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ABSTRACT: Recently developed multifunctional cancer therapeutic nanodevice production is based on
poly(amidoamine) PAMAM generation 5 (G5) dendrimer as a carrier. Scale-up synthesis of this nanodevice is
limited because of long reaction sequence (12 reaction steps) and long and not easy work-up of the products after
each reaction step. Combination of poly(propylenimine) and poly(amidoamine) synthesis can improve the
production of the drug carrier. In this paper we give a general overview of the synthesis and characterization of
a series of novel hybrid dendrimers which we coined as novel POMAM hybrid dendrimers, constructed from
poly(propylenimine) (PPI or POPAM) core and poly(amidoamine) PAMAM shells. The synthesis was accomplished
by a divergent reiterating method involving repeating subsequent Michael addition and amidation reactions. Each
generation of the newly synthesized dendrimer was characterized by using HPLC, GPC, NMR, and AFM.

Introduction

Dendrimers and hyperbranched polymers represent a novel
class of structurally controlled macromolecules derived from a
branches-upon-branches structural motif.®” Dendrimers are well-
defined, highly branched macromolecules that radiate from a
simple organic molecule as a central core and are synthesized
through a stepwise, repetitive reaction sequence that guarantees
complete shells for each generation, leading theoretically to
products that are unimolecular and monodisperse.**" The
synthetic procedures developed for dendrimer preparation permit
nearly complete control over the critical molecular design
parameters, such as size, shape, and surface/interior chemis-
try.'~® Synthetic techniques that have proved effective include
the poly(amidoamine), PAMAM, divergent strategy of Tomalia
and co-workers,”’ the convergent growth strategy of Fréchet
and co-workers,” ! and the self-assembly strategy of Zimmer-
man and co-workers.'> These methods have proved effective
in generating macromolecules with a unique combination of
properties.'? !¢

The Astromol or poly(propylenimine) dendrimers (another
amino type dendrimer synthesized by divergent strategy) were
produced at DSM (Dutch State Mines). The synthesis involves
a repetitive reaction sequence of Michael additions of acryloni-
trile to primary amine end groups followed by catalytic
hydrogenation of the nitrile groups. 1,4-Diaminobutane was used
as the core molecule. Detailed information on the synthesis was
published elsewhere.'”'®

Experimental Section

Materials. Methanol with 99.93% purity, ether with 99+%
purity, methyl acrylate (MA), and ethylenediamine (EDA) with
99.5+% were purchased from Aldrich and used as received.
Another EDA with 99% purity was distilled on a rotary evaporator
at 2000 um of mercury and with a bath temperature 36 °C. The
purified EDA was transferred to a vessel and stored at —4 °C under
a blanket of N,.

The Astromol poly(propylenimine) dendrimers of different
generations from DAB-dendr-(NH);s (POPAM G-2) to DAB-
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dendr-(NHz)ss (POPAM G-4), a gift from the DSM, or purchased
from Aldrich were used.

Syntheses. All POMAM hybrid dendrimer syntheses (half and
full generations) were conducted carefully under an inert nitrogen
atmosphere.

G-2:0.5, A. In a 50 mL three-neck round-bottom flask equipped
with magnetic stirrer, pressure-equalized dropping funnel, and
condenser, under a dry N, atmosphere, a solution of methyl acrylate
(6.41 mL, 7.114 x 1072mol) in 7.7 mL of MeOH was cooled to 0
°C. Then a solution of 3 g (1.7785 x 1073 mol) of DAB-Am-16
poly(propylenimine) hexadecaamine dendrimer (POPAM, genera-
tion 2:0) in 10 mL of MeOH (also cooled at 0 °C under dry argon)
was added dropwise. This mixture was stirred under N, at 36 °C
for 48 h, and the excess methyl acrylate and methanol were
evaporated by vacuum. To the residue, 3 mL of water was added
and mixed carefully. After freezing, it was lyophilized to remove
residue methanol and methyl acrylate, yielding methyl ester-
functionalized POPAM-core dendrimer, POMAM 2:0.5 (7.7 g,
97.5%).

G-2:0.5, B. POPAM dendrimer (1,4-diaminobutane core, G =
2:0, with 16 NH, surface groups) (1.0203 g, 6.049 10~* mol) in
3.5 mL of MeOH cooled to 0 °C was added to a mixture of methyl
acrylate (2.2495 g, 2.613 x 1072 mol) in 3 mL of MeOH cooled
to 0 °C. The resulting mixture was maintained and stirred at room
temperature for 48 h. The MeOH and excess of methyl acrylate as
volatiles were evaporated on a rotary evaporator at 34 °C, and G-2:
0.5 was dried out at a vacuum of 500 um of mercury to give 2.661
g (99.05%) of the title compound.

G-2:1. POMAM hybrid dendrimer, G = 2:0.5 (1.0425 g, 2.347
x 107* mol) in 3 mL of MeOH cooled to 0 °C was added to a
mixture of ethylenediamine (359.6 g, 5.9835 mol) in 100 mL of
MeOH cooled at 0 °C. This mixture was maintained at 0 °C for
48 h. After this time, the mixture was warmed to room temperature.
The volatiles were removed from the mixture on a rotary evaporator
at 34 °C with a vacuum at 2000—500 #m of mercury. The crude
product was dissolved in MeOH, and by addition of ether it was
precipitated out. This purification process was repeated three times.
The precipitate was dried very carefully to give 1.246 g, 99.4%
yield, of the title compound.

G-2:1.5. POMAM hybrid dendrimer (G = 2:1, with 32 primary
NH, surface groups) (1.2014 g, 2.25 x 107* mol) in 5 mL of MeOH
cooled to 0 °C was added to a mixture of methyl acrylate (1.674 g,
194 x 1072 mol) in 2 mL of MeOH cooled to 0 °C. The resulting

U 2008 American Chemical Society

Published on Web 10/22/2008



Macromolecules, Vol. 41, No. 22, 2008

mixture was maintained and stirred at room temperature for 48 h.
The MeOH and excess of methyl acrylate as volatiles were
evaporated on a rotary evaporator at 34 °C, and G-2:1.5 was dried
out at a vacuum of 500 4m of mercury to give 2.404 g (98.5%) of
the title compound.

G-2:2. POMAM hybrid dendrimer, G = 2:1.5 (2.186 g, 2.015
x 107* mol) in 18 mL of MeOH cooled to 0 °C was added to a
mixture of ethylenediamine (1438.4 g, 23.934 mol) in 400 mL of
MeOH cooled to 0 °C. This mixture was maintained at 0 °C for
72 h. After this reaction time the mixture was warmed to room
temperature. The volatiles were removed from the mixture on a
rotary evaporator at 34 °C with a vacuum at 2000—500 um of
mercury. The crude product was dissolved in MeOH, and by
addition of ether it was precipitated out. This purification process
was repeated three times. The precipitate was dried very carefully
to give 2.472 g, 97.02% yield, of the title compound.

G-2:2.5. POMAM hybrid dendrimer (G = 2:2, with 64 NH,
surface groups) (1.002 g, 7.92 x 1075 mol) in 5 mL of MeOH
cooled to 0 °C was added to a mixture of methyl acrylate (1.31 g,
1.52 x 1072 mol) in 2 mL of MeOH cooled to 0 °C. This resulting
mixture was maintained and stirred at room temperature for 72 h.
The MeOH and excess of methyl acrylate as volatiles were
evaporated on a rotary evaporator at 34 °C, and G-2:2.5 was dried
out at a vacuum of 500 u4m of mercury to give 1.804 g (96.2%) of
the title compound.

G-2:3. POMAM hybrid dendrimer, G = 2:2.5 (1.804 g, 7.62 x
107> mol) in 16 mL of MeOH cooled to 0 °C was added to a
mixture of ethylenediamine (2157.6 g, 35.901 mol) in 600 mL of
MeOH cooled to 0 °C. This mixture was maintained at 0 °C for
72 h. After this reaction time the mixture was warmed to room
temperature. The volatiles were removed from the mixture on a
rotary evaporator at 34 °C with a vacuum at 2000—500 um of
mercury. The crude product was dissolved in MeOH, and by
addition of ether it was precipitated out. This purification process
was repeated three times. The precipitate was dried very carefully
to give 1.6584 g, 79.8% yield, of the title compound.

G-2:3.5. A mixture of methyl acrylate (0.37 g, 4.3 x 1073 mol)
in 1 mL of MeOH cooled to 0 °C was added to a heterophase
POMAM dendrimer (G = 2:3, with 128 NH, surface groups)
(0.3052 g, 1.12 x 107> mol) in 3 mL of MeOH cooled to 0 °C.
This resulting heterophase mixture was maintained and stirred at
room temperature for 96 h. The MeOH and excess of methyl
acrylate as volatiles were evaporated on a rotary evaporator at 34
°C, and G-2:3.5 was dried out at a vacuum of 500 um of mercury
to give 0.4387 g (79.5%) of the title compound.

G-2:4. POMAM hybrid dendrimer, G = 2:3.5 (0.4387 g, 8.9 x
107 mol) in 5 mL of MeOH cooled to 0 °C was added to a mixture
of ethylenediamine (1078.8 g, 17.95 mol) in 300 mL of MeOH
cooled to 0 °C. This mixture was maintained at O °C for 120 h.
After this reaction time the mixture was warmed to room temper-
ature. The volatiles were removed from the mixture on a rotary
evaporator at 34 °C with a vacuum at 2000—500 ym of mercury.
The crude product was dissolved in MeOH, and by addition of
ether it was precipitated out. This purification process was repeated
three times. The precipitate was dried very carefully to give 0.4963
g, 98.7% yield, of the title compound.

G-3:0.5, A. In a 50 mL three-neck round-bottom flask equipped
with magnetic stirrer, pressure-equalized dropping funnel, and
condenser, under a dry N, atmosphere, a solution of methyl acrylate
(5.41 mL, 6.008 x 1072 mol) in 6.5 mL of MeOH was cooled to
0 °C. Then a solution of 3 g (7.511 x 10™* mol) DAB-Am-32
poly(propylenimine) dendrimer (generation 3:0) in 10 mL of MeOH
(also cooled to 0 °C under dry N,) was added dropwise. This
mixture was stirred under nitrogen at 34 °C for 48 h, and the excess
methyl acrylate and methanol were evaporated by vacuum. To the
residue, 3 mL of water was added and mixed carefully. After
freezing it was lyophilized to remove residue methanol and methyl
acrylate, yielding methyl ester-functionalized POPAM-core den-
drimer, POMAM 3:0.5, (7.02 g, 98.3%).

G-3:0.5, B. POPAM dendrimer (1,4-diaminobutane core, G =
3:0, with 32 NH, surface groups) (1.1912 g, 3.39 x 10~ mol) in
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3.5 mL of MeOH cooled to 0 °C was added to a mixture of methyl
acrylate (2.2182 g, 2.577 x 1072 mol) in 3 mL of MeOH cooled
to 0 °C. This resulting mixture was maintained and stirred at room
temperature for 48 h. The MeOH and excess of methyl acrylate as
volatiles were evaporated on a rotary evaporator at 34 °C, and G-3:
0.5 was dried out at a vacuum of 500 u4m of mercury to give 3.0858
g (~100%) of the title compound.

G-3:1. POMAM hybrid dendrimer, G = 3:0.5 (1.0377 g, 1.15
x 107* mol) in 13 mL of MeOH cooled to 0 °C was added to a
mixture of ethylenediamine (719.2 g, 11.967 mol) in 200 mL of
MeOH cooled to 0 °C. This mixture was maintained at 0 °C for
48 h. After this reaction time the mixture was warmed to room
temperature. The volatiles were removed from the mixture on a
rotary evaporator at 34 °C with a vacuum at 2000—500 um of
mercury. The crude product was dissolved in MeOH, and by
addition of ether it was precipitated out. This purification process
was repeated three times. The precipitate was dried very carefully
to give 1.233 g, ~100% yield of the title compound.

G-3:1.5. POMAM hybrid dendrimer (G = 3:1, with 64 NH,
surface groups) (1.2728 g, 1.176 x 1072 mol) in 5 mL of MeOH
cooled to 0 °C was added to a mixture of methyl acrylate (1.679 g,
1.95 x 1072 mol) in 2 mL of MeOH cooled to 0 °C. This resulting
mixture was maintained and stirred at room temperature for 48 h.
The MeOH and excess of methyl acrylate as volatiles were
evaporated on a rotary evaporator at 34 °C, and G-3:1.5 was dried
out at a vacuum of 500 um of mercury to give 2.451 g (95.4%) of
the title compound.

G-3:2. POMAM hybrid dendrimer, G = 3:1.5 (2.323 g, 1.064
x 107* mol) in 18 mL of MeOH cooled to 0 °C was added to a
mixture of ethylenediamine (2157.6 g, 35.901 mol) in 600 mL of
MeOH cooled to 0 °C. This mixture was maintained at O °C for
72 h. After this reaction time the mixture was warmed to room
temperature. The volatiles were removed from the mixture on a
rotary evaporator at 34 °C with a vacuum at 2000—500 um of
mercury. The crude product was dissolved in MeOH, and by
addition of ether it was precipitated out. This purification process
was repeated three times. The precipitate was dried very carefully
to give 2.659 g, 98.3% yield, of the title compound.

G-3:2.5. POMAM hybrid dendrimer (G = 3:2, with 128 NH,
surface groups) (1.242 g, 4.88 x 107 mol) in 5 mL of MeOH
cooled to 0 °C was added to a mixture of methyl acrylate (1.615 g,
1.876 x 1072 mol) in 2 mL of MeOH cooled to 0 °C. This resulting
mixture was maintained and stirred at room temperature for 72 h.
The MeOH and excess of methyl acrylate as volatiles were
evaporated on a rotary evaporator at 34 °C, and G-3:2.5 was dried
out at a vacuum of 500 um of mercury to give 2.185 g (94.2%) of
the title compound.

G-3:3. POMAM hybrid dendrimer, G = 3:2.5 (2.185 g, 4.56 x
107> mol) in 18 mL of MeOH cooled to 0 °C was added to a
mixture of ethylenediamine (5753.6 g, 95.736 mol) in 1600 mL of
MeOH cooled to 0 °C. This mixture was maintained at O °C for
72 h. After this reaction time the mixture was warmed to room
temperature. The volatiles were removed from the mixture on a
rotary evaporator at 34 °C with a vacuum at 2000—500 um of
mercury. The crude product was dissolved in MeOH, and by
addition of ether it was precipitated out. This purification process
was repeated three times. The precipitate was dried very carefully
to give 1.9742 g, 78.5% yield, of the title compound.

G-3:3.5. A mixture of methyl acrylate (0.37 g, 4.3 x 1073 mol)
in 1 mL of MeOH cooled to 0 °C was added to a heterophase
POMAM dendrimer (G = 3:3, with 256 NH, surface groups)
(0.3022 g, 5.5 x 107° mol) in 3 mL of MeOH cooled to 0 °C. This
resulting heterophase mixture was maintained and stirred at room
temperature for 96 h. The MeOH and excess of methyl acrylate as
volatiles were evaporated on a rotary evaporator at 34 °C, and G-3:
3.5 was dried out at a vacuum of 500 4m of mercury to give 0.5088
g (93.2%) of the title compound.

G-3:4. POMAM hybrid dendrimer, G = 3:3.5 (0.5088 g, 5.2 x
107® mol) in 15 mL of MeOH cooled to 0 °C was added to a
mixture of ethylenediamine (2157.6 g, 35.9 mol) in 600 mL of
MeOH cooled to 0 °C. This mixture was maintained at 0 °C for
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Figure 1. (A) Synthesis of half-generations of POMAM hybrid dendrimers (step growth process). (B) Synthesis of full generations of POMAM

hybrid dendrimers (chain growth process).

120 h. After this reaction time the mixture was warmed to room
temperature. The volatiles were removed from the mixture on a
rotary evaporator at 34 °C with a vacuum at 2000—500 um of
mercury. The crude product was dissolved in MeOH, and by
addition of ether it was precipitated out. This purification process
was repeated three times. The precipitate was dried very carefully
to give 0.5736 g, 98.4% yield, of the title compound.

G-4:0.5, A. In a 50 mL three-neck round-bottom flask equipped
with magnetic stirrer, pressure-equalized dropping funnel, and
condenser, under a dry N, atmosphere, a solution of methyl acrylate
(5.02 mL, 5.575 x 1072mol) in 6.1 mL of MeOH was cooled to 0
°C. Then a solution of 3 g (3.485 x 107* mol) DAB-Am-64
poly(propylenimine) dendrimer (generation 4:0) in 10 mL of MeOH
(also cooled at 0 °C under dry N,) was added dropwise. This
mixture was stirred under N, at 36 °C for 48 h, and the excess
methyl acrylate and methanol were evaporated by vacuum. To the
residue, 3 mL of water was added and mixed carefully. After
freezing it was lyophilized to remove excess methanol and methyl
acrylate, yielding methyl ester-functionalized POPAM-core den-
drimer, POMAM 4:0.5 (6.83 g, 99.8%).

G-4:0.5, B. POPAM dendrimer (1,4-diaminobutane core, G =
4:0, with 64 NH, surface groups) (1.0287 g, 1.435 x 10™* mol) in
3.5 mL of MeOH cooled to 0 °C was added to a mixture of methyl
acrylate (1.7775 g, 2.065 1072 mol) in 2 mL of MeOH cooled to
0 °C. This resulting mixture was maintained and stirred at room
temperature for 48 h. The MeOH and excess of methyl acrylate as
volatiles were evaporated on a rotary evaporator at 34 °C, and G-4:
0.5 was dried out at a vacuum of 500 4m of mercury to give 2.5112
g (96.2%) of the title compound.

G-4:1. POMAM hybrid dendrimer, G = 4:0.5 (1.0238 g, 5.63
x 1073 mol) in 13 mL of MeOH cooled to 0 °C was added to a
mixture of ethylenediamine (1438.4 g, 23.934 mol) in 400 mL of
MeOH cooled to 0 °C. This mixture was maintained at 0 °C for
48 h. After this reaction time the mixture was warmed to room
temperature. The volatiles were removed from the mixture on a
rotary evaporator at 34 °C with a vacuum at 2000—500 um of
mercury. The crude product was dissolved in MeOH and by addition
of ether it was precipitated out. This purification process was
repeated three times. The precipitate was dried very carefully to
give 1.21 g, ~100% yield, of the title compound.

G-4:1.5. POMAM hybrid dendrimer (G = 4:1, with 128 NH,
surface groups) (1.1732 g, 5.39 x 107 mol) in 5 mL of MeOH
cooled to 0 °C was added to a mixture of methyl acrylate (1.503 g,

Scheme 1. Synthetic Strategy for Synthesis of a Variety of
POMAM Hybrid Dendrimers®
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“ The first number refers generation number of the POPAM core,
and the second number indicates the number of the PAMAM shells.

1.75 x 1072 mol) in 2 mL of MeOH cooled to 0 °C. This resulting
mixture was maintained and stirred at room temperature for 48 h.
The MeOH and excess of methyl acrylate as volatiles were
evaporated on a rotary evaporator at 34 °C, and G-4:1.5 was dried
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Figure 2. 3C NMR spectrum of the POMAM 2:1 hybrid dendrimer.
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Figure 3. Theoretical (A) and experimental (B) molecular weight
dependence on the generation number of the POPAM core and number
of PAMAM shells.

out at a vacuum of 500 um of mercury to give 2.15 g (91.4%) of
the title compound.

G-4:2. POMAM hybrid dendrimer, G = 4:1.5 (1.865 g, 4.26 x
107 mol) in 18 mL of MeOH cooled to 0 °C was added to a
mixture of ethylenediamine (3596 g, 59.835 mol) in 1000 mL of
MeOH cooled to 0 °C. This mixture was maintained at 0 °C for
72 h. After this reaction time the mixture was warmed to room
temperature. The volatiles were removed from the mixture on a
rotary evaporator at 34 °C with a vacuum at 2000—500 um of
mercury. The crude product was dissolved in MeOH, and by
addition of ether it was precipitated out. This purification process

was repeated three times. The precipitate was dried very carefully
to give 2.116 g, 97.4% yield, of the title compound.

G-4:2.5. POMAM hybrid dendrimer (G = 4:2, with 256 NH,
surface groups) (1.015 g, 1.99 x 1073 mol) in 5 mL of MeOH
cooled to 0 °C was added to a mixture of methyl acrylate (1.32 g,
1.53 x 1072 mol) in 2 mL of MeOH cooled to 0 °C. This resulting
mixture was maintained and stirred at room temperature for 72 h.
The MeOH and excess of methyl acrylate as volatiles were
evaporated on a rotary evaporator at 34 °C, and G-4:2.5 was dried
out at a vacuum of 500 um of mercury to give 1.427 g (75.4%) of
the title compound.

G-4:3. POMAM hybrid dendrimer, G = 4:2.5 (1.427 g, 1.48 x
107> mol) in 15 mL of MeOH cooled to 0 °C was added to a
mixture of ethylenediamine (7192.0 g, 119.67 mol) in 2000 mL of
MeOH cooled to 0 °C. This mixture was maintained at 0 °C for
72 h. After this reaction time the mixture was warmed to room
temperature. The volatiles were removed from the mixture on a
rotary evaporator at 34 °C with a vacuum at 2000—500 um of
mercury. The crude product was dissolved in MeOH, and by
addition of ether it was precipitated out. This purification process
was repeated three times. The precipitate was dried very carefully
to give 1.64 g, 99.8% yield, of the title compound.

G-4:3.5. A mixture of methyl acrylate (0.38 g, 4.4 x 1073 mol)
in 1 mL of MeOH cooled to 0 °C was added to a heterophase
POMAM dendrimer (G = 4:3, with 512 NH, surface groups)
(0.3107 g, 2.8 x 107° mol) in 3 mL of MeOH cooled to 0 °C. This
resulting heterophase mixture was maintained and stirred at room
temperature for 96 h. The MeOH and excess of methyl acrylate as
volatiles were evaporated on a rotary evaporator at 34 °C, and G-4:
3.5 was dried out at a vacuum of 500 u4m of mercury to give 0.3922
2 (69.9%) of the title compound.

G-4:4. POMAM hybrid dendrimer, G = 4:3.5 (0.3922 g, 2.0 x
107° mol) in 3 mL of MeOH cooled to 0 °C was added to a mixture
of ethylenediamine (2876.8 g, 47.9 mol) in 800 mL of MeOH
cooled to 0 °C. This mixture was maintained at 0 °C for 120 h.
After this reaction time the mixture was warmed to room temper-
ature. The volatiles were removed from the mixture on a rotary
evaporator at 34 °C with a vacuum at 2000—500 um of mercury.
The crude product was dissolved in MeOH, and by addition of
ether it was precipitated out. This purification process was repeated
three times. The precipitate was dried very carefully to give 0.4411
g, 98.2% yield, of the title compound.

Characterization. Nuclear Magnetic Resonance. For 'H NMR
and 3C NMR measurements, a Bruker AVANCE DRX 500
instrument was used. 30—40 mg/mL D,O solutions were prepared
for NMR investigation.

Size Exclusion Cromatography. The SEC eluograms were
obtained with a Alliance Waters 2690 separation module combined
with triple detectors: Waters 2487 dual A absorbance detector, Wyatt
DAWN DSP laser photometer, and Optilab DSP interferometric
refractometer at 30 °C. It was equipped with a TosoHaas TSK-
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Figure 4. GPC-RI eluogram of the POMAM 2:2 hybrid dendrimer (A) and its comparation with PAMAM dendrimers (G-0 to G-7) (B).
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Figure 5. Hydrodynamic diameter as a function of the generation
number of the core and number of shells.

GEL guard PWH 06762 (7.5 x 7.5 cm, 12 um) (DS 1140), G 2000
PW 05761 (30 x 7.5 cm, 10 um) (DS 1014), G 3000 PW 05762
(10 um) (DS 1016), and G 4000 PW 05763 (17 um) (DS 1017)
columns. The 0.1 N citric acid solution, containing 0.025 wt %
sodium azide (pH was adjusted to 2.72 by sodium hydroxide), was
used as the mobile phase and for making macromolecules’ sample
solutions for SEC analysis. A nominal flow rate setting of 1.0 mL/
min and injection volume of 50 uL of 1 x 107* g/mL sample
solutions were used.

HPLC. For HPLC measurement Beckman System Gold instru-
ment was used equipped with solvent module (126) and UV detector

(166). 0.1 M of trifluoroacetic acid eluent with 1 mL/min flow rate
and C-18 reverse phase column was used at room temperature.

AFM Measurements. Samples on mica were examined using a
TopoMetrix 2000 Discoverer instrument under ambient conditions.
We found it is difficult to obtain stable images using the contact
mode of imaging because the scanning tip appeared to move the
samples about. This problem was minimized by using the tapping
mode of imaging. Si probes having a spring constant of ca. 30 N/m
were used at a resonance frequency of ca. 200—300 kHz. A 7 um
scanner (x, y, and z directions) calibrated by TopoMetrix was used.

Sample Preparation for AFM Measurements. The materials were
dissolved in the Milli-Q water (18 Mohm/cm) 1 x 107 to form
wt % solutions and then stored in a refrigerator until needed.
Ultrathin films of the hybrid dendrimers were prepared by spin-
coating the solutions (1 x 107> wt %) on freshly cleaved mica and
then air-dried at room temperature.

Results and Discussion

The preparation of POMAM hybrid dendrimers involves a
typical divergent synthesis via a two-step growth sequence that
consists of two reiterating reactions: (1) the Michael addition
of amino groups to the double bond of methyl acrylate (MA)
(this reaction is step growth process); (2) the amidation of the
resulting terminal methyl ester, —COOCH;3, with ethylenedi-
amine (EDA) (this reaction is chain growth process).6

When poly(propylenimine) (POPAM) dendrimers are used
as the initiator cores, these syntheses may be represented by
Figure 1A,B and Scheme 1.

In the first step of this process, POPAM dendrimers genera-
tions 2, 3, and 4 with 16, 32, and 64 primary amines on the
surface (or full generation of the POMAM dendrimers) are
allowed to react under an inert nitrogen atmosphere with excess
amount of MA at room temperature for 24—72 h (depending
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Figure 6. HPLC eluograms of the POMAM hybrid dendrimers (generations 2:4, 3:4, and 4:4) (A). Retention time vs logarithm of molecular weight

of PAMAM and POMAM dendrimers (B).

on the number of primary amines on the surface). The resulting
compounds are referred to as half-generation of POMAM hybrid
dendrimers. The branching point at the tertiary amine is formed
in this high yield step (step growth process). The next step,
also high yield (chain growth process), involves reacting
multiesters with excess EDA produce the PAMAM shells around
the POMAM half-generation dendrimers so that the POMAM
hybrid dendrimers are formed with a doubled amount of primary
amines on the surface. These amidation reactions are performed
under an inert nitrogen atmosphere in methanol and require
24—120 h reaction times (depending on the number of primary
amines on the surface) at ~2 °C for completion.

Scheme 1 shows the strategy followed in the synthetic work
(reaction conditions are given in the Experimental Section).

13C NMR spectroscopy provides a sensitive measurement of
the magnetic environment for every carbon atom in the
compound. The high symmetry of the POPAM, PAMAM, and
POMAM dendrimer structure places all of the terminal groups
in an almost equivalent magnetic environment, giving very
simple spectra for molecules of such high molecular weights.
Any deviations from this symmetry (as a result of not complete
Michael addition, ester hydrolysis, or retro-Michael addition),
perhaps caused by errors in synthesis or degradation of the
material, are indicated by additional signals in the '3C NMR
spectrum, corresponding to carbon atom in the vicinity of the
structural defect. Figure 2 provides a representative example
of a 3C NMR spectrum of POMAM 2:1 dendrimer. This
spectrum essentially is the superposition of the spectra of
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Figure 7. Tapping mode AFM image of hybrid dendrimer (POMAM 4:2) molecules. Sample preparation: one drop of a I x 107* wt % solution
was spread on a freshly cleaved mica surface by spin-coating and then dried at room temperature.

POPAM and PAMAM dendrimers. The peak at ~175 ppm
clearly indicates the PAMAM shell incorporation with the
POPAM dendritic core.

Figure 3 shows theoretical (A) and experimental (B) molec-
ular weight dependence on the generation number of the
POPAM core and number of PAMAM shells. As the nonlinear
surface function indicates, molecular weights are highly influ-
enced by both number of PAMAM shells and generation number
of the POPAM cores.

Experimental molecular weights were determined by GPC.
It was observed that lower generations of POMAM hybrid
dendrimers (2:1, 2:2, 3:1, 3:2, 4:1, and 4:2) exhibit monodispers
with very narrow distribution, while at the higher generations
(2:3, 2:4, 3:3, 3:4, 4:3, and 4:4) bimodal narrow distribution
was observed. The second peak with higher molecular weight
was 10% below the area of that lower molecular weight peak.
Under the conditions used for GPC, aggregation may take place,
which results in a higher molecular weight component. Interest-
ingly, this aggregation behavior of the higher molecular weight
hybrid dendrimer was not observed on HPLC eluogram (see
later). Figure 4A, the RI eluogram of the POMAM 2:2 hybrid
dendrimer (with 64 primary amino groups on the surface
{theoretical value}), is presented as a representative example
for comparison with the PAMAM dendrimers (GO—G7) in
Figure 4B. This result clearly indicates the more compact
structure of the hybrid dendrimer, as the hydrodynamic volume
of the POMAM 2:2 hybrid dendrimer lies between the hydro-
dynamic volumes of PAMAM G3 and PAMAM G4.

Figure 5 shows the relation of hydrodynamic diameter of the
POMAM hybrid dendrimers as a function of the generation
number of the core and number of shells. The hydrodynamic
diameter of the POMAM hybrid dendrimers exhibits an almost
linear relationship to the generation number of the core and
number of shells, reaching as high a value as ~83 A.

Figure 6A presents representative examples of the HPLC
eluograms for POMAM hybrid dendrimers of generations 2:4,
3:4, and 4:4. It is clear that the dendrimers are relatively pure.
A very small amount of higher molecular weight material is
present due to aggregation (it is negligible). Interestingly, this
aggregation can be observed at lower generations in the HPLC
eluograms, but not in the GPC eluogram. This result suggests
that aggregation behavior is highly influenced by the environ-
ment of the molecules.

Figure 6B shows how POMAM dendrimers asymptotically
approach liquid chromato-graphical properties of the PAMAM
dendrimers.

The first challenge in achieving high-resolution AFM images
of individual POMAM hybrid dendrimer molecules was obtain-
ing films in which the individual molecules were separated from
one another. Dendrimer molecules possess a high concentration
of surface functional groups, which often causes them to
aggregate. High-resolution images of individual PAMAM or
POPAM and the hybrid POMAM dendrimers of generations
lower than G5 are difficult to obtain because of this problem.*
However, the larger dendrimer molecules (particularly the hybrid
dendrimer molecules) can be spread on a mica surface to show
individual molecules, provided the spreading is performed from
ultradilute solutions. Spin-coating techniques also help in
preparing uniform films. Figure 7 shows the tapping mode AFM
image of a representative hybrid dendrimer (POMAM 4:2).

The image shows many globular particles randomly deposited
on the mica surface. The particles appear to the substantially
uniform in size; i.e., they are essentially monodispersed. Also,
the images apparently are of single molecules (although a few
obvious clusters or aggregates can be identified).

It is well-known that ionic strength, surface charge density,
and concentration (molecular environment) are the crucial
parameters controlling the degree of structural organization of
the solution.”’ Addition of monovalent salt (KCl or NaCl)
screens the long-range electrostatic interactions and leads to a
gaslike structure, i.e., disaggregated arrangement. Full generation
of dendrimers have primary amino groups in high density on
the surface. In this case, the surface charge densities of these
molecules can be manipulated by varying the pH of the solution,
and the dendrimers can be viewed as nanoscopic polyelectrolyte
particles.

It is important to point out that POMAM dendrimer molecules
involve two sorts of amine groups. The primary amine end
groups (—NH,) are on the periphery of POMAM dendrimers,
and their number is equal to 272, with n the generation of
POPAM dendrimer core and m the number of PAMAM
dendrimer shells. The tertiary amine groups (IN—) are situated
at the branching points in the molecule, and their number is
equal to 2072 — 2 These two types of amine groups, if
isolated, are characterized by different pK values,'® which are
the negative logarithms of the acidic dissociation constant for the
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protonated primary (pKP") and tertiary (pK') amine groups. The
basicity of the primary amine group is higher compared with
that of the tertiary one, i.e., (pKP") > pK'. The experimental
titration and experimental mass spectroscopy information (data
not shown) is beyond the breadth of this paper and will
published soon.

Conclusion

The primary objective of this study was the synthesis of novel,
well-defined POMAM hybrid dendrimer with POPAM core and
PAMAM shells. The goal was achieved with the use of POPAM
G-2, G-3, and G-4 well-characterized dendrimers with 16, 32,
and 64 primary amines on the surface. The reiterating synthetic
studies using these multifunctional cores revealed that mono-
disperse POMAM hybrid dendrimers can be prepared using the
MA addition and EDA amidation two-step process, under
controlled conditions. The '3C NMR, molecular weights, and
hydrodynamic diameters determined were as expected close to
the theoretical values. AFM imaging has shown relatively
uniform size of the particles. It is known, as previously
experimentally demonstrated, that poly(amidoamine) PAMAM
dendrimers are efficient gene delivery reagents for in vitro and
in vivo applications. These PAMAM dendrimers are not toxic
in biomedical applications.

Preliminary experiments with POMAM hybrid dendrimers
have shown similar transfer activity and are not toxic either in
comparison with POPAM dendrimers.
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