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Abstract

In this article, we will show that the osmotic stress method can be successfully applied to study the thermodynamics of self-assembly

phenomena in soft matter systems, such as biopolymer liquid crystals, surfactant and lipid mesophases, and polyelectrolyte±surfactant

complexes. We will give two examples to that effect. Firstly, we will present intercolumnar force measurements between cylindrical

surfactant micelles in solid-state polyelectrolyte±surfactant complexes as a function of ionic strength. Secondly, we will present measure-

ments of the DNA cholesteric spherulite structure and pitch as a function of osmotic pressure in an effort to evaluate the chiral contribution to

the interaction between DNA molecules. q 2001 Published by Elsevier Science Ltd.
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1. Introduction

The theme of hierarchical self-assembly is ever-present in

nature. Simple molecular building blocks such as amino

acids, nucleic acids, lipids, and polysaccharides are

assembled into ordered liquid crystalline arrays, intricately

structured mesophases, and proteins. These entities are, in

turn, self-assembled into larger-scale structures such as cell

membranes, cartilage, bone, and cytoskeletal infrastructure.

The osmotic stress method provides a means for the direct

investigation of the microscopic and thermodynamic details of

these intermolecular interactions [1], and has been success-

fully employed to measure the intermolecular forces in lamel-

lar stacks of lipid bilayers [2] and in hexagonal arrays of semi-

stiff biopolymers, such as DNA [3], collagen [4], and various

polysaccharides [5]. The essence of the method involves the

controlled removal of water from samples in aqueous envir-

onments via the application of osmotic pressure from an inert

species. The thermodynamic work required to remove the

water from the sample is equivalent to the work required to

push the molecules that constitute the structure closer together.

In practice, the samples are equilibrated against a large excess

of polymer solution whose osmotic pressure is known as a

function of concentration, either through a dialysis membrane

or across the solid±liquid phase boundary in phase-separated

samples. Such an osmotic stress experiment is schematically

illustrated in Fig. 1. Neutral and highly water-soluble poly-

mers, such as poly(ethylene glycol) (PEG) and dextran, are

well suited for use as osmotic stressing agents. For most

charged biopolymer systems, higher-molecular-weight PEG

is excluded from the interior of the sample as long as its radius

of gyration is larger than the average distance between two

polymer chains inside the sample [6]. Using polymer solu-

tions, osmotic pressures from 1.0 kPa to about 30 MPa can

be achieved and sample densities can be determined by X-

ray scattering measurements of the intermolecular distances.

Using polymer solutions to apply osmotic stress has

several advantages over the water vapor pressure method.

While the osmotic pressure is set by the polymer concentra-

tion in the stressing solution, the salt activity can be ®xed

independently by adding salt to this solution. Because all

activities are controlled by the stressing solution, the phase

of the sample is precisely speci®ed Ð there can be no phase

coexistence. The absence of phase coexistence is crucial for

determining the phase structure with X-ray scattering. The

osmotic stress method also provides information about

the free energy of the system, which can be obtained by

integrating the equation of state [7].

2. Experimental

2.1. Materials

Poly(acrylic acid) (PAA), sodium salt (Aldrich, �MN �
2000 g mol21

; 40 wt.% solution in water), sodium bromide
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(Aldrich, ACS grade), sodium chloride (Mallinckrodt),

sodium acetate (NaAc, Sigma), cetyltrimethylammonium

chloride (CTAC) (Aldrich, 1.04 M solution in water),

PEG (Fluka, �MN � 8000 and 35,000 g mol21), and

ethylenediaminetetraacetic acid (EDTA) (Sigma, molecular

biology grade) were used as received. Tris(hydroxymethyl-

aminomethane) (TRIS base) (Sigma, molecular biology

grade) was adjusted to pH 7.0 (HCl) before use. Short frag-

ment DNA was prepared from chicken erythrocytes using a

previously described procedure [8].

2.2. Methods

Poly(acrylic acid)±cetyltrimethylammonium bromide

(PAA±CTAB) complexes were prepared in polyethylene

centrifuge tubes by adding 140 ml (7.56 £ 1024 mol charged

units) of 40 wt.% polyelectrolyte solution to 1 ml

(7.56 £ 1024 mol) of 1.04 M CTAC solution, followed by

vigorous mixing. Upon the addition of approximately 10 ml

water to this mixture, a ®ne white precipitate was formed.

The precipitate was isolated by centrifugation, washed with

three 50 ml aliquots of water, and allowed to air dry for

approximately 8 h. Pieces of the dried complexes were

then placed in aqueous sodium bromide solutions (10 and

100 mM) with PEG concentrations ranging from 0 to

50 wt.%. Each solution was buffered in a mixture of

10 mM TRIS base/1 mM EDTA. The samples were allowed

to equilibrate with the stressing solutions for 2 weeks at

room temperature. CTAB was generated in situ by the

exchange of the CTAC chloride ion with the free bromide

ions in the NaBr±PEG solutions.

DNA cholesteric droplets were prepared using the follow-

ing procedure. Short fragment DNA was dissolved in

300 mM NaAc, 10 mM TRIS, and 1 mM EDTA at a DNA

concentration of 5 mg ml21. DNA was precipitated and

washed with a 75% ethanol/25% water mixture. Pellets

(1 mg each) of short fragment DNA were dried in a Speed-

vac (Savant Instruments). The pellets were re-suspended in

3±5 ml PEG solutions � �MN � 35; 000 g mol21�; at concen-

trations ranging from 10 to 25 wt%, containing 0.5 M NaCl,

10 mM TRIS, and 1 mM EDTA. Cholesteric droplets were

generated by gently shaking the samples after an equilibra-

tion time of 1 week.

2.3. Measurements

Small-angle X-ray scattering (SAXS) measurements

were performed on a Rigaku RU-H3R rotating anode X-

ray diffractometer equipped with an Osmic multilayer

focusing optic and an evacuated Statton-type scattering

camera. The sample-to-detector distance was 460 mm,

which corresponds to a q range of 0.698 nm21 # q #
6.25 nm21 with q � �4p=l� sin�u=2�; where u is twice the

Bragg angle. The incident beam wavelength was 0.154 nm,

corresponding to 8 keV Cu Ka radiation. Scattering patterns

were acquired with 10 £ 15 cm2 Fuji ST-VA image plates in

conjunction with a Fuji BAS-2500 image plate scanner, and

intensity pro®les were obtained from radial averages of the

scattering pattern intensities.

Polarizing optical microscopy was performed with a

Zeiss Axiovert S100TV inverted polarizing microscope

(objective: Zeiss Plan-Neo¯uar 40 £ /0.85 pol) equipped

with an LC Pol-Scope retardance imaging system (CRI,

Boston, MA) which simultaneously measures the magnitude

and direction of birefringence. Birefringence images I�x; y�
of individual cholesteric droplets were Fourier transformed

I�qx; qy� and the pitch was measured using the location of

the ®rst maximum in the angular averaged power spectrum

I�q�Ip�q� with q2 � q2
x 1 q2

y :

3. Results and discussion

3.1. PAA±CTAB complexes

An excellent example of electrostatic self-assembly is

embodied in solid-state polyelectrolyte±surfactant

complexes [9]. At appropriate polyelectrolyte concentra-

tions [10] and charge densities [11], water-insoluble, long-

range ordered structures form by combining both the

components at a stoichiometric charge ratio. Periodicities

in the nanometer range can be achieved with these materials

[9] and the degree of order is generally quite high, as

observed with SAXS.

Although charge neutralization plays a role in the ther-

modynamics of the polyelectrolyte±surfactant complex

assembly, the principal driving force for this process is

entropic in nature. Prior to complexation, the counterions

are restricted to regions close to the surfaces of both the

surfactant and the polyelectrolyte chain. Upon adsorption

of a polyelectrolyte chain to the surface of the ionic surfac-

tant, the bound counterions are released into solution from
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Fig. 1. Schematic illustration of an osmotic stress experiment. A large

reservoir of stressing solution, consisting of PEG (white coils) dissolved

in a salt solution (shaded background) is equilibrated through a semi-

permeable membrane (dashed line) against an ordered sample (dark

circles). If the sample and solution are phase-separated, the phase boundary

replaces the semi-permeable membrane.



the surfactant surface and the chain, which, considering the

extremely large number of freed counterions, gives rise to a

signi®cant increase in the overall entropy of the system. It is

this increase in counterion entropy upon polyelectrolyte

adsorption that drives the complexation process.

During complexation, the surfactant molecules assemble

into spherical micelles, cylindrical micelles, or membranes,

thus forming a crystalline lattice that de®nes the complex

morphology. The polyelectrolyte binds to the surfaces and

®lls the space between the surfactant moieties. The structure

of the material can be modi®ed after complexation,

however, and is dependent on such factors as ionic strength,

salt type, and osmotic pressure.

Since the water-insoluble polyelectrolyte±surfactant

complex phases are well-de®ned and since SAXS can be

used as a structural probe for these systems, the osmotic

stress method provides an attractive means to measure the

repulsive intermolecular forces directly, and under thermo-

dynamically well-de®ned conditions. To this end, a model

system, consisting of PAA±CTAB complexes in sodium

bromide solutions, was chosen and the complex structures

were monitored as a function of ionic strength and osmotic

pressure.

The complexes exhibited a hexagonally close-packed

cylindrical phase over an osmotic pressure range of 0±

12 MPa and at ionic strengths of 10 and 100 mM. Fig. 2

shows a representative SAXS pro®le for the complexes

considered in this study. The peak positions represent the

hk0 re¯ections one would expect for a long-range ordered,

hexagonal array of cylinders. CTAB exists in a hexagonally

close-packed cylindrical phase at its experimental concen-

tration in sodium bromide solution [12] and it is these

CTAB cylinders which are responsible for the hexagonal

order of the complex. It is important to mention that the

complexes self-assemble into highly ordered arrays imme-

diately upon mixing since the same degree and type of

hexagonal order was observed even in the absence of the

stressing polymer.

Osmotic stress data for the PAA±CTAB complexes are

given in Fig. 3. Each point represents the distance between

the CTAB cylinders in a particular complex, as determined

from the (100) X-ray diffraction signal measured at the

corresponding osmotic pressure. Interaxial distances were

calculated as �2= ��
3
p �d�100�: At each ionic strength, the inter-

axial forces are exponential, with decay lengths of 0.031 and

0.063 nm for 10 and 100 mM NaBr, respectively. Thus, a

10-fold increase in ionic strength causes the decay length to

double. This translates into increased compressibility at

higher ionic strengths: compression occurs over a 0.02 nm

range in the 100 mM NaBr environment, where compres-

sion over a 0.01 nm range is observed at 10 mM NaBr. As

the ionic strength is reduced, the interaxial spacings become

smaller. This is reasonable, considering that at higher ionic

strength the entropic driving force for the release of counter-

ions upon adsorption of the polyelectrolyte chain will be

reduced. Since fewer binding sites will be vacated by the

departing counterions, the polyelectrolyte will naturally

have fewer surfactant binding sites available to it upon

adsorption. Therefore, more of the polyelectrolyte chain

will be allowed to explore the interstitial space, which

leads to an increased distance between the surfactant

moieties at higher ionic strengths.

At this point, it is not clear to us what molecular length

scale the measured exponential decay lengths correspond to.

The decay lengths do change with ionic strength, but in an
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Fig. 2. Representative SAXS intensity pro®le for PAA±CTAB complex in

10 mM NaBr. The peak positions correspond to the hk0 diffraction signals

of a hexagonally close-packed cylindrical structure.

Fig. 3. Forces between CTAB cylinders in PAA±CTAB complexes bathed

in 10 mM NaBr (®lled circles) and 100 mM NaBr (open circles) at 258C.

The data shown here follow an exponential decay with decay lengths of

0.031 and 0.063 nm for the 10 and 100 mM NaBr solutions, respectively.



opposite direction to that which one would expect for a

Debye screening length. More experiments at different

polymer molecular weights and charge densities have to

be performed to determine precisely how the decay length

depends on the environmental parameters of the system.

3.2. DNA cholesteric pitch measurements

Liquid crystals of DNA are the simplest model systems

for DNA packing in nature, as observed in cell nuclei and

bacteriophage heads [13]. In monovalent salt solutions,

DNA exhibits the following sequence of liquid crystalline

phases with decreasing DNA concentration [14]: crystalline

(hexagonal, orthorhombic), hexagonal, line hexatic, choles-

teric, blue phase, and isotropic.

Despite our knowledge about the structure of single DNA

molecules, it is not completely clear how they interact inside

the DNA liquid crystals. To illustrate this, consider the DNA

cholesteric phase in 0.5 M NaCl, for which the average

interaxial distance between molecules ranges from 3.5 to

about 5.5 nm, and where the Debye screening length is

4.2 nm. This results in a typical surface to surface distance

from 1.5 to 3.5 nm, assuming a DNA diameter of 2.0 nm.

Thus, under these conditions, the average distance between

the DNA surfaces is about 3±8 times larger than the screen-

ing length. If DNA molecules encounter one another

through electrostatic interactions, why do DNA liquid crys-

tals exhibit cholesteric twist?

The answer may be found in the equation of state for

DNA liquid crystals. Recently, it was shown that there is

a ¯uctuation-enhanced repulsion between DNA molecules,

which dominates the interaction for interaxial distances

greater than 3.5 nm [6,7]. The ¯uctuation-enhanced repul-

sion is entropic in origin and results from the bending ¯uc-

tuations of DNA molecules which experience screened

electrostatic repulsion. A similar mechanism could explain

why there are chiral interactions between DNA molecules.

Even though DNA molecules are far apart on an average,

because of bending ¯uctuations, they occasionally come

close enough to experience strong electrostatic repulsion,

and consequently, chiral interactions. The question then

presents itself: are there ¯uctuation-enhanced chiral inter-

actions?

To address this question, we have systematically

measured the DNA cholesteric pitch as a function of osmo-

tic pressure and ionic strength. The solution properties of

DNA, such as its helical pitch and charge density, are well

known [15]. By studying the cholesteric pitch and liquid

crystalline defect structures as a function of salt concentra-

tion and DNA density, we hope to connect the microscopic

helical structure to the long-range order of its mesophase

[16].

Representative defect structures of DNA cholesteric

spherulites [17] at three different DNA densities are

shown in Fig. 4. These spherulites form in the presence of

the PEG stressing solution because of surface tension

between the solution and the cholesteric DNA liquid crystal.

At low DNA densities, a double spiral structure is found

(Fig. 4(a)). The defect line in the middle is a diametrical

x disclination line of strength� 1, running perpendicular to

the viewing plane and penetrating through the full diameter

of the spherical DNA droplet.

At higher DNA densities, radial x disclination lines of

strength� 2 are found (Fig. 4(b) and (c)). When the choles-

teric to hexatic (or hexagonal) transition is approached, the

middle part of the cholesteric turns black, which suggests

that the inside may be nematic, oriented perpendicular to the

viewing ®eld. The cholesteric liquid crystalline bending

stiffness seems to be enhanced close to the transition as

the central twist-layers bend with a smaller radius of curva-

ture, expelling cholesteric twist from the regions whose

radii are smaller than some critical value.

Fig. 5 shows the DNA cholesteric pitch of spherulites as a

function of applied osmotic pressure. At low osmotic pres-

sures, the cholesteric pitch seems to be independent of

osmotic pressure whereas towards the cholesteric to hexa-

gonal transition, the pitch diverges [18]. Above 19% PEG

(pitch� 5.3 mm) the cholesteric phase ceases to exist, indi-

cating a discontinuous jump to in®nity in the cholesteric

pitch as the hexagonal phase is approached.

From such pitch measurements combined with X-ray

diffraction to determine the DNA interhelical distances

[7], we will be able to measure the average twist angle

between DNA molecules as a function of salt concentration

and interhelical distance. Together with new theoretical

insights into the nature of chiral interactions [19], we

hope to be able to make the connection between micro-

scopic and macroscopic mesophase chirality.
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Fig. 4. Cholesteric DNA spherulites bathed in PEG � �MN � 35; 000 g mol21� solutions of increasing concentration at pH 7.5, 0.5 M NaCl, and: (a) 11% PEG;

(b) 16% PEG; and (c) 17% PEG. The distances between the striations represent a cholesteric pitch of 2.4 mm for each of the spherulites shown.



4. Conclusions

We have demonstrated the great potential of the osmotic

stress method for the study of the thermodynamics and self-

assembly of soft matter. Osmotic stress measurements can

be used to measure directly the forces between macromole-

cules and supramolecular assemblies, and consequently

their free energy of compaction as a function of parameters

such as composition and salt activity. We can, therefore, test

and compare the theories that predict the free energies of

self-assembled systems, or provide high-quality data for

systems where no such theories yet exist.
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Fig. 5. Cholesteric pitch of DNA liquid crystals versus osmotic pressure in

0.5 M NaCl. Inset shows polarizing optical micrographs of the correspond-

ing cholesteric DNA droplets: (a) 11% PEG; and (b) 19% PEG.


