
C
a

B
C

a

A
R
R
A
A

K
I
V
C
M
S
A
A

1

B
C
2
a
e
p
G
t
I
1
w
2
s
c
o
P
f
m
B
m
m

0
d

Carbohydrate Polymers 81 (2010) 700–706

Contents lists available at ScienceDirect

Carbohydrate Polymers

journa l homepage: www.e lsev ier .com/ locate /carbpol

haracteristic physicochemical features of the biopolymer inulin in solvent
dded and depleted states

appaditya Naskar, Abhijit Dan, Soumen Ghosh, Satya P. Moulik ∗

entre for Surface Science, Department of Chemistry, Jadavpur University, Kolkata 700032, India

r t i c l e i n f o

rticle history:
eceived 4 February 2010
eceived in revised form 13 March 2010
ccepted 23 March 2010
vailable online 31 March 2010

a b s t r a c t

The � (2 → 1) fructosyl fructose unit containing carbohydrate polymer (inulin) exhibits interesting
solution properties. Its physicochemical behaviors in aqueous and aquo-organic (DMSO–water and iso-
propanol (IP)-water) media as well as in solvent depleted states have been investigated using viscometry,
DLS, TEM and AFM methods. The solvent type and composition dependent changes in aggregation of the
biopolymer have been examined. The energetics of solubility of inulin in water and IP-water media, and
the salt effect on the process have been evaluated. The salting out phenomenon has been examined
eywords:
nulin
iscosity
onfiguration
orphology

in terms of Hofmeister or lyotropic series. Its correlation with ionic radius, hydrodynamic radius, and
lyotropic number has been tested. The molecular configurations of the polysaccharide in the solvent
media have been assessed by the DLS method. In the solvent removed state, globular, rod-like and elon-
gated fiber-like species registering fingerprint patterns of the biopolymer have been witnessed from TEM
olubility
quo-DMSO
quo-IP

and AFM measurements.

. Introduction

The biopolymer inulin has many uses and applications (Ali,
olton, & Gaylord, 1991; Carswell, O’Rear, & Grady, 2003;
havanpatil et al., 2007; Griffiths et al., 2007; Kapoor & Chauhan,
008; Somasundaran & Cleverdon, 1985). It is a fat replacer, a colon
nd mammary tumor inhibitor and favorable diabetic food ingredi-
nt. This � (2 → 1) fructosyl fructose unit containing polydisperse
olysaccharide (schematically depicted in our earlier study, Dan,
hosh, & Moulik, 2009) can promote growth of intestinal bac-

eria, and increase absorption of both calcium and magnesium.
t is a reserved plant polysaccharide (Prazinik, Beck, & Nitsch,
984; Van loo, Conssement, De Leenher, Hoebregs, & Smits, 1995)
hich can be synthesized, in vitro (Stevens, Meriggi, & Booten,

001; Wada, Sugatani, Terada, Ohguchi, and Miwa, 2005). The chief
ources of inulin are in the plant, chicory, dahlia and Jerusalem arti-
hoke. Electron and X-ray powder diffraction studies have revealed
rthorhombic (Andre et al., 1996) and pseudohexagonal (Andre,
utaux, Chanzy, Taravel, Timmermans, & de Wit, 1996) geometries
or the hydrated and semi-hydrated inulin, respectively. The poly-
er has been characterized in both solid state and in solution (Rusu,
andur, Manoviciu, Rusnac & Plesu, 2006; Stevens et al., 2001b). Its
olar mass and solution viscosity in several solvents have been
easured (Azis, Chin, Deacon, Harding, & Pavlov, 1999; Bouchard,

∗ Corresponding author. Fax: +91 33 2414 6266.
E-mail address: spmcss@yahoo.com (S.P. Moulik).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.03.041
© 2010 Elsevier Ltd. All rights reserved.

Hofland, and Witkamp, 2007). But studies on different solution
properties of inulin remain to be inadequate. Recently, we have
attempted to characterize chicory inulin in both solid and solution
states. Its molar mass, sorption of water vapor, thermal solubil-
ity, hydration, viscosity behavior in water and in DMSO, molecular
association and configuration in these media, etc have been studied
(Dan et al., 2009). The polymer has evidenced interesting solution
behavior which has prompted us to study the polymer further.

Binary combinations of solvents viz, DMSO–water and IP-water
have been used in this study. DMSO is a dipolar aprotic solvent
whereas IP is moderately polar and protic. Both are important
solvents in chemistry, biochemistry, pharmacy and medicine for
dissolution of various substances. The former is an antifreezing
agent, and can strongly interact with water. IP is a disinfecting
liquid, and is used in pharmaceutical purposes. We are herein inter-
ested on the physicochemical behaviors of the biopolymer inulin in
mixed solvents of both DMSO and IP with water, and have planned
to make a detailed investigation on the solution properties of inulin.
The results have been comprehensively presented and discussed
from physicochemical view points.

2. Experimental
2.1. Materials

The herein used inulin (extracted from chicory) was a 99% pure
product of Sigma (USA). Its weight average molar mass determined
by static light scattering method was 4468 g mol−1. Inulin isolated

http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:spmcss@yahoo.com
dx.doi.org/10.1016/j.carbpol.2010.03.041
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in pure DMSO medium (Dan et al., 2009).
The configuration of the [�]H by Huggins equation was checked

by examining the results in the light of the Kraemer’s Eq. (2) in
the following form (Kraemer, 1938; Sornsrivichiani, 1986 cited by

Table 1
Dependence of [�]a and kH

a on the solvent composition at 30 ◦C.

XDMSO [�]H/mL g−1 ([�]K/mL g−1) [�]M/mL g−1 kH

0 4.40 (4.37) 4.38 1.05
0.25 5.86 (6.8) 6.33 2.12
0.33 6.63 (7.11) 6.87 1.50
B. Naskar et al. / Carbohydr

rom natural sources range between 4000 and 6500 g mol−1. The
R grade salts used were LiCl, NaCl, KCl, NH4Cl, Na3PO4, NaNO3,
a2SO3 (Merck, India), MgCl2, CsCl, NaBr, NaI (SRL, India), and
uCl2, CaCl2, BaCl2, CdCl2, HgCl2, Na2SO4, MgSO4, K2SO4, CuSO4
Loba, India). The DMSO and isopropanol were also AR grade
uality materials from Merck (Germany) and SRL (India), respec-
ively. These materials were used as received. The concentration of
he desiccated inulin used has been expressed in weight percent
hroughout the text. Doubly distilled water (specific conductance,
= 2–3 �s cm−1 at 30 ◦C) was employed for preparation of all solu-

ions.

.2. Viscometry

An Ubbelohde viscometer of 190.4 s average flow time for 13 mL
ater at 30 ◦C was used in the study. It was placed in a thermostated
ater bath of accuracy ±0.1. The flow time of a solution in the vis-

ometer was taken after thermal equilibrium allowing 15 min time
or each solution prior to measurement. The standard deviations
f the measured viscosities were within ±0.5%. Each measurement
as duplicated, and the mean value was recorded and used.

.3. Solubility

The solubility experiments (i.e. point of turbidity) were per-
ormed visually in an illuminated condition in a thermostated water
ath. In actual experiment, isopropanol was progressively added
ith a Hamilton microsyringe into 2 mL aqueous inulin solution at

aried concentrations at different temperatures. In another exper-
ment, desired concentrated salt solution was added into 2 mL
f 0.01 g g−1 inulin solution in IP-water medium at mole frac-
ion of XIP = 0.016 at 30 ◦C. The point of turbidity was detected by
omparing with the pure inulin solution against an illuminated
ackground.

.4. Dynamic light scattering (DLS)

DLS measurements were taken at 90◦ angle in a Malvern
etasizers Nano-zs apparatus with a He–Ne laser (� = 632 nm) at
5 ◦C. The sample cells were placed in a temperature-controlled,
efractive index matched bath filled with cis-trans decahydron-
phthalene (decalin). All experimented solutions were filtered 3–4
imes through membrane filters (porosity 0.25 �) to remove dust
articles. The mean values of duplicated experiments are reported.

.5. Transmission electron microscopy (TEM)

The TEM measurements on inulin were taken with a JEOL JEM
010 (Tokyo, Japan) high resolution transmission electron micro-
cope (HRTEM) operating at 200 kV. For preparing the TEM sample
drop of the desired solution was placed onto the carbon-coated

opper grid giving some time for spreading. It was subjected to
low drying under vacuum. Under such a condition morphological
hanges of the sample was considered minimal.

.6. Atomic force microscopy (AFM)
The topological images of the inulin samples taken on glass
lides were taken with a Nanosurf Easy Scan2 (Ruschlikon, Switzer-
and) AFM in contact mode with a constant force of 20 mN. A drop
f the inulin solution was placed onto the glass surface, and it was
ried by slow heating followed by cooling.
Fig. 1. Dependence of [�]M on XDMSO at 30 ◦C. Inset A: Huggins plot of [�]sp/C vs C at
30 ◦C. Inset B: Kraemer’s plot of ln �r vs C at 30 ◦C. (�) DMSO; (©) 6:1 (DMSO:water);
(�) 1:1 (DMSO:water); (�) 1:2 (DMSO:water); (�) water. Solvent compositions are
in mole ratio.

3. Results and discussion

3.1. Characteristics of inulin solution

3.1.1. Viscosity in DMSO–water and IP-water media
The intrinsic viscosities [�] of inulin solutions in water and

DMSO media have been reported earlier (Dan et al., 2009). The poly-
mer was found to form globular aggregates in aqueous medium
and rod-like assembles in DMSO with appreciable difference in the
[�] values. We have herein studied the viscosity behavior of the
biopolymer in mixed DMSO–water and IP-water media to exam-
ine changes in the aggregate morphology, if any. Fig. 1 depicts the
observations in DMSO–water medium. The plots in terms of Hug-
gins Eq. (1) have shown fair changes in the intrinsic viscosity by
Huggins rationale [�]H (the intercept); the changes in Huggins con-
stant, kH (derived from the slope) were only moderate. The values
are presented in Table 1. The [�]H increases with increasing [DMSO].
Excepting XDMSO = 0.25, the kH values at other [DMSO] were close;
the average value (kH)ave was found to be 1.44 ± 0.42.

�sp

C
= [�]H + kH[�]2

HC (1)

where �sp is the specific viscosity of the polymer solution [�sp = �r

(relative viscosity) − 1], and C is the solute concentration in g mL−1;
the other terms are already defined.

The Huggins plots at different DMSO content in the medium are
presented in Fig. 1, inset A. The increasing DMSO content increased
[�]H i.e., the globular geometry of the polymer aggregates changed
to elongated form ultimately to produce rod-like supra aggregates
0.50 7.96 (8.17) 8.08 1.27
0.67 11.0 (11.6) 11.3 1.09
0.86 14.9 (18.1) 16.5 1.75
1.0 18.8 (21.4) 20.1 1.30

aErrors in [�], and kH were ±5, and ±10%, respectively on the average.
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ig. 2. Huggins plot of [�]sp/C vs C at XIP = 0.032 for inulin at 30 ◦C. Inset: same plot
t XIP = 0.016.

igiro, Alavi, & Benn, 2007). The experimental results fitted well
ith the equation.

n �r = [�]K C (2)

here [�]K is the intrinsic viscosity by Kraemer’s equation.
The Kraemer’s plots for inulin in DMSO–water medium are illus-

rated in the inset B, Fig. 1. The [�]K values are also presented with
�]H in Table 1. This restricted form of Kraemer’s equation has been
lso found to obey by different gums in salt solution (Banerjee,
ukherjee, Bhattacharya, Datta, & Moulik, 2009). The [�]H and [�]K

ere also found to fairly agree. The mean values ([�]M) have been
aken as the intrinsic viscosities of inulin in water and DMSO–water

edia. The [�]M increased exponentially with DMSO content (Fig. 1,
ain plot). The following relation (correlation coefficient = 0.995)
as found to describe the results.

�]M = A + B [XDMSO] + C[XDMSO]2 (3)

here A, B, and C are the polynomial constants (A = 4.68; B = 0.006;
= 0.002).

The addition of IP in water significantly affected the solubility
f inulin; the solubility decreased with increasing IP concentration.
t XIP = 0.032, the solubility decrease was perceptible. Two IP-water
ompositions of XIP = 0.016 and 0.032 were used in the study. Fig. 2
epicts the Huggins plot that showed a marked distinction from
MSO–water medium. Interestingly, the plots evidenced negative

lopes which are only rarely found. The [�]H values at XIP = 0.016
nd 0.032 were 5.25 and 7.13 mL g−1, respectively. The results sug-
ested changing geometry of inulin from globular to non-globular
orm in the presence of IP in water as observed for DMSO–water

edium. The negative values were unusual and exceptional. From
iterature survey, we have found such a behavior for the pro-
ein lysozyme (Kamiyama, Morita, & Kimura, 2004) where also
�]H increased with increasing [DMSO] yielding negative kH values.
MSO denatured lysozyme making it elongated with increasing [�].
he negative kH arose because of decline in the rate of increase of
sp per unit concentration of lysozyme. In the present context, it
as a consequence of the effect of solute on the solvent fluidity
hich increased to make �sp/C decline with [inulin] in the IP-water
edium. More elaborate studies of the system need to be executed

n future under varied environmental conditions for further elu-
idation of this uncommon observation. We may herein add that
n a recent study (Yilgor, Ward, Yilgor, & Atilla, 2006) negative kH
alues have been found from the viscosity measurements of seg-
ented polydimethylsiloxane–polyurea copolymers in IP medium.

xceptionally strong polymer solvent interactions leading to con-
ormational transitions have been considered for such a behavior.
Fig. 3. Plot of ln XIn vs T−1 in aqueous medium. Correlation coefficient = 0.994. Inset
A: profile of �H

◦
S

vs XIP. Correlation coefficient = 0.995. Inset B: compensation plot
of �H

◦
S

vs �S
◦
S

for the solubalization process at 30 ◦C. Correlation coefficient = 0.999.

3.1.2. Solubility in IP-water medium
The solubility of inulin in water (∼0.10 g g−1) at 30 ◦C was found

to decrease by the addition of IP. For instance at XIP = 0.032, the sol-
ubility became 1/10th of that without IP. The effect was studied at
five different temperatures 30, 35, 40, 45 and 50 ◦C, and energet-
ics of the process were evaluated at XIP = 0, 0.025, 0.05, 0.075, and
0.1. The ln(solubility) vs XIP profiles (not illustrated) at the above
mention temperatures were fairly linear with correlation coeffi-
cient of 0.994, 0.996, 0.996, 0.992 and 0.994, respectively. The data
were processed in the light of the integrated van’t Hoff Eq. (4) to
calculate the standard enthalpy of solution (�H

◦
S).

ln XIn = I − �H
◦
S

RT
(4)

where XIn is the solubility of inulin expressed in mole fraction unit,
I is the intercept, R is the gas constant, and T is the absolute tem-
perature.

Fig. 3 (main plot) represents the van’t Hoff plot to derive �H
◦
S

from the slope. The estimated �H
◦
S values at different XIP in water

are graphically presented in the inset A of Fig. 3. The �H
◦
S in water

was weakly endothermic and became more and more exother-
mic by the increasing presence of IP in solution. The exothermicity
rapidly increased with increasing XIP. The �H

◦
S − XIP profile fitted

to a polynomial equation of the following form,

�H
◦
S = a + bXIP + cX2

IP (5)

where a, b, and c are the polynomial constants (a = 0.49; b = 298.3;
c = −11402).

We may mention here that although there are not enough points
to make the plot statistically significant, the procedure has yielded
a fair correlation (correlation coefficient = 0.995). Such a plot, we
believe is better than any other arbitrary plots of the experimental
results. The correlation of the other two plots in Fig. 3 is also given
in the legend. They are comparable with the plot in inset B.

In the experiment, the appearance of stable point of turbidity
was taken as the point of solubility. The corresponding standard
free energy of solution was obtained from a relation,

�G
◦
S = −RT ln XIn (6)

�S
◦
S (standard entropy of solution) was calculated by combining

Eqs. (4) and (6) what is known as the Gibbs-Helmholtz relation,

�S
◦
S = �H

◦
S − �G

◦
S (7)
The calculated energetic values at 30 ◦C are herein presented
against XIP in the sequence, �H

◦
S , �G

◦
S and �S

◦
S . Thus, at XIP = 0, the

values are 2.06, 10.5 and 27.8; XIP = 0.025, they are −2.65, 11.0 and
45.0; at XIP = 0.05, they are −12.1, 11.7 and 78.5; at XIP = 0.075, they
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ig. 4. Dependence of salting out concentration of ions (required to destabilize
.01 g g−1 inulin solution in XIP = 0.016 medium) on hydrodynamic radius (Rh) at
0 ◦C. (A) cations with common anion Cl− (�), and SO4

2− (�); (B) cations with
ommon anion Cl−; and (C) anions with common cation Na+.

re −39.1, 12.7 and 171.0; at XIP = 0.1 they are −84.9, 14.2 and 327.0.
he �H

◦
S and �G

◦
S are expressed in kJ mol−1 whereas the �S

◦
S are

xpressed in J K−1 mol−1. Their relative errors are 5, 3 and 8%. The
hase separation process of inulin in IP-water medium was asso-
iated with large entropy change. The release of associated solvent
rom the biopolymer during precipitation from the solution con-
ributed favorably to produce increasing entropy with increased
roportion of IP in the medium. The evaluated �H

◦
S and �S

◦
S were

ound to produce a good compensation correlation (Fig. 3, inset
). The compensation temperature obtained from the slope was
9 ◦C vis-a-vis the average temperature (40 ◦C) of the study. The
xtra thermodynamic compensation temperature evidenced fair
eviation from the average temperature which of course is not an
ncommon citation in literature (Mukherjee, Mitra, Bhattacharya,
Moulik, 1995; Mukherjee, Mukherjee, & Moulik, 1994; Sugihara,
akano, Sulthana, & Rakshit, 2001).

.1.3. Salt effect on solubility in IP-water medium
The salting out of hydrophilic colloids and polymers (Bales

Zana, 2004; Nostro, Fratoni, Ninham, & Baglioni, 2003; Prasad
t al., 2005; Saito, 1969; Schott, 1998) from aqueous solution
s an important and complex problem in chemistry. The ions of
alts are classified in terms of a series (Glasstone, 1960) called
Lyotropic’ or ‘Hofmeister Series’. Although salting out of inulin
s difficult from aqueous solution, it can be fairly achieved in
P-water medium since the medium fairly decreased inulin sol-
bility as mentioned above. We have studied the salting out
f the polysaccharide from IP-water medium at XIP = 0.016 at a
xed polymer concentration (0.01 g g−1) using a large number
f inorganic (mono-, bi-, and trivalent) salts. In this study, we
ave measured the solubility limits of the 0.01 g g−1 polymer
olution in presence of salts at 30 ◦C, and a correlation of the
esults has been attempted. The correlation of results in terms of
onic radius, hydrodynamic radius, and lyotropic number has been
ttempted. Linear dependences in terms of ionic radius for both
ations and anions with common anions and cations, respectively
f the salts studied (cf. Section 2.1) were observed (illustration

ot presented). The trends either increased or decreased for both
he series. In comparison with monovalent ions, multivalent ion
ffects on solubility decrease were greater. Comparative results
n terms of hydrodynamic radius (Rh) of ions are illustrated in
ig. 4. The trends varied, the correlations were also less orderly.
Fig. 5. Dependence of salting out concentration of ions (required to destabilize
0.01 g g−1 inulin solution in XIP = 0.016 medium) on the lyotropic number (Ln) at
30 ◦C. (A) Cations with common anion Cl− and (B) anions with common cation Na+.

According to the reported Hofmeister Series (Glasstone, 1960),
the salting out effectivity sequence of cations with a common
anion (Cl−) is Mg2+ > Ca2+ > Sr2+ > Ba2+ > LI+ > Na+ > K+ > Rb+ > Cs+

(Mg2+ is the strongest and Cs+ is the weakest). Such
sequence for anions with a common cation (Na+) is
citrate3− > tartarate2− > SO4

2− > PO4
3− > acetate− > Cl− > NO3

− >
ClO3

− > I− > SCN− (citrate3− is the strongest and SCN− is
the weakest). The orders realized in this study were (1)
Cd2+ > Ba2+ > Cu2+ > Ca2+ > Mg2+ > NH4

+ > Cs+ > K+ > Na+ > Li+ for
cations, and (2) SO4

2− > PO4
3− > NO3

− > SCN− > I− > Br− > Cl− for
anions.

The observed sequence for inulin insolubility caused by cations
on the whole followed a reverse Hofmeister Series (HS) order.
It was disorderly for anions. The plot of solubility vs lyotropic
number (Ln) available for ions is depicted in Fig. 5, which has
produced a good correlation among the studied ions and the mono-
valent anions (although showed reverse order with reference to
HS) resulted a better fitting than the anions. The anomaly of salt-
ing out effect on inulin solubility (to produce a reverse HS order)
has been also recently observed on critical micellar concentration
(CMC) of ionic surfactants, and several other micellar parameters
(Maiti, Mitra, Guha, & Moulik, 2009). Why both the systems pro-
duced reverse HS order requires rationalization. They represent
two different processes from the normal salting out phenomenon
of hydrophilic colloids and polymers considered to develop the HS
series in aqueous medium. Herein inulin was studied in IP-water
medium, and the earlier studied micellization process (surfactant
self-aggregation in aqueous salt solution) was basically two differ-
ent processes. The solvent type (its polarity and type in particular),
and the solute type (its dual polar–nonpolar composition as in
amphiphiles) should have their say on the effectivity of the HS
order. This remains to be analyzed by way of additional studies
in this line.

3.2. Morphology in solution and in desolvated states

3.2.1. DLS measurements
In our previous work (Dan et al., 2009), the DLS results for

inulin in water evidenced formation of two types of solvated
species, the compact monomer (Rh = 16 nm) and supra aggregates
(Rh = 98 nm), where Rh is the average hydrodynamic radius. These
results were compared with the non-solvated species of radii 11
and 68 nm, respectively determined from TEM measurements, and

the differences were accounted for their solvation. In this study,
Lt

C=0
Rh at XDMSO = 0.50 in DMSO–water medium was found to be

244 nm but the TEM results on the higher side was 80 nm. The
difference was large; probably the mixed DMSO–water produced
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Table 2
Hydrodynamic radius (R

0
h)a,b and polydispersity index (PDI) of inulin solution in

different solvent media at 25 ◦C.

Medium R
0
h/nm PDI

Water 16 (98) 0.331
DMSO 19 (152) 0.493
XDMSO = 0.50 (244) 0.574
XIP = 0.016 19 (62) 0.484
XIP = 0.032 30 (134) 0.386

a The R values depended on [inulin]. The reported values are concentration inde-
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terns. Such patterns were not obtained for samples prepared from

F
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h

endent i.e. R
0
h ≡ Lt

C=0
Rh . Aggregate hydrodynamic radius is in parenthesis.

b Errors in R
0
h , ±12%.

reater solvation. The results in pure DMSO and IP-water media are
resented in Table 2. Although the values appeared to be reason-
ble, their comparison and discussion are less relevant since the
LS method produces results on the basis of spherical geometry
f the scattering species which in the present system was not so
s revealed from the desolvated TEM pictures to be subsequently
iscussed. The above results warrant further physicochemical stud-

es of the biopolymer inulin in solution in different mixed solvent
edia, and in presence of additives.

.2.2. TEM and AFM studies
The morphology dependence of the solvent removed inulin

btained from DMSO–water medium was examined by TEM and
FM measurements. The TEM images of samples from the mixed
MSO–water medium at XDMSO = 0.50 and 1.0 are illustrated in
ig. 6A and B. Globular supra molecular inulin aggregates formed
Dan et al., 2009) in water that changed to spindle-shaped rod-like
ggregates in DMSO, and heterogeneous roughly prolate shaped
ggregates of intermediate dimensions appeared from the afore-

aid DMSO–water medium. The AFM images in pure DMSO medium
depicted in Fig. 6D and E) witnessed topography of elongated
ggregates. The three-dimensional depiction (Fig. 6E) supported
ointed tip particles with average surface roughness of ∼34 nm in
MSO. Nearly globular topography with much shorter heights were

ig. 6. TEM and AFM images of inulin (0.05 mg g−1) in DMSO–water and IP-water media.
ure DMSO (2D picture, dimension 10/10 �m); (E) AFM in pure DMSO (3D picture, dimen
lymers 81 (2010) 700–706

observed for samples prepared from XDMSO = 0.50 mixed medium
in their AFM pictures (not illustrated). Thus, solvent composi-
tion dependent aggregate formation of the biopolymer inulin in
DMSO–water medium was witnessed.

The morphology of inulin obtained from IP-water medium was
also studied by TEM and AFM measurements. For both XIP = 0.016
and 0.032 in IP-water medium (Fig. 6C), fingerprint patterned
structures were observed. The particles became self-arranged gen-
erating elongated fiber-like morphology. The width of the fibers
at XIP = 0.016 and 0.032 were on the average 3.1 and 2.3 nm,
respectively; and the distances between two layers were 2.8 and
6.2 nm, respectively. Such TEM images are not very commonly
observed. In recent literature (Chen, Joly, Malm, Bovin, & Wang,
2003; Cozzoli, Kornowoski, & weller, 2003; de Gennes & Prost,
1993; Nich, Harroun, Raghunathan, Glinka, & Katsaras, 2004; Yu &
Saupe, 1980), fingerprint impressions in TEM for polymer, surfac-
tant and polymer-nanoparticle composites have been reported. The
samples on the grid form narrow fiber-like bodies that arrange in
definite patterns like fingerprints. Khatua, Ghosh, Dey, Ghosh, and
Aswal (2008) reported fingerprint like TEM patterns for a mixed
surfactant system of sodium N-(2-(n-dodecylamino)ethanoyl)-l-
alaninate (C12Ala) and sodiumdodecyl sulfate (SDS) in aqueous
solution at a molar ratio of 0.2. Fingerprint-like structures forming
circular cylinder type pattern was observed from semi dilute solu-
tions. Rod-like micelles transformed into elongated long threads
of ∼2 nm width to produce the pattern which was recognizable
up to a concentration of 10 mM. The presence of chirality in the
molecules has been considered to be a necessary condition for this
pattern. But achiral compounds have been also found to form such
structures (Castaldi, Ortona, Paduano, & Vitagliano, 1998; Sulthana,
Rao, Bhat, & Rakshit, 1998). The desolvated inulin from IP-water
used in this study was CD (circular dichroism) inactive achiral
species (without optical rotation), and has formed fingerprint pat-
water and DMSO media (cf. Fig. 6A and B). The nature of the sol-
vent and broadly speaking, the environment has to have a say on
such pattern formation. Thus at this stage, generalization would
be a premature comprehension. The AFM images at XIP = 0.016 and

(A) TEM in pure DMSO; (B) TEM in XDMSO = 0.50; (C) TEM in XIP = 0.032; (D) AFM in
sion 30/30/0.12 �m); and (F) AFM in XIP = 0.032 (dimension, 50/50 �m).
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.032 in water evidenced kind of elongated topography (Fig. 6F at
IP = 0.032). The average surface roughness of the preparation was
55 nm.

. Conclusion

The biopolymer forms aggregates in solution; both monomeric
nd large aggregates have been supported from DLS measurements.
nulin is fairly soluble in water; it is liberally soluble in DMSO
ut sparingly soluble in IP medium. Its [�] viscosity in water is
uch smaller than in DMSO, and intermediate in DMSO–water
edium increasing continuously with increasing concentration of

he first component. The solubility of inulin in water decreases
ith temperature (hydrophobic effect), and the process is weakly

ndothermic. In IP-water environment the process becomes dis-
inctly exothermic; the exothermicity increases with increasing
resence of IP in the medium. In IP-water environment, the sol-
bility of inulin decreases by the addition of salt. The salting out
henomenon only partially follows the Hofmeister or lyotropic
eries for the ions. The solubility has shown a moderate correla-
ion with the hydrodynamic radius of the effective ions, and a fair
orrelation with their lyotropic numbers.

The TEM measurements of solvent removed samples of inulin
vidence radical morphology differences. The sample from water
roduces globular aggregates whereas that from DMSO shows
hick spindle-like species. In DMSO–water at XDMSO = 0.50, the
ggregates are non-spherical. At XIP = 0.016 and 0.032 in IP-water
edium, the aggregates are also non-spherical, and produce fiber-

ike assemblies arranged in fingerprint patterns. AFM pictures of
hese samples have supported the formation of spherical, non-
pherical and elongated entities.
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