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The delivery of biologically active agents to the desired site in the body and intracellular organelles
is still a big challenge despite efforts made for more than five decades. With the elaboration of
synthetic methodologies to branched and hyperbranched macromolecules such as miktoarm stars
and dendrimers, the focus has shifted to nanocarriers able to release and direct drug molecules to a
desired location in a controlled manner. We present here recent developments in the field of
targeted drug delivery with a focus on two specific macromolecular nanocarriers, dendrimers and
miktoarm stars, and provide examples of these nanocarriers tested in different biological systems.
A particular attraction of miktoarm stars is their versatility in achieving superior drug loading
within their self-assembled structures. Advantages of dendrimers over linear polymers are that the
former provide a platform for development of multivalent and multifunctional nanoconjugates, in
addition to their ability to accommodate a large number of molecules inside, or at their surfaces.
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1. Introduction

Some of the current challenges facing theranostics (i.e., combining
therapy and diagnostics) include preparing drug carriers which
are biologically inert, internalise easily into the cells and
remain intact until they reach their intended target with high
specificity.!> Premature drug release and the inability to
monitor the fate of drug carriers in vivo are key issues that need
to be addressed in developing drug delivery nanotechnology.>*
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Nanocarriers based on biocompatible and/or biodegradable
polymers have shown tremendous potential in addressing
these unmet needs, and a significant effort has been devoted
in the past to incorporate therapeutic agents into such poly-
meric nanoparticles using hydrophobic and/or electrostatic
interactions.” '® Some of the nanoparticles based on linear
block copolymers have advanced well beyond experimental/
conceptual phases and many are now in clinical trials,
especially for cancer chemotherapy.”!'"!> However, there are
still several practical aspects of this technology that need to be
addressed before any clinical implementation. For instance,
micelles of linear block copolymers have low drug loading
efficacy (ca. 5 weight%), insufficient stability in vitro and
in vivo and rapid drug release in vivo.'* !> In addition, it is
becoming increasingly evident that multitasking using a single
particle is essential to enhance their efficacy, a feature that is
lacking in linear block copolymers. In this regard dendrimers
and miktoarm polymers provide a highly useful platform to
achieve these goals.'®

Branched and hyperbranched macromolecules such as
miktoarm stars and dendrimers'’ 2> offer distinct structural
features, but share a common thread in which arms emanate
from a central core (Fig. 1). Dendrimers are hyperbranched
and globular macromolecules with a well-defined core,
backbone and multivalent periphery.'®?! The synthetic
methodology to construct dendrimers was introduced by
Végtle and coworkers in 1978.% However, the first series of
dendrimers prepared using a well established method appeared
in 1985 with the introduction of poly(amidoamine) (PAMAM)
dendrimers by Tomalia er al.>* There has been considerable
effort in the recent past that has led to synthetic elaboration of
dendrimers, and numerous elegant methodologies now exist to
construct these hyperbranched macromolecules with a tailor
made architecture.>>?® Miktoarm polymers that are some-
times also referred to as asymmetric polymers or heteroarm
polymers are star-shaped macromolecules in which a variety of
polymeric arms varying in chemical identity and/or molecular
weight branch out from the core.?’

G3
G2
G1
LY Core\
Dendrimer Miktoarm Polymer
(Hyperbranched) (Branched)

Fig. 1 Dendrimer and miktoarm polymer architecture.

The intense interest of the scientific community in exploring
the potential of dendrimers and miktoarm polymers for thera-
peutics delivery has been due to their versatility in structure,
multivalency, and low polydispersity.”® = These features offer
real life applications in enhancing drug loading efficiency, and
in developing multi-tasking nanoparticle based technology for
targeted delivery by conjugating drug, imaging and targeting
moieties in the same scaffold.*'**> DNA and siRNA can also be
bound to terminal groups of dendrimers by electrostatic inter-
actions resulting in better transfection efficiency.* *° Similarly,
hydrophobic drugs can be solubilised by physical incorporation
in the cavities of dendrimers or inside self-assembled structures
of miktoarm polymers.*® 8 This article is not intended to be an
exhaustive review of the literature on dendrimers and miktoarm
polymers. Instead, it will focus on recent developments in their
efficacy as targeted drug delivery vehicles.

2. Synthetic challenges in the construction
of dendrimers and miktoarm polymers for
biomedical applications

In the recent past, dendrimers and miktoarm star polymers
have become prominent in the field of biomedical science due
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to their unique morphological and physical properties as
compared to linear polymers. Synthetic challenges associated
with dendrimers and miktoarm polymers have been widely
addressed by the chemical community during the last 25 years.
A brief summary of this account is provided below.

2.1. Challenges in the synthesis of dendrimers

The most important aspect to synthesize a dendrimer for
biological applications is to have proper control on the
number and types of functional groups present at its periphery,
as well as the type of backbone (i.e. if it is biodegradable/
biocompatible).* These groups are required to attach diverse
functional moieties*® such as drug molecules, imaging*!*** and
targeting agents* esc. Historically, dendrimer synthesis has
been carried out by either convergent or divergent strategies,
each with its own advantages and disadvantages. The dendrimer
synthesis was initiated by Tomalia et al.,”* Newkome et al.**
and Végtle et al.,”® using a divergent route, in which the
construction starts from a core and progresses to the periphery
with successive formation of new generations.** The
advantage of a divergent strategy is that one can synthesize
higher generation dendrimers such as those reported for
poly(amidoamine) or PAMAM and poly(propylene imine)
or PPI dendrimers.*® But the drawback is that the dendrimers
often have defects at higher generations due to incomplete
reactions. To address this problem, often the monomers are
added in excess which then require purification at every step.
Accelerated synthetic strategies have been developed by
Malkoch et al. to reduce the number of steps associated
with the divergent synthesis. This methodology involves two
different monomers having complementary functionalities,
which eliminates the need for deprotection.*’

The convergent approach was introduced by Hawker and
Fréchet,*® and it involves the prior construction of branches of
a dendrimer, the so called dendrons, which are then attached
to the central core. The convergent approach is synthetically
more demanding but the dendrimers can be produced in much
higher purity as the number of active sites present per reaction
are limited, thus reducing structural defects in the dendrimer.
The dendrons can also act as building blocks, and can be
attached to the poly-functional cores to synthesize multimodal
dendrimers. The disadvantage of the convergent approach is
that it can be used only for lower generations as the attach-
ment of larger dendrons on the core faces steric hindrances.
However, lower generations may not be a limitation for
dendrimers to be used for biological applications.*®

The dendrimer synthesis has benefitted from the develop-
ment of methodologies which involve reactions with fewer
steps, high yields and tolerance to a variety of functional
groups, and which could be carried out under mild conditions
with minimum purification steps.*”*’ Sharpless et al. described
a set of reactions which meet above mentioned criteria, and
coined the term “Click” chemistry.>® Although a number of
reactions come under the category of “click” chemistry,?
Cu(1) catalyzed Huisgen 1,3 dipolar cycloaddition reaction is
the most popular one. Hawker et a/. demonstrated the synthesis
of dendrimers using this click methodology by reacting an
azide terminated dendrimer with an alkyne monomer, followed

by halogenation and azido substitution.’' This group used
click reaction to synthesize dendrimers in a convergent manner
in which a third generation dendron with an azide focal point
was constructed and clicked onto the polyacetylene core to
obtain a 4th generation dendrimer.’? Recently, Hawker et al.
used thiol-ene click reaction to construct dendrimers of up to
generation 4 using a divergent route. With this method, they
constructed dendrimers by an orthogonal strategy that elimi-
nated the use of any solvent and metal catalysts, and it reduced
the structural defects related to typical divergent synthesis.>
For biomedical usage, there is still a need to construct
dendrimers on a large scale in an efficient and reproducible
manner, with minimum defects in the structure. These ‘fast’
reactions would provide a greater control over the synthesis
and reduce the need for purification. The development of a wide
variety of chemo-selective ligation reactions,>*>® like Staudinger
ligation,>* Cu(1) catalyzed alkyne-azide,> thiol-ene*® and Diels—
Alder click® reactions, has helped to overcome the synthetic
challenges associated with dendrimer synthesis.

The introduction of multiple functionalities in the same
dendrimer (Fig. 2) in a controlled manner is a synthetically
challenging task, and only a few examples of dendrimers with
more than two functionalities have been reported.!6-26-31:32.58-61
Our group recently developed a versatile synthetic methodology
to bi- and tri-functional dendrimers with orthogonal end
groups, using sequential Cu(1) catalyzed alkyne—azide click
reactions. Using this approach, we synthesized multifunctional
dendrimers with the desired combination of a thera-
peutic agent (o-lipoic acid or niacin), an imaging agent
(dipyrromethene boron difluoride) (BODIPY) and a solubilising
agent (polyethylene glycol) in decent yields.'®*!*> An elabora-
tion of this methodology allows covalent linking of any desired
combination of functionalities at the periphery of dendrimers.
The Cu(1) catalyzed alkyne—azide “‘click” reaction provides an
efficient way to construct dendrimers in good yields with
minimum purification. It has been reported that there is no
detectable amount of the catalyst in the dendrimer products.
In addition, these dendrimers could be further purified to
remove any residual copper by incubation with ethylene-
diaminetetraacetic acid (EDTA), followed by dialysis, using
oxide-capped metallic iron nanoparticles as Cu sequesters.®>%>

Until now, the most commonly used dendrimers for biomedical
applications have been PAMAM based. Introduction of multiple
functionalities to commercially available PAMAM dendrimers

@ Imaging Agent
@ Targeting Agent

@ Therapeutic Agent

Fig. 2 Multifunctional dendrimer.
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is achieved by a random statistical approach by partial
functionalization of terminal amines.®*®> Kannan’s group
has reported nearly complete peripheral modification
(87-93%) of G4 PAMAM dendrimers, in which they used
one-step synthesis to convert 64 symmetrical end groups into
two reactive, distinct, orthogonal and chemo-selective moieties.®®
Ornelas and Weck have introduced a new strategy towards
multifunctional dendrimers in which they attached two poly-
(amide) based dendrons bearing different functionalities and a
fluorescent dye onto a tri-functional core.®!

Functionalization of the dendrimers not only provides a
route to introduce a variety of drugs, imaging and solubilising
agents, but it can also fulfill the objectives of targeted drug
delivery,’”%® increase in plasma residence time,%® and reduction
in cytotoxicity.”’ For example, cytotoxicity associated with
amine terminated dendrimers has been overcome by PEGylation
and acetylation.”!””> PEGylation makes the dendrimers bio-
compatible, as well as helps meet other objectives including
improved biodistribution and pharmacokinetics, solubility,
increase in drug loading, sustained and controlled drug release
etc.”®7® Sometimes, surface modifications can lead to
problems. For example, Roth and coworkers were able to
decrease toxicity of PAMAM dendrimers to U87 cells, but
higher degrees of amine neutralization reduced the gene
silencing efficiency of PAMAM/siRNA delivery vectors.”>">
Thus, there are still opportunities for chemists to develop
synthetic methodologies that could achieve surface modifica-
tions without compromising their overall properties, and
achieve functionalization with chemically reactive groups
suitable for attachment of desired moieties at a low cost and
minimum purification steps.

2.2. Challenges in the synthesis of miktoarm polymers

Miktoarm stars continue to attract considerable attention
because of their compact architecture.”” ! These were
originally synthesized using living anionic polymerization
methodologies.gz’86 However, these often involve stringent
polymerization conditions and are restricted to only a few
monomers. Recent developments in controlled/living polymeri-
zations such as controlled ring opening polymerization
(CROP),¥” atom transfer radical polymerization (ATRP),%%°
nitroxide-mediated radical polymerization (NMP)’' and
reversible addition—fragmentation chain transfer (RAFT)
polymerization®? have provided efficient ways to design and
synthesize well defined and complex miktoarm polymers. This
is due to a wide variety of applicable monomers and mild
polymerization conditions as compared to living anionic poly-
merization. Miktoarm stars are usually synthesized via one of
the three common strategies: ‘“‘core-first”, ‘“arm-first” or
“in-out”.5%93%* The core-first method employs living polymeri-
zation from a heteromultifunctional core initiator with
different initiating sites.”> With this method multiple arms
can be grown simultaneously from a single core molecule.
The major drawback of this method is that it involves complex
multistep syntheses of heteromultifunctional initiators from
small molecules, and often involves the use of protection/
deprotection strategies which makes the chemistry complex.’®
For instance, Webster and coworkers have reported the

synthesis of miktoarm stars from propargyl diol which was
used to initiate ROP of e-caprolactone followed by alkyne/
azide click reaction of a two arm ROP product with an
azide functionalized poly(butyl acrylate) polymer.” In the
“arm-first” method, the chain ends of many linear macro-
initiators formed from different controlled radical polymeriza-
tion methods are used to polymerize a divinyl compound. The
synthesis of miktoarm star polymers becomes problematic
with this method when macroinitiators with different activities
are used. The “in-out” method involves a living macroinitiator
which initiates the polymerization of a cross linking agent to
form a homoarm star polymer, with its initiating sites
preserved within the core. It is used as a multifunctional
initiator for the subsequent growth of second generation of
arms. This is an important method for synthesizing miktoarm
star copolymers with multiple arms. Its disadvantage is that all
the initiating sites cannot participate in the reaction because of
congestion around the core, thus decreasing the number of
second generation arms as compared to first generation in
miktoarm star copolymers.'® The grafting of second generation
arms in the core of star polymers has faced several obstacles
such as star—star and intrastar couplings which can lead to
broad molecular weight distribution.!®! In order to overcome
this problem, Matyjaszewski and co-workers have proposed
the synthesis of miktoarm core cross-linked star polymers by
copolymerization of linear monomers with cross-linkers using
a low molecular weight ATRP initiator.'® The number of
initiating sites and arms are independently controlled, thus
reducing the star—star coupling reactions leading to smaller
molecular weight distribution.

For applications in the field of biomedicine and nano-
technology, the miktoarm star polymers with novel archi-
tectures are required. The synthesis of A,B,, multimiktoarm
star polymers having more than 10 arms is very complex and
these are rarely synthesized by simple controlled living poly-
merizations. Matyjaszewski and co-workers have reported a
new method for the synthesis of multi-miktoarm star copolymers
via one-pot ATRP cross-linking reaction of several different
linear macroinitiators and a divinyl cross-linker. Using this
strategy, the average number of arms can be extended
to 50.100:103.104 Byt this strategy could not lead to miktoarm
polymers with a precise architecture. The alternate method to
synthesize these multi-miktoarm stars with a precise arm
number and arm length is by designing heteromultifunctional
A, B,, initiators, but the synthesis of these initiators with more
than 10 functionalities is a tedious task. To resolve this issue,
polymer chemists started using naturally occurring cyclo-
dextrins having fixed numbers of primary and secondary
hydroxyl groups with different reactivities.'®>"'°7 Shen and
co-workers have successfully synthesized A 4B; multi-
miktoarm star copolymers composed of 14 PCL arms and 7
poly(acrylic acid) (PAA) arms with B-cyclodextrin as a core
using a combination of CROP and ATRP.'%

The synthetic methodologies discussed above have their
own limitations, and efforts are continually being made to
develop facile and efficient routes to the synthesis of miktoarm
polymers. Recent addition of “click chemistry” which in
combination with different living radical polymerization tech-
niques has provided a useful tool in diversifying the synthetic
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strategy of these miktoarm polymers.>*9394109-113 A wide
variety of miktoarm star copolymers have been synthesized
using Cu(1) catalyzed azide—alkyne click reaction with living
radical polymerization techniques.’>1%%11% 121 We have
recently reported the synthesis of A,B and ABC type
miktoarm stars containing a combination of polyethylene
glycol, polycaprolactone and polystyrene arms, using a core
with orthogonal functionalities on which Cu(1) catalyzed
alkyne-azide click reactions and ring-opening polymerization
are carried out in sequence.!!*!!°

Another click methodology is the Diels—Alder reaction,
which generally consists of coupling of a diene and a
dienophile by intra- or intermolecular reaction. Recently,
Tunca and coworkers have synthesized multi-miktoarm star
block copolymers where they have employed sequential
double click reactions involving azide—alkyne and Diels—Alder
reactions.'?* Deng and coworkers have synthesized miktoarm
star copolymers by a combination of a RAFT arm first
technique and aldehyde—aminooxy click reaction. The advan-
tage of using this click reaction is that except the reacting
reagents no other auxiliaries such as metallic catalysts are
required.123 In summary, numerous methods have been
developed for the synthesis of miktoarm polymers, each with
its own advantages, and the judicious choice of a synthetic
methodology clearly depends on the type of the desired
miktoarm architecture.

3. Modalities of drug incorporation into
dendrimers and miktoarm polymers

Active pharmaceutical agents can be loaded into the internal
voids of dendrimers and into self-assembled structures of
miktoarm polymers by physical incorporation, or by covalent
conjugation into the nanocarrier architecture.

3.1. Drug loading by physical incorporation

Due to their inherent architecture, drug molecules can be
loaded into dendrimers using their well defined internal
crevices by hydrophobic interactions or hydrogen bonding
or by electrostatic interactions between drug ionic groups
and oppositely charged dendrimer surfaces. The exact location
of the solubilised drug and the loading capacity are controlled
by several factors, such as dendrimer generation, architecture,
characteristics of internal cavities, drug molecular weight and
pK, of drug ionisable groups.®”'?*!?7 A detailed computa-
tional and experimental study by Tomalia and coworkers has
shown that low generation B-alanine dendrimers (G1-G3)
exhibit an oblong open structure while higher generations
(> G4) have a densely packed surface that is necessary to
produce enclosed internal spaces that can incorporate and
solubilise hydrophobic drugs.'?®'*® Using poly(amidoamine)
(PAMAM) dendrimers of different generations (G2—-G6) and
four different drugs, Cheng et al. compared the effect of
internal hydrophobic interactions versus external electrostatic
interactions on hydrophobic drug solubilisation.'*® By
combining solubility and NMR studies, they demonstrated
that external electrostatic interactions between the dendrimer
surface and the drug contributed more to drug solubility enhance-
ment than hydrophobic interactions in the PAMAM cavities.

The ability of dendrimers to solubilise a variety of drugs
including anticancer, anti-HIV and anti-inflammatory agents
has recently been reviewed.?!-%131:132

Compared to chemical conjugation, physical incorporation
of drugs has the advantage of straightforward, rapid preparation
without adversely affecting drug pharmacological activity. Its
disadvantages include low stability in terms of storage and
premature drug release, variation of the concentration of the
solubilised drug from batch to batch and low drug loading
capacity. In vitro release of physically incorporated drugs from
dendrimers is usually rapid, and depends on several factors
such as the drug partition coefficient between hydrophobic and
aqueous environments, strength of drug/dendrimer inter-
actions, dendrimer generation and surface groups (Fig. 3).!3%13°

It has been shown that drug release and loading efficiency
can be enhanced by PEGylation of dendrimers. For instance,
the anti-cancer drug 5-fluorouracil showed 6-fold lower release
rate and 12-fold higher loading capacity in PEGylated G4
PAMAM dendrimers in which 25% of PAMAM surface
groups were capped with PEG (5 kDa) compared to non-
PEGylated dendrimers.'*® In addition to PEGylation, entrap-
ment of dendrimers in other nanocarriers, such as liposomes,
has been shown to sustain drug release. Gardikis et al. showed
that at 96 h cumulative doxorubicin release from pure lipo-
somes was 74.6 £ 7.8% compared to 27.9 £+ 2.8% when
the G2 dendrimer was co-encapsulated with doxorubicin in
liposomes.'?” Despite this improvement, controlled drug
release in physiological media is difficult to achieve for drugs
incorporated into dendrimers.’” Covalently linking drugs to
dendrimers may help overcome some of these disadvantages.

Similar to dendrimers, drugs are incorporated into mikto-
arm stars by hydrophobic interactions (Fig. 3). However,
miktoarm polymers have to be self-assembled first into nano-
particles since their architecture is different from that of
dendrimers. For successful self-assembly in aqueous solutions,
miktoarm polymers should have at least one hydrophobic arm
with a suitable balance between hydrophilic and hydrophobic
arms. The unique self-assembly behaviour of miktoarm polymers
has been demonstrated in bulk and in solution, and it is related
to their architecture of three or more arms branching out from
a central junction point.'*® Based on their structure, chemical
composition and length of the arms, miktoarm stars can

Drug incorporated in dendrimer cavities

by hydrophobicinteractions
%g/gg?{ydmphobic drug
5 B, / Core

‘ ,a) ﬁ Hydrophilic
corona
é % Micelles of miktoarm
Dendrimer polymers

Blood stream

Drug attached by
electrostatic interactions

Drug release before

reaching target
Fig. 3 Schematic illustration of physical drug incorporation into
dendrimers and micelles of miktoarm polymers with rapid drug release
in the blood stream.
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form different nanoparticle morphologies, such as micelles,
polymersomes, worm micelles or multicompartment
micelles.!'>!37141 This lends considerable advantages to
miktoarm polymers as drug and gene delivery systems over
analogue linear copolymers. For instance, Wang et al.
reported that micelles obtained from PCL and PEG-based
multiarm star block copolymers had a loading capacity of
22 weight% for etoposide, a hydrophobic anticancer drug.'**!%
Yin et al. reported the preparation of a series of Y-shaped
AB, miktoarm polymers (A = polyethylene glycol (PEG);
B = poly(rL-lactide)) that mimic the natural structure of
phospholipids.'®® These polymers formed polymersomes
(polymeric vesicles) in aqueous solutions with a size that
ranged from 33-75 nm in radius, depending on polymer
composition. The polymersomes had an incorporation
efficiency of 72 weight% for doxorubicin HCIl, a hydrophilic
anticancer drug, and sustained its release for more than 48 h.
Polymersome formation for the miktoarm polymers was
observed at PEG volume fractions of 0.2-0.7 compared to PEG
volume fractions of 0.2-0.4 for their linear diblock copolymer
counterparts confirming the versatility of miktoarm polymers.
We have recently reported the incorporation of nimodipine
into polymeric micelles of A,B miktoarm polymers (A = PEG;
B = polycaprolactone (PCL)).'"® Nimodipine is a poorly
water soluble drug used primarily for the prevention and
treatment of delayed ischemic neurological disorders. The
micelles showed nimodipine incorporation efficiency up to
78 weight% and sustained drug release for more than 3 days.
Enhanced micellar stability and smaller sizes were obtained for
these A,B miktoarms compared to their linear counterparts of
similar composition and molecular weight. Other reports
have also suggested that miktoarm polymers self-assemble
differently from their linear counterparts.!**!'*> Gou et al.
have reported the synthesis and drug loading of ibuprofen-
conjugated amphiphilic A4B; miktoarm stars composed of
14 PCL arms and 7 PEG arms with B-cyclodextrin (B-CD) as a
core moiety.'*® These amphiphilic star polymers self-
assembled into multimorphological aggregates in aqueous
solution and showed higher drug loading capacity compared
to the corresponding non-drug conjugated copolymers.
Giig et al. showed that a fatty acid-based hyperbranched resin
(HBR) formed nanoparticles with an average size ranging

»

{_) p-cyclodextrin

w&,&@ @ L-ofioxacin lactate ﬂ'ﬁ:
0 LL"%';/\/\J/\\MN

from 206276 nm."*” The nanoparticles had loading efficiencies
up to 74% for tamoxifen and idarubicin, both hydrophobic
anticancer drugs. Compared to free tamoxifen, the nano-
particles-loaded drug exhibited up to 13-fold higher cyto-
toxicity against MCF-7 breast cancer cells, in vitro.

In order to widen the spectrum of drugs that can be
incorporated into the same nanodelivery system, Radowski
et al. prepared a liposome-like nanodelivery dendritic multi-
shell system based on a hyperbranched polymeric core
surrounded by a double layered shell.'*® The core was hyper-
branched poly(ethylene imine) (PEI) surrounded by a shell of
amphiphilic alkyl dicarboxylic acids and a corona of PEG.
Nimodipine and B-carotene were used as model hydrophobic
guest molecules whereas congo red and vitamin Bg mono-
hydrochloride were used as model polar guest molecules. The
nanoparticles were able to increase the solubility of these guest
molecules. While the incorporation efficiency of the guest
molecules was slightly affected by the PEG molecular weight,
it was strongly dependent on the size of the PEI polar core and
the size of the hydrophobic inner shell. Another interesting
amphiphilic hyperbranched polymeric system suitable for
selective incorporation of guest molecules was recently
reported.'* The system is based on a hydrophobic core of
poly(B-cyclodextrin) (B-CD) and a hydrophilic corona of
poly(N,N-dimethylaminoethyl methacrylate) (PDMA). The
authors hypothesized that selective incorporation of two
different guest molecules could be achieved due to the presence
of two different cavities; the internal cavity of B-CD and the
cavity created between the different polymeric arms (Fig. 4).
Levofloxacin lactate (LL) and phenolphthalein (PP) showed
different release profiles suggesting their incorporation into
different molecular cavities with different microenvironments:
PP being encapsulated in B-CD cavities and LL in the hyper-
branched cavities. The release of LL dominates at an early
stage in comparison with PP, subsequently the release rate of
PP increases to play a determinate role in the release system.

The above mentioned examples show a potential of dendri-
mers and miktoarm stars as nanodelivery vehicles for drugs by
physical drug incorporation which is superior to other carriers.
However, premature drug release from these systems is still a
hurdle, and chemical conjugation of drugs to dendrimers and
miktoarms is one of the promising strategies to overcome it.
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Fig. 4 Selective incorporation based on drug molecular size into copolymers of poly(B-cyclodextrin) (B-CD)-poly(N,N-dimethylaminoethyl

methacrylate) (PDMA).
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3.2. Drug loading by chemical conjugation

Some of the drawbacks of physical drug incorporation can be
reduced by covalent linking of a drug to the dendrimer or
miktoarm polymer framework, using a chemical approach
which will also bring about selective drug release in vivo. Such
an approach can generate structures with a pre-measured drug
content and enhanced stability. In addition, targeted drug
delivery and controlled release can be achieved by attaching
the drug to the polymeric scaffold through stimuli responsive
bonds where drug release can be obtained by change in
the biological microenvironment such as variation in pH,
temperature or concentration of a specific enzyme.

3.2.1. Direct coupling. The future of drug release from its
conjugate depends on the type of linking group used to
covalently attach the drug on the surface of dendrimers.
Different types of linking bonds or spacers include enzymati-
cally or hydrolytically cleavable esters, amide groups!>'3*
and reducible disulfides'>® which can be reduced by gluta-
thione in cytosol. The cleavage of an ester linkage is generally
more rapid than that of an amide bond. A detailed study on
ester and amide linked naproxen conjugates of GO PAMAM
dendrimers to determine their stability and release was
reported by Najlah et al.'® The drug-dendrimer ester conju-
gates show rapid enzyme catalysed hydrolysis (#;, = 51 min)
while the amide linked conjugate resisted release in 80%
human plasma, and showed stability in plasma and liver
homogenate as compared to ester linked conjugate which
released the drug rapidly.'>>!*® Recently, Kannan and
co-workers have shown similar results where ibuprofen linked
through an ester bond to G4 PAMAM dendrimers showed
higher drug release as compared to their amide counterparts.
The same study also proved the importance of the presence
and absence of linkers between the drug and the dendrimer.
The drug release from ibuprofen conjugated by amide linkage
through a Gly-Phe-Leu-Gly peptide linker attached to G4
PAMAM, and ibuprofen directly linked by amide linkage to
the similar dendrimer were compared. The results showed
40 times more drug release in cathepsin B solution within
48 h in the case where the linker was present as compared to
the conjugates where the drug was directly attached.'>® Not
only the presence of the linker but the length of the linker also
affects the drug release profile. Baker and co-workers have
compared PAMAM dendrimer conjugates having succinic
acid ester-linked paclitaxel, folic acid and FITC to their
glutaric acid ester-linked counterparts. Quantitative thin layer
chromatography revealed that the succinic acid derivatives
hydrolyzed in PBS buffer with a half life of approx. 10 h while
the glutaric acid derivative showed no hydrolysis in same
conditions even after 7 days.">” In addition to ester and amide
linkages, reducible disulfide bonds can also be used to attach
drugs covalently on the dendrimer surface. Drugs can then be
selectively released at intracellular glutathione (GSH) concen-
trations which are 10 folds more than the extracellular one.
Kannan and co-workers have used reducible disulfide bonds to
attach N-acetyl cysteine (NAC) to PAMAM dendrimers.
These conjugates could deliver approximately 60% of NAC
payload at intracellular GSH concentration and pH within 1 h,

but could not release any NAC at plasma GSH concentrations.
Also, the conjugates showed up to an order of magnitude
improvement in efficacy of NAC, in vitro.'®

The type of bond linking dendrimer—drug conjugates not
only influences the stability as well as release profile of drugs,
but it also affects the efficacy of the drug. Methotrexate
(MTX), an anticancer drug, has two possible sites for covalent
attachment i.e. through its carboxylic acid group forming an
ester linkage by reacting with a hydroxyl group of the carrier
or through its amine group by reacting with carboxylic acid
present on the carrier producing an amide linkage. MTX
linked via an ester bond to an acetamide-functionalized G5
PAMAM dendrimer was found to be four times more active
than free MTX, whereas MTX conjugated by amide bonds to
the same dendrimer was less active than free MTX. '35
Different studies have shown that the conformation of anti-
cancer drugs attached on the dendrimers surface also affects
their cytotoxic activity.?*1%1%0 Kannan and co-workers
compared the anticancer activity of MTX when attached
through its amine group to the carboxylic acid group of
G2.5-COOH dendrimers forming amide linkages with MTX
attached through its carboxylic acid group to the primary
amines of G3-NH, dendrimers. G2.5-MTX conjugates were
found to be 3-fold more toxic as compared to free MTX
toward lymphoblastic leukaemia cells, whereas G3-MTX
conjugates were 10 fold less toxic than the free MTX.!%
Dendrimer conjugation of anticancer drugs, including
methotrexate, >*!3116! doxorubicin'®> % and camptothecin,l“’167
has shown to provide a high payload, due to which the
administered dose can be reduced to minimize side effects
and maximize the therapeutic effect. Also, the retention of
efficacy of the drug after conjugation to a certain scaffold is
very important. There are few studies which show that the
efficacy depends on the type of scaffold. For instance, some
studies showed that there was a considerable reduction in
efficacy of streptokinase (SK) upon conjugation to PEG
and dextran due to considerable loss in enzymatic activity
(67%, 50%) respectively. In contrast, Kannan and co-workers
have reported that SK-PAMAM G3.5 conjugates with
an equimolar ratio of dendrimer to SK retained highest
enzymatic activity (80%).'°® These examples show that a
choice of the scaffold is really important in order to retain
the activity of the drug after chemical conjugation.

As in the case of dendrimers, the covalent attachment of
drugs to miktoarm polymers has also been reported.?!3%16%-172
Recently, Shen and co-workers have reported that the
miktoarm-drug conjugates not only affect the drug release
behaviour, but the covalent attachment of the drug to these
polymers can also change their drug loading and drug
incorporation efficiencies.!'®!%¢ They have developed A,B,
miktoarm star copolymers having PEG and PCL chains with
ibuprofen attached on PCL chains through ester linkage. The
drug loading capacities of miktoarm polymer micelles were
better in drug conjugated miktoarm star copolymers than their
non-drug counterparts.] 18

3.2.2. pH sensitive linkages. The incorporation of pH
sensitive linkages to dendrimer—drug conjugates can have
potential use in pH dependent drug delivery systems, as these
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linkages can be designed to be stable in the systemic circula-
tion (pH 7.4) but will be hydrolyzed at lower pH (5-6) in the
endosome/lysosome, thus releasing the drug inside the cell.
Among the pH sensitive linkages are cis-aconityl and hydra-
zone linkages. Although cis-aconityl linkage was the first one
to be used to conjugate drugs to polymeric carriers!”® as an
acid sensitive linkage, the most widely used pH sensitive
linkages are hydrazones. There are several examples of pH
sensitive linkages among dendrimer—drug conjugates.'®*174177
For instance, Jiang and co-workers demonstrated the effect
of drug conjugation for tumor selective targeting of doxo-
rubicin (Dox). They conjugated Dox to partially PEGylated
PAMAM dendrimers by acid sensitive cis-aconityl linkage
(PPCD conjugate) or acid insensitive succinic linkage (PPSD
conjugate). The drug release from PPCD conjugates followed
an acid triggered manner but PPSD conjugates released a
negligible amount of drug under mildly acidic or neutral pH
conditions. PPCD conjugates were more cytotoxic as
compared to PPSD conjugates against murine melanoma
B16 cells. Although there was more tumor accumulation for
PPSD conjugates, the free drug concentration was higher
for PPCD conjugates due to acid triggered release as compared
to PPSD conjugates.'® Szoka and co-workers compared pH
sensitive hydrazone-linked dendrimer—drug conjugates and pH
insensitive carbamate-linked conjugates. Dox was covalently
attached to an asymmetric biodegradable polyester dendrimer
through pH sensitive acyl hydrazone linkage or through a
carbamate linkage. Dendrimer—Dox conjugates with hydra-
zone linkage were more cytotoxic towards colon carcinoma
cells (ICs9 = 1.4 pg of Dox per mL) as compared to
dendrimer—Dox conjugates with carbamate linkage (IC5y =
2.0 pg of Dox per mL) after incubation of 72 h.'"®*!7® Harada
and co-workers have developed PAMAM dendrimers with
glutamic acid (Glu) residues at every chain end of the dendrimer,
the amino group of which was utilized to graft PEG chains.
The anticancer drug, adriamycin, was attached to the side
chains of Glu residue through amide or hydrazone bonds.
This study showed that for dendrimer—drug conjugates with
amide linkage, there was a slight release at pH 7.4 and 5.5,
whereas the conjugates with hydrazone linkage showed negli-
gible release at pH 7.4 but a remarkable release at pH 5.5
(pH of endosomes).'” More recently, similar results were
reported by Gu and co-workers for doxorubicin—dendrimer
constructs with pH sensitive hydrazine bonds, showing more
release of the drug at pH 5.0 as compared to that at pH 7.0 due
to acid cleavage of hydrazine linkage.'”” These pH sensitive
dendrimer—drug conjugates have shown significant enhance-
ment in the delivery of anticancer drugs. However, such
systems have their own limitations since they can deliver drugs
in an acidic endosomal environment but cannot distinguish
between diseased and healthy cells. An interesting future
direction for drug—dendrimer conjugates would require intro-
duction of enzyme-specific bonds/linkages which would
be primarily cleaved in sick cells where such enzymes are
upregulated. This would leave healthy cells less affected. For
instance, Shabat and co-workers have demonstrated
enzymatic activation of second generation self-immolative
dendrimers with four molecules of anti-cancer drug campto-
thecin (CPT), two PEG chains to provide aqueous solubility

and a trigger that can be activated by penicillin-G-amidase
(PGA). This dendritic pro-drug was tested for toxicity against
three different cell lines: the human T-lineage acute lympho-
blastic leukemia (MOLT-3), the human leukemia T (JURKAT),
and the human kidney embryonic (HEK-293). The ICs, of the
pro-drug alone was between 100 and 1000 fold less than free
CPT in all cell lines. However, upon treating cells with PGA,
the pro-drug was activated and its toxicity reached that of free
CPT. These results show that the incorporation of a specific
enzyme substrate which would be cleaved by a protease over-
expressed in tumor cells could be a suitable dendritic pro-drug
system.179

4. Dendrimers and miktoarm polymers for
targeted drug delivery

The ultimate goal of targeted drug delivery is to increase
drug’s therapeutic index through maximizing its concentration
at its site of action while minimizing it in non-target tissues.
This usually allows administration of lower doses and reduced
side effects which is particularly important for anticancer
drugs whose accumulation in healthy tissues results in serious
side effects.'® Dendrimers and miktoarm polymers are
excellent vehicles for targeted drug delivery by virtue of their
small size (5-100 nm) and availability of many surface groups
to conjugate drugs, imaging tags and targeting moieties. Drug
targeting using dendrimers and miktoarm polymers can be
achieved through passive or active targeting.

4.1. Passive targeting

Passive targeting of nanoparticles refers to their accumulation
at a particular site in the body due to physicochemical and
pathophysiological factors.!®! Nanoparticles made of dendri-
mers and miktoarm polymers can be passively targeted to solid
tumors and inflamed tissue via the enhanced permeability and
retention (EPR) effect.'®? This effect takes advantage of both
tissue pathophysiological properties as well as nanoparticles
physicochemical properties. Tumors usually have a leaky
vasculature and impaired lymphatic drainage, which allows
10-30 times higher drug concentration in tumors compared to
the blood.!8318¢ The EPR effect was first described in the
1980s by Maeda who demonstrated that Evans blue dye bound
to plasma albumin selectively accumulated in tumor tissue
after intravenous administration.!®? Moreover, radiolabeled
transferrin (~90 kDa) and immunoglobulin G (IgG) (~ 160 kDa)
exhibited similar behavior, whereas small proteins such as
neocarzinostatin (~ 12 kDa) and ovomucoid (~29 kDa) did
not accumulate in tumors. Based on this and on evidence
accumulated by independent research during the last 25 years,
it was concluded that the EPR effect takes place in most solid
tumors for biocompatible macromolecules with molecular
weight > 40 kDa and for nanoparticles of size up to 1 pm."®’
However, for successful EPR-mediated-targeting, nano-
particles should have long circulation time in the blood, ideally
more than 6 h and their size should be less than 200 nm
to avoid uptake by the reticuloendothelial system (RES)
(Fig. 5).184188:189 1 5o circulation properties of nanoparticles
can be achieved by surface modification with hydrophilic
polymers such as PEG or polyvinylpyrrolidone (PVP).!%0193
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IV injection of nanoparticles

Nanoparticles >200 nm or not

Water soluble
nanoparticles <4 nm

coated by hydrophilic polymers
aretaken up by the RES system

Tumor tissue

No lymphatic
drainage

Longcirculating
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Leaky tumor
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Tumor targeting through the EPR effect

arerapidly excreted
by thekidney

Long circulation :

4 nm < nanoparticles <
200 nm and coated with
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Fig. 5 Schematic illustration of biodistribution of intravenously injected nanoparticles showing nanoparticles accumulation in tumors due to the
EPR effect, nanoparticles uptake by the RES system, and nanoparticles excretion by the kidney.

These hydrophilic polymers can decrease the adsorption of
opsonin proteins in the blood, help nanoparticles escape
recognition by RES and circulate longer in the blood.
Nanoparticles should not be filtered in the kidneys in order
to attain longevity in the blood. The filtration size cut-off for
the kidney is known to range from a hydrodynamic diameter
of 3.7 to 6.0 nm."** Therefore, water soluble nanoparticles and
dendrimers with a hydrodynamic diameter less than ~4 nm
are expected to be rapidly filtered by the kidneys and excreted
in the urine (Fig. 5). Indeed, Choi ef al. have shown that
quantum dots with hydrodynamic diameter <5.5 nm were
rapidly and efficiently eliminated from the body via urinary
excretion.'”® Miktoarm polymers form nanoparticles with
hydrodynamic diameters larger than the threshold of renal
filtration suggesting their possible extended blood circulation;
taking into account surface charge and molecular weight.
PAMAM dendrimers, on the other hand have generation
and surface group-dependent hydrodynamic diameter. Thus,
PAMAM-OH dendrimers were shown to have smaller hydro-
dynamic size compared to their PAMAM-NH, counterparts
of the same generation due to a more extended structure of
PAMAM-NH,."”*"”7 G0-G7 PAMAM dendrimers with an
ethylenediamine core have a hydrodynamic diameter in the
range of 1.4-8.8 nm whereas G1-G5 poly(propylene imine)
(PPI) dendrimers have a hydrodynamic diameter in the range
of 0.6-2.0 nm."”®'® In addition to the dendrimers hydro-
dynamic diameter, the nature of their surface groups also
affects their residence time in the blood. Thus, PAMAM-NH,
dendrimers were rapidly eliminated from the blood and
accumulated in the liver, lung and spleen possibly due to
electrostatic interactions between the surface cationic groups

and anionic sulfated proteoglycans on cell surfaces.?* 2%

Approaches such as acetylation, succinylation or PEGylation
of dendrimers have been effective in prolonging their circula-
tion times and decreasing their accumulation in the liver and
kidneys.5%161:201:204  'por instance, PEGylated polylysine
dendrimers were concentrated ~ 8-fold and 3-fold in Walker
256 tumors more than in muscle and heart, respectively.?®®
Moreover, PEGylated G4 PAMAM-doxorubicin conjugates
showed time dependent tumor accumulation after intravenous
injection in mice inoculated with SKOV-3 cells. Higher
concentration of the conjugates in the tumor tissue was
detected as early as 1 h after injection with a maximum at
24 h and small decrease within 48 h post injection. Conjugates
with the highest PEG content (~20 PEG molecules per
PAMAM molecule) showed the highest accumulation in
tumors compared to other conjugates.'

The EPR effect was more extensively studied with nano-
particulate formulations based on linear copolymers rather
than those of branched and hyperbranched polymers.’
Recently, Sadekar er al. reported a comparative study on the
biodistribution of the linear copolymer N-(2-hydroxylpropyl)-
methacrylamide (HPMA) and hydroxyl-terminated PAMAM
dendrimers of generations 5, 6 and 7 in ovarian-tumor-bearing
mice.'”® They reported that the molecular weight, hydro-
dynamic size and polymer architecture were the major factors
that influenced the biodistribution profiles of these polymers.
G5 PAMAM-OH (hydrodynamic diameter of 4.6 nm) was
retained in the kidney over 1 week, whereas a linear HPMA
copolymer of a similar molecular weight (hydrodynamic
diameter of 2.8 nm) was excreted through the kidney within
2 h. G6 PAMAM-OH with a hydrodynamic diameter of 6 nm
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Fig. 6 Selective uptake of G4 PAMAM-OH-FITC dendrimer in activated microglia and astrocytes following subarachnoid injection in the

cerebral palsy of rabbit model. Adapted from ref. 212.

was not filtered in the kidney; instead, it accumulated in the
liver. The HPMA copolymer of comparable molecular weight
had a three times higher plasma circulation time compared to
G6 PAMAM-OH. Among the studied polymers, the G7
PAMAM-OH dendrimer showed extended plasma circula-
tion, enhanced tumor accumulation, and prolonged retention
with the highest tumor/blood ratio (T/B ratio). This dendrimer
showed a time-dependent accumulation in the tumor with a
maximum at 6 h and persisted for up to 1 week with a T/B
ratio of ~12.75. This was attributed to the rigid sphere-like
conformation of this dendrimer and its hydrodynamic
diameter (i.e., ~8 nm) above the filtration size cut-off of the
kidney (i.e., 3.7-6 nm)."**°® The size of nanoparticles also
affects their biodistribution profiles after in vivo administra-
tion. Thus, paclitaxel-loaded nanoparticles of amphiphilic
telodendrimers (PEG-b-dendritic oligocholic acid) of small
size (17-60 nm) were accumulated in the tumors in xenograft
models whereas larger paclitaxel-loaded micelles (150 nm)
were mostly accumulated in the liver and lungs.>*” The anti-
tumor efficacy of these paclitaxel-loaded micelles was greater
than that of Taxol® and Abraxane® in subcutaneous and
intraperitoneal ovarian cancer mouse models.”®® In order to
overcome the disadvantages of dendrimers small size, several
approaches have been reported to facilitate dendrimers self-
assembly into larger multimolecular micelles. For instance,
Zhang et al. have shown that modification of G1 PAMAM

dendrimer by grafting cholic acid to its surface amino group
endowed the dendrimer with self-assembly properties.?”® The
modified PAMAM dendrimer had 2 cholic acid molecules per
PAMAM molecule, and self-assembled into micelles with
an average size of 50-70 nm. Moreover, the micelles showed
pH-dependent incorporation of camptothecin, a hydrophobic
anticancer drug. The anticancer activity of micelle-incorporated
camptothecin was higher than that of the free drug, in vitro.
The in vivo biodistribution of these camptothecin-containing
micelles remains to be determined.

In addition to tumors, dendrimers have also shown passive
accumulation in inflamed tissues. Although arthritic joints do
not lack lymphatic drainage, indomethacin incorporated in the
G4 PAMAM dendrimer was 2.29 times more concentrated in
inflamed joints compared to the free drug.*'® Flurbiprofen
incorporated in the PAMAM dendrimer had 2-3 fold higher
concentration in inflamed tissue of a carrageenan induced paw
edema model in male albino rats compared to the free drug.?'!
Furthermore, Dai et al. have shown that G4 PAMAM-OH
dendrimers with no targeting moieties exhibit intrinsic targeting
properties to activated microglia and astrocytes following
subarachnoid administration in newborn rabbits with
maternal inflammation-induced cerebral palsy (CP).>'? Using
fluorescently labelled PAMAM dendrimers, it was shown that
a 15-fold greater PAMAM concentration was observed in the
CP rabbits, compared with control (Fig. 6). The increased
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dendrimer uptake in the CP rabbits was attributed to increased
phagocytic ability of activated microglia and hypertrophic
astrocytes compared to healthy cells. The usefulness of
PAMAM dendrimers and other nanoparticles remains to be
determined in different neurodegenerative disorders associated
with inflammation.

4.2. Active targeting

Active targeting of nanoparticles refers to their accumulation
at a particular site in the body using specific interactions
between tissue or cell components and nanoparticles.'®' Active
targeting can be achieved by making stimuli-responsive nano-
particles, or by attaching specific targeting ligand molecules to
the nanoparticles surface.’ Directing drug—dendrimer conju-
gates to tumor cells can be achieved by attaching a variety
of targeting moieties e.g. folic acid (FA),’>!58:159.204.213.214
biotin,!””?'*> or macromolecules, for example, cell penetrating
peptides,?'®2!8 or antibodies.'>!?!%?2° FA has affinity towards
receptors expressed on tumors. FA-bound dendrimer—drug
conjugates largely accumulated in the tumor cells, as compared
to the free drug,>'’?*' or the dendrimer—drug conjugates
without a targeting agent.'*?*? For example, Baker and
co-workers have reported that FA-acetylated PAMAM-MTX
conjugates showed accumulation in tumor and liver tissue over
4 days after intravenous administration into immunodeficient
mice with human KB tumors. Treatment with conjugates led
to 10 times higher suppression of tumor growth as compared
to free MTX of equivalent dose.”** Wen and co-workers have
reported partially acetylated G5 PAMAM dendrimers with
biotin as a targeting moiety, and fluoresceinisothiocyanate
(FITC) as an imaging agent. PAMAM-biotin—-FITC conju-
gates exhibited much higher cellular uptake in HeLa cells as
compared to non-targeted counterparts.’'> More recently, Jia
and co-workers reported the PEGylated PAMAM G4 dendrimer
with a dual targeting drug carrier bearing transferrin (Tf) and
wheat germ agglutinin (WGA) as brain-targeting ligands.
Dox was loaded in the interior of this dendrimer. PAMAM-
PEG-WGA-Tf showed an enhanced transport ratio (13.5%)

Dendrimer carrier with Niacin and BODIPY

of drug across the blood-brain barrier, as compared to a single
targeting carrier, PAMAM-PEG-WGA (8%), PAMAM-
PEG-Tf (7%), or free Dox (5%) within 2 h. The dual targeting
conjugate significantly decreased cytotoxicity of Dox to
healthy cells, but decreased the growth of C6 glioma cells.**

Bornhop’s group has designed a translocator protein
(TSPO) targeted imaging agent based on the G4 PAMAM
dendrimer using 1-(2-chlorophenyl)isoquinoline-3-carboxylic
acid (CIPhIQ Acid) and lissamine dye. TSPO is a translocator
protein expressed on the outer mitochondrial membrane in
steroid producing cells. These conjugates colocalized with
mitotracker green, demonstrating their ability to target
mitochondria.?** More recently, our group has demonstrated
targeting of cytoplasmic lipid droplets with dendrimers and
miktoarm polymers covalently linked to a therapeutic agent
(niacin or a-lipoic acid) and lipophilic fluorescent dye,
BODIPY.'%3!32 These conjugates localized in the cytoplasmic
lipid droplets in living hepatocytes and microglia cells (Fig. 7).%'

Stimuli responsive nanoparticles have offered considerable
potential for targeted drug delivery,*** since stimuli produced
in a diseased tissue can trigger the release of drug only in
the affected area, and thus reducing the side effects. The
drug release can be triggered by various stimuli including
temperature, light, pH, redox microenvironment and enzyme
overexpression. Dendrimer—drug conjugates with pH sensitive
covalent linkages have been discussed in the section on
chemical conjugation. The difference in pH can allow the
release of drug payload by breaking pH sensitive linkages or
by protonation of the dendrimer structure to release the
incorporated drug. Jain and co-workers reported the release
of incorporated aceclofenac, an anti-inflammatory drug from
PEGylated PPI dendrimers in a pH responsive manner.??® In
another study, they demonstrated the release of incorporated
histamine H, receptor agonist, famotidine, from the
PEGylated PPI dendrimer under acidic pH.?*” pH responsive
polymers can also be attached to dendrimers to make pH
sensitive drug delivery systems.”®® Recently, Baker and
co-workers used a strategy of photocaging, involving the
inactivation of the drug using a photocleavable protecting

N, Carrier Lipid droplets Overlay
C,g_o (BODIPY labeled)

(Bodipy 493/503)
Mo g ™! -

Fig. 7 Colocalization of niacin- and BODIPY-conjugated dendrimer with lipid droplets in human hepatocytes (A) and murine microglia (B).
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group, which upon UV irradiation can irreversibly release the
drug in its active form. They used G5 PAMAM dendrimers
conjugated to folic acid as a targeting ligand and doxorubicin
was attached through a photocleavable group. This doxorubicin-
caged nanoconjugate showed toxicity to the KB cells only
after exposure to UV light when the drug was released.’®
A novel concept for the simultaneous release of all the
peripheral groups on the surface of dendrimers in the presence
of an enzymatic trigger has been reported by Shabat and
co-workers.'”?>3%33! Different terms have been used for this
type of mechanism, such as ‘dendrimers disassembly’, ‘cascade
release’ or ‘self immolative dendrimers’.23*2% Thus, combining
the advantages of dendrimers with stimuli responsive modalities
can produce smart nanocarriers for site specific drug delivery
with increased therapeutic efficacy and reduced side effects.

5. Dendrimers and miktoarm polymers cytotoxicity

Nanoparticles intended for biomedical applications and their
degradation products should not be cytotoxic. Most miktoarm
polymers intended for drug delivery applications are based on
biocompatible and/or biodegradable polymers such as PEG,
PCL and PLA.!'#623237 Wwe recently reported the synthesis
and characterization of a series of A,B miktoarm polymers
(A = PEG and B = PCL) for the incorporation and delivery
of hydrophobic drugs.''® Micelles of these miktoarm polymers
did not induce cytotoxicity in N9 microglia cells at polymer
concentrations high enough to produce clinically relevant drug
concentrations in aqueous medium. Micelles of star shaped
6sPCL-S-S-PEG were not cytotoxic against MCF-7 cells at
concentrations as high as 1000 mg L™'. In contrast to mikto-
arm polymers, a wide range of building blocks including
biodegradable and non-biodegradable blocks is being used in
dendrimers synthesis. Dendrimers based on biodegradable
backbones such as polylysine, dimethylolpropionic acid
(bis-MPA) or poly(glycerol succinic—adipic acid) (PGLSA-OH)
are preferred for drug delivery applications over non-
biodegradable ones.*® With repeated administration accumu-
lation of non-biodegradable dendrimers and nanoparticles
could result in serious side effects. The dendrimer cytotoxicity
is dependent on the dendrimer generation, nature of building
blocks, concentration and surface groups.?’!*¥-24! Cationic
dendrimers such as PAMAM, PLL and PPI have shown
significant cytotoxicity both in cell cultures and in vivo models,
which certainly limits their clinical utility.?**>** Naha et al.
reported a generation dependent cytotoxicity of PAMAM
dendrimers in mouse macrophage cells (J774A.1) where the
degree of cytotoxicity followed the order G6 > G5 > G4. The
degree of cytotoxicity was correlated with the number of
PAMAM surface amino groups.’* Mechanistic studies
suggest that PAMAM-NH,; induces cell death by stimulating
an overproduction of reactive oxygen species (ROS) and
proinflammatory cytokines (macrophage inflammatory protein-2
(MIP-2), tumour necrosis factor-o. (TNF-a) and interleukin-6,
(IL-6)). Cytotoxicity of G5 PAMAM-NH, dendrimers was
evaluated in mouse embryonic fibroblast cells (NIH 3T3 cells)
by measuring the ICsy values (concentration at which 50%
of mitochondrial dehydrogenase activity was inhibited).>**
While the IC5, was 0.3 mg mL ™! for unmodified PAMAM-NH,,

this value increased by 12-105 times by PEGylation of
PAMAM amino groups pointing towards the importance of
PAMAM surface groups in determining their toxicity. Indeed,
cationic dendrimers cytotoxicity has been shown to be due to
interactions between the cationic surface groups and the
negatively charged cell surface. Hong et al. studied the inter-
actions between PAM AM-NH, and supported 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) lipid bilayers and KB
and Rat2 cell membranes using atomic force microscopy
(AFM), enzyme assays, flow cell cytometry, and fluorescence
microscopy.*®> G7 PAMAM-NH, dendrimers (10-100 nM)
formed holes of 15-40 nm in diameter in aqueous, supported
lipid bilayers. In contrast, G5 PAMAM-NH, and PAMAM-
acetamide dendrimers did not form holes within a similar
concentration range, yet G5 PAMAM-NH, expanded already
existing defects. G5 PAMAM-NH, and PAMAM-acetamide
dendrimers were not cytotoxic up to a 500 nM concentration
in KB and Rat2 cells. However, G5 PAMAM-NH, decreased
the integrity of the cell membranes as evidenced by a dose
dependent release of the cytoplasmic proteins, lactate dehydro-
genase (LDH) and luciferase (Luc), in contrast to the PAMAM-—
acetamide dendrimer which had little effect on membrane
integrity at a concentration up to 500 nM. PAMAM-NH,
induced permeability was not permanent however, since
leaking of cytosolic enzymes returned to normal levels upon
dendrimers removal.

In contrast to the detailed and numerous in vitro cyto-
toxicity studies of dendrimers there are fewer studies dealing
with side effects associated with their in vivo administration.
Using zebrafish embryo, Heiden et al. evaluated the develop-
mental toxicity of low generation (G3.5 and G4) PAMAM
dendrimers, as well as Arg-Gly-Asp (RGD)-conjugated PAMAM.
G4 PAMAM-NH, was toxic and attenuated growth and
development of zebrafish embryos. Mortality was observed
at low dendrimer concentration (0.2 pM) and was dependent
on both PAMAM dose and exposure time. In contrast, G3.5
PAMAM-COOH dendrimers were not toxic to zebrafish
embryos. Furthermore, RGD-conjugated G4 dendrimers were
less toxic than G4 PAMAM-NH, dendrimers. RGD-conjugated
G3.5 dendrimers did not show toxicity at the highest concen-
trations tested.*? Neerman et al. studied the acute toxicity
of melamine dendrimers by administering 2.5, 10, 40 and
160 mg kg~ of dendrimers to mice by i.p. injection. All mice
died after 6-12 h when injected 160 mg kg~'. Mice treated at a
dose of 40 mg kg~ ! showed hepatotoxicity as indicated by
increased liver enzyme activity. In subchronic toxicity studies
(three i.p. injections of 2.5-40 mg kg~" in 3-week intervals) did
not cause renal damage or mortality, except for the extensive
liver necrosis with the highest dose (40 mg kg™') after 48 h.
These studies clearly demonstrate the importance of detailed
in vivo toxicity studies of dendrimers and miktoarm polymers
before any clinical implementation.

In view of the great potential of dendrimers in nano-
medicine, several strategies have been proposed to eliminate
or to reduce their toxicity. The most common approaches
include designing biodegradable dendrimers such as polyester-
based dendrimers'®* and surface engineering of cationic
dendrimers to mask their surface cationic groups by strategies
such as PEGylation,® acetylation, and conjugation with amino
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acids and peptides.>*®

and strategies to minimize it has been recently publishe

Despite hurdles in the synthesis and biocompatibility
of dendrimers several dendrimer-based formulations are in
clinical trials or have already made it to the market. For
instance, a polylysine dendrimer-based microbiocide topical
gel formulation, VivaGel™, is being developed by Starpharma
for the prevention of transmission of HIV and other sexually
transmitted diseases. SuperFect® of Qiagen is an activated
dendrimer used for gene transfection in many cell lines.
Another application of dendrimers is in the use of multiple
antigen peptides (MAPs).>*">* The first example of MAPs
was based on a polylysine dendrimer core reported by Tam
and coworkers. Since these first reports, several studies have
been carried out where MAP structures have been used to
produce peptide-specific antibodies. A MAP based malaria
vaccine is in phase I human clinical trials.>>® As diagnostic
tools, several dendrimer-based systems have been developed.
Thus, a polylysine dendrimer functionalized with gadolinium
chelates, Gadomer-17, was developed by Schering AG as a
magnetic resonance imaging (MRI) contrast agent. Stratus™
CS, commercialized by Dade Behring, has been used as a rapid
detection tool of suspected myocardial ischemia. The system is
based on a G5 PAMAM dendrimer used as a linking agent of
monoclonal antibodies to a glass fiber matrix.2>! Moreover,
the US army research laboratory has developed a dendrimer-

based detection tool of anthrax called Alert Ticket™.?>?

A detailed review of dendrimers toxicity
d.244

6. Conclusions

Macromolecule based drug therapy has come a long way from
the use of simple polymer matrices to nano-therapeutics. It has
brought scientists with varied backgrounds to a common goal of
achieving high specificity in directing pharmaceutical agents to
the tissue, cell and cell-organelle. Considerable progress has been
made in this direction, and it suggests that dendrimers and
miktoarm stars, relatively new additions to the macromolecular
field, are important and key players in this quest. Chemists have
stood up to the challenge, and tremendous success has been
achieved in streamlining their synthesis and characterization.
Introduction of “click” chemistry to the repertoire of chemical
reactions available for their construction has significantly contri-
buted to the rapid pace with which these macromolecules and
their conjugates could be synthesized. In this article, we have
attempted to highlight some of the recent developments in
chemistry and biology of dendrimers and miktoarm stars, and
their efficacy as vehicles for different drugs and imaging agents.
Biological studies indicate that both dendrimers and miktoarm
polymers are promising nanomaterials for biomedical applica-
tions. However, stringent criteria and multiple biological assays
have to be used to determine which physical and chemical
properties should be considered to minimize/avoid adverse effects
in experimental biological systems and eventually humans.
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