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a b s t r a c t

Degalactosylation of xyloglucan from the seeds of Hymenaea courbaril by �-galactosidase, which strips
the (1 → 2)�-d-galactose side groups, was monitored in real time using time dependent static light scat-
tering (TDSLS), viscosimetry and HPSEC–MALLS. The galactose side-chain stripping rate constant (˛)
was determined by TDSLS as 1.3 × 10−6 s−1 and the scattering at 90◦ showed a little upwards curvature,
indicating a high fraction of mass in the backbone (f 0.78). There was an increase in aggregation dur-
eywords:
yloglucan
ymenaea courbaril
tatic and dynamic light scattering
DSLS

p

ing degalactosylation, especially during later stages, resulting in a microgel at dilute concentrations. Lp

was determined using viscosimetric techniques in order to avoid the influence of aggregates. A value of
approximately 4 nm was obtained, both before and after enzymatic hydrolysis. The results confirm that
aggregation is the principal phenomenon responsible for gelling of degalactosylated xyloglucan and that
the conformation is practically unaffected during the enzymatic treatment.
egalactosylation
PSEC–MALLS

. Introduction

Xyloglucans are the main glycans that interlace cellulose
icrofibrils in most flowering plants (Carpita & Gibeaut, 1993;

ry, 1989; McNeil, Darvill, & Fry, 1984). Besides being a structural
omponent of primary cell walls, they play important roles in the
ontrol of cell expansion and as a reserve of carbon in the seeds of
any dicotyledons (Buckeridge, Santos, & Tiné, 2000; Fry, 1989).

eed xyloglucans have a cellulose-like (1 → 4)-linked �-d-glucan
ain-chain, substituted at O-6 by single-unit �-d-xylopyranose

Xylp) side-chains. Some of them are further substituted at O-
by �-d-galactopyranose (Galp). These seed xyloglucans have a

arge number of commercial and industrial applications, especially
hose obtained from seeds of Tamarindus indica (Gidley et al., 1991;
icout, Ross-Murphy, Errington, & Harding, 2003; Rao & Srivastava,
973). They are widely used as food and cosmetic additives, where
hey act as thickeners and stabilizing agents (Maeda, Yamashita,

Morita, 2007; Petkowicz, Vargas-Rechia, Busato, & Richer, 2005;

amatoya & Shirakawa, 2003).

Although native xyloglucans do not form gels, Miyazaki et al.
1998) demonstrated that the partial degradation of the xyloglucan
f the seeds of T. indica by �-d-galactosidase led to the forma-

∗ Corresponding author. Tel.: +55 41 3361 1665; fax: +55 41 3266 2042.
E-mail address: jlms12@ufpr.br (J.L.M. Silveira).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.10.021
© 2010 Elsevier Ltd. All rights reserved.

tion of a hydrogel that is thermally reversible in dilute aqueous
solutions. At high degrees of degalactosylation, the gel has a signifi-
cantly higher storage modulus than that of other thermo-reversible
hydrogels (Brun-Graeppi et al., 2010; Busato, Reicher, Domingues,
& Silveira, 2009; Nisbet et al., 2006; Shirakawa, Yamatoya, &
Nishinari, 1998), since the (1 → 2)�-d-galactose side groups inter-
fere with the interactions between the gel-forming main chains.
As a resulting of this gelling property, xyloglucan has potential
biomedical applications as a component of oral, ocular, transdermal
and rectal drug delivery systems and as a matrix for hepato-
cyte attachment (Burgalassi, Chetoni, Panichi, Boldrini, & Saettone,
2000; Coviello, Matricardi, Marianecci, & Alhaique, 2007; Kawasaki
et al., 1999; Miyazaki et al., 1998; Miyazaki, Kawasaki, Endo, &
Attwood, 2001a; Miyazaki, Kawasaki, Shirakawa, et al., 2001b;
Miyazaki et al., 2003; Seo et al., 2004; Strickland et al., 2001; Suisha
et al., 1998; Takahashi et al., 2002; Yamatoya & Shirakawa, 2003).

The seeds of Hymenaea courbaril (jatobá), which is found abun-
dantly throughout Brazilian forests, could be an additional source
of xyloglucan for biotechnological applications. The structural,
physical and biological properties of the xyloglucan from these
seeds have been extensively studied (Alcântara, Martin, Silva,

Dietrich, & Buckeridge, 2006; Buckeridge et al., 1997; dos Santos,
Purgatto, Mercier, & Buckeridge, 2004; Freitas, Gorin, Neves, &
Sierakowski, 2003; Freitas et al., 2005; Lima & Buckeridge, 2001;
Lima, Reicher, Corrêa, Ganter, & Sierakowski, 1993; Lima, Rechia,
Ganter, Reicher, & Sierakowski, 1995; Lima-Nishimura et al., 2003;

dx.doi.org/10.1016/j.carbpol.2010.10.021
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:jlms12@ufpr.br
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ucyszyn et al., 2009; Martin, Freitas, Obayashi, & Sierakowski,
003; Martin, Souza-Lima, Gorin, Reicher, and Sierakowski (2000);
ibeiro, Arizaga, Wypych, & Sierakowski, 2009; Tiné, Silva, Lima,
arpita, & Buckeridge, 2006; Vargas-Rechia et al., 1998). In our own
ork, we used nondestructive oscillatory measurements to show

hat the partial degalactosylation of xyloglucan from H. courbaril
eeds with �-d-galactosidase led to the formation of a network
tructure like a gel (Busato et al., 2009). This contrasts with the
ative xyloglucan, which forms a viscoelastic solution. Tempera-
ure sweeps confirmed that the enzymatically modified xyloglucan
s a thermally responsive hydrogel.

In order to characterize better the potential for use of the
egalactosylated xyloglucan of H. courbaril in industrial applica-
ions, it is necessary to determine how the enzymatic treatment
nfluences its molecular weight and chain conformation (Burgalassi
t al., 2000). Time dependent static light scattering (TDSLS) is a
seful tool for this investigation, since it can be used to monitor
hanges in light scattering intensity and angular distribution on the
ime scale of the degalactosylation process. It yields comprehen-
ive, model-independent information about monomer conversion,
olymer degradation, molecular weights, intrinsic viscosities, aver-
ge composition drifts and distributions, conductivity and chemical
odification (Alb, Mignard, Drenski, & Reed, 2004; Drenski & Reed,

004; Sorci & Reed, 2002).
In the current work we undertook a real time analysis, using

DSLS and viscosimetry, in order to evaluate the macromolecular
nd hydrodynamic properties of the xyloglucan from seeds of H.
ourbaril during enzymatic degalactosylation. The aim was to deter-
ine whether the gelling properties of degalactosylated xyloglucan

re due to macromolecular aggregation and, if so, whether a confor-
ational change of the xyloglucan, from random coil to rigid rod,

s necessary in order for macromolecule aggregation to occur.

. Experimental

.1. General methods

Total carbohydrate was determined by the phenol-sulfuric acid
ethod (Dubois, Gilles, Hamilton, Rebers, & Smith, 1956), using

lucose as the standard, and protein content by that of Hartree
1972), using BSA as the standard. Monosaccharide composition
as determined by gas–liquid chromatography (GLC) as described

y Busato et al. (2009) and confirmed by 13C NMR. 13C NMR spec-
ra were obtained using a 400 MHz Bruker model DRX Avance
pectrometer at 100 MHz in the Fourier transform mode, with com-
lete proton decoupling at 70 ◦C, using DMSO-d6 as solvent, in
tube of 0.5 cm i.d. The spectral width was 200 ppm, chemical

hifts being reported as ı (ppm) relative to the resonance of DDS
sodium 4,4-dimethyl-4-silopentano-1-sulphonate) as the internal
tandard (ı = 0).

.2. Plant material and polysaccharide isolation

Seeds from H. courbaril (jatobá) were acquired from IPEF (Insti-
uto de Pesquisas e Estudos Florestais), State of São Paulo, Brazil.
he seeds were boiled in water for 1 h to inactivate enzymes
nd then held in the water at 4 ◦C until swelling took place.
hey were then dehulled and the cotyledons milled and defat-
ed with toluene:ethanol (2:1, v/v) in a Soxhlet extractor. The
aterial was dried and submitted to aqueous extraction at 25 ◦C
or 1 h. After centrifugation (10,000 × g, 20 min), the extract was
dded to ethanol; the precipitate was washed twice with a gra-
ient of ethanol (80%, 90%, and 100%) and then dried under
acuum at 25 ◦C. The polysaccharide obtained was named “Fraction
N”.
olymers 83 (2011) 1636–1642 1637

2.3. Enzymatic hydrolysis of xyloglucan

Fraction JN (containing 1 mg/mL xyloglucan from H. courbaril
seeds) was filtered sequentially through 0.8, 0.45 and 0.22 �m
cellulose ester filters (Millipore). �-galactosidase from Aspergillus
niger (MEGAZYME) was then added at a concentration of 0.8 U/mL
and the sample was incubated for 24 h at 50 ◦C and pH 6.8. The
contents of the reactor were recirculated through the TDSLS equip-
ment, as described below. The degalactosylated xyloglucan sample
was named fraction JH.

2.4. Real time monitoring of xyloglucan degalactosylation

TDSLS and multi angle laser light scattering (MALLS) measure-
ments were done according to Zimm (1948), whose equation, at
low concentrations and for q2〈S2〉z � 1, is

Kc

IR(q, c)
= 1

Mw

(
1 + q2〈S2〉z

3

)
+ 2A2c (1)

where IR(q,c) is the excess Rayleigh scattering ratio (cm−1) at scat-
tering vector q (nm−1) and polymer concentration c (g/cm3). Mw

and A2 are the weight-average molar mass and second virial coeffi-
cient, respectively. 〈S2〉z is the z average of the square of the radius
of gyration (Rg). q = (4�n/�)sin(�/2), where � is the scattering angle,
n is the index of refraction of the solvent and � is the vacuum
wavelength of the incident light (632 nm). In Eq. (1), K is an optical
constant, given for vertically polarized incident light by:

K = 4�2n2(dn/dc)2

NA�4
(2)

where NA is Avogadro’s number and dn/dc is the differential refrac-
tive index increment of the solvent–solute solution with respect to
change in solute concentration. The dn/dc of xyloglucan was deter-
mined using a Waters differential refractometer model 2410 at a
wavelength of 546 nm, with at least 5 concentrations, between 1
and 0.1 mg/mL (filtered by Millipore filter 0.45 �m). The values
of dn/dc were determined as 0.134 and 0.184 mL/g, respectively,
for the xyloglucans in fractions JN and JH, using 0.1 M NaNO2 as
the solvent at 25 ◦C. These dn/dc values were used for the weight-
average molar mass calculation. Regarding dn/dc, the values cited
were referent to the technique mentioned above and different con-
centration detectors or methods of sample preparation could give
a wide variation or results, as previously reported in the literature
by Christensen et al. (2001).

In order to calculate the persistence length (Lp), the radius of
gyration (Rg) was first obtained from the intrinsic viscosity [�]
(determined by viscosimetry), using the Flory-Fox Equation (1953):

R3
g = [�]Mw

�o63/2
(3)

where �o is the viscosity parameter. The influence of excluded
volume and the expansion factor on �o was calculated according
to Gidley et al. (1991). The characteristic ratio (C∞) and Lp were
obtained using the following equation (Freitas et al., 2005; Roger,
Axelos, & Colona, 2000):

C∞ = 6R2
gmo

Mwl2
= 2

(
Lp

l

)
− 1 (4)

where mo is the monomer molar weight calculated as starting from
360 to 300 g/mol (according to the degree of galactosylation) and l is

the monomeric length (0.52 nm), as previously described by Taylor
and Atkins (1985).

A custom built TDSLS system was used. The xyloglucan, after
filtration (50 mL), was withdrawn from a 100 mL reactor, equili-
brated at 50 ◦C/20 min, by a Shimadzu LC-20AT pump. A pre-pump
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lter of 2 �m and a 0.5 �m inline pre-pump filter were used. TDSLS
as carried out using a multidetection equipment consisting of a
omebuilt single capillary viscometer based on a Valydine DP15
ressure transducer and Valydine CD12 carrier demodulator, a 7
ngle static light scattering BI-MwA MALLS (Brookhaven) in flow
ode and a refraction index (RID-10A) detector (Shimadzu), used

n a loop with the reactor. The data collected from the continu-
us recirculation at 0.5 mL/min were used to obtain parameters of
pparent molar mass, viscosity and concentration in real time.

Heat inactivated JH fractions (96 ± 1 ◦C for 20 min) removed
rom the reactor during the experiment were analyzed by dynamic
ight scattering (DLS). The samples were evaluated on a Brookhaven
nstruments BI-90 Plus, with 90◦ detection. The samples were
sed for intensity autocorrelation computation and analysis by the
tandard method of moments, to yield average Dz at the higher
oments, or cumulant analysis. From Dz, the hydrodynamic radius

f the z-averaged equivalent sphere, Rh, was determined by the
tokes–Einstein relationship for spherical particles:

z = kT

6��Rh
(5)

here Dz is the diffusion coefficient and k, T, and � are the Boltz-
ann constant, the absolute temperature and the solvent viscosity,

espectively (Berne & Pecora, 1990).
The same heat inactivated samples were also analyzed on

multidetector high performance size exclusion chromatograph
HPSEC), using a Shodex SB 804 column, coupled to a BI-MwA

ALLS detector, Waters RI detector, and a custom-built viscome-
er (VIS). The eluent used was 0.1 M NaNO2, containing 0.02 ppm of
aN3, at a flow rate of 0.8 mL/min. The HPSEC standard used to cal-
ulate delay volumes was polyethylene oxide (PEO), with nominal
ass 101,200 g/mol and polydispersity of 1.06 (Polymer Lab). The

N and JH fractions were analyzed by 13C RMN to determine the per-
entage galactose removal (%GR) during this hydrolysis step, which
as calculated as follows:

GR = 100% · mb − ma

mb
(6)

here mb is the molar concentration of galactose before hydroly-
is and ma is the molar concentration of galactose after hydrolysis
Shirakawa et al., 1998).

.5. Galactose side-chain stripping

The fraction of mass in the backbone (fp) can be obtained com-
aring the beginning Kc/Ir (q,0) to a plateau of Kc/Ir (q,tend) after the
ydrolysis, so no fitting is required for fp, which can be obtained

rom the relation:

p =
√

Kco/Ir(q, 0)
Kco/Ir(q, tend)

(7)

The decay rate ˛ can then be obtained by a single parameter fit
o Kco/Ir(q,t) according to:

Kco

Ir(q, t)
= [1 + u(t)/3]

Mt,o[(fp + (1 − fp)exp(−˛t)]2
(8)

here Mt,o is the total initial polymer mass (equal to Mp + Ms,o,
here Ms,o is the initial side-chain mass). The parameter u(t) is
efined by:

(t) = q2Rgz(t) (9)
It is assumed that the stripped side chains themselves scatter
nsignificantly compared to the remaining backbone. Also, when
he change in Rgz is small during the reaction, the side-chain strip-
ing rate ˛ and the fraction of mass in the backbone fp can be
omputed without any explicit knowledge of Mt,o, A2,o or Rgz,o. Even
Fig. 1. Degalactosylation of xyloglucan at 1 mg/mL using �-d-galactosidase
(0.8 U/mL) from Aspergillus niger at 50 ◦C in water. A loop was created with a flow of
0.5 mL/min and passed through a refractive index (RI) detector, a viscometer and a
static light scattering detector (TDSLS).

K and co do not need to be known, since it suffices simply to measure
the relative solvent subtracted scattering level instead of the abso-
lutely calibrated Ir(q,t), and fp can even be obtained from a straight
line fit to the initial slope of Kc/Ir (q,t) (Ganter, Sabbi, & Reed, 2001).

3. Results

3.1. Chemical composition of water-soluble xyloglucan

Milled endosperms of H. courbaril seeds were defatted with
toluene–ethanol, and extracted with water at 25 ◦C. The extract
was treated with excess ethanol to give a precipitate of xyloglucan
(fraction JN, 15.5% yield), which was water-soluble. It contained
protein (5%) and carbohydrate (85%). The monosaccharide com-
position of fraction JN was glucose (52.2%), xylose (34.8%), and
galactose (13.0%).

3.2. Real time monitoring of xyloglucan degalactosylation by
TDSLS

Fig. 1 shows the results obtained during the real time monitoring
by TDSLS of the enzymatic degalactosylation of xyloglucan. After
addition of �-d-galactosidase to the reactor (arrow in Fig. 1), the
reduced viscosity (�red) began to decrease. It reached a minimum at
1000 min and then increased again. The apparent molecular weight
(Mapp) decreased slightly initially, but after 500 min it began to
increase significantly.

The reduction in RI after 1100 min indicates that the polymer
was excluded from the detectors (Fig. 1). This exclusion would
explain the decrease of the apparent molar mass (Mapp). Due to
the exclusion from the detectors, the total pressure of the system
increased and consequently, the differential pressure increased. In
turn, this led to an increase in the value calculated for reduced
viscosity (�red).

Fig. 2 shows Kc/Ir versus time during enzymatic degalactosyla-
tion of the xyloglucan. The scattering at � = 90◦ shows a little initial
upwards curvature, and the amount of scattering was consistent
with a high value of fp (0.78, Eq. (7)) and, subsequently, after the

first small plateau (∼400 min after addition of enzyme), the scat-
tering at � = 90◦ decreases. Linear regression of the part of the curve
between 0 and 400 min gave a galactose side-chain stripping-rate
constant (˛) of 1.3 × 10−6 s−1.
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ig. 2. Kc/I vs. time (min) for degalactosylation of xyloglucan at 1 mg/mL at � = 90◦ ,
sing �-d-galactosidase (0.8 U/mL) from A. niger at 50 ◦C in water. A loop was created
ith a flow of 0.5 mL/min and passed through the static light scattering detector.

.3. HPSEC–MALLS and viscosimetric analysis of xyloglucan

Table 1 presents the weight-average molar mass (Mw), the poly-
ispersity index (Mw/Mn), the radius of gyration (Rg), the radius
f gyration calculated using the Flory-Fox equation (Rg, Flory),
he hydrodynamic radio (Rh), the intrinsic viscosity [�] and the
ersistence length (Lp) for the samples of xyloglucan collected at
ifferent times during the degalactosylation. Lp was determined
sing Gaussian-chain modeling (Eq. (4)), and during enzymatic
reatment it was practically constant at about 4.0 nm.

Fig. 3 shows HPSEC–MALLS chromatograms of xyloglucan sam-
les obtained at different times of enzymatic degalactosylation. The
otal light scattering intensity decreased over time. After 450 min,
he peak, determined by light scattering and RI, was shifted to larger
lution volumes. This shift is due both to degalactosylation and
o the fact that the aggregates that formed in the solution were
emoved by the HPSEC–MALLS pre-filter. This filtration effect also
aused the reduced viscosity (�red) after 450 min to fall to very low
alues. The same behavior was observed during TDSLS analysis.

.4. Chemical composition of partially degalactosylated
yloglucan

The chemical structures of xyloglucan before (fraction JN) and
fter side-chain stripping (fraction JH) were compared by 13C NMR
pectroscopy (Fig. 4). The well-defined anomeric signals ı 105.3,

03.26, and 99.87 for fraction JN (Fig. 4A) are due to terminal �-
alactopyranose, �-glucopyranose and �-xylopyranose residues,
espectively. Other signals are those of the O-substituted C-2 of
he �-xylopyranosyl units (ı 81.20) and the C-5 (� 75.87) and C-4
ı 68.81) of the �-galactopyranosyl units. With respect to fraction

able 1
haracteristics of partially degalactosylated xyloglucan obtained from Hymenaea courbar

Time (min) Mw
a (g/mol) Mv (g/mol) Mw/Mn

a R

0 1.70 × 106 1.48 × 106 1.9 1
85 1.02 × 106 1.06 × 106 1.8

170 0.76 × 106 0.74 × 106 1.7
255 0.44 × 106 0.37 × 106 1.7
425 0.15 × 106 0.09 × 106 1.7

1070 0.17 × 106 – 3.0 1

a HPSEC–MALLS analysis using Eq. (1).
b Flory-Fox Eq. (3).
c DLS analysis using Eq. (5).
d Rg from Flory-Fox Eq. (3) and Lp from Eq. (4).
Fig. 3. HPSEC–MALLS of xyloglucan samples obtained at different times of degalac-
tosylation. The eluent used was 0.1 M NaNO2 with 0.02% NaN3, at 25 ◦C. Light
scattering (LS) at 90◦ , and insert profile using RI detector.

JH, signals at ı 73.14, 72.25 and 62.04, which correspond to C-3,
C-2 and C-6 of �-galactopyranosyl units, respectively, were not
detected (Fig. 4B) (Lima et al., 1995; Lima-Nishimura et al., 2003;
Martin et al., 2003). The integral of the anomeric signs for JN and
JH confirms the GLC data, with 71% of galactose content reduction.

4. Discussion

Native xyloglucans are not able to form gels, but enzymatic
degalactosylation leads to the formation of a thermally reversible
gel (Busato et al., 2009). The present work provides new insights
into the gelling mechanism, the kinetics of enzymatic degalacto-
sylation and the minimum fraction of polymer in the backbone fp
that is necessary for gel formation to occur.

The galactose side-chain stripping-rate (˛) is an important
parameter that can guide the development of industrial processes
for the enzymatic degalactosylation of xyloglucan. Maximization
of this parameter can be used as the objective function in studies
undertaken to optimize reaction conditions. It is useful to deter-
mine how ˛ varies as a function of the temperature and of the
concentrations of enzyme and xyloglucan. Ganter et al. (2001) eval-
uated, using TDSLS, the degalactosylation of galactomannans in real
time using �-d-galactosidase. The side-chain stripping rate con-
stant obtained for three galactomannans, with different degrees
of galactose substitution on the mannose backbone, varied from
4.03 × 10−5 to 6.36 × 10−5 s−1. These values are over one order of
magnitude higher that the value of 1.3 × 10−6 s−1 obtained in the

current work.

It is clear that side chain removal is necessary for gel formation,
but the mechanism of promotion of gel formation is not clear. There
are two possibilities. The gel may form simply because the hinder-

il seeds and analyzed by HPSEC–MALLS and DLS.

g
a (nm) Rg

b (nm) Rh
c (nm) [�]a (mL/g) Lp

d

34 62 170 752 3.8
99 41 90 639 4.0
89 39 55.6 497 4.2
56 27 530 348 4.2
92 13 975 145 3.7
29 12 866 708 –
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ig. 4. 13C NMR spectrum of xyloglucan from the seeds of Hymenaea courbaril befo
n DMSO-d6 at 70 ◦C.

ng side chains are removed, allowing direct interaction between
he main chains, or it may form because side chain removal pro-

otes a change in conformation of the molecule from a random
oil to a rigid rod. The evidence for each of these phenomena is
iscussed in the following subsections.

.1. Evaluation of evidence that side chain removal directly
avors aggregation
The TDSLS data in Fig. 1 confirm that aggregates of xyloglucan
ere formed after degalactosylation and therefore confirm that the

emoval of the hindering side groups contributes to gel formation.
his is consistent with previous reports that have used rheology and
canning electron microscopy analysis in degalactosylated samples
and after (B) enzymolysis with �-d-galactosidase (0.8 U/mL) from A. niger at 50 ◦C

of xyloglucan (Busato et al., 2009; Shirakawa et al., 1998; Yamatoya
& Shirakawa, 2003).

Ganter et al. (2001) also observed aggregation when galac-
tomannans were treated with �-d-galactosidase. The fact that the
removal of the galactose substituents leads to aggregation sug-
gests that these substituents confer solubility in water on both
galactomannan and xyloglucan. Additionally, the aggregation may
represent the microgelling process of xyloglucan.

The decrease in static light scattering from 400 to 1000 min

after addition of enzyme (Fig. 2) represents the aggregation of the
galactose-stripped backbone of xyloglucan. The aggregation starts
more significantly at an fp of 0.78, suggesting that the practically
complete removal of hindering side groups contributes to aggrega-
tion and gel formation. The results obtained by 13C NMR confirm
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hat in fraction JH the xyloglucan backbone was degalactosylated
ue to intensity reduction of the chemical shifts related to galactose
ubstitution, 71% of reduction (Fig. 4B).

The aggregation of xyloglucan, after degalactosylation, was also
onfirmed by DLS with an increase in Rh (Table 1) and average
ount rate (AVG) with increasing enzymatic treatment time (data
ot shown), since the measured quantity is a z-average of the popu-

ation, the DLS measurement is very sensitive to small populations
f aggregates (Berne & Pecora, 1990).

.2. Evaluation of evidence that side chain removal promotes
onformational changes

The combination of static and dynamic light scattering data
btained in the present work provides qualitative information
bout the architecture of the macromolecules that cannot be
btained with either method alone and allows an evaluation of
he degree to which conformational changes might have con-
ributed to gel formation. For example, this combination of
ata allows calculation of the structure-sensitive parameter �
Rg/Rh) (Burchard, 1994), which depends on the chain structure,
onformation and polydispersity (Grimm, Kriigef, & Burchudb,
995).

Brun-Graeppi et al. (2010) used this approach to characterize
he sol–gel transition of xyloglucan hydrogels, and their results for

suggest that the structure was more compact after degalacto-
ylation. However, the determination of � is not a simple matter
hen aggregates form. Freitas et al. (2005) observed that when

ggregates are present the use of an uncorrected value of Rg, as
etermined by MALLS, in the calculation of Lp, results in a false
igid rod conformation.

There are two strategies that can be used to reduce the influence
f aggregates and therefore allow calculation of the persistence
ength (Lp). Firstly, the influence of aggregates can be avoided
y calculating Rg using the Flory-Fox equation, based on intrin-
ic viscosity measurements. Secondly, the aggregation itself can
e minimized by submitting the samples to high temperature and
ressure (Freitas et al., 2005; Picout et al., 2003). The use of the
lory-Fox equation is advantageous, since heat treatment can cause
hermal decomposition and may in fact be inefficient in reducing
ggregation (Freitas, Drenski, Alb, & Reed, 2010; Freitas et al., 2005).
lso the seriousness of the aggregation problem with biopolymers
eans that it is useful to make viscosity measurements, since these

re virtually unaffected by small populations of aggregates (Freitas
t al., 2010).

The Lp of xyloglucan after degalactosylation was practically
naffected and similar to the values of ∼4.4 nm that were previ-
usly reported by Freitas et al. (2005) for the native xyloglucan of
. courbaril, on the basis of light scattering data. Patel et al. (2008)
bserved variation in the estimation of the persistence length of
yloglucan related to the hydrodynamic technique used, but over-
ll our results are compatible with values of Lp of 4–8 nm that have
een reported for native xyloglucans from various sources (Patel
t al., 2008; Picout et al., 2003; Ren, Picout, Ellis, Ross-Murphy, &
eid, 2005).

The constant Lp suggests that there was no conformational
odification of xyloglucan during degalactosylation and that the

ggregation of xyloglucan is the main phenomenon responsible
or gel formation. The aggregation of xyloglucan in diluted con-
itions depends on the extent of galactose stripping and the fp
alue suggests that aggregation occurred after complete degalac-

osylation. The aggregates formed after degalactosylation, not the
solated macromolecule, have a rigid rod-like behavior, as previ-
usly observed by Brun-Graeppi et al. (2010), and are responsible
or the increase of the solid-like behavior in the rheological exper-
ments.
olymers 83 (2011) 1636–1642 1641

5. Conclusion

The aggregation of xyloglucan is the major factor responsible for
gel formation and the conformation was practically unaffected by
the enzymatic treatment. The stripping rate constant of the lateral
galactose on the xyloglucan (1.3 × 10−6 s−1 determined by TDSLS),
fp (0.78) and a constant Lp (of 4 nm before and after enzymatic
hydrolysis) confirm the proposition. The data presented in the cur-
rent paper will help to guide future applications using modified
xyloglucan from the seeds of H. courbaril as a gelling additive.
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