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ABSTRACT: The complex formation between DNA (pUC19-supercoiled DNA, 2686 base pairs) and some
polycations of different chain topologies in aqueous solution was studied by light scattering, gel electrophoresis,
and AFM. The investigated polycations comprised cylindrical brush polymers with quaternized poly(vinylpyridine)
and polyethylene imine side chains as well as a fifth generation dendrimer thus covering a broad molar mass
regime of 3× 104 g mol-1 < Mw < 1 × 107 g mol-1 and very different chemical charges/molecule,Z+, of 127
< Z+ < 5500. Irrespective of the polycation, the complexes formed in dilute solution exhibited a similar size in
terms of the mean square radius of gyration,〈Rg

2〉, i.e., 30 nm< Rg < 40 nm (excess of DNA) and 40 nm< Rg

< 55 nm (excess of polycation). At a large excess of either DNA or polycation, the complexes were shown to
coexist with the uncomplexed molecules of the excess component and did not vary in size with increasing weight
fraction of the minority component. Only if the number of complexes became comparable to the number of
uncomplexed molecules was inter complex bridging observed to occur, which eventually led to phase separation.
The extremely large charge density mismatch between the DNA and the polycations caused strongly “overcharged”
cationic complexes to be formed at excess polycation whereas at excess DNA a small anionic charge of the
complexes was found. The results are explained qualitatively in terms of kinetically controlled complexation.

Introduction

The formation and structure of polyelectrolyte complexes
have been subject of numerous investigations since a long
time.1,2 Besides the investigation of complexes formed by
oppositely charged flexible coils3-6 also complexes containing
semiflexible DNA were intensively studied,7-32 in order to
elucidate the phenomenon of DNA condensation and to optimize
encapsulation of DNA for gene transfection. Remarkably, little
is known of how complex formation, i.e., the size and the
structure of the complexes, is governed by the chain stiffness
and by the chain topology of the polycations utilized, except
for some indirect evidence for dendrimers of various gen-
erations33-37 and for colloids of different size.38,39 Only one
report is published on the complex formation of DNA with a
charged cylindrical polymer, i.e., a polymer densely grafted with
second to fourth generation dendrons.40,41

Some contradictory postulations exist in the literature con-
cerning the thermodynamic state of the complexes. It is not
entirely clear under which experimental conditions (i) the
complex formation is kinetically controlled leading to irrevers-
ibly frozen, nonequilibrium structures or (ii) reversible complex
formation occurs upon changing, for instance, concentration and/
or ionic strength, or (iii) the complexes are formed at thermo-
dynamic equilibrium. The latter was postulated to occur at high
ionic strength, i.e., above 0.1 M added salt.3

The present work addresses in some detail the condensation
and encapsulation of DNA by polycations of novel chain
topologies, i.e., cylindrical brush polymers, with different side
chain lengths and charge densities.42 A commercial fifth
generation PAMAM dendrimer serves as reference.

Experimental Section

Materials. Sodium phosphate monobasic dihydrate extra pure
(Merck), sodium phosphate dibasic 99.95% (Aldrich), magnesium
chloride hexahydrate extra pure (Merck), agarose (Sigma), and TBE
buffer (10×, Amersham) were used as received. For all experiments
the polymers were dissolved in 5 mM sodium phosphate buffer
(pH ) 7) unless otherwise noted.

pUC19-Supercoiled DNA.The pUC19-supercoiled DNA (Elim-
Biopharmaceuticals) was used as received. The degree of super-
coiling was higher than 90% as specified by the supplier. pUC19
DNA contains 2686 base pairs and has a theoretical molar mass of
1.66 e6 g mol-1. Static light scattering in 5 mM sodium phosphate
buffer (pH) 7) yields the theoretical molar mass assuming dn/dc
) 0.17 mL g-1 according to the literature.43,44The characterization
of the used pUC19-supercoiled DNA by static and dynamic light
scattering is summarized in Table 1; a typical Berry plot is shown
in the Supporting Information.

PVP26 and PVP47 Cylindrical Brush Polymers.The synthesis
of the polymacromonomers (cylindrical brushes) containing 2-
vinylpyridine side chains, which are quaternized with ethyl bromide,
is described elsewhere.42 In this study, two brushes with a side chain
degree of polymerization of 25.5 (PVP26) and 46.7 (PVP47) were
utilized. The degree of quaternization was determined by elemental
analysis to 47% and 52% respectively. The light scattering
characterization of PVP26 and PVP47 is summarized in Table 1.

PEI Cylindrical Brush Polymer. First poly(N-benzoyl ethylene
imine)-macromonomers were synthesized according to Gross et al.45

(MALDI -TOF-characterization:Mn ) 4290 g mol-1, Mw/Mn )
1.04,Pn ) 28). These macromonomers were polymerized by radical
polymerization inN-methylpyrrolidone with AIBN for 10 days at
58 °C to polymacromonomers which are known to adopt the shape
of cylindrical brushes (light scattering characterization in chloro-
form: Mw ) 1.47 × 106 g mol-1, dn/dc ) 0.145 mL g-1, Rg )
26.7 nm, Rh ) 18.6 nm). Subsequent hydrolysis according to
Tanaka46 resulted in cylindrical brush molecules with PEI side
chains. The hydrolysis was quantitative within experimental error.
After freeze-drying from 10 wt % HCl, the hydrochloride of the* Corresponding author. E-mail: mschmidt@uni-mainz.de.
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PEI brushes (PEI‚HCl) was isolated, which constitutes the reference
for the mass concentration in solution for this sample throughout
this paper. The characterization of PEI‚HCl brushes in 0.1 M
aqueous HCl solution gives a weight-average molar mass ofMw )
1.19× 106 g mol-1 utilizing a literature value for (dn/dc) ) 0.20
mL g-1.47,48 The molar mass is 40% higher than the theoretical
molar massMw ) 8.28× 105 g mol-1 calculated from the molar
mass of the protected precursor polymer. In addition alsoRg and
Rh increased from 26.7 to 45.8 nm and 18.6 to 26.5 nm, respectively.
Obviously the PEI brushes form some aggregates in aqueous
solution, the extent of which decreases with time (time scale of
several months). That means that the aggregation is caused by
physical factors and not by chemical cross-linking. For the
experiments in this paper, only freshly prepared PEI-brush solutions
were used, in order to guarantee always the same degree of
aggregation. The light-scattering results are included in Table 1.

PAMAM-G5 Dendrimer. The PAMAM-G5 dendrimer (Ald-
rich, produced by Dendritech, Midland) was received as a metha-
nolic solution and used without further treatment. The concentration
of the dendrimer in solution was determined by freeze-drying the
dendrimer from water and subsequent drying in vacuum with KOH
powder to constant weight. For the determination of the absolute
molar mass, the refractive index increment and static light scattering
were measured in methanol containing 10 mM LiBr yielding (dn/
dc) ) 0.23 mL g-1 andMw ) 28 000 g mol-1. Although the latter
is close to the theoretical molar mass of the perfect dendrimer,Mw

) 28 824 g mol-1, this coincidence might be misleading, because
the G5-PAMAM dendrimers might be far from being perfect. Since
the dendrimers are delivered in methanolic solution a somewhat
uncertain concentration and possible filtration losses may introduce
significant errors to the light scattering value which, however, would
not seriously alter the conclusions of the present paper. The light
scattering results are included in Table 1.

Since complex formation was performed in 5 mM phosphate
buffer additional light scattering measurements for PVP26, PEI,
and PAMAM-G5 dendrimers were also conducted in the phosphate
buffer. Although the interpretation of the data was more complex
similar results were obtained within experimental error.

Complex Preparation.For all complexation experiments, DNA
and the respective polycations were dissolved in 5 mM sodium
phosphate buffer (pH) 7) at a concentration of 2.5 mg L-1 unless
stated otherwise. The minority component was always dropped into
the solution containing the excess component covering a weight
fraction of DNA of 0.05e wDNA e 0.95 in increments of 0.05.
wDNA is defined as

The exact mixing ratio was determined by weighing the amount
of added solution. Then, 30 s after each addition, the solution was
gently shaken for approximately 1 min. Longer or more intensive
shaking did not yield different results. For light scattering the
complexes were prepared in dust-free 20 mm diameter quartz
cuvettes (Hellma) by mixing the prefiltered DNA and respective
polycation solutions in order to avoid filtration of the complexes,
which could lead to concentration losses.

Measurements. AFM. For sample preparation, 10µL of the
desired complex solution was mixed with 2.5µL of 10 mM MgCl2.
After 2-3 min, the whole solution was placed on freshly cleaved

mica for another 2-3 min, followed by rinsing with Milli-Q water
and drying with nitrogen. For imaging a Multimode AFM instru-
ment (Nanoscope IIIa instrument, Digital Instruments, Santa
Barbara, CA) in the tapping mode was used.

Agarose Gel Electrophoresis.The agarose gel electrophoresis
was carried out with a PerfectBlue Horizontal Maxi Electrophoresis
System, model Maxi M, and an E-Box-1000/20 M-gel imaging
system (peqlab, Erlangen, Germany). The samples for gel electro-
phoresis (35µL) were mixed with 15µL of gel-loading buffer
containing 0,1 M disodium EDTA and 40 w.-% sucrose (the exact
content/concentration of sample in the loaded solution was deter-
mined by weight), loaded on the gel and run for about 1.5 h at 100
mA. The measurements comprise pure DNA in different concentra-
tions for intensity calibration and the complex solutions. Addition-
ally, identical samples of pure DNA (referred to as standard) were
loaded on the gel in a defined grid for image analysis (background
subtraction). A typical gel picture after ethidium bromide staining
is shown in Figure 1a. By analyzing the digital images of the gels
with Scion image (Scion Corporation, Frederick, MD) the intensity
of the bands of supercoiled DNA (scDNA) were determined. From
these the intensity relative to the standard (of the respecting lane)
was calculated for each sample loaded on the gel.

For calibration, the relative intensities of the pure DNA samples
were plotted as a function of DNA concentration and fitted by linear
regression (see Figure 1b), which was utilized for the determination
of free DNA in the complex solutions.

Static and Dynamic Light Scattering. Static light scattering
(SLS) measurements were performed with an ALV-SP86 goni-
ometer, an ALV-3000 correlator, a Uniphase HeNe Laser (25 mW
output power atλ ) 632.8 nm wavelength) and ALV/High QE
APD avalanche diode fiber optic detection system. For dynamic
light scattering (DLS), an ALV-SP125 goniometer, an ALV-5000
correlator, and a Spectra Physics 2060 argon ion laser (500 mW
output power atλ ) 514.5 nm wavelength) were utilized. The
scattered intensity was divided by a beam splitter (approximately
50:50), each portion of which was detected by a photomultiplier.
The two signals were cross-correlated in order to eliminate
nonrandom electronic noise.

The complex solutions were typically measured from 30 to 150°
in steps of 5° (SLS) or in steps of 10° (DLS). The static scattering
intensities were analyzed according to standard procedures in order
to yield the weight-average molar mass,Mw, and the mean square

radius of gyration,Rg ) x〈Rg
2〉z. The correlation functions

showed a monomodal decay and were fitted by a sum of two
exponentials, from which the first cumulantΓ was calculated. The
z-average diffusion coefficientDz was obtained by extrapolation
of Γ/q2 for to q ) 0 leading to the inversez-average hydrodynamic
radiusRh ) 〈Rh

-1〉z
-1 by formal application of Stokes law. Prior to

mixing the homopolymer solutions were filtered through 0.2µm
pore size Dimex filters (Millipore LG) into 20 mm diameter quartz
cuvettes (Hellma). The refractive index increment atλ ) 632.8
nm wavelength was measured by a home-built Michelson inter-
ferometer as described elsewhere.49

Results and Discussions

Many, if not all polyelectrolyte complexes formed by highly
charged polyions in aqueous solution of low ionic strength
constitute kinetically frozen rather than equilibrium structures.
Thus, the formation of the complexes depends on the concentra-

Table 1. Light Scattering Characterization of the Investigated Polymers

polymer solvent (dn/dc)/mL g-1 Mw/g mol-1 A2/mol mL g-2 Rg/nm Rh/nm Rg/Rh

pUC19 5 mM phosphate buffer 0.17a 1.7× 106 6.7× 10-4 65.6 43.6 1.5
PVP26 aq 10 mM NaBr 0.178b 10.1× 106 ∼0 87.2 48.2 1.8
PVP47 5 mM phosphate buffer 0.178c 3.7× 106 1.2× 10-5 45.8 33.1 1.4
PEI*HCl aq 0.1 M HCl 0.20a 1.2× 106 e 1.1× 10-4 46.8 26.5 1.8
PAMAM-G5 MeOH +10 mM LiBr 0.230d 2.8× 104 5 × 10-4 3.4

a Literature value.b Determined experimentally in dialysis equilibrium, this work.c Assumed to be identical to PVP26 in 10 mM NaBr solution.d Determined
experimentally, no dialysis equilibrium, this work.e Slightly aggregated: Theoretical value from the protected precursor chains:Mw ) 8.3 × 105 g/mol.

wDNA )
mDNA

mDNA + mpolycation
(1)
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tion of the respective components and on the mixing protocol,
i.e., the sequence and speed of mixing and on even more subtle
parameters like stirring speed. Therefore, all complexes in the
present work were strictly prepared as described in the
Experimental Section.

The complexes formed by supercoiled DNA with various
cylindrical brush polymers carrying quaternized polyvinylpy-

ridine or polyethylene imine side chains and with a fifth
generation PAMAM dendrimer sample was investigated, thus
covering a large regime of molar masses and charge densities
besides the different chain topologies, i.e., the cylindrical brushes
of different aspect ratios and the spherical dendrimer. A
summary of all parameters relevant for complex formation of
all samples utilized in the present study is given in Table 2.

In Figure 2a, the apparent molar masses of the respective
complexes are plotted as a function of the weight fractionwDNA.
The different topologies of the polycations do not seem to have
much influence on the results. Also, the usual divergence of

Figure 1. (a) Gel electrophoresis of DNA-PEI-complexes (direction
of movement: upward). Samples: (i) Standard (cDNA ) 0.84 ng mg-1),
lane nos. 1, 5, 8, 12, 13, 17, 20, and 24; (ii) uncomplexed DNA with
different concentrations (in bracketscDNA), lane nos. 14 (0.17 ng mg-1),
15 (0.41 ng mg-1), 16 (0.58 ng mg-1), 18 (0.73 ng mg-1), 19 (0.99 ng
mg-1), 21 (0.65 ng mg-1), 22 (0.49 ng mg-1), and 23 (0.34 ng mg-1);
(iii) complex solutions (in brackets mixing ratiowDNA and mass
concentrationcoverall), lane nos. 2 (0.60/1.65 ng mg-1), 3 (0.70/1.66 ng
mg-1), 4 (0.80/1.13 ng mg-1), 6 (0.90/0.78 ng mg-1), 7 (0.95/0.82 ng
mg-1), 9 (0.85/0.82 ng mg-1), 10 (0.75/1.13 ng mg-1), and 11 (0.65/
1.65 ng mg-1). (b) Calibration curve (traces ii in Figure 1a) for the
quantitative determination of freely migrated DNA in complex solutions
as obtained from Figure 1a.

Table 2. Characteristics of the Polycations and of DNA Utilized for Complex Formation

polyion topology Mw/g mol-1 sizea Mw/Mn charges/moleculeb Z+/- charge densityc

PVP26 cylindrical brush 10.1× 107 contour length 5.3 〈Z+〉n ) 5500 48 N+/nm
polymer Lw ) 610 nm

PVP47 cylindrical brush 3.7× 106 contour length 3.9 〈Z+〉n ) 3100 105 N+/nm
polymer Lw ) 115 nm

PEI28 cylindrical brush 8.3× 105 d,e contour length 2.7 〈Z+〉n ) 1800d 55 N+/nm
polymer Lw ) 90 nm

PAMAM-G5 dendrimer 3.8× 104 d radius ∼1 Z+ ) 128d n. d.
R ) 3.4 nm

pUC19-supercoiled DNA supercoiled DNA 1.7× 106 contour length 1 Z- ) 5372 5.9 P-/nm
L ) 930 nm

a Weight-average contour lengthLw ) Pw × 0.25 nm withPw given by the main chain degree of polymerization.b Number-average.c Number-average
Zn/Ln. d Assuming 100% protonation of the primary amines, 50% of the secondary amines and no protonation of the tertiary amines in phosphate buffer.
e Value for the hypothetical nonaggregated PEI brush.

Figure 2. (a) Apparent molar mass as a function of weight fraction
wDNA for the various polycation topologies: (9, 0) PVP26, (redb, O)
PVP47, (bluef,g) PEI, (green1, 3) PAMAM. Closed symbols: DNA
excess and polycation added. Open symbols: polycation excess and
DNA added. (b) Apparent radius of gyration as a function of weight
fractionwDNA for the various polycation topologies (symbols see Figure
2a).
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the mass of the complexes is observed if mass or charge
stoichiometry is approached. Eventually phase separation/
precipitation occurs. The radii of gyration shown in Figure 2b
qualitatively confirm this picture. At a high excess of DNA,
the polycations are observed to produce even smaller complexes
as compared to the size of pure DNA, again almost independent
of the polycation topology. Since complexes prepared at small
and largewDNA differ considerably, the case of excess DNA is
discussed first.

The RegimewDNA > 0.5. A closer inspection of Figure 2,
parts a and b, reveals the complexes at large excess of DNA,
i.e., 0.7< wDNA < 1 (the lower limit depending in detail on
the respective polycation), to increase in molar mass but to
decrease significantly in size as expected for DNA condensation.

For a quantitative picture, it should be known whether the
solution contains complexes, only, or complexes coexisting with
free DNA.30-32 For the latter case the fraction of free, i.e.,
uncomplexed DNA,wDNA,uncomplexed, in the respective solutions
should be determined quantitatively. Unfortunately, this infor-
mation is impossible to extract from the light scattering data
because the size of the complexes is too close to the size of
free DNA. However, gel electrophoresis has been demonstrated
to constitute a powerful tool for DNA separations. Figure 1 (see
Experimental Section) shows the trace of the complex solutions
to exhibit one major band originating from free, uncomplexed
DNA. There is no detectable amount of DNA in between the
band and the starting point of the samples (except for the weak
band of single necked DNA close to the scDNA band50).
Obviously, the complexed DNA does not migrate at all but is
immobilized at the starting point. As a result free DNA is shown
to coexist with complexed DNA over a wide regime ofwDNA.
Moreover, by comparison to the calibration curve shown in the
Experimental Section the intensities of the bands may be
quantified in order to determine the concentration of free DNA
as a function ofwDNA as shown in Figure 3 for DNA/PEI
complexes (for other polycation complexes, see Supporting
Information) and summarized in Table 3. With decreasingwDNA

the fraction of free DNA becomes smaller and vanishes at a
certain fractionw*DNA(GE). Remarkably, the decrease is linear,
thus showing that the mass fraction of DNA in the complexes
formed is constant within experimental error and equal tow*DNA-
(GE) in the regime of mixing ratios 1> wDNA > w*DNA(GE).
Additionally, it can be seen that the mass stoichiometry of the

complexesw*DNA(GE) obtained from gel electrophoresis is equal
to the composition of the mixturew*DNA(LS) for which the
divergence of the apparent molar mass and the radius of gyration
is observed in light scattering as shown in Table 3. Thus, gel
electrophoresis and light scattering provide complementary
information, which will be used later for data evaluation for
the regimewDNA < 0.5.

Since the molecular characteristics of free DNA is known
by light scattering and its mass fraction is determined by gel
electrophoresis the molar masses and dimensions of the pure
complexes may be extracted from the light scattering data on
the complex solutions according to51

In the equations above, it is assumed that the effect of the
compositional heterogeneity of the complexes can be neglected.

In Figure 4, the molar masses and radii of the complexes are
shown together with the complex density defined as

SinceRg/Rh is approximately equal to unity, replacement ofRh

by Rg in eq 7 would not affect the complex density within
experimental error. As compared to pure DNA (F ) 8 × 10-3

g cm-3), the density of the complexes increases to aboutF )
0.2 g cm-3 for all cylindrical brush structures whereas for the
PAMAM dendrimer, a somewhat higher densityF ) 0.3 g cm-3

is observed. It should be noted that the data close to the phase
boundary where extensive intercomplex bridging occurs are not
significant, because they may be falsified by the very large
polydispersity and by the onset of sedimentation of the largest
particles during the time of the scattering measurements.

On the basis of the results shown in Figure 4a-c, it is safe
to conclude that in the initial phase of polycation addition, which
is characterized by constant molar masses and radii of the

Figure 3. Weight fraction of freely migrated DNA in DNA-PEI
complex solutions.

Table 3. Comparison of the Results of Gel Electrophoresis and Light
Scattering

polycation
w*DNA(GE)

(gel electrophoresis)
w*DNA(LS)

(light scattering)

PVP26 0.53( 0.03 0.54( 0.14
PVP47 0.52( 0.03 0.51( 0.09
PEI28 0.67( 0.04 0.68( 0.08
PAMAM-G5 0.66( 0.07 0.72( 0.06

wDNA + wpolycation) wDNA,uncomplexed+ wcomplex) 1 (2)

(dn
dc)mixture

) wDNA,uncomplexed(dn
dc)DNA

+ wcomplex(dn
dc)complex

(3)

Mw,complex )

(dn
dc)mixture

2
Mapp,mixture- wDNA,uncomplexed(dn

dc)DNA

2
Mw,DNA

wcomplex(dn
dc)complex

2

(4)

〈Rg
2〉z,complex)

(dn
dc)mixture

2
Mapp,mixture〈Rg

2〉app,mixture

wcomplex(dn
dc)complex

2
Mw,complex

-

wDNA,uncomplexed(dn
dc)DNA

2
Mw,DNA〈Rg

2〉z,DNA

wcomplex(dn
dc)complex

2
Mw,complex

(5)

〈Rh
-1〉z,complex)

(dn
dc)mixture

2
Mapp,mixture〈Rh

-1〉app,mixture

wcomplex(dn
dc)complex

2
Mw,complex

-

wDNA,uncomplexed(dn
dc)DNA

2
Mw,DNA 〈Rh

-1〉z,DNA

wcomplex(dn
dc)complex

2
Mw,complex

(6)

Fcomplex) 3Mw,complex/(NL4π〈1/Rh〉z,complex
-3) (7)
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complexes, only primary complexes are being formed. At
smaller fractionswDNA the number of complexes becomes
comparable to the number of uncomplexed molecules and
accordingly inter complex bridging becomes more and more
significant which eventually leads to phase separation.

The statements above hold true for all cylindrical brush-
DNA complexes, whereas for the PAMAM dendrimer the

situation is not so clear. As compared to the cylindrical brush
complexes the initial phase of exclusive primary complex
formation is extremely small. It is not even clear that the
equivalent of primary complexes exists for the PAMAM system
since molar masses and radii immediately start to increase even
at the largest excess of DNA investigated. Since the dendrimer
and the PEI brushes are chemically similar the onset of

Table 4. Mass and Charge Stoichiometry of the Primary Complexes and Weight Average Number of DNA and Polycation Molecules
Incorporated in One Primary Complex: Excess DNA

polycation
no. of DNA

molecules/complex
no. of

polycations/complex
mass stoichiometry

w*DNA(GE)
charge

stoichiometry N+/P-

PVP26 9.2( 0.5 7.1( 0.5 0.53( 0.03 0.79( 0.1
PVP47 5.0( 0.3 8.5( 0.6 0.52( 0.03 0.98( 0.1
PEI28 6.1( 0.4 16( 2 0.67( 0.04 0.87( 0.2
PAMAM-G5 10 ( 1 310( 70 0.66( 0.07 0.73( 0.2

Table 5. Mass and Charge Stoichiometry of the Primary Complexes and Average Number of DNA and Polycation Molecules Incorporated in
One Primary Complex: Excess Polycation

polycation
no. of DNA

molecules/complex
no. of

polycations/complex
mass stoichiometry

w** DNA(LS)
charge

stoichiometry N+/P-

PVP26 3.2( 0.4 9.4( 1.2 0.23( 0.05 3.0( 0.8
PVP47 2.7( 0.2 11.3( 1 0.30( 0.05 2.4( 0.6
PEI28 2.4( 0.3 41( 6 0.24( 0.05 5.6( 1.5
PAMAM-G5 3.2( 1.1 410( 110 0.32( 0.06 2.9( 0.8

Table 6. Mass Stoichiometry of the Primary Complexes and Average Number of DNA and PVP26 Molecules Incorporated in One Primary
Complex as a Function of the Concentration of Mixing

excess
component cDNA/mg L-1 cPVP26/mg L-1

mass stoichiometry
w*DNA or w** DNA

no. of DNA
molecules/complex

no. of PVP26
molecules/complex

DNA 2.5 2.5 0.54( 0.14 9.2( 0.5 7.1( 0.5
DNA 25 25 0.53( 0.05 36( 2 28( 2
DNA 25 100 0.56( 0.10 160( 30 110( 20
PVP26 2.5 2.5 0.23( 0.05 3.2( 0.4 9.4( 1.2
PVP26 25 25 0.26( 0.05 19( 5 47( 13
PVP26 100 25 0.29( 0.06 50( 7 110( 10

Figure 4. Molar masses (a), radii of gyration (b), and hydrodynamic radii (c) and densities (d) of the complexes as a function of the complexed
DNA fraction for the various polycations: (9) PVP26; (redb) PVP47; (bluef) PEI; (green1) PAMAM.
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secondary complex formation seems not to be correlated with
the chemical nature or the charge density, but rather with the
absolute molar mass or with the topology of the polycations.

At this point a clear terminology should be introduced. A
“primary complex” is formed under the condition of a large
excess of free DNA.52 Under “secondary complexes” all
complexes are summarized which develop by inter complex
formation of primary complexes. The term “complex solution”
refers to the solution containing primary and possibly secondary
complexes and free DNA. The data on “pure complexes”
originate from primary and possibly secondary complexes, only,
i.e., the possible contribution of free DNA has been eliminated
as described below.

Since the molar mass and the DNA content of the complexes
are known it is elucidating to calculate the absolute weight-
average numberNw of DNA and polycation chains within one
respective complex by

with X being either DNA or polycation. For the polydisperse
polycationsMn(X) has to be utilized rather thanMw(X). The
latter would yieldNw,w,chains, which is difficult to interpret.

The results are listed in Table 4 and reveal most interesting
although puzzling differences. The most important observation
is that the composition of all primary complexes is governed
by the net charge which is not zero but slightly negative for all

complexes formed at excess DNA independent of polycation
topology. The slight overcharging of the polycations by the
excess DNA chains lies in the range known for soluble
polyelectrolyte polyelectrolyte complexes.3,4,6,14

The number of DNA helices in one primary complex varies
between 5 and 10, again not correlated to any obvious polycation
property. The number of polycations per primary complex
increases from 7 to 310 as the polycation molar mass decreases.

The structure and size of the primary complexes do not seem
to be significantly influenced by the polycation topology. This
hypothesis is confirmed by AFM micrographs of the complex
solutions shown in Figure 5. Although the significance of the
AFM pictures is somewhat limited by the fact that MgCl2 was
added in order to improve the interaction of DNA with the mica
surface leading to better pictures and that the complexes were
transferred into a two-dimensional dry film, the pictures seem
to reveal that DNA encapsulates the polycations in a highly
heterogeneous manner. For all complexessand even for the
PAMAM dendrimer complexessa core comprising at least
several complexed polycation molecules is surrounded by an
open DNA corona resulting in a flower-like structure. Assuming
that the sample preparation does not significantly alter the
complex topology and composition, the density of the core must
be quite high given the large overall complex density determined
by light scattering (see Figure 4d). It is interesting to note the
effect of charge density mismatch, i.e., the vastly different
chemical charges per unit length between DNA (5.9 P-/nm)
and the cylindrical brush polymers (from 48 to 105 N+/nm). It

Figure 5. AFM pictures of various DNA/Polycation complexes: (a) DNA/PVP26 complexes (wDNA ) 0.80; wDNA,uncomplexed) 0.58); (b) DNA/
PVP47 complexes (wDNA ) 0.75; wDNA,uncomplexed) 0.47); (c) DNA/PEI complexes (wDNA ) 0.80; wDNA,uncomplexed) 0.40); (d) DNA/PAMAM
complexes (wDNA ) 0.90;wDNA,uncomplexed) 0.68). The size of all AFM pictures is 2× 2 µm.

Nw,chains(X) )
wX,complexMw,complex

Mn,X
(8)
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follows from simple geometric considerations that a single layer
of DNA molecules arranged around a cylindrical brush molecule
is not able to compensate the cationic charges, and accordingly,
the effective charge of the densely packed core must remain
positive, if charge compensation by bound counterions, i.e., ion
pair formation/condensation, does not occur.42 Unlike in Gössel
et al.,40,41 no single brush-DNA complex could be identified
in order to examine the reduction of the DNA contour length
and elucidate the local structure of the complexes.

Complexes formed atwDNA < 0.5.At excess of polycations
a qualitatively similar behavior is observed. As seen in Figure
2 and summarized in Table 5, the divergence of the molar
masses occurs already atw** DNA(LS) as small as 0.23<
w** DNA(LS) < 0.32 (w** DNA is introduced in order to avoid
confusion with the critical DNA fraction at DNA excess,
w*DNA), depending in detail on the polycation utilized. Unfor-
tunately, gel electrophoresis could not yet be established for
the polycations in order to quantify the fraction of free
polycations coexisting with the complexes. Although alternative
methods like AFM or GPC30 may also be utilized as shown for
one representative example (see Supporting Information), these
techniques were not applied to all samples investigated in this
work because they are not very reliable. AFM is not an ensemble
averaging method, and GPC requires the complex solution to
be concentrated by at least a factor of 100 and no adsorption of
the complexes on the column to occur. Therefore, the evaluation
of the light scattering data in terms of the structure of the
primary complexes required the following two assumptions:

•As for the case of excess DNA (see Table 3), the onset of
the divergence of the molar masses indicates significant inter-
complex bridging to occur; i.e., below this weight fraction
w** DNA primary and secondary complexes are assumed to
coexist with free polycation.

•The mass fraction of free polycations decreases linearly with
increasingwDNA in strict analogy to the experimental results
obtained from the complexation in the regime of excess DNA.

Since both assumptions were proven to be fulfilled for
complexation of DNA by excess PVP47 (see Supporting
Information) it is quite conceivable that they also hold true for
the other polycations investigated in the present study. As a
result characterization of the primary complexes formed by
DNA and excess polycations is shown in Figure 6, parts a-c,
along with the corresponding densities (Figure 6d). Again, the
size of the primary complexes does not vary much for the
cylindrical brush polycations, whereas for the PAMAM den-
drimers a monotonous increase in size is observed even for the
largest excess of dendrimer investigated. Therefore, the com-
plexation with dendrimers might not lead to strictly defined
primary complexes as already discussed for the regime with
excess DNA.

The density of the primary complexes is only half as large
as for those formed by excess DNA. As above, the mass and
the charge stoichiometry as well as the mean number of
polycation and DNA molecules per primary complex may be
calculated, and the results are summarized in Table 5.

The number of DNA molecules per complex is significantly
smaller than observed for complexes formed by excess DNA,
whereas the number of polycation molecules in one complex is
slightly smaller thus resulting in a very different net charge of
the primary complexes of as high as N+/P- ≈ 3 for PVP26,
PVP47, and PAMAM-G5 or N+/P- ≈ 6 for PEI. The increased
cationic excess charge for PEI complexes as compared to the
PVP brushes could be confirmed for complexes with poly-
(styrenesulfonate) brushes,53 thus representing a highly interest-
ing detail which is not yet understood. For any polycation
utilized in the present work, the charge stoichiometry N+/P- at
excess polycation not only is in contrast to the small excess of

Figure 6. Molar masses (a), radii of gyration (b), and hydrodynamic radii (c) and densities (d) of the complexes as a function of the complexed
polycation fraction: (0) PVP26; (redO) PVP47; (blueg) PEI; (green3) PAMAM.
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anionic charges of the complexes formed in the presence of
excess DNA but also is much higher than N+/P- ) 1.25 reported
for complexes of DNA and linear flexible PEI chains.30

Obviously the extreme mismatch of the linear charge densities
of the polycations utilized in the present study and DNA results
in highly overcharged complexes, if the excess component, i.e.,
the cylindrical brush polymers (and the PAMAM dendrimers)
exhibit the higher charge density.

Effect of Concentration of Mixing. So far, the complex
formation was investigated for extremely low concentrations
of both components. In particular, it is not clear whether or not
the formation of primary complexes in the regime of a large
excess of either of the two components does also occur at higher
concentrations. In order to clarify this point, some preliminary
measurements were conducted utilizing higher concentrations.
The light scattering results are shown in the Supporting
Information and are summarized in Table 6. Besides the
formation of larger complexes due to the increased concentra-
tions, the charge stoichiometry of the primary complexes
remains constant, thus demonstrating that the picture of complex
formation derived from the results above is valid over a wider
concentration range.

Conclusion

As expected and postulated in the literature, the complex
formation of DNA with polycations of various chain topologies
is kinetically controlled and depends in a subtle manner on
parameters like the concentration, speed and sequence of mixing.
Apparently, the initial growth of the complexes is diffusion-
controlled until a certain net charge of the complexes is reached
where the complexes do not grow anymore (primary complexes)
and coexist with the molecules of the excess component. Upon
further addition of the minority component, preferentially new
complexes are being formed as long as the number of primary
complexes is small as compared to the number of uncomplexed
molecules of the excess component. Only if the number of
primary complexes becomes comparable to the number of free
polyions does bridging between primary complexes become
more and more probable, thus leading to intercomplex formation
and eventually to precipitation/phase separation.

More specifically, the results demonstrate the influence of
charge density mismatch between DNA and the polycations on
the complex properties as sketched in Scheme 1. For the highly
charged cylindrical brush polycations, the locally formed
complexes, i.e., those involving a cylindrical brush and a small
part of the DNA, exhibit a large cationic excess charge that

cannot be compensated by extensive backfolding of the same
DNA molecule. As more and more DNA molecules participate
in one complex, the cationic core is surrounded by a corona of
anionically charged DNA loops thus protecting the cationic core
against further complexation. These primary complexes appear
to be stabilized electrostatically and/or sterically if a slight excess
of anionic charges of the whole complex is reached, i.e., 20%
amounting to approximately 8000 excess anionic charges out
of a total of 40 000 anionic charges per primary complex.

A qualitatively similar but quantitatively different scenario
is envisioned if DNA is added to an excess of the much higher
charged polycations. Again, at the location of complex formation
an extremely high cationic charge persists locally. Because of
the kinetically controlled complexation process the same DNA
molecules may be complexed by more than one polycation at
different positions along its contour which become electrostati-
cally shielded against further polycation complexation at a much
higher net cationic charge of the primary complexes, i.e.,
approximately 40 000 excess cationic charges out of a total of
50 000 cationic charges per complex.

On the basis of the scenarios described above the present
work might provide new guidelines for the preparation of
DNA-polycation complexes of any size and cationic charge:
The number of DNA molecules in one complex is governed by
the dilution during mixing whereas the net charge of the
complex is controllable by the charge density mismatch between
DNA and the polycation.

Future work is needed to further experimentally substantiate
the hypothesis above and to resolve more subtle details such as
the meaning of the term “charge density”. So far the charge
density was pragmatically defined as the number of chemical
charges of a polyion which is known to differ dramatically from
the “effective charges”. Little is known so far about the effective
charge of the complex polycations utilized in the present work.

Finally, the results of the present work raise many more
questions, particularly if related to the published literature on
highly ordered structures of DNA complexes and various
polycations in the dry state.54-56 The “scrambled egg” or
“flowerlike” complexes observed in the present work have been
reported in the literature as well,57,58and it is not entirely clear
how complexation may be directed toward ordered structures
such as rods or toroids. In general, the latter structures may be
preferably (but not exclusively) formed at high ionic strength57,59

and/or with small cations.58,60-63 Since structural rearrangements
during drying can also not be entirely excluded further more
detailed investigations in solution seem to be necessary.

Scheme 1. Illustration of the Charge Mismatch for Complexes of DNA and Cylindrical Brushes. Left: DNA Excess. Right:
Brush Excess.
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