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ABSTRACT. We examined how a particular structural characteristic of pectin, namely its degree of 18 

methoxylation (DM), affects its complexation with lysozyme (lys), whereby the phase behaviour of the 19 

complex system as a whole as well as the aggregation state of the complex phase are considered. Low and 20 

medium methoxylated pectins bind lys at pH 5.1 and low ionic strength (I=0.01) forming highly 21 

concentrated gel like complex particles, whereas highly methoxylated pectins undergo liquid/liquid phase 22 

separation with lys. “Mother” pectin with DM=95.1% does not form complexes with lys. Highly charged 23 

pectins (low DM) already form complex particles at low pectin/lys weight ratios and have a high yield of 24 

the complex phase that consists of relatively large particles. The distribution of pectin within the complex 25 

particles has an irregular character for both pectin types. However, whereas for low DM pectin the complex 26 

composition reflects that of the mixture, the complex composition with high DM pectin is less sensitive to 27 

the mixture composition. Moreover, at low DM, the maximum complexation corresponds to charge 28 

neutralization whereas at high DM maximum complexation requires a larger than stoichiometric amount of 29 

lys. The minimal I and pH value at which complexation is completely suppressed, decreases with increasing 30 

DM of pectin, indicating the presence of electrostatic interactions in all systems. However, the differences 31 

in composition of the complexes and the protein/polysaccharide charge ratio at maximal complexation 32 

indicate that the exact binding mechanism depends on the pectin DM. 33 

  34 
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 36 

1. INTRODUCTION 37 

     Pectin is a natural carboxyl containing linear polysaccharide that is finding increasing 38 

applications in the pharmaceutical, biotechnology and food industry on itself and in mixtures with 39 

proteins or other polysaccharides (May,1990). The repulsive and attractive forces between pectin 40 

and proteins may lead to biopolymer incompatibility (Antonov, Grinberg, Tolstoguzov, 1975, 41 

1979; Antonov, Lashko, Glotova, Malovikova, and Markovich, 1996), depletion flocculation 42 

(Antonov, Grinberg, Zhuravskaya, &Tolstoguzov, 1982) or complex formation (Serov, Antonov, 43 

Tolstoguzov, 1985, Tolstoguzov, 1986; 1991). Therefore, at present it is obvious that interactions 44 

between pectin and proteins can affect the phase behavior, stability and structure of food systems 45 

(Tolstoguzov, 1986). Moreover, these interactions affect the physical properties of food 46 

preparations such as their clarity, stability and gel-forming ability (De Kruif & Tuinier, 2001, 47 

Tolstoguzov, 2003). The use of highly methoxylated pectins as flocculants for natural biological 48 

materials (defatted milk, milk whey, clover and alfalfa juices) allows to fractionate milk and leaf 49 

proteins (Antonov & Kiknadze, 1987) and to obtain liquid concentrates of micellar casein from 50 

defatted milk (Antonov,et al, 1982). Therefore the complexation of pectins with proteins was a 51 

subject of intense scientific interest in the last two decades (see for example Girard, Turgeon, 52 

Gauthier, 2002,2003a,b; Maroziene, De Kruif, 2000;  Zaleska, Ring, Tomasik, 2000; Sperber, 53 

Schols, Stuart, Norde, & Voragen, 2009, 2010; Gilsenan, Richardson,  Morris, 2003; Wang,  54 

Lee,Wang, & Huang, 2007; Ru,  Wang, Lee, Ding,  & Huang,  2012;  Saravanan, 2010; Plashchina, 55 

Zhuravleva,& Antonov, 2007; Bayarri, Oulahal, Degraeve, & Gharsallaoui 2014; Lin et al. 2015; 56 

Amara, Degraeve,  Oulahal, & Gharsallaoui,2017; Schmidt, Cousin, Huchon, Boué, & Axelos, 57 

2009).  58 

To exploit the potential of pectin complexation for different applications, studying the 59 

effects of the structural features of pectin (degree of methoxylation DM, distribution of functional 60 

groups along the chain, molecular weight) on its interaction with proteins is very important in food 61 

science and technology. It is now generally accepted that electrostatic interactions are the main 62 

factor determining complexation of polysaccharides with proteins. Therefore, aggregation of water 63 

insoluble complexes is frequently maximal when the charge ratio is equal to 1, which corresponds 64 

to neutralization of the complexes (Ball, et al, 2002; Gummel, Boue, Deme, Cousin, 2006). Non-65 

electrostatic attractions sometimes promote protein/polysaccharide association and facilitate 66 

formation of water insoluble protein/polysaccharide complexes (Carlsson, Linse, & Malmsten, 67 

2001; Carlsson, Malmsten, & Linse, 2003). In the case of low degrees of pectin esterification 68 

hydrogen bonding may cause a minor contribution to coacervate formation (Girard, Turgeon, & 69 

Gauthier, 2003b). Girard, Turgeon, and Gauthier (2002) demonstrated that interactions in the  70 
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lg/pectin system are mainly caused by electrostatic forces, and, to a lesser extent, hydrogen 71 

bonding. Hydrophobic interactions between pectin chains can be neglected due to the hydrophilic 72 

backbone of pectin.  73 

   The aim of the present study is to examine how one particular structural characteristic of pectin, 74 

namely its DM, affects its interaction and complexation with lysozyme (lys) as well as the structure 75 

of the complex particles. To obtain unambiguous results, care was taken to vary only the pectin 76 

DM while keeping its Mw constant. Lys is a well-studied 14.3 kDa globular protein with enzymatic 77 

activity which has a net positive charge in the pH range up to its pI (10.5). We focus on a few 78 

important characteristics of complexation namely determination of i) the possible contribution of 79 

hydrogen bonding on the interaction, ii) the critical surface charge values above which pectin does 80 

not form complexes with lys, iii) the dependence of the aggregation state of the complex phase on 81 

DM, and iv) the distribution of the biopolymers within the complex phase for pectins with various 82 

DM values. This allows us to determine the mechanism of binding in such systems, which will 83 

allow to compare, in future work, the peculiarities of complexation in these systems with those 84 

containing pectins with a blockwise distribution of methylesters. Thereto dynamic light scattering, 85 

confocal laser scanning microscopy (CLSM), optical and scanning electron microscopy, phase 86 

analysis, electrophoretic mobility, and turbidity measurements were utilized.  87 

 88 

2. MATERIALS AND METHODS 89 

2.1. Materials 90 

Biopolymers and reagents. Lys from chicken egg white (dialyzed, lyophilized powder containing 91 

96% of the main protein) was purchased from Sigma-Aldrich and used without further purification. 92 

Pectin with a statistical distribution of methylester groups, and varying DM values namely 16.2% 93 

(P16.2), 27.8% (P27.8), 38.2% (P38.2), 66.5% (P66.5) and 77.7% (P77.7) were produced through 94 

controlled chemical deesterification of a parent citrus pectin with DM = 95.1% (P95.1) by titration 95 

with predetermined amounts of 0.1 M NaOH solution (at 4 °C while maintaining a pH of 11) as 96 

described in another study (Celus, et al, 2017). The resulting solutions were adjusted to pH 6, 97 

dialyzed (Spectra/Por®, MWCO = 12-14 kDa) for 48 h against demineralized water and 98 

subsequently lyophilized. Measurement of the DM was performed using Fourier transform infra-99 

red spectroscopy (FT-IR) (Shimadzu FTIR-8400S, Japan), as in Celus et al. (2017). The average 100 

molar mass of the samples, as determined by HPSEC chromatography was 44.63.5 kDa and 101 

varied between 41.1 kDa and 48.1 kDa whereas the mother pectin had a molar mass of 56.1 kDa 102 

(Celus et al., 2017). All other reagents were of analytical grade.  Milli-Q ultrapure water was used 103 

in all experiments. 104 
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Preparation of the protein and polysaccharide solutions and protein/polysaccharide mixtures. To 105 

prepare solutions of lys and pectin with the required concentrations, the weighed amount of 106 

biopolymer was gradually added to an acetic acid-sodium acetate buffer (pH 5.1, I=0.01) at 23оС 107 

and stirred for 1 h at this temperature. The resulting solutions were centrifuged at 50000g and 23°C 108 

for 1 h to remove insoluble particles.  The lys content in the stock solution was determined by 109 

means of UV absorption using the extinction coefficient for highly purified lysozyme which is 110 

2.64 ml mg−1 cm−1 at 281.5 nm (Aune, & Tanford, 1969). Concentrations of pectin in the stock 111 

solutions were determined by drying to constant weight at 104°C. Solutions of the biopolymers 112 

were kept at least overnight in the fridge to allow for full hydration of the molecules.  To prepare 113 

mixed solutions of lys with pectin with the required concentrations, weighed amounts of the pectin 114 

stock solution were added to the lys stock solution at 23оС. To study the effect of pH on the 115 

complexation behavior, the pH of the complex mixtures was changed in a range from 5.0 to 11.0 116 

by addition of 0.1–0.5 M NaOH.  117 

 118 

2.2. Methods 119 

2.2.1. Turbidity measurements  120 

Turbidity values of the systems as function of the pectin/lys weight ratio (q) were measured at 500 121 

nm using a Unico SQ2800 UV/VIS spectrometer. Solutions were mixed at 23°C for 90 minutes to 122 

reach steady state conditions. The error of the turbidity measurements is typically about 2%−3%; 123 

in the weight ratio range from 0.2 to 0.8 the errors were markedly larger (6-8%).  With increasing 124 

q, the complexation behavior underwent different transitions characterized by qOnset and qSet, 125 

corresponding to the transitions from the absence of complexation to the formation of water 126 

soluble complexes and vice versa, as well as q and q*, corresponding to the transitions from 127 

water soluble complexes to water insoluble complexes and their phase separation and vice versa 128 

and finally qMax (Carlsson, Lines, Malmsten, 2001). To obtain accurate values for these transition 129 

points, additional characterizations were performed. The qOnset value was determined by 130 

turbidimetric titration as indicated in Fig 1a'. These results were confirmed by dynamic light 131 

scattering (DLS) characterization, in which the average size of the complexes exceeded that of 132 

pectin by 10% at qonset. The qSet value was the minimum q value for which the turbidity value of 133 

the pectin/lys mixture became equal to that of a pectin solution with the same pectin concentration 134 

as in the mixture. The q and q* values were determined as the minimum and maximum q values 135 

at which the turbidity increased with time, which was quantified as an increase of  >2% during 15 136 

min under quiescent conditions for samples that had been stirred for 30 min before the test. 137 

2.2.2. Phase analysis 138 
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The yields of lysozyme (Y) in the complex phase and the supernatant were determined after 139 

separation of the complex pectin/lysozyme system by centrifugation at 10000 g and 23oC for 140 

20 min. The masses of the complex phase and supernatant were measured as well as the 141 

concentration of lysozyme in the supernatant. The latter was determined by measuring the 142 

absorption value at 280 nm at I=0.5. The absorbance of free lysozyme in a 0.5 M NaCl solution 143 

of 1% concentration was A1%,280 = 27.21. This allowed to calculate the yields. The experimental 144 

errors were approximately 6-8%. 145 

2.2.3. Electrophoretic Mobility  146 

ς-potential measurements of pectin, lys and pectin/lys complexes at different q values were 147 

performed at 23oC with a 90 Plus particle size analyzer (Brookhaven instruments Inc.) using a 148 

rectangular quartz capillary cell. For each sample the -potential was determined at least ten times 149 

and the average value is reported. 150 

2.2.4. Dynamic light Scattering  151 

Determination of the intensity size distribution functions of pectin and lys solutions as well as 152 

pectin/lys mixtures was performed by means of DLS with an ALV/CGS-3 compact goniometer 153 

system (ALV GmbH, Germany). The procedure has been described elsewhere (Antonov, 154 

Moldenaers, & Cardinaels, 2017). 155 

2.2.5. Scanning electron microscopy (SEM). 156 

Microstructural investigation was performed with a scanning electron microscope JEOL JSM-840. 157 

Pectin/lys mixtures at desirable concentrations were subjected to complete drying at 23oC using a 158 

graphene plate. The SEM images were recorded multiple times and on multiple samples to ensure 159 

that representative images are obtained. Images were obtained less than 5 min after introducing 160 

the sample in the chamber. 161 

2.2.6. Brightfield imaging 162 

Microscopy observations were performed with an Olympus BX51W1 fixed stage microscope 163 

equipped with a high resolution CCD-camera, (1000x1000 pixels, C-8800-21, Hamamatsu) using 164 

objectives with magnifications 5,10, 20, and 50 times.  165 

2.2.7. Fluorescent imaging  166 

Fluorescent imaging was performed using a multi-beam confocal microscope (VisiTech, UK), 167 

equipped with an oil-immersion objective (20x, 0.85 NA, Olympus, Japan) using 532 nm and 168 

642 nm as excitation wavelengths. Before imaging, pectin and lys were fluorescently labeled by 169 

storing a pectin solution containing Atto 647N dye (ATTO Tec. Germany) at 5oC for 3 days, and 170 

a lys solution containing Rhodamine B dye was kept under the same conditions. This labeling 171 

allowed the signal from Lys (red) and pectin (green) to be resolved. Image analysis was performed 172 
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using ImageJ v1.43r software. 173 

3. Results and discussion. 174 

3.1.Characterization of complexation at pH 5.1, I= 0.01 and 23oC 175 

3.1.1 The main parameters of complexation and zeta potentials. 176 

The -potential of the pectins with various DM decreases linearly with DM, ranging from -34.1 177 

mV for P16.2 to -2.8 mV for P95.1 (data not shown). At pH 5.1, lys was found to have a net 178 

positive -potential of +7.7 mV, which is close to literature data (Kuehner, Engmann, Fergg, 179 

Wernick, Blanch and Prausnitz, 1999; Sophianopoulos and Vanholde, 1961).Therefore, based on 180 

the opposite charge of the two polymers, they are expected to exhibit attractive interactions. 181 

Mixing transparent solutions of lys and pectin led to a quick appearance of turbidity if the 182 

pectin/lys weight ratio (q) exceeded the qOnset value. Figure 1a-c shows the turbidity values at 500 183 

nm (500) as a function of q for complex pectin/lys systems containing P16.2, P66.5 or P77.7. It 184 

was found that the complex systems containing P95.1 remained transparent for all q values studied 185 

(from 10-4 to 100). Based on turbidity as a function of the pectin/lys weight ratio q, the transitions 186 

in the state of the mixed system between miscible, soluble complex, and insoluble complex can be 187 

pinpointed (Figs 1a-c, region I-V).  188 

 189 

Figure 1 190 

 191 

The mixture behavior was clearly dependent on the DM of pectin and the pectin/lys weight ratio 192 

(q), and consequently, on the charge ratio of the two biopolymers. The dependence of 500 on q 193 

has an extremal character with the maximum 500 occurring at qMax = 0.21 for the P16.2/lys 194 

systems, q=0.24 for the P38.2/lys systems (data not shown), q=0.30 for P66.5/lys systems and 195 

q=0.51 for P77.7/lys systems respectively. Taking into account that the weight average molecular 196 

weight of Lys is 14.3 kDa (Rezwan, Meier, Gauckler, 2005) and that of pectin is on average 44.6 197 

kDa, we can roughly evaluate the “molar” ratio pectin/lys in the complex phase.  A simple 198 

calculation showed that this ratio was ~ 18:1 mole lys/mole pectin for the P16.2/lys systems, 15:1 199 

for the P38.2/lys systems, 12:1 and 7:1 for the P66.5/lys and P77.7/lys systems respectively. The 200 

qMax values as a function of DM are presented in Fig. 2a. At relatively low DM values, these ratios 201 

increase linearly with DM, and subsequently change more sharply at DM >66%.  202 

To assess the contribution of electrostatic interactions to the complexation process, we compared 203 

the qMax values for P16.2/lys and P66.5/lys systems determined from the data of the turbidimetric 204 

titration with those calculated on the basis of the charge ratio of the cationic groups of lys and 205 

anionic groups of pectins in the complex mixtures. The molecular weight of the pectins is about 206 
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44600 Da and the molecular weight of galacturonic acid is 194 Da. Formation of the glycosidic 207 

bond in pectin involves formal elimination of a molecule of water, thereby reducing the mass per 208 

residue by 18 Da, and conversion of the uncharged COOH group to the charged carboxylate form 209 

gives a further reduction of 1 D. Moreover, for esterified residues, the mass of the methyl group 210 

causes an increase of 15 Da. Thus the effective values of the molecular weight are 175 Da for 211 

charged galacturonate residues and 190 Da for the esterified form. Accordingly, the amount of 212 

galacturonic acid units is equal to 254.8 (44600:175) for charged pectin, and 234.7 (44600:190) 213 

for the esterified form of pectin. Taking into account that the content of the galacturonic acid in 214 

pectin samples is 85% (Ngouémazong et al. 2011), and the degree of dissociation of the 215 

galacturonic acid at the given conditions is 0.97 (Kohn, 1973) we obtained 176.0 negative charges 216 

per mole for P16.2 and 64.8 negative charges per mole for P66.5. On the other hand, one mole of 217 

100% lys contains 129 amino acid residues (or 116.1 amino acid residues in our sample containing 218 

90% protein) and includes positively charged lysine (3.97 charges), arginine (8.86 charges) and 219 

histidine (0.75 charges), according to Levis, Snell, Hirschmann, and Fraenkel-Conrat (1950), i.e. 220 

13.5 positive charges per mole. In that way, the calculated protein/polysaccharide molar ratio 221 

within a complex in the case of purely electrostatic interactions is 18.8 for the P16.2/lys system. 222 

The molar ratio obtained was equal to that obtained from turbidimetry, which was 18 mole 223 

lys/mole pectin.  The estimated lys/pectin molar ratio for the P66.5/lys system was 4.8. The 224 

lys/pectin molar ratio for the P66.5/lys system calculated from the molecular structure of the 225 

biopolymers was noticeably lower than that determined by turbidimetry (12.1 mole lys/mole 226 

pectin) which may be due to some aggregation of lys within the P66.5/lys complex particles.  227 

The qonset and q values for P16.2/lys systems were very small (510-4 and 210-3), as shown in Fig 228 

2a,b but they increased significantly with DM, especially for pectin with the highest DM=77.7%. 229 

This indicated that lys interacts with pectins to form water insoluble complexes starting from 230 

extremely low concentrations of the latter except for pectin with the highest DM.  Deflection of 231 

the linear dependence at the highest DM values may be due to the fact that the binding constant 232 

approaches the critical value at which macromolecular complexes do not form. At DM = 95.1% 233 

associative phase separation did not occur at all, at least up to total mixture concentrations of 8 234 

wt%. Fig 2b summarizes the phase behaviour of all systems studied, and the liquid or solid state 235 

of the complex phase. As can be seen in Fig 2b formation of water soluble complexes observed 236 

only in a very narrow q range for all DM values studied (excluding DM 95.1%). Formation of 237 

complex coacervates took place at qф values equal and higher than 0.01 for systems containing 238 

highly methoxylated pectins (P66.5 and P77.7), and a single-phase state was typical for the 239 

P95.1/lys system for all q values. 240 

 241 
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 242 

                                                    Figure 2  243 

 244 

The -potential of the complex pectin/lys systems as a function of the pectin/lys weight ratio (q) 245 

at different DM values is shown in Figure 2e. The positive charge of lys was rapidly neutralized 246 

after adding pectin, and the surface charge of the formed complexes turned into negative values at 247 

higher q ratios. Complete neutralization of the positive charge took place at q=0.21, 0.24, 0.3 and 248 

0.51 for systems containing P16.2, P38.2, P66.5 and P77.7 i.e. at the q ratio that corresponds to 249 

maximum complexation according to the turbidity values (Fig. 1a-c). With knowledge of the net 250 

surface charge of lys and pectin (Pectin and Lys) and their weight ratio in the complex, the estimated 251 

total charge of the complex becomes: 252 

 Complex=Pectin q +Lys                                                                                               (1) 253 

Hence, for P16.2/Lys systems a net charge of zero is expected at q = 0.22, which corresponds well 254 

to the actual measured -potential of the complex as well as to the q value of maximum 255 

complexation. Similar results were obtained for P38.2/Lys and P66.6/Lys systems. Only for 256 

P77.7/Lys systems, a significant difference between the expected transition from positive to 257 

negative charge and the actual one, was observed. The results obtained indicated first that 258 

electrostatic forces were the main driving forces for complexation of lys with pectins having a DM 259 

from 16% to 66.5% and additional forces play a role at higher DM. This is in agreement with the 260 

direct calculation of the charges in lysozyme and pectin as indicated by the turbidity analysis. 261 

Besides, we established that the mother pectin with DM 95% having a zeta potential value of -2.8 262 

mV did not form water insoluble complexes with lys, whereas P77.7 having a zeta potential value 263 

of -9.95 mV formed water insoluble complexes with lys. Hence, it can be suggested that the 264 

minimal zeta potential values of pectin at which insoluble complexes with lys begin to form is on 265 

the order of - 6 mV. 266 

3.1.2. Effect of DM on the aggregation state and yield of the complex phase, the size and 267 

morphology of the complex particles. 268 

In order to quantitatively evaluate the degree of complexation for pectins with different DM values 269 

the complexation process was characterized by means of phase analysis. Figures 3a-c and Figure 270 

4a present the yield of lys (mass percentage) in the biopolymer rich complex phase and supernatant 271 

as a function of the weight ratio q for the mixtures containing P16.2 (Fig. 3a), P38.2 (Fig. 3b), 272 

P66.5 (Fig. 3c) and P77.7 (Fig. 4a). The maximum yields of lys in the complex phase decreased 273 

from 99% for the system containing P16.2 to 58% for the system with P77.7. These maximum 274 
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yields were observed at q values very similar to those established by turbidimetry measurements 275 

(Fig. 1). The maximum yield of the water insoluble complex (Ymax) as a function of DM is shown 276 

in Fig. 4b. Extrapolation of the curve to zero Ymax, gives a DM value of 872%. At this DM value 277 

of pectin water insoluble complexes are not formed. 278 

Figure 3 279 

Figure 4 280 

     Brightfield microscopy images of complex pectin/lys systems containing pectins with various 281 

DM values are illustrated in Figure 5 a-d. Complex particles formed on the basis of P16.2 and 282 

P38.2 were similar in morphology. They were solid and had an irregular form (Fig. 5a,c). At 283 

constant q value, their size increased considerably when the concentration of lys was increased 284 

from 0.04 wt% to 4 wt% (Fig. 5a,c). In contrast to the above mentioned systems, mixtures of lys 285 

with P66.5 (Fig. 5b,d) or P77.7 (data not presented) formed complex particles with a regular form 286 

close to spherical. Centrifugation of these complex systems showed that both their coexisting 287 

phases have a liquid state of matter, which is different from P16.2/lys and P38.2/lys systems. The 288 

concentrated phase of the latter systems has a solid state of matter.  In other words, the systems 289 

containing lys and P66.5 or P77.7 were coacervates. Transition from solid complex particles to 290 

coacervates was probably caused by the considerable decrease of the overall charge of pectin, 291 

which significantly suppresses interactions leading to an increased mobility in the complexes, 292 

possibly due to differences in the conformation of the molecules. Complex coacervation is usually 293 

observed in systems containing proteins and weak polyelectrolytes, such as for example arabic 294 

gum (De Kruif, & Tuinier 2001) and highly methoxylated pectin (Schmidt et al., 2009).  However, 295 

the more than linear increase of qonset and q with DM at high DM (Fig. 2b) suggests that at low 296 

charge density, the interactions were suppressed more than would be expected based purely on 297 

charge density. A nucleus of the complex phase for P66.5/lys systems was formed already at a 298 

concentration of lys as low as 10-5 wt% and could more easily be visualized by SEM due to limited 299 

aggregation (Figure 5e). The image presented in Fig. 5e shows a nucleus of the complex phase 300 

(arrow A), small associates of nuclei of the complex phase (arrow B in Fig. 5e), as well as large 301 

complex associates, which are the precursors of droplet formation (arrow C in Fig. 5e). 302 

Figure 5 303 

    304 

The sizes of the complex particles at different q values were characterized by means of 305 

DLS measurements. The data obtained are presented in Figures 6a,b and 7a-c. In the binary 306 

solutions, all pectins were present as associates with sizes ranging from 104 to 114 nm, depending 307 

on DM (Fig. 6a-e). The average radius of the lys monomer was 1.9 nm (data not shown), in 308 

a) b) 
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accordance with literature (Parmar,& Muschol, 2009; Valstar, Brown, Almgren, 1999). DLS data 309 

obtained for the systems containing pectins with different DM showed both common features as 310 

well as significant distinctions. As can be seen in Figs. 6a-b and 7a-c, for all systems studied the 311 

presence of even a very small amount of pectin in the lys solution (at q=0.05), led to a shift of the 312 

dominant peak to a larger average particle radius although the absolute particle size was dependent 313 

on the DM of pectin. A maximal size (2030 nm) was obtained with P16.2, and it decreased with 314 

DM to 419 nm for P66.5. Complex particles formed in P66.5/lys systems were characterized by a 315 

lower polydispersity and size as compared to those in the other two systems. A similar behavior 316 

was seen for the P77.7/lys system (data not presented). The dependence of the scattering intensity 317 

of all systems on q has an extremal character with the maximum (qMax) corresponding to the value 318 

found by other techniques (Figs. 1a-c). When q increased further above qMax, the size of the 319 

complex particles became very similar to that of free pectin. The average size of the P95.1/lys 320 

system was the same as that of P95.1 at the corresponding concentrations (data not presented).  321 

Therefore we can state that pectin with DM 95.1% does not form either water soluble nor water 322 

insoluble complexes. 323 

 324 

Figure 6 325 

Figure 7 326 

 327 

 328 

3.2. Ionic strength and pH stability of complexes 329 

Figure 8a presents 500 values of complex pectin/lys systems as a function of the pH obtained for 330 

pectins with various DM values. All plots were obtained at q values corresponding to qMax at I=0.01 331 

and pH 5.1 for the different systems. A first type of behavior can be observed when changing the 332 

pH from 5.2 to 6.2. In this range pectin molecules become completely ionized at pH values above 333 

and equal to 6 (Kohn, 1973), whereas lys molecules were completely ionized. As can be seen in 334 

Fig. 8a, complexation of pectin with lys depended strongly on the dissociation degree of the pectin 335 

molecules both for the highly charged and lowly charged pectin samples. In the pH range from 6.5 336 

to 10 the turbidity of the systems with highly charged pectins changed weakly, whereas the 337 

turbidity values of the systems with lowly charged pectins changed dramatically. Taking into 338 

account that in the given pH range the carboxyl groups of pectins were completely ionized (Kohn, 339 

1973) and the positive charge of lys decreases monotonically up to pH = 9-10 (Bharti, 2014) we 340 

can state that in the given pH range the complexation of the highly charged pectin sample (P16.2) 341 

depended weakly on the net charge of lys whereas complexation of highly methoxylated pectins 342 
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depended strongly on the net charge of lys. With increasing pH from 10 to 10.5 the net charge of 343 

lys decreased sharply and became zero at pH 10.5 (Bharti, 2014). Therefore complexation of lys 344 

with pectin was suppressed even for the highly charged pectin. However, the minimal pH value at 345 

which 500 becomes zero (pHset), indicating the absence of complexation, decreased linearly with 346 

the DM of pectin. The absence of complexation in the vicinity of the isoelectric of lys clearly 347 

confirms the dominant contribution of electrostatic intermacromolecular interactions whereby 348 

other interactions are not strong enough to lead to measurable complexation. 349 

 350 

Figure 8 351 

    The 500 values of the pectin/lys systems as a function of I at different DM values are presented 352 

in Fig. 8b. For the highly charged P16.2 and P38.2 this dependency has a nonmonotonic character 353 

displaying a maximum in complex formation at I ≈ 0.03. Similar nonmonotonic dependencies have 354 

been observed for other protein/polysaccharide and protein/polyelectrolyte systems in which the 355 

protein contains charged patches. This nonmonotonic dependency on the salt concentration has 356 

been attributed to the counteracting effects of salt in screening repulsions as well as weakening 357 

attractions (Antonov, Zhuravleva, Cardinaels, & Moldenaers,  2018; Seyrek, Dubin, Tribet, & 358 

Gamble, 2003). The minimal I values above which complexation was suppressed depended on the 359 

overall charge of pectin, which confirmed the electrostatic character of the complexation. A reason 360 

for the absence of a nonmonotonic dependance of 500 on I for systems with highly methoxylated 361 

P66.5 and P77.7 can be the presence of very weak short-range attractive interactions that screen 362 

repulsions between macroions. The dependence of Iset of the systems on DM of pectin is presented 363 

in the inset of Fig. 8b. The Iset values decreased with increasing DM, especially at DM higher than 364 

60%.  Deflection of the dependence at the highest DM values may be due to the fact that the 365 

binding constant approaches the critical value at which macromolecular complexes do not form. 366 

Thus, we can suggest that the effect of DM on Iset values for pectins with low methoxylation degree 367 

was similar to that observed for the dependences of qOnset on DM, and qф on DM (Fig 2b). Complete 368 

suppression of complexation at specific I values in pectin/lys systems even for the highly 369 

methoxylated pectins, strongly suggests that the role of hydrogen bonds in the complexation was 370 

insignificant. 371 

 372 

3.3. Protein distribution within the complexes.   373 

CLSM was applied to monitor the distribution of pectin and lys within pectin/lys complexes at 374 

different q values, and to establish possible effects of the overall charge of pectin on this 375 

distribution. The results obtained are presented in Figs. 9 and 10. For the systems containing low 376 

http://www.sciencedirect.com/science/article/pii/S0268005X17304629#!
http://www.sciencedirect.com/science/article/pii/S0268005X17304629#!
http://www.sciencedirect.com/science/article/pii/S0268005X17304629#!
http://www.sciencedirect.com/science/article/pii/S0268005X17304629#!
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and medium methoxylated pectins six characteristic compositions of the complex system were 377 

considered (Fig. 9a-l) namely q=0.05, corresponding to an excess of lys, q=qMax, corresponding to 378 

maximal yield of the complex according to the phase analysis and turbidity measurements (Figs. 379 

1a-c, 3a-c, 4a), q=0.5 and 0.9, and two compositions characterized by an excess of pectin in the 380 

complex system (q=1.5 and 2.0). It can be seen that the intensity signal from pectin and lys was 381 

dependent on the pectin/lys weight ratio in the complex system. At q ≤ qMax the intensity signal 382 

from the positively charged lys protein (red) was dominant (Fig. 9a, b, g, h) whereas at q>qMax the 383 

intensity contribution from pectin (green) became dominant in the complex particles (Figs. 9c-f, 384 

and 9i-l). This indicates that a higher content of pectin in the complex mixture results in a higher 385 

pectin content in the complex phase. At q>qMax, the yellow signal corresponding to mutual 386 

compensation of macro counterions of lys and pectin was also present. However, the distribution 387 

of pectin within the complex particles has an irregular character with zones of compensated 388 

charges coexisting with zones that consist predominantly of either pectin or lys.  In systems 389 

containing P66.5 at q>qMax the intensity contribution from pectin (green) in the complex particles 390 

changed insignificantly with the q values (Fig. 10b-d). This suggests that there is a difference in 391 

the binding mechanism of lys with lowly methoxylated and highly methoxylated pectins. Besides, 392 

there were small regions inside the complex particles with an excess of fluorescence intensity from 393 

one of the biopolymers indicating an irregular distribution of charge within the complex particles. 394 

 395 

Figure 9 396 

Figure 10 397 

 398 

3.4. Complexation mechanism 399 

In general, there are two different ways for binding macromolecular ligands to an acceptor 400 

molecule (Figure 11a,b). Both mechanisms differ in the reactivity of free and partially covered 401 

acceptor chains. CLSM analysis of the P16.2/lys and P38.2/lys systems (Fig. 9) showed that the 402 

pectin/lys weight ratio within the complex particles increased with the pectin content in the 403 

complex pectin/lys systems. In other words, the composition of such particles depended on the 404 

composition of the initial mixture. This implies that the reactivity of free pectin chains may be 405 

considered higher than that of pectin partially covered by lysozyme. This is schematically depicted 406 

in Fig. 11a variant 2. The other mechanism is the so-called “all or none” type complex formation 407 

mechanism established by Michaels, Mir and Schneider (1965a,b) for oppositely charged 408 

polyelectrolyte systems. If the interaction of P16.2 and P38.2 with lys would follow an “all or 409 

none” type complex formation mechanism (Fig. 11a variant 1), then the reactivity of the pectin 410 
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chain partially covered by lysozyme should be considered higher than that of free pectin chains, 411 

and most pectin chains in the complex phase would interact with lys to full neutralization, resulting 412 

in a uniform yellow color on the confocal microscopy images, which is not the case.  413 

Figure 11 414 

 415 

Combining the CLSM and DLS data allows to propose a schematic structure of the complexes. 416 

Due to charge neutralization at q ≤ qMax, interpolymer complexes of P16.2/lys and P38.2/lys 417 

systems exhibit reduced solubility and thus associate forming large aggregates, in accordance with 418 

the complexation mechanism proposed by Dubin and coworkers (Tsuboi et al.,1996) and 419 

Takahashi et al (Takahashi et al., 2000).  Based on the radius values of the P16.2/lys complexes at 420 

q=0.21 (i.e. under conditions of maximal yield of the complex phase when the molar ratio of lys 421 

and P16.2 in the complexes is 17:1), the number of lys chains and pectin molecules comprising 422 

the complexes can be approximated. As depicted schematically in the left plot of Fig. 11b, each 423 

complex particle consists of several hundred pectin chains and several thousand lys molecules. At 424 

q > qMax, the number of lys molecules interacting with each P16.2 or P38.2 chain decreases when 425 

more pectin is present, leading to limited charge neutralization, which hinders the aggregation of 426 

the complexes. Therefore, the formed complexes consist of decreasing total numbers of pectin 427 

chains and protein molecules, and a relatively higher content of pectin in the complex precipitate.  428 

The DLS results for the P66.5/lys system showed that the final sizes of the complex 429 

particles are much smaller as compared to those in mixtures containing low esterified peсtin (Figs. 430 

6 and 7). Based on the CLSM data (Fig. 10) it is logical to suggest that the composition of the 431 

complex particles of the P66.5/lys system depends weakly on the composition of the initial 432 

mixture, due to weaker electrostatic interactions of lys with P66.5 (formation of negatively charged 433 

complexes is difficult due to the low charge of the P66.5 molecules). The gradual increase of the 434 

pectin/lys ratio in the complex phase indicated that the interaction mechanism was intermediate 435 

between the “all or none” and the other interaction mechanism, with neither free pectin chains nor 436 

partially neutralized ones having a dominantly high reactivity. Therefore almost completely 437 

neutralized small complex particles and completely free P66.5 can coexist in such systems. This 438 

is schematically depicted in the right plot of Fig. 11b. 439 

 440 

4. Conclusion 441 

The overall results demonstrated that the phase state (one- or two-phasic), structure, and 442 

morphology of pectin/lys systems were dependent on the DM of pectin. Mixtures of lys with P16.2 443 

or P38.2 formed a suspension of solid complex particles, whereas the presence of P66.5 in a lys 444 



14 
 

solution led to the formation of an emulsion (complex coacervation). The interaction has a 445 

dominantly electrostatic character, whereby the role of hydrogen bonds in complexation appeared 446 

insignificant. Formation of water soluble complexes took place for these systems only in a very 447 

narrow q range. A single-phase state of the system without formation of water soluble complexes 448 

was observed only in the presence of P95.1 having a zeta potential value equal to -2.71 mV. 449 

The net charges of pectin and lys have different effects on complexation depending on the 450 

pH range. In the pH range from 5.2 to 6.2 complexation of lys with both lowly and highly charged 451 

pectins was determined mainly by the ID of the pectin molecules. On the other hand, in the pH 452 

range from 6.5 to 10 complexation of lys with highly charged pectins (P16.2, P38.2) depended 453 

weakly on the ID of lys, whereas complexation of lys with lowly charged (highly methoxylated) 454 

pectins was more sensitive to the ID of lys. The pHSet values decreased linearly with the DM values 455 

of pectin starting from pHSet =10.99 for the system with P16.2 to pHSet =8.89 for the system with 456 

P77.7. 457 

The binding mechanism of P16.2 and P38.2 with lys was different from that of P66.5 or 458 

P77.7 with lys. In the case of the system containing highly charged pectin the number of lys 459 

molecules interacting with each pectin chain decreased when more pectin was present, leading to 460 

limited charge neutralization, which hinders the aggregation of the complexes. Therefore, the 461 

formed complexes contained decreasing total numbers of pectin chains and protein molecules, and 462 

a relatively higher content of pectin in the complex precipitate. This implies that the reactivity of 463 

free pectin chains may be considered higher than that of pectin partially covered by lys. On the 464 

other hand, in the case of the system containing lowly charged pectin the composition of the 465 

complex particles depended weakly on the composition of the initial mixture. Neither free pectin 466 

chains nor partially neutralized ones have a dominantly high reactivity. 467 

Conclusions obtained from the present study are a stepping stone for further comparison 468 

with the complexation of pectin/lys systems containing pectin with similar DM values and a 469 

blockwise distribution of the charged carboxyl groups along the polysaccharide chain. 470 

Understanding the effect of the overall charge of the pectin molecules as well as its distribution 471 

along the pectin chain on its complexation with protein is important for the prediction of the 472 

stability of food structures in pectin/protein systems.  473 

 474 

Highlights (for review) 475 

Complexation of pectin with lys was observed only at DM less 95%. 476 

P66.5 and P77.7 formed liquid complex coacervates with lys. 477 

In the pH range from 5.2 to 6.2 complexation depended mainly on ID of pectins. 478 
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Effect of I on complexation of highly charged pectin was not monotonic. 479 

Mechanism of binding was different for low and highly charged pectins.  480 

 481 
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 611 

Captions to figures 612 

Figure 1. The turbidity values at 500 nm (500) as a function of the pectin/lys weight ratio q for P16.2/lys 613 

(a, a', a''), P66.5/lys (b, b', b'') and P77.7/lys (c, c', c'') mixtures at I=0.01, pH 5.1, 23°C and CM
tot = 0.04 614 

wt%. In the insets (a', a'', b', b'', c', c'' ) qonset and qset indicate the transitions between no complex formation 615 

and formation of soluble complexes whereas q and q*
 indicate the transitions between formation of soluble 616 

and insoluble complexes. 617 

Figure 2. (a) qMax and 1/qMax as a function of DM.  (b) The qOnset (circles) and q (stars) values of pectin/lys 618 

systems as a function of DM. (c) The zeta potential () as a function of the weight ratio q for pectin/lys 619 

systems, CM
tot =0.3 wt%. 620 

Figure 3. The yield of lys in the complex phase and supernatant of the pectin/lys systems as a function of 621 

q for P16.2/lys (a), P38.2/lys (b), P66.5/lys (c).  pH 5.1, I=0.01, 23°C and CM
tot = 0.3wt%. 622 

Figure 4. (a) The yield of lys in the complex phase and supernatant of the pectin/lys systems as a function 623 

of q for P77.7/lys systems, (b) The maximum yield (Ymax) of lys in the complex phase for pectin/lys 624 

systems as a function of DM.  pH 5.1, I=0.01, 23°C and CM
tot = 0.3wt%. 625 

Figure 5. Brightfield microscopy images for P16.2/lys (a,c) and P66.5/lys (b,d) systems with increasing 626 

total concentration of biopolymers from 0.04 wt% (a,b) to 0.4 wt% (c,d). q=qMax, full length of images is 627 

170 µm. (e) SEM image of the P66.5/lys system.  Clys = 10
-5

 wt%, q=0.03. A indicates a nucleus of the 628 

complex phase, B indicates small associates of a few nuclei, C indicates large complex associates before 629 

droplet formation. pH 5.1, I =0.01 and 23oC. 630 

Figure 6. The intensity size distribution as a function of weight ratio q for (a,b) P16.2/lys system. CM
tot = 631 

0.04 wt%. pH 5.1, I =0.01 and 23oC. 632 

Figure 7. The intensity size distribution as a function of weight ratio q for (a,b) P38.2/lys system and (c) 633 

P66.5/lys system, CM
tot = 0.04 wt%. pH 5.1, I =0.01 and 23oC. 634 

Figure 8. (a) Turbidity values at 500 nm (500) of pectin/lys systems as a function of pH for pectin with 635 

different DM at I = 0.01, in the inset pHSet as a function of DM (b) Turbidity values at 500 nm (500) of 636 

pectin/lys systems as a function of ionic strength (I) for pectin with different DM at pH 5.1, in the inset ISet 637 

as a function of DM. 23°C, CM
tot = 0.04 wt%, q = qMax for I = 0.01 and pH 5.1 (respectively 0.21, 0.24, 0.30 638 

and 0.51 for P16.2, P38.2, P66.5 and P77.7). 639 

Figure 9. Confocal microscopy images of the P16.2/lys mixtures at different q values. a) q=0.05; b) q=0.25; 640 

c) q=0.5; d) q=0.9; e) q=1.5; f) q=2.0 Full length of images is 1410 nm. Confocal microscopy images of 641 
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the P38.2/lys mixtures at different q values. g)  q=0.05; h) q=0.25; i) q=0.5; j) q=0.9; k) q=1.5; l) q=2.0; 642 

Full length of images is 1410 nm. pH 5.1, I=0.01, 23oC and CM
tot = 0.2wt%. 643 

Figure 10. Confocal microscopy images of the P66.5/lys mixtures at different q values for pH 5.1, I=0.01, 644 

23oC and CM
tot =0.2wt%.  a) q=0.30; b) q=0.9; c) q=1.5; d) q=2.0. Full length of images is 1360 nm. 645 

Figure 11. a) Schematic representation of the binding mechanism. 1) higher reactivity of pectin chain 646 

partially covered with lys 2) higher reactivity of free pectin chain. b) Schematic representation of the 647 

complex structure of pectin/lys systems as a function of weight ratio (q). 648 

 649 


