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Abstract

The polyelectrolyte behavior of g-irradiated pullulan in aqueous solutions leads to secondary effects of adsorption
on a Shodex OHPak KB 806 column gel during size-exclusion chromatography. Suppression of the polyelectrolyte
properties of g-irradiated pullulan is achieved by using a 0.05 M aqueous solution of NaH2PO4 (pH 4.95) as the
mobile phase. Under these conditions, adequate molecular-weight distributions of g-irradiated pullulan samples are
obtained. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Investigation of processes of the radiation–
chemical destruction of polysaccharides is im-
portant for understanding mechanisms of
ionizing radiation effects on biopolymers, and
because of possible applications. The state of
the art of the radiation chemistry of polysac-
charides has recently been reviewed by Ershov
[1]. Substantial progress in this field during the
last few decades has stimulated the use of
polysaccharide radiolysis in the pharmaceuti-
cal industry for production of blood-plasma
substitutes [2,3].

It is well known that g-irradiation results in
a decrease in the molecular weight of polysac-
charides and in the viscosity of their solutions
[4]. Polysaccharide radiolysis is accompanied
by chemical modification of the polymer

molecules [5], in particular, by formation of
carbonyl, carboxyl, and keto groups [6–8].
The newly formed groups in polysaccharide
macromolecules change their physical proper-
ties [9], which can lead to polyelectrolyte be-
havior of these compounds in solutions, as has
been earlier demonstrated for dextran [10].

High-performance size-exclusion chro-
matography (SEC) is known to be an efficient
tool for investigation of molecular-weight
parameters of polymers including polysac-
charides and their derivatives. However, some
secondary effects, such as ionic interactions
between the stationary phase and the polymer
can distort the actual size distribution of poly-
mer molecules. These effects are especially
pronounced in the case of polyelectrolyte
molecules due to the electrostatic field sur-
rounding the polyionic molecule [11].

Stringent requirements imposed on the
quality of polysaccharide-based blood-plasma-
substituting preparations lead to the necessity
of developing methods for accurate evaluation
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of the molecular weights and molecular-
weight distributions (MWDs) of polysaccha-
ride substances. In the present work we
develop an adequate method for measuring
the MWD of g-irradiated pullulan and investi-
gate the effect of eluents on its chromato-
graphic separation.

2. Experimental

The sample of irradiated pullulan was pro-
duced by g-irradiating a native pullulan solu-
tion (Belmedpreparaty Pharm. Co.) with a
dose of 50 kGr. Conditions of g-irradiation
are described elsewhere [7]. The intrinsic vis-
cosity of the irradiated pullulan sample [h ]
was equal to 0.235 dL g−1. The weight-aver-
aged molecular weight (Mw) of the irradiated
pullulan sample was calculated by the Mark–
Kuhn–Houwink equation with the constants
K=4.73×10−4 and a=0.57, which were
evaluated earlier for polydisperse samples of
g-irradiated pullulan (P.T. Petrov, unpub-
lished data) and had the value Mw=54,000.
This sample was separated by gel filtration
into 40 fractions using a Sephadex-G200
(Pharmacia) column (120×5 cm i.d.). The
fractions were collected and lyophilized and
were the subjects of the present investigation.

Intrinsic viscosities [h ] of fractions in sol-
vents used as eluents were measured on an
Ubbelohde dilution viscosimeter at 25.09
0.1 °C. In cases when the concentration de-
pendence of the intrinsic viscosity could not
be extrapolated to zero dilution, the intrinsic
viscosity was calculated by Fedors’ equation
[12,13].

The change in the chemical structure of
pullulan and the appearance of the newly
formed functional groups lead to changes in
the UV absorption spectra of the polysacchar-
ide. UV absorption spectra of 1% (w/w) solu-
tions of the original irradiated pullulan sample
and its fractions in 0.025 M phosphate buffer
(pH 6.89) were recorded on a Perkin–Elmer
409 spectrophotometer within the range 200–
300 nm in a 10-mm quartz cell. The reference
cell was filled with the same 0.025 M phos-
phate buffer.

The chromatographic analysis was carried
out using a liquid chromatography system

equipped with a Waters 410 differential refrac-
tometer. A Shodex OHPak KB 806 (300×8
mm i.d.) column with a void volume V0 of
7.68 mL, as determined from the dextran T-
2000 (Pharmacia) elution peak, and a total
volume VT of 11.533 mL, as determined from
the D2O retention peak, was used for separa-
tion. From the values V0 and VT, and the
values of retention volume VR, the equilibrium
distribution coefficients KD= (VR−V0)/(VT−
V0) [17] were calculated for each of the frac-
tions collected. Calibration curve parameters
were calculated using the GPC option of the
MILLENNIUM32 software package (Waters)
[14]. In experiments on investigation of
MWDs, the injection volume Vi was 20 mL,
the polysaccharide concentration was 0.1%
(w/w), and the mobile phase flow rate was set
to 0.80 mL min−1. Milli-Q filtered distilled
water (18.2 MV cm−1, pH 5.5) and 0.05 M aq
NaH2PO4 solution, pH 4.95 were used as
eluents.

The order of injections of irradiated pullu-
lan fractions and standards was followed as
described in Ref. [15]. Intrinsic viscosity val-
ues of pullulan standards were calculated
using the coefficients of the Mark–Kuhn–
Houwink equation K=2.21×10−4 and a=
0.66 [16] for both eluents, since pH and the
ionic strength do not affect hydrodynamic
properties of a neutral polysaccharide within
the range of molecular weights under investi-
gation [17].

The universal calibration log(MP[h ]) versus
VR, where MP is the peak molecular weight
obtained using P 82 pullulan standards
(Shodex) under corresponding conditions, was
used for the calculation of molecular weights
(M) of fractions of the irradiated pullulan
sample.

3. Results and discussion

Upon separation in an aqueous solution,
elution curves of irradiated pullulan fractions
had two or three peaks (Fig. 1). This can
occur due to either nonequilibrated separation
on the Sephadex column or effects of the
secondary sorption on the gel of the Shodex
OHPak KB 806 during high-performance
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SEC. However, the viscosity distribution
curve (wi [h ]i/Swi versus [h ], where wi and [h ]i

are weights and intrinsic viscosities of individ-
ual fractions) of the original sample was uni-
modal (Fig. 2).

Appearance of newly formed carboxyl and
a-oxyketo groups in the structure of glucopyr-
anose rings upon g-radiolysis of an aqueous
polysaccharide solution leads to a change in
the hydrodynamic and conformational prop-
erties [9]. The presence of these groups in the
macromolecular structure makes it possible
to consider carboxy derivatives of neutral
polysaccharides as weak polyelectrolytes. We
hence concluded that the secondary sorption
of modified pullulan macromolecules on the Fig. 3. Equilibrium distribution coefficient KD as a function

of log M for fractions of g-irradiated pullulan sample (	) and
pullulan standards (
). The solid curve approximating pullu-
lan standards points was plotted by using a polynomial
least-squares regression.

Fig. 1. Elution curves of aqueous solutions of fractions of
g-irradiated pullulan sample with molecular weights of
108,000 (–) and 10,300 (- - -). Shodex OHPak KB 806
column; flow rate 1 mL min−1. Detector response (y-axis)
expressed in millivolts.

gel of the analytical column takes place upon
elution of irradiated pullulan fractions in wa-
ter due to the presence of charged functional
groups in polymer molecules. This adverse
effect precludes an adequate interpretation of
a chromatogram, in particular, calculation of
molecular weights and the MWD analysis.

In order to provide screening of charges of
the newly formed functional groups in irradi-
ated pullulan, we varied the ionic strength and
pH of the mobile phase by adjusting the con-
centration of NaH2PO4. The screening of the
charge of a polymer chain in salt solutions
results in a decrease in the hydrodynamic
volume of macromolecules compared with
that in aqueous solutions. In addition, salt-
containing solvents inhibit polyelectrolyte be-
havior of the polymer and the secondary
sorption of the polymer on the column gel.
We have found that the 0.05 M NaH2PO4

solution (pH 4.95) meets the above require-
ments, and therefore this solution was chosen
as the mobile phase.

The fractions of the irradiated pullulan
sample were found to show different behavior
upon SEC compared with pullulan standards,
as follows from the dependences of the equi-
librium distribution coefficient KD on log M
presented in Fig. 3, which makes it possible
to conclude that compaction of radiation-
modified pullulan molecules takes place.

Fig. 2. Viscosity distribution of the original sample of g-irra-
diated pullulan.



K.I. Shingel et al. / Carbohydrate Research 324 (2000) 283–287286

It should also be noted that the difference
between SEC retention times and coefficients
KD of fractions of the irradiated pullulan sam-
ple and pullulan standards increases with de-
creasing molecular weight (Fig. 3).

This can take place as a result of a depen-
dence of the degree of modification on the
molecular weight of a fraction of the irradi-
ated polysaccharide. Indeed, earlier [6] we
have shown for g-irradiated dextran that frac-
tions with a lower molecular weight have a
higher degree of modification. This should

also be expected for pullulan. In order to
verify this assumption, we analyzed the depen-
dence of UV absorption of fractions of the
irradiated pullulan sample on their molecular
weight. The UV absorption spectrum of irra-
diated pullulan is characterized by a wide
band with a maximum in the region of 255–
260 nm. The presence of the absorption maxi-
mum in this spectral range substantiates the
appearance of a-oxyketo groups, and its in-
tensity is proportional to their concentration
[6]. The dependence of the optical density,
D255, at 25595 nm of fractions of the irradi-
ated pullulan sample on their molecular
weights has a complicated character (Fig. 4).
Generally, the optical density, D255, increases
with decreasing molecular weight, which
reflects peculiarities of the radiation-induced
destruction of pullulan accompanied by for-
mation of new functional groups. Appearance
of the newly formed carboxyl, oxyketo, and
carbonyl groups in the structure of polysac-
charide molecules substantially affects the
conformational properties of the polymer and
thus can explain the increase in differences in
the SEC retention times and KD values for
fractions of the irradiated pullulan sample and
pullulan standards with decreasing molecular
weight (Fig. 3).

The use of the 0.05 M NaH2PO4 (pH 4.95)
as a mobile phase in SEC of g-irradiated
pullulan leads to screening of the residual
charges of groups in the modified polymer,
which makes it possible to measure MWDs of
g-irradiated pullulan within the entire range of
molecular weights investigated. We illustrate
this by the successful calculation of the MWD
of the original (nonfractioned) sample of g-ir-
radiated pullulan from its elution curve in 0.05
M aqueous solution of NaH2PO4 (Fig. 5). The
weight- (Mw) and number-averaged (Mn)
molecular weights of the original sample cal-
culated from the SEC data presented in Fig. 5
(Mw=54,300 and Mw/Mn=2.25) perfectly
agree with those calculated from the molecu-
lar weights of its fractions measured under
identical conditions (Mw=53,700 and Mw/
Mn=2.10).

To summarize, we have found SEC condi-
tions suitable for the measurement of the
MWD of g-irradiated pullulan. The polyelec-
trolyte behavior of radiation-modified pullu-

Fig. 4. Optical density of fractions of g-irradiated pullulan
sample measured at 25595 nm as a function of the molecu-
lar weight. Concentration 1% (w/w); solvent: 0.025 M phos-
phate buffer (pH 6.89).

Fig. 5. MWD of the original sample of g-irradiated pullulan
(MW=54,300 and MW/MN=2.25) calculated from its elution
curve in 0.05 M aqueous solution of NaH2PO4.
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lan that manifests itself in the elution process
is inhibited by the use of a salt solution as the
eluent. Elution in a salt solution prevents the
secondary sorption of the polysaccharide on
gel and/or charge–charge repulsions along the
backbone of the polymer chain and provides
an adequate interpretation of elution curves
when investigating MWDs of g-irradiated
pullulan.
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