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ABSTRACT: An algorithm for the study of the gradual hydration of phospholipid assem-
blies by means of Fourier transform infrared (FTIR) spectroscopy is presented. A com-
plete series of diacyl phosphatidylcholines (PCs) including all possible analogues with
palmitoyl and oleoyl residues, namely DPPC, DOPC, POPC, and OPPC, was investi-
gated at room temperature. The lipid samples were prepared as cast films probably
consisting of aligned multilamellar bilayers. The range of water activities studied in these
films was regulated by adsorption via the gas phase corresponding to relative humidities
of between 0 and 100%. Analyses of the IR-spectroscopic data have concentrated mainly
on determining the amounts of water incorporated by each lipid as well as the hydration-
induced response observed for some absorption bands of the different lipids. The water
uptake at high relative humidity (RH) increases with the portion of unsaturated acyl
chains in the molecular structure of the PCs. Isothermal phase transitions triggered
lyotropically have been detected in demonstrating the occurrence of the main transition
in POPC and OPPC films at room temperature. Moreover, it appears that both lamellar
phases, the gel as well as the liquid-crystalline phase, are not uniform. They seem to
comprise an amazingly large span of order/disorder states of the lipid chains generally
depending on the degree of hydration. As exemplified by the significant variation in the
onset of wavenumber shifts for the PO; and C=O0 stretching-vibration modes, obtained
as a function of hydration, a sequence of attachment to polar lipid binding sites by water
molecules was established for DPPC. © 1998 John Wiley & Sons, Inc. Biospectroscopy 4, 267—
280, 1998
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INTRODUCTION

Life has evolved and continues to proceed in aque-
ous media. Water is amalgamated, down to a
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molecular level, with all kinds of fundamental bio-
logical molecules and is indispensable for main-
taining both structural stability and functional-
ity. Recently, there has even been discussion pro-
posing that the hydration state in cells regulates,
in a complex way, a number of important activi-
ties such as those connected with signal transduc-
tion.’

Many biomolecules are polymers containing
both hydrophilic and hydrophobic sections. In
living organisms, in an environment essentially
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defined by the omnipresence of water, these mole-
cules are driven to adopt secondary and higher-
order structures that are organized so as to mini-
mize the extent of unfavorable contact between
water and the hydrophobic part of the biopoly-
mers. Thus, hydrophobic regions are generally ar-
ranged in the “central core” of such biomolecules
so as not to be exposed to water. In this way, water
plays a crucial role in the structural organization
of proteins (folding)?™* as well as nucleic acids
(especially for the polymorphism of DNA)®~7 and
carbohydrates.®® However, in the case of lipids,
the fourth important class of biomolecules, be-
cause amphiphilicity (or amphipathy) is the most
pronounced, a more peculiar relationship between
water and lipids exists. This relationship largely
contributes to the fundamental molecular prereq-
uisites for the unique propensity of lipids to self-
organize in supermolecular assemblies, a fact that
predestinates this class of chemical compound to
provide the frame-giving constituent of biological
membranes. In particular, water is essential for
the remarkable mesomorphism of lipid systems. '
Hydration effects are crucial to the fragile inter-
play of the weak forces and interactions that even-
tually regulate which phase of a lipid or lipid mix-
ture exists under given conditions. Accordingly,
the biological relevance of lipid hydration cannot
be overestimated. In single-lipid systems, water
content is used as one of the two variables besides
temperature in phase diagrams commonly estab-
lished for characterizing the phase behavior of
model membranes.

Interest in lipid hydration has motivated a
huge amount of experimental investigation over
the last two or three decades resulting, for phos-
pholipids alone, in a large body of relevant data.
Although the sheer quantity of articles makes a
complete overview extremely difficult, many of
the results have been summarized in a number
of review articles or textbook chapters, see, for
example, Refs. 11-15. In numerous studies using
lipid dispersions with excess water, valuable in-
formation concerning the hydration state has
been deduced.* Ad hoc investigations of lipid hy-
dration have been performed using lipid samples
obtained in two principal ways distinguished by
the water-dosage procedure: (1) the solvent is ad-
mixtured to lipid in aliquots to get a definite
weight-to-weight percentage; (2) water is admin-
istered as vapor via gas phase. Samples obtained
by the more frequently used procedure (2) were
investigated using classical physicochemical
methods of lipid research, including differential
scanning calorimetry,'®~* X-ray diffraction,'®2°-%2

and NMR spectroscopy.?~2° In addition methods
such as neutron diffraction, hydrodynamics, dila-
tometry, fluorescence spectroscopy, partition tech-
niques, and, increasingly, theoretical methods
have all been utilized for probing lipid hydration.
The isopiestic water-dosage protocol as character-
ized by procedure (2) has been used, on the other
hand, mainly in gravimetric experiments.?¢-%°

Another valuable tool in lipid research is vibra-
tional spectroscopy with its complementary tech-
niques IR and Raman spectroscopy; this is evi-
denced by the appearance of several reviews and
monographs.3°~3* In particular, FTIR spectros-
copy is well suited for following thermotropic lipid
phase transitions. Moreover, it provides data on
a “submolecular” level, since all the three relevant
domains of a PL, that is, headgroups, tails and
glycerol backbones, contain IR-active groups
whose affiliated absorption bands may be sensi-
tive to both structural changes and reorganization
as well as the environmental influences inducing
them. This potential of FTIR spectroscopy has, up
until now, by no means been completely ex-
hausted.*

In spite of frequent application of FTIR spec-
troscopy in lipid research, investigations involv-
ing gradual hydration are less common. In most
cases, either anhydrous (sometimes crystalline)
or fully hydrated samples have been analyzed. ?*3¢
Studies of stepwise PL hydration in terms of char-
acterizing lyotropic phase behavior are especially
promising in the low-hydration range. One can
recognize an overall tendency of the preferred di-
rection of phase boundaries to turn from hori-
zontal to vertical with decreasing water content
of the lipids when looking more specifically onto
the bulk of respective phase diagrams.'%*? Vibra-
tional spectroscopy investigations of PL films or
multilayers refer mainly to standard compounds
such as DPPC,**¥-3 DMPC**~*? and DPPE.?*574
Some studies used the FTIR-ATR technique.?*4%*?
Hydration was explicitly addressed in a number
of articles, but only in a few cases by adding water
via the gas phase.?*38414244 RTIR gspectroscopy
was also used to study the interaction of water
with DPPC and DPPE in organic solvents. 3"*

In this article, a relatively simple approach for
probing phospholipid hydration by FTIR spectros-
copy is described. The methodology is based on
the isopiestic technique (described above) with
varying relative humidity and has been utilized
previously in studies of oriented films of DNA and
DNA complexes (cf. Ref. 46 and references cited
in this work). In the DNA experiments, as well as
in the lipid experiments described herein, specific



Table I. Comparison of T}, Values for the PCs
Under Study as Obtained in Dispersions

with Excess Water (From Literature)

and Mesomorphic Phases Expected to be Adopted
in Films at Room Temperature

Phase Expected

Lipid T, (°C) Refs. in Films at 26°C
DPPC 41 16 L,
41.6 54
DOPC -16 55
-16.5 19 L, (and/or Ls)
—18 47
Dry 48
POPC -0.8 56
-4.5 57 L, and/or L,
10% H,O 20.3 35
Dry 68
OPPC -7.9 56 L, and/or L,
-11 57

efforts have been made to get samples as free of
water as possible. This makes it possible to study
water-depleted PL specimens, which have often
been neglected in past studies. The low-hydration
region is not only of basic scientific interest since
it covers the small number of first, very strong
bound water molecules, but it is also biologically
meaningful in that it may provide insight into
how extremely dry (e.g., sporulated) or frozen or-
ganisms are able to maintain their viability.*"*®
This report on phospholipid hydration is subdi-
vided for convenience. The first part is more gen-
eral and describes the methodology of obtaining
and interpreting the FTIR-spectroscopic data. In
the second part, the details of some specific cases
will be discussed aimed at elucidating the inter-
play of hydration and conformational (or phase)
effects. To this end, a series of PCs distinguished
by a systematic variation of the nature of the acyl
chains was designed and studied: two symmetric
diacyl PCs, disaturated DPPC, diunsaturated
DOPC, and their mixed-chain analogues POPC
and OPPC. Except for a few relevant reports**-°3
unsaturated PLs have not yet been extensively
investigated using FTIR. One interesting, desir-
able aspect of this selection of PLs is that, under
the conditions chosen (RT), gel as well as liquid-
crystalline lipid phases can be adopted. This is
suggested by the calorimetric data in Table I ex-
hibiting the range that covers the bulk of main-
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transition temperatures measured; the average
T, values in excess water of the four lipids formed
on the basis of the data found in Marsh’s hand-
book ** and in LIPIDAT®® are given by 41.4, —17,
-3, and —8°C for DPPC, DOPC, POPC, and
OPPC, respectively. At high water content, DPPC
consequently adopts the gel phase at room tem-
perature while unsaturated PCs are in the L,
phase. In the films used here, the same phase
affiliation can strictly be expected only for DPPC
whereas the data reported for water-depleted un-
saturated PCs permits speculation as to which
phase(s) might be formed in terms of RH for each
of them (see Table I).

METHODS

Lipid Sample Preparation

DPPC was from Bachem Biochemica (Heidelberg,
Germany), DOPC, POPC, and OPPC were from
Sigma Co. (Munich, Germany). All compounds
were used without further purification, their uni-
formity was confirmed by thin layer chromatogra-
phy. UV-grade chloroform from Baker (Deventer,
Netherlands) was used as a solvent.

Films of these lipids were prepared by casting
about 60 pL of their chloroformic solutions (con-
centration 10 mg/mL) directly onto IR-transpar-
ent ZnSe (Irtran 44) windows and evaporating
the solvent while simultaneously stroking the so-
lution unidirectionally and gently with a spatula.

Hydration Experiments

After completely removing the solvent, the films
were placed into specially designed IR cells. The
cells are similar to gas cells and were developed
from the standard nujol cells obtained from Gra-
seby Specac (supplied by LOT Oriel, Langenberg,
Germany). A second identical cell was used for
measuring the background. Hydration experi-
ments themselves were performed in situ ac-
cording to two different protocols. In the standard
procedure, dehydration—rehydration cycles were
scanned according to stationary conditions. The
water content of the lipid films was widely varied
by changing the RH surrounding the samples be-
tween 0 and 100%. This was achieved by loading
the appended flasks with water or saturated solu-
tions of the appropriate salts. The equilibration
times necessary to reach saturation of a given PL
at each RH were carefully measured and will be
considered below in “Water Adsorption.” Unsatu-
rated PCs have been found to be stable during
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these long-term measurements. In a second series
of experiments, lipid dehydration was followed in
a nonstationary mode by starting from the sample
equilibrated at high RH (usually 98%). After ex-
changing the salt solution, the RH is reduced con-
tinuously in the cell, resulting in lipid dehydra-
tion. FTIR spectra were recorded at fixed time
intervals until equilibration at the relevant lower-
hydration (usually 0% RH) level was reached. Al-
though the actual RH values at the times of mea-
surement are not known in each case, the water
content of the film could be controlled via the ab-
sorbance of the prominent water absorption band
near 3400 cm ™! (for details, see below). The data
points obtained in this dynamic way agree well
with the results of measurements using the iso-
piestic method. Certain deviations may arise in
systems where phase transitions occur (see part II
of this series). The reverse procedure, starting
from dry film and following lipid hydration contin-
uously after moistening the surrounding atmo-
sphere, was also performed.

FTIR Measurements

Infrared spectra were recorded at 26 = 1°C using
a IFS-66 FTIR spectrometer (Bruker, Karlsruhe,
Germany) in the DTGS-detection mode. Although
the instrument was purged with an air-drying ap-
paratus (Zander, Essen, Germany ), in addition a
shuttle device accounting for a significant “ex-
tra”—elimination of atmospheric contamination
was used. Incomplete water vapor compensation
was corrected where necessary by subtracting
gas-phase spectra of water from the lipid spectra
and subsequent smoothing. A resolution of 2 cm™
and a zero-filling factor of 2 were used. For the
equilibrium and dynamic measurements, respec-
tively, 32 and 2 scans were applied. An apodiza-
tion function according to Hepp and Genzel has
been applied. Data processing was done using
the OPUS (Bruker) and GRAMS (Galactic In-
dustries, Salem, New Hampshire, USA) soft-
ware packages. Wavenumbers of the peak max-
ima were determined using the OPUS peak-
picking routine in the standard mode (accuracy
0.1cm™1).

RESULTS AND DISCUSSION

Films prepared by the hand-stroking orientation
method give rise to much more distinct IR spectra
than those obtained by spontaneous spreading of
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Figure 1. Comparison of typical FTIR spectra for
DPPC (at 23% RH); the multibilayers presumably ex-
isting in the films have been formed either by spontane-
ous orienting of the lipid molecules in the sample (I,
above) or by the same (amount of) material when addi-
tionally oriented by gentle hand-stroking (II, below).

the multibilayers (Fig. 1). This finding can be un-
derstood in terms of a significantly more homoge-
neous type of specimen arising in the former case
especially where sample thickness is concerned.
It has been known for many years that differences
in thickness within a sample can cause tremen-
dous deterioration with respect to the absorbance
of infrared bands.?® In general, sample homogene-
ity should be achieved more easily for lipid lamel-
lae in the liquid-crystalline phase than in the
more rigid gel phase. This expectation is experi-
mentally confirmed by the finding that differences
in the respective DOPC spectra are not as pro-
nounced (data not shown) as for DPPC. In conclu-
sion, it can be established that the quality of the
infrared spectra obtained for lipid films depends
very critically on the sample-preparation method
and can be improved by hand-stroking the mate-
rial.

In principle, the results reflect the effects of
hydrating the PCs in two different ways: (1) di-
rectly by following the characteristics of the ab-
sorption bands due to water itself, for example,
adsorption isotherms can be measured spectro-
scopically, and (2), more indirectly probing the
lipid response to the variation of the water content
in the samples by monitoring the spectral changes
undergone by appropriate PL vibrational bands.
In the latter case, the involvement of certain lipid
sites in the water binding process can be revealed
at least in a qualitative sense (see section “Spec-
tral region primarily due to the polar lipid
groups”).



Table II. Relaxation Times 7 Due to Water Uptake
by a POPC Film at Different Temperatures

7 (30°C) 7 (10°C)
RHggare (%) RH.pa (%) (min) (min)
0— 12 (44) 85
12— 34 26 54
34— 58 40 77
58— 75 30 120
75— 84 70 193
84— 92 164
92— 97 400 314
97— 100 720

Water Adsorption

The amount of adsorbed water was monitored us-
ing the integral absorbance A,, of the broad v, ;0H
band centered near 3400 cm ! due to the stretch-
ing vibrations of water. As an internal standard,
we used the total integrated absorbance of the
overall C—H stretching-vibration bands between
ca. 2800 and ca. 3050 cm™'. This term A&waipia)
(=Ay), is expected to be at most only a little in-
fluenced by hydration in the absence of phase
transitions. The estimation results in a relative,
calibrated water-adsorptivity parameter deter-
mined, for given RH values, and denoted for the
ith spectrum as A,,,; = A,,;/Ay,;. In Figure 1 the
spectral decomposition is illustrated for DPPC.
Since both palmitoyl and oleoyl chains contain 14
CH, groups and one (terminal) CH; group, Ay
values for either lipid used in this study could be
directly compared in a first approximation.
First, the kinetics of water adsorption by lipids
were carefully probed in a set of preexperiments.
For either PC, the time necessary to essentially
complete hydration was relatively short, in accord
with a previous report.*' In a detailed study using
POPC, it turned out that the equilibration times
measured depended on both the RH interval and
the temperature. The data are collected in Table
IT and partly illustrated in Figure 2. The kinetics
was well fitted by exponential growth functions
yielding the relaxation times 7 listed in Table II.
The results demonstrate that the relaxation times
increase in terms of enhancing RH and decrease
with rising temperatures within the interval con-
sidered. At RT and small RHs, the waiting times
for achieving equilibrium can be chosen fairly
short (1-2 h), but at higher RHs a wait of be-
tween several hours up to overnight is necessary.
From the IR spectra, adsorption isotherms can
be derived by plotting A, versus RH. Figure 3
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Figure 2. Kinetics of water adsorption of a POPC film
measured for different RH intervals as specified.

shows a typical example obtained for OPPC. As
for the other lipids, the curve approximately fol-
lows the course of a type II or type IV isotherm
according to the BET classification. Although
stringent specification between these two types is
not possible due to lack of high-RH data, the data
indicate a strong binding of water to the PCs, es-
pecially for the primarily bound molecules. The
more detailed gravimetric adsorption data of Jen-
drasiak et al.?”*® reveal a type IV isotherm for
both DOPC and egg lecithin.
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Figure 3. Depiction of the water-adsorptivity param-
eter, A,,., versus RH for OPPC revealing a typical ad-
sorption isotherm as measured by FTIR spectroscopic
investigations of PC films.
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Figure 4. Schematic comparison of the water uptake
by the DPPC, POPC, and DOPC films estimated at dif-
ferent stages of hydration according to RH values of 0,
59, and 98%.

Since A, is a normalized parameter, the ad-
sorption isotherms for all the PLs studied can be
quantitatively compared with respect to their ca-
pacity to take up water. As demonstrated by the
schematic drawing in Figure 4, the PCs with un-
saturated acyl chains, in particular DOPC, are
able to absorb significantly higher amounts of wa-
ter than DPPC especially at higher RHs. This se-
quence which is, for the PCs with equal acyl
chains, in agreement with previous data'*?%2" re-
veals a significant influence of the chemical na-
ture of the hydrocarbon chain on the extent of
lipid hydration. The hydrophobic acyl chains can
be confidently assumed as not being directly in-
volved in the process of water binding. The sig-
nificant difference between DOPC and DPPC may
be understood as follows. The cis configuration of
the C=C double bond of the acyl chains in DOPC
introduces a substantial structural disturbance in
the apolar lipid region thus causing a profound
destabilization of the gel phase leading to the rela-
tively low T, value for DOPC (see Table I). This
special structural feature in the chain region may
a priori result in an increased cross-sectional area
of DOPC, and, more importantly, induce this type
of lipid to adopt a fluid phase, most probably L.,
in films at room temperature, whereas DPPC ex-
ists in the gel phase under these conditions. The
cross-sectional area is well known as being sig-
nificantly larger if the lipid is in the liquid-crystal-

line rather than the gel phase.'®® This provides
some “extra” space in the headgroup region of
DOPC, which can accommodate more water mole-
cules than in the case of saturated-chain lipids.
It seems plausible that the water-adsorption ca-
pacity data for the mixed-chain PLs lie between
those for lipids with uniform acyl chains (see
POPC values in Fig. 4, unreported results for
OPPC are very similar). As shown by the first set
of columns in Figure 4, all the PCs studied contain
a certain amount of residual water at zero RH
conditions, the largest is for DPPC. This finding
is in accord with previous data characterizing PCs
in general as hygroscopic substances,'® always
containing some residual water, ' and demonstra-
ting a portion of particularly strong (phosphate)
bound water molecules in lipid crystals.®*5 In
this respect, there is a qualitative difference be-
tween PCs and certain PEs: DOPE, for instance,
can be dried to a state of complete water removal
when applying exactly the same experimental
conditions as for the lecithins. % It is also straight-
forward that the amount of residual water associ-
ated with the PCs under zero RH conditions is
apparently higher in DPPC than in the unsatu-
rated PCs. The reason for this is presumably the
same as for the higher overall water-uptake ca-
pacity of the latter, namely the smaller cross-sec-
tional area in DPPC due to its more closely packed
intralayer structure which retains primarily bound
water molecules more tightly.

In order to get an idea of how many water mole-
cules might be adsorbed at each stage of hydra-
tion, one can correlate a series of A, values ob-
tained spectroscopically for several lipids with the
corresponding water-per-lipid ratios determined
gravimetrically at the same RH. The extinction
coefficient of the OH stretching-vibration band of
water is assumed to be a constant over the hydra-
tion range. This estimation based on the data
from different gravimetric studies ***"*° yields the
water-per-lipid stoichiometry or hydration num-
ber, n,, on a basis that A,, unity corresponds to
about 3.0 (=0.3) water molecules per lipid. Maxi-
mum A,, values of ca. 2.5 and 4 for DPPC and
DOPC and tentative n, (at RH = 100%) values
of about 7 and 12, respectively, are found as a
result of this procedure. The values shown in Fig-
ure 4 are averages from a series of measurements
(DPPC: 6, DOPC: 8, POPC: 5). It should be men-
tioned that the water-per-lipid stoichiometry at
zero RH is actually rather small with n,, < 1 (even
the highest corresponding figure found, in this se-
ries, for DPPC is only about 0.5).

It has been established that the hydration
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Figure 5. Wavenumbers of the overall maxima as
well as of the left-side and right-side flanks (estimated
at half-height positions) of the v; 30H band due to wa-
ter obtained for definitely hydrated (O) DOPC and (A)
POPC in terms of the parameter A,,.

numbers obtained in isopiestic experiments of wa-
ter adsorption at an RH towards 100% are sig-
nificantly smaller than those found by other tech-
niques using aqueous dispersions as samples. '>*
In the latter case n,, values of up to 40 for DOPC
have been reported. This phenomenon was as-
cribed to the so-called vapor pressure paradox.'?

Analyses of the v, 30H band arising from the
water contained in the lipid films give rise to the
scheme in Figure 5, which demonstrate nearly
identical patterns for DOPC and POPC. Going to
lower hydration levels is accompanied by a weak,
continuous decrease of the overall wavenumber of
this v, 30H band interpretable as indicating an
enhancement of the fraction of the more strongly
bound water molecules present in the lipid sam-
ple. Hydration-induced increase of the wavenum-
ber of 1 ;0H-absorption-band maximum of water
was previously also observed for DPPC.3":3945 At
the same time in the low water-activity region,
the v; 30H band becomes narrower as revealed by
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the slightly converging half-height wavenumbers.
This finding can be understood in terms of a more
uniform hydrogen-bond strength distribution due
to the preferably and more strongly bound and
therefore more immobilized water molecules. An
even stronger v; 30H band-narrowing effect at low
RH was found for DODPC.**

Water-Induced Changes in the Lipid Spectra

Spectral Region Primarily Due
to the Apolar Lipid Tail

In this first part of the two-article series, the vCH,
bands will be discussed primarily. In Figure 6,
vsCH,, the peak-maxima wavenumbers of the
vsCH; band, taken from nonstationary rehydra-
tion scans, are plotted versus the water content
(A,.) for films of each of the PCs studied. The
curves of the symmetrical diacyl lipids are largely
linear and lie almost parallel to the hydration
axis. The ordinate values at ca. 2850 and ca. 2854
cm ! confirm that as expected (see Table 1) DPPC
and DOPC have adopted a lamellar gel phase and
a fluid, most probably the L, phase, respectively.
In contrast, the 7,CH, values of POPC and OPPC
increase dramatically upwards at a particular A,,,
value slightly above 1. The dependency of 7,CH,
on A, (data not shown) has a shape very similar
to that obtained for ©;CH,. In principle, dehydra-

2854
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2852 |-

2851 !& o
JAS
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850 |- mEN
2850 muE =
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Figure 6. Dependence of the wavenumbers of the
bands due to the symmetric stretching vibration of the
chain CH, groups of () DPPC, (@) DOPC, ( ¢ ) OPPC,
and (A) POPC on the water content of the pertinent
films obtained for rehydration scans at 26°C.
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tion scans lead to the same finding. These features
are phenomenologically the same as previously
observed when demonstrating the existence of the
thermotropic main transition of lipids by FTIR
spectroscopy.3>3+% This coincidence is encourag-
ing for assigning the steep decrease/increase of
the 7,CH, and 7,CH, wavenumbers observed for
POPC and OPPC dehydration/rehydration as un-
raveling acyl-chain freezing/melting and, thus,
indicating the occurrence of the main transition
which in this case is, however, lyotropically in-
duced. Since excluding direct water binding to
methylene groups appears justified, the effect of
bound water molecules here is clearly an indirect
one. Strong successive water attachment to the
PC headgroups (a process which is quantitative
in character) leads, presumably via an increase
in the related cross-sectional area, and, conse-
quently, by a successive deterioration of the van
der Waals binding between the acyl chains, to a
progressive destabilization and eventual collapse
of the gel phase for the benefit of the liquid-crys-
talline phase (a process which is qualitative in
character). The wavenumber jumps, that is, the
main-transition hydration levels, are observed at
approximately the same A, values for these two
lipids, with a weak tendency towards smaller A,
for OPPC, as demonstrated by the plots in Figure
6. The latter observation is in accord with the
lower T, value for OPPC compared to POPC (each
in fully hydrated samples, see Table I). As far as
we are aware, this, together with a similar finding
for DODPC,** is the first clear-cut IR-spectro-
scopic evidence for a lyotropically induced isother-
mal main transition as illustrated by a continuous
set of data points covering the complete RH scale
in lipids.

The main-transition temperatures of lipids
generally increase steadily from their standard
values determined in dispersions with excess wa-
ter when the degree of hydration of the samples
is diminished. This is due to a concomitant gel-
phase stabilization. '®'"*! For instance, Scherer et
al. have evaluated a T}, increase of 0.44°C per RH-
unit decrease for DMPC from the data of their
Raman measurements.*! Applying the same eval-
uation procedure to POPC and OPPC would ac-
cordingly result in a T, change of approximately
—0.5°C/% RH. In view of the relevant data for
DOPC (T,, of dry DOPC at 48°C,*” see Table I)
gel phase occurrence could be suggested also in
this case. However, in the case of DOPC, the pres-
ent data does not give any indication of gel-phase
formation. This is true even at the lowest water

activities achieved in the films (RH = 0), that
is, AT,,/ARH relation for gel-phase stabilization
appears quite different for DOPC, smaller than
for either POPC or OPPC.

Very recently, some reservations have emerged
concerning the unambiguity of correlating the
CH, stretch wavenumbers stringently with the
number of gauche conformers in lipid acyl
chains.®® The minor uncertainty arising from
whether discontinuous 7CH, changes do indicate
lipid main transitions can be eliminated by con-
sidering a further infallible IR-spectroscopic crite-
rion for that phase transition. The appearance of
the wagging-deformation band progression be-
tween 1350 and about 1180 cm ' 31345367 oh.
served for POPC and OPPC simultaneously with
the wavenumber decrease of the vCH, bands is,
though occurring with weaker relative intensity
than in DPPC (data not shown), further evidence
that the chain-freezing transition in the mixed-
chain lecithins actually takes place.

For the critical hydration level triggering the
chain-melting transition of the mixed-chain PCs,
a hydration number can be evaluated for both
POPC and OPPC to n,, values of approximately 4.
For POPC, this estimate is in excellent agreement
with recent NMR data.%®

On further inspection of Figure 6, it may be
noticed first that the 7,CH, of DOPC scatters
around 2853.5 cm ™! over the whole range of water
activities, whereas the corresponding value for
DPPC shows a systematic hydration-induced in-
crease of about 0.3 cm™'. The figure for DOPC
suggests that the lipid maintains a highly disor-
dered phase, presumably L., throughout all intro-
duced hydration levels, even after long drying
times (several days). Smaller inflections of the
curve at very low (<0.5) and medium (ca. 2) A,
values will be discussed in part II of this work.
The corresponding data for DPPC may demon-
strate a slight increase in the fraction of gauche
conformers (and/or in the librotorsional mobility
of all-trans segments®) in its acyl chains with
progressive hydration. Obviously, even small
changes in water activity in DPPC at tempera-
tures remote from 7', noticeably influence the con-
formation or state of order of the hydrocarbon
chains. This conclusion is corroborated by data for
mixed-chain PCs. As shown in Figure 6 for both
POPC and OPPC, the wavenumbers of their re-
spective v,CH, bands are found, at an A,,, slightly
below their main-transition points, at values of
about 2850.5 cm™!, that is, at figures still some-
what above those obtained for DPPC. This is an-
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Figure 7. Wavenumber shifts for the antisymmetric
PO; stretching-vibration bands of (H) DPPC, (O)
DOPC, and (A ) POPC obtained in terms of A,,.. Arrows
in the insert indicate CH, wagging-band progressions
interfering the 7,PO; mother band.

other indication that the gel phase of PCs may
involve a fairly wide span of chain-order states.
The same appears to be true for such chains in
the case of the liquid-crystalline phase. The
7 ,CH, values for POPC as well as OPPC are
slightly above the main transition at 2852.5 cm™*.
For DOPC, which is at room temperature consid-
erably above the main transition, they are at ca.
2853.5 cm™! (Fig. 6). Accepting the correlation
between 7,CH, and chain order as valid, this “in-
terlipid” comparison unravels for both phases, L,
and Lg, a range of “intraphase” chain fluidities
each corresponding to not less than about 1 cm*.
Incidentally, the same phenomenon can be also
seen when looking at much of the data obtained
from temperature-dependent IR-spectroscopic mea-
surements in fully hydrated lipid dispersions: in
the temperature regions adjacent to 7, on both
sides, slight increases in 7,CH, values are ob-
served.?3%3* As to the L, phase, a strict correlation
between 7,CH, and the chain order as determined
by NMR spectroscopy was found® thus supporting
the above interpretation. A search for a similar
relationship in the gel phase failed because of tech-
nical restrictions of NMR spectroscopy.*

The variability of order states for acyl lipid
chains in either the lamellar gel or fluid phase,
must be regarded fairly substantial since the dif-
ference in v ,CH, wavenumbers determined for the
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main transition, is itself often not more than 2 cm™".

This is true for experiments reported both here
and in the literature (temperature runs). %3

Such considerations are indicative of the high
degree of sensitivity of the FTIR spectroscopic
methodology used.

Spectral Region Primarily Due
to the Polar Lipid Groups

Absorption bands arising from moieties belonging
to the polar, hydrophilic region of PLs are predom-
inately situated in the 700—1800 cm ™' spectral
range. The most significant to be addressed in
hydration studies are the stretching modes due to
the potentially water-binding PO; and C=O0
groups.?®

In Figure 7, the dependencies of 7,PO; on A,
for DOPC, POPC, and DPPC are shown. The
7,PO4 decrease found upon hydration is, with the
exception of DPPC, continuous and with about
30 cm ! exorbitantly strong. The results of semi-
empirical quantum-chemical calculations are in
accord with the idea that this wavenumber shift
is caused by water molecules hydrogen-bonded to
phosphate.®® It has been demonstrated frequently
by experimental data on DNA® as well as on
PLs3""%"2 that ©7,PO; is considerably more sensi-
tive against environmental influences, as hydra-
tion, than 7,PO; where the hydration-induced
shift amounts to 5—-6 cm ™! (see Fig. 8). This di-
verse experimental behavior has been qualita-
tively explained by the results of previous model
calculations simulating PO; hydration effects.®’
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Figure 8. Wavenumber displacements drawn for the
C=0 (open symbols) and symmetric PO, stretching-
vibration bands (full symbols) of DPPC as found in
dependence on A,,;.
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The curves for all these lipids as well as for
OPPC (data not shown) are nearly identical, and
only the plot of DPPC displays a pronounced devi-
ation essentially given by a striking wavenumber
jump at a particular critical A, value near 2.5.
The similarity of the 7,PO;-versus-A,, plots at
least for DOPC, POPC, and OPPC, together with
the high sensitivity of this wavenumber as illus-
trated by a total shift of about 30 cm™, supports
the proposition that 7,PO; is a suitable measure
alternative to A, for reliably indicating the de-
gree of hydration at least in fluid lipids. It may
be tempting to explain the discontinuity in the
curve for DPPC in terms of either a conforma-
tional change or a phase transition. However, as
the spectra shown in the inset in Figure 7 suggest,
it is rather due to a modulation introduced by the
overlapping progression bands arising from the
methylene wagging vibration. This assumption is
eventually supported by the fairly smooth graph
due to the v ,PO3 band of DPPC depicted in Figure
8. Consequently, the discontinuity of the 7,PO;
plot for DPPC in Figure 7 appears to originate in
the fact that, on gradual varying of the center of
gravity of the overall PO; band on hydration (i.e.,
water binding to the headgroup region), the peak
maximum switches abruptly since the two rele-
vant CH,-wagging progression-bands (at ca. 1222
and 1244 cm ™', see arrows in Fig. 7) strongly in-
terfere. This behavior illustrates once more the
fact that analyses of the v,PO; band of PLs rest-
ing in the gel phase must be performed with cau-
tion.

In Figure 8, the wavenumbers of the vC=0
and v,PO,; bands of DPPC are depicted side-
by-side in terms of the water content in the film.
In both cases, hydration-induced wavenumber
downward shifts are observed according to theo-
retical predictions made on the basis of quantum-
chemical calculations. % Whereas the direction
of the wavenumber shift for the PO, stretching
modes is in complete agreement with literature
data (see above), the situation is not as simple
where the yC=O0 band is concerned. In several
recent articles,?**° a hydration-induced wave-
number decrease of this band similar to our case
is reported. In other articles the behavior of this
band is not as straightforward with largely hy-
dration-independent wavenumber characteristics
and/or the occurrence of splitting and shoul-
ders. 36345 In the present study, fairly symmetric
v C=0 bands have been observed. These are dis-
placed for all measurements more or less to lower
wavenumbers upon hydration. In this article we

will limit the discussion to DPPC. The relation
between the respective 7C—=0-versus-A,,, func-
tions for the three lipids containing unsaturated
chains are more complex and will be considered
in detail in the companion article of this work.
Interpretation of the spectral behavior of the li-
pidic #C=0 band has been controversial for some
time. This is mainly due to the fact that this band
is not uniform and consists of at least two subspe-
cies appearing either directly in the spectra (visi-
ble as splitting or shoulders) or after deconvolu-
tion procedures were applied. Taking into consid-
eration the relevant known facts, the most
conclusive idea might be to assign differently hy-
drated carbonyl-group populations to the two or
more subspecies contributing to this band.?¢™
This interpretation is in accord with our finding
that, with increasing hydration, the fraction of
“water-bound” C=O0 groups will be enhanced,
and, consequently, ?C=0 will be lowered.

Ruling out the existence of a lyotropic phase
transition for DPPC at RT, as justified by both the
smooth curve characteristics for DPPC in Figure 6
and 8 as well as previous data (Table I), suggests
a hydration-dependent ranking of water-binding
sites: the different (in terms of A,,,) onsets of rele-
vant wavenumber shifts suggest that water mole-
cules bind to the phosphate groups first before
C=0 groups are attached. This concept is plausi-
ble since the phosphate moiety as a constituent
of the lipid headgroup is, in general, positioned in
the middle of the hydrophilic region, whereas the
carbonyl groups, next to the hydrophilic/hy-
drophobic boundary, will be reached, in the course
of a stepwise increasing hydration, only subse-
quently by water molecules. Previous work re-
ports the phosphate groups as acting as primary
water-binding sites for DPPC. 38:62:63

The wavenumbers of the stretching-vibration
bands due to the esterified C—O and P—O moie-
ties at about 1170 and 820 cm™*, respectively, are
compared in Figure 9. In contrast to the vPO;
and vC=—0 bands (Figs. 7 and 8), the wavenum-
bers of these two bands increase with hydration.
Where the phosphate groups are concerned, this
oppositely directed spectral behavior of adjacent
single bonds and bonds with a pronounced double-
band character is in agreement with theoretical
predictions.*® Moreover, it appears that the greater
part of wavenumber shifting for the vP—O band
is concentrated much more towards the lower-
hydration region than for the vC—O band. In
principle this confirms the conclusions drawn
above concerning the sequence of water binding
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Figure 9. Wavenumber displacements drawn for the
vC—O (open symbols) and v,P—O bands (full sym-
bols) of DPPC plotted in dependence on A,,.

to the relevant PL sites in the headgroup and at
the polar/apolar interface, respectively.

CONCLUSIONS

The process of phospholipid hydration, of consid-
erable biological importance, has been studied. In
the present article, Fourier-transform infrared
spectroscopy has been used for investigating the
gradual hydration of PLs in model-membrane sys-
tems. Cast aligned films consisting of multibi-
layers formed by a number of lecithins were exam-
ined at room temperature under conditions cov-
ering a wide range of water activities. Four
different lecithins with systematic variations in
their apolar tail region, namely the dipalmitoyl
and dioleoyl PCs together with their mixed-chain
analogues POPC and OPPC, were studied. PL hy-
dration can be followed using IR-spectroscopy in
two principal ways: either more or less directly by
the water absorption bands or indirectly via the
PL bands involved in and, thus, responding to
water binding. The overall water uptake by PCs
is dependent on the nature of the apolar hydrocar-
bon tails and increases for lipids with oleoyl
chains. This finding can be ascribed to structural
and/or superstructural consequences due to un-
saturation in the oleoyl chains and the larger mo-
lecular area available for the hydrated lipid head-
groups.

The mixed-chain PCs studied stand out from
the other lipids by exhibiting isothermal main
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transitions at a particular water activity corre-
sponding to a hydration number of about 4. The
wavenumbers of the CH; methylene stretching-
vibration bands are clearly in accord with the idea
that, among the lipids studied, both the lamellar
gel (in DPPC as well as in dry POPC and OPPC)
and the lamellar liquid-crystalline phases (pre-
sumably in DOPC as well as in hydrated POPC
and OPPC) are formed under the ambient condi-
tions. Moreover, hydration causes a very slight,
but steady wavenumber increase for the vCH,
bands at water activities above and below the one
at which chain melting occurs. These data give
clear-cut evidence for a substantial extent of non-
uniformity existing in both phases, L; and L,,
constituted most probably by significant varia-
tions in the conformational order of their fatty-
acid chains.

Furthermore, there are characteristic differ-
ences in the hydration-dependent behavior of the
infrared bands of the PC headgroups and polar/
apolar interfaces. These differences particularly
refer to both the onset and the extent of wavenum-
ber shifts. Generally, phosphate groups are al-
ready affected at smaller hydration levels than
carbonyl groups. In principle, the data permit con-
clusions concerning the sequence in which lipid
binding sites are attached by water molecules or
which PL subdomains are involved in the process
of water binding to be drawn. The results obtained
once more emphasize the potential usefulness of
FTIR techniques in lipid research. The data can
be regarded as being fairly complementary to the
data obtained by other methods. This is mainly
due to the versatility of IR spectroscopy permit-
ting direct monitoring of the extent of water up-
take, as well as some clarification of structural
and/or superstructural events on a submolecular
level.
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Sciences (TMWFK) as well as the Deutsche Forschung-
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these studies, the latter with SFB No. 197 and SFB
No. 294 (H.B.). Furthermore, they are indebted to Drs.
Anne S. Ulrich and Ruthven N.A.H. Lewis for a critical
reading of the manuscript and to Mrs. W. Scheiding for
technical assistance.

ABBREVIATIONS AND SYMBOLS

A, room temperature
A, normalized absorbance of the YOH
band of water (in a lipid film)
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ATR attenuated total reflectance

BET Brunauer—Emmett—Teller

DMPC dimyristoylphosphatidylcholine

DODPC phosphatidylcholine

DOPC 1,2-dioleoyl-sn-glycero-3-phospho-
choline or dioleoylphosphatidyl-
choline

DOPE dioleoylphosphatidylethanolamine

DPPC dipalmitoylphosphatidylcholine

DPPE dipalmitoylphosphatidylethanol-
amine

FTIR Fourier transform infrared

IR infrared

L, liquid-crystalline phase

L, gel phase

NMR nuclear magnetic resonance

Ny hydration number

17 wavenumber

vC—O0 stretching vibration of the O—
C(=0) unity

vC=0 carbonyl stretching vibration

vO—C=0 stretching vibration of the O—
C=0 unity

v,CH, antisymmetric stretching vibration
of methylene CH bonds

vP—O antisymmetric stretching vibration
of the P—O(—C) unity

v,PO3 antisymmetric stretching vibration
of the PO, moiety

v,P—0O—C antisymmetric stretching vibration
of the P—O—C unity

v,CH, symmetric stretching vibration of
methylene CH bonds

v,PO4 symmetric stretching vibration of
the PO, moiety

v1,30H O—H stretching vibration of water

OPPC 1-oleoyl, 2-palmitoylphosphatidyl-
choline

PC phosphatidylcholine

PE phosphatidylethanolamine

PL phospholipid

POPC oleoylphosphatidylcholine

RH relative humidity

RT room temperature

T, main-transition temperature
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