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Hypothesis/background: Tetronic� is a family of four-armed amphiphilic block copolymers of polyethylene
oxide (PEO) and polypropylene oxide (PPO) that self-aggregate to form micelles and hydrogels. Due to
their temperature and pH-responsiveness, they are emerging as smart nanomaterials in the area of drug
delivery. Here we propose the use of Tetronic 1307 (T1307) as a nanocarrier of miltefosine (MF), a zwit-
terionic alkylphospholipid highly active against leishmaniasis, one of the most threating neglected trop-
ical diseases. Given the amphiphilic nature of the drug, both surfactants can combine to form mixed
micelles, reducing the cytotoxicity of MF by lowering its dose and improving its internalization, hence
its antileishmanial effect.
Experiments: The structure of the T1307 micelles, MF micelles, mixed micelles and hydrogels, formed in

buffered solution (pH = 7.4) at different concentrations has been investigated in-depth by a combination
of small-angle neutron scattering (SANS), dynamic light scattering (DLS), fluorescence spectroscopy and
nuclear magnetic resonance methods (1D, 2D NOESY, and diffusion NMR). The cytotoxicity of the aggre-
gates in macrophages has been assessed, as well as the antileishmanial activity in both Leishmania major
promastigotes and amastigotes.
Findings: T1307 and MF combine into mixed aggregates over a wide range of temperatures and com-

positions, forming ellipsoidal core–shell mixed micelles. The shell is highly hydrated and comprises most
of the PEO blocks, while the hydrophobic core contains the PO blocks and the MF along with a fraction of
EO and water molecules, depending on the molar ratio in the mixture. The combination with T1307
amplified the leishmanicidal activity of the drug against both forms of the parasite and dramatically
reduced drug cytotoxicity. T1307 micelles also showed a considerable leishmanicidal activity without
exhibiting macrophage toxicity. These results support the use of T1307 as a MF carrier for the treatment
of human and animal leishmaniasis, in its different clinical forms.

� 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Polymeric micelles (PMs) are nanoscopic structures of 5–
100 nm, formed through the self-assembly of amphiphilic block
copolymers [1]. In their simplest configuration, PMs are structured
in a hydrophobic core and a hydrophilic shell and can adopt differ-
ent shapes such as spheres, ellipsoids, or worm-like micelles [2].
Due to their structure, loading capacity, easy preparation, and
low toxicity, PMs have been extensively investigated as nanocarri-
ers for drug delivery via different administration routes [3–6]. A
promising type of PMs is based on poloxamines, also known as
Tetronic�, X-shaped copolymers formed by four arms of polyethy-
lene oxide (PEO) and polypropylene oxide (PPO) blocks connected
by an ethylene diamine spacer. They are commercially available in
a variety of molecular weights, EO/PO ratios, and block configura-
tion, which strongly determine their self-aggregation capacity, sol–
gel transition, and temperature response [7]. The phase transitions
also depend on the degree of protonation of the diamine central
group, which confer pH-sensitivity to the polymer, as an advantage
over their linear counterparts, Pluronic� family [8]. Tetronic sur-
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factants have been also studied for their ability to form polyrotax-
anes by their combination with macrocycles, leading to the forma-
tion of supramolecular self-assemblies with applications in
different fields, mainly in tissue engineering and drug delivery
[9,10]. All these features make poloxamines versatile for biomedi-
cal applications, capable of solubilizing hydrophobic drugs in both
micelle and gels to produce their controlled release, improving the
permeability through biological barriers, increasing the bioavail-
ability, and reducing the potential side effects [11–15].

In this work, we have focused on the hydrophilic poloxamine
Tetronic 1307 (T1307) as a nanocarrier for miltefosine (MF), an
alkylphospholipid agent currently used in clinic for the treat-
ment of leishmaniasis, a neglected tropical disease with high
morbidity and mortality rates. Leishmaniasis, in its different
clinical forms (cutaneous, mucocutaneous, and visceral) is
caused by parasites belonging to the genus Leishmania and
transmitted to humans and animals by the bite of phlebotomine
sandflies [16]. Initially developed as an anticancer agent, MF has
demonstrated a potent antileishmanial activity and has been
used for several decades to treat the disease [17]. However,
MF presents limitations, like dose-limiting gastrointestinal
adverse effects, relatively high cost, teratogenicity [18,19], and
increasing relapse rate after treatment [20,21]. Moreover, drug
resistance to MF has been also described, likely due to its long
elimination half-life [22]. The mechanisms of resistance of MF
seem to be related to deficiency in the drug internalization
[19]. These drawbacks could be overcome by an adequate refor-
mulation by using nanocarriers that can deliver the drug more
efficiently into the macrophages using lower amounts of MF,
thus reducing the side effects and controlling the drug resistance
[23]. As an example, a formulation of MF with the linear block
copolymer Pluronic F127 has been described, which proved to
reduce the haemolytic potential of the drug while keeping the
cytotoxicity in cancer cell lines [24].

Generally, mixed micelles formed by more than one type of
amphiphile are capable to optimize the properties of the micellar
systems, such as the thermodynamic stability, the size of the par-
ticles, toxicity, and drug permeability [1,25]. Given the amphiphi-
lic nature of both carrier and drug, the formation of mixed
micelles to a large extent is expected. In the last decades, several
drug candidates and promising therapeutic targets have been
studied to discover new or more efficient leishmanicidal medici-
nes [16,26–32]. Recent work in our group has reported the encap-
sulation of MF in water using PEO-based surfactants (D-a-
tocopheryl polyethylene glycol succinate and other poloxamines),
proving that MF is largely incorporated into the PMs to form
mixed aggregates in a wide range of temperatures and concentra-
tions [29].

Within this context, the purpose of this work was to develop a
drug delivery system to improve the biological properties of MF
through its combination with T1307, which entails the in-depth
structural study of the aggregates, the conditions under which both
molecules combine and the in-vitro evaluation of the formulations.
The self-aggregation of T1307 has been fully characterised by mim-
icking the physiological conditions in both the diluted and concen-
trated regimes (gels), as well as of MF-T1307 mixed micelles and
gels. A combination of scattering (SANS, DLS) and spectroscopic
methods (1D-NMR, NOESY, DOSY) has been used to this purpose.
Then, cytotoxicity assays were performed in murine macrophages
and the antiparasitic activity studied in Leishmania major parasites,
on both promastigote and amastigote forms, since one of the goals
of this work is the development of an improved, safe and active for-
mulation of MF for leishmaniasis treatment. Our results show that
the combination of the drug with T1307 can achieve this goal,
enhancing the antileishmanial activity of MF and inhibiting its
cytotoxic effect.
2

2. Materials and methods

2.1. Materials

Tetronic 1307 (T1307) was a gift from BASF. The reported com-
position per arm is 72 EO and 23 PO (average molar mass
18,000 g�mol�1). Unless otherwise stated, the concentrations are
expressed in mass percentage. Miltefosine (MF, molar mass
407.57 g�mol�1) was purchased from Avanti� Polar-Lipids-Sigma
Aldrich and Glentham Life Sciences.
2.2. Phase behavior of T1307

Concentrated solutions of T1307 (15% to 30%) were prepared in
water, phosphate-buffer (PB, pH 7.4) and D2O. 1.5 ml of solution
were introduced in cylindrical glass tubes which were then placed
in a dry-bath incubator (Thermo scientific). The temperature was
varied in 5 ºC increments from 15 to 70 �C and the physical state
of the sample noted after 5 mins of equilibration at each
temperature.
2.3. Dynamic light scattering (DLS)

Intensity size distributions were obtained with a Protein Solu-
tions DynaPro photon correlation spectrometer with a laser wave-
length of 822 nm. The temperature was controlled by the built-in
Peltier unit. The experiments were carried out for solutions of
T1307 and mixtures with MF in different solvents (water, PBS,
D2O) as a function of the temperature, from 15 to 60 �C in 5 �C
increments, in semi-micro glass cells. Prior to the measurements,
the samples were filtered using syringe filters of either 0.22 lm
(PVDF Millex) or 0.02 lm (Whatman, inorganic membrane) pore
size. The temperature dependence of the viscosities and refractive
indices of the different solvents [33,34] were considered for the
calculation of the apparent hydrodynamic sizes, Rh, which were
deduced from the Stokes-Einstein equation as

Rh ¼ kBT=6pgD

where D is the diffusion coefficient of the particle, kB is the
Boltzmann constant, g is the viscosity of the solvent and T the
absolute temperature. The particle size distributions were
obtained from the analysis of the autocorrelation functions using
the default regularization algorithm, implemented in the DynaLS
6.0 software.
2.4. Critical micelle concentration (CMC) determination

Pyrene fluorescence emission was used to determine the critical
micelle concentration (CMC) of T1307, MF and their combinations.
The emission spectra were obtained with a FLS920 spectrofluorom-
eter (Edinburgh Instruments). The surfactants were dissolved in
10-6 M stock solutions of pyrene (PBS or water) in order to keep
constant the concentration of the probe along the titration, which
was carried out directly in the measuring cell (quartz cuvettes of
10 mm path-length) with a micropipette under constant stirring.
Samples were excited at 336 nm and the spectra recorded between
345 and 450 nm. The ratio of the emission of III (384 nm) to I
(373 nm) vibronic bands was used to detect the polarity changes
of the probe in the hydrophobic environment of the micelles, and
the CMC determined by plotting the I3/I1 ratios versus the surfac-
tant concentration as the value at which the first derivative
remains constant [35]. Measurements were performed at different
temperatures (20, 30, 37 and 45 �C, 0.1 �C accuracy) by recirculat-
ing water from an external bath.
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2.5. Nuclear magnetic resonance spectroscopy (NMR)

1D, 2D-NOESY, and 2D-DOSY NMR proton spectra were
recorded in a Bruker Avance Neo 400 spectrometer (400 MHz).
The spectrometer default pulse sequences were used for recording
the 1D and 2D-NOESY spectra. For the diffusion experiments, bipo-
lar pulse longitudinal eddy current delay (BPLED) pulse sequences
were used (ledbpgp2s1d and ledbgpg2s). 1D-proton spectra were
recorded first for each gradient applied and the attenuation of
the selected resonances of each spectrum analysed by integration.
The separation of the gradients and their duration (D and d, respec-
tively) were optimized to ensure the complete exponential decay
of the signal with the gradient. 2D Diffusion Ordered Spectroscopy
representation (DOSY), with the NMR spectra on the x-axis and the
diffusion coefficient (D) on the y-axis, was obtained with Mnova
software (Mestrelab research), by using the Bayesian transforma-
tion of the collected spectra. The hydrodynamic radii were
obtained from the diffusion coefficients through the Stokes-
Einstein equation, by introducing the corresponding solvent vis-
cosities. All samples were prepared by dissolving the required
amounts of solutes in D2O or PB (KH2PO4 and Na2HPO4 in deu-
terium oxide, Aldrich, deuterium content > 99.96%).

2.6. Small angle neutron scattering (SANS)

SANS measurements were performed on the Larmor instrument
at the ISIS Neutron and Muon Source (Rutherford Appleton Labora-
tory, UK) [36]. In its SANS configuration, Larmor is a fixed-
configuration time-of-flight, pinhole SANS instrument with a
sample-to-detector distance 4 m. The usable wavelength (k) range
on T2 at ISIS is 0.9 < k < 13.5 Å, which gives a maximum q range of
0.004 < q < 0.7 Å�1, where q is the magnitude of the momentum
transfer vector, q = 4p sin(h)/ k. Two different wavelength ranges
were used for data processing: a broad range (0.9 < k < 13.5 Å)
for dilute samples to study the widest range of length scales and
a reduced range (6.0 < k < 13.5 Å) for gels to improve resolution
of peaks. Samples were loaded into either 1 or 2 mm path-length
cylindrical quartz cells, which were placed in Larmor’s
temperature-controlled sample changer, and illuminated by an
11 � 11 mm2 beam for the measurements. Data were converted
from raw data to reduced data of scattering intensity (equivalently
the scattering cross section per unit volume, dR/dX(q)) as a func-
tion of q by correcting for detector efficiency and sample transmis-
sion using the instrument-specific software Mantid [37,38]. The
raw data were placed on an absolute scale (cm�1) by measuring
the scattering of a mixture of hydrogenous and deuterated poly-
styrene with known radius of gyration and scattering cross section
[39]. The scattering from the solvent was measured, processed the
same way, and subtracted from the sample data. SANS curves were
fitted using SasView 5.0.5 software [40]. The information on the
models used and fitting procedures was described extensively in
the Results and Discussion section and in the Supporting
Information.

2.7. Biological evaluation of the formulations

(i) Cells and culture conditions
Leishmania major promastigotes (Lv39c5) were grown at 26 �C

in M199 medium supplemented with 25 mM HEPES (pH 7.2),
0.1 mM adenine, 0.0005% (wt/vol) hemin, 2 mg/ml biopterin,
0.0001% (wt/ vol) biotin, 10% (vol/vol) heat-inactivated foetal
bovine serum (FBS), and an antibiotic cocktail (50 U/ml penicillin,
50 mg/ml streptomycin). To maintain their infectivity, Leishmania
cells were isolated from infected BALB/c mouse spleen and para-
3

sites were maintained in culture for no more than five passages.
Murine bone marrow-derived macrophages (BMDMs) were
obtained as previously described [16,41]. All the procedures
involving animals were approved by the Animal Care Ethics Com-
mission of the University of Navarra [approval number: E5-16
(068-15E1) 25 February 2016].

(ii) Cytotoxicity in macrophages
The cytotoxicity of T1307, MF, and the mixtures was studied in

murine macrophages using the 3-[4,5-dimethylthiazol-2-yl]-2,5-d
iphenyltetrazolium bromide (MTT) colorimetric assay (Sigma, St.
Louis, MO, USA). MTT solutions were prepared at 5 mg/ml in
phosphate-buffered saline (PBS), filtered and maintained at –
20 �C until use. Briefly, 5 � 104 cells per well were seeded in 96-
well plates and allowed to adhere for 24 h at 37 �C in a 5% CO2

humidified atmosphere. The culture mediumwas replaced by fresh
medium with increasing concentrations of the compounds and,
after 48 h of incubation, 20 ll/well of MTT were added and the
plates were incubated 4 h under the same conditions. Then, the
medium was removed and 100 ll of dimethyl sulfoxide (DMSO)
was added to each well to dissolve the formazan crystals. The opti-
cal density (OD) was measured in a Multiskan EX microplate pho-
tometer plate reader at 540 nm, and the cell viability was
calculated with respect to untreated cells. The results were
expressed as means (±standard deviation, SD) from two indepen-
dent experiments.

(iii) Activity against promastigotes
Exponentially growing cells (2 � 106 L. major promastigotes/ml)

were seeded in 96-well plates (100 ll per well) with increasing
concentrations of the treatments, which were diluted in M199 cul-
ture medium. After 48 h of incubation, MTT assays were performed
as previously described [29]. The half-maximal inhibitory concen-
tration (IC50) was calculated. The IC50 represents the concentration
required for 50% growth inhibition of treated cells with respect to
untreated cells (controls) and was obtained by fitting a sigmoidal
Emax model to dose–response curves.

(iv) Intracellular amastigote assays
Murine macrophages were seeded in 8-well culture chamber

slides (Lab-TekTM, BD Bioscience) at a density of 5 � 104 cells per
well in DMEM medium and allowed to adhere overnight at 37 �C
in a 5% CO2 incubator. To perform the infection assay, metacyclic
promastigotes were isolated by the peanut agglutinin (PNA)
method and used to infect the macrophages at a macrophage/par-
asite ratio 1/10. The plates were incubated for 24 h under the same
conditions until promastigotes were phagocytosed by the macro-
phages. Afterwards, wells were washed with PBS to remove the
extracellular promastigotes, and plates were incubated with fresh
medium supplemented with increasing concentrations of the
treatments. 48 h later, cells were washed with PBS, fixed with
ice-cold methanol for 5 min, and stained with Giemsa stain. To
determine the parasite burden, high resolution images of Lab-
Teks were captured using a transmitted light optical microscope
(Leica). The images were analysed using Fiji software [42], measur-
ing the number distributions of amastigotes and macrophages
according to their different sizes with the implemented algorithm
Analyze Particles. The number of amastigotes per infected macro-
phage was then determined by dividing the total number of
amastigotes by the number of infected macrophages (at least 100
macrophages). Two independent experiments were performed,
with duplicates.

(v) Statistics
The statistical analysis was carried out using GraphPad Prism

version 5.0. Two-tailed unpaired t-test was used for the compar-
ison between two groups. The data were presented as
mean ± SD. P-Values < 0.05 (*), <0.01 (**), <0.001 (***) were consid-
ered significant.
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3. Results and Discussion

3.1. Aggregation and structure of MF-loaded polymeric micelles

3.1.1. Micellization of T1307 in buffered medium
The self-aggregation of T1307 in water as a function of the tem-

perature and concentration, as well as the effect of the pH has been
described in a previous work [43]. Under very acidic conditions,
the unimers are fully protonated, hindering the micellization and
the formation of gels. At physiological pH, according to the pKa val-
ues reported for this surfactant (4.6 and 7.8, [7]), 72 % of unimers
are in their monoprotonated form, which can modify extent of
the formation of aggregates [44] and, therefore, their structure
and drug-loading capacity. Fig. 1a shows the intensity size distri-
bution obtained from DLS of 1% T1307 at different temperatures
in PB. At 15 �C and 25 �C, only unimers (3.2 nm in hydrodynamic
radius, Rh) are present and, above 30 �C, the self-aggregation starts
(additional peak at 9 nm). At 35 �C, the bimodal distribution coa-
lesces and the micelles, evidenced in a broad peak, are the predom-
inant forms. As the temperature increases, the distribution
becomes narrower, with a slight reduction in the micelle size
(8.7 nm at 55 �C). A similar pattern (micellization and further nar-
rowing of the micelles distribution) can be observed at higher sur-
factant concentration (Fig. S1). The tendency of T1307 to self-
aggregate increases in PB compared to water or D2O, as shown in
Fig. 2. For 1% in PB at 35 �C only micelles can be detected, while
in water and D2O the distribution is still bimodal, indicating that
the fraction of non-micellized surfactant must be significant at this
temperature. In addition, the micelles size decreases in the order
PBS > H2O > D2O. In general, in solutions of ionic surfactants, the
presence of salts favours the micellization, reducing the critical
micelle concentration (CMC) and increasing the aggregation num-
ber [45]. Given the non-ionic character of T1307, the effect is much
reduced but still noticeable, as reported for Tetronic 904 [46].
Fig. 1. (A) DLS size distributions of 1%T1307 in PB buffer (pH = 7.4) as a function of t

4

Regarding the isotopic substitution, it is accepted that D2O forms
stronger hydrogen bonds than H2O, which affects the physical
and chemical properties of solutes. Since the hydrophobic effect
is based on the structuration of solvent molecules around the
solute, with the accompanying changes in enthalpy and entropy
of the system, shifts in the phase diagram of a surfactant as well
as changes in the shape of the aggregates are expected [47,48].
In this case, D2O favours to some extent the aggregation of the
poloxamine compared to water (Figs. 2 and 7), as observed with
other surfactants.

The determination of the critical concentration by fluorescence
is shown in Fig. S2, in which the ratio of the intensities between the
III and I pyrene emission bands is plotted as a function of the sur-
factant concentration, in PBS and water, at different temperatures.
The micellization occurs in a rather broad concentration interval,
as per usual in polymeric surfactants, and the CMC has been taken
as the value at which the first derivative of the I3/I1 ratio remains
constant, resulting in 0.08% in both solvents at 37 �C and 45 �C. At
lower temperatures, the copolymer is still in its unimer form in
both solvents, the smooth increase in intensity most likely due to
interactions of the probe with the hydrophobic PPO moiety of
the Tetronic. On the other hand, by using DLS, micelles can be
detected at 0.05% (the lowest concentration tested) and 37 �C in
PB (Fig. 1b). The differences in the CMC values from fluorescence
and DLS can be ascribed to the distinct physical principles on
which both methods are based, the latter being more sensitive to
detecting aggregates in an early stage of formation.

In-depth information on the internal structure of the micelles
has been obtained through SANS experiments. Fig. 3a shows the
scattering curves for 1% T1307 at different temperatures. At
25 �C, the surfactant is in the form of unimers and the data have
been fitted to a Gaussian four-arm star-polymer model. The radius
of gyration is 44 Å, indicating a certain expansion of the copolymer
in PB compared to water (32 Å and 42.4 Å at 20 �C and 30 �C,
he temperature. (B) Size distributions as a function of the concentration at 37 �C.



Fig. 2. DLS size distributions for 1% T1307 in water, PBS, and D2O at 30 �C and 35 �C.

Fig. 3. SANS patterns of T1307 in deuterated PB as a function of the temperature at: (A) 1% T1307; (B) 5% T1307. Solid lines are the fits to a 4-star polymer (25 �C) and core–
shell ellipsoids (37 �C, 50 �C).
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respectively) [43]. At the buffered pH of the solution (7.4), the par-
tial ionization of the linker group (Gonzalez-Lopez et al., 2008) [7]
may contribute to this expansion, compared to the non-buffered
medium. At higher concentration, the Gaussian model has to take
into account the inter-polymer interactions, which have been
modelled with a hard-sphere structure factor. At this concentration
and 25 �C, the unimers Rg is 55 Å (Fig. 3b).

Micelles are fully formed at 37 and 50 �C, as evidenced from the
change in the scattering patterns and the higher intensity (Fig. 3).
Previous SANS studies on T1307 [43] and other poloxamines
[8,49,50] described micelles as spheres with a ‘‘dry” core and a
highly hydrated shell. This model can be acceptable at the pH of
poloxamines in water (around 8) but it may not be adequate under
conditions at which a considerable extent of unimers is protonated
the charge distribution on the surfactant upon protonation may
5

distort the ideal spherical shape of the aggregates. In addition,
the assumption of a ‘‘dry” core may be an oversimplification under
these conditions. Consequently, we have used a more realistic
model to describe the aggregates at buffered pH, in which the core
may incorporate solvent and the geometry is not constrained to a
sphere, but micelles can elongate to adopt an ellipsoidal shape
(see the SI for the description of the model and fit procedure). Like-
wise, we have considered that a fraction of the total EO can be pre-
sent in the core. Table 1 shows the description of the parameters
and their fitted values according to this theoretical model (fitted
curves are represented as solid lines in Fig. 3).

Under the experimental conditions used, the micelles adopt the
form of prolate ellipsoids (average axial ratio 1.5). The reduction in
micellar size at 5% of the surfactant compared with 1% is in accor-
dance with our DLS findings. The shell is highly hydrated, as



Table 1
Micellar parameters obtained from SANS data analysis for T1307 in phosphate buffer
(pH 7.4), at different concentrations and temperatures. Req (equatorial radius of the
core, Å); teq (thickness of shell at equator, Å); x-core (axial ratio of core); x-shell (ratio
of thickness of shell at pole to that at equator); u (particles volume fraction); qs (shell
scattering length density, �106 Å2); qc (core scattering length density, �106 Å2); Nagg

(aggregation number); xD2O shell (volume fraction of solvent in the shell); yD2O core

(volume fraction of D2O in the core); yEO core (volume fraction of EO in the core); yPO
core (volume fraction of PO in the core); yMF core (volume fraction of MF in the core); pEO
shell (proportion of EO in the shell).

1% 5%

37 �C 50 �C 37 �C 50 �C

Req 34.8 36.2 32.2 35.3
teq 43.5 38.8 43.4 39.9
x-core 1.5 1.4 1.65 1.5
x-shell 1.9 2.1 1.18 1.48
u 0.06 0.05 0.2 0.19
qs 5.8 5.6 5.88 5.67
qc 1.35 1.14 1.44 1.19
Nagg 20 (19)y 22 (20) 16 (21) 19 (23)
xD2O shell 0.9 0.88 0.92 0.89
yD2O core 0.16 0.13 0.17 0.13
yEO core 0.17 0.16 0.29 0.23
yPO core 0.67 0.72 0.54 0.61
pEO shell 0.87 0.89 0.64 0.79

y Between parentheses: aggregation number calculated from the hard spheres
volume fraction.
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expected, but the core contains a substantial amount of solvent.
Overall, about 83% of the volume of the micelle corresponds to sol-
vent, of which just 1.3% is in the core. When increasing the temper-
ature, solvent molecules are expelled from both the core and shell,
producing ‘‘dryer” micelles. Several SANS and SAXS studies have
shown significant amounts of water in the core of Pluronic micelles
that decrease with the temperature [51,52]. The core also contains
a significant amount of PEO that increases with the concentration
of surfactant. Regarding the aggregation numbers, they are higher
to those found at natural pH (13 at 40 �C and 19 at 50 �C, [43] tend-
ing to rise with the temperature and decrease with the surfactant
concentration.
Table 2
Micellar parameters obtained from SANS data analysis for 0.2% of MF in phosphate
buffer (pH 7.4) at different temperatures. Rc (core radius, Å), t (shell thickness, Å), u
(volume fraction), qs (shell scattering length density, �106 Å2), Nagg (aggregation
number), xD2O shell (volume fraction of solvent in the shell).

25�C 37 �C 50 �C

Rc 19.3 17.8 18.6
t 14.1 15.1 14.1
u 0.0043 0.005 0.0047
qs 3.9 4.01 4.04
qc �0.37 �0.37 �0.37
Nagg 128 (106) 115 (87) 114(92)
xD2O shell 0.52 0.54 0.55
3.1.2. Micellization of MF in buffered medium
Given its amphiphilic character, MF self-aggregates into

micelles. The values of the CMC found in the literature depend
on the solvent and method used for its determination, and CMCs
as low as 3 lM have been measured [53]. A systematic study on
the aggregation of MF [54] in different media by probe fluores-
cence spectroscopy and surface tension has reported values that
range from 60 lM in pure water to 35 lM in PBS (150 mM NaCl),
which evidence non-negligible electrostatic effects on the micel-
lization, in line with the zwitterionic nature of the drug. As in
T1307, the CMC has been determined by using pyrene fluorescence
emission (Fig. S3a), resulting in 60 lM in PBS (0.0024%). With
respect to the temperature effect on the micelle sizes, they are
nearly constant (ca. 3 nm) over the range studied in this work
(Fig. S3b),

The micelle structure has been investigated by SANS at buffered
pH = 7.4 (Fig. S4). The micellar model used assumes spherical core–
shell micelles with a ‘‘dry core” and a hydrated shell, including a
hard-spheres structure factor to account for the interactions. The
increased scattering that can be observed at low q can be ascribed
to the formation of large aggregates, also detected in DLS even after
filtering the samples. The contribution of these nonspecific aggre-
gates to the scattering has been taken into account by adding a
power-law term to the function used to fit the data (leaving out
the points at low q from the fits led in all cases to micellar sizes
that were higher than those observed by DLS). The parameters
6

found are collected in Table 2 (see the SI for the calculation of
sld values and the mathematical model used).

There are no remarkable differences when comparing the fitted
parameters with those of the drug in the non-buffered medium
[29]. The micelle radius is only slightly higher in PB, although the
apportioning between core radius and shell thickness is different.
In buffered medium, the core radius is lower than the length of a
fully extended chain of 16 carbons (22 Å, according to Tanford’s
formula, l = 1.55 + 1.265nc, [55]). The fitted qs suggests a less
hydrated shell compared to water, although a certain extent of
bound ions would also contribute to lowering its sld (the PB solu-
tion in our experiments contains 20 mmol/L of Na and 1.8 mmol/L
of K, while MF is ca. 5 mmol). The incorporation of ions to the shell
would also agree with the apparent extended shell thickness
observed. However, a systematic study on the effect of the ionic
strength covering a wider range of salt concentration would be
necessary to confirm this point. Regarding the aggregation num-
bers, they increase approximately in a 10% in the buffered medium,
in line with the small expansion of the micelle radius. Finally, the
fitted exponent in the power law, m, is 2.45 (as obtained assuming
it remains constant with the temperature). This value, intermedi-
ate between 2 and 3 mass fractal Porod exponents, indicates that
the scattering at low q corresponds to a clustered network,
although data at a lower q range should be necessary to confirm
this point. In any case, the mass proportion of these large, unspeci-
fic aggregates must be very low, according to the DLS data (Fig. S3).
3.1.3. Mixed micelles T1307-MF: The diluted regime
The amphiphilic character of both T1307 and MF facilitates the

formation of mixed micelles, whose structure varies with the pro-
portion of both surfactants, as it will be shown below. Fig. 4 shows
the DLS size distributions of a mixture 0.2% MF and 1% T1307 in
PBS over a wide interval of temperatures. The distributions are
monomodal in all cases and the hydrodynamic radii vary between
4.5 nm and 6.4 nm, i.e. intermediate between the sizes of T1307
(9 nm) and MF (3 nm) micelles. The presence of poloxamine unim-
ers is not detected, indicating that they must be aggregated
together with the drug below the critical micelle temperature
(CMT) of the block copolymer.

Fig. S5c shows the 1D 1H NMR spectrum of the mixture
MF + T1307 in deuterated PB, at 37 �C (above the CMT), compared
to the surfactants alone (see proton assignation in Fig. S5a-b). The
most noticeable shifts indicative of intermolecular interactions can
be detected in the hydrophobic tail (a and f) and the zwitterionic
head (d and e) of MF. In the poloxamine, protons 2 of the PO, and
protons 3 of both EO and PO shift downfield. At 25 �C, the 2D
NOESY spectrum (Fig. 5a) reveals distinct cross-peaks between
the PO protons of the poloxamine and those of the hydrophobic
part of MF (a, b, c, and f), as an indication of a close contact between
both hydrophobic moieties and confirm the simultaneous presence
of both surfactants in the aggregates. Remarkably, a slight cross-
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peak is detected between the protons of the polar part of MF (d)
and those of the PPO block but not with the PEO ones, as an indi-
cation that the MF head is preferentially located in the micellar
core, rather than in the shell. Diffusion NMR experiments per-
formed above and below the CMT corroborate the formation of
mixed micelles (Table 3). Below the CMT, T1307 and MF in the
mixture diffuse more slowly than the surfactants alone (unimers
and micelles, respectively, at this temperature). At 37 �C, the DOSY
maps in Fig. 5b show a single diffusion mode for the mixture, pro-
ducing an intermediate D value between those of the poloxamine
and the MF micelles at this temperature. These results are in line
with the hydrodynamic radii obtained from DLS (included in
Table 3, for comparison). On the other hand, the CMCs of the mixed
aggregates are in between the values of the surfactants alone. For
example, for a molar composition 5:1 of MF to T1307 at 37 �C in
PBS, the mixed micelles form approximately at 0.035% in T1307
(<CMC of T1307) and 0.007% in MF (>CMC of MF), as shown in
Fig. S6. Overall, the evidence provided by NMR, DLS and fluores-
cence confirmed the formation of mixed micelles above and below
the CMT of the poloxamine, picturing the drug located in its
entirety in the hydrophobic core of the aggregates, preferentially.

i) Structure of MF-rich mixed micelles.
The structure of the mixed micelles has been investigated by

SANS. In what follows, we have considered two different scenarios:
the case of MF-rich aggregates and the case of poloxamine-rich
aggregates. Fig. 6a represents the SANS pattern of a 1%
T1307 + 0.2% MF mixture as a function of the temperature. Under
these conditions, the molar ratio MF/T1307 is 9:1 (MF-rich), hence
Fig. 4. DLS size distributions for of a mixture 0.2% MF and 1% T1307 in PBS as a
function of the temperature.
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we have modelled the system assuming core–shell ellipsoids with
a dry core, as in MF micelles. Thus, the core does not contain EO
from the poloxamine but only PO and, according to the NMR evi-
dence, whole MF molecules (tail and head). Table 4 shows the fit-
ted parameters obtained.

The low values of the qc, similar to those of the MF micelles,
support the assumption of the dry core, while the relatively high
qs indicates an extensive hydration of the shell. The total dimen-
sions are intermediate between those of T1307 and MF micelles,
as expected, with axial core ratio (x = Rpolar/Requatorial) slightly lower
than for T1307. The aggregation number of poloxamine, NT, can be
deduced directly from the sld of the shell, which contains all the
PEO blocks and a large number of solvent molecules

NT ¼ Vshellð1� xD2O;shellÞ=VEO

Vshell being the volume of the shell (calculated from the dimen-
sions of the ellipsoid), VEO the volume of the EO part of the polox-
amine, and xD2O,shell the volume fraction of solvent in the shell. The
number of drug molecules in the core, NMF, can be obtained from
the core dimensions, according to:

NMF ¼ ðVcore � NTVPOÞ=VMF

Where Vcore is the volume of the core, VPO the volume of the PO
part of T1307, and VMF the volume of a MF molecule. In this model,
there is no assumption of a fixed molar ratio, yet the calculated
NMF/NT values are close to the stoichiometric ones at 37 �C and
50 �C. Above the CMT (37 �C and 50 �C), the poloxamine has a ther-
modynamic tendency to self-aggregate and the scenario is a mixed
micelle in which all the poloxamine and the MF are forming the
aggregates. The case of the mixtures at 25 �C is different since at
this temperature the T1307 would be in the form of unimers.
Fig. S7 shows a comparison between the SANS traces of T1307,
MF and their mixture in a linear scale of intensity from Fig. 6 for
better understanding. The fact that the curve for the mixture is
not just the sum of the traces of the components alone indicates
the formation of an ‘‘intermediate” structure between poloxamine
unimers and MF micelles, in line with the DLS evidence and the
measured diffusion coefficients by NMR at 25 �C. On the other
hand, at this temperature, the ratio NMF/NT (Table 4) is lower than
the stoichiometry, indicating an excess of free MF that, given the
low CMC of the drug, must be in the form of micelles, its contribu-
tion to the total scattering being negligible.

ii) Structure of poloxamine-rich mixed micelles.
The amount of MF (0.2%) has been kept constant and increased

the content in T1307 up to 3% and 5%. Fig. 6b represents the SANS
traces for a composition 5% T1307:0.2% MF. The total scattering
increases with the temperature, and the presence of the peak at
around 0.03 Å�1 indicates the inter micelle interactions that occur
even at 25 �C (they do not appear for T1307 alone at this concen-
tration). Considering the difference in size between both mole-
cules, the situation would rather correspond to a T1307 micelle
that includes MF molecules. Under these conditions (molar ratios
MF/T1307 of 3 and 1.8, respectively), the assumption of a core that
does not contain solvent or EO monomers is not reasonable. Hence,
we have modified the theoretical model to fit the T1307 mixed
micelles by incorporating into the equations the contribution of
MF to the core volume and qc. According to the previous results,
we have imposed the condition that there is a complete mixing
of the components in the micelles (the molar ratio R = NMF/NT is
fixed by the stoichiometry of the mixture). The set of independent
relations between parameters (provided in the SI for the model
proposed) lead to the following system of equations:

qcore � qD2O ¼ qPO � qD2Oð Þ þ R qMF � qD2Oð Þf gvMF

vPO
yPO

þ qPO � qD2Oð ÞyEO



Fig. 5. (A) 2D-NOESY spectrum of 0.2% MF + 1% T1307 at 25ºC. (B) DOSY maps of 1% T1307, 0.2% MF, and 1% T1307 + 0.2% MF at 37 �C.
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Vshell 1� xD2O;shell
� � ¼ Vcore

vEO

vPO
yPO � VcoreyEO

In which the unknowns are the volume fraction of EO and PO in
the core, yEO and yPO, respectively. qcore, Vcore, and Vshell are returned
or deduced from the fits, while vEO, vPO, vMF and the corresponding
8

scattering length densities, as well as qD2O, are introduced as con-
stants at each temperature (see the SI for details on their calcula-
tion). The system has been solved for the different compositions
and temperatures and the resulting fitted parameters have been
collected in Table 4.



Table 3
Diffusion coefficients (�107 cm2 s�1) obtained from DOSY NMR for 1% T1307, 0.2 %
MF and their mixture (25 �C and 37 �C, in deuterated PB). Between parentheses, the
corresponding values obtained from DLS measurements.

25�C 37 �C

1% T1307 5.23 (5.5) 3.15 (2.9)
0.2% MF 5.1 (5.8) 7.66 (7.9)
Mixture 3.78 (3.1) 5.36 (3.9)
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In general, the values obtained from all the parameters reflect
an intermediate situation between MF and poloxamine micelles.
Thus, the shell is very hydrated, and the water content diminishes
with the temperature, while the qc is now higher than for the MF-
rich mixture, reflecting the presence in the core of solvent and EO
from the poloxamine. The mixed micelles are also larger as com-
pared to the MF-rich case but smaller than in a 5% T1307 solution.
The water content in the core, yD2O, in the poloxamine-rich case is
considerably lower (nearly zero at 3%), the proportion of EO in the
core, yEO, being only slightly lower than in the case of the poloxam-
ine alone (see values in Tables 1 and 4). The aggregation numbers
deduced from the model are also intermediate between those of
MF and T1307 micelles.

In summary, MF and Tetronic combine at very different propor-
tions and temperatures, even below the CMT of the poloxamine.
This compatibility follows from the amphiphilic character of both
components, with important consequences for the biological activ-
ity of the formulations, as shown below.
3.1.4. The concentrated regime: MF-loaded micellar gels
A potential application of the formulations MF-T1307 woul be

its use in the form of gel for the delivery of MF through skin, which
entails investigating the region of highly concentrated solutions of
Tetronic. Fig. 7 represents the different phases of T1307 in water,
PBS and D2O. At 20% of T1307, the gel phase spans from 45 to
55 �C in water, while in PBS only a highly viscous solution is
observed in this range (from 40 to 60 �C in D2O). At higher surfac-
tant concentrations, the gel region expands to a wider interval of
temperatures and the onset of gelation diminishes, starting at
25 �C for 25% in PBS and 30 �C in D2O, and from 35 �C in water.
At 30% of the Tetronic, the gel forms from 22.5 �C to 70 �C in any
of the solvents considered. In general, the proportion of MF in a for-
mulation must be necessarily small, and no remarkable changes
are expected in the gel properties. For example, at 24% T1307-1%
MF in deuterated PB, the gel forms at 25 �C.
Fig. 6. SANS patterns of mixtures (A) 1% T1307 � 0.2% MF; (B) 5% T1307 � 0.2% MF in d
ellipsoids.
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The structure of the physical gels in deuterated PB has been
studied by SANS. Fig. 8a shows the scattering of a 25% T1307 solu-
tion at different temperatures. According to the phase diagram, the
gel is fully formed at 37 and 50 �C and the scattering pattern
reflects the paracrystalline packing of micelles in the sharp peaks
at 0.048, 0.067 and 0.083Å-1, which correspond to a BCC lattice
(q/qo = 1,

p
2,

p
3. . .), typical of these poloxamines [43,49,50]. Inter-

estingly, although at 20 �C the solution is not a gel, the scattering
reflects a high degree of micelle organization. In the model used
to fit the data, the sld of the spheres was set to that of the core
for a 5% solution at the temperature considered and the back-
ground taken as the limiting value at high q, leaving as floating
parameters the scale (volume fraction of crystal in the sample vol-
ume), distance to nearest neighbor (dnn) and paracrystal distortion
factor, d. The results are collected in Table 5.

The calculated sphere radii at 25% are smaller than those of the
core size of T1307 micelles in the diluted regime, assuming spher-
ical shape. According to the calculated dimensions of the paracrys-
tal cell, a, the shell would expand up to a total sphere radius of 80 Å
(Rmic =

p
3/4a), if we consider a compact packing in which the

spheres are in contact along the diagonal of the BCC unit. This
value is slightly lower than the size of the micelles in the dilute
regime (Table 1), which implies certain overlap between shells of
adjacent micelles, as it occurs with other hydrophilic members of
the Tetronic� family [38]. The lattice parameter is virtually con-
stant with the temperature and, similarly to the diluted regime,
the micelle radius increases moderately. The volume fraction of
crystal is lowest at 20 �C, indicating that the gel is not fully formed
at this temperature.

This same model has been applied to mixtures containing 24.8%
T1307-0.2% MF and 24% T1307-1% MF. Given the small proportion
of the drug (molar ratio MF/T1307 of 0.4 and 1.8, respectively),
noticeable changes in the gel structure are not expected. Moreover,
the diffraction peaks are clearly shifted with respect to the 25% of
poloxamine (Fig. 8b), as an indication that the dimensions of the
paracrystalline lattice are smaller (Table 5). The trend in the
micelles size is in line with the proportion of MF, being in all cases
smaller than for the poloxamine alone at 25% (the higher the pro-
portion of drug, the smaller the size and the lattice spacing, the
temperature tending to increase both).

In conclusion, the combinations MF-T1307 at high concentra-
tion of Tetronic form physical gels by packing of the mixed
micelles, in which the paracrystalline structure of the poloxamine
is preserved. The effect of the presence of MF is a reduction in the
onset of gelation and, at a mesoscopic level, the smaller sizes of the
packed micelles, depending on the proportion of the drug.
euterated PB as a function of the temperature. Solid lines are the fits to core–shell



Fig. 7. T1307 phase behaviour in different solvents. s solution; h viscous solution; d gel.

Table 4
Micellar parameters obtained from SANS data analysis for mixed micelles of T1307 + 0.2% MF, at different poloxamine concentrations and temperatures. Req (equatorial radius of
the core, Å); teq (thickness of shell at equator, Å); x-core (axial ratio of core); x-shell (ratio of thickness of shell at pole to that at equator); u (particles volume fraction); qs (shell
scattering length density, �106 Å2); qc (core scattering length density, �106 Å2); Nagg (aggregation number); xD2O shell (volume fraction of solvent in the shell); yD2O core (volume
fraction of D2O in the core); yEO core (volume fraction of EO in the core); yPO core (volume fraction of PO in the core); yMF core (volume fraction of MF in the core); pEO shell (proportion
of EO in the shell).

T1307 � 0.2% MF

1% 3% 5%

25�C 37�C 50�C 25�C 37�C 50�C 25�C 37�C 50�C

Req 24.4 29.7 32.5 25.3 33.4 34.4 27.1 34.2 35
teq 32 36.5 38.5 33.7 44 40.5 39.5 45.9 41
x-core 1.42 1.39 1.39 1.5 1.47 1.4 1.6 1.5 1.43
x-shell 2.6 2.2 1.9 2.47 1.56 1.7 1.53 1.33 1.61
u 0.057 0.063 0.055 0.13 0.16 0.14 0.2 0.24 0.22
qs 5.92 5.83 5.76 5.89 5.85 5.7 5.97 5.85 5.68
qc �0.704 �0.0156 �0.179 0.24 0.76 0.515 0.65 0.95 0.66
NT1307 7 11 12 8 16 18 9 17 19
NMF 38 83 127 25 46 52 16 30 33
XD2O shell 0.92 0.91 0.9 0.92 0.91 0.89 0.93 0.91 0.89
yD2O core – – – 0 0.07 0.03 0.04 0.09 0.05
yEO core – – – 0.1 0.18 0.17 0.28 0.24 0.21
yPO core – – – 0.74 0.61 0.65 0.6 0.59 0.65
yMF core – – – 0.17 0.14 0.15 0.08 0.08 0.09
pEO shell – – – 0.93 0.85 0.87 0.77 0.8 0.84
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3.2. Biological evaluation of the formulations

(i) Cytotoxicity assays
After the structural characterization of the aggregates, their

cytotoxicity was evaluated in murine macrophages, the primary
host cells infected by Leishmania parasites. It is known that
T1307 and some other poloxamines have shown cytotoxic effects
at specific concentrations (1–5%), when tested against fibroblast
and epithelial cell lines [49,56]. Therefore, the toxicity on macro-
10
phages was tested up to 5% T1307 (Tables 6 and S1). Our results
showed that, at concentrations higher than 1.5%, T1307 exhibited
toxicity (cell viability < 80 %, towards macrophages) (Table S1).
Accordingly, 1% T1307 was the maximal concentration used in
the further biological studies. On the other hand, the cytotoxicity
of MF was studied in the range of 0–25 lM. The half-maximal cyto-
toxic concentration (CC50) was 12.99 lM (with P95 confidence lim-
its between 12.69 and 13.3 lM). This result supported previous
publications describing 38–60% cell death in macrophages treated



Fig. 8. SANS patterns of (A) a 25% solution of T1307; (B) a mixture 24% T1307 � 1%
MF, both in deuterated PB. Solid lines are the fits to a BCC paracrystal model.

Table 6
Percentage of cell viability of murine macrophages at 48 h post-treatment with T1307
(0–1%), MF (0–12 lM) and their combinations.

T1307

0% 0.063% 1%

MF 0 lM 100 100 100
12 lM 83.4 ± 1.46 100 100
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with 9–18 lM MF [57]. Table 6 displays the percentage of macro-
phage viability (83.4%) after 48 h of treatment with 12 lM MF,
while the combinations MF-T1307 did not present toxicity (100%
cell viability). Altogether, these data reveal that the encapsulation
of 12 lM MF within T1307 micelles completely prevents the toxic
effect of 12 lM free MF (Table 6).

ii) Activity against Leishmania major parasites.
Since 1% T1307 and 1% T1307- 12 lM MF formulations did not

display toxicity towards macrophages, their biological effects on
intracellular amastigotes were assessed. L. major infected macro-
phages were treated for 48 h with T1307-MF mixtures at two con-
centrations (0.0625 and 1 %) of T1307 and at 12 lM MF. As shown
Table 5
Parameters obtained from SANS data analysis to a BCC lattice of T1307 and mixtures with
neighbour, Å); Rm (micelle radius, calculated from dnn); u (volume fraction of paracrystal i
�106 Å2).

Parameters 25% T1307

20�C 37�C 50�C 20

u 0.389 0.483 0.399 0.4
dnn 158 162 162 15
d 0.064 0.049 0.052 0.0
Rc 41 46 48 42
Rm 79 81 81 78
qc 1.4 1.4 1.1 0.6
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in Fig. 9a, the T1307-MF combinations significantly reduced the
percentage of amastigotes per macrophage. In comparison to
untreated cells (100% infection), there were dramatic reductions
when treated with T1307-MF formulations: 55.60% with 0.0625%
T1307-12 lM MF (*, p < 0.05) and 26.26% with 1% T1307-12 lM
MF (**, p < 0.01). Moreover, 1% T1307 per se exhibited a leishmani-
cidal activity and significantly reduced the amastigote burden by
approximately 50% (44.38 % vs 100.00 %: **, p < 0.01). In contrast,
L. major was less sensitive to MF alone at 12 lM (94.55 ± 7.71 % of
amastigotes/macrophage) supporting the data from Escobar et al.
(2002) [58]. These authors reported an IC50 > 30 lM for MF on L.
major amastigotes [58]. On the other hand, we found that MF
was also active on promastigotes (IC50 = 6.21–12.35 lM), in accor-
dance with values (IC50 = 4.80 – 13.10 lM) published by these
researchers in L. major [58]. On both forms of the parasite, the com-
bination 1% T1307-12 lM MF was the most potent formulation,
showing a leishmanicidal activity > 95% on promastigotes
and > 75% on amastigotes (Fig. 9). Interestingly, this formulation
significantly enhanced the activity of MF by 3.6-fold and 16-fold
on L. major intracellular and extracellular forms, respectively.

Tetronic surfactants had been highly active against cancer cell
lines at concentrations between 0.01% and 1% [59,60]. In addition,
triblock copolymers were also effective as nanocarriers for the
treatment of some infectious diseases, including leishmaniasis
[29,61]. The use of these systems improved the antimicrobial
effects and lowered the cytotoxicity of the drugs supporting the
results obtained in the present study. The direct biological effect
of PEO-PPO-PEO blocks previously described [62], as well as the
interaction of these polymers with the membrane lipid bilayers
[63], might shed some light on the antileishmanial activity of
T1307 observed in this work (Fig. 9). However, more research
would be neccesary to fully understand the precise mechanisms
of action.

4. Conclusions

Here we propose the use of block copolymer Tetronic 1307
(T1307) as a nanocarrier of miltefosine (MF), an amphiphilic
alkylphospholipid highly active against leishmaniasis. The starting
hypothesis is that, given the amphiphilic nature of MF, both surfac-
tants will combine to form mixed micelles and gels that allow
reducing the cytotoxicity of the drug by lowering its dose and
MF in deuterated phosphate buffer. Rc (radius of the core, Å); dnn (distance to nearest
n sample volume); d (paracrystal distortion factor); qc (core scattering length density,

24.8% T1307 -
0.2% MF

24% T1307 -
1% MF

�C 37�C 50�C 20�C 37�C

47 0.570 0.497 0.401 0.495
6 156 157 150 154
52 0.047 0.050 0.057 0.050

44 47 40 43
78 79 75 77
0.9 0.7 0.6 0.9



Fig. 9. Effect of MF, T1307, and T1307-MF on L. major amastigotes (A) and promastigotes (B). Treatments were performed for 48 h at different concentrations: MF (12 lM),
T1307 (0.0625% and 1%), and T1307-MF (0.0625%-12 lM, 1% �12 lM). Bars represent the percentage of amastigotes/infected macrophages (A) and the percentage of cell
viability of promastigotes (B) with respect to the control (untreated cells, C-). P-Values < 0.05 (*), <0.01 (**), <0.001 (***) were considered significant.

Z. Dirany, R. El-Dirany, G.N. Smith et al. Journal of Molecular Liquids 379 (2023) 121654
improving its cell internalization. With this aim, we have under-
taken a full structural characterization of the surfactants on their
own and their combinations in buffered medium (pH = 7.4) and
as a function of the temperature and concentration, as well as
the biological evaluation of the formulations.

Regarding the poloxamine, its aggregation is favoured in buf-
fered medium with respect to water or D2O, as evidenced by DLS
and fluorescence spectroscopy. SANS experiments are consistent
with the formation of ellipsoidal micelles with a highly hydrated
shell (90%) in which the EO apportions between the shell and core,
and there is a considerable amount of water in the core, rather than
the spherical and ‘‘dry” micelles reported in the literature in non-
buffered medium. Micelles with higher aggregation number and
less content in water form when increasing the temperature, while
the concentration tends to reduce the aggregates size. By contrast,
MF self-aggregates into ‘‘classical” spherical micelles, having a ‘‘dry
core”, formed by the hydrocarbon chain of the drug, and the shell
formed by the zwitterion head and water. There is a slight reduc-
tion in the aggregation number as the temperature increases and
no remarkable effects due to the buffered medium.

When combining both surfactants, DLS, diffusion NMR and
probe fluorescence spectroscopy support the formation of mixed
micelles. The 2D NMR data prove that the whole drug, and not just
the hydrocarbon tail, is in close contact with the PPO moieties (mi-
celle core) but not with the PEO. Two scenarios arise depending on
the proportion of both surfactants (MF-rich micelles versus T1307-
rich micelles). These different situations have been considered into
the analysis of the SANS data according to a model that assumes
ellipsoidal aggregates than lodge the MF, water and EO in their
core. In MF-rich micelles below the CMT of the poloxamine, the
low values of qc and the failure of the model to account for the
EO and water in the core, evidence the formation of dry-core aggre-
gates, similar to the MF micelles. When the temperature increases,
the core expands and incorporates water and some EO from the
poloxamine. In a T1307-rich scenario, the higher qc values reflect
the presence of water and EO, as in T1307 micelles. Mixed micelles
also form at 25 �C, below the CMT of the poloxamine, but the ten-
dency to incorporate MF increases with the temperature. Overall,
the MF and T1307 combine at every proportion and temperature
to form mixed micelles, their structure reflecting their different
amounts present. At high concentrations of T1307 (25%), the gela-
tion of the system occurs, with a BCC paracrystal packing of
micelles. The addition of MF produces a shift in the diffraction
peaks compared to the T1307 alone that reflect a smaller size of
the paracrystal cell, the effect being more marked the higher the
proportion of drug is.
12
Biological studies on L. major promastigotes and amastigotes,
combined with cytotoxicity studies in the host macrophages, lead
to identify a potent formulation, composed of 1%T1307-12 lM MF.
The reformulated drug is more active and less toxic, which could
be related to a better internalization and targeting produced by
the poloxamine. Besides acting as a carrier, T1307 micelles per se
are also active against both forms of the parasites, reducing the
parasitic intracellular load and the promastigotes survival by
almost 50%, at 1% of poloxamine concentration.

In conclusion, the results herein support the use of the hydro-
philic Tetronic 1307 as a carrier of MF for the treatment of leishma-
niasis. Drug loaded polymeric micelles could be administered
topically in different forms, as a viscous liquid that evolves into
gel in contact with the skin or as a cream [16,41], or as droplets
of a liquid solution [64]. Such formulations would prevent the gas-
trointestinal side effects related to the oral intake of the drug. The
of MF with poloxamines in the form of mixed micelles seems a
promising strategy to treat both human and animal leishmaniasis,
their joint use with other antiparasitic agents that can be incorpo-
rated to the aggregates.
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