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Abstract: Chelation therapy is currently successfully applied to reduce the aluminum
burden and its neurodegenerative consequences. In view of a possible application to
aluminum chelation therapy, here we have studied the complexation of hydroxybenzoic
acids, namely, vanillic, syringic and gallic acids, towards aluminum ion at physiologically
relevant conditions as regards temperature (37 °C) and ionic strength (i.e., 0.16 M NaCl).
The solubility values and the protonation constants of the hydroxybenzoic acids were
primarily assessed to estimate the competition of these acids towards aluminum and H*
ions. Then, potentiometric titrations were carried out, and the speciation analysis indicated
a pH-dependent complexation occurring at a 1:1 hydroxybenzoic acid-to-aluminum ratio
for vanillic and syringic, and 1:1, 2:1 and 3:1 ligand-to-Al(III) ratios for gallic. Gallic acid
forms more stable complexes with Al(III) ion than vanillic and syringic acids and could
therefore represent a good candidate for being used as sequestering agents for Al(III) ion.

Keywords: aluminum cation; hydroxybenzoic acids; pH-dependent complexation; potentiometry

1. Introduction

Aluminum is the most abundant metal in the Earth’s crust, and its compounds are
broadly used in paper production and in the dye, textile, cosmetic and food industries [1].
Aluminum is a highly neurotoxic in all living organisms and has been correlated with a
number of brain diseases, including dialysis encephalopathy, amyotrophic lateral sclerosis,
Parkinson dementia, Alzheimer’s disease and multiple sclerosis [2-5]. Due to its toxicity,
the research for new strategies in the treatment of aluminum intoxication is a topic of
high interest nowadays. One of the possible approaches is the use of aluminum chelation
therapy [6], recommended when no clinical improvements are observed in the patients even
after the exposure to aluminum is ended. Beyond the current use of nitrogen-containing
ligands, including deferoxamine and ethylenediaminetetraacetic acid (EDTA) [6,7], new
approaches involving the use of natural compounds, as chelating agents towards aluminum
have been suggested [7,8]. Aluminum cation tends to precipitate or form polynuclear
complexes at neutral pH, which makes their study in aqueous solution difficult. The
intricate chemistry of AI(III) ions in aqueous solution is primarily due to the number of
aluminum hydroxide complexes that may be present in acidic solutions, the slow formation
kinetics of these mononuclear or polynuclear species, and the low solubility of hydroxide
solutions from weakly acidic to weakly basic conditions. Aluminum ion is a strong Lewis
acid and is preferably coordinated by strong Lewis bases; in particular, the most stable
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aluminum complexes are those formed with polydentate oxygen donors and negatively
charged ligands, such as phenolic acids.

Phenolic compounds are secondary metabolites widespread in the plant kingdom, and
the name phenolic acids generally refer to phenols that possess one carboxylic acid group.
This category includes two constitutive carbon frameworks, the hydroxycinnamic and
hydroxybenzoic acids. Both are ubiquitous in plant-based foods, leading to a relatively high
intake of phenolic acids [9]. The interest in these compounds lies in their recognized health-
promoting activities mainly due to their antioxidant capacity and ability to act as scavengers
of free radicals. Indeed, phenolic compounds are used as pharmaceutically active principles
and as antioxidants for food preservation [10]. Vanillic (4-hydroxy-3-methoxybenzoic acid),
syringic (4-hydroxy-3,5-dimethoxybenzoic acid) and gallic (3,4,5-trihydroxybenzoic acid)
acids belong to hydroxybenzoic compounds (Figure 1).

) Name Rt R?
R oH Vanillicacid OCH: H
HO Syringic acid OCHs OCHs
R? Gallic acid OH OH

Figure 1. Chemical structure of hydroxybenzoic acids.

Vanillic acid derives from degradation of the wood constituent lignin [11]; it is an
intermediate product in the two-step bioconversion of ferulic acid to vanillin and it is
also an oxidized form of vanillin. Syringic acid exists in plants and food in its free form
(i.e., in wheat grain, in wheat-based food products and in walnut husks) [12], while gallic
acid exists in its free form in many green plant tissues (primarily, tea leaves), as well as a
constituent of polymers, including tannins and ellagitannins [13].

The chelating properties of phenolic acids towards transition metal ions have been
extensively studied [14-19]. Vanillic acid displays three moieties that are capable of coordi-
nating any transition metal ion. The extensively investigated complexation of Cu(Il) with
vanillic acid revealed a bidentate coordination via the carboxylate group [20,21]. Moreover,
the capacity of vanillic acid for complex formation with Co(II), Ni(Il), Np(V), Fe(Il), U(VI),
Y(III) and lanthanides was studied [14,15,22-24]. Despite its potential coordinating ability,
because of the presence of four functional groups, only a few examples involving reactions
between syringic acid and metal ions have been reported in the literature [15,23,25]. On the
other hand, chelation properties of gallic acid as well as of polyphenols containing galloyl
moieties towards several metal ions have been extensively studied [15,26-31].

In this framework and considering our previous results on the complexation behavior
of several phenolic compounds towards aluminum cation [32-35], the purpose of this work
was to study the solubility of these three hydroxybenzoic acids, generically H,A, and
their complexation with the AI(III) ion at 37 °C in 0.16 M NaCl, chosen as background
electrolyte, by using potentiometric and spectrophotometric measurements. The constant
ionic medium method has been established as mandatory, in the equilibrium studies, to
minimize the activity coefficient variation.

2. Materials and Methods

Vanillic acid was from Fluka (Charlotte, NC, USA, >97%), while syringic acid and
gallic acid were from Sigma Aldrich (St. Louis, MO, USA, >95%). All the acids were
maintained in a desiccator over silica gel and employed without any further purification.
Preparation and standardization of sodium hydroxide titrant solutions, hydrochloric acid,
sodium chloride and aluminum(III) chloride stock solutions were carried out as previously
described [33]. Bi-distilled water was used to prepare all the solutions.
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A saturated solution of each phenolic acid was prepared by using highly retentive filter
paper (i.e., Whatman 42, Whatman, Maidstone, UK) bags to wrap up the powders, placed
in a glass cylinder containing pure water or 0.16 M sodium chloride aqueous solution
and maintained under continued magnetic stirring. The flasks were then kept in a water
bath at the temperature of (37.0 &+ 0.1) °C, and the concentration of phenolic acids was
monitored over time. A constant value was reached in about 6 days. The absorption spectra
of a series of test solutions were recorded in the UV region with a 100 microliter cuvette
with a 1 cm optical path. Test solutions were obtained by diluting (100-fold) a saturated
hydroxybenzoic acid solutions at pH 3.5.

The solubility of hydroxybenzoic acids was determined by measuring the absorbance,
Aj to 0.001 units, between 200 and 300 nm, every 1 nm. The spectrophotometric measure-
ments were conducted by using a UV-Visible Spectrophotometer (Varian Cary 50 Scan,
Varian Inc., Walnut Creek, CA, USA). The cell holder was kept in a Grant circulating water
bath at the temperature of (37.0 & 0.3) °C. Data were acquired by using computer software
coupled to the spectrophotometer.

The peaks at 251, at 262 and at 258 nm were taken into consideration for the assessment
of the solubility of vanillic, syringic and gallic acids, respectively. The solubility of hydrox-
ybenzoic acids in bi-distilled water and in 0.16 M NaCl was determined by interpolating
the calibration curves, constructed by preparing stock solutions. Each point was measured
in triplicate. The reproducibility in solubility measurements was 1%.

The potentiometric apparatus was the same used and reported in previous work [33].
After the addition of the reagents, a constant potential was reached within 0.1 mV in
10 min. To circumvent the interference of carbonate, a nitrogen stream was gently passed
through three bottles containing (1) 1 M NaOH, (2) 1 M H,SO4 and (3) 0.16 M NaCl,
through the gas inlet tube, before reaching the test solutions, which were kept under
magnetic stirring during titrations. The equipment was then placed in a thermostatic bath
kept at (37.0 £ 0.1) °C.

Statistical analyses among the values of acidic constants and complex equilibrium
constants were determined with one-way ANOVA followed by Tukey’s multiple compari-
son test, by using the GraphPad Prism 6 software (GraphPad Inc., San Diego, CA, USA).
Statistically significant differences were considered when p value was <0.05.

3. Results and Discussion

The equilibria of complex formation of Al(IIl) ion with vanillic, syringic and gallic
acids were investigated under physiologically relevant conditions regarding temperature
(37 °C) and ionic strength (0.16 M NaCl) by evaluating the competition of the ligands for
the aluminum (IIT) and H* ions.

We determined, at first, the solubility of the ligands and their acidic constants in the
designed experimental set-up.

The evaluation of the neutral species solubility in a concentrated aqueous solution of
inert salt allows for us to make predictions on the activity coefficients, and it is therefore
important from both theoretical and practical points of view. Knowledge of the activity
coefficients of nonelectrolyte solutes is essential for the modelling of the correlation of
equilibrium constants with ionic strength. The limited solubility of some solutes in water
can be circumvented by adding co-solutes, such as salts, or by increasing the temperature.
The solubility changes due to the presence of co-solutes can cause two distinct phenomena:
salting-in and salting-out effects [19]. The salting-out effect is due to the high ability of
ionic solutes to arrange in the shape of hydration shells. Indeed, a higher number of
molecules of water are taken up in these hydration shells as the concentration of the ionic
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salt increases, leading to a decrease in solubility. The values of total solubility obtained for
hydroxybenzoic acids at 37 °C are reported in Table 1.

Table 1. Total solubility at 37 °C of hydroxybenzoic acids in water and in 0.16 m NaCl.

St10-3, M
Vanillic Acid Syringic Acid Gallic Acid
H,O 125+ 0.1 88+0.3 1145+ 0.3
0.16 M NaCl 11.5£0.2 8.6 £0.1 104.6 £ 0.3

As a general trend, solubility in water was higher than that in the ionic medium for all
the acids (salting-out effect). As expected, the highest value of solubility (more than one
order of magnitude) was observed for gallic acid. On the other hand, the lowest value was
observed for syringic acid. This is likely owed to the occurrence of two methoxy groups.

The evaluation of complexation constants was carried out by potentiometric mea-
surements. The concentration of metal (Cyr) and ligand (Cr) ranged from 0.50 to 5.00 mM
for vanillic and syringic acids, and from 0.50 to 15.0 mM for gallic acid. The maximum
concentrations of the ligand were due to their low solubility. The ligand-to-metal ratio was
set between 1 and 10, while the hydrogen ion concentration was changed from 32 mM
(pH 1.5) to the onset of precipitation of a basic salt. This phenomenon occurs in the range
[H*] =5.0 — 0.20 mM (pH 2.3-3.7) on the basis of the specific investigated ligand-to-metal
ratio. The general equilibrium is reported below:

p AP* + 1 H,A 2 ALH_(H,A), %9 + g H* Bpor 1)

The most likely values for p, g and r and the corresponding constants 3, ;- were as-
sessed by a least squares fitting of the potentiometric data [36]. In the numerical treatments,
the acidic constants of hydroxybenzoic acids obtained by potentiometric measurements
were kept invariant (Equilibria (2) and (3)):

HnA = H(nfl)A_ +H* log Kal (2)

H, A~ 2@ H, A% +H*  log Ky (3)

The values of acidic constants of phenolic acids obtained at 37 °C and in 0.16 M NaCl are
reported in Table 2 as the means of three independent experiments (+standard deviations).

Table 2. Acidic constants of phenolic acids in 0.16 M NaCl and at 37 °C.

Hydroxybenzoic Acid log Ka1 ! log Kz !
Vanillic acid —457+0.012 —-870+0.012
This work Syringic acid —454 +£0.032 —8.73 £0.062
Gallic acid —420+0.02° —8.39 +0.06
Hydroxycinnamic acid log Ka1! log Kjp!
Caffeic acid —4.60 + 0.06 —86+0.12
Previous work [33] Ferulic acid —4.56 +£0.092 —874+0.12
p-Coumaric acid —438+0.03°¢ —829+0.05°¢

! Results express the means of three independent analyses + S.D (the uncertainty represents 3 o). Different
superscripts in the same column (i.e., a, b and c) indicate statistically different values (p < 0.05).

Vanillic and syringic acids had similar acid behavior, also comparable with the acidity
of caffeic and ferulic acids. Gallic acid showed the highest strength at first dissociation,
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while and p-coumaric showed the highest strength at the second dissociation. The acidic
constants of ligands and the equilibrium constants of the metal ion hydrolytic species [33]
were maintained fixed during the numerical analysis for the determination of the com-
plexes with the hydroxybenzoic acids, whereas the equilibrium constants of a chosen
ternary species (p, g, r) were allowed to systematically vary to find the best data fitting.
Results obtained by numerical procedure [36] are reported in Table 3. Stability constants
of aluminum(Ill)-hydroxycinnamic acid complexes obtained with the same experimental
approach and described in a previous work are also reported for comparison [33].

Table 3. Survey of the log 3 4,r, Equation (1), for aluminum(IIl)-phenolic acids complexes obtained
by numerical procedure .

p,q 71 Vanillic Acid Syringic Acid Gallic Acid
1,-2,1) —54+022 —5.57 £ 0.062 —414 4+ 0.06"
1, —4,2) / / —9.20 + 0.09
This work (1,-3,3) / / -27+03
o 0.35 0.53 0.52
x> 10.2 11.4 15.2
u 3.98 8.40 12.7
p,q,7 Caffeic acid Ferulic acid p-Coumaric acid
1,-2,1) —4.5240.03¢ / /
Previous work [33] (1, -3,1) —8.98 £ 0.06 —-99+0.3 /
(1,—-4,1) —13.69 £+ 0.09 —14.21 £+ 0.02 —14.13 £ 0.09
(1, —6,2) —19.95 £+ 0.09 —20.16 £ 0.02 /

! Results express the means of three independent analyses + S.D (the uncertainty represents 3 o). Different
superscripts (a, b and c) indicate statistically different values (p < 0.05).

As concerns vanillic and syringic acids (generically HyA), we tried to explain the
data with one complex; according to the generic equilibrium 1, the best minimum was
obtained with the species AIH_,(H;A)*. Models based on a higher number of complexes
did not enhance the minimum. A plausible structure of this species, i.e., AI(OH)(HA)*,
was hypothesized by considering the ligand’s structures and, according to the nature of
metal ion, also contemplates the presence of hydroxyl group in the coordination sphere of
aluminum. As regards gallic acid (i.e., H4A) the best fit with the experimental data was
found by assuming, in addition to AIH_,(H,A)*, also the presence of AIH_,(H;A), ™ and
AlH_3(H,A)s. For these complexes we propose the chemical structures AI(OH)(H3A)",
Al(OH),(H3A), ™ and Al(H3A)3, respectively. Thus, the groups involved in the coordination
are -OCHjs and -OH, in the case of vanillic and syringic acids, and catechol moiety for
gallic one.

The stability of (1, —2, 1) complex between gallic acid and AI(III) was higher than
that of the identical species for the other two hydroxybenzoic acids. A similar (1, —2, 1)
complex between caffeic acid and Al(III) has been previously revealed [33], but its stability
was lower than that found for the complex between gallic acid and AI(III). To the best of
our knowledge, the complex formation of Al(III) ion with vanillic and syringic acids has
not been evaluated so far. On the contrary, the Al(III)—gallic acid system was previously
studied, at kinetic and thermodynamic levels, by potentiometric and spectroscopic UV
measurements [37,38]. However, due to the difference in the experimental conditions, it
was not possible to carry out any comparison with those data. To verify the complexation
between ligands and Al(III) cation, a comparison of the UV-Vis spectra of both the free and
bonded ligands was carried out (Figure 2a—c).
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Figure 2. UV-Vis spectra of the free ligand 0.1 mM (violet line) and of the complexes formed by
phenolic acids and AICl3 0.1 mM (red line): (a) vanillic acid; (b) syringic acid; (c) gallic acid.

Absorption spectrum of vanillic acid showed three bands (i.e., 289, 255 and 207 nm);
the absorption maxima underwent blue shift (280 and 225 nm) by increasing metal cation
concentration. The hypsochromic shift confirms that deprotonation takes place at the
carboxyl group; it is well known that deprotonation on -COOH group gives blue-shifted
maxima, whereas hydroxyl group gives red-shifted absorption maxima. Syringic acid
exhibits a strong absorption band at 303 nm; upon addition of AlCl3 to syringic acid in
solution (1:1 ratio of AI(III) salt:H; A), the UV-Vis data showed a 40 nm hypsochromic shift
in absorbance (of the corresponding peak for syringic acid) indicating that the complexation
occurs. Pure gallic acid had UV-Vis peaks at 290 and 223 nm; the UV-Vis peak positions
remained invariant during complexes formation, but an increase of the absorption intensity
was revealed. An enhancement in the intensity can be related to an increase in the ligand’s
dissymmetry, which can cause an increase in the transition probability.

4. Conclusions

This study represents the first investigation of the complexation of vanillic, syringic
and gallic acids towards AI(III) ion under physiological conditions. The speciation analysis
based on the potentiometric data of these systems led us to unambiguously assess the
stoichiometry of the complexes. The speciation profile of aluminum cation with vanillic
and syringic acids is similar, also regarding the stability of the complexes. Regarding
gallic acid, a different sequestering ability was observed: indeed, in addition to 1:1 and 1:2
complexes, species at stoichiometry 1:3 were also revealed. This finding is likely related to
the greater solubility of this acid with respect to the other two compounds, which allows for
the use of higher ligand concentration and to obtain a higher substitution in the aluminum



Inorganics 2025, 13, 2 70f8

coordination sphere. Therefore, gallic acid represents a good candidate for being used as a
sequestering agent for AI(III) ion.
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