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Abstract
Objectives: Acid-base dissociations constants of a series of poorly water-soluble nicotinic ligands designed as 

anti-inflammatory agents were determined in order to characterize the pharmacokinetic profile of this kind of ligands.

Methods: pKas values were assessed by means of potentiometric and electrophoretic methods and investigated 
by computational protocols.

Results: Both electrophoretic and potentiometric measurements produced reliable results. However, with the 
electrophoretic technique only an average value for close pKas was found, whereas the potentiometric method 
allowed determination of each pKa value in water-cosolvent mixtures. A theoretical treatment with various prediction 
programs - i.e. ADME Boxes v. 4.1, ACD/pKa DB and ACD/pKa GALAS - led in most cases to values which were not 
in accordance with the experimental ones.

Conclusion: Electrophoretic and potentiometric techniques showed complementary features. Indeed, with 
capillary electrophoresis, the problem associated with the low water solubility of the studied samples could be easily 
overcome, although this technique did not allow to measuring all dissociation constants. In contrast, application of 
the potentiometric method afforded all the theoretical pKa values, although we had to perform the titrations in water-
cosolvent mixtures, a less precise, more laborious and time-consuming approach.
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Introduction
The cholinergic anti-inflammatory pathway is a physiological 

mechanism modulating host inflammatory responses and immune 
system through cholinergic transmission mediated by α7 nicotinic 
acetylcholine receptors (nAChRs) expressed on macrophages, human 
microvascular endothelial cells and other cytokine-producing cells 
[1,2]. The neurotransmitter acetylcholine interacts with α7 nAChRs, 
down-regulating pro-inflammatory cytokine synthesis and preventing 
tissue damage [3]. Hence, the α7 receptor subtype is placed at the 
apex of key CNS and peripheral cellular pathways that are involved in 
anti-inflammatory processes as well as cell survival. Given these roles, 
selective activation of α7 nAChR is a viable and promising therapeutic 
strategy not only for a variety of disorders involving cognitive deficits 
and neurodegeneration but also for inflammatory-related diseases and 
conditions [4,5]. In this framework, CAP 55 (1) emerged as a model 
cholinergic compound due to its significant anti-inflammatory activity 
in inhibiting both endothelial cell activation and tumour necrosis 
factor (TNF) production [6]. 

As part of an ongoing research program on the study of novel 
heterocyclic derivatives targeting nAChR subtypes [7-10], we designed 
and prepared the set of compounds 2-9, in which the ∆2-isoxazoline 
moiety of reference ligand 1 was replaced by the 1,2,3-triazole ring 
(Figure 1). Along with their pharmacodynamic profile, ligands of 
putative pharmacological significance must be investigated also for their 
physicochemical features such as solubility, lipophilicity, hydrogen 
bonding capacity and charge, which affect their in vivo pharmacokinetic 
behaviour. The above mentioned parameters are easily calculated from 
the acidic dissociation constant of a compound under study, and the 
knowledge of pKa values is crucial in view of predicting the interactions 
of small molecules with their protein counterpart [11,12]. In addition, 

biologically active derivatives are often fully or partially ionized at 
physiological pH and the presence of ionisable groups is often essential 
in directing their pharmacological response.

Traditionally, potentiometric titrations are the standard method 
for pKa determination [12]: the sample is titrated with acid or base 
using a pH electrode to monitor the course of the titration: pKa values 
are calculated from the change of shape of the sample titration curve 
compared with that of a blank titration [13]. Since 1990 capillary 
electrophoresis has been proposed as an alternative method for the 
determination of ionization constants [12], which is based on the 
change of the electrophoretic mobility of the ionisable sample as 
a function of pH. In its uncharged state, the sample has no effective 
mobility, while in its fully ionized state it has a maximum mobility. 
Intermediate mobility is a function of the dissociation equilibrium, 
and pKa values are determined by regression analysis [14]. In a 
previous paper, we reported the measure of the acid-base dissociation 
constants for a set of nAChR ligands with both potentiometric and 
electrophoretic methods [15]. Herein, we describe a parallel study on 
the determination of the dissociation constants of the group of new 
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nicotinic ligands 2-9. In these compounds, the substitution of the 
∆2-isoxazoline ring of reference compound 1 with the 1,2,3-triazole 
moiety caused a decrease of their solubility in water, thus making the 
pKa determination more difficult. We determined the pKa values of 
target ligands by means of capillary electrophoresis and potentiometric 
titrations in water-cosolvent mixtures, and compared the features of 
the two applied techniques. The calculated values were analysed with 
the predictor software ADME Boxes v. 4.1 by Pharma-algorithms, 
a program which has been developed in collaboration with Sirius, 
the company which produces the apparatus for the potentiometric 
titrations. Our theoretical investigation included ACD/pKa DB, by 
Advanced Chemistry Development Inc., which is one of the most 
reliable commercial prediction programs [16], extensively used by the 
majority of pharmaceutical and API companies. We also made use of 
the ACD/pKa GALAS software, which permit the calculation of charge 
influences of ionized groups to neighboring ionization centers.

Experimental
Chemicals

Compounds 2-9 have been prepared in our laboratory and 
their synthesis and biological activity will be reported in a due 
course. Phosphoric acid (H3PO4), formic acid (HCOOH), acetic 
acid (CH3COOH), boric acid (H3BO3), 3-(cyclohexylamino)-1-
propanesulfonic acid (CAPS), sodium hydroxide, CO2 free potassium 
hydroxide, potassium chloride, potassium hydrogen phthalate (KHP), 
hydrochloric acid 0.5 M, acetone and methanol were purchased from 
Sigma Aldrich. All reagents used were of analytical grade and all 
reagents and buffers were prepared with water obtained from a Milli-Q 
water purification system (Millipore).

Apparatus

Capillary electrophoretic experiments were carried out using a 
Beckman Coulter Proteome Lab PA 800 system equipped with a diode-
array detector scanning from 190 to 600 nm. 32 Karat software was 
employed for instrumental control, data acquisition and data analysis. 
Electrophoretic separations were performed under the conventional 
operating conditions (anodic injection) in an uncoated fused-silica 
capillary of 32 cm total length, 21 cm effective length and 50 µm i.d. 
(Composite Metal Service Ltd). Before first use, new capillaries were 
conditioned as follows: 30 min with 0.1 M NaOH, 30 min with water 
and 30 min with the running buffer. Between runs at different pH 
values the capillary was activated with 0.1 M NaOH for 3 min, rinsed 
with water for 3 min and with background electrolyte (BGE) for 5 
min. Between runs at the same pH value the capillary was only washed 
with water for 3 min and equilibrated with BGE for 5 min. Activation, 

rinse and equilibrations steps were all carried out with a pressure of 
20 psi. All injections were performed in the hydrodynamic mode (10 
s, 0.5 psi). The capillary was operated at 8 kV, while maintaining its 
temperature at 25 °C and the detection wavelength was 280 nm. Three 
replicate injections were carried out for each compound at each pH 
value and all of them were used for the calculation of pKa values. The 
pH values of the running buffers were measured with a MP 220 pH 
meter (Mettler Toledo) equipped with an electrode In Lab 418 (Mettler 
Toledo), daily calibrated. Graph Pad Prism Version 5.0 software (Graph 
Pad Software) was used to perform non-linear regression analysis of 
the electrophoretic data.

Potentiometric titrations were carried out with the Sirius GL 
pKa instrument coupled with a computer-aided system for the 
evaluation of pKa values (Sirius Refinement Pro software version 1.0). 
Electrode standardization was performed every day following a two-
step procedure: a) a single point calibration, in which the electrode is 
placed in a pH 7 buffer solution and after which the Nernst equation 
is applied to set an operational pH scale used for the pH readings 
during titrations; b) an aqueous blank titration, in which 20 mL of 
ISA water (ionic strength adjusted water, i.e. 0.15 M KCl unbuffered 
solution) are titrated over a wide pH range (typically from pH 1.8 to 
12.2) under inert atmosphere at constant temperature (25°C) with a 
0.5 M KOH solution. The experimental titration curve was fitted to the 
theoretical curve using the Sirius Four-Plus equation, which relates pH 
(operational pH, the pH scale derived from the pH 7 buffer solution) to 
p[H] (concentration pH, a scale which takes liquid junctions potentials 
and other deviations from ideal behaviour into account). This fitting 
was performed by means of the Refinement Pro software using the 
following equation:

pH = α + S(−log[H+]) + jH [H+] + jOH Kw / [H+]                                 (1) 

in which α corresponds to the negative logarithm of the activity 
coefficient of H3O

+ at the working temperature and ionic strength; S 
stands for the Nernst slope; the jH term corrects pH readings for the non-
linear pH response due to liquid junctions and asymmetry potentials in 
acidic solutions (pH 1.5-2.5): the jOH term corrects for non-linear effects 
at high pH (pH > 11) [17], and Kw stands for the aqueous constant 
as a function of ionic strength and temperature [18]. Four-Plus terms 
α, S, jH, jOH are characteristic of the electrode performance. In blank 
titrations, the “sample” is the CO2 dissolved in water and the difference 
curve obtained after the effect of CO2 has been subtracted, giving an 
indication of the quality of pH electrode response at different points 
on the pH scale. Base titrant (0.5 M KOH) was prepared from CO2-free 
ampoules of KOH in order to minimize the concentration of CO2 in 
the solution. This reagent was standardized by titration with a weighted 
amount (0.15 to 0.19 g) of potassium hydrogen phthalate dissolved 
in 20 ml of ISA water. For a better result, three KHP titrations were 
performed and combined in a Multi Set by means of the Refinement 
Pro software to determine the mean value of the KOH concentration 
factor. A volumetric standard solution (0.5 M) of hydrochloric acid was 
employed as acid titrant. This reagent was standardized by means of a 
blank titration. 

Electrophoretic measurements

For electrophoretic experiments, samples containing one 
substance dissolved in a water/methanol/acetone 94/5/1 v/v/v mixture 
were prepared. Acetone was used to determine electro-osmotic flow 
(EOF) and methanol was added to improve the solubility of the 
tested compounds. Sample concentrations were very low (0.02 mg/
mL) because all compounds were poorly soluble in water. Twenty-
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Figure 1: Chemical structures of model and target compounds 1-9 
investigated in this study.
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one buffers, set at an ionic strength of 20 mM, were prepared from 
pH 2.0 to pH 12.0 with an increment of 0.5 pH units according to 
Geiser et al. [19]. The buffers were degassed in an ultrasonic bath prior 
to use and were replaced every ten runs, thus avoiding electrolytic 
phenomena. The analyte apparent mobility is the sum of the effective 
mobility (µeff) and the mobility of EOF (µEOF). Therefore, for measuring 
µeff, it was necessary to determine µEOF, i.e. the mobility of a neutral 
electro-osmotic flow marker (acetone). Practically, the analyte effective 
electrophoretic mobility was calculated according to equation (2):

1 1tot eff
eff app EOF

app EOF

L L
V t t

µ µ µ
 

= − = −  
 

                                                         (2)

where tapp and tEOF are the migration times (s) of the analyte and 

the neutral marker, respectively; V is the applied voltage (V), Ltot 
the total capillary length (cm) and Leff the capillary length from the 
injection point to the detector (cm). µeff, µEOF and µapp are all expressed 
in cm2V-1s-1. The calculated values of µeff were reported as a function 
of pH giving rise to a sigmoidal curve, according to the model 
equations for pKa determinations [12]. A non-linear regression was 
performed to determine pK’a values which were dependent on the 
BGE concentration. These values were corrected by introducing an 
activity coefficient, which gave the “true” pKa value, independent of 
experimental procedures [19].

Potentiometric measurements

As compounds 2-9 were water insoluble, the samples were titrated 
in a mixture of water and a cosolvent. From these titrations, apparent 
pKa values in the presence of cosolvent were calculated. Three titrations 
were conducted at different cosolvent concentrations and the different 
datasets obtained were combined in the RefinementPro software to 
create a MultiSet; the apparent pKa values were extrapolated to “zero 
cosolvent” to obtain the aqueous pKa using the Yasuda-Shedlovsky 
procedure [20]. Methanol was the solvent of choice because its 
general effect on pKa has been extensively studied. Moreover, CO2 is 
poorly soluble in methanol, leading to more reliable titration data. 
For calculation of apparent pKa values, Four-Plus pH electrode 
standardization parameters, which are corrected at the same water-
cosolvent ratio as the sample titration, must be used in the refinement 
of the data. The aqueous Four-Plus values were automatically adjusted 
to the correct values by the Refinement Pro software. The adjustment 
was calculated by applying data from files built into the software, in 
which the performance of pH electrodes over a wide range of water-
cosolvent ratios in 0.15 M KCl at 25°C were determined. A weighted 
amount of analyte (2 mg) was dissolved in ISA water containing 
different amounts of methanol (10, 20, 30%) and the pH was lowered 
to 1.8 with 0.5 M HCl before titration, which was performed with 0.5 
M KOH up to pH 12.2. For each sample, three determinations were 
carried out in the same vial and the results were combined in a MultiSet 
and extrapolated to “zero cosolvent” by means of the Refinement Pro 
software. The potentiometric pKa values, obtained at 0.15 M ionic 
strength, were corrected to 0.02 M ionic strength to compare them with 
the electrophoretic values using an empirical expression described in 
the literature [21]. 

Prediction of pKa values

Theoretical pKa values were calculated applying three prediction 
programs. ADME Boxes v. 4.1 software (trial version, Pharma-
algorithms) is a ionization predictor based on more than 12,000 
compounds training set, which, from the structural formula of new 
compounds, is able to calculate the dissociation constants of their 
ionization centres. The ACD/pKa Classic software (trial version, 

Advanced Chemistry Development. Inc.) is based on Hammett 
equations derived from a library of more than 30,000 experimental pKa 
values for approximately 16,000 compounds in aqueous solutions and 
of more than 2,000 derivatives in non-aqueous solvents [16,22,23]. The 
ACD/pKa GALAS (Global, Adjusted Locally According to Similarity) 
software makes use of an algorithm in which the pKa microconstants of 
all possible ionization centres are predicted, then corrected according 
to the chemical environment of the reaction centre. Predictions are 
performed by means of a database containing 4600 ionization centres 
[24,25].

Results and Discussion
In the set of investigated compounds, derivatives 2, 3, 4, 7, 8 are 

mono-bases while 5, 6 and 9 are di-bases. CE measurements yielded 
electrophoretic mobilities which were plotted versus the pH of the 
running buffer; µeff values were positive according to the cationic nature 
of the ionized compounds under study. In (Figure 2) a representative 
plot of µeff against pH for compound 2 is illustrated. The results obtained 
from the potentiometric and the electrophoretic methods are gathered 
in Table 1 together with the values resulting from application of the 
three different computational prediction programs.

Confidence intervals associated with electrophoretic and 
potentiometric determinations were around 0.2, while confidence 
intervals related to software predictions ranged from 0.4 to 0.8. 
Experimental and theoretical pKa values were also compared 
graphically (Figure 3). Electrophoretic pKa values were in the same 
range as those determined potentiometrically, however we found a 
significant difference when experimental potentiometric values were 
compared with theoretical ones. On the other hand, experimental pKa 
values measured by capillary electrophoresis fell in the same range of 
the theoretical values from the ACD/pKa Classic software and the ACD/
pKa GALAS software but not with those calculated by applying the 
ADME Boxes algorithm. With the potentiometric method, pKa values 
were the result of a sample titration in water-cosolvent mixtures with 
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Figure 2: a) Relationship between µeff and pH of BGE for compound 2.
b) Potentiometric titration curves for compound 2
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an increasing amount of cosolvent, followed by extrapolation of the 
pKa value at zero cosolvent concentration. Indeed, the very low water 
solubility at the required concentration did not allow determination of 
the pKa values in water owing to sample precipitation during titration. 
Given the insufficient amount of compound 9 for a measure with the 
potentiometric option, we were unable to estimate the two pKa values 
of this derivative by means of this technique, which, on the contrary, 
was successful for achieving both pKa values in the case of di-bases 5 
and 6. Worth mentioning, the two dissociation constants were too 
close to be discriminated with the electrophoretic titration protocol, 
which provided only an average value. 

On the other hand, the very low water solubility of title derivatives 
2-9 was not a limitation when we applied the electrophoretic method. 
Indeed, in this instance the required sample concentration is rather 
low due to the intense UV absorbance of the investigated derivatives. If 
the graphical comparison illustrated in Figure 3 is taken into account, 
we can conclude that the values attained with the two experimental 
protocols were to a large extent in mutual accordance. Worth noting, 
the theoretical prediction programs ADME Boxes and ACD pKa 
GALAS provided significantly higher values than the experimentally 
determined ones. On the contrary, the ACD pKa Classic software led 
to theoretical values which, in most cases, were dramatically lower 
than the experimental values, and this was especially true for the first 
dissociation constant of both compounds 6 and 9. 

Conclusions
In the present study, we used two different approaches, the 

potentiometric as well as the electrophoretic experimental protocol, 
to measure the acid-base dissociations constants of eight poorly 
water-soluble weak bases targeting the nicotinic receptor system. 
Electrophoretic and potentiometric measurements, which gave 

reproducible and comparable results, showed complementary features. 
Indeed, with capillary electrophoresis, the problem associated with the 
low water solubility of the studied samples could be easily overcome, 
although this technique did not allow to measuring all dissociation 
constants. In contrast, application of the potentiometric method 
afforded all the theoretical pKa values, although we had to perform the 
titrations in water-cosolvent mixtures, a less precise, more laborious 
and time-consuming approach. Furthermore, the parallel use of three 
different computational packages produced a set of results, which, 
overall, were not matching the experimental data, and, therefore, 
appeared to be unsuitable for a reliable theoretical prediction of the 
dissociation constants of our set of derivatives.
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pKa by
potentiometry

pKa by
CE

pKa by
ADME Boxes

pKa by
ACD/pKa Classic

pKa by
ACD/pKa 
GALAS

2 3.339 4.037 4.70 2.85 4.60
3 3.164 2.534 4.70 2.47 4.60
4 3.875 3.480 5.10 2.02 5.10

5 3.680
4.481 3.708 3.70

5.00
2.17
2.70

3.50
4.80

6 2.033
3.271 2.685 3.40

5.40
0.09
2.10

2.80
4.60

7 4.002 4.044 5.30 4.66 5.20
8 4.197 4.192 4.70 3.02 4.70

9 - 3.858 4.30
5.60

0.59
4.56

3.90
5.30

Table 1: Measured and predicted pKa values for tested compounds 2-9.  
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Figure 3: Comparison among experimental and theoretical pKa values of the 
studied derivatives.
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