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ABSTRACT: Anthocyanins have limited application as natural colorants and antioxidants due to their color loss and instability
under certain conditions. This research explores the formation of a complex between lignosulfonates (LS) and cyanidin-3-O-
glucoside (C3G) using a multitechnique approach as well as the effect on C3G′s red color, oxidative stability, and antioxidant
activity in acidic mediums. All data revealed pH-dependent LS-C3G interactions. The thermodynamic parameters showed weak
noncovalent interactions, mainly electrostatic interactions, hydrogen bonds, and hydrophobic effect, with a higher association
constant determined at pH 3. Fourier-transform infrared spectroscopy and Zeta-potential experiments further corroborate evidence
of these LS-C3G interactions. Fluorescence quenching and lifetime experiments revealed static and dynamic quenching at pH 1 and
3, respectively. UV−visible spectroscopy demonstrated a bathochromic shift upon complex formation and a hyperchromic effect at
pH 3 and 4, as a consequence of the improved red color of C3G. Electrochemical results suggested that at pH 3 the LS enhances
C3G stability by protecting its oxidizable moieties over time, as well as improving the antioxidant activity of the anthocyanin in the
complex.
KEYWORDS: hyperchromic effect, UV−visible, thermodynamic parameters, noncovalent interactions, fluorescence, redox

1. INTRODUCTION
Anthocyanins (ACNs) are biologically active phenolic
compounds responsible for the orange, red, purple, and blue
hues observed in different fruits, vegetables, and flowers.1,2

Cyanidin-3-O-glucoside (C3G) is the most abundant ACN
widely distributed in natural sources, especially in fruits such as
blackberries, cherries, and red grapes.3 These compounds are
characterized by the flavylium cation or 2-phenylbenzopyry-
lium core structure, with variable methoxylation and
hydroxylation patterns in the aromatic ring B. They can have
sugar moieties connected to different positions, which confers
good water solubility facilitating the incorporation of these
dyes into food matrices.1 In addition to the food and beverage
processing industry, ACNs find wide applications as colorants
and antioxidant agents in cosmetics, textiles, and food
packaging industries.4 However, the stability of these natural
compounds is affected by pH, temperature, oxygen, and light
which limits their use as colorants due to color modification or
color loss.5 In addition, oxidation can lead to the deterioration
and loss of the nutritional, commercial, and organoleptic
quality.6

Various strategies have been adopted to improve ACN
stability by forming stable complexes with carbohydrates,
proteins, and macrocycles. Hydrogen bonding and hydro-
phobic effects are the main driving forces for creating the
complexes observed with carbohydrates and proteins, partic-
ularly in the presence of flavylium cation species.7,8

Polysaccharides such as pectin have gained special attention

as these compounds coexist in plant cell vacuoles and interact
with ACNs, improving their bioavailability, extractability, and
color stability, as these compounds can create a kind of
nucleation site for anthocyanin adsorption, protecting the
chromophore against water addition.9−11 Through hydrogen
bonds, xanthan12 and arabic gums13 improved black rice ACNs
color and thermal stability. Proteins, including β-lactoglobu-
lin14 and milk α- and β-casein,15 have also shown potential to
improve anthocyanin’s photostability while preventing color
fading and degradation. Macrocycles such as cyclodextrins
incorporate ACNs inside their cavities, demonstrating higher
affinity to the hemiketal, cis- and trans-chalcone forms of the
anthocyanin multistate equilibrium, a phenomenon leading to
the shifting of the pigment hydration equilibrium toward the
formation of more colorless forms.16,17

More recently, it has been reported the first evidence of the
impact of commercial lignosulfonate on the thermodynamic
and kinetic parameters of malvidin-3-O-glucoside at pH 1
using UV−visible spectroscopy.18 Lignosulfonates (LS) are
anionic polyelectrolyte polymers with an irregular three-
dimensional macromolecular structure, primarily composed
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of three phenylpropanoid units (p-coumaryl, coniferyl, and
sinapyl alcohols).19 Due to the abundance of ionizable
functional groups, including sulfonate groups, this lignin
presents the advantage of being water-soluble. The skeletal
lignin structure contains hydrophobic groups, consisting of
aromatic and residual aliphatic units, and certain oxygen-
containing groups. Their behavior in aqueous solution is
largely determined by the proportion of hydrophilic (ioniz-
able) and hydrophobic groups.20 Depending on the pH, LS
can present different surface charges and conformations and
interact with ACNs in various ways.
This work provides new insights into the red color

stabilization and oxidative protection of C3G in the acidic
pH range by a softwood lignosulfonate from the pulp and
paper industry. The interaction between LS and C3G as well as
the complex characteristics were achieved using a calorimetric
and spectroscopic-based multitechnique approach namely,
isothermal titration calorimetry (ITC), UV−visible and
fluorescence spectroscopy, voltammetry, Fourier-transform
infrared spectroscopy (FTIR) and electrophoretic light
scattering (ELS).

2. MATERIALS AND METHODS
2.1. Reagents. Lignosulfonates (average molecular weight of

48,566 g mol−1) were obtained from a softwood sulfite liquor (total
solids, 11.3% w/w liquor), supplied by a pulp mill of a local company,
as a mixture of 90% spruce (softwood material) and 10% beech
(hardwood biomass). This liquor was submitted to an ultrafiltration
process and the obtained retentate was freeze-dried to yield a golden-
brown powder. Specific conditions of this isolation process are
described by Casimiro et al.21 Hexadecyltrimethylammonium bro-
mide (CTAB, ≥98%) was purchased from Sigma. Commercial
cyanidin-3-O-glucoside chloride was purchased from Extrasynthese
(≥98%). Milli-Q water was used for the preparation of all solutions.
2.2. pH Determination. The pH of all solutions was recorded

(and if necessary adjusted using 1 M HCl or 1 M NaOH) in a WTW
pH 320 or 508 (Weilheim, Germany) with a CRISON 5209
combined glass electrode of 3 mm diameter (Barcelona, Spain),
previously calibrated with buffer solutions (pH 4.00, 7.00 and 10.00).
2.3. Quantification of the Negative Groups in LS. The

quantification of negative groups in the LS structure followed the
established method described by Li et al.22 LS (1 g L−1) and CTAB
(0.01 M) stock solutions were prepared in Milli-Q water. Then, 10
mL of the LS solution was mixed with increasing volumes of the
CTAB stock solution, ranging from 0.5 to 2.5 mL (in intervals of 0.1
mL), at each pH value (1 to 11). Water was then added to bring the
total volume to 25 mL. Then, 1.5 mL of the resulting solution was
centrifuged at 14,000 rpm for 10 min, and the absorbance of the
supernatant was measured at 280 nm by UV−visible spectropho-
tometry using a 1 mm quartz cell. The number of negative groups, N
(mmol g−1) was determined considering the CTAB volume
corresponding to the minimum absorbance and following eq 1

= ×
×

Negative groups, N

CTAB volume(L) CTAB concentration(mol L )
LS volume(L) LS concentration(g L )

1

1 (1)

2.4. Surface Charge of LS and the Complex LS-C3G. LS
solutions (1 μM) were prepared in Milli-Q water across a pH range of
1−11, with the pH adjusted to the desired values using NaOH or HCl
stock solutions. The solutions were filtered through a 0.22 μm filter,
allowed to equilibrate for 1 h, diluted 10-fold with deionized water
adjusted to the desired pH, and transferred to a capillary cell. Stock
solutions of C3G (100, 500, and 1000 μM) were prepared in 0.1 M
HCl for pH 1 experiences and in deionized water with pH adjustment
for pH 3 studies. Solutions of the complex LS-C3G keeping the
biopolymer concentration at 1 μM and changing the concentration of

C3G (100, 500, and 1000 μM) were also prepared in the same
solvents of the stock solutions depending on the pH of the
experiments. After 30 min of stabilization, the samples were
transferred to the capillary cells, and the zeta potential values were
determined. The average zeta (ζ)-potential was measured by an
Electrophoretic Light Scattering (ELS) using a Malvern Zetasizer
Nano ZS instrument (Malvern Instruments Ltd., UK).
2.5. LS-C3G Interactions by Isothermal Titration Calorim-

etry. A MicroCal-PEAQ-ITC (Malvern Panalytical) controlled by
MicroCal-PEAQ-ITC Analysis Software (version 1.41, Malvern
Panalytical) was used to conduct isothermal titration calorimetry
(ITC) experiments. Solutions of LS (150 μM) and C3G (5 mM)
were prepared in a 10 mM citrate buffer for the experiments at pH 3
and 0.1 M HCl for the experiments at pH 1. Then, 240 μL of the LS
solution was loaded on the sample cell and the injection syringe was
loaded with C3G solution. After reaching baseline stability, the C3G
solution was injected (2 to 3 μL/injection) into the sample cell 19−
22 times. Samples were stirred continuously at 1500 rpm to ensure
full mixing. The time between injections (250−300 s) was optimized
to allow reaching the baseline before subsequent injections. Raw data
from a plot of heat flow vs injection number were fitted by the
MicroCal-PEAQ-ITC Analysis Software to find the binding constants,
stoichiometry, and thermodynamic parameters for the LS-C3G
interactions studied using the one-site binding model. Blank
experiments of C3G titration into 0.1 M HCl and 10 mM citrate
buffer were performed and were subtracted from sample experiments.
2.6. Fourier-Transform Infrared Spectroscopy. The Fourier-

transform infrared (FTIR) spectra were recorded with an FTIR
Spectrum (PerkinElmer) spectrometer equipped with a universal
attenuated total reflectance (ATR) sampling device. Spectra were
recorded in transmission mode over a wavenumber interval from 4000
to 600 cm−1 (64 scans at a resolution of 2 cm−1). Analyses of the LS
and LS-C3G complex were performed in a solid state after
lyophilizing the solutions used in UV−vis experiments at pH 3.
2.7. Fluorescence Spectroscopy. Fluorescence quenching was

measured using a Fluoromax-4 fluorimeter (Horiba Scientific). The
emission spectra were recorded from 300 to 500 nm (scan rate 10 nm
s−1) at two different excitation wavelengths (285 and 315 nm−
maximum fluorescence peaks of LS). Both slit widths were set to 5
nm. The experiments were performed at pH 1 and 3 using 0.1 M HCl
and 10 mM citrate buffer as solvents, respectively. The LS
concentration was kept constant (0.82 μM), while the concentration
of C3G varied between 0−4.25 μM. The final concentrations of LS
and C3G were optimized to guarantee adequate fluorescence intensity
values while avoiding inner filter effects (UV absorbance at 285 and
315 nm under 0.1).23 Absorbance measurements are summarized in
Supporting Information, (Figure S1). The stock solutions were
filtered (0.22 μm filter) and maintained at 20 °C in a thermoshaker at
200 rpm (MSC-100 Cooling Thermoshaker Incubator) protected
from light. The quenching mechanism was described by the Stern−
Volmer eq (eq 2)

= + [ ] = + [ ]F
F

k Q K Q1 10
q 0 SV (2)

where F0 and F are the fluorescence intensities of LS before and after
the addition of the quencher (C3G), respectively; kq is the
bimolecular quenching constant; τ0 is the lifetime of LS fluorophore;
[Q] is the C3G concentration; KSV is the Stern−Volmer quenching
constant.

In the 3D excitation−emission matrix (EEM) measurements,
emission spectra (300−550 nm) were recorded at 2 nm increments of
excitation wavelength between 250−350 nm at a scan rate of 20 nm
s−1. The EEMs parallel factor analysis (PARAFAC) was used to
quantify the effects of C3G on the LS fluorescence individual
components and was conducted using the drEEM toolbox (https://
dreem.openfluor.org/) in MATLAB. More details of the EEM-
PARAFAC analysis are described in Text S1 and illustrated in Figure
S2.

Time-resolved fluorescence measurements were performed with a
TemPro 01 system (Horiba Jobin Yvon, USA). The samples were
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excited at 290 nm (NanoLED light source) and the emission was set
to 376 nm (bandpass of 16 nm). Time-resolved experiments were
recorded using a window of 4024 channels (time calibration of 0.055
ns/channel). To optimize the S/N ratio, 10,000 photon counts were
collected at the peak channel.
2.8. Multistate of C3G Species by UV−visible Spectroscopy.

The pseudoequilibrium and equilibrium constants for C3G were
determined by UV−visible spectroscopy using aqueous solutions
ranging from pH 0 to 6. A stock solution of C3G (2.6 mM) was
prepared in 0.1 M HCl, and different stock solutions of LS (90 μM)
were prepared in water at pH values ranging from 0 to 6 with a pH
tolerance of ±0.2. For pH 0, the stock solution of C3G was prepared
in 1 M HCl. In each experiment, 981 μL of water at the desired pH,
500 μL of the LS solution (previously filtered with a 0.22 μm filter),
and 19 μL of C3G stock solution were added into a plastic cuvette
(10 × 10 mm). A control experiment without LS was performed by
replacing the volume of LS with water. The absorption spectra of all
solutions from 200 to 800 nm were recorded in a Cary 60 UV−visible
spectrophotometer (Agilent) after 30 min (pseudoequilibrium, pK̂

a)
and 1 day (equilibrium, pK′a). The fittings for the pK

̂
a and pK′a were

carried out using the Solver tool in Microsoft Excel.
2.9. UV−visible Titration Experiments for LS-C3G Complex.

The association constants between C3G and LS were determined at
pH 1, 3, and 4 using UV−visible spectroscopy. For pH 1, the
experiment was performed using 0.1 M HCl as the solvent, while for
pH 3 and 4, Milli-Q water with pH adjusted with HCl (12 M) was
used. Two solutions were prepared for each pH value: solution A
containing C3G (26 μM) and solution B containing C3G (26 μM)
and LS (30 μM). Small volumes of solution B were then added to
solution A to obtain solutions with increasing concentrations of LS
(from 0.30 to 24 μM). The absorption spectrum from 350 to 700 nm
was recorded for all solutions in a quartz cell (10 × 10 mm). The
values of the apparent association constants (nKa) were determined
using the Solver tool in Microsoft Excel, by fitting the obtained data
from the graphical representation of the maximum absorption
wavelength as a function of LS concentration. It used a mathematical
model that considers the average number of binding sites in LS (n)
available to interact with C3G and the concentration of LS ([LS]) in
each point.18 In this model, it was considered that the concentration
of docking sites in the lignosulfonate is much higher than the
concentration of complexed anthocyanin. The equation obtained to
describe this interaction is eq 3

= + [ ]
+ [ ]
n

n
Abs Abs Abs

K LS
(1 K LS )0 (3)

where Abs represents the absorbance, Abs0 is the initial absorbance,
ΔAbs is the change in absorbance, n is the number of functional
groups in LS available for interaction, K is the association constant.
2.10. Electrochemical Studies. Square wave voltammograms

(SWVs) were performed with a potentiostat driven (PalmSens4) by
PSTrace software in a three-electrode cell consisting of a 3 mm glassy
carbon working electrode (WE), an Ag|AgCl (3 M KCl) reference
electrode and a Pt wire counter electrode (all from Basi, USA). The
instrumental parameters used for the analysis were: square-wave
frequency of 25 Hz, wave amplitude of 25 mV, and potential step of 5
mV (resulting in a scan rate of 125 mV s−1). After each measurement,
the WE surface was renewed using 1.0 μm aluminum oxide on
polishing pads, thoroughly rinsed with Milli-Q water, and dried. The
cleaning procedure was necessary to avoid underestimating anodic
currents due to the passivation of the WE. SWVs were recorded at pH
1.0 (0.1 M HCl) and 3.0 (10 mM citrate buffer) in solutions
containing: (i) only LS (1−20 μM); (ii) only C3G (2−100 μM); (iii)
C3G with increasing concentrations of LS.

2.10.1. Antioxidant Activity − DPPH Assay. Standard DPPH assay
was performed according to the literature,24 with some modifications.
In a 96-well plate, 270 μL of DPPH solution (prepared in methanol at
60 μM) was mixed with 30 μL of the antioxidant sample. A range of
concentrations was tested for C3G (1.03−20.63 μM) and LS (0.21−
10.30 μM) to achieve the individual radical scavenging activity (RSA

%), monitored over time by measuring the DPPH absorbance band at
515 nm (λmax) on a plate reader (Biotek Powerwave XS) at the
beginning (t0) and after 20 min of reaction (t20). The RSA was
calculated using the following equation: RSA (%) = (Abs Control-Abs
sample)/(Abs Control) × 100, where Abs control and Abs sample are
the absorbance of the Control at t = 0 min and the tested sample at
the incubation time, respectively. Three different concentrations of
the LS-C3G complex were evaluated, based on individual RSA (%)
values of C3G and LS, and keeping a 2.5 C3G-LS ratio. The
antioxidant activity was also measured while keeping C3G at 2.6 μM
and increasing LS concentrations from 0.2 to 1 μM.
2.11. Statistical Analysis. Analyses were performed in triplicates

and the results were expressed as mean values and standard deviation
(SD). All experiments were performed at room temperature, being
that for fluorescence studies the temperature was controlled at 20 °C.
Analysis of variance (ANOVA) was used to identify statistical
significance, and differences were considered statistically significant at
p < 0.05. GraphPad Prism 8.0 for Windows was used to process all
statistical data.

3. RESULTS AND DISCUSSION
3.1. Characterization of LS in Aqueous Solution. The

LS used in this work were isolated from a sulfite liquor and
characterized based on inorganic content, phenolic monomers,
13C NMR, and molecular weight, as detailed in Supporting
Information (Table S1). Considering the hypothesis of
electrostatic interactions between the positively charged C3G
and the negatively charged groups of LS, the number of
ionizable groups and the overall LS surface charge were
investigated from acidic to alkaline conditions. LS comprises
ionizable groups such as sulfonate, carboxylic, and hydroxyl
groups. According to the literature, the degree of ionization of
LS in aqueous systems is influenced by the pH, with sulfonate
groups ionizing at pH 1.5, carboxylic groups at pH 5.1, and
hydroxyl groups at pH 10.5.25,26 The zeta-potential revealed
two inflection points: one at pH 4.2, attributed to carboxyl
groups, and the other at pH 8.1 related to phenolic hydroxyl
groups that may start to deprotonate, further increasing the
negative charge on the surface (Figure S3a). Under acidic
conditions (pH < 4), the zeta potential of LS decreased from
−10 to −30 mV due to the successive ionization of sulfonic
acid groups. Between pH 4 and 8�where the ionization of
carboxylic groups occurs�the values of zeta potential remain
constant, suggesting that these functional groups are not
surface-exposed. At pH values higher than 8, the zeta potential
became more negative due to the ionization of phenolic
hydroxyl groups. These results suggested that both sulfonic
and phenolic hydroxyl groups are distributed on the LS
surface, while carboxyl groups are concentrated in the
polymer’s core. Deprotonated sulfonic acid groups can be
directly involved in the interactions with C3G in the pH range
studied (between pH 1 and 4).
The CTAB precipitation method was used to determine the

amount of negative groups in LS. Since CTAB is a cationic
surfactant that establishes an electrostatic interaction with the
negative groups of LS, the amount of CTAB required reflects
the content of negative groups in LS (Figure S4a). As the pH
increases, a higher amount of CTAB is necessary to neutralize
the negative charge of LS, indicating the presence of more
negative groups (Figure S4b). Up to pH 4, the content of
negative groups increased from 1.00 to 1.33 mmol g−1 of LS
due to the neutralization of the deprotonated sulfonic acid and
carboxylic groups. Between pH 5 and pH 9, the results showed
a plateau where the amount of negative groups was around
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1.53 mmol g−1 of LS, which meant the ionization of the
negative group reached equilibrium. At pH values higher than
9, the content undergoes a clear increase from 1.60 to 1.97
mmol g−1 of LS (pH 12) due to the ionization of the phenolic
hydroxyl groups. These results support the previously obtained
zeta potential values: up to pH 5 and after pH 9 the ionization
of sulfonic and phenolic hydroxyl groups occurs.
3.2. LS-C3G Complex Formation. 3.2.1. Thermodynamic

Characterization of LS-C3G Interaction. The binding affinity
between LS and C3G was characterized by isothermal titration
calorimetry (ITC). The enthalpy changes per mole of injectant
(kcal/mol) were plotted against the molar ratio C3G/LS at pH
1 and 3 (Figure 1). The resulting binding isotherms were fitted
by the MicroCal-PEAQ-ITC Analysis Software according to an
independent site model. Due to their general shape (Figure 1),

it could be assumed that anthocyanins interact nonspecifically
with lignosulfonates rather than binding to specific sites, as the
binding isotherms do not exhibit the sigmoidal shape expected
for a specific interaction.27 From these curves, the dissociation
constants (KD) were determined and indicated in the graphs.
The association constants (Ka = 1/KD) and the thermody-
namic parameters obtained from the analysis of the fitting of
the ITC binding isotherms are summarized in Table 1.
The association constant (Ka) obtained by the ITC

demonstrated a pH dependency, with the highest Ka value
observed for the interaction between LS and C3G at pH 3 (Ka
= 2.8 × 104 M−1). ACNs exhibit different forms in equilibrium
depending on the pH of the medium. At strongly acidic
conditions (pH ≤ 1), the flavylium cation (AH+) is the sole
species, responsible for the red color of ACNs. As the pH

Figure 1. ITC isotherms for the LS (150 μM) with C3G (5 mM) at pH 1 (a) and pH 3 (b): binding isotherm (points) and fitting curve (line).

Table 1. Thermodynamic Parameters (Association Constants, Ka, Enthalpy, ΔH, Gibbs Energy, ΔG, and Entropy, −TΔS)
Determined for the LS-C3G Interactiona

pH Ka (M−1) ΔG° (kJ mol−1) ΔH° (kJ mol−1) −TΔS° (kJ mol−1)

1.0 0.61a × 104 ± 1.6 × 103 −21.5c ± 0.1 −23.1e ± 2.6 0.61g ± 0.04
3.0 2.8b × 104 ± 5.5 × 103 −25.4d ± 0.5 20.2f ± 0.9 −45.6h ± 0.8

aPresented data were obtained by subtracting C3G titration into the buffer used for each experiment and results from at least three independent
experiments. Data with different letters are statistically different (p < 0.05).

Figure 2. Network of chemical species of cyanidin-3-O-glucoside in acidic solutions.
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increases, the flavylium cation undergoes two simultaneous
reactions: rapid deprotonation to generate the neutral
quinoidal base (A, blue form), and a slower hydration process
at carbon 2 resulting in the colorless hemiketal B
(thermodynamically more stable than A). This form then
undergoes ring opening (tautomerization) to produce cis-
chalcone (Cc) which further isomerizes in trans-chalcone (Ct)
(Figure 2).28 According to the data published by Leydet et
al.,29 at 1.0 mM of C3G, the pKh should be approximately 3.5,
which means that at slightly acidic conditions such as pH 3,
50% of anthocyanins are likely to occur as flavylium cation and
the other 50% as neutral hemiketal form and quinoidal bases.
Although electrostatic interaction is an important mechanism
for the LS-C3G binding between the flavylium cation and the
sulfonate groups of LS, the presence of other species can
promote different types of interaction such as hydrophobic
effects or π−π interactions between the aromatic rings of C3G
and LS and explain the higher binding affinity at pH 3.
Furthermore, the higher concentration of C3G used in the ITC
experiments (5 mM) also induces self-association phenomena
which limit the hydration reaction and favor the presence of
flavylium cation in the solution available to interact with LS.29

At very acidic conditions such as pH 1, flavylium cation is the
only species in solution. This positively charged species can
interact mainly by electrostatic forces with the negative groups
of LS, which are the deprotonated groups in the structure of
the polymer (pKa 1.5). However, due to the presence of
aromatic rings on the C3G and LS structures, π−π stacking
interactions and hydrophobic effects can also occur between
the molecules, as observed in copigmentation between ACNs
and flavonoids or hydroxycinnamic acids.30

The negative Gibbs free energy (ΔG° < 0) in both systems
(Table 1) indicated that the interactions between LS and C3G
are thermodynamically favorable, and the quite weak Gibbs
energy observed for both pH́s (−21 to −25 kJ mol−1 at pH 1
and 3, respectively) suggested the presence of noncovalent
interactions. Further thermodynamic analysis indicated that at
pH 1 the LS-C3G interaction is exothermic (negative enthalpy,
ΔH° < 0) driven primarily by enthalpy with negligible entropy

(ΔS°) changes. Conversely, at pH 3, the interaction is
endothermic (ΔH° > 0) and entropy-driven (higher
contribution for −TΔS° parameter). In general, in systems
with negative enthalpy (ΔH) and positive entropy parameter
(−TΔS), as observed at pH 1, the interaction is essentially
mediated by electrostatic forces and hydrogen bonds between
ionized groups.31 At pH 3, the interaction is entropically
driven, with a larger negative entropic parameter (−TΔS< 0)
and a positive ΔH, indicating that hydrophobic effects
dominate this endothermic complex.32 At this pH, neutral
forms of C3G such as the hemiketal are in equilibrium with the
flavylium cation and can create π-stacking interactions with
macromolecules like LS, particularly in nonpolar or hydro-
phobic environments. However, the possibility of electrostatic
interactions and hydrogen bonds between the ionizable groups
of LS and the [AH+] form of C3G cannot be dismissed.

3.2.2. Surface Charge and Molecular Structure of LS in
the Complex LS-C3G. The study of the surface charge of LS
molecules corroborated the results observed in the thermody-
namic parameters, suggesting a higher occurrence of electro-
static interactions at pH 1, which resulted in a significant
variation in surface charge. Considering that these interactions
primarily occur on the surface of molecules, particularly in the
case of LS, which has been shown to have ionizable groups on
the structure’s periphery, the surface charge of LS was
evaluated with various concentrations of anthocyanin (0−1
mM). Experiments were carried out at pH 1 and 3 as LS has
variable surface charges because of the successive ionization of
sulfonate groups as the pH of the medium increases. At pH 3,
the zeta value of LS is more negative (around −30 mV)
compared to the value for pH 1 (−19 mV), indicating more
deprotonated functional groups (sulfonated groups). At both
pHs, higher concentrations of C3G made the zeta potential
less negative, which means that the negative groups are
unavailable due to the interaction with the positive charges
from the flavylium cation of the anthocyanin (Figure S3b).
This modification was more evident at pH 1 corresponding to
a variation of 83% for the highest concentration of C3G (1000
μM), while for pH 3 the increase of the zeta potential was

Figure 3. (a) 3D EEM fluorescence spectrum of a 0.82 μM LS solution at pH 3. Emission spectra of LS Peak 1 (b) and Peak 2 (d) in the presence
of increasing concentrations of C3G (0.42−4.25 μM) and corresponding Stern−Volmer plots with the quenching and binding constants for C3G
binding to LS (c,e). In plots b and d, the intrinsic fluorescence of C3G is reported as red dotted lines. The measured τ0 value of 1.34 ns was
considered for the calculation of the binding constant.
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around 41%. At pH 3, although the hydrophobic effect was the
major mechanism for C3G-LS complex formation, the
occurrence of electrostatic forces must be considered due to
negative and positive charges in the solution that can interact
and promote the complex formation. It was also detected that
these modifications result from the electrostatic interactions
between C3G and LS and not from a synergic effect by adding
positive charges.
FTIR was used to perform complementary analysis on

functional group modifications in LS molecules on the
complex at pH 3. The data showed that the interactions
with C3G resulted in some intensity variations in the aromatic
region, without showing any shift in the peak positions. In
agreement with literature data,33−35 LS has characteristic
wavenumber and corresponding vibration types (Table S2),
since the most characteristic IR regions of LS are the C�C
aromatic skeletal vibrations around 1500−1650 cm−1, and the
sulfonic acid groups around 1150−1200 and 1030 cm−1

(Figure S5). The intensity ratio between the peaks at 1600−
1650 cm−1 increased in the presence of C3G, suggesting that
the aromatic rings of LS are the most prone to interact with the
anthocyanin molecules through π−π interactions already
mentioned in the ITC results. Furthermore, slight modifica-
tions on the band at 1200 cm−1 characteristic of the sulfonate
group (S�O) suggest possible interactions of this functional
group with the C3G.

3.2.3. Fluorescence Evidence. The formation of the LS-
C3G complex and the conformational changes of LS upon
binding with C3G were followed by fluorescence. One of the
intrinsic features of LS is its autofluorescence, attributed to
fluorophores within the LS structure. While benzene rings,
prevalent in all lignin monomers, largely contribute to
fluorescence emissions, distinct side chains and substitutions
on these rings can alter the emission spectrum, indicating the
presence of multiple fluorescent structures within the lignin
molecule.36 To the best of our knowledge, this is the first study

investigating the quenching mechanism between LS and
phenolic compounds. Similar studies only examined the
binding mechanisms of LS with metal(oid)s, like Fe, Ag, and
Hg.37,38

In all experiments, the chosen concentration of LS (0.82
μM) was in the linear range of concentrations with
fluorescence (Figure S6). The 3D EEM spectrum of LS at
pH 3 (Figure 3 a) revealed the presence of two main peaks:
peak 1 at λex/λem of 315/385 nm, and peak 2 at a lower
excitation wavelength (λex/λem of 285/380 nm). The
fluorescence quenching studies were performed for both
peaks (Figure 3b−e). The interaction between LS and C3G
was highly affected by the solution pH. Probably, because LS
molecules are formed by different ionizable groups, the
increase in the pH can promote the formation of negative
charges responsible for electrostatic repulsion, which expands
the molecule structure and favors the interaction with other
molecules.39 These modifications on the LS structure resulted
in different fluorescence behaviors, since at pH 3, as seen in
Figure 3c,e, was observed a linear Stern−Volmer equation,
while at pH 1 a clear trend was not observed (Figure S7).
Consequently, it was possible to only calculate the Ksv and kq
values at pH 3 (Figure 3e). The KSV values found in this study
were similar to those reported for C3G binding with
proteins.40−42 The higher values of the bimolecular quenching
constant (kq), which could mean a quenching efficiency or
fluorophores’ accessibility to the quencher, compared to the
diffusion-controlled limit (1.0 × 1010 M−1 s−1) suggest an
interaction.23

However, to understand the type of quenching involved in
these interactions, time-resolved fluorescence experiments
were performed using a similar approach to the one taken
for steady-state fluorescence. The complex structure with
random and disorganized linkages as well as branches makes
the fluorescence lifetime of lignin very short in a range of sub-
to nanoseconds. Furthermore, the fluorescence of LS is

Figure 4. Fluorescence components detected in excitation−emission matrices and modeled by PARAFAC analysis of LS sample in the presence of
increasing concentrations of C3G at pH 3 (a) and their relative score in each sample (b); (c) Excitation (dotted lines) and emission (continuous
lines) loadings of each component; (d) Stern−Volmer plots of each component vs C3G concentrations.
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strongly dependent on the biomass nature and the applied
pretreatment.43 In agreement with the literature,44,45 very small
values for the lignin lifetime at both pH 1 and 3 were
measured. While no significant changes in the fluorescence
lifetime (τ) of LS were observed at pH 1 after the interaction
of C3G, at pH 3 there was a slight decrease in the τ value
(Figure S8). These data can help to distinguish between static
quenching at pH 1 and dynamic quenching at pH 3.
In static quenching, a nonfluorescent complex is formed,

where the ratio of the fluorescence lifetimes in the absence and
presence of the quencher (τ0/τ) equals 1, indicating that the
fraction of noncomplexed fluorophores remains unperturbed.
Electrostatic interactions suggested as the driving forces for the
formation of the LS-C3G complex at pH 1 may promote the
binding between the fluorophore and the quencher to form a
nonfluorescent ground−state complex. On the other hand,
collisions between the fluorophore and the quenching agent
induce dynamic quenching, which is characterized by a
decrease in the τ of the excited state.23

All EEM spectra of LS samples at pH 1 and pH 3 measured
in the absence and presence of C3G are shown in Supporting
Information (Figures S9 and S10). Coherently with 2D results,
the addition of C3G affected the fluorescence behavior of LS
only at pH 3. Thus, only the EEM spectra at pH 3 were
analyzed by PARAFAC (Figure 4). Split-half analysis, residual
analysis, and visual inspection identified that three components
were appropriate: C1 (λex/λem 310/360 nm), C2 (λex/λem 330/
390 nm) and C3 (λex/λem 285/315−400 nm) (Figure 4c).
PARAFAC analysis provided additional quantitative in-

formation describing the distribution of the three components
with increasing concentrations of C3G (Figure 4d), showing

that only component 2 was affected by the interaction with
C3G. On the other hand, C1 and C3 did not show any
significant decrease in intensity, highlighting the selectivity of
the C3G interaction with LS.
3.3. Chromatic Characteristics of LS-C3G Complex.

3.3.1. Impact of LS on the Multistate of Species of C3G at
Acidic Conditions. To evaluate the effect of LS in the
multistate of species of C3G, C3G in the presence of LS was
titrated across a pH range of 0 to 6 and the pseudoequilibrium
(pK̂

a) and equilibrium (pK′a) constants were determined. The
UV−visible spectrum of each solution (C3G and C3G with
LS) was recorded after 30 min (pseudoequilibrium) and 1 day
(equilibrium) (Figure 5). This time scale allows for the
establishment of equilibrium between AH+, B, and Cc forms at
pH below ≈5, and Ct formation over a longer period. Up to
pH 6, there is a significant decrease in absorbance at 519 nm,
corresponding to the disappearance of the AH+ species to form
B, Cc, and Ct. Acidity constants were determined from the
graphical representation of the maximum absorbance (519
nm) as a function of the pH. As shown in Figure 5 (insets), the
pK̂

a value closely aligned with pK′a in the absence (Figure
5a,b) or presence of LS (Figure 5c,d) indicating that the
contribution of the trans-chalcone form to the overall
multistate species is below 10% in both cases. In the presence
of LS, both acidity equilibrium constants showed a significative
increase of approximately 1 unit, highlighting the LS role in
stabilizing the AH+ form of C3G.

3.3.2. Determination of LS-C3G Association Constant by
UV−visible Spectroscopy. UV−visible spectroscopy was used
to assess the interaction of C3G with LS. At all the pH values
investigated, a bathochromic shift in the maximum wavelength

Figure 5. UV−vis spectra for C3G in the absence (a,b) and presence (c,d) of lignosulfonates with the respective fitting (insets) for the pseudo
equilibrium (a,c) and equilibrium (b,d), respectively.
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of C3G in the presence of LS was observed. A hypochromic
effect was also detected with increased LS concentrations at
pH 1. This behavior has also been observed with other
macromolecules such as dendrimers46 and curcubit[n]urils.47

Conversely, at pH 3 (Figures 4 and 6b,c), the bathochromic
shift was coupled with an increase in the absorbance intensity
for the maximum wavelength (hyperchromic effect). At these
pH values, the LS polymer interacts with the flavylium cation
and hemiketal present (pKh ≈ 3.5, which means that at pH 3.5
there is 50% of flavylium cation and 50% of other species),
shifting the equilibrium toward the formation of more
flavylium cation. This suggests that the presence of LS reduces
the formation of noncolored species, shifting the equilibrium
toward the formation of the flavylium cation, thus preserving
the red color. However, the color stabilization was more
efficient at pH 3 than pH 4 since the amount of flavylium
cation decreased with increasing pH value (10% at pH 4). The
complex’s apparent association constant (nKa) was determined

by the graphical representation of the maximum absorption
wavelength as a function of LS concentration (Figure 6d). The
results showed a higher binding affinity between LS and C3G
at pH 3 (2.27 × 105 M−1) compared to pH 1 (1.04 × 105

M−1), and pH 4 (6.58 × 104 M−1). When the number of
functional groups in LS (n) available to interact with C3G was
included in the mathematical model to calculate the true values
of the association constant (Ka), the same trend in values and
magnitude difference was found for all three pH values (Table
S3). Experiments over time demonstrated that at pH 1 the
complex forms immediately after LS addition and remains
stable since the C3G is only in the chemical form of flavylium
cation which interacts with LS. At pH 3, the formation of a
stable LS-C3G complex is achieved after 40 min, and in the
first 30 min, it was observed a decrease in the absorbance
(≈8%) until it stabilizes (Figure S11); this behavior was
associated with the presence of different C3G species in

Figure 6. Absorption spectra of free C3G (26 μM, orange line) with successive increases in LS concentrations (gray lines) until a maximum
concentration of 24 μM (red line) at acidic conditions including pH 1 (a), pH 3 (b) and pH 4 (c). The apparent association constants (nKa) are
determined by fitting the results of the graphic representation of absorbance at 510 nm as a function of LS concentration (d).

Figure 7. SWVs of 20 μM C3G (red trace), 8.2 μM LS (yellow trace), and the mixture of the two recorded at pH 1 (a) and pH 3 (b). Insets:
Decrease of C3G anodic peak current with increasing concentrations of LS.
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solution that can interact with LS taking longer time to reach
equilibrium.
3.4. Oxidative Protection OF C3G Through Voltam-

metric Response. The stability of ACNs can be compro-
mised in aerobic conditions because these compounds undergo
oxidation processes, resulting in the formation of colorless or
brown degradation products that reduce the intensity and
change the hue of the pigment.48 Electrochemical studies were
conducted to elucidate the redox behavior and interfacial
properties of the LS-C3G interactions, and to evaluate possible
changes induced by their interaction.
As represented in Figure 7, both LS and C3G showed

oxidative processes during the anodic scan (either at pH 1 or
pH 3), meaning that they can be oxidized at the working
electrode (WE). Due to their polyphenolic nature, LS can be
readily (electro)chemically oxidized. The main electroactive
subunit is a substituted phenylpropane (C9) group, where
methoxyphenol moieties undergo irreversible oxidation to
form quinones (Scheme S1).49,50 C3G has two oxidizable
centers, the catechol group on ring B being more easily
oxidized than the resorcinol group on ring A.51 Consequently,
the observed oxidation peak at E = 610 mV (at pH 1)
corresponds to the oxidation of the catechol moiety, 3′,4′,-
dihydroxyl groups at ring B to the corresponding o-quinone.52

The effect of C3G and LS concentrations on their
voltammetric response was traced from 2−100 and 1−20.5
μM, respectively (Figure S12). A negative deviation of the
anodic peak current response occurred at high concentrations
(insets in Figure S12). At pH 3, this effect was also coupled
with a positive shift of the peak potential. At both pHs, LS
showed a wider and less intense peak compared to C3G,
indicating that electron exchange involves an extensive range of
oxidizable moieties with a wide distribution of overlapping
redox potentials. On the other side, C3G showed higher
anodic currents and a lower peak potential, suggesting that it is
more prone to oxidation compared to LS.53 The formation of a
poorly electroactive film on the electrode surface occurred for
both LS and C3G and was confirmed by the decrease of the
anodic currents with consecutive scans (data not shown),
demonstrating the importance of the WE cleaning procedure.
SWV was also used to evaluate the reaction and complex

formation in the system. The formation of a complex with LS
caused a decrease in the anodic peak current of C3G coupled
with a positive shift of the peak potential of ca. 10 mV (Figure

7). At pH 1 the presence of LS caused a decrease in the C3G
peak current (Ip, −21.5% at the highest LS concentration),
without any clear correlation pattern. On the other side, at pH
3 the Ip decreased linearly with LS concentration (R2 = 0.977)
up to −58.2% at the highest LS concentration. This suggests
that, at pH 3, LS enhances C3G stability by protecting its
oxidizable moieties. Results of LS voltammetric titration by
increasing concentrations of C3G (Figure S13) confirm that
the interaction mechanism is pH-dependent. The electro-
chemical stability of the lignosulfonate−cyanidin complex was
also investigated for 1 h, showing no modification of successive
voltammograms (Figure S14). These results corroborated the
formation of a stable complex that protects C3G oxidative
stability under standard conditions.
3.5. Antioxidant Activity. ACNs are prone to oxidation

under certain conditions, such as oxygen exposure, light, and
pH changes, which limits their stability in food applications.
On the other hand, they are also considered strong
antioxidants, able to neutralize reactive oxygen species
(ROS) and free radicals, contributing to several health benefits
and preventing diseases associated with oxidative stress. Since
electrochemical results demonstrated oxidative protection of
C3G, the effect on its antioxidant activity was also determined.
Figure 8 represents the antioxidant activity expressed in RSA
(%) for C3G and the LS-C3G complex at three different
concentrations for both pH values. These concentrations were
based on the individual behavior of C3G and LS at pH 1 and 3
(Figure S15). The results showed that the LS-C3G complex
had higher antioxidant activity than C3G alone (Figure 8a,b).
Similar to the oxidative response at pH 3, the RSA of C3G
suffered higher modification with the increase of the LS
concentration, which increased by 30% between the lowest and
highest LS concentrations. For pH 1, the RSA of C3G
increased for the first two LS concentrations and remained
constant as LS concentrations increased (Figure 8c).
In conclusion, this work demonstrated that the formation of

the LS-C3G complex occurs spontaneously and is pH-
dependent. At pH 1, the complex forms mainly through
electrostatic interactions and hydrogen bonds, while at pH 3,
hydrophobic effects coupled with electrostatic interactions are
the primary driving forces. The interaction with LS
significantly improves two key physicochemical properties of
C3G: color and antioxidant capacity. A bathochromic shift in
the maximum absorption wavelength of C3G, accompanied by

Figure 8. The antioxidant activity of C3G and the complex LS-C3G at pH 1 (a) and 3 (b), for three different concentrations while keeping the
anthocyanin-biopolymer ratio constant. Variation of the C3G (2.6 μM) antioxidant activity with increasing LS concentrations at both pH.
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a significant increase in absorbance intensity at pH 3 and 4,
enhances the red color. Additionally, the formation of the LS-
C3G complex, particularly at pH 3, reduces the oxidative
degradation of C3G, which is a major limiting factor in the
application of ACNs.
Improving anthocyanin stability is critical for their use in

textiles, cosmetics, and food products. However, it is essential
to consider the practical challenges required in scaling up the
use of the LS-C3G complex in industrial processes.
Lignosulfonates, as byproducts of the paper industry, offer a
cost-effective and sustainable solution. On the other hand,
factors such as structural heterogeneity, variable reactive group
content, impurities, and the presence of sulfur must be
considered when using this type of lignin in real-world
applications. In cosmetics, lignin is commonly used as a natural
antioxidant and UV stabilizer, with a safety profile supported
by its nontoxic and biodegradable properties. Regulatory
approval in cosmetics is often more flexible, requiring proof of
nonirritation and stability. Food-grade lignin must undergo
rigorous safety evaluations, including toxicity tests, allergenicity
assessments, and compliance with food safety standards set by
agencies such as the FDA or EFSA. While lignin holds promise
for both industries, its use in food is subject to more stringent
oversight to ensure consumer safety.
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■ ABBREVIATIONS
LS, lignosulfonates; C3G, cyanidin-3-O-glucoside; ITC,
isothermal titration calorimetry; FTIR, Fourier transform
infrared spectroscopy; CTAB, hexadecyltrimethylammonium
bromide; SWV, square wave voltammograms.
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