for delivery of genetic mate-
rial with low cytotoxicity, highly efficient delivery, and minimal lysosomal degradation [40].
Gene delivery using polyamidoamine (PAMAM) dendrimers has been studied by Haensler
and Szoka. Covalent linking of dendrimer with GALA peptide resulted in improved trans-
fection efficiency [41]. Polypropylene imine (PPI) dendrimers enjoying low generations have
also shown capacity as DNA carrier for gene transfection with lower cytotoxic potential [42].
Dendrimers have also been explored for delivery of chemotherapeutic agents. Quintana
and coworkers have developed PAMAM dendrimers composed of ethylenediamine core.
Methotrexate along with targeting ligand and fluorescein was covalently attached to dendritic
surface. Experimental data confirmed highly specific binding with KB cell line with 100%
improved cytotoxic response as compared to free drug [43]. In another study, siRNA was
incorporated in PPI dendrimer that was stabilized using cross-linker to cage the preformed
siRNA-dendrimer nanoparticle. PEG layer was applied over this nanostructure that further
utilized luteinizing hormone releasing hormone (LHRH) to guide siRNA-loaded nanoparticles
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to tumor cells. In-vivo studies suggested highly specific tumor targeting with improved accu-
mulation of siRNA in cytoplasm of cells and effective gene silencing [44].

Dendritic structures have also inspired boron neutron capture therapy for tumor targeting.
To kill tumor cells, it is necessary for B to reach intracellular concentration of at least
10° atoms/cell. This tumor-specific delivery at desired concentrations has been achieved
through use of boronated antibodies. Epidermal growth factor receptors (EGFR) that are
overexpressed at surface of glioma cells have been targeted by B PAMAM dendrimers.
Dendrimers after being covalently linked to epidermal growth factor were effectively inter-
nalized by endocytosis with substantial accumulation of B in lysosomes of cells in vitro [45].
However, in-vivo studies demonstrated uptake of boron carriers by the liver and less level of
accumulation in C6 glioma cells. To address uptake of boronated dendritic conjugates by the
liver, scientists have exploited the steric effect provided by polyethylene oxide (PEO) chains.
Such PEO-shielded boronated PAMAM dendrimers showed lesser uptake of conjugate by
the liver. However, uptake of PEO-shielded dendritic conjugates by liver was increased with
an increase in the number of PEO chains [46].

Exploration of dendrimers in photodynamic therapy (PDT) has also captured great interest.
Therapy employs a photosensitizing agent that upon exposure to light of specific wavelength
causes irreversible photo-chemical or photo-biological damage to tumor cells. Dendrimers on
suitable peripheral functionalization can be promising carrier for photosensitizers. Eighteen
ALA (5-aminolevulinic acid) units have been conjugated with dendrimer through amide link-
age. These ALA-conjugated dendrimers exhibited increased cellular level of protoporphyrin
IX (PIX) and thus showed increased cytotoxicity on exposure of radiations in PAM 212 tumori-
genic cell lines [47]. Because of increased tissue permeability to near IR or IR light, the photo-
dynamic system with high absorbance at longer wavelength is extremely attractive. To exploit
this feature, aluminum-phthalocyanines polymer conjugates have been designed with the
maximum absorption observed at 675 nm [48]. A two-photon approach also has great potential
to target deeper tissues with near IR laser. Multivalent character of dendrimers has the capac-
ity to accommodate several two-photon absorbing moieties to porphyrin core. Excitation of
chromophores at 780 nm resulted in generation of increased singlet oxygen luminescence [49].

4.2. Semiconductor polymer dots

Semiconducting polymer dots (Pdots), also described as organic nanodots or conjugated
polymeric nanoparticles (CPNs), have emerged as promising fluorescent probes due to their
exceptional brightness, high quantum yield, nonblinking, photo-stability, and faster emis-
sion rate. Pdots, particularly, refer to small semiconducting polymeric nanoparticles and
have shown remarkable conduction properties due to the presence of highly delocalized
n-conjugated backbone [50]. Pdots prepared by miniemulsion method usually produced
polymeric particles with size ranging from 40 to 500 nm depending on nature of polymer
and concentration of surfactant. Reprecipitation method yields Pdots in the range of 5-30 nm.
Size usually can be modified depending on biological application; however, most bioimag-
ing and assays require smaller nanoparticle. Brightness and photo-stability of fluorescent
Pdots appear to increase with size increment but have also exhibited higher steric hindrance,
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decreasing their target specificity and binding affinity [51]. These carriers have widely inves-
tigated for their outstanding potential for bioimaging and biosensing both in vitro and in vivo.
Major advantage lies in lesser cytotoxicity as was observed in the case of inorganic nanocrys-
tals or quantum dots (Qdots) that were also observed to be associated with genotoxic and
epigenetic effects in mammalian cells even at minute concentrations [52].

Biological applications of fluorescent probes can be controlled by manipulating surface chem-
istry. Usually, aqueous solubility is the primary requirement for these particles to perform
biological functions efficiently. Such modifications have been carried out by incorporat-
ing charged molecules in polymer side chains [53]. Current research has much interest in
development of various multifunctional Pdots that offer a wide range of biological appli-
cations due to easy preparation and diverse chemical dynamics. Conjugated polymers on
the basis of varying structure of backbone can be distinguished into four major categories
including poly-(fluorine), poly-(p-phenylene vinylene), poly-(p-phenylene ethynylene), and
poly-(thiophene). These polymeric backbones can be further functionalized to incorporate
desired characteristics [54]. Wang and coworkers have developed water-soluble conjugated
polymer (polythiophene) with tyrosin kinase inhibitor (lapatinib)-modified side chains for
plasma membrane imaging by targeting intracellular regions of transmembrane proteins [55].
Scientists have prepared conjugated polymer nanoparticles for both drug delivery and cell
imaging together via exploiting electrostatic interactions among cationic conjugated polymers
and anionic functionalities. Doxorubicin was delivered to target cancer cells by conjugating
it with cationic fluorescent PFO and anionic poly-(rL-glutamic acid) that allowed to monitor
drug release through ‘turn on’ fluorescent signal generated by PFO [56].

Apart from cellular imaging, Pdots have also been investigated for delivery of DNA and
siRNA. It has been found that nucleic acid carrying a negative charge can be easily incorpo-
rated into positively charged semiconductor Pdots. Silva and coworkers have demonstrated
the delivery of siRNA using fluorescent CPNs for posttranscriptional gene silencing in plant
protoplast without any significant impact on cellular viability in 72 h. They also explained the
delivery of siRNA to specifically targeted genes in NTCesA-1 pathway associated with cel-
lulose biosynthesis using CPNs [57]. Moon and associates have developed loosely aggregated
CPNss for delivery of siRNA for transfection into HELA cells. siRNA-loaded CPNs caused
downregulation of actin b protein with a transfection efficiency of 94% [58].

Scientists have also investigated the role of conjugated polymers for their antimicrobial poten-
tial. Cationic, light-absorbing, conjugated polyelectrolytes were studied for their activity
against Gram-positive bacterial spores and Gram-negative bacterial strains. The study sug-
gested that conjugated poly-electrolytes formed surface coating on both bacterial types and
caused light-induced bactericidal activity [59]. Electrostatic interactions between negatively
charged cell surfaces and oppositely charged markers have also been exploited against micro-
bial and cancerous cells. Cationic CPNs have been designed through electrostatic interaction
between positively charged PBF and negatively charged SDPA (disodium salt 3,3'-dithiodi-
propionic acid). These nanoparticles on photoexcitation by white light sensitized production
of reactive oxygen species that effectively killed surrounding tumor and bacterial cells along
with fluorescent imaging of cellular uptake of these particles [60]. Electrostatic interactions
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have also been exploited for delivery of doxorubicin through multifunctional CPNs. CPNs
(50 nm approx.) with excellent photo-stability and quantum yield but lower cytotoxicity have
been prepared by combination of cationic PFO and anionic poly(r-glutamic acid) followed
by conjugation with doxorubicin. This carrier offered targeted release of drug in cancer cells
along with concurrent examination of drug release via self-luminescence activity [56].

4.3. Carbon dots

Carbon dots (CDs), also known as carbon nanoparticles or carbon quantum dots, are quasi-
spherical fluorescent nanoparticles, gaining excessive attention because of unique optical
nature, biocompatibility, low cytotoxicity, and simplistic synthesis [61]. These particles were
accidently discovered while electrophoretic purification of single-walled carbon nanotubes
(SWCNTs) synthesized using arc discharge process. CDs are usually defined as zero-dimen-
sional particles with size range lying around 10 nm. Various synthetic approaches have been
investigated for preparation of CDs with efficient photoluminescence, longer wavelength, and
multicolor tunable emission [62]. Several types of carbon materials have been engaged to pre-
pare CDs including graphite, activated carbon, carbon nanotubes (CNTs), and nano-diamond
using top-down approach [63]. Bottom-up approach has employed citrate, biomolecules, and
polymer-silica nanocomposites to prepare CDs using a variety of reaction conditions [64].
CDs have been addressed as safe and biocompatible substitutes to quantum dots that offer
better brightness, photo-stability, and lower cytotoxicity both in vitro and in vivo [65].

Fluorescent CDs have expressed great potential in the field of biosensing, imaging, and pho-
todynamic therapy as well as gene and drug delivery. CDs can be employed for in-vitro and
in-vivo cell imaging using both one- and two-photon excitations. Yang and coworkers have
demonstrated biomolecule surface-modified fluorescent carbon dots for in-vivo cell imaging
along with good biocompatibility and less cytotoxicity [66]. Fluorescent CDs with surface
modified with PEG were also studied for in-vivo biocompatibility and cytotoxicity through
fluorescence imaging [67]. Luo and coworkers have extensively reviewed the optical imaging
of carbon dots both in vitro and in vivo [65]. Various functionalized CDs have been studied for
fluorescent imaging of plasma membrane and cytoplasm of COS7 cells, BGC823 cells, MG-63
cells, A549 cells, and HEPG-2 cells [68]. Scientists have also demonstrated uptake of CDs by
endosomes and lysosomes in fluorescent imaging of HELA cells [69]. Besides these investiga-
tions, some studies have reported distribution of CDs in entire cell including nucleus [70].
CDs have also been explored for cellular imaging and labeling of E. coli [63].

CDs have also been investigated as biosensors in various research studies. Fluorescent car-
bon dots when conjugated with N-(2-aminoethyl)-N, N, N-tris (pyridin-2-yl methyl) ethane-1,
2-diamine have been studied to detect intracellular Cu ions with greater specificity and
stability [71]. In another study, fluorescent CDs have been used for detection of metal ions.
Scientists have prepared carbon dots from citric acid as a carbon source in the presence of PEI
for intracellular imaging and detection of Cu*? ions [72]. Besides metal ion detection, COOH-
or OH-functionalized CDs have been used as a receptor to detect change in hydrogen ion con-
centration. This fluorescent C dot probe has been successfully investigated to detect change
in pH of 6-8 range in A549 and LLC-MK?2 cells [73]. CDs have been studied for detection of
glucose as its transport is associated with certain anomalies such as diabetes and cancer [74].
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Scientists have also demonstrated use of CDs for detection of DNA. ssDNA was immobilized
on CDs that can get hybridized with required complementary DNA molecule to form dsDNA
followed by desorption from CDs and quantification of fluorescence [75]. CDs-dsDNA com-
plex has also been investigated to detect histones. The strong interaction between DNA and
histone causing the detachment of DNA from CD that turned on the signal for native fluores-
cence of CD [76]. CDs conjugated with gold and silver nanostructures have been explored as
electro-chemiluminescence (ECL) immuno-sensing devices for detection of prostate-specific
antigen (PSA) [77]. CDs have also been conjugated with chlorin e6 (Ce6) photosensitizer for
efficient intracellular transport of photosensitizer, longer circulation time, and homing ability
in tumor cells. These conjugates revealed excellent stability, biocompatibility with least cyto-
toxicity and exhibited tremendous bioimaging and homing ability in subcutaneous MGC-803
xenografts in nude mice [78].

Another therapeutic application associated with CDs is gene and drug delivery to targeted
cells. pH-responsive, COOH-functionalized CDs caped on surface of mesoporous silica
nanoparticles (MSPs) have been studied for intracellular tracking and delivery of doxorubicin
with strong luminescence and low cytotoxicity both in vitro and in vivo [79]. CDs-conjugated
mesoporous silica nanoparticles capped with PEG have been investigate for tracking con-
trolled release of doxorubicin through quantifiable fluorescent intensity in HELA cells [80]. In
another study, hollow CDs have been prepared from bovine serum albumin for pH-depen-
dent delivery of doxorubicin and its rapid intracellular uptake. Such functionalized hollow
CDs have been regarded suitable for bioimaging and targeted drug delivery [81]. Quinolone-
conjugated fluorescent CDs have also been explored for in-vitro cellular imaging and delivery
of drug to cancer cells [82].

4.4. Quantum dots

Quantum dots (Qdots) are inorganic, semiconductor, fluorescent nanostructures composed
of II-1V or III-V group elements. They are crystal structures with size smaller than excitation
Bohr radius (few nanometers), and these physical dimensions are controllable by time, tem-
perature, and molecules (ligands) used in their synthesis [83]. Qdots in the range of 2-6 nm
are of especial interest due to resemblance of their dimensions with biomolecules and have
also shown to display strong dimension-dependent electrical and optical characters. Other
distinct features include necessity of few Qdots to generate a detectable signal and minimal
photo-bleaching property [84]. The idea of quantum confinement is responsible for unique
optical and electronic characteristic of Qdots. Both group II-IV and III-V Qdots have been
synthesized with relatively lower quantum yield and greater size difference. Higher quantum
yield and better luminescence were observed when CdSe core was capped on surface with
ZnS or CdS (higher band gap) [85].

The optical character of Qdots has been associated with the interactions among electrons,
holes, and surrounding environment. Qdots undergo absorption of photon when excitation
energy surpasses band gap where electrons jump from valence band toward conduction
band. The presence of multiple electronic states at elevated energy level offers excitation
at relatively lower wavelengths across UV-visible spectra. Emission wavelength can be
tuned among the region of blue and near infrared (NIR) wavelength by manipulating size
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and composition of Qdots. This feature allows simultaneous excitation of multicolor Qdots
with single light source that makes them excellent candidate for biological application.
Bioconjugation and functionalization of Qdots have increased the spectrum of their activi-
ties [36]. Qdots have been widely investigated for in-vitro and in-vivo imaging at molec-
ular and cellular levels, to study intracellular trafficking as well as tumor targeting [86].
Quantum dots have been studied in immunofluorescence assays for detection of biological
molecules and labeling of tissues and cells. NIR fluorescent nanoprobes conjugated with
copolymer grafts of poly(L-lysine) and methoxy-polyethylene glycol succinate for in-vivo
imaging of tumor related lysosomal protease activity. These probes successfully detected
small-sized solid tumors with higher NIR signals and to examine specific enzyme activ-
ity [87]. Qdots have also explored to study the modifications in erythrocyte membranes
caused by plasmodium invasion in malaria via immuno-cytochemical studies [88]. Jaiswal
and coworkers have demonstrated multicolor imaging of Qdots-labeled live cells. They
explained two approaches for cell labeling; either through intracellular uptake of Qdots by
endocytic mechanism or use of antibody-conjugated quantum dots specific to cell surface
proteins [89]. Parak and associates have used colloidal Qdots to study metastatic poten-
tial of cancer cells due to their photochemical stable nature and to study the mechanism
of motility and migration of cancer cells. Uptake of nanocrystals was explained to occur
through pinocytosis and phagocytosis [90].

Qdots have also been explored to prevent their nonspecific uptake by RES. Molecular
markers expressed by blood vessels have been exploited to target nanocarriers toward
specific tissues or organs. This strategy has been employed to target lung tumor cells using
functionalized Qdots in mice [91]. Surface of quantum dots has been functionalized with
COOH, NH2, and streptavidin that was further derivitized using PEG. PEG-conjugated
Qdots decreased nonspecific uptake by RES, while COOH- and NH2-functionalized Qdots
without PEG showed improved intracellular uptake among various cell types [92]. Qdots
have also been explored for gene delivery and gene silencing. Sponge proton-coated
Qdot-siRNA has been studied to improve gene silencing efficiency and reduced cyto-
toxicity in MDA-MB231 cells. These nanocarriers also allowed intracellular tracking and
localization of siRNA delivery and transfection [93]. In another study, siRNA transfection
was performed using Qdots. siRNA-Qdots exhibited greater photo-stability and tunable
optical characteristics. This method was developed to observe the function of T-cadherin
in intercellular communication [94].

Chitosan-folate-encapsulated ZnO Qdots have been prepared for delivery of anticancer
agent doxorubicin with enhanced and longer photo-stability of Qdots. This nanocarrier
showed an initial rapid release followed by controlled liberation of drug [95]. Doxorubicin-
loaded, immuno-liposome-based quantum dots were modified with HER2scFv for targeted
delivery of drug to SKB-3 and MCEF-7 cells with overexpressed HER2. These Qdot-IL con-
jugates exhibited receptor-dependent endocytosis in target cells but not in control MFC-7
cells. They also showed longer circulation of Qdots, and their localization in tumor models
was confirmed by florescence imaging [96]. Cadmium telluride-incorporated Qdots with
PEI functionalization for tracking of plasmid DNA in mice were designed. After intrave-
nous injection, these structures showed rapid accumulation in the lungs, spleen, and liver.
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PEG functionalization caused improved circulation time and rapid accumulation in cancer
cells [97].

4.5. Magnetic nanocarriers

Magnetic nanoparticles (MNPs) are one of other fascinating elements of nanotechnology.
Their nanometric dimension, biocompatibility, nontoxicity, and surplus accumulation in
targeted cells or tissues justify intensive research in this subject matter. MNPs are mostly
composed of ferromagnetic material such as ferrous or ferric oxide core with limited use of
cobalt and nickel [98]. Magnetic properties are associated with movement of subatomic parti-
cles including electrons, holes, protons, and positive-/negative-charged ions. These materials
respond to external stimulus of magnetic field and orient themselves according to magnetic
moment. This magnetic behavior has been exploited for both in-vitro and in-vivo biomedical
applications [99]. Magnetic nanoparticles have also been suggested for labeling cells in tis-
sue engineering as they can be easily handled using magnets. Streptavidin-functionalized
paramagnetic particles in combination with antibodies have been investigated for magnetic
field-guided retroviral infection in vitro [100].

Magnetic nanoparticles have the ability to cause ablation of tumor cells via generation of
heat. AC magnetic field causes the magnetic particles dispersed in target cells or tissues to
get heated. This heat is rapidly disseminated to diseased cells, and if 42°C (therapeutic tem-
perature threshold) can be maintained for 30 min, tumor cells get destroyed. However, this
thermal ablation may be associated with undesirable concurrent killing of healthy cells [101].
Hase and coworkers have used ferromagnetic heating in combination of hepatic arterial
embolization to study heat induction of ferromagnetic implants on VX2 hepatic cancer in rab-
bits. Results indicated extensive degeneration of tumor cells suggesting a suitable therapeutic
strategy for localized hepatic carcinomas with little damage to healthy parenchyma of the
liver because of selective heat induction [102].

Various functionalized magnetic nanocarriers have been investigated for targeted delivery
of therapeutic agents. Magnetic drug carriers were designed either by using a magnetic
core with surface coated with polymer or magnetic particles precipitated within porous
polymeric composite. Such modifications have been studied to protect magnetic particle
from harsh physiological vicinity and also to guide the drug carrier to desired location.
Magnetic field-guided uncharged magnetic nanoparticles have been investigated for intra-
cerebral targeting of rat glioma-2 in male (Fisher 344) rats. These magnetic nanoparticles
(10-20 nm) exhibited greater uptake in brain tumor cells as compared to larger size (1 um)
magnetic particles [103]. In another study, iron oxide core was coated with oleic acid and
subsequent coat of PEG-oleic acid for sustained release of doxorubicin and as MRI con-
trast. These modified magnetic nanoparticles were further conjugated with antibodies for
active targeting of MFC-7 cells. These MNPs showed better MRI contrast with longer circu-
lation time. They exhibited sustained release of drug with enhanced antiproliferative effect
[104]. Doxorubicin-loaded monodisperse mesoporous single crystal iron oxide nanopar-
ticles have also been developed as a promising carrier with improved drug loading and
delivery [105].
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5. Conclusion

Multifunctional nanocarriers offer a wide spectrum of biological applications exploiting both
extracellular and intracellular barriers. These polymeric nanostructures have successfully
improved the efficacy and safety of molecules delivered for various diagnostic and therapeutic
purposes. Such nanocarriers have propounded unique physicochemical properties that have
overall augmented the pharmacokinetic and pharmacodynamics parameters of drugs owing
to versatility in their dimensions and surface functionalization. Bioavailability of many drug
molecules that was compromised due to uptake by RES has been enhanced by exploiting these
nanodevices. They have also offered long circulation time with release of drug molecules in
a controlled or sustained manner with substantially fewer adverse effects. Nanocarriers have
also shown exceptional promise in cellular imaging and diagnosis. By using various function-
alization techniques, fluorescent probes have been directed to target tissues and cells to study
site-specific delivery as well as intracellular trafficking of targeted molecules. Thus, they have
been exploited to perform dual role of cell imaging along with drug delivery. Nanocarriers
have also been successfully employed for gene transfection and gene silencing as well as in-
vitro and in-vivo detection of biological molecules. Most recent therapeutic strategies under
research seem substantially captivated in various dot structures for improved delivery of
therapeutic agents, and the same is the case for magnetic nanoparticles that also have offered
incredibly assuring results. However, much work is yet to be accomplished to prepare a suc-
cessful commercial candidate with an ultimate therapeutic spectrum. Critical in-vivo cytotoxic
behavior of these nanocarriers and untoward effects on normal physiological processes still
requires intensive exploration. Some drug-loaded coated nanoparticles have been subjected
to preliminary human trials after display of promising outcomes in animal studies but will
even so require a long while for appearance in clinical market.
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Abstract

The blood-brain barrier (BBB) is the major problem for the treatment of brain diseases
because we need to be able to deliver drugs from the vascular system into the central
nervous system (CNS). There are no drug therapies for a wide range of CNS diseases and
these include neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases
and cerebral ischemia. Therefore, the focus of this chapter is to discuss how nanoparticles
(NPs) can be modified to transport different drug molecules for the treatment of brain
diseases. In essence, NPs’ surface can be functionalized with molecules such as peptides,
antibodies and RNA aptamers and these macromolecules can be attached to the receptors
present at the BBB endothelial cell surface, which allows the NPs cross the barrier and
subsequently deliver pharmaceuticals to the brain for the therapeutic and/or imaging of
neurological disorders. In fact, part of the difficulty in finding an effective treatment for
these CNS disorders is that there is not yet an efficient delivery method for drug delivery
across the BBB. However, over the last several years, researches have started to under-
stand some of the design rules to efficiently deliver NPs to the brain.

Keywords: blood-brain barrier, multifunctional nanoparticles, Alzheimer’s, Parkinson’s,
cerebral ischemia, stroke

1. Introduction

Technological innovations, referred to as nanomedicine, is an exciting field of applications of
nanotechnology to the diagnostic, treatment and/or prevention of traumatic injury or disease
of the human body. This field holds the promise to deeply revolutionize the medicine to
treatment and therapy areas such as imaging, drug delivery, cell therapy, tissue regeneration
and development of new nanomedicine products. Due to its great importance, recent global
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marketed report expects that the applications of nanotechnology in medicine could reach
$528 billion by 2019 [1]. Indeed, a broad range of nanoparticles (NPs) made of various materi-
als (e.g., polymers, dendrimers, gold, silver, lipids, metals, and virus-like particles), differing
in their size, architecture and surface properties, has been initially engineered to improve
parameters such as the pharmacokinetics and biodistribution of therapeutic molecules and
to reduce drugs’ toxicity side effects [2]. Additionally, NPs are also useful tools for body or
organ imaging [3]. During the past few decades, NPs have been successfully developed as
drug, gene and/or imaging delivery vehicles due to their key properties of enhancing water
solubility of poorly water-soluble molecules, extending the plasma circulation time and tar-
geting the site of disease, while avoiding nonspecific toxicity effects [4, 5].

In fact, NPs have provided remarkable progress in therapy and diagnostic imaging of sev-
eral diseases. Since 1990, a high number of nanocarrier formulations have been approved
by regulatory authorities for clinical use [6, 7]. There are five different applications of
nanomedicine products on the market within healthcare — in vitro diagnostics; biomateri-
als; drug delivery; in vivo imaging and active implants [7]. Of these products, the type
of NPs that exists on the market is diverse and it includes the following: (i) liposomes
(e.g., Ambisome®, Albelcet®, DaunoXome®, Depocyt® and Myocet®); (ii) polymer-coated
liposomes (e.g., Doxil® and Lipo-Dox®); (iii) polymeric drugs (e.g., Copaxone®); (iv)
polymer-protein conjugates (e.g., Oncospar®, PEG-Intron® and Pegasys®); (v) nanoparticle
containing paclitaxel (e.g., Abraxane™), (vi) antibodies (e.g., Avastin™ and Herceptin®)
and (vii) antibody conjugates (e.g., Mylotarg®); (viii) aptamer conjugates (e.g., Macugen®);
(viii) micelles (e.g., Estrasorb®); among others. These formulations are considered the first
generation of nanomedicine, already bringing clinical benefits to patients [8].

Moreover, researches are constantly focusing on the development of NPs that can accumulate
and deliver their cargo specifically at the diseased site, and these efforts are bringing important
advances toward the development of NP-based targeted drug delivery systems. To increase
the specificity of NPs to the targeted area, nanocarriers that can either passively or actively
target the unhealthy site have been engineered. In passive targeting, the capacity of NPs to
accumulate in the angiogenic site of tumors by the enhanced permeability and retention effect
is explored [6, 9]. This strategy is achieved by recovering surface of NPs with some sort of
coating with several compounds such as poly(ethylene glycol) (PEG) and poly(phosphoester)
(PEEP) [10]. By binding PEG or PEEP to the surface of NPs, there occurs a change in the pro-
tein corona populations that adhere to the surface of NPs, reducing drastically the opsoniza-
tion process of the nanocarriers thus preventing recognition by macrophages and monocytes
and rapid clearance of NPs from the blood [10, 11]. Also, the accumulation and cellular uptake
of NPs could be further enhanced by conjugating the NPs with molecules such as antibodies,
peptides and aptamers that are able to bind to overexpressed receptor or antigens on the
surface of targeted cells [12].

More recently, various researchers have been developing NPs able to perform two or more
functions for the simultaneous or sequential delivery of single or multiple therapeutic
active principles to the required targeted site in the body, overcoming multiple physiologi-
cal barriers [13]. Multifunctional NPs often have the ability to: (i) encapsulate sufficient



Multifunctional Nanoparticles for Successful Targeted Drug Delivery across the Blood-Brain Barrier
http://dx.doi.org/10.5772/intechopen.76922

amount of drug or therapeutic macromolecules for a sufficient time; (ii) increase residence
time in the blood through the use of soluble polymers such as polyethylene glycol (PEG);
(iii) increase their accumulation at the desired site in the body by attaching to NPs, surface
macromolecules such as antibodies, RNA aptamers and peptides; (iii) respond to several
intrinsic or extrinsic stimuli for “on demand” delivery such as abnormal pH, temperature
or magnetic and ultrasound fields and (iv) entrap concomitantly an imaging agent to enable
the real-time monitoring of their biodistribution, targeted accumulation and/or therapy
efficiency [2, 13].

Despite the exciting advances in the discipline of nanotechnology-based approaches, dif-
ferent challenges arise in their efficacy toward the treatment of neurodegenerative diseases.
One of the major obstacles that limit the application of NPs for effective delivery of drugs
and diagnostic imaging agents to the central nervous system (CNS) is the presence of the
blood-brain barrier (BBB) [14]. As a result, new and innovative invasive and noninvasive NPs
formulations have been engineered to provide efficacy in crossing the BBB, mainly by the
functionalization of NPs’ surface with ligands. Invasive strategies show potential and are
being explored for efficient NPs’ access to the brain. Some examples of invasive strategies are:
convention-enhanced delivery, intracerebral or nasal injection and use of implants. With this
in mind, it is important to understand the general concept of BBB, mechanisms of transport in
and out of the brain and the BBB alterations in pathology.

2. BBB, general concept and the transport of drugs inside the brain

The BBB is a formidable physiological structure that acts as an effective security system for
the brain, letting in circulating compounds that this organ needs, but at the same time, these
cells have evolved a system of biological pumps and if these pumps recognize molecules that
should not be on their way to the brain, they will be pumped right back out into the vascular
system [15]. The BBB is primarily composed of brain endothelial cells, which are cells that line
microvessels and capillaries in the brain, and these are highly specialized cells that are knit-
ted together very tightly by tight junctions, so there are no gaps between the cells (Figure 1).
In fact, endothelial cells” tight junctions control the flux of hydrophilic molecules and small
lipophilic substances such as water and some gases, respectively, that go through the BBB [15,
16]. Also, the brain endothelial cells are surrounded by a structure known as basal lamina,
composed of fibronectin, type IV collagen, heparin sulfate and laminin [16, 17].

Other structures such as neurons, astrocytes, pericytes and extracellular matrix components
constitute the neurovascular unit that is also part of the BBB structure (Figure 1). Neurons are
electrically excitable cells responsible for processing and transmitting information through-
out the mind and body. In the nervous system, chemical and electrical signals between
neurons occur via synapses, or junctions, that connect these cells [18]. Astrocytes play a key
role in providing nutrients to neurons by shuttling them from the blood vessels to neurons
themselves; they also help to control the ion concentration in the brain; are part of the repair
process that happens after brain injury and help neurons recycle their neurotransmitters [19].
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Figure 1. The Blood-Brain Barrier. Schematic cross-sectional representation of the blood brain barrier (BBB) and other
components of vascular unit like neurons, astrocytes, pericytes that are essential for the health function of the CNS. Also,
depicted in the picture are the BBB mechanism of passage: (A) Water soluble agents; (B) Lipid solid agents; (C) Protein
transport; (D) Receptor-mediated transport, and (E) Adsorptive transcytosis.

Pericytes appear to play a key role in BBB endothelial cells barrier formation [20]. Finally,
the extracellular matrix occupies 10-20% of brain volume and has a major role in its normal
pathology [21]. Therefore, it is the vascular unit that controls permeability and cerebral blood
flow throughout the CNS, ensuring physiological CNS functioning.

In Figure 1, a schematic overview of the mechanisms of transport through the BBB is depicted.
Molecules that present either a high degree of lipophilicity and molecular weight smaller than
500 Da can penetrate the CNS by simple diffusion (Figure 1A). However, in the absence of
these characteristics, other circulating molecules can cross the BBB by their interaction with
specific transport proteins located at the brain endothelial surface. These proteins are classified
into two main categories: (i) carrier-mediated transport and (ii) receptor-mediated transport.
Carrier-mediated transport (CTM) systems are responsible for the transport of small-drug
molecules or small nutrient molecules including monosaccharaides and amino acids with
a molecular mass smaller than 600 Da. These molecules can cross the BBB endothelial cells
via active transport mediated by specific proteins (Figure 2C). The diffusion of molecules
from the blood to the brain may be passive or active. For example, the transport of neutral
L-amino acids such as leucine, phenylalanine and tyrosine is mediated by the large neutral
amino acid transport (LAT1), whereas cationic amino acid transporter (CAT1) mediates the
transport of cationic amino acids such as lysine and histidine. Other examples of transport-
ers of polar substances into the brain include the nucleoside transporter (CNT2), the glucose
transporter (GLUT1) and the monocarboxylic acid transporter (MCT1) for nucleoside, glucose
and carboxylic acids transport, respectively. Moreover, transporters presented at brain endo-
thelial cells” surface are also able to expel endogenous peptides such as Tyr-Pro-Trp-Gly or a
multiplicity of drugs from the CNS to the blood are to be mediated, respectively, by peptide
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Figure 2. Schematic representation of a drug-loaded, multifunctional, stimuli-responsive NP. The structure of a
nanocarrier allows the incorporation of one or multiple therapeutic molecules. These NPs can be found in different sizes
and shapes. Increased blood circulation time can be achieved with soluble polymers such as polyethylene glycol (PEG).
Nonspecifically target the intended site of action can be achieved by exploring, for example, leaky vessels of tumors.
NPs can be actively targeted via the attachment of targeted-specific ligands such as antibody, antibody fragments,
aptamers and peptides at their surface. Depending on the kind of application of NPs, various compounds can be added
to turn the nanocarrier into a responsive device to a specific stimuli such as temperature, pH or magnetic and ultrasound
fields. Imaging or contrast agents such as magnetic resonance imaging (MRI) , near infrared (NIR) and/ or polyethylene
terephthalate (PET) compounds can also be incorporated into a single platform to enable imaging and releasing of drugs
from NPs.

transport system-1 or P-glycoprotein, via active efflux transport (AET). In fact, if a drug is a
substrate of any AET protein, multidrug resistance occurs, and this phenomenon is a great
obstacle for therapeutic drug delivery to the CNS.

Chemotherapy agents, natural, synthesized or recombinant peptides and proteins, nucleic
acids, monoclonal antibodies and other pharmaceutical breakthroughs do not readily cross
the BBB (Figure 2D). Nonetheless, there are some specific proteins that the brain needs to func-
tion correctly, so they can access the brain by attaching to receptors, which are transported
across the barrier and subsequently release into the brain. This mechanism of transport is
known as receptor-mediated transport (RMT) and the internalization of these relatively large
compounds is done via endocytosis (Figure 2E). It is the most studied transport mechanism
for drug delivery, since receptor-specific ligands such as peptides and antibodies against
receptors that are expressed on brain endothelial cells surface can be attached to the surface
of nanoparticles or drugs, enabling their accumulation and internalization by cells of vascular
side and, consequently, being transported into the brain. In addition, adsorptive-mediated
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transport (AMT) is a kind of transport where endocytosis is induced by the binding of cationic
substances to the negatively charged plasma membrane of brain endothelial cells interaction.
Therefore, due to the electrostatic interaction between the negatively charged membranes, the
cationic therapeutic compound takes the AMT to enter the CNS.

This becomes a problem when treating diseases of the brain because we need to be able to
deliver drugs from the vascular system into the CNS [22]. Unfortunately, at the moment,
there are no drug therapies for a wide range of CNS diseases, and these include neurode-
generative diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) and
cerebral ischemia (or stroke). Therefore, the objective of this chapter is to discuss how NPs
can be modified to transport thousands of different drug molecules for the treatment of
brain diseases. In essence, NPs for drug delivery into the brain is a method for transport-
ing drug molecules across the BBB using nanocarriers. NPs, surface can be functionalized
with molecules such as peptides, antibodies and RNA aptamers, and these macromolecules
can be attached to the receptors present at the BBB endothelial cell surface, which allow
the NPs across the barrier and subsequently deliver pharmaceuticals to the brain for the
therapeutic and/or imaging of neurological disorders [14]. In fact, part of the difficulty in
finding an effective treatment for these CNS disorders is that there is not yet an efficient
delivery method for drug delivery across the BBB. However, over the last several years,
researches have started to understand some of the design rules for efficient delivery of NPs
to the brain.

3. In vitro approaches to study NPs’ transport through the BBB

As mentioned earlier, the BBB is a selective and dynamic barrier restricting the passage of
a huge variety of compounds across this barrier, which is essential for the maintenance of
homeostasis and functionality of the CNS. Therefore, the BBB is considered the major obstacle
for the use of NPs as delivery systems to brain diseases. As shown in Figure 2, endothelial
cells of the cerebral microvasculature are associated with perivascular cells form the BBB. The
functional interaction between endothelial and perivascular cells and their response to injury
have led to the concept of the neurovascular unit [15, 17]. Studying the mechanisms of uptake,
transport and cytotoxicity of NPs through the BBB is an extremely challenging task in vivo
because of the technical limitation to access the interface between the vascular system and the
brain, since it is estimated that the brain capillary length is about 650 km [23]. To overcome
this problem, in vitro BBB models have been built to reproduce as precise as possible the
major BBB features, allowing investigation of cellular and molecular mechanisms that occur
in the barrier; prediction of the transport of compounds across the BBB and performing high-
throughput platform to test NPs transport through the barrier for the effective treatment of
brain diseases. For example, it was observed that NPs can reach the capillaries into the brain
of rats or mice 30 m after intravenous injection and, up to 5 h after NPs administration, they
could go through the barrier, decreasing afterward [24-29]. These studies of NPs across the
brain tissue are in line with in vitro BBB models data reported [30, 31]. In addition, it was
observed that in vitro BBB model facilitates the manipulation of some parameters that affects
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the barrier such as aglycemia, hypoxia, among others [32]. For decades, two-dimensional
or three-dimensional in vitro models of BBB have been developed by cultivating either as a
monolayer or in cocultivation with mouse brain microvascular endothelial cells and murine or
human endothelial cells with pericytes or astrocytes or glial tissue among others in a way that
mimics the barrier under physiological or pathological conditions such as Alzheimer’s and
Parkinson’s diseases or stroke [33-37]. Models of BBB based on stem cells are also reported
in the literature [38, 39]. Moreover, by taking permeability measurements on the cultured
cells, it is possible to test the physiological relevance of the developed model. In addition,
experiments such as gene expression analysis using real-time polymerase chain reaction
(PCR), permeability analysis [40, 41] and immunocytochemistry can also be used to validate
the BBB model obtained. Although we are still not able to make this platform available both
in academic and industry setting, this kind of technology has been showing the importance
of considering in vitro data together with in vivo studies to understand the transport process
of NPs into the brain.

4. Other barriers that limit effective drug delivery into the brain

In addition, the BBB is not the only physiological barrier for drug delivery to the brain. If we
consider the anatomic aspects of our body, the brain and the spinal cord are completely cush-
ioned and protected by the cerebrospinal fluid (CSF) [42, 43]. This fluid is also responsible for
carrying nutrients to and waste products away from the brain. The great majority of CSF is
produced within ventricular areas of the brain, as a result of the specialized tissue known as
choroid plexus. The choroid plexus is located in each of the four ventricles within the brain
area: two lateral ventricles, and the third and fourth ventricles. Here, it is important to clarify
that the cells of the choroid plexus do not produce the CSF; instead, this fluid is a filtrate of the
blood that is performed by the highly specialized cells of choroid plexus known as cuboidal
epithelial cells. Cuboidal epithelial cells are exactly located between the capillary and the
ventricle. As all capillaries present within the brain, the capillaries of the choroid plexus have
a wall formed by single cells responsible for ready transportation of ions and molecules to
and from the choroid plexus capillary. Tight-gap junctions hold the choroid plexus epithelial
cells together. These gap junctions prevent substances from entering or leaving the CSF; thus,
the choroid plexus acts as a blood-CSF barrier. Lastly, although the CSF originates in the
ventricles, this fluid flows through to the ventricles and then surrounds the brain and the
spinal cord.

5. NPs for brain drug delivery

Over the last several years, researches have engineered a variety of NPs that can potentially
deliver therapies and/or imaging agents directly into the brain [14, 42, 44-48]. It is really chal-
lenging to get these nanoparticles across the BBB to treat a CNS disease in sufficient amount
and without causing major side effects on healthy brain cells. NPs are available in many sizes
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and shapes and they can have a positive, negative or neutral surface charge (Figures 2, 3). Their
core can be made of a variety of materials such as biological, synthetic or energy receptive. NPs
can also be coated with specialized molecules that allow them to interact with their environ-
ment. NPs can also be loaded with therapeutic molecules that are released in a controlled way
and, at the same time, retain the drug stability and prevent them from degradation once in the
blood. Therefore, for an efficient drug delivery into the CNS, it is very important to engineer
NPs with the following properties: (i) small size (NP diameter should be smaller than 100 nm);
(ii) biocompatible, biodegradable, nontoxic and noninflammatory; (iii) prolonged circulation
time in the body; (iv) stable in the plasma; (v) protect the cargo such as small molecules, pep-
tides [43, 49-51], proteins or nucleic acids from degradation; (vi) targetability to the BBB and
(vii) controlled drug release [44].

One of the most important and challenging characteristics in engineering NPs is their func-
tionalization. Active targeting of NPs can be achieved by attaching onto their surface, in a
highly controlled way, specific molecules such as monoclonal antibody, RNA aptamers,
transferrin, lactoferrin and peptides (Figure 2). An example of such active NP is the extensive
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Figure 3. Types of nanoparticles for brain delivery. Enhancing brain drug delivery with the use of several nanocarriers,
able to carry the most diverse kind of molecules.
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use of cell penetrating peptides such as SynB vectors, Tat and penetratin that were success-
fully used to target the BBB [52-55]. In fact, a huge variety of molecules that increased tar-
geting strategies to the BBB such as growth factors (e.g., vascular endothelial growth factor;
epidermal growth factor) [56], albumin [57], insulin [58], lactoferrin [59], transferrin [60],
angiopep-2 [61] and biotin-binding proteins has been reported [62]. Targetability is usually
associated with nanoparticles with prolonged circulation time. This characteristic is achieved
by coating the surface of NPs with hydrophilic polymers such a polyethylene glycol (PEG),
poly(acryloylmorpholine), poly-N-vinylpyrrolidones, polyvinyl alcohol and poly[N-(2-hy-
droxypropyl) methacrylamide] [63] (Figures 2, 3). Among these polymers, PEG is still the
most useful polymer in obtaining long circulating NP. The attachment of polymers onto the
surface of NPs works by preventing NPs interaction with opsonins present at the plasma and,
in this way, impeding their capture and subsequent clearance from the body. However, it
was observed that the blood clearance phenomenon is accelerated after repetitive administra-
tion of clinically used PEGylated NPs due to the induction of production of antibodies (the
NPs used in these studies were PEGylated liposomes) [64, 65]. Moreover, PEGylated NPs are
particularly useful for neurological disease treatment, since the long-circulating NPs into the
brain by diverse mechanisms were observed. Nevertheless, for brain tumors, reliance on the
enhanced permeability and retention (EPR) effect for drug delivery strategies faces several
challenges, since the accumulation of NPs at the tumor site is very low [66].

Due to their ability to carry hydrophilic, hydrophobic and/or lipophilic compounds and
high specificity, the use of NPs provides a very efficient platform for drug delivery into the
CNS. The most popular nanocarrier studied for brain drug delivery is liposomes and several
liposomal formulations are clinically available or tested at different clinical trial phases [14].
Liposomes are spherical concentric vesicles, consisting of at least one lipid bilayer, enclos-
ing an aqueous compartment. This nanocarrier has been employed for therapeutically active
compounds delivery soon after its discovery by Bangham in the early 1960s. This NP has been
successfully engineered for a variety of brain neurodegenerative disorders and brain tumors.
For a detailed overview of liposome-based strategies to drug delivery across the BBB, we refer
the reader to Vieira and Gamarra’s article [14].

One of the breakthroughs of nanoparticles formulations is to target the nanocarriers to deliver
their cargo into the brain. The brain endothelial cells contain several targets as discussed
earlier that are explored on the studies of nanoparticles for brain delivery. Each of these
targets could be specific for a brain disease or brain diseases. For example, transferrin has
been described as the BBB-targeting ligand in studies of nanoparticle formulations [67, 68].
Transferrin is a glycoprotein (80 kDa) that binds to the transferrin receptor and is taken across
the BBB via Receptor mediated endocytosis (RME). Indeed, these studies demonstrated that
transferrin conjugated to liposomes exhibited a significant increase in the concentration of
therapeutic molecules delivered by NPs into the brain when compared to the administration
of the drug alone. In addition, broad ranges of nanocarriers with different shapes, sizes and
surface properties have been developed for the transport of therapeutic or imaging molecules
across the BBB. These also include carbon nanotubes [69, 70], micelles [71], dendrimers [72,
73], nanofibers [74, 75], polymer [46, 76], gold [77] and iron oxide nanoparticles [78] NPs
(Figure 3).
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Although nanotechnology-based strategies to get into the brain have shown progress in
animal models, the translation of passive- and active-targeting delivery strategies into clini-
cal studies is still questionable. This might be due to the random nature of receptor-ligand
interactions and/or ineffective release of drug from the nanocarrier at the targeted site [79].
Therefore, the development of multifunctional nanoparticles is becoming possible due to the
engineering of stimuli-responsive systems that are able to control the release of their cargo
and drug distribution in response to specific stimuli such as magnetic field, light, changes in
pH, variations in temperature, among others (Figure 2).

6. NPs in context of brain neurological diseases

Getting NPs into CNS is not an easy task. As discussed earlier, the BBB is the main struc-
ture responsible for brain protection and homeostasis. In addition, it is important to men-
tion that in neurological diseases, several impairments of this structure occur, leading to the
perpetuation of the inflammatory cycle that damages neuronal cells and neurodegeneration
[80] Moreover, the BBB breakdown can occur, which is clearly a consequence of an ischemic
stroke that occurred [81] due to an obstruction within a blood vessel that supplies the brain
with oxygen and several nutrients, leading to brain cell death.

In other cases, especially in chronic neurological diseases such as Alzheimer’s disease (AD)
and Parkinson’s disease (PD), it remains unclear how these diseases promote the BBB impair-
ment [32]. Importantly, these modifications in the BBB structure should be taken into con-
sideration when you are planning the engineering of effective multifunctional NPs for brain
delivery. In this context, NPs have been designed to cross the BBB and this new technology
has some applications so far in the treatment of Alzheimer’s and Parkinson’s diseases, stroke
and brain tumors, which are discussed in the following section.

6.1. Stroke

Stroke is a serious disease that occurs when some or all of the blood supply to a part of the brain
is restricted or cut off and, therefore, this can lead to disability, brain injury or death. Thus, the
loss of oxygen and nutrients provided by the blood causing the loss of brain function is a stroke
also known as cerebral ischemia. There are two ways to disturb the blood supply to the brain
(Figure 4). The most common type occurs when there is a stoppage of blood flow to a part of the
brain due to a blood clot. This cause of strokes accounts for 85% of all cases and it is known as
ischemic stroke. The second cause of stroke, that is not as common as the ischemic stroke, but still
very serious, happens when one of the blood vessels that is a part of the cerebral circulation sup-
plying the brain ruptures. This kind of stroke is called a hemorrhagic stroke. In addition, “hemor-
rhagic” refers to a sudden torrential bleeding outburst. However, regardless of whether it is an
ischemic stroke or a hemorrhagic stroke, the brain cells start to malfunction after some minutes
due to the lack of oxygen and nutrients owing to improper blood flow or improper blood supply.
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Figure 4. Schematic representation of the main event causing ischemic stroke, Alzheimer’s and Parkinson’s disease.
(Adapted from Alvarim et al. [82]) ischemic stroke is caused by the interruption of the blood flow, depriving the
brain of oxygen and some nutrients. For Alzheimer’s disease, the main characteristic of this disease is the presence of
neurofibrillary tangles and amyloid plaques in the brain, leading to shrinkage of some structures of the brain such as

the hippocampus and the enlargement of the brain ventricles, resulting in neurodegeneration. In Parkinson’s disease,
substantia nigra dopamine neurons are lost.

There is also a related condition called the transient ischemic attack (TTA), also known as
a mini-stroke. It is essentially a temporary interruption of blood flow to a part of the brain
often lasting between 30 m and several hours. Therefore, the symptoms of TIA and stroke are
similar. However, the difference is that a TIA does not actually destroy brain cells and it does
not cause permanent disability. Nevertheless, it is often a warning signal that an individual
is at risk of having a stroke in the near future. One of the key differences is that a TIA will
resolve, whereas, if an individual has a stroke, he/she may not gain normal functioning again
for weeks or months, or maybe even for the rest of his/her life.
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Nevertheless, the cellular and molecular mechanisms of a stroke episode have been very
well known due to the development of several experimental animal models of ischemic
stroke [83]. From the studies with these animal models, it was observed that during ischemic
stroke, first occurs the opening of the BBB for a short time period. Then, occurs a refrac-
tory interval, followed by a reopening of the BBB, but this time for a long period [84] The
reopening of the BBB is the step responsible for the activation of the endothelium, leukocyte
recruitment, reactive oxygen species (ROS) and cytokine productions and edema formation
[85], leading to an inflammatory response and the BBB breakdown and cell death upon
stroke [86]. Moreover, dysregulation of tight-junction proteins is also observed during isch-
emic stroke, due to their degradation by matrix metalloproteinases, which are involved in
the process of BBB extracellular degradation, leading to an increase in the permeability of
the brain structure [32].

Therefore, besides the BBB itself being an excellent target for itself for treating ischemic stroke,
the design of effective drug delivery systems has also to take into consideration the cellular
and molecular mechanisms described earlier. One of the strategies described in the literature
to overcome neuronal tissue damage after a stroke event is the use of multifunctional NPs
to deliver neuroprotective drugs into the brain, since the majority of neuroprotective drugs
do not cross the BBB in their free form. For example, the inactive caspase-3 activation in the
brain cells likely decreases the probability of brain cell damage after a stroke event. Although
it was shown that some peptide inhibitors of caspase are effective compounds in promoting
neuroprotection, they cannot readily cross the BBB. For this purpose, a positively charged NP
of chitosan conjugated with transferrin receptor was designed to deliver the relatively specific
caspase-3 inhibitor N-benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluoromethyl
ketone (Z-DEVD-FMK) across the BBB [36]. By clearly reducing the caspase 3-activity in vivo,
this formulation was also readily transported across the BBB (less than 1 h) and it decreased
neurological deficits and the infarcted area, proving to be a very promising formulation [27].

In the same way, several other compounds have been described to provide neuroprotection
and to prevent neurodegeneration. One of these compounds is the Tanshinone IIA that has
demonstrated neuroprotective effects against ischemic injury [87]. However, its use in the
treatment of this disease is limited due to the compound’s low solubility in aqueous medium,
short-half circulation in the plasma and inability to cross the BBB. To overcome these limita-
tions, Tanshinone IIA was successfully conjugated to PEGylated-cationic bovine serum albu-
min. These nanoparticles were able to cross the BBB in vivo, as a significant decreasing in the
infarcted volume was observed. In addition, a reduction in the neutrophil infiltration and
neuronal apoptosis was observed [88]. The authors also explored the molecular mechanisms
by which this formulation conferred neuroprotection. It seems that the mechanism of action
of this formulation in the brain is related to the down-regulation of pro-inflammatory cyto-
kines (mainly IL-8 and TNF-a), to the up-regulation of anti-inflammatory cytokines (mainly
transforming growth factor-p1 and IL-10) and to the reduction or inhibition of mRNA and
proteins (mainly GFAP, MMP-9, COX-2, p38MAPK, ERK1/2 and JNK) [88].

As a last example, adenosine is also a powerful molecule that has demonstrated neuroprotec-
tion to the brain after an ischemic stroke event. This molecule also presents as limitations
short-life time in the plasma and inability to cross the BBB. Here, adenosine was conjugated to



Multifunctional Nanoparticles for Successful Targeted Drug Delivery across the Blood-Brain Barrier
http://dx.doi.org/10.5772/intechopen.76922

the lipid-squalene and, then, yielded negatively charged NPs, showing promising results [89].
In vivo experiments showed that this formulation was able to extend adenosine circulation
time in the plasma, interact with the neurovascular unit, enhance animal neurological deficit
scores and decrease the size of the infarcted area [89].

6.2. Alzheimer’s disease

It has been estimated that AD, only in the USA, affects over 5.5 million people. Moreover,
Alzheimer’s AD is the most common cause of dementia [90]. Dementia is a serious brain
disease that has as major symptoms deterioration in memory, behavior and thinking. In 2015,
dementia affected 47.5 million people worldwide. Most were over the age of 60. The United
States data related to AD account that this disease was the sixth highest cause of death in 2005.
It was also observed that 1 in 3 seniors who died had AD or other kinds of dementia. It is also
expected that the number of people with Alzheimer’s will grow as the population of those
over the age of 65 rises. In 2015, Alzheimer’s disease and other dementia cost the nation $226
billion and by 2050 this may rise to $1.1 trillion [90].

AD was named after the German physician Dr. Alois Alzheimer who presented a case his-
tory before an important medical meeting. In 1901, he was closely following a 51-year-old
woman patient with a mental disorder, the manifestations of which were language problems
and memory loss. After her death, Dr. Alzheimer took a serious examination of her brain
and found the presence of plaques and tangles that today characterize AD [91]. This dis-
ease accounts for about 60-80% of the dementia cases. In most cases, Alzheimer’s clinical
manifestations first appear after the age of 65. However, Alzheimer’s disease is not considered
normal aging although the greatest risk factor of developing the disease is increased age. This
is actually the greatest known risk factor for developing AD. However, as mentioned earlier,
Alzheimer’s is not a normal part of aging. It was observed that a greater proportion of patients
over 85 years have AD compared to those over 65 years as AD is more likely to affect older
individuals. Dominant genes that are transmitted through generations cause less than 5% of
Alzheimer’s. However, family risk is the second biggest factor for the development of AD
after a certain age. In these families, individuals usually present symptoms of Alzheimer’s
before the age of 65 and these symptoms sometimes appear in their 30s. This form of AD
that is hereditary and marked by Alzheimer’s symptoms at an early age is called early-onset
familial Alzheimer’s disease (EOFAD). To date, mutations in presenilin (PS1 on chromosome
14 and PS2 on chromosome 1) and the amyloid precursor protein gene (APP) on chromosome
21 have been associated with EOFAD. All these three gene mutations (PS1/PS2/APP) affect the
pathway in amyloid precursor protein synthesis, which leads to the increase of production of
AP, creating plaques in the brain [92]. Additionally, there are certain genes such as apoE gene
on chromosome 19 that increase the susceptibility to AD. There are three forms of the apoE
gene: APOE2, APOE3 and APOE4, the last one being the one associated with a high risk for
developing AD. Actually, an individual with two copies of this gene is at three to eight more
risk than people with one copy of this gene.

The human brain contains about 100 billion neurons that communicate to one another via
synapses, when a burst of chemicals called neurotransmitters are released [93]. The neu-
rotransmitters are synthesized into the synaptic gap. Then, neurotransmitters move across
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these synaptic gaps between neurons and bind to receptor sites on the dendrites of the next
neuron. Unfortunately, neurons are the type of cells affected by AD. To date, scientists still do
not know exactly the causes of AD and how this process begins. However, according to recent
studies, it appears to be likely that astrocytes” activation contributes to the neuroinflamma-
tory component responsible for the damage of neurons decades before the issue becomes
obvious [94].

Abnormal structures called f-amyloid plaques and neurofibrillary tangles are classical bio-
logical hallmarks of the disease [91]. The formation of extracellular 3-amyloid plaques occurs
when amyloid precursor protein in the neuron cell membrane is cleaved at different positions,
releasing small fragments called amyloid 3 (Af) that are highly toxic to the neurons and also
interfere with the function of the brain cells [95]. Neurofibrillary tangles, on the other hand,
are aggregates of hyperphosphorylate of a microtubule-associated protein known as tau. Tau
protein, which in normal cells is responsible for helping nerve cells transport nutrients and
maintain their proper shape, is altered in AD and, as a consequence, the transport of nutri-
ents and other essential supplies into the neuron is affected, causing its death. At the same
time, the health neurons start working less effectively. After some time, these neurons start
losing their capacity to function and communicate to one another and, eventually, they die.
Then, the harm may spread to structures in the brain such as hippocampus and entorhinal
cortex, which are crucial areas of the brain responsible for forming new memories, thus caus-
ing memory loss. As neurons continue to die, affected areas of the brain begin to shrinks and
brain functions are lost (Figure 4).

The BBB impairment in AD has been controversial [96]. However, several studies carried out
in AD patients or AD animal models have been suggesting that the cause of cerebrovascu-
lar alterations in the BBB of the diseased brains is the accumulation of AP peptide [97-99].
Nevertheless, there are also studies suggesting that the BBB impairment is the cause of neuro-
degeneration, since the dysfunction of the brain structure in AD animal models was observed
before AP aggregates were accumulated [100]. In any case, both hypotheses for the dysfunc-
tion of the BBB consider as a secondary event the tauopathies. However, a study reported that
the tau filaments alone are able to start the disruption of the BBB and when it was deregulated,
the BBB integrity was recovered [101].

Currently, there are no drug treatments that can cure AD. For this reason, approaches for
treating AD are focused more on therapeutic interventions that alleviate symptoms, slow
down or delay the progression of the disease, improving the patient’s quality of life. To date,
there are two types of medications for Alzheimer’s treatment: acetylcholinesterase inhibitors
(Aricept, Reminyl, Exelon and Cognex) and N-Methyl-D-aspartate (NMDA) receptor antago-
nist (Namenda). Nevertheless, the administration of these therapeutic molecules is associated
with severe side effects. Thus, it would be desirable to develop drugs that can efficiently
deliver these drugs into the brain. Moreover, there are also several studies showing that
neuroprotective peptides might be an excellent compound for AD therapy, since they have
shown to be able to break down and degrade A3 plaques.

Multifunctional NPs are a good option to carry these peptides, since nanocarriers can protect
them from degrading into the plasma by proteolytic enzymes and increase their stability in the
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serum. For example, PEG-PLA NPs were able to protect the neuroprotective peptide NAPVSIPQ
from degradation. However, just NPs modified with B6 peptide (similar to transferrin) were
able to cross the blood-brain barrier in mice and successfully deliver the neuroprotective pep-
tide into the brain [102]. Moreover, it was observed that the treatment with this formulation
improved cholinergic function and ameliorated spatial learning of AD mouse model [102]. In
the same way, the nerve growth factor (NGF) has also been explored as a good drug for treat-
ing AD, although it is not able to cross the BBB. For this purpose, NGF was encapsulated into
PBCA NPs, decorated with polysorbate 80 [103]. These NPs presented very promising results,
since they were able to reach the mice brain parenchyma in less than 1 h after administration
and these nanocarriers also proved to be able to improve recognition and memory of mice and
to reduce by almost 40% the PD symptoms such as rigidity, tremor and oligokinesia in animal
models [103]. Coenzyme Q10, a powerful antioxidant macromolecule, has also been explored
at AD therapy. In this way, this coenzyme was encapsulated within PLGA NPs decorated
with trimethylates chitosan. The results showed that these nanoparticles were able to cross
the BBB and accumulate in the choroid plexus, ventricles and cortex. Moreover, the authors
also observed an improvement in the cognitive and spatial memory performance of AD mice
models and a significant reduction of senile plaques and levels of ROS [104].

6.3. Parkinson’s disease

After Alzheimer’s, PD is the second most common disease in terms of neurodegenerative dis-
eases. As the aging population increases, the number of people with this disease is expected to
rise. It affects 0.3% and 1% of the population worldwide over the age of 40 years and 65 years,
respectively. Pathologically, PD is characterized by progressive loss of muscle control, which
leads to tremor of hands, bradykinesia, rigidity and postural instability [105] Motor impair-
ment in PD can also cause hypomimia, which is the decreased degree of facial expression.
Dysphagia and hypophonia, which are disruption of the swallowing process and lack of
coordination in the vocal musculature, are also common features in PD. Other symptoms
also include ophthalmologic complaints such as blurred vision and gate. It is important to
mention that all these signs and symptoms are a result of affected areas that occur within the
brain, especially in an area known as basal ganglia [105].

Thus, PD is a result of problems that occur within the basal ganglia. The basal ganglia is a
collection of nuclei located deep beneath the cerebral cortex and it is responsible for the correct
execution of voluntary muscle movements and learned movement patterns. The components of
basal ganglia are caudate nucleus and putamen (dorsal striatum); nucleus accumbens and olfac-
tory tubercule (ventral striatum), ventral pallidum, globus pallidus, subthalamic nucleus and
substantia nigra. In PD, the basal ganglia is disrupted, causing degeneration of dopaminergic
neurons located at the substantia nigra. Essentially, it is considered a disease of the basal ganglia
because what happens is that when the cerebral cortex wants to initiate a movement, the basal
ganglia receives these signals and sends it back the motor cortex via the thalamus. Through
various pathways, the substantia nigra is connected with nuclei in basal ganglia. The basal gan-
glia plays an essential role in integrating multiple input signals to modulate the output of the
motor cortex. Inhibitory or excitatory connections can occur in this process. Thus, the loss of
dopamine from substantia nigra in this process underlies the symptoms described earlier [105].
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At the beginning, researches believed that the BBB did not suffer any kind of alteration during
the disease development [106]. Surprisingly, tracking compounds such as ["'C]-verapamil and
benserazide in the brain of PD patients or PD animal models, it was observed that the con-
centration of these compounds in the brain was increased, what does not happen in the brain
of health patients or animals since these drugs are not able to cross the BBB [107]. In addition
to this, a good correlation between the albumin ratio and progressive BB integrity loss in the
brain of patients with PD was observed [107]. Moreover, other signals of the BBB impairment
such as vascular alterations and blood flow deficiencies were reported [108]. Most important,
the increased expression of vascular endothelial growth factor (VEGF) was directly correlated
with the high amount of blood vessels presented in the damaged dopaminergic neurons in
the brain of monkeys [109]. Later, it was observed that the injection of VEGF into the substan-
tia nigra in the brain of rats disrupted the BBB, leading to a strong inflammation response
and loss of dopaminergic neurons [110]. Lastly, alpha-synuclein aggregates are the central
hallmark of PD and their accumulation seems to be correlated with the downregulation of
the P-glycoprotein (Figure 4) [111]. Moreover, higher concentration of some metals like iron
was found in the brain of PD patients and PD animal models because of the higher levels of
lactoferrin receptor in the substantia nigra dopaminergic neurons of the diseased brain [32].

Currently, there is no cure for PD. However, there are drugs that work to decrease and relieve
the symptoms of PD and maintain the quality of life of the patient. The most effective treat-
ment for PD is the use of the drug levodopa—also called L-dopa—or dopamine that is both
able to restore or increase the concentration of dopamine in the basal ganglia. But here, we
want to discuss an article that explored the increased expression of lactoferrin in some region
of the brain in PD patients [112]. In this way, a PAMAM and PEG NPs were developed, coated
with lactoferrin to the delivery of a plasmid of human glial cell line-derived neurotrophic
factor plasmid (GDNF), since GDNF is a promising factor in treating PD, but as all plasmids
are unable to cross the BBB. These multifunctional nanoparticles were able to not only cross
the brain barrier but also effectively deliver the plasmid into the brain, since a neuroprotective
effect on dopaminergic neurons and improvement of locomotor activities in AD animal mod-
els was observed [113]. Another example is the encapsulation of urocortin (hormone-related
peptide) in PEGylated-PLGA NPs covered by lactoferrin. From the results presented, this
formulation was able to quickly cross the BBB and to promote protection to the dopaminergic
neurons and improve locomotor functional deficits [114].

7. Conclusions

Nanotechnology in the field of medicine has brought a variety of new ways to treat and/or detect
diseases [13, 115, 116]. Currently, engineered pharmaceutical NPs demonstrated abilities such as
long blood circulation time in the body fluids for their accumulation at disease sites with leaky
vasculature [117]; specific targeted drug delivery to the pathological area due to the surface func-
tionalization of NPs with ligands such as antibodies [118]; contrast properties due to their unique
capacity of carrying contrast agents allowing their tracking in vivo [119]; drug delivery from the
particles responsive to a specific stimuli [79] and others. The tremendous advances in nanomedi-
cine during the past decade have significantly advanced on the engineering of nanoparticles that
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combine several of these characteristics, known as multifunctional NPs. Long-circulating and
target-specific NPs capable of prolonged circulation time in the blood and targeted delivery of
drug to the brain and in vivo imaging represent one example of a multifunctional nanocarrier [44].

Moreover, we hope this chapter was a bridge between nanotechnology and central nervous sys-
tems disorders, since multifunctional NPs have a great potential in the treatment of neurological
disorders in the near future [14, 44, 120]. However, as discussed, the BBB is one of the major
obstacles to the delivery of drugs into the brain and, consequently, for the treatment of neuro-
logical diseases [48, 121]. The BBB is composed of very tightly connected endothelial cells and
a variety of transporters [15, 17, 120, 122]. This results in a highly selective permeability barrier
that separates the circulating blood from the cerebral parenchyma, thus limiting the entry of
drugs into the brain. As discussed earlier, several multifunctional NPs for delivering therapeutic
and/or imaging molecules into the brain have been developed [44, 47, 123]. Thus, this part of
the chapter was organized in a way to carry the reader through the fundamentals of common
neurological diseases such as Alzheimer’s, Parkinson’s and cerebral ischemia and their potential
treatments with these kinds of NPs [44, 68, 88, 102, 124-139]. The purpose was to analyze some
of the major scientific data indexed in PubMed, Web of Science and Scopus to explore different
approaches engineered to transport and deliver imaging or therapeutic molecules to the brain by
using multifunctional NPs technology. In this way, our gathered data on different strategies for
the delivery of drugs across the BBB using multifunctional NPs were reviewed, discussed and
grouped in self-explanatory figures. Results of our analysis from some research articles on our
search showed that several strategies have been used to deliver several therapeutic compounds
to the brain by these NPs. Functionalization of the surface of these NPs by covalent ligation of
macromolecules such as antibodies, RNA aptamers as well peptides is an effective method for
receptor targeting nanocarriers, which allows their BBB-penetration and the efficient delivery of
their cargo specifically to the disease site. Additionally, methods for the development of multi-
functional NPs that can respond to external stimuli were employed, concluding that the devel-
opment of multifunctional NPs for treating neurological disorders still is at its infancy, although
these systems have a huge chance to revolutionize the ways that brain diseases are treated.
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biomolecular sequences, in order to construct knowledge on drug and vaccine design.
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has made possible the design and delivery of the nano-based drug. Third,
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