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Abstract

The strength, deformability, and firmness of high acyl (H) and low acyl (L) mixed gellan gels were studied by compression tests. The gels
were prepared with total polymer concentrations of 0.5, 1.0, and 1.5% at H/L weight ratios of 25/75, 50/50, 75/25, and calcium concentra-
tions 2—-80 mM. The mixed gels were much more deformable, with failure normal strains ranging from 0.6 to 1.5, but had similar strength
compared to low acyl gellan gels. Both H/L ratio and total polymer concentration affected the textural properties, but H/L ratio was a more
important factor. Maximum synergistic interaction was observed/at=H5050. The mixed gels exhibited excellent texture properties
compared to other common food ge®2000 Elsevier Science Ltd. All rights reserved.

Keywords:Mixed gel; Gellan; High acyl; Low acyl; Stress; Strain; Modulus

1. Introduction Talashek & Chang, 1992; Chandrasekaran & Thailambal,
1990; Chandrasekaran, Radha & Thialambal, 1992; Chan-
Gellan gum is a gel-forming polysaccharide produced by drasekaran, Radha & Giacometti, 1995; Morris, Gothard,
the microbeSphingomonas elodgformerly Pseudomonas  Hember, Manning & Robinson, 1996; Sanderson, Bell,
elodeg (Kang, Veeder, Mirrasoul, Kaneko & Cottrell, Clark & Ortega, 1988). Sanderson et al. (1988) reported
1982) and approved for food use by the FDA in 1992 that high acyl gellan gels are non-brittle and elastic, with
(Pszczola, 1993). Gellan polymer consists of monosacchar-a texture similar to the mixed gels of xanthan gum and
idesB-p-glucose 3-p-glucuronic acid ana-L-rhamnose in locust bean gum. Baird et al. (1992) and Morris et al.
molar ratios of 2:1:1 (Sanderson, 1990) linked together to (1996) reported that when acyl groups were progressively
form a linear primary structure (Fig. 1). The native polymer removed from the high acyl gellan chain, the gelling and
is high acyl gellan (H) containing O-5-acetyl and O-2- mechanical properties of high acyl gellan gels approached
glyceryl groups on the(l — 3)-linked glucose residue that of low acyl gellan gels. Sanderson et al. (1988) reported
(Fig. 1(a)). When exposed to alkali at high temperatures, intermediate textural properties between that of high and
both acyl groups are hydrolyzed and the deacylated form of low acyl gellan gels when combining low acyl gellan with
low acyl gellan (L) is obtained (Fig. 1(b)). Low acyl gellan high acyl gellan to form mixed gels. A systematic study on
dissolves in water at temperatures abové0The solu- the properties of mixed gels prepared from low and high
tions form gels in the presence of cations when cooled to acyl gellan is desirable to explore the full potential of gellan.
gelling temperatures (Tang, Tung & Zeng, 1997a). High Our objective was to study the effect of total polymer
acyl gellan solutions gel at much higher temperatures thanconcentration, cation concentration, and the ratio of high
low acyl gellan solutions. High acyl gellan gels are very to low acyl gellan on the mechanical properties of mixed
weak because of the bulky acetyl and glyceryl groups that gellan gels.
prevent close association between gellan polymer chains in
double-helix formation and hinder compact packing of the .
cross-linked double helix. Their mechanical properties 2- Materials and methods
cannot be readily measured in compression tests. Only a . .
few publications report on high acyl gellan gels (Baird, 2.1. Preparation of mixed gellan gels

* Corresponding author. Tel.:+ 1-509-335-2140, fax:+ 1-509-335- High acyl gellan (H) Kelcogel LT100 and low acyl gellan
2722. (L) Kelcogel F were provided by NutraSweet Kelco

E-mail addressjtang@mail.wsu.edu (J. Tang) Company (San Diego, CA). Weighed gellan powders were
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Fig. 1. The chemical structure of gellan gum: (a) native form (high acyl); (b) deacylated form (low acyl).

dispersed in deionized distilled water at€2 The mixtures (inner diameter 21 mm), which were preheated t86C3%0
were heated to 97-98 and held for 1 min. Calcium chlor-  prevent partial gelling along the metal wall during pouring.
ide was added to the gellan solutions to prepare gels of 12The mixed gellan solutions started to form gels at tempera-
Ca'" concentrations between 2 and 80 mM. The solutions tures between 70 and 82. These temperatures were much
were stirred for 1 min and poured into stainless steel tubeshigher than gelling temperatures of low acyl gellan solutions
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Fig. 2. Determination of initial Young's modulus, failure stress and strain from compression tests.



R. Mao et al. / Carbohydrate Polymers 41 (2000) 331-338 333

Failure strain
o
»

0.4 + «H0.75% L0.25%
wH0.50% L0.50%
02 4 AHO0.25% L0.75%
0.0 0 } t } { } }
0 10 20 30 40 50 60 70 80

++
Ca™™ (mM)
Fig. 3. The compressive deformability of mixed gellan gels with 1.0% total polymer concentration.

between 25 and 7C (Tang et al., 1997a). The gels were set under large compression before failure. Hencky’'s normal

by cooling the tubes in running water at°Csfor 10 min. strain () and the corrected stressdj, which take into
Gel samples were held at Z2for 24 h before removal from  account the enlarged cross-sectional areas of the gels,
the tubes, slicing, and compression testing. were used to represent the true gel properties. Hencky’s

strain and the corrected stress were converted from engi-
neering strain and stress by the following equations (Nussi-

2.2. Compression tests novitch, Ak, Normand & Peleg, 1990; Tang, Tung & Zeng,
Cylindrical gels 21 mm in diameter and 21 mm long were 1996):

placed between lubricated flat metal surfaces fitted to The ¢, = —In(1 — Eeng) )

TA.XT2 Texture Analyzer (Texture Technologies Corp.,

Scarsdale, NY/Stable Micro Systems, Godalming, Surrey, . _ = GengdL — €eng) 2

UK). The gels were then compressed at a crosshead speed of
0.3 mm/s until failure. Assays were repeated six times using The failure strain £;) and failure stressof;) were deter-

six different gels. The engineering stress,(= force/origi- mined from compression curves as shown in Fig. 2. A large
nal cross-section area) and straig,§= reduction of length/  failure strain corresponds to a very deformable gel and a
original length) curves were obtained. large failure stress indicates a strong gel.

The cross-sectional area of the gels increased significantly The gel firmness was characterized by the initial Young's
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Fig. 4. The compressive strength of mixed gellan gels with 1.0% total polymer concentration.
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Fig. 5. The firmness of mixed gellan gels with 1.0% total polymer concentration.

modulus derived from the slope of the regression line of the approximately 30 mM. This optimum calcium concentra-
corrected stress vs. Hencky’s normal strain for strain not tion was much higher than the 5 mM calcium concentration
exceeding 6% (Fig. 2). A large value for Young’s modulus observed at the peak strength for 1% low acyl gellan gels
indicates a firm gel. (Tang et al., 1994, 1995, 1996).
Because low acyl gellan generally forms stronger gels

than high acyl gellan, it is expected that mixed gels are
3. Results and discussion stronger at low H/L ratios. This is generally true with a

few exceptions as shown in Fig. 4. For example, the peak
3.1. Influence of weight ratio of high and low acyl gellan  failure stress for the gels with/H = 50/50 was larger than

the peak failure stress for the gels withiLlH= 25/75 (Fig.

Fig. 3 shows the dependence of the failure strain of 1% 4). A strong synergistic interaction may exist between low
mixed gels on calcium concentration at three high acyl (H) and high acyl gellan at the H/L ratio of 50/50. A DSC study
to low acyl (L) gellan ratios. In general, the failure strain of mixtures of high acyl and low acyl gellans showed two
increased with increasing H/L ratio. For the 1% gels with separate conformational transitions at temperatures that are
H/L = 50/50 and 75/25, the failure strain increased from 0.8 characteristic of individual components (Morris et al.,
and 1.0 to reach a constant value of 1.0 and 1.5, respec-1996). Hence Morris et al. (1996) suggested that the forma-
tively, as calcium concentration increased from 2 to tion of double helices did not involve strands of both types.
30 mM. The trend that failure strain increased with increas- In other words, high acyl and low acyl gellans may form
ing calcium concentration was different from that observed separate and interpenetrating polymer networks (IPN). The
with 1% low acyl gellan gels. Tang et al. (Tang, Lelievre, IPN structure can be full-IPN, i.e. both polymers are cross-
Tung & Zeng, 1994; Tang, Tung & Zeng, 1995; Tang et al., linked; or semi-IPN, when only one type of polymer chains
1996) reported that the failure shear strains of 1% low acyl are crosslinked while the other type of chains are linear
gellan gels decreased from 1.2 to reach a constant value ofManson & Sperling, 1976). Full-IPNs are generally stron-
0.4, which corresponded to failure normal strain from 0.8 to ger and more deformable than semi-IPNs (Manson & Sper-
0.3, when calcium concentration was increased from 2 mM ling, 1976). Itis very likely that at the H/L ratio of 25/75 low
to approximately 10 mM. For the gels with H/L of 25/75, acyl gellan polymers form a continuous matrix in the gel
the failure strain decreased slightly with increasing calcium network, while a small amount of the high acyl gellan poly-
concentration from 2 to 6 mM. With larger concentrations mers are dispersed in the gel matrix. At the H/L weight ratio
of calcium, the failure strain of mixed gels increased steadily. of 75/25, the discrete low acyl gellan polymers are dispersed
At an H/L ratio of 25/75, the behavior of the mixed gels is in continuous high acyl gellan matrix. Both gels may have
attributed to the large amount of low acyl gellan that domi- semi-IPN structures. At the H/L ratio of 50/50, however,
nated the gel properties. high and low acyl gellan polymers may form continuous

Fig. 4 shows the failure stress of 1% mixed gels at three networks separately, resulting in full-IPN structures.

H/L weight ratios. The failure stress reached a peak at Gellan gels exhibited viscoelasticity (Nussinovitch et al.,
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Fig. 6. The compressive deformability of mixed gels with equal weight of high and low acyl gellan.

1990). Tang, Tung, Lelievre and Zeng (1997b) observed optimum calcium concentration corresponding to the maxi-
that gellan gels followed linear stress—strain relationships mum modulus for each H/L weight ratio was about 10 mM,
in small strains €0.04). They also studied the suitability of much smaller than the optimum calcium concentration
the Mooney—Rivlin constitutive equation, from the rubber (around 30 mM) for failure stress (Fig. 4).
theory (Treloar, 1975), and its various modifications, in At a given calcium concentration, the initial Young's
modeling the stress—strain curves of gellan gels in tension,modulus of mixed gellan gels increased with decreasing
compression and torsion at large strains. None of thoseH/L ratio (Fig. 5). It is clear from Figs. 4 and 5 that the
equations was found satisfactory. Therefore, only the linear initial Young’s modulus of mixed gels followed a different
portions of the small strains in the stress—strain relation- trend from that of failure stress with respect to H/L ratio. For
ships, e.g. in Fig. 2, were used to derive the initial Young’s example, the failure stresses of gels withLH= 50/50 at
moduli for further analyses. 30mM Ca " were greater than that at/H= 2575,
Young’s modulus of mixed gels at 1% polymer concen- while the initial Young’'s moduli for gels with H =
tration initially increased with increasing calcium concen- 2575 were much higher than with/H = 50/50. Therefore,
tration up to a maximum value and then decreased with gels with similar failure strength may exhibit very different
further increase in calcium concentration (Fig. 5). The firmness.
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Fig. 7. The strength of mixed gels with equal weight of high and low acyl gellan.
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Fig. 8. The firmness of mixed gels with equal weight of high and low acyl gellan.

3.2. Influence of total polymer concentration The optimum calcium concentrati@X,) and the corre-
sponding peak failure stress ) for each total polymer
At H/L =50/50, failure strains of the mixed gels concentrationXy) were estimated from Fig. 7 and presented
increased from 0.7 to 0.9 at low calcium levels and from in Table 1. The peak failure stresses of the mixed gels are
1.0 to 1.2 at high calcium levels as total polymer concentra- comparable to the peak stresses of low acyl gellan gels
tions increased from 0.5 to 1.5% (Fig. 6). Thus failure (Tang et al., 1994, 1995). The optimum calcium concentra-
strains increased slightly with total polymer concentrations, tions of the mixed gels (around 30 mM) are, however, much
similar to low acyl gellan gels at low calcium concentrations higher than the optimum calcium concentrations (around
(Tang et al., 1994, 1995). At each total polymer concentra- 5 mM) at similar polymer concentrations when only low
tion, the failure strain, however, increased with calcium acyl gellan was used (Tang et al., 1994, 1995).
concentration, which was the opposite of the reported obser- The firmness of the mixed gel initially increased linearly
vations with low acyl gellan gels (Tang et al., 1994, 1995). with calcium concentration, then decreased linearly with
Although increasing the polymer concentration will further added calcium (Fig. 8). This trend was similar to
normally increase the deformability (strain) of low acyl the trend for the failure stresses as shown in Fig. 7. The
gellan gels at low calcium concentrations (Tang et al., optimum calcium concentrationéXg) corresponding to
1994, 1995), increasing the absolute amount of low acyl the peak Young's modulusf) were estimated from Fig.
gellan in the mixed gels may decrease the deformability. 8 and also listed in Table Xg is only about one third oX,,
For example, the failure strains of gels at every tested for each polymer concentration.
calcium concentration were reduced when the high acyl Although increasing polymer concentration normally
gellan concentration was fixed at 0.75% and the low acyl increases gel firmness (Fig. 8), increasing the absolute
gellan was increased from 0.25% (top curve of Fig. 3) to amount of high acyl gellan in the mixed gels may sometimes
0.75% (top curve of Fig. 6). For the deformability of the reduce gel firmness. For example, when low acyl gellan
mixed gellan gels, therefore, the H/L ratio is a more impor-
tant factor than the total polymer concentration. Table 1
The effects of calcium and total polymer concentrations The optimum calcium concentrations for f_ailure strex§), for initial
. - ; . Young's modulus(Xg), and the corresponding peak failure stress),(
on the ,fallure stress and Imtlal, Young's modulus of mixed peak initial Young's modulusK,) of the mixed gels with equal amount
gels with equal amounts of high and low acyl gellan are of high acyl and low acy! gellan
presented in Figs. 7 and 8, respectively. Similar to the low

acyl gellan gels (Tang et al., 1994, 1995), the failure stress Failure stress Initial Young's modulus
of mixed gels _increased Iinea_rly with added ‘Caup to an X(6) X, (MM) oy (KPA) X (MM) E, (kPa)
optimum calcium concentration, then decreased linearly

with further added C&". At all studied calcium concentra- g-g gg 2; 12 6

. . . . L 1 15
tions, the failure stress of mixed gels increased with increas s 33 108 1 4

ing total polymer concentration.
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Table 2
Failure properties of mixed high and low acyl gellan gels and of selected food gels

Gel type Failure stress (kPa) Failure strain Ref.

Mixed gellan gel, 1% total polymer This work

H/L = 25/75, 8 mM Ca " 433+ 1.4 0.59+ 0.02

30 mm? 56.4+ 1.3 0.65+ 0.01

60 mM 40.4*+ 0.8 0.70+ 0.02

H/L = 50/50, 8 mM C& " 387+ 1.7 1.00+ 0.02

30 mm? 63.5+ 3.5 1.03+ 0.01

60 mM 40.1+ 3.4 1.06% 0.03

Low acy! gellan, 1% polymé&r Tang et al., 1995

3mM Ca'* 46.0 0.55

5 mM? 61.0 0.38

20 mM 54.0 0.28

Egg white gel 278+ 5.7 0.77x 0.09 Hamann, 1983

Fish gef 40.0+ 4.8 0.68+ 0.06 Hamann, 1983

Gelatin gel, 7% polymér 29.2 1.11 Takahashi and Nakazawa, 1992
Agar gel, 1.2% polymeér 32.8 0.46 Takahashi and Nakazawa, 1992
Mixed gellan gel, 1.5% total polymer, 100.2+ 3.3 1.09%+ 0.02 This work

H/L = 50/50, 30 mM C& *?

Carrageenan gel, 1.75% polyrfiier 405+ 0.4 0.50=+ 0.01 Mirza and Lelievre, 1992
Carrageenan (CA) and locust bean 60.3+ 0.7 1.09+ 0.03 Mirza and Lelievre, 1992

gum (LBG) mixed gels, 1.75% total
polymer, CA/LBG= 60/40°

2 At or near the optimum calcium concentration.
P Data were converted from original reported true failure shear stress and strain.
¢ Data were converted from original reported engineering stress and strain.

concentration was fixed at 0.75% and high acyl gellan This CA/LBG gel, however, has much less strength than the
concentration was increased from 0.25% (top curve of mixed gellan gel at 1.5% total polymer concentration with
Fig. 5) to 0.75% (top curve of Fig. 8), the firmness of the H/L = 50/50. The excellent texture properties of the mixed
mixed gellan gels was significantly reduced. This result high and low acyl gellan gels are evident.
again suggests that the weight ratio of high acyl to low
acyl gellan is more important in controlling gel texture
properties than the total polymer concentration.
4. Conclusion
3.3. Comparison with selected food gels
The mixed gellan gels studied in this research were much

Table 2 lists the properties of several high and low acyl more deformable and exhibited similar compressive
mixed gellan gels, together with those of selected food gels strength, compared to low acyl gellan gels at similar poly-
reported in the literature. When compared to low acyl gellan mer concentrations. Deformability of mixed gels normally
gels at the optimum calcium concentrations, the mixed gel increased with increasing calcium concentrations. The rela-
with H/L = 2575 and 1% total polymer concentration had a tionship of gel strength to polymer and calcium concentra-
higher deformability (the failure strain increased from 0.38 tions was similar to the gel strength of low acyl gellan gels.
to 0.65) but slightly reduced strength (the failure stress An optimum calcium concentration, about 30 mM for
decreased from 61.0 to 56.4 kPa). The mixed gel with mixed gels studied, was observed that corresponded to the
H/L = 50/50 at 1% total polymer concentration had much maximum gel strength. The maximum gel strength
improved deformability without the loss of strength (the increased with total polymer concentration. At the optimum
failure strain became 1.03 and stress 63.5 kPa). Table 2calcium concentration of about 30 mM, mixed gels made of
also indicates that the strength and the deformability of an equal amount of low acyl and high acyl gellan polymers
mixed gellan gels formed at 1% total polymer concentration were the strongest, and the gel deformability was about four
with H/L = 50/50 and at 30 mM C&" were better than the  times that of low acyl gellan gels. The firmness of the mixed
listed egg white gel, fish gel, gelatin gel at 7% polymer gellan gels increased with total polymer concentration and
concentration, agar gel at 1.2% polymer concentration, the proportion of low acyl gellan. The maximum firmness
and carrageenan (CA) gel at 1.75% polymer concentration.was observed in mixed gels with around 10 mM calcium
The only gel with comparable strength and deformability concentration. The weight ratio of H/L played a more
was the mixed gel of CA and locust bean gum (LBG) at important role in the textural properties of mixed gels than
1.75% total polymer concentration with MG = 60/40. the total polymer concentration.
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