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ARTICLE INFO ABSTRACT
Keywords: Barbaloin (10-glucopyranosyl-1,8-dihydroxy—3-(hydroxymethyl)-9(10H)-anthraquinone: aloin A), present in
Barbaloin

Aloe species, is widely used in food, cosmetic and pharmaceutical industries. Here we characterize its optical
absorption and emission spectra in aqueous solution at different pH values. Through pH titration, using both
absorption and fluorescence spectroscopy, two pK, values for Barbaloin were determined: pKy,; = 9.6 + 0.6 and
PKq2 = 12.6 £0.8. These acidity constants were found to be higher than those found for Emodin, a similar
molecule which lacks the sugar moiety present in Barbaloin. Performing quantum mechanical calculations for
non-ionized, singly, doubly, and triply deprotonated forms of Barbaloin in vacuum and in water, we assigned the
positions of the site for the first and third deprotonation in the anthraquinone group, and the second deproto-
nation in the glucose group. The instability of Barbaloin in high pH solutions is discussed here, and the optical
absorption and fluorescence spectra due to products resulted from Barbaloin degradation at high pH is well
separated from the Barbaloin original spectra. Biological fluids have specific pH values to maintain homeostasis,
hence determining the pK, of Barbaloin is important to evaluate the mechanism of action of this drug in different
parts of an organism as well as to predict pharmacological relevant parameters, such as absorption, distribution,
metabolism, and excretion.
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F. Lima Matos et al.
1. Introduction

Barbaloin (10-glucopyranosyl-1,8-dihydroxy-3—(hydroxymethyl)-
9(10H)-anthraquinone: aloin A) (Fig. 1) is the most important phyto-
constituent of Aloe species, widely used in food, cosmetic and phar-
maceutical industries [1 2 3 4]. It is a natural anthraquinone glycoside,
found in the outer rind of the aloe plant. It can constitute up to 30% of
aloe plants dried leaf exudates [1], and is considered to be a part of their
defense mechanisms against herbivores [5 6]. This anthraquinone is
known for its biological activities, such as antiviral [7 8], antioxidant [9
10 11], anti-inflammatory [12 13], and anti-cancer [14 15] activities,
and as an inhibitory agent [16 3]. Previous studies revealed that Bar-
baloin has a much higher inhibitory efficacy in histamine release from
human mast cells [17] than some anti-inflammatory drugs [18].

In vivo studies have shown that orally administered Barbaloin is
poorly absorbed, but metabolized by intestinal micro flora into Aloe-
emodin [19], known as the reduced form of Barbaloin, which is very
stable and more readily absorbed [20 3]. This anthraquinone has
demonstrated efficacy in several cancer types, including human lung
carcinoma [21 22], hepatoma [23 24], breast [25 26], colon carcinoma
[27 28] and leukemia [29 30]. Aloe-emodin was also reported to induce
apoptosis in human gastric carcinoma cells [31], lung carcinoma cells
[21] and hepatoma cells [24 23]. The toxicological properties of both
Barbaloin and Aloe-emodin have been investigated in many studies,
which revealed that both molecules display selective cytotoxic activity
against cancer cells [14 15 32 33 34 35 36]. On the other hand, they
show almost no harmful effect or toxic potential on normal cells [34].
Despite evidence suggesting that Barbaloin and Aloe-emodin can be
used in many cancer treatments, there is not enough information to
establish a molecular mechanism that explains how these anthraqui-
nones affect cancer cells. One important path towards this understand-
ing is the study of the interaction of the anthraquinone with the tumor
cell membrane. In previous studies, it was shown that Barbaloin strongly

OH O OH

Fig. 1. Chemical structure (Cy;H2209) and atomic numbering of Barbaloin in
its neutral form (BBH).
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affects the structural properties of different lipid model membranes at
physiological pH [37 38], possibly due to hydrogen bonds between the
anthraquinone and the lipid head groups [38]. But the importance of the
anthraquinone’s hydroxyl groups (Fig. 1) in the lipid interaction is still
not clear.

The protonation/deprotonation processes of several anthraquinones,
such as Emodin, Physcion, Chrysophanol, Aloe-emodin, and Rhein were
experimentally analyzed and their acidity constants were determined
[39 40 41 42 43 44 45]. In a previous work [46], it was demonstrated
that the red shift in the absorption spectrum of Emodin (1,3,8-trihy-
droxy-6-methyl-9,10-anthraquinone), accompanied by a noticeable
change in the color of the sample with increasing pH value is due to
deprotonation processes of the anthraquinone in solution. A stepwise
dissociation of three protons at pKy = 8.0, pKge = 10.9, and pKg3 >
13.8 was demonstrated, with pK, values obtained using UV/Visible
spectrophotometric titration (ST) technique. Barbaloin has the same
core structure of Emodin, but different peripheral functional groups, the
two main groups being the glucose moiety and the hydroxymethyl
group, attached to C-10 and C-3, respectively (see Fig. 1). Therefore,
varying the pH from acidic to alkaline in aqueous solution the stepwise
dissociation of Barbaloin may be different from that of Emodin, although
glucose should remain protonated in this pH range [47].

It is important to have in mind that biological fluids, in different
parts of an organism, display different pH values, necessary for their
specific functions [48 49]. Therefore, the knowledge of the acidity
constants of biological relevant dye molecules is fundamental for the
study of their action, as different protonated species will be present in
the different fluids [50 51 52].

The optical absorption spectrum of Barbaloin has been used to
identify and to quantify the molecule in aloe vera and in some com-
mercial products [53 54 55]. Dried Barbaloin is a brownish-yellow
amorphous solid at room temperature, water soluble under different
pH conditions, and known to give off yellow fluorescence in alkaline
solutions [56]. In water under acidic conditions, and in usual organic
solvents, it displays a broad optical absorption spectrum band between
310 and 420 nm, with maximum absorption wavelength (Amq) varying
from 352 nm in water to 366 nm in benzene, resulting in a yellow-
whitish color. Under alkaline conditions, this band is red shifted to
320-500 nm depending on the solvent, yielding a lively-yellow color.
Moreover, in some solvents, such as methanol and acetonitrile, this
broadband contains several peaks, suggesting a band splitting. The op-
tical absorption spectra and the main absorption maximum of the Bar-
baloin in various solvents, under both acidic and alkaline conditions, are
shown in the Supplementary Material (Fig. 1SM and 2SM).

Factors such as pH, temperature and light exposition have been re-
ported to affect the stability of Barbaloin in solution [57 58 59 60 61 62
63], suggesting that this anthraquinone has high stability at acidic pH,
but faster and non-reversible degradation at alkaline pH values.

In this context, we studied the protonation/deprotonation process of
Barbaloin in aqueous solution, using experimental techniques and
theoretical quantum mechanics calculations. With optical absorption
and fluorescence spectroscopic titration techniques we determined the
PpK, values of Barbaloin in water (the pK, value of an isolated titratable
site, here called acidity constant, is equal to the pH at which the
deprotonation probability of this site is 1/2). The reversible effects of
protonation/deprotonation on Barbaloin spectra were identified by
comparing two titration methodologies: acid to alkaline (up-titration)
and alkaline to acid (down-titration). We report a gradual dissociation of
two protons in the pH range of 2 to 13, and a loss of stability of Barbaloin
at alkaline pH. We obtained accurate experimental pK, values for the
molecule, which, to the best of our knowledge, are not available in the
literature. In addition, the assignment of the Barbaloin protonation/
deprotonation sites in aqueous solution was successfully predicted by
quantum mechanical calculations using Density Functional Theory [64
65].
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2. Experimental
2.1. Reagents

Barbaloin (Aloin A, Fig. 1), Hydrochloric acid (12 M), Sodium hy-
droxide, Methanol, Ethanol, 2-Propanol, Acetonitrile, DMSO, Acetone,
Dichloromethane, Chloroform, Dioxane, and Benzene (all spectroscopic
quality) were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA),
and used without further purification. Milli-Q water was used
throughout.

2.2. Sample preparation

A 5 mM Barbaloin stock solution was prepared in ethanol/methanol
(4:1, v:v) and used in all experiments. Aliquots of the stock solution were
separated in amber glass vials, using a calibrated micropipette, dried
under a stream of N3 gas, and left under reduced pressure for a minimum
of two hours to remove organic solvent traces. To perform the spectro-
scopic titration experiments, aqueous samples at two different pH values
were prepared: an alkaline at pH ~ 13, and an acidic at pH ~ 2, by the
addition of NaOH and HCI, respectively. Then, formed Barbaloin films
were dissolved in those two different pH aqueous solutions, to a final
concentration of 0.025 mM. All samples were prepared with Milli-Q
water, kept in amber glass bottles, and vortexed for approximately 30
s before use.

2.3. Spectroscopic titration (ST)

Optical absorption experiments were carried out on a UV/Visible
spectrophotometer (Varian Cary 50, Santa Clara, CA, USA) equipped
with a Cary Peltier thermostat. Samples were placed in a quartz cuvette
(4 x 10 mm) with an optical absorption path of 10 mm, and
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measurements were performed at 25 °C.

Steady-state fluorescence emission spectra were recorded on a fluo-
rescence spectrometer (Varian Eclipse, Santa Clara, CA, USA). Samples
were placed in a quartz cuvette (4 x 10 mm), with an optical pathway
for excitation of 4 mm, and all measurements were carried out at 25 °C,
controlled by a Cary Peltier thermostat. Barbaloin samples were studied
at two excitation wavelengths, 352 and 388 nm, corresponding to their
major absorption bands in acid and alkaline aqueous solutions (see
Fig. 2). The inner filter correction was applied to all the fluorescent
emission spectra [66 67].

Titration experiments were performed as previously described [46
68]. From both acidic (pH ~ 2) and alkaline (pH ~ 13) Barbaloin
aqueous solutions, intermediate pH samples were prepared by succes-
sive addition of small aliquots (around 5 up to 50 pL) from one solution
to the another. Namely, two different procedures were used: (i) up-
titration, from acidic to alkaline pH values and, (ii) down-titration,
from alkaline to acidic pH values. Each procedure was performed with
three independent samples.

Absorbance and fluorescent emission measurements were performed
using the same Barbaloin sample, with the fluorescence emission ac-
quired right after the absorption spectrum. Before measurement, sam-
ples were homogenized by vigorous vortexing, and its pH was measured
with a Mettler Toledo (Seven Easy) pH-meter.

2.4. Determination of acidity constants

The acidity constants (pK,) of Barbaloin in aqueous solution were
determined by the spectroscopic titration (ST) curve analysis as previ-
ously described [46]. Here, this method was applied to both optical
absorption and fluorescent emission titration curves, with the appro-
priate modifications. The optical absorption ST curves were obtained by
selecting the absorbance at two wavelengths, 352 and 388 nm, as a

3 ——r———

up-titration (b)

Absorbance

titration

300 400 500 600
Wavelength (nm)

300 400 500 600 700

Fig. 2. Barbaloin (0.025 mM) optical absorption spectra in aqueous solution at different values of pH. For the sake of clarity, the spectra are separated into two
regions, low pH region (a) and (c), and high pH region (b) and (d), for both up-titration (a) and (b) and down-titration (c) and (d). Dashed lines indicate the

wavelengths 352 and 388 nm.
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function of the pH. For fluorescence emission ST curves, the emission
wavelength 546 nm was selected as a function of the pH. The pK, values
were determined by the best fitting of these ST curves using the Eq. (1),

n loi(pH—pKa,)
I'=I+ Zi:lli (1 ¥ loi(pH—me)> @

where, I is the total absorbance or fluorescence emission intensity
measured at a given wavelength, n is the number of non-interacting
deprotonation sites of the molecule, and Iy, I; are constants to be
determined by the fitting of the ST curves. It is worth mentioning that
the number n is not known beforehand, but it is indicated by the ST
curves via trial and error, being the smallest whole number that allows
an adequate fitting, as discussed below (see Fig. 6 and Table 1). Note
that, in a specific wavelength, if I increases in a certain range of pH, then
the positive sign (+) is chosen to describe an increasing sigmoidal ST
curve, but if I decreases, the negative sign (—) is used.

3. Theoretical calculations

The neutral form of Barbaloin (BBH, see Fig. 1) and all the possible
deprotonated forms with deprotonation sites up to 3 (BB}, BB2, and BB
%) had initially their geometry optimized for the structures in vacuum,
and the vibrational frequencies calculated with quantum mechanics
(QM), using Density Functional Theory (DFT) [69] with the B3LYP
exchange-correlation functional [70 71] and Pople basis set functions,
6-311++G(d,p) [72]. This method has been successfully used for Bar-
baloin [73], Emodin [46], and other anthraquinones, providing good
results in calculating various electronic properties. The obtained vac-
uum geometries were reoptimized in aqueous solution, followed by
frequency calculations. Non-imaginary frequencies were found in vac-
uum and in water, confirming that all obtained structures correspond to
equilibrium geometries. The solvent was treated by the polarizable
continuum model (PCM) [74] with the same level of QM calculation,

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 286 (2023) 122020

protonation/deprotonation free energy variations and pK, obtained
with PCM and explicit solvent models with molecular mechanics simu-
lations and free energy perturbation theory for Emodin in aqueous so-
lution and concluded that the PCM is a good approximation for
identifying protonation/deprotonation sites for this type of molecule
[46]. The protonation/deprotonation sites in Barbaloin were assigned
by comparing the Gibbs free energy of isomers with the same quantity of
deprotonation sites. The Gibbs free energies of all isomers in vacuum
and in aqueous solution were calculated considering the electronic en-
ergy of the system and the corrections of zero-point energy, thermal and
enthalpy at the same level of QM calculation. All QM calculations were
performed with Gaussian 09 program [75].

4. Results and discussions
4.1. Absorption and emission spectroscopic titrations

Spectroscopic titration experiments were performed with Barbaloin
in water at 0.025 mM, prepared as described in Materials and methods.
Accordingly, two different pH titrations were performed, with pH
ranging from ~ 2 to ~ 13 (up-titration) and from ~ 13 to ~ 2 (down-
titration). For the sake of clarity, Fig. 2 shows the absorption spectra of
Barbaloin separated into two different pH regions (the low-neutral pH
region (Fig. 2a, c), from ~ 2 to approximately 8, and the high pH region
(Fig. 2b, d), from ~ 8 to approximately 13, for the two pH cycles. In the
low pH region, a broadband centered at 352 nm can be observed, and the
absorption spectra display little dependence upon pH variation (Fig. 2a
and 2c), hence suggesting the absence of protonation/deprotonation
processes along that pH range. Therefore, it possibly corresponds to the
neutral fully protonated Barbaloin species.

For the high pH region (Fig. 2b, d), Barbaloin optical absorption
spectrum is very sensitive to the medium pH value, indicating the
presence of protonation/deprotonation processes along that pH range.
Moreover, the absorption spectra were found to be somehow different

km =388 nm

B3LYP/6-311++G(d,p). Previously, we compared values of
A . =352 nm
800 N ——
(2)
600
L 420 nm

400 1

200

up-titration

i) _

—9.13
—9.83
—10.57
—11.29
11.83
—12.29
12.77

600 -

down-titration

400

Fluorescence emission (a.u.)
[e)

200

Fig. 3. Barbaloin (0.025 mM) fluorescence emission spectra in aqueous solution at different values of pH, for both up-titration (a and b) and down-titration (c and d).
Barbaloin samples were excited at 352 (a and c¢) and 388 nm (b and d). Dashed lines are guides for the eyes only, as discussed in the text.

i | —— —38.90
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(a) measurements at pH = 4.0

—— t=0atpH4
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0.2
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—— 2hatpH 12
—— 3hatpH 12

4h at pH 12
——— ShatpH 12

0.1
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(b) measurements at pH = 12.0

Absorbance

— t=0atpH 12
——— ShatpH 12

—— lhatpH4
——— 2hatpH 4
—— 3hatpH4

4h at pH 4
—— ShatpH 4

1300 400 500 600 700

Wavelength (nm)

Fig. 4. Barbaloin (0.025 mM) optical absorption spectrum measured with
samples at pH 4.0 (a) and pH 12.0 (b). Spectra measured immediately after
preparing the sample at pH 4 (black line in a) and at pH 12.0 (black line in b).
Spectrum measured at pH 4.0 after incubating the sample for 5 h at pH 4 (pink
line in a), and spectrum measured at pH 12.0 after incubating the sample for 5 h
at pH 12 (pink line in b). The other spectra (lines red, green, blue, yellow and
dark yellow) were obtained after incubating the sample for the given time at pH
12.0, and measured at pH 4.0 (a), or at pH 4.0 and measured at pH 12.0 (b),
as stated.

depending on the pH cycle, up- or down-titration. Differences can be
observed in the wide band between 450 and 630 nm with maximum
absorption wavelength around 530 nm in the high pH region, which is
more pronounced in the spectra obtained for up- than for down-titration.
Other differences although more subtle can also be seen in the band
located around 388 nm: for the spectra in the up-titration it is redshifted
by 17 nm compared to those obtained in the down-titration. Those dif-
ferences can be better observed in Fig. 3SM.

To the best of our knowledge, such spectra along the high-pH region
are so far unavailable in the scientific literature. However, in the low-pH
region, the obtained result is in good agreement with Barbaloin spec-
trum measured in aqueous solution at pH 7.4 [55 76 77].

To better understand the pH dependence of Barbaloin in aqueous
solutions, fluorescence steady-state measurements were performed, for
both up- and down-titrations. The fluorescence emission can bring
important information about deprotonation and degradation processes
that are not easily observed with optical absorption in many molecular
systems. Indeed, the appearance or quenching of fluorescence provides
valuable information on the nature of these processes in solution [78 79
80]. Therefore, steady-state fluorescence measurements were performed
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using the same samples and experimental conditions applied to the ab-
sorption titration experiment. Samples were excited at 352 and 388 nm,
based on the absorption results: they are approximately the maximum
values of the optical absorption bands at low and high pH values,
respectively (see Fig. 2).

The emission spectrum of Barbaloin in water along the low pH re-
gion, for both up- and down-titration cycles, showed very low fluores-
cence intensity for the excitation at the two wavelengths, 352 and 388
nm (see Supplementary Material, Fig. 4SM a, b, e and f). These spectra
are in reasonable agreement with previous measurements reported in
the literature [77].

Fluorescence emission of Barbaloin in water along the high pH region
is presented in Fig. 3. When excited at 352 nm, the anthraquinone
presents a quite different behavior for up and down pH cycles. The main
difference is the increasing band around 420 nm as the pH increases
(Fig. 3a), which is not observed for the down-titration cycle (Fig. 3c),
indicating that this band is not reversible, hence not due to deprotona-
tion process. On the other hand, if excited at 388 nm, Barbaloin emission
displays somehow similar behaviors along the two titration cycles
(Fig. 3b and 3d), with a broad band around 546 nm gradually increasing
as the pH varies from 9.0 to 11.0, and then decreasing at pH values above
11.0.

4.2. Reversibility analysis of absorption and emission optical spectra

To better understand the differences among up- and down-titrations,
the following experiments were performed. Barbaloin solutions (0.025
mM) were prepared at pH 4.0 and 12.0. Aliquots of these solutions were
immediately separated after preparation, and their absorption and
emission spectra acquired: at pH 4.0 t = 0 spectrum in Fig. 4a (absorp-
tion) and in Fig. 5a, b (emission), and at pH 12.0, t = 0 spectra in Fig. 4b
(absorption) and in Fig. 5c, d (emission). Those aliquots were left on the
bench for 5 h. After that, their pH was checked, corrected if necessary,
and their absorption and fluorescence spectra registered, the pink
spectra in Figs. 4 and 5, for sample absorption and emission, respec-
tively, Fig. 4a and 5a and b, for the sample prepared and kept at pH 4.0,
and Fig. 4b and 5c and d, for the sample prepared and kept at pH 12.0.
Moreover, part of the sample prepared at pH 4.0 had its pH increased to
12.0, and aliquots were taken every hour, from 1 to 5 h, their pH brought
back to 4.0, and their optical absorption and emission registered (Fig. 4a
and 5a and b). Similarly, part of the sample prepared at pH 12.0 had its
pH decreased to 4.0, and aliquots were taken every hour, from 1 to 5 h,
their pH brought back to pH 12.0, and their optical absorption and
emission registered (Fig. 4b and 5c and d).

If we look at the samples kept at pH 4.0 for up to 5 h, it is evident that
neither its optical absorption spectrum nor its emission change signifi-
cantly, either measured at pH 4.0 (pink spectra in Fig. 4a and Fig. 5a and
b), or measured at pH 12.0 (all but pink spectrum in Fig. 4b and Fig. 5¢
and d).

Contrarily, samples kept at pH 12.0 for a few hours, do show sig-
nificant differences as compared to freshly prepared samples. For
instance, the pink absorption spectrum in Fig. 4b is from a sample kept
for 5h at pH 12.0, and measured at the same pH value, 12.0. Clearly, the
optical absorption spectrum is different from a freshly prepared sample
(black line in Fig. 4b), or samples kept up to 5 h at pH 4.0 (all but pink
spectrum in Fig. 4b). Similarly, the pink emission spectrum in Fig. 5c is
from that sample kept for 5 h at pH 12.0, irradiated at 352 nm, and
measured at pH 12.0. So, this emission band around 420 nm is certainly
due to Barbaloin degradation products. Interestingly, if irradiated at
388 nm, Barbaloin emission spectrum is quite reproducible, even after
the sample had been left for 5 h at pH 12.0 (pink spectrum in Fig. 5d),
despite the presence of Barbaloin degradation products.

There is a clear isosbestic point in Fig. 4a, around 400 nm, probably
indicating the decrease in Barbaloin concentration related to the in-
crease of its degradation product. Products from Barbaloin degradation,
when kept at high pH, are under investigation, but the study is out of the
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scope of the present work.

Thus, our experiments show that there are significant changes in
both absorption and emission spectra of Barbaloin when the sample is
kept at pH 12.0 for a long time, but no changes were detected when the
sample is kept up to 5 h at pH 4.0. Hence Barbaloin was found to be quite
stable in solution at low pH value. Moreover, even at pH 12.0, at room
temperature, Barbaloin seems to be reasonably stable for up to one hour
with more than 97% of its initial concentration (compare black and red
spectra in Fig. 4a and 5c and d).

The above discussion is essential for the understanding of the main
differences found on the optical absorption and emission spectra ob-
tained for Barbaloin along the two titration cycles, up- and down-
titrations. For instance, we can focus at the emission band around
420 nm, that was clearly shown in Fig. 5c to be the product of Barbaloin
degradation when kept in solution at high pH value. That emission band
around 420 nm is present in the up-titration (Fig. 3a) but it is not present
in the down-titration (Fig. 3c). That is due to the methodology used in
this work and elsewhere [46 68 45]. As stated in Materials and methods,
for the up-titration cycle, aliquots of a Barbaloin sample kept at pH 13
were added to the sample starting at pH 4.0. Hence, as shown above, the
sample kept at pH 13 will have increasing amounts of degraded Barba-
loin as time goes by. On the other hand, for the down-titration these
intermediate pH samples were obtained by addition of small aliquots
from a non-degraded Barbaloin sample kept at pH ~ 2. Important to
stress that, along the down-titration, the time from the first spectrum
measurement, at pH 13, to the measurement of the spectrum at pH
around 10 was less than one hour, so the Barbaloin sample would not be
degraded, as discussed above. Therefore, we adopted the down-titration
spectra to perform the absorption and emission spectroscopic titration
(ST) curves, to determine the pK, values of Barbaloin in water.

It is important to note that the methodology employed here, with the
use of a mixture of Barbaloin samples, at a fixed concentration, here
0.025 mM, at two extreme values of pH, to produce all samples at
different pH values, is a very good choice when one wants to compare
the optical spectrum of a molecule. That is the most reliable way of
making sure that the spectrum you are measuring is due to a fixed

and d).

600

molecular concentration. Moreover, this methodology allowed the clear
distinction between optical absorption and fluorescence spectra due to
Barbaloin degradation products and to protonation-deprotonation
processes.

Indeed, in aqueous solution, Barbaloin is spontaneously susceptible
to degradation depending on different factors such as pH, temperature,
and light exposition. According to the literature [62 59 81 82], the major
degradation products of Barbaloin are 10-Hydroxyaloins A and B,
Elgonica-dimers A and B, Aloe-emodin, and other unknown substances.
However, to the best of our knowledge, the optical characterization of
the degradation products of Barbaloin in water is still an open question,
out of the scope of the present work, deserving further investigation.

4.3. Spectroscopic titration analysis and pK, values

Considering the above discussion, the spectroscopic titration (ST)
analysis was performed with the optical absorption and emission spectra
of Barbaloin at pH values above 8, (see section 3.1, Fig. 2a and 2c),
obtained with the down-titration procedure only (Fig. 2d and Fig. 3c and
d).

For the absorption spectrum, the values of the Barbaloin absorbance
at two different wavelengths, 352 and 388 nm, were used for the ST
(Fig. 6, left column), as they correspond, approximately, to the
maximum of the absorption bands at low and high pH values, respec-
tively (see dashed lines in Fig. 2c and d). As expected, the absorbance at
352 nm decreases, as the pH increases, while that at 388 nm increases.

As for the fluorescence emission, considering that the only relevant
emission band for the pH titration is centered around 546 nm (see Fig. 3¢
and d), as previously discussed, this was our chosen wavelength for the
fluorescence ST. The fluorescence intensity at 546 nm was plotted
against the sample pH value for samples irradiated at 352 nm (black
curves in Fig. 6, right column) and 388 nm (red curves in Fig. 6, right
column).

The best values for the pK, constants were determined from the best
fits of Eq. (1) to the ST curves. As shown in Fig. 6, both absorption and
fluorescence intensities were fitted using Eq. (1), withn=1, 2 or 3, i.e.,
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Fig. 6. Optical absorption and fluorescence pH titrations of Barbaloin. The intensity values, of Absorbance or fluorescence emission, are those shown in Fig. 2d
(Absorbance) and Fig. 3c and d (fluorescence emission). The solid lines correspond to the best fits using Eq. (1) with one term (n = 1, top), two terms (n = 2, middle)

and three terms (n = 3, bottom).

Table 1

The pK, values for Barbaloin in water obtained from the best fitting of experimental data (Figures using the Eq (1) with one (n = 1), two (n = 2), and three (n = 3) terms

for absorption and emission ST curves in both up-titration and down-titration.

n=1 n=2 n=3
PKy PKy PKyp PKa PKgo PKy3

Absorption ST curves

352 nm 9.7 £ 0.1 9.7 £ 0.1 15.8 £ 0.2 9.7 £ 0.3 12,5+ 0.1 16.7 +£ 0.8
388 nm 9.8+0.2 9.7 £ 0.1 15.9 £ 0.2 9.6 £ 0.1 12.5+ 0.6 16.6 + 0.5
Average 1 9.7 +0.2 9.7 £ 0.2 15.8 £ 0.3 9.6 +£ 0.3 125+ 0.6 16.6 + 0.9
Emission ST curves

546/352 9.1+0.1 9.5+ 0.1 12.1 £ 0.7 9.5+ 0.1 13.2+0.3 16.6 + 0.7
546/388 89+0.2 9.5+ 0.1 12.0 £ 0.6 9.5+ 0.2 124+ 04 16.6 + 0.5
Average 2 9.0 £0.2 9.5+ 0.1 12.1 £ 0.9 9.5+ 0.2 12.8 £ 0.5 16.6 + 0.8
Overall average 9.3+0.3 9.6 + 0.2 14.0 + 1.0 9.6 + 0.6 12.6 + 0.8 16.6 + 1.2

assuming one, two or three decoupled and non-interacting protonation
sites of Barbaloin in aqueous solution at the pH range examined (pH 8 —
13). Clearly, just with n =1 (see Fig. 6) Eq. (1) cannot appropriately fit
either the absorbance or the fluorescence ST curves. The use of n = 2 can
fit both the absorbance and the emission ST curves (see n = 2 in Fig. 6).
However, the best fits were obtained with n = 3, indicating the presence
of three non-interacting protonation sites in Barbaloin (see Table 1).
Table 1 shows that the three pK, values obtained for the fittings with
n = 3, using either Barbaloin absorption or emission properties, were
found to be rather similar. The similarities among the values obtained
with the two spectroscopic techniques make the calculated values quite
robust. However, the highest pK, value is not reliable, as the titration

performed here went to pH values up to 13.0 only. Hence, we can
confidently state that Barbaloin displays at least two pK, values from pH
8 to pH 13: pKyg = 9.6+ 0.6 and pKg2 = 12.6 £ 0.8, as shown in
Table 1. Those values are the averages and errors for six different ex-
periments, three for each optical technique (see Table 1). As expected,
the values are not very different from those obtained with n = 2
(Table 1).

Hence, Barbaloin in water, at pH values from 2.0 to 13.0, loses two
protons, going from the neutral form to the single and double deproto-
nated forms. This value of 9.6 £ 0.6 for the pK,; is in good agreement
with the value of 9.5 previously estimated by the MarvinSketch software
package [61]. Interestingly, these two pK, values found for Barbaloin in
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aqueous solution are significantly higher than those obtained for
Emodin (pKy = 8.0 £ 0.1 and pKge = 10.9 £ 0.2) [46], showing that
the presence of the peripheral groups is relevant for the protonation/
deprotonation processes of the anthraquinone.

4.4. Geometry optimization and assignment of protonation/deprotonation
sites

To assign the Barbaloin protonation/deprotonation sites, and
analyze the relative stability of its isomers, ab initio QM calculations
were performed. Geometry optimization for the Barbaloin species in
vacuum and in aqueous solution with the B3LYP/6-311++G(d,p) level
of calculation were performed. In aqueous solution, the solvent effect
was described by the polarizable continuum model (PCM) [74] with the
same level of QM calculation. The optimized systems were the neutral
form of Barbaloin (BBH, see Fig. 1) and all seven possible deprotonated
hydroxyl forms, called x-BBl, with one single deprotonation site at
position x =1, 3, 8, 32, 33, 34 and 35 (see atomic numbering in Fig. 1).
However, the geometry optimization of 35-BB! form (Barbaloin with
deprotonation at position 35) showed a spontaneous tautomeric process
involving the hydroxyl at position 34, resulting in the 34-BB™! geometry.
Therefore, only six stable anionic/deprotonated forms of Barbaloin were
found: 1-BB, 3-BB’}, 8-BB!, 32-BB™!, 33-BB! and 34-BB™. After finding
the first deprotonation form with the lowest Gibbs free energy, all six
possible second deprotonation forms, called x,y-BB2, were optimized:
1,3-BB%,1,8-BB%, 1,32-BB2, 1,33-BB2, and 1,34-BB2. And finally, after
finding the second deprotonation form with the lowest Gibbs free en-
ergy, all five possible third deprotonation forms, called x,y,z-BB, were
optimized: 1,34,3-BB3, 1,34,8-BB?, 1,34,32-BB, 1,34,33-BB?, and
1,34,35-BB3. In that way, we found 17 stable structures in vacuum,
being the neutral form (non-ionized) and 16 anionic/deprotonated
forms of Barbaloin: (i) 6 are singly deprotonated, (ii) 5 are doubly
deprotonated and (iii) 5 are triply deprotonated. The difference in
electronic energies (AE) and in Gibbs free energies (AG) between the
most stable forms of Barbaloin for the same quantity of deprotonation
sites with the structures in vacuum and in aqueous solution are shown in
Table 2.

The optimized geometry of the neutral form was found to have two
intramolecular hydrogen bonds (IHB) with oxygen O9. The glucose
group attached to the carbon C10 was shown to be strong enough to
stabilize the structure of BBH with non-planar anthraquinone moiety.
We found that all deprotonated forms of Barbaloin with one deproto-
nation site are stable at the B3LYP/6-311++G(d,p) level, except the 35-

Table 2

Difference in electronic energies (AE, in kcal/mol) and in Gibbs free energies
(AGy in kcal/mol) between the most stable forms of Barbaloin in vacuum for the
same quantity of deprotonation sites obtained using B3LYP/6-311-++G(d,p)
level of QM calculation. In aqueous solution, the difference in free energies
(AG,q) were obtained using the solvent described by PCM with the same level of
calculation. Value of 0.00 for AG,q means the most stable form.

X AE, AG, AGaq
1-BB! 0.00 0.00 0.00
8-BB’! 4.96 3.81 3.26
3-BB?! 21.36 20.48 13.02
32-BB’! 6.79 8.78 9.05
33-BB™ 5.78 6.42 8.11
34-BB’! —0.64 0.48 3.45

1,8-BB2 34.20 33.39 4.30
1,3-BB2 34.69 33.95 10.66
1,32-BB? 22.80 21.90 11.69
1,33-BB2 16.33 15.67 6.65
1,34-BB2 0.00 0.00 0.00

1,34,8-BB 0.00 0.00 0.00

1,34,3-BB® 4.06 4.35 7.11

1,34,32-BB> 24.32 23.45 10.39

1,34,33-BB 17.41 17.44 8.57

1,34,35-BB 31.08 30.22 18.30
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BB, which exhibits a direct intramolecular proton transfer of position
35 to 34, by a spontaneous tautomeric interconversion to 34-BBL.

We observed that the IHB with oxygen O9 are stronger when
changing from the neutral form to deprotonated forms 8-BB or 1-BB™,
as observed by the O---H distances: 1.69 A for BBH and 1.55 A for 8-BB™!
or 1-BBl. These stronger IHB are in agreement with the previous
Emodin study [46].

In Table 2, comparing the difference in Gibbs free energies in vac-
uum, AG,, among the most stable forms of Barbaloin with one depro-
tonation, 1-BB?, 3-BB"!, 8-BB", 32-BB", 33-BB"}, and 35-BB’, the
isomer with deprotonation at position 1 is the most stable, compared
with the others by 3.8 kcal/mol for 8-BB', 20.5 keal/mol for 3-BB}, 8.8
keal/mol for 32-BB™L, 6.4 kcal/mol for 33-BB!, and 0.48 kcal/mol for
35-BB™. The electronic energy, Eg and Gibbs free energy, Gy, in vacuum
for the stable forms of Barbaloin, as well as the energies corrections (sum
of zero-point, thermal, and enthalpy), are presented in the supplemen-
tary material (see Table 2SM). It is interesting to note that the difference
in Gibbs free energies in vacuum between the 1-BB! and 34-BB™! is less
than 1 kcal/mol.

In aqueous solution, a significant change in the stabilization of the
most stable forms with one deprotonation was also found, and the iso-
mer 1-BB is still the most stable form compared with the others by 3.3
kcal/mol for 8-BB"1, 13.0 kcal/mol for 3-BB'1, 9.1 kcal/mol for 32-BB"1,
8.1 kecal/mol for 33-BB’}, and 3.5 kecal/mol for 34-BB™. Consequently,
this large AG,q (greater than 3 kcal/mol) leads to an equilibrium system
with only the isomer 1-BB in aqueous solution at room temperature.
Thus, this result leads to the assignment of the position 1 at the
anthraquinone group for the first deprotonation of Barbaloin in aqueous
solution. For doubly deprotonated isomers (divalent anionic forms), the
isomer 1,34-BB2 is more stable than the other isomers by 4.3 kcal/mol
for 1,8—BB’2, 10.7 kcal/mol for 1,3-BB'2, 11.7 kcal/mol for 1,32-BB’2,
and 6.7 kcal/mol for 1,33-BB2. Thus, we assigned the position 34 at the
glucose group for the second deprotonation of Barbaloin in water.

As mentioned above, due to the intramolecular proton transfer of
position 34 to 35, the isomer 1,35-BB’2 was not found to be stable. For
the triply deprotonated isomers (trivalent anionic forms), the isomer
1,34,8-BB~ is also more stable than isomers 1,34,3-BB3, 1,34,32-BB~,
1,34,33—BB'3 and 1,34,35—BB'3 (see Table 2). Therefore, our results ob-
tained with quantum mechanical calculations show that the first
deprotonation of Barbaloin in water takes place at position 1 at the
anthraquinone group, the second deprotonation at position 34, at the
glucose group, and the third deprotonation at position 8 at the anthra-
quinone group.

5. Conclusions

In the present study, we showed the dependence of the optical ab-
sorption and emission spectra of Barbaloin on the medium pH.
Accordingly, that dependence was used to determine the acidity con-
stants of the molecule, varying the medium pH from 2 to 13. The two
calculated pK, values are quite reliable, as very similar values were
obtained using both spectroscopic techniques: pKy = 9.6+
0.6 and pKyz = 12.6 £ 0.8. Interestingly, these acidity constants were
found to be higher than those obtained for Emodin [46], a similar
molecule which lacks the sugar moiety present in Barbaloin (Fig. 1).

For the titration measurements, the instability of Barbaloin in
aqueous solution at high pH values was taken into consideration,
analyzing the modifications caused on both absorption and fluorescence
spectra due to molecular degradation. Thus, it was possible to well
distinguish the changes caused either by protonation/deprotonation or
degradation on the Barbaloin optical spectra. Barbaloin was found to be
stable in aqueous solution at pH 4.0, but quite unstable if kept at pH 12.0
for a long time. However, even at pH 12.0, Barbaloin was found to be
relatively stable at 25 °C for up to one hour.

Performing quantum mechanics calculations at B3LYP/6-311++G
(d,p) level for non-ionized, singly, doubly, and triply deprotonated
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forms of Barbaloin in vacuum and in aqueous solution, we conclude that
the first deprotonation takes place at position 1, at the anthraquinone
group, the second at position 34, at the glucose group, and the third at
position 8, also at the anthraquinone group (see Fig. 1 for atomic
numbering).

The determination of the pK, values of Barbaloin is fundamental to
the evaluation of the mechanism of action of this drug in different parts
of an organism, as local pH values can vary quite significantly. More-
over, a future study of the biological activity of each Barbaloin isomer,
together with the calculation presented here of the specific deprotonated
sites, can be important for the design of more effective drugs.
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