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ABSTRACT

Nano-sized objects can be transformed in numerous ways to alter their
characteristics. Drug molecules sized in nanometre range provide some
unique features which can lead to prolonged circulation, improved drug
localization, enhanced drug efficacy etc.; and these increased performance
come through a variety of dosage forms. In fact, wide spectrum application of
nanotechnology in pharmaceutical formulations is changing the scientific
landscape of prevention, diagnosis and treatment of diseases. Various
pharmaceutical nanotechnology based systems which can be termed as
Nanopharmaceuticals like liposomes, carbon nanotubes, quantum dots,
dendrimaers, polymeric nanoparticles, metallic nanoparticles etc. have
brought about revolutionary changes in drug delivery as well as the total
medical service system. The present review summarizes the most important
applications of nanotechnology in drug delivery systems.
Keywords: Nanotechnology, Drug Delivery, Liposomes,
Nanoparticles, Dendrimers, Carbon Nanotubes, Quantum Dots.
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INTRODUCTION

Nanotechnology can be defined as the science of material
featuring between 107 and 107 of a meter. ™ To be more
application oriented, Nanotechnology is circumscribed as
the science of materials and devices whose structures and
constituents demonstrate novel and considerably altered
physical, chemical and biological phenomenon due to
their nanoscale size. In a report by European Science
Foundation (ESF), Nanomedicine was defined as ‘the
science and technology of diagnosing, treating and
preventing disease and traumatic injury, of relieving pain,
and of preserving and improving human health, using
molecular tools and molecular knowledge of the human
body.” ¥ This resembles the definition given by the US
NIH, ‘Nanomedicine refers to highly specific medical
intervention at the molecular scale for curing diseases or
repairing damaged tissues, such as bone, muscle, or
nerve. The ESF specified five sub-disciplines @ of
nanomedicines, which in many ways are overlapping.
These are Analytical tools, Nanoimaging tools,
Nanomaterials and Nanodevices, Clinical and toxicological

issues and Novel therapeutics and drug delivery systems.
Here we are going to discuss specifically about drug
delivery systems and novel therapeutics based on
Nanotechnology. There are immense opportunity to get
some novel drug delivery system by utilizing
nanotechnology, because ‘Nanosizing’ of drugs-

» Increase drug targeting ability /41 EL7LE]

= Reduce the dose needed /1]

*  Enhance oral bioavailability *%!

= Decrease toxicity 121,113,241

=  Enhance solubility

= |Increase the stability of drug and formulation
[171,[18],[19]

[15], [16]

- Increase surface area [20]

= Enhance rate of dissolution
» Decrease drug resistance 21?3
= |ncrease patient compliance
CANRBON NANOTUBES
Carbon Nanotubes (CNTs) are hollow, well ordered,
carbon nanomaterial with a variety of properties. These

[20],121]

[18]
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have high aspect ratio and surface area, and ultra-light
weight. ! Generally, CNTs are classified as single-walled
(SW) or multi-walled (MW) carbon nanotubes. Where
MWCNTs are made from a number of cylindrical carbon
layers and are of diameter 2-100 nm, SWCMTs consists
only one cylindrical layer and their diameter ranges from
0.4-2 nm. ! As commercially available CNTs are heavily

catalysts, to make them less toxic and more
biocompatible, some appropriate molecules are attached
to their surface. This process is called as Functionalization.
(6] Recent studies emphasize greatly on delivering
chemotherapeutic agents to various cancer sites by means
of CNTs. CNTs provide a greater targeting ability to the
formulations and some examples of this are presented in

contaminated with amorphous carbons and metal Table-1.
Drug Type of Disease Type of CNTs References

Daunorubicin Leukemia SWCNTs 3
Doxorubicin Lymphoma SWCNTs

Breast cancer MWCNTs 5
Methotrexate Breast cancer MW(CNs 6
Paclitaxel Breast cancer SWCNTs 7
Gemcitabine Ovarian cancer SWCNTs 27
Amphotericin B Leishmania donovani (parasite) Not specified 28
Carboplatin Bladder cancer Not specified 29

Table-1: Drugs those can be delivered via Carbon Nanotubes

Along with delivering drugs for treatment of cancer,
CNTs are also found effective in gene delivery. These are
very good non-viral vector for gene therapy as they cross
cell membrane by endocytosis process. Moreover, due to
functionalization, DNA transfer takes place without any
degradation. ™! Recent experiments indicated that siRNA
delivered by MWCNTs can reduce tumour growth
significantly. 37
QUANTUM DOTS
Quantum dots (QDs) consist of a semiconductor core and
are coated by a shell for improved optical properties.
These also possess a cap which provides higher solubility
in aqueous buffers. Functionalized QDs, conjugating them
with targeting ligands, can be used to target specific

tissues. Various colloidal core/shell usually synthesized are
CdSe/znS, CdTe/CdSe, InP/ZnS and CdSe/CdS/znsS. B QDs
have a potential for improved treatment of cancer by
targeted drug delivery systems. But before that, while
preparing QD-drug formulations, some guidelines must be
followed (a)Surface of nanoparticles must be
functionalized (b)Nanoparticle size is to be minimized
(c)To prevent detrimental effects, drug molecules should
be kept within the nanoparticle (d)To avoid collapse, a
biocompatible polymer must be attached to QD surface.
Some of drugs successfully delivered by QDs are listed in
Table-2

Drugs/ Target Type of QDs Efficacy Referen

Therapeutics cells/Diseases ces

Saquinavir HIV-1 Carboxyl-terminated High site-specificity and can cross BBB 8
QDs
Doxorubicin Ovarian cancer Mucinl- aptamer QD | Higher accumulation on target 32
5-Fluorouracil Breast cancer ZnS QDs Targeting and controlled drug delivery to 33
cancer cells.
Daunorubicin Leukaemia CdTe QDs Enhanced drug uptake 9
Daunorubicin Leukemia K562 | CdS QDs Inhibit multidrug resistance 22
cells

Table-2: Drugs those can be delivered via Quantum Dots.

Apart from targeting of anticancer drugs, QDs are also
effective to deliver other biomolecules and drugs and
through various routes of administration. QDs have shown
high possibility for delivering siRNA molecules to block
expression of disease causing genes. ** Due to their ability
to penetrate skin, which is dependent on the size and
coating of QDs, they can also be effective in Transdermal
delivery of drugs. * QDs can cross the BBB to reach brain
parenchyma following intra-arterial administration and
delivery of MMP 9-siRNA to brain microvascular
endothelial cells was also reported, Bel 5o they can be

© Asian Journal of Biomedical and Pharmaceutical Sciences, all rights reserved.

operational in brain targeting. QDs and Doxorubicin (Dox)
nanoconjugate were testified to target alveolar
macrophages cells and has showed the potential of QDs
for macrophage-selective therapy of pulmonary disease.
37]

DENDRIMERS

Dendrimers are a versatile class of well-defined and highly
branched Nano-scale structure with several surface-active
groups. Due to their smaller size (<100 nm), narrower
molecular weight distribution, greater functionality, higher
quantity of surface groups and relatively easier
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incorporation of targeting ligands they are very good
candidates for drug delivery. The main characteristics

multivalent surface. ®® Several antiretrovirals, anticancer
agents and brain specific drugs can be delivered by

which make it special are three different topological sites Dendrimers. Some of them are listed in Table-3.
(a) polyfunctional core (b) interior layers and (c)
Drugs/Therapeuti Type of Target cells/ Advantages/ Features Referen
cs Dendrimers/Conjugat Indications/ ces
es Functions

Efavirenz Tuftsin-conjugated HIV Targeted delivery to 39
PPE dendrimers macrophages

Lamivudine Mannose-capped HIV Increased  cellular  uptake, 10
PPE dendrimers reduced cytotoxicity

siRNA Amino-terminated Lymphocytes Reduced HIV infection, in-vitro 40
carbosilane
dendrimers

Sulphated Polylysine HIV Higher activity due to dendrimer 11

oligosaccharides dendrimers product

Galactosylceramid | Multivalent HIV-1 Higher stability and anti-viral 13

e analogues phosphorus- property, lower toxicity
containing
catanionic
dendrimers

Doxorubicin 2,2 Colon carcinoma In vitro and in vivo, dendrimer 14
bis(hydroxymethyl) | cells of rat product was ten times less toxic
propanoic acid-
based dendrimers

SN38 G3.5 PAMAM | Hepatic colorectal | Increase oral bioavailability and 12
dendrimers cancer cells decrease gastrointestinal

toxicity

Boron EGF-carrying Neuron capture | Intratumoral injection or CED 41
PAMAM dendrimers | technology

EGFR siRNA Dendriworms Knockdown  EGFR IV or CED 42

expression

Plasmid pEGFP-N2 | Angiopep-carrying Encode green \Y, 43
PEGylated PAMAM | fluorescence
dendrimer G5.0 protein

Table-3: Drugs those can be delivered via Dendrimers
PAMAM= Poly(amido amine), PPE= poly (propyleneimine)

The most widely explored and used dendrimers are Poly-
AmidoAmine (PAMAM) dendrimers. PAMAM dendrimers
can facilitate transport through epithelial barrier which
show their potential as a carrier for oral delivery. “* These
are also efficient as gene delivery system and in fact they
have at least equal efficacy as other cationic carriers like
polylysine. ™ Cationic dedrimers (G2 PAMAM, G3
PAMAM, PEGylated G3) can also be used as pulmonary
delivery carriers to administer large molecular weight
anionic drug like low molecular weight heparin. “°
Pulmonary delivery of Plasmid DNA by G9 PAMAM
dendrimers was also reported. “47J pAMAM dendrimers are
also used for ocular insert or patches. “8 Commercial
dendrimer products for biomedical applications has also
been produced i.e. VivaGel™, for prevention of sexually
transmitted diseases and SuperFect® for gene
transfection.

Incorporation of large amount of drug is possible into
dendrimers because of its structural configuration. Various
techniques like (a) adsorption to the surface, (b)

© Asian Journal of Biomedical and Pharmaceutical Sciences, all rights reserved.

encapsulation in hydrophobic microcavities and (c) direct
covalent conjugation with surface active groups can be
employed to do so. And due to these properties
dendrimer can be used as a carrier of water soluble and
water insoluble drugs simultaneously. *°!

LIPOSOMES

Liposomes are lipid vesicular systems which are composed
of an aqueous core enclosed by natural or synthetic
phospholipid bilayers. The aqueous core can be used to
encapsulate hydrophilic drugs, and on the other hand,
hydrophobic and amphiphilic drugs can be solubilized
within the phospholipid bilayers. Depending on the
structure of the lipid bilayers liposomes can be classified
as (a) small unilamellar vesicles (SUV) (b) large unilamellar
vesicles and (LUV) (c) multilamellar vesicles (MLVs).
Liposomes were first introduced for drug delivery as early
as in 1965. ®@ And in recent studies, these are the most
widely used Nano-pharmaceutical carriers. Usually,
liposomes are rapidly cleared from blood by phagocytic
cells and they possess a low transport rate. But these
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disadvantages can be overcome by coating the surface
with a biocompatible and inert polymer such as PEG or by
incorporating targeting ligands. &

Liposomal formulations are well researched for delivering
chemotherapeutic and anticancer agents. Successful
delivery of Placitaxel can be done by conjugating liposome
with poly (d, I-lactic acid) - polyethylene glycol [PLA-PEG].
52) Epirubicin uptake at the folate receptors of human
cervical carcinoma cell was also observed with increased
antiproliferative ability. ' But, the main impact of
liposomal formulations on cancer chemotherapy was
observed in the combination therapies. (Table-4) Some
pharmaceutical products like CPX-351 % and cPX-1 * are
currently under clinical trials.

As liposomes, in their natural form, can be taken up by
reticuloendothelial system, they can serve for macrophage
delivery of antiretrovirals. Phillips et al delivered
Zidovudine to macrophages by liposomal system. F¢
Incorporation of ethanol into liposome increases the
transdermal flux to form ethosomes. Studies were
conducted incorporating antiretroviral drugs like Acyclovir,
Indinavir and Lamivudine into these modified liposomal
systems. P78 Through various mechanisms liposomes
enter into skin and steady state flux of drug through the
skin is maximum for cationic liposomes, followed by
anionic and neutral liposomes. 8

Prospect of receptor-mediated delivery of drug molecules
and nucleic acids to the brain was investigated by
Pardridge et al. ®*® Recently, sodium borocaptate (BSH) is
successfully delivered to glioma cells using anti EGFR

immunoliposomes. ' PEGylated
liposomes were also researched to encapsulate
vector/DNA plasmid complexes e.g.
Polyethylenimine/Oligodeoxynucleotides and as a result,
Oligodeoxynucleotides accumulation in the brain was
considerably increased when transferrin receptorspecific
antibody 8D3 was non-covalently bound to PEGylated
liposomes. 1 Simultaneous encapsulation of topotecan
and gadodiamide can also be done employing non-
PEGylated liposomes and this has a prospective use in
therapy of glioblastoma multiforme. ® To deliver
Serotonin, liposome is used as a secondary vehicle to
transport it across BBB. **!

In radiation based therapies, photosensitizers can be
delivered via Liposomes. ¥ Liposomes and very widely
explored for Pulmonary and Ocular delivery of drugs.
(Table-4 and 5) Liposomal formulations are delivered to
the lung in liquid state and nebulizers are used for the
aerosol delivery of liposomes. Recently, dry powder
formulations have also been studied for pulmonary
liposomes delivery. ® Cationic liposomes facilitate
transcorneal drug delivery as well as the anionic and
neutral liposomes. It can also be mentioned that some
pharmaceutical liposomal products have been included in
the market e.g.Doxil/caylex (a liposome-based formulation
of an anticancer drug Doxorubicin, Ortho-Biotech) and
Alveofact® (a synthetic lung surfactant for pulmonary
instillation for the treatment of respiratory distress
syndrome, Dr Karl Thomae GmbH, Biberach, Germany).

antibody-carrying

Therapeutics Type of Liposome Indications References
Topotecan+Vincristine PEG-Liposome Brain cancer 66
Irinotecan + Cisplatin Mixture of two Liposomes Small-cell lung cancer 67
siRNA + Doxorubicin PEG-Liposome MDR-breast cancer 68
Doxorubicin+Verapamil Transferrin- (Tf-) MDR-leukemia 69
conjugated PEG-Liposome
Budesonide Small molecular liposome Asthma 70
Ketotifen Small molecular liposome Asthma 71
VEGF gene Gene liposme Pulmonary hypertension 72
Amiloride hydrochloride Small molecular liposome Cystic fibrosis 73
Tobramycin Small molecular liposome Pulmonary Infections 74
Interleukin-2 Protein liposome Lung cancers 75
Insulin Protein liposome Diabetes 76

VEGF=Vascular endothelial growth factor
Table-4: Drugs those can be delivered via Liposomes

© Asian Journal of Biomedical and Pharmaceutical Sciences, all rights reserved.
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Drug Type of Liposome Effects References
Diclofenac Coated with low-molecular weight | High corneal permeation, better 77
chitosan sustained drug release

Ciprofloxacin Liposomal hydrogel Fivefold higher transcorneal 78
permeation

Demeclocycline Not available Effect of drug lasts for longer period of 79
time

Plasmid DNA Cationic liposomes Increased transfection efficiency of 80
pDNA

Table-5: Ophthalmic drugs those can be delivered via Liposomes

POLYMERIC NANOPARTICLES

Synthetic and semisynthetic polymers are a very potential
media for Nano-technology based drug delivery as they
provide a plethora of advantages like increased efficacy,
lower toxicity, controlled release rates, sustained
bioactivity, manufacturing reproducibility, higher stability,
lesser administration frequency and capability of co-
delivering drugs resulting in synergistic effects. ™ Some
common polymers used for manufacturing nanoparticles
intended for drug delivery are poly (lactic acid) [PLA], poly
(lactic-co-glycolic acid) [PLGA], poly (ethylene glycol- co-

(caprolactone) and poly (alkyl) cyanoacrylates. PNPs are
often produced by pairing with PEG to provide prolonged
systemic circulation time. &

Processes of drug loading into PNPs include entrapment,
encapsulation and dissolution or dispersion. A wide
spectrum of hydrophobic and hydrophilic drugs can be
incorporated into these nanoparticles for drug delivery,
tissue engineering and various other biomedical
applications. Table-6 enlists some antiretroviral, brain
targeted and anticancer drugs, and corresponding PNPs

(lactic-glycolic acid)), poly (methyl) methacrylate, poly for nanotechnology based drug delivery
Therapeutics Type of | Indication/ Effects References

polymer/ Activity
Functionalizati
on

Paclitaxel Aptamer- PEG- | Gliomas Enhanced delivery 82
PLGA

Cisplatin Aptamer- PEG- | Prostate cancer Higher efficiency 83
PLGA

Vincristine + | PLGA Hepatocellular Reduced multidrug 23

Verapamil carcinoma resistance

Doxorubicin+Cyclosp | PACA Various cancers Synergistic effect. 84

orine A

Zidovudine Poly (isohexyl Targeting lymphoid | Drug levels is four times 15
cyanate) tissue higher

Zidovudine Polyhexylcyano | Targeting lymphoid | Higher Zidovudine levels 16
acrylate tissue in the body

Stavudine Polybutylcyano | HIV/AIDS 8-20 times higher 85
acrylate (PBCA) Permeability

Lamivudine Methylmethac | HIV/AIDS 100% increased BBB 85
rylate- permeability
sulfopropylmet
hacrylate

Nerve growth factor Polysorbate 80 | Parkinsonism Improved transport across 86

(NGF) coated PBCA the BBB

Amphotericin B PLA-b-PEG Neurodegenerative Improved transport across 87

diseases the BBB

Table-6: Drugs those can be delivered via Polymeric Nanoparticles
PACA= Polyalkylcyanoacrylate, PLA-b-PEG =Polysorbate 80 coated poly(lactic acid)-b-poly(ethylene glycol), PLGA= poly
(lactide-co-glycolide)

PNPs are also found effective in ophthalmic delivery.
Transcorneal permeability of Flurbiprofen was increased
when nanoparticles formulation was prepared with PLGA
and polyepsilon-caprolactone. 58] These are also studied
extensively for pulmonary delivery of antiasthmatic, 18]

© Asian Journal of Biomedical and Pharmaceutical Sciences, all rights reserved.

[90] [91]

antituberculosis, pulmonary hypertension, and
anticancer drugs.®? But, the biodegradability and toxicity
of PNP pulmonary formulation still need further close
examination to avoid accumulation of polymer carriers
after repeated dosing.
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SOLID-LIPID NANOPARTICLES

SLNs are lipid-based nanoparticles systems and these fatty
acids are either solid or semisolid at room temperature.
These preparations provide increased physical stability,
reduced degradation of drug, lower toxicity and relative
ease in the production. ! Altering SLNs properties, for
example, by changing their lipid composition, surface
charge and size site specificity and sustained release of
drug can be accomplished. These can also be programmed
so that SLNs formulations will release the drug in response
an external stimulus such as pH or temperature. Solid lipid
preparations provide greater drug stability and better
control over drug kinetics than the liquid lipid
formulations.

SLNs loaded with Doxorubicin increased apoptotic cell
death very efficiently by higher accumulation of
doxorubicin in cancer cells. ™ Anticancer agent Curcumin
was also incorporated within transferrin-mediated SLNs
for targeted delivery to breast cancer cells. ®* The first
antiviral loaded SLN preparation contained Zidovudine
Palmitate in which Trilaurin was used as the lipid core. ®*
In this study, it was also reported that higher lipid content
can lead to higher incorporation of drug in SLNs. And in
another study, it was reported that surface modification
with PEG moieties increased the plasma circulation of the
drug.

Brain delivery via SLNs drug delivery was first exploited
regarding two anticancer agents - Camptothecin and
Doxorubicin and accumulation of drug in the brain was
successful. " P71 Antiviral agents Stavudine, Delavirdine,
and Saquinavir were independently evaluated and here
also, the incorporation efficacy of the drugs increased with
increasing lipophilicity. *® Because of entrapment of drug
in SLNs, permeability was enhanced 4-11 times than
traditional delivery. Drugs like Indomethacin, Ketoprofen,
Isoniazid and pyrazinamide was reported to be targeted to
the pulmonary system. ? 1% 5| Ns have some limitations
such as uncontrolled drug expulsion and low capacity of
drug loading. To address these problems Nanostructure
Lipid Carriers (NLCs) have been developed which contains
a mixture of solid lipids and liquid lipids. " In these,
liquid lipids like medium chain triglycerides can be added.
MICELLAR NANOPARTICLES

Amphiphilic  molecules are those which possess
polar/hydrophilic groups as well as non-polar/hydrophobic
groups. Micellar Nanoparticles (MNs) can be defined as
nanoparticles formed by amphiphilic molecules and
usually they have a hydrophobic core within an aqueous
phase. For drug delivery, MNs are mainly used to deliver
poorly soluble drugs as micellar formulations increase
their solubility and so, bioavailability as well. Moreover,
hydrophobic compounds which have limitations in

© Asian Journal of Biomedical and Pharmaceutical Sciences, all rights reserved.

crossing BBB can be entrapped in MNs to avoid rapid
blood clearance and degradation. Cholesterol-terminated
PEG was modified with TAT peptide for transporting
nanoparticles, loaded with Ciprofloxacin, to brain. % N-
hexylcarbamoyl-5-fluorouracil (HCFU) is poorly water
soluble drug. Nanogels of HCFU have been formulated by
cross-linked polymeric micelles of Nisopropylacrylamide
and N-vinylpyrrolidone and higher accumulation of HCFU
in brain was reported. 12!

Lidocaine, a local anesthetic drug, can be encapsulated in
MNs using PEG to form unimolecular micelles and a
sustained release up to 50 hours can be achieved. **
Prodrug of anticancer agent Placitaxel was prepared in
MNs formulation using PEG-Polycaprolactone polymer and
sustained release of as long as 14 days has been achieved.
(104 Nanomicelles of copolymers have also been found
effective for conjugating anti-cancer drugs. Combination
of Placitaxel and siRNA is successfully developed; in which
Placitaxel is encapsulated in the inner hydrophobic core
and siRNA was complexed within outer hydrophobic shell.
[105]

MISCELLANEOUS

There is several other nano-particulate and nano-
structured systems available for drug delivery. There
usability, though explored to a lower extent, is also very
beneficial in novel drug delivery systems. Nanodiamonds
(NDs) are effective agents in biomedical applications
because of higher biocompatibility, minimum cytotoxicity,
commercial availability and ease of purification.
Functionalized NDs can serve as a delivery method for
increased solubility and better targeting ability of drugs.
@Y Various virus-based nano-carriers have also been
documented for drug delivery in scientific literatures;
Cowpea and Red clover mosaic viruses have been
researched as  successful  viral  nano-carrier.*®®
Multifunctional Gold Nanoparticles, nanometre sized
colloidal suspensions, demonstrated very stable and
multipurpose  platforms  for drug delivery. %7
Nanoparticles of inorganic materials such as titanium,
silicon dioxide, gold, and silver, copper have been found
useful for numerous pharmaceutical applications and
especially in cancer therapeutics. "% Magnetic
Nanoparticles is very effective in cell targeting and cell
labelling of skin and have been proved to be beneficial for
transdermal delivery. ™ Various lipid vesicles other than
liposomes such as Transferosomes, Niosomes, Ethosomes
and Bicelles have been developed and found efficient in
treansdermal delivery. %

CONCLUSION

Richard Feynman rightly said that there is plenty of room
at the bottom. And as our review presents the most
important uses of nanotechnology in drug delivery, we
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wide spread applications of

nanotechnology for betterment of human life. Numerous
problems related to drug delivery, especially in cancer

therapy, has

been addressed successfully by

nanotechnology; which engenders new hope within us.
But, more studies on toxicology and immune systems
induction should be carried out for implementation of
these new technologies into mainstream health services.
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