1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Nanoscale. 2013 September 21; 5(18): 8307-8325. doi:10.1039/c3nr01525d.

Innovative pharmaceutical development based on unique
properties of nanoscale delivery formulation

Anil Kumar#P, Fej Chen#2b Anbu Mozhi&P, Xu Zhang?, Yuanyuan Zhao?, Xiangdong
Xue?P, Yanli Hao®, Xiaoning Zhang®, Paul C. Wang4, and Xing-Jie Liang™2

aCAS Key Laboratory for Biological Effects of Nanomaterials and Nanosafety, National Center for

Nanoscience and Technology, Chinese Academy of Sciences, No. 11, First North Road,
Beijing100190, P. R. China

bUniversity of Chinese Academy of Science, Beijing, P. R. China

¢Department of Pharmacology and Pharmaceutical Sciences, School of Medicine, Tsinghua
University, Beijing, China

dLaboratory of Molecular Imaging, Department of Radiology, Howard University, Washington DC

20060, USA

# These authors contributed equally to this work.

Abstract

The advent of nanotechnology has reignited interest in the field of pharmaceutical science for the
development of nanomedicine. Nanomedicinal formulations are nanometer-sized carrier materials
designed for increasing the drug tissue bioavailability, thereby improving the treatment of
systemically applied chemotherapeutic drugs. Nanomedicine is a new approach to deliver the
pharmaceuticals through different routes of administration with safer and more effective therapies
compared to conventional methods. To date, various kinds of nanomaterials have been developed
over the years to make delivery systems more effective for the treatment of various diseases. Even
though nanomaterials have significant advantages due to their unique nanoscale properties, there
are still significant challenges in the improvement and development of nanoformulations with
composites and other materials. Here in this review, we highlight the nanomedicinal formulations
aiming to improve the balance between the efficacy and the toxicity of therapeutic interventions
through different routes of administration and how to design nanomedicine for safer and more
effective ways to improve the treatment quality. We also emphasize the environmental and health
prospects of nanomaterials for human health care.

1 Introduction
In 1959, Richard Feynman proposed that the future of humans will be fully occupied by

machines, small machines will be used to make further smaller machines, and these in turn,

will be used to make even tinier machines, all the way down to the atomic level.!

Interestingly, with the advent of nanotechnology, the vision of Professor Feynman has been

partially realized today. The advances in nanoscience have propelled innovations in a

number of scientific disciplines, including pharmaceutical development for the treatment of

various diseases. Nanotechnology has the potential to revolutionize medicine, and has
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already presented new regulatory challenges for scientific communities. Innovations are
occurring rapidly, as demonstrated by the exponential increase in nanotechnology-related
pharmaceutical patents over the past 20 years.2

The European Science Foundation (ESF) launched its forward vision on nanomedicine and
provided the new definition: “Nanomedicine uses nano-sized tools for the diagnosis,
prevention and treatment of disease and to gain increased understanding of the underlying
complex patho-physiology of the disease. The ultimate goal is to improve the quality of
human life”.

Nanomedicine encompasses the production and application of physical, chemical, and
biological systems (Fig. 1) at scales, ranging from individual atoms or molecules to around
100 nanometers in diameter, as well as the integration of the resulting nanostructures into
larger systems for real-time application (Box 1).

Over the past decades, nanomedicines have been translated into various commercial
products, from the lab to the market. Many pharmaceutical companies are paying more
attention to nanotechnology than before, in order to find new solutions for pharmaceutical
innovation with lower cost, lower risks and much higher efficiency compared to traditional
drug development.3 Currently, nanomedicine is dominated by nanoscale drug delivery
systems.3 As we know, materials have unique properties at nanoscale dimensions that meet
important medical needs and are already being used as the basis for new drug delivery
formulation.# Nanoscale particle/molecule based drug delivery formulations improve the
bioavaliability and pharmacokinetics for better therapy, such as liposomes,®
nanosuspensions® and polymeric nanoparticles.” Some of the nanoparticles (NPs) are
effective in improving safety and efficacy, and also decreasing the toxicity. For a better
understanding of innovative pharmaceutical development based on nanoscale drug delivery
formulation, we attempt to review the history and development of nanomedicine in the
pharmaceutical field, and we also discuss about its advantages, delivery through different
routes of administration and toxicological issues to develop more efficient nanoformulations
for better health care.

2 History and development

The nanomedicines can be divided into three groups. The first group consists of the
marketed nanomedicine products, which are already in routine clinical use, while the
members of the second group of nanomedicines are mostly in the clinic stage.8 In 1965,
researchers started to utilize nanotechnology in pharmaceutical research, they created a
novel lipid vesicle for drug delivery, now known as a liposome.® Later in 1976, the first
control-released polymeric system for the delivery of macro-molecules was described,® and
in 1978, dendrimers were described as a delivery vehicle.1? Doxil'! (a doxorubicin carrying
nano-drug) was the first Food and Drug Administration (FDA)-approved nanomedicine used
in the treatment of cancer patients. In 1995, liposome injection was approved to treat a wide
range of cancers like ovarian cancer, AIDS (acquired immunodeficiency syndrome)-related
Kaposi's sarcoma and myeloma.12 All these early innovations provide valuable information
to the researchers to design novel nanomedicines that would be helpful in treating multiple
diseases. Long circulating PLGA-PEG NPs!3 were first described in 1994 as biodegradable
polymeric nanospheres for drug delivery. In 1996, the FDA approved Ferumoxide (iron
oxide) to be applied for clinical use as MRI contrast agent.1* In addition to this, polymer
coated iron oxide NFs have also been approved by the FDA as MRI contrast agents. In
2005, Abraxanel® (a protein based drug delivery system) was approved by the FDA. In
2007, targeted nanomedicines like Genexol-PM18 (polymeric micelle NPs), CALAA-0117
(a targeted cyclodextrin—polymer hybrid NP), BIND-01418 (targeted polymeric NPs) and
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SEL-06812 (integrated polymeric nanoparticle vaccines) for cancer therapy have already
entered into human clinical study.

Finally, the third group consists of some nanoscale materials for drug delivery, such as gold
(Au), silica nanoparticles, have been developed with more advanced nanotechniques, which
may have the potential to help the conventional drugs to be more effective and cause adverse
side effects. For example, mesoporous silica nanoparticles (MSNPs) can be used as an ideal
drug delivery vehicle with its excellent drug loading capacity, easily synthesis,
biocompatibility, but many details about MSNPs still remain unclear for clinical use. It is
easy to conclude that the successful application of nanotechnology in drug delivery could
draw the attention of scientists, governments and industrial investigators, which in turn is
helpful for the development of nanomedicine and accelerates the speed of discovery of novel
nanoscale drug formulations.

3 Advantages of nanomedicine over conventional medicine

In conventional medicine, treatment is based on the symptoms created by the disease and the
adverse problems occurring at the tissue/organ level, (e.g. due to metabolic problems, or
other infectious agents). At a certain stage, the disease may often be at an advanced and
most dangerous stage, in such a condition that the symptoms become apparent in the patient
and the clinician becomes confused over which way they can treat the patient to get rid of
the disease.1® Conventional medicine and techniques have left many of the problems, which
are hard to penetrate due to lack of information and appropriate techniques.

When the drug is being assessed for clinical use, both the therapeutic efficacy and toxicity
should be taken into account. Some drugs are poorly soluble in water, but they can be
dissolved in other organic solvents, which trigger severe allergic effects in the human body
after administration.20 During cancer treatment, cisplatin and other drugs all have the
drawback of high toxicity. One reason for this is the unspecific recognition and interaction
with cells and organs.2! There are so many prevailing drawbacks, including: limited
solubility, poor distribution within the body, a lack of selectivity, and unfavorable
pharmacokinetics behavior can damage the healthy tissues.2?

Due to the significant properties of materials at the nanoscale, nanomedicine shows different
behavior from conventional medicine.1® Advancement of nanoformulation techniques has
offered a new hope for incurable, severe diseases like cancer, human immunodeficiency
virus (HIV)23-24 and for the treatment of some infectious pathogens.?> Based on nanoscale
particles, nanomedicines represent many benefits over conventional drugs and here we have
characterized the advantages of nanomedicine according to two aspects (Table 1). In
addition, nanotechnology could give conventional materials or drugs additional functionality
based on their unique properties at the nanoscale. For example, QDs have far brighter and
more stable fluorescence than conventional fluorescent dyes for cell labeling. Gold
nanorocls (AuNRs), nanoshells (NSs) and nanocages (NCs) have unique properties for
imaging-guided cancer therapy.26-28

However, current nanotechnology based drug molecules continue to dominate the
pharmaceutical market despite conventional therapeutic and diagnostic agents, making a
distinct niche for themselves. It offers an immense vision of enhanced, tailored treatment of
disease, with monitoring, repairing, construction and control of human biological systems at
the molecular level, using engineered nanodevices and nanostructures for human health care.
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Basically, there are two types of technique for the production of nanoscale formulations, one
is top-down, and the other is bottom-up. The bottom-up techniques include chemical
reactions and molecular assemblies, such as supercritical fluid techniques, precipitation,
nanoemulsion, spray-drying, polymerization and synthesis. The top-down techniques
include wet media milling and high-pressure homogenization. The resulting nanoparticles
are referred to as nanosuspensions.:29:30

Nanosuspensions are stabilized submicron colloidal dispersions of nanosized drug
particles.30 Various technologies have been utilized in the development and production of
nanosuspensions. As for top-down strategies, one important technique is high-pressure
homogenization. The first method for high pressure homogenization was invented by
employing a piston-gas homogenizer and processing in aqueous media at room
temperature,3! and later in non-aqueous media (patent number: WO2001003670, 2001). J.
Kluge and M. Mazzotti produced S-ketoprofen poly(lactic-co-glycolic acid) (PLGA) drug-
polymer nanocomposites with CO» assisted high pressure homogenization that greatly
improved the bioavailability of the drug.32 Pereda et al. found that after treatment by high-
pressure homogenization, the storage of milk fat was significantly improved.33

Other types of high-pressure homogenization, such as media milling?® and Nanoedge (US
Patent 6018080, 2000), were also involved in the production of nanoscale drug formulations.
Several pharmaceutical companies have developed a certain kind of processing standard
operating procedures (SOPs) based on high pressure homogenization techniques, for
example the Nanomorph™ from Abbott. Nanocrystal™ from Elan Nano-systems and
Nanoedge from Baxter. Another important method to reduce the particle size in the industry
is wet ball milling. Currently, there are more than 5 nanoscale drug formulations produced
by this method in the market, and still some are in the developmental stage. One interesting
point is that all of the FDA approved top-down-strategy nanoscale drug formulations are for
oral delivery.34

As for the bottom-up strategy, apart from classical synthesis and polymerization, one
powerful technique is the formation of nanoemulsions. As a hanoemulsion is itself a drug, it
can serve as a template for the production of nanosuspensions.3°38 Solvent emulsification
diffusion (SED) is the most commonly used method for the preparation of solid-lipid and
polymeric nanoparticles.3” The ease and convenience in fabrication of nanoemulsions can
precisely control drug loading and positioning (spatial placement), therefore, thousands of
drugs and active pharmaceutical ingredients (APIs) have been extensively investigated and
developed. For example, the nanosuspensions of ibuprofen, diclofenac and acyclovir are
now available from the market (http://www.reportlinker.com/report/search/theme/
ibuprofen).

Supercritical fluid techniques are also important, which have drawn great attention in the
literature as well as the pharmaceutical industry in the early 2000s.38:3% SC (supercritical)-
CO», is commonly used as a supercritical fluid. Above its supercritical point, CO, can serve
as a solvent with low density, and this unique property was developed to increase
nanoparticle production from a lab scale to pilot scale. One of the most popular supercritical
fluid techniques is the rapid expansion of supercritical solution (RESS).*% RESS can
produce nanoparticles with diameter less than 100 nm*! and free of solvents, which is quite
promising for the fabrication of nanosuspensions. The combination of a supercritical fluid
with an emulsion process offers greater benefit than the use of a single technique alone. For
example, Porta et al. produced PLGA polymers loaded with 2 different nonsteroidal anti-
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inflammatory drugs (NSAIDs) by using supercritical CO5 fluid to extract drug molecules
from the oily phase of an emulsion. The loading efficiency of this technique is 3 times
greater com pared to common emulsion techniques.*2

4.1 Pharmaceuticals importance of different formulation molecules

The rapid development of nanotechnology has been changing the face of the pharmaceutical
industry, including the concept of new drug innovation and development as well as the
designing of new techniques for drug formulation. The drug formulation studies mainly
focus on preparation of a drug which is both stable and acceptable to the patient. Generally,
the tablets and capsules improve the convenience and compliance for oral delivery, and the
PEGylated adjuvants prolong circulation and reduce side effects such as allergies and
toxicity.4344 Various nanoparticles have been extensively studied for the development of
“block-buster” drugs, based on proteins, polymers, liposomes, micelles, nano-emulsions,
gold nanoparticles, etc.. Several formulations are in the pipeline, and few of them have FDA
approval.4®

4.2 Advantages of protein formulations

Proteins are naturally the first choice for developing nanoscale drug formulations because
their safety, biocompatibility and ease of availability is superior. Most proteins are
nanoscale macromolecules. The hydrophilic and hydrophobic sequences could be loaded
with different drugs, thus serving as drug carriers. Albumin has been extensively explored
because it is the most abundant protein in human serum and it is extremely stable during
bioprocessing and pharmaceutical preparations compared to the other proteins.6 Most
importantly, it can accumulate in tum or tissues and inflammation sites, thus would be
preferred in the design of passive targeted drug delivery systems against cancer and
inflammations. Abraxane was the first protein-based nanoscale drug formulation approved
by the FDA in 2005 for breast cancer treatment, which has a superior antitumor efficacy
over conventional paclitaxel and cremophor formulations.?” The global pharmaceutical sales
in 2012 were 485 million USD (annual revenue in 2012), which is a real “block-buster” drug
available for cancer patients. The success of Abraxane has led to other investigations into
albumin-based drug formulations, such as rapamycin and docetaxel, both in phase-1 clinical
trials.*8 However, not all drugs are suitable for albumin-based drug formulation. Some drugs
interact with album in and lose their activity such as camptothecin.4®-20 These protein—drug
interactions hindered the application of albumin as a general drug carrier, but still there is
great potential for this strategy to develop new drug formulations for the market.

Another protein candidate called apoferritin, which is a large protein molecule with 24
subunits, a diameter around 10-12 nm and a 2 nm central cavity.?! Their cycle of assembly
and disassembly can be controlled by tuning pH, which would be favorable for controlled
drug loading and release. Zhen et al. encapsulated the anti-cancer drugs cisplatin and
carboplatin into apoferritin at neutral pH and released the platinum drugs under acidic pH,>2
with improved toxicity against cancerous cells. Kilic et al. developed a Dox loaded
apoferritin delivery system and found that approximately 28 Dox molecules were
encapsulated within 1 apoferritin molecules and the nanoformulation was stable for at least
48 h at neutral pH.5!

4.3 Importance of liposomal formulations as drug carriers

In drug formulation development liposomes are the dominating nanocarrier systems. They
are easily fabricated, modified, and most importantly they can be adopted to deliver nearly
any biomolecules and drugs, such as small molecules, proteins, peptides, nucleotides, and so
on. Meanwhile, the large production of liposomes is available for the pharmaceutical
industry, which would definitely accelerate the transition from bench-side to bedside.

Nanoscale. Author manuscript; available in PMC 2014 February 25.
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However, one drawback of liposome technology is the “accelerated blood clearance” (ABC")
effect.>3 Usually one effective method to avoid the ABC effect is PEGlyted technology,
which would significantly reduce the ABC effect and improve the biodistribution of
liposome-formulated drugs. Another effective method is “active targeting”, that Is
modifying the liposomes with targeting ligands that specifically deliver the liposome to its
designed destination.>* Currently there are 21 liposome-based drug formulations which are
in different developmental stages, and the FDA has approved 12 liposome-based drugs.>°

4.4 Advantages of polymer formulations

Polymers are another major direction in nanoscale drug formulation development. Either
natural polymers or synthetic polymers are extensively investigated in the development of
new drug formulations, and the various resources of polymers encourage scientists as well
as pharmaceutical companies to design more smart polymer-based drug delivery systems.
With the help of highly flexible and tunable polymers, currently there are 12 candidates in
various stages of clinical trials,>>°6 and 1 has been approved by the FDA.4® For the
formulation of polymer-based drug delivery systems, it is best to employ FDA approved
biodegradable polymers such as PLA, PGA, PLGA, etc. There are two kinds of polymer-
based formulations, one is polymer—drug composites, and the other is polymer—drug
conjugates.>’ However, with the bright outlook of polymer formulations, there is a concern
about quality control in the pharmaceutical production.>” Most of the polymer-based
formulations are multicomponent nanoparticles, such kinds of nanoparticles are likely to
encounter technical difficulties during large-scale production, as well as the expensive
instruments and materials. Unlike a fully developed large-scale liposome manufacture
process which is easy to transfer and adopt, polymer based formulations tend to be more
specific in large-scale production. The key to solving such problems may rely on the process
of industrial standardization and the collaboration between pharmaceutical and research
institutes.

4.5 Formulation of composite nanomaterials for medicinal application

Recently, the advances in material science and pioneering research have greatly broadened
the scope for the development of new pharmaceutical formulations, and the emergence of
“composite pharmaceutical formulations” is expected. Composite pharmaceutical
formulations are combinations of more than one nanoscale drug formulation technique,
which includes all of the available materials such as polymers, proteins, nucleotides (DNA,
aptamers, siRNA, mRNA) and inorganic nanoparticles. The complexity for manufacturing
such new formulations would definitely be beyond currently available pharmaceutical
formulation techniques; therefore, there is no FDA approval for any formulations based on
this concept. For pursuing the successful development of composite pharmaceutical
formulations, one useful strategy is adopting the FDA approved materials in the design, such
as polymer—liposorne and protein-liposome composites.>8 This strategy could significantly
reduce the risk of failure and unnecessary biosafety issues. Chan et al. developed the core—
shell nanoparticle delivery system composed of a PLGA core, soybean lectin monolayer and
polyethylene glycol (PEG) shell. The anti-cancer chemotherapeutic Docetaxel was loaded in
PLGA core, protected by a lectin layer, and PEG shell was assembled onto the nanoparticle
surface.®® This composite formulation greatly enhanced the therapeutic outcome of
Docetaxel, which would be of benefit in clinical applications over the classical anti-cancer
drugs. Another advantage of composite formulation is multifunctionality; therapy, imaging
and diagnosis could be accomplished in one formulation.5%61 Howell et al. encapsulated
MnO (manganese oxide) nanoparticles and doxorubicin in lipid micelles for lung cancer
treatment and imaging. The designed nanoparticles could significantly accumulate within
tumour tissues and indicate exact locations through MR1 imaging.52 In cancer therapy, one
rapidly developing field is silence therapy based on the lipid—based polymer system for

Nanoscale. Author manuscript; available in PMC 2014 February 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kumar et al.

Page 7

SiRNA delivery, also known as siRNA-lipoplex platform technologies.53 This unique
silence therapy based on properties of proprietary lipid components, which embed the
siRNA molecules into lipid-bi-layer.54 The siRNA is combined with various developed lipid
moieties containing cationic lipids, co-lipids (fusogenic) and PEGylated lipids, to form
nanoparticles enabling functional delivery to various cell types upon systemic delivery.5°
Interestingly, the first clinical trials of this class of therapy in age-related macular
degeneration (AMD) involved injecting the RNAI drugs directly to the diseased tissue in the
eye. This direct delivery ensured that the RNAI drugs reached their target intact.56:67 With
the rapid development of composite pharmaceutical formulations, it is possible that the
“smart drugs” would be accessible for the patients in the near future.

5 Nanomedicine as an emerging therapeutic approach for real solutions
through different routes of administration

Conventional therapies have been used in the treatment of diseases for many years through
different routes of administration. The existing treatment of severe diseases like cancer,
highly pathogenic, infectious and also several other metabolic diseases are limited by
general toxicity or low bioavailability of the drug or by both of these limitations. These
treatments may be further improved as a new era of therapy, based on nanomedicine. As we
know there are many potential advantages of using nanomedicine over conventional
therapies as we described above, associating drugs with different nanocarriers or
formulation systems is relevant to develop new effective and safe therapies.® The benefit of
using such delivery systems lies in the fact that a carrier can modify in vivo the fate of the d
rug by changing the biodistribution profile of drugs and modulating the different control
phase of therapeutic molecules to improve the delivery through different routes of
administration (Fig. 2)9 In fact, combining our new knowledge of nanomaterials with an
understanding of the cellular and molecular functions can be used to change the absorption,
metabolism and elimination of a drug when it is administrated via different routes. Mere, we
have emphasized the role of nanomaterial formulation through different and important
routes of administration to develop better and safer therapies.

5.1 Nanoparticle formulations for intravenous drug delivery

The primary purpose of intravenous (1.V.) medication is to initiate a rapid systemic response
against the given medication. It is one of the fastest ways to deliver medication directly into
a patient's blood stream. By this method, the drug is immediately available to the whole
body. It is easier to control the actual amount of drug delivered to the body by using the I.V.
method and it is easier to maintain drug level in the blood for therapeutic response (http://
www.healthline.com/galecontent/intravenous-medication-administration).

Despite the various advantages of the 1.V. route of administration, there still exists many
problems for proper therapy:70

* The medication to be delivered would be destroyed by digestive enzymes.

* The drug is poorly absorbed by the tissue.

* It is painful or irritating and could result in speed shock when given to a patient.
4

Onset of action is quick, facilitating a greater risk of addiction and overdose
when injecting illicit drugs.

2

Intravenous catheters are complicated to maintain drug interaction, because of
incompatibilities.
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* It is the most dangerous route of administration because it bypasses most of the
body's natural defences (immune system), exposing the user to health problems
such as hepatitis, abscesses, infections, and unclissolved particles or additives/
contaminants.

* Errors in compounding of medication e.g. chemical phlebitis (clotting/
deposition).

In contrast to microparticles with a diameter of more than 1 pum that cannot be administered
via intravascular routes of administration, nanoparticles are small enough to allow intra-
capillary passage followed by efficient cellular uptake.’! When nanoparticles are
administered intravenously, they follow the same route as most other foreign particulates
when enter into the body and are easily recognized by the body immune systems, and then
will be cleared by phagocytes through circulation.”2. Apart from the size and shape of the
nanomaterials, their surface properties such as hydrophobicity determine the amount of
adsorbed blood components, mainly with serum proteins (opsonins) and a process known as
opsonization. This process in turn influences the in vivo fate of drugs and nanoparticles in
reaching their target site.”1:74 The binding of these opsonins onto the surface of
nanomaterials, called opsonization, acts as a bridge between drugs, nanomaterials and
phagocytes. The association of a drug to conventional carriers leads to modification of the
drug distribution profile, as it is mainly delivered to mononuclear-phagocyte systems (MPS)
such as the liver, spleen, lungs and bone marrow.”# After intravenous injection, surface
unmodified nanoparticles or naked drugs and non-specific delivery systems are rapidly
opsonized and found mostly in the liver. They are called “non-stealth’ delivery system that
are cleared by the macrophages of MPS rich organs.”® Hence, to increase the likelihood of
the drug delivery and targeting, it is necessary to understand the distance between the site of
the drug administration (site of injection) and the location of the disease in the body. At the
same time, it is also necessary to minimize the opsonization and to prolong the circulation of
nanoparticles in vivo. This can be achieved by using various design approaches with the
advancement of nanoformulation techniques:

* Loading and protecting the drug inside different nanocarrier systems.

* Surface coating of nanoparticles with loaded drugs with hydrophilic polymers/
surfactants.

* Applying the difference formulation with biodegradable copolymers with
hydrophilic segments such as polyethylene glycol (PEG), polyethylene oxide,
polyoxamer, poloxamine and so on.

* Preparation of “stealth’ nanoparticles which can bypass the defense system.

* Engineering of nanomaterial that can bypass the capillary endothelial or escape
from the blood compartment and reach to the target site.

Several studies have shown that PEG conformation at the nanoparticle surface is of utmost
importance for the opsonin repelling function of the PEG layer.”® If the surface of the PEG
is brush shaped, such configurations reduce the phagocytosis and complement activation,
whereas PEG surfaces in a mushroom-like configuration were potent to the complement
activators and favored phagocytosis.”6-78 Therefore, by applying a certain methodology, it
might be possible to overcome the above condition. Doxorubicin is a drug used to treat a
wide range of cancers, but it damages the heart tissue. In 1995, an approved nanomedicine
was Doxil, a doxorubicin-carrying drug that keeps the drug out of the heart. During the
1980s, researchers found that 100 nm particles cannot exit healthy blood vessels but can
easily escape through the leaky tumor vasculature. Therefore, they loaded the doxorubicin
into lipid bubbles about 100 nm in diameter, which can evade the immune system. Patients
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receiving Doxil have one-third congestive heart failure incidence of those given
conventional doxorubicin. Again to improve the efficacy and decrease side effects of the
drug delivery, companies such as BIND Biosciences in Cambridge, USA, use polymers to
load the drug and also design how to control the drug release at the target site.”® The leading
candidate BIND-014 a 100 nm polymer sphere loaded with docetaxel, a drug that can kill
the proliferative cells. The polymer center was engineered to control the drug release and
has two outer layers, a PEG layer to evade immune system and binding molecules to
recognize the tumor. BIND-014's phase | clinical trial results look promising after
intravenous injection.”®

5.2 Nanoparticles for oral drug delivery system

Oral delivery is the most widely used, highly favorable, and readily accepted form of drug
administration due to its convenience, the possibility of self-administration and improved
patient compliance.88 Significant advances in biotechnology and biochemistry have led to
the discovery of a large number of bioactive molecules and vaccines based on peptides and
proteins. Currently greater than 60% of marketed drugs are oral products.8% However,
because of their poor oral bioavailability88 most of the drugs administrated via the oral route
lose their designed dosage regimen and have limited effects. The intestinal layer of human
epithelium cells is highly absorptive and is composed of villi that increase the total
absorptive surface area (300-400 m?2) in the gastrointestinal (Gl) tract.%%-92 The mucus
layers that protect the epithelial surfaces have been highlighted as significant barriers for
drug and nanoparticle delivery. In some instances, over 90% of the administered drug is lost
due to epithelial barriers of the Gl tract and their susceptibility to intestinal degradation by
digestive enzymes.?1:93 However, despite having several advantages, oral drugs face several
problems, particularly for peptides and proteins, and some other bimolecular drugs
delivery:93

* Dose dumping, poor stability in the gastrointestinal tract, mucus layer and
epithelial lining itself.

* Low solubility and/or bioavailability.

2

The mucus barrier can prevent drug penetration and decrease the subsequent
absorption rate of the drug.

* Proteolytic enzymes in the gut lumen like pepsin, trypsin and chymotrypsin,
presence at the brush border the membrane.

* Bacterial gut flora.

All of the above factors reduce the potential for accurate dose adjustment of the final
therapy. However, to overcome these limitations and barriers, the stability of nanocarriers
offers a greater possibility of the drug to be successfully delivered through oral
administration. The fate of the nanoparticles in the gastrointestinal tract has been
investigated in number of studies, in general the uptake of nanoparticles occurs as follows:%*

* Transcytosis of the drug via microfold cells (M-cells, a specific cell type in the
intestinal epithelium).

* Intracellular uptake and transport via the epithelial cells lining the intestinal
mucosa.

¢ Uptake via Peyer's patches.

Polymeric nanoparticle based formulation methods are being developed® that encapsulate
and protect (against enzymatic and hydrolytic degradation) drugs from damage and release
them in a temporally or spatially controlled manner at the site of the disease.%3:96-99 The

Nanoscale. Author manuscript; available in PMC 2014 February 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kumar et al.

Page 10

surface of the nanoparticles can also be modified to enhance or reduce the bio-adhesion
properties so the specific target cells should be recognized efficiently.%3 There are several
new approaches and techniques (Table 2), based upon the unique properties of nanoscale
materials and the basic properties of the mucus layer, which have significantly improved the
efficacy of pharmaceuticals products after oral administration.190-104 Recently, it has been
observed that insulin-loaded nanoparticles have preserved insulin activity and produced
blood glucose reduction in diabetic rats for up to 14 days following oral administration.105
Even after oral administration, drug loaded NPs still face several difficulties due to the
presence of M-cells that have a tight junction of epithelial cells, which prevent the entry of
foreign materials. Therefore targeting this region is necessary to cross the mucosal barrier
for the efficient delivery of oral drugs.

5.2.1 Targeting of nanoparticles to epithelial cells in the gastrointestinal (Gl)
tract using ligands—To enhance the target specificity, it is necessary for the
nanoparticles to interact with the enterocytes and M-cells of Payer's patches in the Gl tract,
because a large number of cell-specific carbohydrates is expressed on their cell surface,
which serves as a binding site for the colloidal drug carrier containing specific ligands.106
Certain glycoproteins and lectins have the necessary properties to bind specifically on their
cell receptor surface.197 In order to enhance oral peptide and vitamin B-12 absorption from
the gut, different lectins (bean and tomato lectin) have been used.198 This study was carried
out under physiological conditions via receptor-mediated endocytosis. For further studies,
they also used various peptides (e.g. granulocyte colony stimulating factor, erythropoietin).
The mucus membrane in the stomach secretes mucoprotein, which can bind specifically with
the cobalamin.106 The mucoprotein reaches the ileum intact where transportation is
facilitated by specific receptors.

5.2.2 Enhancing absorption using non-specific interactions in the
gastrointestinal tract—In another approach, the absorption of macromolecules and
certain materials in the gastrointestinal tract follows either a paracellular or endocytotic
pathway. Nanoparticle absorption through the paracellular route utilizes 1% of the mucosal
surface area. Macromolecules introduced via paracellular permeability can be increased by
using polymeric materials such as chitosan, starch, or poly(acrylate).199.110 The absorption
of nanoparticles via the endocytotic pathway is either by receptor-mediated endocytosis (i. e.
active targeting) or by adsorptive endocytosis, where the ligands do not take part. This
process is initiated by electrostatic forces (such as hydrogen bonding or hydrophobic
interactions) between the nanomaterial and the cell surface.111 During the adsorptive
endocytosis pathway, the size and surface properties of the material are important.112 If the
nanoparticles are positive or uncharged, they have a greater affinity towards the adsorptive
enterocytes. If the NPs are hydrophilic in nature and negatively charged, they have a higher
affinity towards the adsorptive enterocytes and M-cells.113

5.3 Transdermal drug delivery (TDD) system using nanotechnology

Transdermal drug delivery system is the most promising route of drug administration and
offers many advantages over oral, intravenous and others routes of administration. The skin
of the human body is one of the most physical barriers for the drug delivery. The outermost
layer of the skin is called the stratum corneum (SC), the viable epidermis is seen underneath
the stratum corneum and deeper is dermis, which is 1-2 mm thick, and contains rich
capillary blood vessels for systemic absorption of drugs just below the dermal—epidermal
junction. The function of the stratum corneum is to protect the underlying tissues from
infection, dehydration, chemicals and mechanical stress.114 Therefore, several approaches
have been made to defeat this barrier and enhance the stratum corneum permeability. Such
strategies include physical, biochemical, and chemical methods.11® Over the past decades,
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developing controlled drug delivery has become increasingly important in the
pharmaceutical industry.

In the present approaches, different techniques have been developed to enhance transdermal
delivery. Such techniques are physical enhancers (non-cavitational ultrasound, cavitational
ultrasound, microdermabrasion, thermal ablation,>8 iontophoresis, electroporation,
magnetophoresis, microneedle), nanoscale-vesicle nanoparticulates (liposome, niosome,
transfersome, microemulsion, solid lipid nanoparticle) dendrimer systems and chemical
enhancers (sulphoxides, azones, glycols, alkanols, terpenes etc.) to penetrate the skin
frequently and transport the drug through this barrier.116 Recently different types of
nanocarriers (Fig. 3) have been used to design an important delivery system for topical
transdermal drug delivery and also various nanoformulation drugs have been investigated in
the pharmaceutical field (Table 3).

Recently various works in the literature have demonstrated the enhancement of drug
penetration across the skin. Basically, two favored trends have been developed with
nanoparticle delivery systems. First, the high drug loading capacity of the vehicle due to the
small size nanoparticle system can reduce the interfacial tension and ensure excellent
surface contact between the skin and vehicle over the entire application area. Secondly, the
fluctuating structure of nanoemulsions or microemulsions (NE/ME), with ultralow
interfacial tension and high oil and water content, makes it possible for both lipophilic and
hydrophilic drugs from the relatively hydrophilic vehicle to penetrate the lipophilic stratum
corneum and move towards the targeted site (Fig. 4).117

Kreilgaard et al. developed a nanoparticle based emulsion system, which is loaded with
lipophilic (lidocaine) and hydrophilic (prilocaine hydrochloride) drug molecules and
compared its flux to conventional methods. They found that the transdermal flux of
lidocaine and prilocaine hydrochloride was increased up to 4 and 10 times, respectively, as
compared to conventional method of drug formulation. This drastic enhancement was
achieved due to concentration gradients created by high solubilization of the drugs and the
increased thermodynamic activity of drug.117118 However, researchers also demonstrated
the possibility of an enhancement effect of different individual constituents, such as oil,
surfactants and different nanosized particulates and nanocarrier based delivery systems
(Table 3), to bypass the barrier of skin. The carriers then preclude excessive local drug
clearance through the peripheral blood plexus for a better therapeutic effect.119

5.4 Nanotechnology for pulmonary drug delivery

There are several lung diseases which serve as prime candidates for inhalation therapy, such
as asthma, emphysema, chronic obstructive pulmonary disease (COPD), cystic fibrosis,
primary pulmonary hypertension, lung cancer, pneumonia, and some of the new born
respiratory diseases.29 Since the drug avoids first-pass metabolism and is deposited at the
disease site, it is advantageous in treating such diseases locally.

There are two major primary modes of pulmonary aerosol administration: nasal and oral
inhalation.121 In respiratory system, the inhaled material deposits in different parts of lung
regions mainly depending on the size and diameter of the particles and the overall inhalation
process (Fig. 5). Discrimination between the deposition sites is realized by three different
mechanisms: Brownian motion, sedimentation and impaction. According to Brownian
motion, particles of a size smaller than 1 mm will deposit mainly in alveolar regions of the
lung. Particles of size 1-5 mm are able to enter and sediment within the trachea-bronchial
region whereas, the particles larger than 5 mm will mainly be deposited in the pharyngeal
airways due to impaction (blockage of the digestive tract).
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Interestingly, ultrafine particles of 0.005-0.2 mm are efficiently deposited deep in the lungs,
whereas most of the particles 0.2-1.0 mm in size are exhaled again. As mentioned before,
the inhalation process (Fig. 6) or incorrectly entering the pulmonary path unsurprisingly
results in reducing the therapeutic effects of the drug. However, most inhaled drugs are
intended to reach the alveolar region, since the very thin epithelium (0.1-0.5 mm) and the
huge alveolar surface (100-140 m?) offer superior conditions for drug absorption.122

The advancement of nanotechnology has reignited interest in the treatment of lung disease
because the lungs act as a major route of drug delivery for both systemic and local
treatments. The large surface area of the lungs and the minimal barriers impeding access to
the lung periphery make this organ a suitable portal for a variety of therapeutic
interventions.122 Nanotechnology has provided new formulation options for both dispersed
liquid droplet dosage forms (such as metered dose inhalers and nebulizers) and dry powder
form ulations.123:124 There are various advantages in using nanocarrier systems in
pulmonary! drug delivery which are beneficial to the patient such as:

* The potential to achieve a relatively uniform distribution of drug dose among the
alveoli.

2

Enhanced solubility of the drug compared to its own aqueous solubility.

2

The sustained-release of a drug which consequently reduces the dosing
frequency.

Suitability for delivery of macromolecules.

Decreased incidence of side effects.

* o o

Improved patient compliance.
* The potential for drug internalization by cells.

Recently, various drugs, pure molecules, proteins and peptides,33-86 polymeric
nanoparticles, polyelectrolyte complexes, and drug-loaded liposomes have shown
encouraging results for the delivery of drugs in the case of lung diseases.125-127 Several
methods are also being developed to produce nanoparticles with properties suitable for
improving access to the peripheral lung. Traditional techniques such as grinding, spray
drying and with the help of more recent advances in supercritical fluid extraction procedure,
precipitation, and solvent extraction methods have also been employed to produce more
efficient nanoparticle formulations for the treatment of pulmonary diseases.128:129

Today, researchers have put forth a great effort for the development of precise pulmonary
drug deliver technology through combination with nanotechnology both in terms of inhaler
design and using advanced methodologies. Particle engineering for improving the diagnosis
and therapy for heart, lung and blood diseases, and drug delivery represents an area of
particular promise.49 Nanotechnology may provide novel treatments for a broad range of
intractable pulmonary diseases, including bacterial bioflims, fungal infections, and
tuberculosis and more promising targets for nanotechnology-based treatment for heart, lung
and blood diseases through a pulmonary route of administration.149.150

5.5 Nanotechnology in ocular drug delivery

The eyes are the most readily accessible organs in our body. Drug delivery to eye tissues is
particularly problematic and highly risky. The poor bioavailability of drugs from ocular
dosage forms is mainly due to pre-corneal loss factors (e.g., tear dynamics, nonproductive
absorption, transient residence time in the culdesac, and relative impermeability of the
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corneal epithelial membrane).151 Delivery of drugs to ocular region via nanotechnology
based products satisfies three main objectives:152

* Enhancement of drug permeation.
* Controlled release of the drug.
* Targeting the drug to the diseased site.

The nanotechnological formulations include micro/nanoparticles, nanoemulsions,
nanosuspensions, niosomes45:153 Jiposomes, cyclodextrins3 polymer scaffolds, solid lipid
nanoparticles, light-sensitive nanocarrier systems, dendrimers etc. Treatment of posterior
eye segment diseases, such as proliferative retinopathy or macular degeneration, remains
dodgy, due to the present of the tight junctions of the blood-retinal barrier (BRB), but
advanced nanotechnology systems have demonstrated successful outcomes, 194155

Recently, Mahmoud et al. have developed an efficient nano-based delivery system to
achieve sustained therapeutic effects to treat ocular disease. In this study, they prepared
chitosan nanoparticles using sulfobutylether 3-cyclodextrin as a polyphonic cross linker to
investigate the potential of this nanostructure for ocular drug delivery systems in albino
rabbits. The result shows that approximately 50% drug release over an 8 hour period from
its original amount shows zero order pharmacokinetics behavior. The in vivo study revealed
that the prepared mucoadhesive nanoparticles have a better ability to sustain antifungal
effects.156

In another work, Chaiyasan et al. developed self-assembled oppositely charged polymers,
cationic chitosan (CS) and anionic dextran sulfate (DS), nanoparticles for drug delivery to
the ocular surface. In this study, the mucoadhesive properties of the chitosan—dextran sulfate
nanopartides (CDNs) was evaluated by imaging the retention of the fluorescein
isothiocyanate-labeled CDNs on the cornea. The ex vivo experiment indicated that cationic,
biocompatible mueoadhesive CDNs, loaded with a drug such as Rhodamine B (RhB) or Nile
Red (NR), are able to release the drug analog at the ocular surface. The nanoparticles were
stable to lysozymes and showed prolonged adherence to the corneal surface.1%” Several
other groups have also developed dendrimer based nanocarrier systems for the treatment of
ocular disease.1%8

To incorporate anti-inflammatory drugs for ophthalmic applications, several nanoparticle
based drug carriers are available in the market and some of them are in clinical trials (Table
3).

6 The environmental, health and safety issues related to nanoparticles

Several decades have passed, and the implementation of nanomedicine concepts in broad
clinical application still remains puzzling due to the limited knowledge about safety and
toxicity. Although one inherent property of NP based drug delivery formulations is
decreased adverse side effects and reduced toxicity, NPs themselves may account for the
adverse biological response.199160 As more and more nanomaterials are used as drug
delivery vehicles, we should first make sure they are safe to utilize as a drug delivery
carriers for human medical application, and also pay more attention to the potential safety
hazards and toxicity issues.

Because of their nanoscale size, NPs which are left in the environment after synthesis can be
easily transported into the human body by inhalation and have some unknown influences
upon health. Ultrafine particles in the air are considered as the main cause of respiratory
disease, and the NPs may be harmful when directly exposed to human beings. One report
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says that, workers who are exposed to polystyrene fumes and polyacrylate NPs for several
months are expected to be affected by certain diseases like pulmonary fibrosis, pleural
effusions and granuloma formation.161 Sometimes the above behavior has also been
observed when NPs are used in clinical situations. It may also cause some undesirable
effects in human by the interaction with various components inside the body, like platelet
aggregation or cardiovascular effects. In the United States of America (USA), some
organizations have made efforts to establish some standard programs for the determination
of health and environmental hazards caused by nanomaterials.262 The following are key
reasons for toxicity of nanomaterials in human health applications.

Physicochemical properties (size, shape and surface charge)

NPs of <100 nm present ideal properties for drug delivery, which in turn to cause
undesirable effects like crossing the blood—brain barrier, triggering immune reactions and
damaging the membrane structure of human cells or organelles. The suface charge on the
nanoparticles can cause organ accumulation and induce toxicity. Cationic lipids loaded with
drugs, genes and siRNA used in laboratory research are not safe to be used in the clinic
because of their dose dependent toxicity, pulmonary inflammation and potential hemolysis
effects.163

High surface area to volume ratio

Due to their high surface area to volume ratio, nanoparticles can efficiently interact with
biological systems, which leads to potential toxicity.163

Agglomeration and dispensability

Nanoparticles tend to agglomerate, due to their high surface to volume ratio. If
agglomeration happens in the human body after drug administration, it will cause vascular
or lymphatic blockage.16°

Biodegradation and biocompatibility

In drug delivery system, if the nanocarriers are not degraded quickly, they may accumulate
in cells or tissue, and lead to a chronic inflammatory response.166 Hence, excellent
biodegradability must be one of the basic characteristics of NPs in drug delivery. Silver (Ag)
NPs were reported to be toxic, due to the presence of residual CTAB from synthesis
process.166 Chang et al. have reported silica NPs to be toxic at high concentration, because
of the observation of cell viability reduction.16” Nanomaterials with poor biocompatibility
would cause serious cell death and immunological effects.

Immunotoxicity

As we know, the immune system protects the body from possible harmful substances by
recognizing and responding to antigens. When nanoparticles enter inside the human body as
foreign agents, they may trigger a defense to protect the body. If a nanomaterial with
immunotoxicity is applied in clinical use, it will cause a severe immune response, and show
dangerous side effects. To measure nanoparticle-related toxicity in vitro, a plaque forming
cell assay should be done.168.169

Genotoxicity

Some nanoparticles, such as gold NPs of <10 nm, can cross the cell nucleus membrane, and
deliver loaded drugs or siRNA within the nucleus. At the same time, they can also cause
gene mutation in the DNA helix. Assessment strategics for nanoparticle genotoxicity are
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limited, such as the salmonella reverse mutation assay, the micronucleus test, and the
alkaline comet assay.170

Hemolysis and anticoagulation

Nanoparticles can cause hemolysis or coagulation phenomena when administrated by
intravenous injection.168 Standard hemolysis and coagulation tests exist, and allow us to
study these two properties of nanoparticles used in drug delivery.171.172 Early safety studies
of the drug delivery nanoformulation are necessary to find and avoid the potential danger to
the environment and toxicity to human health. Therefore, comprehensive studies of
nanodrug formulation should be necessary, such as general toxicity assay,
histocompatibility, complement activation, immunotoxicology, pharmacokinetics,
toxicokinetics, and metabolic fate.?

Clearance and distribution

As mentioned above, nanoparticle based drug delivery formulation can target an active site,
which can lead to a better biodistribution. Once the drug is released from the nanocarriers,
there is no need for the nanocarriers to stay further in the human body. Therefore, it is
necessary to study in detail about the mechanisms of how body clears the left over
nanomaterials. The clearance rate of the nanoparticles is important to evaluate the toxicity
effects.1’3 Moreover, the organ distribution should be studied to predict the potential
hazards to the liver, kidney, spleen and so on.174.175

6.1 The toxicity of nanoparticles through different routes of administration

Nanoparticles can be used in drug delivery systems for clinical therapy, via various routes of
administration such as oral, injection or transdermal patch. After administration,
nanoparticles with varying size, shape, surface and composition can penetrate and transfer to
the organs and cells by either diffusion or active intracellular transportation, or adsorb onto
the surface of macromolecules,116:124 which could cause unknown interactions between the
nanoparticles and biological systems, which decide the negative and positive aspects of
materials for real therapeutic applications. In addition to this, the distribution, including
regional deposition, retention, solubility, redistribution and translocation also need our
attention as they all seriously affect the body. In the process of circulation, metabolism,
accumulation and excretion pathways, nanoparticles with poor solubility or degradability
would accumulate within the body and persist for a long time and cause undesirable adverse
effects when higher concentrations are used. However, in most cases, the toxicity of the drug
formulated nanocarriers is the due above mentioned factors but this is not the only region for
the actual therapy. A number of cases and physiological factors (Fig. 7) of the host body
decide the exact response of materials for real therapeutic applications.

7 What can we do for the reduction and assessment of toxicity through
different modes of administration?

To improve the efficacy of in vivo drug delivery, certain basic rules have to be followed
(Fig. 8) while designing nanocarriers. All types of nanocarriers must be formulated with
biocompatible materials. For targeted drug delivery, the route of administration plays a
major role. Before engineering the nanoparticles, suitable material selection has to be carried
out for their in vivo compatibility and degradability.8% Next, scientists should think about
which type of nanoparticles to synthesize, ranging from nanospheres to nanocapsules. The
shape of the material greatly controls the loading and release properties of the drug. After
synthesizing the material, the nanospheres occur as plain nanoparticles whereas
nanocapsules appear like a vesicular structure. From the literature survey, it has been found
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that the shape of the nanoparticles is also an important factor, which greatly influences their
fate in biological systems. Having chosen the type of the nanoparticles, the engineer has to
decide which preparation process they wants to adopt, such as polymerization or some
specific preparation procedure. The nature of the materials and the physicochemical
properties of the drug-loading carrier directly influence their in vivo fate.176 Due to the
submicron size of the nanoparticles, surface properties are also considered as an important
parameter to control the in vivo fate of the drug carrier.1”” The physicochemical properties
of the nanocarrier are predicted obviously by the chemicals that are attached to their surface.

Surface chemistry also contributes to define the type of interaction with components of the
surrounding medium.®® However, the in vivo fate of the drug carrier is not only decided by
their formulation, but the route of administration of the drug-loaded carrier is also
considered. Hence, specific strategies of drug-carrier formulation have to be applied
depending on the different routes of administration.

8 Nanomedicine in the market and industry

Nanotechnology has been hailed as the “next Industrial Revolution” (National
Nanotechnology Initiative 2000) and promises to have substantial impacts on many areas of
our lives.178 As expected, pharmaceutical companies are already investing in
nanotechnology (Fig. 9). Nanomedicines include nano-based contrast agents and various
drug delivery formulations. Currently, drug delivery formulation makes up about 75% of the
total sales of nanomedicine.® Here we just show the details about drug delivery formulation.
About 23 nanoscale drug formulations are available in the market. Of which, three
polymeric products have been sold for around $3.2 billion. Nanomedicine regulatory and
standardisation methods have been initially built. Nowadays, the regulatory procedure of
nanomedicine drug approval is similar to the conventional method. As time goes on, a new
examination department may be needed for nanomedicine, with different requirements.
Analysts have predicted that by 2014 the market for pharmaceutical applications of
nanotechnology will be close to $18 billion annually.1”® Another report indicates that the
demand for medical products incorporating nanotechnology in the United States will
increase by more than 17% per year to $53 billion in 2011. and $110 billion in 2016.180

9 Conclusion and future prospects

After over-viewing the innovative pharmaceutical developments based on the unique
properties of nanoscale drug delivery formulation, we can conclude that nanomedicine will
become more important and much broader in clinical diagnosis, imaging and therapeutics,
detection and treatment of various diseases. Indeed, the National Institute of Health (NIH)
road-maps envisage that nanomedicine developed from nanoparticle based technology will
begin to bring more medical benefits within the next 10 years. This dream includes the
evolution of new nanoformulation materials like ocular implants and implanted transducers
that can be used to restore lost vision and hearing, nanoscale polymer materials that mimic
an artificial heart valve to treat cardiac problems and nanocomposites for bone scaffolds
(Opportunities and risks of nanotechnologies, report in co-operation with the OECD
International Futures Program). Furthermore, we already know that engineered nanoparticles
with special structures and multifunctional nanodrug formulations for combined therapy will
be the next step in the development.181.182 As e mentioned above, for better development
of nanomedicine, the assessment of the toxicity of these drug carriers should be studied in
detail through different routes of administration to avoid hazards to health and the
environment issues.18° In order to achieve immense success in this field of nanomedicine.
scientists with diverse backgrounds must unite as one to create amazing pharmaceutical
formulations from different nanomaterials for clinical trials for better human health.
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Box 1 Real applications of nanotechnology for health care

An important area to focus on for bionanomedical applications has been investigated
recently. We adopted all these concepts with the help of various literatures reports. This
box summarizes the key points.

Drug delivery: nanoscale particles/molecules have been developed to target specific
sites in the body, to improve the bioavailability and pharmacokinetics of
therapeutics. Multifunctional targeted devices are capable of bypassing biological
barriers to deliver multiple therapeutic agents directly to the cancer cells and also to
tissues in the microenvironment.

Drug therapy: the nanostructure/molecules themselves have unique medical
properties, which show therapeutic effects in biological systems. Such molecules
differ from traditional small-molecule drugs. Examples include drugs based on
fullerenes or dendrimers.

Imaging: nanoparticles, which are used particularly for MRI and ultrasound scans,
provide an improved contrast and favorable biodistribution. For example, super
paramagnetic iron oxide nanoparticles have been used as MRI contrast agents.

Repair and replacement: damaged tissues and organs are often replaced by artificial
substitutes, and nanotechnology offers a range of new biocompatible coatings for the
implants that improves their adhesion, durability and lifespan. New types of
nanomaterials are being evaluated as implant coatings to improve interface
properties for bone replacement and tissue regeneration. For example, nanopolymers
can be used to coat devices in contact with blood (e.g. artificial hearts, catheters) to
disperse clots or prevent their formation.

Hearing and vision: nanotechnology is being used to develop a potentially more
powerful device to restore lost vision and hearing. One approach uses a miniature
video camera attached to glasses to capture visual signals which are then transmitted
to an array of electrodes placed in the eye. Another approach uses an array of
electrodes at the tip of the device to solve hearing problems, with five times greater
amplification than that of current devices.

Implants, surgery and coatings: nanotechnology has the capability to improve
implant biocompatibility, either by coating implants with nanomaterials or by using
nanomaterials as implant materials. They can also be used to create smaller,
rechargeable batteries for use in active implants. The technology has also been
applied to create corrosion free suture needles with improved strength and ductility.
Nanoparticles have also been incorporated into fibers to be used for wound dressings
and for dental cavity filling. The ultimate aim of using these novel technologies in
implants, surgery or wound care is to heal the body quickly and efficiently without
creating excessive pain or irritation.
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Fig. 1.
Schematic diagram for the future-nanorriedicine production system.
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Nanoformulations used as transdermal drug delivery systems.
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drug delivery.
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Fig. 5.
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The image represents the regional deposition of particles within the lungs, depending on the
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Different factors influence on the pulmonary delivery ot drug and nanoparticle sysiems
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Fig. 7.
A simplified depiction of potential factors that may influence the effects of engineered
nanoparticles on the health system.
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Different parameters for the selection of nanocarriers tor the formulation process.
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Fig. 9.

(a) Nanomedical global sales by therapeutic area, 2009-2016; (source: BCC Research) (b)
projected contributions in the field of nanomedicine or pharmaceutical fields for human
health care, according to the US economy, 2015 (source: US Science Foundation, 2003).
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Table 1

Advantages of nanomedicine over conventional medicine
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Advantages of nanomedicine accor ding to physical aspects

Advantages of nanomedicine accor ding to biological aspects

« Increase the aqueous solubility of pharmaceuticals

« Protect the drugs from degradation

« Ability to encapsulate high drug content, e.g. polymeric
nanoparticles

« Feasibility of carrying both lipophilic and hydrophilic drugs

« High surface activity and adsorption ration rate

« Increasing specificity towards disease

« Deliver drug for slow release to maintain the therapeutic dose

« Produce a prolonged release of drugs to control systemic
transportation

« Stimuli release (pH, temperature, heat, light, radiation, magnetic
field etc.)

« Easily design and engineer to load different drugs for
combination therapy

* Improve the bioavailability and biocompatibility of drugs, non-toxic,
non-allergenic and non-irritating

« Improve the active/passive target specificity in drug delivery

* Penetrate the cell membrane and biological barriers, e.g. Blood-brain
barrier (BBB)

« Enhance the permeability and retention (EPR) of tumors for
accumulation of large molecules and small particles

« Prolong the circulation time of drugs towards the therapeutic window

« Possibility to overcome resistance factors, e.g. P-glycoprotein and MDR
factors

» Combined treatment of multiple diseases or theranostics application

« It is possible to target individual pathogens or biomolecules according to
the nature of the disease
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Table 2

Design of nanocarrier with adhesive molecules to improve oral administration
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Mucoadhesive nanopartide System

Nanopar ticles’component

Advantages

Ref.

Mucoadhesive polymeric systems

Targeted mucoadhesive nanoparticle

systems

Mucoadhesive pH-responsive systems

Mucoadhesive lipid-based systems

Poly(lactic acid) (PLA), poly(sebacic
acid) (PSA), poly(lactic-co-glycolic acid)
(PLGA) and poly(acrylic acid) (PAA)

Lectins, invasins, vitamin B12-
derivatives, wheat germ agglutinin
(WGA), bacterial enzymes and surface
invasin protein (e.g. Salmonella and

Shigella)

Acrylic-based polymers (methacrylic
acid) (PMAA), polyethylacrylate
(PMAA-PEA) and polymethacrylate

(PMAA-PMA)

Liposomes, mixed micelles, micro and
nanoemulsions, and solid lipid

nanoparticles

glucose regulation

Particle uptake, increased
binding efficiency, decreased  (1998),8! Salman et al.

rate of elimination,

in the low pH of the

Improved bioavailability of
particles, prolonged retention
in the gut, improved blood

Suk et al. (2011)%°

Hussain et al.

(200582

penetration of mucus barrier

Retention of a collapsed state  Dai et al. (2000),33

Ganta et al. (2008)84

stomach, penetration of the

gastrointestinal (GI) tract,
frequently localized drug

molecules

encapsulated drugs

Increased solubility and
bioavailability of the

Fricker et al. (2010)103

Mucus penetrating systems

Component

Advantages

Ref.

Disrupting the mucus barrier

Particles that penetrate the mucus

barrier

N-Acetyl-L-cysteine (NAC), a
commonly used mucolytic,
and some viscous molecules

Virus particles, bacterial
lysine, bacterial grown
hydrophobic surface

Enhanced nanoparticle-based
drug delivery, disruption of the
barrier properties of the mucus
lining

Increased diffusion rate,
penetration of the mucosal layer

Carlstedt et al. (1998)8°

Stuart et al. (2001),86
Paerregaard et al. (1991)87
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Table 3

Examples of nanomedicine products on the market or under clinical trials with different routes of

administration
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Route of administration ~ Product or drug Formulation Therapeutic use Status Company or references
Oral drug delivery Gastromark (ferumoxsil) Ei}l)icon-coated iron oxide Gl imaging Marketed ~ AMAG Pharmaceuticals
S
Rapamune (sirolimus) Nanocrystal particles Immunosuppressive Marketed  Pfizer/Wyeth
Emend (aprepitant) Nanocrystal particles Antiemetic Marketed ~ Merck
Tricor (fenofibrate) Nanocrystal particles Hypercholesterolemia Marketed ~ Abbott
Megace ES (megestrol) Nanocrystal particles Antianoretic Marketed  Par Pharmaceuticals
Triglide (fenofibrate) Nanocrystal particles Hypercholesterolemia Marketed  ScielePharma
Renagel (sevelamer) Phosphate binding polymer  End stage renal failure Marketed ~ Genzyme (Daiichi licensed)
Welchol Cholesterol binding polymer  Type 2 diabetes Mariketed Genzyme
AMG223 Phosphate binding polymer Hyperphosphatemia in CKD Phase 11 Amgen
patients on hemodialysis
NKTR-118 PEG-naloxone Opioid-induced constipation Phase I1 Nektar
SLIT cisplatin Liposomes Cancer—Ilung phase Il Transave
Pulmonary drug delivery Budesonide Nanoemulsion Asthma Reported  Jacobs et al. (2002)130
Fluticasone NPs Asthma Reported  Shekunov et al. (2005)13!
Tobramycin NPs Infections Reported  Joshi et al. (2003)132
Insulin Liposomes Diabetes Reported  Carpenter et al. (2005)133
Leuprolide Liposomes Lung cancer Reported  Khanna et al. (1997)134
Low molecular weight Dendrimer Thrombosis Reported  Zhang et al. (2001)13%
heparin
Transdermal drug delivery  Lignocaine Liposomes Local anesthetic Reported Sharma et al. (1994)136
Methotrexate pH-sensitive liposomes Cancer Reported  Dubey et al. (2007)137
Indomethacin Dendrimer Anti-inflammatory Reported  Chauhan et al. (2003)138
5-Fluorouracil Dendrimer Cancer Reported  Venuganti et al. (2008)1%°
Insulin NPs Diabetes Reported  Huang et al. (2009)140
Celecoxib NPs Anti-inflammatory Reported  Joshi et al. (2008)141
Triptolide NPs Anti-inflammatory, anticancer ~ Reported ~ Mei et al. (2003)42
Ocular drug delivery GCV Albumin NPs Cytomegalovirus retinitis Reported Irache et al. (2005)143
Oligonuleotides Liposomes Cancer Reported  Bochot et al. (1998)144
Pilocarpine HCI Liposomes Miotic Reported  Sahoo et al., (2008)14°
Timolol maleate Diocomes Glaucoma Reported  Vyas et al. (1998)146
Cyclopentolate Niosomes Mydriatic Reported  Saettone et al. (1996)147
Acetazolamide Liposomes Diuretic Reported El-Gazayerly et al.
(1997)148
Insulin Liposomes Diabetes Reported  Sahoo et al. (2008)45
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