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INTRODUCTION

P
olyethyleneimine (PEI) has exhibited as a potential

nonviral vector for gene delivery.1,2 The positively

charged PEI chains can condense the negatively

charged plasmid DNA (pDNA) to form some com-

pact DNA/PEI complexes, or called polyplexes.3,4

Furthermore, not only such formed polyplexes can effectively

enter cells via endocytosis but also successfully escape from

endo-lysosomes to cytoplasm and then to nuclear because

the protonization of PEI produces a ‘‘proton sponge’’ effect

when they move from the extracellular space to the intercel-

lular space.5,6 The high in vitro transfection efficiency distin-

guishes the PEI-mediate nonviral vectors over others so that

PEI is often used as a comparative standard.1,4,5,7 The forma-

tion of the polyplexes is only the first step for the develop-

ment of a good nonviral vector for gene delivery. Previous

experimental results have indicated that many factors, such
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ABSTRACT:

Using a combination of static and dynamic laser light

scattering, we investigated the complexation of a

supercoiled plasmid DNA (pDNA, 104 bp) and a

branched polyethyleneimine (bPEI, Mw 5 25 kD) in

semidilute and low-salt aqueous solutions. Our results

unearth some scaling laws for dynamic and structural

properties of the resultant complexes (polyplexes) with

different bPEI:pDNA (N:P) molar ratios. Namely, the

average scattering intensity (<I>) and the average

linewidth of the Rayleigh peak (<G>) are scaled to the

scattering vector (q) as <I> ! qas or <G>! qaD,

where aS and aD are two N:P dependent scaling

exponents. The N:P ratio strongly affects the

complexation. When N:P < 2.0, the motions of the

negatively charged and extended pDNA chains and the

polyplexes are highly correlated so that they behave like a

transient network with a fractal dimension. As the N:P

ratio increases, nearly all of pDNA chains condensed and

the overall charge of the polyplexes reverses to slightly

positive, resulting in a turbid dispersion of large loose

aggregates made of smaller, but more compact,

polyplexes. Further increase of N:P finally disrupts large

loose aggregates, leading to a homogeneous transparent

dispersion of the polyplexes. # 2010 Wiley Periodicals,

Inc. Biopolymers 93: 571–577, 2010.
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as the f-potential, size, and density of the polyplexes, affect

the final transfection efficiency.8–10 In spite of thousands of

publications, some of previous results are inconsistent, and

even controversial. Therefore, it is necessary to revisit this

complicated problem and understand the process in the mi-

croscopic level. Laser light scattering (LLS) and the f-poten-

tial analysis are two most convenient and useful methods for

the characterization of the particle size, mass, and average

surface potential.

Pecora et al.11,12 and Cametti et al.13,14 have used LLS to

characterize DNA and polyplexes in dilute salted aqueous

solutions. Note that in previous studies, the added salt

screens strong electrostatic interaction so that the measure-

ments became relatively simple. In real biological experi-

ments, we sometimes have to use a semidilute or even con-

centrated low-salted solution. For instance, long pDNA

([104 bp) used to express more biofunctional proteins often

has a supercoiled conformation, like a negatively charged

rigid rod.15 In this way, long and extended pDNA chains

overlap with each other even though its concentration looks

fairly low. This is because its overlap concentration (C*) is

related to the rod’s length (L) and molar mass (M) as C*L3

% M/NA, where, NA is the Avogadro constant. Typically, C*

� 1 lg/mL for a 104-bp pDNA. It has been overlooked that

the pDNA concentration normally used in the formation of

polyplexes is already higher than C*; that is, the solution is in

the semidilute regime. Moreover, a low-salt condition some-

times is recognized to keep pDNA and the ployplexes sta-

ble,8,10 in which long range electrostatic interaction among

the pDNA chains or polyplexes are expected. It has been

shown that besides the first-order electrostatic repulsion, one

has to consider the second-order electrostatic attraction. The

like-charge attraction causes the coupled fluctuation of these

binding counterions.16 The chain overlapping and long-

range electrostatic interaction make the characterization of

the polyplexes extremely complicated and difficult.

In the current study, we tried to quantitatively study the

condensation of a supercoiled pDNA (104 bp) with a

branched PEI (bPEI, Mw 5 25 kD) in semidilute and low-

salt solutions using a combination of the f-potential and LLS

measurements. The solution mixtures studied can be directly

used to do in vitro gene transfection. We found that some of

the solution mixtures have more than one relaxation mode

and the relaxation is not purely diffusive. Our results reveal

the existence of some scalings relationships between dynamic

and structural properties of the polyplexes and the scattering

vector (q) (or the observation length scale, 1/q). Therefore,

this study clearly demonstrated that the validity of those pre-

vious single-angle LLS characterizations of the polyplexes for

gene transfection has to be considered.

MATERIALS AND METHODS
A bPEI (Mw 5 25 kD, from Aldrich) was used without further puri-

fication. It is soluble in deionized water (18.2 MO � cm). Our LLS

characterization shows that it has a broad molar mass distribution

with an average molar mass of � 2.5 3 104 g/mol, consistent with

its specification. The plasmid, (pLUNIG-LIGL 104 bp), a lentivirus

vector encoding both luciferase and enhanced green fluorescence

protein, was prepared in our laboratory. The purification procedure

was found elsewhere.17 The gel electrophoresis (1% agarose in the

TPEE buffer) shows two clear bands. The weaker and slower one is

related to relaxed circular pDNA chains, while the stronger and

faster one is attributed to supercoiled pDNA chains. The concentra-

tion of purified pDNA/Tris-EDTA solution determined by the UV

absorption at 260 nm is 2 lg/lL. This concentrated pDNA solution

was diluted to 20 lg/mL by dust-free deionized water passed

through a 0.45 lm filter. The small volume (ca. 10 lL) of dust-free

bPEI aqueous solution (C 5 3 3 1024 g/mL) was gently added step-

wise to the 1.0 mL pDNA solution for the polyplexes formation at

desired N:P ratios. The low-salt solution has a conductivity lower

than 25 lS/cm, and the Debye-Hückel screening length is � 2nm,

which is much smaller than the presumed size of 10 kbp supercoiled

pDNA and the 1/q spacings examined.

A commercial LLS instrument (ALV5000) with a vertically polar-

ized 22 mW He-Ne laser head (632.8 nm, Uniphase) was used to

investigate the process of the polyplexes formation. In dynamic LLS,

the intensity–intensity time correlation function (G(2)(s)) of the solu-

tion mixtures of pDNA and bPEI with different N:P ratios (0–16) was

measured at different scattering angles (20–1558). G(2)(s) with two

relaxation modes was analyzed by using the CONTIN18 Laplace inver-

sion program as well as the double-exponential fitting as follows,18,19

f½Gð2ÞðsÞ � B�=Bg1=2 ¼ AfastðqÞe�<Cfast>s þ AslowðqÞe�<Cslow>s:

where B is the measured baseline, \G[ is the average characteristic

linewidth of the Rayleigh peak, A(q) is the intensity contribution of

each relaxation mode, (q : (4pn/k0)sin(y/2))) is the scattering vec-

tor with k0, n, and y, the incident laser wavelength, the solvent re-

fractive index, and the scattering angle. Note that Afast(q) 1 Aslow(q)

: 1. The time-averaged scattering intensity from each mode can be

calculated from the total time-averaged scattering intensity

(\I(q)[) measured in static LLS and A(q) from dynamic LLS, that

is,\I(q)[fast 5\I(q)[Afast(q) and\I(q)[slow 5\I(q)[Aslow(q).

The f-potential of the polyplexes was measured by a commercial

Brookhaven Zeta Plus spectrometer with two platinum-coated elec-

trodes and one He-Ne laser as the light source. Each mobility data

point was averaged over 20 times that leads to the f-potential

(fPotential) in the Hückel limit.20

RESULTS AND DISCUSSION
Figure 1a shows the typical measured intensity–intensity

time correlation function for the complex formed at N:P of

1.5. The corresponding q-dependence of the intensity-

weighted relaxation time distribution is depicted in Figure

1b. At low q value, there was only one relaxation mode while

two distinct relaxation modes were observed at the high q

value. Note that two relaxation modes are often found in the
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dilute polyelectrolyte aqueous solution, particularly at low

salt concentration, and the slow mode is usually much longer

(1–2 orders) than the fast diffusive relaxation.21,22 However,

there is no clear interpretation for the origin of such slow

mode. In most reported literatures, this slow relaxation was

attributed to the long-ranged electrostatic interaction, but

the theoretical calculation suggested that such a slow mode

could only derive from the long-ranged attraction.23–25 It is

worthwhile to mention that the two modes observed in the

present study were definitely different from those found in

the dilute polyelectrolyte solution. First, it is the slow relaxa-

tion mode rather than the fast one that could be attributed

to the diffusive relaxation. Second, no very slow relaxation

mode was found in our system. One of the reasons may be

due to the self-screening of highly negative-charged super-

coiled DNA in the semidilute state. Presumably, if there has

very slow relaxation mode in our system, it cannot fully relax

to zero within the delay time window of a few seconds.

Figure 1b clearly shows that the two peaks were well sepa-

rated and narrowly distributed indicating that the slow and

fast relaxations were fully decoupled in the Fourier space and

the error in the inverse Laplace transform was limited. There-

fore, the pure slow motion could be extracted from the meas-

ured time correlation function without affecting the fast

mode. The plot of \Gslow[ vs. q2 (data not shown) had a

nonliner relation; revealing that it is not a purely diffusive.

Thus, a double logarithmic plot was used in the present study

to explore the nature of relaxation mode.

Figure 2 shows the scattering vector (q) dependence of the

average linewidths of two relaxation modes (\Gfast[ and

\Gslow[) in the pDNA solution after the addition of different

amounts of bPEI. \G[ can be scaled to q as \G[ ! qaD,

where aD is a dynamic scaling exponent and the slope of each

fitting line in Figure 2. Depend on the bPEI concentration, the

q-dependant of \G[ shows that the complexation has three

different stages. Namely, the solution mixture is stable with two

relaxation modes (\Gfast[ and \Gslow[) when 0 � N:P �
1.5. The increase of N:P to the range 2.0–6.0 results in an

unstable solution mixture with only one relaxation mode and

different q-dependent scaling exponents aD. Further addition

of bPEI finally leads to a homogeneous dispersion with a purely

diffusive relaxation mode (aD 5 2.0) in the N:P range 8.0–

16.0. It is worth noting that\Gfast[ is nearly independent of q

in the pure pDNA solution (N:P 5 0), suggesting an internal

relaxation of rod-like rigid pDNA chains with a frequency of

� 1 kHz, consisting with some previous experimental results.15

For the slow mode, aD � 1.7, indicating that the relaxation is

not purely diffusive (random walk). Note that such a nonlinear

G/q2 relation was not caused by either polydispersity or internal

motions, because the used pDNA was nearly monodisperse

(from small angel DLS and gel electrophoresis data) and the

effects of internal motions were minimized by CONTIN fitting.

Moreover, the existence of polydispersity and internal motions

would lead to aD [ 2 with a q?0, G?0 limits. We thereby

suggest that the small aD obtained here is presumably because

of the strong electrostatic interaction among different pDNA

chains. Note that such a more ‘‘ordered’’ relaxation mode (aD

\ 2.0) has also been observed in some semidilute solutions

and gels.26 Therefore, previous single-angle LLS measurements

of pDNA or polyplexes in such a complicated dispersion likely

led to an incorrect hydrodynamic size.

Figure 3 shows the scattering vector (q) dependence of the

average scattering intensity contributions \I[ from each

relaxation mode at different N:P ratios. \I[ is also scaled to

q as \G[ ! qaD, where aS is the static scaling exponent.

There also exist three different stages similar to those in Fig-

FIGURE 1 (a) Intensity correlation function at N:P 5 1.5 with low q limits and high q limits,

respectively; (b) corresponding relaxation time distribution from CONTIN fit.
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FIGURE 3 Scattering vector (q) dependence of average scattering intensities of corresponding to

two relaxation modes (\Ifast[and \Islow[) with different N:P ratios (0–16) in low-salt aqueous

solutions, where each line represents a fitting of\I[! q2as and each slope leads to a static scaling

exponent (aS). Different colors represent different N:P ratios when 4.0\N:P\ 16.0.

FIGURE 2 Scattering vector (q) dependence of average linewidths of two relaxation modes

(\Gfast[and \Gslow[) with different N:P ratios (0–16) in low-salt aqueous solutions, where each

line represents a fitting of \I[! q2as and each slope leads to a dynamic scaling exponent (aD).

Different colors represent different N:P ratios when 4.0\N:P\ 16.0.
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ure 2. When 0 � N:P � 1.5, the observed static scaling rela-

tion suggests that the solution mixture behaves like a tran-

sient network with a fractal dimension in our observed

length scale (30 nm \ q21 \ 300 nm). aS reflects the fractal

dimension of such a network. The higher aS,the dimensional

‘‘denser’’ it is.27 A combination of aD and aS leads to some

insights of different stages as follows. In the first stage (0 �
N:P � 1.5), when N:P 5 0 in the pure pDNA solution, the

extended supercoiled pDNA chains are overlapped with each

others to form a transient network with a fractal dimension

of aS 5 2.3. In the N:P range 0.5–1.0, the added bPEI chains

can only complex and condense a fraction of pDNA chains,

making the transient network loose and leaving some ‘‘holes’’

inside. Presumably, the resultant polyplexes are embedded

inside these holes and surrounded by the rest of loosely over-

lapped pDNA chains, leading to two relaxation modes;

namely, aS 5 1.3 for the loosely overlapped pDNA chains

and aS 5 1.2 for those embedded polyplexes. As expected,

both of them have a lower fractal dimension. Further addi-

tion of bPEI (N:P 5 1.5) condenses more pDNA, resulting in

more polyplexes so that the pDNA transient network starts

to ‘‘dissolve’’ into a dispersion of highly inter-connected pol-

yplexes transient network. In the second stage (2.0 � N:P �
6.0), on the one hand, the bPEI chains condense nearly all

the pDNA chains to form the pDNA/bPEI polyplexes; on the

other hand, each bPEI chain can complex with more than

one pDNA chain so that a number of individual compact

polyplexes are loosely inter-connected to form a large aggre-

gate. This is why we have different static scaling exponents in

different q ranges. The dynamic slowing down and some cor-

relation between these larger aggregates are expected because

of long-ranged electrostatic interaction. In the third stage

(8.0 � N:P � 16.0), the addition of excess bPEI chains finally

disrupts those large aggregates made of loosely connected

polyplexes to form individual compact polyplexes with a

more uniform density. Note that the addition of bPEI

increases the scattering intensity over � 100 times, resulting

in the polyplexes with a final average hydrodynamic radius of

� 500 nm. A simple calculation reveals that on average, each

the resultant polyplex contains more than one pDNA chains.

The existence of an excessive amount of bPEI chains free in

the solution mixture completely screens any possible interac-

tion among different polyplexes so that the relaxation

becomes purely diffusive with aD 5 2.0.

Figure 4 shows the N:P ratio dependence of the scaling

exponents (aS and aD) and the f-potential of the solution

mixtures. As expected, the average f-potential of an initial

pure pDNA solution is negative. In the first stage, both aS

and aD vary as a fraction number of pDNA chains, which are

complexed with the bPEI chains added to form the pDNA/

bPEI polyplexes. The polyplexes are embedded inside the

transient network made of the rest of loosely overlapped

pDNA chains. In the second stage, the addition of positively

charged bPEI inverses the average f-potential from negative

to positive. Both aS and aD exhibit different behaviors in dif-

ferent observation length scales (1/q). In the low q limit, aS

5 2.3 and aD 5 1.5 reflecting that there exists a loose tran-

sient network-like structure with a relatively slower relaxa-

tion over the long observation length scale28; while in the

high q limit aS 5 4.0 and aD 5 2.5, revealing individual

localized compact polyplexes inside each large polyplex

aggregate. Their diffusive relaxation is mixed with a faster in-

ternal motions.27 Note that the crossover occurs at q21 �
100 nm, presumably corresponding to the static correlation

size of individual polyplexes. Finally, in the third stage, aS

FIGURE 4 N:P ratio dependence of the static and dynamic scal-

ing exponents (aS and aD) and average f-potential (fPotential) in low-

salt aqueous solutions, where two dash lines divided the studied N:P

range in three stages: (1) 0 � N:P � 1.5; (2) 2.0 � N:P � 6.0; (3)

8.0 � N:P � 16.0.
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approaches 3.0 over the entire q range, indicating that indi-

vidual compact polyplexes has a uniform density. Figure 5

schematically summarizes earlier discussion; namely, the

addition of bPEI weakens the transient pDNA network and

leads to the formation of some embedded pDNA/bPEI poly-

plexes; more further addition of bPEI gradually ‘‘dissolves’’

the transient pDNA network and results in unstable poly-

plexes that flocculate with each other to form large aggregates

with a loose structure; and finally, the excess amount of

free bPEI chains disrupt large aggregates, leading to the for-

mation of individual stable compact polyplexes with a uni-

form density.

CONCLUSIONS
Our current results about the complexation between anionic

pLUNIG-LIGL plasmid (pDNA) and cationic bPEI in semi-

dilute and low-salt aqueous solutions reveal that in a general

preparation of the pDNA/bPEI polyplexes for gene transfec-

tion, long pDNA chains ([ 104 bp) in the solution are over-

lapped with each other to form a transient network even

before the addition of bPEI. In other words, the pDNA solu-

tion used in a gene transfection experiment is already semidi-

lute even though its concentration is very low. This is because

the negatively charged pDNA chains are extended and corre-

lated due to long range electrostatic interaction. A gradual

addition of cationic bPEI leads to different three complexa-

tion stages, depending on the N:P ratio. In the first stage,

only a fraction number of pDNA chains are complexed with

the added bPEI chains and the resultant pDNA/bPEI poly-

plexes are embedded inside a weakened transient network

made of the rest of loosely overlapped pDNA chains. In the

second stage, the addition of more bPEI gradually inverses

the overall charge of the polyplexes from negative to positive

and destabilizes the polyplexes so that they flocculate with

each other to form large loosely connected aggregates. In the

third stage, further addition of bPEI disrupts large polyplex

aggregates into individual polyplexes with a uniform density.

Previous studies have overlooked the complicated nature of

the complexation of pDNA and bPEI in a solution mixture.

The outcome of this study enables us to design and prepare

better pDNA/bPEI polyplexes for in vitro gene transfection.

FIGURE 5 Schematic of complexation between pDNA and bPE in a semidilute low-salt aqueous

solution, where blue helixes and green stars respectively represent supercoiled pDNA and branched

bPEI chains. Negative and positive charges are symbolically labeled as ‘‘2’’ and ‘‘1’’, respectively.
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