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ABSTRACT: The liquid-crystalline phase of cell-free and nominally pure bacterial levan in water is shown
to depend on the presence of DNA. The necessary concentrations of DNA are 2 orders of magnitude
lower than those needed to stabilize a mesophase in aqueous solutions of DNA on its own and are similarly
small in comparison to the number concentration of the globular levan molecules. A partial phase diagram
for liquid crystallinity in the ternary system water/levan/DNA is mapped out. A model is proposed in
which the levan and DNA associate noncovalently, to produce supramolecular, rodlike aggregates. The
term “chimeric liquid crystal” is coined to denote a mesophase based on such rods assembled from otherwise
unrelated molecular species. The model can account for several characteristics of the liquid-crystalline
phase of bacterial levan, including the unexpected observation that liquid crystal phase formation is
accompanied by a continuous increase in viscosity.

Introduction

Levan is a branched biopolymer assembled from
D-fructose monomers. â (2 f 6) linkages occur along
the main chain and within side chains, and branches
are attached to the main chain through â (2 f 1)
linkages (Figure 1). The molecular weight and degree
of branching depend on the levan source. Low molec-
ular weight levan with minimal branching can be found
in grasses;1,2 in contrast, levan produced by bacteria is
characterized by a high molecular weight3 which may
exceed 107, and there are side chains on up to 30% of
the main-chain residues.4 Large-scale production of
levan and regulation of the purity and molecular weight
are achievable by controlled bacterial synthesis. The
high molecular weight bacterial levans are being con-
sidered for a variety of applications that include biode-
gradable food packaging and coatings.2,5
Both materials processability and the control of

molecular alignment are important issues in the manu-
facture of packaging. The liquid-crystalline state (either
solution or melt) offers several well-documented advan-
tages in both of these respects.6-8 It has been demon-
strated9,10 that aqueous solutions of cell-free and nomi-
nally pure bacterial levan3 are able to form a nematic
liquid-crystalline phase at low concentrations and at
ambient temperatures (Figure 2). Subsequent research
has revealed how the addition of starch, a nonmesogenic
filler, affects the stability of the nematic phase.11
The phase diagrams for these systems were deter-

mined by turbidity measurements made with a UV-
visible spectrophotometer.10-12 Solution absorbance
spectra show a large peak centered at around 260 nm
(Figure 3); it is assignable to electronic transitions that
are characteristic of the aromatic groups found in
nucleic acid impurities.13 Since the levan molecule does
not itself contain such groups, the large 260 nm peak
should not be present in a molecularly pure sample. The
preparation of levan from bacterial cells3,14 implicates
a possible source of both DNA and RNA. Even though
the levan had been subjected to several purification

steps,3 the procedures used do not preclude a residual
presence of bound nucleic acid in the levan powder. In
this paper, we describe the methods that we used to
identify and remove the bound impurities. We then
present evidence that the “rods” responsible for the
liquid crystallinity in aqueous solutions of bacterial
levan are not polysaccharide molecules with an ex-
tended conformation but linear aggregates of globular
levan formed around cores of residual DNA.

Materials and Methods

Removal of Nucleic Acid Impurities. (a) Gel Electro-
phoresis. Gel electrophoresis was used to identify the type
(RNA or DNA) and approximate molecular weight of the
nucleic acid impurities.
Cell-free levan powder, synthesized by Bacillus polymyxa

bacteria,3 was obtained from the U.S. Army RD&E Center,
Natick, MA. A 5 wt % aqueous solution was prepared.
RNAse (Sigma Chemical Co., RNAse A Type 1-AS) was

prepared at a concentration of 10 mg/mL in 0.01 M sodium
acetate, followed by heating to 100 °C for 15 min, adjusting
pH to 7.4 with Tris-HCl, and storage at -20 °C. This protocol
ensures that the RNAse is free from contamination by DNAse.
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Figure 1. Schematic representation of a branched levan chain
and its fructose monomer.
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DNAse (Boehringer Mannheim, DNAse 1 grade 1) was
prepared at 10 mg/mL in a 1 mM MgCl solution.
A total of 10 µL of the levan solution was mixed either with

excess RNAse (2 µL) or with excess DNAse (2 µL) and
incubated at 37 °C for 30 min. A total of 2 µL tracking dye
containing bromophenol blue, xylene cyanol FF, glycerol, and
water was added before samples were loaded on the gel. A
third lane was loaded with 10 µL of the levan solution mixed
with 2 µL of the tracking dye only.
A standard molecular weight marker was prepared by

mixing 5 µL of Lambda Hind III ladder (Gibco BRL) with 5
µL of ddH2O and 2 µL of tracking dye.
Electrophoresis was performed on a 1 wt % agarose gel

prepared in TAE (40 mM Tris-acetic acid-1 mMEDTA) buffer.
The gel was poured in an 8.5 × 20.4 cm form, was run at 86
V for 2 h to obtain a straight dye front, and was stained in
ethidium bromide.
(b) Ion-Exchange Chromatography. Following identi-

fication of the nucleic acid impurities, the as-received levan
was purified by ion-exchange chromatography. A Bio-Rad
Macro-Prep DEAE ((diethylamino)ethylsa weak anion-ex-
change group with a pH stability in the range of 1-14) support
was chosen. Both RNA and DNA possess a net negative
charge, while levan carries zero net charge; therefore, levan
is able to travel through the matrix without binding. Distilled
deionized water was used as the eluent because levan is water
soluble and also because this choice obviates the need to
subsequently remove salt from the eluted levan solution.
Two sizes of columns were used: (1) Solubilized levan was

passed repeatedly over a short column (8 cm length, 2.5 cm

diameter) to obtain material of decreasing impurity content.
(2) On the basis of impurity characterization performed on
these samples, material used in all subsequent studies was
purified by passing solubilized as-received polymer through a
long column (32 cm length, 2.5 cm diameter).
Columns were poured and then washed with two bed

volumes of a 1.5 M NaCl aqueous solution. The salt was
removed with a wash of two bed volumes of ddH2O. A 10 mL
aqueous solution containing 2 wt % as-received bacterial levan
was equilibrated on a rotator for at least 2 h to allow all of
the powder to go into solution. The solution was then loaded
onto the column, using ddH2O as the eluent. Purified levan
exited the column with the eluent and was lyophilized into a
powder. The nucleic acids were then eluted from the column
with two bed volumes of 1.5 M NaCl to restore the column for
re-use.
Lyophilization of the purified levan was accomplished with

a UNI-TRAP lyophilizer Model 10-100 (Vitris Co.). Light
scattering (see below) verified that the levan was intact. Due
to slight differences in their purity, the batches of levan run
through the column were combined to provide a homogeneous
stock of powder for subsequent experiments.
Levan purified on the 32 cm column still contained detect-

able nucleic acid levels, as revealed by gel electrophoresis and
nucleic acid molecular probes. However, turbidity measure-
ments made with a UV-visible spectrophotometer were no
longer able to detect liquid-crystalline transitions in aqueous
solutions of this levan.
(c) Fluorescence Assays. The removal of nucleic acids

was monitored both by gel electrophoresis (as described above)
and with a nucleic acid molecular probe. YO-PRO (YO-PRO
1 in DMSO) from Molecular Probes, Eugene, OR, was used. It
is a monomeric probe whose fluorescence is almost zero when
unbound, and it possesses good photostability when fluoresc-
ing. The binding affinity to double-stranded DNA is very high,
and slightly lower for RNA and single-stranded DNA.15 YO-
PRO was purchased at 1 mM concentration in 1 mM DMSO.
Standard fluorescence curves were prepared using ctDNA
(Sigma Chemical Co., calf thymus DNA, activated) and tRNA
(Sigma Chemical Co., transfer RNA, type X-SA), which were
chosen for having molecular weights similar to those of the
nucleic acid impurities found in levan. Samples from 0 to
10 000 ng (nucleic acid)/mL (H2O/YO-PRO solution) were
prepared with a final volume of 500 µL and a YO-PRO
concentration of 2 µM. Aqueous levan samples at 0.5 wt %
levan were prepared from as-received levan, and from levan
that had been run over the short (8 cm) column either once,
twice, or three times. H2O/YO-PRO was added to these
samples to obtain a final volume of 500 µL and a YO-PRO
concentration of 2 µM, and the samples were then character-
ized by fluorescence spectroscopy. The samples were excited
at 485 nm on a Hitachi Model F-4500 fluorescence spectro-
photometer, and an emission spectrum was collected from 450
to 600 nm. Data points at 530 nm were used for comparison
and plotting. Both the excitation and emission slit widths
were set at 5 nm, and the scan speed for all measurements
was 240 nm/min. The standard nucleic acid curves were used
to estimate the amount of nucleic acid impurity present in
levan following various degrees of purification.
(d) Dynamic Light Scattering. Dynamic light scattering

was used to verify that the levan molecules were not damaged
by the ion-exchange column or by lyophilization. A dynamic
laser light scattering system, comprised of a Spectra Physics
Stabilite HeNe laser Model No. 124A and a Pacific Instru-
ments photomultiplier tube detector, was aligned for use. The
laser was set at a 20° apparent angle for the measurements.
Solutions of as-received levan and purified levan at 2.5 mg/
mL were prepared in ddH2O with 0.1 wt % sodium azide added
to combat microorganism growth. Measurements were taken
over time scales ranging from 40 to 200 ms. In order to enable
a direct comparison between the purified and unpurified levan
solutions, it was necessary to add microspheres (4.26 µm
diameter) to the purified sample to eliminate homodyning.16
Addition of Nucleic Acids. We found that the liquid-

crystalline phase transitions exhibited by solutions of as-
received levan were eliminated by purification, and therefore

Figure 2. Partial phase diagram for dilute aqueous solutions
of cell-free and nominally pure levan. The diagram differs in
slight detail from that published previously,10 due to automa-
tion of the data collection method.12 The representative points
U and L are determined from turbidity measurements and
correspond to points U and L in Figure 4.

Figure 3. Typical absorption spectrum (raw turbidity data)
acquired with the UV-visible spectrophotometer. The specimen
was a 4 wt % solution of as-received levan at 20 °C.
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we studied the effect of selectively adding back molecular
species similar to those that had been removed.
Since RNA represented a large percentage of the nucleic acid

impurities, 40 µg of transfer RNA (an amount close to the
impurity concentration in as-received levan as estimated from
the Nucleic Acid Molecular Probe experiments) was added to
a 5 wt % solution of purified levan. Transfer RNA (Sigma
Chemical Co., transfer RNA, type X-SA) was chosen: it is a
common type of RNA, and it has a molecular weight ap-
proximately equal to that of the RNA impurities found in the
levan and quantified by gel electrophoresis.
Because tRNA did not restore liquid crystallinity in solu-

tions of the purified levan, we prepared solutions of purified
levan containing various concentrations of added DNA. Solu-
tions were prepared at levan concentrations ranging from 1
to 7 wt %, containing ctDNA additions of 0.002 to 0.017 wt %.
Calf thymus DNA was used, for two reasons. First, it has a
molecular weight profile similar to that of DNA impurities that
were removed from the levan. Second, ctDNA can be obtained
readily in the relatively large quantities necessary for these
experiments.
Characterization of Liquid Crystallinity. (a) Trans-

mitted Polarized Light Microscopy (TPLM). It was
necessary to reassess the liquid crystallinity of aqueous
solutions following purification of the levan. Aqueous solutions
containing from 1 to 8 wt % purified levan were examined
using TPLM, as done previously10 for solutions of the as-
received polymer. Samples for microscopy were prepared from
each solution by transferring 10 µL aliquots of the fluid to glass
slides (precleaned Gold Seal Micro Slides, A-1450, Clay-Adams
Division, Becton Dickinson, used as-received). Two samples
were prepared at each concentration: one with a cover slip
(Corning No. 1 cover glass, Corning Glass Works, used
as-received) and one without. Samples were observed inter-
mittently by TPLM over several days.
TPLM was used similarly to characterize the water/purified

levan/tRNA and water/purified levan/ctDNA specimens. So-
dium azide was present at 0.1 wt % in all samples, to combat
microorganism growth.
(b) Turbidity Measurements. Turbidity measurements

were used in earlier experiments to determine the liquid-
crystalline phase boundaries for solutions of as-received levan;
the technique has been described in detail elsewhere.10,12 A
typical raw sample scan is shown in Figure 3. Data at 700
nm were plotted as a function of temperature, as illustrated
in Figure 4. Rapid changes of slope on such plots were used
to construct the phase diagram (Figure 2).
In the present studies, turbidity measurements were per-

formed on solutions of purified levan, in the concentration

range 1-7 wt % levan and from 10 to 70 °C. The water/
purified levan/tRNA and water/purified levan/ctDNA speci-
mens described above were characterized over the same
temperature range. Sodium azide was present at 0.1 wt % in
all samples, to combat microorganism growth.
(c) Viscosity Measurements. Liquid crystallinity in

polymer solutions is conventionally associated with low viscos-
ity, with useful consequences for processing. Viscosity mea-
surements were performed with a falling ball viscometer,17
designed for use on small volumes (approximately 100 µL) of
dilute solutions at room temperature (approximately 20 °C).
The capillary tube was inclined at 30°, measured from
horizontal. Experiments were performed on solutions of as-
received levan at concentrations from 1 to 6 wt %, and on
solutions containing 4 wt % purified levan and 0.0, 0.002,
0.004, 0.007, 0.010, 0.014, or 0.017 wt % ctDNA. Two samples
of each composition were prepared; five measurements were
made on each sample, with approximately 2 min elapsing
between measurements.

Results and Discussion
Removal of Nucleic Acid Impurities. (a) Gel

Electrophoresis. The agarose gel shown in Figure 5
demonstrates that nucleic acid impurities are present
in the as-received levan. Lane 2 shows that the impuri-
ties are spread over the whole molecular weight range
examined (see molecular weight markers in lane 1).
There is also a dense band centered slightly below 125
bp. Lanes 3 and 4 indicate that the dense band arises
from RNA content in the as-received levan, while the
highly polydisperse impurity is a combination of RNA
and DNA. In a control sample treated with both DNAse
and RNAse, the nucleic acid content was reduced to an
undetectable level (data not shown).
(b) Ion-Exchange Chromatography and Fluo-

rescence Assays. After identification of both RNA and
DNA impurities, ion-exchange chromatography was
used to remove the nucleic acids while preserving the
levan molecules intact. Figure 6 shows the decrease in
nucleic acid content with successive passes over the 8
cm Bio-Rad Macro-Prep DEAE ion-exchange column.
The majority of the nucleic acids were removed, as
determined both by nucleic acid molecular probes and
by gel electrophoresis (Figure 7).
(c) Dynamic Light Scattering. Figure 8 shows

spectra for as-received levan, purified levan, and puri-
fied levan with microspheres added. The time constant
obtained from the purified levan is approximately half
that obtained from the as-received levan; this homo-
dyning effect16,18 suggests that purification has either
(1) removed large impurities or (2) destroyed structures

Figure 4. Illustration of how a plot of absorbance versus
temperature provides information for constructing a phase
diagram. The data were obtained from a 4 wt % aqueous
solution of as-received levan. L and U identify the lower and
upper limits of the temperature range in which the sample
turbidity changes most rapidly (due to a continuously changing
volume fraction of liquid-crystalline material in the sample).
These limits define the correspondingly labeled points in
Figure 2.

Figure 5. Agarose gel showing the presence of nucleic acid
impurities in as-received levan. Lane 1: molecular weight
marker. Lane 2: as-received levan. Lane 3: as-received levan
plus RNAse. Lane 4: as-received levan plus DNAse.
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that are large in comparison to the levan molecules
recovered after purification.
Addition of the microspheres leads to a spectrum

comparable to that obtained from as-received levan. The
most simple interpretation of this result is that the
molecular weight distribution of the levan has not been
changed significantly by purification (i.e., its charac-
teristics are the same in all three samples), and that
the solutions of as-received levan contain impurities or
aggregates with a linear dimension similar to the size
of the microspheres.
Phase Behavior of Purified Levan in Aqueous

Solution. (a) Transmitted Polarized Light Micros-

copy. Microscopic examination of the solutions pre-
pared from purified levan revealed no evidence of liquid-
crystalline order. Either the ability of molecules to form
sufficiently anisotropic structures has been eliminated
by the purification or the domain size is now too small
to be resolved by this technique.
(b) Turbidity Measurements. Figure 9 demon-

strates the change in turbidity between the as-received
levan and the purified levan at 4 wt %, in the temper-
ature range 10-70 °C. The baseline turbidity of the
purified sample is lower, and the phase transitions
noted in Figure 4 are not present in the sample prepared
from purified levan. Similar observations were made
at all of the concentrations examined, providing the
initial evidence that one of the nucleic acid impurities
is necessary for liquid-crystalline order to develop in
aqueous levan solutions.
Addition of Nucleic Acids. (a) Turbidity Mea-

surements. As can be seen in Figure 10, addition of
tRNA to the purified levan had little effect. This is
unremarkable, since tRNA is not rodlike in shape,13 and
is not itself known to form liquid-crystalline solutions.
Rodlike moieties are needed to stabilize nematic order.19
Figure 11 demonstrates how additions of ctDNA affect

aqueous solutions of purified levan. Liquid-crystalline
transitions, similar to those seen previously in solutions
of as-received levan, occur in several of the water/
purified levan/ctDNA samples. It therefore became
appropriate to compile the phase transitions into a
ternary phase diagram. Conventionally, the diagram
would be referred to triangular coordinates, with the

Figure 6. Progression of nucleic acid removal with successive
passes over an 8 cm DEAE column.

Figure 7. Agarose gel comparing as-received and purified
levan. Lane 1: as-received levan. Lane 2: levan after purifica-
tion on a 32 cm ion-exchange column. Lane 3: molecular
weight marker.

Figure 8. Comparison of dynamic light scattering data for
as-received levan, purified levan, and purified levan with 4.26
µm diameter microspheres added.

Figure 9. Comparison of the turbidity profiles for 4 wt %
aqueous solutions of as-received and purified levan.

Figure 10. Absorbance data comparison for as-received levan,
purified levan, and purified levan with tRNA added. The levan
solutions were prepared at 5 wt % in each case; baseline
turbidities are therefore higher than those in Figure 9.
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three components plotted at the corners of an equilateral
triangle.20 However, our solutions are dilute with
respect to levan and especially ctDNA, so that the region
of interest would not be usefully resolved on such a
diagram (Figure 12). We therefore resorted to an older
but now little-used method of plotting phase diagrams
for three-component systems.21
A plot is made on Cartesian axes for each temperature

of interest. The units plotted along the two axes are
[amount of component B/amount of component A] and
[amount of component C/amount of component A].
Component A is the material present in the largest
concentration, in this case water. Data such as those
shown in Figure 11 are used to determine whether the
sample is in the isotropic, heterogeneous, or anisotropic
phase at specific combinations of temperature and
concentration. Figure 13 shows the phase diagram for

water/purified levan/ctDNA at 10 °C. Similar plots were
constructed at every 10 °C from 20 to 70 °C (Figure 14).
(b) Transmitted Polarized Light Microscopy.

The turbidity measurements were corroborated by
TPLM. No detectable liquid-crystalline textures formed
in the water/purified levan/tRNA solutions. In contrast,
water/purified levan/ctDNA samples that lie in the
liquid-crystalline region of the phase diagram at room
temperature exhibited nematic liquid-crystalline tex-
tures similar to those seen in solutions of as-received
levan.9,10
(c) Viscosity. It is convenient to address the viscos-

ity data for both water/as-received levan and water/
purified levan/ctDNA in a single section.
The results of measurements performed on solutions

of as-received levan are shown in Figure 15. There are
two significant features of this plot. First, there is more
scatter in the data at higher solution concentrations.
For the 4, 5, and 6 wt % solutions, successive measure-
ments on the same sample distinguishably yielded
increasing viscosity values, as is shown explicitly for the
two 6 wt % specimens in Figure 15. This trend is in
the opposite direction to what would be expected if
molecular weight degradation were occurring. Second,
the average value of viscosity increases monotonically
and rapidly with increasing concentration of the liquid-
crystalline phase. This behavior runs contrary to the
conventional wisdom that viscosity of a lyotropic system
should peak at concentrations within the heterogeneous
regime;8,22,23 in other words, the single-phase anisotropic
solution would normally have a viscosity comparable to
that of the single-phase isotropic solution. A molecular
model that is consistent with this unexpected effect is
offered below.
From the 20 °C data in Figure 11, it is seen that

solutions containing 4 wt % purified levan plus 0.002,
0.004, 0.007, 0.010, 0.014, or 0.017 wt % added ctDNA
fall within the heterogeneous region of the phase
diagram. Figure 16 presents the results of viscosity
measurements performed on these samples. The data
show a marked, continuous increase in solution viscosity
with the addition of ctDNA. Again, therefore, there is
no evidence of a viscosity maximum in the heteroge-
neous regime.
A comparison of Figures 15 and 16 reveals that

purifying the levan leads to a marked reduction in the

Figure 11. Absorbance data for purified levan (4 wt %
solution) with ctDNA added.

Figure 12. Schematic ternary phase diagram of water/
purified levan/ctDNA, using conventional triangular coordi-
nates.

Figure 13. Partial phase diagram for water/purified levan/
ctDNA at 10 °C. Phase boundaries are indicated approxi-
mately. In a system containing more than two components,
compositions that phase-separate are not restricted to forming
just two phases; the term “heterogeneous” (rather than “bi-
phasic”) is therefore used to denote the phase-separating
compositions.
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solution viscosity, regardless of whether or not ctDNA
has been added subsequently. This result suggests that
RNA makes a significant contribution to the viscosity
of solutions prepared from as-received levan. The three-
dimensional shape of tRNA resembles a “hand-held
drill”,13 which would promote a higher solution viscosity.
Also, given the tendency of RNA to copurify with levan
and DNA (evident from its presence in the as-received
material), it is possible that RNA promotes aggregation
within the solutions.
Molecular Model. A molecular model for solutions

of bacterial levan must accommodate all of the following
facts:
(1) Solutions of purified levan do not form detectable

liquid-crystalline phases, in contrast to solutions of as-
received levan.
(2) Solutions of purified levan are significantly less

turbid than solutions prepared from as-received levan.
(3) Light scattering indicates that structures with a

linear dimension of a few micrometers are present in

Figure 14. Partial phase diagram for water/purified levan/ctDNA at 10 °C intervals in the range 20-70 °C. Phase boundaries
are indicated approximately.

Figure 15. Viscosity measurements for as-received levan at
increasing concentration in water. Sets of five successive
measurements on each of two 6 wt % samples are also shown.
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isotropic aqueous solutions of as-received levan but not
purified levan.
(4) Levan molecules in solution have been shown

experimentally to adopt compact, spherically sym-
metrical, globular conformations.24 The globular mol-
ecules do not interact with each other to form aggre-
gates.24 Modeling studies that predict a left-handed
helical conformation for the molecules25 are less defini-
tive than the experimental work, because the models
consider only short molecular fragments and do not take
branching into account.
(5) Aqueous levan solutions form a liquid-crystalline

phase if DNA is present. The necessary concentrations
of DNA are 2-3 orders of magnitude lower (by weight)
than the concentration of levan. They are also ap-
proximately 3 orders of magnitude lower than the
critical concentration for lyotropic behavior in solutions
of pure DNA of comparable molecular weight. In our
experiments, the “typical” DNAmolecule (7.6× 106, the
estimated midpoint of the relevant band obtained in gel
electrophoresis) is ∼4 µm long and promotes liquid
crystallinity at concentrations as low as ∼0.07 mg/mL.
(The conversion from molecular weight to length is
achieved by noting that the weight of a single base pair
in DNA is 650, there are 10 base pairs in one repeat of
the double helix, and the length of the helix repeat is
34 Å.26) In the absence of levan, aqueous solutions of
DNA molecules that are ∼3 µm long do not form a
mesophase until a concentration of ∼13 mg/mL is
exceeded.27
Scaled in terms of the relative number of molecules,

liquid-crystalline solutions of composition 4 wt % levan
and 0.007 wt % ctDNA contain approximately 183 levan
molecules for every molecule of DNA. This estimate
uses the “typical” DNA molecular weight given above
and a “typical” levan molecular weight of 2.3 × 107 (the
midpoint of the measured molecular weight range3).
(6) The axial (length-to-width) ratio of the rods that

align in the liquid-crystalline phase of water/levan/DNA
is a decreasing function of temperature.10,12 This is
reflected in the finite, positive gradient of the phase
boundaries in Figure 2.
(7) The evolution of liquid-crystalline order in water/

levan/DNA solutions is accompanied by a continuous
increase in viscosity.
(a) Aggregates. These observations collectively and

consistently suggest that levan and DNAmolecules can
interact to form rodlike aggregates, which, if present
in sufficient concentration, can then become aligned in
the liquid-crystalline phase. DNA contributes geo-

metrical anisotropy to the aggregates, while bound levan
helps to raise the volume fraction of the rods above the
critical value needed to stabilize liquid-crystalline order.
Aggregation of globular biopolymer molecules into

rodlike structures capable of forming liquid-crystalline
phases has been recognized in several contexts. Ex-
amples include the assembly of F-actin from G-actin,28,29
microtubules from tubulin,30 Hemoglobin-S,31 and silk.32,33
The novel aspect of the levan/DNA aggregates proposed
here is that they incorporate two otherwise unrelated
types of molecules. For this reason, we use the term
“chimeric liquid crystal” to refer to the mesophase
formed by the aggregates at sufficiently high concentra-
tion. The type of interaction responsible for levan/DNA
binding has yet to be determined. However, the exist-
ence and effectiveness of such binding is demonstrated
by the difficulty of purifying the levan.
In the following sections, some characteristics of the

proposed aggregates are derived, and their consequences
are discussed in terms of the experimental data.
(b) Levan:DNA Ratio in Aggregates. As noted

above, the “typical” added ctDNA molecule is ap-
proximately 40 000 Å long. The diameter of double-
helical DNA is approximately 20Å.26 In aqueous solu-
tions of levan having a molecular weight distribution
comparable to that of our material, the “typical” mol-
ecule has a radius of gyration of ∼350 Å at 25 °C,24 i.e.,
an effective diameter of 700 Å.
Figure 17a schematically shows levan molecules

packed in a simple 2-fold configuration around a DNA
core. On the basis of the typical dimensions given
above, 114 levan molecules could associate with each
DNA core in this arrangement. Figure 17b shows a
simple 3-fold configuration of levan around DNA. In
this case, there can be as many as 171 globular levan
coils around each DNA rod. The central “hole” in Figure
17b can, in fact, accommodate a cylinder of up to 108 Å
diameter, or 88 Å larger than is necessary to fit the DNA
(the critical radius ratio of the hole relative to the
surrounding levans in this configuration is 2/x3 - 1).
Given that the levan coils are flexible, it might be
thought possible for them to distort so as to obtain a
close contact with the DNA. However, the necessary
distortion is a nontrivial fraction of the levan coil radius;
for a molecule that favors a randomized conformation,
the entropy penalty of such a distortion can be expected
to outweigh the enthalpic benefits of binding to another
molecule.34 A more likely refinement is that the levan

Figure 16. Viscosity measurements for 4 wt % solutions of
purified levan with varying amounts of ctDNA added. Figure 17. Simple packing schemes of spherical levan

molecules around a cylindrical (rodlike) DNA core. The diam-
eters of DNA and a typical levan molecule are shown ap-
proximately to scale.
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molecules pack densely in a spiral fashion around the
DNA core (one possibility is shown in Figure 17c),
implying a levan-to-DNA binding ratio between 114 and
171. This rough prediction is of comparable magnitude
to the experimentally estimated value of 183 noted
above. A further refinement of the model would incor-
porate the polydispersity of the levan.
The simple model, therefore, provides a basis for

understanding how the molecular order of levan in
water can be influenced significantly by comparatively
small amounts of DNA. A closer match between the
estimated numbers obtained from the model and from
experiment is not expected, for several reasons. First,
the purified levan is still not DNA-free. Second, our
experiments have not identified the minimum amount
of DNA needed to stabilize liquid crystallinity in a
solution of given levan concentration. Third, the de-
velopment of liquid-crystalline order need not require
all the levan to be bound to DNA. Finally, the polydis-
persities of the levan and DNA have not been incorpo-
rated in the geometric description of the model, and the
assignment of “typical” values of molecular weight was
done approximately.
(c) Axial Ratio of Aggregates Decreases as Tem-

perature Increases. The boundaries in the phase
diagram for water/as-received levan (Figure 2) have a
positive slope. Interpreted simply, this observation
suggests that the axial ratio of the rods constituting the
liquid-crystalline phase becomes smaller as the tem-
perature is raised.35 Previously, before recognizing the
role played by DNA in this liquid-crystalline phase, we
attempted to interpret the axial ratio change in terms
of changes in the persistence length of extended levan
conformations.10
From the dimensions of levan and DNA given above,

the diameter of a representative levan/DNA aggregate
can be estimated as follows:

Therefore, the approximate axial ratio is (length of a
“typical” DNA molecule)/(diameter of an aggregate) )
(4× 104)/1420≈ 28 for a “typical” aggregate. This value
lies above the critical axial ratio of ≈6 that several
models predict as necessary for rodlike moieties to self-
assemble into a liquid-crystalline phase.36
As temperature is increased, the levan coils expand.

Stivala indicates that the radius of gyration increases
to 41 nm at 57 °C.24 Therefore, the diameter of the
“typical” aggregate has increased:

The new axial ratio is (4 × 104)/1660 ≈ 24 (assuming
that the DNA length has not changed significantly).
Therefore, axial ratio decreases with temperature in-
crease.
If we assume that the interactions between ag-

gregates are “hard”, the critical rod volume fraction V*
required to stabilize liquid-crystalline order can be
estimated from Flory’s equation:

where x denotes the rod axial ratio.37,38 Substituting
the values of x as estimated above, we predict that V*
increases by approximately 0.04 on heating from 25
to 57 °C. However, increasing the temperature also
causes the aggregate volume fraction to increase, with-
out any more aggregates being added to the solution,
because the diameter of the aggregates increases as the
levan coils expand. One must, therefore, ask whether
this increase in volume fraction, at constant composition
by weight, could be sufficient to maintain liquid
crystallinitysin other words, can it provide the increase
in volume fraction required to compensate for the effect
of the decreased axial ratio? Given the aggregate
geometry described above, together with values for the
density of water 39 (997.0 kg‚m-3) at 25 °C and 984.7
kg‚m-3 at 57 °C), it is easily shown that the necessary
volume fraction increase of 0.04 would require an initial
volume fraction of at least 0.13. Therefore, in more
dilute solutions, additional aggregates must be intro-
duced to preserve stable liquid crystallinity if a sample
initially at the critical concentration is heated. This is
consistent with the positive slope of the boundary
between the isotropic and biphasic fields recorded in
Figure 2. The upper limit of the concentration range
in Figure 2 is dictated by sample viscosity: it is not
possible to prepare homogeneous samples or to perform
reliable characterization of liquid crystallinity at con-
centrations above 10 wt %.
Finally, we note that the increase in the radius of

levan coils on heating means that fewer can be accom-
modated in a single aggregate (it will not be possible to
pack as many around a DNA molecule); the free levan
will disrupt the ability of the aggregates to align. More
aggregates per unit volume will, therefore, be needed
to compensate for this and stabilize liquid-crystalline
order.
(d) Viscosity. Figure 15 shows that solution viscos-

ity for as-received levan increases monotonically as
concentration increases. In the isotropic state, the
viscosity-concentration dependence simply reflects the
increased chance of aggregate interaction at higher
concentrations. The fact that the viscosity continues to
increase as concentration rises above the critical value
for single-phase liquid crystal formation can be assigned
to three factors. First, the levan is polydisperse, so the
aggregates would not have the simple cylindrical or
lathlike geometry conventionally associated with the
rods in a nematic or cholesteric liquid crystal. The
aggregates would necessarily have a rough profile,
which precludes an ability to slide past each other
easily, even though they can align. Second, because the
aggregates consist of noncovalently bonded species, it
is expected that levan can be dislodged during shear,
enhancing further the surface topography of the ag-
gregates. Successive measurements made on a given
sample at short time intervals ought therefore to detect
an increase in viscosity that is especially marked in
more concentrated samples, as is observed. (This same
observation leads us to discount possible incidences of
single levan molecules binding to two or more DNA
molecules. Such cross-links would be especially sensi-
tive to shear. Were they initially present in any
significant concentration, successive viscosity measure-
ments on a given sample should tend toward a lower,
not higher, value of viscosity.) Third, even though the
overall proportion of levan to DNA remains constant as
the concentration of as-received “levan” increases, the
concentration of any unassociated levan dispersed in the

aggregate diameter )
(2 × “typical” levan diameter) + DNA diameter

) (2 × 700 Å) + 20 Å at 25 °C

) 1420 Å

aggregate diameter )
(2 × 820 Å) + 20 Å ) 1660 Å at 57 °C

V* ≈ 8
x (1 - 2

x)
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solvent can increase, also promoting a rise in viscosity.
Adding ctDNA to a solution of purified levan (Figure

16) will enable aggregate formation, leading to increased
molecular interaction and increased viscosity. Again,
the aggregate geometry must reflect the polydispersity
of the levan, precluding easy relative displacement and
conventional (low-viscosity) liquid-crystalline behavior.
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