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Abstract
Double helical polysaccharide, xanthan samples with varying molar mass were thermally denatured and renatured in dilute
solutions. Both the weight average molar mass, which was determined by size exclusion chromatography (SEC), and
viscosity average molar mass decreased after denaturation and renaturation for samples with an initial molar mass of 106 g
mol−1, but those for the samples with an initial molar mass of 105 or 107 g mol−1 decreased only slightly. Although the
double helices of xanthan only partially dissociated into single chains, the molar mass distribution estimated by SEC did not
broaden drastically by the denaturation and renaturation. These results can be explained by the formation of hairpin
structures by the single chains, which are restricted to xanthan with a molar mass of 105 g mol−1 by the strain of the hairpin
loop, and for xanthan molar masses of 107 g mol−1 by the incomplete dissociation of its long polymer chains.

Introduction

Xanthan is a double-helical polysaccharide used to control
viscosity in foods and cosmetics [1]. The double helical
structure provides rigidity to the main chains of xanthan,
which has a persistence length of 100–120 nm, and these
rigid main chains enhance the viscosity of aqueous solu-
tions [2–4]. It is known that the double helices can be
unwound in aqueous solutions with low ionic strengths at
high temperature (denaturation) and rewound in solutions
with high ionic strengths at low temperature (renaturation).

Because products containing xanthan can be exposed to
temperature changes during processes such as cooking, the
denaturation and renaturation behaviors of xanthan are
important for its application. Liu et al. [5, 6] carried out
static light scattering and intrinsic viscosity measurements
for xanthan in a 0.01M aqueous solution of sodium

chloride heated at 80 °C, and concluded that the double
helices of xanthan were partially unwound from their ends
(the model in Fig. 1b was illustrated according to their
proposed model). On the other hand, Capron et al. [7]
reported that a double-helical dimer of xanthan dissociated
into two free coils, and each coil formed a hairpin structure
with a half molar mass as that before denaturation. How-
ever, Oviatt and Brant [8] argued that aggregates of rena-
tured xanthan formed due to the increased viscosity of its
solution. These results seem to contradict each other.

To elucidate the structural change of xanthan that are
induced by denaturation and renaturation, we prepared xan-
than samples with molar masses of 0.12–1.4 × 106 gmol−1 in
the native state by sonication and fractionation, and denatured
and renatured the samples under various conditions [9]. The
structural changes were investigated by circular dichroism
(CD) spectroscopy and size exclusion chromatography-on
line multi angle light scattering (SEC-MALS). While the
CD spectra of the renatured samples were very similar to
those of the native ones, the molar mass increased when the
samples were denatured and renatured in solutions with
high xanthan and salt concentrations, and the molar mass
after the renaturation was approximately half as that of the
native state when the samples were denatured and renatured
in solutions containing low xanthan and salt concentrations.
An increase in the radius of gyration was also detected for
xanthan samples that were denatured and renatured in
concentrated solutions, but was not remarkable comparing
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the increase in the molar mass, which suggests the forma-
tion of branched structures.

Based on the experimental results described above, a
model describing the structural changes of xanthan was
proposed and is as shown in Fig. 1. When xanthan is
denatured in concentrated solution, the double helices only
partially unwind (Fig. 1b). Renaturation induces inter-dimer
rewinding (between the coil 1 and coil 2, and coil 3 and coil
4), and the formation of aggregates, as shown in Fig. 1c. On
the other hand, when xanthan is denatured in dilute solu-
tion, the double helices dissociate into two free coils
(Fig. 1d), which form helices with a hairpin structure during
renaturation (Fig. 1e). Atomic force microscopy (AFM) of
the renatured xanthan samples supported the model shown
in Fig. 1 [10]. A branched helical structure, like Fig. 1c [11]
and a hairpin structure like Fig. 1e [12], which are formed
by unwinding and rewinding the helices, have already been
reported for DNA.

The model illustrated in Fig. 1 indicates that the structure
of xanthan formed by denaturation and renaturation is not
uniform, but can be changeable by the solution conditions.
This complicated behavior is one of the factors preventing a
comprehensive understanding of the denaturation and
renaturation of xanthan. Although there has been some
research investigating the denaturation and renaturation of
xanthan considering that it is changeable to the solution
conditions using various analyses such as viscoelastic
measurements [13], particle tracking microrheology [14],
and AFM [15, 16], structural changes of xanthan induced
by denaturation and renaturation is still under discussion.

In our previous study mentioned above, xanthan samples
of which molar masses were decreased by sonication, were
used because it is difficult to measure polymer samples with
very high molar masses. However, because decreasing the
molar mass of xanthan also decreases its ability to enhance
the viscosity of a solution, xanthan is used industrially
without decreasing its molar mass. We recently carried out
static light scattering and intrinsic viscosity measurements
for xanthan samples with a wider range of molar masses
including a sample without sonication, after they were

denatured and renatured in concentrated solution [17].
When the molar mass of xanthan was very high, the molar
mass, radius of gyration, and intrinsic viscosity increased
only slightly by the renaturation. This behavior can be
explained by assuming that intra-dimer renaturation
(rewinding between coil 1 and coil 3, and coil 2 and coil 4
in Fig. 1b) rather than inter-dimer renaturation occurred,
because xanthan samples with higher molar masses have
lower transition mobility.

In this manuscript, we focused on the molar mass
dependence of the structural changes of xanthan samples
that were denatured and renatured in dilute solution,
because xanthan is often used in dilute solutions [18].
Because the concentration for denaturation and renaturation
in this study was too low for the light scattering instrument
in our laboratory, size exclusion chromatography (SEC)
with an ultraviolet detector was conducted to estimate the
molar mass.

Experimental procedure

The xanthan samples used in our previous study were also
used in this report. The preparation procedures for the
solutions was same except for the concentrations of xanthan
and sodium chloride in our previous paper, which describes
the details of the sample preparation [17].

One sample with a weight average molar mass Mw of
4.65 × 106 g mol−1 was purchased from Tokyo Kasei Kogyo
and used without decreasing molar mass. The other samples
were kindly provided by Prof. Takahiro Sato at Osaka
University. These samples were prepared by sonication,
purification, fractionation, and neutralization, details of
which are described in his previous report [2]. All the
samples were dissolved in an aqueous solution containing
0.01M of sodium chloride, neutralized with dilute aqueous
solutions of chloric acid and sodium hydroxide, and pre-
cipitated in acetone.

To prepare “native xanthan” solutions, dried samples
were dissolved in an aqueous solution containing 0.01M of

Fig. 1 Schematic images of
native, denatured, and renatured
xanthan proposed in our
previous paper [9]
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sodium chloride, and stirred for more than 24 h before
measurements. “Renatured xanthan” solutions were pre-
pared as follows. First, dried xanthan samples were dis-
solved in water purified using a Millipore Direct-Q with an
electric resistivity of approximately 18MΩ cm. The solu-
tions were heated at 80 °C for 1 or 2 h by immersing the
solutions in a water bath. After heating, sodium chloride
was added to the solutions to fix its concentration to be 0.01
M. After stirring the solutions at room temperature for 24 h,
they were diluted with an aqueous solution containing 0.01
M sodium chloride when the concentration was too high for
the measurements. In the following, we will show the
results for the solutions renatured at 1.0 g L−1 of xanthan
and heated for an hour unless described explicitly.

The CD spectrometer and the measurement conditions in
this study were same as those in our previous study [17].
The denatured solution was prepared by dissolving xanthan
samples into pure water, and measured at 80 °C. The native
and renatured solutions were measured at 25 °C. The xan-
than concentration for all the samples was fixed at 0.5 g L−1.

A conventional Ubbelohde type capillary viscometer and
a four-bulb spiral capillary viscometer were used to deter-
mine the intrinsic viscosities [η] of the samples with molar
masses lower than 106 g mol−1 and those with molar masses
higher than 106 g mol−1, respectively. All the measurements
were carried out at 25 °C. The viscometers and the mea-
surement conditions were same as those in our previous

paper [17]. Viscosity average molar mass Mv was calculated
from [η] and the molar mass dependence of [η] for native
xanthan, which was reported by Sato et al. [2–4].

As shown in the following section, the CD spectrum of
renatured xanthan was very similar to that of native xan-
than, which showed that the double helical structure of
renatured xanthan was essentially identical to that of the
native xanthan. This suggests that the persistence length and
molar mass per contour length of the renatured xanthan,
which determine the molar mass dependence of the intrinsic
viscosity, are essentially identical to that of the native
xanthan. The CD spectra did not disprove the existence of
branched aggregates, as shown in Fig. 1 (c), and the bran-
ched structures can affect the molar mass dependence of the
intrinsic viscosity. However, as shown in the following
section, the intrinsic viscosity and molar mass estimated by
SEC for renatured xanthan were comparable or smaller than
those for native xanthan under the denaturation and rena-
turation conditions used in this study, which suggests that
the amount of the branched aggregates is low in the rena-
tured xanthan samples. We used the molar mass dependence
of [η] for native xanthan to calculate Mv for all the renatured
samples.

SEC was carried out with a Tosoh HPLC-8020 system
equipped with a UV-8020 ultraviolet detector. The detection
wavelength was 230 nm. An aqueous solution containing
0.01M of sodium chloride was eluted at 0.5 ml min−1 at 40 °
C. One guard column (TSKguardcolumn PWXL) and two
separation columns (TSKgel GMPWXL) were connected in
series. The exclusion limit molecular weight of the separa-
tion columns was 107 for dextran. All the columns were
products of Tosoh. Sample solutions were diluted to 0.2–0.3
g L−1 of xanthan, and filtered through hydrophilic poly-
tetrafluoroethylene filter units with pore size of 0.45 μm.

The xanthan samples of which Mw at native state were
determined by static light scattering in our previous study
[17], were used to create the calibration curve, which was
calculated to make the Mw measured by SEC to agree with
those measured by static light scattering. Because elution
time is determined by the dimension of polymers which is
affected not only by molar mass but also by the degree of
branching, the molar mass of the branched aggregates of
xanthan as shown in Fig. 1c cannot be estimated correctly
by using the calibration curve calculated above. However,
for the same reason mentioned in the calculation of Mv, we
used the calibration curves determined for the native sam-
ples for all of the renatured samples.

Results

CD spectra of the native, denatured, and renatured xanthan
samples with different molar masses are shown in Fig. S1 in

Fig. 2 A typical result of intrinsic viscosity measurements for xanthan
samples with high molar masses. (Mw= 4.65 × 106 g mol−1) (a) shear
rate dependence of the solutions and b concentration dependence of
the zero shear viscosities of the solutions. The data points in a are
shifted vertically with α shown in the figure
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the supplementary data. Whereas the spectra of denatured
xanthan differ from those for native xanthan, the spectra for
renatured xanthan were very similar to those for native
xanthan. These results indicate that double helices unwound
during the denaturation, but the local structure of the
renatured xanthan was recovered that of native xanthan
under the conditions used in this study. No distinct depen-
dence of molar mass was detected for the local structural
change induced by denaturation and renaturation. Similar
local structural changes of xanthan induced by the dena-
turation and renaturation was also detected in our previous
studies [9, 17].

Figure 2 shows a typical result of [η] measurements of
the renatured xanthan samples with high molar mass. A
typical results of [η] measurements for renatured xanthan
samples with low molar mass is shown in Fig. S2 in
the supplementary data. The [η] of both samples were
smaller than the respective native samples, which were
determined in our previous paper [17]. These results indi-
cate that a part of the xanthan dimers dissociated into single
chains during the denaturation, as shown in Fig. 1d, and
formed a hairpin structure during the renaturation as shown
in Fig. 1e. The Huggins coefficients k’ were obtained as
shown in the figures, and are normal, which suggest that [η]
was determined successfully.

Figure 3 shows typical SEC curves for the native and
renatured xanthan. The peak shifted to a longer retention
time, which is consistent with a decrease in [η]. It should be
noted that the peak for renatured xanthan was only slightly
broader than that of the native sample.

Similar results as shown in Figs. 2–3 were obtained for
xanthan samples with different molar masses, and their
results are summarized in Fig. 4. The ordinate indicates the
ratio of Mw or Mv of renatured xanthan to that of native one,
and the abscissa is Mw at the native state. The subscripts
“na” and “re” indicate native and renatured, respectively.
The result obtained by SEC-MALS for xanthan with Mw of

1.52 × 106 g mol−1 in our previous paper [9] is also shown
in the figure. The solution with 1.0 g L−1 of xanthan was
heated at 80 °C for 2 h, and renatured at 0.50 g L−1 in the
previous paper. The figure indicate that the molar mass of
renatured xanthan decreased to the half value for the sam-
ples with a Mw of 106 g mol−1 in the native state, but was
only slightly smaller than that of native xanthan for the
samples with Mw of 105 or 107 g mol−1 in the native state.

To promote the dissociation of xanthan dimers into sin-
gle chains, similar measurements were carried out with
solutions heated for a longer time (2 h) and at a lower
concentration (0.2 g L−1). Because the solutions at 0.2 g L−1

were too dilute for [η] measurements, we gave up to
determine Mv for this solution. The results are summarized
in Figs. S3 and S4 in the supplementary data. No distinct
change of the ratios of Mw and Mv were detected for the
concentrations and heating times that we tried in this study.

Discussion

Figure 4 indicates that the molar mass of the xanthan
sample with the molar mass of 106 g mol−1 in the native
state decreased by half by the denaturation and renaturation,
while it decreased only slightly for xanthan samples with a
molar mass of 105 or 107 g mol−1. The proposed model for
this behavior is shown in Fig. 5. When a xanthan dimer has
a high molar mass and a long double helix, the dissociation
into two free coils is suppressed because the dissociation
requires complete unwinding of the double helix. For the
xanthan samples with the molar mass of 107 g mol−1 in the
native state, the double helices of the xanthan dimers par-
tially unwound during the denaturation, and the unwound
coils recover their original structure during the renaturation.

Fig. 3 A typical result of SEC measurements for native and renatured
xanthan samples (Mw= 4.85 × 105 g mol−1) and the calibration curve
to calculate molar mass

Fig. 4 Ratios of Mw and Mv of renatured xanthan to those of native
xanthan. The solutions with concentration of 1.0 g L−1 were heated for
1 h for denaturation. The line is for eye guide
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When a xanthan dimer has a low molar mass and a short
double helix, it is dissociated into two free coils during the
denaturation, but the formation of the hairpin structures is
suppressed during the renaturation. The suppression of the
hairpin structure formation is caused by the rigidity of the
free coils of xanthan. Liu et al. [5, 6] estimated the persis-
tence length of the unwound coils qcoil to be 21 nm, and the
molar mass per contour length ML,coil to be 750 nm−1 by
fitting the radius of gyration and [η] determined experi-
mentally for denatured xanthan to those calculated assum-
ing the model shown in Fig. 1b. This value of the
persistence length indicates that the free coils of xanthan
are not flexible, but semi-flexible. Instead of forming
the instable hairpin loop, the coils are rewound into
double helices with other coils to recover the original
structure.

To avoid distortion caused by the formation of the
hairpin loops, the coils have to form circles with radii longer
than qcoil (21 nm). The circumference of a circle with a
radius of qcoil divided by the contour length of the dis-
sociated coils is defined as fdis, and can be calculated using
molar mass at native state Mw as follows:

fdis � 2πqcoil
Mw= 2ML;coil

� � ð1Þ

When the circumference is longer than the contour
length, fdis is defined as 1. While fdis was 1 below the
molar mass 1.98 × 105 g mol−1 in the native state, and
remained well below the molar mass of 5 × 105 g mol−1 in
the native state, it became low around the molar mass of
106 g mol−1 in native state. The decrease of fdis with an
increase of the molar mass suggests that the slight decrease
of the molar mass by the denaturation and renaturation
was caused by the instability of the hairpin loop for xanthan
with the molar mass of 105 g mol−1 in the native state.
(See Fig. 6)

The assumption that xanthan with a molar mass of 105 g
mol−1 in the native state tends to recover its double helical
structure, and to form the hairpin structures with an increase
of the molar mass, can explain the narrow molar mass
distribution of the renatured xanthan measured by SEC
shown in Fig. 3. To calculate the molar mass distributions,
we introduced a parameter denoting the rate of dissociation,
rdis. It is assumed that the probability for a xanthan dimer to
dissociate into two coils with a half molar mass is rdis, and
that to recover the original structure with the same molar
mass is 1-rdis. The parameter rdis was determined to best fit
the calculated molar mass distribution determined by the
SEC measurements.

The molar mass distribution was calculated by assum-
ing two types of molar mass dependence of rdis as shown
in the upper part of Fig. 7. The lower part of Fig. 7
summarizes the typical molar mass distributions; deter-
mined by the SEC measurements, calculated by assuming
rdis is independent from the molar mass, and calculated by
assuming rdis is dependent on molar mass, as shown in the
upper part. It clearly shows that the molar mass distribu-
tion calculated by assuming the variable rdis fits the dis-
tribution determined by the SEC measurements, while the
distribution calculated by assuming constant rdis was sig-
nificantly broader than the one determined by the SEC
measurements.

Molar mass distribution was also calculated for the other
xanthan samples, and summarized in Fig. 8. The ordinates
indicate the ratio of Mw to the number average molar mass

Fig. 5 Schematic images of
native, denatured, and renatured
xanthan with various molar
masses in dilute solutions

Fig. 6 Molar mass dependence of the fraction of the xanthan chain
distorted to form a hairpin loop to the whole chain
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Mn. Unfortunately, the molar mass distribution could not be
determined precisely for two samples with high molar
masses because of a tailing effect. As shown in Fig. 8, the
molar mass distribution calculated by assuming the variable
rdis agreed well with that measured by SEC, while that
calculated by assuming the constant rdis was broader than
that measured by SEC. This result also supports the molar
mass dependence of the denaturation and renaturation
behaviors, as proposed in Fig. 5.

Conclusion

The thermally denaturation and renaturation behaviors of
xanthan samples with various molar masses in dilute solu-
tions were investigated. Both Mw as determined by SEC
measurements and Mv as determined by [η] measurements
indicated that the molar mass decreased only slightly for
xanthan samples with a molar mass of 105 and 107 g mol−1

by denaturation and renaturation, while it decreased by half
for xanthan samples with an initial molar mass of 106 g mol
−1.The suppression of the decrease can be caused by the
long double helices for xanthan samples with molar mass of
107 g mol−1, and by the instability of the hairpin loop for
xanthan samples with molar mass of 105 g mol−1. This
model is supported by the molar mass distribution of the
renatured xanthan determined by SEC.

The results in this paper and our previous papers [9, 10,
17] indicates that the denaturation and renaturation beha-
viors of xanthan are not uniform, but changeable by many
factors such as the concentration and molar mass of xan-
than. The temperature and pH of solution, which were fixed
in this study, can also change the denaturation and rena-
turation behaviors of xanthan. The denaturation and rena-
turation behaviors of xanthan should be discussed with
respect to the differences in the solution conditions. For the
conditions, which we investigated in this paper and our
previous paper [17], the change induced by the denaturation
and renaturation was not drastic for xanthan used indust-
rially (molar mass of ~107 g mol−1). The stability of the
dimension and viscosity enhancement to the thermal dena-
turation and renaturation of xanthan with high molar mass
can be an advantage for using xanthan as a viscosity
enhancer.
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the figure
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