
Complex Formation between Cationic Polymethacrylates and
Oligonucleotides

E. Van Rompaey, N. Sanders, S. C. De Smedt,* and J. Demeester

Laboratory of General Biochemistry and Physical Pharmacy, Ghent University, Harelbekestraat 72,
9000 Ghent, Belgium

E. Van Craenenbroeck and Y. Engelborghs

Laboratory of Biomolecular Dynamics, University of Leuven, Celestijnenlaan 200D,
3001 Leuven, Belgium

Received May 22, 2000; Revised Manuscript Received August 16, 2000

ABSTRACT: With regard to the development of pharmaceutical carriers for oligonucleotides, the
interactions between a cationic polymer, poly(2-dimethylamino)ethyl methacrylate (pDMAEMA), and
rhodamine-labeled 25-mer phosphodiester oligonucleotides (Rh-ONs) were studied. The composition of
the pDMAEMA/Rh-ON complexes was investigated as a function of the charge ratio (æ; +/-) by increasing
the pDMAEMA concentration and keeping the Rh-ON concentration constant. Gel electrophoresis revealed
that at æ < 1 only a fraction of the short Rh-ONs bind the longer pDMAEMA chains. Dynamic light
scattering and zeta potential (ú) indicated that at æ < 1 only a fraction of the phosphate anions on the
Rh-ONs are involved in complex formation which results in “dangling” of the Rh-ONs. Moreover, from
fluorescence measurements, multimolecular complexes (i.e., several Rh-ONs per pDMAEMA chain) were
revealed. At 1 < æ < 3, ú approximated zero. This led to a clustering of individual complexes. At æ > 3,
all the Rh-ONs were bound while, compared to complexes at æ < 1, the average number of Rh-ONs bound
to one pDMAEMA chain was decreased. The presence of multimolecular complexes was confirmed from
fluorescence correlation spectroscopy (FCS) measurements. The multimolecular complexes were observed
as highly intense fluorescent particles upon their diffusion through the confocal volume of the FCS
instrument. Also, the decrease in the average number of Rh-ONs bound to one pDMAEMA chain, upon
increasing æ, was confirmed by FCS.

Introduction

The use of oligonucleotides (ONs) to down regulate
the production of specific gene products requires the
entry of ONs into the cytoplasm and/or nucleus of the
cells, to be able to hybridize with their targets. Entry
into the nucleus is required when considering triple-
helix therapy, where the ONs form triple-stranded
helices with DNA and consequently inhibit transcrip-
tion. When the antisense approach is considered, which
aims to bind the ONs to natural sense mRNA in order
to inhibit translation, the hybridization can take place
in the cytoplasm as well as in the nucleus. Generally,
the cellular uptake of ONs is very poor due to their large
size, hydrophilicity, and negatively charged backbone.
Furthermore, especially unmodified phosphodiester ONs
are very susceptible to nuclease activity.1 To bypass
these problems, cationic lipids and cationic polymers,
which spontaneously form soluble interpolyelectrolyte
complexes with the negatively charged nucleic acids
(called lipoplexes and polyplexes,2 respectively), are
under investigation as pharmaceutical carriers for
ONs.3-6

The physicochemical and biological features that
govern the activity of ON delivery systems are not very
well understood. Despite major efforts to understand the
physicochemical behavior of interpolyelectrolyte com-
plexes, the mechanism of complex formation between
polycations and nucleic acids is still unknown due to
the high complexity of the phenomena. Nevertheless,

the association to and dissociation of ONs from such
carriers are critically important both in vitro and in vivo.
If the affinity between the ONs and the cationic carriers
is too low, the complex will dissociate prematurely, e.g.,
in the bloodstream, while a strong affinity might
prevent the release of the ONs intracellulary, a neces-
sity to allow interaction with their target.

Many methods exist to study the association and
dissociation of ONs and plasmids to/from their carrier
in nonbiological environments. Often applied for this
purpose are gel electrophoresis, fluorescence-based as-
says such as fluorescence resonance energy transfer
(FRET), and density gradient analysis.7,8 Very recently,
electron paramagnetic resonance9 and surface plasmon
resonance spectrometry10 were introduced to investigate
the interactions between nucleic acids and polycations.

However, to obtain real breakthroughs in the design
and the understanding of the dissociation of polyplexes
in biological environments such as cells, there is an
urgent need for advanced physicochemical methods,
which allow us to characterize these critical steps not
only in vitro but also in biological media.

In the present paper, we aimed to understand the
complex formation between rhodamine-labeled ONs and
poly(2-dimethylamino)ethyl methacrylate (pDMAEMA,
Figure 1), a cationic polymer, which is currently under
investigation as a pharmaceutical carrier for nucleic
acids.11-15 Moreover, we have introduced fluorescence
correlation spectroscopy (FCS), a technique which shows
potential to be applied on a cellular scale, as a novel
tool for studying the interactions between cationic
polymers and ONs. Basically, as illustrated in Figure
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2, FCS monitors the fluorescence fluctuations caused
by the diffusion of fluorescently labeled ONs through
the confocal volume of a microscope. Upon binding to
large cationic polymers, which are themselves not
excitable by the laser light, one can expect that the
diffusion of the Rh-ONs slows down, which may conse-
quently influence the fluorescence fluctuations.16

Experimental Section
Oligonucleotides. The 25-mer phosphodiester ONs (5′-

TCT-GGG-TCA-TCT-TTT-CAC-GGT-TGG-C-3′) and 25-mer
rhodamine labeled phosphodiester ONs were purchased from
Eurogentec. The fluorescent labeling occurred at the 5′ end of
the ONs: each Rh-ON molecule contained one Rh label. The
concentration of the ON and Rh-ON stock solutions (in Tris-
buffer at pH 8) was determined by measuring the absorption
at 260 nm (1 OD260 ) 33 µg ON/mL) and equaled 64 and 46
µg/mL, for the ON and Rh-ON stock solution, respectively.
The molecular mass of the ONs and Rh-ONs was 7646 and
8253 g/mol, respectively.

Cationic Polymers. Poly(2-dimethylamino)ethyl meth-
acrylate, a kind gift of the University of Utrecht, was synthe-
sized and characterized as described elsewhere.14 The molec-
ular mass of the DMAEMA monomer equaled 157 g/mol. The
number-average molecular mass (Mn) of pDMAEMA was
estimated to be around 60 000 g/mol as determined by gel
permeation chromatography (GPC). As no pDMAEMA molec-
ular weight standards are available, dextran molecular weight
standards were used to estimate Mn from GPC. The pKa of
the amine group in pDMAEMA equaled 7.5 and was deter-
mined by titration as described elsewhere.17

Preparation of Polyplexes. pDMAEMA/Rh-ON com-
plexes differing in charge ratio (æ), but having the same Rh-
ON concentration (10 µg/mL, 1.2 µM), were prepared. æ, being
the ratio (+/-) of the positive charge equivalents of pDMAEMA
to the negative charge equivalents of Rh-ON, was calculated
assuming that 1 µg of 25-mer Rh-ON contains 2.91 nmol
negative charges and 1 µg of pDMAEMA contains 3.54 nmol
positive charges as calculated from the molecular mass of the
DMAEMA monomer and the pKa of the pDMAEMA. Two
methods of preparing the pDMAEMA/Rh-ON complexes were
considered in this study. In the “fast addition method”, the
pDMAEMA/Rh-ON complexes (varying in æ) were prepared
by adding different volumes of the pDMAEMA stock solu-
tion (347 µg/mL in 20 mM Hepes buffer at pH 7.4) to a fixed
volume of the Rh-ON stock solution in one step. After addi-
tion of the polymer solution, the dispersion was vortexed for
10 s. To obtain the final Rh-ON concentration of 10 µg/mL,
the dispersions were further diluted with Hepes buffer at pH
7.4. The polyplexes were allowed to equilibrate for 30 min at
room temperature before use. In the “slow addition method”,
the complexes were prepared by adding drop by drop the
pDMAEMA/Hepes mixture (with the same volume but with
varying concentration of pDMAEMA to obtain polyplexes with
a different charge ratio) to a fixed volume of the Rh-ON stock
solution. After the addition of each drop of polymer solution,
the dispersion was vortexed. The polyplexes were allowed to
equilibrate for 30 min at room temperature before use. Particle

size, zeta potential, fluorescence measurements, and gel elec-
trophoresis were all done on the same pDMAEMA/Rh-ON
dispersions, having a final Rh-ONs concentration of 10 µg/mL
(1.2 µM).

For FCS measurements, the pDMAEMA/Rh-ONs disper-
sions were prepared by the fast addition method as described
above. However, the final Rh-ONs concentrations equaled
0.025 µg/mL (3 nM).

Particle Size Measurements. Dynamic light scattering
measurements (DLS) on pDMAEMA/Rh-ON complexes were
carried out on a Malvern 4700 instrument (Malvern) at 25 °C
and at an angle of 90°. The incident beam was an HeNe laser
beam (633 nm). The pDMAEMA/Rh-ON complexes were
prepared as described above. To avoid dust particles, the
pDMAEMA solutions were filtered before being added to the
nucleotide solutions. Average pore size of the filter was 0.45
µm (Schleicher & Schuell). The particle size was measured 30
min after the preparation of the pDMAEMA/Rh-ON complexes.
For calculating the z-average hydrodynamic diameter from the
DLS data, the viscosity and refractive index of water at 25 °C
(0.89 mPa‚s and 1.333, respectively) were used. Polystyrene
nanospheres (220 ( 6 nm, Duke Scientific Corp) were used to
verify the performance of the instrument. The particle size of
each dispersion (as characterized by æ) was measured three
times.

Zeta Potential Measurements. Zeta potential (ú) meas-
urements on the pDMAEMA/ON complexes were performed
at 25 °C on a Malvern Zetasizer 2000 (Malvern), which is based
on electrophoretic light scattering. ú was measured within 1
h after the preparation of the pDMAEMA/ON complexes.
Polystyrene nanospheres (-50 mV, Duke Scientific Corp) were
used to verify the performance of the instrument. ú of each
dispersion was measured three times.

Fluorescence Measurements. The fluorescence of
pDMAEMA/Rh-ON complexes was measured 30 min after
their preparation on an SLM-Aminco Bowman fluorimeter
(SLM-Aminco Bowman; λex ) 525 nm, λem ) 584 nm). Fluo-
rescence of each dispersion was measured three times.

Gel Electrophoresis Experiments. Gel electrophoresis
was performed on the same polyplex dispersions as used for
particle size, ú, and fluorescence measurements. After prepa-
ration, the dispersions were allowed to stand at room temper-
ature for 30 min. They were diluted with loading buffer (90%
dispersion + 10% loading buffer which consisted of 50%
sucrose in distilled water containing bromophenol blue). A 20
µL aliquot of this mixture was placed in the wells of a 2.5%
agarose gel. A TBE buffer was used containing 10.8 g/L Tris
base, 5.5 g/L boric acid, and 0.58 g/L EDTA. The total
concentration of oligonucleotides in the wells was 0.18 µg. A
potential of 100 V was applied for 50 min. The oligonucleotides
were detected by staining the gel with a SYBR Green I solution
(Molecular Probes; 100 µL SYBR Green I in 1L TBE buffer
adjusted to a pH between 7.5 and 8).

Fluorescence Correlation Spectroscopy (FCS). The
translational mobility of Rh-ONs and polyplexes in buffer was
measured using FCS, which is based on the analysis of
intensity fluctuations of excited fluorescent molecules caused
by diffusion through the confocal volume of a microscope
(Figure 2).18 The fluorescent molecules are excited by a
stationary laser beam, and the autocorrelation function of the
fluctuations allows us to compute the translational diffusion
time (τd) and the average total number of fluorescent molecules
in the illuminated volume (N). The translational diffusion time
is the average time a fluorescent molecule spends in the
excitation volume.

Fluorescence fluctuations may arise from phenomena such
as Brownian diffusion, flow, and chemical reactions. When the
fluorescence fluctuations are only due to diffusion through the
confocal volume, which is approximated as a cylinder with
radius ω1 and height 2ω2 (Figure 1), G(τ) takes the following
form:19

Figure 1. 2-(Dimethylamino)ethyl methacrylate, being the
monomer of pDMAEMA. The pKa of the amine equals 7.5.

G(τ) ) 1 + 1
N

f(τ/τd) (1)
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with

For a mixture of two types of fluorescent molecules exhibit-
ing a fast (τfree) and a slow (τbound) translational diffusion time,
G(τ) reads19

where (1 - y) and y are the molar fractions of the free and the
bound component, respectively. The translational diffusion
coefficient (D) is calculated from τd by the following equation:

As the amplitude of the autocorrelation function is inversely
proportional to the occupation number N, it allows the calcula-
tion of the concentrations of fluorescent molecules by the
following equation:

A commercial FCS instrument (Confocor, Zeiss-Evotec) was
used. Briefly, the light of a HeNe laser operating at 543 nm
was projected into the microscope water immersion objective
(C-apochromat 40× magnification) via a dichroic mirror. The
laser beam was focused at about 180 µm above the bottom of
the cuvettes (Nalge Nunc International), which contained the
Rh-ON solutions or polyplex dispersions. Laser power was
adapted by inserting a neutral density filter. The emitted light
was collected by the same objective and passed through the
dichroic mirror and the 45 µm pinhole to finally reach the
avalanche photodiode. Measurements on the Rh-ON solution
were performed at room temperature on samples of 200 µL.
The measuring time on the Rh-ON solution was 50 s, and the
sample was measured 10 times. For FCS measurements on
the pDMAEMA/Rh-ON complexes, 200 µL of the dispersions
was prepared by the fast addition method in an Eppendorf
tube (Eppendorf), vortexed, and immediately transferred into
the FCS Nunc cuvettes to begin the FCS measurement. Each
dispersion (as characterized by æ) was measured 60 times. For
each measurement, the fluorescence fluctuations were re-
corded for 50 s.

As the size of the excited sample region (Figure 1) is affected
by small variations in optical alignment, before starting the
measurements, the volume element must be calibrated. ω1 and
ω2 were determined using a rhodamine 6G solution (5 nM in
water) with known diffusion coefficient (2.8 × 10-6 cm2/s). FCS
measurements on the rhodamine 6G solution were performed

at room temperature, using a 0.5 neutral density filter, while
the fluorescence signal was autocorrelated over 25 s. τd of the
rhodamine 6G molecules, as calculated from G(τ), equaled 72
( 2 µs. ω1, as calculated from eq 4, equaled 0.28 µm. The
structural parameter of the confocal volume element (ω2/ω1)
equaled 8.17 as determined from G(τ) of the rhodamine 6G
solution and allowed us to calculate ω2, which equaled 2.29
µm.

Results and Discussion

Size and Zeta Potential of pDMAEMA/ON Com-
plexes. None of the pDMAEMA/Rh-ON dispersions
used for size and zeta potential measurements were
apparently turbid. However, despite their transparent
appearance, light scattering increased upon adding
pDMAEMA to the Rh-ON solutions, suggesting the
formation of nanosized particles through the complex-
ation of the Rh-ON with pDMAEMA. Figure 3 shows
the hydrodynamic size and ú of pDMAEMA/Rh-ON
polyplexes as a function of æ. Both a “slow addition
method” and a “fast addition method” were used to
prepare the polyplexes, as it was reported previously
that the way of preparation may have a substantial
influence on the properties of the resulting polyplexes.20

As each point originates from DLS and zeta potential
measurements on three polyplex dispersions, which
were independently prepared, the way we prepared the
polyplexes resulted in complexes that were fairly re-
producible with regard to their size and surface proper-
ties. Only at low values of æ, the way of adding the
pDMAEMA solution to the Rh-ON solution seemed to
have an influence on the size of the resulting polyplexes.

The dependence of the size and surface properties of
the pDMAEMA/Rh-ON complexes on æ shows a typical
profile as often observed for complexes formed between
oppositely charged polyions.21 At low values of æ,
nonstoichiometric polyplexes form, in which the amount
of protonated amines is lower than the amount of
phosphate anions and which are negatively charged.
The interpretation of this is shown in Figure 4A. A
fraction of the short and flexible Rh-ON chains binds
only partially to the longer pDMAEMA chains which
implies that only a few of the phosphate anions on the
Rh-ON chains are involved in complex formation. The
nonneutralized anions provide for the water solubility
of the polyplexes and for their negative net charge.
Another fraction of the Rh-ONs chains remains free in
solution. Electrophoresis indeed confirmed that, at
values of æ < 1, free Rh-ONs are present (data not
shown). We wondered whether, at values of æ < 1
(Figure 3), the particle size and ú correspond to indi-

Figure 2. Passage of fluorescent molecules through the confocal volume element (A) gives rise to fluctuations in measured
fluorescence (B). An autocorrelation function (C) can be derived from the fluctuations and allows to calculate the average residence
time in the confocal volume.

f(τ/τd) ) [ 1
1 + τ/τd][ 1

1 + (ω1/ω2)
2τ/τd]

1/2
(2)

G(τ) ) 1 + 1
N

[(1 - y)f(τ/τfree) + yf(τ/τbound)] (3)

D )
ω1

2

4τd
(4)

C (mol/L) ) N
6.02 × 1023‚2πω1

2ω2

(5)
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vidual polyplexes or aggregated polyplexes. As the
molecular mass of an individual polyplex can be esti-
mated some hundreds of thousands g/mol (e.g., in case
several Rh-ONs bind to 1 pDMAEMA chain), the
hydrodynamic diameter must be lower than the values
measured in Figure 3, suggesting that aggregated
polyplexes are present. As Figure 4A illustrates, ag-
gregation may occur by Rh-ONs, which bridge indi-
vidual polyplexes. A striking observation in Figure 3A,B
is that, at values of æ < 1, the size of the particles
gradually increases, while their ú gradually decreases,
upon adding more pDMAEMA chains. We suggest
therefore that increasing pDMAEMA concentration in
this region led to more polyplex formation and that
aggregation of these polyplexes results in larger struc-
tures with lower net negative charge. DLS reveals that
fully aggregated polyplexes are formed for values of æ
between 1 and 3. For these polyplexes, almost no
repulsion occurs between the particles, as ú approxi-
mates zero, which leads to a clustering of individual
polyplexes, as presented in Figure 4B.20 Upon further
increasing the concentration of pDMAEMA, ú reaches
a positive plateau, indicating a shortage of Rh-ON to
compensate the charge. Electrophoresis data prove that
at a high value of æ all the Rh-ONs are bound (data not
shown). Probably, as illustrated in Figure 4C, as a
higher number of pDMAEMA chains are present, the

average number of Rh-ONs bound to one chain is
strongly decreased and the nonneutralized cations
explains the positive net charge of the polyplexes.
The electric repulsion between the positively charged
pDMAEMA chains in the polyplexes decreases the size
of the pDMAEMA/Rh-ON aggregates at higher æ values
(Figure 3A). However, intermolecular bridging of indi-
vidual polyplexes, as described above, may still occur
and explains why the hydrodynamic diameter is much
larger than what is expected for individual polyplexes.

An unanswered question is why the interaction
between pDMAEMA and Rh-ONs shows a nonstoichio-
metric behavior, i.e., why ú crosses over from a negative
to a positive value at æ > 1. Previous studies showed
that for many types of cationic polymers ú crosses over
when a the number of positive amino charges on the
polymers equals the number of negative phosphate
groups on DNA.5 Interestingly, upon complexation of
salmon sperm DNA instead of ONs to pDMAEMA, ú
crossed over from a negative to a positive value of æ )
1 (data not shown).

Fluorescence Properties of pDMAEMA/Rh-ON
Complexes. Figure 5 shows that, upon complexation
of Rh-ON to pDMAEMA, its fluorescence decreases. At
values of æ lower than 1, the fluorescence decreases
monotonically when the concentration of pDMAEMA
increases. The pDMAEMA/Rh-ON complexes having a
charge ratio between 2 and 3 show the lowest fluores-
cence, while at higher æ values their fluorescence again
increases. A similar decrease of the fluorescence as seen
in Figure 5 was observed in for example the complex-
ation of phosphorothioate ONs to polyamine-poly-
(ethylene glycol) copolymers and the complexation of
fluorescently labeled DNA to polylysine.22,23 We hypoth-
esize that the gradual decrease of the fluorescence of
the Rh-ONs solutions at low æ values is due to a partial
extinction of the fluorescence upon binding of the Rh-
ONs to the pDMAEMA chains.

Following the work of Trubetskoy et al., who recently
reported on the self-quenching of fluorescently labeled
DNA upon condensation with polycations, we further
investigated whether self-quenching occurs in the
pDMAEMA/Rh-ONs polyplexes.23 Figure 6 shows the
fluorescence of pDMAEMA/RH-ON polyplexes of differ-
ent charge ratio, prepared by adding the pDMAEMA
solution to a mixture of Rh-labeled and nonlabeled ON
(“ON + Rh-ON mixture”). While the total ON concen-
tration (10 µg/mL) was fixed, only the percentage of Rh-
labeled to unlabeled ON was varied. Three observa-
tions can be made from Figure 6. First, at all composi-
tions of the “ON + Rh-ON mixture”, adding pDMAEMA
decreases the fluorescence of the “ON + Rh-ON mix-
ture”. Second, at all æ values, the higher the amount of
labeled ONs in the polyplexes, the stronger the fluores-
cence of the complexes deviates from the fluorescence
of the corresponding “ON + Rh-ON mixture” without
pDMAEMA. This can only be attributed to self-quench-
ing, which occurs between the Rh-ONs and which
becomes more pronounced when more Rh-ONs are
present in the complex. Third, the extent of self-
quenching as a function of æ, indicated by the slope of
the line, increases at low values of æ, is maximal when
æ equals 3, and decreases again at high æ values. As
illustrated in Figure 4, this has to be explained by a
change in the average number of Rh-ONs per complex.
At low æ values, by adding more polymer strands to the
oligonucleotide solution, self-quenching can occur due

Figure 3. The z-average hydrodynamic diameter (A) and zeta
potential (B) of pDMAEMA/Rh-ON complexes, as a function
of the charge ratio. The polyplexes were prepared by fast and
slow addition of the pDMAEMA solution to the Rh-ON
solution, respectively. The Rh-ON concentration in the disper-
sions was 10 µg/mL. Each measuring point is the mean value
of measurements on three dispersions, which were independ-
ently prepared. Each dispersion was measured three times.
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to the formation of multimolecular polyplexes. The Rh
molecules come into close proximity of each other and
can quench their neighbors. At high æ values, self-
quenching decreases as the average amount of Rh-ON
per complex probably decreases. For monomolecular
complexes, self-quenching would probably not occur as
all the Rh-ONs are on different pDMAEMA strands.

Fluorescence Correlation Spectroscopy on Poly-
plexes. As explained in Materials and Methods, the
fluorescence fluctuations, which are monitored in FCS,
are caused by the diffusion of the fluorescently labeled
molecules through the laser beam. Upon binding of
fluorescently labeled molecules (Rh-ONs) to non-
fluorescent ones (pDMAEMA), slow fluctuations would
have to appear that could be quantified by autocorre-
lation analysis. Recently, Meseth et al. studied the
resolution limit of FCS for two different particles in
solution.24 It was shown that, under optimal conditions,
the diffusion times should differ by at least a factor of
1.6, which means that the particles must have a
molecular weight difference of a factor of 4 assuming
the molecular weight to be proportional to D-3. As the
molecular mass of the Rh-ONs was 8253 g/mol, while
Mn of pDMAEMA was estimated to be 60 000 g/mol,
FCS was evaluated to study the complexation between

Rh-ON and pDMAEMA, moreover as FCS shows po-
tential to be applicable in cellular studies.25-28

Rhodamine was preferred as the fluorescent label
because, compared to fluorescein, its photophysical
characteristics are more suitable for FCS measure-
ments. Fluorescein needs a higher laser light intensity
to obtain an acceptable value for the counts per mol-
ecule; it is more sensitive to photobleaching and gives
rise to a significiant triplet state. However, a main
disadvantage of Rh is its ability to stick to all types of
materials. Especially, as FCS is applied in the nano-
molar range of the fluorescent molecules, it is important
to take into account this behavior when binding studies
are considered. FCS revealed that the storage of Rh-
ON solutions in Eppendorf tubes for 10 min decreased
the number of molecules in the confocal volume element
from 3.9 ( 0.1 to 3.0 ( 0.1, which coincides with a
decrease in concentration from 7.1 to 5.6 nM. The
cuvettes used in the FCS measurements did not adsorb
Rh-ONs.

Figure 7 shows a compressed representation of the
fluorescence fluctuations in the confocal volume (A) and
the autocorrelation curve (B) of Rh-ONs in buffer. From
the autocorrelation function and the mean diffusion
time of the molecules (193 ( 4 µs) a diffusion coefficient

Figure 4. Representation of interactions between Rh-ONs and pDMAEMA under different conditions (A) at low values of æ (æ
< 2), where there is an excess negative charge (B) at intermediates values of æ (2 < æ < 3) with equal amount of negative and
positive charge (C) at high values of æ (æ > 3) when there is an excess of positive charge.

Figure 5. Fluorescence of pDMAEMA/Rh-ON dispersions as
a function of the charge ratio. The polyplexes were prepared
by fast and slow addition of the pDMAEMA solution to the
Rh-ON solution, respectively. The Rh-ON concentration in the
dispersions was 10 µg/mL. The fluorescence of the Rh-ON
solution in the absence of pDMAEMA (i.e., at æ ) 0) was set
to 100%. Each measuring point is the mean value of measure-
ments on three dispersions, which were independently pre-
pared. Each dispersion was measured three times.

Figure 6. Fluorescence of pDMAEMA/ON + Rh-ON poly-
plexes prepared by adding (fast addition method) pDMAEMA
to “ON + Rh-ON mixtures”. The x-axis indicates the percent-
age of Rh-ON in the “ON + Rh-ON mixtures”. æ ) 0 (b) shows
the fluorescence of the “ON + Rh-ON mixture” when there
was no pDMAEMA present. The values of æ are æ ) 0.5 (O),
æ ) 1 (1), æ ) 3 (3), and æ ) 6 (9). The ON concentration in
the dispersions was 10 µg/mL.
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of 1.05 × 10-6 cm2/s was calculated, which agrees with
values in the literature. Politz and co-workers measured
with FCS a diffusion coefficient of 0.5 × 10-6 cm2/s for
a 43-mer ON.28

Figure 8 compares the fluorescence fluctuations of a
3 nM (0.025 µg/mL) Rh-ON solution before and after
complexation with pDMAEMA. The association of the
Rh-ONs with pDMAEMA clearly influences the fluo-
rescence fluctuation profile. First, the fluorescence
intensity significantly decreases. Especially, a gradual
decrease can be observed when æ of the pDMAEMA/
Rh-ON complexes is increased. This agrees with the
fluorimetric observations as explained in Figures 5 and
6. Second, highly intense fluorescence peaks became
visible upon complexation of Rh-ON to pDMAEMA.

Considering the time frame of one measuring point to
be 100 ms and the (estimated) diffusion time of poly-
plexes to be between 1 and 10 ms (see below), one highly
intense fluorescence peak does not necessarily originate
from the diffusion of one single, very bright polyplex into
the confocal volume. It could also be attributed to the
diffusion of a number of less bright polyplexes in the
confocal volume during the 100 ms time frame.

As multimolecular pDMAEMA polyplexes were re-
vealed from Figure 6, it is highly likely that the highly
intense fluorescence peaks originate from the presence
of pDMAEMA chains, which bear several Rh-ONs. The
heterogeneous distribution of the height of the highly
intense fluorescence peaks probably indicates that poly-
plexes with a polydisperse composition, with regard to
the number of Rh-ONs per polyplex, are formed.
However, as the discussion above pointed out, the
fluorescence of pDMAEMA/Rh-ON complexes may be
influenced by many factors; one cannot state that an
increase of the height of the highly intense fluorescence
peaks by for example factor of 2 is attributed to a
doubling of the number of Rh-ONs per complex.

In the measurements of Figure 5, we evaluated to
which extent dextran sulfate, an anionic polymer, could
destabilize the pDMAEMA/Rh-ON complexes. Upon
adding 100 µL of a dextran sulfate solution (1 mg/mL
in Hepes buffer) to 900 µL of pDMAEMA/Rh-ON disper-
sion (æ ) 1), the fluorescence of the pDMAEMA/Rh-ON
dispersion is partially restored (data not shown), which
indicates that dextran sulfate competes with the Rh-
ONs for binding to pDMAEMA.29 This could also be
observed in the FCS data. Figure 8 shows that upon
addition of dextran sulfate the fluorescence is partially
restored, while the highly intense fluorescence peaks
almost disappear.

Although the highly intense fluorescence peaks indi-
cated the presence of the pDMAEMA/Rh-ON complexes
(e.g., in Figure 9A), they greatly disturbed the deter-
mination of the autocorrelation function from the fluo-
rescence fluctuations (Figure 9B). Especially, using eq
3, it was difficult to calculate the diffusion times and
the amount of free and complexed Rh-ON from G(τ) of
the pDMAEMA/Rh-ON dispersions. This forced us to
analyze the fluorescence fluctuation profile in an alter-
native way. For a first approach, we tried to analyze
the data by analysis of the photon counting histogram

Figure 7. FCS measurements on Rh-ONs in buffer: fluores-
cence fluctuation profile (A), autocorrelation curve (B), and
fluorescence intensity distribution (C). The Rh-ON concentra-
tion was 0.025 µg/mL.

Figure 8. Fluorescence fluctuation profile for respectively a
Rh-ON solution (A) and pDMAEMA/Rh-ON dispersions (B: æ
) 8 and 3: C ) 17). Adding dextran sulfate to the pDMAEMA/
Rh-ON dispersions (æ ) 17) partially recovered the fluores-
cence of the baseline, while the highly intense fluorescence
peaks almost disappeared (D). The Rh-ON concentration
equaled 0.025 µg/mL.
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(PCH) as recently described by Chen and co-workers.30

Due to the “rarity” of the events and the heterogeneity
of the formed pDMAEMA/Rh-ON complexes, no ap-
propriate statistics could be done on these data.32

Recently, a new method was proposed to analyze
fluorescence fluctuation profiles of a mixture of different
types of fluorescent molecules where one type of the
molecules shows much brighter fluorescence with re-
spect to the other, applicable when integration over long
time bins has been done.31 Van Craenenbroeck et al.
performed FCS on mixtures of fluorescein and highly
fluorescent 100 nm polystyrene beads. The fluorescence
fluctuation profiles, with the appearance of highly
intense fluorescence peaks arising from the passage of
the fluorescent beads through the confocal volume,
resembled the fluorescence fluctuation profiles of pD-

MAEMA/Rh-ON dispersions. They showed that a linear
relation exists between the total fluorescence observed
in highly intense fluorescence peaks in the fluorescence
fluctuation profile and the concentration of the highly
fluorescent beads in the mixture. We applied this type
of analysis to the fluorescence fluctuation profile of the
pDMAEMA/Rh-ON dispersions. When only free Rh-ONs
were present, the fluorescence intensities in the fluo-
rescence fluctuation profile (Figure 7A) showed a Gauss-
ian distribution (Figure 7C) with a mean value influ-
enced by the mean number of molecules in the confocal
volume and their fluorescence quantum yield, respec-
tively.31 The fluorescence fluctuation profile of the
pDMAEMA/Rh-ON dispersion showed highly intense
fluorescence peaks (Figure 9A) whose intensity did no
longer belong to the Gaussian distribution (indicated as
“highly intense fluorescence peaks”; Figure 9C). We used
the Kolmogorov-Smirnov-based statistical method, as
described by Van Craenenbroeck et al.,31 to determine
above which value of the fluorescence intensities the
measured intensities no longer contributed to the
Gaussian distribution (“highly intense fluorescence
peaks”) and were therefore regarded as originating from
pDMAEMA/Rh-ON complexes.31 Figure 10 shows the
number of the highly intense fluorescence peaks in the
fluorescence fluctuation profile of pDMAEMA/Rh-ON
complexes. As very low volumes of pDMAEMA solutions
were added to the Rh-ON solutions, it was not straight-
forward to do the FCS measurements at more values of
æ between 0 and 10, without using another stock
solution. For pDMAEMA/Rh-ON complexes having æ
values lower than 15, increasing æ gave rise to an
increase in the number of highly intense fluorescence
peaks. As the Rh-ON concentration was the same in all
the pDMAEMA/Rh-ON dispersions, a higher number of
pDMAEMA chains may decrease the average number
of Rh-ON bound per pDMAEMA chain as discussed
above. This may increase the number of polyplexes
which may explain the increase in the number of highly
intense fluorescence peaks. However, upon further
increasing the number of pDMAEMA chains, one could
expect that, from a certain value of æ, polyplexes would
arise which consist of only one or a few Rh-ONs bound
per pDMAEMA chain and whose fluorescence intensi-
ties belong to the Gaussian distribution. Such polyplexes
will not result in highly intense fluorescence peaks in
the fluorescence fluctuation profile, and consequently
it is expected that the number of highly intense fluo-
rescence peaks would decrease.

Figure 9. FCS measurements on pDMAEMA/Rh-ON disper-
sion (æ ) 8): fluorescence fluctuation profile (A), autocorre-
lation curve (B), and fluorescence intensity distribution (C).
The Rh-ON concentration equaled 0.025 µg/mL.

Figure 10. Number of highly intense fluorescence peaks
observed in the fluorescence fluctuation profile of pDMAEMA/
Rh-ON dispersions as a function of the charge ratio. The Rh-
ON concentration equaled 0.025 µg/mL.
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While it was unclear whether the size, ú, and fluori-
metric data in Figures 3 and 5 concern individual or
aggregated polyplexes, due to the use of highly diluted
dispersions in FCS, it is highly probable that the
diffusion behavior of individual polyplexes is studied in
FCS. This can also be observed from the diffusion time,
estimated from the time at which G equals the half of
G(0), in Figure 9B: the estimated diffusion time is
around 1-10 ms. In case clustered polyplexes are
present, the diffusion time would probably be much
higher. The decrease of the number of RhONs per
pDMAEMA chains starts from values of æ around 15
(Figure 10), while this is observed at æ values of 3 in
Figure 3A; this might be a consequence of the much
lower concentration of the complexes.

Generally, the FCS data could be interpreted on the
basis of the properties of the pDMAEMA/Rh-ON com-
plexes as revealed from other methods, although a more
quantitative interpretation of the FCS data remains
complicated. Especially, the polydispersity of the com-
plexes (both in fluorescence and in molecular size) and
the fluorescence quenching upon binding the Rh-ONs
to the pDMAEMA chains largely hamper the interpre-
tation of the fluorescence fluctuation profiles.

Summary

DLS, ú, fluorimetric, and gel electrophoresis experi-
ments, which could be performed when a micromolar
Rh-ON concentration (10 µg/mL) was used, pointed out
that complexation occurs between Rh-ONs and pD-
MAEMA. In the dependence of size, ú, and fluorescence
of the pDMAEMA/Rh-ON polyplexes on their charge
ratio three regions could be clearly distinguished. (1)
At values of æ < 1, only a part of the Rh-ON chains
binds to the pDMAEMA chains (as revealed from gel
electrophoresis) by a few of their phosphate anions. The
nonneutralized anions of the bound ONs provide for the
net negative charge of the polyplexes. As the molar mass
of an individual polyplex has to be in the order of some
hundreds of thousands g/mol and as the hydrodynamic
diameters measured on the dispersions ranged from
about 80 to 250 nm, it was suggested that aggregation
of individual polyplexes occurs by for example Rh-ONs
which bridge individual polyplexes. At æ < 1, the
gradual decrease of the fluorescence of the polyplex
dispersions upon increasing the amount of pDMAEMA
was explained by self-quenching of the fluorescence, as,
upon binding, the ONs significantly concentrate. Con-
sequently, the quenching as observed in the fluorescence
measurements confirmed the existence of “multimolecu-
lar complexes”. (2) At values of æ between 1 and 3, DLS
revealed that fully aggregated polyplexes were formed.
As in this region ú crosses over from a negative to a
positive value and approximates zero, the clustering of
the indivual polyplexes was attributed to the absence
of any repulsion between the particles. (3) At values of
æ > 3, the polyplexes were positively charged, indicating
that the polycations in excess incorporated into the
complexes. Electrophoresis data indicated that all the
Rh-ONs were bound. As in this region the fluorescence
of the dispersions again increased it was suggested that,
when a higher number of pDMAEMA chains are present,
the average number of Rh-ONs bound to one chain
begins to decrease, which results in less quenching of
the fluorescence. It was suggested that the free cations
explain the positive net charge of the polyplexes and
that the electric repulsion between the positively charged

pDMAEMA chains on the polyplexes probably decreased
the size of the pDMAEMA/Rh-ON complexes.

FCS experiments, which were performed on poly-
plexes prepared from nanomolar solution of Rh-ONs,
also revealed that interactions occur between the Rh-
ONs and pDMAEMA. In agreement with the fluorimet-
ric measurements on the micromolar pDMAEMA/Rh-
ON dispersions, the fluorescence intensity in the
fluorescence fluctuation profiles showed a similar æ
dependence. Specifically, highly intense fluorescence
peaks appeared in the fluorescence fluctuation profile
when complexation between Rh-ON and pDMAEMA
occurred. As multimolecular pDMAEMA polyplexes
were revealed from fluorimetric measurements on the
micromolar pDMAEMA/Rh-ON dispersions, it is very
likely that the highly intense fluorescence peaks origi-
nated from the presence of pDMAEMA chains which
bear several Rh-ONs. For æ < 15, the number of highly
intense fluorescence peaks increased upon adding more
pDMAEMA chains to the Rh-ON solution. This was
expected as, the more pDMAEMA chains, the more
polyplexes and the lower the number of Rh-ONs per
polyplex as suggested from the fluorimetric measure-
ments. As expected, from a certain value of æ (around
15) the number of highly intense fluorescence peaks
dropped as pDMAEMA/Rh-ON polyplexes arose which
probably consist of only one or a few Rh-ONs bound per
pDMAEMA.
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