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Abstract Polymer-DNA interactions have attracted con-

siderable interests due to their important application in

DNA transfection and cellular drug delivery technologies.

In this work, a new detection assay for DNA is proposed

with a tri-block copolymer poly(L-lysine)–poly(ethylene

glycol)–poly(L-lysine) by resonance light scattering tech-

nique with the linear ranges from 0.0656 to 6.56 lg ml-1.

The detection limit for DNA is 0.42 ng ml-1. Most

coexisting substances do not interfere in the detection.

UV-spectra and FTIR-spectra were employed to demon-

strate the mechanisms of the interaction that the confor-

mation of the DNA changes because the microenvironment

of DNA changes.

1 Introduction

Non-viral gene delivery systems could improve safety and

overcome tissue-tropism limitations associated with viral

based gene therapies [1]. As two major classes of non-viral

gene delivery system, cationic liposomes and polycations

are widely investigated. Many different cationic lipids have

been used for gene therapies [2–4]. Compared with other

non-viral systems, complexes of polycations with DNA

have advantages in the control of size and charge, and the

hydrophilic–lipophilic characteristics of the transfecting

species. To improve the stability of the polyplexes in

aqueous solution and prevent their interactions with serum

proteins, cationic block and graft copolymers were

developed, which contain segments from polycations and

nonionic water-soluble polymers [5–8]. Graft copolymers

have a comb-like structure with hydrophilic segments

attached on the side of the cationic segments. There are

some reports about coating the polyion complex of a

polycation and DNA with a hydrophilic polymer to form

micelle-like associates using graft copolymers [8, 9]. Block

copolymers composed of a cationic segment and a hydro-

philic segment spontaneously associate with polyanionic

DNA to form block copolymer micelles. The distinct fea-

ture of the associate is that the core of the polyion complex

between DNA and the polycation is coated by a layer of the

hydrophilic polymer, which endows the associate with a

high colloidal stability and reduced interaction with blood

components. These desirable properties are the major

advantages of the micellar DNA delivery system for in

vivo application [10]. Block copolymer micelles entrap-

ping plasmid DNA and oligonucleotides have been devel-

oped as non-viral DNA delivery systems [11–13].

In 1993, Pasternack firstly used resonance light scat-

tering (RLS) technique to investigate an assembly phe-

nomenon of dyes on nucleic acids [14]. This technique is

generally coupled to other spectral analysis techniques

such as absorption, fluorescence and CD, and can com-

pensate for the drawbacks of spectrophotometric and

spectrofluorometric measurements [15]. Being a novel

and promising analytical technique, with high sensitivity

and easy operation, it was utilized in the detection of

bimolecular, and extending the usefulness of reagents in

the quantitative analysis of medicines, proteins and nucleic

acids with various probes [16–18]. In recent years, it has

been widely applied to determine the amount of DNA in

samples with various light scattering probes, such as

polymers [19, 20], organic dyes [21, 22], surfactants

[23, 24], metal ion and metal complex [25–27].
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Herein, a new detection assay for DNA is proposed with

a tri-block copolymer poly(L-lysine)–poly(ethylene gly-

col)–poly(L-lysine) (PLL–PEG–PLL) by RLS technique.

Most coexisting substances do not interfere in the detec-

tion. UV-spectra and FTIR-spectra were employed to

demonstrate the mechanisms of the interaction that the

conformation of the DNA changes because the microen-

vironment of DNA changes. It is also proved that the tri-

block copolymer can be used as non-viral gene delivery

systems [28]. The present paper investigates the interac-

tion of PLL–PEG–PLL with DNA using RLS, IR, and

UV-spectroscopy, which are helpful to clarify the mecha-

nism of the tri-block copolymer effects on the structure and

physical properties of DNA.

2 Experimental section

2.1 Apparatus

The RLS spectra were measured with a Shimadzu RF-540

spectrofluorometer with a 1 9 1 cm cross-section quartz

cell (Tokyo, Japan). The FTIR-spectra of PLL–PEG–PLL–

DNA complex were obtained on Perkin-Elmer Spectrum

One after the complex was dried at 40�C under vacuum,

the solid calf thymus DNA (ctDNA) and PLL–PEG–PLL

were used directly to obtain FT-IR spectrum. The UV

absorption measurements were performed on a Perkin-

Elmer k-17 UV/VIS spectrophotometer (PE Co., America).

A WH-2 vortex mixer (Huxi Instrumental Co., Shanghai,

China) was used to blend the solution, and a pHB-4 pH

meter was used to measure the pH of the solution.

2.2 Reagents

Poly(L-lysine)–poly(ethylene glycol)–poly(L-lysine) was

synthesized by our coworkers as reference [29]. The working

concentration of PLL–PEG–PLL solution was 8.32 9 10-3

mol l-1. Complete DNA (Baitai Biochemical Co., Chinese

Academy of Sciences) dissolution was achieved over a

period of 24 h or longer under occasional shaking of the

suspension. The concentrations of stock solutions of nucleic

acids were determined by the absorbance at 260.0 nm. The

working concentration of the nucleic acid, which is prepared

by diluting the stock solution with double-distilled water,

was 2.6 9 10-4 mol l-1. Pyrene (Py) (Alfa Aesar) was

dissolved in methanol and the prepared concentration was

1.285 9 10-3 mol l-1. Tris (hydroxymethyl) aminometh-

ane–HCl (Tris–HCl) solution was used to control the acidity.

0.1 mol l-1 NaCl was used to adjust the ionic strength of the

aqueous solutions. Double-distilled water is used throughout

the work.

2.3 Methods

Appropriate volumes of PLL–PEG–PLL and DNA solution

were added into a dry 25 ml volumetric flask, and then

diluted to 12.5 ml with double-distilled water and vortexes

to form the solutions of (PLL–PEG–PLL)–DNA complex.

After 5 min, the light scattering spectrum was obtained by

scanning simultaneously with the same excitation and

emission wavelengths. The RLS intensity was measured

with both the excitation and emission wavelengths at

360 nm and slits at 10 nm. All the RLS spectra and the UV

absorption spectra were obtained against the corresponding

spectrum of the blank which was treated in the same

procedure.

3 Results and discussion

3.1 RLS spectra

Resonance light scattering is a valuable technique for

quantification of DNA since the enhanced RLS signals can

be easily measured by using a common spectrofluorometer

for aggregated species or large particles in nanometer scale

near UV absorption bands. Figure 1 displayed the RLS

spectra of (PLL–PEG–PLL)–DNA system. The RLS

intensity of PLL–PEG–PLL was rather weak in the

wavelength range of 200–700 nm. However, after adding

of DNA, the RLS intensity was strongly enhanced and

reached the maximum at 363 nm. The RLS intensity

increased as the concentration of DNA increased. This

phenomenon indicates a strong interaction between PLL–

PEG–PLL and DNA since PLL–PEG–PLL could be easily

combined with polyanion of DNA through electrostatic

attractions to form aggregates. Thus DNA could be

detected based on this method.

3.2 Effect of ratio of PLL–PEG–PLL to DNA

Figure 2 exhibited the RLS intensity depended on the

ratios of PLL–PEG–PLL to DNA based on the molar ratios

of N atoms of PLL–PEG–PLL and P atoms of DNA. DNA

was mixed with PLL–PEG–PLL by single-step addition at

N:P ratios of 0–2.0. The RLS intensity increased as the

ratios varied from 0 to 2.0, with particularly steeply rise

between ratios 0.8–1.0 when the concentrations of DNA

were from 2.08 9 10-5 to 4.16 9 10-6 mol l-1. Above

ratio 1.0 there was little further increase of the RLS

intensity. These data suggested few changes in DNA

morphology at low N:P values, with self-assembly of dis-

crete nanoparticles occurring between 0.8 and 1.0. It can be

deduced that 1:1 complex was formed.
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3.3 Effect of pH

Figure 3 illustrated the RLS spectra of (PLL–PEG–PLL)–

DNA, PLL–PEG–PLL, and DNA when the pH value was

ranging from 1.5 to 10. The RLS intensity of PLL–PEG–

PLL had no variation within the experimental pH range

while the RLS intensity of DNA increased as decreasing

pH value at pH \ 3.0 due to the nitrogen atoms of DNA

binding H? ions under strongly acidic condition, causing

some aggregates in the size 200–700 nm [18–20]. The RLS

intensity of the (PLL–PEG–PLL)–DNA system was

dependent on the pH value, and reached the maximum at

pH 5.0. The interaction between DNA and PLL–PEG–PLL

was through the positively charged amine group of PLL–

PEG–PLL with the negatively charged phosphate of DNA.

The states of the DNA and PLL–PEG–PLL were affected

by the pH value, so were the total charge of the DNA and

PLL–PEG–PLL, which may affect the formation of the

complex. Thus the RLS intensity changed with the

changing of pH value. So the optimum pH for the (PLL–

PEG–PLL)–DNA system was 5.0.

3.4 Effect of ionic strength

The ionic strength of the system was controlled by

0.1 mol l-1 NaCl solution and Fig. 4 presented the ionic

strength effected on the formation of the (PLL–PEG–

PLL)–DNA complex. The results indicated that the RLS

intensity of the system enhanced rapidly when the ionic

strength under 4.8 9 10-3 mol l-1. And then the RLS

intensity of the system decreased and kept no change when

the ionic strength further increased. The cause may be that

the ionic strength had at some extent impact on electronic

interaction between PLL–PEG–PLL and DNA, the coop-

erative binding of the complex bosomed weaker and the

dissociation of the complex occurred [29]. The RLS

intensity of PLL–PEG–PLL did not have any variation

with ionic strength.

3.5 Incubation time and the stability of the system

The influence of incubation time on the RLS intensity

enhanced by DNA was investigated immediately after

Fig. 1 The resonance light scattering spectra of (PLL–PEG–PLL)–

DNA system. a 6.66 9 10-5 mol l-1 PLL–PEG–PLL; b–d the mix-

ture of 6.66 9 10-5 mol l-1 PLL–PEG–PLL with 1.4 9 10-5,

2.8 9 10-5 and 4.2 9 10-5 mol l-1 DNA

Fig. 2 The effect of the N:P ratio on the RLS intensity of

(PLL–PEG–PLL)–DNA system with different concentrations of

DNA. The concentration of DNA: a 2.08 9 10-5 mol l-1; b 4.16 9

10-6 mol l-1

Fig. 3 The effect of pH on the (PLL–PEG–PLL)–DNA system.

a 8.32 9 10-6 mol l-1 PLL–PEG–PLL; b 8.32 9 10-6 mol l-1 DNA;

c 8.32 9 10-6 mol l-1 PLL–PEG–PLL and 8.32 9 10-6 mol l-1 DNA
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mixing PLL–PEG–PLL and DNA in pH 5.0 buffer solu-

tion, as summarized in Table 1. The data showed a nearly

constant RLS intensity, indicating that the stable scattering

signal for the determination of DNA.

3.6 Selectivity of this method

The influence of co-existing species, such as metal ions,

BSA, and Glucose on the RLS intensity of the complex was

summarized in Table 2. It can be seen that most of the sub-

stances tested did not interfere on the determination of DNA.

3.7 Calibration curve

The calibration curve was obtained according to the above

standard procedure. As shown in Fig. 5, there existed a linear

relationship between the RLS intensity and the concentration

of DNA within the range of 0.0656–6.56 lg ml-1. The lin-

ear regression equation was I = 7.796 ? 3.343 C(DNA),

r = 0.9987. The detection limit (3r) was 0.42 ng ml-1.

3.8 Analysis

In the optimum conditions, three synthesis samples

including some foreign species were prepared. As shown in

Table 3, the determination of DNA using PLL–PEG–PLL

as the probe via RLS technique was sensitive and

reproducible.

3.9 The mechanism of the interaction

Figure 6 displayed the absorption spectra of the PLL–

PEG–PLL–DNA system. It was showed that the absor-

bance of DNA at 260 nm increased when the concentration

of the PLL–PEG–PLL increased. The absorbance at

k[ 320 nm increased with the increase of the concentra-

tion of the PLL–PEG–PLL resulted from the formation of

Fig. 4 The effect of ionic strength on the (PLL–PEG–PLL)–

DNA system. a 8.32 9 10-6 mol l-1 PLL–PEG–PLL; b 8.32 9

10-6 mol l-1 PLL–PEG–PLL and 8.32 9 10-6 mol l-1

Table 1 The effect of incubation time on the PLL–PEG–PLL

enhanced by DNA

Time (min) 0 10 20 30 40 60 80 100 120

IRLS 19 19 19 19 19.1 18.6 18.6 18.7 18.8

CPLL–PEG–PLL: 8.32 9 10-6 mol l-1; CDNA: 8.32 9 10-6 mol l-1

Table 2 The interferences of foreign substances

Foreign substances Concentration (mg l-1) DIRLS/IRLS (%)

Ba2? 0.00256 -0.53

Zn2? 0.00256 ?1.01

Br- 0.0256 ?1.06

Cr3? 0.000064 ?2.13

Fe3? 0.0064 ?2.66

Cu2? 0.00032 -2.13

BSA 0.000032 ?6.38

Gly 0.16 ?5.31

L-cysteine 0.000384 ?5.31

Glucose 0.001966 ?2.13

As5? 0.08 -3.72

K? 0.00064 ?1.06

Mn2? 0.16 ?5.85

Sn4? 0.08 ?5.32

Pb2? 0.016 -4.20

Ni2? 0.016 ?2.66

Hg2? 0.04 -3.72

CPLL–PEG–PLL: 8.32 9 10-6 mol l-1; CDNA: 8.32 9 10-6 mol l-1

Fig. 5 Calibration curve. The concentration of PLL–PEG–PLL:

4.16 9 10-6 mol l-1
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compact light scattering particles [30]. Figure 7 demon-

strated the effect of concentration of PLL–PEG–PLL on

the A260/A295. It presented that the ratio decreased sharply

with the increase of the concentration of PLL–PEG–PLL,

which indicated a specific influence of PLL–PEG–PLL on

DNA secondary structure. It was reported that A260/A295

decreases with the transition of the conformation from

B-type to Z-type of poly(dG-dC) � (dG-dC) in the presence

of high salt concentration of polyamine [31]. Therefore,

DNA could turn from B-type to Z-type when the concen-

tration of PLL–PEG–PLL reached certain range.

Figure 8 displayed the FTIR-spectra of (PLL–PEG–

PLL)–DNA complex, DNA, and PLL–PEG–PLL. The

main absorption band of DNA were observed at:

1091 cm-1, corresponding to the symmetric stretching

vibration of phosphate groups; 1238 cm-1, the anti sym-

metric stretching vibration of phosphate group; 1003 cm-1,

the vibration of C=N of ribose; 1640 cm-1, the vibrations

of C6=O of guanine and C4=O of thymine. Compare to

Microscopic FTIR-spectra of DNA, there was some shift

[32]. Apparently the main characteristic absorption bands

of the DNA shifted from 1091, 1238 and 1640 cm-1 to

1088, 1230, and 1643 cm-1, respectively, confirming the

interaction between PLL–PEG–PLL and DNA had hap-

pened. Also the shapes of the absorption had changed,

which was another evidence of the interaction. The

absorption band at 1003 cm-1 was the characteristic of

B-conformation DNA. The disappearance of it in absorp-

tion band of the (PLL–PEG–PLL)–DNA complex was the

evidence that the interaction has altered the B-conforma-

tion of DNA.

Figure 9 shows the emission spectra of pyrene with and

without PLL–PEG–PLL to study the aggregation behavior

of polymer. The low solubility of pyrene in water results in

the low fluorescence intensity of pyrene. However, the

solubility increases significantly in hydrophobic environ-

ment, which leads to the increase of fluorescence intensity

[33]. In Fig. 9, enhanced fluorescence intensities with

slight red shifts for the five peaks of pyrene are observed

when the concentration of PLL–PEG–PLL increases,

which indicates the formation of hydrophobic micro-

domain. With the rising concentration, PLL–PEG–PLL

molecules transform from monomer states to micelles via

aggregation. Then the hydrophobic pyrene probe will move

from aqueous solution to the hydrophobic micro-domain of

PLL–PEG–PLL micelles [34].

Table 3 Determination result of synthetic sample

Sample Concentration of Foreign Found Recovery R.S.D.b

DNA (mg ml-1) substancesa (mg ml-1) (%) (%)

ctDNA 0.20 Cr3?, Br-, K? 0.21 105 1.95

ctDNA 0.50 Pb2?, Sn4?, Mn2? 0.51 102 1.72

ctDNA 0.80 Zn2?, Ba2?, Cu2? 0.78 97.5 2.57

a CCr
3? = 0.02 mg l-1; CBr

- = 20 mg l-1; CK
? = 10 mg l-1; CZn

2? = 10 mg l-1; CBa
2? = 10 mg l-1; CCu

2? = 0.05 mg l-1;

CPb
2? = 0.1 mg l-1; CSn

4? = 1 lg l-1; CMn
2? = 5 mg l-1

b n = 5

Fig. 6 UV spectra of (PLL–PEG–PLL)–DNA system. CDNA:

5.1 9 10-5 mol l-1. CPLL–PEG–PLL: a 1.63 9 10-5 mol l-;

b 4.88 9 10-5 mol l-1; c 8.15 9 10-5 mol l-1

Fig. 7 Effect of the concentration of PLL–PEG–PLL on the

A260/A295. CDNA: 5.1 9 10-5 mol l-1
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Figure 10 is the plot of I1/I3 against PLL–PEG–PLL con-

centration with and without DNA to determine the interaction

of PLL–PEG–PLL with DNA and calculate its cmc. In the

absence of DNA, I1/I3 doesn’t change greatly at low PLL–

PEG–PLL concentration, which implies that nearly no

hydrophobic micro-domain was formed in the solution [33,

34]. A sudden sharp decrease in I1/I3 occurs later, which

reflects the decreasing polarity of the microenvironment and

the pre-micellar formation. When further PLL–PEG–PLL

concentration increases, I1/I3 reaches a platform because the

surfactant molecule in the pre-micelle increases and then real

micelle forms. As displayed in Fig. 10, the cmc value for

PLL–PEG–PLL is about 5.5 mmol/l. The phenomena confirm

the process that pyrene probe gradually transfers from water

into the core of pre-micelles and at last micelles.

For DNA–PLL–PEG–PLL system, in the presence of

DNA, I1/I3 displays similar changes. However, when PLL–

PEG–PLL concentration is lower than CMC, the I1/I3 values

and the D value of I1/I3 decline (from 1.58 to 1.28) are much

lower than those of pure PLL–PEG–PLL solutions (from 1.46

to 1.28), which reveals the micro-environmental polarity of

DNA/PLL–PEG–PLL complex was lower than that of free

PLL–PEG–PLL micelle solution and the cooperative associ-

ation reaction between DNA and PLL–PEG–PLL was weaker

than that among PLL–PEG–PLL molecules [35].

Fig. 8 FTIR-spectra of the

(PLL–PEG–PLL)–DNA system.

a PLL-PEG-PLL; b DNA;

c (PLL–PEG–PLL)–DNA

Fig. 9 Fluorescence emission spectra of pyrene probe in the presence

of PLL–PEG–PLL. 1 ? 3: Cpyrene = 1.285 9 10-6 mol-1;

CPLL–PEG–PLL (mol l-1): 0, 6 9 10-4, 7.5 9 10-4

Fig. 10 Dependence of I1/I3 on PLL–PEG–PLL concentration with

and without DNA. Cpyrene = 1. 285 9 10-6 mol l-1; CDNA = 5.1 9

10-5 mol l-1
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4 Conclusion

The PLL–PEG–PLL was employed as a new probe to

detect DNA via RLS method, which is sensitive, conve-

nient, reproducible and rapid. The maximum RLS intensity

was observed when 1:1 complex of (PLL–PEG–PLL)–

DNA was formed. The foreign species have no impact on

the RLS signal of the system. The mechanism of the tri-

block copolymer effects on the structure and physical

properties of DNA was also demonstrated. It is also proved

that the tri-block copolymer was potential as non-viral gene

delivery systems.
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