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Effect of pH on the conformation of gellan chains in aqueous systems
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Abstract

The optical rotation and fluorescence anisotropy for gellan aqueous systems were measured at pH 4, 7, and 10 to elucidate the effect of pH

on the conformation of gellan chains. The optical rotation study suggests that pH affects the conformation of helical gellan chains and their

aggregation behavior but the coil–helix transition temperature. By comparing the chain mobility estimated from the fluorescence anisotropy

between different pH conditions, it has been revealed that the degree of expansion of random-coiled gellan chains varies with pH. These

results indicate that the effect of pH is explained by the change in the anionic nature of gellan chains rather than in the shielding effect of

hydrogen ions surrounding gellan chains as a cation species.

D 2004 Elsevier B.V. All rights reserved.
Keywords: Gellan; pH; Anionic chain; Cation; Conformation; Shielding effect
1. Introduction

Gellan has been widely used as a gel-forming material in

the field of food science, because aqueous systems of gellan

form edible gels at ambient temperature [1–12]. It is

noteworthy that aqueous systems of gellan maintain the

gel state over a wide range of pH in comparison with those

of other polysaccharides. To utilize this ability of gelation,

gellan gels have been prepared at various pH [1], and the

effect of pH on the physical, for example the mechanical,

properties of gels have been extensively examined [2–6].

Because these studies have been directed toward the appli-

cation of gellan to gelling food materials, the understanding

of the effect of pH is still insufficient from the molecular

point of view. Previous studies have proposed that the effect

of pH can be explained by the shielding effect of hydrogen

ion (H+) charged positive on the electrostatic repulsion

between negatively charged carboxyl groups in gellan

chains. This interpretation, arising in analogy with the effect

of cation species, such as sodium ion (Na+) and potassium

ion (K+), is verified in this study on the molecular level. The
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point is whether the effect of pH can be simply attributed to

the change in concentration of H+ that acts as a monovalent

cation species like Na+ and K+. We estimated the confor-

mation of gellan chains with optical rotation and fluores-

cence anisotropy measurements and compared them

between different pH conditions. Gellan chains are consid-

ered in any one of three states in the aqueous systems,

namely, random coils in solution, helices in solution, and

helices in gel [7,8]. The conformational transition of gellan

chains from random coil to helix occurs on cooling prece-

dent to the gelation, and then the network of gellan gel is

formed by the intermolecular aggregation of helical gellan

chains on further cooling. The effects of pH on the confor-

mation of gellan chains in each state and on the boundary

conditions are discussed.
2. Experimental

2.1. Sample preparation

Gellan (ELF7892, Wako; Fig. 1) was three times purified

by reprecipitation from water to 2-propanol. The molecular

weight and metal content of the gellan sample are shown in

Table 1. We also used a dye-labeled gellan (labeled-gellan)



Fig. 1. Molecular structure of gellan.
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for the measurement of fluorescence anisotropy. Fluorescein

isothiocyanate (FITC; Wako) was labeled with the gellan

chain via the reaction between cyanate group of FITC and

hydroxyl groups in the gellan unit. The details of labeling

reaction are described in the previous paper [13]. The

labeled-gellan mixed with the unlabeled gellan at 10 wt.%

was used for the measurement of fluorescence anisotropy.

Water purified by distillation and deionization was used as

the solvent, and the pH of gellan solutions was adjusted with

the minimum of aqueous solution of HCl or NaOH to

reduce the change in concentration of cation species in the

solutions. The cation concentration was further stabilized

with 15 mM of neutral salt, KCl, added into the solutions,

whereby the change in cation concentration by the addition

of HCl or NaOH (c 0.1 mM) could be considered negli-

gible in comparison with the concentration of cation species

derived from 15 mM of KCl.

2.2. Measurement

Optical rotation was measured with an originally con-

structed apparatus consisting of a polarization modulation

spectrometer (J-500A, JASCO) and a digital lock-in ampli-

fier (SR830, SRS; [14]). The conventional and original

measurement procedures were employed for nongelling

and gelling samples, respectively [14]. The gelation was

checked by observing the fluidity of the sample. The optical

rotation was estimated in terms of the specific rotation ([a]),
defined by,

½a� ¼ 100=hcl

where h, c, and l are the measured rotation angle, concen-

tration of solution, and path length, respectively. In this

study, a cylindrical cell with 1 cm of path length was used.

Fluorescence polarization was estimated from the steady-

state fluorescence intensities measured with a spectropho-

tometer (Type850, Hitachi) and polarizers. The excitation

and emission bandpasses were settled at 492 and 522 nm,
Table 1

Characterization of gellan sample

Mw
a Mna Metal content/wt.%b

Na K Ca Mg

3.3� 105 1.2� 105 0.43 4.20 0.45 0.09

a GPC analysis at 30 jC in aqueous solution with 1 g/l of NaCl.
b Measured with the ICP-AES method.
respectively. We confirmed that the fluorescence spectra for

gellan solutions are independent of pH as well as concen-

tration of gellan. Fluorescence anisotropy ratio (r̄) is given

as,

r ¼ IVV � GIVH

IVV þ 2GIVH
ð1Þ

G ¼ IHV

IHH
ð2Þ

where IXY is the fluorescence intensity, and the subscripts

represent the directions of linear polarization of the incident

light (X) and emission (Y); for example, IVH is the intensity

of horizontally polarized component of fluorescence from

the sample excited with vertically polarized light. The factor

G accounts for the polarization bias of detection system.

Fluorescence lifetime was measured with a time-resolved

fluorescence spectrophotometer (OB920, Hamamatsu) using

time-correlated single-photon counting method.
3. Results and discussion

Fig. 2 shows the plots of [a] against temperature (T) for

0.2 wt.% gellan solutions of pH 4, 7, and 10. The solutions

did not form gels within the whole T-range examined. The
Fig. 2. Plots of [a] against T for 0.2 wt.% gellan samples with 15 mM of

KCl at pH 4 (circle), 7 (triangle), and 10 (square). These samples does not

form gel within the T-range examined in this study.
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value of [a] slightly decreases with decreasing T and then

turns to increase at an inflection point observed in the

vicinity of 30 jC. The same profile of [a] was previously

observed for other aqueous solutions of gellan, and it was

concluded that the inflection point corresponds to the coil–

helix transition temperature (Ttr) for gellan chains [14]. The

close values of Ttr obtained from Fig. 2 suggest that the

coil–helix transition of gellan chain is not significantly

affected by pH of the solution. On the other hand, it was

obtained that 0.2 wt.% gellan samples without KCl have the

values of Ttr about 18 jC regardless of pH (data not shown),

indicating that the coil–helix transition depends much on

the concentration of KCl.

We see in Fig. 2 that the value of [a] at T > Ttr does not
depend on pH. Gellan chains are in random coil conforma-

tions in this T-range, and therefore, the comparable values of

[a] results from the intrinsic optical activity of the mono-

saccharide unit constituting the gellan chain [14–16]. For

T < Ttr, the pH dependence of [a] is observed; [a] decrease
with decreasing pH, although the order observed in Fig. 2 is

reversed at some temperatures. Because the change in [a]
below Ttr implies the formation of helical conformations, the

difference in [a] suggests that the helical conformation is

affected by pH.

The effect of pH on the conformation of helical gellan

chains is further examined with 0.5 wt.% gellan samples.

Fig. 3 shows the plots of [a] against T at pH 4, 7, and 10.

The systems of pH 4 and 7 formed gels in the low T region.

The phase boundaries between solution and gel states are

indicated by dotted lines in Fig. 3. The value of [a] shows
clear pH dependence in the low T region, while [a] is

independent of pH at T>Ttr. It is also noted that [a] for the
gelling samples decreases with decreasing T in the gel state.

It was reported that [a] for aqueous systems of gellan
Fig. 3. Plots of [a] against T for 0.5 wt.% gellan samples with 15 mM of

KCl at pH 4 (circle), 7 (triangle), and 10 (square). The samples at pH 4 and

7 form gel, and the phase boundaries between the solution and gel states are

indicated by dotted lines with the symbols.
containing added salt decreases with decreasing T due to

the negative optical rotation of supramolecular helical

structure formed in the gel state [14]. The decrease in [a]
observed in Fig. 3 for samples in the gel state can be

similarly attributed to the intermolecular aggregation that

forms a supramolecular structure having negative optical

rotation. The value of [a] for gellan gels becomes smaller as

pH decreases, which means that the ability to aggregate

gellan molecules increases with decreasing pH. In this way,

pH is likely to affect the intermolecular interaction of gellan

chains. The pH dependence of [a] for 0.2 wt.% samples

shown in Fig. 2 might be also attributed to the difference in

the intermolecular aggregation, in addition to the difference

in the helical conformation. Although the 0.2 wt.% samples

do not form gel within the experimental condition

employed, partial aggregation of gellan chains has been

reported for nongelling gellan solutions [17,18]. It is im-

possible at present to estimate the two factors independently.

We consider that both factors are responsible for the pH

dependence of [a] at T < Ttr. The data supporting the

contribution of both factors will be provided below.

It was checked that the 0.5 wt.% gellan sample with pH

12 does not form gel within the T-range examined in this

study. This result supports that the decrease in pH enhances

the intermolecular aggregation of gellan chains. It was

reported that the addition of cation species enhances the

aggregation of gellan chains due to the shielding effect on

the electrostatic repulsion of carboxyl groups included in

gellan chains [8,11–13,17]. In addition, the ability to

aggregate chains becomes greater as the size of cation

species becomes larger. The order of [a] in the pH depen-

dence shown in Figs. 2 and 3 could be explained by

interpreting the change in pH as the change in the concen-

tration of a cation species H+. However, it is noteworthy that

the sample of pH 12 includes 10 mM of Na+ in addition to

15 mM of K+ and 10� 9 mM of H+; namely, the total

concentration of cation species in the sample of pH 12 is

higher than that in the sample of pH 4 (15 mM of K+ and 0.1

mM of H+). Moreover, the sample of pH 12 contains larger

ion species (Na+>H+), and therefore, would have a higher

ability for intermolecular aggregation. In fact, the aggrega-

tion of gellan chains is more enhanced at pH 4 than at pH

12; namely, the effect of pH on the intermolecular aggre-

gation cannot be interpreted by the shielding effect previ-

ously reported for cation species. We attribute the ability of

aggregating gellan chains at low pH to the charge density in

the gellan chain. Because the carboxyl group included in

gellan chain is a weak acid group, and the degree of

dissociation of carboxyl groups in aqueous systems is

dominated by the dissociation constant. The lower the value

of pH becomes, the less fraction of carboxyl groups dis-

sociates; namely, the gellan chains become less anionic

polyelectrolyte as pH decreases. In this sense, the effect of

pH on the gellan chain in aqueous systems is substantially

different from the effect of ions such as Na+ and K+. The

former changes the nature of the gellan chain, while the
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latter affects the surrounding condition of gellan chains. It is

expected that the less anionic chains aggregate to one

another easier because of the less electrostatic repulsion,

and that this reduction effect by the change in the nature of

chains may be greater than the shielding effect of surround-

ing cations. It should be noted again that the intramolecular

conformational transition of gellan chain, namely Ttr, is

likely to be dominated by the surrounding condition such

as concentration of cation species, as stated above.

Fig. 4 shows the T-dependence of r̄ for 0.2 wt.% samples

both with and without KCl. The profile of r̄ for samples with

15 mM of KCl is qualitatively similar to one another

regardless of pH; the value of r̄ slowly increases with

decreasing T above 30 jC, and the increase in r̄ becomes

steeper at 30 jC. As shown in Fig. 2, Ttrs for these systems

exist near 30 jC, suggesting that the change in the increas-

ing rate of r̄ at 30 jC is due to the coil–helix transition of

gellan chains. We confirmed that the fluorescence lifetimes

for the gellan systems employed in this study are almost

constant against both pH and temperature within the exper-

imental error, and that there is no interaction between

fluorescent probes [13]. These results indicate that the

increase in r̄ is interpreted as the decrease in the chain

mobility. The slow increase in r̄ with decreasing T observed

in Fig. 4 is attributed to the suppression of the thermal

motion of gellan chains as well as solvent molecules, as is

commonly observed for polymer chains in solutions [19–

22]. The steep increase below 30 jC can be explained by the

formation of helical conformations; the chain motion of

helices with ordered structures may be more suppressed

than that of random coil chains.

Comparing the values of r̄ at T>Ttr, we see that r̄ at pH 4

is significantly larger than those at pH 7 and 10. The change

in the solvent viscosity with pH is negligible within the
Fig. 4. Plots of r̄ against T for 0.2 wt.% gellan samples with and without

KCl. The symbols for samples with KCl are the same as those in Fig. 2.

Diamond symbols represent the data for samples without KCl at pH 4

(unfilled) and 12 (filled). The arrows with the symbols in the figure indicate

Ttr for samples without KCl determined by optical rotation study.
condition employed in this study, indicating that the chain

mobility at pH 4 is lower than that at pH 7 and 10. Because

the random-coiled gellan chains are considered isolated in

solution at T>Ttr, this difference in the chain mobility is

attributed to the intramolecular effect. As stated above,

gellan chain becomes less anionic as pH decreases, and

the decrease in the electrostatic repulsion between intramo-

lecular segments may result in the suppression of chain

expansion of gellan. It was reported that the chain mobility

of nonelectrolyte polymers in solutions decreases as the

chain expansion is suppressed [21,22]. We consider that this

is also the case for gellan in aqueous systems. Previously, it

was found that the expansion of random-coiled gellan chain

is independent of the concentration of Na+ [14]. By com-

paring r̄ for samples of pH 4 between with and without KCl,

it is also seen that the addition of K+ does not affect r̄ at

T>Ttr. These results mean that the change in the chain

expansion with pH is due to the change in the anionic

nature of gellan chain rather than the shielding effect of H+

surrounding the gellan chain as a cation species. The values

of r̄ for pH 7 and 10 at a certain T are almost the same with

each other. We consider that this is because of the small

difference in the degree of dissociation of carboxyl groups.

The pH dependence of r̄ at T < Ttr is probably due to the

difference in the size of aggregates of gellan chains and/or to

the difference in the conformation of helical gellan chains,

as stated above.

We compare the plots of r̄ for 0.2 wt.% gellan samples

without KCl at pH 4 and 12 shown in Fig. 4 to support the

possibility that the conformation of helical gellan chains

depends on pH as that of random-coiled chains. The values

of Ttr for these samples were determined with optical

rotation measurements to be ca. 17.5 and 25 jC, respec-
tively, and are indicated with arrows in the figure. The

sample of pH 12 has higher Ttr than that of pH 4 because of

the higher concentration of cation species. The profile of r̄

against T shows an inflection point, and the plot of r̄

suddenly increases with decreasing T in the vicinity of Ttr
for each sample. This behavior reflects the difference in the

chain mobility between random coil and helix, as mentioned

above. To discuss the conformation of helical gellan chains,

the values of r̄ for both samples are compared at 15 jC,
where gellan chains exist as helices. Fig. 4 indicates that r̄

for pH 12 is smaller than that for pH 4; namely, the helical

gellan chains at pH 12 has higher mobility than those at pH

4. This suggests that the conformation of helical gellan

chains is different between pH 4 and 12, although the data at

low temperatures are insufficient.
4. Conclusion

Optical rotation and fluorescence anisotropy were mea-

sured to estimate the effect of pH on the conformation of

gellan chains in aqueous systems. The former elucidates the

difference in the conformation of gellan chains in the helical
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sense, and the latter reflects the difference in the chain

mobility. Gellan being an anionic polyelectrolyte, pH may

affect the conformation of gellan chains in aqueous systems

in two ways. One is the shielding effect on the electrostatic

repulsion between carboxyl groups included in gellan units,

as was reported for other cation species that affect Ttr and

the intermolecular aggregation of gellan chains. The other

one is the change in the anionic nature of the gellan chain

determined by the degree of dissociation of carboxyl groups

that varies with pH. It was obtained that the chain expansion

of random coils is affected by pH, which is different from

the fact that cations such as Na+ and K+ does not change the

expansion of random-coiled gellan chains. Furthermore, it

was suggested that the conformation of helical gellan chains

also depends on pH. The intermolecular aggregation of

gellan chains are enhanced by the decrease in pH more

than by the increase in cation concentration. These results

indicate that the conformation of gellan chains and inter-

molecular aggregation are dominated by the change in the

anionic nature of gellan chains with pH.
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