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FTIR spectroscopy is used to study structural aspects of ternary complexes formed by the cationic lipid
dimyristoyltrimethylammoniumpropane (DMTAP), the zwitterionic lipid dimyristoylphosphatidylcholine
(DMPC), and deoxyribonucleic acid (DNA). Spectra of the single components are compared with those
obtained for both equimolar DMPCÈDMTAP mixture and lipidÈDNA complex. The IR spectra of mixed
lipidÈDNA phases are strongly dominated by the lipidic absorption bands. This allows one to easily monitor,
in particular, the thermotropic phase behaviour of lipid within the complex. The IR spectra of DNA
intercalated between cationic lipid bilayers are determined by subtracting corresponding pure lipid spectra
from lipidÈDNA complex spectra. These di†erence spectra indicate deviations of lipidÈassociated DNA from
B-form DNA. Furthermore, two additional water bands arise at positions di†erent from those known for lipid-
and DNA-bound water which are indicative of two distinct states of hydration in lipidÈDNA complexes. The
pure lipid DMTAP exhibits unusual spectroscopic features at the temperature of chain melting, near 53 ¡C,Tm ,
which are attributed to the existence of a crystalline, headgroup-interdigitated phase existing at temperatures
below in accordance with X-ray di†raction and di†erential scanning calorimetry (DSC) data.Tm ,

Introduction

Gene transfer by means of cationic liposome formulations has
become a standard, easy-to-use technique in molecular
biology. The procedure known as lipofection is based on the
fact that aggregates of cationic lipid and plasmid DNA are
capable of delivering nucleic acids into eucaryotic cells.1 There
is hope that some day cationic lipid systems which are suffi-
ciently efficient and good-natured to allow their application in
somatic gene therapy will be designed.2,3 However, clinical
progress is hampered by the fact that structure and transport
properties of lipidÈDNA aggregates under in vivo conditions
are poorly understood. Clearly, di†erent cationic lipids have
widely di†erent propensities as transfection agents. The basic
understanding of lipofection is that liposomes composed of
mixtures of cationic lipid and neutral phospholipid condense
DNA into compact aggregates. These aggregates stick to cell
surfaces and are taken up by endocytosis. Then the endo-
somes formed dissolve and release free plasmids into the
cytosol, and eventually some plasmids will Ðnd their way into
the nucleus.4 In each of these intermediate steps, the physico-
chemical properties of the lipids determine the structure and
the aggregation behaviour of the gene-delivery complex.
Hence, during the last years much attention has been given to
molecular aspects of lipidÈDNA complexes. In particular, the
structure of lipidÈDNA aggregates has been investigated for
some exemplary lipid systems.5h7 X-ray and neutron scat-
tering elucidated an intriguing molecular arrangement of
alternating layers of cationic lipid membranes and tightly
packed liquid-crystalline DNA strands.5,8 Alternatively, hex-
agonal phases were found.9 Electron microscopy studies

revealed morphological features,10 and theoretical approaches
have successfully rationalized interpretations of experimental
data.11,12 Spectroscopic methods well proven in lipid
research, above all NMR spectroscopy, have also been used to
explore DNAÈlipid interactions.13,14 A large positive surface
potential of cationic lipids was revealed with the aid of a Ñuo-
rescent probe combined with GouyÈChapman theory.15 The
conformation of DNA in lipid complexes was examined by
CD spectroscopy.15,16 Another widely used technique that is
powerful for examining lipid systems is FTIR spectroscopy
which gives information, particularly, on a submolecular
level17h21 and, moreover, can reveal aspects of the molecular
geometry if polarized light is applied onto oriented
samples.22,23 This method along with linear dichroism has
also been frequently employed to study nucleic acids,24h27 but
so far not for lipidÈDNA complexes except for work dealing
with model systems.28,29

We report here on a FTIR spectroscopic study of a ternary
complex consisting of calf-thymus NaDNA, DMPC and
DMTAP. The lipid structures are schematically drawn in Fig.
1. The system DMTAPÈDMPCÈDNA was chosen because its
thermotropic phase behaviour has already been largely char-
acterized by us using DSC and X-ray scattering.30,31 FTIR
spectroscopy is promising to add some structural aspects to
the current picture that has resulted from the essentially inte-
gral data obtained by DSC and X-ray scattering. Moreover,
DMPC as one of the ““classical ÏÏ phospholipids has been
extensively characterized by IR spectroscopy,18,22,32v34 in
contrast to DMTAP. The cationic lipid DMTAP turned out
to exhibit some peculiar features. Regarded in conjunction
with DSC and X-ray data, the IR spectroscopic results gave
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Fig. 1 Chemical structures of DMPC and DMTAP (below).

rise to an instructive picture of the unusual phase properties
of DMTAP which may have some meaning for cationic lipids
in general.

A further important question to be addressed by FTIR
spectroscopy is the role of hydration. The state of hydration is
intriguing since lipidÈDNA aggregates are, according to the
current models, so tightly packed that the amount of water
entrapped within them should be rather limited, as can be
derived from the membraneÈDNA separation spacings known
from structural X-ray work. Moreover, electrostatics demand,
and experiments prove, that the counterions due to both
DMTAP and DNA are entirely released from the complex.35
Hence, the lipidÈDNA aggregates are macromolecular salts,
where the hydration state might deviate from that in the iso-
lated components.

The paper is structured as follows. We Ðrstly present data
on purely lipidic systems and discuss their thermotropic phase
behaviour. In the second part, we deal with the ternary
cationic-lipidÈhelper-lipidÈDNA complexes and discuss, in
particular, the di†erence spectra of lipid-associated DNA.

Materials and methods

Materials

DMPC (1,2-dimyristoyl-sn-3-phosphatidylcholine) and
DMTAP (1,2-dimyristoyl-3-trimethylammoniumpropane
chloride) were purchased from Avanti Polar Lipids
(Birmingham, AL, USA) in chloroform (purity 99] %) and
used without further puriÐcation. The sodium salt of calf-
thymus DNA was obtained from Sigma (Deisenhofen,
Germany).

X-ray di†raction and DSC

DMPC (35 mmol) and DMTAP (35 mmol) were mixed in
chloroform. The solvent was removed under a nitrogen stream
followed by desiccation for 20 h under vacuum. The dry lipid
Ðlm was then hydrated with Millipore water to a total concen-
tration of 50 (mg lipid) (ml water)~1 at an elevated tem-
perature of 60 ¡C. The lipid suspensions were vortexed and
sonicated to clarity at 60 ¡C using a tip sonicator in order to
form small unilamellar vesicles (SUV). The liposome suspen-
sions were placed in 1 mm quartz capillaries for X-ray scat-
tering or directly into a di†erential scanning calorimeter (VP-
DSC, MicroCal, Northampton, MA, USA).

LipidÈDNA samples were mixed at charge neutral ratios
and annealed by heating above the chain-melting transition
temperature with subsequent cooling several times. The
instrumental set-up for X-ray di†raction was described in
detail in ref. 31.

FTIR spectroscopy

Appropriate amounts of the dispersions of the lipids and the
DNAÈlipid complex prepared as described for the X-ray and
DSC samples were squeezed between two windowsCaF2which were then placed into a thermostatable liquid cell. The
pathlength of the samples was adjusted to 6 lm with TeÑon

spacers. DNA was measured as an unoriented Ðlm under a
high relative humidity of 98%, cf. ref. 25.

FTIR spectra were recorded at di†erent temperatures by an
IFS-66 spectrometer from Bruker (Karlsruhe, Germany)
equipped with a shuttle device. Samples were measured
against air dried by passing through an adsorber (Zander,
Essen, Germany). HeatingÈcooling cycles were run, and the
sample temperature was controlled by an external circulating
water bath (PGW Medingen, Freital, Germany) and moni-
tored via a thermocouple with an accuracy better than 0.2 ¡C.
The temperature was varied in steps of 2 ¡C within suitable
intervals chosen for the di†erent specimens. Before starting
each measurement, the sample was kept at the adjusted tem-
perature for 10 min.

32 scans were co-added to yield each of the spectra at a
resolution of 2 cm~1 using a zero-Ðlling factor of 2. Data pro-
cessing was carried out with the OPUS software package
(Bruker) and the program GRAMS (Galactic Instruments,
Salem, NH, USA) and further standard software. The wave-
number uncertainty is less than 0.1 cm~1.

Results and discussion

Lipid systems

IR spectra of dispersions of the single lipids, DMPC and
DMTAP, as well as of their binary 1 : 1 mixture were mea-
sured at di†erent temperatures. To provide an illustration for
recorded raw data, Fig. 2 shows the overall spectra of DMPC
and DMTAP at two di†erent temperatures, 29 and 58 ¡C,
respectively, chosen to have the lipids under comparable con-
ditions well above their main-transition temperatures (by
about 5 ¡C, see below). DMTAP exhibits surprisingly substan-
tial absorption in the range 1200È1250 cm~1 which is, usually
in phospholipids, occupied mainly by the intense band due to
the antisymmetric stretching mode (see e.g. Fig. 2(a) forPO2~DMPC). On the other hand, the range between 1050 and 1100
cm~1, where the band due to the symmetric stretchPO2~emerges in phospholipids, is largely clean, thus demonstrating
the absence of phosphate groups in DMTAP.

As for the single lipids, we will focus in the following more
on DMTAP as DMPC has been widely characterized pre-
viously.18,22,32h34 In Fig. 3, the spectral ranges around the
lCH and lC2O modes of DMTAP measured at two di†erent
temperatures, about 50 and 55 ¡C, are shown in an extended
version. The temperature increase between the measurement
of these spectra leads to drastic changes in the spectral param-
eters, especially increases in the peak wavenumbers (positions)
of the bands due to the and lC2O modes, andlsCH2 l8 sCH2which are accompanied by changes in band absorb-l8 C2O,

Fig. 2 Survey FTIR spectra of DMPC (above, (a)) and DMTAP
(below, (b)) each obtained for a fully hydrated dispersion sandwiched
between windows at temperatures of 29 and 58 ¡C, i.e. well (byCaF2about 5 ¡C) above the main-transition temperature in each case, cf.
text and Fig. 4.
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Fig. 3 FTIR spectra of DMTAP for two di†erent temperatures of
50.4 (ÈÈ) and 55.5 ¡C (È È È) which cover the ranges dominated by
the bands due to CÈH stretching (a) and C2O stretching vibrations
(b) ; in (c), the wavenumbers and the widths at half height(…)
(halfwidths, of the lC2O band were plotted vs. temperature.L)

ances and bandwidths. Upon heating DMTAP, the most
striking changes are observed for lC2O, namely strong
increases in both frequency and full bandwidth at half height,
or halfwidth for short. The graphs in Fig. 3(c) show that the
changes in these two parameters are correlated with each
other.

Some of the e†ects evident in Fig. 3 are quantiÐed in Fig. 4
showing plots of the wavenumbers of the bands due to the

lC2O and vibrational modes vs. tem-lsCH2 , dsCH2 , laPO2~perature for each of the lipid systems as well as for the lipidÈ
DNA complex (the latter will be discussed in the next section).
The spectra of the DMPCÈDMTAP mixture and the lipidÈ
DNA complex are given in Fig. 7(a) and (b), respectively, see
below. Several of the dependences in Fig. 4 have in common
steep frequency shifts at distinct temperatures which are
marked by vertical lines through the four parts of Fig. 4.
Looking for a clue to explain these distinct discontinuities, let
us consider the Ðndings in Fig. 4(a) Ðrst, since is thel8 sCH2only one amongst the parameters always involved. The wave-
numbers of the modes have been commonly used as alCH2measure of the number or the portion of gauche conformers in
hydrocarbon chains and, thus, as markers of their order
state.17h21 Accordingly, increases in one of these parameters,
which are strong in terms of changes in the variable under
study, are commonly taken as a reliable indicator of the
chain-melting or main transition in lipid assemblies.17h21
This phase transition can be triggered both thermally17h21
and lyotropically, i.e. by increasing the water activity in the
samples.36,37

Thus, the abrupt upward jumps registered betweenl8 sCH22850 and 2852È2853 cm~1 in the present experiments evidence
that chain-melting transitions proceed in the lipid aggregates
formed in either of the samples. The main-transition tem-
peratures, derived from the midpoints of these wavenum-Tm ,
ber shifts are about 24 ¡C for DMPC, in full agreement with
the literature,38 41 ¡C for the lipid mixture and 53 ¡C for
DMTAP. Fig. 5 shows DSC data of the three lipid samples.
The values revealed by DSC are largely coincident withTmthose determined by IR spectroscopy. The main phase tran-
sition of DMTAP depends very critically on water concentra-
tion. DSC measurements in variously diluted DMTAP
preparations exhibited obscure enthalpic transitions between
18 and 45 ¡C.31,39 However, DMTAP studied at higher con-
centration ([20 wt.% lipid) showed a reproducible main tran-
sition at temperatures slightly above 50 ¡C.

From both the increase of and the DSC peak, thel8 sCH2main transition of DMTAP is further characterized by a

Fig. 4 Temperature dependence of the peak wavenumbers of selec-
ted absorption bands of DMPC DMTAP 1 : 1 DMPCÈ(L), (|),
DMTAP mixture and DNAÈlipid complex the plots are for()) (=) ;
symmetric methylene stretch (a), methylene scissoring vibration (b),
carbonyl stretch (c), and antisymmetric stretch (d). Striking cor-PO2~related wavenumber shifts indicated by vertical broken lines occur for
DMPC near 24 ¡C, for the lipid mixture near 41 ¡C, for the DNA
complex near 44 ¡C and for DMTAP near 53 ¡C.

width clearly broader than in the other systems, as, for
instance, DMPC (see Fig. 4(a), and Fig. 5(a) vs. Fig. 5(c)). The
rise in the transition width of DMTAP is apparently mainly
due to smaller slopes of and in either of the onsetl8 sCH2 cpregions and may reÑect a certain loss in the cooperativity of
the chain-melting process in the cationic lipid. This Ðnding
will be further discussed below. We suggest that the doublet
structure of the DSC peak in DMTAP is due to inhomoge-
neities of the sample and does not reÑect di†erent phase tran-
sitions.

The high di†erence between DMTAP and DMPC,Tmalmost 30 ¡C, implies an amazingly substantial stabilization of
the solid (crystalline or gel) phase in the cationic lipid, which
is unexpected in so far as a priori one also could have

Fig. 5 Calorimetric scans of aqueous dispersions of DMTAP (a),
DMPCÈDMTAP mixture (b) and DMPC (c).
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expected rather a destabilization of the solid phase due to the
repulsive forces acting between positively charged headgroups.
The of about 41 ¡C found here for the equimolar DMPCÈTmDMTAP mixture is somewhat higher than the 37È38 ¡C
derived from our DSC measurements (see Fig. 5(b)). This dis-
crepancy is probably caused by lower water contents of the
samples used in IR spectroscopy, which were adjusted in
order to create conditions more close to those pre-determined
(by the preparation protocol) in the DNAÈlipid complex.
Lower water contents in IR spectroscopy have also the advan-
tage that the interference from disturbing water absorption is
simply less than in more dilute samples.

Among the relationships for the methylene scissoringÈ
deformation vibration band depicted in Fig. 4(b), only the
curve due to DMTAP displays a considerable change. This is
a temperature-induced wavenumber downshift of D3 cm~1
which is consistent with a transition from a state with tri-
clinically packed acyl chains revealed by the magnitude of the
band position of scissoring-vibration mode of almostCH21470 cm~1, typical for crystalline phases,18,19 to a disordered
state of the chains to be expected for the lamellar liquid-
crystalline phase, Interestingly, the courses of the curvesL

a
.

due to and modes in Fig. 4(b) and (a) look exactlydCH2 lCH2like reÑected images, thus demonstrating that these two spec-
tral features are indicative of the same structural event in
DMTAP, that is, chain melting. The temperature dependences
of the wavenumber of the band due to methylene scissoring-
deformation vibration in the other two lipid systems are char-
acterized also by systematic, but very small, frequency
downshifts in the range. The solid phases of DMPC as wellTmas of the lipid mixture obviously lack the triclinical chain
packing found for DMTAP.

The most intriguing results emerge from the data setl8 C2O
shown in Fig. 4(c), see also Fig. 3(b) and (c). The values for
DMPC undergo a distinct decrease by about 2.5 cm~1 ; this is
clearly due to the main transition as reported already several
times in the literature17h20,33,40 and generally ascribed to
hydration of the carbonyl groups becoming stronger or more
e†ective in the phase, no matter whether that transition isL

atriggered by temperature17h20,33 or by hydration.40 The
explanation is plausible since the lamellar extension caused by
chain melting is necessarily accompanied by an increase in the
cross-sectional area of the lipid, thus facilitating the access of
water molecules, particularly to the interfacial region where
the carbonyl groups are situated near to the polar/apolar
boundary. As conÐrmed by the results of quantum-chemical
calculations, the bond order of carbonyl groups is indeed
diminished upon hydrogen-bonding of water.41 This Ðnding is
straightforward in explaining the decrease of observedl8 C2O
usually upon hydration or chain melting. With this back-
ground, the considerable upshift of in DMTAP byl8 C2O
nearly 8 cm~1, which is unambiguously coupled with its main
transition, seems to be counterintuitive. So it draws our atten-
tion to considerations arising from some experimental evi-
dence that hydration may be a major but not the only factor
determining the magnitude actually adopted by in al8 C2O
given system. Accordingly, this parameter can sensitively
reÑect implications arising from polarity and conformation
(due to the torsional angles in the molecular subregion formed
by the glycerol backbone and its ester bonding to acyl chains),
also, and this is true particularly for dry or crystalline
samples.42h44 That is, the unusual temperature dependence of

in DMTAP may indicate that the overall location of itsl8 C2O
carbonyl groups changes upon chain melting towards a less
hydrated and/or less polar environment.

X-ray di†raction is the method of choice to obtain data that
enable a better insight into the molecular organisation of the
DMTAPÈwater system. Fig. 6 shows the results of X-ray dif-
fraction on DMTAPÈwater aggregates. First, wide-angle
X-ray scattering (WAXS) data clearly witness the existence of

Fig. 6 Small-angle (a) and wide-angle (b, c) X-ray scattering of
DMTAPÈwater mixtures (300 mg ml~1) as a function of temperature ;
SAXS exhibits a transition from lamellar crystalline to swollen lamel-
lar liquid-crystalline phase at a transition temperature near 53 ¡C.
WAXS data conÐrm that this transition is associated with chain
melting. Furthermore, a structural transition within the crystalline
phase is found at about 40 ¡C.

two di†erent crystalline (subgel) phases up to the of 53 ¡C,Tmas demonstrated by the patterns in Fig. 6(b) and (c). This is
consistent with the IR spectroscopic Ðnding of triclinically
packed subcells typical for subgel phases arising from the
respective data in Fig. 4(b). The small-angle X-ray scattering
(SAXS) pattern (Fig. 6(a)) reveals, at a lamellarT \Tm ,
spacing of DMTAP of 4.2 nm, which is independent of the
water content of the samples (data not shown). It is interesting
to note that the absence of a second-order reÑection in Fig.
6(a), usually not suppressed in phases, is consistent with anLcelectron density proÐle that misses a water layer between
opposing headgroup layers. The repeat spacing of DMTAP is
considerably smaller than the values around 5.5 nm found for
DMPC under essentially similar conditions,45h47 thus sug-
gesting some degree of intercalation within the DMTAP
layers. Hence, our data agree best with the idea of a
headgroup-interdigitated crystalline phase present in hydrated
DMTAP at temperatures below However, in a cationicTm .
lipid, such an arrangement demands inevitably the inclusion
of counterions, chloride in this case, to shield the repulsion
between the positively charged TAP residues. This necessity
suggests a tight network of alternating TAP`ÈCl~ salt bridges
will be formed in the headgroup region of crystalline
DMTAP. The existence of salt bridges in cationic lipid
systems was reported very recently.15 Headgroup-
interdigitated phases are well known for lipids with small
headgroups, like DMPA, DMPE or DODMA` Br~.48 For
instance, in phosphatidylethanolamines (PEs), the existence of
a tight intermolecular headgroup network formed by long-
lived hydrogen bonds and/or salt bridges between phosphate
and ammonium groups is discussed49h51 as being responsible
for the remarkable stabilization of the solid phase of PEs
compared to PCs, testiÐed by a di†erence of the correspond-
ing values of about 20 ¡C.38 The di†erence betweenTm TmDMTAP and DMPC of even nearly 30 ¡C (cf. Fig. 4(a) and
5(a) and (c), and discussion above) is clear evidence that the
solid-phase stabilizing headgroup-interdigitating network pro-
posed for DMTAP is of a comparable or even higher strength
than that typical for PE.

The spectroscopically unusual appearance of the carbonyl
groups in crystalline DMTAP can be most easily rationalized
by the inÑuence of the strong electrostatic Ðeld proceeding
from the postulated salt bridges and increasing the C2O
polarity. More hypothetically, and less probably, it could also
be evoked by the existence of a peculiar species of water mol-
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ecules speciÐcally hydrogen-bonded to these carbonyls which
may be locked near the polar/apolar interface by the super-
Ðcial trimethylammonium cationÈchloride network. Due to
the chain melting of DMTAP, those salt bridges would even-
tually be broken or at least signiÐcantly loosened, thus relea-
sing and rearranging the array of carbonyl-bound water
molecules. Both these alternative interpretations are in accord
with the increase of the halfwidth of the lC2O band (Fig. 3(b)
and (c)).

Once having passed the solid/liquid-crystalline phase tran-
sition, the lamellar repeat lengths of the DMTAP aggregates
increase very strongly, to values near and above 10 nm, corre-
sponding to the repeat distance of a fully swollen lamellar
phase with a fraction of 20 wt.% of DMTAP.52 Chain melting
of DMTAP is obviously retarded as the broad transition
ranges found by IR spectroscopy (cf. Fig. 4(a) and (b)) and
DSC (see Fig. 5(a)) consistently indicate. This e†ect could
emerge from the considerable stability presumably due to the
TAP`ÈCl~ network which is formed in the headgroup region
of DMTAP.

Returning to Fig. 4(c), the temperature dependence of l8 C2O
in the lipid mixture is without any signiÐcant direction and
represents a moderate position between the characteristics
found for DMPC and DMTAP alone where these wavenum-
bers decrease and increase, respectively, in terms of chain
melting. The Ðgures of in the lipid mixture near 1739l8 C2O
cm~1 are relatively high and tend unequivocally towards the
values typical for chain-melted DMTAP. This Ðnding is con-
sistent with poorly hydrated carbonyl groups of DMPCÈ
DMTAP in a not particularly polar environment, which
would disfavour the hypothetical assumption of the existence
of another type of a (presumably more extended, less tight)
salt-bridged headgroup network in the lipid mixture, even for
its solid phase (i.e. below 41 ¡C in our case). However, an
alternative explanation is that, in the headgroup region of the
lipid mixture existing in the solid state, yet another type of
““networkÏÏ is formed between TAP` and the moietiesPO2~from DMPC, as was concluded from the results of molecular
dynamics simulations carried out for the DMPCÈDMTAP
system very recently.11 Strong interactions of that kind may
render the binding of water to carbonyl groups difficult.

Finally, in Fig. 4(d) the wavenumbers of werelaPO2~plotted vs. temperature. Figures from these plots are also
given in Table 1 together with further data, see below.
Whereas in DMPC only a weak respective signiÐcant change
by D1 cm~1 could be observed, drops much morel8 aPO2~clearly in the lipid mixture by D3 cm~1, correlated with the
increase of i.e. with chain melting. For the phase ofl8 CH2 , L

athe lipid mixture, this appears to reÑect a hydration mode of
the phosphate groups of DMPC which is more e†ective than
in the solid phase existing in DMPCÈDMTAP below 41 ¡C as
well as in chain-melted DMPC (spectral e†ects of hydration
on phosphate are discussed in more detail in the next section).
This Ðnding may indicate that strong TAPÈPC headgroup
interactions, as postulated above, occur particularly at T \ Tmand, thus, may account for a special property of cationic-
lipidÈhelper-lipid mixtures.

Lipid–DNA complex

In Fig. 7(b), a survey spectrum of an isoelectric 1 : 1 : 1
complex of DMPC, DMTAP and DNA (with one cationic
lipid per negatively charged DNA-phosphate) recorded at
33.5 ¡C is given. Comparison with the spectrum of the
DMPCÈDMTAP mixture measured at the same temperature,
and shown in Fig. 7(a), reveals that the IR spectrum of the
DNA complex is completely dominated by the features due to
the lipidic part, and that signiÐcant DNA-speciÐc features do
not appear. This Ðnding can be exploited to monitor structur-
al characteristics of the lipid part in the complex without
noticeable disturbance by DNA absorption.

The main transition in the lipidÈDNA complex proceeding
presumably between the so-called and phases (using theL

b
c L

a
c

nomenclature introduced previously5,31) can be localized to
occur near 44 ¡C, as elucidated by the plot of vs. tem-l8 sCH2perature given in Fig. 4(a). Thus, DNA induces some increase
in the main-transition temperature of the lipid in the complex,
as previously observed by calorimetric investigations and
explained by an electrostatic contribution due to the screening
of the cationic bilayer by DNA.31 The of the lipidÈDNATmcomplex studied in the present work is again somewhat higher
(by about 3 ¡C) than in the more diluted samples, with water

Table 1 Wavenumbers of the bands due to the antisymmetric stretching vibration, of lipidÈDNA complex and related componentsl8 aPO2~,

Sample Conditions l8 aPO2~/cm~1 *l8 aPO2~/cm~1 Remarks/ref.

DMPCa 10 ¡C 1229.7
20 ¡C 1230.5 0.8 *l8 in solid phase
26 ¡C 1229.3 [1.2 *l8 due to m.p.t.b

DMTAP- 34È39 ¡C 1230.8 ^ 0.1
DMPCa(LM) 44È48 ¡C 1227.8^ 0.1 [3.0^ 0.2 *l8 due to m.p.t.b
LM-DNAa 25 ¡C 1229.9

41 ¡C 1230.7 0.8 *l8 in solid phase
46 ¡C 1229.8 [0.9 *l8 due to m.p.t.b
55 ¡C 1230.1 0.3 *l8 in l.c.b phase

DNA (Na) Film, 98% RH 1223 B-Form
Film, 75% RH 1235 A-Form
Solution, 4.2% 1223 B-Form58
DNA, 20 ¡C
Solution, 4.2% 1225
DNA, 50 ¡C

DNA (Li) Solution, 4.6% 1223 C-Form58
DNA, 20 ¡C
Solution, 4.6% 1227
DNA, 50 ¡C
Film, 98% RH 1222 B-Form59
59% RH 1227 C-Form59

DNA (Na)c 34È36 ¡C 1229.8 ^ 0.4
40 ¡C 1231.7 ^ 0.8 1.9^ 1.2 This work
42È48 ¡C 1232.1 ^ 0.1 (0.4)d This work

a All the samples containing lipids were dispersions, LM is for lipid mixture. b m.p.t. means main phase transition, l.c. liquid crystalline. c Lipid-
associated DNA analysed from di†erence spectra. d This wavenumber shift is not signiÐcant.
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Fig. 7 Comparative overview of the IR spectra of an equimolar
DMPCÈDMTAP mixture (a) and a 1 : 1 : 1 ternary complex consist-
ing of DMPC, DMTAP and DNA (b) obtained at 33.5 ¡C; the
samples were dispersions. Spectrum (c) represents the di†erence of
(b)[ (a), i.e. lipid-bound DNA.

in large excess, used in DSC experiments, as already discussed
for the lipid mixture (see above). The other dependences
depicted for the lipidÈDNA complex in Fig. 4(b)È(d) are rather
unspectacular. The downshift observed in connectionl8 aPO2~with chain melting is rather small, especially when compared
to the lipid mixture (see last section and Table 1).

In an attempt to obtain spectral information for the DNA
in the complex, we have subtracted lipid-mixture spectra from
those of the lipidÈDNA complex and obtained di†erence
spectra due to lipid-bound DNA. Fig. 7(c) gives an example of
such an IR spectrum for DNA, in this case embedded in the
solid phase (at 33.5 ¡C). The di†erence spectra are com-L

b
c

pared to the pattern typical for DNA, see Fig. 8(a) and (b).
The IR spectra of DNA have been reported and widely dis-
cussed in the past, mostly for Ðlms investigated in terms of
water activity.24h27 Fig. 8(b) shows, as an example, a spectrum
of a hydrated unoriented Ðlm of the calf-thymus NaDNA used
for lipid complexation obtained at 98% relative humidity and
exhibiting the IR spectroscopic markers for the B conforma-
tion predominating under these conditions.24h27 DNA is
polymorphic and can adopt, depending on its intrinsic
primary structure and external conditions, a number of di†er-
ent forms called, e.g., A, B, C, D or Z.24h27 These forms can be
classiÐed into families of forms, for instance A and B families,
which populate quite di†erent regions of the conformational
space.53 Among the external parameters governing DNA con-
formation, hydrational state and ionic environment might be
considered especially important.54

It should be mentioned that the procedure of spectral sub-
traction is by itself rather intricate. We deÐned a di†erence
spectrum by a procedure leading selected calibration band(s)
towards extinction, which results mostly in a residual dip-and-
rise pattern of the calibration band(s) to be eliminated. Di†er-

Fig. 8 IR spectra of lipid-bound DNA ((a) as in Fig. 7(c)) and of calf
thymus NaDNA measured as an unoriented Ðlm at 27 ¡C and at a
relative humidity of 98% (b), and double-di†erence spectrum (c)
obtained if DNA is subtracted from lipid-bound DNA, i.e. spectra (a)
and (b).

ence spectra generally should be regarded with some caution
and as not equivalent to spectra obtained from direct mea-
surement of absorption bands. The overall ““DNA
compatibility ÏÏ emerging from the di†erence spectra of lipid-
bound DNA as elucidated by a comparison of the spectra in
Fig. 8(a) and (b), holding up even into spectral details, can be
considered truly satisfactory. This gives us conÐdence to con-
sider some of the spectral features of lipid-associated DNA in
more detail.

The absorption in the 3000È4000 cm~1 range undoubtedly
(since the subtraction processing was, intentionally, driven
rather too far, as the slightly overcompensating dips in the
spectral region around 3000 cm~1 in Fig. 7(c) testify) per-
sisting in the di†erence spectra of lipid-bound DNA has to be
ascribed to that peculiar water which forms a ““ surplus ÏÏ
portion present in the DNA complex in excess to the lipid
mixture. Interestingly, the remaining lOH di†erence band

Fig. 9 IR di†erence spectra of lipid-associated DNA in the lOH
region occupied by the OÈH stretching-vibration band of water at
di†erent temperatures (¡C) 33.5 (a), 42.5 (b), 44 (c) and 49 (d).
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consists of two components with maxima around 3220 and
3530 cm~1 which occur not only at 33.5 ¡C (as in Fig. 7(c)) but
also at the other temperatures in these measurements, as
demonstrated by the spectra in Fig. 9. It should be mentioned
that such spectral characteristics are not commonly observed
for the lOH bands in either the IR spectra of hydrated lipids
or of hydrated DNA as we have learned in our extensive
studies carried out previously. Upon heating the lipidÈDNA
complex, the overall maximum of the low-frequency sub-band
increases by D40 cm~1, from about 3200 to 3240 cm~1,
which is obviously due to the rise of a high-frequency Ñank of
that sub-band (see Fig. 9).

Although a comprehensive understanding of the apparently
complex correlations existing between structural conditions
(aggregations) in water and in aqueous systems and their spec-
troscopic response is currently largely not available, it may be
legitimate to approach this problem on a rule-of-thumb level.
So, the broad overall water band around 3400 cm~1l1, 3OH
can be assumed to result from a superposition of several
underlying single bands representing a number of coexisting
subpopulations of water aggregates di†ering in size and/or
binding state. Accepting the existence of rough relationships,
valid on an on-average basis, between the structural features
due to the water in a given system and its general spectral
parameters, it is reasonable to assume that the lower the
wavenumber of the water band the stronger the perti-l1, 3OH
nent hydrogen bonds. Accordingly, the two resolved lOH
sub-bands observed in lipid-associated DNA are to be assign-
ed to di†erent types of hydration water in the DNAÈlipid
complex, being distinguished by especially strong (3220 cm~1)
and weak (3530 cm~1) hydrogen bonds. The position of the
former sub-band is similar to that reported for lOH bands
found in amorphous ice55,56 or for water in highly hydrated
DPPC cooled down to subzero temperatures.34,57 This sug-
gests that the 3220 cm~1 band can be attributed to highly
immobilized water molecules, most probably involved in long-
lived strong hydrogen bonds. It is most likely that they are
located in the interfacial region between DNA double strands
and lipid lamellae and form bifurcated bridges between the
DNA backbone and lipid headgroups. The unstriking
response of the IR bands due to the real or putative water-
binding lipid sites (Fig. 4) does not contradict the idea of a
bidentate mode of water binding since the latter would inÑu-
ence the involved water molecules themselves more strongly
than these lipid groups. Moreover, it appears that this type of
strongly bound water consists of two sub-species, as indicated
by the structure of the contour of the 3220 cm~1 sub-band
(see Fig. 9). It is plausible that the fraction of the sub-
population with the somewhat weaker H bonds increases with
increasing temperature (Fig. 9).

The second type of very weakly H-bonded water, represent-
ed by the 3530 cm~1 sub-band, may consist of molecules or
aggregates which are ““ left over ÏÏ to accommodate to some
““ interstitial space ÏÏ set between adjacent lipid bilayers on the
one hand and DNA columns on the other. These water mol-
ecules are driven to Ðll the so-deÐned ““ interstices ÏÏ in order to
prevent them from remaining energetically unfavourable
voids. Due to the volumes of these interstices, dictated by the
overall geometry in the complex, unsuitable steric constraints
may emerge for the water aggregates, resulting in a breakage
of the (more) regular structures, which would be adopted in
bulk water under the same thermodynamic conditions, and,
eventually, in the formation of a sort of largely unordered,
““ entropic ÏÏ water. These two di†erent hypothetical water
species which represent a peculiarity of the lipidÈDNA
complex are schematically illustrated in Fig. 10 and marked
by (a) and (b) for strongly and weakly bound water.

In Table 1, peak wavenumbers of the band,laPO2~of several of the systems related to the lipidÈDNAl8 aPO2~,
complex are gathered. This parameter has been proven to very

Fig. 10 Schematic drawing of a lamellar lipidÈDNA complex high-
lighting the regions of the two hypothetical di†erent states of hydra-
tion as suggested by the appearance of two particular IR absorption
bands of water in the di†erence spectra of DNA incorporated in a
DMTAPÈDMPC complex (as in Fig. 7(c)). The boundary-water
(dark-shaded (a), between DNA columns (symbolized by circles) and
lipid layers is expected to be di†erently structured from the water in
the interstices (light-shaded, (b)).

sensitively reÑect environmental inÑuences and/or structural
changes in relevant biomolecules60,61 which are sometimes
difficult to distinguish. In lipids, it is indicative of both hydra-
tion e†ects, see ref. 36 and 41 and papers cited therein, and
phase transitions.21,37,62 As for DNA, depends onl8 aPO2~hydration as well as on conformation, as exemplarily shown
in ref. 59 where also the observed hydration-dependent down-
shift is rationalized as originating from hydrogen bonding of
water for the Ðrst time by the results of quantum-chemical
calculations. For each of the lipid systems studied here, a sig-
niÐcant decrease of occurring in terms of chainl8 aPO2~melting could be observed, which is by far the most pro-
nounced in the lipid mixture (see above, Fig. 4(d)). This results
in an overall tendency of the values to decrease if thel8 aPO2~whole temperature ranges studied are considered, at least for
the samples containing only lipids. Only the values for the
lipidÈDNA complex remain approximately constant on
balance. This becomes plausible if one regards for thel8 aPO2~lipid-bound DNA, since here a signiÐcant net increase by
more than 2 cm~1 is obtained if temperature is raised.
Heating DNA in solution enhances this parameter, too, inde-
pendently of whether Na` or Li` were present as counter-
ions.58 This is a strong argument for believing that the band
around 1230 cm~1 remaining in the di†erence spectra of lipid-
associated DNA is actually due to DNA. That assignment is
further corroborated by the absence of any decreasel8 aPO2~in the region around 44 ¡C where the lipids in the complex
melt. The position of this di†erence band around 1230 cm~1
is rather di†erent from that in the classical B form (usually
1222È1223 cm~1) and tends rather to the magnitude charac-
teristic of A-DNA (Table 1). However, C-DNA is also a candi-
date to exhibit somewhat larger Ðgures for Thel8 aPO2~.58,59
absorption near 1070 cm~1 arising in the di†erence spectra of
DNA as a shoulder of the band (marked by thelsPO2~arrows in Fig. 8) can be attributed to the C form as we have
previously observed in oriented Ðlms of LiDNA (unpublished
data) and as is visible also in the spectrum of LiDNA in solu-
tion shown in Fig. 4 of ref. 58. Indications for C-DNA formed
at least partly from B-DNA upon complexation with lipids
were also found in previous CD measurements.15,16 Neverthe-
less, the absolute Ðgures for larger than 1230 cm~1l8 aPO2obtained for lipid-bound DNA (Table 1) are beyond the range
of values typical for B- and C-DNA. This suggests that the
surrounding lipids are able to induce some part of the incorp-
orated DNA to adopt a structure towards the A form. The
occurrence of coexisting conformations of a di†erent type or
of non-canonical conformations showing ““ intermediate ÏÏ
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structural features is probably rather the rule than the excep-
tion for DNA involved in complex systems, as several relevant
examples of DNAÈprotein complexes document.63h65

The most striking feature in the ““double-di†erence ÏÏ spectra
obtained by subtracting pure-DNA spectra from lipid-bound-
DNA spectra is the remaining strong absorption of the band
due to the symmetric stretching vibration,PO2~ lsPO2~,
near 1090 cm~1 (see Fig. 8(c)) for an example). In this
instance, the band intensity has been taken as thelaPO2~calibration band for the subtraction process. The weaker
absorptions near 1730 and 1470 cm~1 also present are prob-
ably due to uncompensated lipid arising here even more
clearly than in the di†erence spectra in Fig. 7(c). In previous
studies, the intensity of the band has been demon-lsPO2~strated to depend on the electrostatics in the surroundings of
the phosphate groups more clearly than is the case for its anti-
symmetric counterpart. The increasing inÑuence of charged
counterions resulted in signiÐcant enlargements of this band
which became evident for both sodium ions in low-hydrated
DNA Ðlms (unpublished data) and positively charged poly-
peptides.66 This preliminary Ðnding is consistent with the
interpretation that cationic lipids, like DMTAP, can a†ect
DNA via electrostatic attraction more than the di†use cloud
of small counterions in DNA solutions, the latter as it was
described by the theory of Manning.67

Conclusion
A lipidÈDNA complex with model character consisting of
cationic DMTAP, DMPC as a helper lipid, and common calf-
thymus DNA was investigated by FTIR spectroscopy. Com-
parative measurements were performed for the lipid com-
ponents and hydrated DNA. We demonstrated that IR
spectroscopy, which so far has not been used in physico-
chemical studies of such complexes, has considerable potential
for exploring aspects of the lipid phase behaviour and the con-
formation of DNA not only for the components, but also in
the lipidÈDNA complex. From the di†erence spectra of lipid-
associated DNA, tentative conclusions could be drawn with
respect to both the hydration of the complex and the confor-
mation of DNA. The lOH band of water is split into two
components which are indicative of the coexistence of two
separated water populations distinguished by hydrogen bonds
of very di†erent strengths. As for the conformation of DNA,
the signatures of both C-DNA and A-DNA could be found in
contrast to the B-form predominating in pure DNA under the
same conditions. This is an indication that lipids may inÑu-
ence the properties of the nucleic acids to be transfected in
gene therapy at least intermediately. V ice versa, DNA a†ects
the phase behaviour of the lipid mixture used for coating it,
too. The stabilization of solid phases of the involved lipids by
DNA, already observed in previous studies with other meth-
odology, could be conÐrmed by IR spectroscopic data.

Moreover, interesting novel features concerning lipid
systems as used in transfection were elucidated by utilizing
speciÐc strengths of IR spectroscopy. For instance, especially
strong changes in hydration and/or conformation are indi-
cated for the phosphate groups of DMPC in the DMTAPÈ
DMPC mixture in the course of chain melting. The main
transition of DMTAP was shifted considerably to higher tem-
peratures (by about 30 ¡C) compared to its analogue DMPC.
This stabilisation of the solid state of DMTAP together with
the unusual spectral behaviour of the carbonyl groups was
interpreted in terms of a headgroup-interdigitated crystalline
phase. The latter was conÐrmed by X-ray di†raction data and
is most probably accompanied by the formation of salt
bridges which obviously inÑuence the polarity at the polar/
apolar interface. Upon chain melting, this headgroup order is
broken, thus leading to a decline in electrostatic e†ects exerted
on carbonyl groups in the liquid-crystalline phase. It appears

that cationic lipids constitute a class of amphiphiles with
properties extremely interesting also in a heuristic sense.
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