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The effect of adding divalent ions on the deoxyribonucleic acid (DNA)
adsorption by a cationic lipid monolayer at the air-water interface was
investigated by X-ray reflectivity on Langmuir-Blodgett films supported on
silicon wafers. The films were prepared from a DC-Chol {3-8-[N-(N'.N'-
dimethylaminoethane)carbamoyl]cholesterol} monolayer with 1 puM DNA in
the subphase with different amounts of calcium ions added. It is found in this
study that adding divalent ions, such as calcium ions, can enhance the DNA
adsorption to interfaces. The adsorbed DNA layer thickness as determined by
X-ray reflectivity is found to vary linearly with the square root of the ion
concentration. This indicates that charge-screening effects and ion-mediated
condensation play an important role in the DNA-—cationic lipid monolayer
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1. Introduction

The cationic lipid-DNA (deoxyribonucleic acid) liposome has been
widely studied for gene delivery applications (Li & Ma, 2001). It is a
nonviral method for gene therapy. Although many studies have made
of the structure and interaction of cationic lipid-DNA complexes in
bulk and in solution (Koltover et al., 1998, 2000; McManus et al., 2003;
Wetzer et al., 2001), there are few studies on their interactions at the
air-water interface. Recently, there have been some studies on using
the Langmuir-Blodgett (LB) technique to study the cationic lipid—
DNA interaction at the air-water interface (Kago et al, 1999;
Okahata et al., 1996; Chen, Wang, Shen et al., 2002; Sastry et al., 2000;
Symietz et al., 2004; McLoughlin et al., 2005; Cardenas et al., 2005).
The DNA molecules adsorbed onto supported cationic bilayers could
form an aligned two-dimensional structure with regular spacing as
revealed by atomic force microscopy studies (Fang & Yang, 1997).
Furthermore, DNA adsorption on supported bilayers was shown to
depend on the surface charge density (Clausen-Schaumann & Gaub,
1999). Kago et al. (1999) used in-situ X-ray reflectivity to study the
adsorption of DNA by the cationic dimethyldioctadecylammonium
lipid, 2Cg-glu-N*2C, at the air-water interface and found that the
reflectivity profiles can only be fitted with a two-layer model, with a
first layer of about 25 A containing more DNA and a second layer of
about 11 A containing less DNA. They also found that when the
complex was transferred onto the solid substrate, the thickness of the
DNA layer as determined by reflectivity was found to be about 11 A.
Okahata et al. (1996) reported that when dipping from the cationic
2Cg-glu-N" /DNA monolayer, the DNA strands were aligned along
the dipping direction with a spacing of 41 A, as found by X-ray
diffraction. The in-situ grazing-incident diffraction study of Symietz et
al.(2004) showed that DNA adsorbed under a cationic lipid methyl-
trioctadecylammonium bromide (TODAB) monolayer at the air—

water has an ordered structure with a DNA spacing from 40 to 32 A
as the surface pressure increased from 10 to 50 mN m™'. Recently,
there have also been Brewster angle microscopy studies on the
interaction of DNA with lipid monolayers at the air—water interface
(McLoughlin et al., 2005; Cardenas et al., 2005). The complex of DNA
and surfactant could form nano-patterns that may be useful for
nanotechnology applications (Chen, Li & Liu, 2002; Dai et al., 2005),
such as making CdS nanoparticle/DNA LB films (Zhang et al., 2002;
Torimoto et al., 1999).

Although the interaction of DNA with lipid bilayers has been well
studied, there are still limited studies on the interaction of DNA with
lipid monolayers at the air—water interface, especially on the effect of
salts. The interaction of DNA with the bilayer is fundamentally
different from the interaction with the monolayer. The DNA inter-
action with the monolayer is only on one side, the monolayer, and the
other side (solution) is a free space. The DNA adsorbed on the
monolayer is not completely confined in a two-dimensional space as
in the bilayer. Recent studies of DNA condensation in two dimen-
sions (in a bilayer) by divalent ions showed there is a critical ion
concentration for the sharp transition from a loosely spaced DNA
array to a more condensed state (Koltover er al, 2000). Adding
divalent ions would screen the negatively charged DNA and reduce
the repulsion between the DNA confined between the lipid bilayers.
Different ion species have their own critical condensation concen-
trations, which means ion size also matters. The effect of adding
divalent ions on the DNA interaction with a cationic lipid monolayer
has still not been studied much.

In our previous studies, it was found that one layer of DNA can be
adsorbed on the cationic lipid DC-Chol {3-B-[N-(N',N'-dimethyl-
aminoethane)carbamoyl]cholesterol} monolayer at the air-water
interface (Wu, Lin, Jeng, Lee & Gutberlet, 2006; Wu, Lin, Jeng &
Torikai, 2006). In this study, LB films of DC-Chol/DNA prepared
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using the LB technique at different calcium ion concentrations were
studied by X-ray reflectivity.

2. Experimental
2.1. Materials

Linear DNA type XIV from herring testes was purchased from
Sigma and used without further purification. The size of the DNA is
between 400 and 1000 base pairs with a centre of distribution at 700
base pairs (Dias et al, 2000). DC-Chol with a molecular weight of
537.3 Da was purchased from Sigma and used without further puri-
fication. The DNA solution was prepared at a concentration of 1 pM
in H,O and the solution was sonicated for 30 min for complete
dissolution.

2.2. Langmuir—Blodgett films

Surface pressure—area isotherms were measured with a NIMA type
501 Langmuir-Blodgett trough. The temperature of the LB trough
was kept at 293 + 0.1 K by external water circulation. DNA solution
at a concentration of 1 pM in H,O was added with the desired
amounts of CaCl,. DC-Chol dissolved in chloroform was spread on
the DNA solution. The isotherms were measured by compressing the
barriers after waiting 30 min for chloroform evaporation. The barrier
speed was set at 10 cm? min~" and the trough area was 450 cm?. The
LB films for X-ray reflectivity measurements were transferred onto
cleaned silicon wafers at a constant pressure and the transfer ratios
for all samples were approximately 100%. The silicon wafers were
immersed in the DNA solution all the time from the start of pouring
the DNA solution into the LB trough.

2.3. X-ray reflectivity

The synchrotron X-ray reflectivity measurements were carried out
at beamline 17A, a wiggler X-ray beamline at the National
Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan.
The wavelength of the incident X-rays was fixed at 1.334 A. The
software Parratt32 (Hahn—Meitner Institute) was used in the X-ray
reflectivity data analysis.

3. Results and discussions
3.1. Surface pressure—area isotherms

The surface pressure-area isotherms of pure DC-Chol and DC-
Chol/DNA with different concentrations of CaCl, added are shown in
Fig. 1. The presence of DNA in the subphase has significant effects on
the isotherm. For the cases with DNA in the subphase, the surface
pressure increases right from the beginning of compression. Without
DNA in the subphase, the surface pressure does not rise at the
beginning of compression. This is because the DC-Chol molecules
dispersed at the surface interact with the DNA in the solution to form
a condensed network at the air—water interface. For the cases with 1,
10, 50, 100 and 200 mM CaCl, added, the isotherms are similar but
with slightly higher surface pressure rise with higher calcium ion
concentrations at the beginning of compression. With higher calcium
concentration, the repulsion between the DNA adsorbed by the DC-
Chol at the surface is reduced and more DNA can be adsorbed by the
surface to form more dense surface networks. The film collapse
pressure also becomes lower for higher calcium concentrations, which
means the film breaks earlier and could not tolerate higher
compression. In the presence of calcium ions, at a compressed area of
50 A’, the surface pressure decreases initially with increasing calcium
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Figure 1
Surface pressure—area isotherms of pure DC-Chol and DC-Chol/DNA at different
calcium ion concentrations.

ion concentration and reaches a minimum around 50 mM ion
concentration. The surface pressure at a compressed area of 50 A’
gets higher as the ion concentration exceeds 50 mM. At higher ion
concentrations, much more DNA molecules are adsorbed by the
lipids at the air-liquid interface and the adsorbed DNA would also
begin to exert a non-negligible surface pressure during the
compression. This might be the reason why the surface pressure
increases slightly at higher ion concentrations.

3.2. X-ray reflectivity

The LB films of DC-Chol/DNA with different amounts of CaCl,
added were transferred onto cleaned silicon wafers. Fig. 2 shows the
measured X-ray reflectivity of the LB films supported on silicon
wafers together with the fitted curves. As shown in Fig. 2, clear fringes
can be observed in the reflectivity curves, which means the DC-Chol/
DNA films are very uniform. The reflectivity is shown as a function of
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X-ray reflectivity profiles of the DC-Chol and DC-Chol/DNA LB films prepared at
different calcium ion concentrations. Solid lines are the fitting results. The
parameters determined from the fitting are listed in Table 1.
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the vertical scattering vector Q.. Here Q_ = (47/1)sin(6/2), where A
is the wavelength of the incident X-rays and 6 is the scattering angle
(the angle between the incident beam direction and the reflected
beam direction). The size of the fringe decreases with increasing
calcium concentration, which indicates an increase in film thickness
with increasing calcium concentration. The results of the fits are listed
in Table 1. In the fitting model, besides the lipid layer and DNA layer,
an oxide layer of about 5 A must also be taken into account. The
surface roughness is found to increase from about 4 to 7 A as the
calcium ion concentration increased from 0 to 30 mM. It seems the
surface becomes rougher when a thicker DNA layer is adsorbed.
Adding more calcium ions will induce more DNA adsorption but
there could also be more defects or irregularities. This is also shown
by the interface roughness between the lipid and the DNA layer. This
interfacial roughness increases from about 3 to 12 A as the calcium
concentration is increased from 0 to 30 mM. The reflectivity curves in
Fig. 2 can be fitted quite well up to at least the second or the third
fringe. For higher-order fringes, there are some deviations from the
one DNA layer model used in this analysis. The slight deviations at
higher-order fringes indicate slight scattering length density varia-
tions along the depth of the DNA layer. However, it would have very
little effect on the accuracy of the layer thickness determined by the
one DNA layer model used in this study. The uncertainty of the total
film thickness determined from the fitting is quite small, since the
fringe size is very sensitive to the total film thickness. For the thick-
ness of each layer the uncertainty could be around 5%. The scattering
length densities determined from the fitting could have uncertainties
around 10%.

Fig. 3 shows the corresponding X-ray scattering length density
(SLD) profiles as determined from the X-ray reflectivity data fitting
results. Since the first adsorbed DNA layer could penetrate partially
into the head group regions of the DC-Chol monolayer (Wu, Lin,
Jeng, Lee & Gutberlet, 2006), there will not be a sharp interface
between the DC-Chol and the DNA layer. The main part of the
adsorbed DNA layer can be modelled as a uniform layer with a single
SLD value. This could be due to the condensing effect when the film
is prepared on a solid support even if it is not of uniform density at
the air—water interface. Adding more calcium ions would increase the
adsorbed DNA layer thickness with a similar SLD. The dependence
of the adsorbed DNA layer thickness as a function of the square root
of the added calcium ion concentration is plotted in Fig. 4. The DNA
layer thickness is found to increase linearly with the square root of
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Figure 3

X-ray scattering length density profiles determined from fitting the reflectivity data.

Table 1
The fitting parameters for the X-ray reflectivity.
Thickness X-ray SLD o
Layer (A) (x 107 A’z) (A)
DC 1 (Lipid) 19.1 9.2 35
2 (Si0») 4.6 14.3 4
Si — 20.12 2
DC/DNA 1 (Lipid) 18 8.5 5
2 (DNA) 8 11 3
3 (Si0y) 5 14.3 3
Si — 20.12 2
DC/DNA + 1 mM CaCl, 1 (Lipid) 18 8.5 5.5
2 (DNA) 20 10 6
3 (Si0y) 5 14.3 8
Si — 20.12 2
DC/DNA + 3 mM CaCl, 1 (Lipid) 18 8 4
2 (DNA) 28 10 5
3 (Si0y) 5 143 16
Si — 20.12 2
DC/DNA + 5 mM CaCl, 1 (Lipid) 16 7.8 4
2 (DNA) 36.3 10.5 8
3 (Si0O,) 5 14.3 13
Si — 20.12 2
DC/DNA + 7 mM CaCl, 1 (Lipid) 16 8 5
2 (DNA) 41 10.5 6
3 (Si0y) 5 143 14
Si — 20.12 2
DC/DNA + 10 mM CaCl, 1 (Lipid) 15 7.6 5
2 (DNA) 47 10.5 8
3 (Si0y) 5 143 13
Si — 20.12 2
DC/DNA + 20 mM CaCl, 1 (Lipid) 15 7.4 6.3
2 (DNA) 68 11 10
3 (Si0y) 5 14.3 13
Si — 20.12 3
DC/DNA + 30 mM CaCl, 1 (Lipid) 14 7 7
2 (DNA) 84 11 12
3 (Si0y) 5 14.3 10
Si — 20.12 2

the calcium concentration. The first DNA array adsorbed to the DC-
Chol is adsorbed through strong charge attraction between the
negatively charged DNA and the ordered cationic DC-Chol mono-
layer. Additional DNA adsorption is through the DNA-DNA
attraction mediated by the structured divalent calcium ions. The
charge screening length constant is inversely proportional to the
square root of the ion concentration in the solution. It is thus

100
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Figure 4

The adsorbed DNA layer thickness as a function of the square root of the calcium
ion concentration. The error bars are the estimated 5% uncertainty in determining
the layer thickness.
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suspected that the linear growth of the adsorbed DNA layer with the
square root of the ion concentration is related to the charge screening
effect by the divalent ions. However, the condensation of DNA onto a
two-dimensional surface is different from the DNA condensation in
bulk. With the assistance of an ordered array of the first adsorbed
DNA array, more stable second, third etc. DNA arrays can be
adsorbed onto the surface with the help of calcium ions. Higher
calcium concentrations are needed in order to condense a thicker
DNA layer. Although part of the DNA in the DNA layer of the
prepared DC-Chol/DNA film is deposited onto the silicon wafer
when the silicon wafer is immersed in the DNA solution, it is still
interesting to find that the condensation of DNA onto the surface
monolayer and the silicon wafer are related to the charge screening
effect in a linear way.

4. Conclusions

It is found in this study that adding divalent ions, such as calcium ions,
can enhance the DNA adsorption to interfaces. The adsorbed DNA
layer thickness as determined by X-ray reflectivity is found to vary
linearly with the square root of the ion concentration. This indicates
that charge screening effects and ion-mediated condensation play
important roles in the DNA-—cationic lipid monolayer interaction.
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