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Gelling Temperatures of Gellan Solutions
as Affected by Citrate Buffers

R. Mao, J. Tang and B.G. Swanson

ABSTRACT that the traditional concept of polysaccharide gel network involving
‘point cross-linking’ of disordered chains should be superceded by a
‘junction-zone’ model. Therefore, J in Eq (4) represents molar con-
centration of cross-linking regions. The relationship expressed in Eq
(1) describes well the gelling temperature of gellan solutions prepared
in distilled water without the addition of acid and buffer systems
(Tang et al., 19974, b).

Research on the gelling temperatures of gellan solutions has main-
ly focused on solutions at neutral or “as is” pH, i.e., the deionized
distilled water was used as solvent without pH adjustment. Many
food gels are, however, prepared at acid pH. Matsuhashi (1990) re-
ported that reducing the pH decreased the gelling ability of agents
such as agar. Information on the effects of pH on the gelling temper-
ature of gellan solutions is scarce. Moritaka et al. (1995) reported that
the exothermic enthalpy of gellan solutions during gelation decreased
and the gelling temperature decreased as the pH was reduced from
neutral to 4.0. Camelin et al. (1993) reported that the gellan gel was

INTRODUCTION weakened at pH 4.0 compared to neutral pH. In those studies, the pH
GELLAN GUM IS AN EXCELLENT POLYSACCHARIDEGELLING AGENT ~ Was adjusted with a strong acid (HCI) or base (NaOH).
approved by the FDA for food use (Pszczola, 1993). Gellan is anCitric acid is a natural constituent and common metabolite of plants
anionic polysaccharide with repeating unit: and animals (Bouchard et al., 1979). It is an organic acid widely used
in the food industry accounting for more than 60% of acidulants
~ 3)-B-D-Glc-(1- 4)-B-D-GlcA-(1 - 4)-B-D-Gle-(1- 4)«-L-Rha-(1-  consumed (Dziezak, 1993). Citric acid is often added to soft drinks
and desserts to complement fruit flavors. It also contributes to tart-

When gellan solutions are cooled from elevated temperatures, 18€S, chelates metal ions, acts as a preservative or controls pH so that
carboxylate group of the glucuronic acid (GIcA) reacts with cationsaglesired sweetness can be achieved (Dziezak, 1993). Data from ex-
form cross-links between the linear gellan polymer chains, resultidgiments in which citrate buffer controls pH of food gels instead of
in three dimensional gel networks. HCI or NaOH should be more applicable to the food industry. Chelat-

Gelling temperatures ggl) of gellan solutions between ZDand ing ablllty of the citrate 'grou.p for divalent cations would, however,
75°C were reported at selected polymer concentrations and cai@mplicate the effects with citrate buffer.
concentrations (Sanderson, 1990; Moritaka et al., 1992; Nakamura ef he objectives of this study were to investigate the effects of
al., 1993; Tanaka et al., 1993). Tang et al. (1997a) developed a q@éfate buffers on gelling temperature of gellan solutions and to de-
titative model to relate Jf, of gellan solutions to polymer and catiorVelop quantitative relationships between gelling temperatures with
concentrations: polymer and cation concentrations at low pH in order to provide

information for preparing low pH gellan gel based desserts. The pH
1 = AIn[X ] + BIn[X;] + C (1) of many fruitjuices is buffered near 3.5 to provide a balanced condi-
tion for protection against contaminating microorganisms, for sta-

where, T is absolute temperature (K), [Xs polymer concentra- bility of the sweetener aspartame, and to afford some dental protec-

Effects of citrate buffers at pH 3.5 and 5.0 on gelling tempera-
tures of gellan solutions with 0.4—1.8% gellan and 1.5-60 mM
Ca?* were studied. Partial dissociation of the carboxyl groups
in gellan polymer in pH 3.5 solutions resulted in weakened
gels. The pH 3.5 buffer exhibited weak chelating ability for
Ca?*. The gelling temperature of gellan solutions at pH 3.5
was quantitatively related to polymer and cation concentra-
tions using a similar model to that for gellan water solutions.
The pH 5.0 buffer exhibited strong chelating ability. Gelling
temperatures at pH 5.0 were generally lower than those at
pH 3.5, except at low calcium concentrations.

Key Words: gellan, gelling temperature, citrate buffer, cat-
ion concentration

tion (g/mL), [X] is cation concentration (mM), and tion against very low pH<(2.0) erosion effects (Matthews, 1993;
Batchelor, 1993). The “as is” pH of a typical gellan solution contain-
A [(n — DR]/AH (2) ing a commonly used calcium ion concentration (1.5-60 mM) is
about 5.0. Therefore, in this research pH 3.5 and pH 5.0 citrate
B mR/AH (3) buffers were selected for studying the effects of pH on gelling tem-

peratures of gellan solutions.

where R is the gas constant, axidlis the enthalpy change of gelation
reaction: MATERIALS & METHODS

pX mx = 1J (4) Preparation of 0.05M citrate buffers
A pH 3.5 buffer was prepared by mixing 370 mL 0.1 M citric acid
whereJ, X; andX, represent molar concentrations of cross-links, catith 130 mL 0.1 M sodium citrate and 500 mL water. The solution
ion, and free cross-linking loci on the polymer chains, respectivetyas adjusted to pH 3.50 with a small amount of 0.1 M sodium citrate
With regard to cross-linking mechanism, Morris (1979) pointed o@ifid the pH was measured with an AP5 pH Meter (Fisher Scientific,
Pittsburgh, PA). This buffer contained 0.05 M total citrate groups and
Authors Mao and Tang are with the Dept. of Biological Systems Engineeri®@ mM sodium ions. A pH 5.0 buffer was similarly prepared by
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and a sodium ion concentration of 99 mM.
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Gelling temperature Table 1—Gelling temperatures of 1% gellan solutions, prepared with

Deacylated gellan gum powder (KELCOGEL F) was provided tﬁz:::if,zdt:::tei':::tr‘":;:r (without buffer) with added calcium mea-

NutraSweet Kelco Company (San Diego, CA). Gellan powder at five
selected gum concentrations (0.4-1.8% w/v) was dispersed in citrgtemeinods

AddedCa % (mM)

buffers in a 400 mL beaker with a magnetic stirrer. The mixtures were 2 4 6 8 14 20 30 40
heated to 96-9&, and the temperature was maintained for 1 min {®js work 353 398 436 466 528 572 628 64.0
produce a clear solution. Calcium chloride was added to the hot geP&rt 350 400 440 465 535 580 640 655
solutions to prepare dispersions containing selected calcium conc 350 395 430 460 520 560 620 630

trations between 1.5 mM and 60 mM. In measuring ge|||ng tempeﬁgynamic rheological testing, data extracted from Tang et al., 1997a.

. . . ir&cl visual observation, data extracted from Tang et al., 1997a.
tures, a pre-calibrated fine gauge type T thermocouple was inserte

into a hot gellan solution, and the temperature was read with a
Digi-Sense Thermocouple Thermometer (Model glloo_zﬁable2—Meangellingtemperatures(“C)ofgellansolutionsprepared

. R with pH 3.5 citric buffer system?
Cole-Parmer Instrument Co., Vernon Hills, IL). The solution was

cooled to room temperature with constant stirring. When close&gjan Added Ca ** (mM)
gelation, a small piece of gel was observed on the thermocouple wiverv) 1.5 3.0 6.0 10.0 24.0 420  60.0
just above the solution surface. At that time, the stirring speed was 205 323 349 389 467 51.8 548
reduced to maintain a flat liquid surface. The sol-gel transition was 0.7) (0.4) (0.5) 0.7) 0.7) 05) (0.6
indicated by a sharp increase in turbidity in the bulk liquid. The liquf# 330 351 39.6 455 515 56.4 599
quickly turned into a gel. The measured solution temperature at fhe 3(2:(2)) ‘%jg) ‘Eg:? ‘Eg:i) é%:g) ég:f) ég:g)
start of the sol-gel transition was noted as gelling temperature. The (05)  (1.5) 1.1) (0.4) (1.9) 14 @12
measurement was repeated three times. 14 420 450 48.2 54.0 59.5 656 705

The reliability of the above method was checked a!gainst mqrg ﬁ:g’ ‘gg_'g) ég_'g) ég_'g) éé:i) 7(8_'? 7%‘_2)
elaborate methods reported by Tang et al. (1997a), using 1% gellan (0.5) (0.3) (0.6) (0.4) (1.2) (23) (24
solutions containing 8 Ga concentrations and prepared in deionized)siagard deviation.
distilled water (without buffer). The measured gelling temperatures
compared well with reported results (Table 1). There was no differ-
ence between gelling temperatures measured by the different methods
(P<0.05). the pH 3.5 buffer system with calcium and polymer concentrations

was determined by fitting Eq (1) to the experimental data.

Preparation of gellan gels for compression test For a mixture of cations present in a gellan solution, Tang et al.

Gellan solutions were prepared following the described proq@997b) reported that in terms of the effect on gelling temperature, a
dures. After adding calcium chloride into the boiling gellan solutionsiole of Mg+ was equivalent to a mole of €a while a mole of Na,
they were continuously stirred for 2 to 3 min and poured into metal of K+, was equivalent to 0.0721 mole or 0.111 mole of*Ca
tubes (i.d. 21 mm). These tubes were preheated°® ®&0prevent respectively. According to manufacturer data, the gellan powder con-
partial gelling on the metal tube wall during pouring. The gels were s&ined 85% polysaccharide, 0.4% Ca, 0.1% Mg, 4.9% K, and 0.3%
by submerging the tubes in running tap water &€¥6r 15 min. The Na. The pH 3.5 citrate buffer contained 39 mMNall cations were
gels were held for 24 h at room temperatuf€)Defore being re- converted to yield a total equivalent&aoncentrationX;]. 1/T,

gel
moved from the tubes and sliced to make specimens 21 mm longWas plotted against In[X and a linear relationship was obtained for
compression tests. each gellan concentration (Fig.1). Eq (1) was fitted to the experimental

data to obtain the following coefficients:
Compression test

Cylindrical test specimens of 21 mm dia and 21 mm | were com- A= -1.03+0.04)X 104K-1
pressed at air conditioned room temperatur&gpBetween lubricat- B- —(1.06+:0.02) X 104K-1 (5)
ed flat metal surfaces on The TA.XT2 Texture Analyzer (Texture Tech- C=(2.89-0.02) X 103K1

nologies Corp., Scarsdale, NY/Stable Micro Systems, Godalming,
Surrey, UK). The texture analyzer was interfaced with Texture Expert
software running in Windows 95. Tests were replicated six times. The
pre-test speed was set at 2.0 mm/s. The gels were deformed at a
constant crosshead speed of 0.3 mm/s until failure. True failure shears s
stress (Tang et al. 1994), which takes into account enlarged a0
cross-sectional areas of the gels during compression, was usgd to

+0.4% gellan

represent the gel strength. 3.25 N nos%

S~ 1.0%

3.20 ‘ R \\1\ :1.4%

Statistical analyses X o18%
315 O

The ANOVA procedure of Microsoft Excel (Microsoft Cop., 1995) ¥ ~°\
was used to determine the difference between gelling temperatyrgs®* s
measured by different methods (Table 1), or affected by different pF® s.os

buffers. The 3D-plane regression procedure of SigmaPlot 4.0 (SPSS,, o el ‘-\.fx:' ~n
Inc., 1997) was used to fit the gelling temperature to Eq (1) and to \"\f_\ e
calculate the standard errors. A significance level DP5 was 298 TR
chosen for all statistical analyses. 2.90 . e
285 + N
RESULTS & DISCUSSION 1.5 20 25 a0 35 40 45
In [X]] (mM)

Gelling properties in pH 3.5 citrate buffer
The mean gelling temperatures of gellan in pH 3.5 buffer systefiig: 1—Relationship between gelling temperatures of gellan solu-
. - . . ns, prepared wi p .9 Citrate buiter, and ion concentration.
mcreqsepl with c.aIC|ur.n and pF"ymer concentrations (Table 2) re scattered data are means calculated from the measured tem-
guantitative relationship of gelling temperatures of gellan solutionsgératures, and continuous curves were obtained from Eq (6).
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Gelling Temperature of Gellan. . .

Thus with 0.05 M pH 3.5 citrate buffer, the following relationshigy in pH 3.5 citrate buffer was about half that without buffer. The gels
was obtained: formed in pH 3.5 citrate buffer were, therefore, weaker than those

without buffer. This was supported by the results of compression
Mg = —1.03X 1Or4ln[Xp] —1.06X 10-4n[X] +2.89x 103 (6) tests. The effect of calcium and gellan concentrations on the strength

of gels was compared (Fig. 3) as represented by failure shear stress.

The R for this equation was 0.99 (Fig. 2). Comparing with a similar plot of gellan gels formed in water (Fig. 4,
Tang et al. (1997a) obtained the values for A, B, and C in Eq (1) foom Tang et al., 1994), failure shear stresses of the buffered gels were
gellan solutions prepared with deionized distilled water: lower than those without buffer except at very low calcium concentra-
tions. At those levels, the sodium ions provided by the buffer might
A=-582x105K"1 have strengthened the gel. Observations of lower failure shear stress
B —1.01x 104K-1 (7) for the buffered gels were consistent with their lower gelling energy
C=333%x103K? than gels formed in water.

The reason for reduced gelling ability and weakened gel formation
The value of B was very similar for both gels [Eq (5) and (7)hy buffered gellan systems at pH 3.5 could be explained by the re-
while the value of A for gellan solutions in a pH 3.5 citrate buffetuced percent of disassociated carboxyl groups of gellan polymers.
system was about>? the value of A for gellan solutions withoutThe pK; of glucuronic acid in gellan polymer chains~8.5 (Nu-
addition of acid or buffer solutions. Chandrasekaran et al. (1988) araSweet Kelco Company, 1996). The mole percent of the protonated
Chandrasekaran and Thailambal (1990) indicated that cross-link§G®OH) and ionized (COPspecies of glucuronic acid would change
gellan gels were formed as associations of two pairs of double stramith pH (Fig. 5) according to the following relation:
ed polymer chains. Thus, the stoichiometric coefficiémtisd n in
reaction Eq (4) were 1 and 4, respectively. Based on Eq (2 ifer pH = pK, + log ([COO ]J/[COOH]) 9)
reaction (4) could be calculated as,
It is possible that at pH of 7.0, almost all glucuronic acid was
AH = [(n — DR)/A = [(4-1)X8.314]/(—=1.03x104) ionized. When the pH was reduced to 5.0, 97% of the glucuronic acid
= —2.42x10-5(J/mol) = —242(kJmol) (8) was ionized. At pH 3.5, however, only 50% of the glucuronic acid
was ionized, and the other 50% was in the protonated state. Only the
Comparing it with th\H = —426.8 kJimolreported by Tang et al. ionized species (COQ in the gellan chains formed ionic bonds with
(1997a) for gels prepared without adjustment of pH, the gelling eneations, which might account for the reduced gelling enegi) (

compared with that at “as is” pH, i.e. the gels prepared without buffer.
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Fig. 2— Gelling temperatures of gellan solutions prepared in pH 3.5 distilled water in compression tests deformed at a constant cross-
citrate buffer as described by Eq (6) (curves), compared with experi- head speed of 20 mm/min. {Reproduced from Tang et al., 1994).
mental data (scattered points).
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Fig. 3—True failure shear stress of gellan gels made from pH 3.5 Fig. 5—Mole percent of -COO" and -COOH in gellan chain at different
citrate buffer as affected by polymer and calcium concentrations. pH as calculated by Eq. (9).
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Based on Eq (2) and (3), the stoichiometric coefficient m in reskable 3—Mean gelling temperatures (°C) of gellan solutions pre-
tion Eq (4) was calculated as, pared with pH 5.0 buffer system?
Gellan Added Ca ?* (mM)
m= [B(n-)/A=[-1.06X 1074 X (4—-1)J(—1.03x104) ~3 (10) (©@wr) 15 30 45 60 150 240 330 420 60.0

. . . 0.4 432 435 437 438 450 465 481 496 525
That is, 3 C&* ions were used with four strands of gellan polymer 01 (01 (02 (01 (04 (02 (05 (07) (L1
chains to form one cross-linking region at the gelling point. This resok 441 445 44.8) 425.0) 456.4) 428.0) 520.1) 521.4) ?5.3)
i i i ; ; ier x- 0.1) (0.3) (0.2) (0.1) (0.7 0.6) (0.6) (0.6) (0.9

could be used in conjunction with observations from earlier x-ray 564) 56_5) 56_7 Ly @n 05 06 05 09
studies to estimate the size of the cross-linking region at the gelling ©1) (01 (1) (01 (03 (03 (L1) (05 (L1
point. According to the x-ray results of Chandrasekaran and Thailam- 471 479 482 486 511 533 562 587 634
bal (1990), gellan polymer chains form a left-handed, three-fold dou- (02) (03) (03) (03) (04 (14 (06 (08) (L6)

ble helix with a 5.63 nm pitch. A gellan chain within a pitch has thréé ‘}g:g) ‘?8;2) ‘rzg'g) 528:;) ‘rzg'é) 528:% ‘rg:;) %‘g) ?17.'2)

repeating tetrasaccharide units and, therefore, three carboxyl gméﬂs?a'n Jard doviation.

Four strands of gellan chains in one pitch would have a total of

carboxyl groups. As mentioned, only six carboxyl groups were, how-

ever, in the ionized state at pH 3.5 to contribute six negative charges.

Three Ca*+ would be needed to neutralize those six carboxylate groufpbelating ability of citrate buffers at pH 3.5 and 5.0

in each pitch. Based on our calculation in Eq (10), three divalent Citrate compounds chelate dissolved calcium ions in aqueous gel-

cations were used for each cross-linking region. We may, therefda@, solutions (NutraSweet Kelco Company, 1996). The chelating re-

conclude that, at the gelling point, the length of the cross-linkirgtions require the fully deprotonated species XQitor the

region along the strand of calcium gellan was exactly the length of eneno-protonated species (HEi} as ligands. The mole percent of

pitch (5.63 nm). each species of a polybasic acid at any pH can be calculated frpm pK
An average gellan consists of about 800 tetrasaccharide repedties. For citric acid, the pk3.128, pk=4.761, and pK=6.396

units. At the gelling point, only a few of these units would be requiréBouchard and Merritt, 1979). Based on those values, the mole per-

for forming cross-links in a continuous three-dimensional networgent of various protonated species of citrate as functions of pH were

As gelation continues, cross-link density may increase and, most lisalculated and plotted (Fig. 7). At pH 5:8,60% of the total citrate

ly, the cross-linking regions would propagate to form more rigid gejsoups were present as HCitor Cit8— capable of chelating cations

as indicated by a sharp increase ira@d light absorbance (Tang et al.(Fig.7). At pH 3.5, however> 95% of the total citrate groups were

1997a). The crosslinking region may grow from one pitch to muéhCit or H,Cit~ with little chelating effect. This might have resulted

longer length. Nakajima et al. (1996) reported, by scanning tunnelinghe observed different behaviors gf, s affected by [Ca] at pH

microscopy, that the average strand length of calcium gellan gel afigrand 5.0. Since the pH 3.5 buffer had a very limited chelating effect,

full gelation was 70 nm. the Ty~ [Ca2*] relationship for gellan solutions was similar to that
without buffer (Tang et al., 1997a) and could be described by Eq (1).
Gelling properties in pH 5.0 citrate buffer The pH 5.0 buffer exhibited a strong chelating ability that removed

The pH of gellan solutions prepared in deionized distilled waterdalcium ions from the solution. Thus, with pH 5.0 citrate buffer, the
around 5. To study the effect of the buffer system on gelling tempeTg;—[Ca?*] relationship was quite different from results without
tures of gellan solutions, the gelling temperatures of gellan solutidnsfer and the g, in the buffered systems were usually lower. Since
prepared at various polymer and calcium concentrations in pH e pH 5.0 citrate buffer contained much higher{N®@9mM) than
citrate buffer were measured (Table 3). Comparing with other resulie pH 3.5 buffer (39mM), we hypothesized that at low?fGeange
(Table 2) showed that in the low range of {€athe Tgerat pH 5.0 the Tger @t pH 5.0 would be higher than at pH 3.5.
was higher than that at pH 3.5, but in the high range f{Cte Ty

at pH 5.0 was lower than that at pH 3.5. Therefore, the effect of CONCLUSIONS

calciumion on [ at pH 5.0 was less than at pH 3.5. A plot of /T CITRATE BUFFERGENERALLY DECREASEDTHE GELLING ABILITY

vs. In[X;] for experimental data at pH 5.0 was developed, but no clergellan solutions and lowered gelling temperature. Citrate buffer at

linear relationship was observed. Instead, a linear relationship w#k3.5 also weakened the gellan gel strength. The mechanism for

observed in a plot of [, vs [C&*] for each polymer concentration reducing gelling ability might be different between the pH 3.5 and 5.0

(Fig. 6). buffer systems. At pH 3.5, the chelating ability of citrate ion was not
important. But only half of the carboxyl groups in gellan polymer

70 100
904
65 +1.8% gellan
n14% 80 +
A1.0%
x0.6% 70 +
60 004% .
£ el
g z
‘é 58 g 504
L a
@
2 ol
50 C
301
45 204
10
40 -
0 10 20 30 40 50 60 70 o . \ : ' ;
Ca® (mM) 0 1 2 3 4 5 6 7
pH
Fig. 6—Gelling temperature of gellan in pH 5.0 citrate buffer as
affected by polymer and calcium concentrations. Fig. 7—Mole percent of different ionized species of the citrate group.
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chains were in the ionized state at that pH to form fewer ionic borMﬁSUhaShi’ T. 1990. Agar. Food GelsP. Harries (Ed.) p.1-52. Elsevier, New York.
. . . ; . . atthews, C. 1993. Soft drinks, chemical compositionEhtyclopaedia of Food
with divalent cations. At pH 5.0, the main factor in reducing the gelscience Food Technology and Nutritié Macrae, R.K. Robinson, and M.J. Sadler

i i i ili d.), Vol.6, p.4189-4194. Academic Press, London.
“.ng temperature of ge“an S.OIL.ltIO.n.S was the Chelatmg ?‘blhty .O.f tk'/léErosoft Corporation 1995. Microsoft Excel for Windows 95, Version 7.0a.
citrate ions. Because of the insignificant effects of chelating ability Qbrris, E.R. 1979. Polysaccharide structure and conformation in solutions and gels.

citrate at pH 3.5, changes in gelling temperature as affected by p0|yLPont?1achharijdes in Food.M.V. Blanshard and J.R. Mitchell (Ed.), p.15-31. But-
. . o erworths, London.
mer and cation concentrations followed a pattern similar to gell@8ritaka, H., Nishinari, K., Nakahama, N., and Fukuba, H. 1992. Effect of potassium

solutions prepared without addition of buffer or acid. This pattern wa! hloride and sodium chloride on the thermal properties of gellan gum gels. Biosci.
. . . L iotechnol. Biochem. 56(4): 595-599.
described by a model in our earlier study. Coefficients of the moggkajima, K., Ikehara, T., and Nishi, T. 1996. Observation of gellan gum by scanning

i i i i neling microscopy. Carbohydr. Polym. 30: 77-81.
were used to predict gelling temperatures and to estimate gelling e.mglgmura, K., Harada, K., and Tanaka, Y. 1993. Viscoelastic properties of aqueous gel-

gy and size of the cross-linking region at the beginning of the gellingin solutions: effect of concentration on gelation. Food Hydrocolloids 7(5):

NutraSweet Kelco Company 199Bellan Gum 3rd ed. NutraSweet Kelco Company,

San Diego, CA.
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