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ABSTRACT 

The impact of a lignosulfonate (calcium) (L) on the chromatic features of two 

anthocyanin-derived bluish dyes (portisin, P and pyranoanthocyanin dimer, PD) was 

evaluated in aqueous solutions using UV-Visible spectroscopy. It was demonstrated that 

the interaction between each dye and this macromolecule at pH 1 occurs by two 

mechanisms, association and copigmentation that are dependent on L concentration. For 
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instances, at low concentrations of L (up to 0.27 µM) it is observed the association of 

dyes promoted by their complexation with lignin (different molecules of dye are bound 

to the same binding sites of L). At higher concentrations of L (25 µM), the aggregation 

of dyes decreases and each molecule is bound to a different site of L resulting in the 

formation of a charge-transfer complex (copigmentation). Moreover, the titration of both 

dyes (P and PD) in the presence of L (19 µM) showed a strong stabilization of their 

pyranoflavylium cation forms revealed by the considerably higher pKa1 (6.6±0.1 and 

6.2±0.1 for P and PD, respectively) in the presence of this macromolecule when 

compared to the values obtained in the absence (pKa1= 4.61±0.03 and 4.93±0.04). 

In addition, the water solubility of the dyes in the absence and presence of L was also 

evaluated by turbidimetry and the results showed that the water soluble lignosulfonate 

improved the solubility of the dyes over time.  

 

Keywords: portisins; pyranoanthocyanin dimers; calcium lignosulfonate; colour; 

aggregation; charge-transfer complex. 
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1. Introduction 1 

Colour is the first quality parameter perceived in many products such as foodstuffs and 2 

beverages, makeups, cloths and others. Therefore, colorants (natural or synthetic) play a 3 

crucial role for the valorisation of the final product. Blue dyes are rare in nature, thereby 4 

constituting a challenging research field. Nevertheless, the only function of synthetic 5 

colorants is to confer colour to things. On the other hand, natural colorings present 6 

significant benefits comparatively to the synthetic ones, since many of them present 7 

antioxidant, anti-inflammatory and other biologic properties.  8 

Over the last years, our research group has done important work on the isolation and 9 

hemi-synthesis of anthocyanin-derived pigments found in red wines during ageing [1, 2]. 10 

This includes the identification of different families of anthocyanin-derived pigments that 11 

present unusual bluish colours at acidic pH [1], namely, the detection and identification 12 

in aged Port wines of a family of pyranoanthocyanin-dimers displaying a turquoise-blue 13 

colour [2]. Studies performed in model solutions showed that these compounds are 14 

formed from the reaction between methylpyranoanthocyanins and 15 

carboxypyranoanthocyanins. Although these molecules present attractive blue colors at 16 

low pH, their industrial application as dyes is limited due to their poorly hydrosoluble 17 

nature. 18 

Lignin represent an average 25% of the terrestrial plant biomass being the second most 19 

abundant natural substance after cellulose [3]. Depending on the extraction method, it is 20 

possible to obtain different types of lignins, namely alkali, hydrolytic, kraft, organosolv 21 

and sulphite (lignosulfonates). The different lignin types could have various industrial 22 

applications such as energy, chemicals, dispersants, sorbent, surfactant, carbon fibers, 23 

plastics and more yet to come [3-6].  24 
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Lignosulfonates are water soluble compounds produced from softwood in the sulfite 25 

pulping method during the manufacturing of paper. In this process, bisulfite ions react 26 

with the native lignin polymer of the wood to form sulfonated lignin increasing the water-27 

solubility of the hydrophobic lignin polymer [7]. Lignosulfonates have been used for a 28 

number of years in the food industry, serving, for example, as an emulsifier in animal 29 

feed, as raw material in the production of vanillin, and as a boiler water additive. 30 

Moreover, personal care and cosmetic formulations containing lignosulfonates have also 31 

been described [8, 9]. 32 

Bearing this, the goal of this work was to study the interaction of a lignosulfonate 33 

(calcium) (L) with two anthocyanin-derived bluish dyes (portisins, P and 34 

pyranoanthocyanin dimer, PD) (Figure 1), the impact on their colour features and its 35 

ability to improve the water solubility of these dyes using UV-Visible spectroscopy and 36 

turbidimetry, respectively.  37 

 38 

Figure 1 – Structure of the Portisin (P) and Pyranomalvidin-3-glucoside (PD) dyes in their 39 

pyranoflavylium cation form. 40 

 41 

2.  Material and Methods 42 

2.1. Reagents. 43 
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A universal buffer (1 L) of Theorell and Stenhagen [10] was prepared dissolving 2.25 mL 44 

of phosphoric acid 85% (w/w), 7.00 g of monohydrated citric acid, 3.54 g of boric acid 45 

and 343 mL of a 1 M NaOH solution. Calcium Lignosulfonate (Molecular Weight 40.000 46 

– 65.000 g.mol-1) (L) United States Pharmacopeia (USP) Reference Standard was 47 

obtained from LGC Standards.  48 

 49 

2.2. Hemi-synthesis and purification of blue dyes. 50 

A-type portisin (P) and pyranomalvidin-3-glucoside dimer (PD) were obtained from the 51 

reaction of the A-type vitisin with (+)-catechin (in the presence of acetaldehyde) and 52 

methylpyranomalvidin-3-O-glucoside, respectively. The obtained dyes were purified by 53 

semi-preparative HPLC and structurally characterized as reported elsewhere [2, 11]. 54 

 55 

2.3. Determination of dye-lignin association constants. 56 

The dye-lignin association constant was determined for P and PD at pH 1 by UV-Visible 57 

spectroscopy. For that, each dye was prepared in a solution of 0.1 M HCl at a 58 

concentration of 44 M (Solution A). Similarly, a solution containing the dye at the same 59 

concentration and L at a concentration of 58 M was prepared (Solution B). Solutions 60 

containing different concentrations of L (from 0.029 to 25 M) were obtained by adding 61 

different volumes of the Solution B to the Solution A. For the determination of the molar 62 

concentrations of L an average molecular weight of 52.000 g.mol-1 was used. The UV-63 

Visible spectrum of all solutions were recorded in a 10x10 mm quartz cuvette in a Varian-64 

Cary 100 Bio spectrophotometer from 350 to 800 nm.  65 

The fittings for dye-lignin association constants determination were carried out using the 66 

Solver program from Microsoft Excel. 67 

 68 
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2.4. pH titration of dyes in the presence of lignin by UV-Visible spectroscopy. 69 

The pH titration of dyes P and PD were performed in the presence of L by direct pH jump 70 

between 2.0 and 11.5. Stock solutions of dyes P and PD (180 M) and L (77 M) were 71 

prepared in 0.1 M HCl. 250 µL of a 0.1 M NaOH solution was added to a 10 mm 72 

pathlength plastic cuvette, 250 µL of Theorell and Stenhagen universal buffer solution at 73 

different pH values from pH 2.0 and 11.5, 25 µL of a 1 M NaOH solution, 250 µL of the 74 

L stock solution (final concentration of 19 M) and 250 µL of the dye stock solution 75 

(final concentration was 44 M). Spectra from 350 to 750 nm were recorded instantly 76 

after the addition of the dye (pseudo-equilibrium) and after one day (equilibrium) in a 77 

Varian-Cary 100 Bio spectrophotometer at 25ºC. The pH values of all solutions were 78 

measured in a Radiometer Copenhagen PHM240 pH/ion meter. The pH meter was 79 

calibrated with pH 4 and 7 buffer solutions. The fittings for pKa’s determination were 80 

carried out using the Solver program from Microsoft Excel. 81 

 82 

2.5. Impact of lignin on solubility and stability of the dyes. 83 

The impact of L on the solubility of the dyes P and PD was determined by turbidimetry 84 

in a HACH 2100 N (ISO method 7020) turbidimeter calibrated with a StablCal® 85 

calibration set (< 0.1 – 1000 NTU). Solutions of each dye with different concentrations 86 

(20, 40, 80 and 160 M) were prepared in a pH 3.5 citrate buffer (10 mM). Similar 87 

solutions were prepared containing 1 g/L (20 M) of L. The turbidity of the solutions was 88 

measured immediately, after 1 and 30 days of storage at room temperature in the dark. 89 

The stability of the dyes in the presence of L during storage (0, 1, 3, 6 and 30 days) in the 90 

dark at room temperature was evaluated by UV-Visible spectroscopy in a Thermo 91 

Scientific Evolution Array UV-Visible spectrophotometer (360 – 830 nm) at 25ºC.  92 

 93 
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3. Results and discussion 94 

3.1. Interaction between portisins (P) or pyranoanthocyanin dimer (PD) and lignin 95 

(L). 96 

To evaluate the interaction of a lignin derivative (calcium lignosulfonate) (L) with A-type 97 

portisins (P) and pyranoanthocyanin dimers (PD) dyes, the dyes-lignin association 98 

constants were determined at pH 1 using UV-Visible spectroscopy. For that, the spectra 99 

of solutions containing the dye at a constant concentration (44 M) and different 100 

concentrations of L (from 0.029 to 58 M) were recorded between 350 and 800 nm. 101 

Figure 2 shows the results obtained for the interaction of P with different concentrations 102 

of L and the inset shows the spectrum of the dye in the absence and in the presence of a 103 

low (0.27 µM) and a high concentration of L (25 µM) at pH 1. The spectral variations 104 

clearly show the existence of at least two interactions processes. At lower concentrations 105 

the band centred at 546 nm decreases in intensity and undergoes a very small 106 

bathochromic shift (~2 nm). These changes occur with a concomitant increase of a 107 

“shoulder” around 650 nm. The presence of an isosbestic point can also be detected at 108 

584 nm. These spectral features show strong resemblance to those observed for 109 

anthocyanin aggregation phenomena [12]. Together with the well-known ability of 110 

polyelectrolytes to induce aggregation in oppositely charged dyes, the observed spectral 111 

changes suggest that L induce the aggregation of P at low macromolecule concentrations 112 

(below 0.28 M) [13-18].  113 

As the concentration of L increases it is possible to observe an important bathochromic 114 

displacement (~40 nm) on the maximum absorption wavelength (max) of P. Conversely, 115 

to the spectral features observed at low L concentration, these results show similar 116 

features to copigmentation phenomena [19]. Similar results were observed for the 117 

interaction of PD with L, as seen in SI – Figure 1. 118 
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 119 

  

 120 

Figure 2 – Visible spectra of P with different concentrations of L and the inset shows the spectrum 121 

of the pigment in the absence and in the presence of a low (0.27 µM) and a high (25 µM) 122 

concentration of L at pH 1. Visible spectra of P (10 µM) at pH = 1 with different concentrations of 123 

L: from 0 to 0.27 µM (left) and from 0.27 µM to 25 µM (right). The spectrum of P in the absence 124 

of L is also shown for comparison (dotted line). All spectra were corrected by subtracting the 125 

corresponding absorption of L. 126 

 127 

The graphical representation of the absorbance at 546 and 600 nm as a function of the 128 

concentration of L of the solutions with a fixed concentration of P is presented in Figure 129 

3. A close inspection of these figures allows to evidence the existence of three distinct 130 
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processes (four populations of dye with different spectral features). In order to provide a 131 

semi-quantitative analysis of these results a model is proposed based on the “single set of 132 

identical sites” model [20, 21] where each binding site corresponds to a domain in the 133 

macromolecule (L) that can bind up to three P molecules. If a macromolecule (L) with n 134 

binding sites is considered, concentration of sites ([S]) is given by [S] = n[L] and the 135 

fraction of occupied sites (𝜃𝑏) by the sum of sites occupied with 1, 2 or 3 dye molecules 136 

(PL, P2L or P3L, respectively): 137 

 138 

𝜃𝑏 =
[𝑃𝐿] + [𝑃2𝐿] + [𝑃3𝐿]

[𝑆]𝑡
=

[𝑃𝐿] + [𝑃2𝐿] + [𝑃3𝐿]

𝑛[𝐿]𝑡
                    (1) 139 

 140 

 141 

Following this reasoning, the fraction of free sites is: 142 

 143 

𝜃𝑓 = 1 − 𝜃𝑏 = 1 −
[𝑃𝐿] + [𝑃2𝐿] + [𝑃3𝐿]

𝑛[𝐿]𝑡
                      (2) 144 

 145 

and the mass balance for the dye is: 146 

 147 

[𝑃]𝑡 = [𝑃]𝑓 + [𝑃𝐿] + 2[𝑃2𝐿] + 3[𝑃3𝐿]                          (3) 148 

 149 

Now, the apparent binding constants for the complexation of dye molecules at the 150 

macromolecule binding sites can be defined: 151 

𝐾11 =
𝜃11

𝜃𝑓[𝑃]𝑓
=>  𝜃11 = 𝐾11𝜃𝑓[𝑃]𝑓                                        (4) 152 

𝐾12 =
𝜃12

𝜃11[𝑃]𝑓
=>  𝜃12 = 𝐾11𝐾12𝜃𝑓[𝑃]𝑓

2                              (5) 153 
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𝐾13 =
𝜃13

𝜃12[𝑃]𝑓
=>  𝜃13 = 𝐾11𝐾12𝐾13𝜃𝑓[𝑃]𝑓

3                        (6) 154 

 155 

Combining the above equations, and after some algebraic operations, equation 7 can be 156 

deduced and (numerically) solved for any combinations of n, K1, K2, K3 and total 157 

concentrations of macromolecule/dye to give the equilibrium concentration of  ([𝑃]𝑓) 158 

which is combined with the above equation to obtain the concentrations of the different 159 

complexes.  160 

[𝑃]𝑓
4 + (3𝑛[𝐿]𝑡 − [𝑃]𝑡 +

1

𝐾13
) [𝑃]𝑓

3
+ (

2𝑛[𝐿]𝑡 − [𝑃]𝑡

𝐾13
+

1

𝐾12𝐾13
) [𝑃]𝑓

2
161 

+ (
𝑛[𝐿]𝑡 − [𝑃]𝑡

𝐾12𝐾13
+

1

𝐾11𝐾12𝐾13
) [𝑃]𝑓 −

[𝑃]𝑡

𝐾11𝐾12𝐾13
= 0                      (7) 162 

 163 

Because the absorption at a given wavelength is given by absorption of all species: 164 

 165 

𝐴𝑜𝑏𝑠 = 𝜀𝐿𝑓[𝑃]𝑓 + 𝜀11[𝑃𝐿] + 2𝜀21[𝑃2𝐿] + 3𝜀31[𝑃3𝐿]                          (8) 166 

 167 

Equation 8 was fitted to experimental data to give the following parameters: n = 14, K1 = 168 

3.7x105 M-1, K2 = 2.1x106 M-1, K3 = 6.8x105 M-1 (Figure 3A and Table 1). This set of 169 

apparent/macroscopic binding constants does not provide information on the mechanism 170 

and nature of interaction between dye and the macromolecule but only a quantitative 171 

measurement on the partition of the different complexes between the different states and 172 

of their mole fraction distribution (Figure 3B). However, comparing the mole fraction 173 

distribution with the spectral variations observed for P as a function of the concentration 174 

of L it is possible to suggest that while for complexes P3L it seems that dye-dye 175 

interaction is stablished by complexation induced aggregation, this seems to not be case 176 
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for P2L where the spectral features are more compatible with a copigmentation process. 177 

A similar behaviour was observed for the interaction between PD with L (SI - Figure 2) 178 

and this is reflected in the similarity obtained for the association constants (Ka/M
-1) of 179 

both dyes in the presence of L (Table 1).  180 

The two mechanisms of interaction between each dye (P or PD) and L are schematically 181 

represented in Figure 3. For low concentrations of L (up to 0.27 µM) (Figure 4A) it is 182 

observed the aggregation of dyes promoted by the lignin complexation where different 183 

molecules of dye bind to the same binding site of L. When the concentration of L 184 

increases up to 25 µM, the aggregation of dyes decreases and the number of dye molecule 185 

bonded to each site of L decrease (Figure 4B). As the max increases importantly (~40 186 

nm) this could indicate the formation of a charge-transfer complex resulting from a 187 

copigmentation event. 188 

 
 

       (A)            (B) 189 

 190 

Table 1 – P and PD-lignin association constants (Ka/M-1) at pH 1.0 determined by UV-Visible  191 

 192 
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Figure 3 - (A) Absorbance P (10 M, pH = 1) at two different wavelengths as a function of L 

concentration. Global fitting was achieved with K11 = 3.7x105 M-1, K12 = 2.1x106 M-1, K13 = 6.8x105 

M-1, Lf(546 nm) = 5.0x104 M-1cm-1, 11(546 nm) =3.7x104 M-1cm-1, 12(546 nm) =4.9x104 M-1cm-1, 

13(546 nm) =3.0x104 M-1cm-1, Lf(600 nm) = 2.3x104 M-1cm-1, 11(600 nm) =4.9x104 M-1cm-1, 

12(600 nm) =2.2x104 M-1cm-1, 13(600 nm) =2.5x104 M-1cm-1; (B) Mole fraction distribution of the 

different P species as a function of L concentration. 
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Table 1 – Dye (P or PD)-lignin association constants (Ka1, Ka2 and Ka3) at pH 1.0 determined by 194 

UV-Visible spectroscopy. The error was estimated to be below 20%. 195 

 196 

 197 

 198 

 199 

 200 

Figure 4 – Schematic representation of the interaction between the dye (P or PD) and lignin (L) 201 

with n binding sites. (A) for low concentrations of L (up to 0.27 µM), the aggregation of dyes is 202 

promoted by the lignin complexation (different molecules of the dye bind to the same site of lignin); 203 

(B) for higher concentrations of L (25 µM), the aggregation of dyes decreases (one molecule of dye 204 

bonded to each site of lignin) at pH 1. 205 

 206 

Portisin (P) Pyranoanthocyanin dímer (PD) 

Ka1 / M
-1 Ka2 / M

-1 Ka3 / M
-1 Ka1 / M

-1 Ka2 / M
-1 Ka3 / M

-1 

3.7x105 2.1x106 6.8x105 1.6x104 3.1x106 1.7x106 
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3.2. Influence of lignin in the equilibrium forms of portisins and pyranoanthocyanin 207 

dimers at different pH values using UV-Visible spectroscopy. 208 

Based on the strong interaction observed between P and PD with L at pH 1.0, the 209 

equilibrium forms of these dyes were studied in aqueous solutions at different pH values 210 

from 2.0 to 11.5 in the presence of a fixed concentration of L (19 M) using UV-Visible 211 

spectroscopy and the results obtained are presented in Figure 5 and SI – Figure 3. 212 

The observation of Figure 5a shows that increasing the pH of the solutions from 2.0 to 213 

7.3 yields to a decrease of the absorbance at ~ 570 nm and a displacement of the maximum 214 

absorption wavelength for lower values (hypsochromic shift). This is due to the 215 

equilibrium between the pyranoflavylium cation form and the neutral quinoidal form 216 

(Figure 6). When the pH increases from 7.3 up to 8.6 (Figure 5b), it is observed a small 217 

decrease of the absorbance at ~ 500 nm together with the appearance of a shoulder at ~ 218 

630 nm, which is associated with the equilibrium between the neutral quinoidal base and 219 

the respective anionic base (Figure 6). For higher pH values (pH ˃ 8.6) it is observed an 220 

increase of the absorbance at ~ 630 nm and a small bathochromic shift (Figure 5c) that 221 

is associated with the equilibrium between the anionic base and di-anionic base (Figure 222 

6) as already reported in the literature for this dye without L [22]. 223 

 224 
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225 

 226 

 227 

Figure 5 – Visible spectra (350 – 800 nm) of the solutions of P (44 M) in the presence of L (19 228 

M) as a function of pH: (a), from pH 2.0 until 7.3; (b) from pH 7.3 up to 8.6 and (c) from pH 8.6 229 

to 11.5. 230 
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 231 

Figure 6 – Proton transfer equilibria of P in aqueous solutions at different pH values between 1 and 11. 232 

 233 

 234 

 235 
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Similarly, the same trend was also observed for PD in the presence of L as reported in SI 236 

Figure 4. 237 

In addition, considering the four equilibrium species that are present in the pH range 238 

studied (2.0 to 11.5) and using the graphical representation of the absorbance at 500, 570 239 

and 630 nm (in the case of P) as a function of the pH of the solution and their respective 240 

fitting (Figure 7 and SI – Figure 4) it was possible to determine the three ionization 241 

constants (pK^
a1, pK^

a2 and pK^
a3) for P and PD in the presence of L (Table 2). The 242 

results obtained were compared with the ones reported in the literature for P and PD 243 

without L (Table 2) [22]. 244 

 245 

Figure 7 – Absorbance at 500, 570 and 630 nm as a function of the pH and respective fittings for 246 

the P (44 M) in the presence of L (19 M). 247 

 248 

From Table 2 it is possible to characterize the impact that L has on the stabilization of 249 

the pyranoflavylium cation forms of these two bluish dyes (P and PD) as the first 250 

ionization constants (pK^a1) of P and PD in the presence of L are significantly higher 251 

(pK^a1= 6.6±0.1 and pK^a1= 6.2±0.1, respectively) than the ones observed for the same 252 
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dyes (pK^a1= 4.61±0.03 and pK^a1= 4.93±0.04, respectively) [22] without L at the 253 

pseudo-equilibrium (Figure 8 and SI – Figure 5).  254 

Moreover, in the presence of L at equilibrium (Table 2) it was also possible to observe 255 

the stabilization of the P and PD species, specially the pyranoflavylium cation forms 256 

although in a smaller extent than at pseudo-equilibrium. With respect to pKa2 and pKa3, 257 

the values obtained in the absence and presence of L were similar. 258 

In fact, the presence of anionic sulfonate groups attached to the alkane backbone units of 259 

lignin is thought to be at the origin of the strong stabilization of the pyranoflavylium 260 

cation form of the dyes. 261 

 262 

Table 2 – Ionization constants of P and PD at pseudo-equilibrium (pK^
a) and equilibrium (pK´

a) in 263 

the absence [22] and presence of L, determined by UV-VIS spectroscopy.  264 

 265 

 without L [22] with lignin (19 µM) 

 at pseudo-equilibrium at pseudo-equilibrium at equilibrium 

 pK^
a1 pK^

a2 pK^
a3 pK^

a1 pK^
a2 pK^

a3 pK´
a1 pK´

a2 pK´
a3 

P 4.61±0.03 8.36±0.03 10.11±0.06 6.6±0.1 8.6±0.1 10.6±0.1 6.38±0.1 7.76±0.1 10.5±0.1 

PD 4.93±0.04 8.33±0.04 9.1±0.04 6.2±0.1 9.5±0.1 9.9±0.1 5.90±0.1 7.74±0.1 8.86±0.1 
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 266 

Figure 8 – Molar fraction distribution diagram for P in the absence (dashed lines) and presence 267 

(solid lines) of L as a function of pH determined by UV-Visible spectroscopy.  268 

 269 

3.3. Impact of lignin on the solubility and stability of the dyes. 270 

According to the results obtained so far, it seems that calcium lignosulfonate strongly 271 

interacts with portisins and pyranoanthocyanin dimers stabilizing their pyranoflavylium 272 

cation form. Moreover, knowing that this sulfonated lignin derivative is highly soluble in 273 

water and that the blue dyes (P and PD) need to improve their solubility in aqueous 274 

systems it was evaluated the impact of L on the solubility of the dyes at different 275 

concentration over time, using turbidimetry.  276 

For that, solutions containing different concentrations of dye (20, 40, 80 and 160 M) 277 

were prepared in citrate buffer at pH 3.5 in the absence and in the presence of L (19 M) 278 

and the solutions were left at room temperature in the dark during 30 days. To evaluate 279 

the stability of dyes with and without L, spectra of the solutions were recorded at different 280 

points 0, 1, 3, 6 and 30 days and the results are presented in Figure 9 for the lower 281 
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concentration (20 M) of P. On the other hand, the turbidity of all the solutions were 282 

measured initially, after one day and after 30 days (Table 3).  283 

 284 

Figure 9 – Absorption spectra of P (20 M) in the absence and presence of L (19 M) at the day 0, 285 

1, 3, 6 and 30. 286 

 287 

From Figure 9 it is possible to observe that in the absence of L, the colour of P fades 288 

with time, as the initial absorbance at the maximum absorption wavelength (~560 nm) 289 

decreases after one, three, six and thirty days. Moreover, as referred before the addition 290 

of L yields to an important increase on the absorption of dyes along with a significant 291 

bathochromic shift in the maximum absorption wavelength (~40 nm). This colour 292 

intensification increases with time being more pronounced after thirty days when 293 

compared to the initial solution. A similar behaviour was also observed for the other dye 294 

concentration 40, 80 and 160 M and for PD (SI – Figure 6). 295 

Concerning the solubility of the dyes that were evaluated by turbidimetry, it seems that 296 

the dyes turbidity increases along with the concentration (Table 3). In the absence of L, 297 

the turbidity of the solution remains constant over time regardless of the dyes 298 

concentration. On the other hand, when L is added the turbidity of the solutions is not 299 

greatly affected (day 0) being higher in this case for the PD. However, over time the 300 
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turbidity of the solutions containing L seems to decrease comparatively with the ones 301 

without L (Table 3). 302 

After thirty days, it is possible to observe that the solutions containing the dyes alone (P 303 

and PD) loose some of their colour due to the low solubility of the compounds in aqueous 304 

systems over time and eventually precipitate (Figure 10). However, when the solutions 305 

containing P+L and PD+L after thirty days are compared with the starting point (day 0) 306 

it is observed an intensification of the colour for all concentrations of dye tested (Figures 307 

9 and 10). 308 

 309 

Table 3 – Turbidity (NTU) of solutions of P and PD at different concentrations (20, 40, 80 and 160 310 

M) in the absence and presence of L (19 M). 311 

      Day 0 Day 1 Day 30 

  |Dye| (M) |Lignin| (M) Turbidity (NTU) ± SD Turbidity (NTU) ± SD Turbidity (NTU) ± SD 

P 

20 

0 

11.4±0.1 9.4±0.4 8.6±0.4 

40 23.1±0.5 22±1 21±1 

80 45±1 46.1±0.7 40±1 

160 98±2 101±2 87.1±0.6 

20 

19 

18.6±0.2 13.8±0.1 8.2±0.1 

40 28.5±0.5 18.8±0.5 12.7±0.2 

80 44.1±0.4 26±1 22.5±0.2 

160 82±1 47.9±0.6 29.8±0.2 

PD 

20 

0 

9.3±0.2 9.5±0.6 8.5±0.4 

40 18.8±0.1 19.2±0.1 20.3±0.6 

80 38.5±0.4 38±1 39±1 

160 72.4±0.8 74±2 70±7 

20 

19 

19.7±0.7 16.8±0.6 10.7±0.1 

40 29.8±0.3 23.9±0.4 12.9±0.5 

80 50±2 39±1 13.6±0.2 

160 93±2 70±1 26.9±0.3 

 312 
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 313 

Figure 10 – Colour of the solutions of P and PD at different concentrations (20, 40, 80 and 160 M) 314 

in the absence and presence of L (19 M) in citrate buffer pH 3.5 at day 0 and after 30 days in the 315 

dark. 316 

 317 

Overall, the results obtained from the interaction of a lignosulfonate with bluish 318 

anthocyanin-derived dyes (portisins and pyranoanthocyanin dimers) and its impact on the 319 

chromatic features of these pigments showed an important stabilization of the 320 

pyranoflavylium form of the dyes. Thus, this macromolecule can be used as a tool to 321 

stabilize and modulate the colour of natural bluish dyes and to improve their solubility in 322 

aqueous systems.  323 
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Supporting Information 

 

 

 

Figure 11 – Visible spectra of PD with different concentrations of L and the inset shows the spectrum of 

the pigment in the absence and in the presence of the maximum concentration of L (0.025 mM) at pH 1. 

Visible spectra of PD (1x10-5 M) at pH = 1 with different concentrations of L. (left) From 0 to 4.0x10-7 M 

and (right) from 4.0x10-7 M to 2.77x10-5 M of L. The spectrum of PD in the absence of L is also shown for 

comparison (dotted line). All spectra were corrected by subtracting the corresponding absorption of L. 
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Figure 2 - (a) Absorbance PD (10 M, pH = 1) at two different wavelengths as a function of lignin L 

concentration; (b) Mole fraction distribution of the different PD species ad a function of L concentration. 
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Figure 3 - Visible spectra (350 – 800 nm) of the solutions of PD (44 µM) in the presence of L (19 

µM) as a function of pH: (a), from pH 1.7 until 6.1; (b) from pH 6.1 up to 8.9 and (c) from pH 8.9 

to 11.8. 
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Figure 4 – Absorbance at 594, 638 and 705 nm as a function of the pH and respective fittings for 

the PD (44 µM) in the presence of L (19 µM).  

 
Figure 5 – Molar fraction distribution diagram for PD in the absence (dashed lines) and presence 

(solid lines) of L as a function of pH determined by UV-Visible spectroscopy.  
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Figure 6 – Absorption spectra of PD (20 M) in the absence and presence of L (19 M) at the day 

0, 1, 3, 6 and 30. 
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