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Abstract 17 

The influence of the degree and pattern of methylesterification (DM and PM, 18 

respectively) on the stiffness of Ca2+-pectin gels is extensively examined, at various 19 

Ca2+ concentrations. Accordingly, a highly methylesterified pectin was selectively de-20 

esterified using NaOH, plant or fungal pectin methylesterase in order to produce series 21 

of pectins with varied pattern and broad ranges of methylesterification. The PM was 22 

quantified as absolute degree of blockiness (DBabs). Ca2+-pectin gels were prepared at 23 

various Ca2+ concentrations. Gel stiffness (G’ at 1 rad/s) was determined and mapped 24 

out as a function of DM, DBabs and Ca2+ concentration. At low Ca2+ concentrations, G’ 25 

depends on polymer’s DM and DBabs.  At high Ca2+ concentrations, a master curve is 26 

obtained over a wide range of DM, irrespective of DBabs. Depending on 27 

methylesterification pattern, increase of G’ is related not only to an increase in the 28 

number of junction zones per pectin chain, but also to an increase in the size of junction 29 

zones and the number of dimerised chains occurring in the gels. These results provide 30 

a detailed insight into the occurrence of junction zones in Ca2+-pectin gels.  31 

Keywords :   Pectin - De-esterification - Absolute degree of blockiness - Ca2+-pectin 32 

gels - “Egg-box” model - Gel stiffness 33 

34 
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List of abbreviations 35 

DBabs = absolute degree of blockiness 36 

DM = degree of methylesterification 37 

NM- = non-methylesterified 38 

GalA = D-galacturonic acid 39 

NM-MDT-GalA = non-methylesterified mono-, di- and tri-GalA 40 

PDP = partially de-esterified pectin 41 

Endo-PG = endo-polygalacturonase (EC 3.2.1.15) 42 

PME = pectin methylesterase (EC 3.1.1.11) 43 

44 
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1. Introduction 45 

Pectin is a diverse polysaccharide originating from the cell walls of mainly 46 

dicotyledonous plants. The molecular structure of this biopolymer includes, among 47 

others, a linear homopolymer of α(1-4)-linked D-galacturonic acid (GalA) residues, 48 

known as homogalacturonan, of which certain GalA residues can be methylesterified at 49 

the C-6 carboxyl.1,2 This pectic domain is usually characterised by the degree and 50 

pattern of methylesterification (DM and PM, respectively). While DM is directly 51 

calculated from the methyl group and GalA contents of pectin, the PM has been 52 

successfully quantified using indicative parameters such as “absolute degree of 53 

blockiness” (DBabs). 54 

DBabs can be determined by means of enzymatic fingerprinting using endo-55 

polygalacturonases, EC 3.2.1.15 (endo-PG).3,4 Under suitable conditions, endo-PG 56 

extensively hydrolyses partially de-esterified pectin (PDP), yielding methylesterified 57 

galacturonides as well as non-methylesterified mono-, di- and tri-GalA (NM-MDT-GalA). 58 

Specifically, Kluyveromyces fragilis endo-PG, which was used in this study, hydrolyses 59 

PDPs depending on the presence of contiguous NM-GalA residues (also referred to as 60 

GalA blocks) on the polymer4,5, as illustrated in Figure 1. Pasculli et al. (1991)5 61 

proposed that K. fragilis endo-PG requires the presence of at least four consecutive 62 

GalA residues in order to cleave linkages between GalA residues (Figure 1A). However, 63 

the release of NM-galacturonides necessitates the presence of degradable blocks of at 64 

least five consecutive NM-GalA residues (Figure 1B and C). Following the release of 65 

NM-galacturonides, they are quantified and DBabs is calculated as the molar ratio of the 66 
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total NM-GalA released as NM-MDT galacturonides to the total GalA content of the 67 

polymer6. Hence, DBabs gives an indication of the absolute occurrence of non-68 

methylesterified GalA (NM-GalA) residues in blocks (of at least five residues) over the 69 

entire pectin, thus portraying the methylester distribution of the polymer. 70 

Specific pectins are capable of forming gels in the presence of divalent cations, such as 71 

calcium (Ca2+)7, and optimally at high pH (well above the acid dissociation constant of 72 

GalA). Owing to this functional property, extracted and in planta pectins are used as 73 

texturising polymers in numerous applications.8-10 The formation of Ca2+-pectin gels is 74 

by means of junction zones formation, according to the so-called “egg-box” model.11,12 75 

In junction zone formation, contiguous NM-GalA residues of pectin molecules are bound 76 

via Ca2+ bridges. The strength and stability of the junction zones depend on the size of 77 

the NM-GalA blocks (number of contiguous NM-GalA residues present in the blocks) 78 

and the amount of Ca2+ available for cross-linking.13,14 79 

While characterising the PDPs that were used in the present study, Ngouémazong et al. 80 

(2011)15 reported that, after de-esterification, both the size and the number of NM-GalA 81 

blocks vary depending on the extent and mechanism of de-esterification. Specifically, at 82 

DM of about 60%, large NM-GalA blocks (whose K. fragilis endo-PG depolymerisation 83 

was similar to that of an ester-free polymer, poly-D-GalA) were already predominant in 84 

PDPs de-esterified by plant pectin methylesterase EC 3.1.1.11 (PME). In NaOH and 85 

fungal PME de-esterified PDPs, such large NM-GalA blocks mainly occurred from DM 86 

of approximately 35%15. In addition, plant PME de-esterification has been reported to 87 

result in a sequential occurrence of NM-GalA blocks on pectin chains (i.e. one chain 88 
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after the other) while fungal PME randomly produces NM-GalA blocks on pectin 89 

chains.3 These differences in pectins’ PM will in turn affect the size and the number of 90 

junction zones in Ca2+-pectin gels. As Ca2+-pectin gels are generated through junction 91 

zones, their occurrence obviously affects gel characteristics, particularly gel stiffness 92 

(storage modulus at definite angular frequency).  93 

So far, several studies have related structural features of pectin (DM and PM) to the 94 

storage modulus of Ca2+-pectin gels.6,12,16-18 However, the use of a limited number of 95 

samples, a restricted DM range under study or partially de-esterified pectins produced 96 

from different starting material hampered an in-depth assessment of the combined 97 

effects of different factors on the mechanical properties of Ca2+-pectin gels. For 98 

example, results from previous experimental set-ups could not be interpreted in terms of 99 

changes in the number and/or size of junction zones in Ca2+ gels produced from de-100 

esterified pectins.  101 

Therefore, this work aimed at an extensive and profound examination of the effect of 102 

pectin demethylesterification on the stiffness of Ca2+-pectin gels, as a means of gaining 103 

insight in the occurrence of junction zones. Hereto, produced and characterised PDPs 104 

of broad DM range (from ~ 94% to ~ 6%) and varied patterns of methylesterification15, 105 

were used for the preparation of gels with various Ca2+ concentrations. The stiffness (G’ 106 

at 1 rad/s) of the Ca2+-pectin gels was monitored. Relating this gel property to the 107 

structural features of pectins, allowed an improved qualitative characterisation of Ca2+-108 

pectin gels, particularly, in terms of changes in the size and number of junction zones 109 

with pectin de-esterification.  110 



7 

 

2. Materials and methods 111 

2.1 Materials 112 

Partially de-esterified pectins, characterised in terms of molar mass distribution profile, 113 

DM and PM (the latter quantified as DBabs using K. fragilis endo-PG) as earlier reported 114 

by Ngouémazong et al. (2011)15, were used for Ca2+ gel preparation. The characterised 115 

PDPs were produced from a high-DM citrus pectin (DM ~ 94%, GalA content ~ 85% on 116 

dry basis), which was purchased from Sigma (Belgium) and encoded M94. PDPs with 117 

various DM and PM were produced by controlled partial de-esterification of M94 using 118 

plant (carrot) pectin methylesterase (PME) (P-pectins), fungal (Aspergillus aculeatus) 119 

PME (F-pectins) or chemical saponification (NaOH) (C-pectins), as described by 120 

Ngouémazong et al. (2011).15 All chemicals used were of analytical grade. 121 

2.2. Preparation of Ca 2+-pectin gels 122 

For gel preparation, each PDP sample was dissolved in ultra pure water (organic-free, 123 

18 MΩ.cm resistance, Millipore, USA) at 4 °C. The pH of the solution was adjusted from 124 

~4.5 to 6.0 (± 0.05) using NaOH solutions of concentrations varying from 1.0 to 0.1 M, 125 

and under continuous vigorous stirring. The resulting solution was frozen and stored at -126 

40 °C until gel preparation. As the different PDP s amples had slightly different GalA 127 

content (mol/g pectin; dry matter basis) as a result of de-esterification, the concentration 128 

of the pectin solutions was adjusted to constant GalA content (1.68% w/v, i.e. 1.68% 129 

GalA of unit weight as GalA, 194.14). This correction resulted in an average pectin 130 

concentration of 2% w/v (between 1.96 and 2.04% w/v). 131 

A 3 M CaCl2 solution prepared with ultra pure water was used as CaCl2 stock solution. 132 

Prior to gel preparation, this stock solution was diluted so as to produce gels with 133 
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defined Ca2+ concentration, expressed as the stoichiometric ratio (R= 2[Ca2+] / [COO-
134 

])19, while adding a constant volume of CaCl2. The actual concentration of the CaCl2 135 

solution hence depended on the DM of the PDP samples and the required R-value of 136 

the gels. The latter R-value was varied between 0.5 and 5.7. The final GalA content of 137 

the gels was 1.53% (w/w). 138 

A technique involving the combination of mild heating and diffusion of Ca2+ through 139 

microlitres of pectin solution was used for Ca2+-pectin gel preparation.20 Preliminary 140 

experiments aimed at defining controlled tests conditions enabled to generate accurate 141 

results. Ca2+-pectin gels were prepared directly on the lower plate of a stress-controlled 142 

Physica MCR 501 rheometer (Anton Paar, Austria). The pectin and CaCl2 solutions 143 

were preheated to 50 °C and 30 °C, respectively. Me anwhile, the Peltier-controlled 144 

lower plate of the rheometer was preheated to 50 °C . Exactly 262 µL of preheated 145 

pectin solution was pipetted onto the centre of the lower plate. Subsequently, 28 µL of 146 

preheated CaCl2 was added drop-wise (14 droplets of 2 µL each) over the entire pectin 147 

surface. The upper parallel plate was then lowered to the set measuring gap. The 148 

sample surface was covered with light paraffin oil to prevent evaporation during gel 149 

development and measurements. In order to limit temperature fluctuations within the gel 150 

sample, a Peltier-controlled hood was covering the loaded sample.   151 

2.3 Small-amplitude oscillatory shear tests 152 

Once loaded on the stress-controlled rheometer, the Ca2+-pectin mixture was allowed to 153 

equilibrate for 10 min at 50 °C after which it was cooled from 50 °C to 20 °C within 1 h 154 

(0.5 °C/min). The gel was subsequently let to evolv e for 5 h at 20 °C. Preliminary stress 155 

sweep tests (at 1 rad/s) were carried out on a number of Ca2+-pectin gels in order to 156 
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define the linear viscoelastic region of the gels, in which the viscoelastic response of the 157 

sample (storage modulus, G’) and loss modulus, G”) is independent of the applied 158 

stress amplitude. All subsequent oscillatory shear tests were carried out within this 159 

linear region, thereby excluding effects of shear-induced gelation or network 160 

degradation. During the cooling step and the 5 h isothermal (at 20 °C) period, a time 161 

sweep test was performed at 1 rad/s, followed by a frequency sweep test (0.1-10 rad/s) 162 

at the end of gel formation. The time evolution and frequency dependence of the moduli 163 

have already been described20. From the gels’ mechanical spectra, G’ was determined 164 

at constant angular frequency (1 rad/s), as a measure for the stiffness of Ca2+-pectin 165 

gels.21,22 These gel preparation method and rheological test results have been reported 166 

to be very reproducible23.  167 

3 Results and discussion 168 

Characterised PDPs of various DM and PM15 were used for the preparation of Ca2+-169 

pectin gels with various Ca2+ concentrations, expressed as R-value. At certain lower R-170 

values (depending on pectin type and DM), the stiffness (G’ at 1 rad/s) of Ca2+-pectin 171 

gels prepared from specific C-pectins (DM ~ 48, 35 and 26%) and F-pectins (DM ~ 45, 172 

37, 29%) showed a decrease during the 5 h period set for isothermal conditions (results 173 

not shown). As proposed by Ngouemazong et al. (2012)20, this decrease is related to 174 

the instability of the junction zones formed in the gels as a result of the presence (in 175 

PDP polymers) of NM-GalA blocks of a size not long enough to ensure, at low Ca2+ 176 

concentrations, cooperative binding of the cations. In this study, only gels which did not 177 

display decreasing gel stiffness with time (within the 5 h period) will be discussed 178 

further. 179 
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3.1 Effect of Ca 2+ concentration on gel stiffness 180 

The stiffness of the Ca2+-pectin gels as a function of R-value as well as DM is depicted 181 

in Figure 2. The effect of DM on gel stiffness will be discussed in the next section (3.2). 182 

The stiffness of all Ca2+-pectin gels increased with R-value up to a rather constant 183 

plateau value. The initial increase of G’ with increase in Ca2+concentration results from 184 

additional cross-linking of NM-GalA blocks groups, as earlier explained by numerous 185 

researchers.18,24-28 The critical R-value at which the plateau G’ was reached varied with 186 

the PM of the PDPs. In P-pectin gels, G’ became independent of R-value from R ~ 1.0 187 

whereas the stiffness of C- and F-pectin gels only reached a plateau at higher R-values, 188 

particularly for gels prepared from PDPs of high to intermediate DM (i.e. C66 to C26 189 

and F64 to F36). In other words, above specific Ca2+ concentrations (which depend on 190 

the PM of the PDPs), additional Ca2+ did not cause an additional increase in the 191 

stiffness of Ca2+-pectin gels. The Ca2+ concentrations at which the plateau G’ was 192 

reached is referred to as “saturating” Ca2+ concentrations. Similar results (though at 193 

lower R-values, likely due to lower pectin concentrations) have been reported earlier for 194 

gels produced from NaOH-saponified pectins as well as from tomato or A. aculeatus 195 

PME de-esterified pectins18. 196 

These observations indicate that, at certain Ca2+ concentrations (depending on the type 197 

of PDP), all possible chain associations which can contribute to the stiffness of Ca2+-198 

pectin gels may be completely formed. The variation in the critical R-values (at which 199 

the plateau G’ is attained) will be explained based on the principle of junction zone 200 

formation and the structural features of the PDPs. 201 
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It has been reported in Ca2+-pectin gelation that pectin chains are initially dimerised 202 

through the binding of Ca2+ to GalA blocks.11,12,19 An eventual excess of the cation (i.e. 203 

saturation of gels with Ca2+) induces the aggregation of these dimerised chains via 204 

weak electrostatic interactions.12,29 The initial formation of dimers contributes to an 205 

increase of the G’ of Ca2+-pectin gels24,28, whereas the subsequent aggregation of 206 

dimers is reported to cause only a limited increase of the gels’ G’.12,29 These literature 207 

findings suggest that, above a critical R-value for Ca2+ saturation, all possible dimers 208 

can be expected to be totally formed because NM-GalA blocks present on pectins are 209 

expected to be fully cross-linked or totally filled with Ca2+. In the present work, Ca2+ 210 

saturation occurred at different R-values depending on the DM and PM of the PDPs, 211 

with all P-pectin gels revealing the lowest critical R-value (i.e. ~ 1.0) as compared to the 212 

gels of F- and C-pectins of intermediate to low DM.  213 

At similar DM, P-pectins have been reported to be characterised by the presence of 214 

larger NM-GalA blocks as compared to F- and C-pectins.15 Specifically,  F- and C-215 

pectins of high to intermediate DM are characterised by high number of short to 216 

intermediate NM-GalA blocks on the molecules.  This suggests the presence of some 217 

large methylesterified GalA blocks on F- and C-pectins. Stretches of methoxyl groups 218 

have been reported to prevent the binding of Ca2+ to NM-GalA blocks.12,13,30 In fact, 219 

based on the Ca2+ condensation theory proposed by Donati et al. (2006a,b)31,32, it can 220 

be suggested that, Ca2+ that are condensed on stretches of methoxyl groups (not 221 

permanently but in a fast exchange between the polymer and the solution) are not 222 

available for (complete) binding the short stretches of NM-GalA of F- and C-pectins of 223 

high to intermediate DM. Moreover, in the counterion condensation theory, the free and 224 
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condensed counterions are in dynamic exchange equilibrium. This suggests that upon 225 

addition of Ca2+ into the system, part of the added Ca2+ will be condensed on the poorly 226 

accessible short NM-GalA blocks (in order to maintain the equilibrium). The affinity of 227 

the condensed Ca2+ toward the binding sites (carboxyl groups) will result in cross-linking 228 

and subsequent complete filling of the short   NM-GalA blocks. Therefore, in F- and C-229 

pectin gels, more cations (as compared to the amount required for P-pectin gels) will be 230 

necessary before Ca2+ cross-linking of short NM-GalA blocks can be (fully) achieved. At 231 

R > 1.0, the increase of G’ in C- and F-pectin gels of high to intermediate DM indicates 232 

the formation of additional Ca2+ cross-links. Therefore, at a given DM and R-value, the 233 

amount of Ca2+ being effectively engaged in dimer formation is likely lower for F- and C-234 

pectin gels, than for P-pectin gels.  235 

3.2 Effect  of DM on gel stiffness at various Ca 2+ concentrations 236 

A plot of the stiffness of P-, F- and C-pectin gels vs. DM for several R-values is given in 237 

Figure 3. Gel stiffness increased with de-esterification. However, the increasing trend 238 

varied between the three types of gels, depending on R-value. At low R-values (~ 0.5), 239 

P-pectin gels displayed the highest stiffness, whereas C-pectin gels showed the lowest, 240 

when comparing gels prepared from PDPs with similar DM (Figure 3A). As the Ca2+ 241 

concentration increased to R ~1.0, the stiffness of C- and F-pectin gels approached that 242 

of P-pectin gels, particularly for gels prepared from PDPs with intermediate to low DM 243 

(i.e. < 60%), (Figure 3B). Interestingly, at even higher Ca2+ concentrations, all gels 244 

prepared from PDPs with similar intermediate to low DM showed rather comparable 245 
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stiffness (Figure 3C). Conversely, the stiffness of the gels prepared from PDPs with high 246 

DM (> 60%) was distinctly different, with C-pectin gels showing the lowest G’. 247 

At low R-values, the lower stiffness of F- and C- pectin gels as compared to that of P-248 

pectin gels of similar DM is an indication of the strong gelling behaviour of P-pectins, as 249 

reported by a number of researchers. 16-18 In fact, as earlier suggested by some 250 

researchers, pectins with larger size of NM-GalA blocks such as P-pectins, bind Ca2+ 251 

more strongly than those with shorter NM-GalA blocks such as F- and C-pectins.17,33,34  252 

At saturating Ca2+ concentrations, the similar gel stiffness displayed by all gels of similar 253 

DM (except mainly C-pectins with DM > 60%), indicates the limited effect of PM on gel 254 

stiffness. Therefore, we suggest that, when Ca2+ availability is no longer a limiting factor 255 

for gelation, DM rather than PM plays the major role in controlling the stiffness of Ca2+-256 

pectin gels prepared from PDPs with intermediate to low DM. The lowest G’ displayed 257 

by C-pectin gels of DM > 60% is likely related to the absence or extremely limited 258 

occurrence of NM-GalA blocks on these PDPs (extremely low DBabs values (i.e. ~0.26) 259 

as opposed to the sparsely occurring NM-GalA blocks on P-and F-pectins (DBabs ~5%)). 260 

3.3 Effect  of DB abs on gel stiffness at various Ca 2+ concentrations 261 

The effect of DBabs on Ca2+-pectin gel stiffness is illustrated in Figure 4. Gel stiffness 262 

gradually increased with polymer DBabs, irrespective of R-value, for the three types of 263 

gels. Nonetheless, some differences were observed depending on R-value.  264 

At low R-value (R ~ 0.5), the stiffness of the gels prepared from PDPs of different type 265 

but with similar DBabs was rather comparable (Figure 4A). As the Ca2+ concentration 266 

increased (R ~ 1.0), only small differences in gel stiffness were observed (Figure 4B). 267 
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Interestingly, at even higher R-value (R-values at Ca2+ saturation), pronounced 268 

differences were noticed, particularly between the stiffness of P-pectin gels and those of 269 

C- and F-pectin gels (Figure 4C). Actually, the stiffness of C- and F-pectin gels showed 270 

a rather parallel increasing trend with DBabs, contrary to P-pectin’s gel stiffness. At DBabs 271 

< 20%, the stiffness of C- and F-pectin gels displayed a steep increase with DBabs 272 

whereas, at DBabs ≥ 20%, a limited increasing trend was observed. In P-pectin gels, G’ 273 

displayed a more moderately increasing trend for DBabs up to higher values (DBabs 274 

~50%), where it became similar to that of C- and F-pectin gels. 275 

At low and similar DBabs (DBabs < 20%), the remarkable higher G’ value of the gels 276 

prepared from C- and F-pectins compared to those of P-pectin gels is likely due to the 277 

presence of more junction zones (albeit shorter) in C- and F-pectin gels. This is 278 

consistent with the findings that a high molar concentration (or low molar mass) of 279 

elastically active network chains (i.e. the portion of pectin chain that is located between 280 

two junction zones) results in high G’ values.25,35  281 

Prior to further discussion of these results, it is worth noting that PDPs with similar DBabs 282 

carry NM-GalA blocks of which the combination of size and number results in the 283 

release of similar amounts of total NM-galacturonides, although the actual size and 284 

number of the blocks can differ (see calculation of DBabs in section 1). The first step in 285 

Ca2+-pectin junction zone formation is the dimerisation (resulting in increase in gel G’) of 286 

the NM-GalA blocks of the polymer, which is supposed to be complete at saturating 287 

Ca2+ concentrations. When all existing NM-GalA blocks would be dimerised, the 288 

differences in the size and number of NM-GalA blocks per chain as well as the number 289 

of chains bearing NM-GalA blocks would result in similar differences in the size and 290 
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number of junction zones per pectin chain as well as the number of Ca2+-dimerised 291 

chains in the gel. A closer look at the effect of the methylester (thus NM-GalA block) 292 

distribution pattern (quantified as DBabs) on Ca2+-pectin gel stiffness (G’) shown in 293 

Figure 4C, can then enable to provide a qualitative evaluation of the changes in the size 294 

and number of junction zones in Ca2+-pectin gels, prepared from the three types of 295 

PDPs (P-, F- and C-pectins).  296 

3.3.1 Changes in the size and number of junction zo nes in Ca 2+-pectin gels 297 

prepared from randomly de-esterified pectins (C- an d F-pectins) 298 

The structural characteristics of the PDPs used for gel preparation have been reported 299 

earlier15. C-pectins of (very) high DM (~ 94% > DM > 50% i.e. DBabs < 9%) exhibited a 300 

large number of short NM-GalA blocks with less than five NM-GalA residues. C-pectins 301 

of intermediate to low DM (50% > DM > 35%, i.e. 9% < DBabs < 20%) bore, besides the 302 

short NM-GalA blocks, sparsely occurring NM-GalA blocks with at least six NM-GalA 303 

residues. C-pectins of low DM (DM ≤ 35%, i.e. DBabs ≥ 20%) were characterised by the 304 

presence of NM-GalA blocks with at least seven NM-GalA residues. The structural 305 

features of these PDPs imply that, at saturating Ca2+ concentrations, C-pectins with 306 

DBabs < 20% generate gels predominantly characterised by a high number of short 307 

junction zones, whereas PDPs with DBabs >> 20% yield gels consisting of larger junction 308 

zones. This implies that, in the gels prepared from C-PDPs with DBabs < 20%, the 309 

pronounced increase in gel stiffness with DBabs (Figure. 4C) can be assumed to result 310 

mainly from an increase in the number of junction zones per polymer chain whereas, for 311 
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gels of C-PDPs with DBabs ≥ 20%, the limited further increase of the gel stiffness with 312 

polymer DBabs results from an increase in the size of the existing junction zones.  313 

The observed parallel increasing trend of the stiffness of C- and F-pectin gels with 314 

DBabs, indicates that the changes in the size and/or number of junction zones is likely 315 

similar in both gel types. However, at similar DBabs (for DBabs < 20%), C-pectins 316 

revealed a higher proportions of NM-mono-GalA as compare to F-pectins. Hence, the 317 

former PDPs displayed shorter GalA blocks than the latter.15 This suggests that, at 318 

saturating Ca2+ concentrations, C-pectin gels contain a higher number of shorter 319 

junction zones while F-pectin gels reveal a smaller number of larger junction zones. 320 

Therefore, at DBabs < 20%, the somewhat higher G’ of C-pectin gels as compared to 321 

that of F-pectin gels (Figure 4C) implies that a high number of short junction zones per 322 

polymer chain has a greater contribution to gel stiffness than a small number of large 323 

junction zones. In the same context, Vincent and Williams (2009)36 reported while 324 

carrying out microrheological studies on calcium-induced pectin gels that, the elastic 325 

properties of these gels can be maximized by increasing the number of junction zones 326 

(those that are just long enough to give stable cross-links).   327 

A schematic representation of the proposed changes in the number and size of junction 328 

zones with DBabs is given in Figure 5, for Ca2+-pectin gels prepared from randomly de-329 

esterified pectins at saturating Ca2+ concentrations. In summary, gels prepared from 330 

pectins obtained at successive stages of random de-esterification initially display an 331 

increasing number of short junction zones followed by an increasing size of the existing 332 

junction zones. 333 
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3.3.2 Changes in the size and number of junction zo nes in Ca 2+-pectin gels 334 

prepared from blockwise de-esterified pectins (P-pe ctins) 335 

As reported earlier by Ngouémazong et al. (2011)15, P-pectins with very high DM (DM ≥ 336 

80%, i.e. DBabs ≤ 5%) were characterised by few relatively large NM-GalA blocks with at 337 

least six NM-GalA residues. P-pectins with high DM (80% > DM > 57%, i.e. 5 < DBabs < 338 

33%) exhibited GalA blocks of increased size and/or number per polymer chain. This 339 

suggests that, at saturating Ca2+ concentrations, gels prepared from a PDP with DBabs 340 

of ~5% revealed few relatively large junction zones, whereas the gels prepared from the 341 

PDPs of DBabs between 5 and 33% have larger and sometimes more junction zones per 342 

polymer chain.  343 

P-pectins of low DM (DM ≤ 57%, i.e. DBabs ≥ 33%) bore large NM-GalA blocks, followed 344 

by an enlargement of the existing NM-GalA blocks and/or a further augmentation in the 345 

number of large NM-GalA blocks. As seen previously for C- and F-pectin gels (section 346 

3.3.1), an increase in the size of junction zones only results in a limited increase in gel 347 

stiffness. Still, in Ca2+-pectin gels prepared from P-pectins, gel stiffness showed a 348 

remarkable increase with DBabs (up to DBabs ~50%) (Figure 4C). This suggests that 349 

these gels are prepared from PDPs which display not only an increase in the size of 350 

NM-GalA blocks per pectin chain, but also an increase in the number of large NM-GalA 351 

blocks in the polymer. However, as the increasing trend of G’ with DBabs for P-pectin 352 

gels is different from the one of C- and F-pectin gels, it is suggested that the former is 353 

associated with an augmentation of the number of pectin chains bearing large NM-GalA 354 

blocks. This is consistent with the reports of Luzio and Cameron (2008)33 in which  the 355 

high G’ of a Ca2+-pectin gel prepared from  a citrus PME de-esterified pectin (50% DM) 356 
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was attributed to the incorporation of a large proportion of molecules in the gel structure. 357 

Hence, P-pectin gels prepared from PDPs with DBabs ≥ 33% presumably have large 358 

junction zones on an increasing number of polymer chains. Therefore, the increase in 359 

the stiffness of P-pectin gels with DBabs (Figure 4C) is mainly associated with an 360 

increase in the size of junction zones per pectin chain as well as with an increase in the 361 

number of Ca2+-dimerised chains in the gel. Nonetheless, at DBabs ≥ 50% (DM ~37%), 362 

further increase in DBabs only had a limited additional effect on the stiffness of P-pectin 363 

gels. This observation suggests that when a high number of pectin chains are 364 

dimerised, the formation of additional dimers only has a limited effect on gel stiffness. 365 

A schematic representation of the proposed changes in the number and size of junction 366 

zones in Ca2+-P-pectin gels with increasing DBabs at saturating Ca2+ concentration is 367 

given in Figure 6. In summary, gels prepared from P-pectins obtained at successive 368 

stages of de-esterification display mainly an increasing size of the junction zones per 369 

polymer chain followed by an increasing number of dimerised chains in the gels. 370 

Furthermore, the comparable moduli observed in gels prepared from C-, F- and P-371 

pectins with DBabs ≥ 50% may indicate that either the corresponding gels have 372 

comparable sizes and numbers of junction zones (irrespective of the number of chains 373 

that have been really dimerised), or the different combinations of sizes and numbers of 374 

junction zones per pectin chain as well as number of dimerised chains result in similar 375 

net effects on gel stiffness. 376 

4 Conclusion 377 
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Selected characterised PDPs were used for the preparation of Ca2+-pectin gels with 378 

various Ca2+ concentrations and the stiffness of the resulting gels was measured. At low 379 

Ca2+ concentration, gels prepared from C-pectins displayed the lowest stiffness at a 380 

given DM, whereas P-pectin gels showed the highest. Gel stiffness was then mainly 381 

determined by DM and DBabs. At high Ca2+ concentration and at a given DM, gel 382 

stiffness was independent of PM, for a wide DM range (intermediate to low). 383 

Furthermore, the evolution of gel stiffness with DBabs at saturating Ca2+ concentrations 384 

was linked to changes in the size and number of junction zones in the gel. We proposed 385 

that, in C- and F-pectin gels, increase in stiffness was mainly linked to the increase in 386 

the number of short junction zones per polymer chain whereas, in P-pectin gels, 387 

increase in stiffness was generally related to an increase in the size and number of 388 

junction zones per polymer chain as well as the number of dimerised chains in the gels. 389 

Therefore, beside Ca2+ concentration, both DM and DBabs must be considered in order 390 

to fully understand the rheological behaviour of Ca2+-pectin gels. 391 
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Figures  465 

Simplified illustration of the principle of the release of non-methylesterified 466 

galacturonides from PDPs by the endo-PG of K. fragilis. The thick downward arrow 467 

shows the proposed depolymerisation site of endo-PG. (A) Required number of 468 

contiguous GalA for endo-PG depolymerisation. (B) and (C) required number of 469 

contiguous GalA for release of non-methylesterified galacturonides, for GalA blocks 470 

with ≤ 7 and > 7 GalA residues, respectively (adapted from Daas et al. (2000))4.  471 

472 
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Gel stiffness (G’ at 1 rad/s) of Ca2+-pectin gels as a function of Ca2+ concentration 487 

(expressed as R-value). The dotted line indicates the R-value at which P-pectin gels 488 

reach the plateau level of gel stiffness. 489 
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Effect of DM on the stiffness (G’ at 1 rad/s) of P- (□), F- (○) and  C- (∆)pectin gels. A, B 509 

and C represent R ~ 0.5, ~ 1.0 and at Ca2+ saturation of gels, respectively. 510 

Experimental points are linked with a line. 511 
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Effect of DBabs on the stiffness of P- (□), F- (о) and C-(∆) pectin gels at R ~ 0.5 (A), R ~ 528 

1.0 (B) and R at Ca2+ saturation (C).  529 
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Schematic representation of the proposed occurrence of junction zones in Ca2+-pectin 551 

gels prepared from randomly de-esterified pectins at saturating Ca2+ concentration 552 

(changes in the size and number of junction zones is shown from top to bottom). It 553 

should be noted that the figure illustrate de-esterification and junction zone formation. It 554 

does not represent the real position of pectin chains with respect to each other. 555 
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Schematic representation of the proposed occurrence of junction zones in Ca2+-pectin 559 

gels prepared from plant PME de-esterified pectins at saturating Ca2+ concentration. It 560 

should be noted that the figure illustrate de-esterification and junction zone formation. It 561 

does not represent the real position of pectin chains with respect to each other. 562 
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