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Abstract

Three generations of peptoid-based dendrimers were synthesised by solid-phase methods, using N-Fmoc—N-(6-N'-Fmoc-aminohexyl)-
glycine as both the initiator core and the monomer unit, which offer an unusual dendrimeric periphery composed of both secondary and
primary amines. The third generation compound proved to be an efficient mediator of transfection while displaying minimal cytotoxicity.

© 2007 Elsevier Ltd. All rights reserved.

Dendrimers are fascinating compounds, offering many
of the properties of more conventional polymers but with
a highly defined shape, molecular mass and with a structure
which displays a large number of functional groups on the
periphery, while ‘hiding’ much internal functionality. Two
dominant synthetic methodologies have been used to gen-
erate dendrimers: (i) a linear approach as initially described
by Végtle,! where surface functionalities grow at an
exponential rate while the numbers of synthetic steps
increases linearly and (ii) a convergent synthesis strategy
as introduced by Fréchet,”> where dendrimeric fragments
are synthesised before condensation to give the full
dendrimeric structure.

Polyamidoamines (PAMAMSs) can be regarded as the
classical dendrimeric material and are typically constructed
by the reaction of methyl acrylate with an initiation unit
such as ammonia, with subsequent treatment with dia-
mines followed by repetitive treatment with methyl acrylate
and diamine. Such dendrimers display multiple primary
amines on their external surface which can vary from 4
(generation 0) to 4096 (generation 10) as well as having a
host of primary amides and tertiary amines within the
global structure.
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PAMAM dendrimers have found extensive practical
application in the area of gene delivery® and a number of
other biomedical applications such as magnetic resonance
imaging (MRI)*® and delivery of RNAI into mammalian
cells.® Another family of dendrimers, which have seen prac-
tical application, are those based on repeating and amplify-
ing amino acid residues, most notably the lysine dendrimers
introduced by Tam’ which offer a chemical route to the
development of high-density antigenic peptides.®

A new step forward, as reported in this Letter, is a
hybrid combination of PAMAM and peptide dendrimers
in which peptoids (N-alkylglycines) are used both as an ini-
tiator and a monomer unit. In this Letter, we describe the
solid-phase synthesis of peptoid dendrimers’'' using N-
Fmoc—N-(6-N'-Fmoc-aminohexyl)-glycine 5 (rather than
Fmoc-Lys(Fmoc) or methyl acrylate and diamine) and
their evaluation as transfection agents. The monomer unit
5 was prepared'®!" by mono protection of 1,6-diamino-
hexane 1 with Boc,O before alkylation with ethyl bromo-
acetate to give ester 3. Saponification of the ester
followed by N-Fmoc protection with Fmoc-succinimide
gave acid 4. Boc deprotection with TFA followed by N-
Fmoc protection with Fmoc-succinimide gave rapid access
to 5'% (Scheme 1).

The dendrimers were assembled with high efficiency
using monomer 5 on PS-Rink amide resin 6 using HOBt/
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Scheme 1. Synthesis of N-Fmoc—N-(6-N'-Fmoc-aminohexyl)-glycine 5.!%!? Reagents and conditions: (i) Boc,O (0.3 equiv), dioxane, 24 h, 91%; (ii) ethyl

bromoacetate (1 equiv), EtsN (3 equiv), THF, 24 h, 55%; (iii) NaOH (1 equiv), CH;OH/H,0/dioxane (3:1:8); (iv) Fmoc-OSu (1 equiv) H,O/CH;CN (1:1),
pH 8.5-9.0, 45 min, 40%; over two steps; (v) TFA/DCM (1:1), 2 h; (vi) Fmoc-OSu (1.2 equiv), DIPEA (2 equiv), THF/H,O (9:1), 16 h, 64% over two

steps.

DIC chemistry and microwave irradiation'' (Scheme 2).
More generally, microwave irradiation offers huge promise
in dendrimer synthesis, allowing reactions to be readily
forced. To ensure coupling completion two colorimetric
tests were used: (i) The Kaiser test for primary amines'?
and (ii) a chloranil test for detecting secondary amines.'*
The first generation dendrimer gave, not unexpectedly,
negative tests after a single coupling, but subsequent gener-
ations required second couplings to ensure 100% reaction.

Following final Fmoc removal the polyamidoamines
were cleaved from the resin using TFA/TIS/DCM
(90:5:5) and precipitated with cold diethyl ether to give rise

0
(ii)
i
(i

to the final compounds in crude yields of 85% (see Fig. 1)
displaying 4, 8 and 16 primary and secondary amines on
their surface just after 1, 2 and 3 coupling steps. MS anal-
ysis of the peptoid dendrimers gave the following data:
positive ES G1 caled (Co4Hs;N;O3) 485.7, found m/z:
486.3 [M+H]", 243.7 [M+2H*"; MALDI-TOF G2 calcd
(C56H115N1507), 110991, found I’I/l/ZI 1110.64 [M+H]+,
MALDI-TOF G3 calcd (C]20H243N3|O]5), 235892, found
m/z: 2359.94 [M+H]".

To evaluate the properties of these compounds as trans-
fection agents, their complexes with pEGFP-N1 (a plasmid
which carries the gene that encodes green fluorescence
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Scheme 2. Solid-phase synthesis of peptoid dendrimers using monomer 5.'' Reagents and conditions: (i) acid 5 (3 equiv), DIC (3 equiv) and HOBt
(3 equiv) in DMF at 0.1 M; microwave irradiation at 60 °C for 20 min; (ii) Fmoc deprotection: 20% piperidine in DMF (2 x 10 min) at room temperature;
(iii) repeat (i) and (ii); (iv) TFA/TIS/DCM (90:5:5) for 2 h. X = (CH.,)s.
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Fig. 1. HPLC trace of crude peptoid dendrimer G3. HPLC conditions:
Gradient from 5% CH3CN to 95% CH;3CN over 12 min on a C18 prodigy
column (150 x 4.60 mm; 5 pm) with evaporative light scattering (ELS)
detection.

protein (GFP)) were incubated with human embryonic kid-
ney (HEK293T) cells. PAMAM 2.0"° was used as a control
as it also possesses 16 amino groups.

Cells were incubated for 48 h with the dendrimer mixed
with the plasmid at various molar ratios'®!” (5:1, 10:1, 20:1
and 40:1). Analysis showed that while generations 1 and 2
had no noticeable effect, G3 was able to transfect
HEK?293T cells with high efficiency (Fig. 2).

Figure 3 shows the viability of HEK293T cells when
treated with peptoid dendrimers G3 and PAMAM 2.0
complexes with the plasmid.'® The peptoid dendrimers
were found to be non-toxic at all of the ratios tested, rein-
forcing the use of these molecules as gene delivery agents.

In conclusion, peptoid dendrimers containing primary
and secondary amines on their periphery have been success-
fully synthesised by solid phase and microwave mediated
methods using a ‘lysine-type’ peptoid monomer. The higher
generation peptoid dendrimers were able to transfect cells
with higher efficiency than the PAMAM counterpart and
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Fig. 2. Transfection activity of peptoid dendrimers G1-G3 and PAMAM
2.0 with HEK293T.'® Ninety-six well plates were used, with each well
containing 0.2 pg of DNA plasmid with different molar ratios'®!” of
transfection agents/DNA.”’
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Fig. 3. Cytotoxicity of G3 peptoid dendrimer with HEK293T cells
compared to PAMAM G2 as measured by the MTT assay.'? Viability was
expressed as the percentage of the untreated control cells. Each bar
represents the mean + SD; n = 3.

were also non-toxic. This can be rationalised by the fact that
a combination of primary and secondary amines is known
to generate a proton sponge effect which can facilitate the
DNA transfection process, by facilitating the release of
the plasmid from the cytoplasmic lysosome.”® Finally, in
areas outside transfection, peptoid dendrimers could also
offer a solution to one of the known problems of peptide
dendrimers, namely their very rapid biodegradation.?!
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Acid 4 (1 g, 2 mmol) was dissolved in TFA/DCM (1:1, 20 mL), and
stirred for 2 h to remove the Boc protecting group. The solution was
concentrated in vacuo and the crude compound precipitated with
diethyl ether to give a sticky oil. The compound was dissolved in
THF/H,0 (9:1, 20 mL) before adding Fmoc-OSu (0.8 g, 2.4 mmol)
and DIPEA (0.64 mL, 4 mmol). The reaction mixture was stirred at
room temperature for 16 h. 1 N HCI (20 mL) was added to the
solution before removing the THF in vacuo. The compound was
extracted with DCM (3 x 30 mL), the organic phase was washed with
brine (3 x 20 mL), dried with magnesium sulfate and then concen-
trated in vacuo. The crude material was purified by column
chromatography on silica gel, eluting with DCM to DCM/MeOH
(9:1, Ry=10.3) to give acid 5 as a white powder (800 mg, 64%). 'H
NMR (CDCl;, 250 MHz): 1.09-1.46 (m, 8H), 3.12 and 3.35 (two br
m, 4H), 3.86 and 3.95 (two br's, 2H), 4.17 (m, 2H), 4.39 and 4.50 (two
m, 4H), 7.23-7.34 (m, 8H), 7.52-7.60 (m, 4H), 7.70-7.76 (m, 4H). >C
NMR (CDCl3, 62.9 MHz): two rotamers ¢ 26.1 and 26.2, 27.7, 28.1,
29.7,40.9,47.3, 48.5, 67.8, 120.0, 124.8 and 125.0, 127.1, 127.7, 141.4,
143.9, 156.1, 156.8, 174.2; mp = 95-100 °C; EST MS C33H35N-04
(618) m/z (%): 619 [M+H]" (100), 641 [M-+Na]" (25); HRMS (ESI):
[M+NH,4]" caled for C33H4,N304, 636.3068; found, 636.3067.
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PAMAM dendrimer, 1,4-diaminobutane core, generation 2.0 solution
20% wt. in methanol was purchased from Sigma—Aldrich.
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