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Abstract Degenerative diseases are results of deterioration
of cells and tissues with aging either by unhealthy lifestyle
or normal senescence. The degenerative disease likely
affects central nervous system and cardiovascular system
to a great extent. Certain medications and therapies have
emerged for the treatment of degenerative diseases, but in
most cases bearing with poor solubility, lower bioavail-
ability, drug resistance, and incapability to cross the blood—
brain barrier (BBB). Hence, it has to be overcome with
conventional treatment system; in this connection, nan-
otechnology has gained a great deal of interest in recent
years. Moreover, nanotechnology and nanocarrier-based
approach drug delivery system could revolutionize the
treatment of degenerative diseases by faster absorption of
drug, targeted interaction at specific site, and its release in a
controlled manner into human body with minimal side
effects. The core objective of this review is to customize
and formulate therapeutically active molecules with
specific site of action and without affecting other organs
and tissues to obtain effective result in the improvement of
quality of health. In addition, the review provides a concise
insight into the recent developments and applications of
nanotech and nanocarrier-based drug delivery for the
treatment of various degenerative diseases.
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Introduction

Globally in the recent times there has been a deep change
in food habit and lifestyle of people. The economically
cheap junk foods, unhealthy eating habits, long work hours
along with sedentary lifestyle have led to an inclination. It
has resulted in epidemic of aging related to chronic
degenerative/lifestyle/manmade diseases. The degenerative
diseases are a group of heterogeneous disorder that is
characterized by progressive degeneration of structure and
function of system/organs. The report announced by World
Health Organization (WHO) highlighted that among the
countries India is one of the leading nations with most
cases of degenerative diseases [1]. The major human
degenerative diseases include Alzheimer’s disease,
Parkinson’s disease, neoplastic diseases and cardiovascular
diseases such as cardiopathies, coronary disease, myocar-
dial infarction, hypertension, and cerebrovascular acci-
dents/strokes. All of the above degenerative diseases are
primarily associated with aging and these diseases affect
millions of people around the world. In addition, in recent
days, most of the countries were affected by major causes
of mortality with certain types of degenerative diseases.
‘Aging’ or more specifically cellular aging and degen-
erative diseases exhibit cumulative results of increased
levels of reactive oxygen species (ROS) due to oxidative
stress [2]. In 1940s, theories of aging were stating that it
was caused by mitochondrial dysfunction. Because of the
importance of mitochondria and it plays a major role in
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generation of chemical energy, adenosine triphosphate
(ATP), aging has an inverse correlation with production of
ATP. Aged mammalian cells consist of higher amount of
oxidized lipids and proteins along with damaged and
mutated DNA in mitochondrial genome. As a result,
gradually the mitochondria lose its ability to generate more
energy and accumulate ROS. ROS are particularly active in
the brain and neuronal tissue because metabolism of the
excitatory amino acids and neurotransmitters generates
huge amount of ROS. Thus, brain serves as a source of
generation of oxidative stress [3]. ROS irruption in post-
mitotic cells such as glial cells and neurons leads to neu-
ronal damage as they are particularly sensitive to free
radicals. This in turn results in oxidative injury on human
cells and in the end may lead to programmed cell death,
i.e., apoptosis. These mechanisms eventually lead to neu-
rodegenerative diseases and cancers [4].

Till date, no treatment has been found to be absolutely
effective towards cancer. Among the vast number of
therapies, chemotherapy is extensively used all over the
world. Chemotherapy causes inconvenience for the patient
because of its horrifying side effects. Therapeutically
strong drugs are destroying the rapidly multiplying cells.
Chemotherapy not only kills the malignant cells but adja-
cent healthy cells as well, inducing several side effects. The
side effects caused by chemotherapy are so oppressive that
patients often do not opt for such ailments. Due to non-
targeted distribution throughout the body tissues,
chemotherapeutic drugs which are administered as ‘free
drug’ lead to the limitation of drug concentration at
impaired organ sites. Such obstacles could be closely
associated with the clinical failure of this therapeutic
modality in degenerative diseases. Site-specific targeted
drug delivery offers a potential alternative strategy for
chemotherapy. Nanotechnology involves research with an
amalgamation of chemistry, physics, engineering, biology,
and medicine, and acts as a significant technique in the
treatment of degenerative diseases, such as early detection
of tumors, site-specific action; reduce multidrug resistance
and toxicity, discovery of cancer biomarkers, and devel-
opment of novel treatments [5]. Nanocarriers have been
established to successfully deliver active drug molecules to
the target site/cells [6]. Moreover, nanotechnology and
nanocarrier-based drug delivery system offers improved
healing efficacy and reduces undesirable side effects allied
with conventional drugs, introduces new classes of thera-
peutics and persuades the re-investigation of pharmaceu-
tically suboptimal but biologically active new molecular
entity that were earlier considered undevelopable.

Nanoparticles used during drug delivery system are
vehicles with smallest functional organization normally
<100 nm in at least one dimension, and are made of
diverse biodegradable materials such as natural or synthetic
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polymers, lipids, or metals [7]. Nanotechnology and
nanocarrier-based therapeutics have accelerated the
development in the field of biomedicine when compared
with traditional drugs, in terms of improved half-lives,
retention, and targeting efficiency, and lesser adverse
effects. Chemotherapeutic nanomedicines have brought a
revolutionary change and several compounds are going
through various stages of experimental trial or already
accepted by U.S. Food and drug administration (FDA) [8].
With the growing global commercialization efforts, the
rush in nanomedicine research during the past few decades
now translates itself into commercial aspects, with many
products on the market and growing number in the pipe-
line. Presently, nanomedicine is led by drug delivery sys-
tems, which account for additional 75% of total sales.
Pharmaceutical industries are gaining increasing interest in
wide spectrum of nanotechnological advances because
these developments have changed the scientific landscape
providing several advantages, such as customized release
systems and the potential to fabricate new formulated
device that were previously not possible (due to several
aspects related to the active constituents). The first evi-
dence of nanoparticle-delivered clinical RNA interference
(RNAI) has been introduced by Calando Pharmaceuticals.
However, BIND Biosciences has shown a significant
reduction of lung and tonsillar lesions using the combina-
tion of nanoparticles and chemotherapeutic drug with
prostate-specific membrane antigen (PSMA) with greater
efficacy compared with the drug alone, and at substantially
lower doses. Again, Celgene’s Abraxane, Paclitaxel mod-
ified with albumin-functionalized formulation was initially
approved by the FDA for therapy of breast cancer, but
recently also gained approval for lung and pancreatic
cancer therapies [9].

To increase the potency of treatment and lessen side
effects, nanoengineered devices are fabricated. These
include nanomedicine, such as carbon, inorganic
nanoparticles, protein-based, lipid-based nanoparticles,
polymer-based nanoparticles and conjugates, dendrimers,
micelles, nanocrystals, fullerene, nanodevices, nanobots,
and biological nanoparticles. A generalized overview of
some of these new nanovehicles for drug release which
aim to progress the bioavailability, pharmacokinetics,
and pharmacodynamics of drugs are summarized in
Table 1.

The purview of the review article is to highlight how
these obstacles can be overcome by nanotechnology and
nanocarrier-based approaches in drug delivery systems on
degenerative diseases, the molecular mechanisms of the
fundamental interactions of nanoparticles with cell-surface
receptors, biological responses and cell signaling, and the
research needed for the extensive application of nanode-
livery systems in medicine.
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Table 1 continued

References

Route of

Major application

Aim

System components

Drug/active
ingredients

Nanotechnology-
based system

administration

[45]

In vivo and

Increased bioavailability, pharmacokinetics and against multidrug

To improve

Sorbitan Monostearate

Doxorubicin

Niosomes

in vitro

resistance

pharmacokinetics
and tumoricidal

activity

[46]

In vitro and

In vitro drug release from cholesterol containing niosomes is

C16 triglyceryl ether with To distribution of

Doxorubicin

in vivo

delayed, in vivo there is little difference between the two

preparations. More effective reduction in tumor growth

drugs

or without cholesterol

[47]

In vivo

Exhibit biocompatibility, excretion, and less toxicity

PEG-single walled carbon To targeted delivery

Paclitaxel

Carbon

nanotubes

nanotubes

Design of nanotechnology and nanocarrier-based
drug delivery systems

The application of nanotechnology and nanocarrier for drug
delivery systems has evolved with revolutionary effect in the
biomedical landscape in recent years. Several research insti-
tutes and industries are conducting research programs exten-
sively all over the world to find new formulations with
specification capable of delivering drugs. Nanotechnology and
nanocarrier-based chronic degenerative disease therapeutics
have provided the possibilities of delivering drugs to specific
cells using nanoparticles. Nanoscale complexes presently
being developed consist of two main components: the
nanovehicle, which is used as the carrier agent, and the
chemotherapeutic drug [48]. The drug is usually confined
within a membrane or a matrix system and can also be adsor-
bed, dissolved, or dispersed from the system [49]. Nanoparti-
cles can be used to provide targeted delivery of drug at the
specific site and thus enhance the uptake of poorly soluble
drugs and bioavailability. A schematic evaluation of conven-
tional and nanotechnology-based drug delivery systems is
showninFig. 1. Nano-enabled structures are adapted to defend
drugs from hydrolytic and enzymatic degradation. They also
check drugs from first-pass metabolism and increase the blood
residence time. The nano size allows them to penetrate through
the tissues efficiently and may also pass biological barriers
[50, 51]. For instance, polymeric nanoparticles are encapsu-
lated with Tacrine for intravenous drug delivery system to
provide high concentrations of Tacrine in the brain and reduce
the total dose required for the therapy [52]. Rivastigmine
polymeric nanoparticle intravenous drug delivery systems
offer high concentrations of Rivastigmine in brain [53]. Cur-
cumin—phospholipid conjugate-based ex vivo liposomes
delivery system provides strongly labeled AP deposits [54].
Nanopatrticles offer great visions of improved, personalized
medicine which has emerged in recent days to enlarge and
administer the suitable drug, at suitable dose, at the suit-
able time to the suitable patient. Advances in materials science
and protein engineering have given rise to novel nanoscale
targeting approaches that may increase safety and therapeutic
efficacy in chronic degenerative diseases patients. The
advantages of this approach depend on two aspects, size and
biodegradable material, which in turn gave rise to better
treatment modalities with accuracy, efficacy, safety, and speed.

Types of nanotechnology and nanocarrier-based
therapeutics used to treat degenerative diseases
and recent developments in clinical status

Nanotechnology and nanocarrier-based drug delivery sys-

tems are generally used to develop the effectiveness of
therapeutic agents; the most common nanosystems used to

’r @ Springer
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Fig. 1 Design of
nanotechnology-based drugs
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treat degenerative diseases are liposomes, polymeric
nanoparticles, polymeric micelles, protein nanoparticles,
inorganic nanoparticles, carbon nanotubes, polymeric
conjugates, hybrid nanoparticles, solid lipid nanoparticles,
niosomes, and dendrimers, which have been used to carry
wide classes of therapeutic agents with cytotoxic agents,
chemosensitizers, small interference RNA (siRNA), and
antiangiogenic agents.

Inorganic nanoparticles

Over the years, inorganic nanoparticles have fascinated
considerable interest due to their intriguing physicochem-
ical properties, undersized and surface plasmon behavior
[55]. Inorganic nanoparticles such as magnetic nanoparti-
cles (iron oxide), gold, platinum, chromium, manganese,
zinc, selenium, titanium, molybdenum, palladium, silica,
copper, cerium oxide, and silver nanoparticles, bimetallic,
nanoshells, and nanocages have been continuously used
and modified to enable their use as a therapeutic and
diagnostic agent. The existence of inorganic nanoparticles
in solution was first recognized by Michael Faraday in
1857 and a quantitative explanation of their color was
given by Mie in 1908 [56]. An inorganic nanoparticle
exhibits a range of applications from catalysis and sense to
optics, antibacterial activity, cytotoxic effects and data
storage depending on size and shape [57]. For instance, the
antibacterial activity and cytotoxicity effects of inorganic
nanoparticles were closely related to their size as well as
shape, that is, minor the metal nuclei, higher the activity
[58]. The size of inorganic nanoparticles is mainly
dependent on the metal salt concentration, temperature,
rate of chemical reactants of the reaction medium [59].
Thus, control over the size and size allotment is the prime
factor of concern.

Generally, specific shape, size, and size allotment is
customized by modification of the synthesis methods,
reducing agents and stabilizers [60—64]. Many processes
are followed for the synthesis of nanoparticles. These

@ Springer

Conventional drug

A Metallic nanoparticle

include physical, chemical, and biological routes [65-67].
Physical approach utilizes numerous methods such as
evaporation/condensation and laser ablation, whereas
chemical approach involves the metal ions in solution
which are reduced in conditions favoring the successive
formation of small metal clusters or aggregates [68—70].
The physical and chemical methods suffer from several
drawbacks such as high cost, use of toxic chemicals,
demand for expensive instrument, more energy require-
ment, pressure and are not eco-friendly [71]. On the other
hand, biologically mediated synthesis of nanoparticles is
gaining significance due to its simplicity, single step,
nontoxicity, biocompatible eco-friendliness and their
unique physiochemical properties [72-74]. Nanoscale
materials and supramolecular structures usually with a
collection of shapes (spheres, rods, prisms, plates, needles,
leafs or dendrites) and sub-micrometer sizes ranging from
1 to 100 nm (nm) is an emerging area of nanoscience and
nanotechnology. Here we depicted some important metallic
nanoparticles used for non-infective disease drug delivery
systems.

Gold nanoparticles

Gold is one of the most important and widely used noble
metals due to its broad spectrum applications in industry
and economic activity. It is the most attractive microele-
ment that plays significant role in the field of bio-nan-
otechnology [75]. In the past 50 years, pure gold has been
used as a food additive. WHO also recommended gold as a
food additive in 1983 [76]. Colloidal gold has been used as
medicinal agent for treating rheumatoid arthritis, alco-
holism, tuberculosis and neoplastic disorders [77]. Cur-
rently, metal nanoparticles, especially gold nanoparticles
(AuNPs) have drawn the attention of scientists because of
their stability, oxidation resistance and biocompatibility.
AuNPs provide many advantageous attributes for the cre-
ation of drug delivery systems. First, the core materials of
gold are chemically static and non-cytotoxic [78]. Second,
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the unique nanosize dimension of AuNPs provides a large
surface area readily available for modification with loading
targeting molecules or specific biomarkers for drug deliv-
ery systems [79]. It can be utilize as a potential vehicle to
deliver micromolecules such as proteins, DNA, or RNA
[80]. It also enables ease of drug attachment through ionic
or covalent bonds, or through adhesion. Like for many
nanodrugs, PEG can be used as an attachment biomaterial
on the surface of metallic nanoparticles to increase stability
and circulation time, in addition to other targeting agents
[81]. It has been investigated that AuNPs with diameter
<50 nm can cross the BBB. Moreover, PEGylated AuNPs
conjugated with TNF (tumor necrosis factor) can extra-
vasate through tumor cells due to their leaky vasculature
[82]. Several types of AuNPs have been extensively stud-
ied for siRNA delivery. These incorporate AuNPs func-
tionalized with cationic quaternary ammonium or branched
PEI, cationic lipid bilayer-coated AuNPS and oligonu-
cleotide-modified AuNPS. Gold nanorods are also found to
contain immense potential to deliver siRNA to target cells
or tissues [83]. Gold nanorod-DARPP-32 siRNA com-
plexes (nanoplexes) have been developed by group of
scientists which can target and diminish expression of the
key proteins (DARPP-32), extracellular signal-regulated
kinase (ERK), and protein phosphatase 1 (PP-1) in the
dopaminergic signaling pathway in the brain for ailment of
drug addiction [84].

Silver nanoparticles

Silver nanoparticles (AgNPs) play a pivotal role in the field
of chemistry (catalysis), physics (optical, electrical, and
photothermal properties), and healthcare (therapeutics,
diagnosis, and immunoassay) [85-88]. Several researches
have conceded that AgNPs are widely known for its
antimicrobial and anticancer activity [89]. The use of silver
in nanoparticle form has reduced cellular toxicity but not
antibacterial efficacy as compared to its ionic form. Cer-
tainly, the superior antibacterial properties of AgNPs
contribute to the formation of free radicals from the surface
of Ag [90]. Apart from being an excellent antibacterial
agent, AgNPs appears to have anti-inflammatory properties
as well. AgNPs reduced the production of pro-inflamma-
tory cytokines such as interleukin-6 (IL-6), tumor necrosis
factor-alpha (TNF-o), and interferon-gamma (IFN-vy),
although the intracellular pathways involved still remains
largely not elucidated [91]. AgNPs are a popular choice in
disease management because of their specific interaction
with and disruption of the mitochondrial respiratory chain.
AgNPs disrupt mitochondrial function by inducing the
generation of ROS and suppressing ATP synthesis, which
lead to DNA damage [92]. AgNPs have been proven to
slow the progression of macular degeneration and other

optical diseases. The AgNPs inhibit pathway of the
growth factor that increases the permeability of
endothelial cells. By inhibiting this permeability, AgNPs
consequently slow the progression of optical degenera-
tive diseases and can even increase visual acuity in some
patients [93].

Magnetic nanoparticles

The conception of understanding magnetic micro- and
nanoparticles and its application for drug delivery system
was nourished in the late 1970s by Widder, Senyi and
Colleagues [94, 95]. Such particles with superparamag-
netism at room temperature are usually selected for
biomedical applications. Owing to its high field irre-
versibility, high saturation field, superparamagnetism, and
extra anisotropy, magnetic nanoparticles cover a broad
spectrum of biomedical applications. These traits are due
to the narrow and finite size effects and surface effects
that define the magnetic behavior of individual nanopar-
ticles [96]. Magnetic nanoparticles enable the systematic
administration of drug to an exact target site in the human
body while remaining eventually localized, due to applied
magnetic field. The basic idea is that therapeutic agents
are either attached to, or encapsulated in, magnetic micro-
or nanoparticles. The polymers or metal/nonmetal coating
acts as a support for the delivery of therapeutic drugs or
nucleic acid. These particles contain magnetic cores
encapsulated by polymer or metal coating, or may consist
of porous polymers containing magnetic nanoparticle
precipitate within the pores. Cytotoxic drugs or thera-
peutic DNA for targeted chemotherapy is attached by
functionalizing the polymer or metal coating to correct a
genetic defect. Magnetic nanoparticle technology thus
offers the potential for selective and competent delivery
of therapeutic genes or drugs due to external magnetic
fields [97].

Mesoporous silica nanoparticles

Nanosized mesoporous silica particles (MSNs) with high
chemical and thermal stability are excellent theranostic
agents in drug delivery systems for targeted degenerative
diseases as well as bioimaging devices. In comparison to
the porous silica, MSNs are better candidates in drug
delivery systems owing to its unique characteristics for
their planned arrays of 2D hexagonal micro- or mesopore
structure, uniform particle sizes (80-500 nm), high pore
volumes (0.5-2.5 cm3/g), large surface areas (>1000 m?/
g), flexible pore diameters (1.3-30 nm), tunable particle
morphology and both exterior and interior surfaces that
could be autonomously modified with a variety of func-
tional groups [98]. A high density of silanol groups
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dominates the silica surface which can be functionalized
with a wide variety of organic functional groups [99]. This
adaptation allows for targeting biomolecules such as pep-
tides, antibodies or folic acid, or biocompatible polymers to
minimize opsonization for rapid clearance of nanoparticles
[100]. These flexible surface characteristics of MSNs have
high drug-loading capacity. The MSNs are especially
useful to mass therapeutic compounds such as enzymes
that are easily degraded in the unfriendly biological envi-
ronment when delivered without encapsulation. These
therapeutic agents are either covalently attached, or
adsorbed onto such silica nanocarriers that have been pre-
surface modified. These approaches can easily defeat poor
drug solubility and stability issues, besides having better
control over the rate of drugs release [101].

Polymer-based nanoparticles

Polymeric nanoparticles are submicron colloidal solid
particles ranging approximately from 10 to 1000 nm is
increasingly gaining popularity owing to their better sta-
bility and higher encapsulation efficiency for delivery of
drug to tumor cells. The drug is either loaded inside
polymer or conjugated on the surface of polymeric
nanoparticles. The polymeric coating enhances solubility
of the hydrophobic drugs, provides stability from extra-
cellular environment and lowers the toxicity of drug with
high therapeutic ratio. These particles also permit con-
trolled and persistent release of drug to the specific target
sites.

They can target delivery of drug specifically to Central
Nervous System (CNS) as their surface can be function-
alized with other molecules to escape from recognition by
macrophages present in reticuloendothelial system. The
drugs designed for the treatment of neurodegenerative
diseases are mostly lipophilic and have small molecular
masses so that they can easily penetrate through the BBB
[102]. Till now the gold standard for the treatment of
neurodegenerative diseases such as Parkinson’s disease is
the oral administration of dopamine antagonist levodopa
but the efficacy of levodopa diminishes rapidly [103]. In
this context nanotechnology has achieved targeting deliv-
ery of dopamine in brain. It has been revealed by in vitro
test that dopamine-loaded chitosan nanoparticles have
reduced the cytotoxicity of free dopamine [104]. Levodopa
nanoparticle-encapsulated benserazide poly(lactic-co-gly-
colic acid) (PLGA) has successfully removed duskiness in
rat. It has been also used for preparing thermoreversible gel
using Pluronic PF127 and found to increase the drug levels
in brain with better efficacy [105].

One of the polymers found to be highly effective as a
coating material for nanoparticle in degenerative diseases
is polyethylene glycol (PEG). It is either used for
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encapsulation or surface modification owing to its targeting
capabilities and avoiding uptake by reticuloendothelial
system. Studies performed on mice with tumor of MDA-
MB231 has shown an extended circulation time and
enhanced tumor targeting with polyethylene oxide-modi-
fied polyepsilon-caprolactone [106]. Biodegradable poly-
mers such as chitosan and collagen or non-biodegradable
polymers such as polyvinyl alcohol (PVA), PEG, mono-
methoxy poly-(ethylene glycol) (mPEG), polysorbate are
some of the blood compatible polymers which have been
used for the development.

Niosomes

Niosomes are nanometric-scale class of vesicular drug
delivery systems with a bilayer membrane as well as
hollow space. In niosomes, medication is encapsulated in
a vesicle and it is composed of bilayer-hydrated non-ionic
surface active agents such as cholesterol or its derivatives
and hence the name niosomes [107]. This unique struc-
ture of niosomes allows encapsulation of both hydro-
philic and lipophilic substances. This can be achieved by
entrapment of hydrophilic substances in vesicular aque-
ous core or adsorption on the bilayer surfaces while the
lipophilic substances are encapsulated by their parti-
tioning into the lipophilic domain of the bilayers. The
vesicles are categorized by a higher chemical stability
with respect to liposomes due to the variation in com-
position between surfactants and phospholipids but
appear to be similar in terms of the physical properties of
liposomes being prepared in the same way [108]. The
chemical stability as well as cost effectiveness of the
materials for the synthesis of niosomes made these
vesicles more attractive than liposomes as potential drug
delivery system. Niosomes have been reported to decline
side effects, give sustain release and to enhance pene-
tration of the trapped drug through intravenous, intra-
muscular, oral, ocular, pulmonary and subcutaneous
routes. Vesicles act as penetration enhancer reducing the
obstacle in stratum corneum, which will result in reduc-
tion of trans-epidermal water loss and thereby increasing
the smoothness via replenishing lost skin lipids [109]. In
addition, niosomes have been shown to develop absorp-
tion of some drugs across cell membranes, and localize in
targeted organs and tissues to elude the reticuloendothe-
lial system [110].

Polymer-drug conjugates nanoparticles

Polymer—drug conjugates are gaining importance as major
types of nanocarriers and are currently in clinical trials as
advanced as phase III. This polymer—drug conjugates sys-
tem entraps drug molecules in polymer molecules.
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Polymer—drug conjugates are synthesised by side-chain
grafting of drugs to polymer chains, which allows the
delivery of high doses of chemotherapeutic drugs [111].
The existence of the polymer increases the solubility of the
hydrophobic drug and improves its pharmacokinetic pro-
file; on the one hand, it increases plasma half-life along
with volume of distribution and on the other, it reduces
clearance by the kidneys or liver. The polymer also pro-
tects the drug against degradation [112]. Polymer—drug
conjugate has three major components, a soluble polymer
backbone, a biodegradable linker, and covalently linked
anticancer drug which is deactivated as a conjugate. The
polymer drug linker is cleaved to release and re-activate
the attached drug molecules [113]. Despite the variety of
novel drug targets and complicated chemistries available,
only four drugs (doxorubicin, camptothecin, paclitaxel, and
palatinate) and four polymers (N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymer, poly-L-glutamic acid,
PEG, and dextran) have been frequently used to develop
polymer—drug conjugates.

Polymersome nanoparticles

Polymersomes (Ps) (also referred to as polymeric vesicles)
or polymer-based colloidal carriers have attracted rapidly
growing interest based on their stimulating aggregation
phenomena, cell and virus-mimicking dimensions and
functions [114]. Ps are artificial vesicles that contain an
aqueous solution in the core bounded by a bilayer mem-
brane. The bilayer membrane is composed of hydrated
hydrophilic coronas (e.g., PEG) together inside and outside
of hydrophobic middle part of the membrane. The aqueous

core can be utilized for the encapsulation of therapeutic
hydrophilic molecules and the membrane can amalgamate
hydrophobic drugs within its hydrophobic part [115-117].
Due to the relatively thick membranes, Ps can be rather
stable. The existence of a hydrophilic PEG brush on the
surface will reduce the protein adsorption onto the Ps
during the blood circulation. Permeability, rate of degra-
dation and stimuli-sensitivity of the membranes can be
varied using various biodegradable and/or stimuli-respon-
sive block copolymers to modulate the release of the
encapsulated drugs. End groups of the PEG can be utilize
to immobilize homing moieties like antibodies or arginine—
glycine—aspartic acid (RGD)-containing peptides, which
are able to recognize target cells or tissues.

Dendrimers

Dendrimers are globular polymeric macromolecular three-
dimensional structures, which are hyperbranched and well
organized as shown in Fig. 2. The nanoscopic size, narrow
polydispersity index, outstanding control over molecular
structure, presence of multiple functional groups at the
margin and cavities in the interior are some of the unique
characteristics associated with these dendrimers, which
distinguish them amongst the available polymers and have
displayed a crucial role in the emerging field of nanome-
dicine [118]. The name dendrimer derived from the Greek
word “Dendron”, which means “tree”, indicates their
unique tree-like branching architecture. They are charac-
terized by layers between each cascade point popularly
known as “Generations”. The complete architecture of
dendrimer can be classified into the inner core moiety
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which is followed by chemical functional groups at the
exterior terminal surface on radially attached generations
[119, 120]. There is an amplification of molecular size and
terminal surface groups with the increase in generations.
This allows immense potential for various interactions and
hence termed as highly functional. This multivalency
enables the creation of various host—guest complexes that
offer wide applications. Another application of dendrimers
is that they are identical in size to many proteins and
biomolecules like insulin, cytochrome C, and hemoglobin.
The loading capacity of dendrimers can be customized by
the functionalization of different guest molecules onto the
surface of dendrimers. Dendrimers have also been found
effective against bacterial and viral infection.

Polymeric micelles

A polymer micelle is a nanoparticle structured by one
hydrophilic shell and one hydrophobic core as shown in
Fig. 3. It can be divided into two main categories:
hydrophobically assembled micelles and polyion-complex
micelles. The former ones usually consist of amphiphilic
copolymers with a hydrophobic block and hydrophilic
block. Balanced between those two blocks in an aqueous
medium induces spontaneous formation of nanosized par-
ticles [121, 122]. Among the different forms of nanopar-
ticles, in recent years polymeric micelles have gained
growing scientific attention. Since their application as
nanocarriers in drug delivery system in the 1980s, general
studies have shed light on the properties of micelles and
introduced them as a promising platform for numerous
pharmaceutical applications. They have been evaluated for
therapeutic agent (drug, gene, and protein) delivery sys-
tems, as well as for diagnostic application. Almost all drug
administration routes (parenteral, oral, nasal and ocular)
have benefitted from micellar forms of drug in terms of

either increased bioavailability or reduction of adverse
effects [123].

Lipid-based nanoparticles (liposomes)

Lipid nanoparticles or liposomes or particularly nanolipo-
somes which are uni- or multilamellar lipid bilayered
vesicles (Fig. 4) act as efficient carriers for small mole-
cules, vaccines, peptides, small and long nucleic acids, and
proteins and have led to a rapid advancement in the drug
delivery systems. Liposomes were the first nanoparticles
applied in medicine since Alec D Bangham and his co-
workers described them in 1961 [124]. All nanovectors
have a basic structure consisting of a core compartment
where the drug is to be delivered, commonly referred to as
the “payload” or “cargo”, surrounded by a solid matrix or,
in the case of liposome, a phospholipid membrane that
encapsulates the drug to transport it through the blood-
stream. This widens the variety of solubility profiles of
drugs that can be delivered and holds hydrophobic drugs in
hydrophobic compartments of the nanovector or hydro-
philic drugs in hydrophilic compartments. The solid matrix
also protects their cargo from plasma enzyme degradation
and transports their load across biological membranes and
the BBB [125]. Liposomes progress the therapeutic index
of new or well-known drugs by enhancing drug absorption,
reduction of metabolism, prolonging biological half-life or
reduction of toxicity. Properties of the carrier play a vital
role in drug distribution rather than physicochemical
characteristics of the drug substance only.

There are numerous new methods of liposome prepa-
ration based on lipid drug interaction and liposome dis-
position mechanism including the inhibition of rapid
clearance of liposome by controlling particle size, charge
and surface hydration [126]. The basic part of liposome is
formed by phospholipids, which are amphiphilic molecules
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(having a hydrophilic head and hydrophobic tail). The
hydrophilic part is mainly phosphoric acid bound to a
water-soluble molecule, whereas the hydrophobic part
consists of two fatty acid chains with 10-24 carbon atoms
and 0-6 double bonds in each chain. When these phos-
pholipids are dispersed in aqueous medium, they form
lamellar sheets by organizing in such a way that the polar
head group faces outwards to the aqueous region while the
fatty acid groups face each other and finally form spherical/
vesicle-like structures called as liposomes. The polar por-
tion remains in contact with aqueous region along with
shielding of the non-polar part.

Hybrid nanoparticles

In recent days hybrid nanoparticles are developed as
nanocarriers that combine advantages from existing sys-
tems with well-characterized properties to form lipid—
polymer nanoparticles and solid liposomal nanoparticles.
The basic parts of hybrid nanoparticles are comprises of at
least two different materials, the core and the corona
structure. Usually, the core is formed of metallic and
polymeric material and is coated with a single or various
lipid layers to form a protecting membrane (corona) similar
to a liposome or micelle [127]. Combining inorganic or
organic nanoparticles to another molecular or macro-
molecular entity gives rise to new systems exhibiting
multiple or synergetic properties. Vaishali Bagalkot and
co-workers reported lipid—latex (LiLa) hybrid nanoparti-
cles targeting inflammatory macrophages. The latex core
served as a model hydrophobic polymeric template and the
lipids provided targeting functionality and colloidal sta-
bility. Targeting to inflammatory macrophages was

—
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achieved by coating LilLa with phosphatidylserine
(PtdSer) and oxidized cholesterol ester derivative
cholesterol-9-carboxynonanoate (9-CCN). These lipids,
sometimes called “eat-me” signals, are efficiently
phagocytosed by macrophages [128]. Proteins of albumin
interact with some specific protein receptors in caveolae
and caveolae-mediated endothelial transcytosis as well as
on tumor cells, are efficiently taken up by these cells and
particularly accumulated in tumor cells. Jun Ge et al. have
reported protein—polymer hybrid nanoparticles for cancer
drug delivery. Self-assembled hybrid protein—polymer
nanoparticles from a bovine serum albumin (BSA)-poly
(methyl methacrylate) (PMMA) conjugate has also been
investigated [129].

Protein nanoparticles

Natural biomolecules such as proteins are an attractive
substitute to synthetic polymers which are commonly
used in drug formulations because of their safety.
Amphiphilicity of protein makes protein an ideal mate-
rial for preparation of nanoparticles and helps them to
have a better interaction with both the drug and solvent
[130]. Protein nanoparticles provide several advantages
including  biocompatibility, non-antigenic, and
biodegradability. These nanoparticles can be prepared
under mild conditions by an eco-friendly approach
without the use of toxic chemicals or organic solvents.
Moreover, protein-based nanoparticles can be cus-
tomized for surface modifications due to their defined
primary structure, and this allows covalent attachment of
drugs and targeting ligands.
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Albumin nanoparticles

Albumin has emerged as a versatile macromolecular pro-
tein which acts as a promising carrier for the drug delivery
and offers advantage for diagnosis of rheumatoid arthritis,
cancer, diabetes, and other infectious diseases [131].
Albumin has several unique features that make it an
appropriate vector for targeted drug delivery in oncology. It
has been reported to be nontoxic, non-immunogenic, bio-
compatible, and biodegradable [132]. It is easy to purify
and is soluble in water allowing better delivery by injection
and thus a perfect candidate for nanoparticles preparation.
Therefore, it is a perfect material to fabricate nanoparticles
for drug delivery [133—135]. Albumin nanoparticles have
high binding capacity with chemicals, proteins/peptides,
and oligonucleotides without any severe side effects [136].
It holds bioactive molecules and has shown improved
pharmacokinetic properties by providing longer circulation
time and more disease-specific accumulation, and they are
emerging as a capable theranostic agent [137]. Drugs that
are entrapped in albumin nanoparticles can be digested by
proteases and drug loading can be quantified. A number of
studies have investigated that albumin accumulates in solid
tumors making it a potential macromolecular carrier for the
site-directed delivery of antitumor drugs [138]. Well-
known market-approved products include fatty acid
derivatives of human insulin or the glucagon-like-1 peptide
(Levemir® and Victoza®) for treating diabetes, the taxol
albumin nanoparticles Abraxane® for treating metastatic
breast cancer which is also under clinical investigation in
future tumor indications, and Tc-aggregated albumin
(Nanocoll® and Albures®) for diagnosing cancer and
rheumatoid arthritis as well as for lymphoscintigraphy.

Gelatin nanoparticles

Gelatin is a versatile natural biopolymer and is considered
as GRAS (generally regarded as safe) by US FDA. Its
biocompatibility, biodegradability, economical and pres-
ence of different target functional groups for binding favor
its extensive use in pharmaceutical industries [139]. For the
last thirty years, these advantages have led to its applica-
tion in the synthesis of nanoparticles for drug and gene
delivery. Gelatin is a denatured form of animal protein,
collagen, which is the major constituent of the corneal
stroma, used for ophthalmic applications. It has a basic
structure of polyampholyte which consists both anionic and
cationic along with hydrophilic group found in an
approximate ratio of 1:1:1. It has been recognized that the
mechanical properties such as thermal behavior and swel-
ling properties of gelatin nanoparticles depend significantly
on the degree of cross-linking between cationic and anionic
groups. Gelatin polymer chain is ~12% negatively
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charged due to the presence of aspartic acid and glutamic,
~13% positively charged due to the presence of lysine and
arginine, ~11% of its chain is hydrophobic due to the
presence of isoleucine, methionine, leucine, and valine
whereas glycine, proline, and hydroxyproline constitute the
rest of the polymer chain. Gelatin-based nanoparticles have
been fabricated by several researchers using different
techniques such as desolation which uses an agent (alcohol
or acetone) for dissolving gelatin in aqueous solution. This
process dehydrates polymer chain that results in confor-
mational change (stretched to coil). Another simple method
for the fabrication of gelatin nanoparticles is reverse phase
microemulsion. Here, the aqueous solution of gelatin is
further mixed in surfactant-containing solution (SDS or
SBES in n-hexane) followed by cross-linking. Gelatin
nanoparticles serve as an efficient candidate in delivery and
controlled release of the drugs. It has been widely utilized
for delivery of both hydrophilic and hydrophobic and
anticancer drugs, proteins, vaccine, and genes.

Chitosan nanoparticles

Chitosan is one of the naturally occurring polymers which
bear a chemical formula o (1-4)-2-amino-2-deoxy B-p-glu-
can. It is a deacetylated form of chitin which is an abundant
polysaccharide present in crustaceans such as shrimps, lob-
sters, and crabs [140]. Itis prepared by removing the shells of
these crustaceans and then ground into powder, further
processing leads to the production of chitosan. It also occurs
naturally in some microorganisms such as fungi and yeast
[141]. As it is a cationic polysaccharide and biodegradable
polymer, it has been extensively exploited for the synthesis
of nanoparticles for restricted delivery of several therapeutic
agents. They are inexpensive and simple to manufacture and
scale-up and the nanosize enables large surface-to-volume
ratio [142]. They are hydrophilic and mucoadhesive in nature
which allow them to provide protection to encapsulated drug
along with extending its clearance time and stability in the
body. Thus, they are relevant to a broad spectrum of drugs,
small molecules, proteins and polynucleotides. This
mucoadhesive polymer enhances the dissolution rate of these
poorly soluble bioactive molecules and also allows their
controlled release [143].

Carbon-based nanoparticles

The potentialities of carbon nanotubes for novel applications
in nanomedicine make them very desirable candidate in a
series of biomedical applications such as sensors for
detecting DNA and protein, diagnostic devices for the dis-
crimination of several proteins from serum samples, and
carriers to administer drug molecules, protein or vaccine
[144]. Carbon nanotube-mediated drug delivery system has
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raised tremendous importance because of its biocompati-
bility and supportive substrate. The outer walls of the nan-
otubes are functionalized by attaching target-specific
molecules (e.g., antibodies) and drugs can be delivered to
specific targets [145]. Carbon nanotubes are insoluble in all
solvents and generate some health issues. The customization
of surface with chemical modification renders carbon nan-
otubes water soluble. They can be functionalized with a vast
range of active molecules such as proteins, peptides, nucleic
acids, and therapeutic agents. The multiple covalent func-
tionalizations on the sidewall or tips of carbon nanotubes are
one of the major advantages for its application in the treat-
ment of cancer therapy. Besides, it is also considered as
a promising tool for identifying the expression of indicative
biological molecules at early stage of cancer due to its
mechanical, electronic, and thermal properties.

Recently, a team of scientists lead by Uday Kishore
from Brunel University proved that the interactions
between carbon nanotubes and Clq (a starter protein for
complement) resulted in anti-inflammatory functions [146].
This theory suggests that either the coating of nanoparticles
or healthy tissues with complement proteins is causing to
reduce the tissue damage and help in the treatment of
inflammatory diseases like Parkinson’s, Huntington’s,
ALS, and Alzhimer’s.

Fullerenes

Fullerenes are a form of carbon nanomaterial which can be
functionalized with a wide array of molecules that allows them
to gain a prime role on scientific scene. The molecular archi-
tecture of fullerenes is arranged in a soccer ball-like structural
organization and is crystalline in nature. These are also known
as buckyballs, discovered in 1985 among the detritus of laser-
vaporized graphite [147]. Given their unique structure and
properties, these carbon-based compounds have proved to
become one of the most promising nanomaterials capable to
diagnose, monitor and treat certain medical conditions. Unlike
other molecules that have applications as cancer drug delivery
vectors, fullerenes are not fragmented in the body and are
egested intact. This feature can be important for some cancer
treatment compounds that have toxic effect to healthy cells
[148]. Fullerene is competent to fit inside the hydrophobic
cavity of HIV proteases. This inhibits the availability of sub-
strates to the catalytic site of enzyme. In addition, it can be used
as radical scavenger and antioxidant [149].

Potential targeted drug delivery of nanoparticles
During the last three decades, therapeutic nanoparticles

have advanced significantly and revolutionized the sce-
nario of pharmaceutical industry leading to the

development of various clinical formulations. This has
eventually improved patient compliance and convenience.
By virtue of nanosize and other improved physicochemical
properties, nanodrugs and carriers are capable to deliver
drug at the targeted site of disease. Targeted drug delivery
means specific interaction between drug and its receptor at
the molecular level. The basic requirement of targeted drug
delivery system is design of nanocarriers to carry the drug
from the site of administration to the target site and release
the therapeutic payload with minimum loss of their volume
and activity in blood circulation. Second, drugs should only
kill the specific diseased cells without adverse toxic effects
to healthy tissue. Third, the vector should protect the drug
from enzymatic reactions and other environmental factors.
Drugs can be conjugated with aptamers, proteins, peptides,
antibodies to reach their intended target. The prime
advantage of this drug delivery system is that the phar-
macokinetic behavior of the nanocarrier does not depend
on the whole nanosystem rather than on the drug itself. The
targeting is facilitated using two modes: passive and active
targeting of drugs.

Passive and active targeting of nanoparticles

Passive targeting occurs in our body naturally. As the
hormones and growth factors have natural tendency to
reach the target receptor, in the similar way the drugs are
also carried to the site of action by physiological circum-
stances. Passive targeting involves the formulation of a
drug carrier complex in such a way that it cannot be
excreted from the body by defense mechanisms like
excretion, opsonisation, and metabolism followed by
phagocytosis. The drug complex system keeps circulating
in the blood stream and allows itself to be taken to the
target site by physiological factors such as warmth, pH or
morphology of the drug [150]. Several factors have to be
taken into concern for the transformation of a drug mole-
cule into a device that can circulate in blood and bind only
to the intended target receptor. Such factors are its surface
charge, molecular weight, hydrophobic or hydrophilic
nature of its surface and morphology. Passive targeting is
achieved by incorporation of therapeutic agent into drugs
or macromolecules, or coupled to macromolecule or
nanoparticles that can passively reach the target site.
Though passive targeting has been observed to achieve
significant output, the pursuit of better control over drug
modulation has led to further research on active targeting.
The therapeutic agent in active targeting is acquired by
conjugating the therapeutic agent or carrier system to a
cell-specific ligand or tissue. It involves attachment of the
medicative agent to carrier protein, or antibody, or a ligand
which can allow it to go and meet and complex with
receptor-bound cell. Nanocarrier complex can recognize
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and bind to the target cells through ligand-receptor inter-
actions by the expression of epitopes or receptors on the
cell surface. Those receptors are highly expressed on tumor
cells but not on normal cells for achieving high specificity.

Nanoparticle targeting in cancer cells

In recent years, cancer is one of the leading causes of
mortality rate. One of the major causes behind rise in death
rate is inability to deliver the drug to target-specific site
without inducing any toxicity to the normal tissue. Current
treatment regimes of cancer mainly rely on chemotherapy.
So there is an essential need to develop a drug delivery
system which could overcome biological barriers and
selectively target the cancerous cell. The development of
targeted nanotechnology-based drug delivery improves the
drug/gene delivery and overcome multiple physiological,
physical and biological barriers which are associated with
conventional chemotherapy. For instance, nanoparticles via
either passive or active targeting enhance the intercellular
concentration of drugs/genes in cancer cells while avoiding
adverse effect to normal cells. In addition, targeted
nanoparticles can be fabricated as either pH-sensitive or
temperature-sensitive carriers. The pH-sensitive drug
delivery systems are controlled to deliver and release drugs
within the more acidic environment of the cancer cells or
within cancer cells [151]. The temperature-sensitive system
are designed to release drugs with changes in temperature
locally in the tumor region provided by sources such as
ultrasound waves, magnetic fields and so on. Therefore, a
hybrid approach of mutual therapy such as chemotherapy
and hyperthermia has come up with promising outcomes
[152].

Most nanoparticles usually gather in tumors due to the
enhanced permeation and retention (EPR) effect. Blood
vessels of the tumor are permeable due to defected
angiogenesis. As a result, the nanoparticles accumulation
occurs in tumor. Again, lymphatic drainage of tumors is
dysfunctional that it helps the nanoparticles to remain in

tumor for longer period of time and allow localized
nanoparticle disintegration and release of the drug in the
vicinity of tumor cells. The active targeting mechanism is
characterized by increased cellular uptake and increased
tumor retention due to high specific connections between
the targeting ligand and certain tissues or cell surface
antigens. These ligands can recognize and bind to recep-
tors, or complementary molecules, found on the surface of
tumor cells. When such targeting molecules are conjugated
to drug delivery nanoparticle, more of the anticancer drug
intends to enter the tumor cell, and increase the efficacy of
treatment along with reduction of toxic effects on sur-
rounding healthy tissue. In Table 2 are shown various
nanocarriers evaluated to deliver therapeutic agents to
defected cells.

Nanoparticle targeting in Alzheimer’s disease

Alzheimer’s disease (AD) is one of the most widely rec-
ognized neurodegenerative disorders of the elderly with
almost incurable and limited treatment solutions with non-
specific suspected causes. Increasing research investigation
indicates that the overproduction of amyloid beta (Af) and
incapacity of AP peptides to be cleared from the brain is
one of the causes of degeneration of nervous system. The
cumulative deposition of this protein results in self-aggre-
gation to form toxic oligomers, neurofibrillary plaques, and
tangles [161]. The plagues are made by single molecules of
AP cluster. These disrupt cell-to-cell signaling at synapses
and stimulate the immune system. On the other hand,
neurofibrillary tangles are formed when tau protein
required for the maintenance of transport networks of cell
breaks down. Consequently, this causes death of brain cells
due to the scarcity of essential protein and nutrients. Cur-
rently leading working theory explains plaques and tangles
described above as the major cause of cell death and tissue
loss found in an AD brain, though the theory is yet to be
indisputably confirmed. As a result, brain cells slowly
disintegrate progressively invading different parts of the

Table 2 Examples of nanocarrier system to deliver therapeutic agents into targeted cells

Ligand/Target Nanosystems Drug Cell/tumor model References
AS1411 DNA apt Nucleation/Liposomes; PEG-PLGA NPs Cisplatin; PTX MCF-7; C6 glioma cells [153]
CD44 PLGA-nanoparticles Salinomycin and Paclitaxel MCF-7; MDA-MB-231 [154]
PSMA Superparamagnetic iron oxide nanoparticles Docetaxel PC Cell lines [155]
CXCR4 Nanoparticles; PLGA/TPGS Epirubicin HepG2 [156]
EpCAM Aptamer—mesoporous silica nanoparticles Doxorubicin SW620 [157]
EGFR Gelatin nanoparticles—PEG Gemcitabine Panc-1 [158]
T cell Gold nanoparticles—sgc8c aptamer Daunorubicin Molt-4 [159]
CXCR4 PLGA-nanoparticles Doxorubicin A549 [160]

’r @ Springer



Int Nano Lett (2017) 7:91-122

105

brain. This creates some characteristic changes that sig-
nificantly distinguish the different stages of Alzheimer’s.
AB-induced mitochondrial dysfunction due to abnormal
production of ROS has also been known to be a probable
cause of AD.

The amelioration of Alzheimer’s with AD drugs is a very
promising area of research and several bioactive molecules
reach the clinical trials but they ran out of success. One of
the major reasons of this failure is restricted access of drug
through BBB. The BBB is anatomically defined as the
cerebral microvascular endothelium, which bears different
structural organization of vascular beds. It has few alternate
transport pathways and tight cell—cell junctions. This ceases
the pinocytotic activity and significantly decreased number
of intracellular fenestrae. The brain endothelial cells
express high levels of active influx/efflux membrane
transport proteins including P-glycoprotein, Multidrug
Resistance Protein-I, Breast cancer Resistance Protein and
have additional degrading enzymes which enable selective
permeability of molecules [162]. Nanoparticles have been
explored for controlled and target-specific delivery of the
drug that can transport across the BBB and increase the
uptake of suitable drugs in the brain. Biodistribution of NP
drug can be restricted from phagocytic cell populations
because the smaller particles can be captured by Kiipffer
cells. Nanoparticles retain the drugs in blood circulation for
a longer time, which facilitates drug ability to interact with
specific molecules expressed on the luminal side of BBB
endothelial cells. A concentration gradient formed by
increased retention of NPs in the brain-blood capillaries
coupled with adsorption to capillary walls increases the
transport of NPs across the endothelial cell layer for drug
delivery. It also solubilizes lipids of endothelial cell mem-
brane resulting in membrane fluidization which in turn
opens the tight junction between endothelial cells. This
leads to enhanced permeation of the drug through
nanoparticulate-mediated endocytosis by endothelial cells
followed by drug release within these cells of the brain
transcytosis of the NPs with bound drug across the
endothelial cell layer, phagocytosis and carrier-mediated
transport or by absorptive transcytosis. In this regard, the
proper surface functionalization of NPs’ surface (coating or
conjugation) is crucial matter of concern. A few examples
of surface-customized NPs for this purpose contain thi-
amine-coated NPs, transferrin-coated nanoparticles, PEG-
coated NPs, etc. NPs can be prepared as polymer (chitosan,
heparin albumin, etc.) conjugate or could be a fullerenol-
cytotoxic conjugate. The additional methods like Lipo-
Bridge technology (facilitates temporary opening of tight
junctions of BBB) liposomal technology, angiopep (nine-
teen amino acids containing peptide vector) system shall be
included [163]. Recently a group of researchers investigated
therapeutic ceria (CeO,) nanoparticles can remove ROS in

mice genetically modified to show the symptoms of AD,
strong and recyclable ROS scavengers that shuttle between
Ce*t and Ce** oxidation states [164]. The nanoparticles
were targeted to the mitochondria using a compound called
triphenylphosphonium.

Nanoparticle targeting in diabetes mellitus

Diabetes mellitus is a group of metabolic disorder distin-
guished by high blood glucose level in blood due to lower
binding efficiency of insulin on their cell surface receptors
or due to lower insulin secretion by the cells. Type 1 dia-
betes results from the inadequacy of B cells that are
destroyed by the immune system. Type 2 diabetes is
mainly involved with B cell dysfunction and insulin resis-
tance. Both type 1 and 2 diabetes share a common char-
acteristics, i.e., B cell mass reduction [165]. The major
obstacles associated with diabetes management are self-
monitoring of insulin injections and blood glucose levels.
The development of nanomedicine has provided a new
facet for the treatment of diabetes with glucose nanosen-
sors, carbon nanotubes, quantum dots, nanopumps, oral
insulins, microspheres and artificial pancreas.

The monitoring and real-time tracking of blood glucose
levels can provide more accuracy since glucose nanosen-
sors are employed in implantable devices. This can also
provide the basis for glucose-responsive nanoparticles that
can mimic the body’s physiological needs for insulin in a
better way. The layer-by-layer method is associated with
the principle of electrostatic charge of sporadic layers of
positively and negatively charged polymers. The polymers
are fabricated as miniaturized films with customizable,
biocompatible and flexible pores. These bilayers might be
permanently fixed in subcutaneous tissue as a “smart tat-
too”. Other than that, semi permeable capsules allow the
glucose to pass from interstitial fluid while protecting the
sensor. Insulin is transported via biodegradable polymeric
carriers which have a matrix surrounded by nanoporous
membrane containing grafted glucose oxidase. As blood
glucose level rises, it triggers a change in the surrounding
nanoporous membrane and results in biodegradation and
consequently insulin delivery. The glucose/glucose oxidase
reaction decreases the pH level in the delivery system’s
microenvironment. This in turn increases the swelling of
polymer system, and enhances release of insulin.

Nanoparticle targeting in Parkinson’s disease
Parkinson’s disease (PD) is a neurodegenerative disease,

which is caused by the loss of dopaminergic neurons of
substantia nigra. This decrease in dopamine is correlated
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with the motor impairment and eventually leads to tremor,
bradykinesia and rigidity [163]. Patients are generally
treated with dopamine agonist drugs such as amantadine,
budipine, levodopa but these drugs do have unfavorable
benefit/side effect profile ratio as well. Levodopa remains
as the gold standard of treatment. The efficacy of these
drugs fades away after some years as the side effect
restricts its long-term use. Moreover, the bioavailability of
orally administered drugs depends on several factors when
it reaches the dopamine receptor such as gastric pH and
dietary protein. Another administration routes such as
intranasal, rectal, sublingual or pulmonary did not show
any satisfactory result because none could maintain a
continuous stimulation of dompaminergic drug. Miniatur-
ization of a device to nanoscale and incorporation of drug
for its continuous release have become major challenges.
Researchers are carrying out several approaches with
dopamine infused in liposome and are testing its efficacy
on rat model of PD. Dopamine conjugated on the surface of
chitosan nanoparticle administered in rat model has resul-
ted in less cytotoxic long-term release than dopamine
alone. Other than that polyethylene imine-grafted chitosan
nanocarriers for gene delivery approach have also been
studied [166, 167]. Recently theranostic device such as L-
DOPA coated with manganese oxide which can act as a
dual MRI contrast agent as well as drug delivery agent is a
promising area of interest for PD treatment [168]. Polymers
such as polyvinyl pyrrolidone-poly (acrylic acid) (PVP/
PAA) and PLGA have been used for the synthesis of NP
and investigation carried out on animal model has shown
better results in comparison to free dopamine alone.
Administration of biodegradable nanodrug to the targeting
molecules of PD which include neurotrophic factors such
as GDNF-MPs in rat model and monkey model has shown
better structural and functional recovery of Parkinsonian
monkey.

Nanoparticle targeting in angiogenesis

Angiogenesis involves the maturation and growth of new
blood vessels for the delivery of oxygen and nutrients
throughout the body. Thus, angiogenesis plays a sub-
stantial role in growth and development as well as in
pathological diseases such as rheumatoid arthritis,
exudative age-related macular degeneration, eye diseases,
ischemic heart disease, metastasis and tumorigenesis. It
ensures the normal embryonic vascular development of all
vertebrates, as well as regulates physiological processes
such as wound healing and menstruation in adults. The
whole process of angiogenesis is controlled and triggered
by chemical signals in the body. These chemical signals
function for repairing both injured blood vessels and the
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re-growth of new blood vessels. Formation of the blood
vessels is obstructed by chemical signals called angio-
genesis inhibitors. This stimulatory and inhibitory action
of these chemicals signals prevails so that blood vessels
form only and when they are needed. Angiogenesis is the
result of chemical signal imbalance. Angiogenesis is ini-
tiated when endothelial cells are stimulated by specific
molecules that bind to angiogenic receptors and promote a
signaling cascade. This activation in turn leads to prolif-
eration of the endothelial cells, which then gather to form
the new vascular structures. The whole process is regu-
lated by signaling cascade pathway with the involvement
of pro-angiogenic factor and antiangiogenic factor.
Among the several growth factors involved in angiogen-
esis including platelet-derived growth factor (PDGF),
vascular endothelial growth factor (VEGF), fibroblast
growth factors (FGF), epidermal growth factor (EGF),
VEGEF has been identified as the imperative one.

In recent years, many researches have been used for
targeting angiogenesis. Furthermore, nanovehicles have
been employed as theranostic agents for anti-angiogenesis
therapy and imaging of the tumor vasculature. Both syn-
thetic and natural nanoparticles such as polymeric conju-
gates, liposomes, micelles, and polymeric nanoparticles,
and synthetic organic nanoparticles such as carbon nan-
otubes, polyhydroxylated fullerenes, dendrimers, inorganic
nanoparticles of gold, silver and iron oxide, quantum dots,
viral capsids and ferritin have been utilized for targeting
angiogenesis.

Nanoparticle targeting with macrophages
to control inflammation

Macrophages participate and regulate inflammatory pro-
cess through the autoregulatory loop. In diseases such as
atherosclerosis, obesity myocardial infarction, and cancer
macrophage plays a major role [169, 170]. It has been
studied that the inflammatory macrophages in atheroscle-
rotic plaque is closely associated with plaque rupture. In
case of obesity, macrophages penetrate the adipose tissue
during weight gain and give rise to local and systemic
inflammation consequently causing type 2 diabetes melli-
tus and insulin resistance (IR) [171]. Moreover, many of
the pathogens acquire resistance and manage to reside
within the macrophage itself by avoiding phagocytosis and
lysosomal tolerance. Therefore, to circumvent the disease-
associated side effect and low solubility of drugs, targeted
delivery of nanodrug holds promise for the cure of disease.
Still the targeted delivery of drug molecules specifically to
macrophages to combat diseases remains a challenge.
Fabrication of new carrier systems with intensive studies
have been performed vigorously [172—-174]. These
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treatment regimes are primarily based on the pattern-
recognition receptors which are present on the cell surface
of macrophages such as the family of scavenger receptors,
examples include Fc and complement receptors, mannose
receptor Fig. 5 [175-180], which are used by macrophages
for phagocytosis [181-184]. In many cases, receptors for
amyloid-B peptide [185], high-density lipoprotein [186]
and hyaluronic acid [187] were utilized as a candidate for
targeted delivery of drug. Development of target-specific
delivery systems may reduce the amount of therapeutic
agent needed to obtain a clinical effect, which may effec-
tively cease drug-induced toxicity and other side effects.
The incorporation or encapsulation of drug molecules into
carrier systems may also protect against drug degradation
or inactivation en route to the macrophages. Polyalkyl-
cyanoacrylate (PACA) nanoparticles have been used as a
vector to deliver antileishmanial drugs into macrophages.
This nano-based carrier system did not induce any inter-
leukin-1 release by macrophages [188]. Research teams are
carrying on their study targeting macrophage infections in
chronic diseases with genes also. Recently, Aouadi et al.
has investigated the efficacy of p-glucan-encapsulated
siRNA particles as oral delivery vehicles for targeting
macrophages. These particles can silence the Map4k4 gene
and protect animals from lipopolysaccharide-induced
lethality [189]. Still, this approach involved a complex
formulation process and multiple components and utilized
cytotoxic polyethyleneimine (PEI), which may cause
adverse effects and decrease their reproducibility. On the
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other hand, Huang et al. simplified the encapsulation pro-
cess by direct absorption of protein antigen inside the
glucans. These particles incited strong immunologic
responses in vivo as an immune adjuvant [190]. However,
the direct absorption process may release the absorbed
protein from the carrier too quickly. Therefore, new
strategies for protein encapsulation inside glucan particles
are necessary for the efficient use of B-glucan particles as
targeted protein-delivery systems for macrophages.

Nanoparticle targeting with inflammatory
molecules

For a few decades, the suppression of inflammation and
inflammatory responses has been a prime area of focus
because nonresolving inflammation is not only a response
cause of many degenerative diseases, including obesity,
atherosclerosis, asthma, chronic, obstructive pulmonary
disease, theumatoid arthritis, inflammatory bowel disease,
cardiovascular neurodegenerative diseases, cancer, and
sepsis, but it also plays a significant role in their patho-
genesis [191]. A precise and sensitive exposure of the site
of inflammation may contribute producing a wide-ranging
impact on the pro diagnosis and treatment of the disease.
When inflammation is induced, a number of adhesion
molecules are upregulated in endothelium. These mole-
cules are interacted by immune cells using counter adhe-
sion molecules such as integrins, which adhere to
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endothelium and initiate diapedesis [192]. Researchers are
seeking to exploit nanoparticles for the detection and
treatment of inflammation involving antibodies or peptides
specific to adhesion molecules such as vascular cell adhe-
sion molecules (VCAM) [193-195], intracellular adhesion
molecules (ICAM) [196-198], collagen [199], selectins
[200], and the immunoglobulin super family. Among these
molecules, ICAM has gained a particular interest because
of its localized expression upon inflammatory signals,
which can serve as a marker for inflammation despite its
constitutive low level expression [201, 202]. The ICAM
family consists of five members, designated ICAM-1 to
ICAM-5, which binds to the leucocyte integrins CD11/
CDI18 during inflammation and in immune responses.
Again, ICAMs may also exist in soluble forms in human
plasma, due to proteolysis and activation mechanisms at
cell surfaces. VCAM on the other hand, can bind to leu-
cocyte integrin VL-4 (very late antigen-4) to recruit leu-
cocytes to sites of inflammation. A team of scientists from
Harvard Medical School in Boston has developed a novel
strategy with liposome-based targetable nanoparticle loa-
ded with cell cycle regulatory molecule cyclin D1 siRNA.
Si RNA has also been conjugated with protamine, a posi-
tively charged protein for the better delivery of nucleic
acid. Monoclonal antibodies such as FIB504 have been
reported to bind integrin when attached to hyaluronan
liposome nanoparticles.

Mechanisms of drug resistance
Multiple drug resistance (MDR)

The development of multiple drug resistance in cancer
treatment to chemotherapeutic agents refers to the capacity
of cancer cells to survive or become resistant from therapy
involving a wide variety of drugs. It is a state of resilience
development against functionally or structurally related
drug. The progressive development of MDR in cancer is
one of the prime factors responsible for incurability of
disease. Demand for urgency to develop a clinical proce-
dure for overcoming the multidrug resistance in cancer
arises. The resistance of tumors not only progresses against
a single cytotoxic drug, but also occurs as a result of cross-
resistance in a whole range of drugs with different struc-
tural and cellular targets. Once MDR appears, application
of high doses of drugs to overcome resistance becomes
ineffective, toxic effects appear and resistance is further
generated [203-205]. It affects a major group of cancers
patients including ovarian, breast, lung, and lower gas-
trointestinal cancers and resistance exists against every
effective anticancer drug. Resistance involves numerous
mechanisms including decreased drug uptake, increased
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drug efflux along with reduction of intracellular drug
concentration, activation of detoxifying systems, activation
of altered DNA repair mechanisms, evasion of drug-in-
duced apoptosis, induced emergency response genes to
impair apoptotic pathway, etc. These mechanisms can be
characterized as non-cellular or cellular based on the fac-
tors contributing to MDR development [206].

Non-cellular MDR

These mechanisms generally presume for certain types of
cancers which show natural or inherent resistance to
chemotherapeutic drug at the initial exposure. MDR may
occur as a consequence of non-cellular mechanisms arising
from solid tumor growth in vivo. The solid tumors suffer
from poor vascularisation, hypoxia and accessibility to the
drug. It limits the drug-induced cytotoxicity and also
reduces the friction of vulnerable cells due to presence of
non-cycling tumor cells resistant to proliferation-dependent
drugs [207]. Such growth environment favors the prolif-
eration of cancer cells to proliferate which is markedly
different from that of the normal cells. Inadequate nutrition
and hypoxia due to poor vasculature resulting in lactic acid
accumulation helps to generate resistance to cancer cells
against drugs as the cellular uptake of drug needs pH
gradient [208].

Cellular MDR

Cellular MDR mechanisms may be broadly classified as
non-transport-based or transport-based mechanisms. Non-
transport-based cellular MDR mechanisms deal with the
involvement of enzyme systems that modulate the desired
activity of the drug without altering its effective concen-
tration inside the cell [209]. This can be observed in the
treatment of acute myelogenous leukemia with cytarabine
(AraC), a nucleoside drug. This drug is activated after a
series of multiple phosphorylation events when it is con-
verted to AraC-triphosphate [210, 211]. Mutation in this
metabolic pathway or down-regulation can hinder the
activation of AraC, which ultimately leads to AraC drug
resistance. Another important example for drug activation
and inactivation includes glutathione-S-transferase (GST)
super family, the cytochrome P450 (CYP) system, and
uridine diphospho-glucuronosyltransferase (UGT) super
family [212].

The transport-based cellular mechanism of MDR mainly
involves the efflux of drug from the cell by various energy-
dependent membrane transport proteins, which do not
allow the drug to reach therapeutic concentrations inside
the cell [213]. ATP-binding cassette (ABC) transporters are
a family of proteins that stimulate MDR via ATP-depen-
dent drug efflux pumps [214]. Overexpression of ATP-
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binding cassette (ABC) transporters has been shown to be
responsible for MDR [215].

At least only three human ABC transporters among 48
have been studied broadly and have been found that MDR
is closely associated with anti-inflammatory, anticancer,
and anti-viral drugs [216]. The multidrug resistance has
also been linked to the breast cancer resistance protein
(BCRP or ABCG?2), protein 1 (MRP1 or ABCC1) and P-gp
(P-glycoprotein), also called transmembrane small mole-
cule pump (ABCBI). Transport proteins of the ABC
superfamily such as P-glycoprotein, multidrug resistance-
associated protein-1 (MRP1) its homologs MRP2-6 and the
breast cancer resistance protein (BCRP) [217-219] have
been characterized. These proteins are overexpressed in
malignant cells and pump the anticancer drugs out of the
cell which decreases the intracellular levels of the drug
necessary for effective therapy.

P-Glycoprotein (P-GP)

P-Glycoprotein (P-gp) has been studied as a poor prog-
nostic factor rather than a specific determinate for the
resistance against chemotherapeutic drugs and it was
described by Juliano and Ling first in 1976 in Chinese
hamster ovary cells selected in a culture for colchicines
resistance, a phenotype of cancer [220]. P-gp is one of the
most widely studied MDR family members not only for its
function in extruding various cytotoxic compounds out of
the cells but also for modulation of chemokines, cytokines,
and other small peptide secretion [221]. The multidrug-
resistant tumor cells are known to express glycoprotein
unique to the cell surface. The protein posses ATPase
activity and can inhibit drug efflux along with reverse
resistance to an astonishing array of anticancer drugs. It is
overexpressed in tumor cells which protects the cell by
pumping out anticancer drugs, and gives rise to multidrug
resistance. The efflux pump P-gp functions for transporting
various xenobiotics out of cells using ATP. The g-protein
encoded by the MDR1 gene is also called the ATP-binding
cassette (ABC) protein. MDR1 has a characteristic
promiscuous substrate specificity, which allows its ability
to transport structurally diverse compounds across the cell
membrane, including hydrophobic compounds. However,
studies state it could be correlated with some drugs as
P-gp substrates such as chemotherapeutic agents,
Ca++ channel blockers, PAdrenoreceptor antagonists,
steroids, cardiac drugs, immunosuppressant, opioids, lipid-
lowering agents, Human Immuno Deficiency Virus (HIV)
antiemetic, antibiotics, protease inhibitors and histamine
HI1 receptor antagonists. P-gp is also expressed in many
normal tissues, such as kidney, liver, intestine, placenta,
and BBB. In the brain, P-gp acts as a neuroprotective agent
and prevents harmful compounds from reaching the brain.

Cancer stem cells and drug resistance

Cancer stem cells are cells with a small fraction of tumor
cell bearing the characteristics of stem cell. They are
capable of self-renewal and regenerate into a tumor. Can-
cer stem cells are naturally acquiring resistance to
chemotherapy by a range of mechanisms through their
specific morphology, their ability for DNA repair, their
quiescence, overexpression of anti-apoptotic proteins, and
ABC-transporter expression [222, 223]. Consequently,
some tumor cells are killed and some survives for the
regeneration of another tumor. In case of acquired resis-
tance, tumor stem cell with drug-resistant variants gives
rise to close descendants and produces a population of
multidrug-resistant tumor. This can commonly occur with
patients having history of recurrence of cancer following
chemotherapy. This mechanism is also applicable for
cancer stem cells where mutations accumulate over time,
produces the long-term effect of exposure to carcinogenic
agents and grants drug resistance to their abnormally
developing offspring. Thus, the intratumoral heterogeneity
of cancer cells presents a major challenge to the develop-
ment of effective cancer therapies [224-227]. In 1997,
Bonnet and Dick identified a single cell isolating from a
bulk cancer cell population. This single cell initiated can-
cers in an immune-compromised animal model that repli-
cated the cellular heterogeneity of the parent pathology.
Extensive research demonstrated that acute myelogenous
leukemias (AML) could be initiated in NOD/SCID mice by
transplanting a rare (<0.2% of whole cell population)
CD34%/CD38™ cell from human donors. Only cells which
display these unique markers were capable of engrafting
and generating the cellular diversity evident in human
AML [228].

Chemo- or radiotherapy was also used to explain the
recurrence of increasingly invasive and malignant tumors
in context of survival and accumulation of cancer stem cell
drug resistance. Detection of cancer stem cell in a small
subpopulation of cancer cells can be characterized by
specific phenotypes, for example, CD441/CD24~ in solid
tumors, or CD133™ in other tumors, and CD34™"/CD 38~ in
leukemia cells.

Insulin resistance

Insulin resistance plays a major role in the pathogenesis of
type 2 diabetes and the metabolic syndrome. Insulin
resistance is defined as a state in which the body loses its
ability to respond to insulin which is a key factor in the
development of diabetes mellitus. Research has stated that
the development of insulin resistance is closely associated
with obesity, cardiovascular disease type 2 diabetes mel-
litus along with immune cell infiltration and inflammation
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[229]. In this condition the muscle, fat, and liver cells are
likely to have a decreased responsiveness and cannot
absorb glucose easily from the bloodstream and do not
respond properly to insulin. As a result, the body demands
higher levels of insulin to provide glucose entry into cells.
To balance this demand, the beta cells in the pancreas also
produce more insulin. As long as the beta cells are able to
produce enough insulin to overcome the insulin resistance,
blood glucose levels stay in the healthy range. Beta cells
have two insulin receptors. If one of them gets insensitive
to insulin, the other insulin receptor is activated by a dif-
ferent pathway, which leads to beta cell proliferation.

Studies have led to explore that a wide range serious
illness, including obesity, dyslipidemia, glucose intoler-
ance and even cancer are correlated with insulin resistance
[230]. Insulin-mediated action involves a series of cascade
of the signaling pathways. Initially, insulin binds to its
receptor and elicits the receptor autophosphorylation. This
in turn activates the receptor tyrosine kinase and results in
tyrosine phosphorylation of insulin receptor substrates. The
phosphorylation of insulin receptor substrates further pro-
motes the activation of phosphotidylinositol 3-kinase and,
subsequently stimulation of Akt and its downstream
mediator AS160. All of the above biomolecules are
required for the stimulation of glucose transport by insulin
induction.

Brain disease drug resistance

Resistance to drug treatment is considered as a prime
obstacle in the therapy of many brain disorders, such as
epilepsy, brain tumor, schizophrenia, Parkinson’s, Alzhei-
mer’s, and depression. Degenerative brain diseases affect
by causing memory and cognitive dysfunction and behav-
ioral problems. Drugs developed so far for treating Alz-
heimer’s disease temporarily help in restoration of memory
but they do not cure the underlying cause of the disease.
Thus, there is a need for the fundamental treatment or
suppression of disease progression. Current treatment
regimes are inadequate to affect disease to ameliorate the
brain degeneration as the therapeutic agents cannot reach
the BBB in the nervous system and retain the ability to
achieve targeted delivery to appropriate brain or spinal
cord subregions.

The BBB controls the cerebral homeostasis and protects
the central nervous system (CNS) against the toxicity of
many xenobiotics and pathogens. BBB selectively screens
the biochemical structural, physicochemical characteristics
of the solutes at its periphery and thus affords barrier
selectivity in the passage of desired molecules into the
brain parenchyma. Efflux transporters are expressed in all
cells of the BBB that helps to protect them from exogenous
or endogenous toxic substances. Most of these transporters
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belong to the superfamily of ATP-binding cassette (ABC)
proteins, which drive the cellular extrusion of many ther-
apeutic drugs with different structures and clinical uses. To
enter the brain parenchyma and cross the BBB the sub-
strates in the systemic circulation, molecules must either
diffuse passively or transport actively across this barrier.
Drug resistance in brain diseases is contributed by mul-
tidrug transporters in two ways. First, they restrict access of
many drugs and enhance drug extrusion from the brain
through their expression in the BBB and blood—CSF bar-
rier. So the drugs cannot reach the brain with sufficient
concentration. Second, in some brain diseases, intrinsic or
acquired overexpression of multidrug transporter in the
BBB are overexpressed and this limits drug to penetrate
into the target tissue [231]. Mahar Doan et al. analyzed 18
different drugs with physiochemical properties used to treat
CNS and non-CNS disease for identification of character-
istics that correlated with efficacy in the treatment of brain
diseases. Research revealed that CNS drugs were found to
have fewer positive charges, fewer hydrogen bond donors,
lower polar surfaces, greater lipophilicity with reduced
flexibility—properties that indicate enhanced membrane
permeability [232].

Rheumatoid arthritis drug resistance

The pathophysiology in rtheumatoid arthritis involves cells
of immune system (T lymphocytes and macrophages) as
the causes of resistance [233]. The possible underlying
mechanisms of drug resistance may include defective cel-
lular uptake, increased drug extrusion, alterations in intra-
cellular drug activation, target inhibition, processes,
downstream of target inhibition, impaired drug delivery to
target cells or an amalgamation of these features. The
mechanisms of resistance to DMARDs (disease-modifying
anti-rtheumatic drugs) might be similar to those of resis-
tance to anticancer and antimicrobial drugs and may be
associated with the alteration in and intracellular metabo-
lism and drug efflux transporters as well as genetic pre-
disposition. Most of the patients discontinue conventional
DMARD:s courses within two years either due to toxicity or
due to the lack of efficacy. It has been reported that 24% of
patients suffer from lack of responsiveness to certain
DMARDs and a further 25% may stop responding after an
initial period of response. Recently, a study by Morgan on
a small population of rheumatoid arthritis patients has
demonstrated that the primary unresponsive to DMARDs
may be, possibly due to MDR related mechanism [234].
Still the role of ABC transporters for determining the
efficacy of DMARD:s in patients with rheumatoid arthritis
is unclear. Among the MDR family members P-gp is one of
the most widely studied for its function in modulating
inflammation tuning the secretion of chemokines,



Int Nano Lett (2017) 7:91-122

111

cytokines, and other small peptides and evicting various
cytotoxic compounds out of the cells.

Drug resistance overcome by nanotechnology
and nanocarrier-based drug delivery

MDR offers major obstruction towards the successful
treatment of non-infective degenerative diseases.
Numerous strategies are on for last few decades to
overcome the drug resistance which includes inactiva-
tion of MDR-related mRNA in targeted approach,
monoclonal antibody usage against extracellular epitope
of MDR efflux transporter, development and modifica-
tion of new chemotherapeutic drugs that are not recog-
nized by MDR efflux transporter and hybrid approaches
as well. Still there is a pressing need for combating the
drug resistance in degenerative diseases. An innovative
approach for overcoming MDR is to blend the
chemotherapeutic approach with nanotechnology. Next
section will discuss the recent development of nan-
otechnology-based drug delivery systems for overcom-
ing drug resistance, therapy failure and drug withdrawn
in degenerative diseases.

Insulin delivery

Recently diabetes mellitus has become epidemic and the
incidence rate of this disease is rising rapidly. Though
insulin administration is straightforward treatment of dis-
ease, the approach for insulin and other macromolecular
diabetic therapies (glucagon-like peptide 1) is subcuta-
neous injection, which is painful and inconvenient, and
leads to poor patient compliance. An innovative approach
of oral insulin spray formulation has come up as an alter-
native to injectable insulin. The oral insulin is administered
via buccal mucosal tract and is absorbed directly without
any loss compared to the subcutaneous insulin injection.
One of the major limitations of oral insulin delivery is low
oral bioavailability of the hormone. Nanotechnology-based
approach with the synthesis of polymeric nanoparticles and
enteric coating has lessened the issue to some extent with
limited success. It has been reported that nanosized nega-
tively charged hydrophobic carrier for insulin has resulted
in best oral absorption. B-Cyclodextrin and PLGA are
considered as good candidates for coating material [235].
These polymers prevent degradation of insulin due to pH-
dependent release in the gastrointestinal tract as well as
self-aggregation of the hormone at neutral pH and provide
stability to insulin [236]. AuNPs have been investigated as
a good candidate for transmucosal insulin delivery. The
biocompatible metal takes better control of blood glucose

level in comparison to subcutaneous injection [237].
Another interesting approach is the fabrication of a
nanocomposite membrane with glucose sensor which reg-
ulates the release of insulin. When the concentration of
glucose is high, the pH level lowers down due to the oxi-
dation of glucose to gluconic acid and this lowering of pH
causes shrinkage of hydrogel membrane and releases
insulin at faster rate [238].

BBB crossed drug design

The BBB is a primary hindrance towards drug develop-
ment of brain and it has been regarded as one of the most
important obstacle which limits the future growth of neu-
rotherapeutics. The BBB is a highly sensitive neuronal
organ formed by the specialized endothelial cells with tight
junctions. It plays a key role in extruding the macro-
molecular neurotherapeutics from the brain [239]. Simul-
taneously, the BBB provides obstruction to potentially
effective therapeutic agents with CNS disease. Several
nanoparticles have been synthesized to enable delivery of
therapeutic drugs across the BBB. Nanotechnology-based
drug delivery vectors have the capability to reach the brain
parenchyma evading these obstacles because they can be
administered intracerebrally and can release their payload
in a controlled manner. Circumvention of the physiological
barriers depends on the morphology and physicochemical
traits of the nanoparticles, which should be competent with
the type of tissue or targeted cell.

The delivery of drug molecules across the BBB follows
two basic perspective, molecular approach, and polymeric
carrier approach. In the molecular approach, drugs are
nanoionized or ligand attached and can be administered to
target brain cells. The drugs can be further activated by
enzymes afterwards inside the target cells. Yet due to the
lack of availability of such customized drugs, only certain
drugs with specific functionality can be targeted molecu-
larly. Additionally, a metabolic pathway is always required
for the activation of these drugs inside CNS—further nar-
rowing options. Another approach of employing nanodrug
to CNS is to deliver drug via polymeric carriers. These
vectors can be tuned by choosing the matrix or polymer
system and can be administered intrathecally, intra-
venously, or as an implantable cerebral device. Nanocar-
riers such as liposomes and polymeric nanoparticles are
adept for protecting the payload drugs from being metab-
olized and ensure a sustained release of the embedded
substances. For instance, Gliadel® is a wafer composed of
polyanhydride polymer (poly [1, 3-bis(carb-oxyphenoxy)
propane-co-sebacic acid]) (PPCP-SA) releases carmustine
(BCNU) in a sustained manner post-brain implantation
[240, 241].
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Active targeting agents to increase drug delivery
systems for overcoming MDR

Aptamers

Aptamers are single-stranded artificial oligonucleotide
(DNA or RNA; 6-26 kDa) sequences, usually 20-60 bases
long, that can fold into secondary and tertiary structures,
with high affinity to bind a wide range of targets Fig. 6,
including amino acids, drugs, proteins or even entire cells,
with high specificity [242-246]. A breakthrough in the
selection of cell-specific aptamers has provided redun-
dancy in targeted drug delivery. Generally, aptamers are
synthesized through an amplification and in vitro selection
process known as the SELEX (systematic evolution of
ligands by exponential enrichment). The selected aptamers
have dissociation constants ranging from nanomolar to
picomolar level. Till now, more than 200 aptamers have
been isolated against a variety of biological targets, such as
therapeutic targets, cell surface antigens, and growth fac-
tors like VEGF. The most significant one is the FDA
approved aptamer against VEGF known as Pegaptanib, for
the medication of age-related macular degeneration (AMD)
[247]. Researchers have revolutionized biomedicine with
the advent of aptamer-conjugated nanoparticles. These
novel molecules have immense application including early
diagnosis and drug delivery. For instance, the 2'-fluorinated
A10 RNA aptamer-conjugated PLGA-PEG nanoparticles
shall be adopted in targeted PSMA in case of prostate
cancer model [248]. These PLGA-PEG-Apt nanoparticles
can boost the therapeutic effect of anticancer drugs and

Fig. 6 Aptamer-based drug
delivery system in cancer cell
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lessen the systemic toxicity when compared to non-tar-
geted nanoparticles. Lately, researchers have been working
on DNA aptamers, generated through cell-SELEX, which
have been conjugated with different types of nanoparticles
(e.g., magnetic and AuNPs) for the early detection of
cancer and its treatment [249-251]. At present, all
nanoparticles using aptamers as target agents are going
through preclinical phase.

Nucleic acid delivery

During the recent years, nucleic acid (DNA, miRNA,
siRNA, etc.)-based nanoparticles are used as a potential
tool in the modulation of drug resistance in tumors,
effectively decreasing P-gp/MDRI1 expression in vivo. The
employed system uses RNA interference (RNAi) technol-
ogy to selectively turn down the activity of oncogenes and
deactivate some related molecular pathways. RNAi is a
natural conserved mechanism in which RNA molecules
inhibit gene expression, typically by inducing sequence-
specific degradation of mRNA molecules in which siRNA
molecules (about 20-25 base pairs long) are also involved.
Recently, Meng et al. studied thoroughly the dual delivery
of doxorubicin (Dox) and P-gp siRNA loaded in MSNPs.
He found that the intracellular and intranuclear drug con-
centration has been reported to increase due to P-gp gene
knockdown by siRNA [252]. In refractory metastatic
melanoma transferrin receptors have been targeted with
PEG-coated siRNA nanoparticles and observed that the
nucleic acid-conjugated nanoparticle silenced target
geneM2 ribonucleotide reductase [253]. Studies have
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revealed that liposome-based cationic and anionic polyca-
tion-DNA nanoparticles loaded with C-Myc siRNA and
Dox suppressed MDR1 gene expression via silencing the
transcription level by intercalation of Dox, targeting tran-
scription factors, topoisomerase II inhibition, and tumor
regression.

Receptor ligands (peptides) targeting agents

One challenge to the use of targeting ligands for directing
nanocarriers to overexpressed tumor cell receptors (or
other epitopes) is the ability to selectively deliver thera-
peutic agents to these cells while sparing off-target
(healthy) cells [254]. It is widely accepted that targeting
ligands directing therapeutic agents (or, in the case of
monoclonal antibodies, themselves acting as therapeutic
agents) can be used to select between cells with vastly
different receptor profiles for a given receptor. Peptides
(10-15 amino acids) are able to bind target proteins, cells
and tissues in a specific manner. Furthermore, they are
characterized by reduced immunogenicity, high stability,
and easy synthesis, scale-up, and chemical conjugations
to nanocarriers. Phage display is emerging as the most
popular approach, which has successfully isolated peptide
ligands for somatostatin receptors, hormone receptors
(LHRH receptors), and markers for the tumor vasculature.
In addition to targeting cell surface receptors, effective
peptide ligands also have been developed for extracellular
matrix (ECM) receptors such as heparin sulphate and
hyaluronan (HA), which are overexpressed in tumors.
HA-targeted liposomes showed significantly improved
circulation time and uptake by HA receptor-expressing
tumors in vivo. The most common peptide used for tar-
geting is RGD; binds integrins on the cell surface that
affect cell migration, growth, differentiation and apopto-
sis in addition to cell-cell integrations. Integrin o, 5 that
binds to RGD peptides with high affinity is involved in
intracellular signaling and direct roles in tumor angio-
genesis [255]. Recent uses of RGD peptides for treating
cancer include conjugation of PEGylated RGD peptides to
gold nanoshells. These nanoparticles targeted U87
glioblastoma cells with a 267-nM 1Csq [256].

pH-responsive nanoparticles for overcoming MDR

The tumor microenvironment of cancer is one of the major
areas to be focused for studying and designing a myriad of
new therapy modality. For further exploration of this novel
therapy, researchers have developed environmentally
responsive nanoparticle for overcoming the drug resistance
in tumor. This stimuli-responsive drug delivery system
when exposed to external stimuli of tumor area produce

physicochemical changes that favor drug release at the
target site. The anticancer therapeutics can be released by
an appropriate stimulus such as glucose, pH, and temper-
ature [257]. The nanocarriers for stimuli-responsive parti-
cles are engineered with specific material composition that
can respond to the pathological “triggers” occurring in
target site as the disease progresses. Among all applied
stimuli such as pH, ionic strength, redox potential, and
enzymatic activities, pH gradient has been widely explored
by the researchers for selective release of anticancer drugs
as acidic pH as an internal stimulus has been considered as
an ideal trigger. This is due to fact that the pH in the tumor
microenvironment of both primary and metastasized
tumors is lower than the pH of normal tissue. Such
nanoparticles are formulated with those carrier materials
that exhibit pH-dependent swelling. Many review articles
have introduced stimulation-sensitive polymers or their
combinations with other materials in drug delivery. Till
now various types of delivery systems, such as polymeric
micelles, vesicles, liposomes, dendrimers, and hydrogels
with stimulation-sensitive structures, have been manipu-
lated to obtain desired stimulation-sensitive property. For
instance, acrylate-based hydrophobic polymers with
hydroxyl groups have been used for cross linking
nanoparticles and were further coated with pH-labile pro-
tecting groups. At neutral pH the NPs were found stable,
but as the protecting group was cleaved and the hydroxyl
groups were exposed to mildly acidic pH (~pH 5), NPs
swelled. This hydrophobic-to-hydrophilic transformation
causes the swelling of subsequent drug release. Again,
Hsin-Hung Chen et al. developed pH-responsive thera-
peutic cholesterol-PEG adduct-coated solid lipid nanopar-
ticles (C-PEG-SLNs) which carried DOX capable of
evading P-glycoprotein-mediated multidrug resistance
(MDR) of breast cancer cell [258].

Tumor drug delivery by EPR for overcoming
MDR

Targeted drug delivery to tumor sites is one of the crucial
goals in drug delivery. Many solid tumors are known to
develop a defective lymphatic drainage system, causing the
molecules and nanoparticles to be retained there. The cut-
off size of gap junctions between endothelial cells in per-
meable tumor blood vessels is around 200-800 nm, which
enables accumulation of nanoparticles. After accumulation
in the tumor tissues, the drug is released into extracellular
matrices, where it diffuses into intracellular sites.

For decades, conventional treatment for tumor is
delivery of the drug systemically by intravenous injection.
The greater the dose of drug, the more effectively it kills
the malignant cells. Still, the dose to eradicate malignant
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cell completely is difficult to optimize. This is because it
elevates toxicity level of the patient leading to increased
mortality. When the solid tumor grows in size new vas-
culature formation occurs which is known as angiogene-
sis. Normal healthy tissues maintain proper cell barrier
but malignant cells lose attachment of pericytes and
results in leaky vasculature. In normal cell, the endothe-
lial junction has a pore size of 67 nm which does not
allow the delivery of particulate drugs but tumor
microvessels are permeable to nanoparticles, liposomes
up to 600 nm. This delivery of macromolecule through
leaky vasculature of tumor cells is called enhanced per-
meability retention. Macromolecules with molecular
weight ranging from 45 to 75 kD passively accumulate in
the tumor cell but the penetration of drug into the
microvasculature is gradually reduced. The advent of
Nanocarrier drug allows transportation of the drug to the
core of the cell. Again, the tumor cell expresses some
specific receptor molecules which can be targeted via
nanodrugs and antibodies. Liposomes and polymeric
micelles entrap water-insoluble anticancer drugs such as
tamoxifen, paclitaxel and transport to the target site. So
the EPR effect coupled with active targeting with
nanovectors can achieve a high payload of drug within the
tumor tissue.

Nanoparticles targeting cancer stem cells
for overcoming MDR

Cancer stem cells (CSCs) are more resistant to treatment of
conventional chemotherapeutics and this drug resistance
results in widespread metastasis during the late stages and
eminent accumulation of CSCs. Anticancer drugs can often
shrink tumors but cannot eradicate the CSCs. They cause
the tumor re-growth or spread metastasis throughout the
body [259]. CSC resistance is mainly achieved due to a
series of events: increased Wnt/B-catenin and Notch sig-
naling, transformation of growth factor-P, hedgehog sig-
naling, increased levels of ATP cassette reports, alteration
in DNA repair mechanisms, specific markers (aldehyde
dehydrogenases, CD44, CD90, and CD133) and slow
proliferation rate [260]. Nanomedicine significantly offers
a wide range of treatment therapies in comparison to
existing anticancer drugs. Targeted nanosize drug delivery
system such as liposome, nanoparticle, micelles, nucleic
acid, nanogels can potentially overcome the shortcomings
of available anticancer drugs owing to its high stability,
specificity and highly controlled drug release. At present
only a few drugs have been studied to have potential effi-
cacy against CSCs. The researchers have demonstrated that
nanoparticulate form of the anticancer drug doxorubicin
encapsulated within chitosan, a natural polysaccharide can
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specifically target CSCs. Reaching the acidic pH in the
tumor microenvironment, the nanoparticles degrade and
release the drug. Tests performed on tiny, tissue-like
clumps of both normal and cancer stem cells in vitro and on
human breast tumors grown in mice showed that the
therapy successfully killed CSCs and destroyed tumors.
The mice showed no obvious side effects.

Conclusion and future direction

In the health systems more specifically on development of
innovative health policies, nanomedicine has proved to be
a promising area which has paved the way for new com-
mercial solutions that will lead to benefits to individual,
healthcare system and society in general. The application
of nanotechnology in drug delivery system is increasing
immensely due to its better control over the physical and
biological characteristics of the drug compared to con-
ventional therapeutic approaches. Extensive research is
being conducted for better understanding of the degenera-
tive disease pathways at molecular and cellular level. The
success stories for preclinical approaches to clinical trial
using nanoparticle-based approach for cancer therapy is
still limited. The better fabrication of nanodrug for site
specificity is one of the vital issues needed to be addressed.
To tract the disease progression, invention of the molecular
markers with nanoparticles may help in active tumor tar-
geting. Moreover, intensive in vivo trials should be carried
out for the evaluation of the pharmacokinetic and the
biodistribution profile of the drug-loaded nanoparticles.

Nanotechnology applications have all the potential to
revolutionize the drug delivery system in degenerative
diseases. Biofabrication of the drug with careful and radical
selection of the polymer is another factor to be considered.
A simultaneous balance of development of nanotechnol-
ogy-based therapeutic approach and safety of human
healthcare is a matter of substantial concern as the field of
nanotechnology is promising yet. To study the underlying
mechanism of drug, diseases and translation of findings
from bench to bedside with collaboration of scientists and
clinicians are ultimate objectives of development of
nanomedicine. The present review has demonstrated many
different applications of nanotechnology-based drug
delivery systems that are being used to fight against
degenerative diseases.
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