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Abstract

The effect of cosolutes on the formation and properties of high-methoxy pectin gels (pectin concentration 0.5 wt%; DE 70.3) has been
investigated by small-deformation oscillatory measurements of storage and loss n@dahid(G”) and by compression testing &t
Solutions were prepared at95°C and pH was varied by addition of citric acid. With 65 wt% sucrose as cosolute, a critically crosslinked
network was formed on cooling td6 at pH 4.7. The changes in moduli observed for this composition during cooling were fully reversible
on heating, with no thermal hysteresis. Progressive reduction in pH to belowKthef phe galacturonic acid residues caused a sharp,
sigmoidal increase in moduli af@, attributed to association of pectin chains into a pectinic acid network. On heating)=€&, the gel
moduli decreased, following the same temperature-course as the changes observed on cooling, but further increase in temperature cause
large increases in moduli, consistent with hydrophobic association of methyl ester substituents. These increases became more pronounced a
the strength of the gel structure at low temperature was decreased by reduction in sucrose concentration or increase in pH. H€ating to 95
and re-cooling caused a substantial increase in gel stre@gtingm small-deformation measurements and breaking stress under compres-
sion), which is attributed to segregation of chain sequences of high and low ester content during thermal cycling, with the less highly
esterified sequences giving stronger pectinic acid junction8GatReplacement of sucrose by glucose or fructose caused large changes in
gelation temperature, in the order: fructosesucrose< glucose The departure from the normal order of effectiveness
(fructose< glucose< sucrose anticipated from compatibility with water structure and observed experimentally for the same sugars in
combination with other biopolymers is attributed to inhibition of intermolecular association by strong hydrogen-bonding of primary alcohol
groups on the sugars (2 per residue in fructofuranose, 1.5 per residue in sucrose, and 1 per residue in glucopyranose) to the carboxylic acid
and methyl ester groups of pecti©.2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction large reduction in gel strength. The results from an analo-
gous series of experiments using a different type of partially
High methoxy pectin is unique among gelling biopoly- depolymerised starch (potato maltodextrin), however, indi-
mers with approval for food use in requiring high concen- cated that maltodextrin, although less effective than sucrose,
trations of a low molecular weight cosolute (normally is capable of promoting self-association of high-methoxy
sucrose) to induce gelation. The other requirement for gel pectin at acid pH. This was attributed, tentatively, to a
formation is acidification (typically to~pH 3). Gelation substantial content of oligomeric fragments and short, linear
occurs spontaneously during cooling from the solution- chains in the maltodextrin preparation, but not in the
state at high temperature. The resulting gels do not re- oxidised starch.
melt on heating (Christensen, 1986; Rolin, 1993). In the present work, we have used small-deformation
In the two preceding papers (Evageliou, Richardson & oscillatory measurements of storage modul@§ é@nd loss
Morris, 2000a,b), we showed that progressive replacementmodulus G”) to explore the effect of pH and sucrose
of sucrose by sub-gelling concentrations of oxidised starch concentration on the temperature-course of structure for-
(effectively partially depolymerised amylopectin) causes a mation during cooling, and on subsequent thermal stability.
We have also explored the changes that occur when sucrose
is replaced by other cosolutes (glucose, glucose syrup,

* Corresponding author. Tel+353-21-903625; fax:-353-21-270001. fructose, and glucose—fructose m'_Xtures)- Finally, we
E-mail addressed.morris@ucc.ie (E.R. Morris). report an unusual “thermal annealing” effect observed
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Table 1 constructed by one of us (R.K.R.). Temperature was varied

Variation of sample pH with citric acid content at a fixed rate of %C/min, controlled by a Haake circulating

[Citric acid] (wt%) pH (+0.05) water bath and measured using a thermocouple in contact
with the stationary element. Measurements@fand G”

0.6 3.0 during cooling and heating were made at a fixed frequency

8'2 225 of 1 rad s*. After loading at 95C, the samples were coated

03 35 around their periphery with light silicone oil, to minimise

0.2 38 evaporation, cooled to’€, heated to I, and re-cooled to

0.1 4.2 5°C. At the end of each cooling or heating stage (i.e."& 5

0.0 4.7 90°C and 5C) a full mechanical spectrum was recorded to

show the variation ofG’, G” and n* (complex dynamic
viscosity) with frequencyd).
when gels were taken to high temperature and re- Samples for compression testing were filled (&®5nto
cooled. lubricated cylindrical moulds of diameter 13 mm and height
12 mm, and immediately sealed with lubricated foil. They
were then allowed to cool naturally te30°C, transferred to
2. Materials and methods a refrigerator at 8, and stored for 2 h. At this stage, three
plugs were demoulded and compressed at a fixed rate of
The pectin sample used was a laboratory preparation0.8 mms® on a TA-XT2 Texture Analyser (from Stable
(X-4938) from the Copenhagen Pectin Division of Hercules. Microsystems), housed in a refrigerator &€5The remain-
It has a pectin content of 97.7% of which 85.1% is galactur- ing plugs were then placed in an oven at®@or 1 h, cooled
onate with a degree of methyl esterification (DE) of 70.3%. as before, and measured &C5Duplicate preparations were
The unesterified carboxyl groups are predominantly in the made for each sample, and the results shown are mean
un-ionised (acid) form, giving solutions efpH 3 or lower, values from the resulting six compression curves (two
depending on concentration. The same sample was used irpreparations, each run in triplicate). The extent of compres-
the studies of mixtures of high-methoxy pectin with starch sion is expressed as “true strain”, which is given (Ross-
polysaccharides reported in the two preceding papersMurphy, 1984) by In(¢/L), whereL, and L denote the
(Evageliou et al., 2000a,b). Glucose and fructose were height of the sample before and during compression, respec-
Reagent grade from BDH; both are essentially anhydroustively. Stress (force per unit area) was similarly corrected
(<1% moisture). The sucrose used was normal food grade,for changes in the mean cross-sectional area of the sample
purchased locally. Glucose syrup of dextrose equivalent 42 during compression, by multiplying the initial area byL.
(i.e. with 42% of the glucose residues present as reducing Optical rotation was measured at 365 nm on a Perkin—
end-groups) was a commercial preparation from CeresterElmer 241 polarimeter, using a jacketed cell of pathlength
(batch no NX 8472), with a water content of 19%. The 10 mm. Temperature was controlled by a Haake circulating
concentration used is expressed on a dry-weight basis. Citricwater bath and measured using a thermocouple in the neck
acid and trisodium citrate were AnalaR grade from BDH. of the cell, but out of the light path, and was held fixed at
Distilled deionised water was used throughout. 25°C.
Sample preparation followed the procedure described in
the preceding paper (Evageliou et al., 2000b). A pectin stock
solution was prepared at5 wt%, and adjusted to pH 4 by 3. Results
addition of trisodium citrate. Mixtures were prepared at
95°C, by adding the required volume of the stock solution 3.1. Variation of pH at fixed sucrose concentration
to a solution of the cosolute, and were brought to the
required final weight by addition of water or continued In the first series of experiments, the sucrose content of
evaporation, as appropriate. Citric acid (0—0.6 wt%) was the samples was held fixed at 65 wt% and the pH was
then added, and the solution was immediately loaded into varied, by varying the amount of citric acid added in the
arheometer pre-heated to°@5 and/or filled into cylindrical final stage of sample preparation. The concentrations of
moulds for compression testing. The effect of citric acid citric acid used were 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 wt%,
content on the pH of the final gels was determined by cool- and the corresponding values of pH for the resulting gels are
ing samples to &, disrupting the gel structure by vigorous listed in Table 1. As shown in Fig. 1, there is a smooth
manual stirring, and recording the pH values attained after reduction in pH as the citric acid content is increased. The
prolonged equilibration at ambient temperature. highest concentration (0.6 wt%), which was the value used
Small-deformation oscillatory measurements (0.5% inthe investigation of mixtures of high-methoxy pectin with
strain) were made using highly truncated cone-and-plate starch polysaccharides reported in the preceding paper
geometry (diameter 50 mm; cone angle 0.05 rad; minimum (Evageliou et al., 2000b), gives a pH of 3.0. At the other
gap 1 mm) on a sensitive prototype rheometer designed andextreme, the pH attained with no addition of citric acid is
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5.0 : : . — . substantial increase at higher temperatures, suggesting that
the overall thermal stability may arise from formation of
new intermolecular associations during heating, rather
than from simple preservation of the structures formed
initially during cooling. This behaviour is illustrated in
Fig. 5b for the sample prepared at pH 3.5 (citric acid content
0.3 wt%). The pH-dependence of the final moduli £&®&
shown in Fig. 2b.

The extent of thermal hysteresis between cooling and
heating is indicated in Fig. 6, which shows the vaues of
G' and G” obtained on completion of heating to °@)
divided by the corresponding values recorded at the same
temperature during initial cooling from the solution state.
The results are somewhat scattered, probably due to the low
values of the initial moduli at high temperature, but there is
a clear trend to greater hysteresis as the pH is reduced (with,
Fig. 1. Effect of citric acid content on the pH of high-methoxy pectin gels as shown in Fig. 4, no detectable hysteresis for the critically
(0.5 wt% pectin; DE 70.3; 65 wt% sucrose) prepared using a pectin stock crosslinked network formed at pH 4.7).
solution (5.0 wt%) at pH 4. As a further indication of the rheological changes that

occur during heating, Fig. 7 shows the moduli & %Fig.
higher than that of the pectin stock solution (4.7 in com-
parison with 4.0), which can be explained by the reduction
in pectin concentration from 5.0 wt% in the stock solution to
0.5 wt% in the mixtures with sucrose. a

Fig. 2a shows the effect of pH on the valuesfandG”

(1 rad s % 0.5% strain) attained on completion of cooling to
5°C. There is a sharp reduction in both moduli as the pH is
raised to above thelfy of the galacturonate residues of the
polymer (~pH 3.4; Plaschina, Braudo & Tolstoguzov,
1978). As illustrated in Fig. 3a, the mechanical spectra
recorded at 8 for samples prepared at lower pH3.4)

are typically gel-like (G' > G”; little frequency-depen-
dence of either modulus; linear decrease in 4dgwith
increasing logw, with a slope close to-1). At the highest 10 A . . ;
pH studied (4.7, obtained with no addition of citric acid), the 25 3.0 35 4.0 45 50
corresponding spectrum (Fig. 3b) has the form characteristic pH

(Durrand, Delsanti, Adam & Luck, 1987; te Nijenhuis &

Winter, 1989) of a critically crosslinked network: |63

and logG” vary linearly with logw across the whole of 10000 y ' ' v

the accessible frequency-range, with the same slope b

(~0.63) for both moduli. Thus pH 4.7 is the point at 1000 | .
which there is just sufficient self-association of pectin chains
to give a continuous network.

As shown in Fig. 4, the changes @& andG” observed
during cooling at this pH are fully reversible on heating,
with no detectable thermal hysteresis. At the opposite
extreme of the pH range studied (3.0, obtained using
0.6 wt% citric acid), there is an initial slight reduction in 1F .
G’ andG” on heating (Fig. 5a), again following the same
temperature-course as the changes observed during cooling, o1 . A A .
but at temperatures above30°C both moduli remain 25 3.0 35 4.0 45 50
virtually constant, consistent with the well-established pH

thermal stability of high-methoxy pectin gels under these
Fig. 2. pH-Dependence @' (M) andG” (O), measured at 1 rad $and

condrgons (0'5. Wt% pectin; 65 V.Vt/o sucrose; pH 3). 0.5% strain, for 0.5 wt% high-methoxy pectin (DE 70.3) with 65 wt%
At intermediate pH values ("e' between 4.7 and 3'0)' sucrose, (a) after cooling td°G from the solution state at 95, and (b)

however, the initial reduction in moduli is followed by a after subsequent heating to°@0
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Fig. 3. Mechanical spectra (0.5% strain) showing the frequency-depen-

dence ofG’ (W), G” (O) andn* (A) for 0.5 wt% high-methoxy pectin at
(a) pH 3.1 and (b) pH 4.7 after cooling t6Gin the presence of 65 wt%
sucrose.
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Fig. 4. Variation ofG’ (squares) an@” (circles) for 0.5 wt% high-methoxy
pectin in the presence of 65 wt% sucrose at pH 4.7, during initial cooling
from 95 to 5C (filled symbols) and subsequent heating t6®@@open
symbols).
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Fig. 5. Variation ofG’ (squares) an@” (circles) during initial cooling from

95 to 5C (filled symbols) and subsequent heating t6®@pen symbols)
for 0.5 wt% high-methoxy pectin with 65 wt% sucrose at (a) pH 3.0 and
(b) pH 3.5.

2a) divided by the corresponding values at®@Fig. 2b).
The divergence is smallest (i.e. the ratio is lowest) at around
the (K, of the galacturonate residues, increasing steeply at
higher pH and also increasing slightly under more acidic
conditions. At all pH values studied, the ratios are greater
than 1 (i.e. the moduli at 9C are lower than at®). The
decrease however, is much greater@rthan forG’ (i.e. the
ratio of the low-temperature/high-temperature values is higher).
The change in character of the gel networks during heat-
ing is illustrated more directly in Fig. 8, which shows the
values of tans (G"/G') at 5°C and at 96C. Throughout the
pH range studied, taf at 90C is lower than at 8. The
divergence is greatest for the sample prepared at pH 3.8
(using 0.2 wt% citric acid). Fig. 9 shows the mechanical
spectra obtained for this preparation after initial cooling to
5°C and after subsequent heating to°@0 The high-
temperature spectrum (Fig. 9b) has the form typical of a
normal biopolymer gel. Although the moduli afG are
substantially higher, the mechanical spectrum (Fig. 9a) is
far less gel-like: the separation betweBhandG” is much
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temperatures, with accompanying reduction in the moduli
reached at &.
As found for samples prepared at 65 wt% sucrose but
! with a lower content of citric acid (Fig. 5b), the preparations
o . ] with lower sucrose content show a substantial increase in
. moduli during heating. Indeed, the final values@f (Fig.
10 F ] 10a) at 90C for the pectin—sucrose mixtures at sucrose
i ° . ] concentrations of 50 and 55 wt% are appreciably higher
than the corresponding values 8€5giving direct evidence
] of the formation of additional intermolecular associations as
- | the temperature is raised.

100 C T T T T

G g9 (heating)/ G gp (cooling)

1 Il 1 1 1 -

2.5 3.0 3.5 4.0 45 5.0
pH

3.3. Thermal annealing

Further changes in network properties were observed
when samples that had been heated t&90ere re-cooled
to 5°C. Fig. 11 shows the variations @' and G” during
heating and cooling for 0.5 wt% pectin with 65 wt% sucrose
and 0.6 wt% citric acid (pH 3.0). Similar changes were seen
smaller, and the frequency-dependence of both moduli is for mixtures prepared at higher pH (0—0.5 wt% citric acid).
greater. This striking difference in network character In the initial stages of cooling, the moduli follow the same
between low and high temperature is again indicative of temperature-course as the changes observed during heating,
changes in intermolecular association during heating. but then diverge to higher values at lower temperature.

One obvious, trivial, explanation might be that the higher
values ofG’ andG” at 5°C after heating to ST arise from
evaporation of water at elevated temperature, despite the

Fig. 10 shows the results of a brief investigation in which coating of silicon oil around the periphery of the samples.
pH was held constant at 3.0 (using 0.6 wt% citric acid) and This possibility was explored by compression-testing of
sucrose content was varied. The concentrations of sucrosesamples prepared in tightly sealed moulds. Fig. 12 shows
used were 50, 55 and 60 wt%, in addition to the concen- the stress—strain curves obtained for the same formulation
tration of 65wt% used in the study of pH-dependence as in Fig. 11 (0.5wt% pectin; 65 wt% sucrose, pH 3.0),
described above. As reported previously (Evageliou et al., measured at ‘€ before and after heating to 90 The
2000b), reduction in sucrose content causes a massivedifference in the large-deformation measurements is less
reduction in initial moduli at the loading temperature of pronounced than the changes in small-deformation response
95°C, and displaces the sharp increaseGh (Fig. 10a) (Fig. 11), but there is a significant increase in breaking stress
and G” (Fig. 10b) during cooling to progressively lower after “thermal annealing”, with an accompanying reduction

Fig. 6. Effect of pH on the values &' () andG” (O) for 0.5 wt% high-
methoxy pectin with 65 wt% sucrose after cooling fi€5and heating to
90°C, divided by the corresponding moduli at*@0during initial cooling.

3.2. Variation in sucrose concentration at fixed pH
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Fig. 7. Effect of pH on the values &' (l) andG” (O) for 0.5 wt% high-
methoxy pectin with 65 wt% sucrose after cooling f&€5divided by the
corresponding moduli after subsequent heating €90

Fig. 8. Effect of pH on the values of tah(1 rad s %; 0.5% strain) observed
for 0.5 wt% high-methoxy pectin with 65 wt% sucrose, after initial cooling
to 5°C (@) and after subsequent heating td©JO).
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Fig. 9. Mechanical spectra (0.5% strain) showing the frequency-depen- Fig. 10. Temperature-dependence of Gf)and (b)G” (1rad s*; 0.5%

dence ofG' (M), G" (O) and 0" (A) for 0.5 wt% high-methoxy pectin strain) during initial cooling from 95 to°& (filled symbols) and subsequent

with 65 wt% sucrose at pH 3.8 (a) after initial cooling téC5and (b) heating to 96C (open symbols) for 0.5 wt% high-methoxy pectin (pH 3.0)

after subsequent heating to°@0 in the presence of sucrose at concentrations (wt%) of 50 (triangles),
55 (circles), 60 (diamonds) and 65 (squares).

in strain at the point of failure (i.e. the sample has become
firmer and more brittle).

Perhaps more convincingly, samples prepared at the same
pH (3.0), but with a lower content of sucrose (60 wt%), were
too weak to be demoulded without breaking after initial
cooling to 5C. When the same preparations were heated
to 9C°C and re-cooled to &, however, the resulting gels
were obviously more cohesive, and could be readily
extracted from the moulds, yielding the compression values
shown in Fig. 13. As would be anticipated from the lower
content of cosolute, failure occurred at substantially lower
stress, and lower strain, than for the preparations at 65 wt%
sucrose (Fig. 12), but the stress—strain curve has the form
expected for fracture of a normal gel network.

The indications of a harder but more brittle structure after
heating and cooling (Fig. 12) are reflected in the mechanical
spectra obtained for the same preparation (0.5 wt% pectin;

10000 — T T T

1000 J

G' (Pa)

100 1
G"

G" (Pa)

100
Temperature (°C)

Fig. 11. Temperature-dependencesdf(squares) an@” (circles) for high-

65 wt% sucrose; pH 3.0). As shown in Fig. 14a, the spec-
trum recorded after initial cooling at°6 has the form

methoxy pectin gels (0.5 wt% pectin; 65 wt% sucrose; pH 3.0) formed by
cooling to 5C, during heating to ST (open symbols) and on subsequent

typical of a reasonably strong polysaccharide gel. Heating re-cooling to 5C (filled symbols).
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Fig. 12. Compression curves for 0.5wt% pectin in combination with Fig. 13. Compression curve for 0.5 wt% pectin (pH 3.0) in combination
65 wi% sucrose at pH 3.0, measured %€ Bfter initial cooling from the with 60 wt% sucrose, after cooling from 95 t&3 heating to 9T, and re-
solution state @) and after subsequent heating td@Q®). cooling to 5C. The gels formed after initial cooling t6G were too weak to

be removed intact from the moulds.

to 90°C and re-cooling raises the overall moduli, but the ill-considered attempt to characterise the molecular processes
resulting mechanical spectrum (Fig. 14b) shows clear underlying the observed changes in rheology during cooling
indications of a higher sol fraction (i.e. a greater proportion and heating by using optical rotation to monitor chain confor-
of polymeric material that does not contribute to the elastic mation. The optical rotation values, however, instead of
character of the network, but increases the viscous giving the sigmoidal changes expected for co-operative tran-
response): the separation & and G” is smaller than  sitions, showed a progressive decrease, which continued
after initial cooling and there is a substantial increase in uninterrupted when the direction of temperature change
both moduli at high frequency, as found for polymer solu- was reversed. The obvious explanation is, of course, that
tions (Ross-Murphy 1984). this monotonic decrease was caused by hydrolysis of sucrose
A possible interpretation of these differences might be at acidic pH, which prompted us to consider the extent of
that they arise from progressive crystallisation of sucrose hydrolysis likely to have occurred during the rheological
during thermal cycling, with the sugar crystals raising the studies, and its possible effect on the observed moduli.
effective concentration of pectin (by reducing the volume of  To characterise the maximum rate of hydrolysis at
the solution phase) but causing physical damage to the gelelevated temperature, a solution of 65 wt% sucrose was
network. This possibility was tested using a preparation with prepared at~95°C, acidified to pH 3.0 with citric acid,
the same pH (3.0) and cosolute concentration (65 wt%), butsealed in an autoclave bottle, and placed in a boiling
with sucrose replaced by glucose syrup, which is resistant towater bath. Samples were withdrawn at 15 min intervals,
crystallisation. The mechanical spectra recorded ‘@ 5 up to 1h, and loaded into a polarimeter cell (1 cm path-
before and after heating to 9D are shown in Fig. 15. The length) thermostatted at 25. Optical rotation was
changes observed for the sample incorporating 65 wt% measured at 365 nm, and recorded when temperature had
sucrose (Fig. 14) are again evident, but are more equilibrated and stable readings were attained. The hydro-
pronounced with glucose syrup as cosolute. It seems clear lysis reaction can be expressed as:

CioH22011  + H,0O —  GCgHipOs  +  CgHi206
sucrose + water — glucose + fructose D

(MW = 342 (MW = 18) (MW = 180 (MW = 180

therefore, that the higher overall moduli and increase in Thus complete hydrolysis of 65 wt% sucrose would yield a
proportion of solution-like response after heating and cool- solution containing 6% 180'342= 34.2 wt% glucose and
ing are not associated with crystallisation, but reflect a 34.2 wt% fructose. A solution of this composition was

genuine change in structure of the pectin network. prepared, and gave an optical rotation (365 nm, 1 cm path-
length; 25C) of —5.44. The corresponding value for
3.4. Effect of changes in cosolute 65 wt% sucrose was 16.05Thus the toal change in optical

rotation for complete hydrolysis would be21.49, with the
The final series of experiments originated from an fractional change at each sampling time giving the
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Fig. 14. Mechanical spectra (0.5% strain) showing the frequency-depen- Fig. 15. Mechanical spectra (0.5% strain) showing the frequency-depen-
dence ofG’ (W), G” (O) andn” (A) for 0.5 wt% high-methoxy pectin with dence ofG' (W), G” (O) andn™ (A) for 0.5 wt% high-methoxy pectin with

65 wt% sucrose at pH 3.0 (a) after initial cooling t8C5 and (b) after 65 wt% glucose syrup at pH 3.0 (a) after initial cooling t€5and (b) after
subsequent heating to ¥ and re-cooling to &. subsequent heating to ¥ and re-cooling to &.

extent of hydrolysis that had occurred. As shown in Fig.
16, ~10% of the sucrose molecules in a 65 wt% solu-
tion at pH 3.0 are split into glucose and fructose after
30 min at~100°C, and the extent of hydrolysis after 1 h

is ~18%.

The effect of replacing sucrose by glucose or fructose, or
by mixtures of the two monosaccharides, was explored at a
fixed pectin concentration of 0.5 wt% (as in all the studies
reported in previous sections) and at a fixed pH of 3.0.
Mixtures were prepared at glucose: fructose ratios of 0:4,
1:3, 2:2, 3:1 and 4:0. For ease of comparison, the total
monosaccharide concentrations (Table 2) were based on
concentrations of sucrose solutions with the same content
of monosaccharide residues. Thus, for example, com-
parisons with 65 wt% sucrose were made using glucose/
fructose solutions prepared at 68.4 wt%. The “equivalent
sucrose concentration” is smaller than the absolute concen-
tration of monosaccharides by a factor of 0.95 (342/360; Eq.

(1)) Fig: 17 shows the. COO””Q curves obtained at a mono- Fig. 16. Time-course of hydrolysis for sucrose (65 wt%) acidified to pH 3.0
saccharide concentration equivalent to 65 wt% sucrose. Aswith citric acid and held in a water bath atl0C°C.
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Table 2
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95°C. The temperature-course of structure formation with

Concentrations of monosaccharide solutions that would be obtained from g5 \Wt% sucrose as cosolute lies between the curves obtained
complete hydrolysis of sucrose

Sucrose
concentration
(wt%)

Monosaccharide
concentration
(Wt%)

50.0
52.5
55.0
60.0
65.0

52.6
55.3
57.9
63.2
68.4

the glucose content is increased from 0 to 100% of the total
cosolute (with corresponding reduction in fructose content
from 100 to 0%), the sigmoidal increaseGn (Fig. 17a) and

G” (Fig. 17b) is displaced to progressively higher temper-

at glucose:fructose ratios of 3:1 and 4:0.

At these high concentrations of cosolute, however, the
nature of the sugar(s) has little effect on the mechanical
properties attained on completion of cooling ttC5 Fig.
18a shows the mechanical spectrum for 0.5 wt% pectin
(pH 3.0) at 8C with 68.4 wt% glucose (equivalent to
65 wt% sucrose) as cosolute. The corresponding spectrum
for an equivalent preparation incorporating the same
concentration of fructose is shown in Fig. 18b. There is little
difference between the two spectra, and both have the form
typical of a normal polysaccharide gel (Ross-Murphy,
1984). Fig. 19 shows the compression curves recorded for
the same compositions, in comparison with the correspond-
ing trace for 0.5wt% pectin with 65 wt% sucrose as

ature, with an accompanying progressive increase in thecosolute. As found for the small-deformation moduli at

initial values of both moduli at the loading temperature of
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1000 | - oo-ouaey

100

G' (Pa)
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0 20 40 60 80 100

Temperature (°C)
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0.1
0 20 40 60 80 100

Temperature (°C)

Fig. 17. Variation of (a)5’ and (b)G” (1 rad s'; 0.5% strain) during initial
cooling from 95 to 8C for 0.5wt% high-methoxy pectin (pH 3.0) in
combination with glucose/fructose cosolutes (concentration 68.4 wt%,
equivalent to 65 wt% sucrose) with glucose content (% total monosacchar-
ide) of 0 (@), 25 (O), 50 (A), 75 (A) and 100 W). The bold line with no

low temperature (Fig. 17), the three compression curves
are virtually identical.

At lower concentrations of cosolute, however, changes in
sugar type have a large effect on gel moduli at low temper-
ature. Fig. 20a shows the value ®f observed for 0.5 wt%
pectin (pH 3.0) after cooling to°& in the presence of
glucose/fructose cosolutes at concentrations of 52.6, 55.3,
57.9, 63.2 and 68.4 wt%, which are equivalent (Table 2) to
50, 52.5, 55, 60 and 65 wt% sucrose. The corresponding
values of G” are shown in Fig. 20b. There is a general
trend to higher moduli as the glucose content of the cosolute
is increased, particularly at intermediate concentrations
(~55-63 wt% monosaccharide).

Fig. 21 shows the changes @ (Fig. 21a) and3” (Fig.
21b) during cooling for the samples prepared using glucose
alone as cosolute. The corresponding cooling curves for
0.5wt% pectin (pH 3.0) with fructose as cosolute are
shown in Fig. 22. In both cases, the increase in moduli is
displaced to progressively lower temperatures as the
concentration of monosaccharide is decreased, but gelation
occurs at systematically lower temperatures with fructose
than with equivalent concentrations of glucose, and, as
shown in Fig. 20, the resulting moduli at°® are
correspondingly lower. The greatest overall differences
between the two cosolutes occur at a monosaccharide
concentration of~58 wt%.

Fig. 23 shows the mechanical spectra obtained for
0.5wt% pectin (pH 3.0) after completion of cooling to
5°C in the presence of glucose or fructose at a concentration
of 57.9 wt% (equivalent to 55 wt% sucrose). As found (Fig.
18) using a higher concentration of either monosaccharide
(68.4 wt%, equivalent to 65 wt% sucrose), the rheological
response with 57.9 wt% glucose as cosolute (Fig. 23a) is
typically gel-like. The spectrum obtained with 57.9 wt%
fructose as cosolute (Fig. 23b), however, indicates a
substantially higher sol-fraction (smaller separationGof
and G”; greater frequency-dependence of both moduli,

symbols shows the changes observed (Fig. 5) with 65wt% sucrose asParticularly at high frequency), and the individual moduli

cosolute.

are much smaller.
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Fig. 18. Mechanical spectra (0.5% strain) showing the frequency-depen-

dence ofG' (W), G” (O) and ™ (A) for 0.5 wt% high-methoxy pectin
(pH 3.0) after cooling from 95 to°® in the presence of (a) glucose and
(b) fructose at a concentration of 68.4 wt% (equivalent to 65 wt% sucrose).

25 T T T T

20 .

o
W
T
L

Stress (kPa)

—
(=)
T
1

Strain

Fig. 19. Compression curves for 0.5 wt% pectin (pH 3.0) after initial cool-
ing to 5°C in the presence of glucosel) or fructose Q) at a concentration

of 68.4 wt% (equivalent to 65 wt% sucrose), in comparison with the curve
obtained (Fig. 12) using 65 wt% sucrose as cosolie (
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Fig. 20. Effect of glucose content (% total monosaccharide) on the values
of (a) G’ and (b)G” (1 rad s*; 0.5% strain) observed for 0.5 wt% high-
methoxy pectin (pH 3.0) after initial cooling ta°G in the presence of
glucose/fructose cosolutes at concentrations (wt%) of 58)6%5.3 ©),

57.9 (&), 63.2 (J) and 68.4 W), which are equivalent to 50, 52.5, 55, 60
and 65 wt% sucrose, respectively.

Fig. 24 shows a direct comparision of valuesGf(Fig.

24a) andG” (Fig. 24b) observed for 0.5 wt% high-methoxy
pectin (pH 3.0) after cooling to °& in the presence

of various concentrations of sucrose (50—65 wt%), and
the corresponding values obtained using equivalent
concentrations (Table 2) of glucose, fructose, or equimolar
mixtures of both (as would be obtained by complete hydro-
lysis of sucrose). As shown previously (Figs. 17-19),
changes in sugar-type at high concentration of cosolute
(65 wt% sucrose, or equivalent monosaccharide concen-
tration) have little effect on gel properties &5 As the
cosolute concentration is decreased, the moduli obtained
using equimolar mixtures of glucose and fructose rise
above those observed at equivalent concentrations of
sucrose, but converge again at lower concentrations
(50 wt%, and equivalent). Throughout this range of cosolute
concentrations, however, the differences in moduli that
would occur from complete hydrolysis of sucrose into an
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Fig. 22. Variation of (a)5’ and (b)G” (1 rad s*; 0.5% strain) during initial
cooling from 95 to 8C for 0.5 wt% high-methoxy pectin (pH 3.0) in the
presence of fructose at concentrations (wt%) of 58§ 65.3 ©), 57.9
(A), 63.2 (O) and 68.4 W), which are equivalent to 50, 52.5, 55, 60 and
65 wt% sucrose, respectively.

Fig. 21. Variation of ()5’ and (b)G” (1 rad s*; 0.5% strain) during initial
cooling from 95 to 8C for 0.5 wt% high-methoxy pectin (pH 3.0) in the
presence of glucose at concentrations (wt%) of 5@)6%5.3 ©), 57.9 @A),
63.2 (0) and 68.4 W), which are equivalent to 50, 52.5, 55, 60 and 65 wt%
sucrose, respectively.

equimolar mixture of glucose and fructose are com-
paratively small, reaching a maximum e8-fold enhance-
ment inG’ and~2-fold increase irtG” at ~55 wt% sucrose.
Thus the extent of hydrolysis found (Fig. 16) for mixtures
held for an hour at around the boiling point would be

polymer—polymer interactions. The first of these obstacles
can be overcome by reduction in charge density and the
second by partial replacement of water by a material with
less capacity for forming hydrogen bonds and other enthal-
pically favourable associations with the polymer chains. To
unlikely to cause any significant change in final gel proper- a first level of approximation, these simple considerations
ties at 5C. As shown in Fig. 17, however, a comparatively explain the large increases in moduli observed on: (i) reduc-
low content of fructose in the cosolute may cause a signif- tion in pH to below the pKof galacturonic acid (Fig. 2) and
icant reduction in initial moduli at high temperature, and in (ii) progressive increase in sucrose concentration (Fig. 10).
the onset temperature for steep increase in moduli duringThe detail of the structures and processes involved,
cooling. however, is more complex.

For 0.5 wt% pectin (DE 70.3) in the presence of 65 wt%
sucrose at pH 4.7, where the extent of interchain association
is just sufficient to give a continuous network (Fig. 3b) at
5°C, there is no detectable difference between the changes in

There are two obvious barriers to self-association of moduli observed on cooling and on heating (Fig. 4). As
pectin chains into gel junctions: (i) intermolecular electro- indicated in Fig. 6, however, substantial hysteresis develops
static repulsion between charged carboxyl groups, and (ii) on progressive reduction in pH. Thermal hysteresis between
polymer—water interactions acting in competition with formation and melting of polysaccharide gels is normally

4. Discussion
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associated with development of large aggregates, which 10000 T .
stabilise the constituent ordered structures to temperatures 1 a
above those at which they will form in isolation (Morris &
Norton, 1983). Previous studies (Morris, Gidley, Murray,
Powell & Rees, 1980) of the ability of short chain segments
to reduce gel strength by “competitive inhibition” of asso-
ciations between intact chains suggest that the junctions in
high-methoxy pectin gels do indeed consist of large,
aggregated assemblies. The changes in moduli observed
during heating of samples studied in the present work
(Figs. 5b and 10), however, indicate formation of new inter-
molecular junctions, rather than simple stabilisation of the
structures formed initially during cooling. 1

An increase in gel strength with increasing temperature
has been reported previously (Oakenfull & Scott, 1984) Frequency (rad s™)
from penetration testing of high-methoxy pectin gels
(0.36 wt%; DE 69.7; 55wt% sucrose; 0.21 wt% citric 10000
acid) prepared and measured in constant-temperature b
rooms. Our present results show that the enhancement in
gel strength occurs rapidly during heating (rather than devel-
oping during storage) and that it extends to a wide range of
pH values and sucrose concentrations. Under the experi-
mental conditions used by Oakenfull and Scott (1984), the
increase in rupture strength occurred over the approximate
temperature range 1530 It was preceded by a reduction
in strength at lower temperatures, as found here (Figs. 5 and
10), and followed by a further decrease at higher tempera-
tures (~35 to~50°C), which was not observed in the small-
deformation studies carried out in the present work.

The central conclusion from both investigations,
however, is that two types of interaction are involved in Frequency (rad s
intermolecular association of high-methoxy pectin, one of _ _ _ _

. . - . . . Fig. 23. Mechanical spectra (0.5% strain) showing the frequency-depen-
which is destabilised by increasing tempere_lture, while the o o oic/ (W), G" (O) andn’ (A) for 0.5 Wt% high-methoxy pectin
other becomes more stable. The interpretation proposed by(pH 3.0) after cooling from 95 to°€ in the presence of (a) glucose and
Oakenfull and Scott (1984) was that these interactions (b) fructose at a concentration of 57.9 wt% (equivalent to 55 wt% sucrose).
correspond to hydrogen bonding and hydrophobic asso-
ciation, respectively. We suggest that the first assignmentcomputer modelling (Walkinshaw & Arnott, 1981) suggests
should be broadened to include other types of thermally that the methyl groups of the esterified residues are grouped
labile non-covalent interactions (dipolar and van der together in trigonal channels formed by three adjacent
Waals), but agree fully with the second. (parallel) chains in a hexagonal lattice. Development of

There is normally a slight enthalpic advantage in apolar this type of structure under hydrated conditions would
groups (such as the methyl substituents of the ester groups irexplain the increases in moduli observed (Figs. 5 and 10)
pectin) being surrounded by water, rather than by other when high-methoxy pectin gels are heated.
groups of the same type. The drive to self-association (e.g. The concept of two different mechanisms of interchain
Tanford, 1980) comes from reduction in the number of association may also explain the “thermal annealing” effects
possible hydrogen bonds that can be formed by water illustrated in Figs. 11-13. The increases in moduli attribu-
molecules in the vicinity of the apolar species (which, of table to hydrophobic association during heating begin (Figs.
course, cannot participate in hydrogen bonding), with 5 and 10) at~15-20C. It seems likely, therefore, that
consequent loss of entropy. The entropic disadvantage ofhydrophobic junctions present initially in the solid state
exposure of apolar groups to the agueous environmentwill remain intact during sample preparation at high
becomes progressively more significant as the temperaturetemperature (9%), thus preventing the polymer from form-
is raised(AG = AH — TAS), and can ultimately outweigh  ing a true solution of individual chains. During initial cool-
the enthalpic advantage of hydration, with consequenting from 95 to 3C, these pre-existing junctions will
clustering of the apolar (“hydrophobic”) species. dissociate. The development of a gel network, however,

Pectin chains exist in the solid state in a 3-fold ordered shows that they are replaced by another type of inter-
conformation. Analysis of X-ray fibre diffraction data by molecular association.
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10000 phobic junctions will, of course, increase with ester content.
Thus, the hydrophobic structures that dissociate most read-
a ily during cooling will be the ones best suited to formation
1000 | . of a pectinic acid gel, and conversely the acidic junctions
that dissociate most readily during heating will have the
greatest capacity for hydrophobic association. The increases
100 | . in gel strength produced by thermal cycling may therefore
arise from progressive “polarisation” into regions with
lower than average ester content, involved preferentially
10 | T in acid-induced gelation, and regions of higher than average
ester content, involved preferentially in hydrophobic
association, with consequent increase in the stability of

4

G' (Pa)

1 : ' ! ! the pectinic acid network at low temperature and of the
4 0 35 60 65 hydrophobic network at high temperature.
[Sucrose equivalent] (wt %) Conversely, however, the extent of dissociation of each
type of structure at the opposite extremes of the temperature
10000 . . . . range would be expected to increase with progressive seg-

regation into junctions of high and low ester content. This
may explain the increased sol fraction (Figs. 14 and 15)
1000 } i after thermal annealing (i.e. arising from greater release
of disordered chains on dissociation of hydrophobic
junctions preferentially enriched in esterified residues).
The concept of interchange between acidic and hydrophobic
junctions might also explain why the reduction in gel
strength at low temperature with decreasing sucrose
10 | 1 content (Fig. 10) or increasing pH (Fig. 5) is accompanied
by an increase in the extent of hydrophobic association on
heating.
1 ' ’ ' ' Finally, the large changes observed (Figs. 17 and 20—22)
4 0 3 60 65 on replacement of sucrose by glucose or fructose (or by
[Sucrose equivalent] (wt %) mixtures of the two monosaccharides) are particularly

Fig. 24. Observed values of (6 and (b)G” (1 rad s 0.5% strain) for intriguing. As outlined at the beginning of the this section,

0.5 wt% high-methoxy pectin (pH 3.0) after initial cooling from 95 f€5 the primgry effect of intrpducing large ConC?mrationS of a
in the presence of 50—65 wt% sucros8),(in comparison with the moduli ~ cosolute into aqueous biopolymer systems is to reduce the

obtained using equivalent concentrations of glucdBg {ructose ®) or concentration of water, with consequent decrease in the
equimolar mixtures of both). effectiveness of polymer—solvent interactions in competing
with polymer—polymer interactions, thus promoting self-
Recent studies (Gilsenan, Richardson & Morris, 2000) association of the polymer chains. Different cosolutes,
have shown that low methoxy pectin at acidic pH gives however, differ substantially in their effectiveness in
thermally reversible gels that form and melt over approxi- promoting association of biopolymers into intermolecular
mately the same range of temperatures as the gelling transijunctions. These differences are normally attributed to
tions shown in Figs. 5 and 10 for high-methoxy pectin. It modification of water structure by the cosolute, with con-
seems reasonable to conclude that the same process isequent modification of the competition between polymer—
involved in both the cases (i.e. formation of a pectinic water and polymer—polymer interactions.
acid gel). The thermoreversibility of the pectinic acid For sugars, the order of effectiveness can often be
network would then explain the initial reductions in moduli correlated with the content of equatorial hydroxyl groups,
during heating, which follow the same temperature-course whose spacing is particularly compatible with the “lattice”
as the changes observed on cooling (Figs. 5 and 10). structure of water (Tait, Suggett, Franks, Ablett & Quick-
Incorporation of esterified residues into pectinic acid enden, 1972). In terms of this interpretation, the order
junctions will involve a greater reduction in entropy than expected for the three sugars studied in the present work
for unesterified residues, because of loss of rotational would be: fructose< glucose< sucrose (e.g. Watase,
mobility about the C-O-CkHbonds, and the physical Kohyama & Nishinari, 1992). This sequence has indeed
presence of the methyl groups may also hinder close-pack-been observed experimentally for a number of gelling
ing of the polymer chains. It seems likely, therefore, that the biopolymers, including gelatin (Oakenfull & Scott, 1986),
stability of the pectinic acid junctions will decrease with «-carrageenan (Nishinari & Watase, 1992) and agarose
increasing ester content, whereas the stability of hydro- (Watase et al., 1992), and for initial conformational ordering

o

G" (Pa)
8
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of the partially depolymerised amylopectin (oxidised starch) the hydroxyl group would imply that primary alcohols
material studied in the investigation reported in the follow- should bind more strongly than secondary alcohols.
ing paper (Evageliou, Richardson & Morris, 2000c). Fructose, in its normal furanose ring form, has two primary
As shown in Fig. 17, however, the order of effectiveness alcohol groups (at C(1) and C(6)); glucose (in the preferred
in promoting gelation of high-methoxy pectin at acidic pH pyranose ring form) has only one (at C(6)); the average
follows the sequence: fructose sucrose< glucose The number per sugar ring in sucrose is therefore 1.5, giving
same order of effectiveness has been observed previouslyhe sequence observed experimentally (Fig. 17) for
(May & Stainsby, 1986) for glucose syrups and high- relative effectiveness in promoting gelation of high-
fructose syrups in comparison with sucrose. The possible methoxy pectin.
origin of this departure from the normal sequence The other factor in promoting stable association of
(fructose< glucose< sucrosg is suggested by an elegant methanol with pectin (Plaschina et al., 1986) is the polarity
theoretical and experimental study by Nilsson, Piculell and of the carbonyl function, making it more effective as a
Malmsten (1990). The polymer studied was agarose, and itreceptor for hydrogen bonding than the hydroxyl groups
was found that the order of effectiveness of a wide range of of the sugar rings. Other polysaccharides with a high content
cosolutes in inducing helix formation (as characterised by of substituents in which this moiety is also present
the onset-temperature for conformational ordering on cool- (carboxylic acid, ester and acyl groups) might therefore be
ing) was strongly correlated to their order of elution from an expected to show the same sequence of response to the
agarose column, thus clearly indicating that direct inter- presence of sucrose, glucose or fructose as cosolute. The
actions between polymer and cosolute have an importantreduced viscosity of hyaluronic acid (which has carboxyl
role in modifying conformational stability. and N-acetyl substituents on alternate residues) in the
The effect of one cosolute (urea) was explored in detail, presence of increasing concentrations of these three coso-
using a lattice model in which all possible pairwise interac- lutes has indeed been observed (Nakamura, 1999) to change
tions between the three constituents were consideredin the sequence expected from increasing condensation
explicity. The central conclusions was that water—cosolute of cosolute along the polymer chain, in the order:
interactions may dictate the overall properties of the system glucose< sucrose< fructose
(thus explaining why the same order of effectiveness is often  As an additional test of the proposed model, a brief inves-
found for the same cosolutes in combination with different tigation has recently been carried out (Tsoga, Richardson &
biopolymers), but that they act indirectly, by competing Morris, unpublished) to explore the relative effectiveness of
with polymer—cosolute interactions, which are the direct the same three sugars in inducing conformational ordering
determinant of changes in conformational stability. of high acyl gellan, which contains bot-acetyl and
Departures from the general order of effectiveness, which O-glyceryl substituents, in addition to glucuronic acid
would be hard to explain in terms of modification of water (Jansson, Lindberg & Sandford, 1983; Kuo, Mort & Dell,
structure, then become an expected consequence of parl986; O’Neill, Selvendran & Morris, 1983). The onset-
ticularly favourable, or particularly unfavourable, inter- temperature for gel formation was found to follow the
actions between the polymer and the cosolute. The same order as in the high-methoxy pectin samples studied
concept of displacement of conformational equilibria by inthe present workfructose< sucrose< glucose. Further
enhancement (or depletion) of the concentration of cosolutetests using different carboxylated and acylated polysacchar-
molecules surrounding the polymer chains would also ides are planned. For the moment, however, we conclude
explain why changes in sugar type have a much greaterthat the differences in gelation temperature shown in Fig. 17,
effect on the sol—gel transition temperatures (Fig. 17) than and the associated changes in moduli &€ gFig. 20),
on the final moduli of the fully formed gel networks probably arise from progressive increase in hydrogen bond-
(Fig. 18). ing of cosolute molecules to the polymer chain as their
The order of effectiveness observed in the present work content of primary hydroxyl groups increases.
implies that association with the pectin chain (inhibiting
formation of intermolecular junctions) is strongest for
fructose and weakest for glucose, with sucrose showing Acknowledgements
intermediate adsorption. An explanation of this sequence
is suggested by a study of high-methoxy pectin in  This work was carried out as part of an industrial—
methanol-water mixtures (Plashchina et al., 1986), in academic LINK project, “Behaviour of Biopolymer
which it was concluded that the hydroxyl groups of Mixtures in Structuring Food Products”. We thank the parti-
methanol form strong hydrogen bonds with the lone-pair cipating companies (Unilever, Nestl€erestar, Hercules
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