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The physicochemical properties (viscosity, surface tension, zeta potential, size measurement) of Pullulan,
DEAE-Pullulan (DSp = 0.8) (DSy is the degree of substitution of total nitrogen groups per anhydroglucose
units (AGU)) and the alkylated derivatives Y-C,-DEAE-Pullulan (Y = 100 DScy (DScx: the number of alkyl
groups per anhydroglucose units) Y is equal to 44 and 42 for C;o and Cy,, respectively) were studied in
aqueous salt-free solutions at pH 3, 8 and 11. For the DEAE-Pullulan a strong polyelectrolyte character
at pH values below 8 was found, which, despite the presence of a sizeable fraction of permanent cationic

l;z;l/lv:l/fargs: charges due to a side chemical reaction (Hoffmann addition), evolved to a marked amphiphilic behavior
Polysaccharide in alkaline media. Alkylated DEAE-Pullulan derivatives (44% of C;o and 42% of C;,) are strongly amphi-
Cationic philic regardless of the pH. The low intrinsic viscosity (Fuoss and Fedors models) values confirmed the
Amphiphilic degradation of cationic amphiphilic pullulan derivatives.

pH dependence

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Cationic polymers have a vast array of applications. They are
used in drug and gene delivery systems (San Juan, Hlawaty,
Chaubet, Letourneur, & Feldman, 2007), as flocculants (Kostenbader
& Cliver, 1972), as chromatography support (Jiulin & Dubin, 1994),
and as bacterial and cellular adhesion modifier (Tribet & Vial,
2008). Most of them are quaternary ammonium polymers (Jiang,
Wang, Yu, & Chen, 2005; Panarin, Solovskii, & Ekzemplyarov,
1971) and are not pH dependant. When the polymer presents
ionizable weak basic moieties, the system is sensitive to pH varia-
tions (Chen, Wang, & Pelton, 2005). For example chitosan is soluble
only in acidic media due to the ionization of amine groups
(Rinaudo, Pavlov, & Desbriéres, 1999). Formation of polycomplexes
between polyanion and polycation is possible only if the two poly-
electrolytes are ionized (Le Cerf, Simon, Argillier, & Picton, 2007).

Some cationic polymers show an amphiphilic character.
Nichifor et al. have synthesized new polymers-hydrophobically
modified cationic polysaccharides-based on dextran which bear
pendant N-(2-hydroxypropyl)-N,N-dimethyl-N-alkylammonium
chloride groups randomly distributed along the polymer backbone
(Bai, Catita, Nichifor, & Bastos, 2007; Bai, Nichifor, Lopes, & Bastos,
2005; Nichifor, Lopes, Bastos, & Lopes, 2004). Extensive work is
available on chitosan hydrophobically modified by reductive ami-
nation, leading to the grafting of hydrophobic alkyl chains along
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the hydrophilic macromolecular chain (Desbrieres, 2002; Ortona,
D’Errico, Mangiapia, & Ciccarelli, 2008). The length of the alkyl
chain and the degree of substitution of the amine function rate al-
low controlling the hydrophilic-lipophilic balance (HLB). These
cationic and amphiphilic polymers can be used to form amphi-
philic polycomplexes (Khutoryanskiy et al., 2003) able to solubilize
hydrophobic compound or to modify surface properties.

The physicochemical properties of hydrophobically modified
polysaccharides depend not only on the structural parameters of
the polymer such as the nature of the macromolecular backbone,
the length and the rate of hydrophobic moieties but also on envi-
ronmental parameters (pH, salinity, temperature, etc.) (Chen
et al.,, 2005; Sauer & Dee, 2002; Yaseen, Lu, Webster, & Penfold,
2005; Zhang & Marchant, 1996). The presence of amine and acid
functions on the polysaccharide yields various pH which allows
to modulate the physicochemical properties of the hydropho-
bically modified polysaccharide. Polyelectrolyte and hydrophobic
characters of the polysaccharide are an additional difficulty in
the physicochemical study. The presence of hydrophobic alkyl
chains is generally accompanied by inter and/or intramolecular
associations (Iliopoulos & Olsson, 1994; Magny, Iliopoulos, Zana,
& Audebert, 1994) and formation of aggregates. The presence of
electrostatic charges on the polysaccharide provides a polyelectro-
lyte effect (Blachford, 1969; Briggs, 1941; Rubio-Hernandez,
Carrique, & Ruiz-Reina, 2004). Several models are proposed for
the determination of the intrinsic viscosity in free salt solution
(Dragan & Ghimici, 2001; Fedors, 1979; Fuoss & Strauss, 1948;
Korecz, Csacvari, & Tudos, 1988; Ng, Tam, & Jenkins, 1999).
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Fig. 1. Repeat unit of DEAE-Pullulan and alkyl DEAE-Pullulan derivatives.

Effectively we well know the Huggins equation (Huggins, 1942)
applied for all neutral polymer or polyelectrolyte solution in ionic
strength necessary to screen electrostatic repulsion. But the pres-
ence of electrostatics charges on the macromolecular backbone is
traduced by the presence of polyelectrolyte effect in unentangled
semi-dilute regime. The phenomena is observed when the reduce
viscosity increase with the decrease of the polymer concentration.
Generally the Fuoss equation (Fuoss & Strauss, 1948) is used to lin-
earization of viscosimetric data in unentangled semi-dilute regime
(7 ~ Cp'/?) (Rubinstein, Colby, & Dobrynin, 1994). The second mod-
el can be used is the Fedors equation used generally for moderate
and dilute polyelectrolyte concentration (Fedors, 1979).

In a previous paper (Souguir, Roudesli, Picton, Le Cerf, &
About-Jaudet, 2007), we have described the synthesis and the
chemical characterization of diethylaminoethylpullulan (DEAE-
Pullulan) and two of its hydrophobic derivates obtained by grafting
decyl (44-C;o-DEAE-Pullulan) and dodecyl (42-C;,-DEAE-Pullulan)
groups using Hoffmann alkylation reaction. For all the samples we
have shown the coexistence of two functional types: an amine
function at the end of DEAE group and a quaternary ammonium
function when the DEAE group or alkyl group are linked to the
DEAE group (Fig. 1). These macromolecules exhibit three kinds of
charged groups with different pKa values. The tertiary amino group
of the simple DEAE substituent has a pKa equal to 9.32 against 5.5
for the tertiary amino group of the tandem DEAE-DEAE substitu-
ent. All the quaternary ammonium groups have a pKa of 14 (Zobel
et al.,, 1997). The two groups (tertiary amino and ammonium
groups) are quantified by their degree of substitution (DSy and
DSn.). By coupling flow field flow fractionation (F4) and multi an-

gle laser light scattering (MALLS) we have shown on the one hand
that the polysaccharide is degraded by the Hoffman alkylation
reaction, and on the other hand that intermolecular hydrophobic
associations due to a major amphiphilic behavior in solution
(0.1 mol L~ LiNO3) were present.

In the present work we report the pH dependent behavior of
these samples by zeta potential, hydrodynamic radius, surface ten-
sion and intrinsic viscosity measurements. The aim of combine of
various physicochemical measurements in solution and at the
interface is to obtain an overall picture of pullulan derivatives in
salt free solution. In the work the strength ionic (C;) is negligible
in pH equal 3, 8 and 11 in comparison with polymer concentration.

2. Materials and methods
2.1. Materials

Pullulan is a linear and flexible polysaccharide produced by
growing yeast-like fungi Aureobasidium pullulans on starch syrups.
It was purchased from Hayashibara Biochemical Laboratory (Okoy-
ama (Japan)). DEAE-Pullulan, 44-C;o-DEAE-Pullulan and 42-Ci,-
DEAE-Pullulan were obtained by chemical modification of pullulan
as reported in previous work (Souguir et al., 2007). For the alkyl-
ated derivatives the nomenclature used is Y-C,-DEAE-Pullulan.
Where Y is equal to 100 DScy (DScx: the number of alkyl groups
per anhydroglucose units) and C, is a number of carbon per alkyl
chain. Their macromolecular characteristics are summarized in
Table 1. The number and weight average molar masses of isolated
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Table 1
Characteristics of pullulan, DEAE-Pullulan, 44-C;o-DEAE-Pullulan and 42-C;,-DEAE-
Pullulan (Souguir et al., 2007).

M, (g mol~1) M,, (g mol~1) DSy DSn+
Pullulan 135,000 190,000 / /
DEAE-Pullulan 250,000 333,000 0.65 0.15
44-Co-DEAE-Pullulan 80,000 100,000 0.21 0.59
42-Cq,-DEAE-Pullulan 84,000 100,000 0.23 0.57

chains were obtained by flow field flow fractionation (F4) coupled
on line with angle laser light scattering (MALLS). The two
substitution degrees DSy (DSy: the number of amine groups per
anhydroglucose units) and DSy. (the number of quaternary ammo-
nium groups per anhydroglucose units determined by Eyler’s equa-
tion (DSy+=DSo— DSy)) were obtained by conductimetric
measurements, elemental analysis and '"H NMR.

The pH was adjusted by adding HCI (1 molL~!) to obtain an
acidic medium or by adding NaOH (1 mol L™!) to obtain an alkaline
medium.

2.2. Measurements methods

2.2.1. Surface tension measurements

The equilibrium surface tension of the aqueous solutions was
measured according to the Wilhelmy plate method (Kriiss K12 ten-
siometer, Germany). The platinum plate was cleaned before each
measurement by immersion in deionised water followed by heat-
ing in a flame. The surface tension, y (mN m~'), was measured un-
der controlled temperature (T =25 °C) as a function of time. The
equilibrium was obtained after 1 h.

2.2.2. Zeta potential measurements

Zeta potential measurements were carried out with a Zetasizer
ZS (Malvern Instruments) at 25 °C. The solutions were prepared in
water, filtered through Millex 0.2 um filter and poured in special
cell (DTS 1060 disposable zeta cell, Malvern instruments). The zeta
potential values were calculated with the DTS Dispersion Technol-
ogy Software (Version 4.00 2003, Malvern instruments) using the
Smoluchowski approximation (Egorova, 1994).

2.2.3. Size measurements

Particle size was measured using quasi elastic light scattering
(QELS) with a Zetasizer ZS (Malvern Instruments) at 25 °C. The
mean hydrodynamic diameter (Dy) was calculated from the diffu-
sion measurement using the Stokes-Einstein equation. The particle
size was determined using Contin analysis mode.

2.2.4. Viscosity measurements

The viscosity measurements were performed using a Low Shear
30 (Contraves, Switzerland). All measurements were obtained in
the Newtonian regime. The temperature around the Couette geom-
etry was kept constant at 25 °C thanks to the circulation of water
from a controlled temperature bath. Viscosity data were analyzed
using Huggins (1942), Fuoss and Strauss (1948), and Fedors
(1979) relations, Eqgs. (1)-(3), respectively,
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where [#] is intrinsic viscosity, B constant for Fuoss equation, #ye
relative viscosity, # apparent viscosity, 7, apparent viscosity of
water, ky Huggins constant, #s, specific viscosity, C, polymer con-
centration and G, concentration parameter for Fedors equation.

Cp, is analogous to ¢, the maximum volume fraction to which
solid spheres can pack in a suspension (Rotureau, Dellacherie,
& Durand, 2006).

3. Results and discussion

The polymer derivatives are characterized by the presence of
two functions: an amine function which is ionizable versus the
pH, and a quaternary ammonium function, which is cationic and
independent of the pH. The behavior of the pullulan derivatives
is pH dependent due to the presence of the amine function. Mea-
surements of the zeta potential, size variation, surface tension as
well as the viscosimetric study were carried out at different pH.

Pullulan is a neutral hydrophilic polysaccharide that does not
present hydrolytic degradation quickly in alkaline or acidic media.

3.1. Zeta potential

Fig. 2 shows the variation of the zeta potential versus pH (the
lines are guides for the eyes) for DEAE-Pullulan and 44-Cio-
DEAE-Pullulan. The two polymers present a similar behavior which
corresponds to the overall decrease in the zeta potential when the
pH increases. This is due to the progressive neutralization of the
positive charges of the ammonium function from pH dependent
amine groups. At pH 11, the zeta potential of 44-C;o-DEAE-Pullulan
should be higher than that of DEAE-Pullulan because of a higher
number of ammonium functions on 44-C;¢o-DEAE-Pullulan than
on DEAE-Pullulan. However, two identical values were obtained
for the two polymers. This anomaly can be explained by the pres-
ence of hydrophobic associations between the alkyl groups (aggre-
gates). The presence of hydrophobic associations can hinder the
cationic charges of alkylated derivatives.

50

= [)
é 30
20 -
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Fig. 2. Variation of zeta potential ({ (mV)) versus pH for DEAE-Pullulan (®) and 44-
Cio-DEAE-Pullulan (A), (;=0.5g L 'atT=25°C.
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3.2. Surface tension

Fig. 3 shows the curves representing the surface tension (the
lines are guides for the eyes) of pullulan, DEAE-Pullulan, 44-Cyo-
DEAE-Pullulan and 42-C;,-DEAE-Pullulan versus pH. The surface
tension of pullulan is constant and the same as water (72 mN m™').
Pullulan is a neutral hydrophilic polysaccharide that does not exhi-
bit any surface activity at different pH. For the DEAE-Pullulan we
observe a decrease of surface tension for pH above 8. This variation
indicates a hydrophobic character which is due to the presence of
ethyl groups after the neutralization of the ammonium function.
The effect of alkylation on the adsorption of polymers to the
water/air interface is very significant. For the two alkylated deriv-
atives we observe a low surface tension at different pH due to the
presence of the alkyl chains. At neutral pH, the values are
comparable to published data on hydrophobically modified carb-
oxymethylpullulan (CMP). For example, at 1 gL', 50 mN m~' for
35C8-CMP (Henni et al., 2005) and 43 mNm~! for 7C14-CMP
(Henni-Silhadi et al., 2008). These data show that the surface-ac-
tive properties of these hydrophobically modified polysaccharides
are comparable. One of the advantages of grafting of alkyl groups
on DEAE is the formation of quaternary ammonium functions.
These functions increase the hydrophilic character of the polysac-
charide backbone and allow the grafting of a higher quantity of
hydrophobic groups.

An important result for the alkyl DEAE-Pullulan is its pH depen-
dence. The decrease in surface tension in the basic medium is due
to the neutralization of the ammonium function. This variation is
less important than that observed for DEAE-Pullulan due to the dif-
ference in the number of ammonium functions on the alkylated
derivative (DSy = 0.25 and DSy, = 0.65 for DEAE-Pullulan).

3.3. Hydrodynamic diameter measurement

Fig. 4 shows the variations of the hydrodynamic diameter (Dy
(nm)) versus pH (the lines are guides for the eyes) for DEAE-Pullulan,
44-C,o-DEAE-Pullulan and 42-C;,-DEAE-Pullulan. For DEAE-Pullu-
lan, the values of the hydrodynamic diameter (Dy (nm)) are charac-
teristic of isolated macromolecules (~1-100 nm). We observe a very
significant decrease of the size when the pH increases. This result is
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Fig. 3. Variation of surface tension (y (mN m™")) versus pH in water for pullulan
(O), DEAE-Pullulan (®), 44-C;o-DEAE-Pullulan (a) and 42-C;,-DEAE-Pullulan (A),
Cp=05gL 'atT=25°C.
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Fig. 4. Variation of hydrodynamic diameter (Dy (nm)) versus pH for DEAE-Pullulan
(M), 44-C;o-DEAE-Pullulan (a) and 42-C,-DEAE-Pullulan (A) in water C,=0.5 g L!
at T=25°C.

due to the neutralization of the cationic functions (amine) which in-
volve a disappearance of the electrostatic repulsions, and thus a
reduction in the hydrodynamic volume. The presence of cationic
permanent charge (ammonium function) in the basic pH seems
insufficient to oppose intramolecular hydrophobic associations,
which explains the decrease of the macromolecules size.

In the cases of the 44-C;o-DEAE-Pullulan and 42-C;,-DEAE-
Pullulan, we observed higher sizes, although a high degradation
as observed in F4/MALLS (Souguir et al., 2007) and a slight reduc-
tion in the Dy with the basic pH in comparison to DEAE-Pullulan
were noted. We can deduce that, even in the presence of all the
loads on the modified polysaccharide, part of the chains is self-
associated by intermolecular hydrophobic associations (aggregates
formation). Quasi elastic light scattering measurements are very
sensitive to the presence of large particles (aggregates) even in
very small quantity. In the case of the alkylated derivatives, the ef-
fect of the pH on the size of the aggregates is thus much less sen-
sitive than on the isolated macromolecules.

3.4. Viscosity measurements

Fig. 5 shows the bilogarithmic variation of specific viscosity ver-
sus the concentration (Utraki Simha representation) for pullulan,
DEAE-Pullulan, 44-C,o-DEAE-Pullulan and 42-C;,-DEAE-Pullulan.
The viscosity measurements for the four samples are obtained in
pure water solution. The pH measured is equal to 8 for all samples.

For the pullulan solutions we observe two regimes of viscosity
around a concentration near 20 g L™, The slopes (1.4 and 2.3) are
characteristic of dilute and semi-dilute regimes for neutral poly-
mers in water (the case of pullulan) or polyelectrolytes in high salt
limit (Dou & Colby, 2008).

For the three other samples, which are under cationic form, we
do not observe a concentration transition. The slope is lower (be-
tween 0.4 and 0.6). In this case, the polyelectrolyte solutions be-
have as a semi-dilute unentangled solution in low salt limit.
Fuoss law can be used for analysis of viscometry data. The electro-
static blobs have self-avoiding walk conformation, and charge
repulsion on larger scales simultaneously stretches the chain of
electrostatic blocs locally. The distance between chains is quite
close to the correlation length (Dou & Colby, 2008).
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Fig. 5. Bilogarithmic variation of 75, versus concentration in water for Pullulan (O),
DEAE-Pullulan (@), 44-C;o-DEAE-Pullulan (a) and 42-C;,-DEAE-Pullulan (A) at
T=25°C.

Viscosities of 44-C,o-DEAE-Pullulan and 42-C;,-DEAE-Pullulan
are lower than that of DEAE-Pullulan. This result can be explained
by the degradation of the polymer during the synthesis of the

alkylated derivatives. A other explanation is the presence of intra-
molecular hydrophobic associations due to the alkyl groups.

Fig. 6 shows the variation of the reduced viscosity versus con-
centration for DEAE-Pullulan, 44-C,o-DEAE-Pullulan and 42-C;,-
DEAE-Pullulan at different pH. For the pullulan solutions (data
not showed) the viscosity measurements versus pH give a similar
behavior in different pH medium. Effectively, pullulan is a neutral
polymer also the physicochemical properties are independent of
pH. We observe a polyelectrolyte effect at pH 3 and 8 for the
DEAE-Pullulan. For the solutions at pH 11 the reduced viscosity
is constant and not dependent of concentration. At pH 3 and 8
the polymer is a polycationic and the repulsions between the cat-
ionic charges are very high at low concentration. In alkaline med-
ium the ammonium functions are neutralized, thus explains the
variation observed.

For the alkylated derivatives we observed a lower reduced vis-
cosity than for DEAE-Pullulan in relation to the degradation during
the synthesis. But at low concentration we note a polyelectrolyte
effect at all pH. This is due to the higher quantity of quaternary
ammonium functions.

Using these raw data we can determine the intrinsic viscosities
using Huggins models (without polyelectrolyte effect) and using
Fuoss and Fedors models (with or without polyelectrolyte effect).
The obtained intrinsic viscosities are summarized in Table 2 in
which we added the data for the pullulan precursor (neutral
polysaccharide).

For pullulan, the intrinsic viscosity is constant for all pH as
pullulan is a neutral polymer. The intrinsic viscosity of DEAE-Pullu-
lan is higher than that of the pullulan precursor. That difference is
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Fig. 6. Variation of #,,/C,, versus concentration in water for DEAE-Pullulan, 44-C,o-DEAE-Pullulan and 42-C;,-DEAE-Pullulan in pH 3 (M), pH 8 (o) and pH 11 (@) at T=25 °C.
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Table 2

Value of intrinsic viscosity ([5] (Lg™!)) for pullulan, DEAE-Pullulan, 44-C;o-DEAE-
Pullulan and 42-C;,-DEAE-Pullulan in water obtained by Huggins, Fuoss, and Fedors
models at pH 3, 8 and 11 at T=25 °C.

pH [r]]Huggins (Lgil) [n]Fuoss (Lgil) [n]Fedors (qu)

Pullulan / 0.06 0.05 0.05
DEAE-Pullulan 3 / 20 1.8
8 / 1.6 1.8

11 0.25 0.29 0.25

44-Cqo-DEAE- 3 / 0.26 0.22

Pullulan 8 / 0.25 0.22

11 / 0.20 0.25

42-Cy,-DEAE- 3 / 0.25 0.22

Pullulan 8 / 0.25 0.20

11 / 0.06 0.06

due to the intra and intermolecular electrostatic repulsions of the
quaternary ammonium function (polyelectrolyte effect). The varia-
tion of intrinsic viscosity with pH is similar than that observed in
the size measurements. The neutralization of the ammonium func-
tion decreases the electrostatic repulsion, which decreases the
hydrodynamic volume, thus decreasing the intrinsic viscosity.

For the alkylated derivatives we obtain similar intrinsic viscosity
regardless of the model used. The viscosity is lower than that of
DEAE-Pullulan, which is probably due to degradation as observed
with flow field flow fractionation, but higher than that of pullulan.
That difference can be explained by the presence of aggregates due
to intermolecular hydrophobic associations. We observe a low sen-
sitivity towards pH due to the low quantity of amine functions in
these derivatives. In the case we can observe a difference between
macroscopic and microscopic measurements techniques, the intrin-
sic viscosity is proportional to the hydrodynamic diameter (Stokes—
Einstein relation) butin the case of alkylated derivatives the intrinsic
viscosity is lower than of DEAE-Pullulan where the hydrodynamic
diameter of this is lower than alkylated derivatives. The result con-
firms the great sensibility of light scattering in presence of object
with very high hydrodynamic diameter in very low concentration.

4. Conclusion

In this paper we have shown the pH dependent behavior of
DEAE-Pullulan and alkylated DEAE-Pullulan derivatives.

In the case of DEAE-Pullulan, a polyelectrolyte effect at pH val-
ues below 8 and a surfactant character in basic medium were ob-
tained. These features are due to the neutralization of modulated
ammonium functions and to the presence of diethyl groups. Mea-
surements of the hydrodynamic diameter showed that the macro-
molecular chains were isolated.

In the case of the alkylated derivatives, we observed a high
amphiphilic character. However, the size measurements indicated
the presence of aggregates due to intermolecular associations. A
low variation of the physicochemical properties versus pH was ob-
served for the alkylated derivatives.
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