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Abstract 

Miltefosine (MF), an alkylphospholipid originally developed for breast cancer treatment, 

is a highly active drug for the treatment against leishmaniasis, a neglected tropical disease 

considered the world’s second leading cause of death by a parasitic agent after malaria. 

MF exhibits dose-limiting gastrointestinal side effects in patients and its penetration 

through lipophilic barriers is reduced. In this work we propose a reformulation of MF by 

incorporating the drug to poly(ethylene)oxide (PEO)-based polymeric micelles, 

specifically, D-α-tocopheryl polyethylene glycol succinate (TPGS) and Tetronic block 

copolymers (T904 and T1107). A full structural characterization of the aggregates has 

been carried out by SANS (small-angle neutron scattering) and dynamic light scattering 

(DLS), in combination with proton 1D and 2D NMR spectroscopy, to determine the 

precise location of the drug. The structure of MF micelles has been characterized as a 

function of the temperature and concentration. In the presence of the polymers, MF forms 

mixed micelles in a wide range of temperatures, TPGS being the co-surfactant that 

incorporates more MF unimers. The hydrophobic parts of MF and the block copolymers 

are in close contact within the micelles, which present a core-shell structure with a 

hydrophilic corona formed by the PEG blocks of the TPGS and the zwitterion head of the 

MF. With the aim of exploring gel-based formulations of the drug, the combination of 

MF and T1107 under gelation conditions has also been investigated. In order to identify 

the best carrier, the antileishmanicidal activity of MF in the different formulations has 

been tested on macrophages, promastigotes and intracellular amastigotes. The 

combination of the three vehicles with MF makes the formulated drug more active than 

MF alone against L. major promastigotes, however, only the combination with T904 

increases the MF activity against intracellular amastigotes. 

Keywords: miltefosine, Tetronic, poloxamine, TPGS, micelles, gels, cytotoxicity, SANS 
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1. INTRODUCTION 

Leishmaniasis is a group of diseases caused by parasites of the Leishmania genus 

transmitted by female sand flies. Different clinical forms of the leishmaniasis are known, 

being the cutaneous leishmaniasis (CL) the most common form of the disease.1,2 A large 

number of antitumoral compounds have demonstrated activity to treat the disease,3,4 

although the only oral drug reported to have an effect against Leishmania parasite is 

miltefosine (MF), an alkylphospholipid originally developed for breast cancer 

treatment.5,6 When compared to the current first-line therapies, MF is more cost-

effective,7 and several studies have suggested its application against leishmaniasis using 

different formulations.8–15 However, it exhibits dose-limiting gastrointestinal side effects 

in patients16 and MF penetration through lipophilic barriers is reduced,17 drawbacks that 

can be overcome by using nanocarriers, like liposomes18. 

Polymeric micelles based on poly(ethylene)oxide (PEO) are promising drug carrier 

candidates, as they meet a number of key requirements, in terms of structure (distinct 

core-shell architecture providing physical entrapment of hydrophobic drugs; hydrophilic 

PEO corona reducing recognition by macrophages) and size (just a few nanometers). 

Recent studies have described MF-loaded polymeric micelles of Pluronic® surfactants, 

19,20 linear triblock copolymers of poly(ethylene oxide)-poly(propylene oxide)- 

poly(ethylene oxide) (PEO-PPO-PEO) that differ in the relative length of PEO and PPO 

blocks, giving different micellization and gel-transition behaviour depending on the 

temperature. 21–23 
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In this work we have considered two types of block copolymers based on PEO as potential 

carriers of MF. The first one is D-α-tocopheryl polyethylene glycol succinate, TPGS, a 

water-soluble derivative of the natural form of vitamin E, where the D-α-tocopheryl 

succinate is esterified with a short polyethylene glycol (PEG) chain.24 It has been 

approved by the Food and Drug Administration (FDA) and investigated for its capacity 

to solubilize hydrophobic substances for drug delivery.25,26 TPGS forms core-shell 

micelles with a cmc of 0.02% and Nagg ≈ 100, and a highly hydrated PEO corona, very 

stable with the temperature and concentration.27 The other type of block copolymers 

studied are poloxamines, also known by their commercial name of Tetronic® (BASF). 

These polymeric surfactants are octablock copolymers of PEO and PPO, distributed into 

four arms connected by a central ethylene diamine spacer. They share the amphiphilic 

character and self-assembly behaviour with the well-known and broadly utilised 

Pluronic® family, forming micelles and gels as a function of temperature and 

concentration. However, in contrast, they are pH-responsive, which dramatically affects 

the micellization and gelation of the block copolymer and, thus, can be used to release a 

cargo upon a pH-trigger.28–31 Specifically, we have investigated the structures formed 

when TPGS and Tetronic 904 (T904) and 1107 (T1107) are combined with MF. These 

poloxamines were chosen considering their molar mass and HLB, as T904 is relatively 

small and lipophilic, while the larger T1107 can form gels under certain conditions. 

The polymeric mixed micelles formed between MF and the different carriers have been 

characterized by scattering methods, such as small-angle neutron scattering (SANS) and 

dynamic light scattering (DLS), to determine the structure of the aggregates and their 

composition, while proton 1D and 2D NMR spectroscopy has been used to determine the 

precise location of the drug in the aggregates. To the best of our knowledge, this is the 

first time micelles of MF at different temperature and concentrations have been fully 
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characterized using these methods. The combination of MF and T1107 under gelation 

conditions has also been investigated, with the aim of exploring gel-based formulations 

of MF for potential applications for the treatment of CL. Finally, biological studies in 

promastigotes and amastigotes were performed, testing the activity of MF in the different 

formulations to identify the most promising carrier. 

 

2. MATERIALS AND METHODS 

2.1 Materials. Tetronic 904 (T904) and 1107 (T1107) were a gift from BASF. The 

composition per arm of T904 is 15 EO and 17 PO, with average molecular weight of 6700 

g mol-1. The composition per arm of T1107 is 60 EO and 20 PO (average molecular 

weight of 15000 g mol-1). D-α-tocopheryl polyethylene glycol succinate (TPGS) was a 

gift from Antares Health Products Inc, with a reported PEG molecular weight of 1000 (23 

EO units). All the solutions were prepared by weight, and the concentrations are 

expressed in wt%, unless stated otherwise. Our reference drug miltefosine (MF) was 

purchased from Sigma-Aldrich. 

2.2 Small-angle neutron scattering (SANS). SANS experiments were carried out on the 

KWS-2 diffractometer at the Jülich Centre for Neutron Science (JCNS), Münich, 

Germany.32 An incidental wavelength of 5 Å was used with detector distances of 1.7 and 

7.6 m, with a collimation length of 8 m, to cover the q range from 0.008 to 0.5 Å−1. In the 

diluted regime a wavelength spread Δλ/λ = 20% was used, while in the concentrated 

regime, a high-resolution mode was achieved by using a collimation length of 20 m in 

combination with the double-disc chopper and time-of-flight data acquisition for an 

improved wavelength spread of Δλ/λ = 5%. All samples were measured in rectangular 

quartz cells (Hellma) with a path length of 2 mm using D2O as the solvent (Aldrich, 99.9% 

in D). The samples were placed in an aluminium rack where water was recirculated from 
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an external Julabo circulator, ranging temperatures from 20 °C to 50 °C. This set-up 

enables a thermal control with up to 0.1 °C precision. Scattered intensities were corrected 

for detector pixel efficiency, empty cell scattering and background due to electronic noise. 

The data were set to absolute scale using Plexiglas as a secondary standard. The obtained 

macroscopic differential cross-section dΣ/dΩ was further corrected for the contribution 

from the solvent. The complete data reduction process was performed with the QtiKWS 

software provided by JCNS in Garching. Data analysis was carried out with Sasview 4.2.0 

software (http://www.sasview.org/) considering the instrumental smearing. Levenberg-

Marquradt algorithm was chosen in each case prior to an in-depth study using the 

implemented optimizer DREAM, in order to better estimate the uncertainties of the fitted 

parameters. The scattering curves from the micelles were fitted to a core−shell sphere 

(CSS) model combined with a hard-sphere (HS) structure factor, while the analysis of the 

gels scattering was carried out using a body-centred cubic paracrystalline model (BCC).  

2.3 Dynamic light scattering (DLS). DLS measurements were carried out using a 

DynaPro-MS/X photon correlation spectrometer with a laser wavelength of 822 nm at a 

fixed scattering angle of 90º. The temperature was controlled with the built-in Peltier unit, 

with 0.1 ºC accuracy. The intensity size distributions were obtained from the 

autocorrelation function, considering the viscosities and refractive indexes of the solvent 

at each temperature (D2O, to reproduce SANS conditions) with the implemented software 

Dynamics V6. Samples were filtered through 0.22 µm PVDF syringe filters prior to the 

measurements. The samples for the experiments with MF alone were filtered through 0.02 

µm filters. 

2.4 Nuclear Magnetic Resonance Spectroscopy (NMR). Both 1D and 2D-NOESY 

proton spectra were recorded on a Bruker Avance Neo 400 spectrometer, using the default 

pulse sequences for each type of experiment. The temperature in the probe was controlled 
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according to the sample type. The samples were prepared in D2O (Aldrich>99.9% in 

deuterium). 

 

2.5 Biological evaluation 

2.5.1 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 fetal bovine 

serum (FBS), and an antibiotic cocktail (50 U/ml penicillin, 50 mg/ml streptomycin). To 

maintain their infectivity, Leishmania cells isolated from infected BALB/c mouse spleen 

and parasites were maintained in culture for no more than five passages. Murine 

peritoneal macrophages from 4- to 6-week-old BALB/c mice were used for the study. 

Animals were inoculated with 2 ml sterile thioglycolate (3%) broth (BD Difco) prior to 

peritoneal cavity lavage with 5 ml of cold RPMI medium, and macrophages were 

removed by a syringe. All the procedures involving animals were approved by the Animal 

Care Ethics Commission of the University of Navarra (approval number: E5-16(068-

15E1). 

2.5.2 Leishmanicidal activity  

2.5.2.1 Activity against promastigotes 

To determine the antileishmanial activities of the compounds analyzed in this study, 

exponentially growing cells (2x106 L. major promastigotes/ml) were seeded in 96-well 

plates (100 µl per well) with increasing concentrations of the compounds. Stock aqueous 

solutions of 0.2% (5mM) MF, 1% Polymer and 1% Polymer + 0.2% MF were diluted in 

100 µl of M199 medium (obtaining the corresponding concentrations) and maintained at 

26°C. After 72 h of incubation, the half-maximal effective concentration (EC50) was 
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calculated by the MTT test (Sigma, St. Louis, MO, USA), which was also performed to 

determine the cytotoxicity of selected compounds in bone-marrow-derived macrophage 

(BMDM). MTT solutions were prepared at 5 mg/ml in phosphate-buffered saline (PBS), 

filtered and maintained at -20°C until use. After 72 h of incubation, 100 µg/well of MTT 

were added and the plates were incubated 4 h under the same conditions. Then, 80 µl of 

a dimethyl sulfoxide were added to each well to dissolve formazan crystals. The optical 

density (OD) was measured in a Multiskan EX microplate photometer plate reader at 540 

nm and EC50 was calculated. The EC50 represents the concentration that gives half-

maximal viability of treated cells with respect to untreated cells (controls). This parameter 

was obtained by fitting a sigmoidal Emax model to dose-response curves.  

2.5.2.2 Activity against intracellular amastigotes 

Murine peritoneal macrophages were seeded in 8-well culture chamber slides (Lab-

TekTM; BD Biosciences) at a density of 5x104 cells per well in Roswell Park Memorial 

Institute (RPMI) medium and allowed to adhere overnight at 37 °C in a 5% CO2 

incubator. In order to perform the infection assay, metacyclic L. major promastigotes 

isolated by the peanut agglutinin (PNA) method were used to infect macrophages at a 

macrophage/parasite ratio of 1/20. The plates were incubated for 24 h under the same 

conditions until promastigotes were phagocytized by macrophages. The wells were then 

washed with medium to remove the extracellular promastigotes, and plates were 

incubated with fresh medium supplemented with increasing concentrations of drug. 

Dilutions of stock aqueous solutions of 0.2% (5mM) MF, 1% Polymer and 1% Polymer 

+ 0.2% MF were done. Forty-eight hours later, cells were washed with PBS, fixed with 

ice-cold methanol for 5 min, and stained with Giemsa stain. To determine parasite burden, 

the number of infected macrophages per at least 200 macrophages was counted under a 

light microscope. The percentage of infected macrophage was determined by dividing the 
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total number of infected macrophages counted by the corresponding number of 

macrophages. Three independent experiments were performed with duplicates. 

2.5.3 Statistical analysis  

Statistical analyses were performed using PRISM version 5.0 (GraphPad). Data are 

presented as mean ± SD. Comparisons between two groups were made using Mann 

Whitney or two-tailed unpaired t-test. Statistical significance was assigned to p< 0.001 

(***), p<0.01 (**) or p<0.05 (*). 

 

3. RESULTS AND DISCUSSION 

3.1 Characterization of miltefosine micelles  

Zwitterionic MF self-aggregates in water forming micelles, whose values of critical 

micellar concentration (cmc) in aqueous solutions vary depending of the technique 

employed,33,34 with reported values between 2 and 15 µM.35,36 By using DLS (SI, Figure 

1), at 0.2% (5mM) MF, considerably above the reported cmc, the presence of micelles of 

Rh = 3.5 nm can be observed at 20 and 37 ºC, in accordance with literature values,19 while 

slightly smaller sizes are obtained at 50 ºC (Rh = 3.0 nm). At higher concentration of the 

surfactant (1%), no temperature effect was observed for the MF micelles, with a 

hydrodynamic radius of 3.0 nm. Detailed information about the micelle structures can be 

determined by SANS. The scattering patterns as a function of temperature are plotted in 

Figure 1, in which the fitted curves to a CSS-HS model are included. The scattering length 

density (sld) values of the core, assumed to consist of the aliphatic chains, has been fixed 

at -3.73·10-7 Å-2. The aggregation number of the micelles and fraction of water in the shell 

were obtained following a procedure described elsewhere,27 considering a value of sld = 

1.30·10-6 Å-2 for the hydrophilic head of a MF molecule, in accordance with literature.37 
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The polydispersity was fixed to 0.15 after examining the size distributions from DLS. All 

the relevant structural data obtained is gathered in Table 1.  

 

Figure 1. SANS curves of 0.2% and 1% MF in D2O at 20, 37 and 50 ºC. Solid lines correspond to the fits 

to a CSS-HS model. 

 

Table 1. Structural parameters of MF micelles in D2O as a function of the temperature, deduced from 

SANS data analysis. Rc (core radius, Å), t (shell thickness, Å), f (volume fraction), rs (shell scattering 

length density, ´ 106 Å-2), XD2Oshell (fraction of water in the shell), Nagg (aggregation number) 

% MF T / °C Rc t  f rs  XD2Oshell  Nagg 

0.2 

20 24 7 0.003 5.24 0.779 106 

37 24 6 0.003 5.10 0.751 99 

50 23 7 0.003 5.02 0.735 93 

1.0 

20 24 8 0.015 5.39 0.808 105 

37 24 8 0.016 5.48 0.826 98 

50 23 7 0.014 5.16 0.763 92 

0.01 0.1

0.1

1

 0.2% 20 ºC
 0.2% 37 ºC
 0.2% 50 ºC
 1% 20 ºC
 1% 37 ºC
 1% 50 ºC

 

 

dS
/d
W

 / 
cm

-1

q (Å-1)
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The fitted data reveal a total micelle size, Rc + t, of 3 – 3.5 nm, as observed in DLS (SI, 

Figure 1) for the MF micelles. The micelles are stable with temperature, only but for a 

slight reduction in their hydration of the shell and aggregation number, Nagg, as the 

temperature increases. No remarkable effects are detected in either the size and or in the 

Nagg with the concentration, but a slightly higher hydration of the shell is observed when 

increasing from 0.2% to 1%. 

 

3.2 Structure of miltefosine-loaded polymeric micelles 

3.2.1 TPGS-MF micelles 

The first polymeric surfactant considered as a micellar vehicle for MF is TPGS, which 

has a cmc value of 0.02% and forms stable core-shell micelles in a wide range of 

temperatures and concentrations.27 The size of 0.2% MF loaded 1% TPGS micelles in 

D2O is 5-5.5 nm in radius, as determined by DLS, in agreement with the 5 nm reported 

for TPGS in water,27 and showing a slight decrease with the temperature (Figure 2). 

SANS patterns of the mixed system are compared to unloaded 1% TPGS in SI, Figure 

S2. The resulting curves are quite similar and only differ in a slight reduction in the 

scattered intensity in the presence of MF and a shift of the curves towards higher q, for 

all the temperatures investigated, pointing to a reduction in size of the aggregates. The 

curves have also been fit to a CSS-HS model, but in this case the polydispersity has been 

left free, obtaining values close to 0.15. Table 2 shows all the relevant structural data 

obtained. 
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Figure 2. Size distributions obtained by DLS of 1% TPGS + 0.2% MF in D2O. 

 

Table 2. Structural parameters of TPGS and TPGS-MF mixed micelles in D2O as a function of the 

temperature deduced from SANS data analysis. Rc (core radius, Å), t (shell thickness, Å), f (volume 

fraction), rs (shell scattering length density, ´ 106 Å-2), rc (core scattering length density, ´ 106 Å-2) 

 T / °C Rc t  f rs  rc  

1% TPGS 

20 32 30 0.028 5.55 0.28 

37 34 29 0.027 5.65 0.28 

50 35 28 0.026 5.70 0.28 

1% TPGS + 
MF 0.2% 

20 31 26 0.035 5.79 0.16 

37 31 24 0.031 5.80 0.03 

50 31 23 0.028 5.80 -0.07 

 

The fits for the TPGS alone were accomplished considering a “dry” core (sld = 2.8´10-7 

Å-2, assuming it is formed by tocopherol moieties). The fits reveal highly hydrated shells 

1 10 100 1000

 20 ºC
 37 ºC
 50 ºC

 

  

Rh (nm)
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and very stable micelles with temperature, in accordance with previous studies.27 The 

presence of the MF causes the mixed micelle to shrink in size (reduction of ca. 11% in 

total size), and similar slds values. However, somewhat lower sldc are obtained as the 

temperature increases, which can be attributed to the solubilisation of the hydrophobic 

part of the MF in the micellar core (for MF sldcore = -3.73´10-7 Å-2). 

NMR spectroscopy has proven useful in determining the precise location of drugs 

dissolved in polymeric micelles.38 Figure 3 shows the aliphatic region of the 1D proton 

spectrum obtained from a 1% TPGS + 0.2% MF mixture at 25ºC, compared with TPGS 

and MF alone. In the particular case of combined TPGS and MF, both surfactants share 

similar aliphatic moieties in terms of the NMR signals they produce. Yet, changes on 

representative protons of both surfactants are observed, which clearly indicate a change 

in the magnetic environment of the protons upon mixing.  
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Figure 3. 1H-NMR spectra in D2O of 0.2% MF (blue), 1% TPGS (red) and 1% TPGS + 0.2% MF (green) 

at 25 ºC.  

The most important changes occur in the methylene protons of the hydrophobic tail of 

MF (1.23 ppm, see SI, Figure S3 for signal assignation), which shift upfield (1.12 ppm), 

as well as, to a lesser extent, the CH3 of the surfactant head (from 3.18 to 3.14 ppm). 

Changes are also detected in the TPGS protons of the hydrophobic part. Thus, in the 

aliphatic zone between 1.0 and 1.5 ppm, which corresponds to the resonances of CH3(a) 

and CH2(b) of the tocopherol moiety of TPGS,27 protons d and e (directly bonded to the 

aromatic ring, 1.92 and 1.81 ppm) shift upfield in 0.03 ppm with MF addition. In contrast, 

the PEG tail of TPGS (intense resonances of the EO residues at 3.64 ppm) remains 

unaltered. The 2D-NOESY spectrum, shown in Figure 4, helps to define the precise 

location of both surfactants in the micelles. The lack of any cross-peak between the 

characteristic CH3 protons of the zwitterion (3.2 ppm) and any of the tocopherol moiety 

of TPGS (0.8 – 2.5 ppm) indicates that the MF polar head must be located far from the 

core. In addition, there is a neat cross-peak between the methyl group of MF with the 
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aromatic methylene groups, d and e of TPGS. The interactions between these protons and 

the hydrophobic chain of TPGS are also less intense than those observed in TPGS 

micelles (SI, Figure 4), which confirms the close proximity of the hydrophobic parts of 

both surfactants. Overall, the NMR evidence indicates that MF and TPGS are forming a 

mixed micelle, in which the hydrophobic parts of both surfactants are in close contact, 

with a hydrophilic shell mainly formed by the PEG blocks of the TPGS and the zwitterion 

head of the MF. 

 

 
Figure 4. 2D-NOESY spectrum of 1% TPGS + 0.2% MF at 25 ºC in D2O. 

 

By making some reasonable assumptions, it is possible to estimate the content of MF and 

TPGS in the mixed micelle from the SANS data. Following NMR evidence, the MF tails 

must be located preferentially in the core, while the shell is formed mostly by the PEG 

chain. Assuming that the presence of water in the core is negligible, the solvent content 

 

 

 



17 
 

of the micelle comes mainly from the hydration of the EO. The volume of the core (Vc) 

can be expressed as 

 𝑉" = 𝑣%&'(,"𝑁%&'( + 𝑣,-,"𝑁,- (1) 

where vTPGS,c is the volume of the hydrophobic part of a TPGS molecule, vMF,c that of MF, 

and NTPGS and NMF the number of molecules of both surfactants per micelle. Likewise, 

the total volume of the micelle (Vm) is defined as 

 𝑉. = (𝑣%&'( + 𝑛12𝑛3456/12𝑣892)𝑁%&'( + 𝑣,-𝑁,-  (2) 

where vTPGS and vMF stand for the volume of TPGS and MF molecules, respectively, 𝑣892 

is the volume of a solvent molecule, nEO the number of EO monomers that form the 

hydrophilic block (23 per TPGS molecule) and nsolv/EO the number of solvent molecules 

per EO monomer. These numbers can be calculated at each temperature if we consider a 

“pure” TPGS micelle, in which 

 𝑛3456 =
;<=>??@;AB	
;D9B@;AB

6<=>??
6D9B

  (3) 

where nsolv and 𝑣3EF55 refer to the number of D2O molecules in the shell and the volume 

of the corona of the TPGS micelles, and ρshell, ρEO, ρD2O correspond to the sld values 

deduced by SANS (Table 2), the EO (6.38´10-6 Å-2) and solvent (6.36´10-6 Å-2). The 

calculation for this surfactant yields values of nEO = 10, 9.8 and 8.8 at 20, 37 and 50 ºC, 

respectively, in agreement with our previous studies.27 

           The number of monomers of TPGS and MF in the micelles can be deduced by 

solving the simultaneous equations (1) and (2), as well as their volume fractions in the 

mixed micelles. The results of these calculations are shown in Table 3, where it can be 

seen how the volume fraction of TPGS in the mixed micelles is always lower than half of 

the total volume. Interestingly, the combination with TPGS increases the number of MF 
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unimers compared to the MF micelles (Table 1), with an increase in the MF fraction 

(either in volume or mass) with the temperature, while the number of TPGS unimers in 

the micelles is reduced. 

 

Table 3. Number of MF molecules (NMF) and co-surfactant (TPGS or Tetronics, NCS), volume and mass 

fraction of MF (fMF and wMF) as deduced from SANS data analysis in the mixed systems (between 

parentheses, Nagg of the pure co-surfactant). 

 T / °C NCS NMF  fMF wMF 

1% TPGS + 0.2% MF  

20 80 (118) 139 0.36 0.32 

37 69 (125) 161 0.43 0.39 

50 65 (125) 172 0.47 0.42 

1% T904 + 0.2% MF  
37 12 (24) 74 0.30 0.27 

50 20 (31) 77 0.21 0.19 

1% T1107 + 0.2% MF  
37 8 (11) 56 0.17 0.15 

50 14 (18) 78 0.15 0.13 

 

3.2.2 Mixed Tetronic-MF micelles 

As mentioned above, and in contrast to TPGS, Tetronic polymeric micelles are an 

interesting vehicle due to their capacity for pH-triggered delivery, conferred by the central 

diamine group. At moderately low concentrations, and above 35 ºC, both T904 and T1107 

form spherical micelles, with the core formed by the PPO blocks and the shell by the PEO 

blocks.28,30 Considering first the case of T904-MF mixed micelles, a distribution with 

hydrodynamic radius of 3.5 nm is observed at 20 ºC (SI, Figure 5), similar to that of MF 

micelles (Rh = 3.3 nm, SI, Figure 1), while no presence of T904 unimers is detected. At 

37 ºC and 50 ºC, micelles with a hydrodynamic radius of 5.2 nm are obtained (SI, Figure 

5), slightly smaller than the T904 “pure” micelles under the same conditions (Rh = 6 
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nm).28 When T1107 is combined with MF at 20 ºC, larger sizes than those of T1107 

unimers (Rh = 3.3 nm) and MF micelles are obtained, with 5.2 nm of radius (SI, Figure 

6), indicating the incorporation of the T1107 unimers to the MF micelles. As the 

temperature increases, larger mixed micelles are obtained, with 7.0 nm hydrodynamic 

radius at 50 ºC, yet smaller than “pure” T1107 micelles (Rh = 8.0 nm).30 For both 

Tetronics (SI, Figures 5 and 6), a bimodal size distribution is obtained, with large and 

polydisperse aggregates with a hydrodynamic radius of ~100 nm, attributed to clusters of 

hydrophobic impurities of the poloxamines.39,40 Their mass fraction is negligible and, as 

the temperature increases, they dissolve in the mixed micelles. 

When comparing the SANS patterns as a function of temperature in the absence or 

presence of MF, a similar trend to that of TPGS + MF can be observed, i.e. a slight 

reduction in the scattered intensity and a shift of the curves towards the high q regime 

(Figure 5). The structural parameters of the mixed micelles at 37 ºC and 50 ºC have been 

summarized in Table 4, corresponding to the fits to CSS-HS (Figure 5 and SI, Figure 7). 
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Figure 5. SANS curves of 1% T904 (□) and 1% T904 + 0.2% MF (○) in D2O at 20, 37 and 50 ºC. Solid 

lines correspond to the fits to CSS-HS model. 

 

Table 4. Structural parameters of T904 and T1107 and MF in D2O at deduced from SANS data analysis. 

Rc (core radius, Å), t (shell thickness, Å), f (volume fraction), rs (shell scattering length density ´ 106 Å-

2), rc (core scattering length density ´ 106 Å-2) 

37 ºC Rc t  f rs rc  

1% T904 39 26 0.020 6.34 0.344 

1% T904 + MF 0.2% 30 24 0.032 6.04 -0.13 

1% T1107 31 48 0.034 5.97 0.344 

1% T1107 + MF 0.2% 28 46 0.049 6.03 -0.79 
 

50 ºC Rc t  f rs rc  

1% T904 39 25 0.021 5.79 0.344 

1% T904 + MF 0.2% 34 22 0.030 5.91 0.02 

1% T1107 37 46 0.031 5.80 0.344 

1% T1107 + MF 0.2% 32 45 0.046 5.92 -0.41 

 

The procedure used for the TPGS-MF system was also followed here. In this case, the 

sldc of the Tetronic micelles alone was fixed to that of the pure PO (ρPO = 3.44 × 10−7 

Å−2), in accordance with previous studies.28,30 The results for both Tetronics at 37 and 50 

ºC indicate a reduction in the size of the mixed micelles, in accordance with DLS data, as 

well as an increase in their volume fraction compared to the Tetronics alone. This 

evidence, and the lower or negative values of the sldc obtained with the addition of MF, 

confirm the formation of the mixed micelles. No temperature effect (from 37 ºC to 50 ºC) 

is observed either in the size or the volume fraction of those mixed micelles (Table 4). 
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Once again, the interactions between the MF and the hydrophobic part of the co-surfactant 

that prove the formation of the mixed micelles are supported by NMR. The main changes 

in the proton spectra occur in the CH3 signal of the hydrophobic tail of MF (1.07 ppm), 

which shifts to 1.11 ppm in the presence of the poloxamines, especially with T904 (SI, 

Figure 8), as well as the cross-peak in the 2D-NOESY spectrum between these protons 

and the CH3 ones of the POs of the Tetronic (Figure 6). By contrast, methylene protons 

of the tail of MF (1.23 ppm) and the CH3 of the hydrophilic head (3.44 ppm) of the MF 

shift in a lesser extent, while those of the EOs of the poloxamine do not shift at all (SI, 

Figure 8). This evidence and the absence of a clear cross-peak between the CH3 protons 

of the MF polar head and those of the PPO block of the poloxamine in the 2D-NOESY, 

indicate that the MF zwitterion head must not be far from the micelle core, as it happens 

with TPGS. 

 

Figure 6. Magnification of the 2D-NOESY spectrum of 1% T904 + 0.2% MF at 50 ºC. 
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The number of unimers of each surfactant in the mixed micelle can be calculated by 

solving the simultaneous equations (1) and (2), as it was done for TPGS+MF. The number 

water molecules per EO unit of the pure poloxamines at 37 ºC are 21.7 and 23.9 for T904 

(15 EO groups per arm) and T1107 (60 EO groups per arm), respectively. Values of 13.8 

(T904) and 15.6 (T1107) are obtained at 50 ºC from equation (3) and using the fitted 

values in Table 4. The results of these calculations (Table 3) show how the mixed micelles 

contain a relatively low proportion of MF (slightly less in the case of T1107) compared 

to TPGS. This is a direct consequence of the different structure and sizes of the 

hydrophobic moieties of TPGS (tocopherol) and the poloxamines (PPO blocks). While 

TPGS has a hydrophobic part similar to MF, in terms of mass and volume, Tetronic is 

larger and more flexible. Ideally, the more similar the hydrophobic moiety of the co-

surfactants, the better compatibility and mixing.41 Regarding the temperature dependence, 

the number of Tetronic molecules in the mixed micelles increases for T904 and T1107 

with the temperature, although a different MF composition is observed in each case. Thus, 

while in T904-MF micelles the number of MF unimers is virtually constant, T1107-MF 

micelles require higher temperatures to contain the same number of MF molecules (Table 

3). 

 Poloxamine T1107 is larger and more hydrophilic than T904, with PEO blocks which 

are four times longer and PPO blocks which are almost the same length, and, thus, is 

capable of forming physical gels above 25% and 35 ºC.30 This opens the possibility of 

incorporating MF in the gels as a potential local way of delivery. Figure 7 shows the 

scattering patterns of 25% T1107 + 0.2% MF, with maxima at q = 0.55, 0.77 and 0.94 Å-

1, which are typical of paracrystal structures formed by the packing of micelles. It can be 

seen how the curves of the mixed system practically match that of 25% T1107 in the 

absence of MF at any temperature (SI, Figure S9). Given the large difference in molar 
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volumes of both surfactants and considering that the molar ratio MF / T1107 is 0.29, a 

reduced number of MF molecules per micelle are expected in the dense packing of T1107 

micelles, without significant changes in the gel structure. At 37 and 50 ºC, conditions in 

which the poloxamine fully forms a gel (SI, Figure 9), the data analysis does not reveal 

any differences in the absence or presence of MF when fitting the SANS scattering pattern 

to a body-centred cubic paracrystalline (BCC) packing of spherical micelles, typical of 

these poloxamines.30 The sphere radius is 34 Å, practically matching the core of the 

T1107 micelles, and the cell parameter, a, of the paracrystal is 161 Å. Therefore, the 

packing appears to consist of a BCC network of polydisperse spheres containing mainly 

PPO. The PEO shells expand up to a total micelle radius of 70 Å, according to the 

calculated dimensions of the paracrystal cell (Rmic=Ö3/4a), which is slightly lower than 

the size of the micelles at low concentration (Table 4). This would imply a certain extent 

of overlapping of the coronas of adjacent micelles, which has also been observed in the 

larger Tetronic 908 (114 EOs and 21 POs per arm.31)  
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Figure 7. SANS curves of 25% T1107 + 0.2% MF in D2O at 20, 37 and 50 ºC. Solid lines correspond to 

the fits to a BCC paracrystal. 

 

3.3 Biological evaluation of MF-loaded polymeric micelles 

After characterizing the structural features of the different MF-cosurfactant systems, we 

have tested their activity against L. major promastigotes. The MTT test, a colorimetric 

assay for assessing cell metabolic activity, was performed to determine the cytotoxicity 

of the selected formulations (Table 5). It can be seen how the EC50 of MF alone is 10.63 

± 3.65 µM, while TPGS, T904 and T1107 are not active against L. major promastigotes, 

with EC50 values higher than 50 µM. Most interestingly, the combination of the three 

surfactants with MF makes the drug more active than MF alone. In fact, the EC50 of the 

formulation T904-MF is significantly lower (*p<0.05) than that of MF alone, proving to 

be the most active system in the extracellular form of parasites.  

 

Table 5. EC50 values of studied MF micelles on L. major promastigotes 72 hours post-treatment. 

 

 

 

 

 

 

 

With these results and considering that T904-MF, T1107-MF and TPGS-MF systems do 

not exhibit toxicity against murine macrophages (data not shown), we were prompted to 

assess their activity against L. major intracellular amastigotes. L. major-infected 

Effect against Leishmania major 
promastigotes viability 

Formulations EC50 (mean ± SD) 
MF 10.63 ± 3.65 µM 

TPGS >100 µM 
TPGS-MF 6.82 ± 0.75 µM 

T904 >50 µM 
T904-MF 6.13 ± 1.12 µM (*) 

T1107 >50 µM 
T1107-MF 7.01 ± 0.47 µM 
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macrophages were then exposed to different formulations. For each copolymer, 

surfactant, surfactant-MF (5 µM) and surfactant-MF (10 µM), as well as MF alone (5 µM 

and 10 µM) samples were studied, where the concentrations 5 and 10 µM correspond to 

a 1000 and 500 dilution of the stock solution (1% surfactant + 0.2% MF), respectively.  

The results obtained for T904 and T1107 are compared in Figure 8. Very interestingly, 

the activity of T904-MF results considerably higher than that of MF alone, especially at 

low concentrations of the drug. However, no significant difference is observed in the 

presence or absence of T1107. A possible explanation could be related to the actual 

concentration of the surfactants in the bioassays and the dilution effect. While T904-MF 

mixed micelles are completely formed at 37 ºC at 1% T904 + 0.2% MF (Table 3), under 

the biological studies conditions, T904-MF mixed micelles can be formed even at the 

lower concentration used (MF 5 µM), favoring the entrance of MF in infected 

macrophages. Instead, the larger T1107 requires higher temperatures than 37 ºC to fully 

form micelles and their composition varies from 37 ºC to 50 ºC,28,30 as observed in Table 

3. T1107 is then less prone to self-aggregate at 37 ºC and, at the concentrations used for 

biological studies, the formation of mixed T1107-MF micelles may not occur, or it is 

scarce. MF micelles may coexist with T1107 unimers, producing nearly the same activity 

as observed for MF micelles (Figure 8). However, while this temperature effect may 

explain the biological results for the Tetronic-MF systems, it would not justify the lack 

of response of the TPGS-MF one, as shown in SI, Figure 10. Mechanisms other than the 

mentioned dilution effect or micelle structure-MF load must be involved. 
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Figure 8: Effect of MF, T904, T1107, T904-MF and T1107-MF on L. major- infected peritoneal 
macrophages. Treatments were performed at 5 and 10 µM of MF. Bars represent the percentage of 

infected macrophages with L. major after 72 h of treatment. 
 

4. Conclusions 

The combination of MF, a zwitteronic amphiphile used as anti-leishmanial drug, with 

three polymeric non-ionic surfactants (TPGS, T904 and T1107) to form mixed micelles 

and gels has been investigated. SANS and DLS studies on MF micelles reveal that the 

drug self-aggregates into core-shell spheres. The micelles are thermally stable, with a 

slight decrease in aggregation number as temperature increases and no concentration 

effects on the structure from 0.2% to 1% of the drug. 

Combined SANS and NMR experiments show that spherical core-shell mixed micelles 

form when combining MF and the three polymeric co-surfactants over a wide range of 

temperatures. For all the surfactants studied, mixed micelles are formed where the 

hydrophobic parts (PPO blocks for Tetronics and tocopherol moiety for TPGS) are in 

close contact with the hydrophobic tail of MF, and micelles contain a highly hydrated 

hydrophilic shell mainly formed by the PEOs. With the Tetronic copolymer, certain 
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differences with implications in the biological activity are observed depending on the 

block length of the Tetronics. In T904-MF, the number of MF molecules per mixed 

micelle is independent of temperature and micelles are fully formed at 37 ºC, while 

T1107-MF requires higher temperatures (50 ºC) to reach the same number of MF 

molecules. In both cases, lower aggregation numbers are obtained compared to MF 

micelles. At high concentrations of T1107 (> 20%), the gelation of the system occurs, 

revealing a BCC internal structure of the gel, without significant influences on the 

structure at 0.2% of the drug. By contrast, the number of MF molecules increases in 

TPGS-MF mixed micelles compared to MF micelles, observing an enhancement in the 

MF weight fraction with the temperature. 

Biological studies with extracellular promastigotes have been performed, observing a 

reduction of the EC50 of the MF for all the formulations compared to MF alone, more 

noticeable in the T904-MF system. Effectiveness of T904-MF composition is also 

observed in intracellular amastigotes, allowing a significant higher activity of the MF, 

especially at low concentrations of the drug (5 µM), while no effect of the surfactant is 

observed when using T1107 and TPGS. This is ascribed to the full formation of mixed 

micelles under biological conditions which is attained with T904-MF system. Hence, the 

combination of MF with poloxamines as co-surfactants to form mixed polymeric micelles 

seems a promising formulation for leishmaniasis treatment, in particular when more 

hydrophobic Tetronics, like T904, are used,. 
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