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ABSTRACT

Anthocyanidins and anthocyanins are flavonoids with nutritional, antioxidative and color properties that
are present in various food products and biomass, such as food waste. The large chemical diversity
amongst these molecules potentially leads to different affinities or activities in food and non-food appli-
cations. In order to characterize the extraction profile, advanced analytical techniques along with opti-
mized separation procedures are required. Alternatively, theoretical tools can be applied for predicting
the solubility or binding affinity of molecules in various reaction media. In this paper, the solubility of
anthocyanidins and anthocyanins was analyzed by various theoretical tools such as group contribution
methods (e.g., Hansen solubility parameters and Flory-Huggins interaction parameter (¥ 2)) and molec-
ular modeling (e.g., static calculations based on Density Functional Theory (DFT) and COSMO-RS). It was
found that COSMO-RS was able to give quantitative information on the solubility behavior within various
pure solvents and it is able to describe the main intermolecular interactions between colorant and sol-
vent, while Hansen solubility parameters were most appropriate to find the most optimal organic sol-
vent-water mixture ratio. In general, solvents with electron-rich aromatic rings and/or containing
electron donors, acting as hydrogen bond acceptors, showed the highest solubilizing power for antho-
cyanidins and anthocyanins.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Anthocyanins belong to the most colorful group amongst flavo-
noids and are responsible for red till bluish colors in most flowers,
higher plants, fruit and vegetables. The large chemical diversity
amongst these dyes leads to compound specific properties such
as color, stability toward external conditions (pH and temperature)
and antioxidant activity. The variety of substitution patterns on the
B-ring lead to six frequently occurring anthocyanidins (ACDs), i.e.
cyanidin (Cy), delphinidin (Dp), malvidin (Mv), pelargonidin (Pg),
peonidin (Pn) and petunidin (Pt) (Fig. 1). ACDs can also be found
in their glycoside form (bonded to a sugar moiety) and are called
anthocyanins (ACNs) [1]. The most stable form of ACNs, the flavy-
lium cation, appears between pH 1 till 3 and displays the red color.
Increasing the pH leads to isomerization via kinetic or thermody-

* Corresponding author.
E-mail address: Steven.DeMeester@UGent.be (S. De Meester).

https://doi.org/10.1016/j.molliq.2022.118606
0167-7322/© 2022 Elsevier B.V. All rights reserved.

namic pathways. The former induces a subsequent deprotonation
of the flavylium cation yielding purple-bluish neutral, monoan-
ionic and dianionic quinoidal bases, while the latter results into
light-yellow chalcone isomers as a consequence of the nucleophilic
attack of a water molecule at the Cy-position of the flavylium
cation [2,3,4,5].

Currently, several food products containing anthocyanins are
frequently processed leading to a vast amount of by-products gen-
erated by fruit and vegetable processing industries, such as pomace
during production of fruit juices or wine. Typically, anthocyanins
are present within the outer layers (skin/peel) of fruit and vegeta-
bles. Those parts usually form the base of the pomace and are ideal
sources for extraction to obtain these high added-value bioactive
compounds. Next to their bioactivity, these molecules can also be
applied as food colorants or in non-food applications such as phar-
maceuticals, cosmetics, textiles and dye sensitized solar cells
(DSSC) [6]. ACDs and ACNs are known to be beneficial for human
health due to their antioxidant activities, but also have various
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Fig. 1. The molecular structure and substitution pattern of anthocyanidins (ACDs) and anthocyanins (ACNs).

therapeutic benefits such as cardioprotective, neuroprotective,
anti-inflammatory, and anticarcinogenic properties [7]. For all
these applications, a potential source of these molecules is solid
biomass residues.

ACDs and ACNs are hydrophilic molecules, thus in essence,
water will suffice for a simple extraction to avoid remaining traces
of potentially hazardous solvent in the extraction residue, but the
yield is sometimes limited [8]. To maximize the extraction yield,
organic solvents such as ethanol, methanol or acetone are com-

monly used, either pure, or as aqueous mixtures [5]. Hidalgo and

Almajano (2017) [9] listed different extraction procedures along
with the solvent composition for red fruits. Fig. S1 showed that
pure solvents and aqueous mixtures containing 50, 70 and 80 vol
% (v[v) of organic solvent are favored. The most preferable organic
solvent across the different studies is ethanol (54.3%) followed by
methanol (31.4%) and acetone (14.3%). A methanolic extraction
from grape pulp is 20% and 73% more efficient compared to ethanol
and water, respectively, but is less suitable for applications within
the food industry due to the methanol toxicity [5]. In 30% of the
cases the extraction solvent was acidified such as hydrochloric acid
(HQ1), formic acid or acetic acid. Acidification of the extract comes
with several gains: maintaining a low pH (<3.0) to secure stability
and structural consistency, disrupting cell walls to increase acces-
sibility of polyphenolic compounds and solvent transport, and
inhibiting enzymes that catalyze polyphenol decomposition [8].
The amount of ACDs and ACNs extracted is then typically
expressed as an equivalent of one specific anthocyanin rather than
compound specific concentrations (Table 1), as analytical tech-
niques to assess individual molecules within this group is difficult.
Only a couple of studies investigated the solvent dependency on
the ACN composition (Table 2). The overview within Tables 1
and 2 showed mixed trends in terms of most effective organic sol-
vent between acetone, ethanol and methanol. It is noticed that a
higher fraction of organic solvent within aqueous mixtures does
not necessarily result into a higher extraction yield. Heffels et al.
(2015) [10] revealed that individual ACNs behave differently with
different extraction methods. In blueberries, it was found that del-
phinidin (Dp) and malvidin (Mv) are largely affected by the vari-
ability of solvent and method used due to the highest polarity
and highest abundance, respectively. All other aglycones seem
more robust against method variability. It must be stressed that
next to the extraction procedure, also the composition and concen-
trations of ACNs within fruits and vegetables depend on the grow-
ing condition, ripeness, variety or cultivar, genotype, horticultural
studies, geographic location, postharvest storage conditions, pro-
cessing method (machinery and/or techniques) [4]. This makes
comparisons between studies more difficult. Next to that, various

Table 1

The influence of solvent selection on the total anthocyanin content investigated by
some studies. The content is usually expressed as cyanidin-3-glucoside (Cy3Glc)
equivalents (EtOH: ethanol and MeOH: methanol).

Material Solvent Total anthocyanin Ref.
content
% mg Cy3Glc/g FW,
b: mg Cy3Glc/g DW
Red cabbage leaves®  Water/HCl: 99:1 0.56 [13]
EtOH/Water/HCl: 0.66
20:79:1
EtOH/Water/HCl: 0.69
40:59:1
EtOH/Water/HCl: 0.77
50:49:1
EtOH/Water/HCl: 0.71
60:39:1
EtOH/Water/HCl: 0.64
80:19:1
Purple corn (Zea Water 6.80 [14]
mays L.)°
Water + 0.01% HCI 6.00
Ethanol + 0.01% HCI 1.40
70% Acetone 9.80
Black currant® 39% Ethanol + acetic 12.76 [15]
acid
67% Ethanol + acetic 13.33
acid
95% Ethanol + acetic 12.87
acid
Sweet cherries® Water + 0.1% HCl 1.70 [16]
Ethanol + 0.1% HCI 2.44
Methanol + 0.1% HCl 249
Purple mashua Water + 0.1% HCI 6.75 [17]

(Tropaeolum

tuberosum)®
10% MeOH + 0.1% HCl 6.45
50% MeOH + 0.1% HCl 7.30
90% MeOH + 0.1% HCI 8.00
90% EtOH + 0.1% HCl 6.35
90% Acetone + 0.1% HCl 7.45
MeOH/Acetone/Water 7.35
(45/45/10) + 0.1% HCl

compounds, which interact and/or stabilize anthocyanins, are co-
extracted. These compounds could be monosaccharides (e.g., glu-
cose, fructose, saccharose), polysaccharides (e.g., pectin), phenolic
acids, tannins, stilbenes, lignans, non-anthocyanin flavonoids such
as flavonols and flavanols, and minerals [11]. It is known that cell
wall polysaccharides such as pectin interact with anthocyanins by
means of hydrophobic forces and hydrogen bonds. An efficient cell
wall degradation will lead to an increased extraction yield of those
bound anthocyanins [12].
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Table 2
A summary of studies in which the solvent dependency on the ACN composition is investigated on the individual concentration level (EtOH: ethanol and MeOH: methanol).
Material Solvent ACNs
Cy3Glc Dp3Glc Mv3Glc Pg3Glc Pn3Glc Pt3Glc

Grape skin extract® [18] Water + 0.1% HCI 1.34 6.86 14.68 - 331 8.26
60% EtOH + 0.1% HCI 1.64 7.65 18.05 - 411 9.38
60% MeOH + 0.1% HCl 1.58 8.22 20.56 - 494 9.52
MeOH/Acetone/Water/HCl: 40:40:20:0.1 1.74 7.73 15.81 - 3.35 717
70% MeOH + 7% acetic acid 1.52 7.96 19.2 - 3.78 9.08
70% MeOH + 0.1% TFA 1.58 8.34 19.74 - 3.91 9.46

Bilberry® [10] MeOH/Water/Acetic acid 20:75:5 4.39 3.70 3.32 - 2.48 295
MeOH/Water/Acetic acid 80:15:5 4,51 4,53 4,03 - 2.75 3.50

Lowbush blueberry® [10] MeOH/Water/Acetic acid 20:75:5 0.27 0.25 0.79 - 0.23 0.36
MeOH/Water/Acetic acid 80:15:5 0.34 0.57 0.86 - 0.25 0.57

Cranberry® [10] MeOH/Water/Acetic acid 20:75:5 0.029 - - - 0.074 -
MeOH/Water/Acetic acid 80:15:5 0.019 - - - 0.045 -

Cy3Gal Mv3Ara Mv3Glc Mv3Gal Pn3Glc Pn3Ara

Blueberry® [19] 60% Acetone 0.12 - 0.092 0.21 0.043 0.021
70% Acetone 0.14 - 0.11 0.26 0.059 0.035
80% Acetone 0.13 - 0.10 0.24 - 0.027
60% EtOH 0.067 - 0.062 0.16 0.026 0.018
70% EtOH 0.062 - 0.067 0.16 0.028 0.014
80% EtOH 0.064 - - 0.019 0.012 0.098
60% MeOH - - 0.012 0.020 0.012 0.28
70% MeOH 0.082 0.057 - 0.015 0.32 0.11
80% MeOH 0.063 - 0.056 0.0043 0.26 0.019

¢ : mg/g DW,
b

Very little systematic information is available on the effect of
solvent type on the subtype of ACDs and ACNs that are extracted.
Knowing this is important, for example toward assessing the bioac-
tivity of extracts. ACDs have a higher Oxygen Radical Absorbance
Capacity (ORAC) value compared to ACN, which is ascribed to the
unstable aglycone resulting in a higher reactivity. Very specific
ACDs or ACNs play a selective role in combating enemy cells or cur-
ing infections [20]. Therefore, a compound-specific extraction
could be performed to maximize the yield of one particular com-
pound, compared to total anthocyanin content. However, the char-
acterization and quantification of each individual anthocyanin
would require a matrix clean-up, complete separation and identi-
fication by means of high advanced analytical methods such as
HPLC-DAD-MS/MS. Besides that, a calibration curve is required
for each compound requiring expensive analytical standards,
which are not always commercially available [21].

Theoretical tools, are frequently applied for predicting the solu-
bility or binding affinity of drugs and additives and developing for-
mulations. Common tools are phase-solubility studies,
quantitative-structure property relationships [22], Hansen solubil-
ity parameter calculations via group contribution method [23,24],
Flory-Huggins interaction parameter (%i2) [24], conductor-like
screening model for real solvents (COSMO-RS), COSMO segment
activity coefficient model (COSMO-SAC) [25], etc. In molecular
modeling, solvation energies could be obtained via static calcula-
tions using an implicit solvation model or a more computationally
expensive explicit solvation model by means of molecular dynam-
ics in combination with the Free Energy Perturbation (FEP)
method. The latter provides a better accuracy with errors in the
range of —1 to 5.4 kJ] mol~! compared to experimental data
[26,27]. The error with implicit solvation (PCM) for polar organic
molecules goes beyond 13 k] mol~! as the following phenomena
are still challenging to be determined: hydrogen bonds, solvent
entropy and non-electrostatic solvent effects for aprotic solvents
[27]. These models could be applied on the extraction process of
ACDs and ACNs to predict which solvent would be most effective
toward which molecule. Yet, these models have different grades
of complexity, and there is no literature available that assesses
which model would be preferred for this purpose.

: mg/g FW, TFA: trifluoroacetic acid, Ara: arabinoside, Gal: galactoside and Glc: glucoside.

In this context, this paper aims at using and comparing theoret-
ical tools toward predicting the outcome of a solvent on the extrac-
tion process. For this purpose, the solubilities of 8 ACDs (i.e.,
cyanidin (Cy), delphinidin (Dp), malvidin (Mv), pelargonidin (Pg),
peonidin (Pn) and petunidin (Pt)) and 2 deoxyanthocyanidins: api-
genidin (Ap) and luteolindin (Lt)) and the 3-glycoside ACN form of
the 6 main ACDs were screened toward their solubility in 30 sol-
vents (Table S1) with the most common predictive models toward
solubility [22], being the Hansen solubility parameters, Flory-
Huggins interaction parameter (j2), static calculations based on
Density Functional Theory and the COSMO-RS hybrid solvent
model (Fig. 2). The results obtained from the various theoretical
tools were matched against experimental ACDs- and ACNSs-
containing extract profiles in water and binary aqueous mixtures
from literature. Additionally, the solubilities of glucose and pectin,
representing monosaccharides and cell wall polysaccharides, were
investigated. The best theoretical tool can be used as a benchmark
for compound-specific extractions to direct the applications’
demands.

2. Materials and methods
2.1. Group contribution methods

2.1.1. Hansen solubility parameters (HSP)

The solubility of a compound in a solvent can be predicted via
various solubility theories such as Hildebrand and Scott, Burrell
and Hansen. Hildebrand introduced the solubility parameter (3)
as the square root of the cohesive energy density (CED). The CED
equals to the energy required to vaporize a mole of liquid per unit
volume. The main shortcoming of this solubility parameter is the
lack of describing polar and hydrogen bonding interactions. This
is largely solved by accounting for the individual contributions
for the calculation of the total energy of vaporization [24]. One of
the most widely used approach to calculate the solubility of drugs,
solvents, polymers, oils and surfactants is the Hansen solubility
parameters (HSP) [28]. The affinity between a solute and solvent
is described by three types of interactions and thus, three partial



K. Phan, Elias Van Den Broeck, K. Raes et al.

Journal of Molecular Liquids 351 (2022) 118606

i F,
5[1 - EV d,
- Hansen ¥ F2
solubility 8= W )
parameters Vi n
E
Grou S Z;, L
contribution *
methods
- Flory-Huggins interaction _ 2 2 2 _ VmAiz2  a >0.5:immiscibility
” parameter X1,2 A12= (Ban= Bas) +025(8pa = 8ps)” +025(8ha~ Sns)” = X12 RT ™ <0.5: miscibility
Anthocyanidins
& anthocyanins
G - Density Functional Theory
B3LYP/6-311++G(d,p) - AGs
SMD solvation model
© Molecular
=) modeling

- COSMO-RS
B3LYP/6-311++G(d,p)
COSMO solvation model

- t

Experimental - Differential Scanning
Calorimetry (DSC)

AG,, OH,, T, &AC,

Fig. 2. Summary of the four applied theoretical tools required for predicting the solubility behaviour of anthocyanidins (ACDs) and anthocyanins (ACNs).

solubility parameters: dispersion (34), polar (8,) and hydrogen
bonding (3,). The individual HSPs were calculated based on the
group contribution method of Hoftyzer and Van-Krevelen [23]:

3 :ZV'—HF:’ (1)
(%)
b=t —y— 2)

op =

where i represents the structural moiety within the molecule, Fy,
and F,, are the total group contributions for dispersion (J'? cm®*-
mol-1y and polar (J'2 cm3? mo-1), respectively, E, represents the
group contribution to the hydrogen bonding energy (] mole™!) and
Vp, is the molar volume of the molecule (cm® mole™).

The solubility parameter distance R, in the Hansen space gives a
qualitative view for the miscibility between solute and solvent
(Fig. 3). The smaller R,, the higher the miscibility between the
two compounds of interest [24].

(Ra)* = 4(dap — 0as)” + (3pa — Ips)* + (Ona — Ons)’ 4)

where 5; 4 and &;s (MPa'/?) are the i component of ACDs/ACNs and
solvent, respectively.

2.1.2. Flory-Huggins interaction parameter ()12)

The Flory-Huggins “chi” parameter () has been used for many
years to define polymer blends. The > interaction parameter,
derived from the New Flory theory, is the successor of the -
parameter and currently the standard for describing solute-
solution behavior. This dimensionless parameter allows estima-
tions where HSPs are known, but 7, not. Hereby, the nonpolar
Hildebrand solubility parameter for calculating ., is slightly
modified by including HSPs containing polar and hydrogen bond-
ing interactions, given by A, (MPa) [24]:

A = (844 — d4s)” +0.25(8pn — 3ps)* + 0.25(0pa — Ops)’ (5)

with 34, 8, and &y, are dispersive, polar and hydrogen bonding solu-
bility parameters calculated according to equations 1-3, respec-
tively. This yields the following expression for calculating x15:

VA
Xi2 = n;le,Z (6)

with V., the molar volume of solvent (m?/mol), R the gas constant
(J/mol-K) and T the temperature (K). The lower the 7 1,-value, the
better the miscibility between two compounds. More specifically,
X12-values < 0.5 indicate miscibility, while 7y 1,-values > 0.5 show
immiscibility.

2.2. Molecular modeling

2.2.1. Density Functional Theory: Static calculations

Continuum solvation models such as PCM, COSMO or SMD are
cost-effective methods for describing the electrostatic interaction
between solute and solvent. Hereby, solvents are represented as
a dielectric medium [26]. The dielectric constant (€) has the biggest
influence next to other solvent descriptors in the SMD implicit sol-
vation model. All calculations were performed with Gaussian 16
[29] using density functional theory (DFT). Conformational analy-
ses and frequency calculations were performed to find the absolute
minimum for each ACD and ACN [30]. This was performed with the
B3LYP [31,32] functional along with the 6-311++G(d,p) basis set,
which has already proven its reliability in describing organic sys-
tems [33]. SMD is applied as implicit solvation model as this yields
the most accurate solvation energies, but still comes with a mean
unsigned error of 18.6 k] mol~! in solvation free energies for ions
with B3LYP/6-31G* [34]. The solvation energies were calculated
in the following ways:

AC"s,small = Gsolﬂent - Ggas (7)

with G the free energy of the solute within the respective sol-
vent and gas phase. This equation would only be suitable for small
rigid molecules for which thermal contributions, derived from
nuclear motion of the system, to the solute Gibbs free Energy are
very similar in both gas and solution phase [35]. In systems where
solvent-induced changes in thermal motions and the conversion of
gas phase rotation to liquid phase librations are significant to the
molecular structure, thermal corrections (G™™) are explicitly
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Fig. 3. Hansen solubility parameters (84, 5, and 3y,) of the selected solvents (blue dots labelled as S1-S30), ACDs (magenta dots labelled as A1-A8) and ACNs (red dots labelled
as A9-A14). The smaller the distance R, (MPa'/?), the more likely the solvent will solubilize the ACDs or ACNs. Additional data are illustrated and tabulated in the supporting

information (Fig. S3, Tables S3-S6).

taken into account and the calculated Gibbs free energy of solva-
tion is more accurate [36]. Next to that, G,es represents the non-
electrostatic contributions such as cavitation and dispersion-
repulsion interactions [35].

therm

therm
AGs,large = Esolution — Egas + Gsalution Gga5 + Gnes (8)

where Egoution and Egy, represent the solute electronic energies of
the optimized geometries in solution and gas, respectively. Until
now, researchers are able to parametrize hydration energies for
neutral molecules, which match the experimental values, though
elaboration to ionic compounds is more challenging [37].

2.2.2. Conductor-like screening model for realistic solvent (COSMO-RS)
This hybrid solvation model is based on conductor-like screen-

ing model (COSMO) calculations, introduced by Klamt (1995) [38]
and is mostly applied for solubility prediction of drugs or formula-
tions [39]. A COSMO-RS calculation starts with the COSMO implicit
solvation model in which the molecule is surrounded by an infinite
dielectric medium (perfect conductor). Afterward, the molecular

surface of the molecule is divided arbitrarily into segments for
which the charge density of each surface element (o) are calcu-
lated in this perfect conductor. Once the averaged value of o,
has been obtained for each segment m, the probability p(c) is
obtained of finding a given segment with a specified charge density
multiplied with the entire surface area of the molecule (p(G)A)).
The molecular interactions between solute and liquid are obtained
by the statistical averaging of local pair wise interactions of surface
segments. The COSMO files for ACDs, ACNs, glucose and pectin
were generated by Gaussian 16 and processed with Biovia Cos-
motherm 20.0.0 (Dassault Systémes).

The accuracy for COSMO-RS calculations in determining the sol-
ubility for solid compounds can be increased by including experi-
mental input about the phase change of the compounds from
solid to liquid. The most important thermodynamic parameters
are the free energy of fusion AGg,s, the enthalpy of fusion (AHgys)
and the melting temperature (T,,) and the change in heat capacity
(ACp). These thermodynamic parameters can be obtained via Dif-
ferential Scanning Calorimetry (DSC) (vide infra). The free energy
change at constant temperature is described:



K. Phan, Elias Van Den Broeck, K. Raes et al.

AG = AH — TAS. 9)

Since at melting temperature, melting and crystallization pro-
cesses are in equilibrium AG equals zero. As such

m = ASfus . (10)
which yields:
AH
AGps = AHps — T (11)

T

The mole fraction solubility is calculated based on the free
energy difference:

(:upure - U — AGfus)

In (x;) = =-2ue e = (12)

With ppyre and ps representing the chemical potentials of the
pure compound and the compound in solution, respectively; R
the gas constant and T the temperature. The aforementioned
chemical potentials can be derived by COSMO-RS. The reported
COSMO-RS values are relative molar solubility values (log Sgs with
[Sks] = mol L) obtained after conversion of the mole fraction sol-
ubility values (In xs) via the molar volume of the solution. Overall,
COSMO-RS is able to obtain solvation free energies in pure and sol-
vent mixtures and avoid the more lengthy explicit solvent treat-
ments. However, this model makes use of approximate
parameters for nonelectrostatic contributions from cavitation, dis-
persion and repulsion, that were designed for neutral compounds,
but recent developments show promising results for ionic liquids
and electrolytes [40].

2.3. Experimental section

2.3.1. Reagents

Analytical standards of apigeninidin chloride (>97%), cyanidin
chloride (>96%), delphinidin chloride (>97%), luteolinidin chloride
(>95%), malvidin chloride (>97%), pelargonidin chloride (>97%),
peonidin chloride (>97%), petunidin chloride (>95%), cyanidin-3-
O-glucoside chloride (>96%), delphinidin-3-O-glucoside chloride
(>95%), malvidin-3-O-glucoside chloride (>95%), pelargonidin-3-
O-glucoside chloride (>95%), peonidin-3-O-glucoside chloride
(>95%) and petunidin-3-O-glucoside chloride (>95%) were
obtained from Extrasynthese (Genay, France).

2.3.2. Differential scanning calorimetry for COSMO-RS input

In order to obtain the melting properties of 14 ACDs and ACNs
(AHsus, T and AG,), Differential scanning calorimetry (DSC) mea-
surements were performed with the DSC 204 F1 system
(NETZSCH). Samples of 2-4 mg were weighted in an aluminum
crucible (25 uL) and subsequently sealed. The samples were heated
from room temperature (25 °C) up to 400 °C at a heating rate of
10 °C min~! under constant flow of nitrogen, 20 mL min~'. The
thermograms were analyzed with NETZSCH Proteus Thermal Anal-
ysis (8.0.2) software to obtain the melting properties and are used
as experimental input for COSMO-RS (Table S2 and Fig. S2).

2.3.3. Statistical analysis

The one-way analysis of variance (ANOVA) was carried out to
investigate the added-value of the organic solvent of interest to
the solubility compared to water. The significance level (o) for
the statistical analyses is 0.05. The p-values obtained lower than
0.05 are regarded as significantly different. All statistical analyses
were performed with SPSS Statistics Version 25 (IBM) software.
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3. Results and discussion

3.1. Hansen solubility parameters and Flory-Huggins interaction
parameter (¥ 12)

HSPs commonly display the smallest distances (R,) for solvents
that are most likely to solvate ACDs and ACNs (Figs. 3, S3 and
Tables S3-S6). The following distances are average values per sub-
class of ACDs and ACNs (R, avg); 1,2-ethanediol (R, avg = 20.88), m-
cresol (22.41), benzylalcohol (22.64) dimethylsulfoxide (DMSO)
(22.92) and ethanol (24.23) are the preferred solvents for ACDs
by applying the group contribution method. 1,2-ethanediol (R,
avg = 19.68) is also the best solvent for ACNs followed by DMSO
(22.84), m-cresol (23.23), benzylalcohol (23.46) and ethanol
(23.85). It is clear that the most optimal solvents for ACN extrac-
tion put forward by the HSP method show a high structural resem-
blance with the natural dyes (i.e., aromatic rings and hydroxy
groups). As this group contribution method is based on the struc-
tural fragments within a molecule, there are shortcomings for
describing complex molecules wherein hydrogen bonds or electro-
static interactions occur [41]. The yi2-values showed more polar
solvents (i.e., alcohols) rather than aromatic solvents compared
to HSPs. This model recommends water; 1,2-ethanediol; methanol,
ethanol or DMSO as the five most optimal solvents for both ACDs
(12 = 1.54, 2.54, 2.67, 3.59 and 3.90, respectively) and ACNs
(x12 = 1.22, 2.18, 2.36, 3.40 and 3.80, respectively), known their
hydrophilic nature (Fig. S4 and Tables S7-S8). It can be noticed that
all these y12-values are higher than 0.5. This trend corresponds to

the 7 12-values obtained from Hong et al. (2015) [42]. These % 12-
values technically indicates immiscibility.

3.2. Density functional theory: Static calculations

The static calculations based on Gibbs free energies of solvation
for small rigid molecules (AGs sman, €quation (7)) recommend alco-
hols: methanol (AG,yg s sman = —251.03 K] mol~1) > ethanol (—249.
42 k] mol~!) > 2-propanol (—248.15 k] mol~!) > 1-propanol (—246.
20 k] mol™') > 1-butanol (—242.48 k] mol~!) for the eight ACDs
(Fig. S5 and Tables S9-S13). Again, the given solvation energies
are average values per subclass of ACDs and ACNs. The ranking
for ACNs does not differ much compared to ACDs with methanol
(—310.95 k] mol™!) and ethanol (—308.54 k] mol~!) being most
efficient solvents, followed by water (—305.07 k] mol™!), 2-
propanol (—302.36 k] mol~!) and 1-propanol (—302.04 k] mol~?).
The occurrence of water in the list confirms that additional
hydroxy groups from the glucose moiety allows a better stabiliza-
tion in water. The calculated Gibbs free energies of solvation also
displayed smaller values for ACNs compared to ACDs with an extra
60 k] mol~! stabilizing energy in favor of ACNs for alcohols.

When thermal contributions and nonelectrostatic components
are included for the Gibbs free energies of solvation (AGsarge,
equation (8)), solvents with electron-rich aromatics appear as most
optimal solvents in the case of ACDs: benzaldehyde AG,ygssman =
—252.97 k] mol™!') > acetone (—251.88 k] mol~!) > acetonitrile
(—251.67 k] mol~!) > quinoline (—251.62 k] mol~') > acetophenone
(—246.36 k] mol™!) (Fig. S6 and Tables $14-517). For ACNs, the sol-
ubilizing power is as follows: acetone (—298.19 kJ mol~!) > 2-
propanol (-294.48 k] mol~') > benzaldehyde (—293.41 k] mol ) >-
ethanol (—291.93 k] mol~!) > acetonitrile (—290.09 k] mol~!). Ace-
tonitrile is an aprotic solvent, but contains m-electrons, which are
also able to interact with the ACDs or ACNs m-systems. The solva-
tion energies obtained from the calculations for the five most opti-
mal solvents are all situated within a range of 10 k] mol~".
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3.3. Conductor-like screening model for realistic solvent (COSMO-RS)

The most optimal solvents according to COSMO-RS, expressed
as the relative molar solubility values (log Sgs with [Sgs] = mol L
!, for solubilizing ACDs are: tetrahydrofuran (THF) (10g Saygrs = 1
5.30) > quinoline (14.79) > DMSO (14.73) > diethylether (14.51) >
1,4-dioxane (14.42) and for ACNs: DMSO (17.53) > 1,4-dioxane
(16.29) > tetrahydrofuran (15.93) > quinoline (15.50) > diethylether
(13.52) (Fig. S7 and Tables S18-S19). These results can be described
as a combination of the results obtained with HSP and the static
calculations. This can be ascribed to the fact that a COSMO-RS cal-
culations starts with the COSMO implicit solvation model, but
combined with the post-processing method of breaking down the
molecular surface into infinitesimal charge density areas, which
leans more toward the HSP method. More remarkably is the
absence of any alcohol solvents for both natural dye subclasses.
The selected alcohols (Table S1) only showed an average log Sgs
values of 9.98 and 11.22 for ACDs and ACNs, respectively. This indi-
cates that the ACDs and ACNs would be about 5.32 and 6.32 times
less soluble (log Sgs difference), respectively, compared to the best
solvent from the screening (ACDs: THF and ACNs: DMSO). It can be
noticed that these most optimal solvents are solely hydrogen bond
acceptors and cannot act as hydrogen bond donors.

The aforementioned conclusion can be validated by superim-
posing c-profiles of the solvents and ACDs or ACNs. Fig. 4A com-
pares the o-profiles of Cy and Cy3Glc based on the results
obtained via the relative solubility screening (log Sgs). The differ-
ence in o-profiles between Cy and Cy3Glc is the higher intensity
at both ends of the c-profile. This can be ascribed to the presence
of four additional hydroxy groups and ether functionality of the
glucose moiety, which offers more hydrogen bonding sites. The
profiles also showed the hydrogen acceptor ability (¢ > 0.0081
e/A2) of the optimal solvents, i.e. lone electron pairs of oxygen or
nitrogen that serve as electron donors, which improves the hydro-
gen bonding between solvent and dye. Furthermore, the hydropho-
bic part of the solvents’ o-profiles also showed good overlap with
Cy’s profile.

When the c-profiles were evaluated by using the normalized
“sigma match similarity” method [39], the highest similarity val-
ues with ACDs were found for m-cresol (0.104) > n-butylacetate
(0.0874) > benzylalcohol (0.0835) > acetophenone (0.0819) > benzal
dehyde (0.0775) and for ACNs: DMSO (0.0711) > 1,2-ethanediol (0.
0672) > 2-methoxyethanol (0.0477) > dioxane (0.0350) > water
(0.0331). Fig. 4B-C illustrate the o-profiles of the five best solvents
based on the degree of similarity with the Cy and Cy3Glc c-pro-
files. It shows that the most optimal solvents for dissolving Cy
are mainly based on hydrophobic interactions via electron rich aro-
matic systems; and hydrogen bonds. In the case of Cy3Glc, solvents
with both electron donor (c > 0.0081 e/A2?) and electron acceptor
(o < 0.0081 e/A?) abilities are highly ranked such as 1,2-
ethanediol, 2-methoxyethanol and water. Based on the ‘“sigma
match similarity” method, the results correlate closer to HSPs
and follows the “like dissolves like” principle, but the highest sol-
ubility values are still obtained via the relative molar solubility
method (log Sgs).

3.4. Comparison of the different theoretical tools for ACDs and ACNs
extraction

In Table 3, the most promising solvents for ACDs and ACNs as
predicted by the different models are shown. After evaluating four
predictive models (HSP, 2, DFT and COSMO-RS), it can be con-
cluded that the different models predict different optimal solvents.
Both group contribution methods (HSP and 7 1,) displayed similar
reoccurring solvents such as 1,2-ethanediol, ethanol and DMSO,
but the 1,-values also showed water as the best solvent for ACDs
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Fig. 4. Superimposed c-profiles of Cy and Cy3Glc with the five most optimal
solvents based on log Sgs (A) or c-profile similarity (B, C). o-values higher than
0.0081 e/A? show electron donor abilities, G-values below 0.0081 e/A%) show
electron acceptor abilities and values in between indicate hydrophobic interactions.

and ACNs extraction. The latter contradicts the observed experi-
mental trend that adding organic solvents improve the antho-

cyanin solubility. Hong et al. (2015) [42] have found a good
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Table 3
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The comparison of the five most interesting solvents for anthocyanidins and anthocyanins evaluated by the various predictive models (Figs. S3-S7).

Anthocyanidins (ACDs)

HSP A12 AGs,small AGs,large COSMO-RS
Ethylene glycol Water Methanol Benzaldehyde Tetrahydrofuran
m-Cresol Glycol Ethanol Acetone Quinoline
Benzylalcohol Methanol 2-propanol Acetonitrile Dimethylsulfoxide
Dimethylsulfoxide Ethanol 1-propanol Quinoline Diethylether
Ethanol Dimethylsulfoxide 1-butanol Acetophenone 1,4-dioxane
Anthocyanins (ACNs)
HSP A1z Gs sman Gs large COSMO-RS
Ethylene glycol Water Methanol Acetone Dimethylsulfoxide
Dimethylsulfoxide Glycol Ethanol 2-propanol 1,4-dioxane
m-Cresol Methanol Water Benzaldehyde Tetrahydrofuran
Benzylalcohol Ethanol 2-propanol Ethanol Quinoline
Ethanol Dimethylsulfoxide 1-propanol Acetonitrile Diethylether

correlation between the chromaticity analyses of Gardenia extracts,
which contain crocin, and the 71, parameter. A higher color absor-
bance was observed for smaller 7 ,-values. However, these -
values ranged from 1.74 to 5.62 for the studied solvents, which
technically indicates immiscibility. This questions the relevance
of this method to non-polymer solutions. Solvation free energies
based on DFT calculations favor alcohols and electron rich systems
(e.g., aromatic rings and acetonitrile), while COSMO-RS recom-
mends solvents with solely hydrogen bond acceptor abilities such
as DMSO and ethers. COSMO-RS has shown a higher accuracy for
solubility calculations on pure molecules compared to HSP and
has been successfully applied for the solubility prediction of flavo-
noids in a wide variety of ionic liquids [43,44]. Therefore, further
in-depth analyses of individual ACDs and ACNs solubilities
obtained with COSMO-RS were carried out.

Fig. 5 focuses on the types of ACD and ACN extracted with
water, the three traditional organic solvents and the most recom-
mended solvents according to COSMO-RS. DMSO is predicted as
ideal solvent for extracting Cy3Glc, but for Mv THF would be more
recommended. From the traditional organic solvents, acetone is a
better solvent in general to solubilize both ACDs (log Sayg,

Pg

Pn

Pt

Pt3Glc

N M -1
[S ]=molL

Lt

rs = 11.60) and ACNs (12.51). The difference between ethanol
and methanol lies in the fact that the former shows a 3-fold higher
average solubility value (Sgs) for ACDs, while the latter is a better
solvent for solubilizing ACNs with a 33% higher Sgs-value (Table 4).

This confirms the results of Ju and Howard (2003) [18], who found
that extraction of ACNs with methanol is 10% and 30% more effec-

tive than ethanol and water, respectively; and Metivier et al.

(1980) [45] who obtained a 20% and 73% more effective ACNs
extraction with methanol compared to ethanol and water, respec-
tively. The solubility gap between the organic solvents acetone (F
(1,26) = 72.691, p < 0.001), ethanol (F(1,26) = 45.714, p < 0.001)
and methanol (F(1,26) = 39.934, p < 0.001) with water is already
significant (Fig. 5). This extends even more for the most optimal
solvents compared to the traditional organic solvents. However,
from the five most optimal solvents, only DMSO would be viable
in ACDs and ACNs extraction according to the GSK and CHEM21
solvent selection guides, which rank the solvent according to envi-
ronmental, health and safety issues [46,47]. DMSO has a boiling
point of 189 °C, which is not attractive in terms of solvent recovery.
Within aqueous solutions, three-stage distillation technology has
been applied for DMSO recovery, but it is very energy-intensive

Dp3Glc
Solvent
Water
Mv3Glc e [Methanol
Ethanol
» Acetone
1,4-dioxane

@ Diethylether

Dimethyl sulfoxide (DMSO)
Quinoline

@ Tetrahydrofuran (THF)

Pn3Glc

Fig. 5. The anthocyanin profiles, obtained via COSMO-RS, in terms of log Sgs between the five most optimal solvents and the traditional solvents (methanol, ethanol and

acetone) used in anthocyanin extraction.
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Table 4
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The selectivity between the glycoside-aglycone pairs in terms of solubility ratios obtained with COSMO-RS. The figures represent the number of times a glycoside is more soluble

compared to the aglycone in a selection of solvents, with Dp and Dp3Glc as exception.

Solubility ratio DMSO Ethanol Methanol Acetone Water
10g(Srs cy3cic/Srs.cy) 3.20 1.95 2.50 1.31 3.67
10g(Sgs,0p/Srs,pp3aic) 0.91 1.73 1.21 1.57 0.47
10g(Srs,Mv3cic/Srs.mv) 2.03 0.83 1.39 033 2.63
log(Sgs,pg3cic/Srs,pg) 3.22 1.89 249 1.34 4.01
10g(Srs pn3Gic/Srs,pn) 1.44 2.05 2.59 1.48 3.90
10g(Srspt3cic/Srs,pt) 2.38 0.81 1.36 0.23 247

as the majority of water needs to be evaporated. Selective adsorp-
tion to hydrophobic metal-organic frameworks is a potential alter-
native pathway [18]. Furthermore, the residue after extraction may
not be suitable anymore for animal feed without intensive strip-
ping. The CHEM21 solvent selection guide also allows the evalua-
tion of less common solvents that are derived from
lignocellulosic biomass (e.g., 2-methyl-tetrahydrofuran, cyrene,
etc.) or natural sources (e.g., limonene from citrus waste) [47].

Table 4 illustrates the selectivity, displayed in Fig. 5, between
the glycoside-aglycone pairs within these traditional solvents and
DMSO. It shows that the highest selectivity can be obtained with
pure water and DMSO. The glycosides of Cy, Mv, Pg, Pn, Pt are at
least 2.47 times more soluble in water compared to the aglycones.
These ratios are smaller for acetone, ethanol and methanol. Only
the solubility ratio of Dp is smaller in water compared to ethanol.
The claim in literature about higher solubilities for ACDs in alco-
hols than ACNs (glucosides) and the latter being highly soluble in
water is valid for all ACDs and ACNs except for the pair Dp and
Dp3Glc [20]. This underlines again the significant role of the glu-
cose moiety in the solvation process via hydrogen bonds.

In literature, the polarity of ACDs and ACNs, based on retention
order within reverse phase chromatography, show a decreasing
trend in the order of Dp, Cy, Pt, Pg, Pn, and Mv [48]. In the case
of ACDs, this correlates most closely with the solubility values pre-
dicted with COSMO-RS. The number of hydroxy groups on the B-
ring has clearly got the highest impact on the solubility (Dp: 3
OH groups, Cy: 2 OH groups and Pg: 1 OH group). Pt, having 2
OH groups and 1 methoxy group showed higher water solubility
than the 3-deoxyanthocyanidins (Ap and Lt). The increasing num-
ber of methoxy groups on the B-ring is unfavorable for water sol-
ubility. The polarity trend for ACNs can be more closely
described by the solvation energies for large molecules (AGs jarge)
than the COSMO-RS model.

3.5. Binary mixtures

Mixed solvents play important roles in chemical syntheses and
in extractions. Their change in polarity and Brensted acidity and
basicity can be decisive in the extraction outcome [40]. However,
mixed solvents are difficult to describe as a homogenous medium
in implicit solvation models. The preferential solvation behavior,
which represents the complex ordering of co-solvents near the
solute, is still challenging to include in implicit solvation model
for polar or ionic compounds. Hybrid solvation models such as
COSMO-RS are closest to describe mixed solvents without the need
of an explicit solvent model which requires a higher degree of
parametrization and are computationally more costly [40]. As pre-
viously mentioned, acetone, ethanol and methanol are the main
organic solvents applied for ACDs and ACNs extraction in litera-
ture. Fig. S1 shows that pure organic solvents or aqueous mixtures
containing 50, 70 and 80 vol% of organic solvent are mostly
applied. However, higher fractions of organic solvent do not guar-
antee higher ACN content (Tables 1-2). Fig. 6A illustrates the rela-
tive solubility values of ACDs and ACNs for the aforementioned

ratios, determined with COSMO-RS, in acetone-water, ethanol-
water and methanol-water mixtures. The solubility in binary mix-
tures follows the same trend compared to pure solvents:
acetone > methanol > ethanol. A detailed look on the ACDs and
ACNs profile for acetone-water mixtures shows that for Cy3Glc,
Dp3Glc, Pg3Glc, Pn3Glc and Pt3Glc pure acetone performs more
inefficient compared to an aqueous mixture of 90% v/v acetone
(Fig. 6A and section S8 of Supporting Information). The antho-
cyanin profiles for the three solvents are relatively similar and
show a linear increase in solubility with increasing volume fraction
of organic solvent, which contradicts the trends observed within
experiments (Tables 1 and 2). Catena et al. (2020) [49] also
observed this linear correlation with COSMO-RS for the investiga-
tion of phenolic and anthocyanin compounds from Oryza sativa L.
in ethanol-water mixtures.

A 130
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Fig. 6. Relative solubility values (Log Sgs) calculated with COSMO-RS (A) and
solubility parameter distances R, (MPa'/?) (B) of aqueous mixtures (acetone-water,
ethanol-water and methanol-water) for ACDs and ACNs extraction.
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Therefore, additional solubility parameter distances, based on
HSPs, with increasing volume fraction of organic solvent, were cal-
culated (section S9 of Supporting Information). Fig. 6B clearly illus-
trates the optimal ratio of binary aqueous mixtures for ACDs and
ACNs. It was found that an aqueous mixture of acetone showed
the shortest distance with ACDs at 50% v/v and ACNs at 40% v/v.
For ethanol, a 70% v/v mixture is favored for ACDs and a 60% v/v
for ACNs. The shortest distances between ACDs and methanol-wa-
ter mixtures are found at 70-80% v/v and in the case of ACNs, 60%-
70% v|v. Furthermore, statistical analyses also displayed that rela-
tive molar solubility (log Sgs) of aqueous mixtures of acetone till
40% v/v are not significantly different compared to water (40% v/
v acetone: F(1,26) = 3.046, p = 0.093; 50% v/v acetone: F
(1,26) = 5.940, p = 0.022; 60% v/v acetone: F(1,26) = 10.415,
p = 0.003) (Fig. S8). The same trend is observed for aqueous mix-
tures ethanol and methanol (40% v/v ethanol or methanol: F

(1,26) = 2.643, p = 0.116; 50% v/v ethanol or methanol: F
(1,26) = 4.613, p = 0.041; 60% v/v ethanol or methanol: F
(1,26) = 7.559, p = 0.011; 70% v/v ethanol or methanol: F

(1,26) = 10.415, p = 0.002). Whereas COSMO-RS is able to give
quantitative information on the solubility behavior within various
pure solvents, it is unable to accurately describe the solubility
behavior within organic solvent-water mixtures. Therefore, HSPs
are a more appropriate tool to find the most optimal mixture ratio.

3.6. Matrix compounds

During the extraction of ACDs and ACNs, various matrix com-
pounds can be co-extracted. Therefore, the solubilities of glucose
and pectin were calculated. These compounds are hydrophilic
and thus, highly water soluble due to dipole interactions and
hydrogen bonding. When analyzing the solubility values for both
compounds in pure solvents with HSP, the R, distances are gener-
ally smaller compared to ACDs and ACNs. The HSP method indi-
cates that alcohols have the highest affinity for glucose and
pectin (Table S6 and Fig. S3). This is in contrast to literature that
indicates that both compounds would be more soluble in water.
Alcohols such as ethanol or 2-propanol are frequently applied as
precipitating agents for pectins. The presence of the alkyl group
in alcohols lowers their polarity and hydrogen bonding ability with
respect to water [50]. From the COSMO-RS screening, it can be
observed that pectin has a higher solubility compared to glucose
within the recommended solvents obtained from the COSMO-RS
screening of ACDs and ACNs (Fig. 7 and Table S19). The sigma pro-

compound: [ll Average ACYd [l Average ACYn [l Glucose

l[ll[[lli

A A A A
@ O N A O ™

Log Sgs With [Sge] = mol L™

o N A o
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files show that aprotic polar solvents with electron-donor capabil-
ity, such as 1,4-dioxane and dimethyl sulfoxide (log Sgs = 13.35 and
log Sgs = 9.79) have higher capacity of dissolving pectin (Fig. S9).
However, both hydrogen bond and acceptor capabilities of the sol-
vent are required to sustain the hydrophilic interactions between
pectin and solvent. Furthermore, the degree of methylation, molec-
ular weight, pH, temperature and ionic strength also determine the
pectin solubility [50]. Water is predicted to be the best solvent to
extract glucose (log Sgs = 2.93) while the slightly apolar character
of alcohols compared to water results in a lower solubility (log Sgs-
< 0.69). According to the model results, glucose is 175, 606 and up
to 2000 times more soluble in water compared to methanol, etha-
nol and acetone, respectively (Fig. 7). This behaviour was also
observed experimentally in binary aqueous mixtures for which
the solubility of glucose decreases with increasing ethanol content
[51]. This trend could not be reproduced with HSP where the sol-
ubility reaches a maximum at 70 % v/v (Fig. S10A). Meanwhile,
COSMO-RS gives a better representation on the solubility beha-
viour of glucose in higher organic solvent content (Fig. S10B).

4. Conclusions

In this work, the capabilities and limitations of several theoret-
ical tools for the solubility determination of anthocyanidins and
anthocyanins were evaluated. The Hansen solubility parameters
appeared to be most appropriate to find the most optimal organic
solvent-water mixture ratio for anthocyanidin and anthocyanin
solubilities. This method showed that an aqueous mixture of 50%
and 40% of acetone is optimal for anthocyanidins and antho-
cyanins, respectively. For ethanol, a 70% v/v aqueous mixture is
favored for anthocyanidins and a 60% v/v for anthocyanins. The
shortest Hansen solubility parameter distances between antho-
cyanidins and methanol-water mixtures are found at 70-80% v/v
and in the case of anthocyanins, 60%-70% v/v. The Flory-Huggins
parameter (7 12) and solvation free energies showed moderate cor-
relation with experimental literature values. The former overesti-
mated the contribution of water, while the solvation energies
give a general indication on the most interesting solvents.
COSMO-RS is able to provide quantitative information on the solu-
bility behavior within various pure solvents and describe the main
intermolecular interactions between colorant and solvent. The rel-
ative molar solubility values showed that acetone is a better sol-
vent to solubilize both anthocyanidins (log S,ygrs = 11.60) and
anthocyanins (log Savgrs = 12.51). The difference between ethanol

Pectin

1,4-dioxane Acetone Diethylether Dimethyl sulfoxide

Ethanol

Methanol Quinoline Tetrahydrofuran Water

Solvent

Fig. 7. Relative solubility values log Sgs (with Sgs = mol L") for anthocyanidins, anthocyanins, glucose and pectin within the recommended solvents obtained from COSMO-RS

solvent screening on anthocyanidins and anthocyanins (Fig. 4 and section S7).
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and methanol lies in the fact that the former shows a 3-fold higher
average solubility value (Sgs) for anthocyanidins, while the latter is
a better solvent for solubilizing anthocyanins with a 33% higher
Sgs-value. Furthermore, the solvent screening showed that electron
rich aromatic compounds (i.e., T-7 interactions) and compounds
containing electron donors such as 1,4-dioxane, diethylether,
DMSO, quinoline or tetrahydrofuran, solely acting as hydrogen
bond acceptors, are favored from physicochemical perspective,
but might not be chosen due to environmental considerations.
Apart from the main dye components, these tools also allow to give
an indication about co-extraction of components such as glucose
and pectin. The results obtained from these various theoretical
tools can be used as a benchmark for compound specific extrac-
tions or to find alternative ‘green’ solvents. It is thus of high signif-
icant added value in extractions from biomass or fermentation
broths and can help steering experimental work to be more
effective.
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