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Alkylene-bridged viologen dendrimers: versatile
cell delivery tools with biosensing propertiest

Dirk Bongard,*® Wilhelm Bohr,” Marta Swierczek,© Tesfaye Hailu Degefa,®
Lorenz Walder® and Roland Brandt®

The synthesis of two types of viologen dendrimers with peripheral carboxyl groups is described. Their
interaction with plasmid DNA and CT-DNA and the influence of time evolution and electrolyte on dendri-
plex formation have been electrochemically investigated. A negative potential shift appearing in the cyclic
voltammograms of the dendrimers indicates dendriplex formation on the time scale of 15 to 19 minutes,
i.e. similar to those determined empirically for other dendrimer types. The presence or absence of the
negative potential shift can be used to check the stability towards sodium chloride and different cell
growth media directing to sucrose for cell incubation experiments. The electrolyte content of commer-
cially available cell growth media inhibits the dendriplex formation in solution prior to plasmid addition.
Furthermore, a low salt stability of 20 mM sodium chloride for viologen dendriplexes has been confirmed,
also recommending the use of lysosomotropic sucrose. The two types of viologen dendrimers have been
combined with two plasmids differing in the number of base pairs. Four immortal cell lines have been
tested to check the suitability of viologen dendriplexes as gene delivery systems. Probably due to the
absence of terminal amino groups and endosomolytic substances only a small transfection efficiency of
dendriplexes was achieved at low pH, generally excluding in vivo applications. With the larger pHSV-eGFP
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Introduction

The overwhelming biological application of dendrimers and
dendritic substances is their use as drug delivery systems and
as transport vehicles for gene therapy. Many substances lend
themselves as candidate system for the non-viral transfection
of mammalian cells. Recent examples of new transfection
agents include cationic lipids, polymers, dendrimers, amino-
fullerenes and polycationic-modified cyclodextrins.”™® In the
past, much effort has been devoted to elucidating the mechan-
ism of DNA release from dendriplexes after cell uptake. For
polyethylen-imine (PEI) dendrimers the proton sponge mech-
anism has been established, and the same mechanism is sus-
pected for polyamidoamine dendrimers (PAMAM), explaining
their high transfection efficiencies.” It is known that endocyto-
sis and endosomal inclusion of the dendrimers and dendri-
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plasmid (5743 bp) no transfected cells were observed indicating a preference for shorter plasmids.

plexes are steps in the cellular uptake, but there is a lack of
knowledge concerning the DNA release in the cell. Considering
the low intracellular diffusion rate of plasmid DNA caused by
the molecular crowding within mammalian cells, the viologen
dendrimers can help to clarify where the endosomal release
occurs - in the perinuclear zone or further away in the cyto-
plasm.’®"" The size of polymeric or dendritic transfection
agents crucially influences their toxicity. Thus, a monomeric
cationic compound may form a DNA complex but may exhibit
non-tolerable toxicity, whereas the corresponding polymeric
compounds generally form the dendriplex more efficiently and
show less relative toxicity, rendering them useful as gene and
cell delivery systems. It was intriguing for us to investigate if
the same can be observed for viologen dendrimers, which
exhibit substantial cell toxicity in their monomeric form.
Viologens are a class of organic salts containing bipyridinium
subunits with two persistent positive charges per viologen
(4,4-bipyridinium) unit. Their most important application is
their use in electrochromic displays.'®> Here not only do the
monomeric N,N'-alkyl and -aryl substituted bipyridinium salts
exhibit electrochromic properties, but supramolecular viologen
stars also show exceptional intramolecular color addition in
their framework."*'* The strong toxicity of monomeric violo-
gens is well-known (Paraquat™) and there are investigations
concerning the cytotoxicity and hematotoxicity of viologen-
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phosphorus dendrimers, revealing a similar toxicity for the
first generation dendrimers compared to the monomeric violo-
gens. Surprisingly, the dendrimer zeroth generation seem to
be non-toxic for some cell lines, but specifically toxic against
cancer cells.">'® One author of the current publication (D.B.)
previously showed that viologen dendrimers can be used as
gene transfection reagents,'” an idea which has been adopted
and extended recently by Asaftei and Oupicky.'®

Principally, cyclic voltammetry requires a redox active
species such as a viologen or ferrocene, and viologen dendri-
mers offer the possibility of investigating the dendriplex for-
mation before incubation using electrochemical methods.
Hvastkovs and Buttry observed a negative potential shift in
detecting the interaction of dsDNA with tetracationic diviolo-
gen compounds.'® The negative potential shift indicates a
stabilization of the Vio®" redox state in the viologens caused by
the interaction with the DNA. It is assumed that such small
viologens are inserted into the minor groove of the DNA. Here
we describe the synthesis of two types of viologen dendrimers
and their interaction with two expression vectors, pEGFP-C1
with 4731 bp and the larger pHSV-eGFP with 5734 bp.
The redox-active 4,4"-bipyridinium-(viologen)-units within the
dendrimers allow an unique electrochemical detection of the
dendriplex formation and the feasibility to check the suit-
ability of different cell growth media.

Furthermore, the preceding development of ultramicro-
electrodes (nanodes) offers the possibility to explore the fate of
dendrimers within a single eukaryotic cell.>*>' Some reports
exist on the versatile utilization of micrometer- and ultra-
micrometer electrodes. The successful amperometric detection
of dopamine and other catecholamines in chromaffin cells has
been reported by Mosharov et al®*> With the help of
micrometer- and submicrometer-sized Pt electrodes the pro-
duction and release of reactive oxygen and nitrogen species
(ROS, RNS) can be amperometrically locally resolved and
detected.”® For small viologens it has been shown that there is
no interaction with the predominant NADH/NAD' redox
system in the cytosol. Viologen dendrimers reveal the possi-
bility to electrochemically elucidate not only the DNA release
of dendriplexes within a mammalian cell, but also the mech-
anism and location of drug release whether the release occurs
in the cytosol or near the cell nucleus (Fig. 1). In this recent
study we found that more flexible dendrimers with hexamethyl-
ene groups between the viologen units gave dendriplexes with
better salt stabilities compared to the methylene bridged
dendrimers, and small transfection efficiencies with CHO and
PC12 cells were achieved with them.

Results and discussion
Syntheses

The synthetic route to obtain the two types of viologen dendri-
mers is shown in Schemes 1 and 2. The peripheral unit 2 and
the adequate mono-quaternary-4,4-bipyridinium salts 3, 4
and 5 have been achieved via the Menschutkin reaction of

9584 | Org. Biomol. Chem., 2014, 12, 9583-9591

View Article Online

Organic & Biomolecular Chemistry

nanoelectrode

plasmid/
dendrimer
complexe

/ proteins
endosome ) /\

e

Fig. 1 Schematic depiction of viologen dendrimer detection within a
single mammalian cell, % viologen dendrimer in oxidized state, and 4 in
reduced state.
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Scheme 1 Synthesis of mono-alkylated viologens: all counter ions
are PFg™.

4,4"-bipyridine in acetonitrile in good yields. After a subsequently
performed anion exchange with 3 M aqueous ammonium
hexafluorophosphate these compounds were ready for the
closed reaction of dendrimers (Scheme 1). Starting from 1,3,5-
tris-bromomethyl-benzene both types of viologen dendrimers
were obtained in Menschutkin reactions to first form the
hydroxymethyl-(p;OH) and hydroxyhexylene precursors
(p.OH) in acetonitrile. The direct conversion of 1,3,5-tris-
bromo-methylbenzene with 1-(2-hydroxy-ethyl)-4,4'-bipyridi-
nium-hexafluorophosphate (5) (prepared according to the
literature®*) in acetonitrile resulted in the 0™ generation den-
drimer Go-OH in a yield of 26%. In the case of the methylene
bridged viologen dendrimers the build up proceeded after the
activation of precursor p;OH with 5.7 M acetic hydrobromic
acid to form the p,Br bromide salt. The following conversion
to the hexafluorophosphate salts prepared precursor p,Br for
the last reaction step with 1-(2-carboxyethyl)-4,4'-bipyridinium-
hexafluorophosphate (2) to afford the according methylene-
bridged 1st generation dendrimer G;,-COOH in a yield of
39.8%. In the case of the hexylene-bridged dendrimer the hexy-
lene chain spacer was inserted via the Menschutkin reaction of

This journal is © The Royal Society of Chemistry 2014
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Scheme 2 Synthesis of the hexylene/methylene bridged viologen dendrimers: all counter ions are PFg~

an anion exchange with aqueous 3 M NH4PF.

1,3,5-tris-bromomethylbenzene with 1-(6-hydroxyhexyl)-4,4'-
bipyridinium salt (3) to form p,OH. The following activation
with hydrobromic acid resulted in precursor p,Br and facili-
tates the attachment of branching unit (1) to yield p;OH. The
last activation step with hydrobromic acid prepared precursor
p;Br for the closing with 1-(5-carboxypentyl-4,4'-bipyridinium-
hexafluorophosphate (4) to achieve dendrimer G4-Hexyl-COOH
in ayield of 41%.

Cyclic voltammetry

In Fig. 2, the time evolution for the dendriplex formation of
G,-COOH and plasmid pC1-eGFP is shown. 20.4 yM G,-COOH
yielded a similar negative potential shift and current to those
described by Hvastkovs and Buttry for tetracationic diviolo-
gens.'® The decrease in current from scan 1 to 5 and the

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 CVs of G;-COOH (20.4 pmol)/pC1-eGFP revealing time depen-
dence of DNA complex formation, with 1: 30 ug G;-COOH; 2: after the
addition of 595 pg pCl-eGFP, + 0.1, and after 3: 5 minutes;

4: 15 minutes and 5: 19 minutes. Cell volume: 500 pl; scan rate: 0.1V s™.
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Fig. 3 CVs of Gj-Hexyl-COOH/pC1l-eGFP with 1: 20 pg Gi-Hexyl-
COOH, and after the addition of 2: 1.4 pg pC1-eGFP + 0.03; 3: 20 mM
sodium chloride and 4: 80 mM sodium chloride. Scan rate: 0.1V s~

potential shift indicate the interaction between the dendrimer
and the DNA (the formation of a dendrimer/DNA complex).
The complex formation takes place over an extended period of
about 19 minutes, and afterwards no further potential shifting
was observed. The formal negative potential shift was
—0.105 V, which is comparable to the —0.123 V shift reported
for the dsDNA complexed diviologen compound reported by
Hvastkovs and Buttry.

A similar potential shift and time dependence has been
observed for both types of viologen dendrimers. Changing the
surface group leads to no significant differences in the electro-
chemical properties of the dendrimers. By synthesising the
more flexible dendrimer we aimed to obtain dendriplexes
with better electrolyte stabilities. In Fig. 3, the electrochemical
features of G;-Hexyl-COOH/pC1-eGFP under the influence of
sodium chloride is shown. We observed the same decrease in
current and the potential shift was preserved up to 20 mM
sodium chloride (scan 1 and 2, Fig. 3). After that, the current
increased and a potential shift to the left side was observed,
which is in contrast to the behaviour of the DNA-containing
methylene-bridged viologen dendrimers and is probably
caused by sodium chloride (scan 3 and 4, Fig. 3).

The same experiment for G;-COOH resulted in a lower salt
stability. For methylene-bridged viologen dendrimers we
found a value of 10 mM showing the influence of both ions,
i.e. a low salt stability as previously described by Marchioni
et al. for methylene-bridged viologen dendrimer complexes
with eosin.>® This means that the substitution of the methyl-
ene groups by hexyl spacers resulted in a 100% better electro-
lyte stability.

The shift in potential can be used to check the different cell
growth media for the electrolyte effect during the incubation
of transfection experiments. In standard cell growth media
such as DMEM or OptiMEM no negative potential shifts could
be observed, which is most likely due to the high content of
electrolytes in these media that prevent the dendriplex for-
mation. For this purpose cyclic voltammetry has been used in
a qualitative way, with the appearance of a negative potential
shift indicating the preservation and a return to the dis-
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Fig. 4 CVs of the Go-OH/calf thymus DNA (CT-DNA) complex in
physiological salt solution, sucrose and cell growth media. Scan rate:
400 mV s7% a. 1: 39 pmol Go-OH in 10 mmol TE, pH 7.5, 2: after the
addition of 110 pmol DNA; 3: addition of 0.7% sodium chloride; b. 1 and
2 are the same as a. 3: after the addition of 0.25 mol sucrose. c.
1: 9.5 pmol Go-OH in DMEM, pH 8.4; 2: after the addition of 130 pmol
CT-DNA d. 1: 39 pmol Go-OH in OptiMEM, pH 8.5; 2: after the addition
of 226.5 pmol CT-DNA.

sociation of the DNA complexes. In Fig. 4, the CVs of G,-OH/
calf thymus DNA complexes in DMEM and OptiMEM are com-
pared to physiological sodium chloride and 0.25 M aqueous
sucrose. Here the measurements were performed in a three
electrode system, in a cell volume of 10 ml and using calf
thymus DNA instead of plasmids. The scan rate was 400 mV s~ .
The electrode was not polished after the first and following-
voltammetric scans. In contrast to the measurements in Fig. 2
where the current decreased after plasmid addition, here
the current increased indicating an adsorption onto the

This journal is © The Royal Society of Chemistry 2014
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electrode surface. The addition of 150 mM sodium chloride re-
established the CV of the pure dendrimer solution indicating
the dissociation of the dendrimer/DNA complex (scans 2 to 3,
Fig. 4) for the Gy-OH/calf thymus DNA system. The cyclic
voltammetric measurements with DMEM and OptiMEM were
carried out in reversed modi operandi. The dendrimer Go-OH
was dissolved in the aqueous cell growth media at pH 8.5 and
the calf thymus DNA was added (scan 2, Fig. 4c and d). The
experiment with DMEM was performed with 9.5 pM G,-OH
and 130 pM CT-DNA, and the analogous OptiMEM trial was
carried out with 4 times more dendrimer and nearly double
the amount of CT-DNA. Although there was no negative poten-
tial shift observed, a small shift of about 10 mV in the positive
direction and an increase in current of 1 pA was visible in both
cases. This indicates a precipitation onto the electrode surface
but was not interpreted as complex formation due to the pres-
ence of four times more dendrimer and double the amount of
DNA. The potential shift and a stable current were only pre-
served in 0.25 M sucrose and in this medium dendriplex incu-
bations (transfections) were successfully achieved.

Transfection experiments

Cell incubations (transfections) were achieved with dendrimer
G,-Hexyl-COOH for CHO and PC 12 cells, albeit with a very low
transfection efficiency. Two expression vectors, pC1-eGFP with
4731 base pairs (bp) and pHSV-eGFP with 5743 bp have been
tested with the result that only dendriplexes of the smaller
vector (2 pg) combined with G;-Hexyl-COOH (2 pg) resulted in
successfully transfected cells (pictures of transfected CHO
cells can be seen in the ESI}).

The crucial experimental condition was the complete exclu-
sion of all electrolytes during the incubation of the dendri-
plexes with the cells. With the larger pHSV-eGFP plasmid
(5743 bp) no transfected cells were observed, indicating a pre-
ference for shorter plasmids. In Fig. 4 it can be seen that the
negative potential shift is obtained only in 0.25 M aqueous
sucrose, indicating the stability of the dendriplexes, whereas
in DMEM and OptiMEM, which are commonly used cell
growth media, and sodium chloride at physiological concen-
tration, the dendriplexes dissociated. Therefore, in aqueous
sucrose the two cell types were transfected with an efficiency
between 0.03 and 1.1% compared to the Superfect transfection
agent and an overall transfection efficiency of 0.003% com-
pared to the total number of treated cells.

However, sucrose combined with the synthetic buffer MES
allows for the use of viologen dendrimers as gene delivery
system for in vitro applications. Ciftci and Levy have demon-
strated that sucrose shows not only a lysosomotropic effect,
but also an enhancement in transfection efficiency.”®

Conclusion

In summary, the purpose of this work is twofold, and concerns
(i) the preparation of new viologen dendrimers structurally tai-
lored for gene transfection and (ii) a new type of electrochemi-

This journal is © The Royal Society of Chemistry 2014
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cal dendriplex analysis which is based on the electroactivity of
certain dendrimer hosts such as the viologen dendrimers pre-
sented here. (i) Two types of alkylene-bridged viologen dendri-
mers have been synthesized with the intention of elucidating
an application as in vivo and in vitro gene delivery systems. In
analogy to the well-known poly(N-ethyl-4-vinylpyridinium)
PEVP polymers we expected a significant transfection
efficiency for viologen dendrimers, even without terminal
amino groups.””

However, due to the absence of terminal amino groups,
which are the deciding structural feature in PAMAM- and PEI
dendrimers and responsible for the high transfection
efficiency, and the absence of endosomolytic substances like
chloroquine we found only a very small transfection efficiency
for viologen dendriplexes. The disadvantage for PAMAM and
PEI dendrimers is a more or less pronounced cytotoxicity
based on the pH dependent ratio of protonated to non-proto-
nated primary amino groups, which prevents in vivo appli-
cation. The persistent pH independent positive charges in the
framework of viologen dendrimers endow them with a low
cytotoxicity compared to PAMAM and PEI dendrimers whilst
providing a sufficient drug and DNA complexation.

The cellular uptake, haemotoxicity and cell viability of
structurally cognated viologen-phosphorus dendrimers in
erythrocytes has been confirmed.'® The advantage of quatern-
ary amino groups in viologen dendrimers containing bipyridin-
ium units culminate for 0™ generation viologen dendrimers
in terms of specific toxicity against cancer cells and almost
non-toxic behaviour against common immortal cell lines. Sur-
prisingly, only the combination of the smaller plasmid
together with the more flexible hexylene-bridged viologen den-
drimer showed positive results. Bearing in mind the low elec-
trolyte stability that has been confirmed for eosin/viologen
dendrimer complexes by Marchioni et al.>® in vivo drug deliv-
ery systems may be excluded.

(i) A new electrochemical method is presented which
allows us to discriminate between free viologen dendrimers
and the viologen dendrimer condensing DNA chains from
peak currents and peak potential shifts in cyclic voltammetry.
Most importantly, we found a relatively easy way to study the
influence of the NaCl concentration or more generally of the
electrolyte concentration on the dendriplex stability by cyclic
voltammetry. These results correlate nicely with the observed
transfection ability, i.e. reliable transfection conditions can be
optimized from the cyclic voltammetry results. If such electro-
chemical dendriplex monitoring could be combined with
ultramicroelectrodes within single mammalian cells, it may be
possible to monitor dendriplex dissociation in a spatially
resolved manner.

Furthermore, viologen dendrimers are a promising tool for
a wide range of bioanalytical and biomedical applications, i.e.
related to the methyl-(benzyl) viologen/hydrogenase assay>® >
the electrochemical detection of reduced viologen dendrimer
species in single mammalian cells could be possible. Another
intriguing problem to be tackled is the preference of groove
binding reported for small viologen oligomers with dsDNA"®
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and the condensation of DNA with viologen dendrimers
reported in the current paper.

Experimental section
Syntheses

All of the chemicals used for synthesis were of analytical
grade. NMR spectra were recorded with a Bruker-Avance-250
(250 MHz) spectrometer, (§ in ppm). MS spectra were recorded
using an Agilent-HP-1100 spectrometer operating in the API-ES
mode (m/z (rel%)).

1,3,5-Tris-(bromomethyl)-benzene was purchased from
Aldrich. The synthesis of 1-(3,5-dihydroxymethyl-phenyl)-4,4'-
bipyridinium-hexafluorophosphate (1) is described by Kathire-
san et al.®® The synthetic procedures for the hexa-(hydroxy-
methyl)-(p;OH) and hexa-(bromomethyl)-(p,Br) precursors are
described by Heinen.>* The peripheral unit, 1-(2-hydroxyethyl)-
4,4"-bipyridinium-hexa-fluorophosphate (5) is described by
Léon.>*

General procedure for the counter ion exchange to the
chloride salts: 5-30 mg of the hexafluorophosphate salts were
dissolved in 1 ml acetonitrile, and dropped into 1 ml 0.5 M
tetrabutylammonium-chloride-acetonitrile solution. The pre-
cipitates were filtered off and dried in vacuo to obtain 50-77%
of the hygroscopic products.

Synthesis of 1-(2-carboxyethyl)-4,4"-bipyridinium-hexafluoro-
phosphate (2). 4,4-Bipyridine (1 g, 6.4 x 10> mol) was dis-
solved in 25 ml acetonitrile. 3-Bromo-propionic acid (0.91 g,
6.0 x 107° mol), dissolved in 15 ml acetonitrile, was added
at 40 °C. After stirring under reflux for 16 hours the
precipitate was filtered off and dissolved in 30 ml water. After
extraction with 15 ml dichloromethane the aqueous solution
were evaporated to dryness. Yield: 0.92 g (3.0 x 10~ mol),
47%.

The crude product was dissolved in 3 ml water and dropped
into an aqueous solution of 2 ml ammonium-hexafluoro-
phosphate (3 molar). The precipitate was collected and dried
to yield 0.68 g (61.3%) of a white powder, m.p. 257 °C
(decomp.)

5y (250 MHz, D,0): 8.95 (d, ] = 6.6 Hz, 2H, Vio); 8.76 (d,
3] = 6.3 Hz, 2H, Vio); 8.32 (d, *J = 6.6 Hz, 2H, Vio); 8.06 (d, ] =
6.4 Hz, 2H, Vio); 4.79 (t, *] = 6.4 Hz, CH,, 2H); 2.97 (t, 7] =
6.4 Hz, CH,, 2H).

¢ (63 MHz, D,0): 173.7 (1C, COOH); 151.0 (1C, Cq, Vio);
144.9 (2C, CH, Vio); 143.8 (2C, CH, Vio); 143.3 (1C, Cq, Vio);
124.7 (2C, CH, Vio); 122.53 (2C, CH, Vio); 56.2 (1C, CH,); 34.6
(1C, CHy,).

API-ES MS: m/z: 229.1 (100%); 229.9 (10%).

Synthesis of  1-(6-hydroxyhexyl)-4,4"-bipyridinium)-hexa-
fluorophosphate (3). 0.814 g (5.21 x 10~ mol) 4,4"-bipyridine
was dissolved in 10 ml acetonitrile. 1 g (5.52 x 10~ mol)
6-bromo-1-hexanol dissolved in 5 ml acetonitrile was added
within 30 minutes at 40 °C. After 18 hours under reflux the
precipitate was filtered off, washed three times with ether and
dried under vacuum to yield 0.94 g of a yellow salt.
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A subsequently performed anion exchange with 2 ml
aqueous 3 M ammonium-hexafluorophosphate gave 0.83 g
(39.8%) of a greyish-white powder.

Su (250 MHz, CD;CN): 8.88 (d, °J = 7.5 Hz, 2H, Vio); 8.82 (d,
3] = 5.0 Hz, 2H, Vio); 8.36 (d, *J = 7.5 Hz, 2H, Vio); 7.94 (d, *] =
5.0 Hz, 2H, Vio); 4.59 (t, *J = 7.5 Hz, 2H, CH,); 3.52 (t, %] =
5.0 Hz, 2H, CH,); 2.77 (s, 2H, CH,); 1.49 (t, °J = 7.5 Hz, 4H,
CH,).

Sc (63 MHz, CD;CN): 153.37 (Cq, 1C, Vio); 149.45 (Cq, 1C,
Vio); 145.01 (CH, 2C, Vio), 143.44 (CH, 2C, Vio); 126.28 (CH,
2C, Vio); 123.24 (CH, 2C, Vio); 61.96 (CH,, 1C); 61.69 (CH,,
1C); 32.48 (CH,, 1C); 31.24 (CH,, 1C); 25.76 (CH,, 1C); 25.33
(CH,, 1C).

API-ES MS: m/z: 256.96 (100%), 257.9.

Synthesis of 1-(5-carboxypentyl)-4,4"-bipyridinium-hexa-
fluorophosphate (4). 4,4"-Bipyridine (1 g, 6.4 x 10> mol) was
dissolved in 25 ml acetonitrile and 6-bromo-capronic acid
(1.17 g, 6.0 x 10~ mol) dissolved in 15 ml acetonitrile was
added in 2 hours. After 20 hours stirring at 90 °C the precipi-
tate was filtered off, washed three times with 10 ml ether and
dissolved in 10 ml water. The anion exchange with 2 ml
3 molar ammonium-hexafluorophosphate gave 0.66 g (2.43 x
10~ mol), 40.5% of a white powder.

8u (250 MHz, CD;CN): 8.76 (d, °J = 4.93 Hz, 2H, Vio); 8.68
d, *J = 6.11 Hz, 2H, Vio); 8.22 (d, ] = 5.73 Hz, 2H, Vio); 7.70
d, %] = 4.91 Hz, 2H, Vio); 4.46 (t, *] = 7.34 Hz, 2H, CH,); 2.22
t, ] = 7.08 Hz, 2H, CH,); 1.93 (q, *J = 7.88 Hz, 2H, CH,); 1.55
q, *J = 7.38 Hz, 2H, CH,); 1.35 (t, >J = 7.4 Hz, 2H, CH,).

5¢ (63 MHz, CD;CN): 174.04 (1C, COOH); 154.03 (1C, Cq,
Vio); 151.04 (2C, CH, Vio); 144.91 (2C, CH, Vio); 141.39 (1C,
Cq, Vio); 126.04 (2C, CH, Vio); 121.91 (2C, CH, Vio); 61.22 (1C,
CH,); 32.72 (1C, CH,); 30.51 (1C, CH,); 24.93 (1C, CH,); 23.72
(1C, CHy).

API-ES MS: m/z: 271.2 (100%); 272.2 (20%).

Synthesis of 1,3,5-tris-(((2-hydroxyethyl)-4,4"-bipyridinium)-
methyl)-benzene-hexakis-hexafluorophosphate  Gy-OH. 1-(2-
hydroxyethyl)-4,4"-bipyridinium-hexafluorophosphate (1.04 g,
3.04 x 107 mol) was dissolved in 30 ml acetonitrile, 1,3,5-tri-
(bromomethyl)-benzene (0.180 g, 0.5 x 10~° mol) was added in
three portions and the reaction mixture was stirred under
reflux for 20 hours. The yellow product precipitated after
2 hours. At the end of the reaction the precipitate was filtered
off and washed 3 times with acetonitrile to yield 0.234 ¢
(33.6%) Br-/PF¢-salt. The crude product was dissolved in 5 ml
water and dropped into an aqueous solution of 3 mol
ammonium-hexafluorophosphate. The precipitate was filtered
off and dried to give a greyish-white powder. Yield: 0.204 g
(25.7%), m.p. 236 °C (decomp.), MW (C45H4sNgO3PcF36):
1590.66 ¢ mol ™.

8y (250 MHz, CD;CN): 8.94 (dd, *] = 6.4 Hz, ] = 2.5 Hz,
12H, Vio); 8.42 (t, *J = 6.9 Hz, 12H, Vio); 7.69 (s, 3H, aromat.
H); 5.86 (s, 6H, CH,); 4.72 (t, ’J = 4.6 Hz, 6H, CH,); 4.02 (t, *] =
4.6 Hz, 6H, CH,); 3.49 (t, °] = 5.3 Hz, 3H, OH).

Sc (63 MHz, CD;CN): 151.14 (3C, Cq, Vio); 150.38 (3C, Cq,
Vio); 146.51 (6C, CH, Vio); 146.20 (6C, CH, Vio); 135.32 (3C,
Cq, aromat.); 132.27 (3C, CH, aromat.); 127.88 (6C, CH, Vio);

(
(
(
(
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127.23 (6C, CH, Vio); 64.44 (3C, CH,); 64.03 (3C, CH,); 60.62
(3C, CH,).

Synthesis of G;-COOH - octadecakis-(hexafluorophosphate).

(0.070 g, 3.06 x 10> mol) (p;Br) was dissolved in 8 ml
acetonitrile and (0.085 g, 2.27 x 10™* mol) 1-(2-carboxyethyl)-
4,4"-bipyridinium-hexafluorophosphate (2) was added. After
stirring for 4 days at 70 °C the yellow precipitate was
collected and dissolved in methanol-water (1 :1). The solution
was dropped into an mixture of 1 ml aqueous 3 molar
ammonium-hexafluorophosphate and 4 ml water. The white
precipitate was filtered off and dried to yield 0.031 g of the
product. The filtrate of the reaction mixture was evaporated
to dryness and the residue was treated with the same pro-
cedure to obtain 0.029 g of the product. Overall yield: 0.060 g
(122 x 107> mol), 39.8%. MW (Ci44H135F105N15015P15):
4903.14 g mol ™",

5y (250 MHz, CD;CN): 8.88-8.83 (m, CH, arom., Vio, 36H);
8.41-8.30 (m, CH, arom., Vio, 36 H); 7.60 (s, CH, arom., 9H);
7.55 (s, CH, arom., 3H); 5.83 (s, CH,, 12H); 5.74 (s, CH,, 12H);
4.75-4.69 (b, CH,, 12H); 2.99 (b, CH,, 12H).

¢ (63 MHz, CD;CN): §(ppm): 150.98 (6C, Cq, Vio); 150.36
(6C, Cq, Vio); 146.81 (12C, CH, Vio); 146.15 (24C, CH, Vio);
135.50 (6C, Cq, arom.); 135.44 (6C, Cq, arom.); 132.43 (9C, CH,
arom.); 127.81 (24C, CH, Vio); 127.09 (12C, CH, Vio), 64.06
(12C, CH,); 58.42 (6C, CH,); 35.11 (6C, CH,).

Synthesis of tris-[(6-hydroxyhexyl)-4,4"-bipyridinium-1,3,5-
methyl]-benzene-hexafluorophosphate (p,OH). 0.110 g (2.73 x
10™* mol) 1-(6-hydroxyhexyl)-4,4"-bipyridinium-hexafluoro-
phosphate (3) was dissolved in 10 ml methanol and 0.017 g
(4.55 x 10> mol) 1,3,5-tris-bromomethyl-benzene dissolved in
3 ml methanol was added. After 36 hours stirring under reflux
the precipitate was collected, washed four times with ether
and vacuum dried. After anion exchange the greyish-white
product was dried again to give 0.017 mg (9.7 x 10~° mol),
21% of the hexafluorophosphate salt. MW (Cs,H;,F36NgO3Pg):
1759.02 g mol™".

Sy (250 MHz, CD;CN): 8.95 (t, °J = 5.81 Hz, 12H, Vio); 8.43
(d, % = 7.08 Hz, 12H, Vio); 7.69 (s, CH, arom., 3H); 5.86 (s,
CH,, 6H); 4.65 (t, >J = 7.43 Hz, CH,, 6H); 3.52 (t, ] = 7.3 Hz,
CH,, 6H); 3.39 (t, ’J = 5.6 Hz, 3H, OH); 1.97 (q, *J = 2.46 Hz,
CH,, 6H); 1.44 (q, *] = 2.53 Hz, CH,, 18H).

5c (63 MHz, d°>-DMSO): 150.26 (Cq, 3C, Vio); 149.12 (Cq, 3C,
Vio); 146.88 (CH, 6C, Vio), 146.65 (CH, 6C, Vio); 136.31 (Cq,
arom., 3C); 131.48 (CH, arom., 3C); 127.72 (CH, 6C, Vio);
127.47 (CH, 6C, Vio); 63.55 (CH,, 3C); 61.86 (CH,, 3C); 61.30
(CH,, 3C); 33.01 (CH,, 3C); 31.73 (CH,, 3C); 26.20 (CH,, 3C);
25.81 (CH,, 3C).

Synthesis of 1,3,5-tris-(((6-bromohexyl)-4,4'-bipyridinium)-
methyl)-benzene-hexakis-hexafluorophosphate (p,Br). 0.150 g
(7.8 x 107> mol) tris-[(6-hydroxyhexyl)-4,4"-bipyridinium-1,3,5-
methyl]-benzene-hexafluorophosphate (p,OH) was dissolved
in 13.5 ml 5.7 M hydrobromic acid and stirred for 2 days at
room temperature. The hydrobromic acid was evaporated and
the residue dissolved in 5 ml methanol-water (1:1). The solu-
tion was dropped into 2.5 ml 3 molar ammonium-hexafluoro-
phosphate. The precipitate was collected and dried under high
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vacuum to yield 0.135 g (6.9 x 107> mol), 88.5%. MW
(Cs,HgoBr3F36NgPg): 1947.71 g mol ™.

Sy (250 MHz, CD;CN): 8.95 (t, °J = 7.3 Hz, 12H, Vio); 8.40
(d, °J = 6.9 Hz, 12H, Vio); 7.70 (s, 3H, CH, arom.); 5.87 (s, 6H,
CH,); 4.64 (t, ] = 7.5 Hz, 6H, CH,); 3.52 (t, *] = 6.7 Hz, 6H,
CH,); 2.25 (q, 12H, CH,); 1.47 (q, 12H, CH,).

5c (63 MHz, d°-DMSO0): 150.19 (Cq, 3C, Vio); 149.27 (Cq, 3C,
Vio); 146.90 (CH, arom., 6C, Vio); 146.61 (CH, arom., 6C, Vio);
136.37 (Cq, arom., 3C); 131.60 (Cq, arom., 3C); 127.80 (CH, 6C,
Vio); 127.50 (CH, 6C, Vio); 63.51 (CH,, 3C); 61.76 (CH,, 3C);
35.85 (CH,, 3C); 32.71(CH,, 3C); 31.42 (CH,, 3C); 27.72 (CH,,
3C); 25.37 (CH,, 3C).

Synthesis of the hexa-hydroxymethyl-precursor (p;OH).
(0.05 g, 2.6 x 107> mol) 1,3,5-tris-(((6-bromohexyl)-4,4-bipyridin-
ium)-methyl)-benzene (p,Br) was dissolved in 5 ml nitro-
methane and (0.093 g, 2.05 x 10~* mol) 1-(3,5-dihydroxymethyl-
phenyl)-4,4"-bipyridinium-hexafluorophosphate (1) was added.
The reaction mixture was stirred at 100 °C for 24 hours. After
cooling the solvent was evaporated and the residue was dis-
solved in methanol-water (1: 1) and dropped into a solution of
3 ml aqueous 3 molar ammonium-hexafluorophosphate. The
precipitate was filtered off and dried under high vacuum to
yield 0.092 g, (2.6 x 107> mol), 97% of a brown powder. MW
(C114H126F72N1,06P15): 3499.89 ¢ mol ™.

Su (250 MHz, CD;CN): 8.95 (d, °J = 5.9 Hz, 24H, Vio); 8.42
(d, ] = 6.1 Hz, 24H, Vio); 7.69 (s, 3H, CH arom.); 7.57 (s, 3H,
CH arom.); 7.41 (s, 6H, CH arom.); 5.85 (s, 12H, CH,); 4.64 (s,
24H, CH,); 3.49 (t, 6H, OH, ] = 3.6 Hz); 1.97 (m, 12H, CH,);
1.49 (t, 12H, *J = 6.0 Hz).

¢ (63 MHz, CD;CN): 150.51 (Cq, 3C, Vio); 150.3 (Cq, 3C,
Vio); 150.16 (Cq, 3C, Vio); 150.10 (Cq, 3C, Vio); 146.23 (CH, 6C,
Vio); 146.11 (CH, 6C, Vio); 145.95 (CH, 6C, Vio); 144.24 (CH,
6C, Vio); 135.30 (Cq, 6C, arom.); 134.13 (Cq, 3C, arom.); 132.20
(CH, 6C, arom.); 131.90 (CH, 3C, arom.); 129.05 (CH, 6C,
arom.); 127.85 (CH, 6C, Vio); 127.66 (CH, 6C, Vio); 126.66 (CH,
6C, Vio); 126.37 (CH, 6C, Vio); 64.56 (CH,, 3C); 64.03 (CH,,
3C); 63.46 (CH,, 6C); 62.92 (CH,, 3C); 62.29 (CH,, 3C); 30.97
(CH,, 6C); 25.31 (CH,, 6C).

Synthesis of the hexa-bromomethyl-precursor (p;Br).
(0.04 g, 1.14 x 10~° mol) (p;OH) was dissolved in 7 ml 5.7 M
hydrobromic acid-acetic acid and stirred for 48 hours at RT.
The hydrobromic acid was evaporated and the solid residue
was dissolved in 5 ml methanol-water and an anion exchange
with 2 ml 3 molar ammonium-hexafluorophosphate was
performed.

After drying the precipitate a brown powder was
obtained, yield 0.055 g (1.42 x 107> mol), 89%. MW
(C114H120BrgF5,N1,P15): 3877.28 ¢ mol ™.

Su (250 MHz, CD;CN): 8.96 (d, °J = 7.1 Hz, 24H, Vio); 8.43
(d, ] = 6.5 Hz, 24H, Vio); 8.11 (d, ] = 6.8 Hz, Vio); 7.84 (s, 3H,
CH arom.) 7.70 (s, 6H, CH arom.); 7.52 (s, 3H, CH arom.); 5.86
(s, 12H, CH,); 4.67 (s, 12H, CH,); 4.64 (s, 12H, CH,); 2.04
(m, 12H, CH,); 1.44 (b, 12H, CH,).

Synthesis of G;-hexyl-COOH dendrimer. (0.02 g, 5.71 x 10~°
mol) (ps;Br) was dissolved in 10 ml nitromethane and (0.023 g,
8.57 x 107> mol) 1-(5-carboxypentyl)-4,4"-bipyridinium-hexa-
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fluorophosphate (4) was added. After stirring at 80 °C for
36 hours the reaction mixture was evaporated to dryness, the
residue re-dissolved in 5 ml methanol-water and an anion
exchange with 1 ml ammonium-hexafluorophosphate (3 M)
solution was performed to yield 0.016 g (2.33 x 10~° mol), 41%
of a brown powder. PFs -salt: MW (Cyp10H234N24015P24F144):
6765.35 g mol™" Cl -salt: MW (Cj10H»34N54015Clyy): 4221.34 g
mol ™.

Sy (250 MHz, CD5CN): 8.93 (d, *J = 5.9 Hz, Vio, 48H); 8.42
(t, *] = 5.8 Hz, Vio, 48H); 7.69 (s, CH arom., 12H); 5.86 (s, CH,,
24H); 4.65 (t, ] = 7.1 Hz, CH,, 24H); 3.48 (q, 6H, COOH); 2.34
(t, CH,, 12H); 1.95 (m, 24H, CH,); 1.67 (t, >J = 6.7 Hz, CH,,
12H); 1.44 (t, >J = 6.7 Hz, CH,, 24H).

5¢ (63 MHz, D,0, Cl7): 151.19 (Cq, Vio, 12C); 146.03 (CH,
Vio, 36 C); 135.43 (Cq, arom., 12C); 131.99 (CH, arom., 12C);
127.75 (CH, Vio, 24C); 127.38 (CH, Vio, 12C); 63.95 (CH,, 12C);
62.34 (CH,, 6C); 49.19 (CH,, 6C); 30.78 (CH,, 6C); 30.52 (CH,,
12C); 25.06 (CH,, 12C).

Cyclic voltammetry

The cyclic voltammetric measurements give an insight into the
complex formation and offer a method to check the electrolyte
stability of the dendriplexes in the presence of the cell growth
media. The cyclic voltammetric measurements in Fig. 2 and 3
were carried out with a three-electrode system under argon,
using a glassy carbon working electrode (0.018 cm?) in a
volume of 500 microliters against a 0.1 M Ag/AgCl-reference.
The 10 mM TE-buffer was adjusted to pH 7.5. The working
electrode was polished for every measurement. This excludes
current contribution from accumulated precipitations but
does not prevent adsorption during a single scan. Unless men-
tioned otherwise, the scan rate was 0.1 V s™'. The measure-
ments in Fig. 4 were performed in 10 ml TE buffer (10 mM)
with calf thymus DNA (CT-DNA) using a glassy carbon working

electrode (0.07 cm?®) at a scan rate of 400 mV s .

Cell culture and transfection experiments

CT-DNA, plasmid DNA and cells. Calf thymus DNA
(CT-DNA) was purchased from Sigma-Aldrich (D4522). The
eukaryotic expression plasmid pC1-eGFP contains an eGFP
reporter gene, the viral promoter of the cytomegalovirus (CMV)
and a kanamycin/neomycin resistance marker and is commer-
cially available from Clontech (Mountain View, CA). The viral
HSV amplicon plasmid contains the eGFP reporter gene under
the control of the viral promoter HSV-1 IE 4/5 and an ampi-
cillin resistance marker as described previously.*> Plasmids
were isolated after transformation from E. coli (DH 5a) accord-
ing to the “Pure Yield™” plasmid protocol from Promega.
CHO cells were grown in a-MEM with 10% fetal bovine serum
(FBS), 2 mM glutamine and 50 units ml™" penicillin and 50 pg
ml ™" streptomycin. NIH 3T3 cells were maintained in DMEM
with 10% FBS, 2 mM glutamine and 50 units ml~" penicillin
and 50 pg ml™"' streptomycin. Human teratocarcinoma cells
(NT2 cells) were grown in DMEM containing 10% FBS, 5%
horse serum (HS), 2 mM glutamine and 50 units ml~" penicil-
lin and 50 pg ml™" streptomycin. Rat pheochromocytoma PC
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12 cells were cultured in DMEM supplemented with 10% HS,
5% FBS, 2 mM glutamine and 50 units ml™" penicillin and
50 pg ml™" streptomycin. When they were about 70% conflu-
ent, the cells were split and maintained at 37 °C in a 5% CO,
humidified atmosphere.

Transfection experiments. Prior to transfection, cells were
seeded at a density of 2 x 10> cells per well. For transfections,
cells were rinsed with PBS, and 160 pl aqueous sucrose
(0.25 M) and 40 pl MES buffer (10 mM) were added, ensuring a
pH of 4.5. A complex was formed with dendriplex solution con-
taining 2 pg plasmid in TE buffer and 2, 4 or 6 pg dendrimer
in its chloride form and incubated for 10 min. Then the solu-
tion was filled up to 500 pl and added to the cells. After
3 hours incubation at 37 °C in a 10% CO, atmosphere the
sucrose solution was substituted with serum-containing
medium. The cells were further incubated for 36 hours, fixed
with 4% formaldehyde in PBS for 20 min, rinsed with PBS and
incubated with 0.1 M glycine in PBS for 20 min. Nuclei were
stained with DAPI.
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