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Polyethylenimine/Oligonucleotide Polyplexes
Investigated by Fluorescence Resonance Energy Transfer

and Fluorescence Anisotropy

Young Tag Ko,1 Ulrich Bickel,2 and Juyang Huang3

To advance knowledge on polyplex structure and composition, fluorescence resonance energy transfer (FRET)
and anisotropy measurements were applied to polyplexes of rhodamine-labeled polyethylenimine (PEI) and
fluorescein-labeled double-stranded oligodeoxynucleotide (ODN). About 25 kDa PEI was compared with low-
molecular-weight PEI of 2.7 kDa. FRET reached maxima at amine to phosphate (N/P) ratios of 2 and 3 for
2.7 kDa and 25 kDa PEI, respectively, with similar average distances between donor and acceptor dye molecules
in polyplexes. Anisotropy measurements allowed estimating the bound fractions of PEI and ODN. At N/P¼ 6,
all ODN was bound, but only 58% of PEI 25 kDa and 45% of PEI 2.7 kDa. In conclusion, the higher molecular
weight of PEI may conformationally restrict the availability of amino groups for charge interaction with
phosphate groups in ODN. Moreover, significant fractions of both types of PEI remain free in solution at N/P
ratios frequently used for transfection. FRET and anisotropy measurements provide effective tools for probing
polyplex compositions and designing optimized delivery systems.

Introduction

Polyethylenimine (PEI) is a cationic polymer, which
achieves high transfection efficiency as nonviral carriers

for nucleic acid therapeutics such as plasmid DNA and as
oligonucleotides (Boussif et al., 1995; Kircheis et al., 2001;
Vinogradov et al., 2004; Akinc et al., 2005). Due to its high
density of positive charges, it has the capability to protect
nucleic acids from enzymatic degradation by formation of
condensed complexes (polyplexes) and it mediates en-
dosomal escape by a ‘‘proton sponge’’ mechanism (Boussif
et al., 1995; Akinc et al., 2005). Complex formation between
PEI or PEI-derivatives and nucleic acids has been investigated
with various techniques, including dynamic light scattering
(DLS) for size and zeta potential measurement, dye exclusion
(Kunath et al., 2003), gel retardation (Fischer et al., 2005), and
DNAse digestion with most of the studies focused on the fate
of nucleic acids, mainly with regard to condensation and
protection upon complex formation. However, the fate of the
other partner in such complex formulations, PEI, has not been
studied as extensively. PEI of different molecular weights and
structure (branched vs. linear) may lead to different polyplex
structure, resulting in differences in stability and release of the
loaded nucleic acids (Fischer et al., 1999; Godbey et al., 1999).

While it is obvious that adequate amounts of PEI are neces-
sary for complete condensation of nucleic acids, it has been
reported that polyplexes prepared at high amine group to
phosphate group (N/P) ratios are particularly efficient
transfection agents. However, a high N/P ratio can also cause
toxicity as a consequence of free PEI in the formulation (Zou
et al., 2000; Boeckle et al., 2004). Therefore, a good quantitative
method for determination of the fractions of each component,
which are either incorporated into complexes or remain free in
solution, is desirable. Measurement of the fractional distri-
bution by chromatographic separation of complex and free
PEI (Boeckle et al., 2004) is feasible, but this multi-step process
potentially introduces errors by re-equilibration and/or loss
of free PEI due to absorption on surfaces. Techniques able to
detect bound and free fractions in a homogenous phase, thus
not requiring prior separation, should avoid such problems.
The present studies utilized 2 techniques for characterization
of polyplexes between PEI and a model double-stranded oli-
godeoxynucleotide (ODN), which is a 20-mer containing the
NF-kB cis element (Morishita et al., 1997; Fischer et al., 2005).
A commercially available branched PEI with MW 25 kDa
(PEI25) and custom-synthesized low-molecular-weight PEI
with MW 2.7 kDa (PEI2.7) (Fischer et al., 1999) were used for
complex formation.
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Fluorescence resonance energy transfer (FRET) is a dis-
tance-dependent excited-state interaction, in which emission
of one fluorophore (donor) is coupled to the excitation of
another (acceptor) in close proximity of several nanometers,
leading to decreased donor emission and increased acceptor
emission (Selvin, 2000; Hillisch et al., 2001). It has been used as
a tool for measuring distance data and monitoring confor-
mational changes in biological macromolecules. In the present
study, we applied FRET to obtain structural information on
polyplexes between PEI and ODN and estimate the average
distance between 2 fluorophores in double-labeled complexes
of rhodamine-labeled PEI and fluorescein-labeled ODN
(TMR-PEI/FL-ODN).

Fluorescence anisotropy provides information on mo-
lecular movement and has been widely used for studying
interactions between macromolecules, and between macro-
molecules and small molecules. In this study, we applied the
steady-state anisotropy technique to monitor interactions
between PEI and ODN and to determine the fraction of free
PEI after complex formulation.

Materials and Methods

Double-stranded ODNs

Single-stranded 20-mer ODNs containing the NF-kB
cis element (Morishita et al., 1997) and corresponding 50-
fluorescein conjugated ODNs were purchased from MWG
Biotech (Highpoint). ODNs were prepared by annealing the
single-stranded ODN with equimolar amounts of comple-
mentary ODN at a final concentration of 1mg/mL.

Polyethylenimine

Branched PEI with MW 25 kDa (PEI25) was obtained from
BASF AG. Low-molecular weight PEI with MW 2.7 kDa
(PEI2.7) was synthesized and characterized as described
previously (von Harpe et al., 2000), and generously provided
by Dr. T. Kissel (Marburg, Germany).

Labeling of PEIs with rhodamine

PEIs were fluorescently labeled using carboxyte-
tramethylrhodamine N-hydroxysuccinimide (TMR-NHS) ac-
cording to the supplier’s instruction (Pierce). Briefly, 1 mg of
PEI (2.7 or 25 kDa) in 1 mL HEPES buffer (10 mM HEPES, 5%
glucose, pH 7.4) was mixed with 0.5 mg of TMR-NHS in
100 mL DMSO and incubated on ice for 2 hours. Unincor-
porated TMR-NHS was removed by column chromatography
on Sephadex G25 (PD-10; Amersham) using HEPES buffer as
eluent. It was determined that *1.9% of the amines (corre-
sponding to 10.8 amines for 25 kDa PEI and 1.2 amine for
2.7 kDa) were conjugated to TMR in TMR-PEI.

FRET measurements of PEI-ODN complexes

Single-labeled complexes (PEI/FL-ODN) were prepared
with FL-ODN and unlabeled PEI, and double-labeled com-
plexes (TMR-PEI/FL-ODN) with TMR-PEI and FL-ODN. The
desired amounts of ODN and 18mg of PEI were diluted sep-
arately in HEPES buffer (10 mM HEPES, 5% glucose, pH 7.4)
to a final volume of 500 mL each. After 10 minutes of incuba-
tion at room temperature, the PEI solutions were transferred
to the ODN solution and vortexed immediately. After 10

minutes of incubation at room temperature, 1 mL of HEPES
buffer was added. The amounts of PEI were calculated from
the desired amine/phosphate (N/P) ratio, assuming 43.1 g/
mol for each repeating unit of PEI containing one amine, and
330 g/mol for each repeating unit of ODN containing one
phosphate. The amounts of fluorescence dyes were kept
constant in all preparations, and the TMR to FL molar ratio in
double-labeled complexes was adjusted to 1 by mixing TMR-
PEI and unlabeled PEI accordingly. The fluorescence inten-
sities were measured using a spectrofluorometer (F2500; Hi-
tachi) at excitation wavelength 480 nm rather than 488 nm
(¼ absorption maximum of FL) to reduce direct excitation of
TMR, and emission scanning from 510 to 610 nm with a slit
width of 10 nm. The decrease in FL emission intensity at
518 nm as a result of fluorescence quenching was expressed as
percent quenching (%Q) according to

%Q¼ 100 · 1�
I(N=P¼ n)

I(N=P¼ 0)

 !
(1)

where I(N/P¼0) and I(N/P¼n) are the FL emission intensity of
free FL-ODN in the absence of PEI (N/P¼ 0), and FL emission
intensity of complexes at N/P¼ n, respectively.

Fluorescence quenching may occur by several mechanisms
such as static quenching by complex formation in ground
state and dynamic quenching by collision, charge transfer,
and FRET. As the decreased emission intensity of FL in
double-labeled complexes represents the sum of fluorescence
quenching by complex formation and FRET, the contribu-
tion of FRET on the fluorescence quenching can be obtained
from the difference between the FL emission intensity of
the double-labeled complexes and single-labeled complexes
at corresponding N/P ratio. The Q value by energy transfer
(Q energy transfer), also known as FRET efficiency (E), was cal-
culated for each N/P ratio from the FL emission intensity of the
single-labeled complexes (Isingle, N/P¼n) and double-labeled
complexes (Idouble, N/P¼ n) and was expressed in percent:

%Qenergy transfer¼E¼ 100 · 1�
I(double, N=P¼ n)

I(single, N=P¼ n)

 !
(2)

From the calculated value of E, the average distance (R)
between the 2 fluorophores in the double-labeled complexes
was determined according to

E¼ R6
0

(R6
0 + R6)

(3)

where R0 is the Förster radius of the FL-TMR dye pair, that is,
the distance at which energy transfer for the donor–acceptor
pair is 50% of maximum.

Measurement of steady-state fluorescence anisotropy

For each PEI 2.7 and PEI25, a series of single-labeled com-
plexes (TMR-PEI/ODN) was prepared with unlabeled ODN
and TMR-PEI, as described above. The complexes were pre-
pared with a constant amount of TMR-PEI (18 mg) and vary-
ing amounts of ODN to yield P/N ratios between 0.042 and 1.
Fluorescence intensities were measured using a T-mode C61/
2000 spectrofluorometer (Photon Technology International).
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The excitation wavelength was set to 550 nm, and emission
intensities were scanned from 570 to 630 nm for TMR-PEI/
ODN. The steady-state anisotropy (r) was then calculated as

r¼ (Ivv� g · Ivh)

(Ivv + 2g · Ivh)
(4)

where Ivv is emission intensity of vertically polarized light and
Ivh is emission intensity of horizontally polarized light, when
excitation light is vertically polarized (Shinitzky and Bare-
nholz, 1978). The parameter ‘‘g’’ (g-factor) relates the relative
sensitivity of the 2 emission channels and can be obtained as
g¼ Ihv/Ihh, with the polarization of excitation set to hori-
zontal (Parker et al., 2004).

Measurement of zeta potential

Zeta potential of the complexes was determined by DLS
using the particle size analyzer Nicomp 380ZLS (Particle
Sizing Systems). The scattered light was detected at 238C at an
angle of 18.98. A viscosity value of 0.933 mPas and a refractive
index of 1.333 were used for the data analysis. The instrument
was routinely calibrated using latex microsphere suspensions
(0.09 mm, 0.26 mm; Duke Scientific Corp).

Results and Discussion

FRET of PEI/ODN complexes

We measured the decrease in emission intensities of FL in
single-labeled complex (PEI/FL-ODN) and double-labeled
complex TMR-PEI/FL-ODN and calculated FRET from donor
quenching. The alternative way of FRET estimation by mon-
itoring the increase in acceptor emission intensity (acceptor
sensitization) often requires complex formulation at acceptor
to donor dye ratios on the order of 5:1 (Itaka et al., 2002),
necessitating higher levels of dye substitution than applied
here, thus introducing the risk of altering the physical prop-
erties of the molecules of interest. Figure 1 shows examples of
emission spectra of FL-ODN and complexes with PEI25
(graphs for PEI2.7 look similar). The decrease in FL emission
and slight red shift in the emission maximum is due to envi-
ronmental changes for FL in complexes as compared to free
solution. Several mechanisms cause fluorescence quenching
upon complex formation in single-labeled complexes (Fig.
1A), including self-quenching between FL dye molecules in
close proximity, and static quenching of FL by complex for-
mation in ground state, thus suppressing excitation. Our data
for single-labeled complexes are consistent with results re-
ported by van Rompay et al. (2001) for complex formation
between rhodamine-conjugated ODNs and several cationic
polymers. Double-labeled complexes, TMR-PEI25/FL-ODN,
had markedly decreased FL emission compared to single-
labeled complexes at the same N/P ratio, and an increase in
the TMR emission (Fig. 1B).

The % Quenching of FL emission intensities in single-
labeled complexes, PEI25/FL-ODN and PEI2.7/ODN, in-
creased steeply up to an N/P ratio of 4 and reached a plateau
above an N/P ratio of 6 (Fig. 2A, B), suggesting saturation of
the amount of PEI in complexes, leaving a significant fraction
of free PEI at higher N/P ratios. PEI25/FL-ODN (Fig. 2A) and
PEI2.7/FL-ODN (Fig. 2B) differed in the higher plateau for the
PEI25 compared to PEI2.7 complexes (% Quenching*55% vs.

*30%). Hence, the interaction of PEI25 with ODN is different
from that of PEI2.7, indicating a different degree of conden-
sation.

Single- and double-labeled complexes displayed the same
degree of red shift of the FL signal. Moreover, comparing the
single- and double-labeled complexes at a given N/P ratio
accounts for any environmental change of the fluorophore.
Quench maxima for double-labeled complexes were observed
at N/P ratio 3 and 2 for PEI25 and PEI2.7, respectively (Fig.
2A, B). At least 2 factors contribute to the decline in quenching
after the maximum and convergence of the quenching curves
for single-labeled and double-labeled complexes. First, an
increasing fraction of TMR-PEI does not participate in com-
plex formation at higher N/P ratios, thus lessening the con-
tribution of energy transfer to total quenching. Second, the net
charge of the complexes goes from negative at low N/P ratio
to neutral, then to positive at high N/P ratio. A necessary
condition for FRET is alignment of the dipole moments of
donor and acceptor during the lifetime of the donor’s excited
state. Strong local electric fields, either at low or high N/P

FIG. 1. Representative fluorescence emission spectra and
their normalized spectra (insets) of free FL-ODN and (A)
single-labeled complexes, PEI25/FL-ODN, and (B) double-
labeled complexes, TMR-PEI25/FL-ODN. The excitation
wavelength was 480 nm and emission spectrum was scanned
from 510 to 610 nm. The decrease in emission intensity and
shift of emission maxima of FL are a consequence of complex
formation between PEI and FL-ODN in ground state (A).
Energy transfer between donor (FL) and acceptor (TMR)
leads to further decrease in FL emission and increase in TMR
emission (B). PEI, polyethylenimine; ODN, oligodeox-
ynucleotide; TMR, carboxytetramethylrhodamine.
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ratio, can restrict the rotation of dipole moments and change
the orientation factor resulting in low FRET efficiency. High-
est rotational freedom and FRET efficiency occurs between
these 2 extremes when the electric field inside the complex is
neutralized. This explanation of electrostatic effect is sup-
ported by Zeta potential measurement of the complexes as a

function of the N/P ratio, which approaches a value of zero
around N/P ratio of 3 (data not shown). In addition, DLS size
measurements of the complexes indicated aggregate forma-
tion around N/P equal 3 (for PEI2.7/ODN), and around N/P
equal 4 (for PEI25/ODN), which is a consequence of charge
neutralization and lack of electrostatic repulsion. The effi-
ciency of energy transfer (%E) was used to estimate the dis-
tance (R) between donor and acceptor in the double-labeled
complexes, TMR-PEI/FL-ODN, by Equation 2 and 3 (Mate-
rials and Methods section). The Förster radius, R0, was set as
5.5 nm, a value used by several other groups working with
DNA complexes (Edelman et al., 2003; Wang et al., 2003).
Therefore, the distances calculated here are estimates, which,
nevertheless, provide useful information for comparison of
complexes generated with different PEI. A plot of calculated
average distances over increasing N/P ratio showed minima
for both TMR-PEI25/FL-ODN and TMR-PEI2.7/FL-ODN

FIG. 2. Quenching of fluorescence emission in PEI25/
ODN complexes (A) and PEI2.7/ODN complexes (B) as a
function of N/P ratio. %Qdouble labeled is the quenching
curve for double-labeled complexes (TMR-PEI/FL-ODN)
and %Qsingle labeled is the quenching curve for single-labeled
complexes (PEI/FL-ODN). %Qenergy transfer is equivalent to
energy transfer efficiencies (%E), providing the basis for
calculation of distance between dyes within complexes. (C)
Calculated average distances between the fluorescent dyes in
FL-ODN and TMR-PEI plotted at different N/P ratios.

FIG. 3. Fluorescence anisotropy (r) of the complexes be-
tween TMR-PEI and ODN as a function of P/N ratio. In-
creasing amounts of ODN were added to constant amounts
of TMR-PEI.

FIG. 4. Schematic demonstrating complexation between
PEIs and ODN. Positively charged PEIs complex negatively
charged ODN by electrostatic interaction. Due to steric hin-
drance, positively charged amines of PEI25 are less accessible
to the negative-charged phosphates of ODN than those of
PEI2.7.
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(Fig. 2C), which correspond to the maxima of energy transfer
(compare Fig. 2A and B). While the distance minima were not
significantly different from each other (4.34� 0.11 nm vs.
4.12� 0.01 nm; mean� SE, n¼ 3), they occurred at different
N/P ratios, N/P equal 3 in the case of 25 kDa PEI, and N/P
equal 2 for 2.7 kDa PEI. Therefore, maximum packing density
in complexes containing 2.7 kDa PEI was reached at a lower
amount of amine groups, which implies that the amine
groups in 2.7 kDa PEI are, on average, better accessible for
interaction with ODN than those in 25 kDa PEI.

Fluorescence anisotropy of PEI-ODN complexes

When small molecules participate in complex formation,
for example, during incorporation of PEI and ODN into
polyplexes, the rotational movement slows down, resulting in
less depolarization of the emitted light (Kakehi et al., 2001).
Hence, we measured steady-state fluorescence polarization
anisotropy and used it to characterize single-labeled com-
plexes, TMR-PEI/ODN. Steady-state anisotropy of the com-
plexes was plotted as a function of P/N ratio TMR-PEI/ODN.
The anisotropy of TMR-PEI/ODN complexes showed linear
increase at lower P/N ratios (Fig. 3) and reached a plateau at a
P/N ratio of about 0.29 (for TMR-PEI25) and 0.37 (for TMR-
PEI2.7), demonstrating saturation. Confirming the FRET data,
the saturation at higher P/N ratio (¼ lower N/P) indicates
that PEI2.7 has more amine groups available for interaction
with ODN phosphate groups than PEI25 (Fig. 4).

Assuming a linear proportion between anisotropy and
bound fraction of TMR-PEI up to the saturation point, linear
regression analysis of these data points resulted in highly
significant correlation coefficients (r2¼ 0.9576 and 0.9314 for
PEI2.7 and PEI25, respectively). Based on this analysis, the
fractions of bound PEI molecules in each preparation were
calculated as 45% (for PEI2.7) and 58% (for PEI25) at P/N ratio
of 0.17 (corresponding to N/P ratio 6). Applying a different
technique, fluorescence correlation spectroscopy, Clamme
et al. calculated that only 14% of PEI25 was bound in com-
plexes with plasmid DNA at N/P ratios equal to 6 or 10
(Clamme et al., 2003). The discrepancy between Clamme’s
and our result, that is, 58% vs. 14% of PEI25 bound at N/P
ratio 6, is probably due to the structural difference of the DNA
molecules (20 bp ODN vs. 5.8 kbp plasmid DNA). The struc-
ture of plasmid DNA may sterically constrain interactions
between phosphate groups and PEI amino groups in PEI,
leaving a large fraction of DNA phosphate groups inaccessi-
ble to PEI (Clamme et al., 2003). In comparison, the small size
and flexibility of the 20 bp ODN makes the phosphate groups
more accessible to amino groups for charge interactions,
leading to a higher fraction of bound PEI. It is, however, un-
expected that the bound fraction of PEI, as measured with
correlation spectroscopy, remained constant when the N/P
ratio increased from 6 to 10 (Clamme et al., 2003), which is in
contrast to the present data, where the bound fraction de-
creased from 62% (N/P¼ 6 or P/N¼ 0.17) to 35% (N/P¼ 10
or P/N¼ 0.1).

In conclusion, the presented data demonstrate the suit-
ability of FRET and steady-state anisotropy measurements for
characterization of multimolecular complexes between PEI
and ODN. While a sufficiently high N/P ratio is necessary for
complete condensation of ODN, the data show that significant
amounts of both PEI2.7 and PEI25 preparations existed in free

form at N/P ratios usually employed for transfection. Struc-
tural and compositional information gained by FRET and
steady-state anisotropy on polymer/oligonucleotide com-
plexes could be a valuable complement to other techniques
available for characterization of such complexes (eg, fluores-
cence correlation spectroscopy). Beyond studying PEI poly-
mers and ODNs, as in the present experiments, these methods
should be applicable to the wide array of complexes between
DNA or RNA and other cationic polymers, which are cur-
rently explored in transfection experiments.
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