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for the enormous amount of interest at nanoscale lies in the fact
that many of the materials at this scale show different properties
such as optical (e.g., gold), electrical (e.g,, carbon nanotubes),
physical (e.g,, gold), and chemlcal (e.g., gold) in comparison to
their bulk counterparts.’ The arena where the quantum
mechanics start to play an important role in understanding
the behavior of materials starts from the nanoscale. The science
of observing, manipulating, and utilizing the material below the
scale where the quantum behavior and classical behavior start to
overlap can be considered as the nanoscience.

The roots for the birth of nanotechnology can be found way
back in the twentieth century. The famous prophetic lecture by
Richard Feynman, at Caltech in the year 1959, titled “there’s
plenty of room at the bottom” is credited for the initiation of
the nanotechnological revolution. Feynman first explored the
possibility of manipulating material at the scale of individual
atoms or molecules.* In 1974, Norio Taniguchi, a researcher at
the University of Tokyo, first used the term nanotechnology
concerning the ability of manipulating materials at the
nanometer level. The wave of interest in nanotechnology
over the last couple of decades has spread across almost all
branches of science.>® Nanoscale compounds of carbon black,
fumed silica (SiO,), titanium dioxide (TiO,), and zinc oxide
(ZnO) were widely used before the term nanotechnology was
introduced. There are intrinsic nanoscale properties that result
from the confinement of atoms and electrons within the
boundaries of a few nanometers.” These effects are most
dominant at sizes below a few tens of nanometers (less than
about 30 nm).

Presently, products developed as drugs, therapeutic agents,
nutraceuticals, or cosmetics under the nanotechnology label
might not always have the quantum behavior. However, they
interact with the biological components in a unique way when
compared to the same components with larger dimensions.
Pharmaceutical properties like stability of the drugs, release of
the drugs from formulations, dissolution rate, absorption,
distribution, metabolism, excretion, and pharmacological
response are reported to be affected by the formulations
containing nanoscale drugs or carriers. Further, it is widely
believed by the research community that the nanosystems have
a distinct advantage over other carriers in that the former can
be designed to navigate to sites of interest in the body. On the
other hand, in other types of delivery systems, leaving locally
acting agents and surgical implants, release of the drugs takes
place far away from the target site. It is interesting to note how
the area of targeted drug delivery exploiting nanosystems will
progress, where once discovered drugs based on a particular
target are being used for other diseases.

Nanotoxicology is the newest subdiscipline of nanotechnol-
ogy that is believed to have played a major role in prompting
the regulators to frame strict guidelines to regulate the products
containing nanomaterials. While the efforts of the regulators are
appreciated, it is unclear at this stage how would one come up
with a universal guide to regulate products that are expected to
contain versatile materials with different physicochemical
properties.

There is a lot of misconception in the area of drug delivery
where researchers tend to make comparisons that delivery is a
better option when compared to discovering new drugs with
respect to time, money, as well as therapeutic efficacy, while
most of the drug delivery research to date is on product life
cycle extension, and the academic advancements on nano-
systems are making the situation even more difficult. This
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Review is an attempt to highlight the gaps in the area of drug
delivery using nanosystems and possible remedies to fill the
gaps.

1.1. Definition of Nanotechnology

Why do we need the definition or the tag?

The pivotal criterion to evaluate the definition is to divide the
world of technology into nanotechnology and non-nano-
technology.® Precise definitions of the terms related to
nanotechnology are essential to outline the regulations,
formulate the legal terminology for patents, and for
commercialization of the products developed using nano-
technology. Widespread acceptance of the terms and their
meanings will provide harmonization of the terminology,
common understanding, and consistent usage of the
terms.”® "% Tt is also necessary to define nanotechnology and
related terms for regulatory purposes, because certain proper-
ties of the materials are varied from their bulk counterparts at
this scale. The properties attained through nanotechnology
might be toxic in some cases and raised environmental health
and safety (EHS) concerns."

The “1-1000 nm rule” is based on the prefix “nano” that
denotes one billionth of a meter and is most easily
comprehensible for users across various disciplines. This
definition, however, has been improved to reflect the fact that
the component nano brings some novel functionality to the
technology. Chip design can illustrate the implications of
nanosize in a better way. The advances in chip design were
reflected by Moore’s law that stated that roughly every 2 years
the overall number of transistors, which can be fitted in a
commercial integrated connection, is doubled. Further
observations evolved, like roughly every 18 months the capacity
of microchips doubles, and that every 18 months the relevant
structure sizes are divided in half. However, these developments
soon reached a limit. The thickness of the gate oxide layer of
around 2 nm corresponds to no more than eight atoms of
silicon. The development of 90 nm node devices already faces
the problems of quantum mechanical effects (like tunneling)
that lead to leak currents, because the kinetic energy of
electrons can exceed the potential energy of the barrier layer.
For the 65 nm node, the gate-oxide layer requires new material
with a high dielectricity, which has to be adapted to the
conditions of the wafer production. Hence, it is becoming
evident that reduction of size beyond a limit is challenging the
classical application of the material because the quantum effects
start playing a greater role.

The transition to nanotechnology can therefore be described
as “step crossing this limit” and entering an area, in which new
rules like the quantum size rules prevail. Because these effects
appear in the nanoscale range of the metric system,
nanotechnology can be described as a research area in Wthh
this limit is reached or strategies are developed to overcome it.*
Sometimes the effect that is seen is due to entities that are
engineered to that range and at other times due to discovery or
invention of entities that exist in the nanometer range. Specific
size-dependent properties are magnetic, mechanic, electronic,
optical, thermodynamic, and thermal features as well as the
abilities for self-assembly and recognition.

All definitions refer explicitly to the length scale. This is done
in a general way (in the area of nanometer), by mentioning a
concrete limit (below 100 nm) or by describing it in detail. The
description of the relevant order of magnitude is maybe the
most pragmatic way to define nanotechnology. The described
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new effects and phenomena or new functions take place around
and within this order of magnitude. However, it remains
arbitrary, because there is no direct causality from size to these
effects or functions.

The “1—100 nm rule” says that an engineered nanoparticle
may be defined as any intentionally produced particle that has a
characteristic dimension from 1 to 100 nm and has properties
that are not shared by non-nanoscale particles with the same
chemical composition.'>

According to the National Nanotechnology Initiative,
nanotechnology is the research and technology development
at the atomic, molecular, or macromolecular levels, in the
length scale of 1-100 nm range, to provide a fundamental
understanding of phenomena and materials at the nanoscale
and to create and use structures, devices, and systems that have
novel properties and functions because of their small and/or
intermediate size. The novel and differentiating properties and
functions are developed at a critical length scale of matter
typically under 100 nm. Nanotechnology research and
development includes controlled manipulation of the nanoscale
structures and their integration into larger material compo-
nents, systems, and architectures.

In some particular cases, the critical length scale for novel
properties and phenomena may be under 1 nm (e.g,
manipulation of atoms at ~0.1 nm) or be larger than 100 nm
(e.g., nanoparticles reinforced polymers have the unique feature
at ~200—300 nm as a function of the local bridges or bonds
between the nanoparticles and the polymer).®

Nanomedicine, although a branch of nanotechnology still
covers a wide range of strategies in the health care
management, including nanodiagnostics, nanotherapeutics,
and nanomaterials for pharmaceutical applications. Some of
the major contributions of the nanomedicine are analytical or
diagnostic applications. The discussion about applications of
nanomedicine in diagnostics, imaging techniques, and regener-
ative medicine is out of the scope of this Review, which covers
drug delivery aspects.

Nanomedicine according to the National Institutes of Health
(NIH) roadmap initiative refers to a highly specific molecular
intervention for diagnosis or therapy."* Drug delivery aided by
nanotechnology can be realized by the development of
nanoscale delivery systems or nanoscale manipulations on the
materials used for drug delivery.

Nanoparticles for pharmaceutical purposes are defined by the
Encyclopedia of Pharmaceutical Technology as solid colloidal
particles ranging in size from 1 to 1000 nm. They consist of
macromolecular materials and can be used therapeutically as
drug carriers, in which the active principle (drug or biologically
active material) is dissolved, entrapped, or encapsulated, or to
which the active principle is adsorbed or attached.'* Some
properties of material are due to the atoms, and some are due
to the bulk level properties that we are used to see routinely.
Unlike the properties of the bulk material, which follow classical
laws, the nanoscale materials show varying (novel) properties
due to the influence of quantum effects, increased role of
surface, and collective properties of the object."> Despite this
scientific reasoning, there are other factors that play a role in
formalizing a definition for nanotechnology related terms.
Three purposes can be clearly marked as scientific, public, and
regulatory.'!
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1.2. Research Fields with Most Active Research in
Nanotechnology

An overwhelming number of publications are based on the
research in nanotechnology. Although the number of journals
dedicated to nanoscience and nanotechnology are steadily
increasing, the reports on nanoscience and nanotechnology
appear in all kinds of scientific journals. There have been many
reports mining the data of these publications, and few
disciplines emerge as clear front runners in the field. Table 1

Table 1. Most Actively Pursued and Reported Disciplines of
Research in Nanotechnology

research discipline percentage of publications

materials science, multidisciplinary 13.3
physics, applied 12.4
chemistry, physical 9.2
physics, condensed matter 8.0
chemistry, multidisciplinary S.S
nanoscience and nanotechnology 4.9
polymer science 3.8
metallurgy and metallurgical engineering 2.7
materials science, coatings and films 2.5
chemistry, analytical 2.4
engineering, electrical and electronic 2.3
physics, multidisciplinary 22
electrochemistry 2.1
shows the results from four such studies'®™"® showing the

average percentage of publications associated with different
disciplines.”® Biochemistry and molecular biology, biotechnol-
ogy and applied microbiology, and biochemical research
methods are the other most studied research topics.

The number of publications as indexed from Web of Science,
Science Citation Index, are the highest from Europe and USA,
although Asian countries especially China®' and South Korea
are making fast progress.”> While the Asian countries are now
making a significantly high number of publications, the number
of patents coming out from these regions is still very small as
compared to those from Europe and USA.** Kostoff et al.”***
have researched detailed geographical metrices on the nano-
technology Jaublication landscape and sieved the key
applications.”® Table 2 presents the list of compounds most
widely used at nanoscale.®

Nanotechnology aided drug delivery is an exciting avenue
that can provide insights into fundamentals behind how we
control matter to the point of dictating the effect of material on
body and how the body deals with this material. Being studied
at the (a) molecular level for interaction with biological
systems, (b) particle level for product design, and (c) bulk level
for processing (manufacturing), drugs, and their delivery
vehicles are at the forefront of the payload of nanorockets.

The topics of research most relevant to drug delivery have
focused on the following:**

(a) polymers, especially on the molecular chain structures,
and the structures and molecular weights of polymer
aggregates in solution, especially water-based;

(b) addition of block copolymers, or polymeric micelles, to

promote self-assembly and improve material properties

and structures;

artificial and biological membranes, including their

structure determination, and formation of the artificial

(c)
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Table 2. Nonexhaustive List of Nanomaterials Either
Currently Used Commercially or Being Produced in
Significant Quantities for Research or Development

Purposes3

aluminum nickel

antimony oxide platinum
bismuth oxide praseodymium oxide
carbon black silanamine
cluster diamonds carbon nanotubes
colloidal gold

dimethyl siloxide

titanium dioxide
zinc oxide

germanium oxide aluminum hydroxide
iron oxides barium carbonate
manganese oxide calcium oxide

neodymium oxide chromium oxide

palladium cobalt oxide
polystyrene dendrimers
samarium oxide fullerenes

silver iron

terbium oxide lithium titanate

yttrium oxide nanoclays
aluminum oxide niobium
antimony pentoxide polyethylene
boron oxide rhodium

cerium oxide silicon dioxide

cobalt
copper(II) oxide

tantalum
tungsten
dysprosium oxide zirconium oxide
indium oxide molybdenum oxide

lanthanum oxide

membranes; some emphasis was placed on nanoscopic
structures using hydrated single lipids and lipid mixtures,
where the nanostructures formed by these extruded
vesicles/liposomes ranged from isolated unilamellar
vesicles to flat sheet membranes;

particles in fluids, especially colloids, typically a particle
core with surfactant shell, and use of emulsions and

(d)

microemulsions polymerization to generate these parti-
cles;
nanoparticles, their size distribution, and properties of

(e)
(f)

particle aggregates;

nanoparticles, with primary emphasis divided between
gold/noble metal nanoparticle mixtures and magnetic
nanoparticles in magnetic fluids, and secondary emphasis
on ZnO nanoparticles; also addresses production of
nanoparticles or nanobubbles by core—shell separation;

(g) silver, especially nanoparticles (core—shell nanostruc-
tures), colloids, particles, and determination of their
structural, chemical, and electrical properties;

(h)

detection of proteins and inhibitors, emphasizing their
active binding sites

(i)

DNA, emphasizing oligonucleotides used in hybrid-
ization studies to detect and study specific nucleic acid
fragments, such as single- or double-stranded DNA.
1.3. Natural Carrier Molecules and Particles of Nanosize

Understanding the natural carrier molecules and their ability to
deliver a wide range of nutrients to different parts of the body
helps in producing more efficient drug delivery systems. This
will allow us to learn the natural functions of the carrier
molecules and help us to mimic or modulate the delivery of
therapeutic agents. Nanoscience is important in understanding
the biological phenomenon as many of the biomolecules and
cellular components lounge in the nanoscale (Table 3). Cells
contain biomacromolecules and nanoscale machines, which are
complex molecular aggregates. There are various kinds of
natural nanostructures present in the cells serving mechanical,
protective, and physiological functions. Understanding the
molecular nanostructures leads us to the better understanding
of nanomedicine. The majority of the cellular components are
in the nanoscale as the cell size itself ranges from 1 to 100 pm.
The phospholipid bilayer surrounding the cells is around S nm
in size.”” Actin filaments and microtubules have the diameters
of around 8 and 25 nm, respectively.”® Mitochondria are
around 500 nm in width and 1000 nm in length.zg Protein
synthesis in the cells takes place at the ribosomes, which are
spherical and are around 25 nm in diameter.*’

Specifically in relation to the drug delivery, natural carrier
molecules can be studied to understand the effect of nanosize in
the uptake, transport, and delivery of nutrients and other
essential molecules. With the introduction of nanotechnology,
it has been understood that most of the cellular mechanisms
take place at the nanoscale. Similarly, many of the natural
carrier molecules exist in humans at the nanoscale.

Two important carriers that help in the absorption of the
nutrients are casein micelles and bile salt aggregates. Casein
micelles are part of the milk that supplies essential nutrients to
the infants from the mother. Casein micelles are also present in
the milk obtained from the cows and other domestic animals,
which forms the major part of the human diet. Normal bovine
milk contains around 3.5% of proteins. The function of milk
proteins is to supply young mammals with essential amino acids
for the development of muscular tissue. The major part of the
milk occurs as colloidal particles containing casein micelles."**

Table 3. Carriers in Biological System

carrier/transporter size (nm) composition
bile micelle® 4 bile salts
bile vesicle®® 60  bile salts
casein micelle®® 50—500  casein protein
chylomicrons 75—1200  lipoproteins
LDL-particle 22 lipoproteins
HDL-particle 8—12  lipoproteins
VLDL-particle 30—80 lipoproteins
cellular vesicles 30—1000  lipoproteins
human serum albumin® 8  soluble monomeric protein
virus 20—400  capsule and genetic material
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role

facilitates absorption of fats from the intestine

facilitates absorption of fats from the intestine

supply of essential amino acids

carrier of dietary cholesterol and fats

major transporter of cholesterol and triglycerides

transport of cholesterol from body parts to liver

transport of triglycerides and cholesterol from liver to body parts

internalization, storage, and secretion of wide variety of compounds

transports thyroid hormones, fat soluble hormones, unconjugated bilirubin, and many drugs

pathogenic and can penetrate mucosal barriers
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Bile salt aggregates are either bile salt micelles or bile salt
vesicles, which help in the absorption of the fats from the gut.
Bile salts are amphiphilic molecules with a concave hydrophilic
surface and a convex hydrophobic surface. These salts form
aggregates in the aqueous solutions and help in the absorption
of fats from the gastro intestinal tract (GIT). Hydrodynamic
diameters of bile salt micelles are around 4 nm, and those of the
bile salt vesicles are about 60 nm.*

Lipoprotein particles are the major transporters of the
cholesterol and triglycerides in the human body. There are
different classes of lipoprotein particles in the humans. The
external surfaces of the lipoprotein particles are hydrophilic and
the internal surface is lipophilic where the cholesterol and
triglycerides can reside and be transported across the
bloodstream. Lipoproteins also contain signaling moieties on
their surfaces, which help in delivering the cholesterol and
triglycerides to specific cell types. Lipoprotein particles are
categorized on the basis of their densities related to the
amounts of cholesterol, triglycerides, and apolipoproteins. The
densest and smallest are called high density lipoproteins
(HDL), the least dense and the largest of the lipoproteins are
the chylomicrons. After chylomicrons, very low density
lipoproteins (VLDL), intermediate density lipoproteins
(IDL), low density lipoproteins (LDL), and HDL can be
arranged in the descending order of size and ascending order of
density. LDL particles transport the majority of cholesterol and
are responsible for the transport of cholesterol to the peripheral
tissues. HDL plays a crucial role in reverse transport of
cholesterol from peripheral tissues to the liver.

Chylomicrons are generated in the intestinal walls and
transport fats from the intestine to muscle and other tissues.
These are the exogenous cholesterol and triglyceride trans-
porters. After transporting the cholesterol and triglycerides to
tissues, chylomicrons circulate back to liver, which are now rich
in cholesterol and are called chylomicron remnants. The
endogenous transporters of cholesterol to peripheral tissues are
VLDL particles. These are produced by the liver and contain
triacylglycerol and cholesterol. During the transport in the
bloodstream, VLDL particles lose triacylglycerol to leave IDL
particles, which contain a higher percentage of cholesterol. The
IDL molecules are either taken up by the liver for metabolism
into other biomolecules or continue to lose triacylglycerols in
the bloodstream until they form LDL particles. All of the
lipoprotein carriers fall under the nano region, suggesting the
importance of size in the transport of nutrients.

Albumin, the major protein found in the human body, also
serves as a transporter of a wide range of nutrients. It
transiently binds to thyroid hormones, fat soluble hormones,
and many drug molecules to help in the transport to different
parts of the body. Each cell has vacuoles of nanometric size.
These intracellular vesicles can help in uptake, storage, and
secretion of a variety of functional molecules.

Virus is a small nanometric particle that infects living cells
and replicates only inside the live cells. These particles help in
understanding the penetration of nanoparticles across different
routes of delivery and also give insights in the design of
nanoparticles that can avoid recognition from the mononuclear
phagocytic system (MPS). Viral components are also used to
develop a novel class of vaccines and delivery systems known as
virosomes.*#**

Most of the biomolecules and therapeutic molecules of
natural origin are synthesized using biotechnological meth-
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0ds.*® Similarly, literature reports also suggest the utility of
molecular biology techniques to produce carrier molecules.®”

1.4. Applications of Nano in Drug Delivery: History and
Advancements

Drug delivery has evolved from conventional pills to modified
dosage forms offering a variety of release profiles fit for the
need such as immediate, sustained, pulsatile, and delayed
release.*™* During the last 50 years, drug delivery has
witnessed rapid growth in the research and development. With
lots of studies and technological advancements taking place at a
rapid pace for obtaining modified release through different
routes, this science has made advancements in biodegradable
implants, intravenous pumps, transmucosal delivery systems,
and inhalers. New advancements in drug delivery technology
are making the old drugs work better and delivering novel
classes of drugs, which are otherwise difficult to deliver.*!
Targeted delivery approach is the long sought theory of drug
delivery. The idea of targeted drug delivery was first developed
by the “magic bullet” concept of Paul Ehrlich.*> The role of
immunological techniques was the central theme in the magic
bullet concept, and it still plays a key role in targeting, with
other physical and chemical advancements in delivery systems.
Targeted drug delivery is the most advanced technological
development in the history of drug delivery. Some of the
recently marketed formulations make use of the pathological
defects in the tumor to deliver the drugs to the target, which is
known as passive targeting. Active targeting is under develop-
ment, which uses a targeting moiety on the carrier system.
Introduction of nanotechnology has revolutionized the science
and technology of drug delivery. Nanotechnology has provided
the foundations for targeting strategies along with more
developmental promises in other kinds of delivery approaches.

Pharmaceutical companies and academic researchers world-
wide are exploring new strategies to (i) deliver potent
molecules with poor biopharmaceutical properties, (ii) increase
the efficacy of existing drugs, (iii) reduce the adverse effects,
(iv) facilitate alternate routes of administration, and (v) achieve
site specificity. Efficient delivery is achieved by physicochemical
approaches (salt forms, polymorphs, chemical modifications),
design (osmotic pumps, matrix or depots, gels), or use of
excipients (formulation design). The aim of effective drug
delivery is to transport the drug to the target site while
minimizing the distribution in nontarget areas.

Many new molecules are identified to be pharmacologically
active through the combinatorial chemistry and high
throughput screening adapted in the drug discovery process.**
However, a very small fraction of these compounds reach the
clinical stage. As this fraction is so small, applying a formulation
tool in the pipeline drastically improves the percentage reaching
the final stage** and makes the drug discovery investment more
worthy. Many of the compounds with proven pharmacological
activities are dropped from further development in the pipeline
to reach the clinical stage due to poor physicochemical
properties, instability, or adverse toxic effects. Even overcoming
these hurdles and showing preclinical success does not warrant
the clinical use of a huge number of compounds due to the
factors affecting absorption, distribution, metabolism, and
excretion. The application of a drug delivery tool in this
process addresses one or more of the following questions
related to the drug:** (1) physicochemical or metabolic
instability, (2) poor aqueous solubility or permeability, (3)
insufficient drug concentration at the target tissue, (4) high

dx.doi.org/10.1021/cr300047q | Chem. Rev. 2013, 113, 1686—1735



Chemical Reviews

Research

[Polymerdmgconiugate ]

[ Albumin based nanoparticles I

[ Solid lipid nanoparticles ]

|

1950

1970 1980

-Sandimmune

Market

-Adagen

l

Micellar formulation

[ Polymeric nanoparticles ]
l [ Dendrimers ] [ Carbon nanotubes

Polymer-protein conjugate

1990

Liposome Virosome
-Doxil - Influenza

Nanosized drug

- Aprepitant
Albumin based nanoparticles
-Abraxane

Figure 1. Nano drug delivery systems research and market timeline.

volume of distribution, (S) nontarget organ toxicity, and (6)
rapid clearance from the body.

The net clinical efficacy of a compound is not only dictated
by the desired action, but also the relative lack of those that are
undesirable. For any drug, increase in bioavailability can also
increase the adverse effects because they too are pharmacody-
namic manifestations of the drug. This distinction is even more
demanding for anticancer drugs because the same fundamental
activity is warranted in the target cells and to be avoided in the
normal cells. The dose of anticancer drugs is titrated so as to
administer the maximum tolerable dose. Any increase or
decrease in systemic bioavailability of such a molecule will thus
disturb the delicate equilibrium against the health of the patient.

The focal point of product development studies is
converging on means that impart such ability to the delivery
system that can attain, even for otherwise poorly bioavailable
compounds, sufficient concentrations across the intestinal
barrier. The main challenges for drug delivery can be
summarized as solubility, permeability, and targeting. Among
the various novel drug delivery systems, nanosized vehicles have
attracted significant interest in this direction. The following
section reviews the basics and applications of nanotechnology
in drug delivery.

Achieving drug delivery by the aid of nanotechnology is not
new,"”*® but the past few years have seen an overwhelming
research thrust in this area.*”~>> Drugs and novel drug delivery
systems developed with the aid of nanotechnology are being
investigated to improve the delivery of drugs through all
possible routes of drug administration.*"**~% The size of the
drugs and drug delivery systems developed utilizing nano-
technology is helping them to be applied in all routes of
administration. In a way, nanotherapeutics are route-independ-
ent delivery systems, although the pharmacokinetics of the
same nanotherapeutic might vary depending upon the route of
administration.
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During the 1950s and 1960s, miniaturized drug delivery
systems were introduced. The Wurster process was developed
to microencapsulate drug molecules. Development of poly-
mer—drug conjugates was also introduced during this period.
Liposomes were explored as the biomimetic membranes.®* In
the 1970s, polymeric nanoparticles were introduced and found
to encapsulate drug molecules and deliver them to the cells
through endocytosis.***> Albumin-based nanoparticles were
also reported during that time. It took approximately 20—30
years for these novel types of nanotherapeutics to reach the
market for clinical use (Figure 1). Polymeric nanoparticles are
still in the pipeline to reach the market.

The use of colloidal gold as rejuvenating medicine has been
long known in ancient civilizations.*® The ayurvedic system of
medicine, one of the oldest, uses a preparation of colloidal gold
known as “swarn bhasm” (gold ash) for a variety of therapeutic
effects. The quest for exploring miniature vehicles for modern
drug delivery was pioneered by Professor Peter Paul Speiser at
the Federal Institute of Technology, Zurich. His group first
experimented with beads®”®® and microparticles® and then
reported a nanoparticulate groduct of polymerized micellar
system for vaccine delivery.”” Interestingly, Benacerraf et al.”!
were studying interactions of the MPS with carbon nano-
particles of about 25 nm and radiolabeled albumin micro-
aggregated particles since the 1950s, and their procedure was
later refined by another group in the Department of
Radiological Science at Johns Hopkins Medical Institutions in
Baltimore,”* a modification of which was used in one of the
earliest attempts for drug delivery.”* Nanoparticles are now a
major focus area in the field of drug delivery for both new and
already marketed compounds.

The timeline in drug delivery with respect to nanotechnology
can be viewed as drug delivery before and after the
nanotechnology boom with the current transition period.”*
Many of the presently known nanoparticulate drug delivery
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Figure 2. Plot of specific surface area versus size hints toward higher role of surface properties below 100 nm.

systems are produced with the previously existing technologies,
for example, milling or emulsification techniques. Polymer—
drug conjugates and the vesicular systems were developed long
before the definition of nanotechnology was introduced.

The proof of concept of nanoenabled drug delivery came
through previously approved drugs, but many new drug
candidates are under development using nanotechnology
enabled strategies,”>”® mostly anticancer drugs.”” The majori
of these products constitute a nontargeted delivery system,”
and are therefore classified as first generation nanotherapeu-
tics.”® Liposomes and polymer—drug conjugates constitute the
major category of first generation products approved for clinical
use.”*>* The first generation nano drug delivery systems are
passive-targeted systems that localize into the target site due to
some underlying physiology. The most classical case is
presented by the enhanced permeation and retention (EPR)
effect, which results in accumulation of macromolecules in the
tumor through altered vasculature and lymphatic drainage.”’
The biological profile of these systems can be improved by
enhancing circulation using surface hydrollnhilicity imparting
agents like poly(ethylene glycol) (PEG).***

2. THE CORE OF THIS REVIEW

While we debate whether it is the size, composition, or the
technology that is driving it, the landscape of nanotechnology
research fields is changing faster than we blink.®*> The following
sections review the basic fundamentals that need to be
considered to understand the behavior of material and
interaction with biological matrices. We review how traditional
understanding is being rapidly refined by the use of
nanotechnology in innovative technologies, targeted delivery,
and designer materials.

2.1. Is It the Size?

The prefix “nano” in the nanotechnology is solely related to the
dimensions of the material. The technology completely revolves
around the theme that understanding and manipulating the
material at nanoscale often results in the improved properties
or additional new properties of the material. Especially in drug
delivery, the nano size allows the access of biological matrixes
to the carrier systems of that size. This section reviews the
advances in nanotechnology as a function of size alone vis a vis
other factors in drug delivery. Size of the nanoparticles often
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represents the diameter for spherical particles, which are
nanometric in all three orthogonal directions. For anisotropic
nanoparticles, generally the diameters along the short axis and
the long axis were reported, and often the aspect ratio is
calculated for such nanoparticles. Anisotropic nanomaterials
such as actin filaments and carbon nanotubes are sometimes
nanometric in only two orthogonal directions. Planar structures
such as lipid bilayer and nanofilms are nanometric in only one
orthogonal direction.

2.1.1. Review of Size Considerations for Drug
Delivery. Among the nanopharmaceuticals, size plays a crucial
role in every case. The nanocrystals (nanosized drug particles)
are developed for improved dissolution rate, and the
encapsulated nanoparticles are developed for favorable
pharmacokinetics and other benefits. The following sections
discuss the importance of size and the properties affected by
size among various types of nanopharmaceuticals. In case of
nanocrystals, biological barriers are the same as other
formulations as these were intended for the improvement of
the dissolution properties of the drugs. However, in case of
nanosized carriers in which drugs are encapsulated or bound
either physically or chemically, biological barriers other than
routine barriers that are encountered by conventional
formulations come into picture.

2.1.1.1. Properties Associated with Size. Some intrinsic
properties of the particles are additive, and some are
nonadditive. Additive properties can reflect the summation of
contributions from individual atoms or molecules within a
particle. Nonadditive properties of the material depend on the
cooperative effects. Many properties of the materials are
nonadditive including their strength, melting temperatures,
chemical activity, and opto-electronic properties that are often
determined by the surface layer. These properties attain their
maximum values only when a critical proximity length from the
core to the surface has been reached.” Below critical proximity
length, nanostructured materials can become harder or softer. If
the material is polycrystalline, it becomes harder due to the
absence of dislocations as the size decreases, and other
materials become softer because of the reduced number of
bonds holding the atoms together in a smaller particle. There
are two kinds of forces that exist in a particle, body forces and
surface forces. Body forces involve all of the molecules in the
particles, whereas surface forces are exerted only by the
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molecules present at the surface. As the size decreases, the role
of surface forces increases and can significantly affect the
material properties. van der Waals forces can be treated as body
forces, which are responsible for attraction between particles
that are decreased with decreasing particle size.

Similarly, forces acting between particles can be long and
short ranged, which are also important while dealing with the
nanomaterials. The topics about the forces acting upon
nanoparticles and physicochemical effects of nanosize have
been recently reviewed.”® The size effect is not uniform across
the materials; crystalline substances exhibit this tendency more
than the amorphous materials. The decreasing size results in
the increase of surface energy, which is then compensated by
crystallographic changes such as lattice contraction, lattice
deformation, defects, rearrangements, and changes in morphol-
ogy."”> Some of these changes reduce the degree of crystallinity
and thus can increase solubility, which is one of the important
criteria for drug delivery.

2.1.1.2. Specific Surface Area. Specific surface area (SSA) is
defined as the surface area per unit of mass or volume. SSA is
also considered to be a determining parameter to consider a
material as a nanomaterial. If a material's SSA by volume
exceeds 60 m? cm™, then that material can be classified as a
nanomaterial** As the size decreases, the SSA increases, and
the critical size for nanoproperties to start appearing is in the
zone of exponential increase in SSA. Those properties that arise
due to the surface effects have this critical size range much
smaller than 100 nm, as depicted in Figure 2. Higher surface
area results in enhanced adsorption capabilities of the material.
The larger specific surface area is also responsible for increased
reactivity of the material with the biological environments as
the number of surface molecules increases with decreasing size.

The increases in specific surface area with size reduction
might be beneficial or toxic especially for drug crystals. If the
material is antioxidant in nature, size reduction to nanoscale
might prove to be more effective due to the increased reactive
molecules on the surface. Similarly, the adsorption (loading) of
the drugs can be increased with higher specific surfaces of the
material. Increased toxic effects might include oxidation and
protein adsorption of the nanoparticles, which might be due to
the higher specific surfaces.*®

2.1.1.3. Dissolution Rate. Increases in dissolution rate and
the saturation solubility are two distinct properties utilized by
the nanosized drugs. Many of the nano formulations that are
either marketed or in the research pipeline contain particle sizes
of around 100 nm. The dissolution rate of the nanosized drugs
is very rapid, in some cases, and these drugs can act as liquid
dosage forms such as drug solutions.

The surface area dictates the dissolution rate of the solid
active pharmaceutical ingredient (API) in a solvent. The
dissolution rate is proportional to the surface area available,
which can be described by the Nernst—Brunner/Noyes—
Whitney equation:

dx AD( Xd)
— =|c - =
dt h

14

where dX/dt is the dissolution rate, Xd is the amount dissolved,
A is the particle surface area, D is the diffusion coefficient, V is
the volume of fluid available for dissolution, Cg is the saturation
solubility, and # is the effective boundary layer thickness.

2.1.1.4. Saturation Solubility. Increase in saturation
solubility with reduction in size has also been reported for
nanoparticles. The Ostwald—Freundlich equation is used to
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explain the phenomenon of increased solubility of nano-
particles:

C 2V,
In—=—"=
Co rRT

where C is the solubility of the particle, C,, is the solubility of
the large particle, V,, is the molar volume of the compound, y is
the interfacial tension between the solid surface and the
surrounding medium, R is the universal gas constant, and T is
the absolute temperature.

Nanosizing of the drug crystals results in high ener
surfaces, which help in the increased saturation solubility.**~
Saturation solubility of the nanosized particle increases to
several folds according to the above equation. Rise in the
saturation solubility is sometimes greater than the increase
predicted by the Ostwald—Freundlich equation. Increased
surface area of the drug particles increases dissolution rate
and influences bioavailability.*” Some contrary reports suggest
that the increase is not more than that predicted by the
Ostwald—Freundlich equation.®” The reason for this contra-
diction might be due to the methods employed for the
determination of solubility of the nanoparticles. Light
scattering, turbidity measurements were more suited methods
than the separation methods to understand this phenomenon.
Even though these results conflict in the extent of increase in
solubility, it can be implied that with particle size reduction
solubility is increased.

2.1.1.5. Barriers to Particle Uptake and Transport. The
nanoparticles have to cross various types of barriers to get
absorbed from different routes of administration. Nanoparticles
that are intended for rapid dissolution, like nanocrystals, need
to pass through barriers similar to those of the conventional
formulations. Nanoparticles encapsulating drugs, which are
intended to enter the bloodstream, have to overcome the
barriers that are discussed in this section. The nanoparticle
delivery systems also need to survive the clearance mechanisms
in vivo for sufficient duration to show the required
efficacy.”®™* The important clearance mechanism that exists
for nanoparticles is the mono nuclear phagocytic system
(MPS). The clearance mechanism by the MPS competes with
the efficacy of the nanoparticles and results in suboptimal
therapy. Wholly, three types of barriers exist for the
nanoparticles in delivering the drugs to the target site via
various routes, barriers affecting the absorption from the site of
administration, the MPS during the blood circulation, and the
vascular barriers at the target site affecting the extravasation of
nanoparticles (Figure 3).

The solubilized compounds can cross the cellular layers
majorly by passive diftusion, although some molecules can only
be taken up via active transport mechanisms. In contrast,
passive diffusion is limited or not possible for the particulate
matter. The cell membrane acts as the barrier for nanocarriers
larger than 1 kDa, preventing their entry into the cells. Other
mechanisms of uptake are important in the internalization of
the nanoparticles by the cells. Nanoparticles are internalized by
the phagocytosis, macropinocytosis, or endocytosis in mamma-
lian cells. Large particles are taken up by the phagocytosis or
macropinocytosis. Small particles such as nanoparticles are
generally taken up by the endocytosis, which can be clathrin
mediated, caveolar mediated, or clathrin and caveolin
independent endocytosis. Particles larger than a few micro-
meters are generally taken up by the phagocytosis, and the
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Figure 3. Barriers in nanoparticle uptake. Nanoparticles have to cross
various barriers during the transit to the target tissue. Particles need to
pass through different barriers during absorption, circulation, and
extravasation phases. During absorption, particle aggregation might
result in inefficient particle uptake. Particles need to cross the mucus
membrane at a rate that is higher than its turnover rate. Particles have
to cross the epithelial membrane through endocytosis, predominantly.
After reaching the circulation via different routes, particles have to
avoid the uptake through the MPS. Finally, particles need to cross the
capillary membrane and pass through the target tissue cell membrane
to elicit the desired action.

smaller ones are taken up by the macropinocytosis.** In a
recent study, the cellular uptake of gold nanoparticles with sizes
50 nm or smaller showed that the nanoparticle uptake is size
dependent, where 50 nm nanoparticles are taken up in larger
quantities than the smaller particles. It has been reported that
the gold nanoparticles in these size ranges are taken up by the
receptor-mediated endocytosis.”> Although studies suggest
specific mechanisms of endocytosis for specific type of
nanoparticles, it was also reported that the nanoparticles
might get access to the cells by various random mechanisms of
endocytosis.”*

Nanoparticles are able to internalize in all of the cell types
investigated.****” The rate and the extent to which nano-
particles were taken up were different with the type of cells
employed. In a study, three different kinds of epithelial cells
were used to study the uptake of fluorescent dye rhodamine
entrapped poly(lactide-co-glycolic) acid (PLGA) nanopar-
ticles.” The three cell types are opossum kidney (OK) cells,
model of renal proximal tubule; Caco-2 cells, model of the gut
epithelium; and human bronchial epithelial (HBE) cells, model
of the respiratory airway. OK cells took up PLGA nanoparticles
quickly, and it appeared that a saturation limit was reached at
about 4 h. In both the Caco-2 and the HBE cells, the rate of
uptake was considerably slower than in the OK cells. Saturation
limit was not observed in HBE cells within the 24 h period. To
determine whether the uptake mechanism of nanoparticle entry
into epithelial cells was mediated by endocytosis, cells were
coincubated with nanoparticles and maintained at 4 °C.
Endocytosis, an energy dependent process, is blocked at low
temperatures. It was observed that nanoparticle uptake was
significantly decreased at 4 °C, suggesting that indeed uptake is
mediated by endocytosis. Analysis of immunofluorescently
labeled compartments in OK and HBE cells showed that
internalized nanoparticles colocalized with markers of early
endosomes and the Golgi complex. Nanoparticles strongly
colocalize with early endosomes at 2 h after incubation,
followed by a decrease in early endosome association and an
increased association/colocalization with the endoplasmic
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reticulum and Golgi over time. It was inferred that the
nanoparticles may largely escape endolysosomal degradation.”
It is also important to note that the rate and extent of
endocytosis are dependent on the cell density. Cell-specific
variations in the sorting and handling of internalized nano-
particles can be expected.”® The major route of nanoparticle
uptake for particle sizes less than 200 nm is through clathrin
mediated endocytosis, and particles with 50 nm diameter are
most rapidly taken up by different cell types.”” Thus, it is
essential to understand the mechanisms of nanoparticles uptake
in various cells that are most likely encountered by the
nanoparticles during their transit across the biological tissues.

Spherical particles up to 3 um are readily taken up by the
nonphagocytic human cervical carcinoma epithelial (HeLa)
cells.”* Uptake in HeLa cells revoked the previous criteria that
particles should be less than 150 nm to be internalized by the
nonphagocytic cells. Cationic particles have shown more rapid
internalization in comparison to their anionic counter parts
having the same size and shape. The shape has a definite role in
the internalization of the nanoparticles. The rod-shaped
particles with high aspect ratio have been shown to be
internalized more rapidly than the spherical particles having the
same volume. It was found that the internalization of nano and
microparticles follows multiple pathways irrespective of their
size. Similar observations with phagocytes were also reported
reiterating the role of shape in the internalization of
nanoparticles.”®*’

It is well understood that the nanoparticles gain access to the
internal compartments of the cells through endocytosis
majorly.”*'® Endocytosis has recently been shown to be
dependent on the hypoxic environment.'”" Thus, it is also
necessary to understand the pathology where hypoxia might be
involved, which can influence the absorption or extravasation of
nanoparticles affecting the target tissue concentrations.

Apart from membranous barriers reducing the entry into a
tissue or cell, MPS, which was previously known as
reticuloendothelial system (RES), can act rapidly on the
particulate matter to clear them from the circulation. Thus, this
mechanism also acts as a barrier to the particulate matter
preventing the blood residence time. Mononuclear phagocytic
cells include monocytes, dendritic cells, and macrophages.'®*
Monocytes are circulated in the blood, whereas dendritic cells
and macrophages are present in tissues like spleen, liver, lungs,
and bone marrow.

The uptake of nanoparticles can take place in the blood by
the monocytes, platelets, dendritic cells, and lymphocyte.'® In
tissues, resident dendritic cells and the macrophages might do
the job of nanoparticle uptake. Blood clearance of nanoparticles
is thought to involve three steps. First is the opsonization of the
foreign body, followed by recognition and ingestion of
nanoparticles by the phagocytes. Opsonization generally takes
place in the blood and can take seconds to days to complete.
Opsonins come into contact with the nanoparticles through
Brownian motion, and the adhesion takes place with the help of
van der Waals, electrostatic, hydrophilic, hydrophobic, or ionic
forces when at sufficient distance.'®* Opsonization can occur
mostly by the nonspecific binding of the opsonin proteins to
the nanoparticles.'*'* Opsonin proteins include immunoglo-
bulins, apolipoproteins, clotting factors, and complement
proteins.”"”* Opsonization makes the nanoparticles recogniz-
able by the phagocytes to engulf them. The internalized
nanoparticles are broken down by the enzymes and oxidative
reactants, which are released by the macrophages. If the
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particulate matter is nonbiodegradable, it is sequestered and
stored in the mononuclear phagocytic organs like liver
(Kuppfer cells), spleen (marginal zone and red pulp macro-
phages), and bone marrow. Thus, opsonization acts as an
effective barrier for nanotherapeutics in preventing the access of
nanoparticles to the target site.

Because of the smaller size, nanoparticulate delivery systems
can be used through all possible invasive and noninvasive
routes of administration to reach the circulation, in a way
imparting these delivery systems a state of route-independent
delivery systems. However, there may be drastic differences in
the bioavailability and tissue distribution of the nano-
therapeutics through different routes, which might have a
strong influence on the therapeutic outcome. The barrier types
for nanoparticles vary depending upon the route of
administration.

The majority of the research is dedicated to the invasive
administration of the nanotherapeutics via intravenous route,
which is also reflected in the marketed nanotherapeutics. Two
major concerns in the systemic delivery of nanoparticles are
limited vascular permeability and uptake by the MPS.”* This
route offers less number of membranous barriers for the
systemic delivery of therapeutics as there exists no absorption
phase after administration of the nanotherapeutics intra-
venously. The role of blood vessel walls is to control the
extravasation of the blood components into the surrounding
tissues. Effective transvascular penetration is essential for the
nanotherapeutics to be effective to show therapeutic benefits in
the tissues. Blood vessels are composed of an internal epithelial
layer, which can be continuous, fenestrated, or discontinuous.
The continuous epithelium appears in lungs, fenestrated
epithelium in glands, mucosa of the gastrointestinal tract and
kidney, and the discontinuous epithelium is seen in the liver
and the bone marrow.””'% The fenestrae have interconnec-
tions with pores of nanometric size. For intravenously
administered nanoparticles and particles intended to reach
the site of action through blood circulation via other routes, a
particle size cut off of 200 nm is necessary to escape the
engulfing mechanisms of the spleen.'”” If the particles larger
than 200 nm are to be used, other ways of avoiding spleen
uptake are necessary. This can be achieved by the decoy particle
administration, which saturates the cells of the MPS or
hydrophilic surface modification of the particles to stay in the
blood circulation for prolonged periods of time.

In some diseases, defects in the vasculature appear, and these
defects can be utilized by the nanotherapeutics in enhancing the
drug usage. Angiogenesis during tumor growth results in
defective vasculature and a deficient lymphatic drainage, which
forms the basis of EPR effect for the nanotherapeutics to
localize in tumors.'®® This accumulation occurs passively by
diffusion of the nanoparticles across the vascular endothelium
from the intercellular spaces created during the pathology
rather than transport across the vascular endothelium. Other
than cancers, abnormal blood vessels with enhanced perme-
ation are observed in a number of ocular diseases. These
pathological changes in the vasculature make the nano-
therapeutics suitable drug delivery systems for the drugs used
in these conditions. Nanotherapeutic clearance from blood is
necessary, but the accumulation in target tissues is needed
instead of localization in the liver or spleen. However, in cases
where the EPR effect plays a role in passive accumulation of the
nanotherapeutics, slow localization is warranted. For local-
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ization in tissues where no EPR effects are seen, active targeting
can be useful.

Invasive routes other than intravenous route deploy the
nanoparticles in the interstitium. From the interstitium,
nanoparticles enter the lymph and through lymph they can
enter the blood circulation. The absorption phase is evident in
these conditions where the barrier is the lymph vessel wall.
Lymph vessel walls are more permeable than the blood vessel
walls, thus promoting the absorption of nanoparticles from the
interstitium. "' This route of administration is mostly used
to target lymph nodes or for local effect, althou%h systemic
delivery is also possible with surface engineering.""

The major barrier other than cell membranes or MPS is the
mucus layer when the nanotherapeutics are delivered via
transmucosal routes. Mucus coating in the eyes, gastrointestinal
tract, airways, and female reproductive tract acts rapidly on the
foreign particulate matter to remove them. This protective
nature of the mucus poses an important hurdle in the delivery
of particulate matter to the mucosal linings. Mucus is a very
complex network, composed of branched glycoproteins, lipids,
macromolecules, electrolytes, and cells. The presence of
hydrogen bonding, electrostatic, and hydrophobic interactions
along with the physical entanglement in the mucus pose an
effective barrier for particles."'* Orally administered nano-
therapeutics, if they are intended to be taken up intact, have to
penetrate the dynamic and sticky mucus layer whose properties
are mainly dictated by gel forming mucin MUC2 molecules.'"?
Mucus is split into two distinct layers in the GIT: the inner
layer is adherent firmly and adjacent to the endothelium, on top
of which a loosely adherent outer layer rests. Mucus blanket is
10—200 pm thick depending up on the location throughout the
gastrointestinal tract, being in its thickest form in the stomach
and thinnest in the ileum, from the epithelial surface of the
intestine.""*"'® Mucus thickness present in other tissues might
be in the range 1 ym to several hundred micrometers. Mucus is
continuously secreted with a mean turnover time of 4—6 h.''®
To penetrate the mucus blanket, the nanotherapeutics should
be nonadherent to the mucus and small enough to inhibit steric
inhibition from the mucus fiber mesh. Apart from these
properties, the viscous nature also acts against the particle
movement to the epithelial surface.''”

The interest in oral route lies in its compliancy because of the
possible self-administration by the patient and availability of
larger surface area for absorption. Intestinal tract containing
Peyer’s patches whose primary role is to prevent the bacterial
infestation received a lot of attention in the absorption of
nanoparticles through oral route. Initially it was thought that
the nanoparticles are taken up only by the microfold (M) cells
of Peyer’s patches, but now it is understood that the
enterocytes can also participate in the internalization of the
nanoparticles.'"®''” Peyer’s patches in the small intestine are
claimed to be the primary gateways of particle uptake,'*’
delivering the particles to the circulatory system through the
lympbhatics, with the absorption more pronounced and rapid for
smaller particles. Other parts of the small intestine are also
known to be participating in the uptake of the nanoparticles,
and some studies find little distinction between lymphoid and
nonlymphoid areas of the small intestine. This phenomenon
seems to be dependent on the particle characteristics and needs
further understanding. The advancements in the nanotechnol-
ogy for drug delivery and the understanding of the role of gut
associated lymphoid tissue (GALT) are challenging the
traditional rule of complete solubilization before the absorption
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of any drug through the gut, considering the fact that passive
diffusion is not necessary for the transport of nanoparticles.""”
After approaching the epithelial cells, particles can be taken up
by endocytosis, as this is thought to be the major uptake
mechanism, while the passive diffusion of nanoparticles is also
considered by some researchers.'”' From there particles are
thought to be introduced to the lymph before reaching the
blood circulation. Larger particles of around 1 pm are retained
by the M cells and do not enter the circulation.'>* The mucus
lining the internal surface of GIT acts as a physical diffusion-
barrier to drug absorption'** and at the same time provides a
method to increase the retention time of these delivery systems
in the GIT by mucoadhesion.'”* The localization can be
promoted with the use of covalently (or otherwise) conjugated
cell markers with affinity for transporters and overexpressed
receptors.125

Apart from these considerations in the oral route, the
stability of the nanoparticles is crucial for efficient delivery of
the therapeutic. Gastro intestinal lumen, which has varying pH
along its length and the presence of enzymes, also acts like a
barrier in the particle uptake from the GIT.'”® Thus, it is
necessary for the nanoparticles to be stable enough to retain
their initial size and the encapsulated drug (Table 4).

Table 4. Factors Affecting Absorption of Orally
Administered Nanoparticles®

character effect?
size the smaller the size, the greater is the absorption up to 1 pm;
larger particles tend to retain in the M cells or are not
absorbed
shape particles with high aspect ratio are believed to be taken up in
larger quantities and faster rate than the spherical particles
surface nonionic hydrophobic particle show higher absorption than
charge charged particles
surface particles tagged for epithelial cell receptors might increase the
ligands absorption
flexibility/ flexibility and elasticity might help in passage through narrow
elasticity capillaries (a phenomenon red blood cells represent)
physical and  agglomeration and interaction with the mucus might diminish
chemical the advantages offered by nanosize; biodegradability will
stability affect the release of the load

“Modified from ref 118. "These effects are mostly empirical; firm
observations and experimental evidence are needed to support these
assumptions.

The pulmonary route is characterized by a surface area
greater than 100 m* and a very thin barrier 0.1 ym thick of
alveolar epithelium for the uptake of drugs.'””'*® The particle
deposition is an important criterion in the absorption of drugs
from the pulmonary epithelium. Once deposited, the particle
has to pass through the mucus barrier, catabolic enzymes in the
tracheobronchial region, and macrophages in the alveolar
region.'” At nanoscales the particle deposition in the lungs is
diffusion governed rather than the impaction or gravitational
sedimentation governed. 100 nm particles deposit throughout
the respiratory tract where about 20% are deposited in the
alveolar and 5% are deposited in the tracheobronchial
region."*® Mucociliary clearance mechanism operates to clear
the mucus toward larynx/pharynx. Insoluble particles larger
than 6 pm are cleared within 24 h by the mucociliary clearance
mechanism from the pulmonary epithelial surface. However, it
was found that the smaller particles such as nanoparticles are
retained for longer durations, suggesting an inverse relationship
between the particle size and the clearance.*' Nanoparticles
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with enhanced mobility can partition through the mucus into
the periciliary spaces from where they can be taken up by the
lung macrophages or bronchial epithelial cells, causing a
reduction in the clearance. Macrophage uptake is another
barrier the particles have to overcome to show the therapeutic
efficiency. Alveolar macrophages take up particles and are
transferred to lymphatic circulation and ultimately to the
lymphatic nodes. However, the uptake of particles by
macrophages with sizes less than 100 nm or below is reported
to be low. Thus, the role of macrophages is less important when
compared to the mucociliary clearance through the pulmonary
route.>®

Skin is mostly explored for the local delivery of nanoparticles.
The structure of the skin is divided into three distinct layers.
Stratum corneum is the topmost outer layer, epidermis lies in
the middle, and the deeper layer is the dermis. Nanoparticles
can penetrate the skin via the subcutaneous surface, furrows, or
through the openings of the hair follicles. Nanoparticle delivery
to the dermis or epidermis without barrier modifications has
been achieved with little success. A recent study suggests that
the nanoparticles can be injected into the skin using needle-free
liquid jet injectors for skin delivery of the loaded therapeutic
agent."*

Although nanoparticles are believed to be route independent
and proven to some extent in a variety of pathological
conditions or bioavailability enhancement in general, we do not
fully understand the exact mechanisms of uptake and transport
through those routes yet, but the negative hype of toxicology is
hampering the progress to a certain extent. On the other hand,
efforts are being put on making an impossible task possible
anticipating better mileage over the competitors be it a product,
a grant, or a publication, which is also not the way out in
healthcare setup, and one has to look at the implications of
breaching the biological barriers on a time scale given the
pathological condition being treated. Although safety and
efficacy will be the two ultimate drivers, it is always interesting
to understand the underlying mechanisms on how the
particulate matter performs; we feel such attempts should be
made using disease models and therapeutic doses.

2.1.1.6. Effect of Size on Circulation and Disposition in
Body. Biodistribution of nanotherapeutics is determined by a
number of factors including size, surface properties and
composition of the nanoparticles, and the route of admin-
istration. Nanoparticle size plays an important role in the
circulation time and disposition at the tissues from the
circulation. The effect of the particulate carrier system size
has been extensively studied with spherical particles, and some
size-dependent properties pertaining to the circulation and
disposition have been reported. MPS recognizes the foreign
particles entering the circulation, and generally particles around
1S pm are cleared very rapidly and are accumulated in the liver
and spleen. Smaller particles around S nm are cleared through
the renal filtration rapidly. The circulation times for the
particles between S nm and 15 pm vary depending upon the
surface properties, shape, and nature of the material.

Dendrimers less than S nm in size can permeate through the
blood vessel walls rapidly to reach the surrounding tissues with
ease."*> Dendrimers with 3—6 nm are excreted rapidly from the
kidneys.'** In the 6—8 nm range, dendrimers are observed to
localize in the tumor tissues. As the size increased to 15 nm, the
tendency of dendrimers to be taken up by the macrophages also
increased."**
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The morphology of the epithelium surrounding the blood
vessels varies with the type of tissue. Capillaries of the lungs and
the muscles contain the endothelium, which is continuous and
allows only small molecules to traverse across (<3 nm).'%
Other types of endothelia include the fenestrated and
continuous types. Both of these types possess large intercellular
spaces, which might allow the translocation of nanoparticles
slightly larger in size.

Radiolabeled polystyrene nanoparticles were not found in the
lung or heart tissue.'”” This suggests that the vascular
endothelium has a major role in the accumulation of
nanoparticles in different tissues. The lung and muscle
capillaries have a continuous epithelium, thus preventing the
extravasation of these nanoparticles in these tissues.

To avoid the recognition by the MPS and to increase the
circulation times, hydrophilic coating of the particles is
performed, which is also known as the stealth property,
generally by surface modification with PEG. PEG is generally
coated onto the surface of the nanoparticles to impart stealth
properties resulting in prolonged circulation times. Steric
stabilization is created by the PEG on the surface, which
imparts hydrophilicity to the particles that prevents or delays
the adhesion of the opsonins onto the particles. Other polymers
used for imparting stealth properties to the nanoparticles
include poly(oxazoline), polyvinyl alcohol, poly(glycerol), poly-
N-vinylpyrrolidone, poly[N-(2-hydroxypropyl)-
methacrylamide], and poly(amino acid)s. Although the long
circulation times and stealth property are desired initially, this
property might hinder the drug release at the site of action. To
increase the chances of drug release at the site of action, the
polymer coating has to shed away after arrival at the destination
to produce the desired effects.

The size of the nanoparticles has been shown to have a
substantial role in the protein absorption and recognition by
the macrophages. Smaller particles absorbed lower amounts of
proteins in comparison to the particles with larger sizes made
up of similar material."*® Particles with larger size are cleared
more quickly than the smaller particles, and this 7phenomenon
is also observed even with stealth nanoparticles."*” The primary
filtering mechanisms, spleenic sinusoids, and Kuppfer cell
fenestrations of the liver are in the range of 150—200 nm.
These structures trap the particles larger than this size.
Liposomes with size ranges from 40 to 450 nm were studied
in mice, and after 4 h it was found that the liposomes larger
than 100 nm showed increased accumulation in the spleen. It
has also been found that the concentration of the liposomes
circulating in the blood decreased exponentially with increasing
size of the liposomes."*® Similarly, small (18 nm) shell cross-
linked nanoparticles also showed increased circulation time in
comparison to larger (37 nm) nanoparticles of same
composition."*” The blood clearance times of nanoparticles
are inversely proportional to the particle size.”® Blood residence
times of the nanoparticles that are dependent on the particle
size were shown to correlate with the tumor accumulation.'*’

Lymphatic presence of nanoparticles is observed through
various routes. Transport from the lymph to blood circulation
is also important when the nanoparticles are delivered via non
intravenous invasive routes and oral route. Particle size less
than 100 nm is preferred for the nanoparticle transport via
lymph to the blood from interstitium.>”"'"!

In a study, liver accumulation of particles smaller than 100
nm was found to be higher due to the escape of liposomes from
the blood to the liver. The same study also suggested that
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liposomal size less than 200 nm is necessary for long blood
residence time. The conclusion drawn from the study suggests
that particle size around 100 nm is necessary for prolonged
circulation times of liposomes, which was correlated with the
tumor localization of the nanoparticles.'*®

The renal excretion of the quantum dots is reported to be
size dependent with dot size less than 5.5 nm showing efficient
and rapid excretion, while those >15 nm size survived renal
excretion.'*" The size of the gold nanoparticles has been shown
to influence the extent of organ distribution. Smallest
nanoparticles of size 10 nm have shown widespread organ
distribution with presence in blood, liver, spleen, kidney, testis,
thymus, heart, lung, and brain, whereas the larger particles (250
nm) were detected only in the blood, liver, and spleen.'*

Having said and understood that the particle kinetics is
heavily influenced by the size and matter, how much of this
understanding with polystyrene, gold, quantum dots, carbon
nanotubes, etc., will be implicated in the area of drug delivery,
while not mixing it with occupational health hazards where
understanding of these materials could be very important. It is
also very important to note that the route of administration/
exposure, the duration of exposure, and the dose of these
particles are the key in particle kinetics followed by their
favorable or unfavorable outcomes.

2.1.1.7. EPR Effect in Tumors. The EPR effect in tumors was
first reported by Matsumura and Maeda in 1986, and
validated in further reports.'**~'* This remarkable discovery
was made by Maeda and colleagues during their studies on the
poly(styrene-co-maleic) acid conjugated to neocarzinostatin
(SMANCS), a polymer—drug conjugate intended for the
treatment of cancer. The discovery gave rise to a new targeting
phenomenon called passive targeting, in which the size of the
therapeutic molecules is responsible for concentrating the drug
in the tumors. Long-standing magic bullet concept took a step
forward by the introduction of passive targeting, which had
shown clinical improvements by reducing the toxicities and
increasing the drug response in cancer treatment.'*® EPR is a
cumulative outcome of tumor hypervasculature due to
neovascularization, leakiness of the vasculature, poor lymphatic
drainage, and structural and functional incompleteness of the
tumor vasculature."*” Most solid tumors show hypervasculature
to ensure rapid growth in comparison to the normal tissue with
exceptions of pancreatic and prostate cancers and large
metastatic cancers of the liver. Tumor angiogenesis starts
when the tumor becomes larger than 0.8—1 mm in size; 4814
however, recent findings suggest that the neovascularization
starts even at the tumor sizes of around 0.2 mm."**'>! The new
blood vessels in the tumors show deformations with wide
fenestrations, discontinuous endothelial lining, lack of smooth
muscle cells and pericytes, and irregular basement mem-
brane."*'>* In normal tissues, lymphatic vessels are more
permeable to macromolecules than the blood capillaries,
helping in the removal of these molecules from interstitial
spaces. In solid tumors, this lymphatic drainage is impaired.
Deformed neovasculature coupled with the defective lymphatic
drainage leads to the EPR effect for macromolecules. Drug
transport across the vascular wall takes place predominantly by
diftusion from the discontinuous endothelium. This EPR effect
is being used by the drug delivery systems to passively target
the tumors to accumulate there. The larger size of pores in the
tumor vasculature and reduced lymphatic drainage allows
polymers, large compounds, and particulate carriers to
accumulate, thereby providing an opportunity to concentrate
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the drug in the target locales. EPR effect is demonstrated using
the dye Evans blue, which binds to albumin and acts like a true
macromolecule. After 24 h of intravenous administration of the
dye, Evans blue/albumin complex accumulated in the tumor
indicated by blue coloration, but not in normal tissues. Larger
tumors are colored blue only at the boundaries as the EPR
effect diminishes in the core of larger tumors because of the
necrosis and hypovasculature.'** The factors controlling the
growth of the tumor vasculature are similar to normal tissue,
but the growth is poorly regulated in solid tumors, resulting in
intratumoral differences in the vasculature. Because of this
reason, the periphery of the tumor is highly vascularized and
the inner tissue is poorly vascularized.">®

By the well-documented EPR effect,””'*® nanoparticles can
localize in the tumor. This would require the particles to be
bigger than a particular cutoff. The minimum particle size
required is above 10 nm to escape the renal filtration. The
upper limit varies with the type of tumor being targeted.">” For
macromolecules or polymer conjugates, the molecular weight
>40 kDa is desired to benefit from the EPR effect.'”® Recent
reviews summarized the use of nanotechnology in cancer
chemotherapy and indicated that the capillary escape cut off
size can be as large as 200 nm to 1.2 ym in some animal tumor
models.">*">” The EPR effect might be the key to the efficacy
of the nanoparticle formulation because of their preferential
accumulation in the tumors.'**'® On the basis of the EPR
effect, many of the macromolecules and nanoparticles that can
target the cancers passively were being developed. While
developing the drug delivery systems for tumor targeting,
utilizing the EPR effect, some other factors apart from size need
to be taken into consideration. The size of the fenestrations
varies with the type and stage of the tumor, and other
approaches to increase the EPR effect need to be considered.
For the augmentation of EPR effect and for homogeneity in
larger tumors, the induction of systemic hypertension by using
angiotensin II or use of nitric oxide releasing compounds is
being investigated. As the tumor vasculature lacks smooth
muscle cells, infusion of angiotensin II would have a minimal
effect on these vessels, while the normal vessels constrict
leading to systemic hypertension. Under these conditions,
normal vessels constrict, but the tumor vessels remain relaxed
leading to vascular leakage to the tumor, resulting in
accumulation of macromolecules and particles of optimum
size into the tumors.'®! Similarly, nitroglycerine and isosorbide
dinitrite, which act through the release of nitric oxide, are also
reported to increase the EPR effect and accumulate macro-
molecules in tumors.'®?

Longer circulation times are also necessary for the passive
targetin§ of nanotherapeutics in the tumors by the EPR
effect.'® Strategies to improve the circulation times of the
nanoparticles should be considered for effective anticancer
therapy. PEGylated or stealth liposomal formulations with long
circulation times are currently under clinical usage to treat
various cancers.

Anticancer drugs are the most benefited drugs from
nanotherapeutics due to the EPR effect.'®* The EPR effect
can also be utilized for the localized delivery of nanocarriers in
other pathological conditions such as arthritis or infec-
tion;" %' however, the promise has not yet been realized.

2.1.2. Performance of Drug Delivery as a Function of
Size. The name of the nanoparticles is self-explanatory of the
importance of size in performance of these drug delivery
systems. The majority of the nanotechnology research is
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focused below 100 nm size; however, for biomedical
applications this size range is often between 100 and 200 nm.
This is because of the particle entrapment in the spleen and
liver, which generally trap particles above 200—250 nm. For
particles that do not enter the systemic circulation, size can be
slightly higher but below 1 pm to show the enhancement in
dissolution rate or saturation solubility in the GIT.

The notable achievement of the nanoscale of the drug
delivery systems is the ability to target the site of interest,
although active targeting is still in the research stages and needs
extensive understanding of the phenomenon. The engineered
nanoparticles can passively or actively target the diseased sites,
avoiding unwanted adverse effects of the drugs at nontarget site.
The combination of magnetism and immunomodulation of the
nanoparticles enhances the delivery of the drugs to the sites of
interest. Magnetism can bring the nanoparticles to the site of
interest, and the targeting moieties on the surface of the
nanoparticles cause the nano drug delivery systems to penetrate
the cells and deliver the drug to the intracellular targets.

Extent of absorption through oral route for nanoparticles is
proven to be size dependent. Radiolabeled polystyrene latex
particles with different sizes were studied for the extent of
uptake through the oral route. S0 nm particles showed 34%
uptake, and 100 nm particles showed 26% uptake. The majority
of the absorbed dose is found in the blood, liver, spleen, and
bone marrow. Particles larger than 100 nm were not found in
the bone marrow, and particles larger than 300 nm were absent
from the blood."”* It is very difficult to extrapolate these
findings to the use of nanoparticles in drug delivery as such,
which involves many more deciding factors than just the
particle size; in that sense, will polystyrene absorption reflect
other polymers currently in use for drug delivery, and, if yes,
then how much of the drug will be delivered in the 34% or 26%
particles, and will that dose be therapeutically viable?

Not only size reduction has been shown to give beneficial
clinical outcomes, but increasing the size of the protein
therapeutics has also proven to improve the efficacy. Most of
the protein—PEG conjugates marketed today are based on the
advantages in circulation times and nonimmunogenicity they
offer. Renal clearance of the protein molecules is decreased by
conjugating with different molecular weights of PEG to increase
the circulation times of the proteins. Although PEGylation gives
rise to other advantages such as steric stability and resistance to
clearance by the mononuclear phagocytic system, increase in
the hydrodynamic size of the therapeutic is also of considerable
importance. Conjugation of anticancer drugs like neocarnizos-
tatin with styrene maleic acid (SMA) has increased the size of
the drug molecule and helped in increased localization of the
drug in the tumors by the EPR effect. The EPR effect illustrated
the importance of size in the tumor therapy.

Small particles have been shown to be taken up through and
across the biomembranes by unique mechanisms, which can
address the bioavailability problems of the poorly bioavailable
compounds.'®”'®® These particles can produce local effect at
the site of administration and also systemic effect by entering
the circulatory system. The performance of nanotechnolo%g-
based drug delivery systems is influenced mostly by size'*’”°
and surface properties (charge and hydrophilicity), shape, and
flexibility.'”*

It is now widely accepted that the performance of
nanoparticulate formulation heavily depends on the particle
size. Recently, we have demonstrated that the drug
bioavailability and the duration for which it stays in the blood
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are dictated by the particle size, which is further governed by
the copolymer composition and molecular weight.'”>'”?
Nanoparticles with sizes around 200 nm can be internalized
by the nonphagocytic cells. Nanoparticles with sizes of 35 nm
can reach the cell nucleus.'”* It was recently shown that the
large cationic PAMAM dendrimers induce platelet aggregation
but not the small dendrimers.'”> Dendrimers penetrate the skin
in a charge-dependent manner. Cationic dendrimers are
reported to have greater penetration than neutral or anionic
dendrimers.'”® Research in nanotherapeutics so far yielded
some size dependencies in the delivery that are listed in Table
5.

Table 5. Size Dependency in Drug Delivery

phenomenon size limits

intravenous particles larger than 5 ym cannot be administered due to the
delivery danger of capillary occlusion and embolism

saturation increase in the saturation solubility of drugs is observed below the
solubility particle size of 1 um'”’

oral absorption  nanotherapeutics absorption from the gut presents an inverse
relationship with increasing size up to 1 um; particles larger

than this size are retained by the M cells''®

mucus larger particles (500 nm) were found to more rapidly penetrate

penetration the mucus than smaller pe\rticles178

skin largely impermeable to nanoparticles
penetration

lymphatic 30—100 nm particles can be taken up rapidly from the
targeting interstitium and can be retained in the lymph; smaller particles

might rapidly leak into the blood circulation'""

tumor passive  nanotherapeutics are expected to be in the size range of 5—1200

targeting nm to localize extenstively in tumors

kidney around 80 nm particles of PEGylated gold nanoparticles tend to
targeting accumulate more than smaller or larger particles'””

intracellular uptake is size dependent although varies with the type of cells
uptake employed in the study

uptake by particles with 2—3 um size are taken up at higher extent than are
macrophages smaller and larger particles”

extravasation depends on the type of tissue; particles larger than 100 nm are
from trapped in spleen; leaky vasculature in tumors helps in passive
endothelium targeting of particles with size ranges of 5—1200 nm

renal clearance  nanotherapeutics smaller than S nm are cleared by the kidneys

rapidly

2.2. Does Matter Matter?

Starting from the atoms, it is known that the ensemble of
matter, although exhibiting same fundamental chemical proper-
ties, can have substantially different physical properties with
implications on interaction with the (especially biological)
surroundings.lgo’181 Here, we review the effect of material
properties of the material in combination with the size
function.'®

2.2.1. Effect of Material Chemistry. Material properties
of the nanotherapeutics are majorly responsible for the delivery
of the active ingredient. In polymer drug conjugates, the
chemistry of the linker and the polymer with the drug imparts
new properties to the drug altogether.

The chemistry of the polymer drug conjugates has to be
taken at different stages including the polymer drug conjugate
as a whole, polymer, and linker after releasing the drug and the
degradation products of the polymer. Polymer conjugation
must be sufficiently strong during the storage, transit after
administration, and should release the drug at the target site at
an appropriate rate. Especially for polymers variations in
molecular weight, architecture and polydispersity should result
in alterations of the pharmacokinetics of the polymer. Thus, a
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good control over the polymer molecular weight and
polydispersity is necessary for drug delivery.'®®

The protein polymer conjugates marketed show different
chemistry with respect to the native protein itself. The polymer
conjugation is necessary to provide stability by imparting steric
hindrance to the labile groups on the proteins and delaying the
uptake of the protein by the MPS. PEG, the most widely used
polymer in drug delivery, has advantages such as superior
biocompatibility and hydrophilicity. Only PEG has been used in
different molecular weights to conjugate the proteins,
oligonucleotides, and antibodies. All of these developments
can be attributed to the properties of PEG, which are not yet
matched by any polymer in the clinical setting. With the success
of protein conjugates, PEGylation has also been used in the
liposomal formulations that are marketed with improved safety
and prolonged circulation times.

Protein-based nanoparticles, especially human serum albu-
min, help in transvascular penetration of the nanoparticles.
Immunotoxicity needs to be assessed if proteins other than
human origin are to be used in the drug delivery.

During milling to produce the nanosized drug particles, salt
forms are generally avoided as they tend to form free base
forms during the preparation process, which might affect the
therapy.

The toxicity of the material can be attributed to its chemistry.
Biodegradability and biocompatibility are the two important
issues dependent on the material chemistry in nanotherapeu-
tics. Biodegradability is predominantly affected by the chemical
structure of the material. Most of the polymers undergoing
hydrolytic degradation are carboxylic acid derivatives such as
polyesters, polyamides, poly(anhydrides), poly(ortho esters),
poly(phosphoesters), poly(cyanoacrylates), and poly-
(phosphazenes). Hydrolysis is affected by the type of
degradable bond in the order of ester, carbonate, urethane, or
amide. High crystallinity and hydrophobicity hinder the
hydrolysis of the polymer. Hydrolysis is a rapid process and
can be controlled by appropriate selection of the polymer
molecular weight, type of linkage, or copolymer composition.
Some polymers like polyurethanes and polycarbamates can be
degraded by oxidation in the macrophages. Hydrolytic
degradation can be observed as bulk or surface erosion; in
surface erosion the outer layers of the polymer are first eroded
and followed by degradation, whereas in the bulk erosion
polymer degradation takes place uniformly in the polymer.
During surface erosion, the polymer molecular weight in the
noneroding area is unaffected, but in the bulk erosion, the
molecular weight of the polymer reduces with time.

The flexibility in polymer synthesis/polymer structures can
facilitate development of versatile materials that can respond to
diverse stimuli either biological or chemical in nature, which
can be beneficial in drug delivery. The pH sensitivity of the
nanoparticle core plays an important role in the delivery of the
payload; for example, pH-sensitive poly(f-amino ester) can
rapidly release the drug at the tumor site as compared to those
nanoparticles without pH core."®* Similarly, certain materials
respond to temperature, for example, nanoparticles made from
hydrochlorinated poly(isoprene)."** Spherical shell cross-linked
nanoparticles containing poly(isoprene) core with glass
transition temperature (Tg) —63 °C are shown to deform at
room temperature upon deposition onto mica substrate, while
the particles with T, 33 °C shown no deformation. The rigidity
of these nanoparticles can be reduced by heating the
nanoparticles over the glass transition temperature.
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Polymer chemistry is also known to affect the complement
system. Polymers with nucleophilic groups such as amino and
hydroxyl groups are known to activate the complement
system.'**™®” Complement activation by the polymers is
related to the chain length, architecture, chemical makeup,
and solution properties. Free amino groups were responsible
for the activation of alternative complement pathway and form
amide bonds with the regulatory proteins. Dextrans and
sulfated dextrans with molecular weights more than 60 and
10 kDa, respectively, are known activators of the complement
system.

Polymer molecular weight is shown to influence the particle
size, entrapment efficiency, and pharmacokinetics of the
nanoparticles prepared by the emulsion—diffusion—evaporation
method. In a study, influences of five different molecular
weights of the PLGA (15, 45, 85, 137, and 213 kDa) and three
different monomer compositions (MW 90 kDa) were
studied on the nanoparticles preparation, entrapment efficiency,
and pharmacokinetics of the estradiol encapsulated nano-
particles in rats.'”* The increase in polymer molecular weight
led to an increase in particle size, and this is due to the increase
in polymer viscosity as the molecular weight increased, causing
resistance for the breakdown of the emulsion droplets. The
50:50, 65:35, and 85:15 lactide to glycolide monomer ratios of
PLGA with similar molecular weight of around 90 kDa formed
similar sized nanoparticles, suggesting no influence of monomer
ratio on the particle size. Higher molecular weight polymers
improved the drug loading efficiency due to the increase in
hydrophobic interactions between the drug and the polymer;
monomer ratios influenced the drug entrapment efficiency with
higher lactide content showing higher entrapment due to the
increased hydrophobic interactions of the polymer and
estradiol. In vitro release and in vivo pharmacokinetics
suggested that the increase in molecular weight and lactide
content of the PLGA resulted in slower release of estradiol
from the nanoparticles. Maximum plasma concentration (Cod)
was higher, and the time (T,,,,) to attain that concentration was
lower for estradiol nanoparticles prepared with low molecular
weight or low lactide ratio PLGA; on the other hand, the
increase in molecular weight or the lactide content of PLGA
resulted in lower C_, and an increase in the T,,.

Material properties such as flexibility are important in the
nano delivery systems such as liposomes. Membrane flexibility
of the phospholipid vesicles plays an important role in the
surface interactions. Particles with higher de§ree of flexibility
are shown to possess greater binding ability.'*®

Apart from the core or matrix material of the nanoparticles,
stabilizers’ chemical properties also play an important role in
the delivery of nanotherapeutics. The selection of stabilizers for
the milling is rather empirical at the moment. However, studies
conducted so far suggest polymeric or small molecular weight
surfactant molecules can be used as stabilizers. Stabilizer
interactions with the polymer core are important in some
instances. Pluronic stabilizers are triblock copolymers with
center core polypropylene oxide and side polyethylene oxide
blocks. In emulsion methods, the stabilization of the nano-
particles prepared using pluronic stabilizers is dependent on the
hydrophobic interactions of the nanoparticle core and the
center block polypropylene oxide of the pluronic.

The matrix materials in some instances might also have an
important role in a specific route of administration. Nano-
particles when delivered through the pulmonary route first
encounter the surfactant layer, which increases the wettability
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of the particles. This will help in the penetration of
nanoparticles through the gel phase initially followed by sol
phase. Human serum albumin nanoparticles were more slowly
cleared when compared to the sulfur nanoparticles in the
bronchi of dogs. The slow clearance is attributed to the
possibility of positioning in the mucus. The sulfur particles were
thought to be located in the gel phase, and the albumin
particles might have penetrated deep into the sol phase making
the clearance slower. This observation can be extrapolated to
other types of materials considering the solubility where more
soluble forms will be cleared slowly from the pulmonary
surface.'®

2.2.2. Effect of Charge. The inherent stability as well as
instability of the colloidal particles are affected by the Brownian
motion. Interfacial forces play a key role in the thermodynamic
stability of emulsions and suspensions. Colloidal stability is a
balance between the basic physicochemical phenomena of van
der Waals attractive forces and electrostatic repulsion as
explained by the DLVO theory. Surface charge is essential for
the dispersed particles to be separated and stable for longer
storage periods, and almost all of the particles in dispersed
system acquire surface charges of different magnitudes.
According to the DLVO theory, electrical repulsive forces are
the major forces keeping the particles apart in a dispersed
system. Without the repulsive forces, particles (colloids) tend
to aggregate, resulting in sedimentation and crystal growth.
Suspensions can be flocculated or deflocculated. In defloccu-
lated suspensions, the particles tend to settle as individual
entities, and the sedimentation can result in caking, which is
very difficult to redisperse. In flocculated system, particle tends
to form loose aggregates, which tend to settle rapidly in
comparison to the deflocculated system, but the cake formed is
loose and can be redispersed with moderate agitation. DLVO
theory, which is widely used to predict the stability of the
suspensions, assumes that the particles interact with each other
by van der Waals attractive forces and electrical repulsive forces.
The total potential energy of the particle—particle interaction is
the sum of the repulsion potential and the attractive potential.
The attractive potential is dependent on the particle size and
the interparticulate distance, while the repulsion potential is
dependent on the particle size, interparticulate distance, ion
concentration, pH, zeta potential, and dielectric constant of the
medium. When the ionic concentration increases in the
medium, the thickness of the electrical double layer reduces,
resulting in aggregation. Zeta potential is the electrical potential
at the shear plane, which is widely used to predict the stability
of the suspension, and higher values indicate higher stability.
To impart electrical stabilization to the nanoparticles,
surfactants are used in the manufacture of nanoparticles.

Apart from the electrical stabilization, steric stabilization also
plays an important role in the nanoparticles stabilization. Steric
stabilization is achieved by the long tail-like structures of
surfactants and other stabilizers that get physically adsorbed on
the particle surface. These protrusions prevent the particles
from coming too close and attain the primary energy minima.
Here, a distinction is required to be made between stabilizers
that have one point of attachment to those that have many. The
latter group is mostly composed of widely used polymers like
polyvinyl alcohol (PVA). The reason for this observation lies in
the fact that adsorption is relatively a low energy phenomenon
and the stabilizer is only weakly associated with the surface.
This process is reversible, and the molecules keep on attaching
and detaching to maintain the equilibrium. Thus, single point
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Figure 4. Effect of steric stabilizer on the zeta potential.'”

attachment can transiently leave the surface naked, the surface
being exposed for either a replacement stabilizer molecule or
another particle. However, the polymeric multipoint attach-
ments ensure that even if some of the attachments are broken,
there are others that will still provide a zone of inhibition for
physical approach. Thus, the adsorption process of steric
stabilizers is a nonequilibrium process. It should be noted that
the Brownian motion can contribute to both the stability (by
acting against gravity sedimentation) and the instability (by
inducing collisions or reducing the interparticle distance).
Because of the presence of steric stabilizers, the Stern layer
thickness is increased around the nanoparticles and gives
enhanced stability."”® Because of the increase in the thickness of
the Stern layer, the zeta potential value shows a reduction that
does not correlate with the stability, which means in case of
steric stabilization lower zeta potential values might show the
stability that can be comparable to the system with high zeta
potential where no steric stabilization exists. Generally, it is
believed that a zeta potential value of 60 mV gives high stability
to the suspension, around 30 mV gives good stability, and less
than S mV results in rapid aggregation. However, this is only
valid when pure electrostatic stabilization is utilized with small
molecular weight surfactants, and its validity diminishes in case
of higher molecular weight surfactants and the presence of
steric stabilization (Figure 4).

Sedimentation is rarely observed in case of nanosuspensions
because of the presence of stabilizers and the relatively smaller
sizes. In addition to this, many of the nanosuspensions are
freeze-dried to increase the stability. However, in some cases
like metered dose inhalers, drying is not intended; thus
alternative approaches like altering the morphology, for
example, hollow porous particles, give enhanced stability from
sedimentation or creaming, which is the deposition of particles
on the surface of the medium.

Apart from the effects on the stability, surface charge also
plays a crucial role in the interaction with the biological system.
Many of the cellular components are negatively charged; thus it
can be understood that the cationic particles will interact more
with the biological system. However, this interaction is not
needed always. For a formulation to be present in the
circulation for longer durations, it should not interact
intensively with the blood components or blood vessels, but
at the same time it should interact with the target tissue. So, the
type of charge and charge density must be optimized for that
specific need. Polymers with charge are more rapidly cleared
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from the circulation than nonionic polymers. In ionic polymers,
the cationic polymers have lower circulation times in
comparison to the anionic polymers. Neutral and anionic
polymers are safer than the cationic polymers. Cationic
polymers are responsible for cell and nuclear membrane
damage and disrupting blood brain barrier. However, cationic
polymers are rapidly internalized by the cells and provide
efficient intracellular delivery.

In a study, four different types of fullerene compounds (Cg,,
Cg—OH, C4—COOH, C4—NH,) were used in Escherichia coli
W3110 and Shewanella oneidensis MR-1. Positively charged
Cg—NH, has been shown to inhibit the growth and uptake of
the microorganisms studied, whereas the neutrally charged Cq,
and C4—OH had shown moderate inhibition, and negatively
charged C4—COOH has no effects on the microorganisms.
The importance of charge can be understood from the
observation that the fullerenes caused the membrane damage
but did little harm to the energy metabolism in the
microorganisms.'*" It was also demonstrated that the positive
charge on the bis-fulleropyrrolidines is necessary to elicit anti
viral activity."”> Similar is the case with silver nanoparticles,
which show the antimicrobial activity because of the positive
charge.'”® Positively charged silver nanoparticles show the
antimicrobial activity at much lower concentrations than silver
cation, probably due to additional activity on the membranous
enzymes.'”*

Charge also plays an important role in the drug loading in
the development of nanotherapeutics. Albumin contains high
amounts of charged amino acids in its primary structure.
Because of this reason, albumin-based nanoparticles can
electrostatically adsorb the drugs, either positively or negatively
charged, without the requirement of other compounds.'®>'*®
The desorption of negatively charged oligonucleotide from the
bovine serum albumin is affected by the pH and ionic strength
medium, which indicated that the attachment of therapeutic
moiety to albumin is due to the electrostatic interaction.'”’”

Biodegradability of gadalonium chelate copolymers is
reported to be dependent on the charge. Gadalonium
diethylene triamine pentaacetate cystine copolymers (GDCP),
which are negatively charged, and gadalonium diethylene
triamine pentaacetate cystine diethyl ester copolymers
(GDCEP), which are neutral, were prepared, and the
degradation rates were studied in rat plasma. The results
indicate that the negatively charged GDCP was degraded slowly
in comparison to the GDCEP. The degradation of the
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Table 6. Role of Surface Characteristics of Nanoparticles in Drug Delivery

property surface modification
stabilization electrostatic stabilizer or steric stabilizer
stealth property PEGylation
mucoadhesion thiolation

mucus penetration dense covalent coating with low molecular weight PEG

lymphatic surface coating with poloxamer 407
distribution

safety charge reduction

specificity antibody tag

blood brain barrier
penetration

coating with polysorbate 80 transferrin; transferrin
receptor monoclonal antibodies

observations

decreased agglomeration, increased shelf life

decreased opsonization and phagocytosis by MPS

increased adsorption of particles to the mucus

increased penetration rate through the mucus

uncoated or less dense coat increases lymg)hatic residence time, and higher density
coating results in increased blood levels 1

cationic charges are thought to be responsible for toxicity; surface coating with
nonionic stabilizers decreases the toxicity

can be used to enhance the permeability or to achieve active targeting

increased localization of drug in the brain

gadalonium chelate copolymers occurs through the breakage of
disulfide bonds by the free thiols in the disulfide—thiol
exchange reaction. The free thiols in plasma under physio-
logical conditions possess negative charges and thus are not
able to approach the negatively charged polymer but are able to
break the disulfide bonds on the neutral polymer via the
disulfide—thiol exchange reaction. Thus, the surface charge of
the polymer affects the degradation rates in case of gadalonium
chelate copolymers.'”®

Charge can also be used to prepare stimuli responsive drug
delivery systems. Liposomes with variable surface charges can
be prepared by altering the lipid composition. pH-sensitive
liposomes are prepared with phosphatidyl choline and
dimethylammonium propane with a pK, of 6.7. Poly(ethylene
glycol)-b-polycation polymer can be electrostatically attached
to these liposomes at pH 7.4. At lower pH, the liposomal
surface becomes cationic due to which the cationic polymer
detaches from the liposome. This phenomenon can be used to
deliver the liposomes to the lysosomal compartment of the cells
while protecting the liposomes in circulation.'” In another
study, gold-capped mesoporous silica nanoparticles were
developed for photoinduced intracellular release. Five nano-
meter gold nanoparticles were linked with a cationic photo-
reactive linker to 100 nm silica nanoparticles. When these
nanoparticles were photoirradiated with ultraviolet light, the
photolabile linker is cleaved, and the gold nanoparticles were
separated from the silica due to repulsive forces.”*

Surface charge influences the opsonization of the nano-
particles. In vitro studies demonstrate that the neutral particles
are less prone to opsonization than the charged particles.”®!
Nanoparticles with high positive or negative surface charge are
taken up nonspecifically by the macrozphages and deposited in
the liver after systemic administration.”** Particles sizes around
150 nm with the zeta potential less than 15 mV resulted in the
survival of nanoparticles from the uptake by the macro-
phages.”®> Small variations (10 mV) in the zeta potential of the
nanoparticles can significantly affect the uptake by non-
phagocytic cells.”*?

Particle movement across the tumor tissue was studied using
differently charged nanoparticles, and it was found that highly
charged nanoparticles are less likely to move along the tumor
because of the electrostatic attraction with the extra cellular
matrix in the tumor.”** It was also found that the hydrophobic
interaction with the extracellular network is also responsible for
the limited movement of the highly charged nanoparticles.”*®

It was also observed that the surface charge plays an essential
role in the endosomal escape of nanoparticles after internal-
ization. Mesoporous silica nanoparticles were prepared with
different functionalities representing different charges and
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charge densities. The negatively charged nanoparticles were
able to escape the endosomes within 6 h probably due to the
proton sponge effect.”*

Cytotoxic effects of some nanomaterials are also dependent
on the surface charges. Cytotoxic effects of amorphous silica
were shown to be dependent on surface charge and the
morphological features but not on the crystalline component of
silica.”” Synthetic amorphous silica displayed a higher rate of
dissolution than the reverse precipitation in biological media.**®
Thus, when the nanomaterial is dissolvable at higher rate than
the precipitation rate, the material properties play a minimal
role in the toxicity, but the surface charges are responsible for
the toxicity.**’

2.2.3. Role of Surface Characteristics. The surface
properties of the nanoparticles can have a significant influence
on their storage stability, pharmacokinetics/biological inter-
action, possibility to adsorb bioactive/drugs on the surface, and
also offer flexibility to attach a variety of ligands facilitating
tissue or cell specific targetability (Table 6).

Surface energy determinations will help to find out an
appropriate stabilizer for the nanoparticle preparation by
milling.*'® From the contact angle measurements, it is possible
to get the estimate of the surface free energy. If the surface free
energy of the stabilizer is similar to the drug’s surface free
energy, nanoparticles of the drug can be prepared with small
variations in the size using that stabilizer.”'" Stabilizers in
nanoparticles impart them electrostatic and steric stabilization.
Small surfactant molecules will only render electrostatic
stabilization, whereas larger molecular weight surfactants or
polymers serve both purposes. Electrostatic stabilization
increases the charge on the surface, which can be estimated
by determining the zeta potential; however, steric stabilization
can only be observed. For a system with stabilizer(s) imparting
electrostatic and steric stabilization, a lower zeta potential can
also result in the increased stability as zeta potential gives the
measure of only electrostatic stability but does not include the
steric stabilization values.*'> There are also instances where the
nanosuspension has the ability to self-stabilize without the help
of stabilizers. For example, 2-devinyl-2-(1-hexyloxyethyl)-
pyropheophorbide (HPPH) nanosuspensions were stable for
3 months without any stabilizer because of the deprotonation
of the carboxylic end groups of the HPPH molecules.”'

Surface characteristics play an important role in the physical
stability and interaction with the biological membranes.
Nanoparticle surface has been engineered to see the effects of
surface coating on the rate of mucus penetration of nano-
particles. Hanes and colleagues''®*'* assumed that engineering
the particle surface with near neutral charge is needed for
efficient penetration through the mucus. PEG coating was

dx.doi.org/10.1021/cr300047q | Chem. Rev. 2013, 113, 1686—1735



Chemical Reviews

Figure S. Surface modification with hydrophilic polymer. Brush border conformation (left) and mushroom conformation (right) can be achieved on

the surface by polymers.

known to increase the mucoadhesion.”>*'® To delineate the
reasons for different properties assigned to the nanoparticles by
PEG coating, different molecular weight PEGs and different
surface coating densities were employed in a study determining
the mucus penetration rates of the nanoparticles. It was
observed that the high density coating of low molecular weight
PEG on the surface increases the mucus penetration rate in
comparison to the low density low molecular weight PEG.>"
This might be similar to other observations where the
conformation of the surface polymeric chains was shown to
be altered with the surface density from mushroom-like
conformation to brush-like conformation. A new PEG-based
stabilizer, Vitamin E conjugated 5 kDa PEG, was developed to
serve the purpose of surface coating of biodegradable polymeric
nanoparticles.218 Several materials like poly ethylene oxide,
phospholipids, and polysaccharide coatings have been inves-
tigated as coatings resistant to bioadhesion in diverse
applications.*"”

The toxic effects of doxorubicin have been reduced with
surface modification of human serum albumin nanoparticles
with polysorbate 80 coating.”*® The polysorbate 80 coating
resulted in the altered pharmacokinetics of the nanoparticles
with lower hematotoxicity and cardiotoxicity.””' Coating with
polysorbate 80 increased the area under the plasma
concentration time curve (AUC) and decreased the volume
of distribution of the doxorubicin.”** These coated particles are
also known to reduce the testicular toxicity of uncoated
nanoparticles. Sertoli cells serve the purpose of phagocytosis in
testicular tissue, and coated particles reduce the toxicity by
reduced phagocytosis by these cells.”*’

The aspect ratio of the nanoparticles is being investigated for
in vitro stability and in vivo functions. Recently, attempts were
made to modify the flocs, as low density open flocs resulted in
higher stability of the nanosuspensions with high aspect ratio
particles.”**

Surface curvature or geometry is also known to play an
important role in the phagocytosis by macrophages. It was
shown that the curvature or geometry at the initial contact with
the cells plays an important role in the macrophage uptake in
vitro.”#2>2%¢ Although the studies by Mitragotri and colleagues
were carried out using micrometer-sized particles, their studies
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with varying particle geometries suggest the role of particle
geometry in the uptake by the macrophages. How much of this
basic understanding in vitro will translate to clinic will remain
to be answered.

Modifying the surface properties to improve the circulation
times by PEGylation has been proved highly successful in case
of PEGylated proteins and PEGylated liposomes, which have
been in wide clinical use for more than a decade. This surface
modification not only resulted in longer circulation times but
also led to the required dose reductions, thus reducing the
toxicity of the formulation. Blood clearance of naked
nanoparticles or liposomes is significantly higher in comparison
to the PEGylated surfaces. Methoxy PEG chains on the surface
of the liposomes induced the complement activation and
opsonization, but the phagocytosis is restricted by the steric
constraint offered by the methoxy PEG chain.”*” PEG chains
on the nanoparticle surface depict mushroom or brush
configuration with low and high surface coverage, respectively
(Figure 5)."°* In mushroom configuration, the chains are closer
to the surface, and in the brush configuration, the chains are
extended away from the surface. Several theories have been
proposed for the understanding of increased circulation half-
lives of the PEGylated nanoparticles. PEG surface modification
creates a water bound surface on the particles, which prevents
the adsorption of opsonins. Additionally, some theories
assumed that the excess quantities of PEGylated nanoparticles
overload the opsonization system of the body and give the false
impression of stealth properties.'® The most widely accepted
theory is based on the steric interactions between the proteins
and PEG chains, which resists the adhesion of proteins on the
surface of the PEGylated nanoparticles, thus preventing the
opsonization.””® PEG chains can exist in extended conforma-
tion when in solution. The proteins are attracted to the
particles by van der Waals attractive forces during which the
proteins encounter the protruded PEG chains and try to
compress them. This compression leads to more condensed
and high energy conformation of the PEG chains. This results
in the generation of repulsive forces and prevents the protein
adhesion to the particle surface. Optimum thickness of the PEG
chains is necessary for effective stealth properties of the
nanoparticles.'**
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Poloxamer 407 coating can be discussed as another better
example of surface engineering of nanoparticles.”*” Poloxamer
407 has ethylene oxide chains, and when coated at lower
concentrations on to the nanoparticle surface they represent a
flat or mushroom-like conformation. When the concentration
of poloxamer is increased, ethylene oxide chains represent a
brush-like conformation. These particles were introduced to the
interstitium in the foot pad of the rats along with uncoated
nanoparticles. Uncoated nanoparticles retained in the footpad
for longer durations than the coated nanoparticles. Coated
nanoparticles were taken up rapidly from the interstitium. The
uptake was rapid for the particles depicting brush conformation
of the ethylene oxide on the surface when compared to the
particles with mushroom-like conformation of ethylene oxide
on the surface. However, the particles with brush-like
conformation were retained in the lymph nodes due to the
uptake by macrophages.'"" The brush border conformation
reduced the uptake of nanoparticles by the macrophages, and
the particles appeared in blood, which was not seen with the
other two kinds of nanoparticles. This specific experiment
ascertains the importance of surface engineering in modulation
of lymphatic uptake of nanoparticles.

Transferrin (Tf) or transferrin receptor monoclonal anti-
bodies (TfR-mAb) can be used to modify the surface of the
human serum albumin nanoparticles to achieve brain
targeting.”>>**! Polysorbate 80 coated nanoparticles were
reported to cross the blood brain barrier to deliver the
encapsulated drugs.”>> The coating of nanoparticles with
polysorbate 80 is thought to help in the adsorption of
Apolipoprotein E onto their surface while in the circulation,
and mimics low density lipoprotein (LDL) particles that are
then taken up by the LDL receptors on the vascular endothelial
cells and transported to the brain.** Coating of estradiol
loaded polymeric nanoparticles with polysorbate 80 has also
resulted in increased brain levels of estradiol after oral
administration; however, no direct evidence of particle
transport was reported.”*®> Modifying the surface of the
liposomes with virus-enveloped glycoprotein gives a novel
vaccine delivery systems called virosomes.

Nanoparticles can be assembled as composites with
modifications on the surface. A study utilizing the Fischer’s
lock and key principle developed nanoparticles that assemble
into composite structures. The spherical particles were used as
keys, and the monodisperse particles with a spherical cavity
were used as locks. Keys are bound to locks irreversibly via the
depletion interactions.”> Increasing the surface roughness of
the protein nanomatrix particles reduced the cohesion force
and decreased the inhaler retention, resulting in enhanced
aerosol performance.**®

2.2.4. Effect of Agglomeration. The huge surface area of
the nanoparticles makes them thermodynamically unstable, and
they tend to agglomerate to result in a stable system that has
lesser surface free energy. Agglomeration in the nano-
suspensions can result in settling, creaming, crystal growth,
and dose variations.””” During the preparation of nano-
suspensions, addition of stabilizers prevents the agglomeration
of the nanoparticles by imparting steric and electrostatic
stabilization and wetting ability to the surface. Quantitative
studies on the uptake of nanoparticles by the biological systems
should also consider the aggregation, agglomeration, and
sedimentation, which might occur simultaneously in the
physiologically relevant media.**®
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Agglomeration is the collection of particles that are loosely
bound with either of the following interactions, van der Waals
forces, electrostatic forces, physical entanglement, or surface
tension.”**” The surface area of the agglomerate equals the
total of the individual surface areas of the participating particles.
Aggregation is different from agglomeration where the chemical
or metallic bonds bring the particles to close contact, often
resulting in the surface area slightly smaller than the sum of the
individual surface areas of the participating particles. Agglom-
erates can be reversible, whereas aggregates are generally not
reversible. Agglomeration or aggregation can alone significantly
alter the behavior of the nanotherapeutics. These effects are
mostly related to the toxic effects of nanotherapeutics during
usage. Agglomeration of nanotherapeutics is very important to
study because some are known to agglomerate at a very rapid
rate in culture media and biologically relevant media.*** The
rate of agglomeration of nanoparticles is dependent on the
concentration and the size of the nanoparticles. Agglomeration
can be prevented by electrostatic or steric stabilizers or by using
open flocs in the dispersion.**"*** Sometimes, excess
surfactants could also cause the agglomeration in nano-
dispersions.”*

Ceria nanoparticles with 20—50 nm size tend to agglomerate
at a more rapid rate than the 250—500 nm particles. The uptake
of smaller nanoparticles only takes place as agglomerates, as the
smaller particles transporting across the cell culture medium is
diffusion controlled, whereas larger particles can settle on the
cells and can be taken up at a more rapid rate than the 20—50
nm ceria nanoparticles. Thus, 20—50 nm ceria nanoparticles
can only reach the cells as agglomerates to internalize, but for
250—500 nm particles, although the agglomeration time is
slower, individual particles can settle on the cells and can be
taken up, resulting in higher uptake of larger particles than
smaller particles (Figure 6).>*

g
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Particle concentration =

Figure 6. Rate of agglomeration is dependent on the particle size and
the concentration of particles.”*®

The rate of agglomeration is an important criterion in the
toxicological studies. Silver nanoparticles are reported to be
agglomerated in the RPMI 1640 medium, which is generally
used to dilute silver nanoparticles. Agglomeration can be
prevented by addition of fetal calf serum to the RPMI 1640
medium in cell studies.***

It was observed that GIT mucus covers the particles and
forms slugs irrespective of size, density, and composition of the
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nanoparticles in dogs and rats.”*>**® This type of aggregation

can prevent the absorption of nanoparticles from the
gastrointestinal tract. Through the pulmonary route, the
agglomeration of nanoparticles can influence the deposition
of the nanoparticles on the epithelial surface and the clearance
through the mucociliary clearance and macrophage uptake.
Agglomeration increases the size of the nanoparticles, and the
deposition turns to be impaction and sedimentation dependent,
which is diffusion dependent for nanoparticles, and this increase
in size leads to faster clearance. Similarly, the recognition by the
macrophages also increases for the agglomerates. ¢

During the formulation of nanoparticles, freeze-drying is
often the last step that increases the particle stability and
storage life. This process induces freezing and drying stress on
the particles affecting the physical stability of the nano-
particles.”*” Thus, the freeze-drying process has also been
implicated in the stability of the nanoparticles. The selection of
cryoprotectants and process variables is crucial to retain the
initial particle sizes and to prevent agglomeration of the
nanoparticles during the freezing and drying process. Some
studies suggest that rapid freezing rates can be suitable for
nanoparticles in custom-made apparatus, which can be used for
higher freezing rates.”*® Routinely used freeze-dryers do not
allow such high rates, and the prenucleation freezing rate of the
product often differs from the shelf inlet temperature that is
reported in most of the cases.”*” Quench cooling induces a high
freezing stress on the nanoparticles and is not a preferred
method for freezing the nanoparticles.”*® Quench cooling
method is not preferred also because of the inhomogeneity in
the batches. Apart from the freezing rate, selection of the
primary packing material, cryoprotectant, and the fill volume
are also responsible for retaining the initial particle size
distribution after the freeze-drying. The formulation process
generally employs steric and/or charge inducing stabilizers to
prevent the agglomeration of the particles. Additionally,
cryoprotectants are added to prevent the agglomeration of
nanoparticles during the freeze-drying process. It was found
that the rate of freezing has a minimal effect in comparison to
other factors like steric stabilizer and crzoprotectant concen-
trations during the freeze-drying process.****""

2.2.5. Can We Deduce Rules for Material Selection? It
is necessary to understand the drug and the disease, before a
delivery system is designed but not the other way around. With
the increasing interest in translational research with product
development as a theoretical end point, many novel materials
are finding drug delivery as an obvious choice. Most of these
materials are tested using some model dyes/drugs that are easy
to monitor, which could be one of the major drawbacks for
poor/no translation from basic research to clinical, leaving aside
the lack of appropriate models to test them. This can be well
understood by the fact that the most successful liposomal
product(Doxil) goes well with doxorubicin but not with other
anticancer drugs that are also seeking delivery systems.
Therefore, rule number 1 should be to understand the drug
and the disease.

Many materials that were not thought of as drug delivery
systems before by the pharmaceutical scientists are being
explored for the purpose. The materials now include metals,
carbon nanostructures, lipids, proteins, magnetic materials, and
polymers for the development of drug delivery apart from the
materials like surfactants and other excipients, which are already
in use. Although this multidisciplinary nature increased the
quantity of research in the drug delivery field in academia, it
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also surmounted the toxicity concerns of the materials. This is
one of the main drawbacks of the nanotechnology aided drug
delivery in translation of the medicine from preclinical level to
the clinical setup. Many of the heavy metals are not easily
eliminated from the body and pose a major risk. The
development of these types of drug delivery systems can be
promoted with the risk versus benefits offered by the delivery
systems.

The nanotechnology also placed the soft material research on
a rapid pace. Micellar systems, vesicles, polymeric nanoparticles,
and lipidic systems were extensively investigated for the drug
delivery of many of the challenging molecules. The success of
the soft material-based drug delivery systems includes the
approval of cremophor-based drug delivery systems, liposomal
amphoterecin. The polymeric nanoparticles have not yet seen
the success in the market maybe because the polymers used for
the drug delivery are not on the generally recognized as safe
(GRAS) list.

Polymer selection for drug delivery is generally based on its
origin, chemical nature, backbone stability, and water
solubility.>* Natural polymers are often biodegradable and
cheap, but the problem with their use is due to batch to batch
variation and high immunogenicity. Synthetic polymers are
readily available with controlled composition and properties.
The major drawback of the synthetic polymers is their
nonbiocompatibility. PLGA and PEG are exempt from this
limitation due to their use in humans over a period of time.

The polymer conjugates involve the attachment of novel
polymers to the therapeutic molecules. Polymer biodegrad-
ability is very crucial for the success and safety of the therapy. A
nondegradable backbone poses a major risk of toxicity. Even
when the polymer chain is small and can be excreted by renal
filtration, there are chances of lysosomal accumulation of
polymer, which might lead to the “lysosomal storage disease”
syndrome. PEG and hydroxypropyl methacrylate (HPMA) are
extensively used in marketed products and well tolerated
clinically, but the main backbone is nonbiodegradable for both
of these polymers with cleavable linkers to control the release
of the therapeutic moiety. Although transient, the presence of
intracellular vacuolation in the animal studies with PEG protein
conjugates is raising awareness about the use of biodegradable
polymers. It is important that the development of new polymer
should be based on their biodegradability, safety, and industrial
feasibility. Biodegradable polymer polyglutamic acid (PGA)
being used to generate new anticancer agents is degraded by
the lysosomal thiol-dependent proteases.”>® Other polymers
that undergo enzymatic or hydrolgftic degradation are also
under development such as dextrin,”>* hydroxyethyl starch,*>*
polysialic acid,**® etc. These are either branched or linear
polymers; other classes of biodegradable dendritic polymers
under development are polyglycerols.”®” Apart from the
biodegradability, while developing the conjugates, the safety
of covalent linking chemistry and possible development of toxic
degradation products while storage must be taken into
consideration.'® The total control of the parameters such as
molecular weight, polydispersity, localization of charge, or
hydrophilicity—hydrophobicity balance is necessary to adjust
the biodistribution, circulation half-life, activity, and toxicity of
the conjugates.

One of the novel classes of carrier materials in drug delivery
are carbon nanotubes. Carbon nanotubes can be single walled
or multiwalled. The diameters are in the nanometer range, and
the lengths can reach several micrometers. Pristine nanotubes
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are the prototype nanotubes. Surfaces have been modified
noncovalently or covalently, which is known as functionaliza-
tion. Various modifications have been carried out on the carbon
nanotubes to suit the delivery of various types of drugs.”>®
However, the main concern about the carbon nanotubes is their
nonbiodegradability and poor biocompatibility. The important
question in the usage of carbon nanotubes is their safety. Safety
is the primary concern in drug delivery; however, sometimes if
benefits offered by the delivery system outweigh the risk
associated with the system, they are accepted. Apart from the
safety in the body, biopersistance and environmental impacts
also need to be taken into consideration while using the carbon
nanotubes. Although efforts have been made to make the
carbon nanotubes biocompatible, nonbiodegradability remains
a major concern. A recent report hints that the functionalized
nanotubes can be degraded by oxidizing enzymes, which is
providing new perspectives in the development of carbon
nanotubes for drug delivery and other medical applica-
tions.”***% Incomplete phagocytosis due to very long lengths
is sometimes reported to be the cause of carbon nanotube
toxicity and resemblance to asbestos.’*"?** Reducing carbon
nanotube length and making them biodegradable might be
compulsory for these agents to be developed as drug delivery
systems. The majority of the drugs that need nonconventional
delivery strategies mostly exhibit some degree of toxicity, and it
would be interesting to see how the carbon nanotubes will cope
with the latter being toxic themselves. The toxicity of the
vehicle has always been a concern, and this can be better
explained by the amount of research being conducted on
developing alternative delivery systems that avoid the use of
Cremophor EL, a vehicle that is toxic and used in Neoral
(Cyclosporine) and Taxol, due to the drug’s poor solubility. To
complicate this further, drug delivery systems are investigated
in managing the chronic diseases that need long-term
administration and nondegradable materials, and those that
are not easily cleared will have even more problems. Thus far,
the research on carbon nanotubes for drug delivery has been
given extra mileage academically; however, not much progress
has been made toward product development involving the
pharmaceutical industry.

2.3. Digging Deep

The fundamental tenets on which nanoscale drug delivery is
based, like Peyer’s patches, particle uptake mechanisms, barrier
transport, enhanced permeation, and retention, shall be
discussed®® covering new developments like the effect of
particle shape.”® In the background of basic physical principles
of Brownian motion and free energy, we can define the unique
interactions of material with biological systems."”

2.3.1. Bottom Up and Top Down Approaches. As the
nanoscale lies between the molecular scale and macroscale,
nano regime can be approached by using the “bottom up”
technique from molecular scale or the “top down” technique
from a macroscopic scale.

The “top down” approach is more predominant than the
“bottom up” approach in obtaining nanoparticles of the API. In
the “top down” approach, the large particles are mechanically
reduced to nanoscale using wet milling or high pressure
homogenization. This approach is presently used to produce
drug nanoparticles in large industrial scales.

Bottom up approaches are the easiest way to produce drug
nanoparticles given that the drug has sufficient solubility in the
pharmaceutically acceptable solvents. The simplest method is
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the hydrosol process where the drug is solubilized in a water
miscible solvent and then added to water.”** Addition of
organic drug solution to the water alters the solvent power of
the system, and, as a result, precipitation takes place. To
prevent the particle size growth, often stabilizers are added.
Evaporative precipitation into aqueous solution, spray freezing
into liquid, and ultra rapid freezing are the other known
methods of the bottom up approach for the preparation of drug
nanoparticles.>6° 2%

A problem with the top down approach is the imperfect
surface. At nanoscales, the surface to volume ratio is very high,
and any imperfections in the surface might drastically affect the
performance of the nanoparticles. In the bottom up approach,
nanomaterials are manufactured with the efficient and effective
control of the arrangement of atoms, molecules, macro-
molecules, or supramolecules.”®” The nanomaterials produced
by the bottom up approach will have reduced Gibb’s free
energy, representing thermodynamic equilibrium state. The
nanostructures created using the bottom up approach typically
show fewer defects on the surfaces and are more homogeneous
with better short- and long-range ordering.

Industrial technologies are available for the production of
drug nanoparticles. Elan’s NanoCrystal technology and Sky-
ePharma’s Dissocubes technologies utilize the top down
approach. DowPharma and BASF Pharma Solutions utilize
the “bottom up” approach, which involves the controlled
precipitation or crystallization of the solubilized APL A
combination of both approaches is adapted in Baxter’s
NANOEDGE technology.””® A newer top down approach
known as particle replication in nonwetting templates (PRINT)
has been developed for the preparation of drug loaded
nanoparticles using polymers, which results in monodisperse
particles with high precision on the shape of the nano-
particles.””"

The preparation of dendrimers is a bottom up approach,
where the dendrimers are prepared from the building blocks
that ultimately form the core, branches, and shell of the
dendrimers. Most of the preparation methods for nanoparticles
from preformed polymers can be accommodated under the
bottom up approach as the process involves solubilization and
precipitation with high shear processes.

2.3.2. Specificity and Affinity. The unique advantage of
nanotherapeutics is their ability to reach the target site either by
passive or by active means, while minimizing the toxicity and
improving efficacy. In antifungal treatment, liposomal for-
mulation of amphoterecin B has shown improved efficacy and
reduced toxicity as compared to that of plain amphotericin B
toward fungal infections majorly through its slow release.
Although initial invasion and replication of many fungi takes
place in the lungs, there is also considerable dissemination of
fungal burden in the brain, kidneys, liver, and spleen with time.
It is necessary for an antifungal agent to be available at all of
these sites to effectively reduce the fungal burden, because the
diagnosis is often late and slow release formulations delivered at
minimum effective doses will be beneficial in such conditions.
In vitro studies have revealed that the liposomal formulations
are attached to the yeast cell walls, from where the
amphoterecin B was released and disrupted the cell walls.””*
Liposomal amphoterecin B has an added advantage over the
plain am7photerecin B due to its ability to cross the blood brain
barrier.””

PEGylated doxorubicin is another liposomal formulation
with reported low toxicities in comparison to the other
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doxorubicin formulations. Doxorubicin is a hydrophilic
molecule associated with cardiotoxicity and neutropenia in
clinical usage. In liposomal formulation of doxorubicin, the
drug is placed in the inner aqueous core, and the outer surface
is PEGylated. Surface coating with PEG prolonged the
circulation times of the formulation, which was found to be
essential for improved tumor accumulation of these formula-
tions."* Liposomal formulations due to their tiny size are
benefited by the EPR effect to selectively accumulate in the
tumors. Because of this selective accumulation and control over
the drug release while in the circulation, reduced toxicity of the
liposomal formulation resulted. The accumulation of nano sized
drug delivery systems due to the EPR effect is known as passive
targeting. Polymer therapeutics (polymer—drug conjugates) of
nanosize can also be passively targeted to the tumor tissues.
Nanoformulations are also useful for brain targeting of many
drugs, which are otherwise impermeable to the blood brain
barrier.””? Surface modifications have been suggested to
improve the brain localization of drugs. Lymphatic targetin%
is another approach considered with the nanotherapeutics.''

Unlike blood, lymph circulation is unidirectional, and it is
possible to make the nanoformulations retained in the lymph
for prolonged durations. Active targeting is realized when the
surface of the nanotherapeutics is modified with a specific
antibody or a ligand. Active targeting is used to improve the
absorption or extravasation of nanotherapeutics or to
extensively localize the formulation in the target tissue.

Drugs response in vivo hardly reaches the saturation
response. The saturation response is the response that can be
achieved with the usage of a drug. This is limited due to the
toxicity at other tissues, which is often dose dependent. Thus,
the drugs for clinical usage possess two plasma concentration
limits based on their in vivo response. First is the minimum
effective dose, which is the dose required to achieve a
measurable clinical response. Second is the maximum tolerable
dose, which is the dose after which the drug shows unwanted
adverse or toxic effects. However, if the drug exposure to the
nontarget tissue is avoided, there is a chance of achieving
saturation response utilizing the full potential of the drug. It is
also possible to reduce the minimum effective dose required for
a drug by avoiding nontarget tissue distribution and increasing
the specificity to the target tissue. The dose reduction becomes
an important consideration for high dose drugs, especially for
those drugs that require constant administration through
intravenous administration. Therapeutic window that generally
signifies the range of doses used can be expanded sufficiently to
reduce adverse effects of the drug treatment (Figure 7).

For a nanosized drug formulation, the substance, size, shape,
and surface properties majorly determine the specificity toward
a target site (Figure 8). Substances can be pH responsive,
temperature responsive, or can have magnetic properties or
photothermal properties, all which can increase the specificity
of a delivery system. Size is crucial for long circulation and
passive targeting. Shape is also known to improve the
properties of the nano delivery system especially by improving
the uptake by cells to reach intracellular targets. Surface
properties can render stealth properties toward MPS, can
minimize adverse effects like complement activation of the
nano delivery system, and surface functionalization with
antibodies will help in the active targeting. The four properties,
substance properties, size, shape, and surface properties,
collectively can improve the specificity of a nanotherapeutic
toward certain targets in vivo. Apart from the inherent
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Figure 7. Improvement in the therapeutic window by targeting. The
region between minimum and maximum effective doses can be
increased by avoiding the nonspecific actions of drugs. Saturation
response is the maximum achievable response by a drug candidate in
ideal conditions; however, under in vivo circumstances due to the
effect of the drug on other tissues, drug response is limited to a
response achieved by the maximum tolerable response. However, with
ideal targeted nanosystems, the drug is expected to act only on the
receptor of interest resulting in increased therapeutic window.

Figure 8. Targeting with nanotherapeutics. Size plays an important
role in the absorption of the nanotherapeutics from transmucosal
routes, circulation in the bloodstream, and clearance. Size is also
known to play an important role in avoiding the phagocytosis by the
mononuclear phagocytic system and improving the circulation times in
blood for surface-modified nanotherapeutics. EPR effect in passive
targeting by tumors is also determined by the size of the
nanotherapeutics. Nanotherapeutics smaller than S nm are excreted
by the renal clearance. Larger particles tend to accumulate in the
mononuclear phagocytic organs. Higher surface charges are known to
hinder the long circulation of the nanotherapeutics and also affect the
penetration into the tissues of interest. Surface modifications by
specific antibodies will help in the active targeting of the nanoparticles.
Shape of the nanocarriers is also known to play a key role in circulation
times. Optimized size, shape, and surface can lead to target specificity
of the nanotherapeutics, which is the ultimate goal of an ideal drug
delivery system.

properties of the nanoparticles, targeting can also be achieved
with external influences like magnetic fields and electro-
magnetic radiation.

Use of magnetism for curing diseases is very historic.
Nowadays, magnetism is being explored to target the
nanotherapeutics to the precise location where it is intended.
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The requirements of a magnetic drug delivery system include
the magnetic core, surface molecules, and the therapeutic
molecules. These magnetic nanoparticles because of their
smaller size can easily circulate in the capillaries and can be
easily localized at the target sites close to the body surface using
magnetic field gradient. The drug or therapeutic molecule
should be attached such that it possesses suflicient strength not
to release the drug or therapeutic molecule immediately but
should release in a controlled manner at the site of interest. The
design can be engineered to present the drug on the surface or
can be encapsulated inside the magnetic nanoparticles.

In the “good old days”, pharmaceutical scientists believed
developing a delivery system will be less investment with low
risk and high return, when compared to new drug discovery.
However, in recent days that does not fit very well anymore,
with scientists taking more tedious approaches to deliver drugs
just like the new drug discovery programs struggling to find a
right target and then to synthesize the molecule to act on that
target.

2.3.3. Delivery of Biologics. In the coming years, the
biologics are going to take a major share in the drug market.
Insulin, thyroid hormone, and factor VIII are among the first
protein drugs approved for human usage during the 1920s.
With the advent of molecular biology techniques during the
1960s, the development of biologics has seen a rapid growth.
The production of biologics has shifted from extraction form
tissues to synthesis using recombinant biotechnology. Because
of the large size and labile nature of the biologics, suitable
delivery methods are needed for efficient clinical usage. There
are already some biologics in the market of which some have
benefited from the nanotherapeutic approaches. The protein—
polymer conjugates are the major class of nanotherapeutics
delivering the biologics. Various kinds of proteins have been
successfully delivered by these protein—polymer conjugates.
Protein—polymer conjugates have been discussed elaborately in
section 3.1.2.1 on polymer therapeutics.

Many of the recent biologics have been approved in the last
10 years. Delivery strategies coupled with the developments in
the biologics are resulting in successful clinical applications of
the biologics. 25% of the drugs in the drug development
pipeline are biologics. Patents of the first generation biologics
are nearing the expiry date, and the search for biosimilars by the
pharmaceutical industry has picked up the pace.””*

It is also important to maintain the functional structure of the
proteins during the formulation development. For small
peptides, the functions are dependent on the functional groups,
but the functions of proteins are dependent additionally on the
noncovalently bound 3D structure. This might be the reason
for the poor efficacy of protein encapsulation in micro-
spheres.””>?”® Multiple daily administration of insulin through
invasive routes has created a requirement for the noninvasive
insulin delivery. Oral delivery of insulin is a challenge for the
delivery scientist even today.”’”

Short interfering RNAs have demonstrated therapeutic
effects in viral infections, cancers, and hereditary disorders.
siRNAs can have a broader range of applications than the small
molecules, but due to the rapid clearance, high molecular
weight, and high negative charge, these RNAs will require a
drug delivery system that can specifically deliver the RNA to
the target cell, avoiding toxicity to other cells.

2.3.4. Pharmacokinetics and IVIVC. Nanotherapeutics
display diverse pharmacokinetic profiles with variations in size,
shape, composition, and surface; however, one cannot ignore
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the role of bioactive encapsulated in the particle. Significant
variations are observed with the nanoformulations from all
routes of administration in various studies. This can be
attributed to the sustained release, altered tissue distribution,
and target specificity observed with the nanotherapeutics.
Conventional delivery systems release the drug in the body at a
specific site for a determined time, from where it has to be
absorbed except for the intravenous route. Nanotherapeutics
can release the drug until its lifetime expires in the blood
circulation and sometimes can specifically release the drug only
at the target site.

In pharmacokinetics, the four major components are
absorption, distribution, metabolism, and excretion (ADME).
Important parameters in the pharmacokinetics include
clearance, volume of distribution, and plasma half-life.
Compartmental models are developed to determine various
pharmacokinetic parameters of the drug molecules.””® %
Physiologically based pharmacokinetic model (PBPK) is often
suitable for most of the molecules. The suitability of these
models for the nanoparticulates is very limited. The reasons
include prolonged absorption phases, extended releases in the
compartments, selective accumulation in different tissues, and
varying excretion mechanisms. For a small drug molecule,
biopharmaceutical properties are often sufficient to determine
the pharmacokinetics, but for nanoparticles additionally
delivery system characteristics need to be included, and often
the pharmacokinetic parameters result in unusual estimates. A
study reports the usage of blood flow limited PBPK model in
the prediction of plasma time profile of quantum dots in mice.
A novel parameter known as tissue distribution coefficient was
used in place of the tissue blood partition coeflicient in that
study. The authors suggest that the partition coeflicient might
not exist for the nanoparticles.”®' In another study, using oral
nanoparticles of estradiol, it was proposed that the mean
absorption time of nanoparticles (calculated by subtracting
intravenous mean residence time from oral) incorporates the
drug release time.”® These two examples present that some of
the parameters used to represent drug pharmacokinetics might
not be suitable for nanoparticles. Nano drug delivery systems
often result in higher plasma maximum concentration (C,,,,) of
the bioactives when delivered orally, which suggests improved
absorption. However, nanoparticles in general result in
increased AUC for the majority if not all bioactives, suggesting
longer residence and slow release. As a general rule, lower
concentrations in the serum represent lower toxicity of the
drug, but nano delivery systems have been shown to be safe
even at higher concentrations, which cannot be explained by
the serum pharmacokinetics.”®> A general phenomenon to be
observed with the majority of the nanoformulations in
particular with polymers like PLGA given peroral is their
delayed T, and slow release that could be responsible for
lower toxicity.”®* The understanding and modeling of the
pharmacokinetics of nanoparticles is challenging and opens new
opportunities in pharmacokinetics.

There is a great need to establish the in vitro assays, which
can rapidly screen the quality, stability, and performance of the
nanotherapeutics. In vitro in vivo correlations refer to the
establishment of a relationship between in vitro property and in
vivo response. The IVIVC of dissolution rate and the
absorption rate have been widely used in the quality control
and formulation development of oral formulations. IVIVC can
also serve as surrogate for bioequivalence studies of
formulations, saving time and money in the drug development
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process. Successful IVIVC are linear mostly. However,
nonlinear IVIVC are also reported to be useful, and they are
called as in vitro in vivo relationships (IVIVR).*%

2.4. Recommendations and Guidelines

It would be rather a very difficult call to make, if innovation in
medicines/drug delivery is driven by the patients need or due
to the market competition. The application of nanotechnology
in medicines, particularly drug delivery, is thought to
revolutionize the way medicines are administered and thereby
healthcare. This was partially true to the extent that we force
administering medicines by many unconventional routes/
means for those drugs that is not possible, for example, insulin
delivery peroral, nasal, skin, etc.; however, this has not made
any significant difference to the patient. The industry started
exploiting nano by milling the water-insoluble compounds/
drugs with a view to improve their solubility by reducing the
size, thereby surface area to volume ratio; however, this is
restricted to selected compounds, and on the other hand
improving solubility and bioavailability also would increase the
toxicity of many compounds. Subsequently, the use of
polymers/lipids to encapsulate the water-insoluble drugs with
a view to improve the bioavailability and reduce the toxicity
gained interest, resulted in the first generation nanoparticles.
These nanoparticles being foreign bodies are cleared faster, and
to keep them in circulation for longer durations, PEGylation
was introduced that led to the invention of second generation
nanoparticles. At this stage, the degree of complexity increased
with the discovery of third and fourth generation nanoparticles
that are site-specific nanosystems and theranostics (particles
that can help detect the disease early and deliver the drugs to
cure), respectively, that is still practiced at the academic level.

Significant progress is made in the materials front, but that is
not well integrated with drugs that could evolve as drug delivery
products, and the major reason for that is a drug is chosen for a
fancy delivery device but not a delivery device constructed
around a drug’s requirement; an example to this extent is
research on carbon nanotubes where efforts are concentrated
on making the nondegradable and incompatible materials more
biocompatible. On one hand, we say nanotechnology cannot fix
everything, and at the same time, we generalize everything that
is nano as toxic, which gave birth to “nanotoxicology”. One
would wonder that are we falling short of biocompatible
materials that we aim at using an incompatible material making
it compatible, which classifies under innovation? Further
complexity is introduced into the system with the targeting
approaches as well as diagnostics and delivery systems, without
actually knowing the room for improvement that we can
achieve with targeted systems. One should question at this
stage when a drug that is discovered based on a specific
receptor that in principle should not work on off targets, which
is not the case. For example, aspirin once thought to be an
analgesic and antipyretic is now used for almost every disease.

The crucial steps involved in making drug encapsulated
nanoparticles using preformed polymers are emulsification,
reduction of the droplet size, the evaporation of organic
solvents, removal of free surfactants, drug, and freeze-drying to
obtain the finished product that is stable under storage
conditions. Centrifugation is often used as a means to
purification, which would pose problems with respect to
recovery, aggregation, and scale-up. Surface functionalizing
these particles would require additional preparation and
purification steps, which would further complicate the process,
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and freeze-drying for improved storage stability can also be an
issue. The choice of organic solvent plays a crucial role in the
overall product profile; however, there was no clear rationale
described in the literature justifying the selection. The choice
should be based on the physicochemical properties of the
solvents such as interfacial tension, viscosity, vapor pressure,
and water miscibility, and this in turn will help chose the
surfactant.'”> The solvent and surfactant will have a significant
influence on the drug loading and entrapment effi-
ciency.'”>'73?% Extensive preformulation studies are required
to identify appropriate combination of solvent, surfactant once
a drug is identified to be formulated, and a further set of
improvements with dose titration based on the pharmacoki-
netic data will be needed depending on the pathology that one
intends to treat.”****”?%® Freeze-drying (lyophilization) process
needs a thorough understanding as it involves the choice of
cryoprotectants based on the surface characteristic of the
nanoparticles. Lyophilization involves three steps: freezing,
primary drying, and secondary drying. The temperature and the
rate at which the temperature is altered in each phase play an
important role in the lyophilization.”*’

Formulating a drug substance is much more than just mixing
a few ingredients/excipients. Although the traditional excipients
are pharmacologically inert, every excipient has a role to play,
and the selection is based on strong scientific rationale, which
in turn depends on the drug’s physicochemical properties, route
and dose to be administered, and disease to be treated.
However, the current generation delivery systems such as
nanoparticles are designed with much less understanding of the
drugs and the diseases to be treated with more emphasis laid on
the chemistry of the carrier system. It is very important and
crucial to understand the room for improvement for a drug that
can be realized by a delivery system; for example, Abraxane a
novel formulation of paclitaxel, was reported to have less or no
benefits as compared to the generic Taxol.

3. ASSESSMENT

3.1. Promise versus Performance

This section reviews the number and volume of grants/projects,
investment, publications, patents, products under development,
and market based on nanoscale drugs and delivery systems with
special focus on cancer research, which is one of the most
heavily funded areas.”®**° The factors affecting and reasons for
(with examples of) success and failure stories’® (spotlight
products Doxil, Abraxane, Nanocrystal tech) shall be discussed.
While every new technology and product promises revolution,
we review what is the room for improvement in drug delivery
and if the patients’ concerns are being addressed. The
advantages thought to be offered by nanotherapeutics are
listed in Figure 9.

The “nanotech hype” becomes obvious in a study published
by the U.S.-based venture capital firm luxcapital in which it was
found that mentions of the term “nanotechnology” in press had
increased by 2000% between 1995 and 2002 (luxcapital, 2003).
The world market for nanotechnology in 2001 was estimated to
be worth EUR 54 billion by DG Bank.® The global
nanomedicines market alone is expected to reach $160 billion
by 2015.*"** In 2004, the total sales of 38 identified
nanomedicine products from all sectors of nanomedicine was
calculated to be $6.8 billion.®?

3.1.1. Hemolysis, Thrombogenecity, and Comple-
ment Activation. Hemolysis is the destruction of red blood
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Figure 9. Unique advantages and promises of nanotherapeutics.
Nanotherapeutics have been claimed to reduce the dose of the drugs
by increasing the specificity of the drug molecules or targeting the
drugs by using carriers. Nanomedicine is also very useful for the drugs,
which are high dosed due to the poor bioavailability. Dose reduction
might help in patient compliance due to the reduced frequency,
especially for drugs that are administered by a health care professional.
Some of the anticancer drugs are benefited from the favorable kinetics
offered by the nano carriers, which have received a wide acceptance
due to the reduced toxicity and increased efficacy. Poorly soluble
compounds can be delivered efficiently by the “nano” approach.
Reformulation utilizing another route of administration is also possible
with nanotherapeutics. Because of the favorable kinetics, toxicity of the
drugs can be reduced; however, formulation-related toxicities might
appear.

cells that can lead to anemia and other pathological conditions.
Many of the nano formulations incorporate surfactants, which
might cause hemolysis. It is important to assess the safety of
such formulations for hematocompatibility. Microemulsions
utilizing pluronic surfactants showed no blood cell disrup-
tion.””> Yet silica nanoparticles (mesoporous and nonporous)
have been shown to induce the hemolysis in vitro. The
hemolytic activity of mesoporous silica nanoparticles is lower
than the nonporous silica nanoparticles. Size, porous order, and
stability influence the hemolytic activity of the mesoporous
silica nanoparticles. Surface modification with PEG can result in
nonhemolytic activity but might be for short-term; long-term
stability of the porous structure might be useful for safer
mesoporous silica nanoparticles.*™*

Platelet aggregation might lead to vascular thrombosis and
can result in stroke. Carbon nanotubes were shown to induce
the thrombosis but not the fullerenes.*” Silver nanoparticles
have been thrombogenic in vitro and in vivo.”*® Contrary to
this, antiplatelet actions of silver nanoparticles are also reported.
Silver nanoparticles tend to accumulate in the platelets and
reduce interplatelet proximity and are suggested for antith-
rombotic therapy.”®” Citric acid coated iron oxide nanoparticles
have also shown antiplatelet activity, starch coated iron oxide
particles were neutral to platelet aggregation, whereas gold

nanogarticles represented pro-aggregatory response of plate-
lots 298299
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Complement system protects the body from invasion by
pathogens. It sometimes also produces inflammatory responses
similar to pathogens in response to nanoparticle administration.
The complement system in humans is composed of 35—40
proteins present in plasma, cell surfaces, and other body fluids.
The concentration of these proteins is higher in plasma in
comparison to other body fluids. Complement proteins when
bound to foreign particles trigger proteolytic enzymes, which
activate the C3 protein. The activated C3 undergoes chemical
changes on the particle surface to form covalent bonds. This
process is called the opsonization, and once this is done the
particles adhere to the C3 binding sites on the phagocytic cells.
The proteolytic enzymes also activate CS protein, which is
responsible for the membrane disruption of bacterial, viral, or
liposomal boundaries. During the complement activation
process, some inflammatory peptides are also released.

Complement system is the defense cascade of the innate
immunity. Three pathways of activation are known to be
involved in this cascade-classical, alternate, and lectin path-
way.****! Classical pathway involves the binding of circulating
antibodies to specific pathogens or to other foreign or nonself
antigens. It is initiated by the binding of immunoglobulin G
(IgG) or immunoglobulin M (IgM) to the foreign antigens.
The C1 complex, a multimeric complex consisting Clq, Clr,
Cls molecules, binds to the Fc portion of the IgG or IgM
immune complex. Binding of Clq activates the Clr and results
in the cleavage of Cls. The activated Cls cleaves C4 and C2 to
form C3 convertase C4b2a. This convertase splits C3 into C3a
and C3b. C3b opsonizes pathogens and leads to phagocytosis.
It also attaches to C3 convertase to form CS convertase, which
forms the last phase of the classical complement activation
pathway and the initiation of the common pathway of all three
activation pathways to form the membrane attack complex
(MAC). Alternative pathway does not involve any antibodies
and is due to the spontaneous hydrolysis of the C3 to form
C3(H,0), which functionally resembles C3b. Factor B
reversibly attaches to C3(H,0), while factor D cleaves the
factor B. This event associated with small fragment Ba produces
the C3 convertase of alternative pathway, C3(H,O)Bb. This
complex is stabilized by the plasma properdin, and the C3
convertase splits C3 to C3a and C3b of which C3Db starts a new
cycle to create C3 convertase again. Binding of C3b to C3
convertase creates the CS convertase to start the formation of
MAC. Lectin pathway is activated when mannose binding lectin
(MBL) or ficolin bind to the carbohydrate moieties on the
pathogens. Both MBL and ficolin are bound to MBL-associated
serine proteases (MASP) and circulate in the blood. Binding to
pathogens induces autoactivation of MASP2, which cleaves C4
and C2, in a similar way as it happens in the classical pathway,
to give C3 convertase. Subsequently C3 is cleaved and CS5
convertase is formed, which initiates the formation of MAC. In
the process of MAC formation, only the CS cleavage is
enzymatic to give CSa and CSb. Accretion of C6 to the
membrane bound CSb gives a hydrophilic complex, followed by
conformational changes with the accretion of C7. Attachment
of C8 to the complex by C8b induces the penetration of C8a-g
into the lipid membrane of the organism. The final step is the
formation of stable transmembrane pore with the binding of
10—15 C9 proteins. This pore causes the osmotic imbalance in
the target cell and leads to the lysis. The small activation
products C3a, C4a, and CSa are potent anaphylatoxins.
Anaphylatoxins can induce multitude responses of the
inflammation. They act as smooth muscle cell contractors,
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Figure 10. Artistic impression of the marketed formulations in nanoscale. (A) Polymer conjugates. (B) Micellar systems. (C) Liposomes. (D)
Protein bound drugs. (E) Nanocrystal system. Polymer conjugates are therapeutic molecules linked covalently to a polymer. Micellar systems are
made up of surfactants that can entrap the poorly soluble drug molecule. Liposomes are bilayered lipid membranes that can be used to encapsulate
hydrophobic as well as hydrophilic molecules. Protein bound drugs are benefited by the natural properties of the protein like enhanced extravasation.
The nanosized drug particle needs to be stabilized using sterical and/or electrostatical stabilizers. The nanosizing increases the surface area of the
drug particles, which are generally manufactured using “top down”, “bottom up”, or a combination of both of these approaches. Increased surface
area results in increased rate of dissolution and saturation solubility of the drug and thus increases bioavailability and sometimes effect of food on the
absorption. BCS class II drugs are the choice for nanosizing for oral delivery.

cause histamine release from mast cells, and cause release of
oxygen radicals from neutrophils. Other vasoactive substances
like prostaglandins, kinins, and serotonin are also released as a
consequence of complement activation. Thus, complement
activation can induce all classical signs of inflammation
including pain, hyperthermia, reddening, swelling, and impaired
function.

Apart from the target cell lysis and inflammation, comple-
ment system also induces opsonization, which is another
important defense mechanism. C3b, C4b, and CSb opsonize
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the surface of the foreign bodies and facilitate the phagocytosis.
Additionally, after attachment of C3b and C4b to the soluble
antigens, they are bound to complement receptor 1 on
erythrocytes and are transported to the spleen and liver. C3
cleavage products also bridge the innate and adaptive immune
systems by binding the opsonized antigens to the complement
receptor 2 on the B-cells via the C3d fragment, which initiates
the production of specific antibodies and differentiation of B
cells.
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3.1.2. Review of Marketed Products and Technolo-
gies. Some kinds of nanotherapeutics are already in the market
that includes polymer therapeutics, liposomes, micelles,
proteinous systems, nanosized therapeutics, and viral vaccines
(Figure 10). These nanotherapeutics were discussed in the
following sections, and some of the marketed formulations are
listed in Table 7. The types of nanotherapeutics that are in the
market and pipeline are listed in Table 8.

Table 7. Some of the Nano Drug Delivery Products in the
Market”

product composition/nanotech component indication
Abelcet amphotericin B/lipid complex fungal infections
Adagen PEG-adenosine deaminase immunodeficiency
Abraxane paclitaxel protein bound cancer
nanoparticles
Amphotec amphotericin B/lipid colloidal fungal infections
dispersion
Ambisome liposomal amphotericin B fungal infections
Cimzia PEGylated antibody (Anti TNF rheumatoid arthritis
Fab’)
Cervarix vaccine cancer
Copaxone copolymer of alanine, lysine, multiple sclerosis
glutamic acid, and tyrosine
DaunoXome  liposomal daunorubicin Kaposi sarcoma
Doxil/Caelyx  liposomal doxorubicin cancer, Kaposi
sarcoma
Depocyt liposomal cytarabine cancer
Epaxal Berna  virosomal hepatitis vaccine hepatitis A
Emend nanosized aprepitant antiemetic
Estrasorb estradiol in micellar nanoparticles menopausal therapy
Invega nanosized drug atypical antipsychotic
Sustenna agent
Myocet liposomal doxorubicin breast cancer
Neulasta PEG-G-CSF febrile neutropenia
Oncaspar PEG-asparaginase leukemia
Pegasys PEG-a-interferon 2a hepatitis C
PEG-Intron PEG-a-interferon 2b hepatitis C
Macugen PEGylated anti-VEGF aptamer age-related macular
degeneration
Mircera PEGylated epoetin beta anemia
Somavert PEG-HGH acromegaly
Renagel cross-linked poly(allylamine) resin  chronic kidney
disease
Emend nanocrystalline aprepitant antiemetic
MegaceES nanocrystalline megesterol acetate eating disorders
Rapamune nanocrystalline sirolimus immunosuppressant
Tricor nanocrystalline fenofibrate lipid regulation
Lyphantyl
Triglide nanocrystalline fenofibrate lipid regulation
Visudyne liposomal verteporfin age-related macular

degeneration

“Modified from refs 76 and 82.

3.1.2.1. Polymer Therapeutics. Since the discovery that
small molecules can penetrate the silicone tubings at a
controlled rate, polymeric materials are extensively used in
the research laboratories and in industries for better delivery of
drugs.****** The ability to engineer the polymers to get the
required properties for a specific use places them in a unique
place for the development of drug delivery systems. Polymers
are used as matrix material and coatings to control the rate of
release of the encapsulated drugs. They are also used to achieve
a desired effect at a specific time by making them bioreactive.
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Table 8. Types of Nano Drug Delivery Systems

nano drug
delivery system

description

micelles spherical monolayered arrangement of polar molecules
vesicles bilayered closed structures, often spherical, but can be of
other shapes, uni- or multilamellar
dendrimers branched spherical molecules
nanocrystals crystals of drug with or without functional excipients
nanoparticles hollow or solid particles made from inorganic material,
natural/synthetic/semisynthetic polymers, lipids, metals
nanoemulsions normally oil in water type
SNEDDS self-nano emulsifying drug delivery system
liposomes lipidic vesicles
niosomes vesicles made of nonionic lipids
sphingosomes vesicles made of sphingosine-based lipids
polymersomes polymeric vesicles
dendrimersomes  dendrimer vesicles
polymer—drug drug covalently bonded to a polymer or carrier peptide or
conjugates nutrient/antigen/antibody substrate
protein-based drugs bound to protein mass in nanosize
nanoparticles
solid lipid lipidic nanoparticles
nanoparticles
virosomes vaccine made up of viral capsule and lipids

Polymer drug conjugates are the hybrid molecules with a
linker between the polymer and the therapeutic molecule,
which are generally in the nanoscale. Polymer conjugates are
being explored for delivering drug molecules for more than
three decades. Polymer conjugates can increase the solubility of
the hydrophobic drug molecules and allow the use of difficult to
deliver molecules for the treatment. Especially, biomolecules
like proteins and peptides that possess pharmacological activity
but needed a delivery system for effective therapy are benefited
mostly by the polymer conjugation. Later with the under-
standing of the EPR effect in tumors, conjugates found
increased attention for cancer therapy because of their size.
Polymer—drug conjugation promotes the passive tumor
targeting by the EPR effect, and the endocytic uptake results
in lysosomotropic delivery. These more accurately should be
called new chemical entities rather than the drug delivery
systems where the drug is associated with the carrier other than
chemical bonds. These can be called as polymer therapeutics,'**
resembling a new class of chemical compounds that can be used
for therapy. First generation products are already in the market
for clinical usage. The first polymer therapeutic was approved in
1990.>* Approval of polymer therapeutics for clinical usage has
increased the interest in these nanomedicines among the
researchers. Initially, polymer therapeutics were developed for
the intravenous administration; however, subsequent develop-
ments resulted in oral as well as topical formulations.

Various types of polymer drug conjugates have been
developed, but PEGylation only has given positive results.
PEGylation is the covalent attachment of PEG to therapeutics
agents. PEGylation is the most important approach in the
development of protein conjugates with clinical success of the
marketed products.*****® PEGylation offered nonimmunoge-
nicity of the proteins of nonhuman origin and increased the
circulation half-lives of the proteins. PEGylation slows the renal
clearance by increasing the size of the biomolecule and renders
nonimmunogenic by preventing the exposure of epitopes to
antibodies and complement proteins. Even the proteins
genetically engineered from human recombinant DNA some-
times show immunogenicity and are benefited from PEGyla-
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tion. Many new polymers have been developed for the purpose
of increasing the half-life of therapeutics, but still there is no
match to PEG.*? The experience with PEG from the clinical
usage, good biocompatibility, to the low cost propels the use of
PEG.

PEG is a polyether backbone polymer synthesized by ring-
opening polymerization of the ethylene oxide. PEGs with one
end hydroxyl group or two end hydroxyl groups are generally
obtained during the manufacturing process, which are alkoxy
PEG hydroxyl and diol PEG, respectively. The molecular
weights produced during the process show a Gaussian
distribution pattern. Large molecular weight distributions are
not suitable for conjugation. The hydroxyl groups produced can
be modified to be reactive for conjugation with the drug or
protein. Drug loading of the PEG does not increase with the
increase in the molecular weight as the functional moieties are
restricted to two and in some cases only one for a polymer
molecule irrespective of the molecular weight. To overcome
this drawback of PEG, branched and dendritic PEGs with
multifunctionality have been developed.**®

The polymer selection is based on its hydrophilicity,
nonimmunogenicity, nontoxicity, biodegradability to safe
compounds, and clearance. However, most of the marketed
polymer therapeutics are based on the nonbiodegradable
polymer PEG. Low molecular weight PEGs are known to be
eliminated via the renal clearance and thus pose no risk to the
body. Polymer—drug linkers can be covalently bound
permanent linkers or reversible linkers. Reversible linkers are
generally pH sensitive or peptidyl in nature.**’~>%

Proteins and peptide molecules are a major class of drugs
being investigated for clinical use. The roadblocks in the
development of proteins and peptides as therapeutics are the
manufacturing and delivery of these molecules. The first
polymer protein conjugate approved in 1990 is a conjugate of
numerous strands of monomethoxy PEG of molecular weight
5000 covalently attached to enzyme bovine adenosine
deaminase (Adagen). It is used as the replacement therapy of
severe combined immunodeficiency disease associated with
adenosine deaminase deficiency. PEGylated bovine adenosine
deaminase has increased the half-life of the bioactive by 6.4
times in rodents.>'® Clinically this PEGylated enzyme is used
intramuscularly. Oncaspar is another enzyme developed in a
way similar to the Adagen using amide bond conjugation of
monomethoxyPEG with the enzyme asparaginase for the
treatment of acute lymphoblastic leukemia. Previously this
disease was treated with asparginase from the bacteria E. coli,
which caused severe hypersensitivity reactions in some cases.
Attachment of PEG chains to the enzyme reduced the
immunogenicity of the enzyme drastically.’® The PEG
modified a-interferon (PEGintron) is the single strand PEG
attachment to a-interferon for the treatment of hepatitis-C.
PEGintron is a mixture of positional isomers where PEG is
attached to any one of the many available amine groups on the
a-interferon.>'! The plasma halflife of PEGintron is 8 times
higher than that of the native a-interferon. Pegasys is another
conjugation molecule of a-interferon with a sinlgle branched
PEG molecule with molecular weight of 40 kDa.*'* Neulasta is
a PEG conjugate of granulocyte stimulating factor, which
decreased the renal clearance of the native molecule.*'® All of
these products contain the proteins covalently linked to the
PEG chains permanently. Certolizumab Pegol is the first fabl
antibody fragment modified with 40 kDa PEG.*"* Pegaptanib is
the first PEG conjugate of oligonucleotide in the market.*'®
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Mircera is a PEGylated epoetin, which displayed greater activity
and increased half-life in contrast to erythropoietin.®'® Initially
developed products contain PEG chains with smaller molecular
weights, but recent approved products have PEG chains with
higher molecular weights. All of the products marketed utilizing
the advantage of PEGylation are large molecules. The
pharmacology and chemistry of the PEGylation of marketed
protein conjugates have been recently reviewed.*'”*'® There is
a significant body of literature on small molecule PEGylation,
although this does not reflect the commercial products.*'**>°
Other golymer therapeutics marketed include Copaxone and
Renagel.>*' Copaxone contains a polymer drug §latiramer
acetate, which is identified by specific antibodies.’*” Renagel
contains poly(allylamine hydrochloride) cross-linked with
epichlorohydrin that is used in chronic kidney disease.*>®
Another important polymer conjugate is the SMANCS.
SMANCS is the acronym for poly(styrene-co-maleic acid)
conjugated to neocarzinostatin. The major limitation of
neocarzinostatin was due to the severe toxicity including
bone marrow suppression. Additionally, the short half-life of
about 2 min in mice indicated high doses of neocarzinostatin
for clinical use. Conjugation with poly(styrene-co-maleic acid)
resulted in improved plasma half-life, decreased immunoge-
nicity, and importantly passive targeting to the tumor tissues.
During the development of this conjugate, the landmark in
passive tarzgeting was unwrapped with the discovery of the EPR
effect.'>"%**
3.1.2.2. Liposomes. The first description of liposomes was
reported in 1965 when Bangham et al.**® observed rapid
association of phospholipids into bilayers in water. Liposomes
are vesicles composed of outer lipid bilayer and an inner
aqueous core with spherical shape. Lipids used in the liposomal
preparation are generally nontoxic and nonimmunogenic; those
usually represent natural and synthetic lipids and usually
contain cholesterol to strengthen the structure. The liposomal
formulation contains phospholipids that are amphiphilic and
are composed of a three-carbon glycerol backbone, a polar
headgroup attached to one carbon, and hydrophobic fatty acid
chains attached to the other two carbon atoms. The
hydrophobic chain can be saturated or unsaturated, and the
lengths can vary. When added to water, these chains
spontaneously arrange in bilayers with the polar head groups
in contact with water molecules and the hydrophobic chains in
between. Phospholipids undergo a transition change from gel
form to the liquid crystalline form depending on their chain
length and the unsaturation. The liquid crystalline form is leaky
and not favorable for drug entanglement in the bilayer. Thus,
the phospholipids that are stable at the body temperature are
generally preferred for the development of liposomes. Polymer-
conjugated lipids are also used in the preparation of the
liposomes to impart nonimmunogenicity and stealth properties
against the MPS and complement system in the blood
circulation. Apart from this, other physicochemical properties
like size, membrane fluidity, and charge density determine the
interactions of the liposomes with the blood components.
Drugs with a wide range of lipophilicities can be encapsulated
in liposomes. The drugs that need to be encapsulated can be
located at the bilayer if hydrophobic and in the inner aqueous
core if the drugs are hydrophilic. Depending on the number
and size, liposomes can be multilamellar liposomes, large
unilamellar liposomes, and small unilamellar liposomes. Other
types include pH-sensitive liposomes, cationic liposomes,
immunoliposomes, and long circulating liposomes. Various
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methods can be employed to obtain liposomes with different
sizes and different characteristics. The simplest method is the
thin film hydration method where a thin film of lipids is
hydrated in an aqueous buffer at a temperature above the
transition temperature of the lipids.>*® This method produces
large multilamellar liposomes, which can be sonicated or
filtered to obtain smaller liposomes. For the preéparation of
large unilamellar liposomes, solvent injection,”*® detergent
dialysis,**” calcium-induced fusion,**® or reverse phase
evaporation®*” is applied.

The physicochemical properties of the liposomes such as
membrane fluidity, charge density, steric hindrance, and
permeability determine the interaction of liposomes with the
blood and biological components.**® Liposomal encapsulation
of drugs can increase the therapeutic index of the drugs, which
otherwise are limited by the toxicity or rapid clearance. These
carriers are being extensively studied for the clinical develop-
ment of drugs that are considered undeliverable by other
approaches due to the limited solubility or rapid metabolism
and clearance.”' The method of preparation is known to affect
the drug loading efficiency and release of the drugs from the
prepared liposomes.>>**** Thus, it is necessary to screen the
methods of liposomal preparation for a specific molecule to
obtain optimum drug loading and required rates of release apart
from the composition of the liposomes.

AmBisome is a liposomal formulation containing a single
bilayer of lipids. The active ingredient amphotericin B is
intercalated in the membrane. The liposomes (Ambisome) are
less than 100 nm in diameter and intended for parenteral use to
treat fungal infections. AmBisome showed increased safety in
preclinical studies conducted in mice, rats, rabbits, and dogs.334
The minimum inhibitory concentration for fungicidal action in
vitro revealed that AmBisome has a potency similar to that of
the amphotericin B.

Liposomes are the first kind of drug delivery systems, which
are marketed to utilize the surface modification by PEGylation
to increase the circulation times. This concept is known as
“stealth” as the PEGylated liposomes delay the phagocytosis by
MPS. Doxil is the PEGylated liposomal formulation, which is
extensively used in cancers like Kaposi sarcoma, ovarian cancer,
breast cancer, and multiple myeloma. PEG, which is known to
increase the circulation time and reduce the immunogenicity of
the protein therapeutics, was introduced to the liposomes
during 1990s.*** Conjugating the lipid anchor (distearoyl-
phosphatidylethanolamine) to the PEG (MW 2 kDa) was
shown to prolong the circulation half-life of the liposomes.
PEGylation due to steric stabilization provides resistance to the
uptake by the mononuclear phagocytic system resulting in
increased circulation times. Because of this property, PEGylated
liposomes are often called as stealth liposomes. Doxorubicin is
hydrophilic, and thus it is located in the inner aqueous core of
the liposomes, and the Doxil formulation contains these
liposomes in the size range of 80—100 nm. Very high drug
loading efficiencies are achieved in Doxil due to the
manufacturing process, which employs the preparation of
liposomes in ammonium sulfate buffer and raising the
temperature of the liposomes over the phase transition
temperature resulting in elongated crystals of doxorubicin in
the liposomes, giving them a coffee bean shape in cryo-TEM.'*¢
Doxil alters the pharmacokinetics of the doxorubicin and results
in reduced toxicities than those observed with free doxorubicin,
but other mucocutaneous toxicities occur more with the Doxil.
There are fewer liposomal marketed products than anticipated
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due to low drug loading, difficulty in sterilizing, stability, and
poor batch to batch reproducibility.**®

The success of liposomal drug delivery systems leads to the
discovery of virosomes and polymersomes, which can be
considered as the analogues of liposomes. Niosomes are a type
of liposomes that utilize nonionic lipids during the formulation
development. Surface functionalization of liposomes is a very
active research area. Functionalization of the liposomes can be
carried out during the preparation process or after the
preparation of liposomes.>>’

3.1.2.3. Micellar Systems. Micelles are colloidal dispersions
ranging from S to 100 nm.*** Micelles are spontaneously
formed from amphiphilic molecules or surface active agents at
certain concentration and temperature. These molecules
possess two distinct regions with opposite affinities to the
solvent. At low concentrations, the amphiphilic or surfactant
molecules stay separated; however, as the concentration
increases to a critical level, aggregation takes place. The
concentration that results in aggregates (the micelles) is known
as the critical micellar concentration (CMC). The micelle
formation is favored because the free energy of the system is
decreased as the hydrophobic parts associate and move away
from the aqueous phase. The hydrophobic part in the micelle
forms the core, which is strengthened with the van der Waals
forces, and the hydrophilic headgroup forms the shell. This
arrangement decreases the free energy in the system, and the
hydrophilic parts form hydrogen bonding with the water in the
external medium. The pharmaceutical micelle delivery systems
trap the nonpolar molecules in the core, polar molecules at the
shell, and the molecules with intermediate polarity are placed
between the core and shell. An ideal micellar system should
spontaneously self-assemble to entrap the drug molecules and
lie in the size range of 10—20 nm. The CMC value of the
amphiphilic molecules should be in low millimolar concen-
trations. The first micellar formulation for drug delivery was
approved in 1983 by the FDA.

3.1.2.4. Proteinous Systems. Advantages of proteins include
the advantages of synthetic polymers and the advantages of
absorbability and low toxicity of the degradation products.”**
Drugs can also be incorporated in the protein structures of
around 100 nm. Abraxane that contains paclitaxel bound to
human serum albumin was developed by Abraxis BioScience,
which is now fully owned by Celgene Corp. The ProtoSphere
technology is called nanoparticle albumin-bound (Nab)
technology when specifically human serum albumin is used.

Paclitaxel is an insoluble compound that was delivered as an
emulsified formulation in solvents polyoxyethylated castor oil
(Cremophor EL) and ethanol for intravenous administration.
This solvent-based paclitaxel has to be diluted 5—20 times with
normal saline or 5% dextrose solution before being
administered intravenously. The solvent used in the for-
mulation is toxic and showed hypersensitivity reactions, >’
abnormal lipoprotein patterns, aggregation of erythrocytes,>*’
and peripheral neuropathy.>*' Cremophor EL promotes the
release of di(2-ethylhexyl) phthalate (DEHP) from the
intravenous tubings containing polyvinyl chloride. DEHP
releases histamine and causes hypersensitivity reactions
including anaphylaxis and hepatotoxicity. To prevent the
adverse effects of the formulation, a special infusion set has
to be used for prolonged infusion, and premedication with
corticosteroids, antihistamine, and H2-blocker is necessary
while administering the solvent-based paclitaxel formulation.
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Even after these precautions, side effects persist in some
patients.342

Albumin is a natural carrier of vitamins, hormones, and other
hydrophobic substances in humans, which binds reversibly to
these molecules and transports to different parts of the
body.>***** Human serum albumin is very stable over pH 4—
9 and temperature up to 60 °C as well as nonimmunogenic
during clinical usage. Nab-paclitaxel is prepared by high
pressure homogenization of paclitaxel in the presence of
human serum albumin, which results in nanoparticles of 130
nm in size. The final nab-paclitaxel consists of a lyophilized
powder, which is reconstituted in 0.9% sodium chloride
solution before intravenous administration. 100 mg of paclitaxel
contains 900 mg of albumin with it in the final formulation.**
Nab-paclitaxel is taken up by the 60 kDa cell surface
glycoprotein receptor (gp 60) on the endothelial cell
membrane and internalized into caveola and subsequently
delivers the drug to the tumor cell.**° Selective accumulation of
albumin in the tumor is demonstrated with the use of Evans
blue that binds to the albumin.">* Albumin bound dye is seen
accumulating in the tumor due to the EPR effect, which
suggests that the nab-paclitaxel can passively target the tumors.
An added advantage over other nanotherapeutics for Nab-
paclitaxel is the transcytosis across the vasculature through the
gp 60 receptors.'””® Thus, permeation is increased by passive
diffusion through the interstitial spaces and transcellular
transport through the endothelial cells. Nab-paclitaxel was
approved in 42 countries for the treatment of breast cancer.
Although there were reports highlighting the superiority of
Nab-paclitaxel over conventional taxol with respect to ease in
administration, free of Cremophor EL, safety, and improved
efficacy,®*’ this form of paclitaxel drew a lot of criticism that it
was able to shrink tumors but not extend patients’ life
expectancy with price 28 times higher than the generic.

3.1.2.5. Nanosizing. Nanosizing of the APIs is becoming a
more and more popular approach to enhance the dissolution
rate and solubility of the drugs. Nanosizing offers more benefits
of increased surface area in comparison to micronization. This
approach is used for the BCS class II (poorly soluble,
permeable) and BCS class IV (poorly soluble, poorly
permeable) drugs intended for oral delivery.*® The greatest
benefit of the nanosizing is observed for drugs that are less
soluble, <200 pg/ mL.>*® Drugs with high crystal energy (high
melting point) and with high molecular weight generally benefit
from nanosizing. The preferred chemical nature of the drug is
neutral form rather than the salt forms. Although there is an
example of a nanonized salt form of drug (MEGACE ES), salt
forms in general result in the formation of free base during the
nanonizing.349

Nanosizing many a times retained the crystal structure of the
drug from its coarse particles.”>® Crystal defects can arise during
the nanosizing, which result in the instability of the nano-
suspensions. Sometimes it is also possible to get the drug
particles with different form or amorphous nature. The
nanosizing in comparison to the micronizing is a daunting
task as the particles not only have to be reduced to nanosize but
also need to be stabilized. Particle size reduction results in
increased free energy, and without the stabilizers the nano-
particles tend to aggregate to reduce the free energy generated
by the increased surface area. During nanomilling, optimum
process time needs to be established for the manufacture of
nanosuspensions, lesser times result in improper milling, and
higher times cause the particles to aggregate resulting in
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nonhomogenous particle sizes. Hardness and crystalline
structure of the drug majorly determine the achievable size
reduction and shape of the nanoparticles. The shape can be
with a small aspect ratio if it is a cube and large if it forms rod-
or needle-like structures.*®

The role of stabilizers generally comes into picture after the
nanosizing of the drug particles during storage. These stabilizers
play an important role in preventing the nanoparticles
aggregation because of the interparticular forces. At the
nanoscale, van der Waals interparticle attraction forces come
into play as the distance between particles reduces. To
counteract the van der Waals forces, steric stabilization or
electrostatic stabilization of the nanoparticles was found to be
very useful. Steric stabilization can be achieved by adsorbing
polymers onto the surface of the nanoparticles and electrostatic
stabilization by the adsorption of charged molecules to the
surface. Typically both the stabilization approaches are adapted
in nanosizing of APIs as steric stabilization alone may not
provide enough force in preventing the flocculation of the
nanoparticles.>** Common steric stabilizers include the
povidones, cellulosics, and pluronics. The polymer chain is
selected such that the steric layer thickness is sufficient to
provide stability and at the same time not to delay the
dissolution of the drug. Nonionic surfactants are the choice of
electrostatic stabilizers. Smaller surfactant molecules are not
preferred as they can induce Ostwald ripening of the dispersion.
Surfactants also help in the wetting and dispersion of the drug
particles. Stabilizers play no role on the reduction of particle
size during the milling process. Careful selection of stabilizers is
necessary in the nanosizing of APIs to achieve greater stabilities.
One type of stabilizers might not be suitable for all of the drugs.
The selection of stabilizers for a drug and process is empirical
rather than theoretical. Studies are underway to understand the
physical and chemical interactions of the stabilizers with the
drugs.*!

Uniformity in the nanosuspensions can be very useful in
preventing the Ostwald ripening and increasing the long-term
physical stability. The polydispersity in particle sizes results in
variations in the saturation solubility in the vicinity of the
particles and concentrations of the drug in the dispersed
systems, which is generally seen in suspensions. Ostwald
ripening occurs through the dissolution of smaller particles to
increase the size of the larger particles. Formulations containing
nanosized API are typically solid dosage forms, and thus the
nanosuspensions need to be freeze-dried after incorporating
protectants or redispersants.247

Nanosizing of the drugs has been reported to improve the
bioavailability and dose proportionality, reduce inter individual
and fed/fast state variability, and enhance the rate of
absorption.'”” Dissolution rate increase through the size
reduction, up to nanoscale, increased the bioavailability of the
drug aprepitant, which otherwise is affected by the presence of
food.* This effect is largely dependent on the drug’s properties
and the dose. Increasing the dose of aprepitant did not show
any improvements in the bioavailability. At low doses the
absorption is dissolution rate limited, but at higher doses it is
solubility limited for aprepitant. Thus, it is not always the case
that monolithic drug nanoparticles show highest bioavailability.
Sometimes other types of formulations depict the increased
bioavailability than the monolithic nanoparticles; for example, a
study with different formulations of spironolactone at dose of
50 mg/kg when administered orally to rats showed that the
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Figure 11. Materials used in different nano drug delivery systems.

solid lipid nanoparticles showed higher bioavailability in
comparison to the nanosuspension formulations.>>*

Nanosize formulations are also used for intravenous delivery
of drugs. Administration of micronized suspensions leads to the
blockade of the capillaries, but the nanosuspensions can remain
in circulation without blocking the capillaries. Nanosized drugs
can be incorporated into many kinds of dosage forms such as
solid, liquid, fast release, pulsatile, or controlled release forms
and can be used through parenteral or oral routes. The size
reduction approach cannot be applied to all drug candidates
due to the harsh manufacturing process.

3.1.2.6. Viral Vaccines. Virosomes are composed of lipid
vesicles with embedded virus envelop glycoprotein, with a
diameter of 20—150 nm.>** The virus enveloped glycoprotein
can be obtained from influenza virus, Sendai virus, or vesicular
stomatitis virus. Virosome production usually involves the
dissolution of virus and removal of the capsid protein followed
by the separation of envelop glycoprotein. This envelop
glycoprotein is reconstituted in artificial lipid membranes like
liposomes. Virosomes were initially developed for the delivery
of DNA and drugs. Later, virosomes were developed as
vaccines, which were proved to be very effective.>*° Virosomes
prepared with influenza spike proteins resulted in high titers of
influenza specific antibodies and have shown to be highly
immunogenic and well tolerated in children. Virosomal
hepatitis A vaccine is also developed in this manner, which
has been shown to be very effective in humans.***

3.1.3. Research Pipeline. The following section discusses
the most promising nanotherapeutics currently underway. The
majority of the developments involve the use of polymers and
lipids (Table 8), while inorganic materials appear to have been
forced to deliver drugs (Figure 11).

3.1.3.1. Polymeric Nanoparticles and Nanocapsules.
Polymeric nanoparticles constitute the largest group of
nanotherapeutics under research, which promises the delivery
of molecules that are considered undeliverable by other
strategies and targeting. Polymeric nanoparticles, preferably
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biodegradable, are matrix particles in which the whole delivery
system is in the solid form. The methods for the preparation of
polymeric nanoparticles from preformed polymers include
solvent displacement, emulsion—diffusion, salting out, dialysis,
and supercritical fluid technology.>>>™**” Solvent displacement
method utilizes two phases, which can be both organic, both
aqueous, or an organic phase and an aqueous phase. The two
phases are a solvent phase and a nonsolvent phase. Solvent
phase contains dissolved polymer and drug, while the
nonsolvent phase is composed of a dissolved stabilizer. The
solvent phase is added to the nonsolvent phase at once or in a
controlled manner to instantaneously obtain nanoparticles. The
solvent is evaporated generally under reduced pressure to
complete the preparation process. The emulsion—diffusion
method uses three phases, organic, aqueous, and a dilution
phase. Drug and polymer are dissolved in the organic and the
stabilizer in the aqueous phase similarly as in the above
method.'”” To prepare the emulsion, the organic phase is
added to the aqueous phase and stirred using a homogenizer
and is diluted with water to facilitate the diffusion of the organic
solvent into the aqueous phase resulting in the formation of
nanoparticles. Single emulsification is sufficient to encapsulate
the hydrophobic drug, but to encapsulate the hydrophilic drug,
double emulsification®® is generally employed. Using a
cosolvent for the encapsulation of drugs, which have poor
solubility in the routinely used organic solvents, is also very
useful 7" Solvent displacement method and emulsion—
diffusion methods are extensively reviewed by Mora-Huertas
and Elaissari.>®” The emulsion—diffusion—evaporation method
is suitable for a wide range of molecules with diverse
physicochemical properties; however, suitable stabilizer and
solvent screening are necessary.>>° In the salting-out method, a
completely water-miscible solvent is selected to dissolve the
polymer and the drug.**>*** High amounts of salts are added to
the aqueous phase along with the stabilizer before the addition
of polymer solution. The emulsion then is formed, and the
solvent is diffused out in a similar way as in the case of the
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emulsion—diffusion method. In the dialysis method, the organic
phase containing polymer is placed in the dialysis membrane
with a specific molecular weight cutoff.****% This is placed in a
nonsolvent in which the organic phase is miscible but the
polymer has limited solubility in it. As the concentration of the
nonsolvent increases in the dialysis bag, precipitation takes
place and the nanoparticles are formed. Use of supercritical
fluid instead of the organic phase is thought to be a safer way of
nanoparticles production as it does not use organic phases that
might be toxic in some cases.>>> The polymer and drug are
dissolved in the supercritical fluid, and then the fluid is passed
through an orifice into air or a liquid medium, resulting in rapid
expansion of the supercritical fluid to give the precipitates in
nanoscale.

General methodology followed by the researchers is that the
prepared nanoparticles are washed off the unbound or excessive
stabilizer from the formulation and/or concentrating the
nanoparticles. The typical final concentration obtained after
the preparation of nanoparticles is about 50 mg of polymer in
20—50 mL, even higher volumes sometimes, of the aqueous
phase. These concentrations are good for physicochemical
characterization of the nanoparticles. However, to study the
uptake in cell cultures or to study the loaded active agent’s
activity in animals, the formulations need to be concentrated
sufficiently. This is carried out by using dialysis, ultra-
centrifugation, cross-flow filtration, filtration through 0.1 pm
filter, or separation by gel filtration. These techniques are often
not validated, and the precision in obtaining the same
characteristics of the particles is often questionable. Nano-
particles prepared often constitute a wide size distribution
range (at least 100 nm), and during the concentration process
it is often possible to lose some of the prepared nanoparticles.
Ultracentrifugation process many a times forms a hard cake of
nanoparticles, and they are not easily redispersible. To disrupt
the hard cake, sonication technique might be useful, but the
stability and the loading efficiency of the drug in the
nanoparticles have to be re-established to ensure that the
physicochemical properties of the nanoparticles are not altered
during the process of concentrating nanoparticles. Unfortu-
nately, there were very few literature reports on the methods of
concentrating nanoparticles and its effects on physicochemical
properties of the nanoparticles. Most of the preclinical studies
are carried out without understanding the effects of
concentrating. Apart from these unknown effects, the
concentrating process is time-consuming and cumbersome. A
recent report suggests a novel method to concentrate the
nanoparticles by hydrogen-bonding coacervate precipitation for
PEG stabilized nanoparticles. Poly(ethylene oxide) forms a
reversible coacervate with poly carboxylic acid compounds. The
coacervate is easily filtered or centrifuged, and it can be
reversed by changing the pH to 7. The nanoparticles then can
be freeze-dried easily at lower volumes.**®

Nanoparticles of the polymers can also be obtained directly
from the monomers after polymerization. For this, the
monomer and an initiator are used with or without a stabilizer.
During the synthesis, formed polymers form aggregates and
result in nanoparticles. High shears can also be used to get the
particles with smaller sizes.

The above-discussed methods largely produce nanoparticles
with spherical shape. Other shapes of the nanoparticles are also
gaining importance because of the added advantages of shape.
The approaches generally used for the fabrication of nano-
particles include self-assembly, photolithography, nonwetting
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template molding, micro fluids, and stretching of spherical
particles. Some of these methods can be used for large-scale
production, high throughput, and high precision in the
shape.*”” The idea of using nonspherical particles for drug
delivery comes from the different shapes of natural carriers and
cells like red blood cells and platelets. It is also thought that the
flow properties of nonspherical particles will provide added
advantages in the circulation. DeSimone and colleagues”"*%®
invented the PRINT (particle replication in nonwetting
templates) technology, which enables one to manufacture the
nanoparticles with size, shape, specific composition, and surface
functionality. PRINT is a top down approach, which can be
utilized to fabricate uniformly shaped monodisperse nano-
particles. Utilizing this approach polymeric, PEG hydrogel and
proteinous nanoparticles were manufactured successfully.
Surface functionalization of the PRINT particles can be done
by matrix manipulation or post synthesis functionalization.
Photolithography is also used in obtaining nano scaled fibers.>®
One of the other methods to produce monodisperse nano-
particles is the fabrication using a membrane emulsification
process in which the dispersed phase is injected into the
continuous phase through a membrane.

Nanoparticles can be prepared using many kinds of polymers
(Table 9). The most explored natural and synthetic polymers

Table 9. Most Popular Polymers Used in Nanoparticles®”
type material
synthetic poly(lactide)
homopolymers
poly(lactide-co-glycolate)
poly(e-caprolactone)
poly(isobutylcyanoacrylate)
poly(hexylcyanoacrylate)
poly(n-butylcyanoacrylate)
poly(acrylate)
poly(methacrylate)
poly(methyl methacrylate)
copolymers poly(lactide)-poly(ethylene glycol)

poly(lactide-co-glycolide)-poly(ethylene glycol)
poly(é-caprolactone)-poly(ethylene glycol)
poly(hexadecylcyanoacrylate-co-poly(ethylene glycol)

cyanoacrylate)
protein-based albumin
polymers
gelatin
natural polymers chitosan
alginate
dextran

for the preparation of nanoparticles are chitosan®”' and

poly(lactide-co-glycolic) acid (PLGA),*”* respectively. Suffi-
cient hydrophobicity and high solubility of PLGA in the organic
phases used for the nanoparticles preparation make it an ideal
candidate. Apart from PLGA, poly(lactic) acid, poly(methyl
methacrylate), and poly(caprolactone) are major synthetic
polymers explored for the preparation of nanoparticles.
Stabilizer plays a major role in the preparation of these
nanoparticles. Lack of toxicity, irritancy and allergenicity, along
with biodegradability are the desirable properties of an ideal
polymer for the nanoparticle preparation. Stabilizer is thought
to form a coat around the nanoparticles and gives steric and
electrostatic stabilization to prevent aggregation and caking.*”®
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Poly(vinyl alcohol) is the most widely used stabilizer for the
manufacture of nanoparticles.

Drugs can be loaded by entrapment or adsorption, among
which the former results in high loading efficiencies.*’”* Drugs
are thought to be released from the polymeric nanoparticles by
degradation or erosion of the polymer, and desorption and
diffusion of the drug, which can happen simultaneously.>*®
Drug loading efficiency and release kinetics can be controlled
by the selection of polymers and organic solvents for the
preparation of the nanoparticles by the emulsion—diffusion—
evaporation method."’>'”?

Nanoparticles are mostly used to entrap the anticancer
agents. Probably the demand for advanced delivery systems in
cancers is more than other diseases as the treatment is limited
due to poor efficacy and toxicity. Anticancer drugs are
encapsulated to make the delivery feasible and reduce nontarget
tissue toxic effects. Another important reason is that the
nanoparticles can passively target the tumors due to the EPR
effect. However, none of the delivery systems offered significant
improvements over the conventional forms with respect to life
expectancy of the patient other than some marginal benefits
with respect to compliance. Although many preclinical studies
showed success in the delivery of these drug molecules, the
clinical success is yet to be achieved for these nano drug
delivery systems.’”> The clinical pipeline of new drug discovery
is narrowing day by day. The importance of nanoparticles is
evident in these circumstances where these delivery systems can
help in improving the deliverability of many old drugs that have
been discarded due to solubility problems or unfavorable
pharmacokinetics and toxicity. Nanosystems by virtue of their
route independent deliverability can offer many existing drugs
the possibility of treating new nontarget diseases.

The majority of the preclinical studies encompassing
polymeric nanoparticles have been studied intravenously.
However, other routes of administration have also been
considered seriously for the development of nanoparticles.
Oral delivery is one of the important aspects of polymeric
nanoparticles. Transdermal, pulmonary applications have also
been discussed in the literature. Surface engineered polymeric
nanoparticles have been studied in targeting the lymphatics,
brain, tumors, liver, etc.

Nanocapsules are vesicular systems that exhibit core—shell
structure. Drug can be located in the core or in the coating of
the nanocapsule (Figure 12). The shell is a solid material, and
the core could be either liquid or semisolid or solid. Initial
nanocapsules encapsulated the oil cores, but recently methods
to encapsulate hydrophilic molecules were also developed. High
drug loading efficiency and low polymer content associated
with the delivery system are the major advantages of the
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Figure 12. Artistic impression of a nanocapsule. Nanocapsules can be
identified by the presence of core and shell structures, and the core can
be liquid, solid, or semisolid, while the shell is polymeric. Drug can be
entrapped in the core or can be adsorbed onto the shell.

nanocapsules over nanoparticles (matrix type).3'76 It acts like a

drug reservoir and can be hydrophilic or lipophilic. Nano-
capsules can be distinguished from the nanoparticles by the
presence of two distinct regions, the rigid polymeric shell and
core. Interfacial polymerization can yield hollow nanoparticles,
which are generally made from the reaction of the monomers
from aqueous and organic phases of the emulsion. The reaction
rate can be controlled to get different sizes of nanoparticles
with high efficiency of drug loading.*’”*”®

3.1.3.2. Metal and Inorganic Nanopatrticles. Gold, silver,
iron oxide, silica, and carbon-based nanomaterials have been
extensively researched for diagnostic and therapeutic purposes.
The widespread usage of gold nanoparticles as nanomedicine is
due to their unique tunable optical properties. Gold nano-
particle-mediated hyperthermia has been effective in preclinical
studies, and clinical examination of these particles is under-
way.””*?% Engineering the size, shape, and composition is
possible to achieve desired light scattering or absorption by
gold nanoparticles. Various modifications of the gold nano-
particles have been studied for improvements in the photo-
thermal therapy by gold nanoparticles that include gold—silica
nanoshells, gold nanorods, gold nanocages, gold—gold sulfide
nanoparticles, and hollow gold nanoshells.

Nanoparticles can be made from magnetic materials in which
drug is generally entrapped or adsorbed. Two types of iron
oxide, maghemite (y-Fe,O;) and magnetite (Fe;0,), are the
most widely used materials for the manufacture of magnetic
nanoparticles. Magnetic nanoparticles intended for drug
delivery should be nontoxic, nonimmunogenic, biocompatible,
and water-based. These magnetic nanoparticles contain super-
paramagnetic material, which means that they do not have any
magnetism in the absence of magnetic field. The advantages of
using magnetic material include easy detection, magnetic
manipulation, and energy transfer.”* As the organs and tissues
of the body are nonmagnetic, detection of magnetic nano-
particles is easy. Using the magnetic field gradient, it is possible
to drag the magnetic nanoparticles to the site of interest to
increase the localization. The magnetic nanoparticles can then
be used to induce the hyperthermia to destroy the tumor. In
anticancer therapy, magnetic nanoparticles are very useful to
kill the cancer cells by hyperthermia only at the tumor.

Some cancer cells are more susceptible to high temperatures
than the normal cells; thus they can be destroyed thermally by
increasing the temperature at the cancerous cells selectively up
to 42 °C. This can be achieved by injecting the magnetic
nanoparticles at the malignant tissue, after which an alternating
magnetic field can be applied to make the magnetic
nanoparticles absorb the energy and heat the tissue. Although
this seems a plausible approach theoretically, practical problems
pose a challenge. To achieve the hyperthermia, the size, shape,
and physical properties of the nanoparticles should be
optimized so that the nanoparticles will have suitable Curie
temperature. Larger particles will be easier to localize at the
target site with moderate magnetic field gradient. However,
with larger particles, there is great chance of removal by the
MPS from the circulation, affecting the concentrations at the
tumor.®®' Thus, an optimization of the size and surface
modification of the nanoparticles is necessary to target the
tissues efficiently. The material used in the manufacture of
magnetic nanoparticles must be biocompatible and nontoxic. It
is confirmed that the iron oxide is biocompatible and eventually
used in the formation of blood hemoglobin. However, this is
not the case with cobalt or gold nanoparticles.
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Magnetic nanoparticles for the therapy are generally in the
form of ferrofluids, which are stable dispersions of magnetic
beads in a solution. Particle solvent interactions and
interparticle repulsions should be strong enough to overcome
the prevailing van der Waals attractive forces and magnetic
forces in cases of nanoparticles with permanent magnetic
moment.*®

Using the magnetic nanoparticles has the specific advantage
of targeting. Targeting with magnetism can be considered as
active targeting. As in other cases of targeting, the surface
ligands with affinity to specific targets tend to accumulate in
specific tissues. In contrast to these active targeting techniques,
magnetic targeting utilizes external force for the targeting.
Magnetic targeting can bring the nanoparticles to the sites of
interest; however, to induce cellular internalization of nano-
particles, surface ligands might be useful. Thus, combining both
approaches, it is possible to get precise targeting of the tissue of
interest and reduce the exposure to nontarget tissues.’*> Foy
and Labhasetwar in their recent lead opinion discussed the pros
and cons of the use of iron in cancer therapy.***

3.1.3.3. Self-Nanoemulsifying Drug Delivery Systems. Self-
nanoemulsifying drug delivery systems (SNEDDS) are
described as the isotropic mixtures of oils, surfactants, and
cosolvents with solubilized drug, which form microemulsion by
diluting with aqueous medium or biological fluids. Micro-
emulsion and miniemulsion represent the droplets with the
sizes in nanoscale range. However, nowadays micro and
miniemulsions are sometimes renamed as nanoemulsions.**®
Similarly, SNEDDS is used synonymously with self-micro-
emulsifying drug delivery systems (SMEDDS). The term
SNEDDS is introduced with the advent of the nanotechnology
boom. SNEDDS concept was introduced to improve the oral
delivery of hydrophobic drugs;*****” however, some parenteral
and dermal applications are also reported in the literature.>****’

3.1.3.4. Solid Lipid Nanopatrticles and Nanostructured
Lipid Carriers. Solid lipid nanoparticles (SLN) are composed of
lipids and present an efficient delivery system for the delivery of
hydrophobic drugs.**® These particles imbibe the advantages of
polymeric nanoparticles in rigidity and structure while
maintaining the biodegradability, biocompatibility, and ease of
manufacturing advantages of liposomes.’®' The formulation
includes biocompatible lipids such as hard fats, triglycerides, or
lipid acids. They are stabilized with biocompatible stabilizers
like lecithin or polysorbate 80. The lipids are melted for
formulation of solid lipid nanoparticles, which are solid at body
temperature. The advantages of SLNs include the avoidance of
organic solvents during preparation, improved bioavailability of
the encapsulated drugs, sustained release, and protection of the
loaded drugs from degradation.®”* Nanostructured lipid carriers
(NLC) contain the binary mixture of solid lipid and a liquid
lipid. The major advantage of the NLCs is in increasing the
drug loading. Nanocochleates are developed to encapsulate
drugs between the lipid bilayers. These nanocochleates are
being evaluated for improving the bioavailability of poorly
soluble drugs.””

3.1.3.5. Protein Vaults. Protein vaults naturally occur in
nearly all eukaryotic cells. These are hollow barrel-like particles
with invaginated waist and caps on each end. Major vault
protein (MVP) is thought to be present in 96 copies per vault
constituting 75% of the vault protein mass. Using recombinant
technology, protein vaults can be manufactured and can be
engineered as drug carriers. Wild-type vaults consist of other
proteins to complete the vault structure, but it was found that
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recombinant MVP alone can form the vault structure in the
insect cells.>” 96 copies of the major vault protein (MVP) can
self-assemble to form protein vaults of 72.5 X 41 nm with a
large hollow interior.*****

Protein vaults can be engineered to encapsulate and release
the drugs at a specific site,””® and can also be engineered to
target the cell surface receptors.””’ Recombinant vault nano-
particles can enter the cells via the endocytosis. Membrane lytic
adenovirus protein can be fused to the interior of the vault
nanoparticles to impart membrane penetrating ability.*”® Vault
nanoparticles have also been investigated as vaccine delivery
agents.399

3.1.3.6. Dendrimers. Dendritic polymers were successfully
synthesized during the 1980s, which are now called
dendrimers.**>*" These are the result of a relatively new
development in the polymer chemistry and represent more
advanced nanoengineering method for drug delivery. Den-
drimers are highly branched three-dimensional structures with a
core, ordered branches and a surface. The structure of the
dendrimers is characterized by layers or generations. Gen-
eration O represents the core, and additional attachments
forming a layer are known as a generation. The branching
increases with the branch generations in the dendrimer. These
molecules have a unique identity among the polymers as they
possess well-defined structure, size, and can be obtained with
very low polydispersity. This is due to the stepwise synthesis of
dendrimers in contrast to other polymer synthesis where the
synthesized polymer chain size is polydisperse. Practically it is
possible to obtain absolutely monodispersed dendrimers for
low generations (1—3); however, for higher generations
sometimes it becomes difficult to purify the perfect dendrimers
from dendrimers with minor defects, slightly deviating from the
absolute monodispersity. Utilizing different molecules, the
functionality of the dendrimers can be tailor-made to suit the
requirement of a specific case in drug delivery.***

Dendrimers can be synthesized either by the divergent or by
the convergent method. The combination of these two
approaches is also reported, which is known as the double
exponential growth.**>*** The selection of approach for the
synthesis of dendrimers is based on the requirements and the
suitability of chemical reactions. The majority of the
dendrimers are synthesized employing covalent bonding.‘ms’406
Divergent approach can be used to synthesize large quantities
of dendrimers and higher generation dendrimers. In the
divergent approach, the synthesis starts from the core, and
the size of the dendrimer increases gradually to result in the
required generation dendrimer. The control and the quality of
the prepared dendrimers are poor in the divergent method. In
the convergent method, structural control can be achieved but
with lower number of generations. Commercially poly-
(propyleneimine) (PPI) and poly(amidoamine) (PAMAM)
dendrimers are prepared by the divergent method, and
polyether dendrimers are prepared by the convergent method.
In the convergent approach, the dendrimers are built from the
periphery.*”” This method allows a better control over the
dendrimer architecture than the divergent method.**® In this
method, the synthesis starts from the periphery and ends with
joining the branches to the core.

With modifications in the design and composition,
dendrimers can be synthesized to act like a micelle giving the
name of unimolecular micelles.*”” The formed unimolecular
micelles are independent of temperature and concentration
unlike the other micellar structures. In an experiment, these
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amphiphilic unimolecular micelles increased the solubility of
pyrene by 120-fold.

Dendrimers can be designed to entrap the drug molecules
inside the cavities or can be covalently bound to the drugs to
deliver them to the specific sites in the body. Dendrimers with
lower generations (1—3) are dome shaped, and higher
generations (4—7) are spherical in shape. The voids in the
denrimer architecture can entrap the smaller drug molecules.*'’
Various studies have demonstrated that a variety of molecules
can be encapsulated in the cavities of dendrimers, which act as
boxes for the molecules.*""*'> The number of molecules
entrapped in the cavities is dependent on the shapes of the
guest molecules and the cavities. The release of the
encapsulated molecules is very slow under normal conditions,
which illustrated that the shells need to be bioactive to release
the drugs.*'® Dendrimers can be PEGylated to decrease the
inherent toxicity and solubilize the poorly water-soluble
drugs.*"*"*'° Drug loading decreased with the increase in the
molecular weight of PEG from 2 kDa to higher molecular
weights.*'” Dendrimers with surface functional groups are
being prepared and offer covalent linkage for a variety of drug
molecules to improve the delivery related problems.***'* The
covalent processes have produced more than 100 different
dendrimer interiors and 1000 types of surface chemistries.
Apart from chemical synthesis, dendrimers can also be prefared
from amphiphilic dendrons by supramolecular assembly.**

Biodegradable dendrimers have also been developed recently,
which are generally synthesized by introducing an ester bond in
the architecture. Ester bonds can be cleaved hydrolytically or
enzymatically, imparting biodegradability to the dendrimers.
The biodegradability of the polyester dendrimers is based on
the chemical nature of the bonds, hydrophilicity of the
monomers, and the size of the dendrimer.**'Applications of
dendrimers in photodynamic therapy, boron neutron capture
therapy, and gene therapy are being explored.*”” Dendrimers
are also investigated and engineered to possess stimuli
responsive properties in drug delivery.*>**

One of the main advantages of dendrimers is their renal
clearance due to the size smaller than the renal threshold.**®
Important concern in the usage of dendrimers is their toxicity.
It is observed that the dendrimers can rip off the lipid bilayer
from the cell surfaces and make a shell of the bilayer around the
dendrimer leading to cellular toxicity.**® The cytotoxicity was
increased with the size and the generation of PAMAM
dendrimers. Surface modifications of toxic dendrimers can
yield safer dendrimers.”” VivaGel is the first example of
dendrimer formulations, which is under clinical trials presently,
as a vaginal virucide for topical application. It is a lysine-based
dendrimer with naphthalene disulphonic acid surface groups.

3.1.3.7. Polymeric Micelles and Polymersomes. Amphi-
philic polymers can assemble to form micellar structures of
nanosize that are known as polymeric micelles. The core is
normally hydrophobic, and the shell is hydrophilic. Vice versa
arrangement forming hydrophobic shell and hydrophilic core is
also possible, which are known as reverse micelles. The
amphiphilic nature of the polymers causes spontaneous
aggregation resulting in the formation of micelles under
aqueous environments. The driving force for the aggregation
is their hydrophobicity. The amphiphilic polymers are generally
obtained using hydrophobic poly esters or poly amino acids
covalently linked to hydrophilic polymer blocks such as PEG,
poly(N-vinyl-2-pyrrolidone), poly(2-ethyl-2-oxazoline), or
poly(acrylic acid). Various types of amphiphilic polymers
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have been prepared and tested for drug delivery with different
chain lengths of hydrophilic, hydrophobic blocks, and using
different kinds of block combinations. These polymers can be
diblock or triblock copolymers. In diblock copolymers, one
block must be hydrophilic and the other hydrophobic, and in
triblock copolymers one block can represent the hydrophobic
part and the remaining two hydrophilic parts or vice versa. The
particle sizes for micelles are normally less than 50 nm and are
monodispersed.**® These micelles represent core—shell organ-
ization and sometimes are referred to as capsular forms.*
Polymeric micelles are reported to be much more stable than
the surfactant micelles. The micellar structure is stable even
when the polymeric micelles are diluted below the critical
micellar concentration. Shell cross-linking can also be carried
out for enhanced stability of the micelles. The critical micellar
concentration is dependent on the length of the hydrophobic
block in the amphiphilic polymer.*° Engineering the shell of
the polymeric micelles is possible to enhance the circulation
times and to provide other desirable properties such as
targeting.

Polymersomes are bilayered polymeric vesicles and are
sometimes referred to as nanoscale bags by some scientists.
Amphiphilic polymers can form bilayers in solutions similarly as
liposomes are formed from phospholipids.**' These polymers
are mostly amphiphilic diblock copolymer-based. A ratio of 35
+ 10% of the hydrophilic part to the total mass of the
amphiphile is necessary to form the polymersomes. Amphi-
philes with higher values form micelles and lower values form
inverted structures.*>> Apart from the hydrophilicity, copolymer
structure, composition, and solubility also play an important
role in the formation of polymersomes.***> The polymersomes
formed from polyethylethene-block-poly(ethylene glycol) are
highly deformable but also possess enhanced toughness in
comparison to the liposomes. The permeability of water
through the polymer layer is found to be 10 times less than the
liposomes.****3> Apart from the toughness, the thickness of the
membrane forming the polymersome can also be manipulated
to suit the requirement.

The surface of the polymersomes can be modified by
chemical modification of the hydrophilic part of the amphiphile
to inculcate desired surface functionalities.”*® Polymersomes
can be made pH responsive to selectively release the entrapped
drug at a specific pH.*7** Most of the polymersomes are
taken up by endocytosis and are localized in lysosomes;
however, polymersomes made up of poly(2-(methacryloyloxy)-
ethyl-phosphorylcholine)-co-poly(2-(diisopropylamino)ethyl
methacrylate) (PMPC—PDPA) are pH responsive and thus can
escape lysosomal compartments.439

3.2. Development Issues

This section reviews what drives the development of nano-
science and technology based on emerging concepts and
explores the role of drivers like human resources, funding, and
recognition in its promotion.*** While the reports look good on
a lab setup, is enough being thought about scale-up issues,
screening, safety evaluations,™' clinical trials, and what
approach should be employed by regulatory agencies who
have to review the risk against benefit?*** Industrial develop-
ment of the nanomedicine is just picking up to start with the
success of the nanotherapeutics already marketed. However,
there is a big uncertainty about the kind of new strategies that
might be implied in the clinical trials of the nanotherapeutics by
the regulatory agencies.
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3.2.1. Scale-Up of Available Technologies. Enormous
research is being carried out in the area of nanotherapeutics
development at lab scale. Scaling up of the laboratory
technologies to industrial level is a prerequisite for economic
production and success in clinical usage. Nanosizing of drugs is
more advanced in this area in comparison to other processes for
preparation of nanotherapeutics. Successful industrial technol-
ogies presently are available for nanosizing of the drugs.

Lack of large-scale economic production of the polymeric
nanoparticles is thought to be hindering the market reach of
these drug delivery systems. Polymeric nanoparticles at lab scale
are produced employing emulsification techniques. The
volumes of solvents used in these techniques are often high,
and the separation of the solvents after preparation of
nanoparticles is cumbersome.

3.2.2. Product Development and Characterization. In
multicomponent systems such as drug encapsulated nano-
particles, appropriate selection of the raw material and the
process variables play a crucial role in the product development.
Even after 40 years of rigorous research in emulsion-based
nanoparticulate drug delivery systems using either lipids or
polymers as major excipients, not much emphasis was laid on
other key ingredients such as organic solvents and surfactants,
which also have significant influence on the product profile. So
far the focus has been on the class of solvents to be used or not
to be based on their toxicity profiles (class III being best)
leaving aside the most crucial physicochemical properties of the
solvents such as interfacial tension, water solubility, vapor
pressure, and viscosity.'”> The solvent selection will in turn
have a significant impact on the surfactant selection, which is
primarily used to minimize the interfacial tension and stabilize
the system. Not all solvents and surfactants are compatible with
all of the drugs so the screening should be based on the drug,285
as well as the delivery system.'”> Over 90% of the research
using preformed polymers in particular polyesters like PLGA/
PLA/PCL use class II solvents such as dichloromethane or
chloroform with PVA being most common surfactant with
almost every drug that was investigated. A thorough under-
standing of each excipient and the active ingredient is important
to establish a well-characterized product that can be prepared in
large quantities. These things can be kept simpler yet very
useful; however, the intellectual property rights and the
requirements to keep different from what is on the market is
posing significant problems for developing genuine products.

Characterizing for size of the nanotherapeutics is the primary
requisite to be claimed as a nanotherapeutic. Size is generally
expressed as the diameter for most of the nanotherapeutics as
they are spherical. These days, advancements in the technology
are leading to the development of differently shaped nano-
therapeutics. For these systems, height or length and width or
thickness is measured.

There are very few techniques available for the determination
of particle size of nanotherapeutics in solution. The most
popular technique that measures the hydrodynamic diameter of
the particles accurately is called dynamic light scattering, which
is also known as photon correlation spectroscopy and
quasielastic light scattering. Light scattering technique gives
the hydrodynamic diameter considering the particles to be
spherically shaped. In this method, solution containing
nanoparticles is illuminated with monochromatic laser, and
the scattered light is detected with a fixed or variable angle. The
scattering intensity is time dependent in microsecond durations
due to the Brownian motion. The scattering intensity
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fluctuation deflects the rate of particle diffusion. The
fluctuations are captured using the autocorrelation method, in
which the scattering intensity at time ¢ is compared to itself at
time ¢t + 7, where 7 is correlation delay time. This process is
repeated over the observation period and generates the
correlation function with a range of 7 values. The graphical
description of the correlation is called the correlogram. From
the decay of the correlation function, the translational diffusion
coefficient is calculated. Using the translational diffusion
coefficient, from the Stokes—Einstein equation, the hydro-
dynamic diameter of the particle can be calculated. Viscosity
and temperature will have an influence on the measured
particle size; thus it is important to know the medium or its
viscosity and temperature at which the measurements are taken.
The nanoparticles generally contain a large population with
imperfections and natural conformational variations as the large
number of atoms are involved in the manufacture of the
nanoparticles; thus it is essential to know the variability in
particle size. Dynamic light scattering technique gives
dimensionless polydispersity index calculated from the correlo-
gram. As stipulated by ISO 13321:1996 Annex A, presently the
recognized standard method for the analysis of the
autocorrelation data is only by cumulants method. Cumulants
method gives the mean intensity-weighted size called the z-
average size. The cumulants does not provide the polydispersity
index directly, as it is calculated by assuming the variations in
the mean size as a single mode Gaussian function and thus
gives a hypothetical size distribution.

Electron microscopy, which is of two types, transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM), can be used for the imaging of the nanoparticles. These
can be used in conjunction with back scattering detector or
energy dispersive X-ray spectroscopy detector to perform the
elemental analysis. TEM and EDX coupled to SEM are also
very useful tools to study the biodistribution of the nano-
particles. Very thin sections of the tissues (70—100 nm) are
needed for imaging under the TEM so that the electrons can
pass through the sample. TEM analysis allows the visualization
of nanoparticles and fine cellular structures in the tissues.
Elemental composition of the sample can be identified by the
incorporation of an energy dispersive X-ray (EDX) spectrom-
eter in the SEM. During the EDX analysis, the sample is
bombarded with an electron, which displaces the electrons of
the specimen from their energy levels. The emptied energy
level can be filled by the high energy outer shell electron;
during the process X-rays are emitted. The energy of the X-rays
released from each atom is unique and thus can aid in the
elemental analysis of the sample. This technique is especially
useful for metal nanoparticles.

Atomic force microscopy utilizes a cantilever with a sharp
probe to scan the sample surface. The mirrored surface deflects
the laser beam to the split photodiode. As the cantilever moves
on the sample surface, it experiences attractive or repulsive
forces and leads to a deflection in the cantilever orientation,
which can be traced by the laser beam reflected from the
mirrored surface of the cantilever. On the basis of the nature of
the sample interactions with the cantilever probe, different
operating modes can be selected, contact mode, intermittent
contact mode, and noncontact mode. In contact mode, the
interaction between the cantilever probe and the sample is
repulsive, and in noncontact mode, the tip interacts with the
surface by the long-range surface forces. In intermittent contact
mode, the tip is made to oscillate close to its resonance
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frequency perpendicular to the sample surface, which is also
called the tapping mode. As the oscillating probe moves along
the sample, probe can experience long-range surface forces or
weak repulsive forces, and as a result the amplitude of the
oscillation varies. Tapping mode has the advantage to scan the
soft surfaces and is suitable for probing particles that are weakly
adhered to the surface, and this is suitable for nanoparticles size
measurements. AFM gives the three-dimensional surface profile
of the particles. For a spherical particle, the height of the
nanoparticle represents the size or diameter of the nanoparticle.

Electron microscopy and atomic force microscopy are also
used for the size determinations. The advantage of using
microscopic (nanoscopic) techniques is that the actual size of
the sample can be measured, whereas with the light scattering
hypothetical hydrodynamic diameter is measured. For nano-
therapeutics with different aspect ratios, nanoscopic techniques
are the best suitable methods; however, the sample size used for
such measurements is very negligible, not necessarily taking
into account the wide particle population. The use of both light
scattering and the nanoscopic methods in conjunction should
offer a better understanding of the sample population.

Zeta potential is generally measured for the nanoparticles,
which gives the idea about the stability of the nanotherapeutics
in a suspension form and in understanding the tendency to
aggregate. Electrostatic stabilization can be explained by the
Derjaguin—Landau—Verwey—Overbeek (DLVO) theory. Ac-
cording to the DLVO theory, two main forces act on the
particles, which are electrostatic repulsive forces and van der
Waals attractive forces. The repulsion is due the electrical
double layer surrounding the particle surface. The double layer
consists of the inner Stern layer and the outer Gouy layer. The
Stern layer is composed of the counterions, and the Gouy layer
is a diffusion layer of ions (Figure 13). The attractive forces act

Figure 13. Particle surface depicted with electric double layer in the
liquid medium.

on larger and very shorter distances between the particles,
resulting in the energy minima, and the repulsive forces act at
intermediate distances preventing the aggregation of particles.
As the particles move due to Brownian motion, a distinction is
made in the diffuse layer between the ions moving with the
particle (the boundary of the surrounding liquid layer of the
particle) and ions moving with the dispersant; this plane is
known as the slipping plane or shear plane. The suspensions
stability is generally measured by the zeta potential, which is the
charge on the shear plane. Higher zeta potentials indicate a
higher stability of the particles in the dispersion. In zeta
potential measurements, an electrical potential is applied across
the sample, and the electrophoretic mobility of the particles is
measured by laser Doppler velocimetry. Utilizing the electro-
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phorectic mobility, zeta potential is calculated from the Henry
equation. Nanoparticles with zeta potentials in the range of +10
mV are considered to be neutral, and higher than +30 mV and
lower than —30 mV are considered strongly cationic and
strongly anionic, respectively. Zeta potential is dependent on
the pH and the conductivity of the medium, and thus it is
necessary to accurately report them.

It is important to measure the particle size and zeta potential
at various stages of the preparation process such as fresh, after
removal of free surfactants/drugs, and after freeze-drying, and
this will help build the product profile. For the monolithic
nanotherapeutics intended for oral absorption, determination of
crystalline status, rate of dissolution, and saturation solubility
forms the part of the characterization.'””

Analytical techniques have also advanced alongside of
nanotechnology and nanoscience providing efficient tools for
the characterization of complex multifunctional nanotherapeu-
tics.**> MALDI TOF can be very useful in characterizing the
dendrimers. Drug loading efliciency is another important
parameter to be calculated. The final concentration of the
drug expressed as weight percentage in the formulation is
helpful for estimating the excipients needed for a required dose
as this will hold the key for the disease to be treated and the
route. Characterization of the nanotherapeutics can be
extended to confirm the location of the drug on the carrier.
Stabilizers are the important components of most of the
nanotherapeutics apart from the carrier material. Estimation of
stabilizer associated with the final formulation is required as this
would influence the absorption (depending on the route of
administration), circulation times, tissue localization, as well as
toxicity.

For most of the therapeutics, a single dose is sufficient to
study the tissue distribution; however, as the nanotherapeutics
utilize lower doses than the conventional drugs, it might be
necessary to use multiple doses to study the tissue distribution
of the nanotherapeutics. As the nanotherapeutics can be
visualized using advanced microscopic techniques, qualitative
information on the tissue distribution of the nanotherapeutics
can be obtained from TEM. Environmental scanning electronic
microscopy can also be used to avoid the stringent sample
preparation process.

On the other hand, having a regulation in place that
facilitates the approval of nanotherapeutics is becoming a
challenge, and the challenges are manifold, with the real ones
being mindset and availability of sufficient material. To test a
drug in humans, regulatory approval is necessary, and in the
application for first in man studies the investigators should
present sufficient data supporting that the drug can be safely
tested in humans. For small molecules there are well-defined
criteria; however, for nanotherapeutics we often tend to
highlight lack of rules and methods for conducting safety
studies. The biggest realistic limitation is lack of material/bulk
production of drug encapsulated nanoparticles to conduct
chronic toxicity studies, as most of the nanoparticles drug
delivery research is done at the academic level providing the
proof of concept with emphasis on materials innovation and
moving forward very quickly leaving behind many fundamental
issues that need attention. It is worthwhile to think at this stage
what changes do we intend to make to fundamental toxicology
studies that are good enough to prove safety/tolerability of any
drug or drug encapsulated delivery system; however, one might
consider looking at more organs or more parameters than what
is done for small molecules. On the other hand, we still follow
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conventional in vitro release studies even though we do not
follow the essential criteria of sink conditions, and we attempt
to make an in vitro—in vivo correlation either conducting a low
or high dose pharmacokinetic study. Currently, there is a lot of
confusion with several of the issues mixed up, for example,
occupational health hazards of bulk nanomaterial production
versus safety of nanoparticles encapsulating drugs, and the
former draws more attention shadowing the latter. One of the
rules that can be implemented could be materials that are
known to produce toxicity (e.g., carbon nanotubes, silica, etc.)
are not permitted for use in drug delivery systems, irrespective
of the surface compatibility solutions one would provide. The
majority of the studies demonstrating the biocompatibility of
such materials are done on a short-term basis, which is not
sufficient to claim any benefits as the majority of these delivery
systems are used to treat chronic disease conditions.

Equal efforts are in place to come up with different regulatory
methodologies to assess the safety of nanoparticles because of
the interference with the routine in vitro assays that are used to
establish the safety of the pharmaceuticals. The varying
reactivity of nanoparticles in the in vitro assays is due to their
optical and catalytical properties. Bacterial endotoxin or
lipopolysachride is a membrane component of Gram negative
bacteria, which can cause fever, shock, and even death. FDA has
set limits for the endotoxin units that may be present in the
drugs, delivery systems, or medical devices. Limulus amoebo-
cyte lysate (LAL) reacts with the endotoxin, and detection of
the products of this reaction gives an estimate of the endotoxin
present in the formulation. However, nanoparticles often
interfere with the reactivity of endotoxin, which might give
rise to underestimation or overestimation of the endotoxin
present in the formulation. One of the objectives of the
nanotechnology characterization laboratory (NCL) of USA is
to develop and qualify the tests to accurately assess the safety
and efficacy of nanoparticles.*** However, it is not clear how
much value addition these in vitro tests would offer as
ultimately these systems need to be tested in vivo on a case by
case basis.

Nanoparticles intended for systemic administration need to
be tested for complement activation.'*® All three pathways of
complement activation result in the breakage of C3 component.
Measuring the C3 component breakage products can be used as
a basis for the estimation of complement activation by
nanoparticles. In this method, human plasma is exposed to
nanoparticles and then analyzed by polyacrylamide gel
electrophoresis followed by Western blot with anti-C3
antibodies. Anti-C3 antibodies recognize C3 component and
its breakage products. The test samples are then compared to
the negative (untreated plasma) and positive (cobra venom
factor) control amounts. These assays use human plasma and
C3 antibodies specific to humans. These antibodies provide a
good estimation of the complement activation by the
nanoparticles in plasma. However, sometimes in preclinical
studies it becomes essential to study the localized complement
activation in various tissues. Immunohistochemistry techniques
are used to determine the tissue-specific complement
activation, or the complement activation can be determined
in the tissue homogenates.**> Marketed liposomal preparations
such as Doxil and Ambisome are reported to activate
complement leading to hypersensitivity reactions
(}{SRS)A4Q447

Unlike the systemic complement activity, which might be
deleterious, complement activation at local sites is necessary in
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enhancing the vaccine’s efficacy. This is because of the fact that
complement activation is also responsible for adaptive
immunity. Complement activation is required in case of
vaccine delivery."'® Subcutaneous or intradermal administration
of vaccine nanogartides is beneficial in improving the efficacy
of the vaccine.'” Interestingly, the focus thus far has been only
on the products that are intended for intravenous admin-
istration, and these assays or the groups doing these do not
consider particles administered by alternate routes such as oral
that resemble the intravenously administered particles when
they are taken up intact into systemic circulation.

The science and technology administrators across the globe
with the support of the academic and corporate leaders
launched nanotechnology initiatives with a view to benefit
society and mankind. All new developments take enormous
time before they are accepted by wider communities, and
history vouches for this. Nanotechnology is thought to be the
biggest ever revolution that converges all areas of science,
engineering, and medicine, demanding huge investments. The
return on investments for such technological/industrial
revolutions is always on long-term basis, and forcing early
returns often causes problems and mistrust, and the best
example to describe this is healthcare and in particular drug
delivery. Undoubtedly, nanotechnology has huge potential in
healthcare setting, in particular drug delivery; however, a
systematic research without ignoring the fundamentals of drug
delivery is of utmost importance if we have to benefit from this
revolution. On the other hand, it would not be wrong to say
that we have already achieved huge success with respect to
human resource development by training young scientists in
this fascinating area of science as measured by the number of
Ph.D.’s and other technical graduates.

3.2.3. Clinical Trials. Presently, >200 nanotherapeutics are
under the clinical development. Especially in cancer clinical
trials, nanotherapeutics often prove to be safer at higher drug
doses than the native forms.*** Sometimes the drugs that are
discarded in previous clinical trials, when formulated as
nanotherapeutics, have been shown to improve the patient’s
condition and reduce the toxicity in human trials.*** However,
postmarket analyses most often contradict the prelaunch claims
that need to be thoroughly addressed, for example, Abraxane.

Metal nanoparticles are extensively used to induce hyper-
thermia at the tumor site in clinical trials. Gold nanoparticles
tagged with tumor necrosis factor-a (TNF-a) are being used in
human trails to treat several types of cancer. Apart from metal
nanoparticles, liposomal formulations are also being tested. For
example, ThermoDox, a lysothermosensitive doxorubicin
liposomal formulation, is under phase I/II clinical trial that
utilizes local hyperthermia to specifically release the drug at the
target site.*>°

Some of the results from the clinical trials of nano-
therapeutics have been published, which are discussed in the
following text. CPX-1, a novel liposomal formulation of
irinotecan and floxuridin, was used in the phase I open label
dose escalating study, and the results showed that the CPX-1 is
well tolerated in humans and showed antitumoral activity in
patients with advanced solid tumors.*' MCC-465 is an
immunoliposome encapsulating doxorubicin, and tagged with
PEG and F(ab’), fragment of the human monoclonal antibody
(goat antihuman), which reacts with stomach tumors more
than 90% and have no reactivity with normal tissue. In
preclinical studies, MCC-465 was shown to possess superior
activity against human stomach cancerous cells in comparison
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Table 10. List of Terms with the Nano- Prefix

nanoactuator nanoSQUID nanophytoplankton nanodispersion nanocrystallography
nanoasperity nanoswitch nanoplatelet nanodust nanodiamond
nanobiometrics nanotorus nanopowder nanoethics nanodomain
nanobubble nanotransport nanomodule nanofin nanoelement
nanocap nanovehicle nanoneedle nanofractal nanofabrication
nanochannel nanowaveguide nanoparticle nanogranule nanoflake
nanocomponent nanoantenna nanolocalized nanoisland nanofragment
nanoconfinement nanobarn nanomesh nanolithography nanographene
nanocontact nanoblend nanomolecular nanomembrane nanojunction
nanocube nanobunch nanorefrigerator nanoplankton nanoobject
nanodielectric nanocapacitor nanosandwich nanopolariton nanopharmaceuticals
nanodosimetry nanocircuitry nanoshell nanoprecipitate nanoplasmonics
nanoemulsion nanocomputer nanostring nanorelay nanopolymer
nanofilament nanoconjugate nanosyringe nanoscale nanoprobe
nanofluid nanocontainer nanotoxicity nanosize nanoresistor
nanogap nanocylinder nanotriangle nanostripe nanoscroll
nanoimprint nanodisc/nanodisk nanovessel nanotechnical nanosphere
nanolayer nanodot nanowhisker nanotrack nanosurface
nanomachine nanoequivalent nanoaperture nanotube nanothermometer
nanometrology nanofilm nanobead nanovoid nanotransistor
nanomorphology nanoform nanobot nanoarchitecture nanovaccinology
nanooptoelectronics nanograin nanocable nanobioelectronics nanowall
nanophase nanointerface nanocatalyst nanobridge nanosystems
nanoplate nanolevitation nanocoating nanocalorimeter nanobiotechnology
nanopositioning nanomanipulation nanoconductor nanoceria nanomechanics
nanopyramid nanomodification nanoconstriction nanocolumn nanobiology
nanoroughness nanomotor nanoconverter nanocone

nanosensor nanopattern nanodiagnostics nanoconstruct

to doxorubicin or PEGylated liposomal doxorubicin. The phase
I clinical trials showed that the formulation is well tolerated and
allowed for the calculation of recommended dose for phase
IL** Paclitaxel loaded polymeric micelles, polymer doxor-
ubicin, and P-glycoprotein targeted micellar doxorubicin were
in various stages of clinical trials.***~*%

4. OPINION
4.1. What Is in a Name?

While many agree that nano is a case of fashionable rebranding,
this section reviews the use and abuse of the prefix nano and its
role in creating the public image of nanotechnology.

Table 10 lists the terms with nano prefix that have been
coined or have received high attention in recent years. Once in
a while when different technologies pop up with a promise of
betterment of the health care, some new terms appear in the
scientific literature, for example, gene therapy, high throughput
screening, tissue engineering, etc.”* These terms represent a
new technology or approach in medicine. The terms associated
with nano lack precise definitions and nonuniformity in usage
of these terms are often resulting in confusion.

With the advent of nanotechnology, being majorly multi-
disciplinary, many new terms associated with nano are being
created. The prefix “nano” means, in the metric system, a
billionth (107%) part, and a nanometer is 10~° m. The prefix
nano is based on the Greek word meaning dwarf, which became
a scientific word in 1960. Presently, the prefix nano is associated
with materials, technologies, phenomena, and approaches.
Among the words with the nano prefix, the most popularized
term is nanotechnology. Nanomedicine was coined a decade
ago and popularized with the extensive research in the diagnosis
and therapy.® Since its introduction, this word has gained a lot
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of attention in the scientific community as well as in the public.
The popularity can be understood from the results obtained by
the popular Internet search engine Google, which yields more
than 22 million results for nanotechnology and 2 million for
nanomedicine. Nanotoxicology is another word gaining
importance with growing concerns about the occupational
hazards, environmental, health, and safety (EHS) concerns.
The number of scientific journals with the “nano” title and
focus has also drastically increased in the past decade. One
notable achievement of the term nano is that it is helping many
divergent fields of science to converge. In our opinion,
nanotechnology has brought more interdisciplinary research
than any other technology or scientific advancement in recent
years.

There is an increasing tendency to call all of the
nanotherapeutics as nanoparticles, which is not appropriate.
Liposomes, polymer drug conjugates, do not fit in the
“nanoparticles” definition, but can be called as nanotherapeu-
tics. The scientific usage of the terms should be more logical
than routine usage, giving an accurate meaning. There is a great
influence of funding agencies and regulatory authorities on
defining the newly invented terms and technologies. With the
advent of the nanotechnology, polymer science for drug
delivery is also brought under the umbrella of nanomedicine.
Polymer conjugates, polymeric micelles, and dendrimers are
presently considered as nanotherapeutics. Dendrimers are
discovered after the inception of nanotechnology, but the
polymer drug conjugates existed before the dawn of the “nano”
world.

“Engineered nanomaterials” is another word used widely in
the safety and toxicology reports of nanotechnology.
Engineered nanomaterials are the materials purposefully
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created with at least one orthogonal dimension in the range of
1—-100 nm. The size range is not so rigid for the engineered
nanomaterials; for example, fullerenes, although smaller than 1
nm, are considered as engineered nanomaterials.

Although the current scenario with nano disciplines fits in
very well with the famous proverb “make hay while the sun
shines” that is diluting the overall impact of this technology,
there is a huge potential for this technology in several areas, and
drug delivery could be the front runner in healthcare.

4.2, Approach To Be Embraced for Further Development of
Nano Drug Delivery

Nanotechnological advancements in the fields of engineering
and physics need to be applied to the maximum extent to
harness the potential of nano drug delivery. To achieve this
daunting task of making nano drug delivery closer to the clinical
use, close collaborations among scientists of the whole
spectrum of disciplines are needed. Nanotechnology is not a
mere miniaturization to nanoscale; it is a revolution in physical
concepts, design, and materials manufacturing, which is yet to
be explored for nanomedicine. The potentials of this
technology need to be explored with a view of dealing an
unexplored regime at nanoscale rather than simply applying the
known phenomenon of bulk agents to these nanoscale agents.
It should bring novel methods to stabilize the nanoparticles,
achieve control over the size and shape, and explain the
biological interactions of nanoparticles.

Traditional cell culture studies are designed majorly to study
the effects of soluble compounds. With the advent of
nanotechnology, many colloids have been studied using cell
culture studies, but there are many important factors that need
to be taken into consideration while interpreting the results of
studies carried out using nanoparticles. The solid particles do
not behave as soluble agents, thus making it difficult for the
expression of the appropriate dose. The effect of diffusion and
sedimentation of nanoparticles was studied using cells grown
on a coverslip inverted in the culture well and a upright culture
plate and found that the gold nanoparticles internalization in
cells is sedimentation dependent mainly; however, at smaller
particle sizes there was no significant difference in the uptake of
cells grown on the inverted coverslips or normal culture
plates.™® Particles also tend to agglomerate in the culture
media, and the intake is influenced by the extent of
agglomeration.”®® In vitro assays employing nanoparticles
should nullify the effects of sedimentation rate in efficacy or
toxicity studies so as to compare with other related studies.

Uptake of nanoparticles is endocytosis driven and thus varies
among cell types. To date, uptake studies of nanotherapeutics
using cells were differentiated as phagocytic cells and
nonphagocytic cells. Nanoparticles have to cross a lot of
cellular barriers to reach the target site, depicting a greater need
of the studies to be carried out in a series of cells in the way of
nanotherapeutics reaching the target cells.

The selection of a nano drug delivery system for a specific
application is not well-defined, and among each nano delivery
system the formulation has to be optimized to suit the
application. Experimental evaluation of a variety of nano drug
delivery systems employing different strategies seems to be a
viable approach; however, the large number of experiments
makes it difficult in the selection of the right formulation.
Theoretical methods offer the benefits of screening wide range
of formulations quickly. Theoretical basis for many of the nano
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delivery systems is under rapid development that should be
embraced to the development of nano drug delivery.

Factors other than formulation characteristics, for example,
the role of hypoxia, vascular permeability,**” alterations in the
rate of endocy’tosis,101 etc.,, also need to be studied for the
better understanding of the pharmacokinetics of nano-
therapeutics. Some of these external factors might also be
used for the passive targeting of the nanoparticles in specific
disease conditions.

The emulsion evaporation method is the most widely
reported method for the preparation of polymeric nanoparticles
from preformed polymers. Routinely, centrifugation is used as a
means to separate excessive surfactant or to concentrate the
nanoparticles. Methods such as coacervate precipitation®*® can
be explored for easy separation of the nanoparticles from the
solution. Literature suggests rapid developments in the
preparation of nanoparticles using a variety of techniques.
Some of these methods need to be scaled up or made
economical to be used for the industrial production of the
nanoparticles. Centrifugation may not be feasible at large scale,
and alternatives need to be worked out such as ultra filtration or
dialysis; however, these methods are limited to very specific
surfactants and drugs.*%*’

The characterization of the nanoparticles should be made
feasible to understand the behavior of the nanoparticles in the
biological system. Various properties of the nanoparticles might
be altered during the administration, distribution, and finally
while eliciting the response. Thus, for a given formulation, it is
essential to know its fate during different phases of the
nanoparticles delivery to ensure the safety of the formulation
and to increase the efficacy. As the nanotherapeutics alter the
pharmacokinetics and dynamics of the drug encapsulated or
attached, a thorough preclinical characterization is also
necessary for these formulations. There are some instances
where the nanoparticles interfere with the assays of routine
examination; in such cases, an alternative methodology needs
to be approached to carry out the assay. Above all, the methods
have to be simple, reproducible, and scalable at affordable costs.

4.3. Nanotoxicology

Toxicity studies are a fundamental part of healthcare,
environmental monitoring, drug discovery, and development,
but “nanotoxicology” has gained an unprecedented focus,*®
and negative hype threatens to outgrow the positive,5>*5"4¢>
Nanotoxicology can be divided into two major areas,
environmental nanotoxicology and nanotoxicology associated
with pharmaceutical agents.

4.3.1. Environmental Nanotoxicology. Special focus on
money, time, and efforts is being dedicated to this new field.
The major culprit that rang the bell ever since nano was
reinvented is the carbon particle emission from automobiles.
Cigarette smoke contains over 4000 chemicals of which about
50 are known carcinogens. Alcohol consumption and high fat
diet controversially have been known to cause potential risk to
individuals, but they are still widely accepted and used. Why is
nano considered as the biggest threat to mankind?

Carbon nanotubes represent a major class of nanomaterials,
and the safety assessment of nanotubes is essential for their
commercialization and usage. The similarity of carbon
nanotube toxicity to the asbestos toxicity was raised more
than a decade ago. There are certain similarities and
dissimilarities of carbon nanotubes to the asbestos fibers. The
nanotube fibers’ diameter and length are similar to asbestos,
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and the chemistry and surface properties are different. Asbestos
is known to cause mesothelioma, a cancer of the lining of the
lungs and abdominal cavity. Direct injection of multiwalled
carbon nanotubes into the peritoneal cavity has been shown to
induce inflammation, granulomas,26 and malignant mesothe-
lioma after repeated administrations.**> These studies have
employed nanotubes with lengths between 10 and 20 ym. The
long tubes are not completely engulfed by the macrophages,
resulting in persistent free radical production resulting in
toxicity. Although these studies hint towards toxicity of carbon
nanotubes, the risk cannot be established because the nanotube
penetration into the mesothelial lining is not understood
completely, there is insufficient data indicating the biopersist-
ance of nanotubes, and the studies employed sensitive animals.
The nanotubes are still under the research phases, and thus
manipulating the nanotube chemistry to avoid potential risks is
thought to be a viable approach to avoid the fear of
nanotoxicity;”®" this is more toward an academic satisfaction.

A pubmed search with terms “carbon nanotubes drug delivery”

revealed 409 reports, whereas terms “carbon nanotube toxicity”
led to 570 and “nanoparticles drug delivery” resulted in 10 290
reports (December 21, 2011). Even though the use of carbon
nanotubes in drug delivery is marginal with just under 4%, the
hype this created is phenomenal, which academics should be
responsible for.

The main reason for the scare about the nanoparticles is
because their behavior in vivo is not fully understood and due
to the speculations about their compatibility and degradation
without firm experimental evidence. Some of the products of
nanotechnology have been identified to be toxic, raising
concerns about the safety of all of the nanomaterials.

The possible routes of nanomaterial exposure are presented
in Figure 14. Inhalation and dermal routes are the most
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Figure 14. Possible routes of nanogarticle penetration and toxicity.
Adapted from Yokel and Macphail ***
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possible routes of unintended nanomaterial exposure. Some of
the engineered nanomaterials are reported to be toxic if one is
exposed to them through inhalation. Polymeric nanoparticles,
which are degradable, are proven to show no irritancy through
the pulmonary route. Concerns are raised about the toxicity of
titanium dioxide nanoparticles, but the majority of the studies
reported that skin acts as an efficient barrier for the
nanomaterial penetration. Biopersistance and insolubility can
be related to the toxicity and other risks of engineered
nanomaterials.

It is not fully understood how the nanoparticles can influence
the human immune system. Some imagine nanoparticles as
haptens, which can elicit immune response when attached to a
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protein; because of their small size, they might interact w1th
proteins to modify their structure and impart antigenicity.*®
The long-term and subacute toxicity are other concerns that
need to be addressed to establish the safety of the
nanoparticles. For example, similarities of carbon nanotubes
to asbestos are being identified raising the Ion§ -term toxicities
associated with products of nanotechnology.*

It is very difficult to establish the animal models to address
the environmental/occupational hazards of nanomaterials
where a proper consideration of the dose, duration, and route
of exposure is important. One of the ways to address this
problem could be to compare the biochemical parameters such
as blood markers (inflammation, oxidative stress, etc.) of those
individuals who are exposed to such materials with those of the
unexposed, while adapting appropriate precautions of using
safety protection equipment such as masks, gloves, etc. that
minimize the exposure if not completely avoid it. Maybe one
should think of the people working in radioactive or chemical
industries, where the risk is identified and known.

4.3.2. Nanotoxicology of Pharmaceuticals. It goes
without saying that the medicines intended for treating diseases
in living organisms should be safe, and safety is a relative term.
In conventional medicines, the toxicity/safety is centric to the
active principle ingredient with excipients being inert, and once
safety/tolerance is established each time it is reformulated no
safety studies are required. However, when an active principal
ingredient is reformulated as nanomedicines or for that matter
of fact any advanced delivery formulation that is intended for
systemic/local administration and can alter the pharmacoki-
netics whether or not the excipients have an active role, they
need to be proven safe.

The safety assessment guide for the small molecules is well
established, and it basically covers the entire range of studies
that can prove or disprove the safety of the compounds in
question. The general toxicological studies include (i) short-
term (nonregulatory) in rodents and nonrodents that include
dosage range studies and maximum tolerated dose, the
regulatory study is performed under the same conditions but
for 1 month, and these data are to support the first clinical trial
in humans, (ii) long-term (regulatory), which is typically up to
6 months in rodents and nonrodents to support phase II
clinical trials in humans, and (iii) longer-term (regulatory)
general toxicology studies typically up to 9 months in
nonrodents and carcinogenicity studies for lifetime of rodents,
to support phase III in humans. Genotoxicity in vitro and in
vivo is also performed for the small molecules to detect relevant
genetic changes leading to carcinogenic effects.

The safety assessment of nanomedicines is much easier and
straightforward when compared to that of environmental/
occupational hazard. If nanomaterials/nanomedicines are
speculated to be too toxic or dangerous, and one would not
risk going by conventional fashion of short-term, long-term,
and longer-term, why not subject them to long-term and
longer-term, which would establish their possible tolerance in
humans and also warn if they are carcinogenic, which could be
the biggest threat to humans? The biggest bottleneck for this as
we see is the availability of the material.

The regulatory bodies are responding to academic
speculations who do not favor the concept of nano, based on
generalized concepts resulting in the uncertainty and chaos.
Toxicity does not mean that the compound can pose a
potential risk for environment or health of living beings.
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Figure 1S. The current laboratory scale preparation scheme of targeted/theranostic polymer nanoparticles.

Toxicity is associated with any material at higher doses. It must
be essential to understand the dose exposure of the material.

4.3.2.1. Do We Have Anything That Can Be Declared
Completely Safe? The toxicity profile of the nanocarriers needs
to be established in each case with a specific route or drug
rather than general assumptions. It is necessary to determine
the toxicity in the dose range, which is clinically relevant rather
than using suboptimal or higher doses. It is not appropriate to
classify a material as toxic or safe without mentioning the doses
as there is no safe material over larger doses.

GRAS (generally recognized as safe) is a term designated to a
specific material, for uses at specific doses and specific routes of
administration by the FDA (food and drugs administration).
Some of the materials that can be safely used orally or dermally
might not be safer for intravenous use. Thus, the classification
of a material toxic or safe without knowing the dose ranges and
intended application might not make sense. Similarly, the
toxicity or safety of nanomaterials should also have measures
for size, shape, and surface properties of the materials. Above
all, the same material used to formulate different drugs may also
have different concentrations of the excipients associated with
the dose given the loading and entrapment efficiency of the
drug. So when everything in this world is relative and looked at
risk versus benefit point of view, why is nano dealt with
differently?

4.3.2.2. Criteria for Toxicology — Review of Types of
Studies for Nano. The lack of suitable methods to assess the
toxicity of nanoparticles has been identified by many scientists,
and approaches to establish reliable techniques have been
proposed. Establishing reliable techniques to make a new
system of toxicology has been proposed. These include the
assessment of currently available tools for nanomaterial testing,
integrating various approaches to the testing strategies, and
developing new tools for nanomaterials.**¢’

Fear associated with nano is due to the fact that some of the
novel nanomaterials persist for longer durations in the body
and environment. Establishing the biodegradation times of the
nanomaterials and classifying them might help understand the
toxicity of nanomaterials. This might as well be size dependent
for some materials.

Occasional attempts were made in the literature to
understand the safety of the nanoparticles used in drug
delivery, such as PLGA nanoparticles, but unfortunately those
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studies offer inadequate/no information on the safety, for one
or more reasons: (i) dose not right as it is always decided by
the drug and disease, (ii) duration not right, and (iii) using
model compounds like dyes, or studies conducted by inhalation
route using nanomaterials such as silver, which may not find
application in drug delivery.*6846

Needless to say, realizing the potential of nanotechnology in
medicines requires a multidisciplinary taskforce involving
academia, industry, and regulatory agencies. These groups are
realizing that many commonalities would exist in regulating
conventional small molecule drugs products and nano-
medicines.

4.4, |dentity Crisis

Being different from others might offer better marketing
strategies but not necessarily better therapeutic outcome, and
this is witnessed by several products that are on market.

The important challenges encountered by the nanomedicine
are not related to science or technology, but rather they are
related to the communication, education, regulations, and
business models."> The unique problem of nanotechnology is
related to the linguistics. The scientific vocabulary in the field of
nanotechnology is often confusing, and there is a great need for
the legal terminology, which can be used for patenting and
marketing these nanotherapeutics.'®'"'> Maybe one can take
this as an opportunity to revise the patenting laws as well by
restricting the inventor’s claims that can be substantiated by the
data rather than speculations and covering a whole range of
applications that may or may not be realized. This will save a lot
of time and resources from being wasted in trying for more and
more innovative solutions as everything has been covered by
some existing inventions already.

Nanomedicine has started with overwhelming synthetic
nanostructures without considering the biological consequen-
ces; however, the understanding of biocompatibility, biodegrad-
ability, and toxicity of the nanomaterials is increasing and
leading the nanomedicine toward safer delivery systems.
Degradable carbon nanotubes are also produced in this way,
although the question of toxicity will still remain. While we still
have not achieved considerable success with respect to first and
second generation nanoparticles, we are moving at a rapid pace
attempting to develop tissue or cell specific delivery systems, or
theranostic particles that can detect and treat diseases, involving
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much more complicated preparation processes that are difficult
to scale-up (Figure 15).

Environmental health and safety of nanomaterials from other
fields of science and should not hinder the nanomedicine
research. Nanomedicine can offer widespread benefits for the
human health care, which might not be possible with other

means.
Nanotechnology can indeed promise drug delivery; however,

drug selection remains the key as not all drugs, and particularly
those requiring high doses, can be delivered using nano-
particles. Understanding the pathological requirement is
important in the design so that the delivery system meets the
purpose, for example, sustained, controlled, pulsatile release,
etc. A better understanding of the drug’s physicochemical and
biopharmaceutical properties will also help design a delivery
system for alternative routes and indications. Therefore, it is
very important to understand the drug and the disease well
before a delivery system is designed, and this will hold the key
to success. At this juncture, we better exploit the underexplored
simple first and second generation nanosystems, before we get
to the more complicated third and fourth generation

nanosystems.
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