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ABSTRACT

The major polysaccharide in tamarind seed is a galactoxyloglucan for which the ratios galactose:xy-
lose:glucose are 1:2.25:2.8. A minor polysaccharide (2-3%) contains branched (1 — 5)-x-L-arabinofuranan
and unbranched (1 —4)-§-p-galactopyranan features. Small-angle X-ray scattering experiments gave values
for the cross-sectional radius of the polymer in aqueous solution that were typical of single-stranded
molecules. Marked stiffness of the chain (C_ 110) was deduced from static light-scattering studies and is
ascribed partially to the restriction of the motion of the (1 —4)-8-D-glucan backbone by its extensive (~80%)
glycosylation. The rigidity of the polymer caused significant draining effects, which heavily influenced the
hydrodynamic behaviour. The dependence of ““zero-shear” viscosity on concentration was used to charac-
terise “dilute” and “semi-dilute” concentration regimes. The marked dependence on concentration in the
““semi-dilute” region was similar to that for other stiff neutral polysaccharide systems, ascribed to “hyper-
entanglements”, and it is suggested that these may have arisen through a tenuous alignment of stiffened
chains.

INTRODUCTION

Seeds of the tamarind tree (Tamarindus indica), which is indigenous to India and
South East Asia, contain large proportions of a non-starch polysaccharide that func-
tions as an energy reserve'. Seeds are present in pods, which also contain a pulp that is
widely used in Asian cuisine and has high concentrations of sugars and tartaric acid®. As
tamarind seeds are a by-product of the extraction of pulp, commercial applications have
been sought. De-hulled and crushed seeds provide a crude preparation of polysaccha-
ride (tamarind-kernel powder) which is used, for example, in textile sizing and weaving,
and as an adhesive or binding agent in other industries®. A soluble (tamarind-seed)
polysaccharide fraction can be prepared from the powder of the kernel and is used as a
thickening, stabilising, and gelling agent in foods, particularly in Japan where it is a
permitted food additive’.

* Author for correspondence.
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Tamarind-seed polysaccharide belongs to the xyloglucan family, members of
which are found either within the cell-wall matrices of plants® or as major seed
components and, presumably, function as energy reserves' . Xyloglucans are often
termed “‘amyloids™ because of the characteristic blue stain that is produced with
iodine/potassium iodide solution’. Although all seed “xvloglucans™ examined to date
have common structural elements (1), /.., a cellulosic-type (1 -+ 4)-f-p-glucan backbone
with side chains of x-pD-xylopyranose and ff-p-galactopyranosyl-(1 —23-2-p-xylopyra-
nose (1 —6)-linked to the backbone, two features of the structure are not well defined.
Firstly, the ratios of glucose:xylose:galactose. often reported’ ™ as ~ 3:2:1, have been
determined variously to be 3:2.25:1 (ref. 8), 2.25:1.25:1 (ref 9y, 3:2:1 {refs. 10 12), and
4:2:1 (ref. 13). Secondly. the presence of low proportions ol arabinose residues has been
reported”!""* in acid hydrolysates of preparations of tamarind-seed polvsaccharide. It
has been suggested' that arabinofuranosyl residues are (1 -2)-linked to the cellulosic
backbone, but there is no conclusive evidence. Two other possibihities. which have not
been considered previously, are that arabinose may be present due to @ contaminating
arabinan or that z-i.-arabinofuranose may be (1-—6)-linked to side-chain xylose resi-
dues as is found in tobacco cell walls™. This latter possibility gains credence from the
similarity in structure of x-t-arabinose and f-p-galactose. which is (1-»2)-linked to
xvlose in tamarind-seed polysaccharide (1). x-Arabinofuranose 15 {1 2)-linked to a
specific xylose-substituted glucose residue in a minor oligosaccharide obtained" by
enzymic degradation of the extracellular xvloglucan from sveamore.
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Commercial interest in purified tamarind-seed polysaccharide centres on its
ability to thicken or gel aqueous-based food systems”. In aqueous solution, tamarind-
seed polysaccharide is an effective viscosifier’, whereas gels are formed in the presence of
~ 50% of sugar (or alcohols). Despite these applications, there have been few detailed
studies of the molecular properties of solutions of tamarind-seed polysaccharide or
other xyloglucans. From a consideration of the structure (1), the cellulosic backbone
with a high degree of glycosyl substitution would be expected'” to lead 1o a stiff,
extended-chain structure in solution and, hence, efficient volume occupancy and en-
hancement of viscosity. Light-scattering studies'” " of another glycosyl-branched cellu-
losic polysaccharide. xanthan, have revealed an extremely stiff molecular structure. at
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leastin the “*ordered” conformation. The rheological properties of xanthan® are typical
of “weak gels” rather than of simple (entanglement) solutions, such as shown by guar
gum®', another branched polysaccharide with a moderately stiff backbone. Therefore, it
is of interest to characterise the behaviour in solution of tamarind-seed polysaccharide,
both in terms of the chain dimensions and persistence of the chains as well as macro-
scopic rheological behaviour.

We now report on the structure and properties in aqueous solution of tamarind-
seed polysaccharide.

RESULTS AND DISCUSSION

Composition.— Tamarind-seed polysaccharides from various commercial sourc-
es were purified and their compositions, determined by acid hydrolysis and g.l.c. of the
derived alditol acetates, were glucose, 43-45%; xylose, 35-38%; galactose, 15-17%;
and arabinose, 2-3%. Similar results were obtained for the polysaccharide from
nasturtium seed.

The composition was investigated also by "H-n.m.r. spectroscopy. The spectrum
of the region for signals of anomeric protons is shown in Fig. 1a. From analyses of
related systems'*?, the signalsat 5.15(d, J,, 3.3 Hz), 4.97 (d, J, , 3.4 Hz), and 4.55-4.65
p.p-m. were assigned to H-1 of 2-O-galactosylxylose, terminal xylose, and all of the
glucose and galactose residues, respectively, in 1. Other minor signals in the range
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Fig. 1. Partial '"H-n.m.r. spectra (90°, 2 mg/mL in D,0) of (4) tamarind-seed polysaccharide (purified
Glyloid 38) and (b) the fraction soluble in alkaline copper sulphate and enriched in arabinan.
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5.1-5.3 p.p.m. are assigned to H-1 of arabinose residucs (see below).

The ratios of the residues could be determined from the intensitics of the appro-
priate signals for galactose (5.15 p.p.m.), xylose (sum of the signals at 5.15 and 4.97
p.p-m.). and glucose (difference between the signals at 455 4.65 and 515 ppomj. In
order to obtain reliable quantitative data, it was necessary 1o allow for full reluxation of
resonances between consecutive observation pulses; the 7 values for the relevant "M
resonances for native and depolymerised tamarind-seed polysaccharides are shown in
Table 1. The T, values for the resonances of H-1 of glucose and galactose were not
sensitive to molecular weight. whereas those for the resonances of H-1 of the substituted
and terminal xylose residues mereased with decrease m the moleculur weight, 2-0-
Galactosyl substitution markedly lowered the 7, value of the xylose H-1 resenance and
those of the H-1 resonances of galactose and glucose were similar. Although there s no
general relationship between the 7, vatues for resonances of polyvsaccharides and local
molecular mobilitics, the results shown in Table Tare consistent with hindered mobility
about the f-galactosyi-(1 - -xvlose linkage as might be predicted on the basis of steric
compression, For quantitative analysis of the composition, a delay of atfeast S5 (4. 5
times the longest 7, value found tor the resonances of the low-molecular-weight
materials) was employed. "H-N.m.r. analysis of several commercial tamarind-seed
polysaccharides vielded residue compositions of glucose. 44 46%: xylose. 35 38%:
galactose. 15 17%: and arabinose. 2 3% Similar results were obtaimed for nasturtium-
seed polysaccharide. These results are essentially identical to those noted above, which
were obtained by gle of the alditol acetates. and confirmed that, for several prep-
arations of tamarind-seed polysaccharide, the ratios glucosexyviose galactoserarabi-
noscaredd +1:36 4+ 1:16 + 12 3. Asshown below, the arabinose was probably duetou
contaminating arabinan. The ratios for tamarind-seed galactoxyloglucan are therefore
2.80(+0.05:2.25(4+0.055:1 O for glucose:xylose:galactose, These ratios are significant-

TABLE 1

Signal Nutive” Depolvmerised
1‘ >]‘:
Dy~ 507 .~y

2-O-Galactosylxylose

(515 p.p.m.j (.52 .58 .oy
Terminal xylosc

(497 p.p.m.) .67 055 P
Glucose + galactose

(4.55-4.65 p.p.m.) 0.57-0.61 (.47 -0.58 1.48-0.55

" In solution in D,0 at 90", " Purified Glyloid 3S. © Glyloid afier treatment with xyloglucan-specific
endo-ff-p-glucanase from nasturtium™. ‘ Total endo-f-p-glucanase digest: d.p. determined by quantitative
'"H-n.m.r. analysis of the signals for anomeric protons, * After fractionation of endo-fi-p-glucanase digest op
Sephadex G-50 (fraction with greatest elution volume), \
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ly different from those (3:2:1) reported frequently and indicate a higher degree of
backbone substitution than found previously, although the ratios are similar to those
(3:2.25:1) reported by Kooiman®.

Features of the arabinan. — Arabinose residues were found in the tamarind-seed
polysaccharides studied here and elsewhere™'''>. The 'H-n.m.r. spectrum (Fig. 1a)
suggested that the H-1 resonances associated with the arabinose residues occurred at
5.1-5.3 p.p.m. An arabinose-related signal has been reported' at ~5.1 p.p.m. for an
arabinoxyloglucanisolated from tobacco cell walls. In this molecule, L-arabinofuranose
residues were 2-linked to some a-xylopyranosyl side-chains that were 6-linked to a
(1 »4)--p-glucan backbone'. In order to determine whether a similar structure occurs
in tamarind-seed polysaccharide, "C-n.m.r. spectra were recorded, because Mori et al."*
have reported that the arabinosyl C-! resonance in tobacco arabinoxyloglucan has a
chemical shift of 111.2 p.p.m. The *C-n.m.r. spectrum of tamarind-seed polysaccharide
isshown in Fig. 2a, and the C-1 signals at 105.5, 103.4, and 100.1 p.p.m. were assigned to
galactose, glucose, and xylose residues, respectively. Although there appeared to be
several other signals of low intensity, the limited signal-to-noise ratio, achieved with the
viscous 0.5% solution employed, rendered the identification of the minor signals
ambiguous.

Following treatment of tamarind-seed polysaccharide with nasturtium endo-
(1-4)-B-p-glucanase”, the *C-n.m.r. spectrum of an aqueous 3% solution shown in
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Fig. 2. *C-N.m.r. spectra of (a) tamarind-seed polysaccharide (90°, 5 mg/mL in D,0), (b) the same sample
after digestion with nasturtium endo-(1-—4)-f-D-glucanase® (60°, 30 mg/mL in D,0), and (c) the fraction
from (a) that was soluble in alkaline copper sulphate and enriched in arabinan.
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Fig. 2b was recorded. Minor signals. characteristic of furanose structures, were present
in the regions 75-86 and 107 -109 p.p.m.. and are ascribed to arabinose. The chemical
shifts of the three most intense of the latter signals (108.67, 108.12, and 107.57 p.p.m.)
were essentially identical to those (108.7, 108.15, and 107.6p.p.m.jreported by Capek ¢/
al **for an arabinan isolated from marsh mallow (A/thaea officinalis 1.}, All other minor
signals atiributed to arabinose in the depolymerised tamarind-seed polysaccharide had
chemical shifts that are essentially identical to those reported by Capek er al™ for a
(1-»5)linked x-L-arabinofuranan backbone with side chains of {1 -2) and (1-3)-
linked #-r-arabinofuranose. Similar chemical shift and structural data have been
reported for an arabinan from Rosa glauca™. Although tentative assignments for these
resonances have been proposed”, no definitive "'C assignments are available for
branched arabinans. Chemical shifts for the H-1 resonances of the R. glanca arabinan
were reported™ to be in the range 5.0-5.4 p.p.m.. in agreement with those of the minor
signals given by the tamarind-seed polysaccharide (Fig. la). Similarly, Churms et /.
reported a chemical shift of 5.1 p.p.m. for the H-1 resonance of a linear (1-» 3)-linked
z-L-arabinan. The low (unresolved) J,, values for tamarind-seed polysaccharides are
more consistent with those expected™” for x-1-arabinofuranose residues (1.2 2.9 Hz)
than for the ff form (4.3-4.8 Hz).

The arabinan-like linkages observed in tamarind-seed polysaccharide may arise
either through covalent attachment of arabinan side chains o the galactoxyloglucan
core or through the co-purification of an arabinan. Depolymerisation of tamarind-seed
polysaccharide with nasturtium endo-(1-4)-f-D-glucanase™ gave a mixture of low-
molecular-weight fragments that could be resolved partially by chromatography on
Sephadex G-50 (data not shown). 'H-N.m.r. analysis of the fractions showed the
absence of the characteristic arabinose H-1 signals in the range 5.0-5.4 p.p.m.. except
for the fraction of highest molecular weight (d.p. ~ 100 by end-group analysis based on
'H-n.m.r. data). This evidence suggests that arabinans are not present as short oligo-
meric side chains attached to the galactoxyloglucan core. Significant enrichment of the
arabinan was obtained by precipitation of the tamarind-seed polysaccharide with
alkaline copper sulphate. The material (2.3%) in the supernatant solution contained
~30% of arabinan and ~ 70% of galactoxyloglucan (Fig 1b), the latter having
essentially the same glucose:xylose:galactose ratios as the total sample. Resonances in
the range 5.1-5.3 p.p.m. (Fig. Ib) assigned to H-1 of the arabinan secem to be repre-
sentative of the ratios of signal intensities observed in the non-enriched material (Fig.
la). This single precipitation step corresponded to a 101 5-fold purification of the
arabinan with a recovery of ~40%. The 'H-n.m.r. spectrum of the copper sulphate-
soluble fraction (Fig. 1b) can be used to rule out significant 2-substitution by «-
arabinofuranosyl of the xvlose-substituted glucose residues. as found inan oligosaccha-
ride derived from an extracellular yloglucan of sycamore'". In this oligosuccharide. the
arabinosyl group caused downfield shifts (of up to 0.04 p.p.m.) of the resonances of
neighbouring xylosyl residues'” No such shifts are observed in Fig. Ib. The "C-nmur
spectrum of the copper sulphate-soluble fraction (Fig. 2¢) contained signals associated
with galactoxyloglucan features (Fig. 2a) and significant resonances from branched
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arabinans®? that had chemical shifts identical to those of the minor signals in Fig. 2b
but with much increased intensity. In addition, minor resonances that corresponded to
(1-4)--p-galactan structures® were detected, e.g., for C-4 at 78.8 p.p.m. A minor 'H
signal at 4.65 p.p.m. (Fig. 1b) was assigned tentatively to H-1 of (1—4)-§-p-galactan
linkages. The presence of both arabinan and galactan in tamarind-seed polysaccharides
suggests that a small amount of pectic material was co-extracted with the preponderant
galactoxyloglucan. Although the present results suggest that arabinans are not present
as free oligomers or as short side chains attached to the galactoxyloglucan backbone, it
has not been established whether covalent linkages connect the two species.

Solution properties. — (a) Small-angle X-ray scattering. The data were recorded
over the angular range 260 = 0.2-4.9°, which corresponded to scattering vectors (h) of
1.5 x 10723.5 x 10~ A~' (h = 4n sin ©/1). Typical data for a 1% (w/w) solution of
purified tamarind-seed polysaccharide are shown in Fig. 3a; for appropriate ranges of 4,
a plot of In (intensity x 2@) versus 4 contained a linear (cross-sectional Guinier)
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Fig. 3. (a) Angular dependence of the small-angle X-ray scattering intensity from an aqueous solution (10
mg/mL) of tamarind-seed polysaccharide; (b) cross-sectional plot of the scatter curve () from an aqueous
solutio/li (10 mg/mL) of tamarind-seed polysaccharide. The slope of the fitted straight line corresponds to R,
=28A,
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region, the slope of which was proportional to R *, where R_is the cross-sectional radius
of gyration”. Such a plot isshownin Fig 3bfor the data of Fig. 3a. und the linear rcgion
is seen for 0.02 < #° < 0.15 A °. the slope of which corresponded to R = 2.8 A.
Measurements were made for 12 solutmns of tamarind-seed polvsaccharide in the range
0.5-2.5% (w/w), and R_values in the range 2.6-3.2 A were obtained with an aver age
value of 2 9 +0.2 A. This value may be compared with values of 2 U A for lincar
dextran™, 2.5 +0.8 A and 2.6 +0.8 A for jota-carrageenan’™ and agarose™ 2.6 +0.7 A
for guar galactommman‘”. and 3.0 A for hyaluronic acid™. For cach of these systems,
the R, value corresponded to single chains in solution and this applies also 1o the
tamarind-seed polysacchande, the R value of 2.9 A being ar the top end of the runge.
presumably due to the high degree of substitution by side chaims

The derived R_value, however, 1s an average and the X-ray data alone cannot rule
out a imited amount of aggregation of chains. The conclusion from Fig. 3. therefore. 1s
that tamarind-seed polvsaccharide in solution at 25 15 a substantially disaggregated
state of single chains.

(h) Light scartering. Static light-scattering experiments on solutions can yield the
weight-average molecular weight (M), the root-mean-square radius of gyration (K, =
<857 >"7), and the second virial coefficient. 4,. Further information can be obtained
from quasi-elastic or dynamic experiments; on extrapolation of the apparent diffusion
coeflicients to zero angle and concentration in a "dynamic™ Zimm plot™. the intercept
gives the translational diffusion coefficient (D)) of the polymer. The diffusion coetticient
can be converted into an equivalent hydrodynamic radius of @ hard sphere, following
the Stokes—Einstein equation.

<R, > = kTi6an,D,). (H

where 5, is the viscosity of the solvent, & is the Boltzmann constant, and 7T is the
temperature (K).

Since R, is the radius of a hypothetical sphere with the diffusion coeflicient D, the
ratio between radius of gyration and hydrodynamicradius, p = R /R, issensitive to the
shape of the particle. Static and dynamic Zimm plots for aqueous soiuuons of purified
tamarind-seed polysaccharide are presented in Figs. d4a and 4b, respectively. The data
obtained from these plots together with the p-parameter ind the characteristic ratio C
are collected in Table 1.

The parameter ' {the characteristic ratio) is an estimate of the rigidity of the
polymer and s given by

C‘x == 6 < SQ > A/[‘y‘(’(/:‘)"lw)* (:)

where / is the length of one chain segment and M is the molecular weight of this
segment. If the molecule is assumed to be single-stranded and each f-(1 —»4j-linked
glucose residue in the backbone is defined as one segment of the chain. the values / =
0.52 nmand M = 360 (= 162/0.45) apply” and result in ¢ = {10, This value may be
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Fig. 4. (a) Static Zimm plot of tamarind-seed polysaccharide for aqueous solutions of (left to right) 0.0,
0.248, 0.496, 0.744, and 1.24 mg/mL; (b) dynamic Zimm plot of the same solutions.

compared with that for guar galactomannan and carboxymethylcellulose, which have
similar backbone structures but characteristic ratios™ that are lower by a factor of ~ 10.
The greater stiffness of the chain of tamarind-seed polysaccharide compared to that of
carboxymethylcellulose might be due partially to the high proportion of side chains in
the former (~80% of glucose residues are substituted). Inspection of space-filling
(CPK) molecular models suggests that the side chains (especially the disaccharide units)

TABLE I

Parameters determined from static and dynamic light-scattering measurements on aqueous solutions of
tamarind-seed polysaccharide®

M, 88 x 10° £0.1 g/mol.

R, 110 +1.0 nm.

A, 8.5 x 107* 4£0.5 mol.mL/g>.
D, 3.4 402 x 107* cm?/s.

R, 71 +3.0 nm.

C. 110+l

P 1.5540.08.

“ Average values for measurements from 2 samples purified separately.
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cause significant barriers to the mobility of the internal chains, particularly at high levels
of substitution. The C, value for tamarind-seed polysaccharide is higher than those for
other neutral polysaccharides'” and is comparable to those for alginates that have a
ribbon-like structure stiffened by mutual electrostatic repulsion between adjacent resi-
dues. However, it 1s possible that the stiffness of the chain of tamarind-seed polvsaccha-
ride 1s not due solely to hindered rotation but also to specitic aggregation which will be
discussed elsewhere™. Because of the marked stiffness of the chain. a p-parameter would
be expected that is significantly different from the value found experimentally for
flexible coils™. In fact. a value of p of 1.55 lies in the range intermediate between that
(1.27) for flexible, nearly monodisperse coils in a @ solvent™ and that (2-3) for such
highly ordered polysaccharides'™* as gellan or xanthan. Several factors are expected to
increase the value of p above that for monodisperse coils 11 a @ solvent, namely. the
quality of the solvent and the drainage, polydispersity". and stiffness of the chamn™®. All
of these factors apply to tamarind-seed polysaccharide, and their combination is
presumed to be responsible for the observed increase in the value of p to 1.55. However.
this value is sigmficantly lower than that reported for microbial polysaccharides in the
helical ordered state, which have comparable virial coefficients and, probably. similar
polydispersity but greater stiffness of the chains®'.

(¢) Rheology. Two features of the solution rheology of tamarind-seed polysaccha-
ride have been studied. namely, the intrinsic viscosity [#] and the dependence of the
“zero-shear” viscosity #, on concentration. For purified tamarind-seed polysaccharide.
an average intrinsic viscosity of [} = 6 +0.5dL /g was obtained. Knowing the radius of
gyration and the molecular weight from the light-scattering experiments, an attempt
can be made to predict the intrinsic viscosity from the Fox Flory theory*,

7] = @6 <85> M. (3

With a value* of @ = 2.5 x 10* mol ', this approach yields a theoretical intrinsic
viscosity of {y], = 50.4 dL/g. which is about eight times higher than the corresponding
experimental value. This discrepancy may be due to polvdispersity. excluded volume.
and draining effects. The first two parameters influence the radius of gyvration and the
last alters the parameter ¢

Equation J is strictly valid only for mono-disperse chains, which means that the
value estimated for [}, will be too high, as the z-average of the radius of gyration is
divided by the weight average of the molecular weight. On the assumption of a most
probabile size distribution,

<S> = <155 > . (4)
the theoretical value from equation 3 becomes [}, = 30.1 dL/g.

The radius of gyration is influenced by the excluded volume effect. expressed by
the expansion factor ., and defined by equation 5.
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<S§> = <S>, )

where <S,> is the radius of gyration of the unperturbed chain. The factor o, may be
calculated from static light-scattering results via the interpenetration function* w(a)
given by

A, = 47N, < $*> MPy(a), . ©)
where w(a) = 0.19814 {1—[1 + 0.382(1 —a 3] "*}. %)

From equations 6 and 7, a value for a, of 1.06 is calculated.
The parameter* @ in equation 3 may be corrected according to the formula

B = 2.5¢10% 0,0, 8)

in order to yield a theoretical intrinsic viscosity (corrected for polydispersity) of [#], =
29.15, which suggests that the effect of excluded volume is almost negligible.

The value of «,, obtained from the above interpenetration function, is derived
from static light-scattering data and ignores drainage effects. An alternative method of
estimating o, involves a combination of static and hydrodynamic contributions. From
a wide variety of experimental data®, the product 4,M [#]~' has been found to be a
universal function of o,. Using this relationship, a value for a; of 1.65 was found, which
1s significantly different from that derived above. This finding indicates that the proper-
ties in solution of the tamarind-seed polysaccharide are highly disturbed by hydrody-
namic effects, i.e., the effect of draining.

The draining parameter h = X/ \/ 2 may be derived in two ways. The first involves
a calculation of the hypothetical parameter @, which would predict intrinsic viscosity
correctly. From this quantity, the value for X can be calculated from the equation®

& = (n/6)°N [XF(X)], 9

where [XF(X)] is the Kirkwood—Riseman viscosity function, which is calculated to be
0.2178. If [XF( X )] is plotted® against X, the latter is read off graphically to be 0.344,
which results in a draining parameter 4 = 0.243.

A second approach deals with data from light scattering. Thus, /4 can be in-
terpreted as the ratio between non-draining and draining contributions to the diffusion
coeflicient where the former may be calculated from the radius of gyration. For ideal
non-draining random coils, a value of p of 1.27 was found experimentally®, which,
together with the radius of gyration from Table I1, yielded a hypothetical hydrodynamic
radius of R, = 86.6 nm. This value corresponds, via the Stokes—-Einstein relation, to a
diffusion coefficient D,nd = 2.83 x 10~ % cm’s™' for the ideal non-draining limit.
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When the behaviour deviates from ideal due to drainage effects, the experimental
diffusion coeflicient D ex may be expressed as the sum of draining and non-draming
contributions

= (Dex — Dnd)Dnd. v

which results in a value of # 0 0.219 in good agreement with the value (0.243) derived
from intrinsic viscosity data. This finding suggests that drainage may be the major cause
of the non-ideal p valuc obtained (see the section on light scattering). Therefore. it s
concluded that the drainage of the solvent through the cotls of the polvmer s significant
in aqueous solutions of tamarind-seed polysaccharide and that this effect 1s responsible
{together with polydispersity) for the large difference between experimental and pre-
dicted (equation 3) intrinsic viscositics,

Information concerning the hydrodynamic behaviour of finite concentrations
can be obtained conveniently from a plot of “zero-shear™ specific viscosity () against
the product of concentration (¢) and intrinsic viscosity ([#]). As the Intrinsic viscosity
value is related to the veolume occupied by an iselated polymer molecule. oyl is a
measure of the total volume occupied by polymer molecules 4t a particular concentra-

tion. By using a range of viscometers, extrapolated values of the “zero-shear™ viscosity

were obtained for aqueous solutons of tamarind-seed polvsaccharide 1n the range
0.03-3.0% {w.v). These data are presented as a double logarithmic plot of “zero-shear”
specific viscosity versus ¢f#1in Fig. 5. As found previously forsynthetic polvmers™* and
disordered polysaccharides™ . two limiting slopes were obtained that corresponded to
“dilute” and “semi-dilute” solution conditions™. The transition between these two
states occurs when individual polymer coils begin to interpenetrate and has been
represented as a single discontinuity®’ (solid line in Fig. 51 or as two discontinuities™
(dashed line in Fig. 3) but, most probably, the transition is gradual and reflects the
gradual nature of viscosity-detected coil interpenetration with increasing concentrii-
tion.

For such random-cotl polysaccharides as dextran, sodium alginate. lambda-
carrageenan®’, and amylose® slopes of log N Us log [yl “dilute™ and “semi-dilute”
regimes were 1.3+ 1.4 and 3.3-3.4, respectively. Extrapolated break points between the
two regimes were found at values of ¢{g] and 5, of ~4and ~ 10, respectively’” For
tamarind-seed polysaccharide (Fig. 5), slopes of 1.13 and 4.7 were found for “dilute”
and “semi-dilute’ regimes. respectively, with an extrapolated break pointat ofy] = 3.0
and », = 4.5. This behaviour is close to that of guar and carob galactomannans® .
hyaluronate at low pH and high jonic strength®’. and oat (1 3. 4)-fi-p-glucan™. particu-
larly with regard to the enhanced “semi-ditute™ regime siope that showed a much
greater fractional increase with concentration compared with “random coil”™ poly-
saccharides. This effect has been ascribed” "' to “hyperentanglements™ which survive
longer than non-specific entanglements, Such “hyperentangloments”. however. do not
necessarily predict gross aggregation effects. Most notably, guar and carob galactoman-
nans show similar viscosity concentrauon behaviour. but the fatter has a much greater
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tendency to form stable associations. One feature which all systems capable of “hyper-
entanglements” show is a certain stiffness of the chains in an essentially non-ionised
environment when compared with other polysaccharide coils that show classical entan-
glement behaviour. Therefore, it is possible that the “hyperentanglement” phenomenon
of the chains is due to a tenuous alignment of neutral and stiff segments in solution.

EXPERIMENTAL

Purification of the polysaccharide. — Tamarind-seed polysaccharide Glyloids 38
and 3A (Dainippon Pharmaceutical Co., Osaka, Japan) were used in most studies, and
nasturtium-seed polysaccharide was prepared as described®. Purified polysaccharides
were obtained by dissolution (0.5-1.0% w/v) in deionised water (16 h at 25° or 10 min at
80° followed by 2-3 h at 25°), centrifugation at 20,0004 for 30 min, extensive dialysis
against deionised water, and lyophilisation.

(a) Composition. Samples (5 mg) of polysaccharide were hydrolysed®” by the
72%-4% H,SO, method™, and the monosaccharides in the hydrolysates were deter-
mined quantitatively by g.1.c.** of the derived alditol acetates™.

(b) N.m.r. spectroscopy. The 'H- (200.13 MHz) and “C-n.m.r. (50.32 MHz)
spectra were recorded for solutions in D,0 at 85-90° with a Bruker AM 200 spectro-
meter. Samples for 'H-n.m.r. spectroscopy were first lyophilised from solution in D,O'in
order to reduce interference from residual solvent protons. Spin-lattice relaxation times
(T,) were determined using the inversion—recovery pulse sequence (180°-7—90°-ac-
quire). Comparative integration of signals was achieved by excision and weighing, and
by using the spectrometer integration routine. Chemical shifts are referenced to external
Me,Si.

Small-angle X-ray scattering analysis. — A Kratky camera equipped with a CGR
position-sensitive detector coupled to a Canberra multi-channel analyser was used. The
X-ray source was a Philips 1730 sealed-tube X-ray generator operating at the copper K,
wavelength (1.54 A). Samples were prepared by dissolving purified polysaccharide in
detonised water at room temperature for 16 h or by neutralisation of a solution of
polysaccharide in M NaOH and extensive dialysis as for light scattering (see below).
Essentially identical scattering curves were obtained for the two types of sample.

Light scattering. — Static and dynamic light-scattering measurements were car-
ried out simultaneously in the angular range 30—150° with the red (4 647.1 nm) line of a
Kryptonion laser (Spectra Physics, Model Kr 2020). Details of the apparatus and data
evaluation methods have been reported®. The refractive index increment was measured
with a Brice Phoenix 60 differential refractometer at 4 647.1 nm. A value for dn/dc of
0.163 cm®/g was found for purified tamarind-seed polysaccharide. Stock solutions for
light-scattering measurements were prepared by dissolution of purified Glyloid 3S
either in M NaOH (room temperature, 16 h) followed by neutralisation, and extensive
dialysis, or directly in double-distilled water. From a stock solution (typically 0.15-
0.3% w/v), a series of solutions (down to 0.02% w/v) were prepared by dilutions with
double-distilled water. The solutions were clarified optically by filtration through 0.45-
pm Millipore one-way filters, directly into light-scattering cells.
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Fig. 5. Dependence of “zero-shear™ specific viscosity (4,,) on concentralion (¢} ior agueous solutions of
tamarind-seed polysaccharide determined using an Ubelohede capillary viscometer (1), & Contraves Low
Shear 30 viscometer (@, a Haake CVI00 low-shear viscometer (@), or ¢ Rheometrics Stress rheometer
RSR ((11).

Rheology. — Viscosity measurements were performed over a range of shear rates
for concentrations of polysaccharide up to 3% w/v. The “zero-shear™ or "Newtonian™
viscosities were obtained by extrapolation. The instruments used to cover the concen-
tration range and to validate readings between instruments for the same concentration
(see Fig. 5)were capillary viscometers of the Ubelohede tvpe (Schott Gerite. F.R.G. ). o
Haake low-shear viscometer type CV100, and a Contraves Low Shear 30 viscometer
(Couette geometry; maximum shear rate, I's ). Values of the mtrinsic viscosity were
determined by standard procedures® from measurements on dilute solutions using the
Contraves viscometer.
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