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ABSTRACT 18 

The alternate deposition of oppositely charged materials (layer-by-layer technique) is an effective approach 19 

to functionalize materials. Biopolymer-based nanolaminates obtained by the layer-by-layer technique can 20 

also be used to change the surface properties of food products or food contact materials. However, the final 21 

properties of nanolaminates may be affected by the conditions of the adsorbing solutions. The objective of 22 

this study was to form and characterize the physicochemical properties of nanolaminates assembled from 23 

alginate and chitosan solutions. The effect of pH, ionic strength and polysaccharide concentration on the 24 

properties of the absorbing solutions was also evaluated. The ζ-potential, viscosity and whiteness index of 25 

the solutions were assessed before the assembly. Alginate/chitosan nanolaminates were characterized in 26 

terms of UV-visible spectroscopy, surface ζ-potential, contact angle, DSC analysis and SEM. The 27 

absorbance increased as a function of the number of polysaccharide layers on the substrate, suggesting an 28 

increase in the mass adsorbed. The surface ζ-potential of nanolaminates changed depending on the last 29 

polysaccharide deposited. Alginate layers were negatively charged, whereas chitosan layers were positively 30 

charged. Contact angles obtained in alginate layers were ≈ 10º, being mostly hydrophilic. Chitosan layers 31 

showed higher contact angle values (80º), indicating a more hydrophobic behavior. Microscopic 32 

examinations revealed the presence densely packed structures that corresponded to alginate/chitosan 33 

nanolaminates, having an estimated thickness of 700 nm. The results obtained in this work lay the basis for 34 

the rational design of polysaccharide-based nanolaminates in the food sector. 35 

Keywords: alginate; chitosan; layer-by-layer; nanolaminates, food-grade coatings and films36 
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1. Introduction  37 

Nowadays, the use of nanomaterials in the food field is becoming rather important since it can offer remarkable 38 

prospects to design innovative products and applications in many industrial sectors, ranging from food processing, 39 

novel foods, food additives and food contact materials [1]. In particular, nanolaminates have been recently 40 

proposed as a potential strategy to modify the surface properties of either food contact materials (e.g. plastics 41 

films, paper, and aluminum) or foodstuffs (e.g. fruits, vegetables, meats, and candies). These modifications can 42 

improve the material properties.  43 

Nanolaminates are defined as thin coatings formed on a substrate by the sequential deposition of at least two layers 44 

of different materials, wherein the typical thickness is less than 100 nm per layer. The final thickness depends on 45 

the number of layers deposited [2]. These nanolaminate structures are obtained by the well-known layer-by-layer 46 

(LbL) assembly technique, which consists on the alternate adsorption of species (normally, polyelectrolytes) using 47 

different chemical interactions. Electrostatic bonding, hydrogen bonding, hydrophobic interactions, charge-48 

transfer interactions, covalent bonding are among the most commonly explored [3].  49 

So far, the most common approach used to produce nanolaminates is the electrostatic interactions between 50 

oppositely charged species [3]. The LbL method has been widely explored for several applications in different 51 

science fields (e.g. material science, pharmacology or biomedicine) due to its simplicity, high adaptability and 52 

low-cost [4]. In food science, the LbL method is mainly utilized to create interfacial coatings around spherical 53 

templates in colloidal systems (e.g. emulsions, liposomes or capsules). It has been found that interfacial 54 

nanolaminate coatings increase the stability of colloidal dispersions under stressing conditions including pH, 55 

temperature or ionic strength, or may modulate lipid digestion and release of entrapped bioactive compounds 56 

[5,6]. Other authors have proved that biopolymer-based nanolaminates can be created on food surfaces, such as 57 

fruits and vegetables, delaying the typical deleterious reactions that lead to food spoilage [7]. The major advantage 58 

of this procedure is the possibility to fine-tune the characteristics of nanolaminates by simply controlling the 59 

processing parameters, such as polyelectrolyte type, molecular weight, charge density, the conditions of adsorbing 60 

solutions (pH, ionic strength, polyelectrolyte concentration, and temperature), adsorption and rinse times, drying 61 

between layers, number of layers deposited and washing steps, or the terminal layer [3].  62 

Polysaccharides have been playing an important role within the food industry, working as additives to improve, 63 

modify and stabilize food texture properties, but also to produce edible food packaging systems (e.g. films and 64 
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coatings for solid foods), and more recently, for the nanoencapsulation of food ingredients. Polysaccharides are 65 

biodegradable, present good gas barrier properties and high compatibility with foods [8]. Nevertheless, when 66 

functional groups with charged moieties are present in the backbone, polysaccharides behave as polyelectrolytes, 67 

which enable their use as building blocks for assembling food-grade nanolaminates by electrostatic interactions 68 

[9]. For instance, alginate is a natural linear copolymer extracted from marine brown algae, consisting of 1-4 69 

linked β-ᴅ-mannuronic acid and α-ʟ-guluronic acid. The negative charge of alginate is provided by ionized 70 

carboxyl functional groups (COO-) of mannuronic and guluronic acid monomers whose dissociation constants 71 

(pKa) are 3.3 and 3.6, respectively [10].  72 

Chitosan, a deacetylated form of chitin, is a naturally-occurring polysaccharide found in the exoskeleton of 73 

crustaceans and fungi. Chitosan is formed by N-acetylglucosamine and glucosamine residues, being soluble in 74 

acidic media because of the protonation of -NH2 groups of ᴅ-glucosamine residues. Then, the positive charge of 75 

chitosan is given by the protonated amine groups (NH3
+), with a pKa around ≈ 6.3 [11]. On the other hand, 76 

polyethylene terephthalate (PET) has been extensively used as a versatile food contact material [12]. PET has also 77 

been reported as a suitable substrate to produce polysaccharide-based nanolaminates [13], since its properties are 78 

well described, allowing to characterize the physical and chemical characteristics of nanolaminates. Quartz is 79 

another type of substrate commonly used for monitoring the layer-by-layer build-up when using 80 

spectrophotometric techniques, such as UV-visible spectroscopy [14]. 81 

The conditions of preparation of the absorbing solutions, including the pH, ionic strength or concentration may 82 

affect the layer-by-layer assembly using weak polyelectrolytes, such as alginate and chitosan [9]. The effect that 83 

changes in the pH and ionic strength of deposition solutions have on the chitosan/heparin nanolaminates properties 84 

was previously investigated [15]. In this study, the growth of layer-by-layer assemblies was highly dependent on 85 

the solution conditions increasing the mass absorption by an increase in the ionic strength at a fixed pH, or 86 

increasing the pH at a constant ionic strength. Therefore, knowledge of polysaccharides behavior is crucial to 87 

determine adequate experimental conditions for designing nanolaminates. The main objective of this work was to 88 

form and characterize food-grade nanolaminates by the layer-by-layer technique, as well as assess the effect on 89 

the conditions of preparation on the electrical charge and physical stability of polysaccharide solutions. This was 90 

necessary to find the suitable experimental conditions to prepare the nanolaminates. 91 
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2. Materials and methods 92 

2.1. Materials 93 

Food grade sodium alginate (MANUCOL® DH) was purchased from FMC Biopolymers (Scotland, UK). Chitosan 94 

(High molecular weight ≈310000-375000 Da; deacetylate degree: > 75 %) was acquired from Sigma-Aldrich 95 

(Steinheim, Germany). Lactic acid (88 – 90 %) and sodium hydroxide were obtained from Sharlau Chemie 96 

(Barcelona, Spain). Sodium chloride (POCH, Poland) was purchased from Afora (Barcelona, Spain). Quartz slides 97 

(Suprasil® 300) and polyethylene terephthalate (PET) sheets were obtained from Hellma Analytics (Müllhein, 98 

Germany) and Isovolta (Barcelona, Spain), respectively. All polysaccharide solutions were prepared in deionized 99 

water obtained from a Milli-Q filtration system (18.2 mΩ, Merck Millipore, Madrid, Spain). 100 

2.2. Preparation of polysaccharide solutions 101 

2.2.1. Effect of pH 102 

Powdered alginate and chitosan solutions were prepared at different concentrations (0.1- 1% w/v) by dispersing 103 

them into water or lactic acid solution (1% v/v), respectively, under continuous stirring overnight. Lactic acid, an 104 

organic acid widely used in the food industry, is used as chitosan solvent providing proper acidic conditions for 105 

its complete dissolution. Then, both solutions were adjusted to pH 3 to 11, using either lactic acid (1 M) or NaOH 106 

(1 M) solutions. Finally, polysaccharide solutions were transferred into plastic bottles, closed and stored at room 107 

temperature (≈ 25º C) for the subsequent analysis as described in section 2.3. 108 

2.2.2. Effect of ionic strength 109 

Alginate and chitosan were dissolved in water and lactic acid (1% v/v) respectively, at different concentrations 110 

(0.1 – 1% w/v). Then, different amounts of sodium chloride (NaCl) were added to polysaccharide solutions under 111 

continuous stirring until complete dissolution to obtain concentrations from 0.1 M to 0.5 M. Finally, alginate and 112 

chitosan were adjusted to pH 5 and 4, respectively. Solutions were transferred into plastic bottles, closed and 113 

stored at room temperature (≈ 25º C) for the subsequent analysis as described in section 2.3. 114 
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2.3. Polysaccharide solutions properties 115 

2.3.1. ζ-Potential 116 

Changes in the electrical charge of polysaccharide chains in aqueous solutions were performed with a laser 117 

diffractometer (Zetasizer Nano ZS, Malvern Instruments, Worcestershire, UK) operating at 633 nm. The ζ-118 

potential was measured by Laser Doppler Velocimetry (LDV) and calculated by the Smoluchowski 119 

approximation. Alginate and chitosan solutions without previous dilution were placed into a clear plastic zeta cell 120 

(DTS 1061, Malvern, UK) to carry out measurements. Two independent runs with three repetitions of each sample 121 

were performed. The measurement consists on placing two gold paddles inside the liquid that then vibrates, 122 

stimulated by an electromagnetic drive at a constant amplitude. The shear waves imparted to the liquid are damped 123 

at a rate that is a function of the viscosity of the liquid. The power required to maintain a constant amplitude is 124 

proportional to the viscosity of the fluid, and is measured and transformed to a value of viscosity. 125 

2.3.2. Viscosity measurements 126 

The viscosity of polysaccharide solutions was analyzed in a sine-wave vibro viscometer (SV-10, A&D Company, 127 

Tokyo, Japan), with a range from 0.3 mPa.s to 10000 mPa.s operating at 30 Hz and a constant amplitude (less 128 

than 1 mm). Alginate and chitosan solutions were analyzed at ≈ 25ºC and this parameter was monitored by the 129 

same device. Two independent runs with four repetitions of each sample were performed. The instrument was 130 

calibrated with distilled water as a standard solution.  131 

2.3.3. Whiteness index 132 

The optical properties of polysaccharide solutions were analyzed using a colorimeter Minolta CR-400, working 133 

with an illuminant D65 and 10º observer angle (Konica Minolta Sensing Inc., Osaka, Japan). A crystal flat-faced 134 

cuvette was filled with the solutions and put in the measuring device to obtain the CIE Lab parameters. 135 

Measurements were performed at room temperature (≈ 25 ºC). The colorimeter was calibrated with a white 136 

standard plate (Y = 94, x = 0.3158, y = 0.3222) prior to analyses. Whiteness index (WI) of alginate and chitosan 137 

solutions was calculated with the following equation [16]: 138 

𝑊𝐼 =  100 − √(100 − 𝐿∗)2 + (𝑎∗2
+ 𝑏∗2

)      Eq. (1) 139 

Two independent runs with four repetitions were performed for each sample.  140 
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2.4. Layer-by-layer assembly procedure 141 

Alginate/chitosan nanolaminates were formed on quartz slides and PET sheets (2 x 6 cm). As a previous step, 142 

both substrates were cleaned and grafted with amino groups to provide an initial positive charge to the substrates’ 143 

surface. The procedure for substrate pre-treatment was described in great detail in a previous work of our group 144 

[17]. Briefly, quartz slides were cleaned in Hellmanex® solution (2%) for 2 h. Then, substrates were immersed in 145 

an APTS solution (1% v/v) for 30 min to induce grafting of amino groups, and this was followed by a rinse step 146 

with deionized water. The PET sheets were cleaned using a water/propanol solution 50:50, for 3 h. Cleaned sheets 147 

were immersed in 1,6-hexanodiamine/methanol solution 1 M, at 50 ºC and 4 h. Afterwards, substrates were 148 

washed with methanol and dried for 12 h. Finally, PET substrates were positively charged by submerging them 149 

into an HCl 0.1 M solution for 3 h at room temperature.  150 

Both quartz and PET slides (positively charged) were submerged in alginate solutions (negatively charged) at pH 151 

5 for 20 minutes, followed by two rinse steps in water at pH 5 for 5 minutes. Afterwards, substrates were immersed 152 

in chitosan solutions (positively charged) at pH 4 for 20 minutes, and two rinse steps with water at pH 4 for 5 min 153 

were carried out. The alginate and chitosan adsorption cycles were repeated in order to produce 10-layer 154 

nanolaminates. Finally, these assemblies were dried using gas nitrogen when the layer-by-layer process was 155 

ended. 156 

2.5. Characterization of nanolaminates 157 

2.5.1. Buildup 158 

The assembly process of alginate and chitosan layers on quartz slides was monitored by measuring the increase 159 

in absorbance of the substrate after an adsorption step. Dried substrates containing different number of layers were 160 

analyzed in a UV-visible-NIR spectrometer (V-670, Jasco Corporation, Tokyo, Japan), using a film holder 161 

accessory (FLH-740, Jasco Corporation, Tokyo, Japan). Absorbance spectra were recorded from 190 nm to 700 162 

nm. 163 

2.5.2. Surface ζ-potential 164 

The surface ζ-potential of alginate and chitosan layers after each adsorption was measured in a laser diffractometer 165 

Zetasizer NanoZS (Malvern Instruments Ltd, Worcestershire, UK) equipped with a surface ζ-potential cell unit 166 

(ZEN1020) specially designed to measure the ζ-potential in planar surfaces. Rectangles (5 x 4 mm) of 167 

alginate/chitosan nanolaminates assembled on PET sheets were attached to a sample holder with glue (Araldite®) 168 
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and then dried for 12 h. Sample holders with samples were placed between two electrodes into the surface ζ-169 

potential cell unit using a screwdriver. Then, the cell unit was put into a disposable polystyrene cuvette (DTS0012, 170 

Malvern Instruments) previously filled with 1 mL of a suspension containing negative tracer particles, 171 

(polystyrene latex particles in buffer solution pH 9, DTS1235, Malvern instruments) or positive tracer particles 172 

(quaternary ammonium salts from fragrance-free fabric conditioner solutions in a ratio of 1:100). The surface ζ-173 

potential of alginate layers was analyzed using negative tracer particles, whereas the surface charge of chitosan 174 

layers was assessed with positive tracer particles to avoid particle adsorption. The apparent mobility of the tracer 175 

particles was determined at five vertical distances from the sample surface (125, 250, 375, 500 and 625 microns). 176 

Five measurements were performed in each distance point. The ζ-potential of tracer particles was measured at 177 

1500 microns from the sample surface. The surface ζ-potential of alginate and chitosan layers was calculated by 178 

extrapolating the ‘zero’ distance from the ζ-potential vs displacement graphs using the Zetasizer Software version 179 

7.11 (Malvern Instruments). Four readings were carried out per sample. 180 

2.5.3. Wetting properties 181 

The contact angle measurements of nanolaminates assembled on PET sheets were measured after each layer 182 

formation, using a goniometer (DSA25, Krüss GmbH, Hamburg, Germany). The water contact angle was carried 183 

out with the sessile drop method, in which a deionized water drop (1 μL) is created at the tip of the syringe and 184 

then placed onto the nanolaminate surface at room temperature. Immediately, the contact angle formed by the 185 

water drop onto the surface was recorded using the Drop Shape Analysis System software (Krüss GmbH) and 186 

calculated through the Young-Laplace fit. Six measurements were performed for each sample.  187 

2.5.4. Thermal properties 188 

The influence of a nanolaminate coating on the thermal properties of PET sheets (used as substrate) was examined 189 

by Differential Scanning Calorimetry (DSC) using a DSC822e system (Mettler Toledo, Barcelona, Spain). PET 190 

sheets and PET coated by alginate/chitosan nanolaminates were studied in a temperature range of 0-400 ºC at a 191 

scanning rate of 10 ºC/min under an atmosphere of inert nitrogen. Samples of ≈ 5 mg were put into aluminum 192 

pans (1/8 ME-51119872 aluminum crucibles 100 μl without pin) for analysis. An empty aluminum pan was used 193 

as reference and measurements were performed in duplicate. Thermograms were analyzed by the StartE v.11 194 

software (Mettler Toledo). Thermal properties such as the glass transition temperature (Tg), the melting 195 

temperature (Tm) and the enthalpy of melting (ΔHm) were determined from the thermograms. The enthalpy of 196 
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meting was calculated by integrating the peak area, drawing a baseline from the onset to the end of the thermal 197 

transition.  198 

2.5.5. SEM imaging 199 

SEM micrographs of nanolaminates assembled on PET sheets were obtained with a Scanning Electron Microscope 200 

(J-6510, JEOL Ltd, Tokyo, Japan). PET sheets coated by 10-layer nanolaminates were placed onto aluminum 201 

stubs, coated with carbon and metalized with evaporated gold in a sputter coater (SCD050, Balzers Union AG, 202 

Liechtenstein). Treated samples were analyzed by SEM with an acceleration voltage of 5 kV. 203 

2.6. Statistics  204 

Data obtained from measuring the properties of alginate and chitosan solutions were analyzed by two-way 205 

ANOVA using the Statgraphics Plus 5.1 statistical package (Statistical Graphics Co., Rockville, MD, EE.UU). 206 

Fisher’s least significant difference (LSD) procedure was used to determine differences among means at a 5% 207 

significance level. Data obtained from the nanolaminates characterization was reported as the average ± standard 208 

deviation of the repetitions. 209 

3. Results and discussion 210 

Initially, polysaccharide solutions used to prepare alginate/chitosan nanolaminates were characterized in terms of 211 

electrical charge, viscosity and optical properties varying the solvent composition (pH, ionic strength) and 212 

polysaccharide concentration. Preliminary analysis of the behavior of polysaccharides was used to set out the 213 

experimental parameters for the layer-by-layer assembly of nanolaminates. 214 

3.1. Changes in the electrical charge of polysaccharides 215 

The ζ-potential of alginate and chitosan molecules was evaluated as a function of pH, ionic strength and 216 

polysaccharide concentration of the solution (Fig. 1). Alginate solutions had rather negative ζ-potentials (< -70 217 

mV) from pH 5 to 11, but became less negative at pH 3 (≈ -40 mV). The decrease in the magnitude of the electrical 218 

charge at pH 3 was attributed to the protonation of the carboxyl groups of alginate (pKa ≈ 3.65) [18]. The 219 

polysaccharide concentration also affected the electrical charge of alginate chains. Higher alginate concentration 220 

resulted in more negative ζ-potential values. This effect could be explained by the presence of a greater number 221 

of protonated carboxyl groups available to provide an electrical charge in the colloidal system. 222 
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The electrical charge of chitosan solutions was strongly positive in acidic conditions. The greatest ζ-potential 223 

values at pH 3 (45 mV, 0.1 %). Nevertheless, an increase in the pH to more alkaline conditions decreased the 224 

electrical charge of chitosan molecules. This indicated that chitosan chains were less ionized. Chitosan solutions 225 

with pH values above 7 or with 1% w/w of concentration could not be analyzed. Polysaccharides were insoluble, 226 

presenting clumps of great size that could not be placed in the measurement cell. These results are in good 227 

agreement with those reported by other authors, where the increase in pH of polysaccharide solutions, including 228 

alginate and chitosan, led to a decrease of the magnitude of the positive ζ-potential [19].  229 

On the other hand, the presence of NaCl in the solution decreased the magnitude of ζ-potential values for both 230 

polysaccharides (Fig. 1B). For instance, the ζ-potentials of alginate and chitosan without NaCl were -83 mV and 231 

72 mV at 0.5 %, respectively. At 0.2 M NaCl, the magnitude of the ζ-potential decreased to -37 mV and 33 mV 232 

in alginate and chitosan solutions, respectively. The effect of the ionic strength on the ζ-potential was less 233 

pronounced at higher NaCl concentrations (0.5 M). Previous studies demonstrated a reduction of the net charge 234 

in alginate and chitosan solutions as the ionic strength increased [20]. This predictable behavior of polysaccharides 235 

may be governed by a compression of the electrical double layer due to the electrostatic interactions with Na+ and 236 

Cl- ions dispersed in the solvent [21]. 237 

3.2. Changes in the viscosity of polysaccharide solutions 238 

The conformation and chain dimensions of polyelectrolytes in the adsorbing solutions has a strong influence on 239 

the growth behavior, structure and properties of the resulting nanolaminates [22]. The viscosity of the solution, 240 

may give valuable information about the conformations of macromolecules in different conditions. Therefore, the 241 

effect of pH, ionic strength and polysaccharide concentration on the viscosity of adsorbing solutions was 242 

investigated (Fig. 2). 243 

The viscosity increased with the concentration of polysaccharide, due to the greater entanglement of chains and 244 

an increase of the effective volume fraction of the disperse phase [23]. On the other hand, with the exception of 245 

pH 3, the viscosity of alginate solutions was not affected by the pH. A decrease in viscosity was observed in 246 

alginate solutions at pH 3 (Fig. 2A). This is reasonable since the ζ-potential values of alginate solutions were 247 

weaker at this pH value. Hence, alginate chains could have adopted coiled conformations induced by the 248 

protonation of the carboxylic acid groups (COO-) thereby reducing their hydrodynamic size and solvation. It has 249 

been stated that linear and stiff polymers (fully charged polyelectrolytes) have a larger hydrodynamic size than 250 
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highly flexible polymers (weakly charged polyelectrolytes) of the same molecular mass, resulting in a higher 251 

viscosity of the solution [24].  252 

In the case of chitosan solutions, an increase in the pH led to a decrease in viscosity. This effect was less 253 

pronounced at low polysaccharide concentrations (Fig. 2A). It is worth mentioning that chitosan solutions at pH 254 

above 7 presented insoluble clumps, indicating that solutions were not physically stable within this pH range (>7). 255 

This behavior is understandable since these pH values are closer to the pKa of the glucosamine residues in chitosan 256 

(≈ 6-6.5), where most of the amino groups were not ionized [11]. The decrease in viscosity of chitosan from acidic 257 

to alkaline pH values also indicated changes in the conformation of chitosan chains and the degree of 258 

entanglement. The amino groups of glucosamine residues are highly ionized (NH3
+) at acidic conditions and the 259 

hydrodynamic size of chitosan chains is greater. However, at low polysaccharide concentration the effect of pH 260 

was less pronounced. In diluted solutions, polymer chains are isolated with no chain-chain interactions and their 261 

conformational changes may have less effect on the solution viscosity [23]. 262 

The viscosity decreased by increasing the NaCl concentration to 0.1 M of both polysaccharide solutions. This 263 

behavior was less evident at low concentration and at very high ionic strength (Fig. 2B). The greatest change was 264 

observed in chitosan solutions at 1%, where the viscosity was 172 mPa.s without NaCl and decreased to 110 265 

mPa.s at 0.1 M NaCl.  266 

The low effect of ionic strength in alginate solutions was probably related to the high residual Na+ ions 267 

concentration coming from the sodium alginate dissociation in aqueous media. The viscosity of polyelectrolyte 268 

solutions is strongly affected by the ionic strength, since the dissolved ions in the solvent interact with chains 269 

causing charge screening, which in turn, induces the coiling of chains and reduces the degree of solvation [25].  270 

3.3. Changes in the whiteness index of polysaccharide solutions 271 

The whiteness index (WI) of polysaccharide solutions was used to determine the presence of insoluble aggregates, 272 

which may have an effect on the optical properties of nanolaminates. WI of alginate and chitosan solutions was 273 

evaluated as a function of pH, ionic strength and polysaccharide concentration (Fig. 3). Alginate solutions did not 274 

present significant differences in WI, neither by increasing the polysaccharide concentration nor by changing the 275 

pH of solutions (Fig. 3A). This suggests the absence of insoluble aggregates and solutions exhibited a clear 276 

appearance.   277 
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On the other hand, WI of chitosan solutions at acidic conditions (pH 3-5) was similar regardless the polysaccharide 278 

concentration, being translucent solutions. At pH values greater than 5, an abrupt increase could be appreciated 279 

and solutions were rather opaque. This is reasonable due to the presence of insoluble clumps that could be 280 

observed with the naked eye, which tend to scatter the light more strongly and increase the luminosity (L*) of the 281 

solutions. This was attributed to the folding of chitosan molecules as the solution pH was near to the pKa value 282 

(6.3 - 7.5), causing molecular aggregation and increased light scattering. Moreover, a further increase of the ionic 283 

strength did not cause changes in WI of both alginate and chitosan solutions, at least within the range of NaCl 284 

concentrations used in this work (Fig.3B). This confirmed that the polysaccharide solutions were physically stable 285 

in the presence of sodium ions. 286 

3.4. Buildup mechanism of alginate/chitosan nanolaminates 287 

Nanolaminates were assembled on quartz slides for the analysis of absorbance. The conditions of preparation of 288 

the adsorbing solutions were fixed, so that polysaccharides were equally charged at medium ionic strength. 289 

Therefore, nanolaminates were assembled using alginate and chitosan solutions at 0.5%, 0.2 M NaCl and pH 5 290 

and 4, respectively. The high ionic strength can increase layer thickness of the assemblies [15]. Moreover, the 291 

formation of stable nanolaminates has been demonstrated when both polysaccharides have a similar charge density 292 

[26].  293 

UV-visible spectra of five bilayers (alginate/chitosan) are shown in Fig. 4A. Absorbance increased as a function 294 

of the number of layers deposited. This behavior confirms the sequential formation of layers after an adsorption 295 

process. UV-visible spectroscopy is a practical and reliable technique that allows monitoring the buildup of 296 

nanolaminates by increases in the optical density [27], and although the mass adsorbed cannot be quantified, 297 

information about the growth regime of nanolaminates can be obtained.  298 

The experimental conditions of the adsorbing solutions may affect the kinetic of adsorption of the polysaccharides, 299 

resulting in different growth regimes [28]. Therefore, the type of growth regime was evaluated by plotting the 300 

absorbance at 200 nm vs the number of layers. At this wavelength, alginate solutions present the maximum 301 

absorption peak, whereas chitosan solutions does not show adsorption within the UV-visible range (data not 302 

shown). Interestingly, alginate peak could not be observed in the nanolaminates spectra, probably due to a change 303 

in the molar absorptivity of the chromophore groups of alginate interacting with chitosan. In fact, it has been 304 

observed that nanolaminates composed by two polyelectrolytes can form molecular blends with intermediate 305 

spectrum [29].  306 
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The type of growth observed in alginate/chitosan nanolaminates was exponential, which is characterized by an 307 

increasing rate of mass deposition with each additional layer. This could be explained by the capacity of certain 308 

polyelectrolytes to diffuse in/out of the structure; this free chains can interact with oppositely-charged molecules 309 

of the absorbing solution [28,30]. Other authors have demonstrated that chitosan chains are able to diffuse 310 

vertically (out of the plane), interacting with oppositely-charged adsorbing species in the solution. This behavior 311 

was observed in chitosan/heparin assemblies [15].  312 

It is also known that an increase in ionic strength of the adsorbing solutions results in exponential growth 313 

nanolaminates, since polyelectrolyte chains are deposited in a coiled conformation [31]. Therefore, the 314 

exponential growth of alginate/chitosan nanolaminates could be probably explained by the combined effect of 315 

high ionic strength and the diffusion of chitosan and not alginate in the structure of nanolaminates. 316 

3.5. Surface ζ-potential 317 

The surface ζ-potential of the nanolaminates is useful for monitoring changes in the electrical charge after a new 318 

layer formation. Surface ζ-potential values changed in terms of sign and magnitude of the electrical charge after 319 

a layer deposition (Fig. 5). Initially, the surface ζ-potential of the bare substrate (PET sheets) was 49 mV, and the 320 

first alginate layer led to a negative ζ-potential (≈ -32 mV). After the adsorption of the second chitosan layer, 321 

surface ζ-potentials changed to positive (≈ 52 mV). These results confirmed the charge reversal of the surface, 322 

which is the principle of the layer-by-layer technique. These results are in concordance with those previously 323 

reported for polypeptide-polysaccharide assemblies [32]. The charge inversion on the surface after a new layer 324 

has been observed also in layer-by-layer systems formed on spherical templates such as multilayer emulsions [33].  325 

It is worth mentioning that the magnitude of surface ζ-potential values of chitosan layers (between 24 and 51 mV) 326 

were slightly superior to those observed in alginate layers (between -23 and -32 mV) although the initial electrical 327 

charge of both polysaccharides in solution were similar (ζ-potentials: -36 mV, alginate; 37 mV, chitosan). These 328 

differences might be related to different adsorption rates of both polysaccharides during the assembly of layers, 329 

or to the ability of chitosan free chains to diffuse toward the surface, probably increasing the surface ζ-potential. 330 

Another important factor influencing the surface electrical charge of nanolaminates is the ionic strength, since the 331 

coiled conformation adopted by polyelectrolytes favors a greater material deposition on the forming layer, which 332 

might also increase the magnitude of the electrical charge in the surface. These results are of great interest when 333 

designing nanolaminates for food applications, thus offering the possibility to control attractive or repulsive 334 

interactions between the coated food surface and other charged food ingredients.  335 
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3.6. Wetting properties 336 

Wettability is one of the most important properties of solid surfaces and describes the ability of a liquid to spread 337 

over a certain surface, giving rise to a continuous film (spontaneous spreading) or discrete droplets (partial 338 

wetting). Interactions between a surface and a liquid depend on the free energies at the solid/liquid interface. The 339 

most common approach to discuss the wetting properties is through the contact angle. This parameter is governed 340 

by the competition between cohesion of a liquid to itself and adhesion of a liquid to a solid, this indicating the 341 

degree of hydrophilicity or hydrophobicity of the surface [34].  342 

Water contact angles of nanolaminates created on PET were evaluated after a layer deposition (Fig. 6). The contact 343 

angle (θ) of bare PET was 85º, as reported by other authors [35]. After an alginate layer assembly, there was a 344 

decrease in θ to ≈52º that further increased to ≈70º with the subsequent deposition of a chitosan layer. These 345 

results are in concordance with other studies in alginate/polyethyleneimine and κ-carrageenan/chitosan 346 

nanolaminates that reported changes in the contact angle as a function of the number of layers [36]. Moreover, 347 

greater contact angle values were observed as the number of layers increased in nanolaminates, reaching θ of 14º 348 

in alginate layers and 75º in chitosan layers. Chitosan has more hydrophobic features than alginate, which has 349 

been attributed to the non-polar impurities contained in all commercial chitosan samples, rather than to the 350 

possible orientation of acetyl moieties at the solid/air interface [56]. These observations highlight the feasibility 351 

of the layer-by-layer technique as a strategy to modify the wetting properties of food surfaces, being interesting 352 

to design systems that can control the humidity of food products. 353 

3.7. Thermal properties 354 

DSC profiles of uncoated and coated substrate (PET sheets) by alginate/chitosan nanolaminates were examined 355 

(Fig. 8). In general, the presence of nanolaminates did not change the glass transition temperature (Tg) and the 356 

melting temperature (Tm) of the substrate. Probably, the mass ratio between PET and nanolaminates was too large, 357 

and hence the thermal properties of the composite material was governed by the PET. The results obtained in this 358 

study for the Tg and Tm of PET are in concordance with previous studies [37].  359 

On the other hand, a slight increase in the enthalpy of melting (ΔHm) was observed in coated PET by 360 

alginate/chitosan nanolaminates, compared to uncoated PET. This increase could be related with a barrier effect 361 

of nanolaminates against the gases generated during the polymer degradation, thus slowing down the process [38]. 362 

Another possibility is that the great accumulation of alginate and chitosan chains on the surface could increase in 363 
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polymer crystallinity, changing the enthalpy of melting, as suggested previously for alginate/chitosan 364 

nanolaminates assembled on PET [35]. 365 

3.8. Microstructure 366 

The microstructure and topography of alginate/chitosan nanolaminates are presented in Fig. 8. Experimental 367 

parameters including pH, ionic strength, deposition time or temperature of polyelectrolyte solutions have an 368 

important impact on the final morphology of nanolaminates, originating different structures such as stratified or 369 

solid, as well as different degrees of porosity. In this study, nanolaminates exhibited a dense architecture, being 370 

difficult to detect the stratified inner layers. However, it was possible to estimate the average thickness, being 371 

around 700 nm for 10-layer assemblies. It has been reported that 20-layer nanolaminates growing exponentially 372 

can reach thicknesses > 10 μm, whereas assemblies with a linear growth are typically around 100 nm thick, having 373 

equal number of layers [39].  374 

Other authors reported that thickness of exponential growing chitosan/hyaluronan assemblies containing 24 layers 375 

was about 6 μm thick [60]. The topography was characterized by the presence of big clusters connected in a net 376 

of polysaccharide chains, which could be attributed to the electrostatic interactions between alginate and chitosan 377 

molecules. These observations are in line with those reported previously about the topography of chitosan-378 

grafted/alginate assemblies [40].  379 

4. Conclusions 380 

Food-grade alginate and chitosan were assembled into nanolaminates using the layer-by-layer technique. The 381 

analysis of the properties of polysaccharide solutions before deposition revealed changes in the ζ-potential, 382 

viscosity and whiteness index influenced by changes in the molecular conformation of polysaccharides under 383 

different conditions. From this study, it was found that the conditions where alginate and chitosan were physically 384 

stable, with a medium electrical charge at high ionic strength was 0.5%, 0.2 M NaCl and pH 5 and 4, respectively. 385 

The build-up of nanolaminates assembled under these experimental parameters could be confirmed by the 386 

absorbance increase of the substrate with an additional layer, and it presented an exponential growth regime 387 

induced by the ability of chitosan to diffuse throughout the structure and the adsorption of polysaccharides at high 388 

ionic strength. The surface ζ-potential of nanolaminate was affected by the type of polysaccharide in the terminal 389 

layer, being positive for chitosan layers and negative for alginate layers. Charge reversal on the surface also 390 

indicated that the assembly process was carried out successfully. The wetting properties of nanolaminates also 391 
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varied as a function of the number of layers, observing partially hydrophilic or hydrophobic surfaces when alginate 392 

or chitosan was the terminal layer, respectively. Regarding the thermal properties, no changes were observed in 393 

the thermal properties of the substrate coated by 10-layer assemblies. Results obtained from this study are relevant 394 

in the design of food-grade nanolaminates and get specific features, simply by controlling the experimental 395 

conditions. In addition, the information generated elucidates the great potential of nanolaminates made from food-396 

grade materials as a strategy for modifying food surfaces or food contact materials, for example, inducing 397 

attractive or repulsive interactions between food ingredients, or controlling the moisture of a certain food surface. 398 
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Figure 1. Influence of (A) pH and (B) NaCl concentration on ζ-potential of alginate (ALG) 

and chitosan (CHI) solutions at different concentrations. The pH of biopolymer solutions with 

NaCl was 5 and 4, respectively. 
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Figure 2. Influence of pH (A) and (B) NaCl concentration on apparent viscosity of alginate 

(ALG) and chitosan (CHI) solutions at different concentrations. The pH of biopolymer 

solutions with NaCl was set to 5 and 4, respectively. 
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Figure 3. Effect of (A) pH and (B) NaCl concentration on whiteness index of alginate (ALG) 

and chitosan (CHI) solutions at different concentrations. The pH of biopolymer solutions with 

NaCl was set to 5 and 4, respectively. 
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Figure 4. (A) UV-visible spectra and (B) Absorbance at 200 nm as a function of layers (L) 

deposited. Nanolaminates were obtained from alginate and chitosan 0.5 % (w/w), 0.2 M NaCl 

and pH 5 and 4, respectively.  
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Figure 5. Surface ζ-potentials as a function of the number of alginate (ALG) and chitosan 

(CHI) layers deposited in a nanolaminate system. ALG and CHI were prepared at 0.5 % 

(w/v), 0.2 M NaCl and pH 5 and 4, respectively.  
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Figure 6. Water contact angles of the surface of nanolaminates as a function of the number of 

alginate (ALG) and chitosan (CHI) layers. ALG and CHI solutions were prepared at 0.5 % 

(w/v), 0.2 M NaCl and pH 5 and 4, respectively.  
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Figure 7. DSC profile of bare PET and PET containing alginate/chitosan nanolaminates. 
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Figure 8. Microstructure and surface of alginate/chitosan nanolaminate examined by SEM 

microscopy.  

 


