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We present here results that demonstrate the formation of a complex of DNA with zwitterionic dipalmitoylphos-
phatidylcholine (DPPC) monolayer at the -awater interface in the presence of €dons; in particular, we

show that the presence of €acations is essential for the formation of the complex of DPPC with DNA. We
characterize the resulting structure by X-ray reflectivity and by null-ellipsometry. We show that DNA maintains
its native double helix form when attached to the zwitterionic lipid monolayer, at difference with the case of
ammine containing monolayers. Our findings are discussed in view of other works that recently appeared on the
interaction of DNA with zwitterionic phospholipids, emphasizing the role of DPPC as a potential vector for
transfer of genetic material into mammalian cells by nonviral gene therapy and also suggesting Langmuir/Blodgett
layers of zwitterionic phospoholipids as a method for nonconventional DNA immobilization.

Introduction In the present work, we focus on the interaction of DNA with
monolayers of zwitterionic natural lipid dipalmitoylphosphati-
dylcholine (DPPC). We choose DPPC as a prototype because
monolayers of this molecule are rather well studied at the air/
water interface using also reflectivity measurements with
synchrotron radiation faciliti€sand because of its potential as

a gene vector in nonviral gene therdpyeing a nontoxic
phospholipid.

Interaction of DNA with lipid monolayers of mixed composi-
tion (including DPPC) deposited on solid support has been
studied, and the structure of the resulting complex has been
Tharacterized in ref 8. However, those authors have concluded
that there is practically no interaction with the monolayer when

Investigation of the interaction of DNA with systems similar
to biological membranes is important both from fundamental
and applied points of view, as it can clarify the role of its
interactions with membranes. On the other hand, it can provide
a new method of DNA immobilization, for example, for
sequencing purposksr for transfer of genetic material into
mammalian cells by nonviral gene therapyn this frame,
application of the LangmuirBlodgett (LB) technique is very
suitable because it allows studying systems that can be
considered as model membranes. Even more promising seem
the study of the Langmuir monolayers at the air/water interface

because th? situation In this case, given th.G. fluidity of the it consists only of DPPC: the reflectivity curves of the layer
monolayer, is more similar to the natural conditions. However, with and without DNA were practically the same in that case
special equipment and Fec_hnlques are necessary as it Is mucbeA started to attach to the layer only when cholesterol was
more d|ff|cul_t to stud_y_ I_|qU|d surfaces than solid ones. Syn- added, and the amount of attached DNA was proportional to
chrotron radiation facilities are among the most powerful tools the ar,nount of cholesterol present in the monolayer. This
4 .
forNT,U(:th ?tjhrpoie%.t | studi DNA taini d conclusion seems to be in contrast with some studies of the
ostofthe structural Stucies on -containing mono- and 5..qaction of DNA with multilamellar liposomes, where DNA
multilayers, at the air/water interface as well as transferred onto is reported to attach to the DPPC headgroups in the presence
solid supports, have been performed using cationic amphiphilic of Ca2* ions? Thus, one can suppose that the reported absence

molecules: In some cases, in partiqu!ar, 'wher? the amphiphile of DNA interaction with DPPC monolayer was due to the

headgroup contains amine, DNA splitting into smgle_—strand fo_rm composition of the water subphase.

ggilgrlz_sv:g:% IPo:PﬁaIT(/)vegz/eerr Cs S;eesen?g&;?%@?ﬁtgaﬁ;sﬁgﬁtgée The aim_of th_e present study is the investigation of _the DNA

DNA with monolayérs of moI’ecuIes having positively charged comple_xanon with DPPC monolay_er at the air/water mFerfaC(_e.
Formation of the monolayer and its morphology was investi-

headgroups involves mainly electrostatic interactiort.is gated by compression isotherm measurements and with Brewster
therefore controversial whether one should expect interaction angle microscopy, while the thickness and structure of the

8;:3’\8? V(‘)’I'g: rr?']?)?r?le?]){egf](;)fnz()wrlltteetrgjlglgtrrir(lo(lzi(;lilees’ which have complex layer were studied by ellipsometry and X-ray reflec-
y dip ge. tivity measurements.
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A preliminary study of the complex monolayer formation at the air/ ‘ :
w1 pure DPPC

water interface was carried out on KSV 5000 Langmuir trough. Milli-Q 35| “. _____ I DNA with Ca*, 1721
purified water (resistivity more than 18.2® x cm) was used for the ! ——— I1 DNA with Ca%*, 14h
subphase preparation. All monolayers were formed on a subphase with 30l ! i 8A*10° pure DPPC

pH 6.0, containing 5 mM Cagland 10 mM NaCl. Compression of ‘\"= © 8A*10° DNAno Ca®* 1/2h

®  5A*10° DNA with Ca?’, 1/2h
#  5A*10° DNA with Ca®*, 14h

the monolayers was performed at a speed of 10 mm/min.
5 25)

For the ellipsometric measurements, we used a small homemadeg |
trough (84x 305 mn# surface), placed directly in the laser (HRe A
= 632.8 nm) light path and positioned through micrometric controls.
The ellipsometer (OPTREL Multiskop) was aligned to operate in the
vertical plane, at an incidence angle= 48° from the normal to the
water surface. The same computer was used to drive the electronicss
controlling the Langmuir trough and to perform the ellipsometric
measurement. Brewster angle microscopy imaging measurements have '
been performed using the same instrument, at an incidence @ngle
53°, while the light was collected with an M-PLAN APO %0
(Mitutoyo) objective and a CCD camera detector, and images were
captured with a frame-grabber.

mN/m), 3A *10°

) . ) 20 30 40 50 60 70 8 9 100 110 120
In all the experiments, the water surface was routinely characterized Area (A%mol)
rior to film dispersion by a complete compression cycle. In ellipsom- _. . . .
P P y P b . Y P Figure 1. Combined pressure—area and pressure—thickness “ellip-
etry, one measures the anglasand W (defined in the usual way

L LS . sometric” isotherms for DPPC alone, DPPC in the presence of DNA
from the reflectivity coefficientsR, and Rs for p- and s-polarized

n ) with no Ca?* ions, and DPPC in the presence of DNA and Ca?" ions
waves: R/R, = e tanW. We always measured first the pure water for different incubation times: !/, h and 14 h. Continuous thick line:
surface (i.e., before film dispersion) to provide the final alignment and surface pressure versus area per molecule, for DPPC alone. Dashed

guantification of capillary waves, thus providing an accurate reference thick line: surface pressure versus area per molecule, for DPPC on
point. We employed the Drude approximatitwhen a monocomponent ~ DNA subphase, after */5 h of incubation. Continuous thin line: same
film was present. In this approximation, valid for homogeneous and after 14 h of incubation. Empty triangles: variation of the ellipsometric
thin films, the angleW is not affected by the film, and its constant Phase angle ‘szfr_ DPPC alone. Empty circles: oA for DPPC on
value can be used as a check of the overall alignment, while the DNQ .W'thOUt C? lons. F|I_Ied plrcles_. oA _for DPPC on DNA with
e S - - Ca?* ions after 1/, h incubation time. Filled diamonds: same after 14
variation A of the phase-angla is linearly proportional to the film . )
. h of incubation.
thickness. However, when complex structures are formed, a standard
inversion scheme based on Fresnel formulas was applied for the .
. . ; . andkgk, representing the-component of the wave vector for layers a
conversion of the measured anglesand W into film thickness. . . _ L
o and b respectively. The quality of the fit is evaluated weighting the
X-ray reflectivity (XRR) curves were measured at the European giscrepancy between data and model either by the uncertainty of the
Synchrotron Radiation Facility (ESRF, Grenoble) using the ID10B 414 (truey? test) or by a factor which is inversely proportional to the
(Troika II) beamline. Incident wavelength was= 1.489 A. To prevent reflectivity itself. The latter strategy gives comparatively more weight

the detector from saturation, at small incidence angle, we used y, the highQ data, which, albeit affected by larger uncertainty, contain
attenuators on the incoming beam (aluminum foils with different 5.0 physical information.

thickness, ranging from 0 to 1.1 mm with step of 0.1 mm). The true
reflectivity signal was separated from X-ray diffuse scattering by taking
rocking curves or off-specular scans. Scans were terminated when the
specular reflection and diffuse scattering in its vicinity became equal.
A Langmuir trough with a single moving barrier (maximum surface
418 x 170 mn?) was mounted on an active antivibration support

Results and Discussion

Compression Isotherms, Ellipsometry, and ImagingSur-

face pressurearea isotherms are shown as continuous lines in

(Halcyonics, Germany) and was surrounded by helium atmosphere to Figure 1 for DPPC with NaCl and Cadbut no DNA and for
reduce diffuse scattering from air. To check the alignment and to

id ‘ the XRR f the b ; rf PPC on DNA containing subphase with time intervals/ef
E;c;g'ree;l rr?\zgitigﬁeits on EZ? miiraf\irl‘ran\ga ersuriace was measured, and 14 h before compression, respectively. As known from
9 ) the literaturel® DPPC exhibits a plateau, which corresponds to

For the XRR measurements, two series of experiments Were y,o yansition from a liquidlike to a compressed phase. In the
performed. First, measurements were acquired on DPPC monolayers

i ) resence of DNA, and for incubation time %§ h, the curve is
spread and compressed on the subphase without DNA as descrlbe&;hifted by 5 R toward larger area per molecule, and moreover
above. In the second case, the monolayers were formed on the subphas; . . . . ’
which contained also DNA at a final concentration gg@/mL. First, the plateau is smeared. In the case of long incubation time (14
acquisition and further compression were performed after an equilibra- h), one ob;erves the Comp.lete dlsappearance of the plateag and
tion time of 40 min. In each series, XRR measurements were carriedf'jl sloyver increase of the isotherm in the C,Ompressed regllon,
out on monolayers compressed up to 10, 20, and 30 mN/m. implying a softer monolayer (the compression modulus being
The reflectivity data were subsequently analyzed with our own €= —A_BH/&)A). This sugges_ts that the attachment of DNA o
software, developed in the Matlab computing environment, which bPPC lnqreases the effective mole_cular are"?‘* and during the
calculates the reflectivity curve for a given model according to the so- compression, the molecules start to interact W'th each other via
called “Parratt recursive approacht In this case, one calculates the € attached DNA strands at much longer distance than they
transmission and reflection Fresnel coefficients at each interface. To Would without DNA. The interaction occurring in the expanded
reproduce the reflectivity curve of a real multilayer, a structured model fegion of the isotherm is in part similar to that of lipid
of independent layers, each with uniform electron density, has to be monolayers in nonspecifical interaction with neutral polyni€rs,
provided. Roughness of real layers is accounted for using fvetNe however, the behavior in the compressed region is different, as
Croce approximatiof2 which implies scaling of the reflectivity at the ~ the isotherm in the presence of DNA is shifted toward larger
interface between layes and b by a pseudo DebyeWaller factor area per molecule. We can also make a comparison with the
exp(—2kkyo?), o being the roughness root mean square (rms) value, interaction of myelin basic protein (MBP), a positively Charggﬁj_)v
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Figure 2. BAM images taken at an area of 71 A2 per molecule, i.e.,
in the plateau in the compression isotherms (see Figure 1) for DPPC
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alone (left panel) and DNA—DPPC complex (right panel). The size ) _ Area (Aol _
domain increased in the presence of DNA. A scale bar of 100 um is Figure 3. Thickness of the monolayer as a function of the area per
provided for reference. molecule, as deduced from the ellipsometric measurement (see text),

for DPPC (filled triangles) and for the DNA—DPPC complex layer
(empty circles). The surface pressure—area isotherm is also shown

o o g ison for DPPC (thick I DNA—DPP |
intrinsically unstructured protein, with different phospholipid (zraschoenc]ﬁﬁ]rgon or DPPC (thick line) and C complex

monolayers. In the presence of negatively charged DPPS and
DPPG, the electrostatic interaction appears to be the driving

force, with intimate association of MBP with the headgroups  \ye can quantify the thickness of the DPPC layer and of the
and formation of proteintlipid complexes. On the contrary, in - pNA—DPPC complex from the ellipsometric anglein the
the presence of zwitterionic DPPC, already at low pressure the pqe approximation: in Figure 3, the filled triangles represent
protein seems to penetrate among the lipid domeinehich the pure DPPC film thickness, extracted from. In principle,
retain their character. The DNA situation seems to be more |, he condensed phase of DPPC, one should consider the
similar to the DPPC case than to the anionic lipid layers, niaxial anisotropy of the refractive index. However, such
suggesting some kind of generality to the observed process. anisotropy is extremely small, amounting roughly to 3%:
Prior to performing null-ellipsometry measurements, we moreover, as mentioned in the Experimental Section, we work
controlled the film homogeneity and characterized the eventual at a single angle of incidence, and therefore for our purposes,
domain morphology by Brewster angle microscopy (BAM). it suffices to consider the isotropic mean vaftef the refractive
Typical pictures taken during the plateau in the compression indexn = (2/an, + %/3n,) = 1.453. A further, and more important,
isotherms (namely, at an area of 72 ger molecule) are shown  approximation consists in ignoring the dependence of the
for DPPC alone and DNADPPC complexes in Figure 2, left  refractive index from molecular packing along the compression
and right panels, respectively. In agreement with the literdfure, ~isotherm. The resulting thickness, as shown in Figure 3, reaches
domains were observed only in the plateau region of the the plateau value of 25 A in the compressed phase, in nice
isotherm, and the domain size increased in the presence of DNA,agreement with the value determined by X-ray reflectivity
as shown in Figure 2. This effect is opposite to that encountered (see below).
in DMPE exposed to DNA and divalent cations, which makes  |nspection of Figure 1 clearly shows that the presence of DNA
the domains “smaller, fuzzy, more frayed and dendrite-like”.  increases the variation of the angle however, to determine
However, our findings could be explained by taking into account precisely the DNA layer thickness, one should know exactly
the contrast between the tendency of the lipid chains of DPPC what is its refractive index, which in turn depends on the
to form aggregates at the expense of the electrostatic cost offractional coverage of the lipid monolayer by DNA. As a first
packing the dipolar heads: when DPPC alone is present, smallrough approximation, we proceed as follows: from the X-ray
domains are obtained, but the addiction of the negatively chargedreflectivity data (see below), we obtain a volume density of
DNA bound via the C#& cations reduces the electrostatic cost DNA in water at most 30%, therefore, we assume for the
of packing the polar heads, thus favoring the formation of larger refractive index value a linear combination of the values of pure

domains. water (1= 1.33) and of pure double-stranded DNAn = 1.55),
Film thickness was probed by the variation of the ellipso- thatis,n = 1.40. With this assumption, we would estimate the
metric phase-angléA which, in the Drude approximatiofi,is DNA layer thickness to only 12 A, a value much smaller than

linearly proportional to film thickness. In Figure 1, with plot that determined more precisely by X-ray reflectivity. How-
symbols, we report the variatioAA against the area per ever, such a result depends strongly on the DNA content: for
molecule: for DPPC with NaCl but in the absence of DNA or example, a reduction of DNA content to 20% would imply a
in the presence of DNA and NaCl but in the absence df"Ca value for the refractive indes = 1.37, and 20 A of thickness
cations (open triangles and open circles, respectively), the DPPCfor the DNA sublayer, which is perfectly compatible with
film formation can be followed along the compression isotherm. the X-ray reflectivity datum. In Figure 3, we report therefore
When DNA, NaCl, and C& cations are simultaneously present the DNA sublayer film thickness calculated in the latter
in the subphase (filled circles and filled diamonds), the film approximation.

thickness increases with respect to the case of DPPC alone, X-ray Reflectivity. Reflectivity curves of DPPC on subphases
presumably because of the attachment of DNA molecules undereither containing or not containing DNA have been registered
the DPPC layer. This effect of DNA “attachment” is present at IT = 10, 20, and 30 mN/m and are shown as filled circles
only if the C&" cations are present. If only the NaCl is present, and empty triangles, respectively, in the three panels of Figure
but no C&t is present, DNA does not form the complex with 4, normalized to the Fresnel reflectivity of pure air/water
the Langmuir layer of DPPC. interface. Some consequences of DNA intercalation are evi&Br{}
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Table 1. Parameters Obtained by the Least-Square Fit of the
Reflectivity Profiles by the Parratt Algorithm?
Pure DPPC
% tails heads subphase
A Pure DPPC B ... P
1O-Zo 03 04 05 Ao‘s ..:: 1= 10 mN/m
' ' ' ' el. density p (ellA3) 0.344 0.530 0.334
1 S sonsm ] thickness A 17.4 4.7 infinite
roughness o A 3.0 4.1 2.8
% g A
-96 o IT =20 mN/m
“KMA e el. density p (el/A3) 0.338 0.546 0.334
‘ . . . ‘ thickness A 17.8 5.7 infinite
0 01 02 03 04 05 06 07 roughness o A) 3.1 5.4 3.7
1° i ‘ = 30m/m ] . IT =30 mN/m
X el. density p (ellA3) 0.344 0.551 0.334
L . thickness A) 18.2 5.3 infinite
o.,: . AﬁAAA.E roughness o A 3.4 4.3 3.6
10 L Ve DPPC on DNA Subphase
0o 01 02 03 04 05 06 07 -
Q @ tails heads DNA subphase
Figure 4. Reflectivity curves of DPPC on subphases both containing . 3 II=10 mN/m
(filled circles) and not containing DNA (empty triangles) measured at eI: density p  (eV/A%  0.336  0.499 0.380 0.334
I1 = 10, 20, and 30 mN/m (top, middle, and bottom panel, respec- thickness A) 15,5 3.6 6.3 infinite
tively) normalized to the Fresnel reflectivity of pure air/water interface. roughness o (A) 3.1 4.3 2.8 2.2
Note, at 10 mN/m the shift of the position of the first minimum, from I = 20 mN/m
Q,=0.25 A-1t0 0.27 A1 and at the higher pressures the onset of ) 3
a depression around Q, = 0.12 A-1. eI.I density p (ellA3) 0.343  0.552 0.373 0334
thickness A 18.0 6.0 26.7 infinite
roughness o (A) 3.2 6.7 3.8 5.0
even prior to modeling the data: at the lowest pressure, the _
f DNA in subph d derate shift of th 1= 30 mM/m
presence foh p In subp as;—: produces a Ef)l erate SAll OTtN€ o density p  (eVA®) 0342 0616  0.385  0.334
position of the |rstm|n|m'um, ron®, = 0.25 tq 0.27 A thickness A) 216 46 251 infinite
and a pronounced smearing of the overall curve, indicating small roughness o (A) 33 5.6 42 5.7

reduction of film thickness, together with some loss of contrast.
On the contrary, at the higher pressures, the position of the first
mlmmunj IS. un.affe.Cted’ but a de_pressmn IS Indu_ced ar@ﬁ_d in the text. For the phospholipid on DNA subphase, bottom part of the
=0.12 A7, indicating that some film structuration is developing table, a third layer, representing DNA, was added. We studied the films
on a scale larger than the original phospholipid film thickness. at three different surface pressures; the relevant parameters (slab

The reflectivity profiles of phospholipid alone have been fitted thickness, electron density, and surface roughness)_ar_e reported sepa-

) - rately for each value of surface pressure. The abbreviation el. represents

by a two-slab model, representing the phosphatidic head andggciron.
the lipid tail, respectively. The results are reported in the first
part of Table 1. The thickness of both polar head and alkyl tail
regions is constant within the accuracy of the determination, 20 A corresponds to the electron-rich lipid heads. In panel D
corresponding to a total film thickness of 234 A, a value of Figure 5, we show an artist's impression of the model
somewhat reduced with respect to that repéftéar DPPC on obtained by fitting the X-ray reflectivity data for DPPONA
ultrapure water, 25.3(4) A, but in perfect agreement with other interaction.
studies on a similar, salt-containing, subphase (see, e.g., refs 8 At the highest pressures, the overall thickness of DPPC film
and 16) confirming the general effect of salt content in is basically unaffected by the presence of DNA, which is
determining the molecular packing. Also, the electron density concentrated in a layer attached below the DPPC film, with
slightly increases with the pressure, in agreement with the fact thickness 2526 A. Such a value implies that DNA is in the
that the measurements were done at and above the plateau idlouble-stranded form (for the correlation between film thickness
the isotherm, where the film consists of domains of closely and multiplicity of the helix see, e.g., ref 21) at difference from
packed molecules, whose density increases with the pressurehe case of amine containing amphiphiles, such as octadecyl-
(as confirmed independently also by our BAM imaging). amine (ODA), where DNA splitting was fourfdbut also of

The parameters determined on DPPC have been used as anixed DPPC and synthetic charged DC-cholesterol in the
starting point in the subsequent fit of the reflectivity curves absence of Ca ions® which exhibit a smaller thickness,
measured in the presence of DNA, which are well reproduced implying single-stranded form for DNA, and in analogy with
by a three-slab model: alkyl chains, phosphatidic heads, andthe results obtained on hexadecyltrimethylammonium bromide
DNA. In the panels A, B, and C of Figure 5, we show the (HTAB) monolayers
corresponding fits of reflectivity profiles, measured ht= 10, The electron density found for the DNA regi@n— 0.380-
20, and 30 mN/m, respectively, with the parameters reported (5) el/A3 is in agreement with that reported in the literature for
in the second part of Table 1. We note in passing the very high DNA under a DMPE layet! but we have reason to believe
quality of the fitting, which invariably results in g2 always that it does not correspond to a pure DNA layer. In the presence
smaller than 2 and sometimes smaller than 1. The correspondingof ODA, we have observed a layer of a much higher electron
models are shown in the insets of the same figures. The density, namelyp = 0.496(5) el/R at the same surface pressure.
maximum in the electron density profile found at the depth of Assuming that the latter value would correspond to pure D&l&/

2 For the phospholipid alone, top part of the table, we used a two-slab
model, representing the phosphatidic head and the lipid tail, as described
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Figure 5. (A) Top panel: points represent the measured reflectivity of DPPC on DNA containing subphase at I1 = 10 normalized to the Fresnel
reflectivity of pure air/water interface. The continuous line in the same panel is the reflectivity calculated with the best fit model (see text). The
bottom panel contains the deviations. Note the excellent quality of the fit. The inset in the upper corner represents the electron density profile
(in electrons per A3) of the model used to fit the experimental curve. The maximum in the electron density profile found at the depth of 20 A
corresponds to the electron-rich lipid heads. (B) Measured and calculated reflectivity, deviations, and fitting model for the same as above, at the
surface pressure IT = 20 mN/m. (C) Measured and calculated reflectivity, deviations, and fitting model for the same as above, at the surface
pressure IT = 30 mN/m. (D) An artist's impression of the model obtained by fitting the X-ray reflectivity data for DPPC—DNA interaction.

(which is questionable), we calculate that the layer composition  Therefore, the absence of DPPDNA interaction reported
is about 30% DNA and 70% water, corresponding to a situation in the only work on DNA containing DPPC LB films can be
of partial coverage. The real DNA content could even be smaller, attributed to the particular subphase employed, not containing
as we have no independent indication that the coverage undemivalent ions, which are known to be necessary for the complex
the ODA layer was 100% DNA. Neutron reflectivity measure- formation??
ments could help to clarify this point. Most of our results are consistent with those very recently
Interestingly, at the pressure of 10 mN/m, the framework is reported for monolayers made by another zwitterionic lipid,
rather different: DNA seems to induce a reduction of the namely, DMPEY and are in line with the observations on the
phospholipid film thickness from 22 to 20 A. To understand different mechanisms of interaction between lipid mono-
this point, one must take into account the fact that at such layers and neutral polymet$ A similarity is also found with
pressure we have a plateau in the isotherm; the presence of DNAthe case of the interaction of MBP, a charged intrinsically
simply induces dense packing of the film, which is probably of unstructured protein with zwitterionic phospholipid layé&ts,
mixed composition. Therefore, the area per molecule is larger suggesting some kind of generality of the interaction mechanism
than that at the same pressure for DPPC alone, possibly resultingobserved.
in a more pronounced molecular tilting. Our findings suggest that zwitterionic phospholipids such as
DPPC could be useful as potential vectors for transfer of genetic
material into mammalian cells by nonviral gene therapy.
Moreover, the possibility of determining the attachment of DNA
to Langmuir layers of zwitterionic phospoholipids by controlling
the presence of divalent cations in the subphase suggests a new
method for nonconventional DNA immobilization, for example,
for sequencing purposes.

Conclusions

Our results demonstrate the formation of a complex of DNA
with zwitterionic DPPC monolayer at the aiwater interface
in the presence of Ca ions. We have also shown that the
presence of Ca is essential for the formation of the complex.
We characterized the structure of the resulting complex, showing Acknowledgment. We acknowledge the European Syn-
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