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Although surfactants are frequently used in enabling formulations of poorly water-soluble drugs, the link between their structure and drug solubilization capacity is still unclear. We studied the solubilization of the “brickdust” molecule itraconazole by 16 surfactants and 3 phospholipid:surfactant mixtures. NMR spectroscopy was
used to study in more details the drug-surfactant interactions. Very high solubility of itraconazole (up to 3.6 g/L)
was measured in anionic surfactant micelles at pH = 3, due to electrostatic attraction between the oppositely
charged (at this pH) drug and surfactant molecules. 1H NMR spectroscopy showed that itraconazole is ionized at
two sites (2+ charge) at these conditions: in the phenoxy-linked piperazine nitrogen and in the dioxolane-linked
triazole ring. The increase of amphiphile hydrophobic chain length had a markedly diﬀerent eﬀect, depending
on the amphiphile type: the solubilization capacity of single-chain surfactants increased, whereas a decrease was
observed for double-chained surfactants (phosphatidylglycerols). The excellent correlation between the chain
melting temperatures of phosphatidylglycerols and itraconazole solubilization illustrated the importance of
hydrophobic chain mobility. This study provides rules for selection of itraconazole solubilizers among classical
single-chain surfactants and phospholipids. The basic physics underpinning the described eﬀects suggests that
these rules should be transferrable to other “brick-dust” molecules.

1. Introduction
Poor aqueous solubility of low-molecular weight lead compounds is
a commonly encountered problem in drug development [1], which has
been attributed to the highly lipophilic requirements of modern drug
targets [2]. The low drug solubility in water is one of the two major
factors that lead to low or highly variable oral bioavailability, as outlined by the Biopharmaceutics classiﬁcation system (BCS) [3]. Hence, a
variety of formulation approaches aimed at increasing solubility and
oral bioavailability have been established [4].
The development of such enabling technologies usually includes the
selection of one or several model compounds with unfavorable physicochemical properties. Itraconazole is one such compound, which displays an extremely low aqueous solubility (≈1 ng/mL for the neutral
form [5]) and high permeability (BCS class II [6]). It belongs to the
“brick-dust” group of molecules, which are characterized by solid-state
limited solubility, due to their strong crystal lattice [7,8]. Itraconazole

has a relatively high molecular weight of 705.6 g/mol and is a weak
base (pKa = 2 and 4 [5]).
However, the usual approach to increase drug solubility by salt
formation [9] does not provide suﬃcient increase in itraconazole solubility to warrant direct application in drug development [10]. Hence,
the marketed product of itraconazole (Sporanox®) solves the problem
by solubilizing itraconazole in a concentrated (40%) cyclodextrin solution at pH = 2 for the oral solution [11] and pH = 4.5 for parenteral
application [12]. The oral solution increases signiﬁcantly the bioavailability, compared to the Sporanox® solid dispersion capsule formulation [13].
Itraconazole has been widely used as a model compound for development of advanced drug formulations. Considerable attention has
been devoted to amorphous solid dispersions [14–20], which aim at
ensuring fast dissolution kinetics and drug supersaturation in the small
intestine, hence leading to increased absorption and bioavailability
[21–23]. Liposomes have also been considered as potential vehicles for
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solubilization capacity are presented in the Supporting information.
Hydrochloric acid (Sigma, 32%), citric acid (Teokom, > 99%),
Na2HPO4 (Sigma, 99%) and KH2PO4 (Teokom, 99%) were used to
prepare buﬀer solutions for the drug solubilization experiments. Mobile
phase solvents for HPLC analysis include methanol (HPLC grade, Sigma,
99.9%) and glycine (Valerus, 99%) solution in water. All aqueous solutions and phases were prepared using deionized water from waterpuriﬁcation system Elix 3 (Millipore, USA).

itraconazole delivery by combining phospholipids with polymers, such
as chitosan [24], or with bile salts [25] and cholesterol [26]. Polymeric
micelles [27], protein [28] and polymeric nanoparticles [29–31] have
also been used as itraconazole vehicles.
Lipid-based formulations have recently reappeared on the drug
delivery landscape [32,33] and have been shown to improve signiﬁcantly itraconazole release [34,35], as well as oral bioavailability in
rats [36]. Due to the relatively low intrinsic solubility of itraconazole in
the lipid excipients used to prepare these formulations [37], lipophilic
ionic liquids of itraconazole have been prepared, which are then loaded
in a lipid-based drug delivery vehicle to provide enhanced itraconazole
absorption and oral bioavailability [38–40].
However, many of the developed enabling technologies still face
challenges that need to be overcome in order to increase their use in
new drug products [41]. For example, the high degree of compositional
and structural complexity, which leads to incomplete mechanistic understanding of formulation performance, stability and excipients selection criteria, impedes the direct use of such technologies in pharmaceutical GMP manufacturing conditions [42–44].
Surfactants are one of the excipients, which are frequently used in
advanced formulations for delivery of poorly water-soluble drugs (e.g.
lipid-based formulations, liposomes, nanoparticles). Nonetheless, the
link between their molecular structure and the drug solubilization capacity is still largely unexplored. For example, although the increased
solubilization capacity with increasing surfactant hydrophobic chain
length has been well documented for many types of drugs [45–50],
there are also reports of the opposite behavior, with no clear mechanistic explanation [51]. The surfactant hydrophilic head group can also
aﬀect dramatically drug solubility [45–49,52], and while in some cases
the major drivers for solubilization have been identiﬁed as electrostatic
[46] or ion-dipole interactions [45,47], there is still not enough information to allow in-depth mechanistic understanding on the molecular level.
In an eﬀort to increase the knowledge of how surfactant structure
determines the solubility enhancement of “brick-dust” pharmaceutical
molecules, we studied the solubilization of itraconazole by a set of 16
surfactants. The set includes surfactants of several families with positive, negative or neutral charge of the hydrophilic head group, as well
as with varying length of the hydrophobic chain. The experiments were
performed at two pH values, at which the itraconazole molecule was in
its neutral state (pH = 6.5) or positively charged (pH = 3). After
identifying the surfactant structural features that govern drug solubilization, an attempt was made to use the same principles in designing a
biocompatible, solubilized formulation of itraconazole, consisting of a
mixture of appropriate surfactant and phospholipid at acidic pH. NMR
spectroscopy was used to gain further insight on the state of the solubilized drug molecule.

2.2. Itraconazole solubility in buﬀered surfactant solutions
Excess amount of drug was weighed in a 20 mL glass bottle and
10 mL buﬀered surfactant solution was added. The buﬀers used were
40 mM Na2HPO4 + 80 mM citric acid (pH = 3) and 63 mM
Na2HPO4 + 121 mM KH2PO4 (pH = 6.5). The mixture was stirred with
a magnetic stir bar at 400 rpm for 24 h at 37 °C. Constant surfactant
concentration which was much higher than the CMC of all studied
surfactants was used (CS = 60 mM). After incubation, the itraconazole
suspension was ﬁltered through 0.2 μm NYLON syringe ﬁlter to eliminate all undissolved particles.
After separation of the undissolved particles, the concentration of
dissolved drug in the obtained clear aqueous solutions was determined
by HPLC-UV. Every step of the procedure was carried out at T = 37 °C.
2.3. Itraconazole solubility in phospholipid-surfactant mixtures
Itraconazole solubilization in the colloidal aggregates formed by
mixtures of AOT and phosphatidylglycerol phospholipids with varying
hydrophobic chain length, was studied by using the following procedure. First, a solution of AOT was prepared, by dissolving an appropriate amount of the surfactant in 3 mL buﬀer solution (pH = 3 or 2.5),
in a 5 mL glass bottle. pH was kept constant by using citrate buﬀer
composed of 41 mM citric acid and 9 mM sodium citrate, adjusted with
citric acid. Then, the appropriate amount of phospholipid was added
and the obtained suspension was sonicated for 60 s by using a 3 mm
diameter sonotrode, set at power output of 250 W (SKL-650 W sonicator, Syclon). The amounts of AOT and phospholipid weighed corresponded to a total amphiphile concentration of 40 mM and a ratio of
1:1. Afterwards, excess itraconazole powder was added and the mixture
was stirred for 24 h and T = 37 °C. After incubation, the itraconazole
suspension was ﬁltered through 0.2 μm NYLON syringe ﬁlter to eliminate all undissolved particles. The concentration of dissolved drug in
the obtained aqueous solutions was determined by HPLC-UV.
2.4. HPLC-UV analysis
HPLC analysis was carried out on a Shimadzu apparatus, equipped
with two high-pressure mixing binary gradient pumps (LC-20AD), autosampler (SIL-10ADvp), four-line membrane degasser (DGU-14A),
wide temperature range column oven (CTO-10ASvp) and a dual-wave
length UV-VIS detector (SPD-10Avp). We used an Ascentis C18 column
(250 mm × 4.6 mm, 5 μm particle size) and methanol:glycine buﬀer
(85:15) mobile phase. The glycine buﬀer was prepared in water at a
concentration of 40 mM and pH = 8. Isocratic elution for 10 min with
total ﬂow of 1 mL/min and injection volume of 20 μL was used. UV
detection was performed at λ = 205 nm. Column temperature was set
at 40 °C. The retention time of itraconazole was tr = 7.2 min. The
concentration of solubilized drug was determined by using a standard
curve (R2 = 0.999), which was prepared by dissolving a known amount
of drug in a mixture of methanol and 0.1 M HCl at a ratio of 1:1.

2. Materials and methods
2.1. Materials
The relationship between drug solubilization and surfactant molecular structure was investigated by using a set of 16 surfactants. Two
groups of nonionic surfactants were studied: polysorbates and alcohol
ethoxylates. Of the anionic surfactants family, we studied alkylsulfates
(hydrophobic chain lengths of C10, C12 and C14), ethoxylated dodecylsulfates and sodium dioctylsulfosuccinate. The cationic surfactants
we studied were alkyltrimethylammonium bromides with hydrophobic
chain lengths of C12, C14 and C16. Biocompatible solubilized formulations of itraconazole were explored by using 3 phosphatidylglycerol
lipids with chain lengths of C14, C16 and C18. Itraconazole was obtained
from TCI (purity > 98%). The abbreviations and the properties of the
surfactants and phospholipids studied, as well as the molecular structure of itraconazole are summarized in Table 1, whereas the surfactant
critical micellar concentration (CMC) values used for calculation of the

2.5. Solubilization capacity calculation
To compare the itraconazole solubilization eﬃciency of the different surfactants we used the molar solubilization capacity, deﬁned as
follows [53]:
2
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Table 1
Properties of the drug and amphiphiles studied.
Name

Acronym used in text

Supplier, purity

Molecular mass, g/mol

Itraconazole

–

TCI,
98%

706

Sodium decyl sulfate

C10SO4Na

Merck,
99%

260

Sodium lauryl sulfate

C12SO4Na

Arcos,
99%

288

Sodium tetradecyl sulfate

C14SO4Na

Merck,
95%

316

Sodium lauryl ethoxy (1) sulfate

C12E1SO4Na

Stepan Co., 70%

332

Sodium lauryl ethoxy (3) sulfate

C12E3SO4Na

Stepan Co., 70%

420

Sodium dioctyl-sulfosuccinate

AOT

Sigma

445

Sodium taurodeoxy-cholate

STDC

Sigma,
97%

522

Tween 20

T20

Sigma – Aldrich

1228

Tween 60

T60

Sigma – Aldrich

1309

Tween 80

T80

Sigma – Aldrich

1310

Polyoxyethylene (23) lauryl ether

C12E23

Sigma – Aldrich

1198

Polyoxyethylene (20) cetyl ether

C16E20

Sigma

1124

Polyoxyethylene (20) stearyl ether

C18E20

Sigma

1152

Dodecyl trimethyl ammonium bromide

C12TAB

Sigma – Aldrich, 98%

308

Tetradecyl trimethyl ammonium bromide

C14TAB

Sigma, 99%

336

Cetyltrimethyl ammonium bromide

C16TAB

Merck, 99%

364

Sodium dimyristoyl phosphatidyl
glycerol

DMPG

NOF,
99%

698

Sodium dipalmitoyl phosphatidyl
glycerol

DPPG

NOF,
99%

745

Sodium distearoyl phosphatidyl
glycerol

DSPG

NOF,
99%

801

S − SW ⎞
χ = ⎛ tot
× 1000
⎝ CS − CMC ⎠
⎜

Structure

capacity accounts for the diﬀerent CMC of the surfactants and considers
only the drug and surfactant molecules that are present in the micellar
aggregates (without the contribution of surfactant monomers and the
drug molecules dissolved in buﬀer solution). The CMC values of the
surfactants studied are presented in the Supporting information. As
itraconazole solubility in the buﬀers used (pH = 3 and 6.5) was too low
to measure, the values used for the solubility were 1 ng/mL (for the

⎟

(1)

where Stot is the measured apparent molar drug solubility in presence of
surfactants, SW is the solubility of the drug at the respective pH, CS is
the molar surfactant concentration and CMC is the critical micelle
concentration of the respective surfactant. Thus, the solubilization
3
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neutral form, pH = 6.5) and 1 μg/mL (pH ≈ 1) [5].

magnitude) in the solubility of itraconazole for surfactants with the
same charge, or even within the same surfactant family: 0.35 g/L for
C10SO4Na, compared to 3.6 g/L for C14SO4Na, both at pH = 3. These
eﬀects of surfactant structure are studied in the next section.

2.6. 1H NMR study of itraconazole ionization
NMR spectra were obtained on a Bruker Avance III HD 500 MHz
spectrometer (Rheinstetten, Germany). A Bruker broadband high-resolution probe (Observe) ﬁtted with an actively shielded single axis Zgradient was used. Experiments were conducted at T = 37 °C. The
studied samples were prepared as described in section 2.2, except that
deuterium oxide (99.8 atom % D) was used instead of water to dissolve
the buﬀer and the surfactants. TMSP-Na-2,2,3,3-d4 was added to the
sample as internal standard (0 ppm) prior to measurement. The resolution of the obtained spectra is 0.001 ppm and the standard error in
the determination of the chemical shifts is < 0.002 ppm. Topspin 3.5
pl6 software package (Bruker) was used for spectrum collection and
data analysis.

3.2. Eﬀect of surfactant molecular structure on itraconazole solubilization
To clarify the eﬀects of the main structural characteristics of a
surfactant molecule on itraconazole solubility, it is important to compare the results of the individual surfactants in an appropriate framework. The molar solubilization capacity (as deﬁned in section 2.5),
provides such a format of comparison, as it accounts for the CMC of
each individual surfactant, as well as for the solubility of the drug in
buﬀer solutions.
Even when using the molar solubilization capacity, however, the
eﬀects of the hydrophobic chain and hydrophilic headgroup might be
confounded if both are varied simultaneously. To resolve this issue, we
study the eﬀect of each parameter separately: viz. The eﬀect of the
hydrophobic chain is studied for surfactants with an identical hydrophilic head group, and vice-versa. We ﬁrst present the eﬀect of the
hydrophilic headgroup, which appears to govern the solubilization
capacity, followed by the eﬀect of the hydrophobic chain.

3. Experimental results
3.1. Eﬀect of pH on itraconazole solubility in surfactant solutions
The solubility of itraconazole as a function of surfactant type at
pH = 3 and 6.5 is presented in Fig. 1. At acidic conditions (pH = 3),
the solubility of itraconazole increased dramatically in all anionic surfactant solutions, reaching a maximum of 3.6 g/L in the solution of the
C14SO4Na alkylsulfate surfactant. Increase of pH to the near-neutral
value of 6.5 decreased very strongly the solubility of itraconazole in
anionic surfactant solutions: for example, a decrease of more than one
order of magnitude, from 1.9 (pH = 3) to 0.1 g/L (pH = 6.5) was
determined for the C12SO4Na surfactant.
In contrast, the eﬀects of pH on the other studied surfactant types
were much smaller: for the nonionic surfactants, the solubility of itraconazole increased slightly at pH = 3 (range of 0.02–0.06 g/L), compared to pH = 6.5 (0.01–0.03 g/L). For the cationic surfactants, there
was either no eﬀect (C12TAB, C14TAB), or a very slight decrease
(C16TAB) in the solubility. However, it is clearly seen that the solubility
of itraconazole in solutions of anionic surfactants at pH = 6.5 and for
the cationic and nonionic surfactants at both studied pHs (solubility
range of 0.003–0.11 g/L) was much lower, compared to the anionic
surfactants at pH = 3.
One can note that there are considerable diﬀerences (orders of

3.2.1. Surfactant hydrophilic head group
The eﬀect of the type hydrophilic headgroup was studied in surfactants with a constant hydrophobic chain length of 12 carbon atoms,
as they presented the widest variety of head group types from the
surfactants used in the current study, see Fig. 2. One can see the very
strong eﬀect of pH for all negatively charged head groups, which results
in much higher solubilization capacity (8–47 mM/M) of these surfactant micelles at pH = 3, in accordance with the results presented in
section 3.1. The nonionic headgroups which are comprised of an ethoxy
chain (for the ethoxylated dodecanol, C12EO23) and an ethoxylated
sorbitan ring (for the polysorbate 20 surfactant) show orders of magnitude lower solubilization capacity (0.5 and 0.4 mM/M, respectively).
Lowest solubilization capacity was calculated for the positively charged
TAB micelles (0.2 mM/M).
At pH = 6.5, highest solubilization capacity was again determined
for the sulfate head group, followed by the ethoxylated (1) sulfate
headgroup. No signiﬁcant diﬀerence was observed between the solubilization capacities of the negatively charged ethoxy (3) sulfate, the
positively charged TAB and the two nonionic head groups. Common

Fig. 1. Itraconazole solubility in 60 mM surfactant solutions at pH = 3 (red
circles) and 6.5 (blue squares), n = 3–9. Data for C14SO4Na at pH = 6.5 is not
shown, due to insuﬃcient solubility of the surfactant at these conditions. The
error bars can be smaller than the symbols. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the Web version of this
article).

Fig. 2. Micellar solubilization capacity for itraconazole of dodecyl surfactants
with diﬀerent hydrophilic head groups at pH = 3 (red circles) and 6.5 (blue
circles). The error bars can be smaller than the symbols. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the Web
version of this article).
4
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3.2.2. Surfactant hydrophobic chain length
The eﬀect of surfactant hydrophobic chain length on the solubilization capacity for itraconazole was determined separately for each
homologue series of surfactants. Hence, the number of carbon atoms in
the hydrophobic chain was varied, while keeping the same hydrophilic
head group, see Fig. 3.
For all studied surfactant types, the solubilization capacity increased linearly with the increased hydrophobic chain length, at both
studied pH values. Due to the very strong eﬀect of pH on the solubilization capacity of the negatively charged alkylsulfate surfactants, the
data for pH = 3 and 6.5 lie on completely diﬀerent scales, which
prevents their direct visual comparison. For the nonionic surfactants,
the solubilization capacity at pH = 3 is shifted slightly above pH = 6.5.
This diﬀerent intercept is in accordance with the slightly higher solubilization capacity of itraconazole, observed for nonionic surfactant at
low pH. Such shift is not observed for the positively charged TAB surfactants.

3.3. Solubilization in phospholipid:surfactant mixtures
The results presented in the previous sections showed that a considerable increase of itraconazole solubility is obtained via solubilization in negatively charged surfactant micelles at acidic pH. To check if
similar results can be obtained with surfactants with better biocompatibility, experiments were performed with mixtures of the surfactant AOT (sodium docusate) and diﬀerent phospholipids. This surfactant was chosen due to the following reasons: (1) it has low toxicity
(it is allowed for use in parenteral preparations [54]), (2) it is negatively charged and (3) it has been shown to form aggregates with very
high drug solubilization capacity when combined with phospholipids
[46]. Negatively charged phospholipids of the phosphatidylglycerol
type with diﬀerent hydrophobic chain length were mixed with AOT at a
ratio of 1:1, which was previously shown to provide high solubilization
capacity for albendazole [46].
The obtained results are presented in Fig. 4. At pH = 3, highest
itraconazole solubility of 0.13 g/L was measured for the phospholipid
with the shortest chain length (2 × C14, DMPG). Solubility decreased
signiﬁcantly with the increase of the hydrophobic chain length of the
phospholipid: 0.06 g/L for 2 × C16, DPPG and 0.03 g/L for 2 × C18,
DSPG. Although the measured solubilities are orders of magnitude
higher, compared to the solubility of itraconazole at acidic conditions
(0.001 g/L at pH = 1 [5]), they are signiﬁcantly lower than the ones

Fig. 3. Micellar solubilization capacity for itraconazole of (A) alkylsulfate, (B)
alkyl-trimethyammonium bromide and (C) ethoxylated (20-23) alcohol surfactants at pH = 3 (red circles) and 6.5 (blue squares). The error bars can be
smaller than the symbols. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the Web version of this article).
Fig. 4. Itraconazole solubility in mixtures of sodium docusate (AOT) with
phosphatidyl-glycerol phospholipids with two C-14 (DMPG), C-16 (DPPG) or C18 (DSPG) hydrophobic chains at pH = 3 (red circles) or 2.5 (green triangles).
The surfactant-to-phospholipid ratio is constant at 1:1 and the total surfactant + phospholipid concentration is 40 mM. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of
this article).

phenomena observed at both pH were the gradual decrease of the solubilization capacity of the sulfate head group upon its ethoxylation and
the identical solubilization capacity of the ethoxy- and sorbitan-ethoxy
(polysorbate) headgroups.
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itraconazole molecule is uncharged at pH = 6.5, which is also the pH
characteristic for the human small intestine [58].
The results presented in Fig. 1 showed that pH has a dramatic eﬀect
on itraconazole solubilization by anionic surfactants: itraconazole solubility of up to 3.6 g/L was measured at pH = 3, whereas the maximum solubility at pH = 6.5 was ca. 0.1 g/L. The solubilization of
3.6 g/L itraconazole was obtained by using 60 mM C14SO4Na (corresponding to 1.9 wt %). The latter is superior to β-cyclodextrin (used in
the marketed itraconazole formulation, Sporanox), which provides a
seven-fold lower itraconazole solubilization (≈0.5 g/L) for the same
weight concentration of excipient [11,12]. Other approaches for itraconazole solubilization in aqueous media have achieved a maximum of
≈0.3 g/L (solid dispersions, pH = 1 [15]) and 15 g/L (polymeric micelles, excipient concentration of 9 wt % [27]).
Such signiﬁcant eﬀect of pH, as the one observed in the current
study, is usually explained by a change in the ionization state of at least
one of the considered molecules. The sulfate group, which brings the
negative charge of the alkylsulfate surfactants, has a pKa close to 0
[59]: hence, it is not aﬀected by switching the pH from 6.5 to 3.
However, the situation is diﬀerent for itraconazole, which has pKa
of 4 and 2 [5]: the drug molecule changes its state from unionized at
pH = 6.5 to positively charged at pH = 3. The 1H NMR spectroscopy
measurements performed in the current study matched very well the
work of Inkmann and Holzgrabe, who showed that such a spectrum
corresponds to an itraconazole molecule protonated at 2 positions: in
the triazole ring, linked to the dioxolane moiety of the molecule and at
the piperazine nitrogen, connected to the phenoxy substituent. The
latter indicates that itraconazole solubilized in anionic surfactant micelles at pH = 3 has a charge of 2+.
Since the big increase of itraconazole solubility at pH = 3 was
observed in solutions of all studied negatively charged surfactants, we
can suggest that the eﬀect is due to electrostatic interactions. This hypothesis is conﬁrmed by the fact that the solubility of itraconazole at
pH = 3 decreases slightly for the positively charged CnTAB surfactants,
compared to pH = 6.5. The latter observation ﬁts well with the electrostatic interaction hypothesis: the repulsion between the similarly
charged (at pH = 3) drug and surfactant molecules leads to the decreased solubility. Therefore, we can conclude that the high solubility
of itraconazole in solutions of anionic surfactants at pH = 3 is due to
electrostatic attraction between the oppositely charged (at this pH)
drug and surfactant molecules in the micelles. The interaction is enhanced by the 2+ charge of itraconazole at these conditions. The
combination of appropriate surfactant and pH, leading to signiﬁcant
increase in drug solubility due to electrostatic attraction was observed
also for other poorly water-soluble drugs, such as albendazole [46] and
ibuprofen [60,61].
Further analysis of the data showed an additional, pH independent
eﬀect of the surfactant hydrophilic head groups on itraconazole solubilization. At both studied pH, the sulfate head group has signiﬁcantly
higher solubilization capacity, compared to all other head groups studied. Although the same eﬀect has been observed also for the weak base
albendazole [46] and for neutral drugs, such as progesterone [47], fenoﬁbrate and danazol [45], the unifying mechanism is still unclear. One
possible explanation is that the smaller size of the sulfate head group
facilitates the packing of the drug and surfactant molecules in the micelles, viz. a steric eﬀect. Such explanation has already been proposed
to explain the signiﬁcant decrease of the solubilization capacity when
ethylene oxide units are added between the lauroyl chain and the sulfate head group for other drugs [45–47]. Another possibility is that iondipole interactions contribute to the solubilization capacity, as has been
shown for progesterone [47] and danazol [45]. Molecular dynamics
simulations might provide further insight on the mechanism of this
interesting eﬀect, however, such eﬀorts have not been undertaken yet,
due to the signiﬁcant computational resources required to model solubilization in micellar systems that include multiple surfactant and
drug pairs.

Fig. 5. Numbering of the aromatic H atoms in itraconazole (corresponds to Ref.
[55]).

measured for the alkylsulfate surfactants. To check if the solubility in
the biocompatible AOT:phospholipid mixtures can be further improved,
additional experiments at lower pH = 2.5 were performed. Indeed, the
solubility of itraconazole was improved strongly at these conditions,
reaching ca. 0.33 g/L for DMPG:AOT. The trend of decreasing solubility
with increasing phospholipid chain length remained the same.
3.4. 1H NMR study of itraconazole solubilized in micelles
To gain more insight on the molecular interactions entailing itraconazole (Fig. 5) solubilization in anionic surfactant micelles at acidic
conditions (pH = 3), we used 1H NMR spectroscopy. Spectrum of
itraconazole solubilized in C12SO4Na micelles at pH = 3 was taken (see
Fig. 1 in the Supporting information). The chemical shifts of itraconazole can be divided in three groups, according to Inkmann and Holzgrabe [55]. The ﬁrst group is between 0.5 and 2 ppm and corresponds
to the H signals of the aliphatic part of the molecule. The second range
from 3.5 to 5.1 ppm consists of all signals belonging to CH2 groups
connected to N or O. However, both of these ranges coincide with the
ranges of the C12SO4Na signals, which renders the complete description
of the signals impossible. Fortunately, the third region of itraconazole
signals originate from its aromatic rings, which do not overlap with any
of the C12SO4Na signals. This part of the spectrum is presented in Fig. 6.
The chemical shifts of 1H in the aromatic range of the solubilized
itraconazole molecule are described in Table 2, alongside with the data
for protonated itraconazole from the study of Inkmann and Holzgrabe
[55]. The signals for the protons in the dichlorophenyl moiety (H-3, 5
and 6), which are not connected with the protonation sites, perfectly
replicate the results obtained by Inkmann and Holzgrabe, despite some
diﬀerences between the two studies (e.g. solvent type, spectra acquisition conditions). The rest of the signals also match very well, especially H-10, 12 and H-22:24, which are the protons that are most affected by the protonation.
4. Discussion
Most of the experiments in the study were performed at pH 3 and
6.5. These pH values were chosen by considering the physicochemical
properties of itraconazole (e.g. its pKa of 4 and 2 [5]), the acceptable
pH range in drug formulation development and the conditions the drug
can encounter after administration. The acidic pH of 3 ensures protonation of the itraconazole molecule and allows evaluation of the electrostatic interactions between the positively charged drug and the ionic
surfactant micelles. At the same time, pH = 3 is relevant also in the
formulation development context: it is in the acceptable range for
parenterally administered formulations [56], while it also provides
valuable information for the behavior of itraconazole at stomach conditions in pediatric populations [57]. On the other hand, the
6
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Fig. 6. Aromatic region of the 1H NMR spectrum of itraconazole, solubilized in C12SO4Na micelles at pH = 3.

By calculating the surfactant solubilization capacity and accounting
for the micellar aggregation number (Nagg), we can estimate the
number of drug molecules per micelle (see Table 3). Although the literature values used for Nagg are obtained at slightly diﬀerent conditions
than the ones in the current study, the estimated number of drug molecules per micelle provides a useful illustration of the degree of drug
solubilization. As Nagg varies in a relatively small range for the studied
set of surfactants (Nagg = 40 to 150), the average number of drug
molecules per micelle correlates well with the measured drug solubility
and the calculated solubilization capacity. Hence, the maximal number
of itraconazole molecules per micelle (around 6) is obtained for
C14SO4Na at pH = 3. The number of itraconazole molecules per micelle
for anionic surfactants at pH = 6.5, as well as for cationic and nonionic
surfactants at both pH studied is much less than 1. For these systems, 1
itraconazole molecule is solubilized per 5 to 100 micelles, illustrating
their very low solubilization capacity.
The increase of itraconazole solubilization capacity for single-chain
surfactants with longer hydrophobic chain length (Fig. 3) is a commonly observed eﬀect that has been reported for many other drugs
[45–50]. The latter is believed to be caused by the increased space
available for solubilization of drugs in the micelles, due to the increased
volume of the hydrophobic core and of the palisade layer in micelles
formed by longer chain length surfactants.

Table 3
Surfactant aggregation number, itraconazole solubilization capacity and
number of itraconazole molecules solubilized per 1 micelle.
Surfactant

AOT
C10SO4Na
C12SO4Na
C14SO4Na
C12E1SO4Na
C12E3SO4Na
C12TAB
C14TAB
C16TAB
C12E23
C16E20
C18E20
T20
T60
T80
MIN
MAX

Nagg

150 [62]
50 [63]
65 [64]
67 [65]
79 [64]
54 [64]
59 [63]
88 [63]
135 [64]
40 [63]
70 [63]
79 [66]
112 [63]
133 [67]
40
150

Sol. cap., mM/M

Itraconazole molecules per micelle

pH = 3

pH = 6.5

pH = 3

pH = 6.5

13.88
11.83
46.63
88.70
27.98
8.04
0.21
0.65
1.17
0.49
0.99
1.29
0.45
0.73
0.47
0.21
88.70

0.07
0.75
2.51
–
1.06
0.34
0.26
0.71
1.55
0.23
0.51
0.64
0.28
0.39
–
0.07
2.51

2.08
0.59
3.03
5.94
2.21
0.43
0.01
0.06
0.16
0.02
0.07
–
0.04
0.08
0.06
0.01
5.94

0.01
0.04
0.16
–
0.08
0.02
0.02
0.06
0.21
0.01
0.04
–
0.02
0.04
–
0.01
0.21

Table 2
Chemical shifts and J-constants of aromatic 1H atoms of solubilized itraconazole measured in this study, compared with the data for ionized itraconazole in mixed
organic solvents + water media, obtained by Inkmann and Holzgrabe [55].
Atom number

Itraconazole solubilized in micelles, pH = 3

Itraconazole in CDCl3:CH3OD:D2O (16:8:1), after addition of 2 eq. DCl [55]

H-21:25
H-33:37
H-5
H-3
H-22:24/34:36
H-6
H-42
H-12
H-10

7.09
7.22
7.34
7.37
7.53
7.65
7.91
8.34
9.18

7.00
7.16
7.32
7.48
7.76/7.47
7.64
7.86
8.33
9.20

(d, 2H, J = 9.0 Hz)
(d, 2H, J = 9.0 Hz)
(dd, 1H, J = 1.9; 8.5 Hz)
(s, 1H)
(d, 4H, J = 8.7 Hz)
(d, 1H, J = 8.5 Hz)
(s, 1H)
(br.s. 0.7H)
(br.s. 0.5H)
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be summarized as follows:
✓ Very high solubility of itraconazole (up to 3.6 g/L) was achieved by
solubilization in anionic surfactant micelles at pH = 3. The high
solubilization is due to electrostatic attraction between the oppositely charged (at this pH) drug and surfactant molecules
✓ The strong interactions are due to the charge of itraconazole, which
is most likely 2+ at these conditions (1H NMR data). The ionization
sites were identiﬁed as the phenoxy-linked piperazine nitrogen and
the dioxolane-linked triazole ring
✓ The eﬀect of the amphiphile hydrophobic chain length on itraconazole solubilization depends on the amphiphile type: for singlechain, micelle-forming surfactants, drug solubilization increases
with the increase of surfactant chain length; in contrast, the opposite
was observed for double-chained, vesicle-forming surfactants, such
as the phospholipids of phosphatidylglycerol type
✓ Hydrophobic chain mobility is a major determinant of itraconazole
solubilization in AOT:phosphatidylglycerol mixtures, as demonstrated by the excellent correlation between the chain melting
temperatures of phosphatidylglycerols and itraconazole solubility

Fig. 7. Itraconazole solubility in phospholipid-AOT mixtures, as a function of
the phospholipid chain melting temperature at pH = 3 (red circles) and 2.5
(green triangles). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the Web version of this article).

The results in the presented study provide a mechanism-based
guidance for selection of itraconazole solubilizers among classical
single-chain surfactants and phospholipids. The role of pH as a critical
parameter governing itraconazole solubilization in anionic surfactants
solutions was rationalized by considering itraconazole ionization behavior and electrostatic drug-surfactant interactions. The basic physics
underpinning the described eﬀects suggests that the obtained solubilizer selection rules could be transferrable to other drugs which share
similar physicochemical properties with itraconazole (e.g. posaconazole, ketoconazole and other triazole antimycotics).

However, the opposite trend was observed for the phospholipidsurfactant mixtures (Fig. 4): the solubilization of itraconazole decreased
signiﬁcantly with increasing the length of the phospholipid hydrophobic chains. The qualitative diﬀerence in the behavior of the pure
surfactant systems and the phospholipid:surfactant mixtures could be
explained if we consider the colloidal species involved in the two cases:
micelles for the surfactant-only systems and vesicles for the phospholipid-AOT mixtures. Note that AOT is known to form vesicles on its own
[68], as is also characteristic for the phospholipids [69] and phospholipid-AOT mixtures [46]. While the hydrophobic chains in classical
surfactant micellar systems enjoy signiﬁcant mobility, similar to the one
in the bulk of liquid hydrocarbons [70], this is not true in the case of
bilayer vesicular structures formed by phospholipids. The mobility of
the alkyl chains in phospholipid bilayers is characterized by a melting
(phase transition, Tc) temperature, which depends on the chain length
[71]. Indeed, if the logarithm of itraconazole solubility in phospholipidAOT mixtures is plotted as a function of the phospholipid chain melting
temperature, an excellent linear relationship is obtained, see Fig. 7.
One sees that drug solubility is highest for the DMPG aggregates
(Tc = 24 °C), in which the alkyl chains are in liquid state at T = 37 °C.
In contrast, the alkyl chains of DPPG (Tc = 41 °C) and DSPG
(Tc = 55 °C) are both in a solid-like state (viz. decreased mobility) and
the measured solubility was much lower. We can therefore conclude
that the solubilization of itraconazole in phosphatidylglycerol aggregates is governed by the degree of chain mobility: the looser packing
of shorter chain length phospholipids facilitates the incorporation of
more drug molecules in the aggregates and leads to higher drug solubilization. Furthermore, the phase transition temperature of the phospholipid chains can be used to assess drug solubility, instead of the
hydrophobic chain mobility of the phospholipids, which is a diﬃcult
parameter to quantify. Phase transition temperatures of diﬀerent
phospholipid types and chain lengths are available in various literature
sources, e.g. Ref. [71].
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5. Conclusions
Appendix A. Supplementary data
The solubilization of itraconazole in the colloidal aggregates of 16
surfactants and 3 phospholipid:surfactant mixtures was studied. The
experiments with the surfactants were performed at pH = 3 and 6.5,
where the itraconazole molecule is positively charged or neutral, respectively. The solubilization in phospholipid:surfactant mixtures was
studied at pH = 2.5 and 3. NMR spectroscopy was used to gain further
insight on the mechanism of itraconazole solubilization in anionic
surfactant micelles at pH = 3. The main conclusions from the study can

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jddst.2020.101688.
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