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Abstract: The acid–base equilibria of cetirizine were investigated with and without the
presence of differently charged micelle-forming surfactants (anionic, cationic, nonionic).
The pKa values were potentiometrically determined at 25 ◦C and at a constant ionic strength
(0.1 M NaCl). Experimental data were analyzed by applying the computer program
Hyperquad 5.2.15. Based on a shift in the ionization constants (∆pKa) in micellar solutions
against the pKa values determined in “pure” water under the same conditions, the effects of
micelles on the protolytic equilibria of cetirizine were estimated. Applied micelles caused
a shift in the protolytic equilibria of all cetirizine ionizable centers, with the piperazine
function connected to aliphatic side moiety (∆pKa1 from −0.47 to +1.42), carboxyl group
(∆pKa2 from −0.92 to +2.02), and piperazine nitrogen connected to phenyl rings (∆pKa3

from −2.01 to +2.19). Anionic SDS and nonionic Brij 35 micelles caused an increase in the
pKa values of the ionizable centers of cetirizine, while a decrease in the pKa values was
detected under the influence of cationic CTAB and nonionic TX-100 micelles. The change
in the ionization pattern by micelles at pH values with biopharmaceutical significance
provides indications of possible interactions of cetirizine with biomolecules of different
charge and polarity under physiological conditions.

Keywords: cetirizine; acid–base equilibria; micelles; antihistamine; Hyperquad; potentiometry

1. Introduction
Cetirizine belongs to the second generation of orally active and selective histamine

(H1) receptor antagonists, which are also considered to be a human metabolite of the
first generation H1 antihistamine, hydroxyzine [1]. Its main effect is therefore achieved
through the selective inhibition of peripheral H1 receptors [2]. Cetirizine is used to ef-
fectively treat the symptoms of seasonal allergic rhinitis, perennial allergic rhinitis and
chronic idiopathic urticaria in adult, adolescent and pediatric patients [3]. The advantages
of cetirizine compared to other H1 receptor antagonists are a rapid onset of action, a long
duration of action and a low potential for interactions with drugs metabolized by the
cytochrome P450 enzyme system of the liver [3]. Cetirizine has been shown to attenuate
platelet-activating factor (PAF)-induced eosinophil chemotaxis and the TNF-a-induced
adherence of eosinophils to endothelial cells, which has led to consideration of its use in
dermatology [4]. In addition, due to its significant reduction in inflammatory cell infiltrate
and prostaglandin D2 production, the potential use of topical cetirizine in the therapeutic
treatment of androgenetic alopecia is being investigated [5]. Cetirizine has been available
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for more than 30 years [6], but it is still considered one of the most commonly adminis-
tered second-generation H1 antihistamines in the medical care of children with allergic
conditions [7].

From the chemical point of view, cetirizine is an amholyte with three ionizable func-
tional groups, one acidic (carboxyl group) and two basic (piperazine nitrogens) (Figure 1).
Awareness of the importance of the ionization constants (pKa) of drugs in drug discovery
and medicinal chemistry research has long since grown due to the knowledge that the
presence of the ionizable groups may cause problems with oral bioavailability, pharma-
cokinetics or toxicity [8–10]. Pharmacokinetic properties of cetirizine, different from those
of first-generation antihistamines, were thought to be the consequence of intramolecular
interactions via folded conformations of ionization equilibrium forms [11]. In addition to
this, it is important to consider the possibility of intermolecular interactions of ionization
equilibrium forms. The main physicochemical properties of pharmacologically active
compounds (ionization and solubility) in physiological conditions may differ from those
determined in “pure” water solutions as a consequence of interactions with molecules
present at the sites of administration and/or absorption, which can in turn affect their phar-
macokinetic profiles (ADME) [12,13]. Due to the importance of cetirizine and its frequent
use in a specific pediatric population, as well as other mentioned possible pharmacological
effects, it is important to examine and predict the behavior of cetirizine in conditions that
are more similar to physiological ones.
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Figure 1. The ionization profile of cetirizine (Cet). 
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Figure 1. The ionization profile of cetirizine (Cet).

The membrane-mimicking approach is based on the philosophy of compartmentaliza-
tion of molecules in systems which may affect reaction rates, properties and stereochemistry
that, in turn, differ from those observed in “pure” aqueous solutions [14,15]. There is no
ideal model that fully reproduces all the complexities of biomembranes [16], but a large
variety of simplified membrane mimetic systems are available [17–19]. Since their prop-
erties are well understood at the chemical level, micellar solutions of differently charged
surfactants are the most commonly used systems to mimic the desired functions of cells
membranes [14,20]. In our previous studies, we showed that protolytic equilibria (acid–
base equilibria) of ionizable drugs may significantly shift in micellar solutions [21–25].
Our results suggest that is not possible to predict the direction and intensity of the shift,
which requires comprehensive experimental consideration of every single compound.
Drug compounds containing two or more ionizable centers represent the greatest chal-
lenge, especially when the pKa values are near to each other and the ionization processes
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overlap [12]. Assessing the biopharmaceutical profile of these drugs by applying pKa

values exclusively defined in “pure” water can be misleading, as possible interactions with
biomolecules may significantly change the assumed ionization patterns. In these terms, this
study aimed to investigate the protolytic equilibria of cetirizine in solutions of differently
charged micelle-forming surfactants: cationic, cetyltrimethylammonium bromide, (CTAB);
anionic, sodium dodecyl sulfate (SDS); nonionic, 4-octylphenol polyethoxylate (TX-100);
and polyoxyethylene lauryl ether (Brij 35). The chemical structures of the surfactants are
presented in Figure 2.
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Figure 2. Differently charged surfactants used in this study.

2. Materials and Methods
2.1. Materials

Cetirizine dihydrochloride, 2-[2-[4-[(4-chlorophenyl)-phenylmethyl]piperazin-1-
yl]ethoxy]acetic acid; dihydrochloride, was kindly provided by ALIMS (Belgrade, Ser-
bia). Surfactants, SDS (J.T. Baker, Phillipsburg, NJ, USA, ≥95% purity), CTAB (Acros
Organic, Antwerpen, Belgium, ≥99% purity), Triton TX-100 (Acros Organic, Antwerpen,
Belgium, ≥98% purity), and Brij 35 (Sigma-Aldrich, Darmstadt, Germany, ≥99% purity)
were used for the preparation of the micellar solutions. All solutions were prepared using
double-distilled water. Standard carbonate-free NaOH and HCl solutions were potentio-
metrically standardized. All other chemicals used in this study were of analytical grade.
All reagents were used as purchased without further purification.

2.2. Potentiometric Titrations

For potentiometric determinations, an Automatic Titrator 798 MPT Titrino (Metrohm,
Switzerland) with a combined electrode LL unitrode Pt 1000 (Metrohm, Switzerland) was
employed. Before titration, standard buffer solutions (pH 4.01, 7.00, and 9.21) were used for
regular calibration of the electrode. Correction factor A was used to interpret the measured
pH values (pH = −log [H+]) in relation to the pcH values (pcH = −logcH). The standard
NaOH solution was used to titrate the standard HCl solution with ionic strength 0.1 M
(NaCl) in order to experimentally determine the correction factor A, which was used in the
relation pcH = pH − A [26,27]. A Huber Polystat CC2 thermostat was used for maintaining
a constant temperature of 25 ◦C for the titrated solutions.

To obtain comparable data, the ionization constants of cetirizine were determined
without (the “pure” water) and with the presence of the 10−2 M differently charged micelles
(SDS, CTAB, TX-100 and Brij 35) under the same conditions. NaCl was used to adjust the
ionic strength to 0.1 M. The presence of surfactants in the concentration used in these
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experiments had no significant influence on the pH of the buffers (under ±0.02 pH units).
The surfactant concentrations used were well above their critical micelle concentration
(CMC), so that the effect of other molecules under experimental conditions on the CMC
can be regarded as negligible. Solutions of cetirizine dihydrochloride with and without the
presence of micelles were titrated with 0.02 mL aliquots of the standard NaOH solution
(0.09905 M). To prevent ionization of the carboxyl group and fully protonate the piperazine
nitrogens, 0.5 to 1 mL of standard HCl solution (0.1017 M) was added to 40 mL solutions of
cetirizine dihydrochloride (5 × 10−4 M) and titrated with the 0.02 mL aliquots of standard
NaOH solution (0.09905 M). Obtained titration curves are presented on Figure 3.
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To calculate the pKa values, the potentiometric data were analyzed using the Hyper-
quade computer program 5.2.15 [28].

3. Results and Discussion
3.1. Determination of the pKa Values in “Pure” Water

Chemically, cetirizine is an amholyte with three ionizable centers, one acidic (carboxyl
group) and two basic (piperazine nitrogens) (Figure 1). Its ionization profile includes a com-
plex system of protolityic equilibria that establish in solution, containing four equilibrium
forms, dicationic (Cet2+), monocationic (Cet+), zwitterionic (Cet+/−) and anionic (Cet−)
(Figure 1). Resolving this complex system of protolytic equilibria could be a particular
challenge, taking into account that the pKa values are close and the ionization processes
overlap. In this case, the strategy that offers the possibility of a precise pKa determination
is potentiometry combined with the evaluation of the experimental data in the Hyperquad
program [28].

The pKa values of cetirizine potentiometrically determined in “pure” water are listed in
Table 1 and compared with the pKa values available from the literature, as well as with the
values predicted by MarvinView 16.5.2.0 software (ChemAxon, Budapest, Hungary) [29].
The ionization order (Figure 1) is defined according to the prediction of MarvinView soft-
ware and explanations from the literature [30]. In some studies, two pKa values were listed
(pKa1 for the first piperazine nitrogen connected to phenyl groups and the pKa2 as the aver-
age value for ionization of the carboxyl group and second piperazine nitrogen connected to
aliphatic moiety [31]), or lower pKa for the carboxyl group and higher pKa value for more
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basic piperazine nitrogen [32], while in others three pKa values are listed [30,33], as in this
study. The results in Table 1 show that the pKa1 values potentiometrically determined in
this study are closer to values experimentally determined in the literature, while pKa2 and
pKa3 agree better with the values predicted by MarvinView software. Generally, slight
deviations in values may be the result of different methods or experimental conditions of
determination, which are not specified for most of the listed data from the literature in
Table 1.

Table 1. Potentiometrically determined pKa values of cetirizine, experimental data from the literature
and values predicted by MarvinView software.

pKa
Experimentally

Determined in This Study
Literature

Experimental Values
MarvinView

16.5.2.0 Software

pKa1
(1st piperazine nitrogen) 2.19 ± 0.07

/ [32]

1.55
2.20 [33]
2.52 [31]
2.19 [30]

pKa2
(carboxyl group) 3.65 ± 0.07

3.60 [32]

3.59
2.90 [33]

/ [31]
2.93 [30]

pKa3
(2nd piperazine nitrogen) 7.31 ± 0.07

7.79 [32]

7.42
8.00 [33]
8.21 [31]
8.00 [30]

3.2. pKa Determination in Micellar Media

To obtain comparable results, the ionization constants of cetirizine were determined
in solutions of differently charged micelles under the same conditions as without the
presence of micelles (temperature 25 ◦C, ionic strength 0.1 M NaCl and constant stirring).
The pKa values determined in the presence of micelles can be observed as the apparent
constants [34–36], which represent a hybrid of drug ionization in the aqueous phase and
within the micellar pseudophase [37]. Accordingly, the micellar pseudophase can be
considered as an organic solvent or a water–organic mixture in which the equilibria between
ionized and nonionized equilibrium forms of the investigated drug may differ from that in
water [38]. The results of potentiometric determinations, along with the differences relative
to the pKa values in “pure” water (∆pKa), are presented in Table 2.

Table 2. The pKa values of cetirizine potentiometrically obtained in the presence of 10−2 M micellar
solutions. ∆pKa—differences in a relation to the pKa values obtained in surfactant-free media.

pKa SDS ∆pKa CTAB ∆pKa TX-100 ∆pKa Brij 35 ∆pKa

pKa1 3.61 ± 0.04 +1.42 ± 0.08 1.72 ± 0.05 −0.47 ± 0.09 1.99 ± 0.08 −0.20 ± 0.11 2.38 ± 0.06 +0.19 ± 0.09
pKa2 5.26 ± 0.04 +1.61 ± 0.08 2.73 ± 0.05 −0.92 ± 0.09 3.47 ± 0.08 −0.18 ± 0.11 5.67 ± 0.06 +2.02 ± 0.09
pKa3 8.72 ± 0.04 +1.41 ± 0.08 5.30 ± 0.05 −2.01 ± 0.09 6.71 ± 0.08 −0.60 ± 0.11 9.50 ± 0.06 +2.19 ± 0.09

It is evident that the presence of micelles contributed to the shift in protolytic equilibria
observed in “pure” water, overall from −2.01 to +2.19. The shift was detected in the interval
between −0.47 (CTAB) and +1.42 (SDS) for pKa1, between −0.92 (CTAB) and +2.02 (Brij 35)
for pKa2 and between −2.01 (CTAB) and +2.19 (Brij 35) for pKa3. The detected trend of shift
direction points to an increase in the pKa values caused by anionic SDS and nonionic Brij
35 micelles, and a decrease in the pKa values in the presence of cationic CTAB and nonionic
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TX-100 micelles. The most significant shifts, but in opposite directions, are observed for the
ionization of the pKa3 under the influence of CTAB (−2.01) and Brij 35 (+2.19).

3.3. Interactions of Cetirizine with Micelles

The shift in pKa values determined in solutions supplied with surfactants relative to
“pure” water confirms the existence of interactions between cetirizine and micelles which
directly involve its ionizable functional groups. The direction of the shift in protolytic
equilibria can give better insight into the type of the most prevalent interactions [39]. Ionic
micelles, whose surface is charged, may interact with the ionized form of functional groups
of drugs through electrostatic forces of attraction or repulsion [40,41]. If attraction forces
are predominant, cationic forms of functional groups (protonated nitrogens) will interact
with the negatively charged surface of anionic micelles (SDS), or anionic forms of functional
groups (carboxyilic anion) will interact with positively charged surfaces of cationic micelles
(CTAB). Therefore, electrostatic interactions may promote ionization, shifting the protolytic
equilibria toward the ionized form of the drug [42]. At the same time, predominant
repulsion forces between ionized groups and the micelle surface of the same charge will
hinder the ionization. All pKa values increase under the influence of SDS, but the effect of
the anionic SDS micelles on the direction of the protolytic equilibria shift differs depending
on the nature of the functional group. From Table 2, the increase in the pKa values of the
piperazine nitrogens (∆pKa1 = +1.42 and ∆pKa3 = +1.41) in the presence of SDS indicates the
shift of the equilibria towards the ionized form and the increase in the degree of ionization.
At the same time, the degree of ionization of the carboxyl group (∆pKa2 = +1.61) is decreased
in the presence of anionic SDS micelles. On the other hand, all pKa values decrease under
the influence of the cationic CTAB micelles. In terms of their nature, a decrease in the
pKa values of the piperazine nitrogens (∆pKa1 = −0.47 and ∆pKa3 = −2.01) observed in
the presence of CTAB suggests the shift of the equilibria towards the nonionized form.
Accordingly, the degree of ionization of the carboxyl group (∆pKa2 = −0.92) is increased in
the presence of cationic CTAB micelles. The direction of the carboxyl group’s protolytic
equilibria shift in the presence of ionic micelles is actually opposite to that previously
explained in terms of electrostatic forces, suggesting that hydrophobic interactions might
be predominant [43]. These results indicate potential interactions of cetirizine-ionizable
groups with a certain layer of ionic micelles, and may point to cetirizine orientation in
micelles, where the carboxyl group is oriented to the inner core while piperazine nitrogens
are located on the charged surface of ionic micelles.

On the other hand, nonionic micelles (TX-100 and Brij 35) are without charged surfaces,
but they are polar and contain an outer palisade layer [20]. Hydrogen bonds and dipole
interactions dominate in the hydrated hydrophilic palisade layer of nonionic micelles,
and thus contribute to the stabilization of their surface [44]. It is to be expected that
proton donors and proton acceptor groups in drug molecules, as their polar parts, will be
mainly distributed in the palisade layer of nonionic micelles [45]. A common feature of
the nonionic surfactants used in the experiments of this study is that their monomers form
spherical micelles with uncharged surface. On the other hand, the chemical structures of the
surfactant monomers are different (Figure 2), as is the number of hydrophilic oxyethylene
units, which directly affects the properties of different nonionic micelles which are not
necessarily identical, and consequently leads to differences in the mode of interactions with
the same drug [22,46]. Nonionic micelles applied in this study expressed different effects on
cetirizine pKa values in terms of the shift direction of protolytic equilibria. The presence of
TX-100 micelles caused a slight decrease in all the pKa values (∆pKa from −0.18 to −0.60),
whereas the degree of ionization was increased for the carboxyl group and decreased for
piperazine nitrogens (Table 2). In the presence of Brij 35 micelles, all the pKa values of
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cetirizine were increased (∆pKa from +0.19 to +2.19), with a decreased degree of ionization
of the carboxylic group and an increased one for piperazine nitrogens. A slight shift in pKa

with almost the same intensity for the piperazine nitrogen, connected to phenyl moieties,
can be observed for both types of nonionic micelles, but in the opposite directions. The shift
of the carboxylic group (∆pKa2 = +2.02) and other piperazine nitrogens (∆pKa2 = +2.19)
towards their protonated forms in the presence of Brij 35 micelles caused the decrease in
acidity and increase in basicity, respectively. More expressed changes in ionization pattern
in the presence of Brij 35 in relation to TX-100 micelles indicate a different mode of cetirizine
interaction with two types of nonionic micelles.

Potentiometrically determined pKa values and Equations (1)–(4), describing the ioniza-
tion of drugs with three ionizable functional groups [23,47], were used for the construction
of diagrams showing the distribution of cetirizine equilibrium forms in the function of pH
(Figure 4).

%Cet2+ =
100 × 10(−pKa1−pKa2−pKa3) × 10(pKa1+pKa2+pKa3−3pH)

10−pKa1−pKa2−pKa3 + 10−pKa1−pKa2−pH + 10−pKa1−2pH + 10−3pH (1)

%Cet+ =
100 × 10(−pKa1−pKa2−pKa3) × 10(pKa2+pKa3−2pH)

10−pKa1−pKa2−pKa3 + 10−pKa1−pKa2−pH + 10−pKa1−2pH + 10−3pH (2)

%Cet+/− =
100 × 10(−pKa1−pKa2−pKa3) × 10(pKa3−pH)

10−pKa1−pKa2−pKa3 + 10−pKa1−pKa2−pH + 10−pKa1−2pH + 10−3pH (3)

%Cet− =
100 × 10−pKa1−pKa2−pKa3

10−pKa1−pKa2−pKa3 + 10−pKa1−pKa2−pH + 10−pKa1−2pH + 10−3pH (4)

It was shown that conformational effects in molecules of cetirizine contribute to the
reduction in the polarity of the ionized equilibrium forms, due to partial intramolecular
charge neutralization, making the zwitterionic form markedly more lipophilic than ex-
pected at physiological pH. Folding conformations affects their pharmacokinetic properties,
allowing cetirizine to be lipophilic enough for good oral absorption but hydrophilic enough
to have low cerebral absorption, resulting in a low incidence of side effects on the CNS [11].
Taking into account that pH changes in different physiological compartments (e.g., the
stomach, intestines, blood plasma) affect the degree of drug ionization, which may influ-
ence its pharmacokinetic properties, the distribution of cetirizine equilibrium forms has
been considered to take place at biopharmaceutically relevant pH values (Table 3).

Table 3. Content of cetirizine equilibrium species (%) at biopharmaceutically significant pH values,
with and without the presence of differently charged micelles. Equilibrium forms are explained in
Figure 1.

pH
Water SDS CTAB TX-100 Brij 35

DC C Z A DC C Z A DC C Z A DC C Z A DC C Z A

1.2 91 9 0 0 100 0 0 0 76 23 1 0 86 14 0 0 94 6 0 0
4.5 0 12 87 0 10 77 13 0 0 1 85 14 0 8 91 1 1 93 6 0
6.8 0 0 76 24 0 3 96 1 0 0 3 97 0 0 45 55 0 7 93 0
7.4 0 0 45 55 0 0 95 5 0 0 1 99 0 0 17 83 0 2 97 1
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The presence of micelles caused a change in the percentage of the equilibrium forms
of cetirizine in relation to the distribution in “pure” water. At pH 1.2, relevant for gastric
acidic conditions, where the absorption of the administered drug dose is usually minimal
due to a smaller surface area, the percentage of the cetirizine zwitterionic form is not
affected by the presence of micelles. At this pH value, the greatest influence was observed
for the dicationic form in the presence of CTAB (−15%). After oral administration, the
absorption of most drugs occurs mainly in the first part of the duodenum at a pH of 4.5 [48],
where significant changes in the percentage of zwitterionic forms are observed (Table 3). Its
content is reduced by 74% in the presence of anionic SDS micelles and 81% in the presence
of nonionic Brij 35 micelles. At 6.8, found to be the average pH in distal ileum, the change in
content of cetirizine zwitterionic forms ranged from −73%, under the influence of cationic
CTAB micelles, to +20% under the influence of anionic SDS micelles. This suggests that
specific interactions with other molecules, charged or polar, may affect the distribution
of cetirizine at the sites of absorption. At 7.4, pH conditions similar to blood plasma, the
content of zwitterionic form decreased by 44% in the presence of CTAB and by 28% in the
presence of TX-100 micelles, and increased by 50% in the presence of SDS and by 52% in
the presence of Brij 35 micelles.

The change in the pKa values in the presence of micelles indicates the presence of
interactions between cetirizine and micelles, confirming that ionizable functional groups of
cetirizine participate in these interactions. This implies that interactions with charged or
polar molecules or surfaces may also be expected under physiological conditions, which
would lead to a completely different distribution than when calculated only on the basis
of the pKa values determined in “pure” water. The results of this study can serve as an



Organics 2025, 6, 2 9 of 11

important initial point or guideline for further studies of the content of the equilibrium
form required for absorption at the site of application, the form required at the site of action,
and for binding to plasma proteins or the potential brain extraction ratio. In addition,
knowledge about the influence of surfactants on protolytic equilibria could serve in the
design of more effective pharmaceutical formulations or the improvement of drug delivery
systems, suggesting appropriate pharmaceutical ingredients to help develop formulations
that allow optimal absorption.

4. Conclusions
The pKa values of cetirizine were determined with and without the presence of dif-

ferently charged micelles, under the same conditions. The observed shift in protolytic
equilibria in the presence of micelles (∆pKa values) indicates the existence of interactions
between cetirizine ionizable groups and different parts of micelles. The directions and inten-
sity of the protolyitic equilibria shift suggest that piperazine nitrogens are predominantly
involved in electrostatic interactions with the charged surface layer of the ionic micelles,
while the carboxyl group is predominantly oriented toward the inner part of micelles.
More expressed changes in the ionization patterns of the carboxyl group and piperazine
nitrogen, connected to a side aliphatic moiety, in the presence of Brij 35 in relation to TX-100
micelles, indicate a different mode of cetirizine interaction with two types of nonionic
micelles. Changes in the distribution of the equilibrium forms of cetirizine affected by the
presence of micelles, at pH values relevant to biopharmaceuticals, suggest that interactions
of cetirizine with differently charged or polar molecules could potentially be considered
under physiological conditions.
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