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Importance of the field: The review presents the design strategy and synthesis
of multifunctional dendrimers and hyperbranched polymers with the
objective to develop effective drug delivery systems.

Areas covered in this review: Well-characterized, commercially available
dendritic polymers were subjected to functionalization for preparing drug
delivery systems of low toxicity, high loading capacity, ability to target specific
cells and transport through their membranes. This has been achieved by surface
targeting ligands, which render the carriers specific to certain cells and polyeth-
ylene glycol groups, securing water solubility, stability and prolonged circula-
tion. Moreover, transport agents facilitate transport through cell membranes
while fluorescent probes detect their intracellular localization. A common fea-
ture of surface groups is multivalency, which considerably enhances their bind-
ing strength with complementary cell receptors. To these properties, one
should also add the property of attaining high loading of active ingredients
coupled with controlled and/or triggered release.

What the reader will gain: Readers will be exposed to the strategy of synthe-
sizing multifunctional polymers, aimed at the development of effective drug
delivery systems.

Take home message: Multifunctional systems upgrade the therapeutic poten-
tial of drugs and, in certain cases, may even lead to the application of new
bioactive compounds that would otherwise not be feasible.
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1. Introduction

Dendritic polymers have tree-like structures and consist of hyperbranched polymers,
dendrigrafts, dendrons and dendrimers. Each of these four classes reflects the struc-
tural features of these complex macromolecular architectures [1-8]. Dendrimers,
which is the most extensively investigated class, are highly branched symmetrical
macromolecules of nano-sized dimensions, have well-defined molecular mass and
consist of a central core, repeating units and terminal functional groups. They are
prepared under tedious experimental conditions and are, for this reason, expensive.
However, because of their diverse properties, they have attracted significant scien-
tific and technological interest. On the other hand, hyperbranched polymers are
conveniently prepared and are, therefore, inexpensive but non-symmetrical and
polydisperse. Both classes form nanocavities, in the interior of which various mole-
cules, including bioactive compounds, have been encapsulated. Alternatively, bioac-
tive compounds have also been conjugated at the dendritic scaffold, primarily on its
surface. Both classes of polymers bear on their external surface a significant number
of functional groups. The great number of functional groups on the surface
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Article highlights.

 Design and synthesis of multifunctional dendrimers and
hyperbranched polymers for the development of drug
delivery systems that can be loaded with bioactive
compounds and find application as drug

delivery systems.

Selection of proper dendritic scaffolds and application of
multifunctionalization strategy led to drug delivery
systems that are simultaneously biodegradable and
non-toxic, show stability in the biological environment,
have specificity and multivalency behavior for certain
cells and are able to penetrate cell membrane. Ideally,
for developing effective drug delivery systems all the
previously mentioned beneficial properties should be
fulfilled simultaneously.

Loading of bioactive compounds was achieved either
covalently or non-covalently, and their release can be
controlled and/or tuned in the biological environment,
for example by changes in pH or ionic strength.

A future challenge in this domain is the elucidation of
internalization mechanisms that could assist in the
synthesis of multifunctional dendritic nanoparticles that
can be directed to appropriate subcellular destinations.

This box summarizes key points contained in the article.

amplifies their binding to cells, owing to the so-called multi-
valent effect, as more than one of the cell receptors can be
accessed simultaneously by one dendritic polymer [9-13).
Taking advantage of the property of dendritic polymers to
encapsulate or conjugate various bioactive compounds, they
have been used as drug delivery systems (14-30]. For improving
their drug delivery effectiveness, these polymers have been
functionalized on their surface with a diversity of groups
affording multifunctional derivatives. Each type of external
group plays a specific function. Thus, as is the case with other
targeted nanoparticles [31-37], specificity for certain cells has
been achieved by attaching targeting ligands on the surface
of dendritic polymers. In this connection, the folate targeting
ligand, owing to its simple structure and convenience of
attachment on the surface of the dendritic systems, is certainly
the most extensively used ligand, whereas others such as cyclic
Arg-Gly-Asp peptide (cRGD) peptides and herceptin
(humanized monoclonal antibody) have been used to a lesser
extent. The application of cell-penetrating peptides [38-43) and
arginine-rich derivatives has been the basis for preparing
molecular transporting dendritic nanoparticles. It is the gua-
nidinium moiety on the surface of the dendritic polymers
that interacts with the phosphate and/or carboxylate group
of the cells’ surface, inducing membrane transport [44-46].
Enhanced water solubility, decreased toxicity, biocompatibil-
ity, stability and protection in the biological milieu have
been achieved by functionalizing the terminal groups of
dendritic polymers with poly(ethylene glycol) (PEG) chains.
The function of PEG chains is crucial for modifying the
behavior of drugs themselves or of their drug carriers [16,47-56].

PEGylation, for example, has also been applied extensively to
other nanoparticles, including the most established liposomal
carriers [57-61]. Also, modification of the internal groups of
dendrimers can affect their solubilizing character, rendering
possible the encapsulation of a diversity of drugs. Dendritic
polymers’ nanocavities or conjugation of drugs on their sur-
face have been tailored so as to trigger drug release by changes
in the biological environment at the site of action [62.63].
Following this strategy, commercially available or custom-
made dendritic polymers have been functionalized, affording
drug delivery systems [14-30]. Schematic representations of
a muldfunctional dendrimer and a hyperbranched polymer
are shown in Figure 1.

Significant progress has been made in the time period
between the synthesis of the first functional dendritic poly-
mers and the currently prepared multifunctional ones. In
this review, the focus is almost exclusively on multifunctional
dendrimers and hyperbranched polymers, primarily present-
ing the strategy of their synthesis, achieved through molecular
engineering of the surface of basic and commercialy available
dendritic polymers. This review is in some way complemen-
tary to the authors’ previous one on ‘Gene delivery using
functional dendritic polymers’ [64], published in 2009. In
this review, the two most extensively investigated dendrimers,
that is, diaminobutane poly(propylene imine) (PPI) (Figure 1)
and poly(amidoamine) (PAMAM) (Figure 1), are used as
scaffolds for multifunctionalization. It should be noted that
PAMAM-based polymers have been extensively subjected
to multifunctionalization. In addition, the hyperbranched
polyglycerol (PG) (Figure 1) and also the recently introduced
and very promising biodegradable hyperbranched aliphatic
polyester Boltorn™ (Perstorp AB, Sweden) (Figure 1) [65-67]
are used as basic dendritic polymers. The review is not
intended to be exhaustive, but rather to highlight dendritic
drug delivery systems’ design and methodologies.

As discussed later, many 77 vitro studies demonstrate the great
potential of dendritic polymers as drug delivery systems, and,
more recently, research has been initiated including in vivo
experiments, which were presented in a recent review [68].

2. Multifunctional dendrimers as drug
delivery systems

A model system of multifunctional dendrimeric nanocarrier
was prepared [62] using diaminobutane poly(propylene imine)
with 64 amino endgroups. The designed and prepared carrier
(Figure 2) was intended to address simultaneously stability and
prolonged circulation in biological milieu, enhanced water
solubility, strong binding to cell membrane and transport
through it and also pH-triggered release. Thus, in addition
to surface protective PEG chains, guanidinium moieties
were introduced for interacting with phosphate groups or
other anionic groups on the cell surface, the binding of which
is amplified owing to multivalency effects. Simultaneously,
the accumulation of guanidinium groups on the surface of

1388 Expert Opin. Drug Deliv. (2010) 7(12)

RIGHTES



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

HNZ TN >_/4 T g
HZN\/\/N N< g\/\/ N—~NH,
HN—_ N ’\r_/‘NHZ
H,N ﬁN NR WNHZ
HN—_ )/ \Hv/ kk N\

H,N S
H ‘Qy‘\]’\/EY\,N jsu'ﬂl\/‘N i
HZN’\’N\(g\/ g — N/\“é \/\'cgN\/\

0 N

HoNsy Ty i NANANTTY

APl AR L W

HN‘g HN O H o '\R
NH,
H,N 0 2

§ o] ?} H Ny
H2NI HHN H
H,N
NH,
PAMAM

Paleos, Tsiourvas, Sideratou & Tziveleka

Boltron

Figure 1. Schematic representation of a multifunctional dendrimer (left) and hyperbranched polymer (right) together with
dendrimeric (left column) and hyperbranched polymers (right column) used for multifunctionalization. Endgroups A, B and C
depict the presence of targeting ligands, protective coating, transport agents, fluorescent probes, or in some cases a drug

conjugated on the surface of the dendritic carrier.
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Figure 2. A multifunctional dendrimeric derivative based on
diaminobutane poly(propylene imine) dendrimer with
64 endgroups.

the dendrimer can also facilitate its transport through cell
membrane in a manner analogous to oligoarginine pepti-
des [401. In addition, owing to the polyamine character of
the nanocavities, it is possible to tune the release of the encap-
sulated ingredient by pH changes [621. Finally, toxicity
decrease is anticipated by the reduction in the number of toxic
amino groups [69,70].

Encapsulation and release properties of this multifunc-
tional dendrimer were investigated with betamethasone
valerate (BV), a bioactive compound, and pyrene (Py), a
well-established fluorescent probe. The multifunctional den-
drimer encapsulated significantly higher concentrations of
the above compounds compared with the parent dendrimer.
This is particularly useful for the hydrophobic betamethasone
valerate, of which seven molecules are solubilized per dendri-
meric molecule. Specifically, betamethasone valerate loading
capacity is 11 wt% inside the multifunctional dendrimer,
that is, almost double compared with the loading capacity of
the simply PEGylated dendrimer (6 wt%) (621, and more
than five times compared with the loading capacity of the
parent dendrimeric solution (1.7 wt%) [71].

Although the above multifunctional dendrimer is pH-
responsive, owing to the presence of tertiary amino groups
in the interior of its nanocavities, a two-step triggered process
was required for the release of the lipophilic drug BV. Release
of the drug with hydrochloric acid has not been achieved
because BV remained solubilized within the dendrimeric envi-
ronment and preferably within the PEG chains. However, BV
encapsulated in this dendrimeric derivative was completely
released on addition of sodium chloride. It is interesting to
note that within the concentration range of sodium cation
in extracellular fluids, that is, 0.142 M (721, BV was released
at a relatively low percentage. Sodium chloride found in extra-
cellular fluids can interact with PEG chains, affecting the
overall release profile of the drug. Thus, the possibility of trig-
gering premature drug release in the extracellular fluid, that is,
before endocytosis to the target cells, should be taken into
account when designing a targeted PEGylated drug delivery
system. It is therefore advisable to follow the release of drugs

from PEGylated dendrimers with simulated experiments
before proceeding to iz vitro and in vivo tests.

In the previous example the framework of multifunctional sys-
tems design was set forward while work continued using primar-
ily the biodegradable PAMAM dendrimers (73]. Thus, stepwise
modification of PAMAM dendrimers afforded multifunctional
polymers [74] in which the drug was covalently attached on the
dendrimeric scaffold. Thus, partial acetylation of the primary
amino groups of fifth-generation (G5) PAMAM dendrimer
prevented nonspecific interactions during drug delivery both
in vitro 75 and in vivo [76). The remaining primary amino groups
were used for attaching functional moieties, for example fluores-
cein isothiocyanate (FITC), which is an imaging agent, folic acid
(FA), which targets folate receptors on specific cancer cells, and
methotrexate (MTX), an anticancer drug (Figure 3A). It should
be noted that the folate moiety, which has frequently been
attached on nanocarriers, is overexpressed in a broad variety of
human cancers and on activated macrophages [77], and therefore
folate-mediated targeting (78,79 has been widely applied to a
diversity of carriers, such as liposomes [80,81], dendrimers [82-84],
hyperbranched polymers (85,86], and other types of nanoparti-
cles [87-94]. In this manner, targeted delivery of chemotherapeutic
and imaging agents to specific cancer cells is achieved.

By a strategy analogous to the one described above, another
multifunctional system [95] was prepared (Figure 3B) based on
fifth-generation  PAMAM  scaffold that had covalently
attached the anticancer drug paclitaxel (Taxol® Bristol-Myers
Squibb, New York, USA). Experiments 7z vitro have shown
efficient cell uptake of this multifunctional dendrimeric sys-
tem and that it is completely non-toxic to KB cells at a
concentration of 200 nM.

Following preliminary reports [9697] in which an Arg-Gly-
Asp (RGD) peptide was conjugated to a fifth-generation
PAMAM for in wvitro targeting to Of; integrin receptor
expressing cells, in a recent work the same dendrimer was sub-
jected to multifunctionalization, affording the nanocarrier
shown in Figure 3C [98]. This carrier bears a cRGD peptide atta-
ched to the dendrimeric surface and biotin groups that amplify
detection of the carrier by anti-biotin antibody or avidin linked
to horseradish peroxidase. This drug delivery system shows
selective targeting of O[5 integrins when compared either
with the same, free cRGD peptide or with the biotinylated
nanocarrier without any covalently attached peptide.

The synthesis of the nanocarrier was achieved in stages, that
is, surface amino groups of PAMAM were first partially acet-
ylated and then biotinylated, while the remaining primary
amino groups were converted to succinamic acid groups,
some of which were conjugated with cRGD peptide residues
through the amino group of the lysine side chain. Cytotoxi-
city was investigated using B16F10 melanoma cell cultures
using the XTT colorimetric assay for cellular viability. Bind-
ing of the nanocarriers to the target was determined using
plates coated with human o3 integrin and o5 receptor
expressing human dermal microvascular endothelial cells.
The nanocarrier is non-toxic within physiologic concentration
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Figure 3. Multifunctional PAMAM dendrimeric derivative with covalently bound MTX (A) or paclitaxel (B), a PAMAM
nanodevice with cyclic RGD and biotin moieties (C), boronated third-generation PAMAM dendrimers functionalized
with PEG and PEG-folate moieties (D), and a fourth-generation PAMAM dendrimer conjugated, through a spacer, to a
PEG-folate moiety (E).
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ranges and specifically binds to the o35 integrins much more
strongly than the cRGD peptide itself.

As mentioned in previous paragraphs, folate receptor
expresses in a wide variety of cancers. For designing and pre-
paring an effective dendrimeric drug delivery system, there-
fore, a folate moiety together with other appropriate
functional groups were introduced on the surface of a third-
generation PAMAM dendrimer for the synthesis of multi-
functional dendrimeric carriers [99]. These nanocarriers, in
addition to bearing the protective PEG coating, are also func-
tionalized with the folate targeting ligand at the end of the
PEG chain for inducing endocytosis into folate receptor-
bearing cells. In addition to the previously functionalized den-
drimer, 12 - 15 decaborate clusters were covalently attached,
which can be used for the treatment of cancer in boron neu-
tron capture therapy (BNCT) requiring the selective delivery
of 10B to cancerous cells within a tumor. By using various
numbers of PEG chains that differ in chain length, it is possi-
ble to reduce hepatic uptake of these boronated dendrimers.
Among the prepared combinations, boronated dendrimers
with 1 - 1.5 PEGygg0 units showed the lowest hepatic uptake
in C57BL/6 mice (7.2 - 7.7% injected dose (ID)/g liver).

The structures of folate receptor-targeted and boronated
third-generation poly(amidoamine) dendrimers are shown
in Figure 3D. Specifically, one muldfunctional system
bears ~ 15 decaborate clusters and ~ 1 PEG,ggg unit with a
folate moiety attached to the distal end, whereas the other
bears ~ 13 decaborate clusters, ~ 1 PEG,gg unit and
~ 1 PEGggg unit and the folate moiety attached to its distal
end. In vitro studies using folate receptor-positive KB cells
have shown receptor-mediated uptake of the second derivative
functionalized with the folate moiety. Biodistribution studies
with this derivative in C57BL/6 mice bearing folate
receptor-positive murine 24JK-FBP sarcomas resulted in
selective tumor uptake (6.0% ID/g tumor), but also high
hepatic (38.8% ID/g) and renal (62.8% ID/g) uptake. This
indicates that attachment of a second PEG chain and/or folate
moiety may adversely affect the pharmacodynamics of this
nanocarrier. It can, therefore, be deduced that the optimal
modification of boronated dendrimers and in general of den-
drimers functionalized with PEG chains for reducing reticulo-
endothelial system affinity appears to be a highly complex
process that is dependent on a variety of factors requiring
extensive evaluation.

In a recent investigation [100] folate moiety was conjugated
to a fourth-generation PAMAM dendrimer either directly or
indirectly through a PEGygo chain, as shown in Figure 3E.
The anticancer drug 5-fluorouracil was encapsulated in both
dendrimeric derivatives and investigated in in wvitro and
in vivo experiments. Specifically, the most promising folate-
PEG-dendrimeric derivative was significantly safer and more
effective in tumor targeting compared with the non-
PEGylated carrier. Functionalization with the PEG-folate
moiety reduced hemolytic toxicity, which secured sustained
drug release as well as higher accumulation to the tumor site.

In a recent report [101], instead of folate another targeting
ligand was used, and specifically herceptin, which is a human-
ized monoclonal antibody binding to human growth factor
receptor-2 (HER2). It was covalently attached to a fifth-
generation PAMAM in which methotrexate anticancer drug
was also conjugated [101]. The specificity of this FITC-
labeled nanocarrier and its internalization were demonstrated
in cell lines overexpressing HER2 by flow cytometry as well as
confocal microscopy. In addition, binding and uptake of these
antibody-conjugated dendrimers was completely blocked by
excess non-conjugated herceptin. Colocalization experiments
with lysotracker red indicate that the antibody, although
internalized efficiently into cells, has an unusually long resi-
dence time in the lysosomes. Reduced cytotoxicity of the con-
jugate in comparison with free methotrexate was attributed to
the slow release of methotrexate from the carrier and its long
retention in the lysosomes. Although the conjugate was less
toxic to cells than methotrexate alone 77 vitro, it is possible
that this carrier might be superior for in vivo experiments
owing to its reduced toxicity for HER2-overexpressing breast
cancers as a result of its specificity to target tumor cells.

3. Multifunctional hyperbranched polymers
as drug delivery systems

Hyperbranched PGs [102,103] have been widely used and show
low toxicity and biocompatibility. They have been functional-
ized by an analogous strategy to dendrimers leading to multi-
functional drug delivery systems. For this purpose, PEGylated
(PG-PEG) and PEGylated-folate (PG-PEG-folate) functional
derivatives of polyglycerol were prepared (Figure 4) and investi-
gated as prospective drug carrier systems [104]. Encapsulation
properties of these model dendritic derivatives were assessed
by using pyrene probe and tamoxifen (TAM), a hydrophobic
anticancer, non-steroidal, antiestrogen drug that is widely
used in the treatment and prevention of breast cancer [105,106].
Its encapsulation and simulated release properties were compar-
atively investigated for the parent polyglycerol, the PEGylated
derivative, PG-PEG, and the multifunctional derivative, PG-
PEG-folate. The solubility of TAM in water is 1.9 x 10 M,
which increases by a factor of 5 when solubilized in 1 mM
PG solution. The solubility of TAM is considerably enhanced
by a factor of 65 in the presence of PG-PEG. This significant
increase indicates that TAM is encapsulated not only inside
the hyperbranched interior, but also within PEG coating.
This behavior is analogous with previous results, that is, when
PEGylated dendrimeric derivatives [62,71] were used. Therefore,
the introduction of the PEG chains enhances, in general, the
solubilization efficiency of dendritic polymers. It should be
noted that for PG-PEG-folate an ~ 1300-fold increase of
TAM solubility was observed.

The release of TAM that was encapsulated in PG and its
derivatives was triggered by the addition of NaCl in the solu-
tion. Molecules encapsulated in PEG coating can be replaced
by metal ions. It is, therefore, necessary to investigate whether
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Figure 4. PEGylated (PG-PEG) and PEGylated-folate
(PG-PEG-folate) functional derivatives of hyperbranched
polyglycerol.

sodium cation complexation can cause premature release of
the drug in the extracellular fluids, that is, before the drug-
loaded nanocarrier reaches the target cell. By the addition of
0.142 M NaCl solution, 39 and 24% of the solubilized
TAM in PG and PG-PEG were released in aqueous media,
respectively. Under the same conditions, in the presence
of PG-PEG-folate, only 6% of the solubilized TAM was
released. It is interesting, therefore, to note that using the
multifunctional derivative as nanocarrier, most of the TAM
remained encapsulated inside the polymer, and it is not
released in the extracellular fluid at a concentration of
0.142 M NaCl solution. Hence, it can be assumed that this
nanocarrier, when used in 77z vivo experiments, will reach, in
principle, target cells appreciably loaded with TAM.

Biodegradable dendritic hyperbranched polyesters have
recently been prepared [65] based on 2,2-bis(hydroxymethyl)
propanoic acid as an AB, monomer and 2,2-bis(thydroxy-
methyl)-1,3-propanediol as central core. These dendritic
polymers are supplied in various molecular masses, bearing
a different number of primary hydroxyl groups, that is, 16,
32 and 64 for Boltorn H20, H30 and HA40, respectively.
Two glycodendritic polymers [107] were initially prepared
with 16 and 32 mannose moieties based on Boltorn
H20 and H30 hyperbranched polymers, which were used as
controls. These glycodendritic polymers are water-soluble,
have low toxicity and have the capability to interact with lec-
tin receptors. They can, therefore, be considered as promising
candidates for drug delivery.

Paleos, Tsiourvas, Sideratou & Tziveleka

In another investigation, Boltorn H40 was functionalized
with PEG chains, affording a water-soluble PEGylated den-
dritic derivative, BH40-PEG (Figure 5A) [108]. In this case,
PEGylation of the dendritic scaffold is indispensable not
only for protecting the drug carrier when found in biological
milieu but also for rendering it water-soluble. The solubility
of paclitaxel is increased by a factor of 65, 110, 210 and
350, in 1, 3, 6 and 9% w/v BH40-PEG solutions, respec-
tively, compared with aqueous solubility. The release of
paclitaxel was determined by the dialysis method and showed
that ~ 60% of the encapsulated drug was released in the
aqueous phase during the first 6 h, and its release was almost
completed in 12 h. The cytotoxicity was assessed 77 vitro with
A549 human lung carcinoma cells. The dendrimer was found
to be non-toxic for 3 h incubation at concentrations < 50 uM,
whereas LDso was 100 pM.

Furthermore, a folate-conjugated amphiphilic hyperbranched
block copolymer (H40-PLA-6-MPEG/PEG-FA) based on
Boltorn H40 was synthesized (Figure 5B) [85]. For its synthesis,
a hydrophobic poly(L-lactide) (PLA) inner shell, a hydrophilic
methoxy poly(ethylene glycol) (MPEG) and a folate moiety
that was attached on PEG chain terminal group (PEG-FA)
were introduced on Bolton H40 scaffold. Owing to its core-shell
structure, this block copolymer forms unimolecular micelles in
aqueous solutions. The micellar properties of this block copoly-
mer were established by dynamic light scattering, fluorescence
spectroscopy and transmission electron microscopy. Encapsula-
tion of the anticancer drug doxorubicin (DOX) in its base
form afforded a micellar drug delivery system, H40-PLA-6-
MPEG/PEG-FA. Studying drug release of these DOX-loaded
micelles, an initial ‘burst release’ (up to 4 h) was observed, which
was followed by a sustained release of the entrapped DOX over
a period of ~ 40 h. Cellular uptake of the DOX-loaded
H40-PLA-6-MPEG/PEG-FA micelles was found to be higher
than that of the DOX-loaded H40-PLA-6-MPEG micelles
because of the folate receptor-mediated endocytosis. They
show, therefore, higher cytotoxicity against the 4T1 mouse
mammary carcinoma cell line. Degradation in vitro studies
revealed that H40-PLA-6-MPEG/PEG-FA block copolymer
is hydrolytically degraded into polymer fragments within
6 weeks. These results have indicated that the micelles
prepared from this block copolymer have great potential as
tumor-targeted drug delivery nanocarriers.

In an analogous manner, amphiphilic core-shell multifunc-
tional dendritic hyperbranched polymers bearing folate group
as targeting ligand were synthesized (Figure 5C) [109]. The core
of these polymers was the aliphatic polyester Boltorn H40
scaffold. The inner part of the amphiphilic polymers was
hydrophobic poly(epsilon-caprolactone) chains, whereas the
outer shell was hydrophilic PEG chains. Tumor cell targeting
was achieved by folate moiety attached at the terminal
hydroxyl group of the PEG chain. Two anticancer drugs,
5-fluorouracil and paclitaxel, were encapsulated into these
dendritic nanocarriers. Drug release and targeting properties
of these drug-loaded nanoparticles to different cell lines were
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Figure 5. Chemical structures of a Boltorn H40 PEGylated dendritic derivative (A), a Boltorn H40 poly(l-lactide)-PEGylated-
folate derivative (B) and a poly(epsilon-caprolactone)-PEGylated-folate dendritic derivative (C).

investigated. The in vitro experiments showed that drug-
loaded nanoparticles showed enhanced cell growth inhibition
attributed to folate targeting increasing cytotoxicity of
drug-loaded nanoparticles against folate receptor expressing
tumor cells.

4. Conclusion

Appropriate surface multifunctionalization of dendrimers and
hyperbranched polymers leads to the development of nanocar-
riers of low toxicity, significant encapsulating capacity, specific-
ity to certain biological cells and transport ability through their
membranes. This drug delivery effectiveness, attributed primar-
ily to molecular engineering of dendritic surface, is also affected
by covalent or non-covalent loading of selected bioactive ingre-
dients, the release of which can be triggered by changes in the
biological environment, such as pH or ionic strength. An extra
advantage of dendritic nanocarriers is their strong binding
to cells resulting from multivalent interactions of dendritic
functional groups with cell complementary receptors.

5. Expert opinion

Multifunctional dendrimers and hyperbranched polymers
have been designed and synthesized to afford drug delivery

systems that can be loaded with bioactive compounds either
covalently or non-covalently. Following initial studies, where
simple functionalization was performed, investigations were
undertaken, which, under proper selection of basic dendritic
scaffolds and application of multifunctionalization strategy,
led to drug delivery systems that are simultaneously biode-
gradable and non-toxic, show relative stability in the biologi-
cal environment, show specificity to certain cells and, in
certain cases, can penetrate cell membrane. In addition, owing
to the molecular features of the interior of dendritic polymers,
it is possible to encapsulate a diversity of compounds,
the release of which can be controlled and/or tuned in the
biological environment, for example by pH or ionic strength.

Analyzing these properties further, it was possible through
partial functionalization of the surface groups with PEG
chains to enhance significantly water solubility, decrease tox-
icity and increase stability of dendritic nanocarriers in the bio-
logical milieu. On the other hand, targeting ligands attached
on the dendritic scaffold, for example folate moiety, or
RGD peptides, the application of which has been discussed
in detail in this review, enhance carriers’ specificity. Further-
more, their binding to cell receptors is amplified by taking
advantage of the multivalent effect, which enhances the
effectiveness of binding of nanocarriers to cells, as more
than one of the cell receptors can bind to muldple
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complementary groups on the surface of a dendritic polymer.
Transport through cell membranes has also been facilitated by
attaching molecular transporting moieties on nanocarriers. In
fact, the introduction of cell-penetrating peptides and specifi-
cally arginine-rich derivatives enhances translocation ability of
dendritic nanoparticles. In addition, other structural features
fine-tune the transport of dendritic carriers and even deter-
mine their subcellular destination. It should be noted that
although the emphasis with dendritic nanocarriers is rather
placed on their targeting property, transport through cell
membranes should not be disregarded if an effective drug
delivery system would be obtained. Summarizing, an optimal
guanidinylated molecular transporter [110] acting as a drug
delivery system should have appropriate size and degree of
functionalization, flexibility of the functional moiety and an
appropriate balance between hydrophilic and hydrophobic
moieties on the dendritic surface. These parameters should
be taken into consideration in designing multifunctional
dendritic systems in order to be internalized, together
with their drug load, to specific subcellular sites [111]. This is

Paleos, Tsiourvas, Sideratou & Tziveleka

the main challenge and efforts should be directed towards
this end.

In view of these promising prospects, further structural
elaboration of dendritic polymers will be pursued towards
the development of effective, biocompatible and less toxic sys-
tems, which is certainly a prerequisite for 7z vivo applications.
The strategy for their design and synthesis has been estab-
lished, but further work is needed to elucidate internalization
mechanisms, aiming at discovering the structural features
leading to the preparation of effective dendritic drug delivery
systems. Finally, it is crucial that all the beneficial properties
of dendritic carriers should be fulfilled simultaneously.
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