Microchemical Journal 214 (2025) 113934

Contents lists available at ScienceDirect

Microchemical

Microchemical Journal

journal homepage: www.elsevier.com/locate/microc

ELSEVIER

Estimation of the critical micelle concentration of sodium taurocholate in
intestine-relevant conditions using complimentary techniques

Susana Amézqueta ™ ©, Unai Casanova®, Elisabet Fuguet *"®, Clara Rafols”

2 Departament d’Enginyeria Quimica i Quimica Analitica and Institut de Biomedicina (IBUB), Facultat de Quimica, Universitat de Barcelona, Marti i Franques 1-11,
08028 Barcelona, Spain
b Serra Htinter Programme, Generalitat de Catalunya, Spain

ARTICLE INFO ABSTRACT

Keywords: Bile salts such as sodium taurocholate (NaTc) play an important role in drugs’ bioavailability due to their ca-
Intestinal biorelevant media pacity to form micelles. These aggregates can host a wide range of drugs and enhance their solubility in bio-
Micellization logical fluids. The micellization process and the types of micelles formed not only depend on the surfactant, but
;“:1(:1 I;i‘;g;‘;l::y also on the environment (solvent, temperature, presence of other compounds, etc.). Therefore, when solubility

assays are performed it is key to ensure that micelles are present. In this work, the critical micelle concentration
(CMC) of NaTc has been evaluated using three different techniques (conductometry, fluorescence and calo-
rimetry) in water and in different biorelevant conditions (intestinal biorelevant aqueous buffers, FaSSIF-v2 and
FeSSIF-v2). While conductometry is not adequate for CMC determination of bile salts, fluorescence and calo-
rimetry offer complementary information. CMC experiments have shown that ion strength and the presence of
mixed micelles (formed by NaTc, phosphatidylcholine and lipids) favor the micellization process and would

Isothermal titration calorimetry
Sodium taurocholate
Critical micelle concentration

impact on the drugs bioavailability.

1. Introduction

Bile salts are compounds formed primarily in the liver by the
oxidation of cholesterol and stored in the gallbladder. In concrete, so-
dium taurocholate (NaTc) (Fig. 1) results from the conjugation of a
primary bile acid (cholic or chenodeoxycholic acid) and taurine. These
compounds play an important role in the digestion and the absorption of
lipophilic compounds due to their function as biosurfactants [1]. Also,
they are appreciated due to their ability to modify enzyme catalytic
activity when combined with phospholipids in form of mixed micelles
[2], to act as chiral selectors in chromatography applications [3] and to
act as solubilization and dispersive agents in the preparation of nano-
technology functional materials [4].

Conventional surfactants such as sodium dodecyl sulfate (SDS) self-
aggregate when a specific concentration, called critical micelle con-
centration (CMC), is reached. Bile salts also form micelles, although they
aggregate more gradually, and have a smaller aggregation number,
higher charge density and higher polydispersity [S]. Bile salts have a
rigid backbone with a curved geometry. The convex side, with methyl
groups, is hydrophobic while the concave side, with hydroxyl groups,

and the lateral chain are hydrophilic. The molecular rigidity and the far
distance between the hydrogen bond sites of the skeleton and the main
polar group situated in the lateral chain permits bile salts aggregate.
This aggregation is peculiar as the polar and nonpolar regions are not
completely separated, and the interactions involved probably might be
the result from electrostatic, van der Waals, hydrophobic and steric
forces [6,7]. In fact, the exact process remains still unclear, and several
models of aggregation have been proposed [5,7]. In the case of NaTc,
micelles of around 10 units would coexist with monomers and dimers
and could interact transitively with other molecules in a dynamic
manner [8].

This process can be studied through different analytical techniques
from the monitoring of various physical properties, including heat ex-
change (calorimetry), surface tension (osmometry), conductivity (con-
ductometry), probe’s fluorescence intensity (fluorescence), chemical
shift (NMR) and ultrasonic velocity (ultrasounds). In general, the
analytical methods compare the differences of the physical property in
the premicellar region (solution containing surfactant monomers) and
the postmicellar region (solution containing surfactant monomers, small
aggregates and micelles in equilibrium). To obtain the CMC value, the
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Fig. 1. Sodium taurocholate.

behavior of a physical property in the premicellar and the postmicellar
region is compared. Data treatment approaches include the evaluation
of the intersection between two straight lines or the inflexion point of a
curve, among others [9-11].

Table 1 shows the CMC values of NaTc in water reported in the
literature at different temperatures (10-40 °C) and using different
analytical methods. In this medium, the CMC value varies in the range
6.1-15 mM. It is important to note that the micellization process is
influenced by several factors such as the type of surfactant, the tem-
perature, or the composition, pH and ionic strength of the medium [12].
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Therefore, Table 1 also includes the CMC values obtained using different
electrolyte systems. They mainly have been evaluated by isothermal
titration calorimetry (ITC), and the CMC (in the range 3-13 mM) is more
variable than when working with water as more variables are introduced
into the system (components, pH, temperature).

Nowadays, drug classification systems stand out the necessity to
consider biorelevant conditions in the drugs’ formulation strategy.
Specifically, the Developability Classification System (DCS) for orally
administered drugs, suggests the classification of drugs into five cate-
gories depending on their solubility and the estimated effective jejunal
permeability in simulated intestinal media [13]. Therefore, the study of
micellization using media and components that mimic gastrointestinal
tract is key in understanding the solubility and bioavailability of orally
administered drugs, specially of those presenting limited solubility in
water [14]. Recent studies have also revealed the interest in using in-
testinal simulated fluids to improve the evaluation of the reabsorption of
drugs that can be entrapped in bile micelles during the enterohepatic
circulation [15].

Literature reports studies performed considering the pH and ion
strength of gastric fluids (pH ~ 3, I ~ 100 mM) or blood (~7.4, I ~ 150
mM), but they do not mimic the fluids were NaTc is mainly present:
intestinal fluids (pH 5.8-6.5) (Table 1). Further, it has to be noted that,
under physiological conditions, bile salts can also form mixed micelles in
the presence of phospholipids and/or other substances (e.g. fatty acids
or cholesterol) [7,16]. Thus, the present study will focus on the evalu-
ation of, on one hand, the influence of intestinal fluid conditions (pH and
ionic strength) in the CMC of NaTc and, on the other hand, the effect of

Table 1
NaTc CMC values in water or aqueous buffers at different temperatures.
Medium T (°C) CMC (mM) Analytical technique Ref.
Water 10 6.79 Osmometry [24]
20 6.68 Osmometry [24]
8-12 Fluorescence [26]
25 8.3 (pentamer) NMR [37]1
8-12 Fluorescence [27]1
10.5 Fluorescence [30]
13.3 Calorimetry [30]
30 6.14 Osmometry [24]
10 Ultrasounds [38]
32 13.3 Calorimetry [30]
35 15 Fluorescence [28]
37 15 NMR [35]
13.2 Calorimetry [30]
40 6.36 Osmometry [24]
Water + 10 mM NaCl 25 12 Ton electrode [39]
15 mM NaCl 35 13 Fluorescence [28]
75 mM NaCl 11 [28]
150 mM NacCl 9 [28]
300 mM NaCl 8 [28]
Citrate buffer (100 mM, pH 3.0) 25 6.5 ITC [40]
34 Osmometry (surface tension) [40]
Acetate buffer (100 mM, pH 3.0) 30 12.6 + 0.9 ITC [37]1
(100 mM, pH 3.0) 11.4+ 0.9 ITC [371
+ 10 mM NacCl
(100 mM, pH 3.0) 8.8+ 0.9 ITC [37]
+ 50 mM NaCl

(100 mM, pH 3.0) 7.4 +£0.9 ITC [37]1

+ 150 mM NaCl
Acetate buffer (pH 5, I = 389 mM) 37 ~3 NMR [35]
HEPES buffer (10 mM, pH 7.4) n.a. 6.5 + 0.5 Osmometry (surface tension) [41]

+ 145 mM NaCl
Phosphate buffer (pH 7.4) 25 Near O ITC [42]

+ 150 mM NaCl
(pH 7.4) 15, 28, 31, 34, 37 ~8 ITC [42]

+ 150 mM NaCl
(pH 7.4) 37 8.5 Light scattering [43]

+ 150 mM NaCl
(pH 6.5) 37 ~3 NMR [35]

+ 190 mM NaCl

na: not available
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the formation of mixed micelles with other intestinal fluid components
on NaTc micellization. Tables A.1 and A.2 (Supplementary material)
show the components of intestinal fluids and those of the commercially
available simulated intestinal fluids (SIF) that mimic the fasted and the
fed states (FaSSIF-v2 and FeSSIF-v2, respectively) [17] and that will be
used in the present study.

2. Material and methods
2.1. Equipment

Conductivity measurements were carried out using the CDM 83
conductometer (Radiometer Copenhagen, Denmark) and the CDC114
conductometry cell (Radiometer). Fluorescence was monitored using a
Cary Eclipse Fluorescence spectrophotometer from Varian-Agilent
Technologies (Santa Clara, CA, USA). To perform the calorimetric
measurements, a VP-ITC system controlled by VPViewer2000 from
MicroCal (Northampton, Ma, USA) was used.

2.2. Reagents

NaTc, SDS, propranolol hydrochloride, tetracaine, sodium hydrox-
ide, sodium chloride and potassium chloride were from Merck (Darm-
stadt, Germany); maleic acid was from Carlo Erba (Milan, Italy); FaSSIF-
v2 and FeSSIF-v2 were from Biorelevant (London, UK). FaSSIF-v2
powder contains NaTc and lecithin, while FeSSIF-v2 powder contains
NaTec, lecithin, glycerol monooleate and sodium oleate [17]. To prepare
the solutions, double distilled water obtained from a Milli-Q system from
Millipore (Burlington, MA, USA) was used.

2.3. Methods

Each experiment was done at least with three replicates. CMC of
NaTC was determined in five different media: water, maleic buffer at pH
6.5, maleic buffer at pH 5.8, FaSSIF-v2, and FeSSIF-v2. Maleic buffer pH
and ionic strength are the ones needed to prepare the simulated intes-
tinal fluids (pH 6.5 (I = 140 mM), to mimic fasted state, and pH 5.8 (I =
320 mM), to mimic fed state), so they were prepared according to Bio-
relevant instructions [17]. FaSSIF-v2 and FeSSIF-v2 powders were dis-
solved in maleic buffer pH 6.5 (I = 140 mM), and maleic buffer pH 5.8 (I
= 320 mM), respectively.

The concentration of NaTc (pure or as a component of FaSSIF-v2 and
FeSSIF-v2 powders) selected for the stock solution in each analytical
method assured the coverage of the premicellar and the postmicellar
regions.

2.3.1. Conductometry

First, the conductometer was calibrated using KCl as a standard. A
solution of the surfactant (50 mM) was prepared in water or in maleic
buffers and placed in a burette. Next, 25 additions of 1 mL of the sur-
factant solution were performed over the conductometric cell containing
15 mL of water or buffer, and the conductivity was measured after each
addition. Experiments were carried out at 25 °C and under vigorous
stirring.

2.3.2. Fluorescence

First, probe working solutions (0.06 mM for propranolol and 0.03
mM for tetracaine) and NaTc solutions (300 mM for water and aqueous
buffers, and 200 mM for FaSSIF-2 and FeSSIF-v2) were prepared in the
desired medium. In each experiment, surfactant and probes were solved
in the same medium. To perform the experiments, 3 mL of the probe’s
solution were placed in the cuvette. Next, 16 consecutive additions of
NaTc of 10-15 pL were done in 3 min intervals (time needed to achieve
the reaction equilibrium). Fluorescence was recorded using a 1 cm path
length quartz QS cuvette (Hellma Analytics, Jena, Germany), 600 nm/
min scan speed, and slit widths of 10 nm for both excitation and
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emission monochromators. Excitation was fixed at 310 nm and emission
at 364 nm for NaTc, 349 nm for propranolol and 372 nm for tetracaine.
All experiments were carried out at 25 °C.

2.3.3. Isothermal titration calorimetry

A solution of the surfactant (250 mM) was prepared in water or
aqueous buffer and placed in the ITC syringe. Accordingly, water or
aqueous buffer was placed in the cell (1.4 mL). Both had been previously
degassed for 5 min. Next, 30 additions of the stock solution were per-
formed over the cell, and the heat involved in each injection was
measured and integrated to be able to calculate the AH for each injec-
tion. Experiments were carried out at three different temperatures (25,
32 and 37 °C). Before each experiment, the corresponding blank was
performed to correct for background heat in the data treatment.

2.4. Calculation methods

2.4.1. Conductometry and fluorescence

The signal (conductivity (x) or fluorescence (F)) of the sample so-
lution changes as the surfactant concentration increases. In the pre-
micellar region, the surfactant, added through the additions of stock
solution, experiments a dilution, and its charged monomers provide the
proportional variation of the signal. When the surfactant concentration
in the sample solution reaches the CMC, molecules start self-
aggregating, and then the signal also changes, proportionally to the
surfactant added, but with a different slope. The CMC, point where the
slope change occurs, can be calculated using different strategies [10]. In
this work, the Carpena’s method has been selected as it is the recom-
mended when there is not a sharp transition between the premicellar
and the postmicellar regions [10]. This method consists of fitting the
sigmoidal Boltzmann equation (Eq. (1) to the experimental data [9]
using the least squares method to obtain by iteration [18] parameters
related to the micellization process (CMC and ACp).

1+ e(C]—CMC)/ACD
S(Cj):Sc:0+a1 ><Cj+(az—a1)xACD><ln<W> (@D)]
In this equation, S(C)) is either the conductivity or the fluorescence in-
tensity, and G; is the concentration of surfactant at injection j; Sc—o is the
value of specific signal (x or F) when G; is 0; a; and a; are the slope of the
premicellar and postmicellar linear regions; CMC is the breakpoint of
curve S/C;; and ACp is the width of transition between the premicellar
and the postmicellar regions. In the case of FaSSIF-v2 and FeSSIF-v2,
where mixed micelles are formed, the concentration of surfactant is
expressed as NaTc concentration.

2.4.2. Calorimetry

The method applied in ITC determinations is the one proposed by Tso
et al. [11], which is an extension of a previous method based on demi-
cellization titrations [19,20]. It evaluates the demicellization process
that occurs when a solution of the surfactant (surfactant concentration
> CMC) is added to the calorimetric cell containing the solvent. At the
beginning of the titration (premicellar region), the break of the micelle
and the dilution of the monomers occurs and the corresponding heat is
recorded. At the end, when the cell concentration exceeds the CMC
(postmicellar region), monomers and micelles coexist in equilibrium
and the heat recorded is the one related with the dilution of the newly
added micelles. Between these two regions there is a transition region
were both processes coexist and the corresponding global heat is
measured.

Therefore, most of the ITC demicellization experiments result in a
isotherm curve that can be modelled using Eq. (2) [11].

[(al — az)(Cj — CMC) ] — [AHmic (Csyr — CMC) /Csyr} |
1+ e(cjfcMc)/AcD o)
+[a(G — Cp) | + 2

Q(G) =
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where Q(G;) and G; are the heat and concentration of surfactant at in-
jection j; a; and ay are the slope of the premicellar and postmicellar
linear regions, respectively; by is the y-intercept of the postmicellar
linear region; AHpj. is the enthalpy of micellization; CMC is the
breakpoint of curve Q/Cj; Cref is the reference concentration of surfac-
tant defined to minimize the correlation of parameters; and Csy; is the
concentration of surfactant in the syringe; ACp is the width of the
transition between the premicellar and the postmicellar regions. Again,
in the case of FaSSIF-v2 and FeSSIF-v2 the concentration of surfactant is
expressed as NaTc concentration.

The CMC, AHp;. and a ACp are obtained by fitting Eq. (2) to the
experimental isotherm (Q(Cj)) by nonlinear least-squares fitting. The
approach is implemented using stand-alone software called D/STAIN,
which is freely available [21,22].

3. Results and discussion

It is well known that bile salts aggregate gradually, fact that may
imply some difficulties in the CMC determination. To be able to compare
the micellization of the bile salt NaTc with micellization of conventional
surfactants, we first evaluated the CMC of SDS in water by the three
different methodologies (conductimetry, fluorescence emission and
calorimetry) using the same experimental conditions as for NaTc. The
results obtained for SDS agree with those reported in the literature using
the same analytical technique (Fig. A.1 and Table A.3 — Supplementary
material).

3.1. Conductometry

When working with conventional surfactants such as SDS, a change
in the slope is clearly observed at the point where the micelles form
(Fig. A.1.a — Supplementary material). In the case of NaTc in water, as
shown in Fig. 2, only one type of relationship between the conductivity
and the concentration of surfactant added to the cell is observed in the
whole work range. This is, the slope is the same in the premicellar and
the postmicellar regions and, hence, the micelles formation is not

800 -

700 A

600 -

K = 33.37 Cyq + 15.05
R? = 0.9999
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detected.

This phenomenon was also observed by our group of research in
previous studies on another bile salt, sodium cholate [23]. Other authors
observed a very slight difference in the slopes of the two regions when
working with sodium taurocholate [24], sodium deoxycholate and so-
dium chenodeoxycholate [25]. According to Mukherjee et al. [24], the
CMC value for NaTc would be around 7-8 mM at 10-40 °C. Natalini et al.
[25] indicated that bile salt micelles have low aggregation number, and
that the binding and inclusion of counterions within the micelles is
assumed to be negligible for bile salts. These characteristics may imply
that the small bile salts aggregates have a mobility very similar to that of
the corresponding monomers [25], making the detection of the break-
point very difficult.

Furthermore, when we tried to perform the micellization experi-
ments in buffer the current was so high due to the presence of salts that
we could not detect the small changes caused by the micelles’ formation.

Hence, we consider that this method is not suitable for the deter-
mination of the CMC of NaTc and probably of other biliary salts, and that
more sensitive techniques should be used.

3.2. Fluorescence

Most of the fluorometric methods reported in the literature for CMC
determination use probes [26-28]. Although pyrene is one of the most
widely used probes for conventional surfactants [29], it presents some
disadvantages for NaTc micellization studies due to the presence of a
fluorescence quenching effect during the first additions of surfactant to
the system [30]. In a previous work we showed that the CMC of NaTc
can be evaluated screening the surfactant itself, but that probes such as
propranolol or tetracaine provide more pronounced fluorescence dif-
ferences between the premicellar and the postmicellar regions, and
hence more accurate determinations [30].

Fig. 3 shows I vs Cna1c plots in different aqueous media at 25 °C using
propranolol as fluorophore (Fig. 3a) or tetracaine (Fig. 3b). In these
aqueous solutions, the fluorescence intensity of the fluorophores re-
mains constant or increases slightly upon the first additions of the
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Fig. 2. k vs Cyarc plot in water at 25 °C.
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maleic buffer pH 5.8 (I = 320 mM) (blue) using as fluorophore: propranolol (a)
and tetracaine (b); Carpena’s fitting models.

surfactant. Afterwards, when the surfactant micelles are putatively
formed, the fluorescence intensity shows an increase. Curvature changes
can be appreciated in all cases, although they are more pronounced
when using tetracaine as probe. Therefore, the CMC (breaking point) can
be obtained by fitting Eq. (1) to the experimental data (Table 2).

As shown in Table 2, the CMC in water at 25 °C is ~ 10.6 and
comparable with the values reported in the literature at the same tem-
perature (8-12 mM) (Table 1). The aggregation does not occur instantly
but in a given concentration range, indeed the average transition range
in water (ACp natc = 1.0 (0.3) mM) is wider than that of SDS (ACp sps =
0.4 (0.1) mM) (Table A.3 and Fig. A.1.b — Supplementary material) and,
hence, the aggregation of the monomers of NaTc is more gradual.

In the case of buffers that mimic the pH and ion strength of intestinal
fluids in fasted (pH 6.5, I = 140 mM) and fed state (pH 5.8, I = 320 mM)
(Fig. 3), the CMC is similar (~ 7 mM) but lower than the one determined
in water. Here, the ion strength allows the micelles to aggregate sooner,
as generally observed in different types of surfactants [31,32]. Although
the two buffers used have different I value, CMC is similar because, as
already observed in other studies considering different amounts of NaCl
[28,31], when media with high amounts of salts are used the impact of
the ion strength on the micellization process is softened (Table 1 and
Fig. A.2 — Supplementary material).
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The CMC was also determined in biorelevant media (FaSSIF-v2 and
FeSSIF-v2) (Fig. 4). It can be clearly observed that in the presence of
additional components the behavior of the fluorescence intensity
changes. In these two cases, there is a fluorescence intensity enhance-
ment when the first additions of simulated intestinal fluid (SIF) (NaTc +
phospholipids/oils) are done. Hence, the probe starts to interact
immediately with one or several components of system involving an
impact on the environment and on the fluorescence intensity of the
probe. When micelles are formed and the probe is fully incorporated into
the mixed micelles structure, the environment of the probes changes
again, and the fluorescence enhancement is not so pronounced.

Concerning the different probes, here, the curvature changes are
more pronounced when using propranolol and provide more accurate
results (Table 2). Indeed, the CMC values obtained using tetracaine in
FaSSIF-v2 are not reproducible between replicates due to the difficulties
in detecting the curvature change and only an approximate CMC value
can be provided.

The CMC value using biorelevant media is lower than the value ob-
tained when using solely the corresponding maleic buffers. Hence, the
additional components (lecithin and, in the case of FeSSIF-v2 also lipids)
with hydrophobic tails act synergistically [33] and help NaTc to form
micelles at lower concentrations and to stabilize faster (ACp ~ 0.5 mM
in biorelevant media vs ACp ~ 1 mM in water and in aqueous buffers).

Focusing on the methodology, it is important to note that the se-
lection of an adequate fluorophore is key for having accurate results, and
different probes have to be considered when facing studies on new so-
lution media.

3.3. Calorimetry

Calorimetric experiments were first performed at 25 °C by adding the
surfactant to a calorimetric cell containing water. Similar to con-
ductometry and fluorescence assays, the surfactant concentration (250
mM) is higher than CMC and, therefore, NaTc is mainly in the form of
micelles. Fig. 5a (blue curve) shows the variation of the enthalpy
increment throughout injections in water at 25 °C. During the first ones,
an initial endothermic process is observed. The principal contribution to
the enthalpy (AH) change can be attributed to the breakdown of the
micelles when they are diluted in the cell to a concentration under the
CMC, that would result in the exposure of non-polar groups to the me-
dium, and, in consequence, to the absorption of heat from the sur-
rounding water. Also, the monomers dilution would have an influence
on the endothermic event [31,34]. In the second part of the plot, a
decreasing curve corresponding to another endothermic process is
noticed. After the addition of higher amounts of NaTc, micelles would no
longer break down and would coexist with monomers in the calorimetric
cell. The transition between the two different behaviors is not so pro-
nounced in the case of SDS (Table A.3 and Fig. A.1.c — Supplementary
material). Again, this is an indication that micellization occurs more
gradually for bile salts, and probably the monomers coexist with dimers,
small aggregates, and micelles of different size [5,7]. After monitoring
the enthalpy upon the addition of NaTc, CMC and other aggregation-
related parameters were calculated using Eq. (2) (Table 2). At 25 °C,
the calculated CMC is 13.3 (1.1) mM, and the heat steepest decrease
occurs in a range of 3.5 (0.6) mM units around the CMC.

ITC instruments permit to control the temperature of titration ex-
periments strictly and to evaluate thermodynamic parameters when
working at different temperatures. Therefore, NaTc micellization was
also studied at two biorelevant temperatures: 32 and 37 °C. As shown in
Fig. 5a, the slope of the first zone corresponds to the heat involved in the
demicellization and the dilution of the free monomers. These processes
occur in less orderly manner when temperature increases. The second
zone corresponds to the micellar region after the addition of higher
amounts of concentrated surfactant. As shown in Table 2, at the three
temperatures evaluated, there are no significant differences for CMC and
ACnaTe- Grijalva-Bustamante [24] did not observe significant variation
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Table 2
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Aggregation parameters of NaTc in water and aqueous media that mimic intestinal fluids using fluorescence and ITC.

Surfactant Medium Temperature Technique Probe CMC (mM) ACp (mM) AHpjc (kecal/mol)
NaTc Water 25°C Fluorescence” Propranolol 10.9 (0.8) 0.8 (0.2)
Tetracaine 10.2 (0.2) 1.2 (0.3)
ITC None 13.3(1.1) 3.5 (0.6) —0.08 (0.02)
32°C ITC None 13.3(1.8) 4.4 (0.7) —0.32 (0.04)
37 °C ITC None 13.2(1.7) 4.1 (0.2) —0.49 (0.03)
NaTc Maleic buffer (I = 140 mM, pH 6.5) 25°C Fluorescence” Propranolol 7.1 (0.6) 0.8 (0.2)
Tetracaine 7.1 (0.4) 1.1 (0.3)
ITC None 6.8 (0.2) 2.5 (0.2) —0.08 (0.01)
32°C ITC None 6.6 (0.6) 2.2 (0.2) —0.36 (0.05)
37 °C ITC None 6.1 (0.7) 2.4 (0.2) —0.70 (0.09)
NaTc Maleic buffer (I = 320 mM, pH 5.8) 25°C Fluorescence Propranolol 6.7 (0.4) 0.8 (0.2)
Tetracaine 6.8 (0.3) 0.9 (0.2)
ITC None 7.2 (0.4) 2.1 (0.2) —0.05 (0.02)
32°C ITC None 5.8 (0.2) 2.1(0.2) —0.42 (0.01)
37 °C ITC None 5.7 (0.5) 2.0 (0.1) —0.54 (0.07)
FaSSIF-v2 Maleic buffer (I = 140 mM, pH 6.5) 25 °C Fluorescence Propranolol 3.8 (0.4) 0.9 (0.4)
Tetracaine ~3
ITC None 4.2 (0.3) 1.4 (0.1) —0.31 (0.07)
32°C ITC None 4.5 (0.4) 1.4 (0.1) —0.87 (0.13)
37 °C ITC None 4.2 (0.3) 1.4 (0.1) —1.36 (0.07)
FeSSIF-v2 Maleic buffer (I = 320 mM, pH 5.8) 25°C Fluorescence Propranolol 2.8 (0.4) 0.4 (0.2)
Tetracaine 2.9 (0.3) 0.5 (0.3)
ITC None 5.3(0.1) 0.3(0.1) —0.39 (0.01)
32°C ITC None 5.4 (0.2) 0.3(0.1) —0.69 (0.01)
37 °C ITC None 5.8 (0.1) 0.5 (0.1) —1.16 (0.01)

@ Published in[30].

in the range 10-40 °C by osmometry, either. At 37 °C, the CMC value
agrees with the one reported by Pigliacelli et al. [35] using NMR
(Table 1).

Concerning the enthalpy involved in the micellization process
(AHpjc), the endothermic event is higher when increasing the temper-
ature. In fact, the following linear relationship has been observed:

AHpie = — 0.034(0.001) T + 10.1(0.1); R? = 0.999 3

where the slope (—0.0340 kcal mol~! K1) characterizes the heat ca-
pacity change upon micellization (ACp mic)-

When ITC experiments are performed using aqueous buffers
(Fig. 5b), the CMC values are ~ 7 mM at 25 °C. When temperature is
increased, a slight trend towards lower micellization concentrations is
observed for maleic buffer pH 6.5 (I = 140 mM)), and more pronounced
for maleic buffer pH 5.8 (I = 320 mM). Here, temperature could favor
the reorganization of molecules in a faster way. Further, and as already
observed in the experiments performed in water, the process is endo-
thermic, and the heat required increases with temperature (Eq. 4 refers
to maleic buffer pH 6.5 (I = 140 mM) and Eq. 5 to maleic buffer pH 5.8 (I
= 320 mM).

AHpjic = — 0.050(0.008) T + 1.2(0.2); R? = 0.977 )
AHpic = — 0.054(0.004) T + 1.3(0.1); R2 = 0.964 5)

Finally, in the experiments done using biorelevant media (Fig. 5c),
the micelles are formed at lower concentrations of surfactant and
without remarkable differences at the range of temperatures considered,
but the presence of lecithin and other components makes the micelli-
zation occur sooner (CMC ~ 4.3 mM for FaSSIF-v2 and CMC ~ 5.5 mM
for FeSSIF-v2). In the case of FaSSIF-v2, the thermodynamic behavior is
erratic below the CMC. Here, the reorganization process between NaTc
and lecithin would not be homogenous until micelles are formed. In the
case of FeSSIF-v2, the presence of oils would facilitate a more uniform
restructuration due to synergistic effects [33]. Concerning the range of
concentrations where the micellization occurs, this process (ACp = 2.1
(0.2) mM) is similar to the one in aqueous buffers (ACp = 2.4 (0.2) mM)
but less stepwise than in the case of water (ACp = 4.0 (0.5) mM).

Regarding the thermodynamic process, it is endothermic (Eq. 6 for
FaSSIF-v2 and Eq. 7 for FeSSIF-v2), and the heat capacity change upon

micellization (ACp mic) becomes more negative as CMC value decreases.
AHpc = — 0.087(0.005) T + 1.9(0.2); R? = 0.997 6)
AHpjc = — 0.063(0.01) T + 1.2(0.4); R? = 0.951 )

3.4. Comparison of techniques

When comparing the results obtained by fluorescence and ITC in
water (Table 2), it can be observed that the NaTc concentrations where
the physical property undergoes a variation are lower in the case of
fluorescence for the experiments performed. We also observed the same
phenomenon but in a lesser extent when evaluating the micellization of
SDS (6.9 (0.6) mM by fluorescence and 8.2 (0.1) mM by ITC) (-
Table A.3 Supplementary material), a conventional surfactant that ag-
gregates faster. As the experiments on NaTc had also been carried out
previously in the absence of probes [30], the possible influence on the
micellization process of an external artifact was discarded. Hence, the
differences may be related to the physical property monitored, and may
not indicate incorrect but complementary results. Possibly, the change
of the electronic properties of the system that occurs during the micel-
lization process and that affects the fluorophores behavior takes place at
lower surfactant concentrations than the thermodynamic changes.

Asregards the range of concentrations where the aggregation process
takes place, SDS shows the same range independently of the technique
(ACp = 0.4 (0.1) mM at 25 °C, Table A.3 — Supplementary material).
However, for NaTc the values are, in all conditions considered, higher
when using ITC (Table 2). Therefore, calculated ACp, values obtained by
both techniques are comparable for surfactants whose monomers
aggregate simultaneously but they are not in the case of those that
aggregate gradually. In this last case, the physical change observed by
fluorescence occurs in a narrower period than that observed monitoring
the enthalpy increment. Calorimetry would monitor the whole gradual
NaTc micellization process. On its behalf, fluorescence would detect the
initial micellization steps as fluorophores rapidly achieve a constant
fluorescence intensity when this aggregation process starts.

Further, when we compared our results with those reported in the
literature, we observed that the values obtained for NaTc using
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(I =140 mM) (circles), maleic buffer pH 5.8 (I = 320 mM) (triangles)], and (c) biorelevant media [FaSSIF-v2 (circles), and FeSSIF-v2 (triangles)]. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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osmometry in water (6.1 — 6.8 mM at temperatures ranging from 10 to
40 °C) [34] or in buffer [34] were even lower than those observed by
fluorescence or ITC. Hence, osmometry would be a sensitive technique
for the evaluation of the beginning of the micellization process.

In the case of the micellization in maleic buffers, we did not observe
significant differences between fluorescence and ITC (Table 2); probably
ion strength homogenizes both aggregation and changes occurring in the
fluorophore environment. This phenomenon was also observed in
FaSSIF-v2 but not in FeSSIF-v2. In order to deep in the understanding of
the role of the probes in the obtained results, we decided to evaluate
CMC in these two media using fluorescence without markers and we
screened directly NaTc signal at 25 °C. We prepared more than 10
replicates and we observed that, even if the experiments were not
reproducible after smooth work, the CMC was in the range 2-6 mM for
FaSSIF-v2, range that includes the CMC values obtained by both fluo-
rescence and calorimetry. In the case of FeSSIF-v2, the CMC was 4-7
mM, range that includes the CMC values obtained only by calorimetry.
Therefore, in this specific case, the probe (propranolol or tetracaine)
undergoes fluorescence intensity changes before NaTc does. As long as
FeSSIF-v2 contains several lipids and, hence, forms more complex mixed
micelles than FaSSIF-v2, where only lecithin is incorporated into NaTc
micellar structure, the fluorophores’ environment could be modified
substantially even before detecting the heat exchange modification due
to micellization. As far as we are concerned, literature only refers to one
study of micellization of FeSSIF. Gomez et al. [36],evaluated CMC of a
fed-state simulated fluid containing NaTc and lecithin in acetic acid
buffer (pH 5.0, I = 320 mM). Ibuprofen solubilization thermodynamics
led to a CMC value of 3.4 mM. As this medium does not contain lipids,
CMC is more similar to that observed in the present study for FaSSIF-v2
than for FeSSIF-v2, indicating that these compounds play a role in the
structure and formation of NaTc simple and mixed micelles.

4. Conclusions

Sodium taurocholate is a surfactant with special relevance in
gastrointestinal fluids due to its ability to incorporate in its micelles low-
soluble drugs and to improve their bioavailability. However, the
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Fig. 5. (continued).

structure of its micelles and the way it aggregates is still under discus-
sion. In the present work we have compared the usefulness for the
evaluation of the aggregating behavior of different analytical tech-
niques. The physical properties monitored undergo a variation of CMC
values from 10 to 14 mM in water, and are not significantly affected by
temperature or, in the case of fluorescence, by the fluorophore used. The
CMC in maleic buffers at biorelevant conditions of pH and ionic strength
is ~ 7 mM, in FaSSIF-v2 is ~ 4 mM, and in FeSSIF-v2 is ~ 5 mM. Thus,
when considering intestinal conditions, it can be observed that micel-
lization is favored not only by the biorelevant ion strength but also by
the presence of other components of the fluids (phospholipids and
lipids).

Conductometry has shown not to be sensitive enough for biliary salts
CMC characterization. Fluorescence and ITC provide complementary
information of the aggregation of NaTc monomers until the most stable
micelles are formed. Fluorescence would be indicative of the beginning
of the micellization while ITC would monitor the whole process. Special
attention has to be given to fluorophores selected for fluorescence
enhancement studies as they may not have the same sensitivity and
behavior in different media.
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