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Solute–Water Systems

Joe Wolfe* and Gary Bryant†
*School of Physics, The University of New South Wales, Sydney 2052, Australia; and†Department of Applied Physic

RMIT University, Melbourne 3001, Australia

Membranes are often damaged by freezing and/or dehydration, and this damage may be reduced by so
In many cases, these phenomena can be explained by the physical behavior of membrane–solute–water sys
Both solutes and membranes reduce the freezing temperature of water, although their effects are not sim
additive. The dehydration of membranes induces large mechanical stresses in the membranes. These st
produce a range of physical deformations and changes in the phase behavior. These membrane stresse
strains are in general reduced by osmotic effects and possibly other effects of solutes—provided of course
the solutes can approach the membrane in question. Membrane stresses may also be affected by vitrific
where this occurs between membranes. Many of the differences among the effects of different solutes ca
explained by the differences in the crystallization, vitrification, volumetric, partitioning, and permeabilit
properties of the solutes.© 1999 Academic Press
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Membranes are often damaged during
process of freezing and thawing or during d
iccation and rehydration. Indeed rupture of
plasma membrane is one of the most comm
used indicators of cell death. Freezing may
impair activity in biological membranes. Va
ous solutes limit this damage, both in livi
organisms and in model systems (70, 41, 42
22, 66, 75, 11, 62, 64) and these solutes
accumulated by some freezing-tolerant and
iccation-tolerant species (38, 61, 63, 82, 35)
this paper we analyze the interactions of m
branes with water and solutes at freezing t
peratures and/or low hydration. We also c
sider briefly the hydration of macromolecules
freezing solutions. This paper extends a pr
ous analysis of this topic by the same auth
(5), in the light of research in the past seve
years, over which time considerable progr
has been made in understanding the effec
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solutes on membrane hydration and interact
and on the effects of vitrification. The approa
taken is to give simple physical explanatio
and illustrations in the text, with the mathem
ical and formal thermodynamical detail re
gated to appendices. The first half of the pa
concentrates mainly on the physical princip
involved and the second half on the effects
solutes on membrane properties at freezing
peratures.

In discussing solutes, we can loosely div
them into three broad categories: salts (sm
charged), sugars and other medium-sized
lated molecules (usually uncharged), and m
romolecules. Some of the effects we disc
apply to all solute types (e.g., they all occu
volume). Others may differ among groups (e
macromolecules are less likely to perme
membranes and to partition into lame
phases). Most of our discussion concerns su
and macromolecules, and the electrical eff
of ionic solutes are discussed here only brie

The cooling of cells can be divided into slo
and fast cooling by comparing the times
0011-2240/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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104 WOLFE AND BRYANT
thermal and hydraulic equilibrium. The cooli
rate that marks this division varies considera
among cells of different type and size. In
natural environment, cooling rates are slow
so the distribution of water often has the time
approach equilibrium. In this paper we consi
processes and phenomena that are rele
mainly to slow cooling. Extracellular freezin
usually occurs before intracellular freezing (d
cussed later). The formation of extracellular
concentrates the extracellular solutes. This
vates the extracellular osmotic pressure and
causes water to leave the cell osmotically. W
ter contents on the order of 10% or less
possible. Thus slow freezing and desiccatio
an atmosphere with low humidity have ma
features in common.

In some cases, equilibrium thermodynam
allows the calculation of the mechanical stres
to which membranes are exposed and the w
which solutes affect these. We shall there
begin by considering the equilibrium thermo
namics of solutions, of membrane–wa
phases, and of membrane–solute–water ph
For simplicity we shall discuss lipid bilay
membranes, although we anticipate that m
of the discussion will be applicable to oth
hydrophilic membranes as well. Macromo
cule–solute–water systems are discussed
appendix. Nonequilibrium effects, especia
vitrification, are discussed later.

FROM MODELS AND THEORIES
TO LIVING CELLS

Experimental investigations of these therm
dynamic and mechanical effects have o
been conducted on model systems compri
only several different chemical components,
in which the composition is both known a
controlled. This also facilitates theoretical an
ysis. Much of this review concerns such sim
systems. Caution should of course be exerc
when comparing phenomena in a lamellar ph
of lipid membranes or a regular hexagonal a
of macromolecules with those occurring in
ological cells. Nevertheless, in the case of fre
ing-induced dehydration, the analogy is re
tively strong. When the water content of a c
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falls to say 10 or 20%, all of the nonaqueo
components are crushed very close toge
Electron micrographs of such freeze-dehydr
cells show stacks of membranes which clo
resemble lamellar phases and sometimes he
onal II phases (17, 71, 73, 80). (It is also lik
that a cell with 10% water content conta
regions of closely packed macromolecules,
though this would be harder to recognize
electron microscopy.) Further, electron micr
copy of freeze-dehydrated cells shows so
interesting topological features that are co
lated with damage (72, 16). These featu
which we discuss in more detail later, are fou
in the membrane-rich regions or where pair
membranes are close together. In some c
the regions appear to lack intramembrane
ticles and so may be plausibly modeled
stacks of bilayers in a lamellar phase. Mac
molecules are often excluded from dehydra
lamellar phases (44, 6) so it is not surprising
find that dehydrated cells contain membra
rich domains nor unreasonable to expect
they contain macromolecule-rich domains.

Moreover, many of the thermodynamic a
mechanical effects discussed in this pa
would be expected in any system compris
nanometer-sized hydrophilic objects in aque
solution. As we shall show (Appendix 4), d
ferent geometries give similar equations, dif
ing chiefly in numerical factors. The comp
cated geometries and usually unkno
composition of cell components mean th
while quantitative estimates may be difficu
the qualitative behavior should be similar. T
laws of thermal physics and mechanics may
difficult to apply quantitatively to cells, b
there is no reason to expect that they are
lated.

PHASE EQUILIBRIA OF WATER, SOLUTE, AND
MEMBRANE COMBINATIONS

It is worth reviewing freezing and the effe
of solutes on freezing, so that we can comp
this with the effect of membranes.

Freezing point depression due to solu
Freezing represents a balance between
lower enthalpy of the solid phase and
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105FREEZING, DRYING, AND VITRIFICATION OF MEMBRANES
higher entropy of the liquid phase.An equi-
librium phase transition occurs at a tempe
ture T, whereTDS 5 L, whereL is the laten

eat of fusion andDS is the change in entrop
t fusion. The presence of solutes in liq
ater increases the entropy of the water m
cules. When ice forms, its crystalline str

ure excludes almost all solutes, so that ic
n almost pure, single component phase.
esult, the entropy of the ice is almost u
hanged by the presence of solutes in
ce-solution sample. On the other side of
quation, the presence of solutes makes
ifference to the latent heat of fusion. In
resence of solutes,DS is larger so the equ

ibrium freezing temperatureT is lower.
Some of the thermodynamics for this sect
s developed in Appendix 1.)This familiar
esult—commonly called freezing point depr
ion—is usually plotted as freezing tempera
vs solute concentrationC (Fig. 1a). For th

urposes of comparison with membrane hy
ion and for cryobiology, however, it is helpf
o considerT as the independent variable. It
lso helpful for the comparison to represent
omposition of the solution as the hydration
he solute, i.e., the mole ratio of water to solu
ather than the concentration. This is show
ig. 1b. At low (solute) concentrations, the h
ration of the solute is approximately prop

ional to the reciprocal of the concentration,
he nearly linear region in Fig. 1a approxima

hyperbola in Fig. 1b. The data in Fig. 1a
tandard data for sucrose (83). The solid lin
ig. 1b shows the behavior of a hypothet
ample whose total composition has 80 w
olecules for each sucrose molecule. This c
osition has a freezing point of about21.5°C
o, above this temperature, the sample is a
le, homogeneous solution phase. This is i
ated by the horizontal line. At lower tempe

1 Liquid water has a higher internal energy (U) than doe
ce: the latent heat of fusion (L) is just the difference i
nternal energy per unit mass. But liquid water also
igher entropy (S) than does ice, because its molecules

translate and rotate more freely. The entropy is more
portant at high temperatures: expressions for the Gibb
Helmholtz free energies include the termU 2 TS.
-
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ures, the equilibrium condition for this sam
omprises a pure ice phase in equilibrium w
solution whose composition is given by

urve. This solution phase contains all of
olute and a quantity of liquid water, whi
ecreases as the temperature falls. Samples
ifferent total composition would be rep
ented by different horizontal lines above fre
ng, but all follow the same curve below free
ng.

Freezing point depression due to membra
standard way of representing the colligat

r hydration properties of a lamellar phase
lot of the interlamellar force per unit area a

unction of hydration or interlamellar spaci
Fig. 1c). We return to this representation la
ut, for the purposes of this comparison,
hall first consider the hydration of a lipid
ellar phase as a function of temperature (
d). At high hydrations (e.g., more than ab
0 waters per lipid in the case of phosphatid
holines) and above freezing temperatu
ipid–water suspensions separate into two
erent phases: a lamellar phase with abou
aters per lipid and a bulk phase of nearly p
ater. At lower hydrations and/or freezing te
eratures, however, there is no excess w
hase, just a single lamellar phase. Whe
ighly hydrated sample is frozen, the bulk wa

reezes and the lamellar phase begins to d
rate, so it is sufficient here to consider lo
ydration phases. Nuclear magnetic reson
NMR) can be used to measure the amoun
iquid water present as a function of tempera
89). Figure 1d shows the equilibrium hydrat
f lamellar phases of dioleoylphosphatidylc

ine (DOPC) at freezing temperatures. The d
n Fig. 1d are for three samples having differ
otal compositions: these compositions are e
hown by points on a horizontal line. (The
oints are measured above the equilibr

reezing temperature for each sample.) Be
hese temperatures, ice and water coexist.
MR signal from the liquid water gives info
ation about the size and geometry of the c

ributing volumes. These signals indicate t
he water lies between the lamellae and is
ondition similar to that of water in lamell

-
d
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106 WOLFE AND BRYANT
phases at low hydration when no ice is pres
There are several other reasons to believe
the ice forms a separate, macroscopic phase
that there is no ice in the narrow spaces betw
adjacent pairs of lamellae. First, at any gi

FIG. 1. (a) The equilibrium freezing temperature
In (b), the same data are plotted to show the comp
ratio solvent:solute) as a function of temperature.
line represents the water:sucrose ratio in a samp
sample is a single, homogeneous phase above a2
as shown by the cartoon insets, in whichs represent
hydration properties of a DOPC lamellar phase ar
of mole ratio water:lipid or interlamellar separatioy
linear, suggesting an exponential force law at sm
lipids are qualitatively similar (though quantitativel
from other lipids that did not undergo a phase tra
are the same as those also plotted in (d). Here
DOPC:D2O as a function of temperature. At suf
dehydrated lamellar phase, as shown in the cartoo
temperatures, there is no ice and, for any given s
different symbols represent samples with three dif
(■). For both solutions and lamellar phases, su
behavior is shown by the solid lines in (b) and (d
to the left of the equilibrium curves.
t.
at
nd
n

freezing temperature, there is a minimum s
for ice crystals below which they are unsta
with respect to water and there is insuffici
space for stable ice between lamellae at
average separation (see Appendix 2). Sec

a function of concentration for a solution of sucrose (83
tion of an unfrozen sucrose solution (expressed as the
e two unshaded points in (a) are omitted in (b).) The so
whose total composition has a mole ratio of 80:1. Suc
t°C. Below that temperature, ice and solution coexist,
solute molecule and white represents water. In (c), the
hown as the interlamellar force per unit area as a func
0). On this semilog plot, the data are approximately
nterlamellar separations. The hydration behaviors of m
fferent), so one would expect qualitatively similar result
ion in the temperature range investigated. The data in
y are plotted as the composition of a lamellar phas
ntly low temperatures, an ice phase coexists with th
nset, in which shaded bars represent the bilayers. At h
ple, the hydration does not change with temperature.
nt total compositions: mole ratios 30 (F), 25 (Œ), and 17.7
cooling is possible. For the samples whose equilibri
upercooling is represented by the dashed horizontal li
as
osi
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107FREEZING, DRYING, AND VITRIFICATION OF MEMBRANES
the hydration curves for samples with differ
initial hydrations superpose very closely in F
1d, which suggests that these lamellar ph
have the same composition at the same free
temperatures. Finally, the curves in Fig.
closely resemble the hydration behavior of
mellar phases in the absence of ice, as meas
in diverse ways, as we shall see next. T
behavior is usually represented in a rather
ferent form, as shown in Fig. 1c, in which
repulsive force per unit area is measured
function of the hydration or the interlamel
separation.

HYDRATION AND HYDRATION FORCES

When surfaces in water are brought to cl
separations (about one nanometer—Fig. 1
very large repulsive force, called the hydrat
force, is measured. Hydration forces have b
investigated using a number of different a
complementary methods. The origin of the
dration force is still not unanimously accept
Some researchers attribute it to normal mo
of the surface, either individual molecular m
tion or surface undulations (25). A more wid
held view is that it is due to ordering of water
the surface, which propagates out from the
face with decreasing strength (29, 30). For
purposes of this discussion, the nature of
force is not of fundamental concern (but see
discussion by Bryant and Wolfe (5)).

Force-separation curves between bilayers
other surfaces may be measured directly usi
technique developed by Israelachvili and
workers (27, 23, 21). In the surface forces
paratus (SFA) the deflection of a calibra
spring measures the force and sophisticated
tical interference methods are used to mea
the changes in separation of the atomic
smooth surfaces upon which the lamellae
deposited (Fig. 2a).

In the osmotic stress technique (OST)
Rand, Parsegian, and colleagues (40, 44,
the force between bilayers is determined t
modynamically by equilibrating the water in t
phase to be studied with a reference aqu
phase. Depending on the range of hydratio
be studied, one of three methods is use
s
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control the chemical potential of the refere
phase. For modest dehydrations, high-mol
lar-weight polymers are introduced into
lipid/water mixture. As these do not perme
the membranes, they remain in a separate
ter–polymer phase, thus dehydrating the m
branes. For moderate dehydrations, pressu
applied hydraulically through a membrane.
most moderate to severe dehydrations, a s
of saturated solutions is used to control
vapor pressure, which is used to control

FIG. 2. Measuring lipid hydration and interlamel
forces. In the surface forces apparatus (a), the interlam
force is measured directly and changes in the separati
the supporting surfaces are measured optically. In th
motic stress technique (b), the force is determined from
equilibrium of the interlamellar water, a vapor phase, a
saturated solution. The interlamellar separation is d
mined from X-ray diffraction or the hydration is determin
gravimetrically. In the freezing stress technique (c),
force is determined from the equilibrium of the unfro
intermembrane water with ice at known temperature.
intermembrane water content is determined from its N
signal.
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108 WOLFE AND BRYANT
hydration of lipid–water samples. Each lame
phase sample is equilibrated with an unsa
ated water vapor, which in turn is equilibra
with one of a series of reference solutions (F
2b). The chemical potential of water (m) is
known for each of the reference solutions,
at equilibrium it equals the chemical potentia
water in the lamellar phase. In a solution,m is
lower than it is in a pure water phase at z
pressure because of the osmotic effect of
solutes, which lower the entropy of the wa
The water between the lamellae contains
solutes, but its chemical potential can be lo
ered by lowering the hydrostatic pressure in
region, so a negative pressure or suctio
developed in the interlamellar water. For m
chanical equilibrium, the magnitude of the s
tion equals the repulsive force per unit a
between the lamellae. As the lamellae appro
closer, the repulsive force can be very la
(tens of MPa) and it requires successively lo
chemical potentials of water to draw water
of the interlamellar regions.2 The repeat spacin
and the separation may be measured by X
diffraction to give force–distance curves.
close approach, the hydration force domin
other forces (the attractive van der Waals in
action, electrostatic interactions) and the fo
depends approximately exponentially on se
ration, with a characteristic length of about
nm, as shown in Fig. 1c. The two metho
(Figs. 2a and 2b) are quite different and
constraints upon the bilayers are different. N
ertheless, the force curves measured are q
tatively similar and may be quantitatively re
onciled (24). In a variant on this method,
hydration, rather than the separation, is m
sured by weighing the sample (50) to g
force–hydration relations. Knowledge of the
layer geometry and mechanical properties
lows comparison of force–distance and for
hydration curves (Appendix 3).

Hydration force behavior can also be stud
using freezing, as is shown in Fig. 2c (hen

2 Despite these very large suctions, cavitation is hi
mprobable. This is because the surfaces are very h
hilic and the separations are smaller than the critica
meter for cavitation (Appendix 2).
r
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forth freezing stress technique or FST). C
sider first the case in which there are no sol
present. When a lamellar phase equilibr
with a macroscopic phase of pure ice, the ch
ical potential of the ice depends on its temp
ature—in fact it decreases approximately
early with temperature. As the temperature fa
the chemical potential of the interlamellar wa
also falls, again by supporting an increasin
negative hydrostatic pressure. Again the ma
tude of this suction must equal the repuls
force per unit area, and so the force between
lamellae may be calculated directly from
temperature (Appendix 1). The hydration m
be measured directly by NMR, as descri
above, to give force–hydration relations. Fig
1c shows the data from Fig. 1d replotted in
way. These measurements also give an app
imately exponential force law with paramet
similar to those determined by the two ot
methods (90).

We note in passing that the OST has a
been applied to determine force–separation
lations for other geometries. Parsegianet al.
(56) have measured the hydration repulsion
other forces in hexagonal arrays of DNA.
principle the OST and the FST may be use
determine force–hydration relations for a v
ety of ultrastructural elements, provided t
their geometries are known.

In the absence of solutes, the interlame
layer is expected to remain fluid at quite l
temperatures and separations. Consider
forces acting in the lamellar phase. In the dir
tion normal to the bilayers, the suction in t
layer is balanced by the hydration repulsion
the lateral direction, it acts to compress
lamellae and produce a compressive stres3 in
them4 (88). This is illustrated in Fig. 3. No

-
-

3 In this paper, “stress” is used in its strict physical se
force per unit area. “Strain” means a deformation

uced by the stress. The words “stress” and “strain”
ften used metaphorically in cryobiology.

4 The compressive stress could be considered a forc
unit area acting at a point in any surface perpendicular
plane. Integrating this three-dimensional stress acros
membrane thickness gives a lateral force per unit le
which we call lateral pressure or lateral stressp.
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109FREEZING, DRYING, AND VITRIFICATION OF MEMBRANES
that this lateral stress can be produced by
iccation in equilibrium with an unsaturated
mosphere (cf. Fig. 2b) or by freezing-induc
dehydration (cf. Fig. 2c). Consequently, mu
of the following discussion has relevance
both cryobiology and anhydrobiology.

STRESSES AND STRAINS IN MEMBRANES

These intramembrane stresses produce se
strains and other responses: geometrical str
topological strains, thermotropic changes,
spontaneous demixing. They are illustrated in
4. Some of these have been associated with m
brane damage in freezing or dehydration of liv
cells or model systems.

The geometric strain of a membrane is
simplest. If a membrane at initially high hyd
tion (Fig. 4a) is dehydrated (Fig. 4b), a co
pressive lateral stress is associated with a re
tion in area per molecule. For small changes
two are proportional and the constant of prop
tionality is called the area elastic modulus. T
has been measured for lipid bilayers and
animal and plant membranes using micropip
aspiration (52, 87, 14). Because the lame
have very low volumetric compressibilities
fractional reduction in area is associated wi
nearly equal fractional increase in thickne

FIG. 3. y is the separation between the density weig
lipid–water interfaces anda is the area per lipid in (one si
of) the lamella. The volume of water per lipid isay/2.
Removal of water from the interlamellar layer could p
duce reductions in eithera or y. If the lamellae wer
infinitely rigid, only y would be reduced by a reduction
water volume. If the hydration repulsion were an infin
step function, then onlya would be reduced. In practic
both are reduced (Appendix 3). Reductions iny are balance
by an increasingly large hydration repulsion between
lamellae. Reductions ina are associated with increasin
large lateral compressive stress in the lamellae.
s-

ral
s,
d
.
-

c-
e
-

r
e
e

.

This has been measured by X-ray diffract
(44).

The most noticeable effect of lateral stres
on the gel–fluid (also known as gel–liquid cr
tal) transition in a planar bilayer (Fig. 4c). D
hydration elevates the transition temperat
for lipid–water phases as much as 40°C ab
the excess water transition temperatureTo. This
effect has been observed by many investiga
for a wide range of lipids (e.g., 13, 78, 32, a
references contained in these papers). The e
is readily explained in terms of a two-dime
sional version of the Clausius–Clapeyron ef
(5). When the bilayer goes from gel to fluid,
area in the plane increases by an amountDa per
molecule. In a dehydrated phase, this oc
against a lateral pressurep in the bilayer, orp/2
in each monolayer, so it incurs an extra ene
cost ofpDa/2. This makes the gel phase m
stable with respect to the fluid, and so the tr
sition temperature is elevated. The two-dim
sional version of the Clausius–Clapeyron eq
tion may be written

DT 5
ToDa

2L
p, [1]

whereDT is the increase in the transition te
perature due to a lateral stressp, L is the laten

eat of the transition, andDa 5 (af 2 ag) is the
difference in molecular areas between the
(g) and fluid (f) phases. Thus the transit
temperatureTm is increased in proportion to t
lateral pressure applied, at least for small
plied stresses. Taking values (for DPPC) ofL ;
5 3 10220 J z molecule–1 andDa ; 0.15 nm2, the
transition temperature is elevated by;0.5 K for
each mNz m–1 of applied lateral stress.5 (For
membranes under a tensile stress, Eq. [1] g
the depression of the transition temperat
Tensile stresses are possible when a vitr
interlamellar solution supports a compress
stress, as we shall discuss later.)

Another deformation produced by late
stresses is lateral demixing in membrane
more than one component. If a membrane

5 Phase diagrams in terms ofT, p, and composition ar
iven by (20) and (48).

e
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110 WOLFE AND BRYANT
FIG. 4. The strains produced by dehydration-induced stresses. (a) A lamellar fluid phase (La) at high
hydration. (b) The geometric strain produced at lower water content. The average area per lipida and the
interlamellar separationy are decreased, while the lamellar thicknesst of the bilayers is increased. (c) At lower
water contents, increased lateral stress (see text) can produce the transition to the gel phase (Lb9, with straight
chains, orLb9, with chains at a fixed angle, as shown). In the gel phasea9 , a, t9 . t, andy9 , y. Dehydration
stress produces this transition at elevated temperatures (Eq. [1]). In (d) the shaded circles represent the
species with the greater hydration, and the unshaded circles represent the lipid with the lower hydration. At h
hydrations the two lipids form a single mixed phase (d, top), but as hydration is reduced, they separate into
separate phases. The lipid with the greater hydration is preferentially sequestered in domains with relatively h
hydration (d, bottom right), while the less strongly hydrating lipids are concentrated in domains with lowe
hydration (d, bottom left). (e) Large hydrophilic molecules, such as intrinsic membrane proteins (circles in th
diagram), have a larger hydration interaction and can therefore be demixed by dehydration stresses (e, bott
(f) A topological response to stress. At very low hydrations the lipids may undergo a transition to the hexagon
II phase, which consists of small cylinders of water surrounded by lipids. At the top of the diagram, lipids a
represented by the shaded area and water by the unshaded. The hexagons are the repeat units of the stru
In the lower part of the diagram, individual lipid molecules are represented.



tly
in

ture
uid
ha
ers
lu-
aic
4e
ible
is

wn
y in
: vi

in
on
lip

bic
wa
f
th
a

t is
se
ha
tio
cal
ce

the
d

ids
ily
ow
le
c-
w
de
se
d

nt.
n t
ing

for-
84,

ly
the

ol-
ases
f a

ion
n.
sion
e
eas-

on.
on-
in
e of
ila-
n is
the
n in
pul-
ane
eral
the
er-
ulk
m-
rall
ns
(by
oth
ere
no
or
cts

re of

pon
th

llar
v the
m to the
s until
t ation
f ay
r

111FREEZING, DRYING, AND VITRIFICATION OF MEMBRANES
cludes components that differ sufficien
greatly in their hydration interaction, then
some regions of the hydration-tempera
phase diagram, they separate into two fl
phases with different compositions (6). This
been observed in two component lipid bilay
(4, 84) (Fig. 4d). It can also explain the exc
sion of proteins from areas of fluid mos
membranes under suitable conditions (Fig.
although other explanations are also poss
The possible significance of this demixing
discussed below.

Apart from the geometric deformation sho
in Figs. 4b, 4c, and 4d, there is another wa
which the aqueous volume can be reduced
a discontinuous change in the shape of the
terface. Hexagonal II phases (inverse hexag
phases) have tubes of water surrounded by
ids, as shown in Fig. 4f. For inverse cu
phases, approximately spherical volumes of
ter are surrounded by lipids.6 The geometry o
these inverse phases is ill suited to perform
role of semipermeable separation, which is
important function of membranes, and so i
not surprising that observation of these pha
or ultrastructural features resembling them,
been associated with damage at low hydra
(17, 71, 73, 80). Several further topologi
changes have also been reported in plant
membranes that are brought closely toge
during freezing, and these have been relate
freezing damage (72, 16).

In biological membranes, most of the lip
are strongly hydrating lipids that do not read
undergo transitions to nonbilayer phases. H
ever, some membrane components are
strongly hydrating. Even relatively small fra
tions of the weakly hydrating species may, ho
ever, be important, because the fluid–fluid
mixing that results from dehydration stres
(discussed above—see Fig. 4d) produces
mains rich in the low hydrating compone
These domains may then undergo a transitio
a hexagonal II phase (Fig. 4f). The demix

6 In some cases, membrane surfaces may have a s
neous curvature and this transition may also lower
mechanical energy. This is analyzed by (28) and (19).
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may thus be an intermediate stage prior to
mation of damaging inverse phases (6, 4,
85).

EFFECTS OF SOLUTES

Solute partitioning.Membranes are poor
permeable to many solutes, especially when
solute molecules are large. It follows that s
utes may not always equilibrate between ph
and that the composition of the phases o
sample with a particular overall composit
may depend on the history of its preparatio

As a simple example, consider a suspen
of multilamellar7 vesicles in pure water, in th
presence of excess water. Water permeates
ily and so the lamellae approach full hydrati
Now add to the sample a nonpermeating n
ionic solute. It is distributed (at least initially)
the bulk water phase. The osmotic pressur
the bulk solution now dehydrates the mult
mellar vesicles. The extent of the dehydratio
determined by the repulsive forces between
lamellae. The greater the solute concentratio
the bulk, the greater the intermembrane re
sion and so the greater the intramembr
stress. In this case we would expect lat
compression of the membrane, elevation of
membrane liquid crystal–gel transition temp
ature (Tm), and perhaps other strains if the b
solution were sufficiently concentrated. Co
pare this sample with one of the same ove
composition, but in which the solute partitio
between the bulk and the interlamellar water
one of the means discussed below), until b
solute and water reach equilibrium. Here th
is no osmotic pressure difference, little or
dehydration of the lamellar phase, and little
no lateral stress. Nonspecific solute effe
would produce little or no change inTm at
temperatures above the freezing temperatu
the solution.

ta-
e

7 A somewhat similar result may occur with unilame
esicles. If the vesicle radius is much greater than
embrane thickness, adding a nonpermeating solute

uspending medium will cause the vesicles to collapse
he membrane separation is determined by the hydr
orce. At low hydration, regions of flattened vesicles m
esemble—and respond like—lamellar phases.



th
po

pid
ga
n.
wa
ee
um
he
w,
ces
ni-
ith
ra

et-
tely
ar
a

to
en-
t is
olu-
ssar-
on.
id is
ute

of
his
a-
lk
fro-
here
ater
s to
sult
s a

also
rger
he
n-
res

ease
on:
tion
cles
time
uni-

to
om-
ulk
still

two
rre-
utes
el-

ose
p-
any
n of
te–
the

t
es,
in-
The

te
dry

o
s a
as-
ted
but
Upo
um
utsi
d in
tion
the

112 WOLFE AND BRYANT
Freezing the sample further complicates
picture because it changes the solution com
sitions and can do so quite rapidly. Yoonet al.
(90) reported experiments that compared li
sugar:water samples having similar lipid:su
ratios, but different levels of initial hydratio
When these were frozen, the lamellar phase
dehydrated and the water equilibrated betw
that phase and a bulk solution phase. The n
ber of solutes in the lamellar phase was hig
in samples whose initial hydration was lo
simply because there was no (or less) ex
solution. As a result, the samples with low i
tial hydration produced lamellar phases w
higher hydration at a given freezing tempe
ture.

Figure 5 illustrates this point for a hypoth
ical solute to which the membrane is comple
impermeable. In case a, anhydrous lipids
hydrated with a relatively small amount of

FIG. 5. The effect of different initial hydrations on solu
redistribution. (a) A sample which is hydrated from the
state with a small volume of a concentrated solution
solutes. There is no excess water, and so the solute
water are all or nearly all in the interlamellar region (
suming no solute crystallization). (b) Lipids being hydra
from the dry state with the same ratio of solute to lipid,
enough water to create a substantial excess volume.
removing some of the water, so that the total water vol
is the same as in (a), many of the solutes concentrate o
the lamellar region. Both the number of solutes per lipi
between the membranes and the interlamellar separay
are lower in case (b) than in (a). NMR of the solute or
water can be used to determine the distribution (90).
e
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highly concentrated solution. This is likely
produce a lamellar phase with a highly conc
trated solution in the interlamellar spaces. I
possible that there is also a macroscopic s
tion phase whose concentration is not nece
ily the same as that of the interlamellar soluti
In case b, the same amount of anhydrous lip
hydrated by adding a large volume of dil
solution, which contains (for the purposes
this illustration) the same amount of solute. T
will form a lamellar phase with a dilute interl
mellar solution and a large volume of bu
solution. The second sample is then either
zen or dehydrated in an unsaturated atmosp
until (let us suppose) it has the same total w
content as the first sample. If the solute fail
permeate the membrane, then the final re
may be that the second sample comprise
lamellar phase containing less solute (and
less water) than the first sample and a la
bulk volume of concentrated solution. If t
dehydration were sufficient, it might also co
tain crystals of the solute. A range of procedu
may be applied to the second sample to incr
the solute content of the interlamellar soluti
repeated centrifugation with regular alterna
of the orientation of the sample, repeated cy
of freezing and thawing, and the passage of
(weeks or more—P. Rand, personal comm
cation). Nevertheless, it would be unwise
assume that, even after this treatment, the c
positions of the interlamellar phase and the b
phase were the same. First, the solute may
not have reached equilibrium between the
phases. Second, the equilibrium may not co
spond to equal concentrations. Some sol
may be preferentially sequestered in the lam
lar phase, others excluded from it. The purp
of this illustration is to warn that sample pre
aration and history must be considered in
comparison of data and that the compositio
the lamellar phase component of a lipid–solu
water sample is not readily determined from
total composition of the sample.

Specific vs nonspecific effects.Solutes affec
the hydration of membranes, hydration forc
membrane–membrane interactions, and
tramembrane stresses in a number of ways.
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113FREEZING, DRYING, AND VITRIFICATION OF MEMBRANES
interactions of solutes with water and w
membranes may be specific to particular
utes. There are also, however, some impo
effects that are nonspecific, in the sense tha
solute (or any solute of similar size) would ha
a similar effect.

Osmotic effects.All solutes have an osmot
effect: they increase the entropy and lower
chemical potential of the water in which th
are dissolved. Consider first a lamellar ph
containing no solutes, in equilibrium with ice
21°C. The ice and the lamellar phase comp
for water, with the result that the pressure in
interlamellar water is21.2 MPa and so th
nterlamellar repulsion is 1.2 MNz m–2 (Appen-
dix 1). Typically this gives rise to a lateral stre
in the lamellae on the order of 1 mNz m–1,
although the value depends on the type of li
Now consider a system with solutesin the in-
terlamellar fluid. Ice at 21°C can equilibrat

ith a solution having zero hydrostatic press
nd a solute concentration of about 500 mz
–3 (for a nondissociating solute). One mig

expect that a solute concentration of this o
in the interlamellar water would reduce the s
tion, the intermembrane repulsion, and the
eral stress to zero and increase the interlam
separation. In practice, the osmotic effect
interlamellar solutes is a little more complica
for several reasons (90). The size of so
molecules is not negligible in comparison w
the interlamellar separation, so the exclu
volume near the interfaces must be conside
Due to this effect, a solute has a greater osm
effect in a confined space than it would in b
solution, and the effect increases somewha
larger solutes. There may also be variation
solute distribution within the interlamellar lay
due to interactions between the solute and
lamellae. In short, the purely osmotic effect
the presence of solutes in a fluid interlame
layer is to increase the hydration, to decre
the intramembrane stress, and thus to reduc
dehydration-induced increase in the gel–fl
transition temperature, but the effect is so
what less than predicted by the simplest mo

The foregoing discussion concerns the
motic effect of solutes which have partition
-
nt
y
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into the interlamellar space. If solutes are
large to partition into the interlamellar layer,
if the sample preparation and their imperm
ability has kept the solutes out of that spa
then their osmotic effects are indirect. They
have an effect on hydration because they a
the chemical potential of water, but this is m
important at temperatures above freezing. C
sider, for example, a suspension of unilame
vesicles in pure water, to which is added
nonpermeating solute. First consider temp
tures above freezing: Water leaves the vesi
which then shrink until further dehydration
prevented by the hydration force when me
branes are pushed close together. When
water is at equilibrium, the osmotic pressure
the solution equals the suction in the interlam
lar water. In this case, the excluded solute
duces an intramembrane force and dehydra
induced intramembrane stresses at tempera
above freezing. In the presence of ice, the
havior of the lamellar phase is largely un
fected by the presence of these solutes, w
are sequestered in a coexisting concentrate
lution phase.

Effects on the hydration force.The presenc
of the solute (in high concentration) may
expected to affect the hydration force. Ma
researchers believe the hydration force to be
to the nonrandom orientation of water propa
ing from the interface (29, 30). Solutes do
hydrogen bond in the same geometry as w
and the solute has a different (usually low
polarizability. One might therefore expect
solutes, at sufficiently high volume fraction,
reduce the hydration repulsion and thus the
tralamellar stress. At equal concentration, a
ute with a larger volume would be expected
have a larger effect, all else equal.

Volumetric effects.The volume of solute
(when not negligible in comparison with t
volume of water) itself increases the volume
the interlamellar solution. If this layer of sol
tion has negative pressure, that suction now
on a greater thickness of solution, and this
creases the lateral stress. Except for large
ume fractions, this effect is relatively sm
(86). The molecular volume also affects
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114 WOLFE AND BRYANT
steric interaction with membranes, discus
above. Finally, one of the most important
fects of molecular size is that larger molecu
are more likely to be excluded from the int
lamellar layer.

Interactions among solutes, membranes,
water. After estimating and allowing for th
osmotic and volumetric effects, Yoonet al. (90)
eported that the disaccharides sucrose and
alose, at concentrations of several kmolz m–3,

reduced the hydration force between
oleoylphosphatidylcholine bilayers to a grea
extent than did the smaller solutes sorbitol
dimethyl sulfoxide. The effects of sorbitol a
dimethyl sulfoxide on the interlamellar rep
sion were very similar to what these auth
calculated from their osmotic and volume
effects. It should be noted that, at high volu
fractions of solute, the effect of solutes make
bigger difference to a plot of force vs separa
than it does to a plot of force vs hydration. Yo
et al. made comparisons in terms of forc
hydration curves. For all of the effects of solu
discussed above, rather large concentra
(several kmolz m–3 or more) are required
produce substantial effects. For intermembr
sugar concentrations of much less than 1 kmz
m–3, the effect on the hydration properties a
intermembrane forces for most freezing tem
atures is just that predicted from the osm
effects (90). The larger effect of the larger s
utes sucrose and trehalose might be becau
their increased perturbation of water struct
the volume fractions reached as high as 5
and one would expect substantial disruption
the hydrogen bonding network at these con
trations. An alternative explanation is that th
are due to specific effects of these solutes on
hydration force.

Solutes could affect hydration forces eithe
they were adsorbed onto the membrane–w
interface, in which case they would produce
interface with an altered capacity to polar
water and an altered surface mobility, or if th
were excluded from the interface and thus
ated a very high concentration midway betw
the lamellae.

The results of Yoonet al. (90) were consis
d

d

e-

r
d

a

s

e

-

of
:

f
-

e

er

-
n

tent with the exclusion, to a small extent,
sugars from the region closest to the bila
surface. Crowe and co-workers (e.g., 12), on
other hand, observe alterations in the infra
spectra in the presence of trehalose and
this deduce that trehalose hydrogen bonds
the lipid head groups. Yu and Quinn (91) o
serve that DMSO reduces the lamellar rep
spacings and infer that the bilayer thickn
decreases. From this they conclude that DM
is preferentially located at the lipid–solvent
terface.

The degree to which inter- and intrame
brane stresses are modified by specific inte
tions between membranes and solutes is us
complicated by the osmotic effects of the s
utes. The osmotic effects are often quite la
and therefore may obscure specific effects.
SFA is quite different from and complement
to the OST and the FST in that, in the SF
measurements are conducted in the presen
a large volume of excess solution. Conseque
the SFA is unaffected by osmotic forces, exc
at very close separations when exclusion eff
may be important. As a result, the SFA is w
suited to examining the specific effects of d
ferent solutes. A limitation on the technique
that it is difficult to use very large concent
tions of solutes because, in order to comp
with controls, the aqueous medium must
replaced during an experiment. Pincetet al.(57)
measured the effect of dimethyl sulfoxide, s
bitol, and trehalose on the force between DO
bilayers. For the saccharides, their study
limited to concentrations of only 1.5 to 2 kmoz
m–3. Their results showed little specific diffe
ence among the solutes. Their results also
gested that, when bilayers were brought v
close together in the presence of a reservo
solution, sorbitol and trehalose were, to so
extent, excluded from the region very near
membrane surface.

Electrical interactions.The effect of ions o
charged surfaces has been most extens
studied in colloid science, and much of
theory of the interaction between colloidal s
faces (81) has been carried over to ana
forces between membranes (see also 9,
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115FREEZING, DRYING, AND VITRIFICATION OF MEMBRANES
Experimentally, the effect of ionic solutes
intermembrane forces has been studied in
siderable detail using the SFA and chiefly
concentrations that are modest in compar
with those found in freeze-dehydrated or de
cated cells. The most spectacular effects ar
charged membranes and they have a large
portional effect on the electric double lay
forces at moderate to high hydrations (49).
effects of different ions upon the interactio
between surfaces with various charges are
ied and complicated and are reviewed by oth
The effects of monovalent ions on the repuls
between surfaces is usually to reduce it (81
47). The divalent ion Ca21 may change the sig
of electrostatic forces between charged surf
(46). Electrical forces are potentially very i
portant in determining the intermembrane sp
ing in highly hydrated systems and have b
invoked to explain such effects as the stack
and unstacking of thylakoid membranes in fu
hydrated chloroplasts. Further, the interact
between ions and membranes are capab
producing responses that include demixing
changes in the phase transition temperature
77). In membranes at low hydration, howev
close approach almost always produces a
large repulsive force, as discussed above,
this paper is concerned primarily with the
fects of such forces, rather than a detailed
cussion of their origins.

Compatible solutes.All solutes, whethe
ionic or nonionic, lower the chemical potent
of water. Thus the purely osmotic effect
interlamellar solutes is to increase hydra
and to reduce intramembrane stresses at
given freezing temperature. The effects of
ferent solutes on the activity of enzymes m
however, be quite different and some solutes
toxic in high concentrations.

At equilibrium, the effect of any one solu
at a given freezing temperature or chem
potential of water, is to lower the concentrat
of the others by reducing the amount of
present. Compatible solutes are those that
be accumulated in large concentrations with
deleterious effects (3). The interaction betw
ions and enzymes affects the state and act
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of the enzyme, so one effect of compati
solutes is that they result in a reduction in
concentration of ionic solutes (51). To ha
such an effect directly, the compatible solu
must partition into, or be produced in, the so
tion in which the enzyme is found. It is al
possible for nonpermeating solutes to have
effect by vitrification, which hinders osmo
equilibrium (this is discussed below). The
fects of permeating and nonpermeating n
ionic solutes can therefore be rather differ
Shakir and Santarius studied the effect of c
plex media including both salts and nonio
solutes on photosynthetic reactions in thylak
membranes (66). They conclude that the c
gative action of penetrating cryoprotectant
the primary mechanism for protection of
photosynthetic reactions in the thylakoid. W
do not know of any study of the effect
freezing-induced stresses in the thylakoid
the extent to which permeating solutes red
these stresses. Shakir and Santarius also di
possible interactions between solutes and m
branes.

FREEZING AND VITRIFICATION OF WATER

The normal fluid to solid phase transiti
occurs by a process of nucleation and gro
(e.g., 15). This process is the same for
liquid, but here it will be explained by th
example of the water–ice transition. Consi
undercooled water at a temperatureT, which is
a few degrees below the equilibrium freez
point Tf. If the water is pure and the volum
small, the water can remain in this nonequi
rium undercooled state almost indefinitely.
order for freezing to occur, the water molecu
which are undergoing Brownian motion, m
spontaneously adopt a configuration that is “
like.” The probability of this happening to th
entire sample at the same time is vanishin
small. Locally, however, small clusters of m
ecules with an ice-like structure (called hom
geneous nuclei) are continuously forming
breaking up. If one of these nuclei reache
critical size (see Appendix 2), then it becom
energetically favorable for more water mo
cules to grow on this nucleus, and the ice
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116 WOLFE AND BRYANT
propagate rapidly through the entire sam
This two-stage process is called nucleation
crystal growth.

A cartoon of the nucleation process is sho
schematically in Fig. 6a. Each water molec
(indicated by a w with an arrow) undergo
Brownian motion with a characteristic diffusi
coefficient (the magnitude of which is indica
by the arrows). The circle represents the crit
radius for nucleation, and the water molecu
inside the radius are, at this snapshot in ti
arranged in a pseudo-regular (“ice-like”) m
ner. If the regularity grows to be larger than
critical radius, then the sample will crystalliz
Nucleation can also proceed via heterogen

FIG. 6. A cartoon of the effects of solutes on
represented by the symbols w and s, respectively
indicates the speed of diffusion. The large circles
which only water is present. For a critical nucleus
the circle must spontaneously arrange themselve
If this regular lattice is larger than the critical radi
presence of some hypothetical solutes. First, the s
by the smaller arrows in (b) than in (a)). Second,
greater than a sphere with the critical radius must
in (b) this is not the case. As the concentration of
reducing the chance of nucleation occurring. As
solute diffusion is much slower than water diffusi
.
d

l
s
,

s

nucleation, in which a surface (such as the c
tainer walls), or a large particle in the solut
(such as dust or protein), acts as a catalys
the formation of ice nuclei (e.g., 15).

The probability of nucleation (i.e., the form
tion of nuclei larger than the critical volume)
related to sample volume,8 the amount of un
dercooling (DT 5 Tf 2 T), and the viscosity o
the liquid. As the liquid is cooled, the viscos
rises. If the liquid is cooled sufficiently quick
the viscosity may become so great that mo

8 This is the primary reason freezing occurs in the ex
ellular solution before it occurs inside individual cells
econd reason is that the number of heterogeneous
tion sites inside cells is exceedingly low.

e nucleation process. Water molecules and solutes
e arrows represent diffusion, and the length of the arr

present the critical nucleation radius. (a) The situation
form, the water molecules in the volume represented
hrough Brownian motion) into a regular ice-like structu
then the crystal will grow. (b) The same situation in th
tes increase the viscosity, so diffusion is reduced (indic
rder for a critical nucleus to form, a volume equal to

completely free of solute molecules. In the situation sho
lutes increases, this effect becomes even stronger, fu
solutes of interest are much larger than water molecu
so no arrows have been drawn on the solute molecul
th
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117FREEZING, DRYING, AND VITRIFICATION OF MEMBRANES
ular rearrangements in the liquid become
tremely slow or stop. Nucleation and crys
growth will be hindered, and the liquid will b
in a stable nonequilibrium phase, which
amorphous (i.e., it has no long-range order,
a liquid), but which has mechanical proper
like a solid. Such a phase is called a glas
vitrified solid, and the process by which it form
is called vitrification. A solution is said to b
vitrified if its viscosity is greater than 1014 Pa z
s (15). For comparison the viscosity of wate
;1 mPaz s at 20°C.

FREEZING AND VITRIFICATION
OF AQUEOUS SOLUTIONS

In many single-component systems such as
ter, the rate of cooling must be extremely h
(.107 K z s21) to achieve vitrification. Howeve
n systems with two or more components, vitr
ation is easier to achieve. The addition of sol
ecreases the probability of nucleation and gro

or two reasons. The first effect is that the visc
ty at any particular temperature (shown schem
cally in Fig. 6b in which the arrows are shor
han in Fig. 6a) is usually larger with solutes th
ithout, implying that the motion and reorien

ion of the water molecules into the ice struct
ake longer. The higher viscosity therefore hind
oth nucleation and growth. Second, becaus
olutes are incompatible with the ice structure
hysical presence of the solutes hinders the
ation of nuclei—an ice nucleus can form only
t a particular time, a volume greater than or e

o the critical volume is free of solute molecul
t high concentrations this is unlikely (as sho

n Fig. 6b in which the solutes within the circ
ean that an ice nucleus cannot form there at

nstant). The probability of nucleation occurring
ny particular temperature is reduced with
reasing concentration. For both these reason
he concentration of solutes is increased, the
eratureTg at which vitrification will occur in-
reases, and the cooling rate needed to ac
itrification is reduced.9

9 At cooling rates within a couple of orders of magnitu
f 1 K z s21, the intracellular concentration is itself

function of cooling rate, because cells dehydrate osm
cally in the presence of extracellular ice (51).
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At sufficiently high concentrationsTg may
become larger thanTf, and ice cannot form. I
the case of disaccharides, concentration
greater than about 90% (by weight) are su
ciently high to vitrify under ambient condition
A familiar example of such a sugar glass
toffee, which we mention here because we s
soon discuss the mechanical properties of s
glasses.

VITRIFICATION IN MEMBRANE MODELS AND
BIOLOGICAL MATERIALS

Vitrification can occur in biological system
at ambient temperatures (desiccation) or
zero temperatures (cooling) and has been
gested as a mechanism for membrane prote
during dehydration (e.g., 7, 18). In both case
the viscosity rises to;1014 Pa z s (caused b
either higher concentrations or lower tempe
tures) then the solution is vitrified. In cells
lamellar phases at low hydration, the vitrific
tion will occur where the sugars are located
the sugars are between the membranes,
vitrification should occur there. If the sugars
excluded from the region between the me
branes, then vitrification may occur in extra
mellar volumes near the membranes, but
between them. The fact that membranes ca
protected from dehydration by vitrification su
gests that vitrification does occur in the inte
mellar spaces, but the evidence is only circ
stantial. It is possible that vitrification
volumes outside the lamellae may provide p
tection from further dehydration if the me
branes are completely encased in the g
though this seems unlikely to be the case
general (see below).

If vitrification does occur between the lam
lae, there are a number of consequences.
ordinary thermodynamic equilibrium cannot
assumed (though thermal equilibrium still
plies). The force between the lamellae in a g
is unknown, but it is not needed—because
glass is solid it cannot be deformed to a
substantial degree, so the interlamellar sep
tion y will remain unchanged.

How does the presence of a glass pro
membranes? It does at least three things
i-
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118 WOLFE AND BRYANT
Once a glass has formed, further dehydra
will be limited (i.e., lowering the subzero tem
perature or the humidity will have little effe
on the intermembrane separation). The m
branes will thus have an effective hydrat
higher than at equilibrium. (ii) Vitrification low
ers the probability of crystallization. When s
utes crystallize, they no longer lower the che
ical potential of a solution and so furth
dehydration is possible. If, however, the so
tion starts to vitrify, this limits the increase
the concentration of the unvitrified solutio
Crystallization is therefore less likely and f
ther dehydration does not necessarily t
place. (iii) Finally, a glass may allow the me
branes to remain in the fluid lamellar phase
hydrations and temperatures that norm
would lead to deleterious phase transitions. T
last point is discussed in the following secti

Koster and co-workers (36, 32) reported t
for POPC and small solutes, if the glass tra
tion temperatureTg of the concentrated solutio
exceeds the value of the gel–fluid transit
temperature (Tm), then the gel–fluid transition
low hydration occurs about 20°C below
fully hydrated transition temperatureTo. They
found similar effects in other lipids, but t
range of depression of the gel–fluid transit
temperature varies between about 10 and 6
depending on the lipid species (34; Kosteret al.,
in preparation).

Zhang (92) and Zhang and Steponkus (
95) studied a range of lipids and small solu
chosen to give a wide range ofTo and Tg and
developed a model to understand the proc
While they report that dehydration elevates
gel–fluid transition temperatureTm, they find
that (small) solutes minimize this increase
vitrification only if Tg is below the fully hy
drated transition temperatureTo (rather than
Tm). When a transition occurs in a glassy ma
(Tg . To), the effect depends on the therm
history of the sample. If the lipid was in t
fluid state when the interlamellar layer vitrifie
Tm is depressed (both for cooling and warmin
If it was in the gel phase when the glass w
formed, Tm is elevated aboveTo. Zhang and
Steponkus propose that the glassy matrix
n
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pedes the conformational change assoc
with the lipid-phase transition. A glass can s
port a substantial anisotropic stress. For a
mellar phase that was gel at vitrification, he
ing would create compressive stress in
bilayers and tensile stress in the glass, andTm

would be elevated, according to Eq. [1]. Fo
lamellar phase that was fluid at vitrificatio
cooling would create tensile stress in the bi
ers and compressive stress in the glass, anTm

would be depressed.
Is the glass matrix sufficiently rigid for th

model? The elastic properties of a relev
sugar glass (a solution of sucrose:raffin
85:15 at a concentration of 90%) have rece
been measured (Kosteret al., in preparation)
The Young’s modulus,Y, is about 20 GP
(compared to 9 GPa for ice). Using the Cl
sius–Clapeyron equation, an estimate of
compressive stress for a membrane 20°C b
its To can be made. Using typical values (
DPPC) ofL ; 5 3 10220 J z molecule21, Da ;
0.15 nm2, andTo 5 42°C (8, 55),p/T ; 2 mN z
m21 z K21. If the glass were to support the str
of a membrane down to 20°C belowTo, this
would correspond to a stress of;40 mN z m21.
If this stress were supported over half the th
ness of the interlamellar separation (say;0.5

m), this would lead to a stress of 80 MPa.
glass withY 5 20 GPa, this corresponds to

train in the glass of about 0.4%, which is ea
upported.
It seems reasonable to assume that You
odulus would not differ greatly among su
lasses composed of different sugars, so
odel would predict that the depression of
hase-transition temperature due solely to
ffect would to first order be independent of

ype of sugar, as long asTg is higher thanTo.
The studies of Koster and her colleagues
those of Zhang and Steponkus provide exp
mental confirmation of this prediction. T
magnitude of the effect varies with lipid sp
cies, however, because of the variation inDa
andL among lipids.

Figure 7 schematically summarizes the m
nonspecific effects of solutes on the gel–fl
transition temperature as a function of hyd
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119FREEZING, DRYING, AND VITRIFICATION OF MEMBRANES
tion. The bold line is for a lipid–water syste
in which dehydration causes the transition t
perature to rise up to several tens of deg
above the excess water transition tempera
To. The full line shows the effects of the osmo
and volumetric effects of small, uncharged s
utes such as sugars, which reduce the memb
stress and hence the transition temperatu
any hydration. If vitrification occurs at a part
ular hydration, then the transition temperat
will fall by an amount in the range;10 to 60°C
depending on the lipid species (indicated by
filled circle in Fig. 7), and then remain almo
constant as any further dehydration will be l
ited in extent and rather slow.10 This effect is

10 Diffusion is slowed but not stopped in vitrified ma
rials. Further, highly viscous samples may be inhom
neous and not all regions may vitrify at the same tim
temperature. Thus some further dehydration may occur
periods of weeks (94 and P. L. Steponkus, personal
munication).

FIG. 7. A schematic of the nonspecific effects ofsmall
solutes on the gel–fluid transition temperature as a fun
of hydration. They axis isT 2 To, whereTo is the transition
emperature in excess water, indicated by the horiz
ine. Values are approximate. The bold line showsT 2 To as

function of hydration for a lipid–water system. The
ine is for a lipid–water–hypothetical solute system
llustrates the effect of the interlamellar solutes redu

embrane stress and hence the transition temperatur
lled circle indicates the transition temperature if vitrifi
ion occurs while the lipid is in the fluid phase, as sugge
y Zhang and Steponkus (95).
-
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most likely due to the mechanical properties
the glass, as it can support an anisotropic s
and can thus support the membrane in the
state at temperatures at which the gel trans
would occur in the absence of a glass.

Another effect of the presence of the gl
phase (and indeed highly viscous fluids
have not vitrified), is that the viscosity m
hinder dynamic phase transitions. This is pr
ably not important in the slow cooling rates
the natural environment, but it may have
important consequence in the laboratory. Ra
rates of temperature scanning could lead to
creased hysteresis because of the effects
lamellar viscosity may have on the time tak
for the lipids to rearrange themselves betw
configurations.

Glasses and very viscous fluids also red
diffusion of solutes. Zhang (92) has pointed
that this may reduce the leakage of solu
through membranes that otherwise would al
solute leakage at the phase transition. Lea
of electrolytes and markers from dry liposom
has been studied extensively by Sunet al. (74,
75). In a review of this work (10), it is co
cluded that the rate of leakage drops consi
ably below the glass transition, but does
stop completely until 10–20°C below theTg.
Two complications should be mentioned. Fi
the glass transition is a poorly defined, sec
order transition and theTg measured by DSC
only one measure of the glass transition t
perature, and there is disagreement amon
searchers about how to define it. Second, a
sample is cooled towardsTg, diffusion slows
dramatically, and local inhomogeneities in c
centration do not come to equilibrium. Con
quently, some areas of the sample will vitrify
lower temperature than others. It is theref
possible that the leakage measured at tem
tures just below the sample averageTg, as mea
sured by DSC, may occur in regions of
sample that are not vitrified.

POLYMERS VS SMALL SOLUTES

The bulk of the discussion so far has conc
trated on the effects of small solutes such
disaccharides. Solutions of larger molecu
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120 WOLFE AND BRYANT
such as polymers, also undergo vitrification d
ing dehydration. In model systems contain
lipids, water, and polymers, large polymer m
ecules are often excluded from the lame
phase at low hydrations and form separate
phases in regions outside the lamellar struc
(see Fig. 5). This partitioning is the basis
operation of one version of the osmotic str
technique (discussed above). Thus theirdirect
osmotic and volumetric effects on the me
branes will be small. Between the bilayers w
be water with little or no macromolecular s
ute, and so the presence of large polymers
have little direct effect on membrane stress
hence little effect on membrane protecti
When vitrification occurs in a system of me
brane–water–large polymer, it will occur in t
extralamellar volume. If the lamellar phase
time to dehydrate, the presence of the poly
will therefore have little direct effect on th
freezing behavior of the lamellar phas11

(Again, excluded solutes do have an osm
effect at temperatures above freezing, as
cussed above.)

Relatively small polymers may partition in
the interlamellar space at high hydratio
Whether they are excluded from a dehydra
lamellar phase depends upon the prepara
and history of the sample. If such molecu
produce vitrification, the effect on membra
transitions will depend on whether they are
the interlamellar phase or in a separate b
phase. The osmotic pressure of polymer
modest weight fractions is smaller than tha
the same weight fraction of small solutes. T
small polymers would be expected to have l
effect on the membrane transition tempera
via the Clausius–Clapeyron effect (Eq. [1])
they partition into the interlamellar solution a
if they vitrify, then they could support later
stresses of either sign and might thus chang
membrane-transition temperature in either
rection: depression if vitrification occurs b

11 Note that the cryoprotective properties of many p
mers on samples frozen at very high cooling rates in
laboratory are due to different mechanisms, and hi
hydrations are maintained when vitrification occurs (e
69, 31, 76, 45).
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tween membranes in the fluid state or eleva
if the membranes are in the gel state when
intervening fluid becomes glassy.

Two recent papers (10, 79) have exami
the role of vitrification in protecting membran
and proteins. The experimental work presen
and reviewed shows that, although dehydr
polymers such as dextran and hydroxye
starch vitrify at temperatures well above am
ent, their ability to protect membranes and p
teins (at moderate cooling rates) is limited. T
authors conclude from this that vitrificati
alone is not sufficient to provide membra
protection and appeal to specific effects to s
the dilemma. The appeal to specific effect
unnecessary for the reasons explained ab
The vitrified solution can only provide dire
protection of the membranes if it occurs in
solution near them. In the absence of any
cific effects, one would expect the protect
effects of carbohydrates to decrease with
creasing molecular mass above a certain
which would limit their partitioning into th
layer between the membranes and limit t
osmotic effect (on an equal weight basis). T
is what is observed (see 79, 10, and refere
therein).

TREHALOSE VS OTHER SUGARS

What is special about trehalose, that its p
tective effects seem to be significantly be
than other similar sugars such as sucrose
raffinose? Why are disaccharides better
monosaccharides? It is worth noting the dif
ent physical properties of the various sug
before appealing to specific solute–membr
interactions. First, at any particular concen
tion, trehalose has a higher glass transition t
perature than most other sugars. Second, h
concentrated trehalose is less prone to cry
lization than many other sugars. Sucrose, on
other hand, crystallizes readily at high conc
trations, although small amounts of raffino
reduce the tendency of sucrose to crysta
(e.g., 67, 33), so sucrose:raffinose mixtu
avoid crystallization and can vitrify. The acc
mulation of small quantities of raffinose in so
tolerant species allows sucrose (rather than

e
r
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121FREEZING, DRYING, AND VITRIFICATION OF MEMBRANES
halose) to play the role of vitrifier. It is possib
that the most important reason trehalose is
sidered a better protectant at low hydrations
does not crystallize readily and it has a h
glass transition temperature. Koster and
workers (68, 37) showed that the ability
samples to vitrify is important in reducing t
incidence of solute crystallization during st
age. Other biologically important properties
trehalose—its low reactivity and reduci
power and its high stability—are cited by Ri
and Danks (62). Levine and Slade (43) h
written extensively on the nonspecific effects
trehalose in dehydrated systems.

MACROMOLECULE–SOLUTE–WATER
INTERACTIONS

This paper has concentrated on membrane
lute–water interactions. Some of the observat
would be expected to apply to macromolecu
solute–water interactions. Most biological mac
molecules are hydrophilic in their native state
so one would expect strong hydration repulsio
close approach. These generate internal stres
the macromolecules (Appendix 4). The mech
cal properties of cross-linked polymers appea
influence their freezing behavior (54), which
consistent with the suggestion that unfrozen w
under suction generates mechanical stresses
polymers. In some geometries, such as long ch
or flat sheets, these stresses are anisotropic
thus give rise to geometrical deformations
structural transitions (e.g., 56, 39). The nons
cific effects of solutes on membrane–water in
actions would therefore be expected to appl
macromolecule water systems that are dehyd
by freezing or desiccation. We know of no
tailed analysis of the nonspecific effect of solu
on such stresses but we present a simple intro
tion in Appendix 4.

The effect of diverse solutes in minimizi
damage to biological macromolecules has b
widely reported. In the case of enzymes, e
trical interactions with ions and ion-media
interactions between macromolecules are o
ously important in maintaining activity. Th
colligative action of solutes is also ackno
edged to be of considerable importance. For
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reason, we suggest that it may be constructiv
examine the hydration interaction and mech
ical stresses produced by freezing or drying
aqueous macromolecular phases. As is the
with lamellar phases, vitrification of the aqu
ous phase would reduce the extent of (furt
mechanical stress in the macromolecules,
this may be an important part of the contribut
of cryoprotectants to the stabilization of biolo
ical macromolecules. The situation is, howe
complicated by the different partitioning effe
of different solutes, their different effects
vitrification, and their different specific effec
on enzyme activity (see discussions in 53,
In Appendix 4, we derive relations among
hydration interaction of macromolecules, th
contribution to the freezing point depressi
and the intramolecular stress.

A recent review (10) discusses the effect
vitrified solutions on the stability of proteins.
points out the vast differences between the
bilizing effects of small solutes and polymers
the vitrified state. It also notes that prote
themselves vitrify in the dry state, but are
preserved, and concludes that vitrification
therefore insufficient to protect proteins. T
argument appears not to recognize the diffe
behaviors found in three very different situ
tions:

(1) Small solutes can vitrify in the spac
inside the protein structure and then main
that structure against further dehydration.

(2) Vitrification of polymers will usually oc
cur in the bulk, providing little direct protectio
to the membrane structure.12

(3) When proteins are dried, they lose th
structure as soon as the water is removed.
protein “glass” is therefore made of prote
that have already suffered substantial stra
This contrasts with ultrastructural elements
an aqueous glass, in which the latter supp
the anisotropic stress and thus limits strain
the whole phase.

12 The presence of polymers can, however, affect
concentration of other smaller solutes, if present, and
different solute concentration may affect protein struct
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122 WOLFE AND BRYANT
SOLUTES ON MEMBRANES AT LOW
HYDRATION

At full or high hydration, the hydration forc
is negligible and intramembrane stresses
relatively small. At low hydration, intermem
brane forces are dominated by the hydra
repulsion. According to the analysis presen
here, the nonspecific effects of solutes on m
branes at low hydration can be summari
thus:

(1) At low or intermediate hydrations, t
osmotic effect of the intermembrane solutes
duces the stress on the membranes. In suffi
concentration, it may keep the gel–fluid tran
tion temperature near the value it has in fu
hydrated membranes. This effect is expe
with any solute (salts, sugars, etc.).

(2) The solutes will have these effects onl
they remain between membranes. If the sol
are excluded from the membrane region, t
these effects will be significantly reduced. S
utes that are completely excluded can, in s
cient concentration, dehydrate membrane-
phases and elevate the gel–fluid transition t
perature via Eq. [1].

(3) If the solutes are moderately large (e
disaccharides), they will have an additio
volumetric effect, which affects the stress
scribed in Eq. [1].

(4) The reduction of lateral stress by solu
will, all else equal, reduce the tendency
freezing or dehydration to produce inver
phases, such as the hexagonal II phase.

(5) As the solutes are further concentrated
dehydration, further stress-reducing effects
occur only if the solutes do not crystalliz
Some solutes can be concentrated to very
levels without crystallization (e.g., trehalos
Having mixtures of solutes also inhibits crys
lization (e.g., sucrose/raffinose mixtures).

(6) At very low hydrations, vitrification of
ten occurs. Where the solution between fl
membranes is vitrified, it lowers the intrame
brane stress and this further lowers the gel–
transition temperature. Such vitrification w
usually maintain the membranes in the fl
e
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dehydration. Conversely, the vitrification of t
solution between membranes in the gel ph
will usually elevate the gel–fluid transition te
perature.

None of the effects listed above are spec
to any particular sugar or lipid—they occur
varying degrees for all lipid membranes a
most solutes, with no specific interactions
quired. Indeed many of these effects would
expected in any hydrophilic nanostructures
aqueous solution, including much cellular ult
structure. In the case of sugars, much of
reported differences in efficacy at protect
membranes during dehydration are primari
consequence of their different physical prop
ties—different sizes (volumetric effects), d
ferent solubilities (crystallization), and differe
glass transition temperatures. This does not
out the possibility of specific effects, but mu
of the observed behavior of lipid–solute–wa
systems at low hydration can be explained w
out them.

APPENDIX 1: FREEZING OF LAMELLAR PHASES

Consider reversible freezing of water at u
form pressure. From the definition of entro
the specific entropyDs of the transition is

Ds 5
L iw

Tc
, [A1]

whereL iw is the latent heat of fusion of ice a
Tc is the equilibrium freezing temperature
water at atmospheric pressure. BothL iw andDs
are weak functions of temperature and press
Now consider ice at atmospheric pressure
equilibrium with water at pressureP. At equi-
librium, the chemical potentials are equal, s

m i
o 5 m w

o 1 Pvw,

where the subscripts i and w refer to ice
water and wherevw is the specific volume o
water. The standard chemical potential of w
mw

o 5 m i
o 1 L iw 2 TDs, so substituting from Eq

[A1],
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123FREEZING, DRYING, AND VITRIFICATION OF MEMBRANES
m i
o 5 m i

o 1 L iw 2 T
L iw

Tc
1 Pvw,

whence

P 5 2
L iw

vw
S1 2

T

Tc
D 5

L iw

vwTc
DT, @A2#

here DT 5 T 2 Tc. When T , Tc, the
pressure in the liquid phase is negative.
small temperature variations,L iw andDs can be
considered approximately constant so the
tion is approximately proportional toDT. Sub-
stituting standard values for water,

P > ~1.2 MPaz K 21! z DT. [A3]

For mechanical equilibrium, the force p
nit areaF between the lamellae equals
uction in the interlamellar layer, so, tak
epulsion as positive and remembering
T , 0 below freezing,

F > 2~1.2 MPaz K 21! z DT. [A4]

he approximation that the latent heat of fus
s independent of temperature is adequate

ost applications in this discussion beca
everal other parameters related to lipid ge
try and hydration behavior are known to on
r 2 significant figures. If greater precision
equired, linear or polynomial expressions

iw(T) may be used. See (51) and (58)
further details.

APPENDIX 2: METASTABLE PHASES—SUCTIONS
AND SUPERCOOLING

A volume of water under a negative abso
pressure (a gauge pressure lower than21 atm)
is unstable with respect to a volume of wa
vapor that can expand under the applied n
tive pressure. One cannot easily produce a
tion of more than 1 atm—it is usually impos
ble to syphon water to a height exceeding 10
How then can the interlamellar water suppo
suction of several or tens of atmospheres w
out cavitating? The short answer is that, if
volume of water vapor is initially very sma
the surface tension or surface free energ
r
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e
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r
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f

water around it can support the suction
close up the bubble of vapor.

A volume of liquid water at a temperatu
below freezing is unstable with respect to
Why then can supercooled water exist? Ag
the answer is related to the surface free en
of the water interface surrounding a small
nucleus. The two cases are similar so we s
analyze them together.

Figure A1a shows a small bubble of va
formed in a liquid at negative pressure. T
vapor pressure inside is small so we shall
glect it. The workW required to create th
bubble has two terms. The work done in d
placing the liquid isPV, whereV is the volume
This is negative becauseP , 0. The work don
in creating an areaA of interface isgwA where
gw is the interfacial free energy per unit ar
For the spherical bubble,

W 5 P z
4

3
pr 3 1 gw z 4pr 2.

Figure A1b shows a small ice crystal form
in water atT , 08C. The free energy require
o form it has two terms. The free energy
reezing contributes a termrVL iwDT/Tc, where

r is the density of water,L iw is the (specific
latent heat of freezing,V is the volume of wate
rozen,Tc is the equilibrium bulk freezing tem
perature, andDT 5 T 2 Tc. The work done in
creating the ice–water interface of areaA is
g iwA, whereg iw is the interfacial free energy p
unit area of that interface. Letr be the radius o

sphere having volumeV. The energy require
o create this ice nucleus is

U 5
rL iwDT

Tc
z
4

3
pr 3 1 h z g iw z 4pr 2,

FIG. A1. See text.
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whereh is a dimensionless geometrical fac
hich is larger than but of order 1.
The extra workdW required to expand th

ubble and the extra energydU required to
xpand the ice crystal are, respectively,

dW5 ~P z 4pr 2 1 gw z 8pr !dr,

dU 5 SrLDT

Tc
z 4pr 2 1 h z g iw z 8prDdr.

The bubble or crystal will expand indefinitely
dW/dr or dU/dr is negative. If it is positive
then the bubble or crystal will (usually) shrin
The value ofr at which these derivatives a
zero is the critical size for nucleation of cavi
tion and freezing, respectively. (The word “u
ally” is included because thermal activat
may take a subcritical nucleus over the crit
size, if it is within a few thermal energies of t
critical energy.) So the critical radii for cavit
tion (c) and freezing (f) satisfy

0 5 P z 4pr c
2 1 gw z 8pr c

0 5
rL iwDT

Tc
z 4pr f

2 1 h z g iw z 8pr f,

whence

r c 5 2
2gw

P
r f 5 2

2hTcgiw

rL iwDT
.

(Note that the result forr c is just the equation o
Young and Laplace.) For a suction of 10 M
(100 atm),r c ; 15 nm. For a freezing poi
depression of 10°C,r f ; 7 nm. Both of thes

re rather larger than the interlamellar sep
ions encountered in lamellar phases expose
esiccation or freezing temperatures.
Despite the above argument, freezing of

erlamellar water would be possible if the int
acial energy between ice and membranes w
ery low, i.e., if membranes were more i
hilic than hydrophilic. If that were the cas
owever, one would expect lamellae to be e
ient nucleators for ice, which is inconsist
ith the observation that the water in the lam

ar phases can readily be supercooled by ten
.

,

l

-
to

-

re

-
t
-
of

SEPARATION

We assume that the water is incompress
and that it has the same specific volume as in
bulk. One would expect the former to be a go
approximation for pressures of magnitude m
less than the bulk modulus, which is 2.0 GPa
water. It is unknown how good the latter a
proximation is for water near a strongly hyd
philic surface. Lety be the separation betwe
the density-weighted interfaces between l
and water.a is the area per lipid molecule

ne side of the bilayer. If there aref water
olecules per lipid, andg solute molecules p

lipid, then

fvw 1 gvs 5
1

2
ya,

where vs is the partial specific volume of th
solute. The areaa is a function both of th
temperature and of the lateral stress in the
layer. Express the lateral stress asp, the tota
force per unit length in the plane of the bilay
wherep 5 2Py. For small deformationsa can

e written as

a 5 aoS1 1 a~T 2 Tr! 1
Py

ka
D ,

wherea is the coefficient of area expansion,ka

is the area elastic modulus of the bilayer, anTr

is a reference temperature. Solving these
equations fory gives

y 5 2
ka

2P S1 1 a~T 2 Tr!

2 Î~1 1 a~T 2 Tr!!
2 1

8~ fvw 1 gvs!P

kaao
D .

APPENDIX 4: STRESSES IN MACROMOLECULES

Hydration forces between hydrophilic ma
romolecules can produce freezing-point dep
sion and stresses within the macromolecu
Hydrated macromolecular phases can hav
variety of different geometries. Here we anal
the stresses for a hexagonal array of long cy
drical molecules (Fig. A2). This choice is su
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gested by its simplicity and also by the fact t
such a system has been studied by Parseget
al. (56). For other geometries, geometrical f
tors of order 1 will enter the analysis.

The pressureP is

P 5
dG

dV
>

dG9

da
,

where G is the free energy,G9 is the free
energy per unit length, anda is the cross sectio

f the array divided by the number of cylinde

a 5
D 2Î3

2
,

so

da 5 dDÎ3D,

hence

P 5
dG9

dD

1

Î3D
.

he force per unit lengthf(D) contributes to th
ree energy of interaction. Assuming that o
rst neighbors interact, six pairwise interactio
(D) give rise toG9, whence

dG9 > 2
1

2
6f~D!dD,

FIG. A2. Part of a hexagonal array, with interax
spacing D, made up of long cylindrical molecules
radiusr.
t

-

here the half is included because two cylind
ontribute to the mutual interaction ener
hus

P 5
dG9

dD

1

Î3D
5 2Î3

f~D!

D
.

Freezing point depression by macromo
cules. From Eq. [A3] in Appendix 1, for th
case in which there are no solutes present,P is
given approximately as (1.2 MPaz K21) z DT,
whereDT is the change in freezing point. Th
when no solutes are present in the macromo
ular phase, the macromolecules produce a fr
ing point change of

DT > 2~1.4 mK z Pa21!
f~D!

D
.

o first order, this is added to the freezing po
ariation due to the osmotic pressure of solu
here present.
Intramolecular force and hydration prope

ies. In this case of long molecules in a para
rray, the intramolecular stress is compres
long the axis of the macromolecule. If

ntegrate it over the cross section of the m
ule we get a longitudinal forceF, which, for
echanical equilibrium, balances the suctio

he fluid. Consider one triangle of the arr
hich contains half a cylinder (three-sixths o
ylinder) and a cross section of liquid with a

2=3/4 2 pr 2/ 2. The suction acting on th
area balances the longitudinal forceF, so

F 5 2P~D 2Î3/4 2 pr 2/2!

5 2S3D

2
2 Î3

pr 2

D D f~D!.

hus the force along the axis of the macrom
cule can be related to the hydration force

hat molecule.
Intramolecular stress and freezing point.It is

lso possible to relate the intramolecular st
irectly to the freezing point depression in
acromolecular phase. LetPm be the compres

sive stress along the axis of the macromolec
Mechanical equilibrium requires that
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fPm 5 ~ f 2 1!P.

he area ratiof/( f 2 1) is simply related to th
atio of densities of macromolecule (rm) and

water (rw) and the composition expressed as
mass ratioh of water to macromolecule:h 5
( frw)/((1 2 f )rm). Thus the compressiv
stressPm is

Pm 5 2~rm/rw!hP.

Again, where no solutes are present,P > (1.2
MPa z K21) z DT. For most biological macro
molecules,rm/rw > 1. Thus, when no solut
are present in the macromolecular phase,

Pm > 2~1.2 MPaz K 21! z DT z h.

hen solutes are present in the macromolec
hase and have an osmotic pressureP, this
ecomesP 2 P > (1.2 MPaz K21) z DT.

Pm > ~P 2 1.2 MPaz K 21 z DT!h.

ubstantial deformation of the macromolec
ill occur whenPm becomes more than a fe
ercent of its Young’s modulus.
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