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The reaction of commercially available soluble chitosans of equal acetylation degree (11-23 

12%) and differing in their molecular weight (56 to 1.3 kDa) and β-lactoglobulin by Maillard 24 

reaction has been conducted in order to evaluate the resulting products and their functional 25 

properties. The characterization of the reaction products was performed by measurement of z-26 

potential interactions, solubility, size exclusion chromatography, electrophoretic pattern, and 27 

absorbance and fluorescence spectroscopic compounds formation. Higher molecular weight 28 

chitosans (39 and 56 kDa) showed a slow progression and a gelled insoluble material appeared. 29 

In filtered products, emulsifying properties of the conjugates were improved with regard to those 30 

of the unreacted protein. Conjugates formed with the enzymatically depolymerized chitosan (1.3 31 

kDa) displayed a sharp formation of advanced and final products of Maillard reaction. Products 32 

with all three chitosans gave rise to antioxidant activity superior to the protein after 2 days of 33 

reaction  (2 and 3 times in ferric reducing power for 39 and 56 kDa chitosans,  and 7 times for 34 

the 1.3 kDa chitosan, respectively), and the values correlated well with the spectroscopic and 35 

fluorescent compounds from the Maillard reaction. The results are useful with a view to selecting 36 

chitosans for development of new ingredients with tailored functional properties.  37 

 38 

 39 

 40 

 41 
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Since proteins and polysaccharides are used in a wide variety of technological 46 

applications, the study of their conjugation for functional improvement in conditions industrially 47 

feasible results attractive. The Maillard reaction produces browning of compounds due to the 48 

initial condensation between a non-protonated amino group of aminoacids, peptides or proteins 49 

and a carbonyl group, usually a reducing sugar residue, to form a Schiff base. The reaction 50 

continues with cyclization to form the corresponding N-glycosylamine which undergoes an 51 

irreversible rearrangement to give the Amadori product. The process continues with a complex 52 

mechanism where the Amadori product is degraded and the advanced products that are formed 53 

are referred to as advanced glycation end products (AGEs) and brown pigments (Oliver, Melton, 54 

& Stanley, 2006). This spontaneous reaction was proposed as an effective and alternative method 55 

to chemical reactions involving crosslinking agents (Darewicz & Dziuba, 2001). 56 

The Maillard reaction between dietary proteins and polysaccharides or sugars has been 57 

reported in a large number of publications where solubility, emulsifying activity, foaming 58 

capacity, and antimicrobial activity have been assessed in relation to the polysaccharide 59 

structure, the reaction time or the overall net charge (Yang et al., 2015, Wang & Zhong, 2014, 60 

Liu, Kong, Han, Sun, & Li, 2014,Wang, Bao, & Chen, 2013). The versatile physico-chemical 61 

characteristics of chitosan due to the variable amine group proportion in the chain (degree of 62 

acetylation, DA) and the chain length make suitable the modification of the polymer to get 63 

distinctive technological and biological functions. 64 

Enhancing the Maillard reaction for an intended use requires an insight into the structure, 65 

including the size and charge, of both the protein and carbohydrate moiety starting material 66 

(Evans, Ratcliffe, & Williams, 2013). The number of cationized groups in chitosan plays a key 67 

role in inhibiting the coalescence of oil droplets to produce a stable emulsion (Song, Babiker, 68 
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Usui, Saito, & Kato, 2002). Satisfactory results have been achieved with high (Laplante, 69 

Turgeon, & Paquin, 2005) and medium molecular weight chitosans (400-600 kDa) (Li & Xia, 70 

2011), (Zinoviadou, Scholten, Moschakis, & Biliaderis, 2012). Also, the exposure of electrostatic 71 

binding sites of low acetylation degree (below 10%) chitosan contributes to the disruption of cell 72 

membranes in antimicrobial Maillard conjugates (Liang, Yuan, Liu, Wang, & Gao, 2014).  73 

On the other hand, the formation of beneficial compounds through the Maillard reaction 74 

is currently gaining a lot of attention (Pastoriza & Rufián-Henares, 2014).  Among others, in 75 

vitro studies have demonstrated that these conjugation products may offer substantial health–76 

promoting activity due to scavenging of reactive oxygen species, radical chain-breaking activity 77 

and decomposing hydrogen peroxide and metal chelation (Chawla, Chander, & Sharma, 78 

2009)(Gu et al., 2010). Chitosan presents ferrous ion-chelating potency (Xing et al., 2005) and it 79 

is documented that it minimizes lipid oxidation itself (Li, Shi, Jin, Ding, & Du, 2013) or 80 

modified with glucose (Kanatt, Chander, & Sharma, 2008).  81 

The goal of this study has been to carry out Maillard reaction with soluble chitosans of 82 

varying molecular weights and β-lactoglobulin (β-lac) to highlight the importance of the 83 

selection of the polymer with regard to its physico-chemical features, in particular the 84 

polymerization degree, on the intended use. To this aim, the emulsifying and antioxidant 85 

properties have been selected.  86 

 87 

2. Materials and methods 88 

2.1 Samples 89 

 β-lac (~80% PAGE) from milk was purchased from Sigma Chemicals (St Louis, MO, USA). 90 

Chitosan A (DA 12%, Mw 39 kDa) and Chitosan B (DA 11%, Mw 56 kDa) were provided by 91 
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Laboratorios Beslan S.L (Madrid, Spain) and Productos Químicos Gonmisol S.L (Barcelona, 92 

Spain), respectively. Chitosan C (DA 12%, Mw 1.3 kDa) was prepared from chitosan A by 93 

enzymatic depolymerization using chitosanase from Streptomyces griseus (EC 3.2.1.132) 94 

(Sigma-Aldrich, St. Louis, MO, USA) by dissolving in 0.2 mol/L acetic/acetate buffer at 5 95 

mg/mL (pH 5.7). One milliliter of enzyme (3.48 x10-3 mg/mL) was employed per 100 mL of 96 

substrate to start the reaction at 37ºC in an orbital Lab Therm LT-Xshaker (Thermo Fisher 97 

Scientific Inc, Massachusetts, USA) at 100 rpm for 4 days. Ultrafiltration with cellulose acetate 98 

membrane disks of 30, 10 and 5 kDa cut-off (Millipore Corporation, Massachusetts, USA) was 99 

carried out to obtain the corresponding fraction of chitosan C and to separate chitosanase. The 100 

DA was determined by first derivative UV-spectrophotometric method (Muzzarelli, Rocchetti, 101 

Stanic & Weckx, 1997) using a spectrophotometer Specord 205 (Analtykjena, Jena, Germany) 102 

and the weight average molecular weight (Mw) by size exclusion chromatography (SEC-HPLC). 103 

The Mw of the different fractions were obtained from the SEC profiles by extrapolation in a 104 

calibration curve using different known Mw chitosans as standards (Mengíbar et al., 2013). 105 

 106 

2.2 Preparation of Maillard reaction products  107 

Freeze-dried Chitosan:β-lac mixtures (weight ratio 2:1), previously dissolved in 0.1 108 

mol/L acetic acid (Chitosan:β-lac 6.6 and 3.3 mg/mL, respectively) and adjusted to pH 6, were 109 

incubated for 7 days at 40 º C and 79% relative humidity. Samples were taken at 2, 4 and 7 days, 110 

dissolved at 1 mg/mL in deionized water, filtered through 11 μm pore-sized cellulose acetate 111 

membrane filters, and freeze-dried. The solubility was determined from the weight difference 112 

between the samples after both freeze-drying processes. Solutions of samples in water (2.5 113 

https://en.wikipedia.org/wiki/Waltham,_Massachusetts
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mg/mL) were measured by microelectrophoresis using a Malvern Zetasizer Nanoseries Nano ZS 114 

(Malvern Instruments, Herrenberg, Germany). 115 

 116 

2.3. Chromatographic separation of products 117 

SEC-HPLC was performed in Waters 625 LC System pump with an Ultrahydrogel column 118 

(Waters, i.d = 7.8mm, l = 300mm) thermostated at 35ºC. Waters 2414 differential refractometer 119 

and Evaporative Light Scattering (ELS Waters 2424 Milford, MA, USA) were connected online. 120 

A 0.15 mol/L ammonium acetate/0.2 mol/L acetic acid buffer (pH 4.5) was used as eluent. The 121 

flow rate was 0.6 mL/min and 20 µL of samples dissolved in the buffer were injected. 122 

 123 

2.4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)  124 

SDS-PAGE (Laemmli, 1970) was carried out employing a 150 g/L acrylamide separating gel and 125 

a 50 g/L acrylamide stacking gel. Samples (15 μL, 5 mg/mL ) were dissolved in Tris–HCl buffer 126 

(pH 6.8) containing 10 mg/mL 2-mercaptoethanol. Electrophoresis was conducted for 1 h at a 127 

constant voltage of 180 V. Subsequently, the gels were stained with 0.5 mg/mL Coomassie 128 

brilliant blue-R250. 129 

 130 

2.5 Absorbance and fluorescence measurements of Maillard reaction products 131 

Aqueous solutions of the filtered reaction products (1 mg/mL) were prepared, to follow 132 

the formation of intermediate products by measuring the absorbance at 294 nm according to the 133 

method proposed by (Lerici, Barbanti, Manzano, & Cherubin, 1990). The formation of AGEs 134 

was measured by FAST Index method (Fluorescence of Advanced Maillard products and Soluble 135 

Tryptophan) with slight modifications as described previously (Birlouez-Aragon, Leclere, 136 
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Quedraogo, Birlouez, & Grongnet, 2001). The fluorescence of soluble peptide tryptophan (Trp) 137 

and of advanced Maillard products (AMP) were measured at the wavelength λEx=338/λEm=410 138 

nm for AMP and λEx=290/λEm=340 nm for Trp.  139 

 140 

2.6 Emulsifying properties 141 

The emulsifying properties of the filtered reaction products were determined according to 142 

the method of Pierce & Kinsella (1978). β-lac, Chitosan or Chitosan: β-lac reaction products 143 

were dissolved at 1 mg/mL in 0.1 mol/L acetate buffer (pH 4). Emulsions, consisting of 1 mL 144 

sunflower oil and 2 mL of the above solutions, were shaken and then homogenized in an Ultra 145 

Turrax instrument (IKA, Staufen, Germany) at 13,000 rpm for 2 min and at 20 °C. To determine 146 

the stability of the emulsions, a 50 μL aliquot of the emulsion was taken from the bottom of the 147 

container at different time intervals (0, 2, 4, 6, 8 and 10 min) and diluted with 5 mL of a 1 148 

mg/mL SDS solution. The absorbance of the diluted emulsion was then determined at 500 nm.  149 

 150 

2.7 Antioxidant properties 151 

The α,α-Diphenyl-β-picrylhydrazyl DPPH radical-scavenging activity of Maillard 152 

reaction products was assayed by the method proposed by Chen, Tsai, Huang, & Chen (2009) 153 

with slight modifications. A total of 250 μL of sample solution in 5 mg/mL acetic acid was 154 

mixed with 1 mL of methanolic DPPH solution (100 μmol/L). The mixture was shaken and kept 155 

at room temperature in the dark. After 60 min, the absorbance was measured at 517 nm.  156 

The FRAP (ferric reducing antioxidant power) assay was carried out according to the 157 

method proposed by Benzie & Strain (1996) and modified by Pulido, Bravo, & Saura-Calixto, 158 
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(2000) using a water-soluble vitamin E analogue, trolox, as standard. The absorbance was 159 

measured at 595 nm using UV-vis spectrophotometer after 30 min. 160 

 161 

2.8 Statistical analysis 162 

Differences between the variables in the antioxidant activity data were tested for 163 

significance by one-way ANOVA with Duncan post tests using Statgraphics Centurion XVI 164 

(Warrenton, VA, USA). Differences at p<0.05 were considered to be significant. 165 

 166 

3. Results and discussion 167 

3.1 Electrostatic interaction between chitosan and β-lac and solubility of reaction products 168 

Table 1 shows the electrophoretic mobility of solutions of chitosan and β-lac and their 169 

freeze-dried mixtures in water. The decrease in the z-potential values in relation to the z-170 

potential of pure chitosan (Table 1) indicated the formation of an electrostatic complex between 171 

chitosan and β-lac in the initial mixture. It is known that, due to its polyelectrolyte nature, 172 

chitosan and β-lac interact in solution at slightly acidic pH (Guzey & McClements, 2006). The 173 

values indicate a stronger interaction for Chitosan B. A higher size in the polymer chain would 174 

supply a greater number of charges and a more extensive interaction with the protein. When the 175 

mixtures were incubated, insoluble material with a gel aspect was found in the reacted products 176 

when water was added, both with Chitosan A and Chitosan B. After 2 days of reaction, Chitosan 177 

A and Chitosan B products showed 65% and 73 % of soluble material from the initial value, 178 

respectively. At 4 and 7 days, the percentage remained nearly constant in the case of Chitosan B 179 

products but decreased up to 55% in Chitosan A products. This reduction in solubility and gel 180 

formation is attributed to the formation of electrostatic coacervates when β-lac and chitosan were 181 
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first mixed due to the opposite charges that progress to an insoluble network. Some authors have 182 

reported a similar behaviour as viscous solution in products formed with pectin and egg proteins 183 

being the remaining solubility of 80% (Al-Hakkak & Al-Hakkak, 2010). In the case of products 184 

formed with Chitosan C, the material showed no gelification nor solubility loss. 185 

 186 

3.2 Chromatographic profiles of reaction products  187 

The distribution profile chromatograms (Figure 1) showed wide peaks corresponding to 188 

the original chitosans as a polydisperse mixture. The Chitosan A: β-lac sample at 0 days 189 

presented overlapping of the monodisperse peak of β-lac and a wide peak with an elution curve 190 

similar to that of Chitosan A. The Chitosan B: β-lac sample at 0 days presented overlapping 191 

peaks to a lower extent, corresponding to the greater Mw difference between chitosan and 192 

protein. The Chitosan C: β-lac at 0 days presented a unique peak of lower width, its elution time 193 

being close to that of Chitosan C. These elution patterns are compatible with the electrostatic 194 

complexes evidenced by measurement of z-potential. The incubated products at 2, 4 and 7 days 195 

showed a drop in the peak height that can be attributed to the insoluble material formation. In the 196 

case of Chitosan A and B, the products appeared with a chromatographic maximum peak 197 

displaced to higher elution times respect to the original chitosan which indicates that only lower 198 

molecular weight conjugates remain soluble. In the case of Chitosan C, all products showed 199 

lower elution time than the initial chitosan, which implies an increase in molecular weight in the 200 

yielded conjugated molecules. Among the products of reaction, glyco-conjugates of different 201 

polymerization degree formed between intermediate length chitosan chains and protein, and 202 

other products of advanced stages could exist, since the formation of intermediate and advanced 203 

products is possible as long as the glycosylation continues (Guan et al., 2010).  204 
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 205 

3.3 Electrophoretic profile of reaction products 206 

Figure 2 shows the electrophoretic separation (SDS-PAGE) of β-lac, Chitosan A, 207 

Chitosan B, Chitosan C and the reacted products. The β-lac band was clearly visible in the 0 days 208 

products (lane 3) but a decrease in the band intensity occurred with increasing reaction time 209 

(lanes 4, 5 and 6).  Even though, the band was detected at all times in the case of Chitosan B. On 210 

the other hand, the chitosan lane (2) showed the presence of a polydispersed band at the top of 211 

the separating gel. Due to the presence of the amino group in its molecule, chitosan attracts the 212 

Coomassie anions under the acidic conditions of the staining step, but it is not able to react with 213 

SDS and migrate along the gel. The polydispersed band corresponding to reacted products 214 

indicated the strengthened formation of heterogeneous glyco-conjugates over time, still more 215 

evident for Chitosan A and Chitosan B.  216 

 217 

3.4 Emulsifying properties 218 

To achieve emulsifying performance with a protein-polysaccharide conjugate, the Mw must 219 

be large enough to provide sufficient steric stabilization, inhibiting the coalescence of oil 220 

droplets (Schmidt et al., 2016). As expected, Chitosan C and the corresponding Maillard reaction 221 

products did not improve the emulsion capacity respect to the protein (data not shown). 222 

Figure  3a shows the emulsifying activity index (EAI) increment of Maillard reaction 223 

products (p<0.05) respect to the protein. It is noticeable that the 0 days samples showed this 224 

improved activity, even being assayed at pH 4, where smoother interaction is expected between 225 

β-lac and chitosan due to the acidic isoelectric point of the protein (4.8). For the incubated 226 

Chitosan A: β-lac products, the 4 days sample showed significantly (p>0.05) lower EAI than the 227 
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2 days one, suggesting a decreasing activity over incubation time. Conversely, the Chitosan B 228 

reaction products showed a smooth increasing trend over time (Figure 3a). With regard to 229 

emulsion stability, higher values were found in all mixtures and Maillard reaction products vs β-230 

lac, although no significant differences among incubation times could be observed (Figure 3b 231 

and c).  232 

The emulsifying properties have been reported as being enhanced during the early stages 233 

of conjugation, and at longer times, they gradually decrease, by the degradation of initial 234 

Maillard reaction products (Li et al., 2009). This is the observed behaviour for the Chitosan A 235 

products, which is in accordance to the favoured Maillard reaction observed with this chitosan 236 

with regard to Chitosan B.  237 

 238 

3.5 Spectroscopic and fluorescent compounds formation  239 

The ChitosanA: β-lac products presented a UV absorbance increase at 294nm from 0 to 2 240 

days of reaction, followed by a decline to an absorbance below the initial value (Figure 4). For 241 

Chitosan B: β-lac the absorbance value remained nearly constant between 0 and 4 days and 242 

dropped afterwards to negligible values. In contrast, Chitosan C: β-lac compounds increased 243 

continuously upon heating time. Thus, the UV-absorbing intermediate products were more 244 

favourably formed with the lower Mw corresponding to oligosaccharide size. 245 

Table 2 shows the FAST Index of the reacted products at the analysed times. Chitosan A: 246 

β-lac products showed a progressive increase in Fast Index values over time followed by a 247 

decrease at 7 days (Table 2). For Chitosan B: β-lac, a smoother but continuous increasing trend 248 

was shown. However, in the case of Chitosan C: β-lac products the concentration of fluorescence 249 

compounds increased markedly up to 4 days, where it dropped to a still very high value, 250 
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indicating a more favoured reaction for the lower Mw chitosan. The less steric hindrance of low 251 

Mw chains in chitosan might produce a fast reaction (Huang, Zhao, Hu, Mao, & Mei, 2012). 252 

This is in accordance with previous reports where the saccharides with shorter chains exhibited 253 

faster reaction rate than those with longer chains (Li et al., 2014). The elevated FAST index in 254 

Chitosan C was in agreement with the greater values of spectroscopic and supports the reaction 255 

progress towards AMP which have been related to the development of antioxidant activity. By 256 

contrast, the low fluorescence intensity in Maillard reaction products with the high molecular 257 

weight was probably caused by the rapid transformation of the intermediates to brown 258 

compounds (Lertittikul, Benjakul, & Tanaka, 2007). 259 

 260 

3.6 Antioxidant properties 261 

Products formed with Chitosan A and B presented increasing DPPH scavenging activity 262 

with time, with significantly (p<0.05) superior values than β-lac at 2, 4 and 7 days for Chitosan 263 

A products and at 7 days for Chitosan B products. In the case of Chitosan C, the incubated 264 

products underwent a sharp increase from 2 days of incubation. The value observed at 7 days 265 

was lower but still superior to that of the protein (Figure 5a). 266 

All the Maillard reaction products presented a significantly higher reducing activity than 267 

β-lac (Figure 5b). The original chitosans presented in this case a much higher activity than the 268 

protein. Maillard reaction products from Chitosan A and B showed a reducing activity between 2 269 

and 3 times increased with regard to the protein but no significant changes were observed with 270 

time. Again, the Maillard reaction products from Chitosan C showed a steep increase from 0 to 2 271 

days of incubation and antioxidant values around 7 times higher than those of protein were 272 

reached. 273 
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The Maillard reaction products antioxidant activity is attributed to the formation of 274 

melanoidins which present capacity for trapping free radicals, scavenging reactive oxygen 275 

species and metal chelation, in the final stages of the Maillard reaction (Silvan, van de Lagemaat, 276 

Olano, & del Castillo, 2006). Some authors have related the Maillard reaction products 277 

antioxidant activity with the development of browning intensity and absorbance UV (Kosaraju, 278 

Shantha Lakshmi., Weerakkody, Rangika., Augustin, Mary Ann., 2010). Other authors have 279 

found a good correlation between Maillard reaction products antioxidant activity and the 280 

concentration of fluorescence compounds (347nm/415nm) (Yu, Zhao, Hu, Zeng, & Bai, 2012).  281 

The observed DPPH radical scavenging correlated well with the FAST index values 282 

measured and, to a lesser extent, with the UV absorbance values. This indicates that chitosan 283 

with low Mw (Chitosan C) in combination with β-lac is able to reach a more advanced reaction 284 

state and elicit a scavenging capacity superior to that of the polymer alone. This is in agreement 285 

with the results shown by (Gu et al., 2009) who reported that the radical-scavenging activity of 286 

low molecular weight Maillard reaction products was greater than that of high molecular weight 287 

Maillard reaction products. According to that, (Ying, Xiong, Wang, Sun, & Liu, 2011) have 288 

demonstrated the higher DPPH radical scavenging in a water soluble chitosan fructose derivative 289 

compared with a N-alkylation chitosan derivative. 290 

Some researchers have reported that compounds responsible for reducing capacity are 291 

produced during degradation of Amadori compound in the initial stages (Chang, Chen, & Tan, 292 

2011). In this regard, although the Maillard reaction products showed increased reducing power 293 

respect to the protein, the highest activity was found for Chitosan C: β-lac, and no significant 294 

differences were observed over time of reaction. On the other hand, in both assays the highest 295 

values were recorded after 2 days of incubation. Therefore a short time, which is favorable for 296 
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industrial purposes, is enough for the Maillard reaction products to develop their maximum 297 

antioxidant capacity. 298 

 299 

4. Conclusion 300 

This study showed that soluble chitosans are able to form Maillard reaction products with 301 

β-lac though the Chitosan Mw influences the progress of reaction. The reaction with higher Mw 302 

chitosans (39 and 56 kDa) showed a slow progression and gave rise to a gelled insoluble 303 

material. On the other hand, the depolymerized chitosan (1.3KDa) and β-lac products displayed a 304 

sharp formation of advanced and final products of Maillard reaction and remained soluble. Only 305 

conjugates recovered from high Mw chitosans showed emulsifying capacity and would be 306 

suitable to improve the β-lac emulsifying properties at acidic pH. All the conjugates presented 307 

DPPH radical scavenging activity and ferric reducing power superior to the protein, the products 308 

formed with the low Mw chitosan being substantially more antioxidant. 309 

In this study a relationship between the different functional properties as a function of the 310 

stage the reaction reached with regard to the chitosan molecular weight has been intended. The 311 

results are valuable with a view to selecting chitosans for the development of new ingredients 312 

with tailored functional properties that facilitate the development of new products in the food 313 

industry.  314 
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Figure captions 433 

Figure 1. SEC-HPLC patterns of a) Chitosan A; b) Chitosan B; c) Chitosan C and the resulting 434 

Maillard reaction products (Chitosan: β-lac) at 0, 2, 4 and 7 days. Size exclusion chromatography 435 

(SEC-HPLC) has been performed in a Waters 625 LC System with an Ultrahydrogel (Waters, i.d 436 

= 7.8mm, l = 300 mm) column thermostated at 35ºC. Waters 2414 differential refractometer and 437 

Evaporative Light Scattering (ELS Waters 2424 Milford, MA, USA) have been connected 438 

online.  439 

 440 

Figure 2. SDS-PAGE pattern of the Chitosan: β-lac resulting Maillard reaction products for 441 

different times: a) Chitosan A: β-lac, b) Chitosan B: β-lac, b) Chitosan C-: β-lac. Lane MM Mw: 442 

Molecular marker, lane 1: β-lac, lane 2: Chitosan, lane 3: Chitosan: β-lac 0 days, lane 4: 443 

Chitosan: β-lac 2 days, lane 5: Chitosan: β-lac 4 days, lane 6: Chitosan: β-lac 7 days. 444 

Electrophoresis was conducted for 1 h at a constant voltage of 180 V in a 150 g/L acrylamide 445 

separating gel and a 50 g/L acrylamide stacking gel. 446 

 447 

Figure 3. a) Emulsifying activity index of β-lac, Chitosan A, Chitosan B and the resulting 448 

Maillard reaction products at 0, 2, 4 and 7 days.         β-lac          Chitosan A: β-lac          Chitosan 449 

B: β-lac. The different letters (a, b, c, d, e and f) indicate significant difference (p<0.05). b) and 450 

c) Emulsion stability of  β-lac, Chitosan A, Chitosan B and the corresponding Maillard reaction 451 

products at 0, 2, 4 and 7 days of reaction (n=3).         β-lac        Chitosan A o B: β-lac 0days  X  452 

Chitosan A o B: β-lac 2 days         Chitosan A o B:β-lac 4days          Chitosan A o B:β-lac 7days. 453 

* indicates significant difference (p<0.05).  454 

 455 

Figure 4. Analysis of intermediate compounds formed during Maillard reaction with Chitosan 456 

and β-lac by absorbance measurement at 294nm.      Chitosan A: β-lac          Chitosan B: β-lac   457 

* Chitosan C:β-lac. Data are mean ± SD (n=3). 458 

 459 

Figure 5. Determination of DPPH radical scavenging activity (a) and ferric reducing power (b) 460 

in β-lac, Chitosan A, B and C and the resulting Maillard reaction products  at 0, 2, 4 and 7 days.                                  461 

   



22 
 

      β-lac           Chitosan A       Chitosan B         Chitosan C      Chitosan A: β-lac      Chitosan B: 462 

β-lac     Chitosan C: β-lac. Significant differences between average values (n=3) in different 463 

samples by one-way ANOVA (Duncan test). The different letters (a, b, c, d, e, f, g and h) 464 

indicate significant difference (p<0.05) between different samples.  465 

 466 
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