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KBSTRACT \
Since the introduction of the click concept by Sharpless and coworkers in 2001, numerous examples

of click reactions have been reported for the preparation and functionalization of polymeric micelles
and nanoparticles, liposomes and polymersomes, capsules, microspheres, metal and silica
nanoparticles, carbon nanotubes and fullerenes, or bionanoparticles. Among these click processes,
Cu(l)-catalyzedazide-alkyne cycloaddition (CUAAC) has attracted most attention based on its high
orthogonality, reliability, and experimental simplicity for non-specialists. The alkyne-
azidecycloaddition, popularly known as the “click” reaction, has been extensively exploited in
molecule/macromolecule build-up, and has offered tremendous potential in the design of
nanomaterials for applications in a diverse range of disciplines, including biology. Some
advantageous characteristics of this coupling include high efficiency, and adaptability to the
environment in which the desired covalent linking of the alkyne and azide terminated moieties
needs to be carried out. The efficient delivery of active pharmaceutical agents to specific organelles
like mitochondria and lipid bodies, employing nanocarriers developed through the use of “click”
chemistry, constitutes a continuing topical area of research. In this review, we highlight important
contributions click chemistry in the nanosized drug delivery system and its future aspects.
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INTRODUCTION

In 2001 Sharpless introduced the concept of
“click chemistry”, one of the most versatile and
modular approaches to couple two reactive
partners in a facile, quick, selective, reliable and
high yield reaction under mild conditions®. Since
then click chemistry has become one of the
most common and reliable methods to link
molecules covalently, and it finds applications in
a variety of disciplines including the chemistry of
nanomaterials, chemical biology, drug delivery,
and medicinal chemistry*”. In dendrimer
chemistry, CUAAC was used not only for the
convergent® and divergent build-up®*°, but also
for the dendrimer functionalization, and

95

introduction of multiple functionalities into the
macromolecular architecture™**™’.

Copper Catalyzed
AzideCycloaddition (CuAAC)
The 1,3-dipolar cycloaddition of azides with
alkynes was first discovered by Hiisgen in 1963.
However, it did not attract much interest until it
was demonstrated that this high temperature
reaction could also be carried out under mild
conditions using Cu(l) as the catalyst, and with
tremendous regio-selectivity (Scheme 1). This
was discovered simultaneously and
independently by Meldal and his group in
Denmark, and Fokin and Sharpless in USA™*?,
The coordination of Cu(l) to alkynes in an
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agueous solution forming a copper-acetylide
intermediate is an exothermic reaction. The
azide binds to this Cu (l)-acetylide intermediate
forming a six membered Cu(lll)-metallacycle®.
Subsequently, the triazole ring formation is very
rapid®, and the cycloadditon product is
chemically inert or stable towards redox
reactions, has strong dipole moment, hydrogen
bond accepting ability and aromatic character®.
Experimental and computational studies have
shown that Cu(l) coordinates to the alkynes
through polynuclear Cu(l) intermediates®*2°,
Recently, a detailed mechanism has been
elucidated by Fokin and his colleagues®. The
advantages of this alkyne-azide coupling

reaction include an almost quantitative
conversion, the robust nature of the 3|rlJr3c)J4ducts,

biomolecular ligation, in vivo taggin% , and
use in the synthesis of linear polymers®®.

Dendrimers

Dendrimers are highly branched
macromolecules, which are prepared by
repetition of a given set of reactions using either
divergent or convergent strategies.37Dendrimers
consists of three  basic  architectural
components, (i) the core, (ii) the interior and (jii)
the end-groups. Generally, the reactions
employed are high yielding without any side

R—==+ Rp—N=N'=N"

reactions. This then allows one to obtain defined
and uniform structures. Well known processes,
such as the Michael reaction, Williamson ether
synthesis, amidations and reductions have been
used extensively in pioneering work by Vogtle,
Tomalia, Fréchet and Newkome.*Dendrimers
and dendrons can be considered as unique
guantized building blocks for nanoscience and
have served as functional objects in
nanotechnology and nano-materials
science.?**°. As synthetic nanoscale objects, the
structures and properties of the individual
dendritic building blocks are hugely versatile.
Unlike many other nanoscale objects,
dendrimers are inherently synthetically versatile.
Therefore dendrimers and dendrons have
hugely wide ranging potential applications
across a wide range of areas of interdisciplinary
science. The two most widely studied dendrimer
families are the Fréchet-type polyether and the
Tomalia-type poly(amidoamine) (PAMAM)
dendrimers.1 The synthetic methods in
dendrimer chemistry have recently been
upgraded to allow easier access to high-quality
dendritic products. These advances have taken
advantage of widely-applied approaches such
as the click chemistry.*** This has allowed
dendritic architectures to be incorporated into
ever more elaborate nanostructures.*
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Scheme 1: Copper-catalyzed alkyne-azidecycloaddition
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CLICK CHEMISTRY IN NANOSIZED DRUG
DELIVERY

Tremendous effort has been devoted to the
development of nanocarriers for the efficient
delivery of therapeutic agents to the targeted
site®. In this regard macromolecules have
offered tremendous potential®, but such
nanodelivery systems have to meet stringent
requirements if they are to be employed for drug
delivery®*’.  The  macromolecule  based
nanocarriers used for this purpose should be
non-cytotoxic, remain intact prior to reaching the
target site, and enhance the effectiveness of the
selected drug. Although, significant efforts have
been made in assembling macromolecule based
nanocarriers using a variety of synthetic
methodologies, challenges still remain in
introducing multiple functions into a single
platform. Click chemistry has offered new ways
of developing nanomaterials*®***°, particularly
those with multiple functional groups and
architecture®’. These moieties can be introduced
within the nanocarrier architecture with high
precision. Such nanoarchitectures have been
exploited as suitable carriers for therapeutic
agents and fluorescent labels to deliver them to
specific cells, cellular organelle, to either prevent
cell death® or visualize them with or without
drug delivery. A number of strategies to target
cells with drugs had been adopted earlier, these
include carbodiimide, thiol-maleimide and biotin-
avidin coupling to biomolecules®. As already
mentioned, recent progress in click chemistry
has allowed coupling reactions to be carried out
under mild conditions, and in an aqueous
medium with negligible unwanted toxic by-
products”.

The use of ‘click’ chemistry to create dendritic
modular systems has mainly involved dendrons.
‘Click’ chemistry is a particularly attractive
coupling method because it can be performed
with a wide variety of solvent conditions
including aqueous environments. The stable
triazole ring bridge, resulting from coupling
alkyne with azide moieties, is frequently
achieved at near quantitative yields and is
considered to be biologically stable®®°
Furthermore, the ‘click’ coupling chemistry is
orthogonal to the coupling chemistries typically
used to attach functional groups to the
dendrimer. Lee and co-workers have detailed
the synthesis of multi-module platforms using
both un-functionalized PAMAM dendrons®”° as
well as unfunctionalizedFrechet-type dendrons®
for each of the modules. In all of these systems,
the focal point of the dendronpossessed either
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an azide or alkyne moiety. Wu and co-workers
developed a 2,2-bis(hydroxymethyl)propionic
acid (bis-MPA) based asymmetric modular
dendron with 16 mannose units and 2
coumarinchromophores, and demonstrated
binding in a hemagglutination assay®’. Goyal,
Yoon, and Weck have also developed a
poly(amine) dendrimer that possessed a single
aldehyde or azide moiety on the dendrimer
periphery capable of orthogonal functionalization
by small molecule functional groups®*®®. These
approaches appear promising but only the bis-
MPA dendron system has been demonstrated to
have function as a targeted drug delivery
platform. In all cases, the dendrons used were
G3 or smaller. This has significant limitations for
widespread therapeutic use because of the
limited carrying capacity of low generation
dendrons. To date, click chemistry has not been
applied to a modular dendrimer system.
Considering the focus of this review article, the
following sections provide a few examples of
nanodelivery systems targeting cell organelles,
specifically mitochondria and lipid bodies (LBs).

Mitochondria

Mitochondria, cellular power plants, play pivotal
homeostatic role in cellular functions such as
cellular signaling, growth and differentiation, cell
cycle regulation, electron transport, calcium
storage and cellular death®®. Mitochondrial
dysfunction is implicated in a variety of
pathological disorders such as aging, ischemia-
reperfusion, cardiac disorders,
neurodegenerative and neuromuscular
diseases, obesity, and genetic disorders®®®.
One of the major causes of damage in these
conditions is the generation of mitochondrial
reactive oxygen species’’. Some of the main
disadvantages of selective drugs are their
hydrophobicity, stability,bioavailability, inability to
cross the membrane barriers and selective
accumulation in the multi-membrane barrier
organelles located in the cytoplasm, such as
mitochondria. Targeting mitochondria with a
variety of bioactive molecules and drugs is one
strategy to overcome some of these hurdles®.
Unlike cellular targeting, the prerequisite for
mitochondrial targeting includes the use of drug
modifications or encapsulation into nanocarriers
such as dendrimers. This would help not only
cross several membrane barriers, but also have
high accumulation in these organelles. The other
advantage of using the nanocarrier systems is
their ability for site specific targeting with
improved efficacy and reduced toxicity’*"*. More
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recently an interesting new approach was taken
by Dhars group. This study showed the
versatility of biodegradable high density
lipoproteinnanoparticles for detection of plaques
by targeting the collapse of the mitochondrial
membrane potential. The same study described
a rationally designed mitochondria-targeted
polymeric nanoparticle (NP) system and its
optimization for efficient delivery of various
mitochondria-acting therapeutics by blending a
targeted poly(d,l-lactic-co-glycolic  acid)-block
(PLGA-b)-poly(ethylene glycaol) (PEG)-
triphenylphosphonium (TPP) polymer (PLGA-b-
PEG-TPP) with either nontargeted PLGA-b-
PEG-OH or PLGA-COOH. An optimized
formulation was identified through in vitro
screening of a library of charge- and size-varied
NPs. A programmable NP platform for the
diagnosis and targeteddelivery of therapeutics
for mitochondrial dysfunction-related diseases
was also described’””. The same group also
showed how in situ light activation amplifies the
host immune responses when NPs deliver the
photosensitizer to the mitochondria, and opening
up the possibility of using mitochondriatargeted-
NP treated, light activated cancer cell
supernatants as possible vaccines. An
overview of strategies to target organelles by
exploiting different nanotechnological tools was
recently reported’’.

Lipid bodies (LB)

Lipid bodies (LBs) are cytoplasmic organelles
which have been historically considered cellular
storage sites. LBs are phylogenetically
conserved and ubi%uitous organelles with many
cellular functions®®. More recently, they have
been recognized as dynamic, communicating
withdifferent organelles including
mitochondria™ . Different stressful conditions
resulting inmitochondrial damage can lead to LB
accumulation. The endoplasmic reticulum (ER)
is a majorintracellular compartment involved in
neutral lipid synthesis and LB biogenesis.
Accumulation of LBs in leukocytes and
macrophages follows their stimulation with pro-
inflammatory  agents  including  bacterial
endotoxins (e.g., lipopolysaccharide from Gram
negative bacteria) is well recognized®®!. Due to
their prominence in inflammatory leukocytes,
LBs are considered to be structural markers of
inflammation. Therefore, pharmacological
modulation of LB biosynthesis and composition
presents an attractive strategy to correct LB
abnormalities in different pathologies. To
specifically target LBs, Kakkar and Maysinger

82,83
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developed a macromolecule-based delivery
system using click chemistry®™. The goal was to
deliver niacin (and eventually other lipid-
modifying drugs) to LBs by means of dendrimer
and miktoarm polymer-based nanocarriers, in
order to inhibit the activity of LB-localized
enzymes.

An example of Diels-Alder “click” chemistry used
for the delivery of drugs through peptides was
reported by Braun's group®. It involved the
delivery of a cytotoxic drug temozolomide (TMZ)
using cyclic-RGD-ligand as cargo to target av33
integrin receptor for cancer. The cytotoxic drug
TMZ was ligated to the cRGD-ligand using Diels
Alder reaction with inversion electron demand®.
For evaluating the cellular location of this click
product, a fluorescent tag dansyl was ligated.
The cRGD-TMZ-dansyl complex when treated to
MCEF-7 cancer cells effectively binds on to the
cell membrane which expresses high levels of
avB3 integrin. This study also reports that the
above click product selectively kills cancer cells
with high efficacy as compared to only the TMZ
drug treatment. In this section we provide
examples of click chemistry to generate
nanostructures targeting selected cellular
organelles. Methodological details on imaging
organelles have been recently reviewed®'.

Anticancer Drug Delivery

The high toxicity of conventional cytotoxic anti-
cancer drugs often forces these agents to be
given at sub-optimal dosages and this can result
in treatment failure®. To resolve this problem,
delivery platforms that can discriminate between
healthy and malignant cells have been
developed® ®. Actively targeted therapeutic
delivery platforms consist of three different
components: a targeting component comprised
of targeting ligands with affinities for molecules
expressed on cancer cells; a payload consisting
of drug and/or imaging agents; and a nano-scale
structure to which the targeting and payload
moieties are attached. This platform targeting of
anti-cancer drugs with cancer cell-specific
ligands can dramatically improve a drug's
therapeutic index. Conjugating multiple targeting
ligands to a single platform molecule further
increases the potential for specific targeting of
cancer cells by allowing the possibility of
multivalent interactions®®®*. The structural
design of these types of delivery platforms is
critical to the success of the delivery device.
Numerous classes of targeted drug delivery
platforms have been developed that potentially
meet the requirements needed to combine
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targeting ligands, imaging agents, and drug
molecules together to deliver the therapeutic
payload to a desired location in the body. These
include drug-target conjugates, linear polymers,
lipid-based carriers (liposomes and micelles),
carbon nanotubes, inorganic nanopatrticles, and
dendrimers. Several of these different delivery
platforms are progressing towards or through
clinical trials for cancer treatments with
promising results®®. Each approach, however, is
not without limitations and the potential for
widespread application of these platforms in
their present design is unclear.

Dendrimer-based platforms have a unique
branching  structure  which results in
exceptionally high degrees of monodispersity
and well defined terminal groups that provide the
ability to form soluble conjugates containing
multiple copies of hydrophobic drug and/or
targeting molecules. The compact, branched
structures appear to enhance the ability of the
targeting molecules to interact in a fashion
conducive to multivalent binding to cell
membrane receptorsgo. The dendrimer's small
size enables efficient diffusion across the
vascular endothelium to find tumors and also
allows the rapid clearance of these molecules
from the blood stream. This clearance avoids
potential long-term toxicities and reduces the
necessity of a rapidly-degradable platform. The
most widely used dendrimer in biomedical
applications, poly(amidoamine) (PAMAM), is
non-imunogenetic and non-toxic once the
surface primary amines have been modified®’.
There have been numerous, recent examples
describing the development of dendrimer-based
targeted delivery systems using a wide variety of
targeting Iigands including monoclonal
antibodies®®'%, bpeptideslos, T-antigens™*%,
and folic acid™" ™.
Despite the success of these dendrimer-based
platforms, it has its own draw backs that include
laborious chemical process, limited carrying
capacity. These problems are sought by
applying modular design concepts, where a
dendrimer is used as module units, each with
multiple copies of a single functional molecule.
Multi-functional platforms can be generated by
combining different modules through a universal
coupling mechanism. Significant time is spent
developing new orthogonal coupling strategies
for desired functional combinations because
many of the component drug molecules and
targeting ligands (Taxol and RGD for example)
are susceptible to a loss of activity due to
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undesired cross reactions as well as
degradation by hydrolysis.

CONCLUSION

High fidelity coupling of alkynes with

azidescatalyzed by copper has offered a useful
platftorm in the tailoring and design of
multifunctional nanocarriers, and in providing a
detailed understanding of timely therapeutic
interventions. Click chemistry has been utilized
in developing a variety of multifunctional
nanocarriers based on dendrimers and miktoarm
polymers. These macromolecules, with their
advantageous combination of properties, can
bedirected towards specific cell organelles,
including mitochondria and lipid droplets. Due to
ease with which sequential “click” reactions can
be performed in these macromolecules, this
methodology can be extended to the design of
novel nanocarriers with any desired combination
of ingredients.The concept of dendrimers and
dendritic structures containing an internal
functionality is still a quite unexplored area.
Within this concept, many new exciting materials
and applications can be prepared.

REFERENCES

1. Kolb, H.C.; Finn, M.G.; Sharpless, K.B.
Click chemistry: Diverse chemical
function from a few good reactions.
Angew. Chem. Int. Edit. 2001, 40,
2004-2021.

2. Binder, W.H. “Click” — Chemistry in
polymer and material science: the
update. Macromol. Rapid Commun.
2008, 29, 951-951.

3. Hou, J.; Liu, X.; Shen, J.; Zhao, G,
Wang, P.G. The impact of click
chemistry in  medicinalchemistry.
Expert Opin. Drug Discovery 2012, 7,
489-501.

4. Kolb, H.C.; Sharpless, K.B. The growing
impact of click chemistry on drug
discovery.Drug Discovery Today
2003, 8, 1128-1137.

5. Lahann, J. Click chemistry for
biotechnology and materials science.
In Click Chemistry forBiotechnology
and Materials Science; Lahann, J.,
Ed.; John Wiley & Sons, Ltd:
Chichester, UK,2009; pp. 1-46.

6. Neibert, K.; Gosein, V.; Sharma, A;
Khan, M.;  Whitehead, M.A,;
Maysinger, D.; Kakkar, A.“Click”
Dendrimers as anti-inflammatory



IJRPC 2015, 5(1), 95-105

Nairrita Majumder

ISSN: 2231-2781

10.

11.

12.

13.

14.

15.

agents: with insights into their binding
from molecularmodeling studies. Mol.
Pharm. 2013, 10, 2502—-2508.

Sevenson, S, Tomalia, D.A.
Dendrimers in biomedical
applications-reflections on the field.
Adv.Drug Delivery Rev. 2012, 64,
102-115.

Wu, P.; Feldman, A.K.; Nugent, AK,;
Hawker, C.J.; Scheel, A.; Voit, B,
Pyun, J.;Fréchet, J.M.; Sharpless,

K.B.; Fokin, V.V. Efficiency and
fidelity in a click-chemistry route
totriazoledendrimers by the

copper(l)-catalyzed ligation of azides
and alkynes. Angew. Chem.Int. Ed.
2004, 43, 3928-3932.

Joralemon, M.J.; O'Reilly, R.K.; Matson,
J.B.; Nugent, AK. Hawker, C.J,;
Wooley, K.L.Dendrimers clicked
together divergently. Macromolecules
2005, 38, 5436-5443.

Ornelas, C.; Ruiz Aranzaes J.; Cloutet,

E.; Alves, S.; Astruc, D. Click
Assembly of 1,2,3-triazole-linked
dendrimers, including

ferrocenyldendrimers, which sense
both oxo anions andmetal cations.
Angew. Chem. Int. Edit. 2007, 46,
872-877.

Franc, G.; Kakkar, A. Dendrimer design
using Cu(l)-catalyzed alkyne-azide
“click-chemistry”.Chem. Commun.
(Camb) 2008, 42, 5267-5276.

Goyal, P.; Yoon, K. Weck, M.
Multifunctionalization of dendrimers
through  orthogonaltransformations.
Chem. Eur. J. 2007, 13, 8801-8810.

Malkoch, M.; Schleicher, K.;
Drockenmuller, E.; Hawker, C.J;
Russell, T.P.; Wu, P.;Fokin, V.V.

Structurally diverse dendritic libraries:
A highly efficient functionalization
approachusing  Click  chemistry.
Macromolecules 2005, 38, 3663-
3678.

Ornelas, C.; Aranzaes, J.R.; Salmon, L.;
Astruc, D. “Click” dendrimers:
Synthesis, redox sensing  of
Pd(OAc)(2), and remarkable catalytic
hydrogenation activity of precise Pd
nanoparticles stabilized by 1,2,3-
triazole-containing dendrimers.
Chem. Eur. J. 2008, 14, 50-64.

Srinivasachari, S.; Fichter, KM,
Reineke, T.M. Polycationic beta-

100

16.

17.

18.

19.

20.

21.

22.

23.

24,

cyclodextrin “Click Clusters™:
Monodisperse and versatile scaffolds
for nucleic acid delivery. J. Am.
Chem. Soc. 2008, 130, 4618-4627.

Wu, P.; Malkoch, M.; Junt, J.N;
Vestberg, R.; Kaltgrad, E.; Finn,
M.G.; Fokin, V.V.; Sharpless, K.B;
Hawker, C.J. Multivalent,
bifunctionaldendrimers prepared by
click chemistry.Chem. Commun.
2005, 46, 5775-5777.

Yoon, K.; Goyal, P.; Weck, M.
Monofunctionalization of dendrimers
with use of microwaveassisted 1,3-
dipolar cycloadditions. Org. Lett.
2007, 9, 2051-2054.

Tornoe, C.W.; Christensen, C.; Meldal,
M. Peptidotriazoles on solid phase:
1,2,3 -triazoles by regiospecific
copper(l)-catalyzed 1,3-dipolar
cycloadditions of terminal alkynes to
azides.J. Org. Chem. 2002, 67,
3057-3064.

Rostovtsev, V.V.; Green, L.G.; Fokin,
V.V.; Sharpless, K.B. A stepwise
Huisgencycloaddition process:
Copper(l)-catalyzedregioselective
“ligation” of azides and terminal
alkynes. Angew. Chem. Int. Edit.
2002, 41, 2596—-2599.

Huisgen, R. On mechanism of 1,3-
dipolar cycloadditions. A reply. J.
Org. Chem. 1968, 33,2291-2297.

Huisgen, R. Kinetics and reaction-
mechanisms - selected examples
from the experience of 40years. Pure
Appl. Chem. 1989, 61, 613-628.

Rostovtsev, V.V.; Green, L.G.; Fokin,
V.V.; Sharpless, K.B. A stepwise
Huisgencycloaddition process:
Copper(l)-catalyzedregioselective
“ligation” of azides and terminal
alkynes. Angew. Chem. Int. Edit.
2002, 41, 2596—2599.

Himo, F.; Lovell, T.; Hilgraf, R.;
Rostovtsev, V.V.; Noodleman, L.
Sharpless, K.B.; Fokin,
V.V.Copper(l)-catalyzed synthesis of
azoles. DFT study predicts
unprecedented reactivity
andintermediates. J. Am. Chem. Soc.
2005, 127, 210-216.

Krivopalov, V.P.; Shkurko, O.P. 1,2,3-
Triazole  and its  derivatives.
Development of methods for the



IJRPC 2015, 5(1), 95-105

Nairrita Majumder

ISSN: 2231-2781

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

formation of the triazole ring. Russ.
Chem. Rev. 2005, 74, 339-379.

Ahlquist, M.; Fokin, V.V. Enhanced
reactivity of dinuclearcopper(l)
acetylides in dipolarcycloadditions.
Organometallics 2007, 26, 4389-
4391.

Rodionov, V.O.; Fokin, V.V.; Finn, M.G.

Mechanism of the ligand-free Cu-I-
catalyzedazide-alkyne cycloaddition

reaction. Angew. Chem. Int. Edit.
2005, 44, 2210-2215.
Rodionov, V.O.; Presolski, S.l.; Diaz,

D.D.; Fokin, V.V.; Finn, M.G. Ligand-
acceleratedCu-catalyzedazide-alkyne
cycloaddition: A mechanistic report.
J. Am. Chem. Soc. 2007, 129,2705—
12712.

Rodionov, V.O.; Presolski, S.l;
Gardinier, S.; Lim, Y.H.; Finn, M.G.
Benzimidazole and related Ligands
for Cu-catalyzedazide-alkyne
cycloaddition. J. Am. Chem. Soc.
2007, 129, 12696-12704.

Straub, B.F. mu-acetylide and mu-
alkenylidene ligands in “click” triazole
syntheses. Chem.Commun. 2007,
37, 3868-3870.

Worrell, B.T.; Malik, J.A.; Fokin, V.V.
Direct evidence of a dinuclear copper
intermediate inCu(l)-catalyzedazide-
alkyne cycloadditions. Science 2013,
340, 457-460.

Beatty, K.E.; Liu, J.C.; Xie, F.; Dieterich,
D.C.; Schuman, E.M.; Wang, Q.
Tirrell, D.A.Fluorescence
Visualization of newly synthesized
proteins in mammalian cells. Angew.
Chem. Int.Edit. 2006, 45, 7364—7367.

Deiters, A.; Schultz, P.G. In vivo
incorporation of an alkyne into
proteins in Escherichia coli.Bioorg.
Med. Chem. Lett. 2005, 15, 1521—
1524,

Speers, A.E.; Adam, G.C.; Cravatt, B.F.
Activity-based protein profiling in vivo
using acopper(l)-catalyzedazide-
alkyne 3+2 cycloaddition. J. Am.
Chem. Soc. 2003, 125, 4686—4687.

Speers, A.E.; Adam, G.C.; Cravatt, B.F.
Activity-based protein profiling in vivo
using acopper(l)-catalyzedazide-
alkyne 3+2 cycloaddition. J. Am.
Chem. Soc. 2003, 125, 4686—4687.

Golas, P.L.; Matyjaszewski, K. Click
Chemistry and ATRP: A Beneficial

101

36

37

38

39

40.

41.

42.

43.

44,

45,

46.

47.

48.

union for thepreparation of functional
materials. QSAR Comb. Sci. 2007,
26, 1116-1134.

. Golas, P.L.; Tsarevsky, N.V.; Sumerlin,
B.S.; Matyaszewski, K. Catalyst
performance in “click”coupling
reactions of polymers prepared by
ATRP: Ligand and metal effects.
Macromolecules2006, 39, 6451—
6457.

. Grayson, S. M.; Fréchet, J. M. J. Chem.
Rev. 2001, 101, 3919.

. (@) Newkome, G. R.; Moorefield, C. N.;
Vogtle, F. Dendrimers and Dendrons:
Concepts, Synthesis, Applications;
Wiley-VCH:Weinheim, 2001. (b)
Choi, J. S.; Choi, Y. H.; Park, J. S.
Bull. Korean Chem. Soc. 2004, 25,
1025. (c) Kim, T.-i.; Jang, H.-S.;Joo,
D. K.; Choi, J. S.; Park, J.-S. Bull.
Korean Chem. Soc. 2003, 24, 123.

. (a) Grimsdale, A. C.; Millen, K. Angew.
Chem. Int. Ed. 2005, 44, 5592. (b)
Tomalia, D. A. Prog. Polym. Sci.
2005, 30, 294.

Campagna, S.; Ceroni, P.; Puntoriero,
F. Designing Dendrimers; John Wiley
& Sons: Hoboken, 2011.

Franc, G.; Kakkar, A. Chem. Commun.
2008, 5267.

Franc, G.; Kakkar, A. K. Chem. Soc.
Rev. 2010, 39, 1536.

Astruc, D.; Liang, L.; Rapakousiou, A;
Ruiz, J. Acc. Chem. Res. 2012, 45,
630.

Faraji, A.H.; Wipf, P. Nanoparticles in
cellular drug delivery. Bioorg. Med.
Chem. 2009, 17,2950-2962.

Liechty, W.B.; Kryscio, D.R.; Slaughter,
B.V.; Peppas, N.A. Polymers for drug
delivery systems.Annu. Re. Chem.
Biomol. 2010, 1, 149-173.

Juliano, R.; Challenges to
macromolecular drug delivery.
Biochem. Soc. Trans. 2007, 35, 41—
43.

Mahapatro, A, Singh, D.K.
Biodegradable nanoparticles are

excellent vehicle for site directed in
vivo delivery of drugs and vaccines.
J. Nanobiotecg. 2011, 9, 55.

Lallana, E.; Fernandez-Megia, E.;
Riguera, R. Surpassing the use of
copper in the clickfunctionalization of
polymeric nanostructures: A strain-



IJRPC 2015, 5(1), 95-105

Nairrita Majumder

ISSN: 2231-2781

49.

50.

51.

52.

53.

54,

55.

56.

promoted approach. J. Am. Chem.
Soc.2009, 131, 5748-5750.

Tron, G.C.; Pirali, T.; Billington, R.A,;
Canonico, P.L.; Sorba, G,
Genazzani, A.A. Clickchemistry
reactions in medicinal chemistry:
Applications of the 1, 3-dipolar
cycloadditionbetween azides and
alkynes. Med. Res. Rev. 2008, 28,
278-308.

Somani, R.R.; Sabnis, A.A.; Vaidya,
A.V. Click chemical reactions: An
emerging approach and its
pharmaceutical applications. Int. J.
Pharm. Phytopharmacol. Res. 2012,
1, 322-331.

Mignani, S.; Kazzouli S.E.; Bousmina,
M.; Majoral, J.-P. Dendrimer space
concept forinnovative nanomedicine:
A futuristic vision for medicinal
chemistry. Prog.Polym. Sci. 2013,38,
993-1008.

Lutz, J.-F.; Zarafshani,
construction of therapeutics,
bioconjugates,  biomaterials and
bioactive surfaces using azide-alkyne
“click” chemistry. Adv. Drug Delivery
Rev. 2008, 60, 958-970.

Shi, M.; Lu, J.; Shoichet, M.S. Organic
nanoscale drug carriers coupled with
ligands for targeted drug delivery in
cancer. J. Mater. Chem. 2009, 19,

Z. Efficient

5485-5498.

Rostovtsev VV, Green LG, Fokin VV,
Sharpless KB. A stepwise
Huisgencycloaddition process:

Copper(l)-catalyzedregioselective
“ligation” of azides and terminal
alkynes. AngewandteChemie-
International Edition. 2002;41:2596

Wu P, Feldman AK, Nugent AK, Hawker
CJ, Scheel A, Voit B, Pyun J, Frechet
JMJ, Sharpless KB, Fokin VV.
Efficiency and fidelity in a click-
chemistry route to triazoledendrimers
by the copper(l)-catalyzed ligation of
azides and
alkynes. AngewandteChemie-
International Edition. 2004;43:3928—
3932.

Wu P, Fokin VV. Catalytic azide-alkyne
cycloaddition: Reactivity and
applications. Aldrichimica
Acta.2007;40:7-17.

102

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Lee JW, Kim JH, Kim HJ, Han SC, Kim
JH, Shin WS, Jin SH. Synthesis of

symmetrical and  unsymmetrical
PAMAM dendrimers by fusion
between azide- and alkyne-
functionalized PAMAM

dendrons. Bioconjugate
Chemistry. 2007;18:579-584

Lee JW, Kim HJ, Han SC, Kim JH, Jin
SH. Designing poly(amido amine)
dendrimers containing core
diversities by click chemistry of the
propargyl focal point poly(amido
amine) dendrons. Journal of Polymer
Science Part a-Polymer
Chemistry. 2008;46:1083-1097.

Lee JW, Kim BK, Kim HJ, Han SC, Shin
WS, Jin SH. Convergent synthesis of

symmetrical and  unsymmetrical
PAMAM

dendrimers. Macromolecules. 2006;3
9:2418-2422.

Lee JW, Kim JH, Kim BK, Shin WS, Jin
SH. Synthesis of Frechet type
dendritic benzyl propargyl ether and
Frechet type
triazoledendrimer. Tetrahedron. 2006
;62:894-900.

Wu P, Malkoch M, Hunt JN, Vestberg R,
Kaltgrad E, Finn MG, Fokin VV,

Sharpless KB, Hawker CJ.
Multivalent,  bifunctionaldendrimers
prepared by click

chemistry. Chemical
Communications. 2005:5775-5777

Goyal P, Yoon K, Weck M.
Multifunctionalization of dendrimers
through orthogonal
transformations.Chemistry-a
European  Journal. 2007;13:8801—
8810

Yoon K, Goyal P, Weck M.
Monofunctionalization of dendrimers
with use of microwave-assisted 1,3-
dipolar cycloadditions. Organic
Letters. 2007;9:2051-2054

Galluzzi, L.; Kepp, O.; Kroemer, G.
Mitochondria: master regulators of
danger signalling. Nat.Rev. Mol. Cell
Biol. 2012, 13, 780-788.

Galluzzi, L.; Kepp, O.; Trojel-Hansen,
C.; Kroemer, G. Mitochondrial control
of cellular life,stress, and death. Circ.
Res. 2012, 111, 1198-1207.

Cheng, G.; Kong, R.H.; Zhang, L.M;
Zhang, J.N. Mitochondria in traumatic



IJRPC 2015, 5(1), 95-105

Nairrita Majumder

ISSN: 2231-2781

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

brain injury andmitochondrial-
targeted multipotential therapeutic
strategies. Br. J. Pharmacol. 2012,
167, 699-719.

Kubli, D.A,; Gustafsson, A.B.
Mitochondria and mitophagy: the yin
and yang of cell deathcontrol. Circ.
Res. 2012, 111, 1208-1221.

Nakamura, T.; Cho, D.-H.; Lipton, S.A.
Redox regulation of protein
misfolding, mitochondrial dysfunction,
synaptic damage, and cell death in
neurodegenerative diseases. Exp.
Neurol. 2012,238, 12-21.

Mitochondrial disorders as windows into
an ancient organelle. Nature 2012,
491, 374-383.

Li, X.; Fang, P.; Mai, J.; Choi, E.T.;
Wang, H.; Yang, X.F. Targeting
mitochondrial reactiveoxygen species
as novel therapy for inflammatory
diseases and cancers. J. Hematol.
Oncol.2013, 6, doi:10.1186/1756-
8722-6-19.

Weissig, V. Mitochondrial delivery of
biologically active molecules. Pharm.
Res. 2011, 28,2633-2638.

Boddapati, S.V.; D.Souza, G.G;
Erdogan, S.; Torchilin, V.P.; Weissig,
V. Organelle-targetednanocarriers:
Specific  delivery of liposomal
ceramide to mitochondria enhances
its cytotoxicityin vitro and in vivo.
Nano Lett. 2008, 8, 2559-2563.

D’Souza, G.G.; Wagle, M.A.; Saxena,
V.; Shah, A. Approaches for targeting
mitochondria  incancer  therapy.
Biochim.Biophys.Acta,
Bioenerg.2011, 1807, 689—-696.

Soliman, G.M.; Sharma, R.; Choi, A.O.;
Varshney, S.K.; Winnik, F.M;
Kakkar, A.K.;Maysinger, D. Tailoring
the efficacy of nimodipine drug
delivery using nanocarriers based
onA2B miktoarm star polymers.
Biomaterials 2010, 31, 8382-92.

Marrache, S.; Dhar, S. Engineering of
blended nanoparticle platform for
delivery ofmitochondria-acting
therapeutics. PNAS 2012, 109,
16288-16293.

Marrache, S.; Tundup, S.; Harn, D.A;
Dhar, S. Ex Vivo Programming of
dendritic cell bymitochondria-targeted
nanoparticles to produce interferon-
gamma for cancer

103

77.

78.

79.

80.

81.

82.

83.

84.

85.

immunotherapy.ACS Nano
doi:10.1021/nn403158n.
Edeas, M.; Weissig, V. Targeting
mitochondria: strategies, innovations
and challenges:The  future of
medicine  will come  through
Mitochondria. Mitochondrion
2013,d0i:10.1016/j.mit0.2013.03.009.
Christian, P.; Sacco, J.; Adeli, K.
Autophagy: Emerging roles in lipid
homeostasis and metaboliccontrol.
Biochim.Biophys.Acta, Mol. Cell. Biol.
Lipids 2013, 1831, 819-824.
Kohlwein, S.D.; Veenhuis, M.; van der
Klei, [.J. Lipid droplets and
peroxisomes: Key players incellular
lipid homeostasis or A matter of fat-
store 'em up or burn ‘em down.
Genetics 2013, 193,1-50.
Konige, M.; Wang, H.; Sztalryd, C. Role
of adipose specific lipid droplet
proteins inmaintaining whole body

2013,

energy homeostasis.
Biochim.Biophys.Acta, Mol. Basis
Dis.

2013,d0i:10.1016/j.bbadis.2013.05.0
07.

Penno, A.; Hackenbroich, G.; Thiele, C.
Phospholipids and lipid droplets.
BiochimicaEtBiochim. Biophys.Acta,
Mol. Cell. Biol. Lipids 2013, 1831,
589-594.

Helle, S.; Kanfer, G.; Kolar, K.; Lang, A.;

Michel, AH.; Kornmann, B.
Organization and functionof
membrane contact sites.

Biochim.Biophys.Acta2013,
doi:10.1016/j.bbamcr.2013.01.028.

Khatchadourian, A.; Bourgue, S.D.;
Richard, V.R.; Titorenko, V.I;
Maysinger, D. Dynamics
andregulation  of lipid droplet

formation  in

(LPS)-stimulated
microglia.BiochimicaEtBiophysicaAct
a-Molecular and Cell Biology of
Lipids 2012, 1821, 607-617.

Bozza, P.T.; Magalhaes, K.G.; Weller,
P.F. Leukocyte lipid bodies -
Biogenesis and functions
ininflammation. BiochimicaEtBiochim.
Biophys.Acta, Mol. Cell. Biol. Lipids
2009, 1791, 540-551.

Sharma, A.; Khatchadourian, A
Khanna, K.; Sharma, R.; Kakkar, A.;
Maysinger, D.  Multivalentniacin

lipopolysaccharide



IJRPC 2015, 5(1), 95-105

Nairrita Majumder

ISSN: 2231-2781

86.

87.

88.

89.

90.

91.

92.

93.

94,

nanoconjugates for delivery to
cytoplasmic lipid droplets.
Biomaterials 2011, 32, 1419-1429.

Braun, K.; Wiessler, M.; Pipkorn, R.;
Ehemann, V., Bauerle, T.;
Fleischhacker, H.; Miiller, G.;Lorenz,
P.; Waldeck, W. A cyclic-RGD-
bioshuttle functionalized with TMZ by
DARIinv“Click Chemistry” targeted to
av33 integrin for therapy. Int. J. Med.
Sci. 2010, 7, 326—-339.

Dyer, P.D.; Kotha, A.K.; Pettit, M.\W.;
Richardson, S.C. Imaging select
mammalian organellesusing
fluorescent microscopy: application
to drug delivery. Methods Molecular
Biology 2013,991, 195-209.

Allen TM. Ligand-targeted therapeutics
in anticancer therapy. Nature
Reviews Cancer. 2002;2:750-763.

Peer D, Karp JM, Hong S, FaroKhzad
OC, Margalit R, Langer R.
Nanocarriers as an emerging
platform for cancer therapy. Nature
Nanotechnology. 2007;2:751-760.

Hong S, Leroueil PR, Majoros 1J, Orr
BG, Baker JR, Holl MMB. The
binding avidity of a nanoparticle-
based multivalent targeted drug
delivery platform. Chemistry &
Biology. 2007;14:105-113

Mammen M, Choi SK, Whitesides GM.
Polyvalent interactions in biological
systems: Implications for design and
use of multivalent ligands and
inhibitors. AngewandteChemie-
International Edition.1998;37:2755—
2794,

Majoros 1J, Keszler B, Woehler S, Bull
T, Baker JR. Acetylation of
poly(amidoamine)
dendrimers.Macromolecules. 2003;3
6:5526-5529.

Hong SP, Bielinska AU, Mecke A,
Keszler B, Beals JL, Shi XY, Balogh
L, Orr BG, Baker JR, Holl MMB.
Interaction of  poly(amidoamine)

dendrimers with supported lipid
bilayers and cells: Hole formation
and the relation to

transport. Bioconjugate
Chemistry. 2004;15:774—782

Lee CC, MacKay JA, Frechet JMJ,
Szoka FC. Designing dendrimers for
biological applications. Nature
Biotechnology. 2005;23:1517-1526

104

95. Svenson S, Tomalia DA. Commentary -

96. Hong SP, Lerouelil

Dendrimers in biomedical
applications - reflections on the
field.Advanced Drug Delivery

Reviews. 2005;57:2106—-2129.

PR, Janus EK,
Peters JL, Kober MM, Islam MT, Orr
BG, Baker JR, Holl MMB. Interaction
of  polycationic  polymers  with
supported lipid bilayers and cells:
Nanoscalehole formation and
enhanced membrane
permeability. Bioconjugate
Chemistry. 2006;17:728-734.

97. Leroueil PR, Hong SY, Mecke A, Baker

JR, Orr BG, Holl MMB. Nanopatrticle
interaction with biological
membranes: Does nanotechnology
present a janus face? Accounts of
Chemical Research.2007;40:335—
342.

98. Patri AK, Myc A, Beals J, Thomas TP,

Bander NH, Baker JR. Synthesis and
in vitro testing of J591 antibody-
dendrimer conjugates for targeted
prostate cancer
therapy. Bioconjugate
Chemistry.2004;15:1174-1181

99. Shukla R, Thomas TP, Peters JL, Desai

100.

101.

102.

AM, Kukowska-Latallo J, Patri AK,
Kotlyar A, Baker JR. HER2 specific
tumor targeting with dendrimer
conjugated anti-HER?2
mADb. Bioconjugate
Chemistry.2006;17:1109-1115

Wu G, Barth RF, Yang WL,
Kawabata S, Zhang LW, Green-
Church K. Targeted delivery of
methotrexate to epidermal growth
factor receptor-positive brain tumors
by means of cetuximab (IMC-C225)
dendrimerbioconjugates. Molecular
Cancer Therapeutics. 2006;5:52-59.
Wu G, Barth RF, Yang WL,
Chatterjee M, Tjarks W, Ciesielski
MJ, Fenstermaker RA. Site-specific
conjugation  of  boron-containing
dendrimers to anti-EGF receptor
monoclonal  antibody  cetuximab
(IMC-C225) and its evaluation as a
potential delivery agent for neutron
capture therapy. Bioconjugate
Chemistry.2004;15:185-194.

Backer MV, Gaynutdinov TI, Patel V,
Bandyopadhyaya AK, Thirumamagal
BTS, Tjarks W, Barth RF, Claffey K,



IJRPC 2015, 5(1), 95-105

Nairrita Majumder

ISSN: 2231-2781

103.

104.

105.

106.

107.

108.

109.

endothelial
targets

Backer JM. Vascular
growth factor selectively
boronateddendrimers to tumor
vasculature. Molecular Cancer
Therapeutics. 2005;4:1423-1429
Shukla R, Thomas TP, Peters J,
Kotlyar A, Myc A, Baker JR.
Tumorangiogenic vasculature
targeting with PAMAM dendrimer-
RGD conjugates. Chemical
Communications. 2005:5739-5741
Sheng KC, Kalkanidis M, Pouniotis
DS, Esparon S, Tang CK,
Apostolopoulos  V, Pietersz GA.
Delivery of antigen using a novel
mannosylateddendrimer potentiates
immunogenicity in vitro and in
vivo.European Journal of
Immunology. 2008;38:424-436.

Baek MG, Roy R. Synthesis and
protein binding properties of T-

antigen containing
GlycoPAMAMdendrimers. Bioorganic
and Medicinal

Chemistry. 2002;10:11-17.

Taite LJ, West JL. Poly(ethylene
glycol)-lysine dendrimers for targeted
delivery of nitric oxide. Journal of
Biomaterials Science-Polymer
Edition. 2006;17:1159-1172.

Kono K, Liu MJ, Frechet JMJ. Design
of dendritic macromolecules
containing folate or methotrexate
residues. Bioconjugate

Chemistry. 1999;10:1115-1121.
Shukla S, Wu G, Chatterjee M, Yang
WL, Sekido M, Diop LA, Muller R,
Sudimack JJ, Lee RJ, Barth RF,
Tjarks W. Synthesis and biological
evaluation of folate receptor-targeted
boronated PAMAM dendrimers as
potential agents for neutron capture
therapy. Bioconjugate

Chemistry. 2003;14:158-167.
Majoros 1J, Myc A, Thomas T, Mehta
CB, Baker JR. PAMAM dendrimer-
based multifunctional conjugate for
cancer therapy: Synthesis,
characterization, and

105

110.

111.

112.

113.

114.

115.

116.

functionality. Biomacromolecules.200
6;7:572-579.

homas TP, Majoros 1J, Kotlyar A,
Kukowska-Latallo JF, Bielinska A,
Myc A, Baker JR. Targeting and
inhibition of cell growth by an
engineered dendritic
nanodevice. Journal of Medicinal
Chemistry.2005;48:3729-3735

Myc A, Douce TB, Ahuja N, Kotlyar
A, Kukowska-Latallo J, Thomas TP,
Baker JR. Preclinical antitumor
efficacy evaluation of dendrimer-
based methotrexate conjugates. Anti-
Cancer Drugs.2008;19:143-149
Majoros 1J, Thomas TP, Mehta CB,
Baker JR. Poly(amidoamine)
dendrimer-based multifunctional
engineered nanodevice for cancer
therapy. Journal of Medicinal
Chemistry. 2005;48:5892-5899.
Kukowska-Latallo JF, Candido KA,
Cao ZY, Nigavekar SS, Majoros 1,
Thomas TP, Balogh LP, Khan MK,
Baker JR. Nanoparticle targeting of
anticancer drug improves therapeutic
response in animal model of human
epithelial cancer. Cancer
Research. 2005;65:5317-5324

Myc A, Patri AK, Baker JR.
Dendrimer-based BH3 conjugate that
targets human carcinoma
cells.Biomacromolecules. 2007;8:298
6-2989.

Myc A, Majoros 1J, Thomas TP,
Baker JR. Dendrimer-based targeted
delivery of an apoptotic sensor in
cancer

cells. Biomacromolecules. 2007;8:13
-18.

Landmark KJ, DiMaggio S, Ward J,
Kelly C, Vogt S, Hong S, Kotlyar A,
Myc A, Thomas TP, Penner-Hahn
JE, Baker JR, Holl MMB, Orr BG.
Synthesis, characterization, and in
vitro testing of superparamagnetic
iron oxide nanoparticles targeted
using folic acid-conjugated
dendrimers. ACS Nano.2008;2:773—
783.



