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SUMMARY

Introduction: Amphotericin B (AmB) is a macrolide derived from Streptomyces nodosus used to treat
fungal infections and leishmaniasis. Its main clinical limitation is associated with severe nephrotoxicity
after iv administration. Aim: Therefore, this study aimed to develop and characterize AmB-loaded solid
self-emulsifying drug delivery systems (SEDDS) for oral administration. Methodology: to reach this
goal, first an extensive solubility test was performed on 45 excipients, followed by a pseudo-ternary
phase diagram to understand the phase behavior after mixing the chosen excipients with intestinal bi-
orelevant media. Thereafter, solid SEDDS were produced either by filling hard capsules with SEDDS
(LEC) or by adsorbing them onto solid excipients to formulate tablets and granules. Results: Phosal 50
PG presented the highest AmB solubility, and based on the phase behavior, two formulations with dif-
ferent oil-surfactant proportions were selected. The nitrogen adsorption method indicated that solid
excipients incorporated the SEDDS, and no significant difference between these two formulations was
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found regarding droplet size, PDI, and AmB concentration. Conclusions: the LFC revealed to be the
most promising dosage form, not only carrying the highest drug load, but also displaying an average
size assigned as the ideal range for intestinal absorption. Therefore, supporting further in vivo studies
to evaluate its therapeutic potential.

Keywords: Leishmaniasis; Fungal infections; Solubility; Solid SEDDS; Biorelevant media.

RESUMEN

Formulaciones autoemulsionantes s6lidas conteniendo Anfotericina B: Un estudio de preformula-
cion

Introduccion: La Anfotericina B (AmB) es un macrélido derivado de Streptomyces nodosus utilizado para
tratar infecciones fungicas y leishmaniasis. Su principal limitacién clinica esta asociada con una nefro-
toxicidad severa después de la administracion intravenosa. Objetivo: Por lo tanto, este estudio tuvo
como objetivo desarrollar y caracterizar sistemas de administracién de medicamentos autoemulsionan-
tes sélidos (SEDDS) cargados con AmB para administracién oral. Metodologia: Para alcanzar este ob-
jetivo, primero se realizé una prueba de solubilidad extensa en 45 excipientes, seguida de un diagrama
de fase pseudo-ternaria para entender el comportamiento de fase después de mezclar los excipientes
elegidos con medios biorelevantes intestinales. Posteriormente, los SEDDS sélidos fueran desarrojados
sea llenando capsulas duras con SEDDS (LFC) o incorporandolos en excipientes solidos para formular
comprimidos y granulos. Resultados: Phosal 50 PG presentd la mayor solubilidad de AmB y, basado
en el comportamiento de fase, se seleccionaron dos formulaciones con diferentes proporciones de aceite
y surfactante. El método de adsorcidn de nitrégeno indicé que los excipientes so6lidos incorporaron los
SEDDS, y no se encontro6 una diferencia significativa entre estas dos formulaciones en cuanto al tamafo
de las gotas, PDI y concentracion de AmB. Conclusiones: El LFC demostro ser la forma farmacéutica
prometedora, no solo llevando la mayor carga de medicamento, sino también mostrando un tamafo
promedio como el rango ideal para la absorcion intestinal. Por lo tanto, corroborando la realizacion de
estudios in vivo para evaluar su potencial terapéutico.

Palabras clave: Leishmaniasis; Infecciones fungicas; Solubilidad; SEDDS sdlidos; Medios biorelevantes.

RESUMO
Formulagoes s6lidas autoemulsionantes contendo anfotericina B: um estudo de pré-formulacao

Introducdo: A Anfotericina B (AmB) é um macrolideo, derivado de Streptomyces nodosus, usado para
tratar infecgOes fiingicas e leishmaniose. Sua principal limita¢ao clinica esta associada a nefrotoxicidade
severa ap0s a administracdo intravenosa. Objetivo: Portanto, este estudo teve como objetivo
desenvolver e caracterizar sistemas autoemulsionantes sdlidos (SEDDS) contendo AmB para
administracao oral. Metodologia: Primeiramente foi realizado um extenso teste de solubilidade em 45
excipientes, seguido por um diagrama de fase pseudo-terndrio para entender o comportamento de fase
apos a mistura dos excipientes escolhidos com meios biorelevantes intestinais. Posteriormente, os
SEDDS solidos foram produzidos preenchendo capsulas duras com SEDDS (CL) ou adsorvendo-os em
excipientes solidos para formular comprimidos e granulos. Resultados: a maior solubilidade da AmB
foi encontrada no Phosal 50 PG. Com base no comportamento de fase, duas formulagdes com diferentes
proporgdes de 6leo-surfactante foram selecionadas. O método de adsorcao de nitrogénio indicou que
os excipientes sélidos incorporaram os SEDDS, e néo foi encontrada diferenca significativa entre essas
duas formulagdes em relagao ao tamanho das goticulas, PDI e concentragdo de AmB. Conclusdes: as CL
revelaram ser a forma farmacéutica mais promissora, ndo apenas carregando a maior quantidade de
AmB, mas também exibindo um tamanho médio considerado como a faixa ideal para a absorcao
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intestinal. Portanto, corroborando com a realizagdo de estudos in vivo para avaliar seu potencial
terapéutico.

Palavras-chave: Leishmaniose; Infec¢des fungicas; Solubilidade; SEDDS solidos; Meios biorelevantes.

1. INTRODUCTION

Amphotericin B (AmB) is a polyene macrolide derived from the actinomycete Streptomyces
nodosus. Due to its attractive characteristics for clinical use, e.g., potent antifungal activity, a
relatively broad spectrum of action, and low resistance rate, this molecule is currently one of
the main therapeutic agents to treat life-threatening fungal infections and leishmaniasis [1, 2].
Moreover, it is also present in the Essential Medicines List (EML) of the World Health Organ-
ization (WHO). Therefore, been considered an essential item to the promotion of primary
health care [3].

In contrast, numerous studies have ascribed AmB to significant toxic side effects, with
nephrotoxicity being one of the most severe [4]. Such an injurious effect is, in part, related to a
direct toxic effect of AmB over the renal tubular cells [5]. Moreover, it is noteworthy to mention
that AmB physicochemical properties have not only been assigned as a cause to its aggregation
state in an aqueous medium, which has been associated with its in vivo toxicity [6], but also, as
the main hindrance to its use through the oral route [7], i.e., the simultaneous amphiphilic and
amphoteric character, due to the polyene chain and the polyol; and the presence of a free car-
boxyl group and an amino group respectively, confers to AmB low aqueous solubility [7] and
low oral permeability [8] (it violates 3 of the 5 Lipinski’s rule [7, 9]), characterizing it as class
IV in the Biopharmaceutical Classification System [10, 11]. These factors promote low oral bi-
oavailability, limiting its clinical use to intravenous administration [12].

A strategy to overcome such drawbacks and provide an outpatient treatment would be
developing an oral formulation with features that surpass these troublesome physicochemical
properties of AmB. Several drug delivery systems have diligently been developed to reach this
goal, among them lipid systems [2, 7, 13] such as self-emulsifying drug delivery systems
(SEDDS), which consist of a mixture of oil, surfactant, and co-surfactant, able to spontaneously
form oil-in-water (o/w) emulsions when dispersed in the aqueous media under mild homog-
enization [14]. These systems are extensively applied to solubilize poorly water-soluble drugs
and increase their oral bioavailability due to the enhanced permeation caused by surfactant
presence [15, 16]. Usually, the approach applied to obtain SEDDS involves solubilization of
drugs in oil and their blending with suitable solubilizing agents 7. The use of SEDDS as a liquid
dosage form potentially displays limitations regarding the dosage inaccuracy, high production
costs, as well as drug instability [17]. That is one of the main reasons the currently commer-
cialized systems consist of soft or hard capsules filled with the lipid formulation, allowing the
administration as unit doses [18]. However, this approach presents significant limitations re-
lated to the development of a capsule liquid-filled dosage form, namely, problematic filling
with high viscous lipid mixtures, which increases the cost of the process [19], interaction be-
tween the filling material and the capsule shell [20], therefore, restricting its concentration into
the formulation and potentially decreasing the formulation efficiency. Moreover, most phar-
maceutical companies do not own in loco facility to manufacture such capsules. Therefore, re-
quiring outsource to the development and manufacturing activities, which might be accounted
for an inconvenient business strategy [19, 20].
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To avoid such drawbacks and enable a simplified manufacturing process using more cost-
effective and conventional equipment, several approaches have been reported, mostly by so-
lidifying the lipid-based system and convert it into a powder, which can be used to fill hard
gelatin capsules or to produce tables, e.g. (I) adsorption of the lipid formulation into solid car-
riers; (II) spray drying using hydrophilic or hydrophobic carriers (III) extrusion; (IV) microen-
capsulation using ionotropic gelation technique; (V) wet granulation; (VI) melt granulation,
etc. [17, 18, 21].

Since these strategies are still under investigation, the role of these solidification processes
on the formulation performance remains uncertain, even though it is evident they may impact
not only the self-emulsification behavior but also exhibit relevant drug-excipient and excipi-
ent-excipient interactions. Therefore, the lack of understanding of these physicochemical in-
teractions can impact properties such as manufacturability, stability, and bioavailability of a
drug product [22].

The scenario mentioned above makes the development of solid SEDDS challenging in the
pre-clinical phase, not just during the process of selecting the appropriate excipients but also
establishing the effect of their properties on final formulation features. Therefore, the current
study aimed to develop distinct solid SEEDS dosage forms as a potential AmB carrier for oral
administration and perform a thorough characterization. The AmB solubility was evaluated
in 45 different excipients, the self-emulsifying process was conducted in a biorelevant me-
dium, and the drug-excipient interaction was conducted throughout the gas adsorption
method.

2. MATERIALS AND METHODS

2.1. Materials

Amphotericin B was obtained from Hangzhou Dayangchem (China) (purity 89.6 %). Phosal
50 PG (PPG), Phosal 50 SA+, and Phosal 53 MCT were obtained from Lipoid. Kolliphor HS 15,
Kolliphor RH40, Kolliphor EL were kindly donated by BASF. Capmul MCM EP, Capmul
MCM C8, Capmul GMO - 50, Capyrol 90, Captex 300, Captex 355, Captex 100 were given by
Abitec. Transcutol HP (purity > 99.9 %), Plurol oleique, Labrasol, Labrafac Liphophile WL
1349, Peceol, Labrafac, Labrafil M 1944 CS, Lauroglycol 90, Labrafac LG were kindly supplied
by Gattefossé. Crodamol GMCC-SS, Super Refined® Polysorbate 80, Glycerox 767, Super Re-
fined® Castor oil, Super Refined® Arlasolve (purity 98.5%), Super Refined® Oleic acid (purity
86.7%), Super Refined® PEG 300, Super Refined® PEG 400 were kindly donated by Croda. Im-
witor 742, Imwitor 308 (GMC), Imwitor 988, Miglyol® 812 N, Softigen 767 were provided by
IO0I Oleo GmBH. Dhaytan L20, Isopropyl palmitate, Dhaykol 6040 were purchased from Dhay-
mers. Dichloromethane (DCM) analytical grade (purity > 99.9 %), colloidal silicon dioxide
(5102), microcrystalline cellulose 102 (MCC), dibasic calcium phosphate (CaHPOxs) (purity 98.0
- 105.0 %), Span 80 (SM) (purity > 60.0 %), Poloxamer 188 (80.2% of oxyethylene moieties),
Isopropyl myristate (purity > 97.5 %), Sesame oil, and all other chemicals solvent were ob-
tained from Sigma-Aldrich and Merck. Dimethyl sulfoxide (DMSO, purity 99.7 %) analytical
grade was obtained by Proquimios, Neusilin US2 type I-A (Neusilin U2) were donated by Fuji
Chemical Industry. The biorelevant media Fasted State Simulated Intestinal Fluid (FaSSIF)
and Fed State Simulated Intestinal Fluid (FeSSIF) were acquired from Biorelevant.com.
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2.2. Methods

2.2.1. Development of Self-emulsifying drug delivery system
2.2.1.1. Solubility Studies

The solubility of the AmB in 45 different excipients (oils, surfactants, and co-surfactants) was
evaluated using the shake flask method [23]. Briefly, an excess of AmB was added to 3 g of
each excipient, with further homogenization (250 rpm, 25 + 0.1 °C) for 48 h in an incubator
shaker (KS 4000 IC, IKA, Germany). Afterward, the mixtures were placed in a centrifuge (Meg-
afuge 16, Thermo Fisher Scientific, USA), for 30 min at 14,500 x g. This process was repeated
until no pellet of AmB was observed. Subsequently, the drug was quantified in the superna-
tant as described in section Quantification of AmB in the oils and lipid mixtures (2.2.2.1.). Each
experiment was carried out five times.

2.2.1.2. Pseudo-ternary phase diagram

To evaluate not only the effect of the oil-surfactant proportion but also the media composition
in the self-emulsifying process, pseudo-ternary phase diagrams were formulated containing
as oil phase a ratio of excipients that exhibited high AmB solubility. For this purpose, the assay
was performed using the titration method [24]. Briefly, the oil phase was comprised of
PPG:GMC (1:1 ww), and SM was used as a surfactant. The oil-surfactant ratios ranged from
99:1 to 70:30, an excess of AmB was added to these mixtures, magnetically stirred for 5
minutes, and homogenized in an incubation shaker for 24 h (250 rpm, 25 °C). Afterward, the
excess of AmB was withdrawn by multiple spin cycles as described for the solubility studies.
Subsequently, the mixtures (2.5 g) were weighed, and the respective aqueous medium (rang-
ing from 10% ww to 90% ww) was added dropwise. Thereafter, the samples were placed in an
incubator shaker to further homogenization (150 rpm, 30 min, 37 °C). To better simulate the
physiological conditions, this assay was performed with intestinal biorelevant media (FaSSIF
or FeSSIF) as aqueous medium.

After each homogenization cycle, each system was visually evaluated and classified as
emulsion (white milked aspect), microemulsion (limpid and translucid aspect), and phase sep-
aration (heterogeneous system) [25].

2.2.1.3. Formulation of self-emulsifying drug delivery systems

Based on the phase behavior exhibited by different oil-surfactant mixtures in FaSSIF medium,
two SEDDS formulations (Table 1) were chosen for further characterization, viz, AmB solubil-
ization capacity, droplet size, and polydispersity index (PDI). The lipid mixture was prepared
according to the methodology described in section Development of Self-emulsifying drug delivery
system (2.2.1.). The self-emulsifying process was carried out in FaSSIF (oil phase:media ratio
1:99, 150 rpm, 37.0 °C £ 0.1 °C). After predetermined time intervals (1.5 h and 3.5 h) the samples
were characterized as described in the appropriate section.
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Table 1. Composition of self-emulsifying drug delivery systems (SEDDS)

Excipient Formulation (%, w/w)
F-70:30 F-80:20
Phosal 50 PG (PPG) 35 40
Imwitor 308 (GMC) 35 40
Span 80 (SM) 30 20

Note: the formulation ID highlights the oil:surfactant proportion, i.e., F-70:30 and F-80:20 have 70:30 and
80:20 oil:surfactant proportion respectively.

2.2.2. Characterization

2.2.2.1. Quantification of AmB in the oils and lipid mixtures

The amount of AmB solubilized was measured by UV-Vis spectroscopy. First, the samples
were diluted in a mixture of DCM:DMSO (8:2, v/v). Thereafter, scanning was performed in a
range of 300-450 nm, with a stepwise of 0.1 nm, in a medium velocity. Afterward, the first
derivative of the spectrum was calculated, and the absorbance values in the valley at 417 nm
were applied in the standard curve previously validated with AmB in DCM:DMSO (8:2, v/v).
The derivative spectrophotometry is based on the transformation of a typical spectrum by der-
ivation into a derivative spectrum. This technique increases the number of absorption bands,
which allows a satisfactory individualization of the constituents, and eliminates wide bands
[26]. Such an approach was successfully applied to remove the interference caused by excipi-
ents that exhibited absorption at the same wavelength as AmB, therefore, allowing its ade-
quate quantification.

2.2.2.2. Determination of hydrodynamic droplet size and polydispersity index

The hydrodynamic diameter of the SEDDS was determined by dynamic light scattering (DLS,
Zetasizer 3000, Malvern Instruments Ltd, United Kingdom) using a photon correlation spec-
trometer model equipped with a laser beam at 632 nm wavelength. The samples were evalu-
ated at 37 °C, and the scattering angle was settled to 90°. The described methodology was
applied to characterize the samples prepared in sections Formulation of self-emulsifying drug
delivery systems (2.2.1.3.) and Development of solid self-emulsifying dosage forms (2.2.3.). The results
are expressed as an overall mean of three measurements, each one with 15 scans.

2.2.3. Development of solid self-emulsifying dosage forms

To evaluate how the self-emulsifying performance would be affected when the lipid formula-
tions were present within distinguish drug dosage forms, three different formulations were
prepared, namely, hard gelatin capsule filled with the lipid formulation (LC-F-70:30 or LC-F-
80:20), hard gelatin capsule filled with granules containing the lipid formulation (GC- F-70:30
or GC-F-80:20) and tablets prepared from these granules (T-F70:30 or T-F-80:20).

To obtain the capsule filled with the lipid formulations, translucid hard gelatin capsules
(size 00, ~0.95 mL) were filled with 0.65 mL of the lipid formulations (F-70:30 or F-80:20). To
produce the granules, the lipid formulations (1 g) were poured into a container, followed by
the gradual addition of the solid adsorbent material (SiO2 and Neusilin U2 (1:1)). After each
addition, the mixture was homogenized to achieve a uniform distribution of the lipid material.
Once obtained a free-flowing solid powder (oil phase-adsorbent ratio 64:36), the material was
subsequently passed through a sieve N° 20 (pore size 850 pm) to obtain standardized granules.
Subsequently, the hard gelatin capsules were filled with 0.35 g of these granules. Moreover, to
formulate the tablets, the granules were mixed with a powder mixture of MCC — and CaHPOx
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(1:1), keeping a granule-powder mixture ratio of 25:75. The mixture was compacted with flat-
faced punches using a mechanical press (CE03, International Crystal Laboratories, USA) with
constant pressure (1,390 + 11 psi) for 30 seconds producing discs with a surface area of 0.5 cm?.

2.2.4. Solid self-emulsifying dosage forms characterization

2.2.4.1. Specific surface area measurement of the granules

Nitrogen absorption-desorption isotherms were obtained using a surface area and pore size
analyzer (NOVA e-4200, Quantachrome Instruments, USA). First, the granules containing the
lipid formulation and the granules' raw materials were weighed until fill 2/3 of the total vol-
ume of the bulb. Afterward, the degassing phase was carried out under vacuum for 15 h at 50
°C.Itis noteworthy to mention that a previous evaluation was performed by TGA to guarantee
that no sample degradation occurs at this temperature. The adsorption isotherms were col-
lected with 21 points with the relative pressure (P/Po) ranging from 0.01 to 0.99, while the
desorption isotherms had 18 points from 0.98 to 0.05. All analyses were conducted using ni-
trogen as the adsorptive at 77 K. To calculate the surface area (SBET), the Brunauer-Emmett-
Teller (BET) equation [27] was applied using 13 points between a P/Po ranging from 0.01 to
0.035. Moreover, only measurements with a correlation coefficient (R?) higher than 0.995 were
considered for this evaluation, and the BET C-values were calculated to evaluate changes in
the interaction of the nitrogen with the surface of the sample [28].

2.2.4.2. Evaluation of the self-emulsifying performance

The self-emulsifying evaluation was carried out in an incubator shaker, where each dosage
form was added to 250 mL of FaSSIF and homogenized (150 rpm, 37.0 °C + 0.1 °C) for 3 h.
Thereafter, each system was withdrawn (3 mL), filtered with a 45 mm membrane, and charac-
terized regarding their droplet size and PDI, as described in section Determination of hydrody-
namic droplet size and polydispersity index (2.2.2.2.). Each experiment was performed three times.

2.2.5. Statistical analysis

Statistical analysis was carried out using the GraphPad Prism 6.01 software (GraphPad Soft-
ware Inc, USA). The results were exhibited as the mean of at least three individual experiments
+ standard deviation of the mean. To establish the difference between the means, one or two-
way analysis of variance (ANOVA) were performed with post-hoc of Tukey with a < 0.05.

3. RESULTS AND DISCUSSION

3.1. Solubility

The dissolution process is one of the limiting steps to the oral absorption of BCS class IV drugs,
such as AmB [12]. Therefore, to avoid this hindrance, the drug should be available as a molec-
ular dispersion into the lipid formulation [29]. For this purpose, a solubility assay of the AmB
was performed in 45 different excipients. The results revealed that the evaluated excipients
displayed a considerable variability in their ability to solubilize AmB, of which 15 exhibited
an AmB solubility lower than 0.001 mg/mL (Table 2). On the other hand, the PPG exhibited a
remarkable AmB solubilization capacity (1.237 mg/mL), with values more than three-fold
higher than the other excipients.
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Even though part of these data agreed with the ones previously reported [24], others re-
vealed divergent solubility values. Probable sources of variation could be the settled temper-
ature, the period of homogenization, as well as the G-force applied during the centrifugation
process. The selection of the excipients used to formulate the SEDDS considered not only the
AmB solubility capacity but also the role of the excipient into the formulation (e.g., oil, surfac-
tant, or co-solvent), and the ease of the mixture to self-emulsifying, which was evaluated in
previous experiments. Therefore, the selected oil phase was GMC:PPG (1:1), and SM as the
surfactant.

Table 2. Amphotericin B solubility in lipid excipients at 25.0 + 0.1 °C

Excipient Solubility (mg/mL)
Capmul® MCM C8 0.083 + 0.007
Capmul® MCM EP 0.142 + 0.007
Capmul® GMO-50 0.035 + 0.004
Crodamol® GMCC-5S 0.175 + 0.007
Dhaytan® L 20 0.075 + 0.004
Dhaytan® S 80 0.005 + 0.000
Inwitor® 308 0.205 * 0.053
[nwitor® 742 0.131 +0.021
Inwitor® 988 0.069 + 0.004
Kolliphor® EL 0.020 + 0.001
Kolliphor® RH 40 0.027 + 0.001
Kollisolv® PEG 300 0.223 +0.011
Kollisolv® PEG 400 0.108 + 0.008
Labrasol® 0.019 + 0.001
Maisine® CC 0.006 + 0.001
Peceol® 0.003 + 0.000
Phosal® 50 PG 1.237 + 0.107
Phosal® 50 SA+ 0.110 + 0.003
Phosal® 53 MCT 0.077 + 0.004
Plurol® Oleique 0.022 + 0.003
Softigen® 767 0.008 + 0.001
Span®80 0.013 + 0.001
Super Refined® Castor Oil 0.022 +0.003
Super Refined® PEG 300 0.470 +0.133
Super Refined® PEG 400 0.339 + 0.000
Super Refined® Polysorbate 80 0.070 + 0.016
Transcutol® HP 0.083 + 0.002
Tween® 20 0.003 + 0.000
Tween® 40 0.004 + 0.000
Tween® 80 0.004 + 0.000
Capryol® 90 Not measurable
Captex® 100 Not measurable
Captex® 300 Not measurable
Captex® 355 Not measurable
Dhaykol® 6040 Not measurable
Isopropyl Myristate Not measurable
Isopropyl Palmitate Not measurable
Labrafac® Lipophile WL 1349 Not measurable
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Labrafac® PG Not measurable
Labrafil® M 1944 CS Not measurable
Lauroglycol® 90 Not measurable
Miglyol® 812 N Not measurable
Sesame oil Not measurable
Super Refined® Arlasolve Not measurable
Super Refined® Oleic Acid Not measurable

3.2. Characterization of the SEDDS phase behavior

A pseudo-ternary phase diagram is a graphical approach that displays the phase behavior of
the oil-water interface after adding an aqueous medium to a surfactant-oil mixture. Usually,
the initial characterization of the obtained systems is by visual inspection, in which emulsions
show milky appearance and microemulsions are optically translucent [30]. Despite being a
qualitative and subjective method, the visual inspection indicates the dispersiveness of the
mixture and provides a reliable forecast of the excipient proportions expected to exhibit an
anomalous behavior in distinct assays [31].

Based on this approach, it was possible to infer that the mixtures formulated with SM,
dispersed in FaSSIF, displayed a large microemulsion region (Figure 1A) corresponding to
approximately 70% of the total area evaluated, followed by 26% of phase separation and ap-
proximately 4% of emulsion region. On the other hand, when the FeSSIF medium was added
to the oily mixture, the microemulsion (~65%) and the phase separation (~9%) region de-
creased, whereas the emulsion region increased about 6.5 times (26%) (Figure 1B). These re-
sults may seem unexpected since the FeSSIF medium presents a higher concentration of sur-
factant than the FaSSIF one. However, the salinity content held by FeSSIF is about three times
higher than FaSSIF (~1.8 g of NaCl /100 mL and 0.62 g of NaCl /100 mL, respectively) [32]. It
has been reported that salinity is a parameter that plays a role in the phase behavior, as its
increment enables the transition Winsor I — III — 1II [33, 34]. These results agree with the lit-
erature since SEDDS produced with FeSSIF were more polydisperse due to the higher mixed
micelles concentration [33, 35]. Knowing that the oil phase (HLB ~ 6.25) is a 1:1 mixture of
GMC (HLB ~ 6) [36] and PPG (HLB = 6.49, reported by Lipoid), it is possible to infer that the
effectiveness of the interfacial stabilization provided by SM relies on its partitioning at the
interface since it displays a hydrophobic feature (HLB = 4.3) [36].

A B

100 / o

0 20 40 60 80 100 0 20 40 60 80 100

FaSSIF (%ww) GMC:PPG (1:1, %wm) FeSSIF (%) GMC:PPG (1:1, %ww)

Figure 1. Pseudo-ternary phase diagram using Imwitor 308 (GMC) and Phosal 50 PG (PPG) (ratio 1:1)
as oil phase; Span 80 (SM) as the surfactant; and Fasted State Simulated Intestinal Fluid (FaSSIF) (A) or
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Fed State Simulated Intestinal Fluid (FeSSIF) as aqueous phase (B). Key: (m) experimental data. The dark
gray area corresponds to microemulsion; the light gray area describes the emulsion region; the dashed
one is the phase separation area.

3.3. Self-emulsifying performance of lipid systems

Once established the boundaries of the relevant region in the pseudo-ternary phase diagram
and relying on the requirements of (I) high AmB solubilization, (II) low amount of surfactant,
and (III) appropriate amount of aqueous medium to simulate physiological conditions, two
formulations were chosen (Table 1) and classified as type Il according to the Lipid Formulation
Classification System [37]. These SEDDS were characterized regarding their homogeneity,
AmB solubility, polydispersity index, and hydrodynamic droplet size. This last feature has
been assigned to provide adequate intestinal absorption when formulations display droplet
sizes ranging from 100 nm to 300 nm [38].

Based on the droplet size displayed in Figure 2, it is possible to infer that, regardless of
the formulation evaluated, the systems revealed a size distribution behavior that over time
tends to achieve equilibrium as a bimodal distribution. An experimental data that supports
this idea is the one exhibited by F-70:30, in which the droplet population ranging from 3 um
to 5 pm pointed out in 1:30 h is no longer detected after 3:30 h, which also explains the decrease
in the PDI values (Figure 2A).

The bimodal population of the samples ranged from 50 nm to 100 nm and from 350 nm to
600 nm (Figure 2B). This distribution pattern explains the observed PDI values ranging from
0.3 to 0.5 (Figure 2A). On the other hand, the medium used to perform the emulsification pro-
cess (FaSSIF) displayed a unimodal population (50 nm to 100 nm) (Figure 2B). Even though
these data might suggest that the presence of this population in the distribution pattern dis-
played by the samples may be attributed to the medium, it is not possible to draw a reliable
conclusion, using only DLS data, that the droplet size of the samples should be only addressed
to the population ranging from 350 nm to 600 nm. Therefore, the Z-average (the overall mean)
seems to be the appropriate approach.

Based on this perspective, no significant difference was found regarding the hydrody-
namic diameter and the polydispersity index of the evaluated systems (p-value = 0.25, Figure
2A). Moreover, no difference in the AmB solubilization capacity was noticed, as formulations
F-80:20 and F-70:30 displayed a solubilization of 0.678 + 0.024 mg/mL and 0.623 + 0.067 mg/mL,
respectively. Revealing that the chosen formulations exhibited the following required features:
appropriate dispersion in biorelevant medium, low surfactant concentration, and high AmB
solubilization.
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Figure 2. (A) Average droplet size and polydisperse index (PDI) of SEDDS formulations F-70:30 and F-
80:20 at 1:30 h and 3:30 h. The results are expressed by mean + SD. (B) Distribution of the droplet size
produced by the formulations F-70:30 and F-80:20 at 1:30 h and 3:30 h and FaSSIF

3.4. Characterization of the solid dosage forms

3.4.1. Specific Surface area

To calculate the surface area (SBET) by gas adsorption it is commonly applied the BET equa-
tion to the isotherm. The suitability of the analysis is evaluated by the correlation coefficient
(R?) and the BET C-value, with the former corresponding to the linearity of the isotherm in the
BET region, and the latter the interaction of the nitrogen with the sample. As depicted in Table
3, this mathematical approach displayed a good fitting with the experimental data (> 0.999)
[28].

The C-value parameter in the BET equation not only expresses the extent of coverage of
the adsorbate on the adsorbent but also the affinity between them. All samples analyzed pre-
sented a C-value higher than 2, which confirms that the BET equation can be used to calculate
the surface area (Table 2) [28]. The granules containing the lipid formulation exhibited lower
values of BET C-values when compared to the solid raw excipients, indicating that the pres-
ence of the lipid formulation affected the interaction between the sample (adsorbent) and the
nitrogen (adsorbate). Furthermore, as reported by Lapham et al. BET C-values as the ones ob-
tained in this study are closer to 10, which makes the distinction between isotherm II and III a
challenging task [28].

The SBET values calculated for Neusilin U2 and colloidal SiO2 agree with those previ-
ously reported in the literature [38]. Also, as expected, the Neusilin U2:colloidal SiO2 mixture
(1:1) exhibited intermediate surface area values compared with its isolated constituents (Table
3). Besides, the Neusilin U2 had a higher surface area. When the SEDDS were incorporate into
it, the obtained powder exhibited poor flowability. To solve this problem colloidal SiO: was
added, and all the granules were prepared with Neusilin U2:colloidal SiO2 mixture (1:1).

When compared to the one exhibited by the colloidal silicon alone, the large surface area
of the mixture suggests that the mixture can be a better reservoir for the pre-emulsion SEDDS
[39]. The decrease in the SBET values and the total pore volume of the granules, when com-
pared to the Neusilin U2:colloidal SiO2 mixture (1:1), indicates that the adsorption of the pre-
emulsion SEDDS where effective, with nearly 96% of the total pore volume and the specific
surface area filled by the lipid formulation (Table 3).

Table 3. Specific surface area (SBET), BET correlation coefficient (R?), BET C-value, and total pore vol-
ume of solid components of granules and sample granules.
Sample ‘ Seer (M?/g) ‘ R? BET C-value ‘ Total pore volume (mL/g) ’
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Neusilin U2 272.604 0.9998 181.676 0.8479
5i02 150.062 0.9997 37.430 0.2650
SiOz:Neusilin U2 (1:1) 212.166 0.9997 32.715 0.7195
F-70:30 granules 3.068 0.9996 13.924 0.0211
F-80:20 granules 10.792 0.9989 10.022 0.0409

Note: the formulation ID highlights the oil:surfactant proportion, i.e., granules of F-70:30 and F-80:20
were prepared with self-emulsifying drug delivery systems (SEDDS) having 70:30 and 80:20 oil:surfac-
tant proportion respectively. Neusilin U2 and SiO2 denotes the amorphous form of magnesium alumi-
nometasilicate and colloidal silicon dioxide respectively.

3.4.2. Self-emulsifying performance of solid dosage forms

Regarding the emulsification behavior exhibited by different drug dosage forms in FaSSIF, the
data revealed that the addition of the liquid lipid formulations to the capsules did not affect
the emulsification process in terms of average droplet size (p-value =0.421, Table 4 and Figure
3A). The comparison of the average droplet size and PDI values revealed that the composition
of the lipid formulation did not affect the average droplet size displayed by the system, i.e.,
there was no significant difference in the droplet size and PDI values exhibited by the same
dosage form manufactured with different lipid formulations (p > 0.05). On the other hand,
different dosage forms displayed significant differences among each other (p < 0.05) with av-
erage droplet size values revealing the following pattern: capsule filled with liquid lipid for-
mulation (LC) > capsule filled with granules (GC) = tablet (T) (Table 4 and Figure 3). This pat-
tern highlights that the hydrodynamic diameter displayed by the droplets from granules and
tablets significantly decreased compared to the ones from LC (respectively p-value <0.014 and
p-value <0.012, Table 4). In contrast, there was no significant difference between granules and
tablets regardless of the SEDDS formulation (p-value > 0.994). As stated by Joyce et al., the
adsorption of liquid SEDDS into solid carriers can significantly affect the interfacial surface
area of the lipid [40]. These results corroborate with this hypothesis, suggesting that the en-
hancement in the self-emulsifying performance was caused by the increment of the surface
area when the SEDDS were added to the adsorbent material, favoring the SEDDS-FaSSIF in-
teraction.

Table 4. Average droplet size (nm) and PDI of the capsules filled with liquid lipid formulation (LC),
capsules filled with granulated SEDDS (GC), and tablets (T) with the SEDDS formulations F-70:30 and
F-80:20.

Formulation Droplet size (nm)esp) PDIsp)
LC-F-70:30 382.8 (+98.76) 0.57 012
LC-F- 80:20 327.9 3115 0.44 0.03)
GC-F-70:30 136.0 (= 40.93) 0.30 0.06)
GC-F-80:20 156.4 (37.12) 0.33 0.08)
T-F-70:30 153.7 21.70) 0.36 0.02)
T-F-80:20 134.3 3611 0.31 =0.08)
FaSSIF 85.8 (+3.40) 0.01 o.01)

Note: the formulation ID highlights the oil:surfactant proportion, i.e., F-70:30 and F-80:20 have 70:30
and 80:20 oil:surfactant proportion respectively.

It is noteworthy to mention the average droplet size exhibited by the dosage forms is in a range
assigned as ideal for intestinal absorption [41]. Therefore, highlighting the potential of these
systems as carriers for oral administration. However, the amount of SEDDS carried by the
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solid raw material is lower in granules and tablets than in the LC. From this point of view, it
is possible to conclude that granules and tablets are suitable for carrying drugs that require
low oral doses. Which does not apply to AmB. For this reason and considering that the LC
carried ca. 0.42 mg/dose, while granules and tablets exhibited respectively ca. 65% and 93%
less drug, it is possible to infer that LC is the most appropriate system to be used in an AmB
oral dosage regimen.
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Figure 3. Distribution droplet size measured from the different dosage forms loaded with SEDDS E-
70:30 or F-80:20, 3 h after agitation, and FaSSIF. (A) Liquid-filled capsules. (B) Capsules filled with gran-
ules. (C) Tablet.

4. CONCLUSIONS

The results revealed that the 45 different excipients evaluated exhibited a heterogeneous AmB
solubilization capacity, with PPG exhibiting the maximum one, more than three-fold higher
than the other excipients. The phase behavior of the chosen mixture demonstrated through the
pseudo-ternary phase diagram that the emulsification process was enhanced in FaSSIF me-
dium when compared with FeSSIF. Most likely due to the higher salinity content displayed by
the last one, which might trigger the transition Winsor I — III — II when compared with FaS-
SIF. This observation suggested that the fasted state may be the appropriate condition when
performing in vivo studies. The chosen lipid formulations (F-80:20 and F-70:30) displayed a
similar behavior with a bimodal population (from 50 nm to 100 nm and from 350 nm to 600
nm) and no significant difference regarding the hydrodynamic diameter, the polydispersity
index, as well as the AmB solubilization capacity. The values of pore volume and surface area
of the granules suggest both formulations were successfully incorporated in the mixture of
colloidal silicon dioxide and Neusilin U2 (1:1). Once added to dosage forms, these formula-
tions displayed a monomodal distribution. However, its lipid load was 13.5 times lower than
the one used to manufacture the LFC. Even though the AmB dose carried by the tablets does
not seems to be appropriated to its clinical use (e.g., the treatment of leishmaniasis), this tech-
nology can be applied to drugs that require lower oral doses (i.e., drug with high potency).
Thus, the LFC is apparently the appropriate drug dosage form, displaying the highest lipidic
load among all the evaluated formulations, and exhibiting an average droplet size in an ideal
range for intestinal absorption. Therefore, highlighting the potential of this system as an AmB
carrier for oral administration.
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