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Abstract: Isothermal titration calorimetry (ITC) is a widely used and valuable technique
for studying the binding interactions and the formation and dissociation of molecular
complexes. ITC directly measures the energetics associated with the interactions and allows
for a precise and complete thermodynamic description of association and binding processes,
thereby providing an understanding of the interaction mechanisms. In this review, the role,
practical aspects related to the experimental design and setup, advantages, and challenges
of using ITC to evaluate polyphenol–macromolecule binding are discussed in detail. The
focus is on the possibilities offered by ITC, but at the same time, its limitations are taken
into account, especially in the study of complex biological processes and in the subsequent
reliable determination of thermodynamic parameters. Polyphenols and proteins typically
exhibit exothermic interactions, producing strong signals and distinctive titration curves
that can be fitted by one- or two-site binding models; of course, there are exceptions to
this. Tannins and tannin fractions usually have a high binding stoichiometry and stronger
interactions with proteins than the smaller polyphenols. The driving forces behind these
interactions vary, but in many cases, both hydrogen bonding and hydrophobic interactions
have been reported. The interactions between polyphenols and polysaccharides or lipid
bilayers have been far less studied by ITC in comparison to polyphenol–protein interactions.
ITC could be utilized more extensively to study polyphenol–macromolecule interactions,
as it is an excellent tool for evaluating the thermodynamic parameters of these interactions,
and when used together with other techniques, ITC can also help understand how these
interactions affect bioavailability, food applications, and other uses of polyphenols.

Keywords: association; binding; calorimetry; flavonoid; lipid; molecular flexibility; molecular
size; polysaccharide; protein; tannin; thermodynamic profile

1. Introduction
Polyphenols are an interesting group of plant specialized metabolites, also known as

secondary metabolites, whose interactions with various biological macromolecules have
been studied for decades. They can be classified into flavonoids, stilbenes, lignans, and
tannins including three families of compounds: phlorotannins, proanthocyanidins (PAs,
syn. condensed tannins), and hydrolysable tannins (HTs), which can be further divided into
simple gallic acid derivatives, gallotannins and ellagitannins (ETs); example structures of
which are presented in Figure 1. Polyphenols originate from the shikimate-derived phenyl-
propanoid and/or polyketide pathways, featuring more than one phenolic ring and no
nitrogen-based functional groups in their structures and having promising bioactivities and
positive health benefits [1]. Polyphenols can have interactions with macromolecules of all
kinds, such as well-known associations with proteins [2], carbohydrates [3–6], lipids [7–10],
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and nucleic acids [11]. In living plants, polyphenols and macromolecules are compart-
mentally separated. However, during the processing of plant material, such as in food
and beverage preparation, cell structures break down due to shearing and thermal forces.
This breakdown allows intracellular contents to mix and interact more freely [6]. These
interactions can be complex involving different phenomena, such as adsorption, oxidation,
solubilization, and migration [3,6].
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Figure 1. Examples of polyphenols widely studied for their interactions with biological macro-
molecules: (A) flavan-3-ols with 2R,3S stereochemistry, (B) flavan-3-ols with 2R,3R stereochemistry,
(C) a B-type procyanidin linked by C4–C8 bonds having the degree of polymerization of n + 2,
(D) pentagalloylglucose and (E) tellimagrandin II with the highlighting of the characteristic hexahy-
droxydiphenoyl group for ellagitannins.

There are various methods to study the interactions between polyphenols and biolog-
ical macromolecules [2,3]. For example, non-covalent associations between polyphenols
and proteins have been studied by using (i) direct methods in dilute solutions, for instance,
by isothermal titration calorimetry (ITC), equilibrium dialysis, size exclusion or affinity
chromatography, nuclear magnetic resonance spectroscopy, mass spectrometry, and small
angle scattering techniques for X-ray and neutrons; (ii) precipitation methods, such as
protein precipitation, competitive binding assay, turbidimetry, nephelometry or dynamic
light scattering; (iii) indirect study of the consequences of the interaction on the enzyme
activity as earlier reviewed by Le Bourvellec and Renard [3]. Of these techniques, ITC
is particularly interesting, as it is direct and quantitative, elucidates the thermodynamic
profile of the interaction and can also reveal structural relationships. Generally, ITC is a
widely used technique in different areas of research for studying intermolecular interac-
tions, primarily for interactions between small molecules and biological macromolecules,
such as protein–ligand or metal–ligand interactions [12–14], partition to membranes or
polymer surfactant interactions [15], but recently also for binding interactions between
synthetic polymers and small molecules, ions, or nanoparticles [16]. It can examine the ther-
modynamics of polyphenol–macromolecule interactions, providing insights into binding
processes and affinities (binding constant Ka), stoichiometry, or the number of binding sides
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(n), and thermodynamic parameters, such as enthalpy changes (∆H), binding entropies
(∆S), and the Gibbs free energy of association (∆G). If the measurements are performed
in different temperatures, the change in the heat capacity of the binding process (∆Cp)
can also be calculated [15,17]. As all biomolecular interactions include changes in heat
energies, ITC can offer a comprehensive thermodynamic profile of an interaction process
with benefits including reduced sample amounts and the absence of chemical modification
or labeling requirements. In addition, it tolerates possible precipitation happening during
the interactions and does not limit the size of the interacting species [18]. At its best, it can
produce information about the nature of the driving forces responsible for the binding.

2. Practical Aspects Related to ITC
In general, the principle of ITC is simple: the ligand/polyphenol solution is titrated

stepwise into the sample cell, which is filled with the macromolecule solution, the heat
change caused by each injection is quantified, and after the titration, the heat evolution
is analyzed and data fitted allowing the determination of thermodynamic parameters.
However, the ITC measurements need to be carefully designed in order to minimize
the errors due to incorrect instrument use or conditions, insufficient operator training
or instrument calibration [15,19]. On the whole, an ITC experiment can be divided into
different steps including planning, preparation of the solutions needed, collection of the
raw ITC data together with proper blanks, cleaning of the instrument, correction of the raw
ITC data, and final data fitting and analysis. A typical instrumental design consists of a
calorimeter controlled by a computer (Figure 2A). Traditional instruments were operated
manually, but nowadays the operation can be fully automated, allowing the use of 96-well
plates for sample presentation [20,21]. The operating temperatures can vary between 2
and 80 ◦C, but most often 25 ◦C (room temperature) and 37 ◦C (human body temperature)
are used. The size of sample cell varies; for example, it can be coin-shaped, made from
Hastelloy, with a volume of 200 µL [20], or it can be cylindrical, constructed of gold or
Hastelloy, with a standard volume of 1.0 mL [21].
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exothermic interactions up, and (C) a model binding isotherm having sigmoidal shape fitted with
one-site model where Ka = binding constant, n = number of binding sides, and ∆H = enthalpy change.

The raw data in ITC is the heater power used to maintain the temperature difference
between the sample and reference cells at zero (µcals–1 or µJs–1) [12]. It is obtained as
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a thermogram (Figure 2B), i.e., the experimental profile of injections or the plot of heat
against the injection number, and then transformed into a binding isotherm (Figure 2C), i.e.,
the plot of integral heat changes as a function of molar ratio, by the instrumental software.
The shape of the binding curve depends on the unitless parameter c [22,23]:

c = Ka × [M] × n, (1)

where [M] is the total concentration of the macromolecule in the sample cell. If the binding
is very tight, the c value is high, whereas if the binding is weak, the c value is low. To obtain
a well-defined ITC plot, which allows the determination of thermodynamic parameters, the
c value should be between 1 and 1000 [23]. Recently, Biswas and Tsodikov [24] suggested
that a c value between 5 and 20 is optimal for ITC titration, while Brocker et al. [25] recom-
mended around 40 for state-of-the-art microcalorimeters. Additionally, the concentration of
the ligand should be ten to fifty times higher than the concentration of the binding sites in
the sample cell. Ideally, by the end of the analysis, all binding sites in the sample cell should
be saturated (Figure 2B). Although this cannot always be achieved, and experimental
compromises may be necessary, the importance of careful planning and testing cannot
be overstated.

2.1. Careful Experimental Design and Setup

ITC is a valuable tool for studying the thermodynamics of polyphenol interactions,
providing insights that are difficult to obtain with other techniques. However, successful
ITC experiments require careful design; this is partly due to the nature of the method
as discussed above, but also due to the complexity of the model substances used. In
addition, ITC results are sensitive to experimental conditions used, such as temperature,
pH, and ionic strength [15]. Small changes in these conditions can significantly affect
the binding interactions studied. Typically, ITC measurements are performed in aqueous
buffered solutions with exactly the same buffer composition in both the titration syringe
and the sample cell [16]. The most common buffers for studying polyphenol–protein
interactions include citrate buffer [26–29], phosphate buffer [26] or ammonium acetate
buffer [30,31], whereas for membrane studies, phosphate-buffered saline (PBS) [32] or
sodium phosphate buffer [7] have been used. Citrate/phosphate buffer is common for
polysaccharide interactions [33]. In all cases, the stability of both the polyphenol and
the macromolecule in the buffer used must be carefully studied. For example, when the
stability of HTs was monitored by UPLC-DAD-MS in a 20 mM sodium phosphate buffer
(pH 7), it was noticed that pentagalloylglucose and tellimagrandin II remained stable,
retaining 92% and 90% of their initial concentrations after 10 h of incubation, respectively.
However, vescalagin dissociated so that only 40% was left [7]. Similarly, it has been noticed
that substantial degradation of HTs can happen in PBS [34] and other buffer solutions,
especially with long incubation times and pH > 6 [35]. If the stability of polyphenols in the
buffer is not known, then a safe approach is to dissolve the samples in the buffer solutions
just before each titration.

The role of various parameters, such as the number of injections, injection volume,
and delay between injections, as well as the practical parameters like reference power
and stirring speed, has been thoroughly reviewed by Bastos and Velazquez-Campoy [15].
They also advise that if there is no prior information about the concentrations or injection
volumes to be used, a good starting point is with the titrant concentration in the syringe, i.e.,
the polyphenol, that is 10–20 times higher than the titrant concentration in the sample cell,
i.e., the macromolecule; for example, 200–400 µM in the syringe and 20 µM in the cell [15].
Before the actual ITC measurement, all samples are degassed. The titration syringe and
sample cell need to be carefully filled to avoid introducing air bubbles into the system. In
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order to fill the sample cell, the syringe needle is inserted into the cell so that the tip is just
above the bottom of the cell and the plunger is slowly lowered until the macromolecule
solution appears in the overflow reservoir [22]. Then, the solution is abruptly pumped in
and out of the cell to force out any trapped air bubbles from the cell. Before starting the
titration, ITC needs to equilibrate. Once the signal is stable enough, the titration can begin.

For each interaction, three different background measurements should be made before
the actual interaction titrations: (i) instrument blank, i.e., the titration of buffer into the
buffer; (ii) heat change caused by the dilution of the macromolecule, i.e., the titration of
the buffer into macromolecule; and (iii) heat change caused by the dilution of polyphenol,
i.e., the titration of polyphenol into the buffer [19]. Typically, control experiments of buffer
into buffer and buffer into macromolecule produce very small heat changes and only
the dilution of polyphenols results in significant heat changes that need to be taken into
account in the data analysis, as discussed later. In addition to control experiments, multiple
replicates help to assess reproducible and precise data providing a solid basis for data
processing. All interactions involve heat changes: in endothermic processes, the heat is
absorbed, and in exothermic processes, the heat is released. If there is no binding heat
detected, it is possible that there is no binding or interaction. Most probably, in this case, the
heat change in the binding is just too low, i.e., the binding enthalpy is lower than expected,
and/or the binding affinity is weaker than expected. ITC is less effective for studying
interactions with very low binding affinities and small heat changes. To increase the heat
change per injection, the concentrations of the macromolecule and/or polyphenol need to
be increased. Conversely, the interaction can also be too strong so that all binding sites are
immediately saturated within the first injection and no thermodynamic data are obtained.
Also in this case, the concentrations and conditions need to be adjusted. Possible changes
include decreasing or increasing the injection volume or altering experimental conditions,
such as temperature, buffer composition, or pH of the buffer used.

The purity of the polyphenol samples is crucial for accurate ITC measurements. Impu-
rities, inconsistencies in the sample preparation, or incorrect determination of molecular
weight can lead to misleading results. Some polyphenols, such as flavonoids and HTs, can
be easily isolated from the plant materials as individual pure compounds, in which case
their molecular weight is well-known, and molar concentrations can be used. However, for
oligo- and polymeric PAs, the isolation and purification process is not that straightforward,
and at best, PAs can be purified as well-defined fractions [36] with their molecular weight
estimated based on their mean degree of polymerization [27,37–39]. The concentrations
used should be determined as accurately as possible, especially for polyphenols, as errors
in these values affect the determination of the thermodynamic parameters Ka and ∆H [19].

Cleaning of the sample syringe and cell is crucial for successful titrations. Before each
analysis, it should be verified that the instrument is clean and ready for use. This can be
done by performing a water-into-water titration and/or by using commercially available
test kits, such as the Ca2+/EDTA test [15,40]. Results should always be within specifications;
if not, the instrument is not clean. A carefully tested and optimized cleaning protocol helps
to reduce run-to-run contamination. Insufficient cleaning can lead to difficulties in filling
the sample cell without air bubbles, increased baseline noise, large baseline shifts, large
background heat, inaccurate results, or impossible data fitting. These problems are typically
well troubleshooted in the instrument manuals. However, special attention needs to be paid
to cleaning the sample cell, whose cleanliness cannot be visually checked, especially in the
case of “sticky” tannins. These cleaning conditions or procedures are not typically included
in publications, but I strongly recommend careful routine cleaning after each analysis and
more vigorous cleaning periodically or when the polyphenol or macromolecule studied is
changed. This may involve using strong detergents, such as 20% Contrad 70, combined
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with heating up to 50–70 ◦C and soaking for half an hour or even overnight if needed.
After thorough cleaning, extra care should be paid at the rinsing of the sample cell in order
to remove any detergent residues. Whenever the data does not match expectations, the
cleanliness of the sample cell should be rechecked.

In general, ITC is considered a fast technique, especially with fully automated sys-
tems [20,21]. However, in practice, it can be rather slow due to the long equilibration time
before the titrations, the high number of injections, and the delay between the injections,
making the analysis time for one interaction rather long. For example, the measurement of
the interaction between one specific HT and one specific protein, taking into account all
equilibration times, cleaning, water-into-water titrations, control measurements, and actual
interaction titrations with at least three replicates [29], took two full working days.

2.2. Data Analysis

ITC data analyses are typically performed using software or built-in programs pro-
vided by the instrument manufacturer. However, in theory, the data could be processed
with any scientific data analysis software available for graphing [12,16]. Origin software
(at least versions 2.9, 4.1, 5.0, 6.0 and 7.0), for instance, fits the data collected by nonlinear
least-squares methods [41–43]. The Levenberg–Marquardt algorithm can be employed to
determine the best-fit parameters [44,45]. An important value in this fitting process is the
Chi squared (Chi2 or χ2) value, which the equation is trying to minimize. The χ2 needs
to be smaller than the critical values for the appropriate degrees of freedom; the smaller
the χ2 value, the better the fit. TA Instruments offers NanoAnalyze software, whose use in
data fitting has been presented in detail by Srivastava and Yadav [12], and whose versions,
such as 2.4.1. [28,29] and 3.12.0 [7], have been used for the data analysis of polyphenol
interactions. When using this software, it is also important to check the reliability and
statistics of the modeled data, maintaining a standard deviation of 0.1 and confidence level
of 99% with 1000 trials [12]. However, as Freire et al. [46] have noted “statistical fitting of
the data to a model does not validate the appropriateness of the model”. Therefore, extra
thermodynamic information is often required for a more comprehensive understanding of
complex binding systems and precise binding mechanism.

In the actual data analysis, the raw data are first processed in order to correct the
baseline, integrate the areas of the heat pulses, and normalize for concentration to produce
a binding isotherm of a ∆H vs. molar ratio. In addition, the heat produced from necessary
control measurements needs to be subtracted, such as the heat from dilution. Finally, the
processed data are fitted using an appropriate binding model. The process of data fitting
consists of several steps: (i) testing and selection of the model to be used; (ii) initial guesses
of proper parameters to start the fitting; typically, the default variable minimum and
maximum are useful, but it is important to ensure that there is a sufficiently high maximum
value for stoichiometry, especially in tannin-protein interactions; (iii) the actual fitting and
improvement of the initial values; and (iv) iteration of all steps until there is no further
improvement of the values. If the data fitting is not successful, other possible models
should be tested. If the interaction is weak, it may not be possible to fit that data reliably.

Mathematical models and equations have been devised throughout the decades, and
there are many possible models to fit the data. The most widely used is the multiple sets of
independent binding sites model [22,47]. The simplest model possible is the 1:1 interaction
model, where one ligand molecule binds to one macromolecule. Under ideal conditions,
where the titrand concentration and binding affinity are high enough, the simple 1:1
interaction will show an inflection point in the binding isotherm, and the curve will be
symmetric around that inflection point [15,22]. Any asymmetry detected indicates more
complex interactions, which is characteristic of polyphenol–macromolecule associations.
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The most commonly used models in polyphenol–macromolecule interactions are the models
for one independent set of binding sites (one-site model, also known as single-site model)
and two independent sets of binding sites (two-site model). The one-site model assumes
that all binding sites in the molecules are identical and independent. The two-site model
presupposes that there are two distinct types of binding sites. For a complete explanation
of these models, see [47].

In addition, there can be cases where more than two sets of binding sites or cooperative
interactions are present [31,47,48]. Cooperative interactions, where binding occurs via
sequential filling of binding sites, i.e., the binding of one ligand to a macromolecule affects
the binding affinity of additional ligands, can be studied using the sequential binding
model. This model determines the stepwise binding constants and enthalpy changes for
each binding event [46,49]. The competitive binding model is used when two ligands with
different affinities compete for the same binding site on a macromolecule [41,50]. It helps
in understanding the competitive interactions and determining the binding affinities of
each ligand. Other common models used for data fitting are dissociation and enzyme
kinetics models. The dissociation model is used to study the dissociation of complexes,
providing insights into the stability of the complex and the thermodynamic parameters
associated with the dissociation process [51]. The enzyme kinetics model is used to study
the interactions between enzymes and their substrates or inhibitors, determining kinetic
parameters using either the Michaelis–Menten or Lineweaver–Burk methods [50].

Traditional models often include specific assumptions about binding, such as the num-
ber of binding sites and their interactions. For more complex binding scenarios, standard
models are not sufficient; instead, specific models tailored to the complex interactions in
the experiments may be needed. For an example, an algorithm for nonlinear regression
analysis of a multiple binding site model can model up to four overlapping binding pro-
cesses [45]. Another example is the differential binding model introduced by Herrera and
Winnik [52]. This model uses a general set of model-independent differential equations
to fit ITC data. It starts with a general assumption based on the binding polynomial of
a homotropic binding system, describing the distribution of receptor-containing binding
species in solution. By implicitly differentiating a mass-balance equation expressed in
terms of the binding polynomial, a general set of differential equations is derived, allowing
for unconstrained interactions among the binding sites [52].

In some cases, various binding models yield nearly identical fits to experimental data,
making it challenging to determine which model is correct [53]. Also, the possible statistical
errors in ITC data analysis and their effects on the determination of thermodynamic
parameters must be taken into account, as previously discussed [54,55]. Sometimes, the
measured data cannot be reliably fitted, in which case it may be justified to draw conclusions
qualitatively to avoid overinterpretation of the data. For example, no clear estimates were
obtained for K and n for the binding between sunflower proteins and polar phenolic acid,
i.e., chlorogenic acid [56].

However, the goal is that ITC data fits provide K, n and ∆H, allowing the determination
of ∆G from the binding constant:

∆G = −RTlnK, (2)

where R is the universal gas constant and T is the absolute temperature in Kelvin. Entropy
∆S can be determined based on the second law of thermodynamics at constant temperature
and pressure:

∆G = ∆H − T∆S, (3)
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In general, ∆H values obtained are more reliable than K and ∆S values, which depend
on the mathematical fitting model and experimental conditions used [57]. The ∆H value
can also be visually checked by comparing the value given by the model to the actual
isotherm. In order to use Equation (3), it is essential that the binding is reversible and
that the equilibrium is reached, meaning that the peak returns to the baseline between the
injections [55,58].

3. Polyphenols and Proteins
The application of ITC in studies on polyphenol–macromolecule interactions has been

most popular in protein interactions and particularly in tannin–protein interactions. These
interactions typically produce strong signals and distinctive titration curves [30]. The negative
side is that the interpretation of the data can be challenging if tannins cannot be purified as
single compounds, and, therefore, ITC is performed with plant-based tannin fractions. Model
proteins in these studies have included globular proteins, such as bovine serum albumin
(BSA), which is the most intensively studied model protein [18,26,28–30,59,60], and ribulose-
1,5-biphosphate carboxylase oxygenase (rubisco), which is the major protein in green
plants [59]. Other model proteins include proline-rich gelatin, which has an open random
coil conformation [18,26,29,60], and poly(L-proline) [31]. Examples of the interactions of
gemin A and geraniin with gelatin are presented in Figure 3.
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raw data of (D) geraniin into buffer control titration, (E) geraniin into 10 µM gelatin titration, and
(F) binding isotherm for this interaction [29]. Exothermic reactions are shown up. Figure 3C,F are
reprinted with permission from Ref. [29], Ellagitannins with glucopyranose cores have higher affinities to
proteins than acyclic ellagitannins by isothermal titration calorimetry, Maarit Karonen, Marianne Oraviita,
Irene Mueller-Harvey, Juha-Pekka Salminen, and Rebecca J. Green, Journal of Agricultural and Food
Chemistry 2019, 67 (46), 12730–12740, DOI: 10.1021/acs.jafc.9b04353. Copyright © 2019 American
Chemical Society.

Polyphenol–protein interactions are affected by temperature, pH, solvent composition,
and the concentrations of polyphenols and macromolecules. As mentioned above, blank
experiments of buffer-into-buffer and buffer-into-macromolecule produce very small heat
changes and, typically, only polyphenol-into-buffer titration, i.e., the dilution of polyphe-
nols, results in significant heat changes that need to be taken into account. In the case of
tannins, self-association into aggregates occurs due to their hydrophobicity in the titration
syringe, and during the injections into the sample cell, an endothermic process of deaggre-
gation of tannins happens [27,59,60]. This can be explicitly seen from the thermograms of
tannin-into-buffer titration presented in Figure 3A,D for gemin A and geraniin, respectively.
The extent of deaggregation is inversely dependent on the tannin concentration present in
the sample cell and, therefore, the subsequent injections produce fewer heat changes [60].
In any case, the control data of tannin-into-buffer always needs to be subtracted from the
tannin-into-protein data.

The interaction between polyphenols and proteins is typically exothermic (as seen in
Figure 3B,E), but there are a few exceptions in the literature. For example, the association
between epigallocatechingallate and soy protein isolate exhibited endothermic binding
with ∆H of 206 kJ/mol [61]. The interactions are accompanied by a high number of binding
sites [28,29,59], suggesting that the binding of tannins to proteins could occur via a surface
adsorption mechanism. This leads to the coating of the protein surface and subsequent
changes in the functional properties of proteins, such as hydration and surface proper-
ties [62]. There are two main binding models used for data fitting of polyphenol–protein
interactions: the above mentioned one-site and two-site models [59]. In general, both of
the models fit the thermodynamic data well, as shown in Figure 3C and, therefore, the use
of the simpler one-site binding model can often be justified [28]. However, in some cases,
the two-site model can provide a better fit, indicating primary strong interaction sites and
secondary weak interactions sites with K1 > K2 and n1 < n2 [28,29,59]. Often, the secondary
interactions are much weaker and less specific than the primary ones, as seen in Table 1,
which shows the estimated thermodynamic binding parameters for the interactions be-
tween different polyphenols, mainly tannins, and different proteins. The values cannot be
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directly compared due to the variations in experimental design, conditions, and concentra-
tions of interacting species. For example, the effect of conditions can be seen by comparing
the thermodynamic parameters of oenothein B–BSA and gemin A–BSA interactions fitted
by the two-site model (Table 1). In the earlier study [63], dimeric ETs were titrated into
the sample cell using two titration events, with the syringe being filled within the run to
achieve 48 injections. Whereas in the later study [29], the concentrations of ETs and BSA
were adjusted so that only one titration event was performed without any additional dis-
tractions. Despite these differences, the estimated thermodynamic binding parameters in
Table 1 provide a good overview on the strength and stoichiometry of polyphenol–protein
interactions. They show that interaction between tannins and rubisco or gelatin are stronger
than those with BSA. For example, K1 is 1.7 × 105 and K2 1.1 × 104 for the association
between agrimoniin and gelatin whereas they are 3.6 × 104 and 6.9 × 102, respectively,
for the agrimoniin–BSA interaction obtained by the two-site binding model [29]. As an
exception, epicatechin has not shown any interaction with gelatin, even though it has weak
interactions with BSA [26].

Table 1. Estimated thermodynamic binding parameters (n = stoichiometry, K = equilibrium binding
constant, and ∆H = enthalphy change observed) for interactions between polyphenols and proteins
obtained using different binding models in data fits, for the detailed experimental conditions and
concentrations see the original references. BSA = bovine serum albumin. Tara and sumac tannins
are mainly gallotannins. Chesnut and myrabolan tannins are mostly ellagitannins (ETs). Green
tea polyphenols consist primarily of epicatechin and epigallocatechin and their gallates. Sorghum
tannins are oligomeric and polymeric procyanidins. Grape seed tannins are oligomeric and poly-
meric procyanidins, which can be galloylated. Mimosa tannins contain oligomeric and polymeric
profisetinidins and prorobinetinidins.

Interacting Species n1 K1 (M–1)
∆H1

(kJ mol−1) n2 K2 (M–1)
∆H2

(kJ mol−1) Ref.

Agrimoniin–BSA
(one-site model) 17 1.7 × 104 −24 [29]

Agrimoniin–BSA
(two-site model) 16 3.6 × 104 −18 46 6.9 × 102 −8 [29]

Agrimoniin–gelatin
(one-site model) 20 7.4 × 104 −76 [29]

Agrimoniin–gelatin
(two-site model) 18 1.7 × 105 −65 52 1.1 × 104 −10 [29]

Chestnut tannins–BSA
(one-site model) 18 9.0 × 102 −40 [18]

Chestnut tannins–gelatin
(two-site model) 46 1.5 × 106 −22 32 1.1 × 104 −27 [18]

Epicatechin–BSA 1

(one-site model)
4 2.9 × 102 −37 [26]

Epicatechingallate–poly(L-proline)
(one-site model) 7 8.1 × 104 −33 [31]

Epigallocatechingallate–
poly(L-proline)
(one-site model)

9 3.7 × 104 −25 [31]

Epicatechin tetramer–poly(L-proline)
(one-site model) 6 3.4 × 105 −11 [31]

Gemin A–BSA
(one-site model) 14 1.1 × 104 −45 [29]

Gemin A–BSA
(two-site model) 14 1.6 × 104 −37 30 7.8 × 102 −8 [29]

Gemin A–BSA
(two-site model) 13 1.8 × 106 −47 25 6.3 × 104 −11 [63]



Macromol 2025, 5, 2 11 of 27

Table 1. Cont.

Interacting Species n1 K1 (M–1)
∆H1

(kJ mol−1) n2 K2 (M–1)
∆H2

(kJ mol−1) Ref.

Gemin A–gelatin
(one-site model) 16 4.2 × 105 −81 [29]

Gemin A–gelatin
(two-site model) 15 1.3 × 106 −64 21 4.2 × 104 −17 [29]

Grape seed tannins–BSA
(one-site model) 7 1.5 × 103 −102 [27]

Grape seed tannins–gelatin
(one-site model) 35 3.3 × 105 −38 [27]

Green tea polyhenols–BSA
(one-site model) 19 1.4 × 102 −154 [27]

Green tea polyphenols–gelatin
(one-site model) 71 9.8 × 103 −46 [27]

Lambertianin C–BSA
(one-site model) 11 1.1 × 105 −28 [29]

Lambertianin C–BSA
(two-site model) 11 1.6 × 105 −25 37 3.1 × 103 −3 [29]

Lambertianin C–gelatin
(one-site model) 11 1.5 × 106 −93 [29]

Lambertianin C–gelatin
(two-site model) 11 1.9 × 106 −91 15 2.5 × 102 −22 [29]

Macrocyclic tetrameric ET–BSA
(one-site model) 9 2.7 × 104 −69 [28]

Macrocyclic tetrameric ET–BSA
(two-site model) 9 7.3 × 104 −52 90 1.8 × 102 −19 [28]

Macrocyclic pentameric ET–BSA
(one-site model) 9 2.3 × 104 −80 [28]

Macrocyclic pentameric ET–BSA
(two-site model) 9 7.7 × 104 −56 35 2.6 × 102 −44 [28]

Macrocyclic hexameric ET–BSA
(one-site model) 10 1.7 × 104 −88 [28]

Macrocyclic hexameric ET–BSA
(two-site model) 9 5.6 × 104 −63 59 1.2 × 102 −59 [28]

Macrocyclic heptameric ET–BSA
(one-site model) 10 1.7 × 104 −93 [28]

Macrocyclic heptameric ET–BSA
(two-site model) 9 3.5 × 104 −73 84 1.7 × 102 −27 [28]

Mimosa tannins–BSA
(one-site model) 39 5.9 × 103 −10 [27]

Mimosa tannins–gelatin
(one-site model) 34 8.6 × 104 −35 [27]

Myrabolan tannins–BSA 178 [60]
Myrabolan tannins–BSA

(one-site model) 22 7.0 × 102 −58 [18]

Myrabolan tannins–gelatin
(two-site model) 36 2.2 × 106 −28 39 8.3 × 103 −31 [18]

Oenothein B–BSA
(one-site model) 12 5.7 × 103 −14 [28]

Oenothein B–BSA
(two-site model) 6 9.8 × 103 −14 36 1.1 × 103 −7 [28]

Oenothein B–BSA
(two-site model) 4 6.5 × 105 −21 20 3.3 × 104 −10 [63]

Oenothein A–BSA
(one-site model) 11 7.6 × 103 −45 [28]

Oenothein A–BSA
(two-site model) 11 1.2 × 104 −33 32 3.5 × 102 −9 [28]

Pedunculagin–BSA
(two-site model) 2 4.2 × 104 −11 30 1.1 × 103 −5 [63]
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Table 1. Cont.

Interacting Species n1 K1 (M–1)
∆H1

(kJ mol−1) n2 K2 (M–1)
∆H2

(kJ mol−1) Ref.

Pentagalloylglucose–BSA
(two-site model) 17 2.2 × 105 −38 67 6.0 × 102 −49 [18]

Pentagalloylglucose–BSA
(two-site model) 26 1.8 × 105 −29 26 8.0 × 102 −29 [59]

Pentagalloylglucose–BSA
(one-site model) 26 2.3 × 104 −40 [59]

Pentagalloylglucose–gelatin
(two-site model) 31 2.8 × 105 −47 60 7.5 × 102 −44 [18]

Pentagalloylglucose–rubisco
(two-site model) 204 1.2 × 106 −35 406 3.1 ×104 −20 [59]

Pentagalloylglucose–rubisco
(one-site model) 466 1.3 × 104 −37 [59]

Procyanidin tetramer–BSA
(one-site model) 53 6.3 × 103 −11 [30]

Procyanidin pentamer–BSA
(one-site model) 34 1.0 × 104 −13 [30]

Procyanidin hexamer–BSA
(one-site model) 21 1.7 × 104 −21 [30]

Procyanidin heptamer–BSA
(one-site model) 18 1.1 × 104 −27 [30]

Procyanidin octamer–BSA
(one-site model) 18 1.4 × 104 −24 [30]

Roburin A–BSA
(two-site model) 2 2.3 × 105 −15 16 1.8 × 104 −8 [63]

Roshenin C–gelatin
(one-site model) 30 1.7 × 104 −57 [29]

Roshenin C–gelatin
(two-site model) 24 1.5 × 105 −30 30 4.2 × 104 −57 [29]

Sanguiin H-6–BSA
(one-site model) 19 1.3 × 104 −26 [29]

Sanguiin H-6–BSA
(two-site model) 17 3.5 × 104 −18 94 1.1 × 103 −6 [29]

Sanguiin H-6–gelatin
(one-site model) 17 7.3 × 104 −78 [29]

Sanguiin H-6–gelatin
(two-site model) 16 2.2 × 105 −63 38 4.2 × 104 −12 [29]

Sorghum tannins–BSA
(one-site model) 11 3.3 × 104 −21 [27]

Sorghum tannins–gelatin
(one-site model) 16 2.0 × 106 −60 [27]

Sumac tannins–BSA
(two-site model) 9 1.7 × 105 −30 24 2.2 × 103 −30 [18]

Sumac tannins–gelatin
(two-site model) 35 6.9 × 105 −38 21 4.2 × 102 −49 [18]

Tara tannins–BSA 48 [60]
Tara tannins–BSA
(two-site model) 3 1.0× 104 −33 15 6.8 × 102 −25 [18]

Tara tannins–gelatin
(two-site model) 53 8.0 × 103 −21 58 1.5 × 102 −21 [18]

Tellimagrandin I–BSA
(one-site model) 6 1.8 × 104 −24 [28]

Tellimagrandin I–BSA
(two-site model) 6 2.2 × 104 −20 4 1.8 × 103 −10 [28]

Tellimagrandin I–gelatin
(one-site model) 67 7.6 × 103 −39 [29]

Tellimagrandin I–gelatin
(two-site model) 52 1.8 × 105 −14 120 8.9 × 104 −11 [29]
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Table 1. Cont.

Interacting Species n1 K1 (M–1)
∆H1

(kJ mol−1) n2 K2 (M–1)
∆H2

(kJ mol−1) Ref.

Tellimagrandin II–BSA
(one-site model) 30 7.3 × 103 −37 [29]

Tellimagrandin II–BSA
(two-site model) 29 8.3 × 103 −33 110 3.6 × 101 −28 [29]

Tellimagrandin II–gelatin
(one-site model) 31 7.6 × 104 −59 [29]

Tellimagrandin II–gelatin
(two-site model) 31 8.4 × 104 −56 59 7.1 × 103 −3 [29]

Vescalagin–BSA
(two-site model) 3 5.2 × 104 −8 30 1.1 × 103 −7 [63]

1 The data are shown for the lowest BSA concentration used in the study.

In general, the polyphenol–protein interactions, especially tannin-protein interactions,
exhibit high binding stoichiometries (Table 1). For example, in pentagalloylglucose–BSA
interactions, n1 is 26 for the stronger and more specific binding site and n2 is also 26 for the
second weaker and less specific binding site, indicating that a total of 52 pentagalloylglucose
molecules could be bound to BSA which is consistent with the surface area calculations,
suggesting that BSA 40-120 pentagalloylglucose moieties could be accommodated on the
BSA surface [59]. The molecular size of the polyphenol affects its association with proteins
(Table 1). It can also be seen that the interaction is weak for the flavan-3-ols and increases
as the PA size increases [26,30,31]. The effects of the oligomeric size on the tannin–protein
interactions have been studied by using a series of purified procyanidin oligomers [30]
or oligomeric ETs [28,29]. In the case of procyanidin oligomers, ∆H increased as the
molecular size increased, while the number of binding sites decreased, indicating that
larger procyanidins, having more proton donors, saturate a larger proportion of protein
surface [30]. In the case of ETs, the exact same phenomenon was not observed: ∆H
increased as the oligomer size increased, but the number of binding sites remained the
same [28]. The oligomeric ETs used contained a macrocyclic part, and based on the trends
observed for the ∆H and equilibrium binding constants, it was suggested that first this
macrocyclic part of ET binds to the defined binding sites on the protein surface, while the
so-called flexible tail of the oligomeric ET coats the rest of protein surface [28]. This in turn
highlights the importance of molecular flexibility in addition to molecular size. For ETs,
it has also been noted that acyclic ETs have weaker interactions with proteins than those
with glucopyranose cores, while the presence of free galloyl groups makes the interactions
stronger [29]. In addition, geraniin–gelatin interaction has shown an interesting biphasic
shape of the isotherm, as shown in Figure 3F [29]. Typically, interactions between tannins
and proteins decrease with increasing injections of tannins as the binding sites of the
proteins become saturated, as seen in gemin A–gelatin interactions in Figure 3B. But in the
case of geraniin and gelatin (Figure 3E), the interaction becomes stronger with increasing
injections of geraniin suggesting the initial binding being cooperative, where prebound
geraniin enhances the exothermicity of the interaction [29]. Biphasic binding isotherms
have also been observed in situations where the ligand induces protein oligomerization [64];
so, considering the structure of gelatin, it is plausible that geraniin can modify gelatin’s
secondary structure and facilitate its oligomerization [29]. Cooperativity has also been
reposted also for procyanidin-α-lactalbumin/lysozyme interactions [44]. Moreover, it
has been proposed that cooperative binding is not always due to the changes in protein
structure. Instead, a simpler explanation could be that the initial interaction is driven by a
combination of exothermic hydrogen bonding and endothermic hydrophobic interactions,
while later stages are primarily influenced by exothermic hydrogen bonding [30].
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In addition, an important structural feature of polyphenols seems to be the presence of
galloyl groups. Although interactions are weak for flavan-3-ols, their galloylation enhances
their interactions with proteins [31]. Stronger interactions have also been observed for
ETs with free galloyl groups [29,63]. For tannins, the structural flexibility is important, as
greater conformational flexibility enhances tannin–protein binding [18,59,60]. It is possibly
this flexibility that enables tannins to function more effectively as multidentate ligands and
cross-linkers, as suggested for tara tannins [60].

The thermodynamics of protein associations was reviewed by Ross and Subramanian
over 40 years ago [65], and this review, which has received thousands of citations, is still
widely used to explain the driven forces behind protein interactions. As seen in Figure 4, if
both ∆H and ∆S are negative, hydrogen bonding and van der Waals interactions are the
driving forces. If ∆S is positive, hydrophobic interactions are present. Negative ∆S suggests
enhanced molecular order, which could arise during aggregation, and may also indicate
that hydrogen bonding plays a part in complex formation [26]. The change in ∆G is negative
in spontaneous biomolecular reactions, as observed in several cases of polyphenol–protein
interactions [26,27] and other biomacromolecule interactions [16,66–69]. Both polyphenols
and macromolecules are diverse groups of compounds with complex structures, resulting
in various interactions with different driving forces, making it challenging to interpret
ITC data accurately. Dai et al. [70] has reported spontaneous enthalpy-driven interactions
between PAs and pea proteins, dominated by hydrogen bonding and van der Waals in-
teractions (∆H, ∆S, ∆G < 0). Similar interactions have been reported in the associations
between rice proteins and epigallocatechingallate [71], and gallic acid, a simple phenolic
compound [72]. Previous work by Frazier et al. [27] has shown that interactions between
sorghum or mimosa tannins and BSA are entropically driven (∆S > 0), suggesting the
hydrophobic interactions are dominant in the complex formation, whereas the interaction
with gelatin is enthalpically driven. Spontaneous entropy-driven hydrophobic interactions
have also been reported for catechin and soy protein isolates (∆H, ∆S > 0, ∆G < 0) [73].
Additionally, McRae et al. [74] and Kilmister et al. [30] have shown for the interactions
between cocoa procyanidins and BSA and grapeseed procyanidins and polyproline, respec-
tively, that simultaneous hydrogen bonding and hydrophobic interactions can be present.
This is true not only for tannin mixtures, but also for purified tannins. They emphasized
that if competing endothermic and exothermic components are present, the calculated ∆H
is a sum of two opposite value and, therefore, the calculated ∆S should be treated with
caution [30]. Since ∆H of binding is temperature-dependent for hydrophobic interaction-
driven binding, the hydrophobic interaction can be differentiated from hydrogen bonding
driven interaction by using a range of temperatures in ITC titrations [74]. When discussing
polyphenol interactions, π-π stacking must be mentioned even though it has not been
covered in the context of the ITC studies. This attractive and direct noncovalent interaction
between aromatic moieties plays a role in polyphenol interactions: π-π stacking can occur
intramolecularly or intermolecularly between polyphenols or between polyphenols and
proteins [75–79]. For instance, molecular mechanics and NMR spectroscopic studies on
flavan-3-ols and procyanidin dimers have shown that these polyphenols can adopt confor-
mations that favor π-π stacking, such as the arrangement between the aromatic gallate and
catechol rings of dimeric procyanidin gallates [76]. On the other hand, stacking can occur
between planar phenolic rings and proline rings [77,80,81].
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4. Polyphenols and Polysaccharides
In comparison to polyphenol–protein interactions, ITC has been used much less in

studies on polyphenol–polysaccharide interactions. However, there is an increasing num-
ber of studies in the literature where quantitative thermodynamic information has been
obtained by using ITC, for example, for interactions between polyphenols and cyclodex-
trin [82,83], pectins [33,68,69,84,85], and cellulose [86] (example structures of which are
presented in Figure 5), and wheat starch [87]. In some of the studies discussed below,
tannic acid has been used as a model for polyphenols, presuming its molecular weight
to be 1701 Da and its structure to have an average of 10 esterified galloyl groups, i.e.,
decagalloylglucose. Nevertheless, tannic acid is a mixture of many polyphenols, and its
composition varies according to manufacturer and batch or manufacturing lot [88]. There-
fore, the composition of the tannic acid used and the impurities present should be checked
by LC-DAD or LC-MS for each batch prior to its use in ITC titrations. In discussions and
conclusions, it should be pointed out that the results are not due to the interaction of a
single compound, but of the different compounds in the tannic acid mixtures.

Pectins have the ability to associate with polyphenols in solutions, and these pectin-
polyphenol interactions are interesting, as they affect the sensation of astringency of fruit
juices and wines [3]. Watrelot et al. [33,84] have studied the interactions between pectic
compounds and procyanidins by ITC using commercial apple and citrus pectins, hairy
regions of pectins, rhamnogalacturonans II, arabinogalactan-proteins, and two polymeric
procyanidin fractions with mean degrees of polymerization of 9 (DP9) and 30 (DP30)
and the proportions of epicatechin as monomeric units 88% and 95%, respectively. The
interactions observed are exothermic in nature with binding constants varying from a
low association constant of 62 up to 2.6 × 103 M–1 and reaction enthalpies from −3 to
−67 kJ/mol [33]. In general, the strength of the interactions depends on the structural and
conformational factors of both the tannins and pectins [33,84]. The associations are thought
to be driven by either enthalpy, as in the case of the interaction between hairy regions and
shorted procyanidin oligomers DP9, or entropy, as in case the of the interaction between
rhamnogalacturonan oligomers and higher procyanidin oligomers DP30, or both. This
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indicates that pectic compounds and procyanidins can interact by different mechanisms,
depending on the neutral sugar composition and the structure of pectins [33]. In general,
the associations are slightly stronger for higher procyanidins in DP30 than for smaller
ones in DP9 for commercial apple and citrus pectins [84], but the same was not observed
for modified hairy regions [33]. A higher degree of polymerization has also been found
to enhance the interactions between persimmon PAs and highly methylated pectins [86].
In addition, this interaction was enhanced by the presence of gallate moieties and A-
type linkage in PA structures, but it also depended on the structural and conformational
properties of pectins [85]. The role of arabinan side chains in pectic polysaccharides
has been studied by Fernandes et al. [69], who discovered that linear arabinans have
higher associations with chlorogenic acid, phloridzin, and procyanidins than the branched
arabinans, but concluded that the structure of the whole polysaccharide is more important
than a single part. In general, ITC studies on polyphenol–pectin interactions produce very
classical binding isotherms, where a continuous decrease in the heat released is observed
until the binding sites are fully saturated producing data that can be fitted with classical
fitting models [33,84].
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Figure 5. Model polysaccharides exhibiting associations with polyphenols: (A) cyclodextrins con-
sisting of α-(1→4)-linked cyclic oligosaccharides of which as examples α-cyclodextrin (n = 1) and β-
cyclodextrin (n = 2), (B) pectins, rich in galacturonic acid, of which as an example homogalac-
turonans having the linear chains of α-(1→4)-linked D-galacturonic acid units, and (C) cellulose 
consisting of the linear chains of β-(1→4)-linked D-glucose units, n can vary from a few hundreds 
to many thousands. 

Pectins have the ability to associate with polyphenols in solutions, and these pectin-
polyphenol interactions are interesting, as they affect the sensation of astringency of fruit 
juices and wines [3]. Watrelot et al. [33,84] have studied the interactions between pectic 
compounds and procyanidins by ITC using commercial apple and citrus pectins, hairy 
regions of pectins, rhamnogalacturonans II, arabinogalactan-proteins, and two polymeric 
procyanidin fractions with mean degrees of polymerization of 9 (DP9) and 30 (DP30) and 
the proportions of epicatechin as monomeric units 88% and 95%, respectively. The inter-
actions observed are exothermic in nature with binding constants varying from a low as-
sociation constant of 62 up to 2.6 × 103 M–1 and reaction enthalpies from –3 to –67 kJ/mol 
[33]. In general, the strength of the interactions depends on the structural and conforma-
tional factors of both the tannins and pectins [33,84]. The associations are thought to be 
driven by either enthalpy, as in the case of the interaction between hairy regions and 
shorted procyanidin oligomers DP9, or entropy, as in case the of the interaction between 
rhamnogalacturonan oligomers and higher procyanidin oligomers DP30, or both. This in-
dicates that pectic compounds and procyanidins can interact by different mechanisms, 
depending on the neutral sugar composition and the structure of pectins [33]. In general, 
the associations are slightly stronger for higher procyanidins in DP30 than for smaller 
ones in DP9 for commercial apple and citrus pectins [84], but the same was not observed 
for modified hairy regions [33]. A higher degree of polymerization has also been found to 
enhance the interactions between persimmon PAs and highly methylated pectins [86]. In 
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Fernandes et al. [68] has studied the interactions between anthocyanins and four
different citrus pectic fractions by using cyanidin-3-O-glucoside as a model. The binding
was the strongest between cyanidin-3-O-glucoside and low methyl esterified fractions (30%
homogalacturonans, Ka = 2.5 × 104 M–1) and decreased in the following order: amidated
homogalacturonans (Ka = 4.2 × 103 M–1) > high methyl esterified fractions (70% random
homogalacturonans, Ka = 1.3 × 103 M–1) > high methylated esterified pectic fractions with
70% blockwise homogalacturonans (Ka = 6.2 × 102 M–1) obtained at pH 3.4 by the one-site
binding model [68]. The interaction between anthocyanins and pectic polysaccharides is
even more complex than with other polyphenols, as the exact structure of anthocyanin
is pH-dependent: the flavylium cation is the predominant species at very acidic pH and
at increasing pH, other species, such as quinoidal base and chalcone are formed [89]. For
anthocyanin–pectin interactions determined at pH 3.4, electrostatic interactions might be
an important mechanism, as positively charged flavylium cations and negatively charged
pectic polysaccharides are present [68]. This observation for charged anthocyanins con-
trasts with those obtained, for example, for persimmon PAs and pectins, where cooperative
hydrogen bonding and hydrophobic interactions are present, but electrostatic interactions
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play no role [85]. Koh et al. [90] has studied the binding kinetics of anthocyanins with the
water- and chelator-soluble pectin fractions of blueberry using Langmuir isotherms. They
observed a fourfold stronger association with the more linear and more negatively charged
homogalacturonan region of chelator-soluble pectins compared to the more branched,
neutral-sugar-rich water-soluble pectins. The reported interaction mechanisms included
hydrogen bonding, hydrophobic interactions, electrostatic interactions, and π-π stack-
ing, depending on the pH [57,90]. The potential for π-π stacking increases under acidic
conditions as anthocyanin structure transforms from non-planar to planar [90].

The interactions between tannic acid and wheat starch have shown an interesting
binding isotherm exhibiting a three-step binding process, which cannot be fitted with
classical fitting models [87]. In this binding process, the heat released first corresponds
to the formation of soluble complexes via the associations between the compounds in
tannic acid mixture and starch molecules. In the second step, the compounds in tannic
acid mixture interact both with the complexes formed in the first stage and the free starch
molecules, resulting in heat from both interaction and aggregation. Finally, the compounds
in tannic acid act as linkers between two or more soluble complexes, generating larger
insoluble complexes and even precipitation [87]. The concentration of wheat starch and
the mass ratio of tannic acid to wheat starch were found to have substantial effects on
the interaction. A similar stepped binding process has been reported for glucomannons:
the binding between tannic acid and konjac glucomannon occurs via two stages: first the
soluble complex is formed and then the aggregation takes place [91]. In this study, the
raw ITC data needed to be corrected for the heat from the dilution of both tannic acid
and glucomannon, but due to the complexity of the binding isotherm, the thermodynamic
parameters could not be determined with the mathematical models available. Qualitatively,
the associations were found to be affected by the molecular weight of glucomannon, and
the pH and temperature used [91].

Another perspective on polyphenol–polysaccharide interactions is to use cell wall
materials as model substances. For example, cell walls and procyanidins have been isolated
from the plant materials to study cell wall polysaccharide–procyanidin interactions [92,93].
When cell walls are used as macromolecules, their concentration can be calculated, for
example, as uronic acid [92] or galacturonic acid [93] acid equivalents. In general, these
polyphenol-cell wall polysaccharide interactions are exothermic and produce classical
thermograms, where the heat changes decrease as the procyanidin concentration increases,
leading to the saturation of all binding sites [92,93]. The procyanidin-cell wall polysaccha-
ride associations are strong with Ka > 104 M–1 [93], but not as strong as those presented for
procyanidin–protein interactions in Table 1. Typically, the associations between cell walls
and procyanidinprocyanidins involve both hydrogen bonds and hydrophobic interactions,
as shown for pear procyanidins [92]. It has also been noticed that overripening affects the
interactions, causing changes either in procyanidin or cell walls compositions, as procyani-
din adsorption increases with ripening, and highly polymerized procyanidin are more
selectively adsorbed by cell walls [92]. In addition to the previously mentioned interactions,
the associations between soluble methylcellulose and epigallocatechingallate or tannic
acid mixtures have also been reported to be similarly strong, exothermic, enthalpy driven,
and mediated by hydrogen bonding and hydrophobic interactions [86,94]. In general, the
interactions and the driving forces described above for polyphenols and polysaccharides
are similar to those described for polyphenols and proteins in Section 3, i.e., exothermic
and including hydrogen bonding and hydrophobic interactions.

In relation to direct polyphenol–polysaccharide interactions, there are also ITC studies
on the effects of polyphenols on the cellulases, i.e., the enzymes that can degrade cellulose
in plants. da Silva et al. [95] have studied the interaction between polyphenols and β-
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glucosidases using tannic acid as a model, and they found the binding to be exothermic
with ∆H < 0 and ∆S < 0. The binding was relative strong, with binding constants in the order
of 104 M–1, including hydrogen bonding but also increased hydrophobic interactions, which
might be related to the release of structured water molecules from the hydrophobic surface
of tannic acid [95]. Additionally, the effect of non-ionic surfactants on the interactions
between cellulases and tannic acid has been studied by measuring their mutual interactions
by ITC [96].

5. Polyphenols and Lipids
In comparison to polyphenol–protein/polysaccharide interactions, ITC has so far

been rarely used for the studies on polyphenol–lipid interactions. However, it has been
used for various interactions of model lipids with other lipids [97], proteins [42,66,98–100],
peptides [101–104], metals [105,106], or surfactants [107]. The low popularity of ITC in
polyphenol–lipid studies might be explained by the use of differential scanning calorimetry
(DSC) for lipid membranes [108–115]. DSC measures the heat capacity of a solution as a
function of temperature and allows the determination of thermodynamic properties of
thermally induced transition [116,117]. Based on their characteristics, these two techniques,
ITC and DSC, could be more widely used as complementary tools to provide a more
comprehensive description of the thermodynamics and structure–function relationships
of polyphenol–lipid interactions [117]. The model lipids studied for their polyphenol
interaction are typically phospholipid membranes that self-assemble into bilayers in aque-
ous environments [118]; for example, 1-palmitoyl-2-oleoylphosphatidylcholine (POPC)
presented in Figure 6. There are different types of liposomes, the most common ones being
unilamellar and multilamellar vesicles (Figures 6B and 6C, respectively). Unilamellar
vesicles can be made from multilamellar vesicles, for example, by sonication or extru-
sion methods. Methods for the preparation of liposomes have been reviewed in detail
elsewhere [119,120].

In the few articles currently available in the literature, polyphenol–lipid interactions
have been found to be rather strong and exothermic. For example, the effects of persimmon
PAs on biomembrane raft domains were studied by using synthetic rafts liposomes con-
sisting of POPC, 1-palmitoyl-2-oleoylphosphatidylethanolamine (POPE), sphingomyelin
(SPM), and cholesterol (CHOL) in a 1:1:1:2 molar ratio [9]. The results showed that inter-
actions between persimmon PAs and liposomes were driven by both hydrogen bonding
(∆H was small, i.e., −0.85 kJ/mol, but negative) and hydrophobic interactions (∆S > 0),
and the binding was strong (K was 5.78 × 105 M–1) [32]. Similarly, resveratrol showed a
strong association with phosphatidylcholine membranes consisting of POPC, 1-palmitoyl-
2-docosahexaenoylphosphatidylcholine (PDPC), and POPC/PDPC in a 2:1 ratio (mol/mol)
bilayers present as large unilamellar vesicle suspensions [121]. In general, the interactions
were exothermic, and the strength of resveratrol to PDPC (1.0 × 105 M–1) was an order of
magnitude higher than for resveratrol-POPC association (0.1 × 105 M–1). Stoichiometries
increased with PDPC content and were 0.5, 1.0 and 1.3 for POPC, POPC/PDPC (2:1) and
PDPC, with enthalphy changes of −6.6, −5.9 and −4.6 kJ/mol, respectively [121].

Interactions of different HTs have been studied by ITC by using biomimetic lipid
vesicles made from Escherichia coli lipid extract [7]. In this study, quantitative data were
not obtained due to the lack of sigmoidal curves, but HTs were qualitative classified as
(i) monomers with weak affinity for lipids: corilagin, isostrictinin, strictinin, pedunculagin,
vescalagin, geraniin, chebulagic acid, chebulinic acid, and punicalagin; (ii) monomers with
high affinity for lipids: trigalloylglucose, tellimagrandin I, tetragalloylglucose, casuarictin,
tellimagrandin II, and pentagalloylglucose; (iii) dimers and trimers having high affinity for
lipids: oenothein B, rugosin E, agrimoniin, sanguiin H-6, gemin A, rugosin D, oenothein A,
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lambertianin C, and rugosin G [7]. Based on structural evaluations, the most important
factors for stronger interactions were the presence of free galloyl moieties, overall structural
flexibility, hydrophobicity of HT, and molecular size. However, it was noticed that hy-
drophobic structure alone does not guarantee an affinity for lipids, as geraniin, chebulagic
acid, and chebulinic acid, did not show any detectable interactions with the lipid vesicles [7].
The observed values for ∆H varied more widely than the observed values for persimmon
tannins and resveratrol above, i.e., from −80 to 0 kJ/mol of injectant and was at the same
level as those observed for polyphenol–protein interactions (Table 1). The strongest interac-
tions with lipids were observed for rugosins D and G, which are dimeric and trimeric ETs
having five and seven free galloyl groups in their structures, respectively [7].
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Figure 6. (A) 1-palmitoyl-2-oleoylphosphatidylcholine as an example of a model lipid studied for its
interaction with polyphenols, (B) unilamellar vesicle consisting of a single phospholipid bilayer, and
(C) multilamellar vesicle consisting of many phospholipid bilayers. The vesicles differ in scale, yet
they serve as structural examples.

In addition to direct polyphenol–lipid interactions, the inhibitory effects of PAs isolated
from unripe banana pulp on the cholesterol esterase, i.e., the glycoprotein belonging to
the lipase/esterase family and catalyzing the conversion of ingested cholesterol esters into
free cholesterol, have been studied [122]. The interaction was found to be exothermic, with
a relatively strong non-covalent association with Ka of 4.44 × 104 M–1 and n of 1.12. The
thermodynamic parameters ∆H, ∆G < 0, and ∆S > 0 indicated the binding to be spontaneous
and hydrogen bonding and hydrophobic interactions the driven forces.

6. Impact on Bioavailability, Food, and Other Applications
The interactions between polyphenols and macromolecules, especially proteins and

polysaccharides, impact their bioavailability, food applications, and other uses. These
interactions are, therefore, of significant importance in the fields of food chemistry and pro-
cessing, functional food ingredients, and human nutrition. Food processing methods, such
as heat treatment and acidic conditions, affect the formation polyphenol–macromolecule
complexes in plant-based food systems. Consequently, they influence the quantities
of polyphenols present in the final products and their bioavailability, as reviewed else-
where [57,123,124]. ITC could be used more extensively when the influence of both the
polyphenol and macromolecule structures need to be determined in the development
of functional foods or nutraceuticals so that the health benefits of polyphenols could be
maximized. For example, Pripp et al. [125] has studied the interactions between phenolic
compounds in olive oil and various food proteins, such as sodium caseinate (present in
many fabricated foods), BSA, β-lactoglobulin, and gelatin, and their implications for bitter-
ness perception. The phenolic compounds in olive oil had less heat impact when binding
to proteins compared to tannic acid. However, the binding characteristics still allowed
for an approximate prediction of how much food protein is needed to noticeably reduce
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bitterness in foods containing olive oil [125]. Another example is the possibility to use plant-
based polyphenol–protein complexes to form and stabilize oil-in-water emulsions [70].
Grape seed PAs and pea proteins helped stabilize oil-in-water emulsions mainly through
hydrogen bonding. These complexes slightly lowered the isoelectric point, thermostability,
and salt stability of the emulsion, but improved its storage stability compared to using
pea proteins alone [70]. With complex sample matrices, other analytical methods are typ-
ically needed to support the ITC data. Such complementary techniques used alongside
with ITC include, for example, DSC [45,56,99,119,126], dynamic light scattering techniques
(DLS) [67,85,87,91,126], turbidity measurements [59,67,69,87,91,127], transmission electron
microcopy (TEM) [63,85,86,91,99], X-ray photoelectron spectroscopy [87], scanning electron
microscopy (SEM) [32,87,93], and rheological experiments [87,94].

Polyphenol–protein interactions have many biological effects and consequences on
their activity and availability [124]. The interaction between tannins and proteins plays a
role in both tanning effect and haze formations, contributing to the sensory properties, such
as the bitterness and astringency experienced while enjoying beverages and food prod-
ucts [125]. The affinity between tannins and proteins, especially with the salivary proteins
in the oral cavity, is believed to give them the astringent character recognized in tannin-rich
foods, such as fruits, and beverages like apple juice, cider, beer, or wine [1,128,129]. This
interaction might also be linked to the health benefits of polyphenols and their stability and
absorption in the human body [123]. Polyphenol–protein interaction also impacts protein
structure and quality, as well as the digestion of proteins and enzyme activity [124]. The
bioactivities of polyphenol are influenced by these interactions, with both positive and
negative effects reported, as reviewed elsewhere [124]. Additionally, they affect the deliv-
ery of polyphenols to the lower parts of the gastrointestinal tract; for example, thermally
induced protein–epigallocatechingallate complexes have been called protective nanovehi-
cles for epigallocatechingallate [124,130,131]. The interactions between polyphenols and
polysaccharides affect the bioavailability and bioaccessibility of polyphenols [124]. This
depends on how polyphenols are released from these associations. The interaction of
polysaccharides with polyphenol–protein complexes also plays a role. For example, dietary
carbohydrates are known to affect the interaction between procyanidin dimer B3 and
trypsin by disrupting the aggregates formed [132]. Polyphenol–polysaccharide interactions
can also influence the delivery of polyphenols to the lower parts of the gastrointestinal
tract [124]. Microencapsulation of polyphenols into coating materials is an interesting appli-
cation of this, for example, green tea catechins have been encapsulated using maltodextrin
as a coating material [124,133]. The interactions between tannins and polysaccharides be-
come significant during the food processing or chewing, or digestion as mentioned above,
but also the loss of astringency in the ripening process of some fruits can be explained
by polyphenol–polysaccharide interactions, as previously implied [134,135]. The affinity
of polyphenols for lipid bilayers can impact their biological activity and usability. For
example, the biological activities of highly polymerized and highly galloylated persimmon
PAs correlated positively with their alterations on the cell membrane morphology and flu-
idity [65]. These results indicate that ITC could be used more to study the polyphenol–lipid
interactions in health implications, such as absorption in the digestive track and interaction
with cell membranes, in emulsions, and lipid-based delivery systems in food application,
or in cosmetics to enhance the stability and efficacy of polyphenol-based formulations.

In order to take all interactions into account, the use of ternary ITC systems with three
interacting components sounds attractive, as demonstrated in previous works by Houtman
et al. [136] and Cotrina et al. [137]. However, the challenges might be that the system
and experimental design can be highly sensitive to experimental conditions, the data are
even more complex, the presence of multiple binding sites and potential cooperativity, and
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the choice of appropriate mathematical models to fit the data. On the other hand, as the
methods evolve, research possibilities will also improve. These advancements include,
for example, continuous injection ITC [138,139], freely accessible ITC web calculators
(e.g., [140]), and the combination of ITC with molecular modeling, molecular dynamics
simulations, and machine learning methods [141–143].

7. Conclusions
ITC is an excellent tool for determining the thermodynamic parameters of polyphenol–

macromolecule interactions. These interactions of polyphenols with different macro-
molecules, such as proteins, polysaccharide, and lipids, naturally depend on the studied
polyphenol, the structure of the macromolecule and the conditions used. However, there
are many similarities, such as the driving forces; often, both the hydrogen bonding and the
hydrophobic interactions are present. Important structural features of polyphenols seem to
be the flexibility, the number of galloyl groups and the size of the molecule or the degree of
polymerization. In general, the polyphenol–macromolecule interactions are strong, which
increases the reliability of data fits and the determination of the thermodynamic parameters.
However, adjusting the experimental conditions and concentrations used can sometimes be
challenging, and sigmoidal isotherm may not be achieved. In such cases, it might be better
to interpret the results qualitatively rather than overinterpreting uncertain fitted data. In
conclusion, the studies on the interactions between polyphenols and macromolecules using
ITC have provided valuable insights into the thermodynamics and mechanisms of these
interactions, with implications for their biochemistry, food applications, and other uses.
However, challenges in understanding the exact mechanisms and addressing the effects on
bioavailability and nutritional quality remain to be overcome.
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