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ARTICLE INFO ABSTRACT
Keywords: The incidence and prevalence of invasive fungal infections have increased significantly over the last few years,
Oral delivery leading to a global health problem due to the lack of effective treatments. Amphotericin B (AmB) and itraco-

Amphotericin B

nazole (ITR) are two antifungal drugs with different mechanisms of action. In this work, AmB and ITR have been
Fixed-dose combination

formulated within granules to elicit an enhanced pharmacological effect, while enhancing the oral bioavailability

G It
S;::;—:osating of AmB. A Quality by Design (QbD) approach was utilised to prepare fixed-dose combination (FDC) granules
Itraconazole consisting of a core containing AmB with functional excipients, such as inulin, microcrystalline cellulose (MCC),

Quality by design
Antifungal therapy
Azoles

Candida spp

chitosan, sodium deoxycholate (NaDC) and Soluplus® and polyvinyl pyrrolidone (PVP), coated with a polymeric
layer containing ITR with Soluplus® or a combination of Poloxamer 188 and hydroxypropyl methyl cellulose-
acetyl succinate (HPMCAS). A Taguchi design of experiments (DoE) with 7 factors and 2 levels was carried
out to understand the key factors impacting on the physicochemical properties of the formulation followed by a
Box-Behnken design with 3 factors in 3 levels chosen to optimise the formulation parameters. The core of the FDC
granules was obtained by wet granulation and later coated using a fluidized bed. In vitro antifungal efficacy was
demonstrated by measuring the inhibition halo against different species of Candida spp., including C. albicans
(24.19-30.48 mm), C. parapsilosis (26.38-27.84 mm) and C. krusei (11.48-17.92 mm). AmB release was pro-
longed from 3 to 24 h when the AmB granules were coated. In vivo in CD-1 male mice studies showed that these
granules were more selective towards liver, spleen and lung compared to kidney (up to 5-fold more selective in
liver, with an accumulation of 8.07 pg AmB/g liver after twice-daily 5 days administration of granules coated
with soluplus-ITR), resulting in an excellent oral administration option in the treatment of invasive mycosis.
Nevertheless, some biochemical alterations were found, including a decrease in blood urea nitrogen (~17 g/dl)
and alanine aminotransferase (<30 U/1) and an increase in the levels of bilirubin (~0.2 mg/dl) and alkaline
phosphatase (<80 U/1), which could be indicative of a liver failure. Once-daily regimen for 10 days can be a
promising therapy.
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1. Introduction

The incidence and prevalence of invasive fungal infections, mostly
caused by Candida spp., have increased progressively over the last
decade. This has resulted in a global health problem, which has been
worsened in immunocompromised and critically ill patients [1-3].
Apart from that, the emergence of resistance hinders the use of anti-
microbials as their effectiveness has been dramatically reduced [4,5]. To
address this situation, the manufacturing of fixed-dose combination
(FDC) products is a flourishing and promising approach based on the
combination of drugs with different mechanisms of action triggering a
synergistic effect and curbing the appearance of resistances. In addition,
there are other multiple advantages associated with fixed-dose combi-
nation (FDC) therapies, such as i) the reduction of adverse effects as a
lower dose is necessary to achieve the same efficacy as monotherapy, ii)
a higher efficacy and iii) an improvement in therapeutic compliance by
patients since treatment duration and polypharmacy is reduced [6-8]. In
the treatment of infective diseases, FDC therapy has been frequently
utilised in patients infected with the human immunodeficiency virus
(HIV), which requires at least two different antivirals to avoid resis-
tance. FDCs have also been developed to treat other disorders such as
metabolic disorders, including diabetes, dyslipidemia, and hypertension
[9-11].

Regarding combined antifungal therapy, results obtained so far are
also promising. The combination of parenterally administered ampho-
tericin B (AmB) with azoles (i.e., posaconazole, itraconazole, flucona-
zole) is especially useful in critically ill patients for whom the
administration of high doses of AmB is contraindicated due to the high
risk of adverse effects, including renal failure, dyspnoea, hypokalaemia,
nausea, vomiting and infusion-related chills when using Fungizone®
[12,13]. Although the risk of nephrotoxicity has been diminished since
liposomal AmB (AmBisome®) has been implemented in clinic, patients
might still experience with the other adverse effects such as anemia
[14,15]. The risk of haemolysis is higher when formulations are
parenterally administered; however, the oral administration can
ameliorate the symptomatology. The combination of both drugs allows
the administration of lower AmB doses, reducing its adverse effects and
at the same time, achieving a synergistic effect with azoles [16-18].
Currently, AmB is only commercialised as parenteral formulations for
intravenous administration due to its poor solubility and permeability in
an aqueous medium (with an oral bioavailability of ~ 0.2-0.9 %)
[19,20]. The lack of an orally bioavailable AmB formulation is a hand-
icap, especially in developing countries where access to hospitals may be
hampered and intravenous AmB can lead to anaphylactic reactions and
severe infusion-related adverse effects [20]. AmB can be found in three
different aggregation states, which can be easily identified by UV-vis
spectrometry. The monomeric AmB state can be identified at 406-490
nm, while the characteristic dimer (also known as oligomer) peak is
found between 328 and 3490 nm. A poly-aggregated AmB can also be
identified by UV-vis, although the peaks show a lower intensity as for
the other states located between 406 and 420 nm, 383-385 nm and
360-363 nm. Identifying which aggregation state is predominant in
AmB formulations is key, as the monomeric state has been found to be
the one with the highest toxicity. This means that the ratio between the
dimeric and the monomeric peak greater than 1 is related with lower
toxicity.

To date, combined antifungal therapy is based on the administration
of different drugs separately, in some cases through different adminis-
tration routes, which makes the regime more complicated and reduces
patient compliance and adherence [8]. The manufacturing of antifungal
FDC products is challenging as most drugs are poorly water-soluble with
different pharmacokinetic profiles. Physicochemical incompatibilities
between drugs may result in a decrease in bioavailability [21]. However,
the development of an oral FDC product for the treatment of systemic
mycoses is an unmet clinical need. AmB possesses antifungal activity
due to a dual mechanism of action causing oxidative stress in the cell but
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also binding to the ergosterol in plasma membranes, creating a pore that
allows the leakage of ions from the cytoplasm of fungal cells, leading to
apoptosis [22-24]. Formulating AmB with other azoles such as itraco-
nazole (ITR) as a FDC product could be an interesting approach to
enhance the overall antifungal efficacy. ITR was selected as a model
antifungal drug, as it can block ergosterol synthesis through a different
mechanism of action by inhibiting the lanosterol 14a-demethylase
enzyme. This drug is characterised also by low aqueous solubility and a
poor dissolution rate [25]. However, unlike AmB, ITR is currently
available as hydroxypropyl-f-cyclodextrin-based suspensions and cap-
sules containing coated pellets for oral administration and has demon-
strated a very low toxicity [26,27]. Nevertheless, ITR could cause some
mild adverse effects, including fluid retention, gastrointestinal intoler-
ance and headache [28]. Abnormalities in liver function are rare such as
higher levels of bilirubin and serum alkaline phosphatase [29].

Wet granulation has been traditionally utilised in pharmaceutical
development to obtain micron-sized granules to improve the physico-
chemical properties of the powder mixture such as flow and compact-
ability before tableting. Granules can be also used a final dosage form
stored in sachets to enhance oral drug bioavailability. For this purpose, it
is crucial to find an optimal balance between the drug and the excipients
selected. Microcrystalline cellulose (MCC) is widely utilised in the
manufacturing of granules as a diluent as promotes a rapid wetting of
the powder mixture, but also it provides granule strength reducing their
brittleness during spray-coating [30]. Binding agents are crucial to make
the granulation process successful for which polyvinyl pyrrolidone
(PVP), a synthetic polymer, was chosen [31]. Disintegrants are also key
to ensure the granules can release the drug in a faster manner upon
contact with physiological fluids. Chitosan is a natural polymer, selected
as disintegrant for the manufacturing of the granules as also possesses
bioadhesive properties allowing a better penetration through the in-
testinal mucus enhancing drug absorption [32]. The utilisation of sur-
factants or solubilisers is key to enhance the solubility of poorly soluble
drugs, such as AmB or ITR. In this work, Soluplus®, a synthetic polymer
with excellent solubilising properties, and sodium deoxycholate (NaDC)
traditionally used for conventional parenteral AmB formulations, were
selected to be included in the granule formulation [33]. Additionally,
inulin, a polysaccharide with prebiotic properties, was assessed as a
filler-binder in wet granulation [34,35]. AmB can cause gastrointestinal
toxicity and hence, the addition of prebiotics could alleviate these
symptoms.

The design of an optimal granule formulation with two poorly water
soluble drugs is challenging and hence, quality by design (QbD) tools
have arisen for implementation in pharmaceutical research and devel-
opment in the last decades, for both lab and industrial scale, with the
aim of ensuring a high quality of the final dosage form, minimising
waste and making the optimization process cost-time-effective [36]. For
this purpose, different steps usually take place, including a pre-screening
design (e.g. Taguchi or Plackett-Burman) in order to identify the critical
factors of the process. When the most influential factors have been
identified, more robust models (e.g. Box-Behnken), known as response
surface models, are employed to find the optimal design space [36,37].

The hypothesis underpinning this work is that the combination of
AmB with ITR in an oral dosage form may lead to a more effective and
safer antifungal treatment than monotherapy, avoiding parenteral-
route-related side effects. The combination of different mechanisms of
action may result in an additive effect and thus, a lower dose would be
required to elicit the same pharmacological effect through different
mechanisms of biodistribution. The main objective of this work was the
engineering and optimisation (applying a Quality by Design, QbD
approach) of innovative oral controlled release FDC formulations con-
taining an AmB core with an ITR coated layer to be administered as
water-dispersible granules stored in sachets. Active excipients were
employed to enhance the oral bioavailability of both drugs, but also to
minimise the adverse effects along the gastrointestinal tract such as
inulin. AmB was incorporated in the core of the granule to protect it
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from the acid gastrointestinal pH while ITR was incorporated in the
coating layer mimicking the conventional formulation Sporanox® to
enhance its surface area and dissolution. The physicochemical perfor-
mance of the FDC formulation was evaluated. Oral pharmacokinetic and
toxicological studies were performed to assess its in vivo profile.

2. Materials and methods
2.1. Materials

AmB was purchased from North China Pharmaceutical Huasheng Co
(Hebei, China). ITR was purchased from Kemprotec Ltd. (Camforth,
United Kingdom). Inulin Frutafit® HD with an average degree of poly-
merization of 10 was a gift from Sensus (Roosendaal, The Netherlands).
MCC Avicel® PH-101 was supplied from FMC Corporation (Pennsylva-
nia, USA). Low-viscosity chitosan was purchased from Guinama S.L.U.
(Valencia, Spain). Sodium deoxycholate (NaDC), ethanol, and
dichloromethane (DCM) were supplied from Sigma-Aldrich Chemie
GmbH (Buchs, Switzerland). Polyvinyl caprolactam-polyvinyl acetate-
polyethylene glycol graft co-polymer (Soluplus®) and PVP Kollidon®
17PF and 90F (K17 and K90, respectively) were a gift from BASF SE
(Ludwigshafen, Germany). Sodium salts (NaaHPO4 and NaH,PO4) were
purchased from Panreac Quimica S.A.U. (Barcelona, Spain), while
polypropylene glycol-polyethylene glycol co-polymer Poloxamer 188
(Pluronic® F68) was purchased from Thermo Fisher Scientific Inc.
(Massachusetts, USA), and hydroxypropyl methylcellulose-acetate suc-
cinate (HPMCAS) Aqoat® AS-HG was a sample gift kindly provided by
Shin-Etsu Chemical Co. Ltd. (Tokyo, Japan).

2.2. Methods

2.2.1. Preparation of FDC coated granules

FDC granules were obtained by wet granulation followed by spray-
coating. The granules consisted of AmB, inulin, MCC, chitosan, NaDC,
Soluplus®, and phosphate salts which were weighed and mixed using a
mortar and pestle. For optimisation purposes, two types of AmB-
surfactant complex were manufactured; the first one consisted of a
physical mixture of the two components and the other complex was
obtained by freeze-drying (Methods S1 supplementary material). 2.5 %
aqueous solution of PVP was added to the mixture drop by drop as a
binder until a solid wet mass was obtained. The mixture was mesh
strained at consecutive sieve openings (1 mm, 710 pm, 500 pm, 350 pm,
and 149 ym) and was dried at room temperature overnight. The granules
collected in each fraction were separated and weighed.

The larger mass fraction (fractions collected on the 710 and 500 pm
sieves) was selected to avoid attrition during the spray coating and was
placed inside a Mini-Glatt® fluidised bed coater equipped with a Wur-
ster insert (Glatt®, Binzen, Germany). Different solutions were used to
spray layer the AmB granules, with a 1:2 ITR: excipient weight ratio in
solution. The excipients used in the coating layer were: Soluplus® or a
mixture of HPMCAS and Poloxamer 188 (2:1 w:w ratio) which were
dissolved in 170 ml of a mixture of ethanol and DCM (1:1 v:v) with a
drug concentration of 8.4 mg/ml. The process parameters were as fol-
lows: 40 °C inlet temperature, 0.5 mm nozzle diameter, 3.8 g/min spray
rate, 25 m>/h nitrogen flow rate, and 0.8 bar atomisation pressure.

2.2.2. Optimisation of AmB cores obtained by wet granulation

Optimisation took place in two steps by QbD, utilising Design-
Expert® software version 10 (Stat-Ease®, Minneapolis, USA). A seven-
factor eight-run Taguchi design (2”) was employed as a pre-screening
step to identify the formulation and process parameters that could in-
fluence the quality of the product. Once the critical quality attributes
(CQAs) were identified, a three-factor three-level Box-Behnken design
(3%) with 17 runs was performed to optimise the final formulation.

In the pre-screening Taguchi design, four factors were numerical and
three were categorical. The categorical independent variables were: i)
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the type of binder (PVPK17 or PVPK90), ii) the type of surfactant (NaDC
or Soluplus®) and iii) the type of AmB-surfactant complex (physical
mixture or freeze-dried, as previously described [38]). The numerical
factors were: i) the amount of MCC (5 and 25 %), ii) the amount of
chitosan (1 and 10 %), iii) the amount of AmB (5 and 25 %) and iv) the
volume of 2.5 % PVP solution added for a 2 g batch (4 and 8 ml). Inulin
was added to the mixture up to a final amount of 2 g per batch.

The selected dependent variables were: amount dissolved at 60 min,
yield, core size ratio (expressed as the ratio between mass fraction >
500 um/ mass fraction collected < 500 um), antifungal activity against
Candida albicans (expressed as the diameter of inhibition halo) and AmB
aggregation state (expressed as the ratio dimer/monomer, as previously
described [39]). Dependent variables were investigated as described
below.

The amount of AmB dissolved after 60 min was tested in simulated
intestinal fluid (SIF) without enzymes (pH 6.8), which was prepared by
dissolving KH3PO4 and NaCl in deionised water [39]. For this purpose,
an Erweka DT80 dissolution tester apparatus (Erweka GmbH, Hessen,
Germany) was utilised. The absorbance of each sample was measured at
328 and 406 nm using a PharmaSpec® UV-visible spectrophotometer
(Shimadzu, Kyoto, Japan). The absorbance measurement was utilised to
calculate the aggregation state ratio. The ratio dimer/monomer was
calculated by dividing the absorbance at 328 nm (characteristic of the
dimeric form of AmB) and absorbance at 406 nm (characteristic of
monomeric AmB) [22,24].

AmB granules were collected, separated, and weighed after over-
night drying (at room temperature) to calculate core size ratio and yield.
These parameters were obtained as follows (Eq. (1) and (2)):

@

A
Core size ratio = 3

A+B

Yield (%) = x 100 )

where A was the weight of AmB cores larger than 500 pym after
overnight drying, B was the weight of granules with a core size below
500 um and C was the total weight of starting materials (theoretical
weight).

In vitro activity against C. albicans was determined by agar diffusion
assay, according to the European Pharmacopoeia standards as previ-
ously described [39,40].

After identifying the critical material attributes (CMAs), a three
factor-three level Box-Behnken design was carried out. The selected
factors for optimisation were the amount of MCC (5, 12.5 and 20 %), the
ratio between AmB and surfactant (2:1, 1:1 and 1:2, w:w) and the ratio
between NaDC and Soluplus® (2:1, 1:1 and 1:2 w:w). The other pa-
rameters tested during the Taguchi design were kept constant through
all run formulations. All the same responses were analysed except for the
in vitro antifungal activity.

DesignExpert® was used to calculate the Bonferroni and t-value
limits in the Taguchi design and construct a multiple linear regression
(MLR) model to find mathematical relationship among the responses,
while analysis of variance (ANOVA) was performed to understand the
significance of the different factors on the evaluated responses. Pre-
dicted values of all dependant variables for all runs were generated by
substituting values of the numerical factors. The numerical optimisation
method was used to choose the optimal formulation from the Box-
Behnken design. The highest amount dissolved after 60 min and the
highest yield were the chosen criteria for optimisation of the AmB core
granules. The optimised formulation was subsequently coated with a
single coating layer containing ITR (see Table 2 for composition). Three
final formulations were obtained and further characterised.

2.2.3. Physicochemical characterisation of FDC coated granules

2.2.3.1. Drug content. Drug content was calculated by adding 2 ml of
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Table 1
APS time points and conditions of coated granules.
Time (days) Temperature (°C) RH (%)
1 60 75
70 10
50
2 60 75
3 50 50
70 10
50
5 60 75
7 50 10
50
60 75
70 10
50
10 70 10
50
14 50 10
50
21 50 10
Table 2

Composition of the three optimised AmB formulations. AmB was located in the
core for all formulations. Soluplus®, Poloxamer 188, and HMPCAS were utilised
as binding agents. Key: ITR, itraconazole.

Formulation Type of coating Binding agents Drug in the coating layer

F1 No coating - -
F2 Single layer Soluplus® ITR
F3 Single layer HPMCAS ITR

Poloxamer 188

dimethylsulfoxide (DMSO) (Scharlab S.L., Barcelona, Spain) to 10 mg of
granules (n = 3). The dispersion was then filtered through 0.45 ym PTFE
filters (Thermo Fisher Scientific Inc., Massachusetts, USA) and diluted to
be further analysed by HPLC. Samples were analysed using a Jasco HPLC
(Jasco Co., Tokyo, Japan) with a DG-2080-53 3-line degasser, a LG-
2080-02 ternary gradient unit, a PU-1580 intelligent HPLC pump, a UV-
1575 intelligent UV/vis detector, and an AS-2050 Plus intelligent
autosampler. The mobile phase consisted of 52:4.3:43.7 (v:v:v) aceto-
nitrile: acetic acid: water for both drugs [41]. The mobile phase was
filtered through a 0.45 um Supor®-450 membrane filter with a diameter
of 47 mm (Pall Co., Michigan, USA). Separation was carried out using a
BDS Hypersil C18, 5 um (200 x 4.6 mm) column (Thermo Fisher Sci-
entific Inc., Massachusetts, USA) at a UV detection wavelength of 406
and 260 nm for AmB and ITR, respectively, with an injection volume of
100 pl. Elution took place using an isocratic method at room tempera-
ture with a flow rate of 1 ml/min. Peak evaluation was performed using
Borwin software [41]. The linearity (R? > 0.999) for AmB was found
between 0.1 and 20 pg/ml with a limit of quantification of 0.25 pg/ml
while the linearity (R? > 0.998) for ITR was found between 0.2 and 50
ug/ml with a limit of quantification of 0.5 pg/ml.

2.2.3.2. Particle size distribution (PSD). PSD was measured by laser
diffraction using a Mastersizer 2000 (Malvern Panalytical Ltd., Malvern,
United Kingdom) (n = 3). A Scirocco dry powder feeder was utilised
with 1 bar pressure and vibration feed rate of 50 %. The thickness of the
coating layers was calculated by taking into account the median particle
size (Dsg) of the core and the coated formulation according to Eq. (3)
[42]:

Ds after coating — Ds, before coating

5 3)

Thickness (nm) =

2.2.3.3. Scanning electron microscopy (SEM). Morphology of the for-
mulations was evaluated by SEM using a JSM 6335F (Jeol Ltd., Tokyo,
Japan) equipped with a secondary electron detector, which provided an
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image resolution of 1.5 nm (at 15 kV) and 5 nm (at 1 kV). Pellets were
previously cut in halves using a sharp blade to visualise the surface, the
coating layer, and the core of the coated formulation. Samples were
placed onto carbon tabs, mounted on aluminum pins and sputtered with
gold.

2.2.3.4. Modulated temperature differential scanning calorimetry (MT-
DSC). MT-DSC analysis was performed using a DSC Q200 (TA In-
struments®, Delaware, USA) with nitrogen as the purge gas. Samples
(2-3 mg) were placed in aluminum pans and scanned over a temperature
range of 0-200 °C with a modulation rate of 0.8 °C every 60 s and a
scanning rate of 5 °C/min [39]. Data were processed using TA Universal
Analysis® software version 4.5A (TA Instruments®, Delaware, USA).
Calibration of the instrument was carried out using indium as standard.
Temperatures of melting events (n = 3) refer to onset temperature.

2.2.3.5. Thermogravimetric analysis (TGA). Water content (n = 3) was
quantified by TGA which was carried out using a TGA Q50 measuring
module (TA Instruments®, Delaware, USA). Aluminum pans were uti-
lised to perform the analysis and nitrogen was used as the purge gas.
Samples were undertaken to a range of temperatures between 50 and
300 °C at a rate of 10 °C/min. Data were analysed using TA Universal
Analysis® software version 4.5A (TA Instruments®, Delaware, USA).

2.2.3.6. Fourier-transform infrared spectroscopy (FTIR). FTIR spectra
were acquired using a Spectrum 1 FT-IR spectrometer (PerkinElmer Inc.,
Massachusetts, USA) equipped with a UATR and ZnSc crystal accessory.
Spectra (n = 6) were scanned in the range of 600-4000 cm~ L. Data
interpretation was performed by using Spectragryph® software version
1.2.9 (The Spectroscopy Ninja®, Berchtesgaden, Germany).

2.2.3.7. Powder X-ray diffraction (PXRD). PXRD analysis was carried
out utilising a Miniflex II diffractometer (Rigaku Co., Tokyo, Japan) with
Ni-filtered Cu Ka radiation (1.54 A) in triplicate. The tube voltage and
tube current used were 30 kV and 15 mA, respectively. The PXRD pat-
terns were recorded for 26 ranging from 5° to 40° at a step scan rate of
0.05° per second.

2.2.3.8. Surface area. Surface area measurement based on the BET
(Braunauer-Emmett-Teller) isotherm method was performed using a
Micromeritics Gemini 2385c surface area and pore size analyser
(Micromeritics Instrument Corp., Georgia, USA). The surface area for
each sample was determined by nitrogen adsorption and BET multiple-
point method, obtaining 6 points in the relative pressure range (P/Pg) of
0.05 and 0.3. Samples were previously prepared by purging under ni-
trogen overnight at 25 °C. Each average result was calculated on the
basis of three measurements [43].

2.2.3.9. Dynamic vapour sorption (DVS). Vapour sorption experiments
were performed using a DVS Advantage-1 automated gravimetric
sorption analyser (Surface Measurement Systems Ltd., London, United
Kingdom) at a temperature of 25 £+ 0.1 °C. Water was selected as the
probe vapour. An amount of 15-20 mg of sample was placed on the
sample basket and dried at 0 % relative humidity (RH) for 1 h and then
submitted to step changes of RH, from 10 to 90 %, and the opposite for
desorption. The sample mass was allowed to reach equilibrium, defined
as dm/dt < 0.002 mg/min over 10 min, before the RH was changed. Two
sorption and desorption cycles were recorded [44] for each sample.
Samples were evaluated by PXRD after DVS analyses.

2.2.4. Dissolution studies

Simulated gastric fluid (SGF, 500 ml) without enzymes was prepared
using HCI and deionised water, adjusting the pH to 1.2. This medium
was placed in an Erweka DT80 dissolution apparatus (Erweka GmbH,
Hessen, Germany) and allowed to heat up to 37 °C for 1 h to simulate
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physiological temperature. Then, 25 mg of granules were weighed and
added to each vessel. Dissolution studies were performed using paddles
at a rotation speed of 100 rpm and under sink conditions in two steps.
First, SGF was utilised for the first 30 min; then, 400 ml of SIF supple-
mented with 0.5 % sodium dodecyl sulfate (Themo Fisher Scientific,
Massachusetts, USA) to allow AmB dissolution in sink conditions was
added to vessels. After the addition of SIF, the pH was adjusted up to 6.8
by adding 2.5 ml of a NaOH 30 % aqueous solution. All dissolution
media were prepared according to Pharmacopoeia standards [45].
Samples (5 ml) were taken without replacement at several time points
(5, 10, 15, 30, 45, 60, 90, 120, 150, 180, 240, 360, 480 and 1440 min).
Samples were then centrifuged at 5000 rpm for 5 min and the super-
natant was transferred to HPLC vials. Samples were analysed using the
above-described HPLC methods. Dissolution studies were carried out in
triplicate. The dissolution profile was fitted to different release kinetics
models, including zero order (constant dissolution regardless of con-
centration, following a linear model), first order (release depends on the
concentration), Higuchi (usually applied to drug release from an insol-
uble matrix as a square root of time-dependent process based on a
Fickian diffusion), Korsmeyer-Peppas (drug release occurs from a
polymeric system involving different release mechanisms simulta-
neously, such as diffusion of water into the polymeric matrix, swelling of
the matrix and dissolution of the matrix and Hixson-Crowell (commonly
used in formulations with uniform particle size, as dissolution depends
on based on the cube root of the weight of the product) [43,46,47].

2.2.5. Accelerated predictive stability studies (APS)

All the formulations were kept refrigerated (4 + 1.21 °C) in a
desiccator containing silica gel (RH = 11.01 + 1.64 % RH) before
commencing the accelerated stability testing of the coated granules. The
Cuspor Ageing System ™ was used to age each formulation. The rele-
vant humidity capsules were placed into the Cuspor chambers which
were put inside the oven at the selected temperature to ensure that
equilibrium RH was reached before the aging of the formulations [42].
Samples (~5 mg) were weighed and placed in uncapped HPLC vials and
introduced into the stability chambers, so being exposed to different
conditions of temperature and RH (50 °C/10 % RH, 50 °C/50 % RH,
60 °C/75 % RH, 70 °C/10 % RH, and 70 °C/50 % RH) (Table 1). At
different time points, samples were collected, dissolved in DMSO,
further diluted with mobile phase, and analysed by the HPLC method
detailed above.

Stability modelling was performed by fitting the AmB degradation
kinetics to different models: including zero-order, first order, second
order, Avrami, and diffusion. A humidity-corrected Arrhenius equation
was used to understand the effect of temperature and RH on degradation
(Eq. (4)) [48]:

InK = InA — 22 4 B(RH) D)
RT

where K is the degradation constant, A is the collision frequency, E,
is the activation energy, R is the gas constant, T is the absolute tem-
perature, B is the humidity sensitivity factor and RH is the relative hu-
midity. The B term was calculated using the following equation (Eq. (5)):

k
Ln (é)

RH; — RH, ®)

where k; and ks are the degradation constants calculated at the same
temperature but different relative humidity, RH; and RHj, respectively.
An averaged B term calculated at the different temperatures was used.
Long-term stability studies were performed at 25 °C/10 % RH and 4 °C/
10 % RH.

2.2.6. Invitro antifungal activity
FDC coated granules were tested against three species of Candida
spp., C. albicans, C. parapsilosis, and C. krusei. The assay was performed
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according to the European Pharmacopoeia [49]. Before the experiment,
yeasts were isolated in a Petri dish containing Sabouraud dextrose agar
(Becton, Dickinson and Co., New Jersey, USA) and incubated at 30 °C for
72 h. Once isolated, Miiller-Hinton agar (Laboratorios Conda S.A.,
Madrid, Spain), supplemented with glucose (Panreac Quimica S.A.U.,
Barcelona, Spain) (2 % w/v) was prepared and autoclaved at 121 °C for
20 min. The experiment was performed in aseptic conditions. Methylene
blue (0.5 mg/ml) was added to sterile Miiller-Hinton agar for contrast
purposes. One isolated yeast colony was dispersed in sterile NaCl 0.9 %
(Laboratorios ERN, S.A., Barcelona, Spain) and later adjusted to 0.1 Abs
at 600 nm wavelength, according to the McFarland factor. The yeast
suspension was inoculated in sterile Miiller-Hinton agar at 40 °C and the
mixture was poured onto Petri dishes. Later, 6 mm paper disks
embedded with 20 ul of an aqueous suspension containing the granules
(with an AmB concentration of 0.5/ml) were placed onto the inoculated
agar, once it solidified. The formulations were compared to standards of
AmB and ITR dissolved in DMSO and AmB Neosensitabs™ (commercial
disks containing 10 pg of AmB) (Rosco Diagnostica S/A, Taastrup,
Denmark). All formulations and standards were adjusted to 10 pg of
AmB. The inhibition halos were measured after incubation at 30 °C for
48 h. Each formulation was tested in quadruplicate.

2.2.7. Ex vivo red blood cells (RBC) haemolysis assay

Haemolytic toxicity was studied by a previously described method
with some modifications [50,51]. Blood was taken from a healthy
human donor and placed into lithium-heparin-coated Vacutainer™
tubes (Becton, Dickinson and Co., New Jersey, USA) to avoid coagula-
tion. Tubes were centrifuged at 1000 g for 5 min to precipitate RBC,
while plasma (supernatant) was removed. RBC were washed with a 150
mM NacCl solution and centrifugation was repeated several times. Later,
phosphate buffer (pH 7.4) was added to RBC up to a concentration of 4
%.

Diluted RBC and granules dispersed in water at different concen-
trations (ranging from 0.78 to 100 pg/ml) were placed in 96-well plates
in a 1:1 v:v ratio. All samples were tested in triplicate. 20 % Triton® X-
100 (Merck KGaA, Darmstadt, Germany) and PBS (pH 7.4) were used as
positive and negative control wells, respectively. Afterwards, the plates
were incubated at 37 °C for 1 h using an orbital rocker. Plates were then
centrifuged at 500 g for 5 min to precipitate intact RBC and the super-
natant was transferred to a new clear plate to measure the absorbance at
570 nm using a BioTek ELx808 UV-plate reader (BioTek Instruments Inc,
Vermont, USA) to determine the amount of haemoglobin released,
indicating cell lysis.

Haemolytic toxicity was calculated by using the following equation
(Eq. (6)):

ABS(sample) — ABS(PBS)

100
ABS(Triton X) X

Haemolysis (%) = 6)

Data was analysed using Compusyn™ v1.0 software (Combosyn Inc.,
New Jersey, USA) and toxicity was expressed in HCsy (concentration
needed to produce haemolysis in 50 % of RBCs).

2.2.8. Oral pharmacokinetic studies (PK)

All experiments were carried out in male CD-1 mice (6-week-old) in
the animal house at the School of Medicine at Universidad Complutense
de Madrid. All experiments were performed according to the Ethical
Committee approved by the Community of Madrid (PROEX 151/19).
Animals were randomly allocated into four groups and were allowed
free access to water up to the day before single-dose administration. In
total, two test formulations (F1 and F2) and two control formulations
were evaluated. The control formulations consisted of AmB dispersed in
deionised water and a 10 mg/ml oral suspension containing ITR
(Sporanox®; Janssen Global Services LLC, Beerse, Belgium). Samples
containing AmB were dispersed with deionised water giving a 1 mg/mL
AmB concentration and then administered by oral gavage at a 5 mg/kg
dose, while Sporanox® was administered at a 3.25 mg/kg dose of ITR.
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The dose of Sporanox® was calculated based on the drug loading con-
tained in F2 for ITR (See Table 2). Each formulation was administered to
24 mice which were split into 6 groups (n = 4) and euthanised using a
CO4 chamber at different time points (0.5, 1, 2, 4, 6, and 24 h). An oral
multidose experiment was also carried out with the same four formu-
lations at the same doses as described above (5 mg/kg and 3.25 mg/kg of
AmB and ITR). Formulations were orally administered either once or
twice daily for five days. Animals had free access to food and water
during the whole experiment. Animals were then euthanised 24 h
following the completion of once-daily treatment and 12 h following the
completion of twice-daily treatment.

Once euthanised, blood was taken directly from the heart and placed
in heparin/lithium Vacutainer™ tubes. Plasma was separated by
centrifugation (1000 g, 5 min) and kept in the freezer (-40 °C) until
analyses were performed. Drug extraction was carried out by mixing
100 pl of plasma with 100 ul of methanol. Samples were spiked with 10
ul of a 100 pg/ml stock solution of meloxicam used as an internal
standard (Merck KGaA, Darmstadt, Germany). The mixture was then
vortexed and left overnight at —40 °C to precipitate plasma proteins.
After that, samples were centrifuged (16000 g, 10 min) and the super-
natant was transferred to HPLC vials. HPLC analysis was performed as
described above.

Tissue sample preparation (liver, kidney, spleen, and lung) was
performed by adding PBS pH 7.4 at a concentration of 0.5, 0.25, 0.1, and
0.1 g of tissue/ml of solution, respectively. After tissue homogenisation,
10 pl of meloxicam (100 pg/ml) was added. Drugs were extracted by
adding methanol in a 1:2 ratio of tissue homogenate: methanol. Samples
were vortexed for 5 min and left at —40 °C overnight. Afterwards,
samples were centrifuged (16000 g, 10 min) and the supernatant was
analysed by the previously described HPLC method.

Urine and bile samples were directly extracted from the bladder and
gallbladder, respectively. Samples (10 ul) were collected and methanol
(90 pl) was added. Samples were vortexed and then centrifuged (16000
g, 10 min) and the supernatant was analysed by HPLC.

Non-compartmental pharmacokinetic data analysis was carried out
using PKSolver [52]. The area under the plasma concentration versus
time curve (AUC) and the area under the first moment curve (AUMC)
from 0 to 24 h were calculated according to the linear trapezoidal
method. The terminal phase elimination rate constant (1) was calculated
from the negative slope of the natural log (Ln)-terminal portion of the
plasma concentration versus the time curve. A was utilized to calculate
the terminal elimination half-life (t;,2) (Eq. (7)):

0.693

t]/ZZT

The AUC and AUMC were extrapolated from the last time point to
infinitive (Eq. (8) and (9)), where Cy4p, is the plasma concentration at 24

)

ave =S (8)
i
AUMC — Coy X 24 Coy ©)

A 2

Total body clearance (Cl), volume of distribution (Vd) and mean
residence time (MRT) were also calculated (Eq. (10)-(12)):

Dose
Cl=—FF— 10
AUCy- a0
Dose
— 11
AXAUC). e an
AUMCy_.«
MRT = ———— 12
AUCy- (12)
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2.2.9. In vivo toxicological analysis

Toxicological analyses were carried out in plasma samples extracted
from animals from the twice-daily oral PK multiple-dose study. For this
purpose, a VetScan® VS2 chemistry analyser (Zoetis Inc., New Jersey,
USA) was utilised. Different blood parameters were measured, including
albumin, alkaline phosphatase, alanine aminotransferase, amylase,
bilirubin, blood urea nitrogen, total calcium, inorganic phosphorus,
creatinine, glucose, ions (Na™ and K1), total protein and globulin.

2.2.10. Statistical analysis

Minitab® 16 (Minitab Inc, Coventry, United Kingdom) was utilised
to perform one-way ANOVA. Tukey’s test was used to establish a com-
parison among formulations and find statistically significant differences
between groups.

3. Results
3.1. Preparation of FDC-coated granules

Three formulations were engineered and their composition is shown
in Table 2. F1 refers to optimised AmB cores (without coating). For
comparison purposes, F1 was replicated without the addition of AmB.
Formulations F2 and F3 are bi-drug combinations consisting of a core
structure with AmB, coated with a single layer containing ITR. HMPCAS,
Poloxamer® 188, and Soluplus® were utilised as binding agents.

3.2. Optimisation of AmB cores obtained by wet granulation

The eight experimental runs from the Taguchi design, including in-
dependent and dependent variables are displayed in Table 3.

Pareto charts indicated the influence of each factor on each depen-
dent variable (Fig. 1). At the tested conditions, the amount of MCC had a
significant effect on yield and dissolution. Pellet manufacturing using a
physical mixture of AmB and surfactant exhibited a significantly positive
effect in both the yield and the mass ratio, rather than utilising a freeze-
dried complex. The use of Soluplus® as a solubilising agent instead of
NaDC triggered a higher yield and a higher antifungal activity with a
larger particle size; however, NaDC was significantly better in terms of
dissolution. The type of PVP, the amount of chitosan and AmB did not
exhibit a significant effect on any of the assessed responses.

From the Taguchi design, the three factors which showed the
greatest impact on the AmB granule manufacture were: the amount of
MCC and the type and amount of surfactant utilised. For this reason, in
the Box-Behnken design the amount of MCC, AmB: surfactant ratio, and
NaDC: Soluplus® ratio were investigated in more detail. The rest of the
components of the formulation were kept constant, using 10 % of chi-
tosan and 25 % of AmB at the optimal amount. Apart from that, a
physical mixture was preferred over a freeze-dried system and PVP K17
was the chosen binding agent. The volume of binding solution was
removed from the optimisation process as the range evaluated at the
Taguchi design led to a wet mass that was very sticky and difficult to
granulate.

Independent and dependent variables for the 17 runs in the Box-
Behnken design are shown in Table 4. Statistically significant predic-
tion models were found for amount dissolved (after power trans-
formation with A = 1 and k = 0) and yield, following a 2-factor
interaction and a quadratic correlation with the factors with a p-value
of 0.038 and 0.002 respectively (Table S1 supplementary material).
Correlation models for collected mass fraction and aggregation ratio
were not statistically significant (p-value > 0.05 and R-square < 0.8).

MCC showed a positive effect on AmB dissolution. This parameter
was also positively influenced when higher amounts of surfactant were
used. However, there was no clear indication as to which ratio between
Soluplus® and NaDC best influenced dissolution performance
(Fig. 2a—c). In terms of yield, total surfactant amount and MCC had a
negative impact. Thus, larger amounts of surfactants and MCC resulted
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Table 3

Pre-screening Taguchi design matrix for AmB granules. Key: NaDC, sodium deoxycholate. MCC: microcrystalline cellulose. Response 3 (core size ratio) refers to the
mass of collected granules larger than 500 pym divided by the mass collected below 500 um. The antifungal activity was expressed as the inhibition halo against
C. albicans in mm.

Run  Factor Factor 2 Factor 3 Factor 4 Factor Factor Factor 7 Response 1 Response Response Response 4 Response 5
1 5 6 2 3
MCC Type of Type of Chitosan AmB Typeof  Volumeof AmB Yield (%) Core size Antifungal Ratio
(%) mixture surfactant (%) (%) PVP PVP (ml) dissolved at ratio activity dimer/
AmB- 60 min (%) C. albicans monomer
surfactant (mm)
1 25 Physical NaDC 10 5 K17 8 21.66 76.79 1.86 13.32 0.32
mixture
2 25 Freeze-dried Soluplus® 10 5 K90 4 9.96 75.69 1.54 16.27 0.37
3 5 Physical Soluplus® 10 25 K17 4 19.91 65.72 1.45 13.2 0.47
mixture
4 25 Physical NaDC 1 25 K90 4 8.57 77.21 1.55 10.37 0.23
mixture
5 5 Freeze-dried NaDC 10 25 K90 8 38.47 47.31 0.56 11.02 0.4
6 5 Physical Soluplus® 1 5 K90 8 20.34 71.32 2.26 10.32 0.6
mixture
7 5 Freeze-dried NaDC 1 5 K17 4 32.22 41.03 0.14 11.9 0.24
8 25 Freeze-dried Soluplus® 1 25 K17 8 2.96 67.63 0.97 15.72 0.37
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Fig. 1. Pareto charts describing the influence on the seven factors in the Taguchi design: (a) Dissolution rate; (b) Yield; (c) Core size ratio: mass of collected granules
greater than 500 pym divided by the mass collected < 500 pym. (d) Antifungal activity against C. albicans; (e) Aggregation ratio dimer/monomer. The orange bar
represents a positive effect, while the blue bar represents a negative effect. Key: Amount of MCC (1), Type of complex AmB-surfactant (2), Type of surfactant (3),
Amount of chitosan (4), Amount of AmB (5), Type of PVP (6), Volume of binding solution (7). Key: Bonferroni limit: effects that are above the Bonferroni limit are
almost certainly important; t-value limit: effects that are above the t-value limit are possibly important. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

in a granulation process with a poorer yield (Fig. 2d—f). Soluplus® evaluated for the optimised AmB cores to demonstrate the reliability of
showed a better overall performance than NaDC. the prediction model. The responses were as follows: 38.3 % AmB dis-

The optimised formulation contained 19.6 % of MCC, an AmB: sur- solved after 60 min, a yield of 94.22 %, and core size and aggregation
factant ratio of 1: 1 (w:w) and a NaDC: Soluplus® ratio of 1:2 (w:w). The state ratios of 2.61 and 1.76, respectively, which were within the in-
final composition of the AmB cores was: inulin (17.64 %), MCC (19.6 terval confidence predicted for the multilinear regression models.

%), chitosan (10 %), AmB (25 %), NaDC (6.83 %), Soluplus® (13.64 %),
NaoHPO4 (5 %) and NaHPO4 (2.25 %). The dependent variables were
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Table 4
Independent and dependent variables obtained from the experimental runs performed according to the Box-Behnken design. Response 3 (core size ratio) refers to the
mass of collected granules greater than 500 um divided by the mass collected below 500 pm.

Run  Factor 1 Factor 2 Factor 3 Response 1 Response 2~ Response 3 Response 4

Amount of MCC (%) Ratio AmB: surfactant (w:w) Ratio NaDC: Soluplus®  AmB dissolved at 60 min (%)  Yield (%) Core size ratio  Ratio dimer/

(w:w) monomer
1 12.5 1:1 1:1 20.82 90.06 2.4 1.29
2 5 2:1 1:1 17.42 89.13 2.16 0.79
3 20 1:2 1:1 74.21 76.21 2.3 1.76
4 12.5 1:2 1:2 30.2 84.75 2.64 2.75
5 12.5 1:2 2:1 28.75 88.66 2.63 2.97
6 5 1:2 1:1 12.46 80.73 2.39 1.41
7 20 1:1 2:1 7.28 87.52 2.18 1.78
8 5 1:1 2:1 15.48 95.82 2.31 3.38
9 12.5 1:1 1:1 24.49 91.62 2.47 3.18
10 12.5 2:1 1:2 17.26 100 2.1 2.15
11 12.5 1:1 1:1 14.08 93.12 2.32 1.95
12 5 1:1 1:2 16.09 93.62 2.25 3.3
13 20 1:1 1:2 15.8 93.04 2.41 2.17
14 12.5 2:1 2:1 5.12 89.46 2.45 2.72
15 12.5 1:1 1:1 12.46 92.28 2.28 2.53
16 20 2:1 1:1 5.66 88.25 2.55 1.57
17 12.5 1:1 1:1 0.1 86.41 2.27 2.18
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Fig. 2. 2D contour plots showing the influence of the amount of MCC, the amount of surfactant, and the amount of Soluplus® on AmB dissolution (% at 60 min) (a, b,
c) and core yield (d, e, f).

Table 5
Physicochemical properties of FDC coated granules. The water content of raw materials is recorded in Table S2 in supplementary material.
Formulation ~ Composition (binding Drug  AmB content ITR content Water content Dso (um) Thickness of coating layer Surface area (m?/
agent) (%) (%) (%) (um) g)
F1 - - 21.05 +£1.43 - 7.95 £+ 0.03 674.00 + - 2.511 + 0.008
11.90
F2 Soluplus® ITR 15.07 + 1.09 9.78 + 1.73 3.98 + 0.01 815.10 + 70.55 + 15.75 0.565 + 0.001
19.60
F3 HPMCAS ITR 15.93 +1.91 9.77 £ 2.11 2.79 £ 0.08 918.10 & 122.05 +10.75 0.775 £ 0.005
Poloxamer 188 9.60
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3.3. Physicochemical characterisation of FDC coated granules

The optimised AmB core was subsequently coated with single
coating layers (see Table 2 for composition). The physicochemical
characteristics of the three formulations are illustrated in Table 5.

3.3.1. Drug loading

AmB drug loading in the uncoated granules was 21.05 + 1.43 %
(Table 5). During the coating process, AmB drug loading was found to be
lower (~15 %) due to a dilution effect caused by the coating layer. ITR
drug loading was 9.78 + 1.73 % and 9.77 + 2.11 % for F2 and F3,
respectively (Table 5).

3.3.2. Calculation of water content by thermogravimetric analysis (TGA)
The water content of the uncoated granules was high (~8 %) (Ta-

bles 5 and S2 supplementary material). However, after the coating

process, the water content was reduced below 4 % for both formulations.

3.3.3. Surface area and morphology

The surface area of the uncoated granules (2.511 + 0.008 mz/g) was
significantly diminished after the coating process, showing a 4 to 5-fold
reduction in surface area in both cases (Table 5). SEM micrographs of
uncoated granules showed quasi-spherical particles with sizes ranging
from 500 to 850 um (Fig. 3a-b). The surface of the uncoated granules
was comprised of multiple crystals of smaller size (1-20 um) which can
explain their greater surface area compared to coated formulations that
exhibited a smoother appearance (Fig. 3). Granules were also cut in
halves to visualise in detail the internal core and the coating layer. In
Fig. 3d and 3f the thickness of the coating layer as well as the porous
core can be observed.

3.3.4. Powder X-ray diffraction (PXRD)

PXRD analysis of raw materials showed characteristic sharp Bragg
peaks for AmB, ITR, NaDC, and Poloxamer 188 indicating that they
possess a crystalline nature. MCC and chitosan were semicrystalline,
while HMPCAS, Soluplus®, PVPK17, and inulin exhibited a character-
istic amorphous halo (Fig. S1 supplementary material). Blank uncoated
granules without AmB showed Bragg peaks attributed to NaDC (15.9 26)
and MCC (22.85 26) (Fig. 4a). AmB-loaded granules also showed char-
acteristic Bragg peaks (14.1 and 22.45 20) indicating that AmB
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remained crystalline after the granulation process. The PXRD pattern for
the coated granules was similar to that of the AmB uncoated granules,
indicating that the crystalline nature was unchanged during the coating
process (Fig. 4a and Fig. S1 supplementary material). No additional
Bragg peaks were observed in the formulations containing ITR which
indicates that spray coating in the presence of Soluplus® and HPMCAS/
Poloxamer 188 led to the formation of amorphous solid dispersions of
ITR.

3.3.5. Modulated temperature-differential scanning calorimetry (MT-DSC)

DSC thermograms of raw materials showed endothermic events at
172.1°C, 168.31 °C, and 53.58 °C corresponding to the melting of AmB,
ITR, and Poloxamer 188, respectively (Fig. Sla supplementary mate-
rial). A characteristic dehydration peak was also observed for AmB at
96.5 °C. Apart from that, a dehydration peak was found in all the coated
and uncoated formulations due to the moisture content of the granules,
as determined by TGA (Table 5 & Fig. S1 supplementary material). F1
(uncoated AmB granules) displayed one endothermic event at 99.2 °C,
which was attributed to AmB. The endothermic peak corresponding to
the melting of Poloxamer 188 was depressed to lower temperatures
(~46 °C). The disappearance of the melting peak of ITR was in good
agreement with the PXRD results and was associated with the formation
of an amorphous solid dispersion of ITR with the excipients of the
coating layer, both Soluplus® and HPMCAS/Poloxamer 188. However,
no glass transition was observed for any of the coated granules probably
due to the interactions amongst other excipients and signal obscuration.

3.3.6. Fourier-transform infrared spectroscopy (FTIR)

The H-bonding interactions between drug and excipients were
studied by FTIR (Fig. 4c & Fig. S2 supplementary material). Sharper
peaks were found when the raw materials were analysed separately, in
comparison with the spray-coated formulations, which exhibited
broadened bands linked with their partial amorphous nature. AmB
exhibited characteristic bands of the carbonyl groups, including
stretching of the —OH and the stretching of the carboxyl group at 1660
em™!, 2963 cm™!, and 1422 cm ™!, respectively. Displacements of these
bands in the spectra of the different formulations indicated that the
mentioned groups participate in the H-bonding interactions with other
drugs and excipients.

Fig. 3. SEM micrographs of F1 (a, b), F2 (c, d) and F3 (e, ). Key: coating layer (red arrow), core (yellow arrow). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Physicochemical characterisation of FDC granules: a) PXRD patterns; b) DSC thermograms showing heat flow; c¢) FTIR spectra. Key: AmB raw material (1),

blank core (2), F1 (3), F2 (4) and F3 (5).

3.3.7. Dynamic vapour sorption (DVS)

Sorption and desorption isotherms of FDC-coated granules are
illustrated in Fig. 5a. The highest water uptake was observed at 90 % RH
in F1 (~20 %). Also, the hysteresis was more pronounced in F1. Lower
values were observed for all F2 and F3, with a water uptake of 15.5 %
and 18 %, respectively. No mass loss was detected in the second sorption
and desorption cycle, suggesting that the formulations were stable to
recrystallisation. This was confirmed by PXRD performed on samples
after DVS analyses that showed no changes in the diffractogram in any of
the tested formulations (Fig. 5b).
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3.4. Dissolution studies

Fig. 6 represents the dissolution profiles of AmB and ITR for the
formulations. Uncoated AmB core (F1) showed a pH-dependent release.
<1 % AmB was released in the first 30 min of the study, when the pH was
set at 1.2, while a faster release was triggered starting at this point when
the pH was increased up to 6.8, resulting in 100 % release after 180 min.
Dissolution data modelling for F1 showed that AmB release followed
Korsmeyer-Peppas kinetics (Table S3 supplementary material). The
mechanistic release fitted a Fickian diffusion (with a release exponent

b)
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5 10 15 20 25

20 degrees

30 35 40

Fig. 5. DVS sorption (solid lines) and desorption (dash lines) isotherms of first (blue lines) and second cycles (red lines) and post-DVS PXRD analyses. Key: F1 (1), F3
(2), F2 (3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Cumulative drug release profile for AmB (a) and ITR (b). Key: F1 (blac
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between F1 and the other two formulations were represented by *, while # shows statistically significant differences among the three formulations, and statistically
significant differences between F2 and F3 are represented by + (p < 0.05, one-way ANOVA post-hoc test). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

below 0.43). Granules maintained their shape during the dissolution
study for at least 2-3 h. Coated formulations exhibited a slower AmB
dissolution rate when compared with F1. These granules exhibited an
extremely hindered AmB in vitro release from the core (<10 % after 24 h)
(Fig. 6a). In this case, AmB release also followed Korsmeyer-Peppas ki-
netics with a Fickian diffusion mechanism (n < 0.43), which was
conditioned by the coating layer that acted as a barrier for AmB release.

ITR showed a dissolution profile characteristic of a supersaturation
state [53] with a peak ‘spring’ at 60 min followed by a parachute effect
allowing a window for oral absorption. This supersaturation state was
achieved in both formulations coated with ITR (F2 & F3). Based on these
results, F1 (uncoated AmB cores) and F2 (coated formulation with ITR
and Soluplus®) were selected for further in vivo pharmacokinetic
testing.

3.5. Accelerated predictive stability studies (APS)

F1 and F2 were selected for long-term and accelerated stability
studies (APS). Long-term stability studies showed that all formulations
were chemically stable for at least one year (drug content above 95 %)
under refrigerated conditions and at room temperature under desiccated
conditions (Table 6 and Fig. S3 supplementary material). Humidity had
a marked influence on the chemical stability of AmB in the uncoated
formulation (F1), with a B term of 0.007. However, a lower value of B
term was observed for F2, indicating that the coating layer protected
AmB from humidity. AmB and ITR degradation kinetics and activation
energies are shown in Table 6. AmB was more sensitive to temperature

compared to ITR, which was attributed to its lower activation energy.
Degradation of AmB followed a second order and Avrami type kinetic
model for F1 and F2, respectively, while ITR degradation kinetics fol-
lowed a diffusion model.

The prediction models were in good agreement with the long-term
experimental results. Overall, formulations exhibited a good chemical
stability profile under refrigerated and room temperature desiccated
conditions over 1 year.

3.6. In vitro antifungal activity

Results of in vitro antifungal activity are shown in Fig. 7a. The in vitro
activity of the FDC uncoated and coated granules was equivalent to AmB
commercial Neosensitab® disks and AmB dissolved in DMSO which is
the current gold standard. The inhibition halos of the FDC granules
against C. albicans and C.parasilopsis were well-above 15 mm indicating
that both Candida spp. were susceptible to the FDC formulations. Lower
activity was found against C. krusei, although in all cases the inhibition
halo was larger than 10 mm, showing that the antifungal effect against
this species was concentration-dependent.

3.7. Ex vivo haemolytic toxicity against red blood cells (RBCs)

Haemolytic toxicity data are shown in Fig. 7b. Overall, F2 was the
formulation which exhibited the safest profile in red blood cells out of all
tested granules with a HCsg of 46.43 + 5.96 uM. However, F3, which
also contained AmB and ITR, showed a lower value of HCsg (10.13 +

Table 6
Degradation models of AmB and ITR at the tested conditions of temperature and relative humidity. Key: E, -activation energy, B term- moisture sensitivity factor.
Formulation  Best fitting E, (keal/ B term Predicted stability Experimental drug content after 1 year at Experimental drug content after 1 year at
model mol) (years) 4°Cand 10 % RH (%) 25 °C and 10 % RH (%)
AmB
F1 Second order 15.049 + 0.007 + 0.977 + 0.039 93.607 + 1.312 91.153 + 0.464
7.213 0.002
F2 Avrami 17.527 + 0.002 + 1.437 £+ 0.048 94.436 £+ 1.252 91.820 + 1.100
2.929 0.001
ITR
F2 Diffusion 19.059 + 0.000 + greater than3 years 99.728 + 1.073 96.119 + 0.053
5.427 0.000
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Fig. 7. Invitro antifungal activity and haemolytic toxicity of FDC coated granules: a) in vitro antifungal activity; b) in vitro haemolytic toxicity. In graph a, the green
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ANOVA post-hoc test). No statistically significant differences were found among the three controls. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

4.29 uM).

3.8. Oral pharmacokinetic studies

Mouse plasma concentration-time curves of AmB and ITR after sin-
gle oral administration of FDC granules are illustrated in Fig. 8 and the
calculated pharmacokinetic parameters are shown in Table 7.

AmB pharmacokinetic profile was markedly different from ITR, as
ITR plasma concentration was found to be much higher. Overall, the ty,x
occurs after 4 h post-administration for both AmB and ITR except for
AmB from F2 (coated formulation). ITR showed a greater absorption for
F2 than Sporanox®, resulting in a 3.7-fold larger AUCy., and a 2-fold
higher Mean Residence Time (MRT). The plasma concentration of
AmB from uncoated granules was similar to the AmB suspension.

Cumulative amounts of AmB and ITR after multiple-dose oral
administration of FDC granules are shown in Figs. 9 & 10. No statisti-
cally significant differences were found between the AmB dispersed in
water and the formulations, with the exception of AmB accumulated in
lung. Differences were also found in terms of tissue accumulation

a)

0.4

0.3

0.2 +

AmB plasma concentration (ug/ml)

0.1+ *
/
0 T TrrTr T T I//ﬂﬁ T
01 2 3 4 5 6 24
Time (h)

between AmB and ITR. AmB showed larger drug concentrations in the
liver, spleen, and plasma while the highest ITR concentration was found
in plasma. The ratio tissue: kidney of AmB after twice-daily oral treat-
ment was calculated to verify the selectivity of AmB towards target or-
gans compared to kidney, due to the high risk of nephrotoxicity
associated with the administration of AmB. As a result, AmB (from F1
and F2) was 4.6 and 2-fold more selective towards the liver, 1.5 and 1.7-
fold more selective towards the spleen, and 1.2 and 1.3-fold more se-
lective towards the lung, respectively. All formulations were well
tolerated, with no signs of gastrointestinal toxicity as mice maintained
their body weight during the whole experiment (Fig. S4 supplementary
material) [54].

3.9. In vivo toxicological analysis
Results of the toxicological analysis are plotted in Figs. 11 & S5
(supplementary material). The four groups of mice showed high levels of

amylase; however, those administered F1 exhibited significantly
increased values of amylase in the blood (above 900 U/1), while those

b)
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Fig. 8. Plasma levels (+£SD) of AmB (a) and ITR (b) after single oral dose administration in CD-1 mice. Key: AmB suspension (black squares), F1 (red circles), F2 (blue
triangles), Sporanox® (green inverted triangles). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Table 7

Pharmacokinetic parameters calculated after single oral administration of FDC
granules in CD-1 mice. The dose of AmB was 5 mg/kg and for ITR was 3.25 mg/
kg. Values are expressed as average + SD and were calculated by non-
compartimental analysis (PKSolver add-in program). Statistically significant
differences as represented as * (p < 0.05, one-way ANOVA post-hoc test).

Parameters AmB ITR
(units) AmB F1 F2 Sporanox®  F2
suspension
Crax (Hg/ 0.25 + 0.21 + 0.13 + 31.30 £ 15.46 +
ml) 0.08 0.03 0.05 (*) 6.63 1.29
tmax () 4.00 + 4.00 + 1.00 + 4.00 + 4.00 +
2.22 1.63 0.50 1.63 1.91
t1/2 (h) 8.72 + 6.16 + 3.96 + 12.36 + 27.03 +
2.18 3.98 2.49 2.93 2.98 (*)
A 0.08 + 0.17 + 0.42 + 0.04 + 0.03 +
0.03 0.11 0.56 0.03 0.00
AUCo.¢ (ng/ 2.61 + 2.00 + 0.50 + 298.55 + 541.21 +
ml*h) 0.82 1.46 0.12 (%) 20.16 57.93 (%)
AUCy., (pg/ 3.18 + 235+ 0.53 + 354.38 + 1299.33
ml*h) 0.97 1.30 0.15 54.22 +122.03
)
MRTj.o 13.44 + 10.50 5.09 + 19.02 + 40.28 +
(pg/ml*h) 2.33 + 4.54 3.11 6.67 4.43 (%)
Va (D 2.52 + 9.73 + 9.14 + 0.04 + 0.03 +
1.50 0.00 3.74 (%) 0.01 0.00
Cl (ml/h) 307.35 + 571.98 1395.17 1.49 + 0.89 +
48.00 +19.07 + 165.54 1.04 0.43
™)

given F2 showed the lowest values (~500 U/1). Furthermore, increased
amylase values were visually evident when tissue samples were
collected, specifically liver and spleen, as the shape and the colour of
these organs had been modified after treatment. Apart from that, F1
administration also resulted in significantly increased levels of Na®
(~155 mmol/1), while animals given F2 showed the lowest values of
Na', being the only group in the optimal range for this cation (~145
mmol/1). No other significant differences were observed among the
other biochemical parameters.

4. Discussion

To the best of our knowledge, this is the first report of an orally
administered formulation combining AmB with other antifungal drugs.
Two AmB-ITR-loaded FDC formulations were manufactured by wet
granulation followed by spray-coating. In addition, a single-drug
formulation containing AmB was obtained by wet granulation [55]. In
terms of the excipients utilised, inulin was incoporrated so as to enhance
the tolerability of pellets when orally administered, as it has been re-
ported to prevent the gastrointestinal toxicity caused by AmB due to a
prebiotic effect which is beneficial for enterocytes and intestinal flora
[56,57]. MCC was utilised as a disintegrant, and showed a positive effect
on dissolution rate, possibly due to it allowing acceleration of drug
diffusion through the pellets [58]. Chitosan was added due to its
mucoadhesive properties that leads to a greater oral bioavailability of
AmB [59]. Both NaDC and Soluplus® were selected as solubilising
agents, promoting dissolution rate at higher concentrations. Also, PVP
K17 was preferably utilised as a binder, as the use of PVP K90 may
hinder AmB release due to its larger molecular weight. The amount of
MCC and surfacant and the type of surfactant played a key role in
dissolution and drug efficacy. A larger amount of AmB was added to the
core (25 % versus 5 %) when formulation optimisation was undertaken,
given that oral absorption is limited and enough drug should reach the
target tissues to elicit a pharmacological effect. Regarding
manufacturing, a physical mixture between drug and excipient was
determined to be preferable than a freeze-dried powder, as a higher
yield was achieved with the former, producing larger granules with a
reduced risk of attrition, which is beneficial when utilising spray
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coating.

SEM images confirmed that coated and uncoated formulations
possessed a different morphology. F1 exhibited a rough structure made
of microscopic crystals; however, coated pellets (F2 and F3) showed a
smoother surface. When these pellets were cut in half, the internal
structure was very similar to F1, indicating the differences were due to
the coating layer than any changes that might have occurred during the
coating process.

Dissolution studies showed that the uncoated core (F1) allowed the
fastest AmB release among the three formulations (100 % AmB release
after 3 h). AmB release was found to be pH-dependent, as it was hin-
dered during the first 30 min when the pH of the dissolution medium
was pH 1.2. This is representative of what could happen in vivo, as the
drug should remain unreleased while residing in the stomach, and drug
release should take place once the formulation reaches the intestine.
This is of special importance, considering that AmB degradation kinetics
in the acidic pH of the stomach is fast, and hence, it is preferable that
release takes place in the intestine. Dissolution data modelling showed
that AmB release followed a Korsmeyer-Peppas kinetics model, fitted to
a Fickian diffusion (n < 0.43), which could be explained by the quasi-
spherical shape of the granules, which was maintained during the
dissolution study for at least 2 h. However, coated formulations
exhibited a slower AmB dissolution rate. AmB in vitro release was hin-
dered by the coating layer, which acted as a barrier for AmB release. In
this case, AmB release also followed a Korsmeyer-Peppas diffusion
mechanism (n < 0.43). Nevertheless, ITR showed a very different in vitro
release behaviour. When combining AmB and ITR, a supersaturation
state with a ‘spring’ effect of ITR was found at 60 min [60,61]. This
means that ITR should show a burst release at the early stages of
administration while AmB remains unreleased, allowing a window for
oral absorption.

Stability studies demonstrated that the formulations were chemically
stable for at least one year under refrigerated conditions and at room
temperature if stored under desiccated conditions. Relative humidity
played a marked role in the chemical stability of AmB, primarily in F1
because of the absence of a coating layer. This coating layer acted as a
moisture protective barrier in F2, and hence, this formulation was less
susceptible to degradation triggered by moisture. However, the hu-
midity did not have a large influence on the ITR chemical stability. AmB
was also more sensitive to temperature compared to ITR, as shown by
the values of activation energy. Degradation of AmB in F1 followed
second-order kinetics, while F2 degradation followed an Avrami and
diffusion model for AmB and ITR, respectively. This means that, in F1,
AmB degradation depended on drug concentration, but it was also
promoted by other components of the core [62]. However, the coating
layer modified the degradation kinetics of AmB, as, in the coated
formulation, initially, the AmB degradation process is very slow, but
once degradation occurs, the process becomes exponential [63], hence it
is important to avoid the propagation of the degradation. Meanwhile,
ITR degradation takes place due to an autocatalytic reaction which oc-
curs by an immediate supersaturation of water [64]. Having this
knowledge, packaging can be selected appropriately to ensure that the
propagation step does not take place. Based on all of the above, foil-foil
packaging materials would be recommended, as well as storage under
refrigerated and desiccated conditions to enhance the shelf-life, while
sachets packed inside aluminum blister packs would be ideal for com-
mercialisation [65]. The prediction models were in good agreement
with the long-term experimental results. The models obtained were
considered non-conservative for both drugs, as the models suggested a
higher drug content after 3 years than the experimental drug content
obtained at that time point.

Antifungal activity was also assessed by measuring the inhibition
halos in the agar diffusion assay. The inhibition halos of the formula-
tions against C. albicans and C. parapsilosis were well-above 15 mm,
indicating that both species were susceptible to the formulations.
However, a lower activity was found against C. krusei, which is a
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Fig. 9. Multiple dose oral administration of FDC granules: AmB and ITR concentrations (+SD) in plasma (a, b), liver (c, d), and spleen (e, f). Key: AmB and ITR
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AmB and ITR concentration at 12 h following the completion of twice daily for 5 days oral treatment course at the same doses (gray). Statistically significant

difference is represented by * (p < 0.05 one-way ANOVA post-hoc test).

multidrug-resistant opportunistic fungal pathogen [66]. Nevertheless,
F2 showed an inhibition halo above 15 mm, indicating that this
formulation could potentially be useful to treat this infection, as an
enhanced effect between AmB and ITR was found. Regarding toxicity,
F2 (AmB-ITR pellets using Soluplus® in the coating) showed the highest
HCsg value, which means it is the safest formulation. Thus, F2 showed
the most promising results in terms of efficacy and toxicity.

Based on all of the above, F1 (uncoated AmB granules) and F2
(coated AmB granules with ITR and Soluplus®) were selected for further
in vivo testing. The pharmacokinetic profile of AmB was markedly
different from ITR. The latter was characteristic of longer periods of
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circulation in the bloodstream, resulting in much greater plasma con-
centrations than AmB. In contrast, AmB, as reported by other authors
[59,67], is rapidly removed from the blood, being accumulated in tis-
sues, mainly in liver, spleen, and lung. Overall, the reported tm.x (4 h
post-administration) was attributed to the controlled release of the drug
from the granules over time. Also, both drugs may have suffered from
enterohepatic circulation, being excreted back to the intestinal tract
from the bile, and hence, a reabsorption process at later times may have
occurred. On the other hand, ITR from F2 showed a greater absorption
than ITR from Sporanox®, possibly attributed to the ‘spring’ effect
which was seen in the in vitro dissolution studies. Apart from that, the
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highest ITR concentration was found in plasma, meaning that it tended
to recirculate in the bloodstream, in contrast to AmB being translocated
to tissues. However, the solubilisation of ITR from the coating layer
could have been partial, and hence, AmB release from the core was
hindered, especially at later time points when the ITR supersaturation
state no longer exists, limiting the oral absorption of AmB compared to
the F1 formulation. The plasma concentration of AmB from uncoated
pellets was similar to the AmB suspension. It is known that both drugs
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have a high protein plasma binding (above 90 %), specifically to serum
albumin [68-70]. Although these data would suggest that both drugs
would remain in the bloodstream, as it is known that only free drugs are
able to translocate from blood to organs [71], it has been previously
reported that AmB can be uptaken via the enterocytes and Peter’s
patches. This would lead to an AmB transport from the gut-associated
lymphoid tissue via lymphatic vessels, where macrophages can uptake
AmB and deliver the drug to organs of the reticuloendothelial system,
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such as the liver, spleen, and lung, as previously reported [59]. This
could be caused due to the formation of micelles with the excreted bile
salts in the gastrointestinal tract [72]. A poor translocation of ITR to
these tissues has also been reported in the literature [73], although it
could be targeted toward muscle, skin, and fat. When comparing the
cumulative amounts of AmB in tissues, the drug was found as follows:
liver > spleen > lung > kidney. This could be therapeutically advan-
tageous to treat liver fungal infections caused by Candida spp., which are
common in oncohematologic patients with severe and prolonged neu-
tropenia [74], but also due to its lower toxicity, as AmB is not highly
translocated towards the kidney, avoiding severe nephrotoxicity
[20,22,23]. This low translocation in kidneys could be associated with
lower renal toxicity. All formulations were well tolerated, with no signs
of gastrointestinal toxicity which had been previously reported in the
literature when administering AmB orally [20,54]. This was thought to
be prevented using inulin which avoided damage to the enterocytes.
When comparing oral AmB formulations previously described in the
literature with these pellets [59,75,76], in a twice-daily administration
regimen, delivery towards target tissues ranged from 4.4 pg AmB/g
kidney to 11.2 ug AmB/g liver after oral administration of F1 and from
3.3 ug AmB/g kidney to 8.1 ug AmB/g liver after oral administration of
F2. As a result, tissue distribution was enhanced 1.9 and 1.3-fold in the
liver for F1 and F2, respectively, while no significant increase was found
in other tissues in comparison with previous research [59].

Regarding toxicity, after twice-daily oral administration of these
formulations for 5 days, increased values of amylase were found in blood
(above 500 U/1 in all cases), which might be indicative of acute
pancreatitis [77]. Pancreatitis can lead to complications in the digestive
system, which could also be observed when tissue samples were
collected, as the shape and the colour of these organs had been altered.
Apart from that, F1 also showed significantly increased levels of Na™,
which could be related to dehydration induced by several causes, such as
not drinking enough water, diarrhea, or kidney malfunction [78]. As
animals had free access to food and water during the 5-days treatment
course, it is very unlikely that dehydration occurred. Also, no signs of
diarrhea were observed, so probably the nephrotoxicity characteristic of
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AmB might have led to hypernatremia [22]. However, Na* levels were
in the optimal range (135-145 mmol/1) after the administration of F2,
indicating that combining antifungals may help in reducing nephro-
toxicity caused by AmB. Moreover, other biochemical alterations were
found, including a decrease in blood urea nitrogen (BUN) (~17 g/dl)
and alanine aminotransferase (ALT) (<30 U/1) and increased levels of
bilirubin (~0.2 mg/dl) and alkaline phosphatase (ALP) (<80 U/1). These
altered values could be indicative of biochemical abnormalities consis-
tent with acute drug-induced liver injury. As liver failure might lead to a
negative outcome of the treatment, while once daily administration
might not be sufficient to treat fungal infections due to a reduced drug
content found in tissues, a suitable alternative should be found to
administer these formulations. Replacing twice-daily oral administra-
tion for 5 days with a once-daily regimen for 10 days may represent a
good choice of dosage regimen, based on previous research [10].

5. Conclusions

Oral FDC of AmB granules could be an advantageous alternative to
intravenous administration of AmB being a more ‘patient-friendly’
treatment without the need for patient hospitalisation which is not a
convenient alternative in developing countries. The engineered formu-
lations were stable for at least 1 year, but also effective against the tested
species of Candida spp., including C. krusei when AmB was combined
with ITR. These results are very advantageous for the treatment of sys-
temic fungal infection in clinical practice. The use of coating layers
sustained the release of AmB from 3 to 24 h, while ITR exhibited a
‘spring’ release effect at early stages. In vivo studies demonstrated the
translocation of AmB to liver (11.2 ug AmB/g liver after twice daily
administration during 5 consecutive days), which could be potentially
advantageous to treat severe liver fungal infections, including Candida
spp. and Aspergillus spp, although no significant improvement has been
found compared to the AmB dispersed in water. This can be attributed to
the lower intestinal pH of rodents compared to humans which questions
their applicability on enteric-coated drug carriers [79]. Nevertheless,
the biochemical alterations found in the toxicity studies suggested that a
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twice-daily administration of the treatment for 5 days might not be ideal
and replacing this regimen for a once-daily oral administration for 10
days would be a safer alternative to consider, but further experiments
need to be carried out. Concentrations achieved in tissues after multiple
administration were greater than the minimum inhibitory concentration
for AmB and ITR, and hence, it is expected than the novel AmB-ITR
fixed- dose formulation would be effective against systemic fungal
infections.
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