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Abstract: This review discusses the development of functional and multifunctional dendrimeric
and hyperbranched polymers, collectively called dendritic polymers, with the objective of being
applied as drug and gene delivery systems. In particular, using as starting materials known and
well-characterized basic dendritic polymers, the review deals with the type of structural
modifications to which these dendritic polymers were subjected for the development of drug
carriers with low toxicity, high encapsulating capacity, a specificity for certain biological cells,
and the ability to be transported through their membranes. Proceeding from functional to
multifunctional dendritic polymers, one is able to prepare products that fulfill one or more of
these requirements, which an effective drug carrier should exhibit. A common feature of the
dendritic polymers is the exhibition of polyvalent interactions, while for multifunctional derivatives,
a number of targeting ligands determine specificity, another type of group secures stability in
biological milieu and prolonged circulation, while others facilitate their transport through cell
membranes. Furthermore, dendritic polymers employed for gene delivery should be or become
cationic in the biological environment for the formation of complexes with the negatively charged
genetic material.

Keywords: Dendrimers; hyperbranched polymers; dendritic polymers; nanocarriers; drug delivery
system; gene delivery

1. Introduction They consist of a central core, branching units, and terminal

Dendrimers are highly branched and monodisperse mac-functional groups. This type of architecture induces the
romolecules with symmetrical, nanometer-sized architecture formation of nanocavities, the environment of which deter-
which are prepared by multistep synthetic procedtires. mines their solubilizing or encapsulating properties, while
the external groups primarily characterize their solubility and
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or polyglycerols™15> are conveniently prepared, and there-

fore, they are less expensive compared to dendrimers, which

are prepared under tedious multistep reaction schemes.

Dendrimeric and hyperbranched polymers are called
collectively dendritic polymers, the nanocavities of which
can encapsulate various molecules, including active drug
ingredients. The external groups of dendritic polymers can
be modified, providing a diversity of functional materidls
that are employed for various applications, including drug
delivery. Thus, commercially available or custom-made
dendrimeric or hyperbranched polymers have been func-
tionalized and are used as drug delivery syst€ntéas gene

(9) Sunder, A.; Kianer, M.; Hanselmann, R.; Muaupt, R.; Frey,
H. Molecular Nanocapsules Based on Amphiphilic Hyperbranched
Polyglycerols.Angew. Chem., Int. EA.999 38, 3552-3555.

(10) Sunder, A.; Quincy, M. F.; Mbaupt, R.; Frey, H. Hyperbranched
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Chem., Int. Ed1999 38, 2928-2930.

(11) Sunder, A.; Mihaupt, R.; Frey, H. Hyperbranched Polyether-
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Copolymerisation with Propylene Oxidiklacromolecule200Q
33,309-314.

(12) Sunder, A.; Mihaupt, R.; Haag, R.; Frey, H. Hyperbranched
polyether polyols: A modular approach to complex polymer
architecturesAdv. Mater. 200Q 12, 235-239.

(13) Haag, R. Dendrimers and hyperbranched polymers as high-loading

supports for organic synthesShem—Eur. J.2001, 7, 327—335.

(14) Siegers, C.; Biesalski, M.; Haag, R. Self-assembled monolayers
of dendritic polyglycerol derivatives on gold that resist the
adsorption of proteinsChem—Eur. J. 2004 10, 2831-2838.

(15) Frey, H.; Haag, R. Dendritic polyglycerol: A new versatile
biocompatible materialRev. Mol. Biotechnol.2002 90, 257—
267.

(16) Vigtle, F.; Gestermann, S.; Hesse, R.; Schwierz, H.; Windisch,
B. Functional dendrimer$rog. Polym. Sci200Q 25, 987-1041.

(17) Dhanikula, R. S.; Hildgen, P. Synthesis and Evaluation of Novel
Dendrimers with a Hydrophilic Interior as Nanocarriers for Drug
Delivery. Bioconjugate Chen2006 17, 29—41.

(18) Kolhe, P.; Misra, E.; Kannan, R. M.; Kannan, S.; Lieh-Lai, M.
Drug complexation, in vitro release and cellular entry of den-
drimers and hyperbranched polymelrgt. J. Pharm.2003 259,
143-160.

(19) Stiriba, S.-E.; Frey, H.; Haag, R. Dendritic Polymers in Biomedical
Applications: From Potential to Clinical Use in Diagnostics and
Therapy.Angew. Chem., Int. ER002 41, 1329-1334.

(20) D’ Emanuele, A.; Attwood, D. Dendrimer-drug interactioAs.
Drug Delivery Re. 2005 57, 2147-2162.

(21) Beezer, A. E.; King, A. S. H.; Martin, I. K.; Mitchel, J. C.;
Twyman, L. J.; Wain, C. F. Dendrimers as potential drug
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PAMAM derivatives.Tetrahedron2003 59, 3873-3880.
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in drug delivery.Drug Discaery Today2005 10, 35—-43.

(23) Ambade, A. V.; Savariar, E. N.; Thayumanavan, S. Dendrimeric
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Pharm.2005 2, 264-272.

(24) Lim, J.; Simanek, E. E. Toward the next-generation drug delivery
vehicle: Synthesis of a dendrimer with four orthogonally reactive
groups.Mol. Pharmaceutic005 2, 273-277.
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T = Targeting ligand
P = Protective group

Figure 1.
dendrimer.

Schematic representation of a multifunctional

delivery vectorg> 28 or as drugs on their ow#f.Due to the
presence of several terminal groups at the surface of dendritic
polymers, it is possible, through appropriate functionalization,
that some of them can be modified to one type of functional
group while others to another type, leading finally to the
preparation of the so-called multifunctional dendritic poly-
mers. A schematic example is shown in Figure 1. Each type
of external groups plays a specific function when these
multifunctional dendritic polymers are applied as drug
delivery systems. For instance, specificity for certain cells
has been achieved by attaching targeting ligands at the
surface of dendritic polymers, the transport through cell
membranes by groups inducing translocation, while enhanced
solubility, decreased toxicity, biocompatibility, 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

(25) Svenson, S.; Tomalia, D. A. Dendrimers in biomedical applica-
tions: Reflections on the fieldAdv. Drug Delivery Re. 2005
57, 2106- 2129.

(26) Dufes, C.; Uchegbu, I. F.; S¢kdein, A. G. Dendrimers in gene
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(27) Lee, C. C.; MacKay, J. A.; Feket, J. M. J.; Szoka, F. C.
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2005 23, 1517-1526.

(28) Luo, D.; Haverstick, K.; Belcheva, N.; Han, E.; Saltzman, W. M.
Poly(ethylene glycol)-conjugated PAMAM dendrimer for bio-
compatible, high-efficiency DNA deliverfMacromolecule2002
35, 3456-3462.

(29) McCarthy, T. D.; Karellas, P.; Henderson, S. A.; Giannis, M.;
O’Keefe, D. F.; Heery, G.; Paull, J. R.; Matthews, B. R.; Holan,
G. Dendrimers as drugs: Discovery and preclinical and clinical
development of dendrimer-based microbicides for HIV and STI
prevention.Mol. Pharmaceutic2005 2, 312-318.
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PEG chains is crucial for modifying the behavior of drugs branes which was achieved by the introduction of translo-
themselves or that of drug carriefs38 cating agents at the liposomes’ external surf&cé.
Targeting ligands which are complementary to cell recep-

In this regard, it should b(.a.noted that the m0d|f|cat|0ns of tors lead to the attachment of the dendritic nanocarrier to
the surface groups of dendritic polymers as mentioned abovethe cell surface. This binding is further induced or facilitated

had been previously applied to liposomes. In fact, liposomes by polyvalent interactiort&*? attributed to the proximity of
bearing at their surface targeting ligaftf® which are  the recognizable ligands at the dendritic surface. Furthermore,
complementary to cell receptors and also protective groupsas already mentioned, PEG chains increase the stability of
which prolong their circulation in biological fluids have been liposomes, prolonging their circulation, and therefore, analo-
developed!#* The latter property was almost exclusively gous behavior should be expected for PEGylated dendritic
achieved by coating the surface of the liposomes with PEG polymers. Transport through the cell membrane can, in
chains, yielding PEGylated liposomes also called stealth Principle, be facilitated by the introduction of molecular
liposomes. Another crucial parameter for obtaining effective ransporters at the surface of the dendritic polymers. On the

drug delivery systems is their transport through cell mem-

other hand, modification of the internal groups of dendrimers
affects their solubilizing character, rendering possible the
encapsulation of a diversity of drugs. Finally, cationization
of dendrimers induces the interaction with DNA for the

(30) Vonarbourg, A.; Passirani, C.; Saulnier, P.; Benoit, J.-P. Param- formation of DNA—dendritic polymer complexes employed

eters influencing the stealthiness of colloidal drug delivery
systemsBiomaterials2006 27, 4356-4373.

(31) Noppl-Simson, D. A.; Needham, D. Avidin-biotin interactions at
vesicle surfaces: Adsorption and binding, cross-bridge formation,
and lateral interaction®8iophys. J.1996 70, 1391-1401.

(32) Ishiwata, H.; Sato, S. B.; Vertut-Doi, A.; Hamashima, Y.;
Miyajima, K. Cholesterol derivative of poly(ethylene glycol)
inhibits clathrin-independent, but not clathrin-dependent endocy-
tosis. Biochim. Biophys. Actd997 1359 123-135.

(33) Liu, M. J.; Kono, K.; Ffehet, J. M. J. Water-soluble dendrimer-
poly(ethylene glycol) starlike conjugates as potential drug carriers.
J. Polym. Sci., Part A: Polym. Cherh999 37, 3492-3503.

(34) Liu, M. J.; Kono, K.; Ffehet, J. M. J. Water-soluble dendritic
unimolecular micelles: Their potential as drug delivery agents.
J. Controlled Releas200Q 65, 121—131.

(35) Veronese, F. M. Peptide and protein PEGylation: A review of
problems and solution®iomaterials2001, 22, 405-417.

(36) Roberts, M. J.; Bentley, M. D.; Harris, J. M. Chemistry for peptide
and protein PEGylatiorAdv. Drug Delivery Rey. 2002 54, 459~
476.

in gene therapy.

Monofunctional dendritic drug carriers cannot simulta-
neously exhibit the properties mentioned above which
characterize the multifunctional derivatives. It is the purpose
of this review, starting from selected and primarily com-
mercially available monofunctional dendritic polymers, to
molecular engineer their surface to produce multifunctional
systems which will be employed for drug delivery and gene
transfection. Such dendritic polymers are the poly(amidoam-
ine) (PAMAM), diaminobutane poly(propylene imine) (DAB),
and also the polyglycerol (PG) and poly(ethylene imine)
(PEI) hyperbranched polymers (Chart 1). This review is by
no means exhaustive, and only selected examples will be
presented, highlighting dendritic polymers for which drug
delivery properties are modified when their surfaces are
modified through molecular engineering. It is exactly the
objective of this review to illustrate the effectiveness of

(37) Pantos, A; Tsiourvas, D.; Sideratou, Z.; Paleos, C. M. Interactions Surface m'Odiﬁcaf[ion of dend_ritic pO'YmerS to prepare drug
of complementary PEGylated liposomes and characterization of carriers with desired properties. The influence each type of

the resulting aggregatesangmuir2004 20, 6165-6172.

(38) Vandermeulen, G. W. M.; Klok, H.-A. Peptide/protein hybrid
materials: Enhanced control of structure and improved perfor-
mance through conjugation of biological and synthetic polymers.
Macromol. Biosci.2004 4, 383—-398.

(39) Mastrobattista, E.; Koning, G. A.; Storm, G. Immunoliposomes
for the targeted delivery of antitumor drugsdy. Drug Delivery
Rev. 1999 40, 103-127.

(40) Kaneda, Y. Virosomes: Evolution of the liposome as a targeted
drug delivery systemAdv. Drug Delivery Re. 200Q 43, 197—

205.

(41) Lasic, D. D.; Needham, D. The “Stealth” liposome: A prototypi-
cal biomaterialChem. Re. 1995 95, 2601-2628 and references
cited therein.

(42) Crosasso, P.; Ceruti, M.; Brusa, P.; Arpicco, S.; Dosio, F.; Cattel,
L. Preparation, characterization and properties of sterically
stabilized paclitaxel-containing liposomés.Controlled Release
200Q 63, 19—-30.

(43) Needham, D.; Kim, D. H. PEG-covered lipid surfaces: Bilayers
and monolayersColloids Surf., B200Q 18, 183-195.

group exerts on the behavior of functional dendritic polymers
and specifically on solubility, biological stability, biocom-
patibility and toxicity, targeting, and transport properties will
be presented. Many in vitro studies demonstrate the great

(45) Tseng, Y.-L.; Liu, J.-J.; Hong, R.-L. Translocation of liposomes
into cancer cells by cell-penetrating peptides penetratin and Tat:
A kinetic and efficacy studyMol. Pharmacol.2002 62, 864—

872.

(46) Maeda, T.; Fujimoto, K. A reduction-triggered delivery by a
liposomal carrier possessing membrane-permeable ligands and a
detachable coatingColloid Surf., B2006 49, 15-21.

(47) Badijic, J. D.; Nelson, A.; Cantrill, S. J.; Turnbull, W. B.; Stoddart,
J. F. Multivalency and cooperativity in supramolecular chemistry.
Acc. Chem. Re005 38, 723-732.

(48) Mammen, M.; Choi, S.; Whitesides, G. M. Polyvalent Interactions
in Biological Systems: Implications for Design and Use of
Multivalent Ligands and InhibitordAngew. Chem., Int. EA.998
37, 2754-2794.

(44) Kaasgaard, T.; Mouritsen, O. G.; Jorgensen, K. Screening effect (49) Kitov, P. I.; Bundle, D. R. On the nature of the multivalency

of PEG on avidin binding to liposome surface recepttms. J.
Pharm.2001 214, 63-65.

effect: A thermodynamic model. Am. Chem. SoQ003 125,
16271-16284.
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Chart 1

PAMAM DAB

PG PEI

potential of dendritic polymers as drug delivery systems, but with an average molecular weight of 550 or 2000, were
relatively few in vivo studies have been reported. This topic introduced on the surface of the third-generation (PAMAM-

has very recently been reviewed. G3) and fourth-generation (PAMAM-G4) dendrimers, as
shown in Figure 2. Inside the nanocavities of the so-prepared
2. From Mono- to Multifunctional PEGylated dendrimers, adriamycin (ADR) or methotrexate

(MTX), anticancer drugs were encapsulatéd.

As the amount of ADR employed in the encapsulation
' ] experiments increased, the number of ADR molecules
ployed PAMAM dendrimer and applying a molecular gqpilized in the dendrimer also increased and finally

engineering strategy on its terminal primary amino groups, reached a plateau. Depending on the dendrimeric derivative
poly(ethylene glycol) monomethyl ether (M-PEG) chains, generation, i.e., M-PEG(550)-PAMAM-G3, M-PEG(2000)-

Dendrimeric Polymers as Drug Carriers
Employing as a starting polymer the most widely em-

(50) Gupta, U.; Agashe, H. B.; Asthana, A.; Jain, N. K. A review of (51) Kojima, C.; Kono, K.; Maruyama, K.; Takagishi, T. Synthesis of

in vitro-in vivo investigations on dendrimers: The novel nano- polyamidoamine dendrimers having poly(ethylene glycol) grafts
scopic drug carrierdNanomed. Nanotechnol. Biol. Me2D0§ 2, and their ability to encapsulate anticancer druggconjugate
66—73. Chem.200Q 11, 910-917.
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(© and ®) and PAMAM-G4 (A and a) dendrimers. The
number of ADR molecules encapsulated per dendrimer is
shown as a function of the ADR:dendrimer molar ratio during
loading. Reprinted from ref 51. Copyright 2000 American
Chemical Society.

Figure 2. Preparation and structure of M-PEG PAMAM
dendrimer of the third and fourth generation.
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encapsulated per dendrimer was ca. 1.2, 2.3, 1.6, or 6'5’Figure 4. Encapsulation of MTX by M-PEG(550)-attached

respectively (Figure 3). It is apparent that the encapsulation (O and 4) or M-PEG(2000)-attached (® and ) PAMAM-G3
ability varied for these PEGylated dendrimers and was found (© and ®) and PAMAM-G4 (a and a) dendrimers. The

to depend on the molecular weight of PEG moieties and alsonumber of MTX molecules encapsulated per dendrimer is

on the gene_ration of dend_rimers. shown as a function of the MTX:dendrimer molar ratio during
The acidic MTX, bearing two carboxyl groups, can |oading. Reprinted from ref 51. Copyright 2000 American
effectively be encapsulated inside the basic interior of chemical Society.

PAMAM. The number of loaded MTX molecules per

dendrimeric derivative expressed as the MTX/dendrimer ratio lated dendrimers increased when MTX was applied instead
is shown in Figure 4. As in the case of ADR encapsulation, of ADR. Since these two drugs have almost similar molecular
the number of encapsulated MTX molecules increased asweights, the enhanced encapsulation of MTX was attributed
the amount of MTX increased during loading and finally to the electrostatic interactions. In a manner analogous to
reached a constant value. In this case, the maximum numbeADR encapsulation, the number of MTX encapsulated inside
of MTX molecules encapsulated in M-PEG(550)-PAMAM- the dendrimer was affected both by the generation of
G3, M-PEG(2000)-PAMAM-G3, M-PEG(550)-PAMAM-  PAMAM and by the chain length of the M-PEG.

G4, or M-PEG(2000)-PAMAM-G4 dendrimers was approxi- Release experiments performed in PBS (phosphate-
mately 10, 13, 20, or 26 mol/mol of dendrimer, respectively. buffered saline) showed that ADR was readily released from
Thus, the number of molecules encapsulated by the PEGy-the modified dendrimers. Apparently, hydrophobic interac-
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Figure 5. Release of MTX from the M-PEG(2000)-attached chains
PAMAM-G4 dendrimer. The MTX-loaded M-PEG(2000)- DAB64-8PEG (densely PEGylated). In this manner, the role
PAMAM-G4 dendrimer (O and @) or free MTX (a and 4) was of PEG coating in encapsulation and release properties was
dissolved in 1 mM Tris-HCl-buffered solution (pH 7.4) with assessed.
(© and A) or without (® and 4) 150 mM NaCl and dialyzed The encapsulating ability of the parent and PEGylated
against the same solution. The time course of MTX concen- DAB derivatives was assessed by employing betamethasone
tration in the outer phase during the dialysis is shown. valerate (BV) and betamethasone dipropionate (BD).
Reprinted from ref 51. Copyright 2000 American Chemical

Society.

tion between ADR and the dendrimer is not sufficiently
strong to keep the drug in the interior of the PAMAM
nanocavities. Release of MTX from the M-PEG-function-
alized dendrimers was also investigated by the same method.
In dialysis experiments, the concentration of MTX in the
outer phase as a function of time is shown in Figure 5. It is
clear that the MTX concentration in the outer phase increased
at a slower pace when MTX was encapsulated in the M-PEG-
attached dendrimer compared to nonencapsulated free MTX.
This indicates that MTX was gradually released from the
modified dendrimer. Since MTX was electrostatically bound
to the dendrimeric interior, its release was suppressed to some
extent. However, when the dialysis was performed in the
presence of 150 mM NacCl, a difference was not observed
in the rate of release between MTX encapsulated in the
PEGylated dendrimer and free MTX. In the presence of the These anti-inflammatory corticosteroids are practically
salt, MTX can dissociate readily from the dendrimer because Water insoluble, and it is, therefore, necessary to encapsulate
the electrostatic interaction is weakened by the shielding these compounds in a water-soluble carrier to facilitate their
effect of Na and CI.5! use as drugs. As shown in Table 1, the concentration of

Encapsulation of hydrophobic drugs was also achieved encapsulated betamethasone derivatives was significantly
employing a PEGylated diaminobutane poly(propylene imi- increased in PEGylated dendrimers. Thus, for DAB64-8PEG,
ne) dendrimer of the fifth generation (DAB6#)PEGylation ~ the loading was 13 and 7 wt % for BV and BD, respectively,
of dendrimers was performed under facile experimental While for DAB64-4PEG, the loading was 6 and 4 wt %,
conditions by the interaction of methoxy poly(ethylene respectively. The enhanced solubility increase was attributed
glycol) isocyanate (M-PEG-isocyanate; M#/5000 g/mol) to an additional solubilization of the compounds in PEG
with the terminal primary amino groups of DAB64, as shown chains with which the dendrimers are coated (Figure 7). This
in Figure 6. Two different PEGylated dendrimeric derivatives is also verified by the fact that upon protonation they remain
were prepared, i.e., DAB64-4PEG (weakly PEGylated) and solubilized in the environment of PEG chains.

To establish the exact site of solubilization and release

(52) Sideratou, Z.; Tsiourvas, D.; Paleos, C. M. Solubilization and Properties of these PEGylated dendrimers, the hydrophobic

release properties of PEGylated diaminobutane poly(propylene Pyrene was employed. This is a well-known and very
imine) dendrimers). Colloid Interface Sci2001, 242, 272-276. sensitive probe, which is used as a model compound when
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Table 1. Comparative Solubility of Pyrene (PY), dinium groups at the surface of the dendrimer may also
Betamethasone Valerate (BV), and Betamethasone facilitate its transport in a manner analogous to that of
Dipropionate (BD) in Parent DAB64 Dendrimers and in oligoarginine peptide%:*” This dendrimeric derivative due
Their PEGylated Derivatives? to the type of selected functional groups can, in principle,
[dendrimer] exhibit multifunctional drug delivery properties such as (a)
compound M) PYi®w)  [BVIM)  [BD] (M) protection of the carrier because of its coverage with poly-
DAB64 5x10°  215x107° 295x107° 1.84 x 10°° (ethylene glycol) chains, (b) targeting ability toward comple-
DABG4-8PEG ~ 5x10°° 540 x10°° 3.85x 107" 2.56 x 10°* mentary moieties (guanidinium groups secure the facile

DABG64-4PEG 5x 1075 214 x 1075 2.05x 104 1.25x 10
DABG64-8PEG 5x 107 8.75 x 107> 3.65 x 10°® 1.87 x 1073
DABG64-4PEG 5x 107 5.25x 10 1.70 x 10~ 1.09 x 1078

interaction with acidic receptors, including the biologically
significant carboxylate and phosphate groups), (c) the
possibility of encapsulation and release of active drug
aTaken with permission from ref 52. Copyright 2001 Elsevier ingredients from the nanocavities, which can be tuned by
B.V. . . L )
medium change¥, (d) complexation ability with negatively
drugs cannot provide this type of information. Employing charged DNA for gene therapy applications, (e) the occur-
thel4/I5 fluorescence intensity ratio, which probes the polarity rence of polyvalent interactions, which are associated with
of the mediun®? it was found that hydrophobic pyrene is €nhanced binding, due to the accumulation of recognizable
solubilized both in the core and in PEG chains. Furthermore, moieties on the limited surface area of the dendrimer, and
when loaded PEGylated dendrimers were protonated, pyrend(f) the toxicity decrease anticipated by the facile modification
is not released in the bulk aqueous phase as judged by thef the toxic amino group:
/15 ratio and fluorescence intensitly/E°) values. This was Loading capacity and release properties of this multifunc-
attributed to the fact that as pyrene is leaving the core duetional dendrimer were tested with betamethasone valerate
to protonation it is solubilized inside PEG chains. According (BV) and pyrene (Py) model compounds. The multifunctional
to thely/I5 fluorescence intensity ratio, pyrene is solubilized dendrimeric derivative encapsulated significantly higher
neither in the bulk water phase nor in the interior of the concentrations of the compounds mentioned above compared
dendrimer. If the PEG chains were not present, one would to the parent dendrimer as determined by UV spectroscopy
expect release of pyrene in water, since the environment of(Table 2). This is particularly useful for the hydrophobic
the nanocavities becomes polar due to protonation, andbetamethasone valerate, of which seven molecules are
therefore, the hydrophobic pyrene cannot remain solubilized. solubilized per dendrimeric molecule. Specifically, for be-
In addition, protonated tertiary amino groups of the core do tamethasone valerate, the loading capacity is 11 wt % inside
not exhibit the ability to form charge transfer complexes with the multifunctional dendrimer, i.e., almost double compared
pyrene3* and therefore, encapsulation of the pyrene is not to the loading capacity of the simply PEGylated dendrimer
induced. It should, however, be noted that complete release(6 Wt %)? and more than 5 times greater compared to the
of pyrene can be achieved upon exhaustive dilution of the loading capacity of the parent dendrimeric solution (1.7 wt
PEGylated dendrimer. The same behavior was observed for%0).
the hydrophobic drugs BV and BD. In conclusion, the  The release of the active ingredient from the dendrimer
enhanced solubilization of these drugs in PEGylated den-When it reaches the target site enhances its bioavailability
drimers secures their application as promising controlled and efficacy. In addition, the release of drug from the
release drug delivery systems. endosomal compartment appears to be a limiting factor for
Extending the previous work, Paleos et al. prepared a novelseveral targeted drug delivery formulations. These require-
multifunctional dendrimeric carrier based also on DABB4. ments impose the need for the development of drug delivery
The synthetic steps for obtaining this multifunctional carrier Systems in which the release of drug can be triggered by an
are shown in Figure 8. This carrier is intended to simulta- appropriate stimulus. For this purpose, pH-triggered, enzy-
neously address issues such as stability and prolongednatic, thermal, and photochemically induced processes have
circulation in the biological milieu, the solubility increase,
targeting, and very possibly transport through cell mem- (56) Futaki, S.; Ohashi, W.; Suzuki, T.; Niwa, M.; Tanaka, S.; Ueda,
branes. For this purpose, in addition to surface protective K. Harashima, H.; Sugiura, Y., Stearylated arginine-rich pep-
poly(ethylene glycol) chains, guanidinium moieties were tides: A new class of transfection systerB#&conjugate Chem.

introduced as targeting ligands. This accumulation of guani- 2001, 12, 1005-1011.
9 g9 ’ 9 (57) Futaki, S.; Suzuki, T.; Ohashi, W.; Yagami, T.; Tanaka, S.; Ueda,

K.; Sugiura, Y. Arginine-rich peptides. An abundant source of

(53) Thomas, J. K. Radiation-induced Reactions in Organized As- membrane-permeable peptides having potential as carriers for
sembliesChem. Re. 198Q 80, 283-299. intracellular protein deliveryd. Biol. Chem.2001, 276, 5836~
(54) Sideratou, Z.; Tsiourvas, D.; Paleos, C. M. Quaternized poly- 5840.
(propylene imine) dendrimers as novel pH-sensitive controlled- (58) Malik, N.; Wiwattanapatapee, R.; Klopsch, R.; Lorenz, K.; Frey,
release systemsangmuir200Q 16, 1766-1769. H.; Weener, J. W.; Meijer, E. W.; Paulus, W.; Duncan, R.
(55) Paleos, C. M.; Tsiourvas, D.; Sideratou, Z.; Tziveleka, L. Acid- Dendrimers: Relationship between structure and biocompatibility
and salt-triggered multifunctional poly(propylene imine) dendrimer in vitro, and preliminary studies on the biodistribution 8fl-
as a prospective drug delivery systdBiomacromolecule2004 labelled polyamidoamine dendrimers in vivd. Controlled
5, 524-529. Release200Q 65, 133-148.
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Figure 7. Schematic representation of the solubilization of a drug in PEGylated DAB dendrimers. Reprinted with permission

from ref 52. Copyright 2001 Elsevier B.V.
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Figure 8. Reaction scheme for the synthesis of a multifunc-

tional dendrimeric derivative.

drimers, due to the presence of tertiary amino groups in their
interior, fulfill at least one of these requirements; i.e., they
are pH-responsive. Due to the pH response of the interior
of these dendrimers, pyrene or any other hydrophobic
molecule solubilized in their interior is relocated to the PEG
coating upon protonation of the tertiary amines of the
nanocavities. Since acidification proved to be noneffective
in releasing the encapsulated pyrene model compound from
the PEG protective coating, another method has been
investigated. Thus, an aqueous sodium chloride solution has
been applied for triggering pyrene release since, as estab-
lished in independent studi€%5! alkali metal cations form
complexes with ether moieties of poly(ethylene glycol)
chains. The so-prepared dendrimeric derivative, due to the
attachment of PEG chains at its surface, can be susceptible
to analogous interactions, and therefore, the sodium cation
can replace the solubilized pyrene probe, releasing it to the
bulk aqueous phase. In fact, via titration of dendrimeric
solutions with a sodium chloride solution, pyrene was
released and dispersed in the bulk aqueous phase in the form
of crystallites.

This two-step triggered release from the multifunctional
dendrimer was also applied for the lipophilic drug BV.
Release of the drug with hydrochloric acid has not been
found since BV remained solubilized within the dendrimeric

been reporte® For instance, a low pH within endosomal
and ischemic tissue environments renders acid triggerable ,
delivery systems attractive for controlled release. The previ- (60) Wang, Y. Q.; Rashidzadeh, H.; Guo, B. C. Structural effects on
ously prepared multifunctional poly(propylene imine) den-

desorption/ionization]. Am. Soc. Mass Spectro200Q 11, 639

643.
(59) Boomer, J. A.; Inerowicz, H. D.; Zhang, Z. Y.; Bergstrand, N.; (61) Bogan, M. J.; Agnes, G. R. Poly(ethylene glycol) doubly and
Edwards, K.; Kim, J. M.; Thompson, D. H. Acid-triggered release singly cationized by different alkali metal ions: Relative cation
from sterically stabilized fusogenic liposomes via a hydrolytic affinities and cation-dependent resolution in a quadrupole ion trap

dePEGylation strategyLangmuir 2003 19, 6408-6415 and
references cited therein.

mass spectrometed. Am. Soc. Mass Spectrog002 13, 177
186 and references cited therein.
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Table 2. Comparative Solubility of Pyrene (PY) and Betamethasone Valerate (BV) in the Parent DAB64 and Multifunctional
Dendrimer?

[dendrimer] PY:dendrimer BV:dendrimer
compound (M) [PY] (M) molar ratio [BV] (M) molar ratio
DAB64 1.0x 1073 (21 +£0.2) x 10°° 0.021 + 0.002 (25+0.4) x 104 0.25 + 0.04
multifunctional dendrimer 25 x 1074 (1.9 4+£0.08) x 10°° 0.076 £ 0.002 (1.80+£0.4) x 1073 7.20 +0.03

2 Taken from ref 55. Copyright 2004 American Chemical Society.

16 or phosphate buffer solutiofi$.In fact, liposomes are
™ considered the closest analogue of cells. These multilamellar
149 . liposomes bear the phosphate moiety as the complementary
1.2_' .. group of the guanidinium located at the surface of the
=] ] . dendrimer. In these experiments, the poly(propylene imine)
o 1.0- = dendrimer of the fourth generation was functionalized with
E l - six (DAB-G6) or 12 (DAB-G12) guanidinium groups as
s 0'8'_ . targeting ligands, while the remaining toxic external primary
L o6 = amino groups of the dendrimers were allowed to interact with
1 . propylene oxide, affording the corresponding hydroxylated
0.4 . . derivatives. The reaction scheme modifying the dendrimeric
02 | S I l' surface is shown in Figure 10. The DAB-GO dendrimer does

0.0 0.2 04 l O.IG ' 018 ' 1.0 1.2 1.4
[NaCl] / M

not contain any guanidinium groups, and it is used as a
reference compound. The so-prepared dendrimers were
loaded with corticosteroid drugs, i.e., BV and BD for
investigating their transfer to liposomes.

Liposomes are molecularly recognized by dendrimers
which act as a kind of “molecular glue” adhering liposomes
with each other and leading to the formation of large
environment and preferably within the poly(ethylene glycol) aggregates at dendrimer:dihexadecyl phosphate molar ratios
chains. However, BV encapsulated in this dendrimeric higher than 1:30, as observed with phase contrast optical
derivative was completely released upon addition of sodium microscopy. Calcein liposomal entrapment experiments
chloride as shown in Figure 9. It is interesting, however, to demonstrate a limited leakage, which is less than 13%,
note that within the concentration range of the sodium cation following liposomal interaction with the guanidinylated
present in extracellular fluids, i.e., 0.142 ®ithe BV was dendrimers at a 1:25 dendrimer:DHP molar ratio. The latter
released in relatively small quantities. The betamethasone®XPeriment indicates that the membrane of the liposomes

valerate gradually released from the multifunctional den- remains almost intact during their molecular recognition with
drimer formed crystallites as identified B NMR. these dendrimers. The enthalpy of the interaction is depend-

. . . . h f idini h
It is therefore advisable to follow the fate of the bioactive ent on the number of guanidinium groups present at the

o . ~dendrimeric surface. This behavior is further confirmed by
compound when this is encapsulated in PEGylated dendnm-the fact that the process of liposomeendrimer adhesion
ers in experiments in vitro and before it is applied in

. L . . Co is reversed and redispersion of the aggregates occurs with
experiments in vivo, since sodium chloride in extracellular the addition of concentrated phosphate buffer

fluids and potassium chloride in the intracellular environment
can be complexed with PEG chains, affecting the overall
release profile of the drug. Thus, the possibility of triggering the dendrimeric derivatives to the “empty” liposomes as
premature drug release in the extracellular fluid, i.e., before summarized in Table 3. The experiments demonstrate that
endocytosis to the target cells, should be taken into account 54 of BD or BV is present in the precipitated aggregates
when designing a targeted PEGylated drug delivery system.,,han DAB-GO is used. When the targeting guanidinylated
Before the application of multifunctional dendrimers to dendrimers DAB-G6 and DAB-G12 were used, the amount
cells, their drug delivery efficiency was assessed and modeledof drug in the precipitate increases substantially, becoming
by investigating their interaction with multilamellar lipo- ~60 and~80%, respectively. The functionalization with
somes consisting of phosphatidylcholine, cholesterol, and guanidinium groups at the external surface of the dendrimers
dihexadecyl phosphate (19:9.5:1) and dispersed in aqueousesults in an effective adhesion to the multilamellar lipo-

Figure 9. Plot of the betamethasone valerate concentration
in a 2.50 x 1075 M dendrimeric solution as a function of the
amount of added NaCl. Reprinted from ref 55. Copyright 2004
American Chemical Society.

The interaction between these drug-loaded dendrimers and
multilamellar liposomes results in the transport of drugs from

(62) Guyton, A. C.; Hall, J. E. The body fluid compartments:
Extracellular and intracellular fluids; Interstitial fluid and edema.
In Textbook of Medical PhysiologylOth ed.; W. B. Saunders
Co.: Philadelphia, 2000; pp 264.

(63) Pantos, A.; Tsiourvas, D.; Nounesis, G.; Paleos, C. M. Interaction
of Functional Dendrimers with Multilamellar Liposomes: Design
of a Model System for Studying Drug Deliveryangmuir2005
21, 7483-7490.
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ﬁ)\/Kr
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OH OH CH0H/,
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26 or 20
DAB x Figure 11. Galactosylation of the poly(propylene imine)
NH,*CI dendrimer (PPI) of the third to fifth generation.
2
N
H  NH, >6 12 Galactose functionalization was carried out by a ring open-
ing reaction followed by a Schiff's base reaction and
DAB-G6 or DAB-G12 reduction to secondary amine in sodium acetate buffer as
Figure 10. Functionalization of the poly(propylene imine) shown in Figure 11.
dendrimer of the fourth generation, including guanidinylation
at the final step. CHs
HN NH, . H3PO4
Table 3. Drug Transfer (%) from Drug-Loaded N
Dendrimers to Multilamellar Liposomes in Aggregates X
Obtained after Their Interaction in Water or in 10 mM _
Phosphate Buffer (pH 7.4) and in Multilamellar Liposomes HsCO
Obtained following Redispersion of the Aggregates? PP
drug transfer (%) drug transfer (%) o )
in aggregates after redispersion Galactose has been shown to be a promising ligand for
_ phosphate phosphate hepatocyte (liver parenchymal cellsf) targeting bec.ause liver
drug dendrimer  water butfer water butfer cells possess a large number of asialo-glycoprotein (ASGP)
BD DAB-GO 244+24 198+12 158409 121+ 1.1 receptors that can recognize the galactose units on the
DAB-G6 625+19 485+16 281417 245+13 oligosaccharide chains of glycoproteins or on chemically
DAB-G12 845+21 684+15 451+18 400+14 galactosylated drug carrie?s.In this case, polyvalent
BV DAB-GO 329+20 271+10 159+12 141409 interaction results in extremely strong binding of ligands to
DAB-G6 59.0+15 395+21 29.0+1.0 26.1+15 the receptors.
DAB-G12 781+23 57.5+20 420+15 382+1.2 Release rate, hemolytic toxicity, biodistribution, and blood
2 Taken from ref 63. Copyright 2005 American Chemical Society. level studies were performed using healthy albino rats of

uniform body weight (100+ 20) with no prior drug
somes. In experiments taking place in 10 mM phosphate treatment. The results indicated that galactose coating of PPI
buffer, the amount of drug present in the aggregates decrease§ystems increases the drug entrapment efficiency-by%
slightly. This decrease in drug transport can be rationalized tjmes depending upon the generation of dendrimers. Also,
by the Competitive interaction of the phosphate groups in ga]actose Coating pro|onged release up te65days as
bulk with the guanidinium dendrimeric groups |eading to Compared to 42 days for uncoated PPI. The hemo|ytic
less effective adhesion with the multilamellar |ip0$0mes. toxicity, blood |eve|7 and hemato'ogica| studies proved that
Carbohydrates which are, in general, targeting ligands for these carriers are safer and suitable for sustained drug
selectins can be introduced at the external surface of
dendrimers, leading to the formation of targeted drug delivery
systems. In this regard, galactose surface-coated poly-

(64) Bhadra, D.; Yadav, A. K.; Bhadra, S.; Jain, N. K. Glycodendrim-
eric nanoparticulate carriers of primaquine phosphate for liver

(propylene imine) (PPI) derivatives (PPI differs from DAB targeting.Int. J. Pharm.2005 295, 221—233.
only in the ethylenediamine core) were prep&tead loaded (65) Ashwell, G.; Harford, J. Carbohydrate-specific receptors of the
with the antimalarial drug primaquine phosphate (PP). liver. Annu. Re. Biochem.1982 51, 531-554.
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delivery. Blood level studies proved the suitability of the NHz)
carriers in prolonging the circulation and delivery of PP to
liver Tinker ; o Folate
The folate receptor is known to be significantly overex- o ﬂéo/\is \/\H
pressed over a wide variety of human cancers, an_d ther.efore, Y J\N»B10H8N(CH3)3N3>
folate-mediated targeting has been widely applied with a H H
diversity of carriers, including liposomé&s 8 dendrimers?-"* 1
and various polymers and particlég® that are used as drug NHz)
delivery systems.
Employing the folate receptor for targeting, the folic acid &"\( /\}OJ\ ~Folate
moiety in combination with other functional groups was ke 15
introduced onto the surface of a third-generation PAMAM _\f
NJ\N/B10H8N(CH3)3Na>
(66) Lee, R. J.; Low, P. S. Folate-mediated tumor-cell targeting of H H A

liposome-entrapped doxorubicin in vit®Biochim. Biophys. Acta
1995 1233 134-144.

(67) Lee, R.J.; Huang, L. Folate-targeted, anionic liposome-entrapped 7
polylysine-condensed DNA for tumor cell-specific gene transfer. Folate: @NH N \>—NH2
J. Biol. Chem1996 271, 8481-8487. HOOC o)
(68) Gabizon, A.; Shmeeda, H.; Horowitz, A. T.; Zalipsky, S. Tumor
cell targeting of liposome-entrapped drugs with phospholipid-  Figure 12, Boronated third-generation PAMAM dendrimer

anchored folic acid-PEG conjugatd3rug Delivery Re.. 2004 functionalized with the PEG-folate moiety.
56, 11771192.

(69) Kono, K.; Liu, M. J.; Ffehet, J. M. J. Design of dendritic
macromolecules containing folate or methotrexate residies.  dendrimer for the formation of a multifunctional dendrimeric
conjugate Cheml999 10, 1115-1121. _ derivatives! in vitro and vivo studies were performed, and
(70) Konda, S. D.; Aref, M:; Wang, S.; Brechbiel, M.; Wiener, E. C. the results are summarized below. These derivatives, in
Specific targeting of folate-dendrimer MRI contrast agents to the " . . ’
high affinity folate receptor expressed in ovarian tumor xenografts. 2ddition to the protective PEG chains, also bear the folate
Magn. Reson. Mater. Phys., Biol. Me2D01, 12, 104-113. moiety at the end of the poly(ethylene glycol) chain which
(71) Shukla, S.; Wu, G.; Chatterjee, M.; Yang, W. L.; Sekido, M.; can induce endocytosis in folate receptor-bearing ¢eifs.
Diop, L. A.; Muller, R.; Sudimack, J. J.; Lee, R. J.; Barth, R. F.;  Furthermore, in the previously functionalized dendrimer,
Tjarks, W. Synthesis and biological evaluation of folate receptor- 12—15 decaborate clusters were covalently attached which
targeted boronated PAMAM dendrimers as potential agents for can be used for the treatment of cancer in boron neutron
neutron capture therapioconjugate Chen2003 14, 158-167. capture therapy (BNCT), requiring the selective delivery of
(72) Dauty, E.; Remy, J. S.; Zuber, G.; Behr, J. P. Intracellular delivery 10 b N
of nanometric DNA particles via the folate recepBioconjugate B to cancerous cells within a tumor. Varying numbers of
Chem.2002 13, 831—839. PEG chains differing in length were linked to these boro-
(73) Dube D.; Francis, M.; Leroux, J. C.; Winnik, F. M. Preparation nated dendrimers to reduce hepatic uptake. Among the
and tumor cell uptake of poly(N-isopropylacrylamide) folate prepared combinations, boronated dendrimers witfi.b
conjugatesBioconjugate Cherm002, 13, 685-692. PEGuoooUnits exhibited the lowest hepatic uptake in C57BL/6
(74) Aronov, O.; Horowitz, A. T Gablzpn, A.; Gibson, D Folate- mice [7.2-7.7% injected dose (ID)/g of liver].
targeted PEG as a potential carrier for carboplatin analogs. Folate receptor-targeted and boronated third-generation
Synthesis and in vitro studieBioconjugate Chen2003 14, 563— g - - .
574. poly(amidoamine) dendrimers were prepared as shown in
(75) Zuber, G.; Zammut-ltaliano, L.; Dauty, E.; Behr, J. P. Targeted Figure 12. One contains'15 decaborate clusters anel
Gene Delivery to Cancer Cells: Directed Assembly of Nanometric PEGyggo Unit with a folic acid moiety attached to the distal
DNA Particles Coated with Folic AcidAngew. Chem., Int. Ed. end, while the other contains13 decaborate clusters;1
2003 42, 2666-2669. PEGyoo Unit, and~1 PEGqo unit with folic acid attached
(76) Yoo, H. S.; Park, T. G. Folate receptor targeted biodegradable to its distal end. In vitro studies using folate receptéy (

ggg_mzzgc doxorubicin micellesl. Controlled Releas2004 96, KB cells demonstrated receptor-dependent uptake of the latter

(77) Kim, S. H.; Jeong, J. H.; Joe, C. O.; Park, T. G. Folate receptor
mediated intracellular protein delivery using PLL-PEG-FOL (80) Sudimack, J.; Lee, R. J. Targeted drug delivery via the folate

conjugateJ. Controlled Releas2005 103 625-634. receptor,Adv. Drug Delivery Re.. 200Q 41, 147—-162.

(78) Licciardi, M.; Tang, Y.; Bilingham, N. C.; Armes, S. P. Synthesis (81) Hofland, H. E. J.; Masson, C.; Iginla, S.; Osetinsky, |.; Reddy, J
of novel folic acid-functionalized biocompatible block copolymers A.; Leamon, C. P.; Scherman, D.; Bessodes, M.; Wils, P. Folate-
by atom transfer radical polymerization for gene delivery and targeted gene transfer in vivdol. Ther.2002 5, 739-744.
encapsulation of hydrophobic drugdiomacromolecule2005 (82) Antony, A. C. Folate receptors: Reflections on a personal odyssey
6, 1085-1096. and a perspective on unfolding trutAdv. Drug Delivery Re.

(79) Wang, C. H.; Hsiue, G. H. Polymer-DNA hybrid nanoparticles 2004 56, 1059-1066.
based on folate-polyethylenimine-block-palylactide). Biocon- (83) Sabharanjak, S.; Mayor, S. Folate receptor endocytosis and
jugate Chem2005 16, 391-396. trafficking. Adv. Drug Delivery Re. 2004 56, 1099-1109.
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Figure 13. Functionalization of PG and PEI hyperbranched
dendritic polymers with various carbonyl compounds listed in
Table 4.

folic acid-functionalized derivative. Biodistribution studies
with this derivative in C57BL/6 mice bearing folate receptor

(+) murine 24JK-FBP sarcomas resulted in selective tumor

uptake (6.0% ID/g of tumor) but also high hepatic (38.8%
ID/g) and renal (62.8% ID/g) uptake. This indicates that the
attachment of a second PEG unit and/or folic acid may

adversely affect the pharmacodynamics of this conjugate. It

was concluded that the optimal modification of boronated

dendrimers and in general of dendrimers bearing PEG chains

for reducing RES affinity appears to be a highly complex
process that depends on a variety of factors requiring
extensive evaluation.

3. From Mono- to Multifunctional
Hyperbranched Polymers as Drug Carriers

Employing polyglycerol (PG) and poly(ethylene imine)
(PEl) as starting compounds and applying appropriate
functionalization, Kraner et al. developed pH-responsive
molecular carrier8! The concept of pH-responsive carriers
may have potential application for selective drug delivery
in tissues with a lower pH value (for example, infected or
tumor tissue). Polyglycerol and poly(ethylene imine) are
randomly branched with a degree of branching of-86%,

180 MOLECULAR PHARMACEUTICS VOL. 4, NO. 2

Table 4. Encapsulation Capacities of Congo Red in
Dendritic Nanocarriers Based on PG and PEI2

MWn core Degree of Encapsulation
Structure [gmol™] Shell alkylation capacity
PG 21000 - - -
(0]
PGa 21000 C15H31)J\H 25% 0.15:0.05
X
PGb 21000 45% 1344
CigHzs™  CieHaa -
[¢]
PGc 21000 55% 2:05
CieHag™ CieHas
PEI 25000 - - 0.0240.005
o]
PEIa 25000 33% 0.6+0.1
CysHz™ H
(0]
PEIb 25000 53% 0.240.05
CsHys™ "CsHyy

a Taken with permission from ref 84. Copyright 2002 Wiley-VCH.

and they are commercially available. Functionalization of
these dendritic polymers was conveniently achieved by a
condensation reaction of the 1,2-diol or NiHoieties at their
external surface with various carbonyl compounds as shown
in Figure 13 and Table 4. Several dendritic structures
originating from these reactions have been prepared, differing
as follows: (a) the type and molecular weight of the core
polymer, (b) the structure of the attached peripheral shell,
and (c) the degree of alkylation.

The loading capacities, i.e., the number of encapsulated
congo red molecules per dendritic nanocarrier, together with
their structural features are listed in Table 4. It was found
that a minimum core size (ca. 3000 g/mol) and a highly
branched architecture are required for successful encapsula-
tion of the guest molecules. For efficient encapsulation, the
degree of alkylation should be45-50% and the alkyl
chains should have a minimum length X0 carbons). For
example, the conversion of the terminal groups in polyg-
lycerol (PG) with a C16 aldehyde (PGa) containing one alkyl
chain per diol unit results in an effective degree of alkyl
functionalization of 25% (Table 4) and a poor encapsulation
capacity (0.15 congo red molecule). With the same PG core,
the ketal-functionalized carrier PGb with two alkyl chains
per diol unit and 45% effective alkyl functionalization (Table
4) encapsulates up to 13 congo red molecules. A higher
degree of ketal functionalization (55% for PGc, Table 4)
indicates an optimal shell density of 450%. The exact
determination of the encapsulation capacities for the amine-
based carriers, PEI (Table 4), was complicated because of
the hydrolytic sensitivity of the imine-bound peripheral shell

(84) Kramer, M.; Stumbe J.-F.; Tuk, H.; Krause, S.; Komp, A,;
Delineau, L.; Prokhorova, S.; Kautz, H.; Haag, R. pH-responsive
molecular nanocarriers based on dendritic core-shell architectures.
Angew. Chem., Int. EQ002 41, 4252-4256.
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in the PEl-based systems, for instance, in PEIb. To avoid (@)

hydrolysis, the dye was directly encapsulated from the solid O\H/\)LNf\/O%

organic solution interface. n
For the complexation of an antitumor drug, mercaptopu-

rine, several oligonucleotides as well as bacteriostatic silver OH)

compounds (for example, Agl salts and%manoparticlesy

have been studied for the potential use of these carriers for

drug and gene delivery. Successful encapsulation was (o]

observed _in all cases by the PEI-based carriers, While O\H/\)LN,(/\/OV\N,FoIate

complexation was not observed with the PG-based carriers ) H n H

for the same guest molecules. 3
The objective of developing a pH-sensitive carrier was OH )n

_tes_ted using several buffer s_olutions for.both the ac_etal— and PG-PEG-Folate

imine-bound shells. The differences in hydrolyzing the

previously prepared dendritic derivatives in certain buffers HO

control the release of their encapsulated compounds. The y / N\

encapsulated congo red in the carrier PGb was stable for Folate: )J\/Y @NH N _N>—NH2

several months at neutral and basic pH values (pH. Hooc O LQ:N

However, an immediate release of the guest molecules

occurred in acidic media (pH3). The imine-based carriers O

were even more sensitive to an external decrease in pH. In

the case of carrier PEla, the hydrolysis of the shell and the =

release of the encapsulated guest (namely, congo red) occur Q Q

over a period of 4 days at pH 6. However, it is stable over \N

several weeks at neutral pH. On the other hand, the _\—o

hydrolysis of the carrier PEIb and the release of the TAM

encapsulated guest occur spontaneously even atpHrFor

PElIb, a slow release is observed after several hours (pH 8,Wid(3|y used in the tregtment and prevention of brgast
ca. 3 h, 25C) or days (pH 12, 2 days, Z&) even without cance®”#|ts encapsulation and release were comparatively

acidification. For the PEI-based carrier PEIb, the amount of INVestigated for the parent polyglycerol (PG), PG-PEG, and

dye due to imine hydrolysis was followed by IR spectroscopy the muIt.ifunctionaI PG-PEG-folate deriv?tive. The so_IgbiIity
through the disappearance of the imine signal. of TAM in water was found to be 1.2 10°® M. Its solubility

Hyperbranched polyglycerol (PG), exhibiting low toxicity Ncréases by a factor of 5 when it is solubilized in a PG
and biocompatibility, was also functionalized, providing a Selution (Table 5). The solubility of TAM is considerably
multifunctional drug delivery system. In this nanocarrier, due further enhanced by a factor of 65 in the presence of PG-

to its polyether internal structure, release of the encapsulated” EC: This significant solubility increase indicates that TAM
drug can be salt-triggered. The utmost objective of this is solubilized not only inside the hyperbranched interior but

hyperbranched polymer functionalization is, as in the case alsp inside the C(_)valently bound pply(ethyl_ene glycol) chai_ns.

with dendrimers, to simultaneously address the main issues! IS Pehavior is analogous with previous results with

encountered with drugs themselves, as well as with drug PEGYlated dendrimeric derivativés® encapsulating the
hydrophobic anti-inflammatory corticosteroid drugs. This

carriers, i.e., water solubility, stability in biological milieu, | , ;
and targeting. For this purpose, PEGylated (PG-PEG) andfurther establishes the fact that the introduction of the poly-

PEGylated-folate (PG-PEG-folate) functional derivatives of (€hylene glycol) chains in general enhances the solubilization
polyglycerol were prepared and investigated as prospectiveeﬁ'c'ency of dendritic polymers._ Itis Wort_h mentioning _that
drug delivery syster. for PG-PEG-folate ar-1300-fold increase in TAM solubility

To investigate this possibility, in addition to the use of Was observed.

the sensitive pyrene probe, tamoxifen (TAM), an anticancer The relea§e c,)f TAM from PG and its derivatives was
hydrophobic drug, was employed. induced by titrating the aqueous PEGylated hyperbranched

Tamoxifen is a nonsteroidal anti-estrogen drug, which is POlymers with aqueous NaCl solutions in analogy with the
experiments with PEGylated dendrimé&tsin principle,

solubilized molecules can be replaced with metal ions, and
it is, therefore, necessary to investigate whether sodium

(85) Haag, R.; Krmer, M.; StumbeJ. F.; Krause, S.; Komp, A,
Prokhorova, S. Dendritic polymers as multifunctional supports
and nanocarriers for drugBolym. Prepr. (Am. Chem. Soc.,:Di

Polym. Chen).2002 43 (1), 328. (87) Wiseman, H. Tamoxifen: New membrane-mediated mechanisms
(86) Tziveleka, L.-A.; Kontoyianni, C.; Sideratou, Z.; Tsiourvas, D.; of action and therapeutic advanc&égends Pharmacol. Sc1994

Paleos, C. M. Novel Functional Hyperbranched Polyether Polyols 15, 83—89.

as Prospected Drug Delivery Systeriviacromol. Biosci2006 (88) Mocanu, E. V.; Harrison, R. F. Tamoxifen in gynaecologg..

6, 161-169. Gynaecol. Practic2004 4, 37—45.

VOL. 4, NO. 2 MOLECULAR PHARMACEUTICS 181



reviews

Paleos et al.

Table 5. Solubility of Tamoxifen in PG, PG-PEG, and
PG-PEG-Folate Aqueous Solutions?

hyperbranched polymer [polymer] (M) [tamoxifen] (M)
PG 1.0 x 1073 9.6 x 107°
PG-PEG 1.0x 1073 1.23 x 104
PG-PEG-folate 1.0x 1073 2.48 x 1073

2 Taken with permission from ref 86. Copyright 2006 Wiley-VCH.

cation complexation can probably cause premature release

of the drug in the extracellular fluids before the nanocarrier,
loaded with the drug, reaches the target cell. By this titration,

TAM was released and suspended in the bulk aqueous phase.

In the addition of a 0.142 M NaCl solution, 39 and 24% of
the solubilized TAM in PG and PG-PEG, respectively

(Figure 14), was released in the aqueous media. Under the
same conditions and in the presence of PG-PEG-folate, only

6% of the solubilized TAM was released (Figure 14). It

should, therefore, be noted that for the most elaborated

multifunctional derivative prepared in this study, i.e., PG-
PEG-folate, most of TAM remained encapsulated in the
polymer, and it is not released in the extracellular fluid at a
NaCl concentration of 0.142 M. Therefore, this nanocarrier
can reach target cells appreciably loaded with TAM.

4. From Mono- to Multifunctional Dendritic
Polymers as Gene Carriers

In recent years, numerous gene delivery systems based

on viraP® 2 and nonviral? °” vectors have been developed

and tested. However, safety issues concerning viral vectors

have led to a careful reconsideration of their application for
human clinical trials and prompted the use of synthetic
systems. Moreover, viral vectors experience significant

(89) Verma, I. M.; Somia, N. Gene therapy: Promises, problems and
prospectsNature 1997, 389, 239—-242.

(90) Lotze, M. T.; Kost, T. A. Viruses as gene delivery vectors:
Application to gene function, target validation, and assay develop-
ment.Cancer Gene Ther2002 9, 692—699.

(91) Ghosh, S. S.; Gopinath, P.; Ramesh, A. Adenoviral vectors: A
promising tool for gene therappppl. Biochem. Biotechnd2006
133 9-—29.

(92) Lundstrom, K.; Boulikas, T. Viral and non-viral vectors in gene
therapy: Technology development and clinical trialechnol.
Cancer Res. TreaR003 2, 471—-485.

(93) El-Aneed, A. An overview of current delivery systems in cancer
gene therapyd. Controlled Releas2004 94, 1-14.

(94) Liu, Y. M.; Reineke, T. M. Poly(glycoamidoamine)s for gene
delivery: Stability of polyplexes and efficacy with cardiomyoblast
cells. Bioconjugate Chen006 17, 101-108.

(95) Yudovin-Farber, I.; Yanay, C.; Azzam, T.; Linial, M.; Domb, A.

J. Quaternary ammonium polysaccharides for gene delivery.
Bioconjugate Chen005 16, 1196-1203.

(96) Nishikawa, M.; Huang, L. Nonviral vectors in the new millen-
nium: Delivery barriers in gene transfétum. Gene Ther2001,
12, 861—-870.

(97) Kramer, M.; StumbeJ.-F.; Grimm, G.; Kaufmann, B.; Kger,

U.; Weber, M.; Haag, R. Dendritic polyamines: Simple access
to new materials with defined treelike structures for application
in nonviral gene deliveryChemBioChen2004 5, 1081-1087.
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Figure 14. Tamoxifen concentration in PG (A), PG-PEG (B),
and PG-PEG-folate (C) aqueous solutions (1 x 103 M) as a
function of the amount of added NaCl solution. Reprinted with
permission from ref 86. Copyright 2006 Wiley-VCH.

0.6

limitation in large-scale production and the available size of
DNA they can carry. To address these problems, nonviral
gene delivery systems such as cationic polymers or cationic
lipids, liposomes, or cationic dendrimers have attracted
significant interest for achieving a breakthrough in the
development of an effective gene carrier. It has to be noted
that synthetic nonviral carriers of genetic material present
insignificant risks of genetic recombinations in the genome.
Transfection with tailor-made synthetic vectors may exhibit
low cell toxicity, high reproducibility, and ease of application.
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However, the currently developed synthetic vectors exhibit =2 18
disadvantages, due to their generally low effectiveness g 14
compared to viral vectors and to their inability to target gene 12
expression. For effective gene expression, genes must be
transferred in the interior of the nucleus of the cell and this
procedure has to circumvent a series of endo- and exo-cell
hurdles. Among these obstacles are cell targeting, effective
transport of the carriers together with attached genetic
material through cell membranes, and the need to release = DABGI | DABG2 | DABG3  DABGS  DABGS  DOTAP
carriers from the endosome following endocytosis. Synthetic Formulations
carriers address to some extent these difficulties without, _. i , -
Figure 15. Transfection efficacy of poly(propylene imine)

however, completely achieving the optimal objective. dendrimers of various generations (G1—G5) relative to N-[1-

The delivery of genetic material to cells was achieved by (2,3-dioleoyloxy)propyl]-N, N, N-trimethylammoniummethy! sul-
following a strategy analogous to that employed for con- fate (DOTAP) in the A431 cell line. Reprinted with permission
ventional drugs. Specifically, the method involves molecular from ref 101. Copyright 2002 American Association of Phar-
engineering of a dendritic surface and/or the core with the maceutical Scientists.
objective of obtaining functional dendritic polymers, which
should be positively charged, relatively stable in a biological N o
environment, and nontoxic, exhibiting targeting properties Pathway:® In addition, it is generally found that the
and having the ability to be effectively transported through Maximum transfection efficiency is obtained with an excess
cell membranes. Furthermore, the dendritic polyr2NA of primary amines to DNA phosphates, yielding a positive
complex should be released from the endosome following Net charge of the complex&sThe more flexible higher-
endocytosis. Before discussing specific examples, we shoulgdeneration DAB dendrimers are found to be too cytotoxic
mention that compared to the relatively unstable liposomes, for use as nonviral gene vectors; however, the lower-
the dendritic polymers are stable nanoparticles. In addition, 9€neration dendrimers are well-suited for gene delivery due
dendrimers, due to their dependence of size on generation!0 their effective transfectiof: (Figure 15). _
provide a tool for investigating and affecting transfection ~ Following these introductory remarks, molecularly engi-
efficiency. neered PAMAM-.OI.—| dendrimers have been prepgred. These

As recently reviewe€ the use of even unmodified amino- are structurally similar to PAMAM, except that their surface

terminated PAMAM or DAB dendrimers as gene transfer amino groups have been r_eplaced \.Nith hydroxyl grofips.
agents enhances the transfection of DNA into the cell The absence of surface primary amino groups in PAMAM-

nucleus. The exact structure of these hagiest binding o dH retnders th.|s tpolymefr n;eatrly_ r}teutlr_ial which SAIth;\I\SI)e
motifs has not been determined in detail, but it is presumably a_\l/a}n ageolus n t?lrmts ? cyto OX'C'I Y- OW'(tar\:elgNA | )
based on acitgbase interactions between the anionic phos- IS nearly unable 1o form Complexes wi (poly-

phate moieties on the DNA backbone and the primary and plexes) becau;e of the lowkg of inter.ior tertiary amif‘o .
tertiary amine moieties of the dendrimers, which are posi- groupst® For this purpose, the synthesis and characterization

tively charged under physiological conditions. It is interesting Of. mtemally quaterplzgd PAMAM-OH (QPAMA.M'OH).
to noté® that partially fragmented dendrimers are more with various quaternization percentages of the tertiary amino
appropriate for gene delivery than the intact dendrimers, ang9roups have been reported.

a fragmentation (or activation step) consisting of hydrolytic The internal quaternary ammonium groups of QPAMAM-

cleavage of the amide bonds is needed to enhance theOH will ‘interact with negatively charged DNA, while

. . : [ tral polymer and/or a polyplex surface. These
transfection. It has been concluded from several investiga- preserving a neu -
tions that the spherical shape of dendrimers is not advanta-QPAMAM'OH/DNA polyplexes were round-shaped with the

geous in gene delivery. This agrees with earlier work in
which “fragmented” PAMAM dendrimers exhibit superior (100) Dennig, J.; Duncan, E. Gene transfer into eukaryotic cells using
transfection efficacy in comparison with the spherical “intact” activated polyamidoamine dendrimeféev. Mol. Biotechnol.

; . o 2002 90, 339-347.
8 ]
dendrimers$® This property can open the application for the (101) Zinselmeyer, B. H. Mackay, S. P.; Schatzlein, A. G.: Uchegbu,

0.8

expression
DOTAP (DCTAR = 1)

08
04

0.2

less eXpenSiV_e hyperbranched pplymers as gene deli\(ery I. F. The lower-generation polypropylenimine dendrimers are
systems. Partially degraded dendrimers have a more flexible effective gene-transfer agenBharm. Res2002, 19, 960-967.
structure and form a more compact complex with DNA, (102) Lee, J. H.; Lim, Y. B.; Choi, J. S; Lee, Y.; Kim, T. I; Kim, H.
which is preferable for gene delivery by the endocytotic J.; Yoon, J. K.; Kim, K.; Park, J. S. Polyplexes assembled with

internally quaternized PAMAM-OH dendrimer and plasmid
DNA have a neutral surface and gene delivery poteig-

(98) Boas, U.; Heegaard, P. M. H. Dendrimers in drug rese&icm. conjugate Chem2003 14, 1214-1221.

Soc. Re. 2004 33, 43—-63 and references cited therein. (103) Tomalia, D. A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.;
(99) Tang, M. X.; Redemann, C. T.; Szoka, F. C. In vitro gene delivery Martin, S.; Roeck, J.; Ryder, J.; Smith, P. A new class of
by degraded polyamidoamine dendrimeBsoconjugate Chem. polymers: Starburst-dendritic Macromoleculeslym. J.1985

1994 7, 703-714. 17, 117-132.
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more compact and small particles formed as the charge ratio
increased. Although the transfection efficiency of functional
QPAMAM-OH derivatives was lower by 1 order of mag-
nitude than that of the parent PAMAM (Figure 16), the
QPAMAM-OH/DNA particles exhibited reduced cytoxicity
compared with PAMAM and PEI. This shielding of the
interior positive charges by surface hydroxyls may be the
reason for this behavior. Figure 16. Transfection efficiency of PEl, PAMAM, and
The major problem for the nonviral gene delivery systems QPAMAM-OH dendrimers with degrees of quaternization of
is their lower efficiency compared to viral vectors. Many 52 78, and 97% in 293T cells at a charge ratio (+) of 6. Data
methods have been used to overcome such an obstacle?"® expressed in relative light units (RLU) per microgram of
including linking cell-targeting ligands or cell-penetrating Protein. Reprinted from ref 102. Copyright 2003 American
peptides as efficient vectors for intracellular delivery of Chemical Society.
bioactive molecule¥* Arginine-rich peptides have exhibited
an enhanced translocation ability, which was attributed to
the presence of the guanidinium moi&ty2+ 1% a structural
feature ofL-arginine, which is capable of forming hydrogen
bonds coupled with electrostatic interacti#isvith phos-
phate or carboxylic groups located at the surface of cell
membranes.

The synthesis of the-arginine-grafted PAMAM den-
drimer (PAMAM-Arg) has been reported recentl which
consisted of a PAMAM scaffold the surface of which was
covered with L-arginine residues (Figure 17). Via the
introduction of arginine moieties onto the PAMAM surface,
gene delivery efficiency is greatly enhanced in comparison
to that of starting PAMAM (Figure 18). It was comparable

. - _ to that of PEI for HepG2 and primary rat vascular smooth

(104) Futaki, S._ Membrane?permeable arglnl_ne-rlch peptides and themusde cells and was more efficient in the case of Neuro

translocation mechanismAdy. Drug Delivery Re. 2005 57, . . .

547-558. 2A cells than PEI and Llpofectamlne_-Lysme-grafted
(105) Vives, E.; Brodin, P.; Lebleu, B. A truncated HIV-1 Tat protein PAMAM (PAMAM-Lys), which was used as a control,

basic domain rapidly translocates through the plasma membrane €xhibited a slightly better transfection efficiency in HepG2

and accumulates in the cell nucleds Biol. Chem1997, 272, cells than PAMAM, while increased efficiency was not

16010-16017. observed in primary cells. In conclusion, a polyvalent
(106) Rothbard, J. B.; Garlington, S.; Lin, Q.; Kirschberg, T.; Kreider, arginine_functiona"zed PAMAM is easily prepared and

E.; McGrane, P. L.; Wender, P. A.; Khavari, P. A. Conjugation  5os5esses outstanding transfection efficiency with relatively
of arginine oligomers to cyclosporin A facilitates topical delivery

and inhibition of inflammationNat. Med.200Q 6, 1253-1257.
(107) Wender, P. A.; Mitchell, D. J.; Pattabiraman, K.; Pelkey, E. T.; (109) Onda, M.; Yoshihara, K.; Koyano, H.; Ariga, K.; Kunitake, T.

Steinman, L.; Rothbard, J. B. The design, synthesis, and Molecular recognition of nucleotides by the guanidinium unit
evaluation of molecules that enable or enhance cellular uptake: at the surface of aqueous micelles and bilayers. A comparison
Peptoid molecular transporterBroc. Natl. Acad. Sci. U.S.A. of microscopic and macroscopic interfacdsAm. Chem. Soc.
200Q 97, 13003-13008. 1996 118 8524-8530.

(108) Kirschberg, T. A.; VanDeusen, C. L.; Rothbard, J. B.; Yang, (110) Choi, J. S.; Nam, K.; Park, J.; Kim, J. B.; Lee, J. K.; Park, J.
M.; Wender, P. A. Arginine-based molecular transporters: The Enhanced transfection efficiency of PAMAM dendrimer by
synthesis and chemical evaluation of releasable taxol-transporter surface modification with-arginine.J. Controlled Releas2004
conjugatesOrg. Lett.2003 5, 3459-3462. 99, 445-456.
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corresponding hydroxylated derivatives. Five derivatives
bearing 0, 6, 12, 24, or 32 guanidinium groups have been
prepared. These guanidinylated dendrimers interacted with
plasmid DNA, affording the corresponding dendriplexes. The
transfection efficiency was assessed by employing HEK 293
HOBt, HBTU and COS-7 cell lines, while the serum effect was studied in
;mghj—?rg(pbf)-OH HEK 293 cells. It was found that complete replacement of

primary amino groups with the hydroxylated moieties
l _— resulted in a complete loss of transfection efficiency. On the

30% piperidine

NH2)64

in DMF (v/v) other hand, guanidinylation of the parent dendrimer resulted
in the significant enhancement of its transfection efficiency,
this enhancement being dependent on the number of guani-
TFAftriisopropylsilane/H,0 dinium groups per dendrimer, the cell line used, and the
1(95:2'5:2'5’ viv) presence or absence of FBS. The fully guanidinylated
dendrimer exhibited the best transfection efficiency under
NH all the conditions that were studied. This efficiency has been
R H NH, attributed to the enhanced penetrating ability of the guanidi-
nylated dendrimers due to the accumulation of the guani-
NH2+CI'64 dinium group at the dendrimeric surface. It was also found
that the derivative with 12 guanidinium groups exhibited the
PAMAM-Arg lowest toxicity. The reduction in toxicity was apparently
Figure 17. Synthetic pathway for the introduction of L-arginine attributed to the decrease in the number of external primary
at the external surface of the fourth-generation PAMAM amino groups coupled with the presence of hydroxylated
dendrimer. moieties located at the dendrimeric surface. The function-
alization strategy that was employed leads to dendrimeric
E derivatives that combine satisfactory transfection efficiency
onssa with minor cytotoxicity.
In this regard, to enhance the transfection efficiency of
1.00e+7 PAMAM dendrimers, phenylalanine or leucine moieties have
‘ been introduced at their chain end3Efficient transfection

ZT

1.00e+9

100826 = of cells was achieved through synergy of the proton sponge

effect, which is induced by the internal tertiary amines of
the dendrimer, and the hydrophobic interaction by the
1.00e+4 = hydrophobic amino acid residues in the dendrimer surface.
I Specifically, dendrimers bearing 16, 29, 46, and 64 terminal
1.00e+3 y phenylalanine residues were prepared by the interaction of
fourth-generation PAMAM with -phenylalanine. The trans-

1.00e+5 - -

Transfection efficiency
(RLU/zprotein)

DNA Lipo- PEI PAMAM PAMAM

only fectamine (7.8) (6) -Arg (6) X o . . .
fection activity of these phenylalanine-modified dendrimers,
Figure 18. Transfection efficiency for Neuro 2A cell lines (1 (Phe)64-G4, for CV1 cells, an African green monkey kidney
and 1.0 ug (white). Values in parentheses represent the increasing number of the terminal phenylalanine residues,

charge ratio (N:P) of dendrimer/plasmid DNA complexes. The
luciferase expression mediated by reagents was assessed
under each optimal condition. Results are expressed as mean
+ SD (n = 3). Reprinted with permission from ref 110.
Copyright 2004 Elsevier B.V.

except for the dendrimer with 64 phenylalanine residues,
which exhibited poor water solubility and hardly formed a
complex with DNA at neutral pH. However, under weakly
acidic conditions, the dendrimer with 64 phenylalanine
residues formed a complex with DNA, thereby achieving

low cytotoxicity. These properties would make PAMAM- highly efficient transfection. In contrast, the attachment of
Arg a promising nonviral vector for both in vitro and in vivo  L-leucine residues, (Leu)63-G4, did not improve the trans-
use. PAMAM-Arg could potentially be used as a dendritic fection efficiency compared to that of the parent dendrimer
nanocarrier encapsulating or incorporating small molecules,
peptides, proteins, oligonucleotides, and plasmids that are(111) Tziveleka, A.; Psarra, A.-M. G.; Tsiourvas, D.; Paleos, C. M.
deficient in cell penetration. Synthesis and Characterization of Guanidinylated Poly(propylene
In a recent stud§! a fourth-generation poly(propylene imine) D_endrimers as Gene Transfection AgedtsControlled

imine) dendrimer has been completely or partially function- Releasgin press.

. ) . . .. (112) Kono, K.; Akiyama, H.; Takahashi, T.; Takagishi, T.; Harada,
alized with guanidinium groups. For the partially guanidi- A. Transfection Activity of Polyamidoamine Dendrimers Having

nylated derivatives, the toxic primary amino groups of the Hydrophobic Amino Acid Residues in the PeripheBiocon-
dendrimers were reacted with propylene oxide, affording the jugate Chem2005 16, 208-214.
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Figure 19. Comparison of the transfection activity of leucine-
and phenylalanine-modified PAMAM dendrimers. Luciferase
activities of CV; cells treated with (Phe)64-G4 polyplex
prepared at pH 5.0 (W) and (Leu)63-G4 polyplexes prepared
at pH 7.4 (a) and 5.0 (®) containing 1 g of DNA with varying
N:P ratios are shown. Each bar represents the mean + SD
(n = 3). Reprinted from ref 112. Copyright 2005 American
Chemical Society.
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Figure 20. GFP gene inhibition efficiency of pSUPER-
siGFP/PEI and pSUPER-siGFP/PEI-PEG-folate complexes as

a function of N:P ratio against GFP-KB cells. Reprinted with
permission from ref 113. Copyright 2005 Elsevier B.V.

(Figure 19). This is probably attributed to the relatively lower
hydrophobicity of this amino acid. The phenylalanine-
modified dendrimer exhibited a higher transfection activity
and a lower cytotoxicity than some widely used transfection

reagents. For this reason, the phenylalanine-modified den-

drimers are considered to be promising gene carriers.

The structural features required for an effective dendritic
gene vector are possibly satisfied in a PEI-poly(ethylene
glycol)-folate derivative (PEI-PEG-folate), which was re-
cently synthesized? and its efficiency as a gene carrier was
tested.

(113) Kim, S. H.; Jeong, J. H.; Cho, K. C.; Kim, S. W.; Park, T. G.
Target-specific gene silencing by siRNA plasmid DNA com-
plexed with folate-modified poly(ethylenimine). Controlled
Release2005 104, 223-232.
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PEI-PEG-Folate

This multifunctional hyperbranched PEI (M# 25 000)
could simultaneously combine protective and targeting
properties. In this study, the PEI-PEG-folate nanocarrier was
tested for its capacity to complex with plasmid DNA and be
transfected to folate receptor-overexpressing cells (GFP-KB
cells) that produce exogenous green fluorescent protein
(GFP). A special plasmid system (pSUPER-siGFP) that
carried a siRNA-expressing sequence, used for inhibiting the
expression of exogenous GFP in mammalian cells, was
prepared. The pSUPER-siGFP/PEI-PEG-folate complexes
inhibited GFP expression of KB cells more effectively than
pSUPER-siGFP/PEI complexes (Figure 20). These results
indicated that folate receptor-mediated endocytotosis is a
major pathway in the process of cellular uptake.

5. Biodegradable Dendritic Polymers with
Prospective Molecular Engineering
Properties

In the previous sections of this review, we have discussed
the modification of four basic dendritic polymers, PAMAM,
DAB, PG, and PEI, and to what extent these modifications
affect their properties as drug and gene delivery systems. It
has been established that the systems that have been
developed are rather successful since they have higher water
solubility, exhibit better stability in biological environments,
are less toxic compared to starting dendritic polymers, are
nonimmunogenic, and exhibit targeting ability for specific
cells. The systems, however, are not biodegradable which
is undesirable primarily for long-term applications. For this
reason, attempts to prepare biodegradable dendritic polymers
under facile experimental conditions have been made.

In this regard, Frehet et ak41'5 have prepared three
polyester dendritic systems based on 2,2-bis(hydroxymethyl)-
propanoic acid. These three polymers are highly water-
soluble and nontoxic and therefore promising as prospective
drug delivery systems. The first polyester dendrimer, PE,
bears 32 free hydroxyl groups and has a molecular weight
of 3700, while the second, PE-EO, has a molecular weight
of 12182. The second dendritic system was prepared from
PE by introducing tri(ethylene glycol) moieties at its external
surface. Furthermore, although these dendritic polymers are
biodegradable, their sterically hindered ester bond makes

(114) lhre, H. R.; De Jesus, O. L. P.; Szoka, F. C.; Frechet, J. M. J.
Polyester dendritic systems for drug delivery applications:
Design, synthesis, and characterizati@ioconjugate Chem.
2002 13, 443-452.

(115) De Jess, O. L. P.; Ihre, H. R.; Gagne, L.; Fket, J. M. J.;
Szoka, F. C., Jr. Polyester dendritic systems for drug delivery
applications: In vitro and in vivo evaluatioBioconjugate Chem.
2002 13, 453-461.
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Chart 2

3PEO-PE

their backbone relatively stable toward both nucleophilic two polyester derivatives and was selected for further
attack and acid-catalyzed hydrolysis. In this manner, pro- investigation (Chart 2).

longed biodegradability is obtained which may be beneficial  To this last polyester was covalently attached the anti-
for the controlled release behavior of the system. The third cancer drug doxorubicin (DOX) via an acid-labile hydrazone
polyester derivative, 3PEO-PE, has a molecular weight of linkage. The cytotoxicity of the drug was significantly
23500 and is composed of a three-arm poly(ethylene oxide)reduced by 8698% when it was attached to the polyester.
star and polyester dendrons. This derivative exhibited the Doxorubicin, however, can rapidly be released from its
longest circulatory half-life (72 min) compared to the first carrier at the pH of the lysosome. Uptake of the doxorubi-
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cin—polyester conjugate by cells was observed by fluores- OH

OH
cence confocal microscopy. In biodistribution experiments j—J
with this doxorubicin conjugate, accumulation in any vital °%
organ was not observed, including the liver, heart, and lungs. o oH
This is a significant improvement over the administration HO o 4 0 ~on
of the free drug, which partitions into organs such as liver OQCO% 0 o)‘{OH
and heart. However, a higher-molecular weight system must 0 © Oj\€OH
OH
OH

be prepared to further increase the circulation half-life for OJL
effectively exploiting the enhanced permeability and retention

[e]
EPR) effect. 0 Oy
(EPR) effec ﬁjio\g/ﬁog—goﬁw

Analogous dendritic hyperbranched polyesters were re- OH
cently prepared!® and their synthesis was based again on Fo . O’)r\ 0%60,4
2,2-bis(hydroxymethyl)propanoic acid as an ABonomer ~ d SH
and 2,2-bis(hydroxymethyl)-1,3-propanediol as a central core. I\

They are supplied with various molecular weights, having a Ho ' O
different number of primary hydroxyl groups, i.e., 16, 32,

and 64 for Boltorn H20, H30, and H40, respectively, which BOLTORN
are susceptible to functionalization.

Two glycodendritic structuré¥ have been prepared with
16 and 32 mannose moieties originating from Boltorn H20
and H30 hyperbranched polymers which were used asg. Concluding Remarks
controls. These glycodendrimers are water-soluble, exhibit
low toxicity, and have the ability to interact with lectin
receptors and therefore can be considered promising candi
dates for drug delivery. In addition, preliminary experiments
have shown that the water-insoluble Boltorn H40 is becoming
water-soluble through PEGylation and is encapsulating

hydrophobic drugs (our unpublished results). It is therefore
anticipated that further studies with such biodegradable
polymers will soon appear in the literature.

Molecular engineering of basic dendrimeric and hyper-
branched polymer scaffolds resulted in the preparation of
‘nanocarriers of low toxicity, significant encapsulating capac-
ity, a specificity for certain biological cells, and the ability
to be transported through their membranes. Depending on
the degree and type of functionalization, products that fulfill
one or more of the above characteristics were prepared.
(116) Malmstrtjm, E.; Johansson, M.; Hult, A. Hyperbranched Aliphatic Polyvalent interactions attributed to the presence of the
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J. Glycodendritic structures based on Boltorn hyperbranched favorable transfection properties
polymers and their interactions with Lens culinaris lectin. '
Bioconjugate Chen003 14, 817-823. MPO060076N

188 MOLECULAR PHARMACEUTICS VOL. 4, NO. 2



