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Abstract

Background: Pentamidine isethionate (PTM) and miltefosine (MF) are clinically relevant
antiparasitic agents whose use is limited by toxicity, emerging resistance, and the lack of
effective co-delivery strategies. Tetronic® 1307 (T1307), an amphiphilic and thermorespon-
sive block copolymer, was investigated as a carrier to enable their combination therapy.
Methods: PTM and MF were formulated in T1307-based micelles and thermoresponsive
gels. The systems were characterized by small-angle neutron scattering (SANS), dynamic
light scattering (DLS), and nuclear magnetic resonance spectroscopy (NMR). Antiparasitic
activity was evaluated against Leishmania major promastigotes. Results: MF formed stable
micelles that efficiently incorporated PTM, generating a “drug-in-drug” architecture. While
T1307 alone showed limited PTM loading, MF promoted mixed micelle formation and
enhanced PTM incorporation. At physiological temperature and adequate copolymer
concentrations, drug-loaded micelles formed thermoreversible gels suitable for topical
application. The combined formulations preserved drug activity and exhibited synergistic
effects against L. major. Conclusions: T1307 is a promising platform for the co-delivery
of PTM and MF, enabling synergistic combination therapy and thermoresponsive gel
formation with potential to reduce systemic toxicity and improve treatment administration.

Keywords: polymeric micelles; gels; miltefosine; pentamidine; Tetronic; leishmaniasis;
drug delivery; SANS

1. Introduction
Miltefosine (MF) is an alkylphospholipid derivative of eldelfosine, originally devel-

oped as an antineoplastic agent. Due to its amphiphilic nature, it self-assembles into
micelles at concentrations below 50 µM [1–3]. The pharmacological activity of MF is pri-
marily attributed to its ability to disrupt cell membrane integrity through intercalation into
the lipid bilayer. In tumor cells, MF induces apoptosis mainly by inhibiting phosphatidyl-
choline (PC) biosynthesis via suppression of phosphocholine cytidylyltransferase, which
impairs sphingomyelin and diacylglycerol synthesis and promotes ceramide accumulation,
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a key mediator of cell death [4,5]. Additional reported mechanisms include the activation of
the SAPK/JNK pathway [6,7] and the inhibition of the insulin–PKB/Akt signaling cascade,
resulting in cell cycle arrest [5]. Beyond its applications in oncology, MF was repurposed
as the first and only oral drug approved for the treatment of leishmaniasis, a vector-borne
disease caused by more than 20 species of Leishmania parasites [8]. This neglected tropical
disease, endemic in many developing countries and increasingly present in industrialized
regions, affects 700,000 to 1 million people annually and manifests as cutaneous, mucocuta-
neous, or visceral forms. Cutaneous leishmaniasis (CL) is the most prevalent form and is
characterized by skin lesions, mainly ulcers on exposed body areas, which often result in
permanent scarring, severe disability, or social stigma. Approximately 95% of CL cases are
reported in the Americas, the Mediterranean basin including several European countries,
the Middle East, and Central Asia. Regarding visceral leishmaniasis, it is the most severe
and potentially fatal [9–14].

In recent decades, pentamidine (PTM), a diamidine derivative originally synthesized
in 1930 as a hypoglycemic agent against trypanosomatids [15], has been explored for
potential applications in Alzheimer’s disease, Parkinson’s disease, cancer, diabetes, and
muscular dystrophy [16–25]. PTM has been reported to antagonize NMDA (N-methyl-D-
aspartate) receptors, inhibit histone acetyltransferase and calmodulin, and interfere with
polyamine synthesis and RNA polymerase activity [21–23,26,27].

Both PTM and MF present significant limitations due to adverse effects and the
development of drug resistance [28–31]. Thus, MF is contraindicated in pregnancy due to
teratogenicity, it cannot be administered intravenously because of hemolytic activity, and
its oral use is often associated with gastrointestinal disturbances, hepato-nephrotoxicity,
and frequent emergence of resistance [32,33]. On the other hand, PTM, administered
parenterally, can cause nausea, vomiting, hypotension, and injection site pain, and it has
been linked to glucose metabolism disorders, acute hepatic injury, and cardiovascular
complications [15,32,34].

To overcome these drawbacks, different approaches based on novel drug delivery
systems have been attempted [35]. Only a limited number of studies have investigated
the use of liposomal formulations for PTM or MF. These include sugar-grafted liposomes
and liposomes containing ergosterol or cholesterol for PTM delivery [36,37], as well as
thermosensitive liposomes developed for the encapsulation of MF [38,39]. Although an
overall improvement in the toxicity profile of these liposomal formulations has been
reported, the available evidence is largely derived from preliminary “in vitro” studies. In
this context, it is especially important to characterize the drug release profile following
administration into the bloodstream, as this parameter will largely determine the extent
and severity of adverse effects. In the case of thermoreversible liposomes, a rapid release of
approximately 50% of the total encapsulated drug has been reported, suggesting that the
development of formulations capable of providing a more sustained and controlled release
over time may be necessary to improve their therapeutic profile [40–42].

Research on polymeric nanoparticles has been also intensified, as demonstrated by the
ample number of studies developing different polymeric architectures for the encapsulation
of both drugs. Commonly used vehicles for the encapsulation of both PTM and MF include
polymethacrylate, polycaprolactone (PCL), chitosan, and poly(D,L-lactide) (PLA) [43–47].
These nanoparticles can enhance the poor solubility of hydrophobic molecules and easily,
stabilize degradable compounds [48]. Likewise, they can enhance drug retention in tis-
sues, increase the amount of drug reaching the target site, and improve specificity [49–51].
Nevertheless, nanoparticles present certain limitations, including low drug encapsulation
efficiency, particularly for hydrophilic compounds such as pentamidine (PTM) [52]. In
addition, the identification of materials that enable controlled drug release while avoid-
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ing initial burst release phenomena or, conversely, excessively slow release profiles, is
challenging [53,54]. Furthermore, many nanoparticle-based formulations require surface
functionalization to improve stability, biodistribution, or targeting capability [55].

A different approach relies on polymeric micelles, which form by the self-assembly of
amphiphilic polymers above their critical micelle concentration and temperature [56,57].
Amphiphilic diblock copolymers (e.g., polystyrene–poly(ethylene glycol)) and triblock
copolymers (e.g., poloxamers) have been widely studied, although graft copolymers
(e.g., g-chitosan) and ionic copolymers (e.g., poly(ethylene glycol)-poly(ε-caprolactone)-
g-polyethyleneimine) are also employed [58,59]. Polymeric micelles are characterized
by smaller sizes compared with other nanosystems, such as liposomes or nanoparticles,
which makes them attractive for various administration routes [48,60]. Their size also
facilitates drug penetration into solid tumors and enhances drug internalization [61,62].
They can improve drug bioavailability and modulate release kinetics, enabling targeted
delivery and minimizing side effects. However, their adequate thermodynamic and kinetic
stability is essential to prevent premature or uncontrolled drug release, particularly during
administration and dilution in the bloodstream [63–65]. Over the last few years, tocopheryl
polyethylene glycol succinate (TPGS) and poloxamines [66,67] have been employed as
carriers for MF, whereas Pluronic F127 has been recently used for PTM reformulation [68].

In this work, Tetronic® 1307 (T1307) has been proposed as a carrier for both drugs,
PTM and MF. T1307 is an X-shaped copolymer composed of polyethylene oxide (PEO) and
polypropylene oxide (PPO) with a central diamine group. In solution, it self-assembles into
micelles and forms thermoreversible gels depending on the temperature and concentration.
These characteristics reinforce Tetronic copolymers as promising candidates for biomedical
applications since they can solubilize hydrophobic drugs within both micelles and gels, en-
abling controlled drug release, enhancing permeability across biological barriers, increasing
bioavailability, and reducing potential adverse effects [69–71]. In fact, some recent studies
have proven that T1307 forms mixed micelles with MF and reduces its toxicity [2].

To the best of our knowledge, no clinical trials have been conducted recently with both
drugs in patients. In 2018, a study explored the combination of oral MF plus intralesional
PTM as a treatment for leishmaniasis. Additive adverse effects were reported, and the
efficacy of the two drugs was additive [72]. In this context, the present work proposes an
integrated strategy to overcome the main limitations associated with PTM and MF therapy,
particularly regarding safety and efficacy. A dual-drug approach is introduced, aiming
to combine both therapeutic agents to potentially reduce the administered doses without
impairing their therapeutic effectiveness or increasing adverse effects. Furthermore, a
novel delivery system is proposed to enable the simultaneous encapsulation of both drugs,
thereby innovating their administration and improving overall treatment efficacy.

2. Materials and Methods
2.1. Materials

Miltefosine (MF, purity ≥ 98.0, Mw = 407.57 g/mol) and pentamidine isethionate
(PTM, purity ≥ 98.0, Mw = 592.07 g/mol) were purchased from Glentham Life Sciences
(Wiltshire, UK). Tetronic® 1307 (T1307, 18,000 g/mol average molar mass) was a gift from
BASF (Ludwigshafen, Germany), with a reported composition of 72 and 23 ethylene oxide
(EO) and propylene oxide (PO) units, respectively. Micellar solutions were prepared by
dissolving the drugs and T1307 in water, while gels were prepared by dissolving first the
drugs in water and then adding the polymer, followed by several cycles of cooling down
to 4 ◦C and stirring until the complete dissolution of T1307. Unless otherwise stated, the
concentrations are expressed as mass percentages.
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2.2. Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectra were acquired with a 400 MHz Bruker Avance Neo 400 spectrometer
(Bruker Corporation, Billerica, MA, USA), using the default pulse sequences for the 1D
and 2D-NOESY spectra. For the diffusion experiments, bipolar pulse longitudinal eddy
current delay (BPLED) ledbpgp2s1d and ledbgpg2s pulse sequences were used. Initial
1D-proton spectra were recorded for each applied gradient, and the attenuation of the
selected resonances in each spectrum was analyzed by integration. The gradient spacing
and duration (∆ and δ, respectively) were optimized to ensure complete exponential signal
decay. A 2D diffusion-ordered spectroscopy (DOSY) representation, displaying the NMR
spectra on the x-axis and the diffusion coefficient on the y-axis, was generated using
MestReMnova 14.2 software through the Bayesian transformation of the spectra recorded
at different gradients. All samples were prepared by dissolving the required amounts of
PTM, MF, and T1307 in D2O (Aldrich, deuterium content > 99.96%).

2.3. Dynamic Light Scattering (DLS)

Intensity size distributions were obtained using a Protein Solutions DynaPro photon
correlation spectrometer (Wyatt Technology LLC, Santa Barbara, CA, USA) operating at
822 nm laser wavelength. The temperature control was provided by the built-in Peltier unit.
Experiments were conducted at 20 ◦C and 37 ◦C using type II water to prepare all samples.
Before measurements, all samples were filtered with 0.45 µm pore-size syringe filters made
of PVDF, coupled to 0.02 µm inorganic membrane filters. The intensity size distributions
were obtained using regularization analysis with DynaLS version 2.8.2 (Alango Ltd., Tirat
Carmel, Israel) software.

2.4. Small-Angle Neutron Scattering (SANS)

SANS experiments were conducted on the LARMOR diffractometer at the ISIS
Neutron and Muon Source (Rutherford Appleton Laboratory, UK). Larmor is a fixed-
configuration time-of-flight, pinhole SANS instrument with a sample-to-detector distance
of 4 m. The usable wavelength (λ) range is 0.9 < λ < 13.5 Å, which gives an accessible q
range of 0.004 < q < 0.7 Å−1, where q is the magnitude of the momentum transfer vector
(q = 4πsin(θ)/λ, where θ is half the scattering angle). Two different wavelength ranges
were used for data processing: a broad one for dilute samples (0.9 < λ < 13.5 Å) to study
the widest range of length scales and a reduced range (6.0 < λ < 13.5 Å) for gels to improve
the resolution of peaks. Samples were loaded into either 1 or 2 mm pathlength quartz
(“banjo”) cells, which were placed in the Larmor’s temperature-controlled sample changer,
and illuminated by an 11 × 11 mm2 neutron beam. Data were converted from raw data to
reduced data of scattering intensity (the scattering cross section per unit volume, dΣ/dΩ(q))
as a function of q by correcting for detector efficiency and sample transmission using the
instrument-specific software Mantid [73,74]. The raw data were placed on an absolute
scale (cm−1) by measuring the scattering of a mixture of hydrogenous and deuterated
polystyrene with a known radius of gyration and scattering cross section [75,76]. The
scattering from the solvent was measured, processed the same way, and subtracted from
the sample data. SANS curves were fitted using SasView 5.0.6 software [76]. The informa-
tion on the models used and fitting procedures is described in detail in the Results and
Discussion section and in the Supporting Information, including statistical information
about the goodness of the fits (Figures S9 and S10).

2.5. Steady State Fluorescence

An FLS920 spectrofluorometer (Edinburgh Instruments Ltd., Livingston, UK)) was
used to perform steady state fluorescence measurements of aqueous solutions of PTM in
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the presence of T1307 and/or MF at 20 and 37 ◦C. The emission spectra were recorded
by excitation at 270 nm, adjusting the excitation and emission slits to remain within the
linear range of the intensity at the concentrations used. All samples were prepared in type
II water.

2.6. Rheology

Small-amplitude oscillatory experiments were performed on a dynamic strain-
controlled rheometer Discovery HR20 (TA Instruments, Milford, MA, USA) using parallel-
plate geometry (25 mm, stainless steel) with a temperature-controlling Peltier unit. All
solutions were prepared by weighing the necessary amounts of T1307, MF, PTM, and
water followed by magnetic stirring combined with cooling cycles (4 ◦C) until complete
dissolution. The samples were left to rest at least one day at room temperature after
preparation before conducting the rheological measurements. After loading, a thin layer of
low-viscosity paraffin oil was applied to the edges of the geometry to prevent evaporation.
Samples were allowed to rest for a few minutes before the start of the experiments to ensure
dissipation of any pre-shearing due to manipulation and loading. Temperature sweeps at a
frequency of 6.28 rad·s−1 and 1% strain amplitude, within the limit of the linear viscoelastic
range as measured by strain amplitude experiments, were conducted, at a heating rate of
2 ◦C per minute, to cover the temperature range from 20 to 80 ◦C.

2.7. Biological Assessment
2.7.1. Cells and Culture Conditions

Leishmania major promastigotes (Lv39c5, Rho/SU/59/P) were cultured at 26 ◦C in
M199 medium supplemented with 25 mM HEPES (pH 7.2), 0.1 mM adenine, 0.0005% (w/v)
hemin, 2 mg/mL biopterin, 0.0001% (w/v) biotin, 10% (v/v) heat-inactivated fetal bovine
serum (FBS), and an antibiotic cocktail (100 U/mL penicillin, 100 µg/mL streptomycin).

2.7.2. Activity Against Promastigotes

Exponentially growing cells (5 × 106 L. major promastigotes/mL) in M199 were seeded
in 96-well plates (100 µL per well) and first treated with free PTM (0–10 µM) and MF
(0–20 µM), as well as with combinations of the two drugs. In addition, parasites were
also exposed to both drugs previously incorporated into T1307 micelles. The plates were
incubated at 26 ◦C. After 48 h, 20 µL of MTT was added per well and kept 4 h under the
same conditions. Then, DMSO (80 µL) was added to each well to dissolve the formazan
crystals. The optical density was measured at 540 nm using a Multiskan EX microplate
reader (Thermo Fisher Scientific Inc., Waltham, MA, USA), and cell viability was calculated
relative to untreated cells. Three independent biological replicates were performed for
all biological assays, each with four technical replicates. The half maximal inhibitory
concentration (IC50) was obtained with OriginPro version 8.5 using the Boltzmann model.
The results were expressed as mean (±standard deviation, SD) from three independent
experiments (all fits yielded R2 values greater than 0.97).

2.7.3. Synergy Score

The Bliss independence model was applied to quantify the degree of pharmacological
interaction between two drugs [77,78]. This model enables comprehensive evaluation of
drug combination dose–response data and facilitates the calculation of synergy scores
according to the Bliss framework. The Bliss independence model operates under the
assumption that each drug within a combination exerts its effect independently, without
mutual influence. In this theoretical framework, each agent is presumed to act as though
the other drugs are absent, neither enhancing nor inhibiting their respective activities.
The model predicts the expected combined effect based on the individual dose–response
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profiles of each drug. When the observed combined effect aligns with the expected value,
the interaction is considered independent. Conversely, any significant deviation from
this expectation indicates a synergistic (greater than expected) or antagonistic (less than
expected) interaction, reflecting interdependent pharmacological behavior between the
agents [78].

The Zero Interaction Potency (ZIP) model is a reference framework used to assess
synergy, antagonism, or additivity in drug combinations [77,79]. This model assumes the
absence of interactions between compounds and posits that the combined effect arises from
the independent contribution of their individual potencies, without altering the shape of
the dose–response curves. Based on the fitting of the single-agent dose–response curves,
the expected combination effect under a zero interaction scenario is estimated. Synergy
is quantified as the difference between the experimentally observed effect and the effect
predicted by the ZIP model. Positive ZIP scores indicate synergy, values close to zero
indicate additivity, and negative values indicate antagonism. This approach is particularly
suitable for the analysis of full dose–dose matrices and is widely used in high-throughput
drug combination screening studies.

The web-based application Synergy Finder Plus version R-3.10.3 [80] was used to
calculate the synergy scores for the tested compound combinations. A positive score
indicates that the observed combined effect exceeds the expected additive effect, signifying
a synergistic interaction between the tested agents, while a negative score reflects an
antagonistic interaction.

2.7.4. Statistics and Data Analysis

OriginPro (version 8.5, OriginLab Corporation, Northampton, MA, USA) was used
for the calculation of the half maximal inhibitory concentration (IC50). The statistical
analysis for the biological assays was also carried out with the same software. A two-tailed
unpaired t-test was used for the comparison between two groups. The data were presented
as means ± SD. p-Values < 0.05 (*), < 0.01 (**), and < 0.001 (***) were considered significant.

3. Results and Discussion
3.1. MF Micelles as Carriers for PTM

A previous step to understand the ternary systems formed by the drugs and the
polymeric surfactant necessarily encompasses the structural characterization and biological
activity when MF and PTM are combined. Due to its amphiphilic nature, MF self-aggregates
in the form of micelles in aqueous medium [81]. MF micelles consist of a “dry” core formed
by the hydrocarbon tails of the molecule and a shell comprising the zwitterionic head.
The aggregation number and size remain stable with temperature, both in water and in
buffered medium [82], and the critical micelle concentration (CMC) varies with the pH and
ion composition, ranging from 60 µM in water to 50 µM in phosphate buffer and 35 µM in
phosphate buffer saline (pH 7.4) [2,81].

The interactions between MF and PTM are reflected in the changes observed in the
corresponding 1H-NMR spectra (see signal assignation in Figure S1a,b). In D2O, the
aromatic protons of PTM (H6, H4, H16, H18) appear at 7.65 and 7.03 ppm as two distinct
doublets, with protons adjacent to the ether group producing a triplet at 4.11 ppm, while
those of the aliphatic chain (H9–H11) appear at 1.79 and 1.56 ppm. In MF, the protons of
the tail produce signals at 0.80, 1.22, and 1.54 ppm, with the methyl groups of the amino
group resonating at 3.17 ppm. The methylene protons of the head resonate at 3.77 and
3.60 ppm, respectively, while the terminal methyl adjacent to the phosphate group appears
at 4.19 ppm. Figure S2a,b show the proton spectra of a 0.1% PTM–1% MF mixture, recorded
at 20 and 37 ◦C. The most noticeable change is the upfield shift (0.193 and 0.182 ppm at
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20 and 37 ◦C, respectively) of the signals from the aromatic protons (Figure 1a,b). Aliphatic
protons also shift in the presence of MF to a lesser extent (∆δ = 0.039 and 0.032 ppm,
respectively). The changes in the magnetic environment of the PTM are patent in view of
the NOESY spectrum (Figure 1c), which reveals strong cross-peaks between the signals
of the aromatic rings of the PTM and the aliphatic chain of MF, indicating the closeness
between both domains [83], with the PTM lodged in the MF micelle core. This evidence is
also supported by the blueshift (12 nm) in the fluorescence band of the PTM in the presence
of MF and the pronounced increase in the emission intensity (Figure S3), a phenomenon
that usually occurs when the microenvironment of the emitting species becomes more
hydrophobic [84]. The reduction in the intensity with the temperature that can be observed
in both cases can be attributed to dynamic/collisional quenching.

Figure 1. Aromatic and aliphatic region of the 1H-NMR spectrum of PTM in D2O in the presence
(red) and absence (blue) of MF at 20 ◦C (a) and 37 ◦C (b); (c) expanded view of the NOESY spectrum
of 0.1% PTM + 1% MF at 20 ◦C.
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Figure S4 shows the size distributions obtained with DLS of MF in water, alone and
when combined with PTM. The size of the MF micelles is 3.3 nm at 20 ◦C and 3.1 nm at
37 ◦C, in agreement with previous data [2]. The presence of PTM led to a reduction in
micellar dimensions, with the average size decreasing to 2.6 nm and 2.8 nm at 20 ◦C and
37 ◦C, respectively, while the size distributions broaden (Figure S4).

A deeper insight into the structure of these micelles can be obtained from SANS
experiments. Figure 2 shows the reduced scattering data for MF and its combination with
PTM at different temperatures. The plots present an upward curvature at low q (Å−1)
due to the presence of large aggregates, particularly in the samples without PTM. The
DLS experiments reveal that these unspecific aggregates, albeit large, represent a small
contribution in mass. To account for this effect, a power law function was included into
the scattering of the MF micelles, modelled by core–shell spheres with a hard-sphere
potential, in which the effective radius of interaction has been left free (see “Theoretical
models for micelle description” in the Supporting Information [85]). Following the work
by Puig-Rigall et al., the scattering length density of the micelle core (corresponding to the
hydrocarbon tail) was fixed (ρc = −0.37 × 10−6/Å2, “dry” micelle core is assumed) [82], but
it was left to float in the analysis of the PTM and MF mixtures to account for the preferential
localization of the PTM in the core, as evidenced by NMR.

Figure 2. SANS patterns of 1% MF and combinations 1% MF + 0.1% PTM in D2O, measured at 20 and
37 ◦C. Solid lines are fits to the model used (core–shell with hard spheres + power law).

The aggregation number (Nagg) of MF was obtained following the procedure described
by Puig-Rigall et al. [85]. For the MF:PTM micelles, a similar approach was used, consider-
ing that the PTM is located in the micellar core (Equations (1)–(3)):

ρc = ρMFtχMF−t + ρPTM(1 − χMF−t) (1)

Nagg = χMF−t
Vc

VMF−t
(2)

NPTM = (1 − χMF−t)
Vc

VPTM
(3)

Here, ρPTM and ρMF-t were set as 1.7 × 10−6 Å−2 and −0.37 × 10−6 Å−2, respectively.
The values of VMF-t (275 cm3/mol) and VPTM (301 cm3/mol) represent the molar volumes
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of the MF hydrophobic tail and the PTM, respectively. Once the number of MF molecules
is determined, the hydration of the shell can be obtained. To assess whether the model and
fit are reasonable, the volume fraction obtained from experimental data can be compared
with the theoretical value, showing good agreement (see Table 1).

Table 1. Parameters obtained from the analysis of SANS data using a core–shell spheres model for
MF 1% and combinations of MF 1% and PTM 0.1% at 20 and 37 ◦C in D2O. Rc, radius of the core,
Å; Reff, radius effective; t, thickness of shell, Å; ρs, shell scattering length density (sld), ×106 Å2; ρc,
core scattering length density, ×106 Å2; ϕ, particle volume fraction; ϕt, theoretical particle volume
fraction); XD2O shell, water volume fraction in the shell; Nagg and NPTM, number of MF and PTM
molecules per micelle, respectively.

T (◦C) Rc (Å) t (Å) Reff (Å) ϕ ϕt ρs ρc XD2O Nagg NPTM

1% MF
20 23 ± 1 12.2 ± 0.2 58 ± 1 0.018 ± 0.001 0.026 4.74 ± 0.11 −0.37 0.78 116 ± 17 -
37 22.4 ± 0.7 13.4 ± 0.2 53.0 ± 0.6 0.023 ± 0.001 0.030 5.01 ± 0.15 −0.37 0.81 104 ± 12 -

1% MF +
0.1% PTM

20 18.2 ± 0.6 19.4 ± 0.3 69.3 ± 0.2 0.067 ± 0.001 0.083 5.38 ± 0.06 0.08 ± 0.32 0.94 44 ± 10 11 ± 7
37 17.5 ± 0.4 18.7 ± 0.2 62.4 ± 0.3 0.069 ± 0.001 0.091 5.37 ± 0.08 0.21 ± 0.28 0.95 36 ± 7 13 ± 6

The calculated parameters according to this model are summarized in Table 1. Regard-
ing the unloaded MF micelles, the aggregation number, micellar size, and hydration of the
shell match those reported by Puig-Rigall et al. obtained with a different experimental set-
up [82]. Differences emerge in the combinations with PTM. Specifically, the MF molecules
per micelle diminishes slightly with temperature, which, in turn, favors the incorporation
of more PTM. Likewise, the presence of PTM leads to a reduction in both the core size and
Nagg, in line with the DLS results, where a slight decrease in micelle radius is observed
upon PTM incorporation. Additionally, the incorporation of PTM leads to an increase
in both the shell hydration and the volume fraction. This effect can be explained by the
fact that PTM disrupts the packing of MF hydrophobic tails, resulting in a decrease in the
aggregation number. Finally, it is worth mentioning the differences between the geometric
micelle size and the effective radio. The Reff value refers to the minimum center-to-center
distance at which two micelles can approach each other, as defined in the hard-sphere
structure factor. According to the SANS data, this distance is larger than the micelle size.
This phenomenon is also reported for similar systems with SDS [86,87], an effect relevant in
particles with charges on the micelle surface, where electrostatic repulsion between micelles
plays a significant role.

DOSY experiments can provide precise information on the amount of PTM loaded
in the micelles, using the diffusion coefficients of the components in the mixture. When a
molecule binds or is incorporated into a larger structure, such as nanoparticles or micelles,
its mobility decreases, and the variation in the self-diffusion coefficient provides an indirect
measure of the extent of the association [88]. In this study, several samples containing
0.4% MF and increasing concentrations of PTM (0.05–0.9%), corresponding to MF:PTM
molar ratios between 11.5:1 and 0.5:1, were analyzed. The fraction of free PTM (χPTM) was
calculated using Equation (4), where D is the measured PTM diffusion coefficient, DPTM

the diffusion coefficient of the free PTM, and DPTM−MF is the diffusion coefficient of PTM
in the MF micelles (set to the diffusion coefficient of the micelle).

D = DPTMχPTM + DPTM−MF(1 − χ PTM) (4)

Equation (5) relates the number of micelles to the number of molecules of PTM and
MF in solution. Considering the low CMC of the MF, it is reasonable to assume that all
MF is in aggregated form, and for each solution, the fraction of PTM bound to micelles is
determined using Equation (4). The water content within the micelles can be taken from
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SANS data, as mentioned above, and its value is assumed to remain constant irrespectively
of the sample composition.

NmVm0.15 = VMF NMF−s + VPTM NPTM−sχPTM−MF (5)

Here, Nm is the number of micelles; NPTM-s and NMF-s are the total PTM and MF
molecules in solution; χPTM-MF is the fraction of PTM loaded in the micelles; and Vm, VPTM,
and VMF are the volumes of the micelle, PTM, and MF, respectively. The results in Figure 3
show the number of MF and PTM molecules per micelle (Figure 3a) and the fraction of
PTM in the micelles (Figure 3b) (complete information about data analysis can be found in
the Supporting Information). The results are consistent with those obtained from SANS
analysis, and differences are attributable to the degree of hydration of the shell, which was
assumed to be constant with the PTM concentration. Overall, the results obtained using
both methods demonstrate that PTM is loaded in the MF micelles to a large extent, located
mainly in the core of the aggregates, and increasing the PTM concentration produces a
reduction in the micelle size.

Figure 3. (a) Number of molecules of PTM (blue dots) and MF (brown dots) per micelle as a function
of PTM concentration; (b) fraction of PTM in MF micelles (concentration of MF fixed at 0.4% w/w).
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3.2. The Combination MF + PTM (Dual Therapy Approach) Exhibits a Significant Synergistic
Effect Against Cell Proliferation

This “drug-in-drug” formulation constitutes an interesting system for drug delivery, in
which both carrier and cargo are the active agents against cell proliferation. The biological
activity was then evaluated, and synergistic interactions between MF and PTM were also
assessed accordingly.

On the one hand, the activity of each drug was tested against L. major. PTM and
MF were used at concentration ranges of 0–10 µM and 0–20 µM, respectively. The IC50

values obtained (mean ± SD), 3.9 ± 0.3 µM for PTM and 13.5 ± 0.7 µM for MF, are in
agreement with those previously reported [89–92]. The MF:PTM molar ratios obtained
above (DOSY experiment) were used when studying the biological activity, namely: 11.5:1
to 0.5:1 (MF:PTM). Initially, PTM concentrations were set at 2 and 3 µM, while those of MF
varied from 0 to 20 µM. The results shown in Figure 4a reveal that combinations of both
drugs exhibit higher activities against L. major compared to the effect of the single drugs.

Figure 4. (a) L. major promastigote viability after treatment with PTM, MF, and combinations of both
drugs. (b) Variation in IC50 values of MF in the presence of different concentrations of PTM (0–3 µM).
Each PTM:MF combination is compared to MF alone. p-Values < 0.05 (*), <0.01 (**), and <0.001 (***)
were considered statistically significant. (c) Synergy score values for each PTM:MF combination
according to the Bliss model.
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Moreover, the study was extended to a larger number of MF + PTM combinations
(Figure 4b), supporting that the presence of PTM leads to a significant reduction in the
IC50 values of MF. Interestingly, at specific concentrations, the leishmanicidal activity is
dramatically enhanced (Tables 2 and S1). While the percentage of survival of L. major after
single treatments with PTM (2–3 µM) or MF (6–8 µM) was >70% or >80%, respectively, a
substantial synergistic effect was observed when combining both drugs (Table 2). In fact,
the percentage of cell viability was 7.16 ± 1.9% with the combination of 3 µM PTM plus
8 µM MF. However, single treatments showed moderate antiparasitic activity (at 3 µM
PTM, leishmania survival was 71.3 ± 0.3%; similarly, at 8 µM MF, parasite viability was
82.7 ± 5.0%) (Table 2).

Table 2. Viability of L. major expressed as percentage (mean ± SD) when treated with PTM (0, 2, and
3 µM) and MF (0, 6, and 8 µM), alone and combined (see Tables S1 and S2 for the full data sets on L.
major viability).

Survival (%) of L. major Promastigotes MF (µM)
0 6 8

PTM
(µM)

0 100 91.3 ± 2.7 82.7 ± 5.0
2 100.0 ± 3.0 59.7 ± 7.9 49.9 ± 9.9
3 71.3 ± 0.3 10.9 ± 2.1 7.16 ± 1.9

Based on the Bliss independence model, the synergy scores were calculated to as-
sess the existence of synergistic effects. As abovementioned (in Section 2), positive Bliss
scores indicate synergistic interactions between both drugs [78,93]. Our results (Figure 4c)
confirm a significant synergistic effect of both drugs, particularly when PTM and MF
concentrations are >2 µM and >6 µM, respectively. Moreover, the ZIP model was added as
a complementary model to assess synergy, antagonism, or additivity in drug combinations.
Interestingly, this model yields values that are highly consistent with those obtained with
the Bliss independence model (full synergy maps are shown in Table S3).

These findings therefore support the notion that a dual therapy combining PTM and
MF could be beneficial for the treatment of leishmaniasis. The synergistic effects may be
helpful to reduce the current clinical doses applied to achieve therapeutic efficacy, while
potentially minimizing adverse effects associated with single-drug therapies. Nevertheless,
further investigation along this research line is required to determine whether the observed
synergistic effect translates into therapeutic benefits.

3.3. Polymeric Micelles of T1307 Containing PTM and MF

Previous research has demonstrated that T1307 effectively improves some proper-
ties of MF and biological effects by forming mixed micelles, including the reduction of
its toxicity [2]. Herein, we have investigated the combinations PTM:T1307, as well as
PTM:MF:T1307, aiming to encapsulate both drugs within T1307 polymeric micelles.

Regarding the NMR experiments, no clear interactions were detected between the
PTM protons and the PEO or PPO groups of T1307 in the NOESY spectra of T1307:PTM
mixtures. However, the 1H-NMR spectra did present small shifts of the aromatic (0.01 ppm)
and aliphatic (0.003 ppm) peaks of PTM, as well as in the EO (−0.005 ppm) and PO
(−0.055 ppm) units of the copolymer (Figure S5), suggesting a reduced load of PTM in the
micelles, distributed between the micelle shell and core. Interestingly, the presence of MF,
which is known to form mixed micelles with T1307, seems to facilitate the load of PTM.
This is evidenced in the 1H-NMR spectra of samples containing different T1307:MF ratios
and 0.1% PTM (Figure 5). The shifts in the aromatic protons of PTM increases with the MF
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content, strongly suggesting that MF favors the encapsulation of PTM by forming mixed
micelles with T1307.

 

Figure 5. Chemical shifts of the aromatic protons of 0.1% PTM in the presence of MF and T1307,
measured in D2O at 37 ◦C. The sum of MF and T1307 concentration is 1% w/w.

DLS measurements were carried out to assess the particle size of T1307:PTM and
T1307:PTM:MF aggregates. Consistent with a previous report [94], the copolymer is in its
unimer form at 20 ◦C (Rh = 3.1 nm, Figure S6a). Upon the addition of 0.1% and 0.3% PTM,
the coil expands to 3.2 nm and 3.5 nm, respectively. At 37 ◦C, T1307 forms micelles with
of 10.8 nm, while a fraction of unimers remains, with the same radius as at 20 ◦C [94–96].
The addition of 0.1% and 0.3% PTM results in a decrease in the micelle size, with radii of
10.4 nm and 10.1 nm, respectively. At 0.1% PTM, the peak corresponding to the unimers
remains, but its contribution to the scattered intensity diminishes with a threefold increase
in PTM concentration (Figure S6b), suggesting that PTM helps stabilize the T1307 micelles
and induces the self-aggregation of the block polymer.

Upon the addition of MF to T1307:PTM solutions, mixed micelles of T1307 and MF are
formed [2]. At 20 ◦C, these systems exhibit notable complexity. The size distributions show
a peak around 3.4 nm, which corresponds to T1307 unimers and MF micelles (Figure S7a).
Additionally, a peak at 7.5 nm suggests the formation of mixed micelles comprising T1307
and MF. However, at 37 ◦C, the distributions merge into a single peak at 7.5 nm, due to the
mixed micelles T1307–MF (Figure S7b).

SANS was employed to further characterize the binary and ternary systems. The mor-
phology of Tetronics has been usually described by two models: a four-arm star polymer
structure to represent unimers, accounting for the branched architecture of the surfactant,
and core–shell spheres for the micelles [66,82,97]. Recent studies, however, suggest that
core–shell ellipsoids may more accurately represent Tetronic micelles in buffered media [2].
In this work, the scattering patterns of T1307 and T1307:PTM were fitted using a four-arm
star polymer structure at 20 ◦C, and a combined model of core–shell spheres and star
polymer (to account for the persistent unimer peak detected by DLS), with a hard-spheres
structure factor at 37 ◦C. Figure 6a,b show the neutron scattering patterns of T1307 unimers
and micelles, respectively, with the structural parameters derived from the fits summarized
in Table 3 (in the analysis of T1307 and T1307:PTM at 37 ◦C, the radius of the unimers was
fixed at the value obtained at 20 ◦C).
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Figure 6. SANS patterns of 1% T1307 and combinations 1% T1307 + 0.1% or 0.3% PTM in D2O at
(a) 20 ◦C; (b) 37 ◦C. Solid lines are fits to a four-arm star polymer shape factor (20 ◦C) and to a
combined core–shell spheres and star polymer model (37 ◦C).

Considering individual T1307 micelles first (at 37 ◦C), the relatively high ρc returned
by the fits implies a core with a non-negligible amount of solvent. This finding, combined
to the persistence of the unimers signal in DLS measurements (Figure S6), suggests that
micelles are not fully structured and justifies the inclusion of the star polymer model in
the analysis of SANS data. Upon the addition of PTM, the decrease in ρc reflects a less
hydrated core, while the overall increase in the scattering indicates that PTM is favoring
the self-aggregation of the copolymer.

Next, the ternary systems were studied. The complexity of the mixed systems at 20 ◦C
makes fitting the data to any specific model challenging due to the presence of both unimers
and aggregates (Figure S8). At 37 ◦C, the patterns are more readily interpretable, as only
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micelles are present in solution (Figure 7), and the data were modelled using a shape factor
of core–shell spheres (micelles) with a power law contribution (aggregates), including a
hard-spheres factor (Table 4).

Table 3. Parameters obtained from SANS data analysis using a four-arm star polymer shape factor
(20 ◦C) and core–shell spheres (37 ◦C) for T1307 and T1307 + PTM. Ru, radius of unimers; Rc, core
radius, Å; t, shell thickness, Å; ρs, shell scattering length density (sld), ×106 Å2; ρc, core scattering
length density, ×106 Å2.

1% T1307 1% T1307 +
0.1% PTM

1% + T1307
0.3% PTM 1% T1307 1% T1307 +

0.1% PTM
1% + T1307
0.3% PTM

T 20 ◦C 37 ◦C

Ru 36 34 33 36 34 33
Rc - - - 47.5 ± 4.5 40.2 ± 0.6 39 ± 0.7
t - - - 43.0 ± 4.1 45.9 ± 0.6 45 ± 0.6

ϕ - - - 0.009 ± 0.006 0.016 ± 0.002 0.018 ± 0.001
ρc - - - 5.02 ± 0.45 2.55 ± 0.24 2.92 ± 0.16
ρs - - - 6.17 ± 0.08 5.95 ± 0.03 5.97 ± 0.05

 

Figure 7. SANS patterns of the ternary systems T1307:PTM:MF at 37 ◦C in D2O. Solid lines are fits to
the core–shell with hard-spheres structure factor + power law model.

The main difference between the ternary and binary (T1307:PTM) systems is the
remarkable decrease in ρc in the presence of MF, suggesting a “dry” core that consists
mainly of PPO, MF, and PTM. The number of molecules per micelle and shell hydration
in Table 4 have been determined by following a similar approach to that described in
the previous section (see Supporting Information for the description of the model and
parameters). In these ternary systems, the water content of the shell represents a 95% and
Nagg are 2 and 3 in the presence of 0.1 and 0.3 w/w PTM, respectively [94]. The shell was
assumed to have negligible contributions of MF and PTM.
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The fractions of PTM (χPTM) and MF (χMF) within the micellar core can be quantified
using the following equations:

Vc = χPPOVc + χPTMVc + χMFVc (6)

ρc = χPPOρPPO + χMFρMF + χPTMρPTM (7)

The molar volume and scattering length density of MF for this analysis were fixed
at 706 cm3/mol and −0.08 × 10−8 Å−2, respectively [2], considering that the whole MF
molecule was incorporated in the core (not just the hydrophobic tail).

These data strongly support, in agreement with DLS and NMR results, that the
presence of MF is required to induce the load of PTM in the micelles, with the PTM
occupying mainly the core of the micelle.

Table 4. Parameters obtained from SANS data analysis of core–shell spheres for T1307: PTM:MF at
37 ◦C in D2O. Rc, radius of the core, Å; Reff, radius effective; t, thickness of shell, Å; ρs, shell scattering
length density (sld), ×106 Å2); ρc, core scattering length density, ×106 Å2; ϕ, particle volume fraction;
XD2O shell, water volume fraction in the shell; Nagg and NPTM, number of MF and PTM molecules per
micelle, respectively.

1% T1307 + 0.2% MF + 0.1% PTM 1% T1307 + 0.2% MF + 0.3% PTM

Rc 28.2 ± 0.1 29.5 ± 0.1
t 39.5 ± 0.2 41.4 ± 0.3

Reff 79.8 ± 0.5 78.4 ± 0.8
ϕ 0.050 ± 0.001 0.049 ± 0.002
ρc 0.09 ± 0.1 0.51 ± 0.1
ρs 6.13 ± 0.0 6.09 ± 0.0

χD2O shell 0.96 0.95
Nagg 2 ± 1 3 ± 1

NPTM 22 ± 9 49 ± 15
NMF 122 ± 7 104 ± 11

3.4. Biological Assessment of the Combinations T1307:PTM:MF

The biological activity of each drug when combined with T1307 was then evaluated,
with IC50 values (mean ± SD) of PTM (4.1 ± 0.1 µM) and MF (14.1 ± 1.2 µM) in the presence
of 1% T1307 assessed (Figure 8a). Interestingly, both drugs maintained their biological
activity. No significant differences were detected when comparing IC50 values of drugs in
micelles and those of the free drugs (PTM: 3.9 ± 0.3 µM and MF: 13.5 ± 0.7 µM).

Both drugs were then combined with T1307 at the same concentrations (Figure 8a,b
and Table 5). Taken together, these data confirm that the combination of PTM and MF
with T1307, T1307:PTM:MF, preserved notable antiparasitic effects. Additionally, PTM
significantly reduced the IC50 of MF, even in the presence of T1307. For instance, in the pres-
ence of T1307 (1%), 2 µM PTM showed very limited antiparasitic activity (97.7 ± 2.3% of
leishmania survival), and 8 µM MF also showed a modest leishmanicidal effect (84 ± 7.9%
cell viability). However, when both drugs were combined at the aforementioned concentra-
tions in the presence of T1307 (1%), L. major viability was reduced to 57.4 ± 3.2% (Table 5).
The Bliss model also confirms that the synergistic effect observed with the drug-in-drug
formulation (MF + PTM) remains relevant when both drugs are combined in T1307 micelles
(Figure 8c). Likewise, the ZIP model demonstrates a high level of concordance with the
Bliss model (Table S4).
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Figure 8. (a) L. major promastigote viability after treatment with PTM, MF, and combinations of
both drugs with T1307 (1% w/w). (b) Variations of MF IC50 values in the presence of different
concentrations of PTM (0–3 µM). Each T1307:PTM:MF combination is compared to T1307:MF alone.
p-Values < 0.05 (*), <0.01 (**), and <0.001 (***) were considered statistically significant. (c) Synergy
score values for each T1307:PTM:MF combination, according to the Bliss model.

Table 5. Percentage (mean ± SD) of L. major survival. Parasites were treated with combinations of
PTM (0, 2, and 3 µM) and MF (0, 6, and 8 µM) in the presence of T1307 (1% w/w). Additional data
are available in Supporting Information, Table S2.

% L. major Viability MF (µM)
0 6 8

PTM (µM)
0 100 90.0 ± 4.9 84 ± 7.9
2 97.7 ± 2.3 73.0 ± 4.0 57.4 ± 3.2
3 88.1 ± 2.1 21.1 ± 2.9 10.3 ± 8.5

These results are in agreement with a previous clinical study, which also showed the
benefits of administering separated doses of both drugs in treatment [72]. Nevertheless,
patients experienced pain after PTM intralesional administration, and the adverse effects of
MF and PTM were additive. These findings could serve as a starting point for subsequent
investigations focused on the development of formulations for the co-administration of MF
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and PTM. Altogether, the abovementioned results suggest that formulating PTM and MF
in a dual therapy using T1307 may be a promising approach.

Our investigations have shown that PTM and MF could be successfully co-formulated
in T1307 micelles, inducing a significant synergistic effect when both drugs are combined.
It is well known that both MF and PTM have antiproliferative and antitumoral activity. In
fact, PTM has recently been repurposed as a potential treatment for specific types of tumors,
inhibiting cell growth through multiple mechanisms. PTM suppresses survival and tumor
growth signaling pathways by phosphorylating pAkt and pSTAT3 in glioblastoma [98]
and endometrial cancer cell lines [17]. Additionally, it inhibits the PI3K/Akt pathway by
activating PTEN in ovarian cancer models [25]. In breast and colon cancer models, PTM
counteracts the inhibitory effect of S100 on p53 [99–101], a key tumor suppressor gene in-
volved in cell cycle regulation. Moreover, it has been reported to enhance T-cell reactivation
by acting as a PD-L1 antagonist [18], potentially improving immune responses against
tumors. In prostate cancer, PTM has been found to reduce the levels of mitochondrial RNA,
leading to mitochondrial dysfunction [24]. The biochemical mechanism of action of PTM
seems to be a consequence of its dual binding to DNA and proteins, and it specifically
modifies the beta-cluster, i.e., the “basic face” of ubiquitin [102]. On the other hand, MF has
also been developed as an antineoplastic agent. Taking all this in consideration, this work
may serve as an initial starting point for further exploration of the combined therapeutic
effects of both drugs, not only in leishmaniasis but also in other pathological contexts.

3.5. Gel Formulations: Structure and Rheology

Concentrated T1307 solutions turn into gels when increasing the temperature. This can
be exploited to develop liquid formulations of MF and PTM to be applied on wounds lesions
and undergo gelation at body temperature, thereby enabling controlled and localized
release of the active compounds. In this section, the structure of T1307 gels and their
rheological properties were investigated as an initial step, prior to more applied studies
(e.g., release assays, osmolality and pH sensitivity, physical stability, and in vitro assays)
that may support their practical application as a topical treatment.

The gel formation is primarily driven by hydrophobic interactions, in which the star-
shaped architecture of T1307 likely facilitates inter-micellar bridging. This results in the
formation of a three-dimensional network stabilized by hydrophobic interactions, in which
the micellar network entraps water within the interstices, giving rise to a macroscopic
sol–gel transition [103]. Polymeric micelles usually arrange into macrolattice structures,
usually cubic, as evidenced by characteristic diffraction peaks in the SAXS and SANS
patterns (0.05–0.09 Å−1) [85]. This is the case of T1307 [104], in which micelles arrange
in a BCC (body-centered cube) cell [2]. SANS patterns and the corresponding structural
parameters are shown in Figure 9a and Table 6. Here, ρc was fixed at the value obtained
from micelles in the dilute regime.

Table 6. Parameters obtained from SANS data analysis to a BCC lattice of concentrated T1307
solutions, alone and in combination with MF, and MF and PTM 37 ◦C in D2O. ϕ, particle volume
fraction, dnn, nearest neighbor distance, Å; D, paracrystal distortion factor; Rc, particle radius, Å; Rm,
micelle radius, calculated from dnn, Å; ρc, core scattering length density, ×106 Å2.

20% T1307 20% T1307 + 0.2% MF 20% T1307 + 0.2% MF + 0.3% PTM

ϕ 0.513 0.419 0.476
dnn 158.3 156.6 154.9
D 0.080 0.076 0.073
Rc 40.9 39.9 38.4
Rm 79 78 77
ρc 1.4 0.6 0.51
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Figure 9. (a) SANS patterns of the T1307 drug-loaded gels at 37 ◦C. Solid lines are fits to a BCC-type
paracrystal lattice. (b) Shear oscillatory temperature sweeps showing the elastic modulus (G’) as a
function of the temperature.

The presence of small proportions of MF and/or PTM slightly reduces the size of the
unit cell, in line with the size diminution of T1307 micelles observed at dilute conditions.
The micelle radius is slightly higher than half of the distance between two micelles centers,
suggesting a certain overlap of the hydrophilic coronas in the unit cell (Table 6).
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Finally, the rheology of the systems was analyzed with shear oscillatory measurements,
raising the concentration of PTM and MF to 1 and 2% w/w, respectively, in order to detect
changes linked to the incorporation of the drugs. Figure 9b shows the thermogelation
profile of T1307. The addition of PTM or MF produces a shift of the onset of gelation to
higher temperatures, and the range in which the gel is formed increases until nearly 70 ◦C.
At this temperature, excessive dehydration of both PPO and partially the PEO corona
reduces micellar stability and weakens the physical inter-micellar interactions. This leads
to collapse of the micellar corona, disrupting inter-micellar bridges and the network. As
a result, the physical crosslinks are lost, causing disassembly of the three-dimensional
structure [103].

Nevertheless, the presence of PTM and MF does not affect the overall profile or value
of the elastic modulus. From these results, it can be concluded that even in the presence
of relatively high concentrations of PTM and MF, 20% T1307 undergoes gelation at body
temperature, while maintaining the gel’s mechanical properties.

4. Conclusions
Miltefosine (MF), an amphiphilic compound, incorporates pentamidine (PTM) to a

large extent, yielding a “drug-in-drug” assembly in which the host component is itself
pharmacologically active. NMR and SANS measurements indicate that PTM is predom-
inantly located within the micellar core. SANS further shows that micelles dimensions
decrease as PTM concentration increases, while the aggregate composition is only weakly
affected by temperature. The MF + PTM mixtures display high activity against L. major
promastigotes and a marked synergistic interaction. Co-formulation of MF and PTM was
additionally examined using the poloxamine Tetronic® 1307 (T1307), a polymeric excipient
that forms micelles and gels. PTM alone exhibits limited association with the copolymer;
however, in the presence of MF, mixed T1307–MF assemblies incorporate higher amounts
of PTM. Model-based analysis of SANS data, supported by NMR spectroscopy, confirms
PTM localization in the core of the mixed MF–T1307 micelles. These findings are consis-
tent with a core–shell architecture in which the hydrated corona is mainly composed of
the PEO segments of the poloxamine and water, whereas the interior contains MF, PTM,
and the PPO blocks. The encapsulation of MF and PTM within T1307 micelles preserves
their antiparasitic and antiproliferative activity against L. major. At elevated copolymer
concentrations, the dual-loaded micelles organize into a stable body-centered cubic (BCC)-
type paracrystalline network. Linear rheology measurements show a clear mechanical
response at physiological temperature. The results presented in this study are intended as
a preliminary assessment of the proposed systems rather than as definitive conclusions.
The experimental approach establishes a basis for further investigation of T1307-based
micellar and gel formulations as platforms for the combined delivery of pentamidine and
miltefosine. In this context, continued research could address their relevance in specific
biomedical settings, such as leishmaniasis, using additional biological studies including
activity assays in amastigotes, cytotoxicity evaluations, and more comprehensive safety
assessments. Moreover, further work would be required to advance the characterization of
T1307 gels, particularly with respect to their suitability for topical or dermal applications,
including extended rheological, stability, and formulation-related studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics18020233/s1, Figure S1. 1H-NMR spectra and
signal assignation of: (a) 1% PTM; (b) 1% MF (D2O, 20 ◦C), Figure S2. 1H-NMR spectra in D2O of 1%
PTM (blue) and 1% MF + 0.1% PTM (red) measured at 20 ◦C (a) and 37 ◦C (b), Figure S3. Effect of the
presence of MF in the emission fluorescence spectrum of PTM, measured at 20 ◦C and 37 ◦C, Figure S4.
Micelle size distributions of 1% MF and 1% MF + 0.1% PTM in water, determined by DLS at 37 ◦C (a),
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and 20 ◦C (b), Figure S5. 1H-NMR spectra and expanded views of 1% PTM (blue), 1% T1307 (red)
and 1% T1307 + 0.1% PTM (green), measured in D2O at 37 ◦C, Figure S6. Micelle size distributions
of T1307 and T1307:PTM in water determined by DLS at 20 ◦C; (a) and 37 ◦C (b), Figure S7. Size
distributions of T1307:PTM:MF) mixtures measured in water by DLS at 20 ◦C (a), and 37 ◦C (b);
SANS patterns of the ternary systems T1307:PTM:MF at 20 ◦C, in D2O, Figure S8. SANS patterns
of the ternary systems T1307:PTM:MF at 20 ◦C, in D2O, Figure S9. Normalized residuals of SANS
fits. (a) 1% MF 20 ◦C, (b) 1% MF 37 ◦C, (c) 1% MF + 0.1% PTM 20 ◦C and (d) 1% MF + 0.1% PTM
37 ◦C, Figure S10. Normalized residuals of SANS fits. (a) 1% T1307 + 0.2% MF + 0.1% PTM 37 ◦C and
(b) 1% T1307 + 0.2% MF + 0.3% PTM 37 ◦C, Table S1. Percentage of L. major viability after treatment
with PTM (0–3 µM) and MF (0–20 µM) combinations, Table S2. Percentage of L. major viability after
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