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Abstract: Positively charged dendronized polymers with protonated amine groups at the periphery and
different dendron generations are cylindrically shaped nanoobjects whose radii and linear charge densities
can be varied systematically. These polyelectrolytes have been complexed with DNA and subsequently
adsorbed on precoated mica substrates. The analysis of scanning force microscopy data indicates that
DNA wraps around the dendronized polymers. The calculated pitch is 2.30 £ 0.27 and 2.16 £ 0.27 nm for
DNA wrapped around dendronized polymers of generation two and four, respectively. The complex with
the second generation has been shown to be negatively charged, which is consistent with the theory of
spontaneous overcharging of macro-ion complexes, when the electrostatic contribution to the free energy
dominates over the elastic energy. The complexes may be of interest for the development of nonviral gene
delivery systems.

Introduction the biological material and therefore affect the efficiency of
In viruses and cells, DNA is organized in tightly packed transfection, which depends in particular on the structure, size,
structures. Much research has been carried out in order to obtai?nd charge density of the dendrimérklowever, again, the
insight into the mechanisms of condensation and aggregationStructure of this self-assembled nonviral gene delivery system
of DNA,* which both can be induced in vitro by a variety of i not well understood?
positive ions, due to electrostatic interactions with the oppositely  On the other hand, a well-known ordered structure of
charged phosphate groups on the DNA backbone. DNA compacted DNA is found in the nucleus of eukaryotic cells,
molecules condense into toroids and rods in the presence ofwhere the DNA is associated with histone proteins to form the
multivalent cationdor polyamine? (polyplexes), but the result- ~ chromatin. X-ray crystallography has shown that, within the
ing structures were not resolved on the molecular level. Also nucleosome, the smallest unit of the chromosome, 146 bp DNA
in complexes formed with cationic polyméfsand cationic ~ Wraps in 1.65 turns around the histone octariidiiee a thread
dendrimer$, the molecular structure remains unclear, while around a spool. Interestingly, the nucleosomal core particles have
X-ray diffraction on complexes formed from DNA and cationic & net negative charge because the negative charge of the wrapped
lipids (lipoplexes) reveals multlammellar structures. Most of DNA is significantly larger than the total positive charge of
the synthetic cationic agents forming these complexes andthe histone protein octamét!3
aggregates are developed for potential use as DNA vectors in  Aside from the biological and medical aspects, the molecular
novel gene therapies. An example is the spherical poly- structure of polyelectrolyte complexes may be used to improve
(amidoamine) (PAMAM) dendrimet. The structure of its our general understanding of polyelectrolyte interactions. Poly-
complex with DNA can influence the in vivo interactions with  electrolyte adsorption on charged flat surfaces or spheres (i.e.,
*To whom correspondence should be addressed. A.D.S.: pHolg, layer-by-layer adsorptidf) has been a focus in experimental
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Chart 1. Chemical Structures of the Used Dendronized Polymers
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structure of complexes formed between a stiff charged cylinder of generations two, three, and four possessed approximately the

and an oppositely charged flexible or semiflexible polymer have same chain length and polydispersity but varying numbers of

been investigatet.*®However, experimentally the structure of charges as well as radii. The obtained complexes were adsorbed

single polyelectrolyte complexes remains a challefge. on bare, negatively charged mica or on mica coated with a
Here we report on the complex formation of DNA molecules positively charged polymer, and then imaged by scanning force

with cylindrically shaped dendronized polymers. Starting with microscopy (SFM).

the amino-terminal dendronized polystyrene of generation one, _

higher generations were obtained by the so-called mixed “attach-Materials and Methods

to” approact?®21 Thus, the synthesized dendronized polymers Starting with a core dendronized polymer PGif generation one

(here the superscript “P” indicates the protection by trimethylsilylethyl-
oxycarbonyl), higher generations (two, three, and four) were obtained

(17) Park, S. Y.; Bruinsma, R. F.; Gelbart, W. Murophys. Lett1999 46,
454,

(18) Kunze, K.-K.; Netz, R. REurophys. Lett2002 58, 299. by subsequent deprotection and dendronization steps (Chart 1).

19) Dautzenberg, HVlacromolecule1997 30, 7810.

Ezog Shu, L.; sa?m, A.; Schiiter, A. D. Macromolecule200Q 33, 4321. In the present study we have used the unprotected (charged)
(21) Schlder, A. D.; Rabe, J. PAngew. Chem., Int. E00Q 39, 864. analogues of generations two (PG2) and four (PG4), having a molar
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Figure 1. High-resolution SFM images. (a) Dendronized polymer PG4 deposited onto freshly cleaved miepaDINA/PG4 complexes of charge ratio
1:0.7 precipitated onto poly-ornithine-coated mica. The scale bars represent 250 nm.

mass per repeat unit of 1285 and 5089 g/mol (including their solution was shaken for 1 min. Longer preparation times of about 10
counterions), respectively, with a quantified structure perfection of 97 min did not give different results. The sample was then prepared as
+ 1% (for PG4)? The number of charges per repeat unit was 4 for described above.
PG2 and 16 for PG4, which mesa 4 times higher linear charge density Scanning force microscopy (SFM) images were recorded using a
for PG4 compared to that for PG2. The molar mass distribution of the MultiMode scanning probe microscope (Digital Instruments, Inc., Santa
core dendronized polymer P&Was characterized by analytical gel Babara, CA) that was operated in tapping mé&d@lympus etched
permeation chromatography (GPC) measurements. All charged den-silicon cantilevers were used with a typical resonance frequency in the
dronized polymers were soluble in water, and each generation wasrange of 200-400 kHz and a spring constant of 42 N/m. All samples
stored in a stock solution (5 mM-[2-hydroxyethyl]piperazineN'-[2- were measured at room temperature in air environment. SFM height
ethanesulfonic acid] (HEPES), NaOH at pH 7.5) at a concentration of measurements were based on the cross-sectional profiles.
12 ngilL. pUC19 plasmid DNA was linearized usirBanH!| (New
England Biolabs, Frankfurt, Germany). After purification with QlAprep
Spin Miniprep Kit (Qiagen, Hilden, Germany), its concentration was  Single dendronized polymers (PG2 and PG4) were deposited
determined by light absorbance at= 260 nm. from buffer solutions onto freshly cleaved mica and visualized
For substrates we used freshly cleaved mica (PLANO W. Plannet \ij5 SEM. Figure 1a shows single PG4.

GmbH, Wetzlar, Germany) or poly-ornithine (molar mass 30 080 The visualized polymers were analyzed by determining
70000 g/mol, S'gr.na’ St. Louis, MO)-coated mica. For the coating, a contour length distributions and heights. To evaluate the contour
freshly cleaved mica surface was placed onto @.5droplet of 0.1 S .

length distributions, the contour of each single molecule was

mg/mL poly+-ornithine solution for 5 min, rinsed three times with O . . . .
deionized water, and then dried under a stream.afas. While freshly ~ divided into straight segments of-% nm. For this analysis,

cleaved mica serves as a negatively charged suffabe, polymer- only such dendronized polymers were selected which possessed

coated surface is positively charged. two clearly recognizable ends. The histograms of the contour
Isolated dendronized polymers were deposited onto freshly cleaved lengths of about 100 molecules of PG2 and PG4 are displayed

mica substrates similarly from diluted dendronized polymer stock in Figure 2a.

solutions. With the same procedure, also DNA molecules were  The data were fitted using the SchuElory number distribu-

deposited onto poly-ornithine-coated mica substrates from a buffer  tion, since the dendronized polymers were synthesized via

solution (5 mM HEPES, NaOH at pH 7.5) diluted to a DNA  radical polymerization and possess a high degree of polymer-
concentration of 1 ngl. ization:

DNA/dendronized polymer complexes were formed by adding an
appropriately diluted dendronized polymer stock solution to a DNA
buffer solution. The different dilutions resulted in DNA/dendronized
polymer charge ratios of 1:10, 1:5, 1:2.5, and 1:1 through 1:0.1, taking ) o -
into account that 1 ng of DNA contains 159 102 negative charges ~ WhereP is the degree of polymerization ands the probability
(molar mass of 649 g/mol per bp) and 1 ng of each PG2 and PG4 Of propagation. The number-average molecular lerfhl=
contains 1.9« 10'2 positive charges. Each DNA/dendronized polymer Y (NiL;)/3 N;, the weight-average molecular length,O=
mixture was allowed to adsorb onto freshly cleaved and pely- 5 (NiLi?)/Y (NiLi), and the length polydispersity PB L7
ornithine-coated mica substrates. First, the DNA/dendronized polymer [ ,Cwere calculated (Table 1). Overall, no significant changes

Results

h(P) = o” In 1)

(22) Shu, L.; Schilter, A. D.; Ecker, C.; Severin, N.; Rabe, J.Ahgew. Chem., (24) Zhong, Q.; Inniss, D.; Kjoller, K.; Elings, V. BSurf. Sci. Lett1993 290,
Int. Ed. 2001, 40, 4666. L688.

(23) Nishimura, S.; Biggs, S.; Scaled, P. J.; Healy, T. W.; Tsunematsu, K.; (25) SamorP.; Francke, V.; Mangel, T.; Mien, K.; Rabe, J. POpt. Mater.
Tateyama, TLangmuir1994 10, 4554. 199§ 9, 390.
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19 molecules was damaged. The apparent persistence length of
DNA molecules adsorbed onto mica substrates precoated with
positively charged poly-ornithine was 15.4t 0.5 nm, as
determined by a shape analy&isThis is smaller than that of
DNA molecules adsorbed on untreated mica from a MgCl
solution @ = 53 nm). The difference suggests that DNA
molecules adsorbed on palyernithine-treated mica are kineti-
cally trapped on the surfa@é?® The height of the DNA
molecules in tapping mode was O0F# 0.1 nm, which is
comparable to that reported in earlier experiments (e.g., ref 29).
When DNA was mixed with dendronized polymers, different
complexes were formed upon varying the DNA/dendronized
polymer concentration and with it the charge ratio from 1:10,
1:5, 1:2.5, and 1:1 through 1:0.1. DNA/dendronized polymer
complexes with charge ratios of 1:10, 1:5, and 1:2.5 adsorbed
only onto freshly cleaved mica and not onto the positively
charged, poly—ornithine-coated mica substrates. However, these
adsorbates were too aggregated for high-resolution imaging via
SFM. In contrast, DNA/dendronized polymer complexes with
charge ratios of 1:1 through 1:0.1 adsorbed only onto pely-
ornithine-coated mica substrates. Complexes with a charge ratio
of 1:1 through 1:0.1 on poly-ornithine-coated mica were the
most suitable complexes for SFM analysis. Figure-étshows
common types of complexes. For their analysis, only those
complexes were chosen which exhibited a constant height along
their contour, and where the single DNA strands that came out
of this complex belonged clearly to the complex (indicated by
arrows in Figures 1e). For contour length measurements, more
highly resolved images of single complexes were used (Figure
1b—d). There are different types of complexes. While for the
complex in Figure 1b clearly one DNA molecule is used, in
Figure 1c,d more than one DNA molecule must be involved,
since the length of the DNA coming out of the complexes is
longer than one DNA contour length. For further analysis, also
. 5 Contour lenath distibuti ¢ dendronized bol the average heights were measured, which amounted té 4.0
e i T e el e e ST g 0.3 nm for DNAIPG and 5.5 0.6 nm for DNAIPGA. Wil
complexes formed from PG2 and DNA (black). (c) PG4 (blue) and the absolute height value depended on the generation of the
complexes formed from PG4 and DNA (green). The data are corrected for dendronized polymer, the increases in height of both the DNA/

the error due to the broadening effects of the tip, assuming the calculatedpG2 and the DNA/PG4 complex with respect to the bare
heights of the dendronized polymers and complexes (eq 2) and a tip radiusd dronized pol th ey
of 15 nm25 endronized polymers were the same, I.e.,=.9.0 nm.
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Table 1. Number-Average Contour Length, Weight-Average Discussion

Contour Length, and Length Polydispersity of Dendronized .
Polymers and Complexes We compared the contour length distributions of the bare

dendronized polymers and their complexes with DNA. From

system M,Onm) M,qnm) PD = [,m, 0 ) o .
Y 4t 12 110% 22 198L 017 Figure 2b,c one can see that the Schifory distributions of
PG4 73+ 10 152+ 21 1.66+ 0.11 the data obtained for the DNA/PG2 and DNA/PG4 complexes
DNA/PG2 52418 86+ 37 1.7240.33 compared to PG2 and PG4, respectively, and the corresponding
DNA/PG4 59+ 13 117+ 26 2.08+0.17

statistical distribution averages (Table 1) showed no differences
within the errors. From the similarity of the distributions of the
bare polymers and the complexes, we conclude that the contour
length of the complexes is defined by the bare dendronized
polymers.

4 On the other hand, the length of the DNA that contributes to

the complex pna-c) can be obtained by subtracting the

in the fitted SchulzFlory distributions and the corresponding
statistical distribution averages were observed between genera
tions two and four (Figure 2a and Table 1).

This result verifies the successful synthesis of PG2 and PG
from the same core dendronized polymer PGIlhe average

height of PG2 and PG4 from tapping mode images wast1.8
0.3 and 3.0+ 0.3 nm, respectively.
The contour length distribution of linear pUC 19 showed that

(26) SamorP.; Ecker, C.; Gssl, I.; de Witte, P. A. J.; Cornelissen, J. J. J. M;
Metselaar, G.; Rowan, A. E.; Nolte, R. J. M.; Rabe, JMAcromolecules
2002 35, in press.

(27) Rivetti, C.; Guthold, M.; Bustamante, @. Mol. Biol. 1996 264, 919.

the molecules were almost monodisperse, with an average length2s) Hansma, H. G.; Kim J. K.; Laney, D. E.; Garcia, R. A.; Argaman, M.;

of 8444 66 nm (data not shown). Apparently due to mechanical
stress during preparation steps, a small amount of linear puC

Allen, M. J.; Parsons, S. Ml. Struct. Biol.1997 119, 99
(29) Pietrasanta, L. I.; Thrower, D.; Hsieh, W.; Rao, S.; Stemmann, O.; Lechner,
J.; Carbon, J.; Hansma, Rroc. Natl. Acad. Sci. U.S.A999 96, 3757.
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Figure 3. Linear dependence of the complex lendth)(and DNA length
used for complexed bna—c). (&) Contour length of the complekd) versus
length of DNA within the complexLl{pna-c) for the PG4/DNA complex.
(b) Data from (a) allowing for more than one DNA molecule involved in
a complex. Dendronized polymers complexing with o@, fwo (O), and
three @) DNA molecules. (c) Linear dependence of complex lend) (
and DNA length used for complexekpya-c) for PG2 @) and PG4 @).

measured contour length of the DNA molecule coming out of
the complex (o) from the length of the monodisperse DNA
(Lo) by Lpna—c = Lo — Lout In Figure 3a, the contour lengths
of the complexes L) are plotted versus the DNA that
contributes to the complexgna—c). The results can be grouped
in three linear parts, which also contain negative values for
Lona—c. We attribute these three parts to complexes formed
with one, two, and three monodisperse DNA)(strands.

Looking at Figure 1d, one can see that there were complexes

nm is the contour length of the repeat unit in tak-trans
conformation. Using these radii and the theoretical diameter for
DNA (2 nm), we calculate the DNA length required for one
turn around the dendronized polymet}) to be 16.3+ 1.0 nm

for PG2 and 27.@: 2.1 nm for PG4. WitiXpg = mU; (i stands

for the different generations), this results in a DNA pitch of
Xpez = 2.30+ 0.27 nm for PG2 an&pgsa = 2.16 £ 0.27 nm

for PG4 (Figure 4), leaving some space for water layers. Also,
N. V. Hud and K. H. Downing' report on DNA toroids using
cryoelectron microscopy which show a minimum fringe spacing
of 2.03 nm.

On the other hand, the high curvature of DNA around a
diameter of 6.6 0.7 nm of PG4 is practically identical to the
average diameter (6.4 nm) formed by the superhelix of the
nucleosome core particté The curvature for PG2 is a little bit
higher.

It has been shown in previous studié&hat the DNA spacing

:‘ormid C’Vh"_:rr;] pos%sessedl more thhan one DNAImoIehcuI(? oLthe on charged lipid membranes increases when the surface charge
ength Lo erefore, plotting the °°r.‘t°”r ength of the density of the lipid membranes decreases. This increase in the
complexes|() versus the DNA that contributes to the complex pitch size can also be seen in our experiment upon decreasing

(Lona—c), and aIIowing doubles and triples of the.m.onodisperse the linear charge density of the dendronized polymer from PG4
DNA (2Lo and 3.¢) with the complex, the data exhibit an overall to PG2

linear depender_me (Figure 3b). The_ slopg yaried dependin_g The overall charge of the complex depended on the den-
on the generation of the dendronized polymer used (Figure dronized polymer generations involved in the complex forma-

3c): for DNA/PG2 complexes it isn = 0.14+ 10%, and for tion. If we assume two negatively charged phosphates per 0.34

DNA/PG4 complexes it isn = 0.08 + 10%. On the basis of s ;
nm bp length, four positively charged amine groups on the PG2,
this linear dependence, the height measurements, and the pend P y g group

comparison of the contour length distributions of complexes (30) winkler, R. G.; Spatz, J. P.; Sheiko, S. S.:IMq M.; Reineker, P.; Marti,
and dendronized polymers, it is concluded that the DNA ,,, S Ffys, Re. B 1996 54, 8908.

. . (31) Hud, N. V.; Downing, K. HProc. Natl. Acad. Sci. U.S.R001, 98, 14925.
molecules wrap around the positively charged dendronized (32) Clausen-Schaumann, H.; Gaub, H.LEngmuir1999 15, 8246.
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and 16 on the PG4 per 0.25 nm repeat unit in #fletrans case of the DNA/PG2 complex, we can conclude that the
configuration, the DNA/PG4 complexes were nearly neutral, contribution of the electrostatic energy is larger than the
whereas the DNA/PG2 complexes were negatively (over)- contribution of the elastic energy in the complex< 0), while
charged. The fact that both complexes adsorbed only ontofor the DNA/PG4 complex these two terms are about equal
positively coated mica substrate is consistent with negatively (v ~ 0). This indicates that the overall charge of the complex
charged complexes. While the radii and the linear charge might be selected by using polyelectrolytes with different
densities of the two dendronized polymers are different, the flexibilities and linear charge densities.

charge ratio was kept constant near the isoelectric point (1/0.7
DNA/dendronized polymer). Evidence for the overcharging of
charged macro-ions and surfaces by electrostatic interaction with  In summary, we propose a molecular level structural model
oppositely charged macromolecules has been given experimenfor a DNA/dendronized polymer complex, according to which
tally'*15and theoretically}®3334Park et al’ provide a theoretical ~ the polyelectrolyte with the smaller linear charge density (DNA)
approach for spontaneous overcharging of a negatively chargeds wrapped around the more highly charged dendronized
semiflexible chain and a positively charged rigid cylinder. The polymer. For the different dendron generations, we propose that
theory is based on the PoisseBoltzmann equation for macro-  the interplay between the electrostatic energy and elastic energy
ions in aqueous monovalent salt solutions in the limit of low defines both the overall charge of the complex and the different
salt concentrations. It predicts an over- and undercharging of pitch sizes for the wrapped DNA. The dendronized polymers
the complex depending on the flexibility (persistence length) together with DNA are a useful model system to test theories
of the chain. In our experiment, we identify the semiflexible on the interaction of oppositely charged polyelectrolytes. Further
chain with DNA and the rigid cylinder with the dendronized experiments should elucidate the influence of the stiffness of
polymer. The flexibility of the chain (DNA) stays constant, while the polyelectrolytes as well as the salt concentration on the
the radii and the linear charge densities of the cylinder (i.e., the complex formation. Moreover, this novel complex might be used
dendronized polymer) are varied, which in the theory is for nonviral gene delivery systems and help to optimize the
associated with the elastic energy term and the electrostatictransfection efficiency based on the structure of the vector
energy term of the system, respectively. Adhering to the theory system.

of Park et al., the effective dimensionless charge density

the minimum energy state of the system can be calculated by
minimizing the total free energy, of the complex system
with respect tov. The theory predicts undercharging ¥ 0)

only when the elastic energy term is larger than the electrostatic
energy term and overcharging for the opposite case. For the

Conclusion
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