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We present a study of x-ray synchrotron radiation and neutron reflectivity on solid-supported lipid
membranes prepared by spin coating. This technique has the advantage of allowing the control of
the number of lipid layers by varying the deposition parameters. The experiments were performed
on the cationic lipid 1,2-dioleoyl-3-trimethylammonium-propane chloride(88liTAP), the neutral

lipid 1,2-dioleoyl-sn-glycero-3-phosphocholitBOPQ), the lipid mixture (DOTAP-DOPQ, and

the complexDOTAP-DOPC/DNA deposited on wafers. Only single neutral lipids or lipid-peptide
mixtures were deposited on solid substrate using the spin coating technique and characterized.
Results on the structure of the deposited lipid layers indicate that DNA contributes to the order in
the lipoplexes. €004 American Institute of Physid®Ol: 10.1063/1.1814472

I. INTRODUCTION determine the static structural properties of the film in terms
of its scattering length density profile which provides infor-

Solid-supported membranes have aroused the interest afation on the number of bilayers composing the film, thick-

researchers mostly because of their possible applications imess, and density of the repeating unit.

the medical and biotechnological fieIﬁ%Lipid bilayers can We also carried out studies of the lipid film stability as a

be considered good model systems for biological memifunction of hydration, which is a very important parameter in

branes. For years, the deposition of organic molecules othe case of the lipids interaction with the biological serum.

insulating or semiconductive substrates was carried out by

the Langmuir-Blodgett technique or simply by spreading a

lipid solution on wafers, obtaining monolayers or thick Il. EXPERIMENTAL DETAILS

multibilayers. It has been reporfémat spin coating offers Sample preparationDOPC and DOTAP were bought
the possibility to have a limited number of lipid layers and t0 .5y,  Avanti Lipids, and double-stranded calf thymus
control this number by varying the parameters of depositior*(MWbp: 649 from Sigma. The single lipids and the mixture
(amount and concentration of lipid solution and rotationalyere  dissolved in chloroform at a concentration of
speeg. Only single neutral lipids were deposited on a solidg mg/mL. The preparation of the complex lipid-DNA was a
substrate using the spin coating technique. o multistep procedure: Firstly, the two lipids were dissolved in
This paper is about the structural characterization ofnjoroform, which was removed afterwards via rotary evapo-
lipid films obtained using spin coating. This technique wasration at 35 °C, leaving a thin film of lipid that was placed
used to spread over silicon wafers, the neutral lipid 1,2ynder vacuum over night to ensure that all traces of solvent
dioleoyl-sn-glycero-3-phosphocholin®OPQ, the cationic  had been removed. The lipids were then suspended in water
lipid  1,2-dioleoyl-3-trimethylammonium-propane chloride at 45 °C until the films were hydrated and vortex mixed to
salt (DOTAP), the lipid mixture (DOTAP-DOPQ, and the  afford an emulsion. Finally, the lipid mixture was sonicated
complex (DOTAP-DOPC/DNA at the isoelectric point. for 30 min and blended in the DNA water soluti¢®.2 mg
Neutral lipid DOPC was also deposited on gallium arsenidesf DNA in 1 ml of de-ionized water, sonicated for 1 min;
wafer to compare the lipid structure in the case of differenthis induces a DNA fragmentation whose length distribution,
solid supports. detected by gel electrophoresis, is between 200 and
We have used x-ray and neutron reflectivity to study1000 bp.> The complex lipid-DNA at isoelectric point is
these systems, which present a well-defined structure with geutral, the number of DNA bases and DOTAP molecules
small distribution of the bilayer normal vector, typically of being equal.
the order of 0.01° or lessSpecular reflectivity was used to Neutral and cationic lipids, their mixture, and complex
lipid-DNA were spread on silicon and gallium arsenide wa-

3Author to whom correspondence should be addressed; Electronic maiffe_rs by spin coating: abou'_[ 1oL O_f solution per mm was
a.congiu@caspur.it pipetted onto the surface; immediately after, the sample was

0021-8979/2004/96(11)/6839/6/$22.00 6839 © 2004 American Institute of Physics

Downloaded 17 Dec 2004 to 195.83.126.10. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1814412

6840 J. Appl. Phys., Vol. 96, No. 11, 1 December 2004 Generosi et al.

accelerated to rotatiofB000 rpm. The solvent evaporates
very fast and a well-defined number of bilayers nucleates at
the substrate surface. The silicon wafers were hydrogen -
terminated since the surfaces were prepared by wet chemi-

cal treatment in basic HF solutions and HNOhis proce- 10
dure should ensure that the surfaces are free from oxide. The

(a) DOPC on GaAs<100>

(b) DOPC on Si<100>

(c) DOTAP on Si<100>

(d) DOTAP-DOPC on Si<100>

(e) DOTAP-DOPC/DNA on Si<100

10°

samples were put in vacuum overnight. ;,
X-ray reflectivity measurements were carried out using z
the 4+2 circles diffractometer of the ID1 beamline at the S 0.0001
European Synchrotron Radiation Facilitgrenoblg. The ® |
incident-beam energy was chosen to be 16 keV in order to g 7“"1.
limit the radiation damagé.During the x-ray experiments, X ”"llnnln'”'m,nll

the films were kept inside a cone of kapton under a flux of 10°
helium. Despite the highly brilliant beam, we did not observe
any variation on the measured signal, implying that no or
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iy """"””"'h'*m“ d)
.. .. . i Mg
negligible radiation damage was induced in the sample even » "

1]
i "lnll

. L e
after exposure times of several hours. The incident beam was 10 ] ! | ( ?
collimated to a dimension of 0.1 mm vertical and 0.03 mm 01 02 03 04 05
horizontal. The sample was mounted vertically and had sur- a, (A)

face dimensions of-4 X 4 mn¥. The reflected intensity was

then measured as a function @f under specular conditions FIG. 1. X-ray reflectivity measurements of the spin-coated samples, DOPC
@ P on GaAs(a), DOPC on Si(b), DOTAP (c), DOTAP-DOPC(d), and the

(_eXit angleaRz ). Thus, the moment_um tranSfe_r of the elas- complex DOTAP-DOPC/DNAe), along with the simulations based on Par-
tic scatteringg was always alongj,, with the z axis parallel ratt's dynamical theory. The experimental points are illustrated with vertical
to the sample normal. lines, which length indicates the error.

Neutrons are uncharged and therefore they are highly
penetrating. This can give them some advantages with rdll- RESULTS AND DISCUSSION

spect to x rays in the case of reflectometry: neutrons can Figure 1 shows x-ray reflectivity measurements per-
easily penetrate into the bulk of samples allowing us to meaformed on five samples: DOPC in the phase deposited on
sure reflectivity from buried interfacegsolid—liquid). More-  silicon and gallium arsenide wafers, DOTAP in thephase
over, the scattering length of neutrons varies in a randonan silicon, the mixture DOTAP-DOPC with molecular
fashion between elements as well as between different isaweight fraction ®=DOPC/(DOTAP-DOP(=0.5, and the
topes of the same element. In our case, this is particularlgomplex DOTAP-DOPC/DNA at the isoelectric poi(tero
important because of the large scattering length of deuteriurtotal chargg both deposited on silicon. The figure also in-
which makes neutrons highly sensitive to the hydrogenatedludes simulations based on Parratt's dynamical theory. The
tail of lipid in deuterated species. On the other hand, x-raycurves, measured at ID1, have been corrected for illumina-
scattering length varies monotonically with increasingtion, background, and storage ring current and were shifted
atomic number. These differences in scattering between ¥ figure for clarity.

rays and neutrons allow us to obtain complementary infor- ~ The analysis of a reflectivity curve provides several in-
mation in biological systems. In our case, x rays are mordormations: the position of the Bragg peak determines the
sensitive to the head part of the lipids while neutrons ard€riedicity of the bilayersd=2m/q,. From the periodicity
more sensitive to the tails. The combination of both x-rayand_ intensity of the OSC|IIat|c_>ns _betv_veen the total reflection
and neutron reflectometry measurements helps in solvingf91o" and the Bragg peakKiessig fringes, one can deter-

complex surface and interfacial problems. ine the total thicknes@d.) of the film, L=27/Aq, with Aq,
Neutron reflectivity experiments were carried out at the

being the distance between two minima. The observation of
D17 reflectometer at Institute Laue-LangeyiBrenoblg in

Kiessig fringes indicates a well-defined film thickness and
. . . . the number of oscillations determines the number of
time of flight configuratior? The samples ~75x 75 mi) bilayers®® The errors ord are estimatett to be on the order
were kept in a eontrolled humidity chamBéo avoid struc- of 10%. The total thickness determined in this way can then
tu.ral changes induced by an uncontrollled water exchangse compared with the Bragg-peak width, which is related to
with the atmosphere. T_he chamber consisted of two concenpe thickness of the “ordered” layer. This comparison allows
tric aluminum cylinders; the top and the bottom of the innerys 1o ynderstand if the whole film has a well-ordered layered
cylinder were connected to a water bath; the temperature wagycture.

fixed at 20 °C. When the hydrated films were analyzegD D In the curve(a) of Fig. 1, from DOPC on GaAs, no
was poured in the chamber with saturated water vapor atm®ragg peaks can be observed, but only a few damped oscil-
sphere to allow the full hydratiotmearly 100% relative hu- |ations. The simulation and the corresponding electron-
midity) during the measurements. Measurements were dorgensity profile, shown in Fig. fcurve (a)], lead to the indi-
using a wavelength spread of 2—20 A at two incident anglesiduation of only five lipid bilayers, each one with a
(0.7° and 45. thickness of 32 A and a sample thickness~e333 A. The
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FIG. 3. X-ray reflectivity curves of the mixture DOTAP-DOPC in different
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The reflectivity profile of DOTAP-DOPC on silicon
FIG. 2. Electron-density profile model corresponding to the x-ray reflectiv-
ity simulations. The letterga), (b), (c), and(d) correspond, respectively, to [curve (d)] shows Bragg peaks up to the second order. The

DOPC on GaAsa), DOPC on Sib), DOTAP(c), and the complex DOTAP-  first two Bragg peaks indicate a periodicity=45 A and
DOPC/DNA(d). d,=37 A. Simulation for this curve has so far not been suc-

cessful, which may be due to the fact that the sample consists

scattering length densitigSLDs) of the lipid heads and tails Of different domains; in some of them, the two lipids form an
are similar, so there is a small contrast in the density profileindependent bilayer, while in the others they mix with differ-
as seen in figure. The total thicknd883 A) is much bigger ~ ent concentrations. So the first Bragg peak can be attributed
than the coherence thickne$82x5 A=160 A) showing to the neutral lipid DOPC that seems to be very stable, while
that there is some disorder during the formation of the layerthe second one is attributed to the mixture of DOPC and
In the curve(b) (DOPC on Sj, one Bragg peak is ob- DOTAP. The position of this peak has some dependence on
served, indicating a periodicity ad=39 A in good agree- the illuminated sample region, probably due to different con-
ment with literature value¥ From the fit of the reflectivity, centrations in different region&ig. 3.
which shows very well-defined Kiessig fringes, a total thick- ~ When DOTAP-DOPC is mixed with the DNA, the two
ness of 581 A is obtained for the film. This, together with thelipids appear to blend and form highly oriented bilayers. In
bilayer periodicity obtained by the Bragg-peak position andfact, curve(e) shows a single Bragg peak, with periodicity
with the coherence length connected with the Bragg-pealy=36 A. From the analysis of the simulation, four regular
width, indicates that the film is made of 13 highly orderedpjjayers can be observed. Contrary to the case reported in the
bilayers. The DOPC head can be approximated to a spherfyerature, we find that the DNA molecules are dispersed in
with an area of 77 A the tails to cylinders with a total he [ipid structure. In fact, if they were distributed between
length of 24 A and volume of 961.%‘”‘6 density profile in he heads, we should observe an increase in the head region
Fig. 2 [curve (b)] shows that the first layer on the substratenicyness: on the other hand, if they were only dispersed in
(corresponding to the headmteracts with the bulk. The b 4i| region, we should observe a variation in the tail SLD.

three external layers are not completely occupied, indicatingn our case we observe that the SLDs have an average value

the presence of some surface roughness. However, even ﬂ)r(]etween the SLDs of the headsils) and the SLD of the

this region, the layers maintain a well-defined IayereOIDNA. This could be explained by two different hypotheses:

Strug;rftl)mparing curvesa) and(b) in Fig. 1, we note that (i) DNA is mixed in a diso_rdere_d way in the_film and) .

silicon is much more useful for lipid film éeposition than DNA molecules are localized in the domain boundaries
aused by defects in the bilayer structures without changing

gallium arsenide. The first substrate seems to induce in th ) o )
thin film an order of deposition, while the second does nothe bilayer periodicity. The latter explanation seems to be the

allow the lipid to create lamellar bilayers. most physically plausible by considering the lower energetic

Curve(c) represents the DOTARN S)) reflectivity pro- cost; moreover, Fhis picture has been confirmed by e>_<peri-
file. Few oscillations appear only in the first part of the Mental data obtained on our samples by atomic force micros-
curve. The fringes permit us to estimate the total film thick-COPY to be published in a forthcoming paper. Some homoge-
ness(~520 A) and to elaborate a model in which only a Neity tests have been performed on different zones of the
thick monolayer(~14 A) adheres to the substrate, while the Sample to verify that the positions of the peak and oscilla-
remaining cationic lipid has not formed any bilayer and ex-tions do not change.
hibit a high roughness. Some homogeneity tests have been During the neutron reflectivity experiment, we were able
performed to verify that the disorder was spread all over thdo study four samples of highly oriented lamellar lipids: the
sample. This can be explained by the chemical properties afationic DOTAP and the neutral DOPC; a mixture of
the DOTAP itself(charge and chemical structythat could DOTAP and DOPC with molecular weight fractiod
require a different spin coating procedure. =DOPC/(DOTAP-DOP(Q=0.5; a DOTAP-DOPC/DNA
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FIG. 5. Electron-density profile model corresponding to the neutron reflec-
tivity simulations on the samples DOP@), DOTAP (b), DOTAP-DOPC
l TT{FT (c), and the complex DOTAP-DOPC/DNG@I).

Neutron
reflectivity (a.u.)

Curve(c) shows the reflectivity profile of the two lipids
mixed together. The fit provides us the values of the SLD of
the heads and tails; if the two lipids form a stable bilayer, the
SLDs should correspond to an average made between the
SLD of the two different head@r tails); but in our case, the
layer is disordered and we suppose the presence of different
domains(the two components seem to segregate as reported
! in Iiterature.ls"14

Curve (d) shows the reflectivity profile of the DOTAP-
DOPC/DNA complex. The fit provides information about the
way the lipids behave in the presence of the DNA: the com-
plex forms a single bilayer; the SLD of the heads remains the
same as in the mixture, and this means that the DNA is not
inserted there; while the density and the length of the tails
changes: this could be explained considering the DNA in-
serted as revealed by the x-ray reflectivity experiments, not
i : forming a regular array such as detected by x-ray
0 01 02 03 04 diffraction.™

a, (A7) Samples were hydrated for 6—12 h with@ in water

G, 4 Neut foctivi e <o . | vapor atmosphere and the measurements were carried out in

bOPC (a) eg(;‘%gpribicB’(‘%A”;‘_“'SSO“;E"(‘;”";Z tthee Csoﬂq”pl‘;‘;atg ¢ SemPethe humidity chamber at 20 °C. We observed an increase in

DOPC/DNA (d), along with the simulations based on Parratt’s dynamical the dimensions of the bilayers: during the hydration process

theory. The measurements were carried out at 20 °C. the heads exchange their water molecules with th©® D

present in the chamber, so their areas and densities should

complex at the isoelectric poirizero total charge All of change, while the tails should remain unc':hanged.'

them were deposited by spin coating of180. It h_a_s been known for some time that_ itis e_x_pe_rlmenta_lly
ifvery difficult to swell membranes to their equilibrium peri-

The neutron reflectivity profiles of the samples and thei dicit i th b dt ‘ f
best simulations are plotted in Fig. 4, the corresponding der2diclty o if the membranes are exposed to water vapor o

X . .y 12 .
sity profiles in Fig. 5. The model used to fit the data indicateénomma"y) 100% relative humidity” In theory, the chemi-
the presence of two bilayers in the film of DOR&Irve (a)]
and only one on the one of DOTARuUrve(b)]. Each bilayer  TABLE L. Comparison of neutron and x-ray reflectivity measurements on
of the neutral lipid has an average thickness of 43 A; we als¢OPC
deduce that 71 Ais the area of the head, 24 A is the length, Bilayer thickness _ Head's section _ Tail's volume
aqd ~877 A is the volgme of the tail. regio_q. The total_ DOPC d+Ad (A) StAS (A?) VAV (A3
thickness of the single bilayer of the cationic lipid instead, is

thinner, 40A; the head group region is smaller and the tails fT'fa_y_ 3924 77£10 961+36
are longer(~16 A). These results are in agreement with the r%:jtt:‘c’)';y - 1xo 677488
lipid chemical structure and with the x-ray reflectivity mea- reflectivity - N -

surementgTable ).

Downloaded 17 Dec 2004 to 195.83.126.10. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 11, 1 December 2004 Generosi et al. 6843
10° @ (a) Hyd DOPC .
{b) Hyd DOTAP (1st cycle) 2x107
: (c) Hyd DOTAP (2nd cycle)
g (d) Hyd DOTAP-DOPC (a) Hyd DOPC
100 [~ (e} Hyd DOTAP-DOPC/DNA 0 (b) Hyd DOTAP (1st cycle)
{(c) Hyd DOTAP (2nd cycle)
(d) Hyd DOTAP-DOPC
1 2x10°® (e) Hyd DOTAP-DOPC/DNA
4x10°L L
0.01 —
< 2x10° n
5
= 0.0001 @ ol B
=]
© 5| (0) (d)
= 108 2x107- ! | l
s
B 2x10°°
s 10°
2 0 -
c
o
5 -6
3 107 21081 L
= o © (e)
“4x107 L 1 l l |

50 100 150 200

T L1
102 B 0 %0 100150 9

z(A)

FIG. 7. Electron density profile model corresponding to the neutron reflec-
tivity simulations. The letterga), (b), (c), (d), and(e) correspond, respec-
tively, to DOPC(a), DOTAP [(b): first cycle,(c): second cyclg DOTAP-
DOPC(d), and the complex DOTAP-DOPC/DN¢).

10

stay in the humidity chamber, while the second was acquired

107" ' . _ R
0 005 041 015 02 025 gfter8 h. Thg two curves are different; the cationic lipid con-
A tinues swelling and does not seem to saturate even after 8 h.
92 In the model of the dry DOTAP, the bilayer does not form,

FIG. 6. Neutron reflectivity measurements of the hydrated samples DOP(WhIIe the ,mOdeI of the hyd.rated indicates the pr.esence of an
(a), DOTAP[(by: first cycle;(c): second cycl DOTAP-DOPC(d), and the ~ Ordered bilayer; the hydration process probably induces more
complex DOTAP-DOPC/DNAe), along with the simulations based on Par- stability in the cationic lipid than in the neutral one.
ratt’s dynamical theory. The mgasurements were carried out at 20 °C and Curve (d) does not bring additional information to the
nominally 100% relative humidity. . . . .
already discussed dry mixture. The simulation shows a de-
viation from the measured curve in the region
cal potentials of water and saturated water vapor should b@.05<q<0.12 A%,
the same and warrant the so-called full hydration of the lipid ~ The number of layers in the lipid/DNA film remains the
bilayers. The observation that this result was never achievesame after the hydration, as seen in the density profile in Fig.
was called vapor pressure paraddPP), but Katsaras ex- 7 [curve(e)], while the thickness is 25 A higher than in the
perimentally proveﬂi that there is no paradox if the sample dry complex. The tail region is reduced by 25% and its SLD
chamber is appropriately constructed. It should be noted thas higher. The head group has swollen, while its density is
the VPP was studied in neutral bilayers, while it has beerunchanged. The DNA remains in the domain boundaries, as
undisputed that charged bilayers can be easily swollen up tim the dry sample.
a few hundred angstréms in a humidity cEll.

Figure 6 shows the reflectivity curves of the four hy-
drated different samples. Curv@) (the hydrated DOPC
presents a Bragg peak@t=0.116 A1, which was neglected
during the simulation. Its presence indicates that there are The focus of this work is the x-ray and neutron specular
zones of the samples where there is a building up of neweflectivity study on thin films of membranes prepared by
bilayers. This underlines an instability of the neutral lipid spin coating. This kind of deposition allows us to control the
during the hydration process. In the other parts of thenumber of layers\ in the range of 1-30. Another advantage
sample, the film is swollerf~145 A) but the number of of this technique is that it requires only a very few micro-
layers remains unchanged; the head group has an averagems of materials.
thickness of 15 A and the SLD is higher. The tail region is Single lipids or lipid-peptide mixtures have already been
thinner and the scattering length density is more negative. deposited on solid substrates by spin coatimg this study,

Curves(b) and (c) show two different cycles of hydra- we use single cationic lipid, lipid mixture and a complex
tion of the cationic lipid; the first was acquired after 2 h of lipid-DNA.

V. CONCLUSIONS
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The DOPC samples in tHe, phase are ordered and have access to the lateral film structure on the mesoscale between
a well-defined number of layers. The results reported ira few nanometers and several micrometers. In-plane diffuse
Table | give the thickness of each bilayer, the head’s sections-ray measurements are in progress.
and the volume of the tails, and show that neutron reflectivity
data simulations are in agreement with x-ray results. Only #CKNOWLEDGMENTS
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