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Abstract

Isothermal titration calorimetry has been applied in combination with a moisture generator and, independently,
gravimetry to study the adsorption of water onto 50 mg of the lipid dioleoylphosphatidylcholine. During the experiment, the
relative humidity is varied stepwise, e.g. from 2% to 92% in increments of 2% every 15 min. The difference between the
partial molar enthalpy of the water molecules which interact directly with the lipid headgroups and the molar enthalpy of

Ž .bulk water is endothermic 10–15 kJrmol . We conclude that the hydration of lipids with phosphatidylcholine headgroups is
entropy-driven at room temperature. q 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Practically all biologically relevant molecules and
structures require water to attain their native confor-
mation and structure. For example, phospholipids
bind considerable amounts of water at their polar
headgroups, thus establishing a liquid–crystalline
lamellar arrangement which can be considered as the
structural basis of biological membranes. The bound
water does not only promote the formation of a
membrane but gives rise to a considerable repulsive

Ž .force towards other hydrated membrane surfaces
w x1–3 . This so-called hydration force is a prerequisite
of a stable cellular membrane because it prohibits the
spontaneous attachment and fusion of membranes.

Although a basic phenomenon in biophysics, the
physical principle driving the hydration of phospho-
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lipids and other bio-relevant molecules has not yet
been understood in detail. On the one hand, the
water can be expected to establish hydrogen bonds to
certain polar moieties of the lipid headgroups and, in
turn, to the previously bound water molecules. Such
a preferential arrangement of water molecules close
to the membrane interface constitutes an enthalpi-
cally favourable state. On the other hand, hydration
can be considered as a ‘lubrication’ phenomenon
promoting the mobility and conformational freedom
of the lipid moieties. In this case, water binding
would be driven by entropic forces.

Therefore, establishing the enthalpic and entropic
effects of hydration can be considered a key to
decide which of the phenomena discussed above
plays the dominating role under certain conditions.
For this purpose, we introduce a calorimetric method
to determine the enthalpy of hydration indepen-
dently. This ‘humidity titration’ technique is an
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adaptation of classic isothermal titration calorimetry
to measure the heat which evolves upon adsorption

Ž .of a gaseous sorbate e.g., water onto the sorbent
Ž .e.g., lipid . Several attempts to measure adsorption
heats have been reported. Batch calorimeters work in
the ‘isopiestic’ mode where the instrument measures
the heat response after starting equilibration between
the sorbent and the condensed phases of the sorbate
Ž . w xe.g., water via its gas phase 4–6 . Flow calorime-
ters work in the perfusion mode where the sample is
exposed to a stream of an inert gas which is partially

w xsaturated with the gaseous sorbate 7 . In this appli-
cation, the partial pressure of the sorbate must be
precisely adjusted, varied, and re-adjusted by a gas
generator. Our technique is based on an insert cell
placed into an adiabatic titration calorimeter and its
perfusion with moist nitrogen was provided by a
computer-controlled humidity generator. Although
the principle is not new, we claim that the experi-
mental approach presented here is superior in three

Ž .respects: 1 the subtle, fast and precise regulation of
Ž . Ž .the relative humidity RH of the gas; 2 the time

regime of the measurement which guarantees com-
plete equilibration at each external condition chosen;

Ž .and 3 the very simple combination of the calorime-
ter and the gas generator. In this Letter, we give a
first report about the experimental approach. It has
been applied to study the thermodynamics of hydra-
tion of phospholipids. Here we present first results.
A detailed study on this topic will be given else-
where.

2. Materials and methods

2.1. Adsorption calorimetry

We used a MicroCal MCS isothermal titration
calorimeter which has been supplemented with a

Žcommercial solid sample insert cell MicroCal Inc.,
.see Fig. 1 . This device is made of stainless steel and

is cylindrical in shape with ;2 cm height and 2 mm
diameter.

ŽTypically, 50 mg of the sample lipid 1,2-di-
oleoyl-sn-glycerol-3-phosphocholine, DOPC; Avanti

.Polar Lipids, Alabaster, AL , dissolved in an organic
Ž .solvent e.g., chloroformrmethanol, 2:1 vrv , was

Žfilled into the body of the insert cell volume ;50

Fig. 1. Schematic representation of the sample compartment of the
calorimeter.

.ml . Then, the insert cell is placed into a somewhat
tilted, slowly rotating vacuum evaporator to remove
the solvent. This procedure precipitates the lipid as a
thin film covering the inside walls of the insert cell
Ž 2 .area ;1 cm . After complete drying, the insert
cell is closed with its cover, thoroughly sealed with
varnish, and introduced into the water-filled
calorimeter cell through the access tube.

Through the cover of the insert cell, two steel
capillaries are led out of the calorimeter to allow for
the perfusion of the cell content. The access capillary

Žwas connected with a moisture generator HumiVar,
.Germany via a thermostated tube. This device evap-

orates water into a stream of purissimum nitrogen to
yield a definite partial pressure of the vapour at
isothermal conditions. This way, the moisture gener-
ator supplies a permanent N flow of a constant2

Ž .relative humidity RH which can be adjusted to any
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value in the range 2–98% at 25"0.058C. The gas
Ž .passes through the access capillary ;25 mlrs and,

additionally, thermally equilibrates before it enters
Žthe cell analogous to the injection needle in the

.classic liquid-titration arrangement . After perfusing
the lipid film, the vapour is led into the room
atmosphere through the outlet capillary. The fact that
the CFB baseline does not react on variations of the
perfusion flux in the range from ;50–10 mlrs
proves that the perfusion gas is well tempered at the
flux conditions used.

Before starting the experiment, the sample was
perfused at RHs2% for 5–10 h for equilibration
purposes. Infrared spectra of lipid films which were
incubated at identical conditions show no absorption
in the spectral range of the O–H stretching band of

Ž y1 .water ;3100–3600 cm . We conclude that the
lipid is virtually dry because the IR feature is sensi-
tive to the amount of water adsorbed with a resolu-

w xtion of ;"0.2 water molecule per lipid 8,9 . Dur-
ing the calorimetric measurement, the RH is in-
creased in constant steps of, e.g. 2% from 2% to
92%. The moisture generator provides a rate of RH
variation of ;0.2–0.5%rs in each step. The change
in RH initiates the adsorption of water onto the
sample. The adsorption heat is compensated by the

Ž .calorimeter CFB, cell feedback circuit to maintain
the sample cell at the same temperature as the refer-
ence cell which is filled with water. Hence, each step
in RH causes a CFB peak due to the adsorption
processes, until the system has reached the new
equilibrium state. The absolute adsorption heat per
RH step, Q, is just the integral over such a peak up
from the baseline. Typically, a time of -15 min
was sufficient to ensure equilibration of the sample
after a RH step. The whole experiment runs under
computer control to give a ‘humidity staircase’, i.e.
the stepwise variation of RH at constant time inter-
vals. A reference measurement using an empty insert
cell shows that background effects can be neglected
Ž .not shown .

ŽThe analysis of the CFB signals baseline correc-
.tion, integration was done by means of self-made

software. One should note that the MCS instrument
fails to detect slow kinetics of weak amplitude with
relaxation times of )20 min because such effects
can hardly be distinguished from baseline instabili-
ties. The fact that the integrated CFB pulses do not

Žsignificantly depend on the RH increment DRH, see
.below , the waiting time between subsequent steps

Žand the scan direction hydration vs. dehydration, not
.shown can be considered good evidence for the

absence of slow effects up to RHf90%. A detailed
description of the experimental details will be given
elsewhere.

2.2. GraÕimetry

A lipid film spread on a circular quartz slide
Ž .diameter 13 mm is placed into a twin microbalance

Ž .system Sartorius, Germany which has been
equipped with the moisture regulating device de-

Ž w x.scribed above see also Ref. 8 . Before starting the
experiments, the lipid was dried for 12–24 h at
RHs0% until the mass of the sample attained a

Ž .constant value ;0.5 mg . Adsorption isotherms
were recorded in the continuous mode by scanning
the RH with a constant rate of -10%rh throughout
the range 0–98% and recording the mass increment.

3. Theory

Every titration experiment is based on the gradual
addition of material to a sample in order to push a

Ž .certain reaction in the generalised sense forward.
The present method can be viewed as a special
titration experiment where each RH step changes the
activity of the water, a sRHr100%, in the insertW

cell by Da . The amount of sorbed water dependsW

on a , and thus, each variation of a causes theW W

adsorption of

ERWr Lg ™ s
D N sN Da 1Ž .W L W

EaW

Ž .moles of water onto the sample. R a is theWrL W

adsorption isotherm

N s
W

R s , 2Ž .Wr L NL

Ž .i.e., the number of sorbed bound water molecules
Ž .per lipid total number N .L

The calorimetric adsorption experiment can be
treated analogously to the ITC binding experiment
w x g ™ s10,11 , i.e., the transfer of D N water moleculesW
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Ž .from the free gaseous to the sorbed state gives rise
to the heat detected by the calorimeter in each RH
step:

QsD N g ™ s
Dhg ™ s , 3Ž .W W

where Dhg ™ s shs yhg constitutes the differenceW W W

between the partial molar enthalpy of sorbed water,
hs , and the molar enthalpy of vapour hg which isW W

considered as a constant reference state.
The normalised, ‘observed’ heat q is definedITC

by

Q ERWr L g ™ sq ' s Dh 4Ž .ITC WN Da EaL W W

in order to obtain an experimental quantity which
does not depend on the parameters N and Da .L W

Hence, the partial molar transfer enthalpy of
sorbed water Dhg ™ s can be determined withoutW

further model assumptions as a function of the de-
gree of hydration of the lipid R , requiring twoWrL

independent experiments, gravimetry and calorime-
Ž . Ž .try, in order to measure R a and q a ,WrL W ITC W

respectively.

4. Results and discussion

4.1. GraÕimetry

Fig. 2 shows the water sorption isotherm of DOPC,
Ž . XR a , and its first derivative, R sER rWrL W WrL WrL

Ea , as obtained from the gravimetric experiment.W

The lipid swells continuously with increasing RH.

Fig. 2. Adsorption isotherm of DOPC, R , and its slope,Wr L

RX , at 258C.Wr L

An essentially constant increment of R in theWrL

range 10%-80% is followed by a marked increase
in the hydration rate at RH)80%. According to the
classification scheme of multimolecular adsorption

w x Ž .isotherms 12 , lipids with phosphatidylcholine PC
1 Ž .headgroups exhibit a BET-type IV or II character

which is indicative for relatively strong water bind-
w xing 13 . This behaviour is confirmed by the adsorp-

tion isotherm of DOPC which closely resembles that
w xof egg yolk lecithin 13 . The slight jump of R atWrL

RHs40% is caused by a phase transition between a
non-lamellar cubic and the lamellar liquid–crystal-

w xline phase 14 . Independent infrared linear dichro-
ism measurements on DOPC spread on an attenuated
total reflection crystal show a breakdown of the
lamellar structure upon dehydrating the lipid at ex-
actly RHs40% and thus confirm this interpretation

Ž . Žof the discontinuity of R RH data not shown,WrL
w x .see, e.g., Ref. 15 for details of the method .

4.2. Humidity titration calorimetry

The raw data of the calorimetric hydration experi-
ment are displayed in Fig. 3. Each step upwards in
RH causes a negative CFB peak, indicating that the
sorption of water from vapour is exothermic. The
RH variation inducing the heat response in each step
is completed after 10–60 s. Up to RHf80%, the
CFB pulses decay to their baseline value within
;2–6 min nearly independently of the RH incre-

Ž .ment used DRHs2–20%, cf. Fig. 3 . Therefore,
we have chosen a time interval of 10–20 min be-
tween subsequent RH steps to ensure complete re-
equilibration of the system. At RH)80%, re-equi-
libration gets slower. However, the time-regime used
seems to be appropriate for obtaining reliable data up
to RHf90%. The oscillations of the CFB signal at
6%-16% are caused by slight instabilities of the
dynamic regime of the moisture generator in the first
minutes after reaching the prescribed RH in each

Ž .step "0.5% .
An amount of 50 mg of lipid spread uniformly

over 1 cm2 corresponds to a mean stack of 100–150

1 BET: Brunauer–Emmett–Teller adsorption isotherm.
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Fig. 3. ITC raw data of the hydration of 50 mg DOPC at 258C.
Ž .The increment of RH in each step was 2% part a , 5%, 10% and

Ž .20% part b, from the right to the left . The RH ‘staircase’ refers
to the right-hand axis and the CFB pulses to the left-hand axis.
The time intervals between two subsequent RH steps are 10 min
Ž . Ž . Ž .DRHs2%, 5% , 15 min 10% , and 20 min 20% .

bilayers, i.e. a film thickness of -1 mm. Huster et
w xal. 16 measured a diffusive water permeability of

P s122 mmrs for DOPC at 258C. Jansen andd
w xBlume 17 reported that the osmotic water perme-

ability of lipid membranes, which is of relevance for
sorption, is more than one order of magnitude faster
than the diffusive. Taking these data into account,
we may stress that the swelling kinetics are limited
by factors other than the water accessibility of the
lipids. We suggest that subtle changes of the molecu-
lar packing of the lipids are responsible for the
relaxation time of the sample film. A detailed study
of the hydration kinetics of lipid films is now in
progress.

Ž .A weak peak of the q curve DRHs2%ITC

appears just at the RH of the phase transition of
DOPC which has been detected by means of
gravimetry. It appears reasonable to attribute the heat
effect to the same origin. Obviously, the solid sup-
port does not affect the phase behaviour of the lipid,
and thus, the film possesses the thermodynamic
properties of a bulk sample within the resolution
limits of the method.

Fig. 4 shows the corresponding differential heats
Ž Ž ..q cf. Eq. 4 in comparison with the differentialITC

water uptake, RX , derived from the sorptionWrL

isotherm. Both curves run virtually parallel through-
out the whole RH range considered. It has been
shown previously that the integral heat of water

uptake can be used as an experimental parameter to
Ž X . w xassess R and R 18 .WrL WrL

Furthermore, the authors derived a BET equation
which relates the total heat evolved upon adsorption
of a gas on a solid to the activity of the gas. The
corresponding model assumes that the sorbed gas
molecules assemble into separate layers on a flat
surface. Using the designations which have been
introduced to describe lipid hydration this expression
is given by

CR1
Dh1 a q Dh` yDh1 a2Ž .Ž .Wr L W W W W W

Q s ,int 1ya 1ya qCaŽ . Ž .W W W

5Ž .

where R1 f4–5 is the ‘monolayer coverage’, i.e.WrL

the number of water molecules which interact di-
w x 1 `rectly with the lipid 19 , and Dh and Dh are theW W

heats of adsorption of the first and all subsequent
adsorption layers, respectively. The constant Cs

� Ž 1 ` . 4exp y Dh yDh rRT is the same as in theW W
Ž .classical BET equation. Differentiation of Eq. 5

with respect to a and extrapolation to a s0W W

gives

EQ 0Ž .int 1 1q a ™0 ' sCR Dh . 6Ž . Ž .ITC W Wr L W
EaW

Ž . 1 `Eq. 6 yields the solution Dh yDh f12"4W W

kJrmol for the range 10%-60% based on the
Ž .experimental value q a ™ 0 f 0.75 " 0.2ITC W

Ž .Fig. 4. Observed adsorption heat per pulse, q open symbols ,ITC
X Ž .and rate of water adsorption, R line , of DOPC as a functionWr L

of the relative humidity. q is obtained by integrating the CFBITC
Ž . Ž . Ž .pulses corresponding to DRHs2% I , 5% \ , 10% ^ and

Ž . Ž .20% ` cf. Fig. 3 .
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kJrmol and h` fDhg ™ b sy44.6 kJrmol, theW W

condensation heat of bulk water.

4.3. Combining graÕimetry and calorimetry

Ž 1 ` .The difference Dh yDh represents a mea-W W

sure of the mean partial molar enthalpy of the water
which binds directly to the lipid according to the
model assumptions. The combination of gravimetric
and calorimetric experiments offers, however, the
possibility to determine this quantity by means of

Ž .Eq. 4 in a model independent way. Fig. 5 depicts
the difference

Dhb™ s sDhg ™ s yDhg ™ b 7Ž .W W W

as a function of R , the number of waterWrL

molecules adsorbed per lipid. The choice of bulk
water as the reference state is motivated by the fact
that biomembranes exist usually under excess water
conditions. Hence, Dhb™ s, gives the partial molarW

enthalpy of water upon transfer from the aqueous
bulk phase into the hydration shell of the lipid. It is
endothermic at R -6, i.e. in the range whichWrL

corresponds to the hydration layer next to the lipid
w xheadgroups 19 . The mean value over this range of

10–15 kJrmol agrees with the rough estimate of
D h1 –D h` given above. Enthalpically, waterW W

molecules sorbed beyond R s6, i.e. in the rangeWrL

of the second hydration layer, behave like bulk water
within the error limits. The distinct decrease of
Dhb™ s at R s1–2 reveals, probably, the exis-W WrL

tence of strong primary binding sites of water such
as the phosphate groups. Note, however, that the

b ™ s ŽFig. 5. Partial molar enthalphy of hydration, Dh `, cf. Eq.W
Ž .. b ™ s Ž Ž ..7 and chemical potential of hydration, Dm B, cf. Eq. 8 ,W

of DOPC as a function of the number of water molecules sorbed
Ž .per lipid. T s258C .

experimental uncertainty increases considerably at
R -2. Consequently, this interpretation is specu-WrL

lative at present.

4.4. Thermodynamics of water adsorption onto
DOPC

The chemical potentials of the coexisting gaseous
and sorbed water are equal in the experiment due to
thermodynamic equilibrium, i.e. Dmg ™ s sms yW W

g Ž . Ž g ™ b b g Ž . .m a s0 and Dm sm ym 1 s0 . ItW W W W W

follows immediately that

TD sg ™ s sDhg ™ s and TD sg ™ b sDhg ™ b ,W W W W

where D sg ™ s and D sg ™ b are the entropy changesW W
Ž .of water upon adsorption a -1 and condensationW

Ž .a s1 , respectively. The two equations can beW

combined to give

T D sg ™ s yD sg ™ b sDhg ™ s yDhg ™ b .Ž .W W W W

Rearrangement yields

Dmb™ s sDhb™ s yTD sb™ s smg a ymg 1Ž . Ž .W W W W W W

sRT ln a . 8Ž .W

This expression relates the water activity which is
adjusted in the adsorption experiment to the changes
of enthalpy, entropy and chemical potential upon
transferring water from the bulk phase into the hy-
dration shell of the lipid.

Fig. 5 depicts Dmb™ s as a function of R . ItsW WrL

negative values reflects the property of lipids with
Ž .PC headgroups to hydrate spontaneously. Eq. 8

shows that the endothermic transfer enthalpy
Ž b™ s .Dh )0 at R -6 is paralleled by a positiveW WrL

entropy term TD sb™ s )0.W

That means that according to the enthalpy no
spontaneous hydration of the lipid could occur from
bulk water because the enthalpy gained by the
lipid–water interactions is lower than that lost upon
disturbing or breaking water–water andror lipid–
lipid interactions. The fact that the lipid does sponta-
neously swell shows that it is the entropy which
drives the hydration by overcompensation of the
enthalpic penalty. Hydration of DOPC at room tem-
perature is accompanied by an increase of the mo-
tional freedom of the bound water, of the polar and
of the apolar moieties of the lipid upon water adsorp-

w xtion 20,21 . Progressive hydration leads usually to
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an increased exposure of the hydrophobic region of
the lipid aggregates to the water. This tendency is
thermodynamically unfavourable due to the hy-
drophobic effect. Consequently, it counteracts the
spontaneous swelling of the lipid and finally gives
rise to a maximum size of the hydration shell of the
lipid.

5. Conclusions

The humidity titration technique enables the study
of the thermodynamics of hydration with molecular
resolution. That is, the enthalpy, entropy and free
energy of water binding to distinct hydration sites
can be determined experimentally.

The hydration of DOPC at room temperature is
entropy driven. That means the disordering effects
enabled by the water dominate over ordering effects.

Because of its high sensitivity, the method is
expected to give considerable insight into the mecha-
nisms driving the hydration of biologic materials
such as lipids, proteins and nucleic acids. The time
resolution of the order of seconds gives the opportu-
nity to investigate kinetic aspects of hydration in
detail. Time-dependent hydration phenomena are, for
example, important issues in food and drug research.
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