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Eumycetoma and other subcutaneous mycosis are severe chronic infections with a high incidence in tropical and
subtropical regions, whose current treatment has a low curation rate. In the search for more effective and
affordable therapies, hybrid materials based on amphotericin B (AmB), an antifungal drug with a broad spectrum
of action, appear promising for localized treatment at the site of infection. In this context, the immobilization of
AmB in suitable nanocarriers would be helpful to minimize its adverse side effects and ensure a controlled release
over time. For this purpose, montmorillonite (MMT), showing cation exchange capacity, and layered double
hydroxides (LDH), with anion exchange capacity, are explored as possible supports, taking advantage of the
amphoteric character of AmB. X-ray diffraction (XRD) confirms the intercalation of AmB in both the MMT-based
and LDH-based hybrids. The protective effect of the inorganic layers on the encapsulated AmB avoiding its
oxidation and agglomeration is also proven. A release study from the different supports is carried out in simu-
lated wound fluid (SWF) and in Sabouraud Dextrose Broth (SDB) growth medium, showing a sustained release
for at least 60 days. Furthermore, in vitro tests were carried out against two causative agents of eumycetoma,
Aspergillus flavus and Subramaniula thielavioides species. These results confirmed the capacity of the two layered
hybrids to inhibit the growth of both fungal strains, with the LDH-based hybrid showing a stronger growth in-
hibition effect on A. flavus.

1. Introduction causative agents of this disease (Ahmed et al., 2015; Chandler et al.,

2023; Estrada et al., 2012; Welsh et al., 2014). The fungal agent is

Eumycetoma and Chromoblastomycosis are potentially serious,
devastating, chronic, inflammatory diseases, whose worldwide inci-
dence varies from country to country, being predominant in tropical and
subtropical regions (van de Sande, 2013). These diseases affect the skin
and subcutaneous tissue, damaging also the fascia, tendons, muscles and
bones. Mycetoma was already described almost 200 years ago and, in
2016, the World Health Organization (WHO) included the disease, both
those caused by bacteria (actinomycetoma) and fungi (eumycetoma),
within the list of neglected tropical diseases (WHO, 2016). More
recently, in 2022, fungi causing eumycetoma were included in a special
list of dangerous fungi created by WHO (2022). Eumycetoma is caused
by more than 40 species of fungi, being Madurella mycetomatis, Trem-
atosphera grisea, and Scedosporium apiospermum the most common
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usually introduced into the subcutaneous tissue by a small trauma
mainly in the foot, legs or hands, although it can also affect other parts of
the body. Inside the tissue, the causative agent will organize itself into
small masses called granules or grains. Thus, a small nodule will arise
and gradually grow into a large subcutaneous mass with sinuses that will
secrete pus and pimples. Eventually it will invade the bone and a large
lesion will form, forcing amputation of the affected limb (Ahmed et al.,
2004a,b; Zein et al., 2012).

Among the effective antifungals against the different varieties of
fungi that cause eumycetoma, azoles such as itraconazole and ketoco-
nazole (Ahmed et al., 2004a,b; Chandler et al., 2023), and polyenes such
as amphotericin B (AmB) show the highest activity (Kloezen et al.,
2018). However, the current treatments of eumycetoma are
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Fig. 1. (A) Chemical structure of amphotericin B and (B) distribution of
amphotericin B species as a function of pH, simulated by Marvin Sketch v.6.1
software, with global charge a) +1, b) 0, ¢) -1, d) —2, e) —3, and f) —4.
Additional details on each species are shown in Fig. S1 in Supporting
information.

unsatisfactory due to the low availability of antifungal drugs that can be
administered to the patients without risk of side effects, and in some
cases due to their high cost, and therefore, treatment with antifungals in
combination with surgery is generally used to reduce the lesion size and
favor the action of the drugs (Scolding et al., 2018; Sow et al., 2020; Zein
et al., 2012). Unfortunately, the cure rate of current treatments do not
exceed 26 % and in many cases the amputation of the affected limb is
required (CDC Mycetoma, 2024; Zein et al., 2012).

AmB is a polyene antibiotic naturally produced by the actinobacteria
Streptomyces nodosus, firstly isolated in 1953 and approved by the US
Food and Drug Administration (FDA) as the first antifungal agent in
1965 (Gallis et al., 1990; Wang et al., 2021). It consists of a macro-
lactone ring conjugated to a d-mycosimine group (Fig. 1A). Due to their
amphiphilic structure, it is able to bind to the lipid bilayer and form a
complex with ergosterol producing pores that favor cell membrane
rupture and leakage of cytoplasmic contents, leading to oxidative
damage resulting in fungal cell death (Shukla et al., 2016; Wang et al.,
2021). AmB is an amphoteric molecule with amphiphilic character due
to the apolar and polar sides of the lactone ring and the ionizable
carboxyl and amine groups. The neutral form of AmB is very poorly
soluble in water; however, depending on the pH it forms different ionic
species (Fig. 1B and Fig. S1 in Supporting information), thus its solu-
bility is favored in acidic or alkaline media. Due to its low solubility and
permeability, it is classified in the Biopharmaceutics Classification
System (BCS) as class IV. Even though AmB is effective against a wide
range of fungi and rarely encounters resistance, its use in treating
eumycetoma is limited. The main reasons are that it requires prolonged
intravenous administration and its dosage must be restricted due to
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significant side effects, including chills, fever, nausea, hemolytic
toxicity, and nephrotoxicity (Estrada et al., 2012; Gallis et al., 1990;
Welsh et al., 2014). Several authors have pointed to the formation of
macromolecular aggregates of AmB as dimers or tetramers as respon-
sible for these severe harmful effects for patients (Gagos et al., 2008;
Wasko et al., 2012; Yu et al., 2022), while other studies suggest that they
could be rather attributed to the presence of oxidized forms of AmB,
which showed a loss of antifungal properties and reduced safety in vitro
(Gagos and Czernel, 2014; Klimek et al., 2016). To overcome these
drawbacks it is necessary to seek other forms of administration of this
drug that could provide a safer delivery, and extend its use to the
treatment of eumycetoma. For instance, as an alternative to intravenous
injection, the topical administration of AmB has proven able to reduce
these adverse effects in the treatment of respiratory fungal infections
(Cui and Zhao, 2024; Kuiper and Ruijgrok, 2009). In addition, other
delivery strategies based on the use of nanocarriers appear promising for
AmB delivery with fewer side effects and greater efficacy (Dash et al.,
2024; Wang et al., 2021).

The application of nanotechnology to the development of controlled
drug delivery systems has been a significant development in the treat-
ment of diseases, especially those in which the drugs produce adverse
effects in the patient. These nanosized carrier systems offer multiple
advantages, such as protection against drug degradation and meta-
bolism through encapsulation, longer residence time and can be tuned to
improve drug specificity to target cells or organs (Park et al., 2022; Patra
et al., 2018). Natural clay minerals and synthetic layered double hy-
droxides (LDH) have been known for years as safe, biocompatible and
low cost carriers for drug delivery and other health related applications
(Aguzzi et al., 2007; Ruiz-Hitzky et al., 2019; Yang et al., 2016). LDHs
are advantageous for the development of controlled drug delivery sys-
tems (Aguzzi et al., 2007), including antimicrobial drugs for the treat-
ment of bacterial or fungal infections, due to their easy preparation, the
possibility to control their composition, and their large anion exchange
capacity (AEC). Among natural clay minerals, smectites such as mont-
morillonite (MMT) have been the most studied due to their higher cation
exchange capacity (CEC) compared to other pharmaceutical silicates
(Aguzzi et al., 2007).

The preparation of nanometric AmB carriers has been reported in the
literature, where most of them significantly reduced side effects and
increased their therapeutic effect. Among the reported nanometric sys-
tems, polymeric nanoparticles, conjugates, lipid-based delivery systems,
nanoemulsions, nanosuspensions, metal-based nanoparticles and
microneedles are included as the most promising AmB delivery systems
(Nahar et al., 2008; Wang et al., 2021). Although clay minerals and LDH
have been largely studied as nanocarriers of many drugs as mentioned
above, their use for the encapsulation of AmB is still scarce and could
present additional advantages to those of the most explored carriers. So
far, the best reported attempt was the intercalation of AmB in a ZnAl-
LDH through coadsorption with surfactants, due to the low solubility
of AmB in aqueous media, although the nanohybrid materials reached a
low content of encapsulated drug, below 10 % w/w (Trikeriotis and
Ghanotakis, 2007).

Aiming at reducing the disadvantages of AmB for the treatment of
eumycetoma, this work proposes the development of hybrid delivery
systems based on the intercalation of AmB in layered materials, both a
clay mineral of the smectite type, a Wyoming MMT, and a ZnAl LDH,
that may protect the drug molecules keeping them in non-aggregated
state and avoiding their oxidation, and allowing the controlled and
extended release of this antifungal drug. Their performance will be
evaluated in vitro against fungal strains of Aspergillus flavus and Sub-
ramaniula thielavioides, isolated from human eumycetoma cases from
Turkana County in Northwestern Kenya (Colom et al., 2023), in order to
assess the suitability of the developed materials for the effective treat-
ment of this neglected disease.
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2. Materials and methods
2.1. Starting materials

Amphotericin B from Streptomyces sp. (C47H73NO17, MW: 924.08)
was purchased from Apollo Scientific. For the synthesis of LDHs, Zn
(NO3)2:6H20 (98-102 %), Al(NO3)3-9H0 (98-102 %) and NaOH
(98-100 %) were purchased from Panreac. Homoionic Na-MMT
(Na)o.33(AIMg)2(Si4010)(OH)2-nH20 corresponds to a Wyoming-type
smectite clay supplied by Southern Clay Products as Cloisite®Na, with
a CEC of 93 meq per 100 g. Ultrapure water (conductivity >18.2 MQ cm)
was obtained from PURELAB® Chorus ELGA VEOLIA equipment. For
the preparation of AmB solutions, HCl (37 %) were purchased from
Panreac and dimethyl sulfoxide (DMSO) pure were purchased from
Scharlau. For the preparation of release media: NaCl (99-100.5 %) and
CaCly-2H20 (99-103 %) were purchased from Panreac; D(+)-Glucose
anhydrous (dextrose 98-102 %, CgH;1206, MW: 180.16) and potato
peptone were purchased from Sigma-Aldrich. All reagents were used as
received.

Fungal isolates: Two species of filamentous fungi were used to test
the efficacy of the compounds. They were Aspergillus flavus and Sub-
ramaniula thielavioides and both were isolated from mycetoma lesions in
patients treated in Turkana (North-West Kenya) by the health cooper-
ation group Cirugia en Turkana under the direction of M.F. Colom.
These isolates were phenotypically identified by macro- and microscopic
characteristics, and additionally, identification was confirmed by
amplification of the ITS region of the rDNA followed by blast compari-
son in the NCBI database (accession numbers: MG575502.1 and
MG250407.1, respectively). Fungi were grown on two culture media:
the natural medium Brain Heart infusion (BHI) and Sabouraud Dextrose
Agar (SDA) prepared from Sabouraud Dextrose Broth (SDB) which is a
semi-synthetic medium consisting of an aqueous solution of 10 g/L
peptone and 20 g/L dextrose; BHI and SDB were supplied commercially
by Condalab® (Madrid, Spain) and agar was supplied by Sigma-Aldrich.

2.2. Adsorption isotherm of AmB in MMT

To determine the adsorption isotherm of AmB in MMT, several AmB
solutions of increasing concentration were mixed with dispersions of
MMT containing the same amount of MMT. A certain amount (=30 mg)
of the Na-MMT clay mineral was dispersed in 20 mL of water acidulated
at pH 4 with 0.2 M HCL. Subsequently, variable amounts of a 20 mg/mL
AmB solution in DMSO were added to the MMT dispersion, in order to
have AmB concentrations ranging from 0.7 to 20 mg/mL. The mixtures
were submitted to continuous stirring during 48 h at 25 °C. For each
point of the adsorption isotherm, the measurements were carried out in
duplicate. The MMT-AmB intercalation compounds were recovered by
centrifugation at 12,000 rpm, during 10 min at 25 °C to separate the
solid from the supernatant, without further washing. Then, the hybrid
materials were frozen at —20 °C for 24 h and lyophilized in a FreeZone
4.5 Liter Benchtop freeze-dryer from Labconco for 2 days.

2.3. Synthesis of MMT-AmB hybrids

The intercalation of amphotericin B in Na-MMT was performed by
dispersing 0.5 g of MMT in 50 mL of water acidulated at pH 4 with HCL
Subsequently, a given volume of a 20 mg/mL AmB solution in DMSO
corresponding to 200 mmol of AmB per 100 g of MMT was added to the
MMT dispersion. The mixture was submitted to continuous stirring
during 72 h at room temperature. The MMT-AmB hybrid was recovered
by centrifugation and washed four times with water. The final solid was
dried by lyophilization as indicated in the previous section. Afterwards,
the hybrid material was characterized by several physicochemical
techniques.
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2.4. Synthesis of LDH ZnAl-AmB hybrids

The samples were synthetized by the co-precipitation method at
constant pH 10 (Rives, 2001). An aqueous solution of the nitrate salts of
the metal cations was prepared (0.1 M, MY/M™ molar ratio = 2/1). An
aqueous AmB solution (2.8 x 10~3 M) was prepared by diluting in 100
mL of pure water 15 mL of a 20 mg/mL AmB solution in DMSO. The
aqueous AmB solution was adjusted at pH 10 by adding 1 M NaOH so-
lution. The synthesis started with the dropwise addition of the cation
solution by means of an automatic dispensing equipment (DOSINO 800,
Metrohm) that regulates the dripping at a rate of 2 mL/min. Simulta-
neously, the pH of the precipitation medium was kept close to 10 by
adding the necessary volume of 1 M NaOH solution. The synthesis was
controlled automatically by the 867 pH Module by means of the pH
sensor Unitrode 854 iConnect, and using the software Tiamo v2.3, all of
them from Metrohm. The synthesis was kept under a constant Ny flow
and was carried out at room temperature and dark conditions.

The slurry obtained was stirred under intense agitation during 12 h.
Finally, the solid was separated from the aqueous phase by centrifuga-
tion at 4000 rpm, during 10 min at 25 °C. The solid was washed three
times with pure water until pH close to 7, in order to remove the
counterions of the starting salts. The solid was dried by lyophilization
process and manually ground using an agate mortar.

2.5. Characterization

Powder X-ray diffraction (XRD) data were collected in a Bruker D8-
ADVANCE diffractometer equipped with a “Lynxeye” detector, using a
Cu-Ka radiation (1 = 1.54050A), with a scan speed of 0.1° (20) st
between 3 and 70° (26) applying 30 mA and 40 V and a slit of 0.6 mm. To
record the diffractogram at starting 26 angle of 2°, the parameters of the
equipment were modified to 15 mA and 20 V and a slit of 0.2 mm. The
diffractometer was operated using the Diffrac plus XRD Commmander
V2.6.1 software and the diffractograms were analyzed with the Diffrac.
Eva V6.1 software, equiped with the PDF-5 4 2025 (v4.25.0.2) database;
both software packages are provided by Bruker. Fourier transform
infrared (FTIR) spectra were recorded with a FTIR spectrophotometer
Bruker Vertex 70 V controlled by OPUS 8.2.28 software. Each sample
was placed in a sample holder as KBr pellets and scanned from 4000 to
400 cm ™! with 2 cm™! resolution. The amount of organic matter in the
samples was determined by CHNS elemental chemical microanalyses
using a LECO CHNS-932 elemental analyzer. The sodium and chloride
contents were semiquantitatively determined by energy dispersive X-ray
spectroscopy (EDX) using a EDAX Genesis XM2i detector, coupled to a
field emission scanning electronic microscope (FESEM) FEI-Nova
NanoSEM 230, operated with Genesis Spectrum 5.21 and Nova Nano-
SEM 1.3 software. The thermal behavior of the different prepared ma-
terials was analyzed from the simultaneously recorded
thermogravimetric (TG) and differential thermal analysis (DTA) curves
using a SDT Q600-TA Instruments equipment and the Advantage soft-
ware, in experiments carried out under an air atmosphere (flux of 100
mL min~!) from room temperature to 800 °C at 10 °C min~! heating
rate. A Shimadzu UV2401PC UV-vis spectrophotometer was utilized to
register the ultraviolet-visible absorbance spectra at ambient tempera-
ture in the wavelength range between 250 and 550 nm, using the soft-
ware UVProbe 2.40 from Shimadzu. Quartz cuvettes with 1 cm path
length were used for the measurements. All graphical representations
and nonlinear fittings of the experimental data to the proposed mathe-
matical models were carried out using OriginPro 2024 (OriginLab Cor-
poration, USA), which also provided the corresponding statistical
parameters associated with each fit.

2.6. In vitro release of AmB and zinc ions in simulated wound fluid
(SWF) and Sabouraud Dextrose Broth (SDB)

The release of bioactive components from the MMT-AmB and LDH
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ZnAl-AmB hybrid materials was carried out in vitro in simulated wound
fluid (SWF; 142 mM NaCl and 2.5 mM CaCl,, pH =~ 6) (Canada et al.,
2011) and Sabouraud Dextrose Broth (SDB; 40 g/L dextrose and 10 g/L
peptone, pH =~ 5). The release study from the hybrid material was per-
formed by adding a weighed amount of the hybrid material (ca. 80 mg)
to 40 mL of release medium, kept under stirring at 80 rpm in a ther-
mostatic bath (SW23, Julabo) at 35 °C. After different periods, an
aliquot of 2 mL was filtered (0.45 pm) and 5-fold diluted and analyzed to
determine the released amounts of AmB and zinc ions. The subtracted
aliquot was restocked with the same amount of fresh medium to keep a
constant volume during the release study. In the case of the release study
in SWF, AmB content was measured in an Analytik Jena multi-N/C2100
total organic carbon (TOC) analyzer. The amount of AmB in the SDB
release study was analyzed by UV-vis, recording the absorbance at 306
nm, and determined from the linear correlation between the absorbance
values and the concentration measured by TOC of the oxidized AmB
released in SWF (Fig. S2). The amount of released zinc was determined
by total X-ray fluorescence in a TXRF S2 PICOFOX from Bruker. In all
these studies, the experiments were carried out in duplicate. The AmB
release profiles were fitted to different mathematical models detailed in
the Supporting information, and the best fitting model was determined
according to their statistical parameters.

2.7. Invitro determination of antifungal activity against eumycetoma
causative strains

Two isolates of fungi obtained from eumycetoma lesions of patients
attended in Turkana (Kenya), were used to test the effectivity of the clay-
antifungal compounds. The growth of Aspergillus flavus and Sub-
ramaniula thielavoides were carried out by inoculation on two myco-
logical media: SDA and semi-solid BHI. The inhibition tests were studied
by fungi growth in the presence of MMT-AmB and LDH ZnAl-AmB. The
inoculum consisted of conidia suspended in sterile saline solution at a
concentration of about 10* cells/ml adjusted by turbidity (MacFarland
scale 0.5). In the solid medium the fungus was inoculated onto the SDA
plate and spread with a Drigalski seeding loop. The hybrid compounds
were added to the inoculated media by depositing a 5 pL liquid droplet
with the corresponding amount of hybrid material at a concentration of
0.1 mg/pL. AmB on the surface. The established therapeutic doses for
amphotericin B administered by intravenous infusion (1.5 mg/kg/day)
and those considered for local injection (e.g. intravitreal: 5-10 pg) have
been considered as indicators of the dose to be tested in the in vitro
assays (Noor and Preuss, 2024). With these data and considering the
release capacity of the compound from MMT and LDH, we calculated the
deposition of a 5 pL drop of compound corresponding to approximately
200 pg of AmB. Taking into account the release capacity of the com-
pounds from the clays and LDH, we estimated an average drug release in
situ of about 30-35 pg. Given the fungal inocula and AmB doses on
which standardised antifungal susceptibility testing is based, following
the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) protocols (EUCAST, 2011), we consider that the AmB dose
tested was appropriately adjusted.

On the other hand, for the semi-solid BHI medium, the inoculum was
mixed with the medium at a temperature of about 60 °C and allowed to
cool and solidify in petri dishes and then deposit liquid droplets of the
product on the surface. Inhibition of growth around the products was
compared to negative controls. The experiments were performed three
times for each fungus and each hybrid compound.

3. Results and discussion
3.1. Synthesis and characterization of the MMT-AmB hybrid system
With the aim of evaluating the affinity of AmB for the MMT clay

mineral, an adsorption isotherm was obtained to determine the
maximum amount of AmB adsorbed by the silicate. Profiting from the
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Fig. 2. Adsorption isotherm at 25 °C of AmB in Na-MMT.

amphoteric character of AmB, this molecule in cationic form was
spontaneously adsorbed in MMT from HO/DMSO solutions of AmB,
resulting in the adsorption isotherm obtained at 25 °C shown in Fig. 2.
The adsorbed amounts of AmB for each concentration were calculated
from the CHNS elemental analysis of the different solid samples. The
results obtained can be fitted to a L-type (Langmuir) adsorption (Eq. (1))
according to the Giles’ classification,

. bx,Cs
T 1+ bC;

@

where r represents the adsorbed amount of AmB (mmol/100 g), C; is the
equilibrium concentration (mmol/L), x;, is the maximum amount of
adsorbed AmB (mmol/100 g) and b is the affinity constant between the
AmB organic adsorbate and the MMT clay adsorbent (L/mmol). The
isotherm showed a good fitting to the Langmuir model (R? = 0.9998),
providing an affinity constant of 0.284 + 0.004 L/mmol between the
AmB and the clay. The values of the plateau of the adsorption isotherm
correspond to a drug content of around 297 + 2 meq per 100 g MMT.
These results confirm the affinity of AmB for this smectite, which could
accommodate large amounts of this antifungal drug beyond its CEC (93
meq/100 g).

The synthesis of the MMT-AmB hybrid material to be used in the
further delivery study was carried out by mixing 200 mmol of AmB per
100 g of MMT, as indicated in the Experimental Section. From the
adsorption isotherm, in these conditions the amount of adsorbed AmB is
close to the CEC of the smectite, ensuring that the AmB are intercalated
in MMT, with no excess of drug adsorbed on the external surface. The
intercalation of AmB into the interlayer space of MMT is confirmed from
the XRD pattern (Fig. 3A), which clearly shows a shift in the position of
the peak ascribed to the (0 0 1) reflection plane towards lower 26 angles.
This (0 0 1) reflection appears at 4.15° 26, corresponding to a d-value or
basal space of 2.13 nm, higher than that of 1.20 nm of the starting MMT
clay. Using this first reflection and other (0 0 1) rational orders, such as
(0 0 2) and (0 0 4) reflections at 7.88° and 18.61° 26, with basal space
1.12 nm and 0.48 nm, respectively, it is possible to determine a mean
basal space value of 2.10 nm. Given that the thickness of a MMT single
layer is approximately of 0.96 nm (Moore and Reynolds, 1989), an
interlayer space of 1.14 nm was deduced for the MMT-AmB hybrid due
to AmB intercalation. Considering these values and the dimensions of
the amphotericin B ions estimated from ChemDraw® software from
PerkinElmer, a schematic model on the possible accommodation of the
drug in the interlayer space of the MMT can be proposed (Fig. 3B).
According to the results of chemical analysis (Table S1), the obtained
hybrid presents an AmB content of 63.5 mmol per 100 g of MMT (40.0
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Fig. 3. (A) XRD patterns of AmB, Na-MMT and MMT-AmB hybrid; (B) Schematic model of the possible mechanism of the intercalation of AmB into Na-MMT and its
accommodation between the silicate layers (Please note that this schematic representation of the hybrid does not represent the real conformation of the molecules in
the interlayer space); (C) FT-IR spectra in the 4000-400 cm™! region of AmB, Na-MMT and MMT-AmB hybrid; and (D) FESEM image of the MMT-AmB hybrid.

mmol / 100 g of hybrid), which is lower than the CEC of Na-MMT (about
93 meq per 100 g of MMT). This fact could be due to the large size of this
molecule, which would prevent the positively charged AmB molecules
from compensating all the negatively charged sites at the MMT layers.
This fact suggests that part of the surface negative charges should
remain compensated with sodium ions, as confirmed by EDX results,
which shows a decrease of the Na/Si ratio from 0.082 in the MMT to
0.025 in the hybrid material.

The formation of the MMT-AmB hybrid could be also confirmed by
FTIR spectroscopy. The infrared spectrum of amphotericin B recorded in
Fig. 3C shows the characteristic bands of this antifungal, in accordance
with those reported by Gagos and Arczewska (2010). The spectrum
shows a broad band centered at 3388 cm ™! related to vo_y and vy_g
vibration modes and bands located at 1711 and 1568 cm™! that are
ascribed to asymmetric stretching vibration mode of -COO™ group and
symmetric bending in plane vibration mode of -NH3 group, respectively
(Gagos and Arczewska, 2010). The spectrum of Na-MMT clay (Fig. 3C)
shows the typical vibration bands of the silicate (Rebitski et al., 2018),
with a vibration band attributed to water bending at approximately
1638 cm™!, due to water directly coordinated to the exchangeable cat-
ions of the clay. This band can be also observed in the spectrum of MMT-
AmB hybrid probably due to the presence of hydrated sodium cations
still present in the interlayer space. The hybrid spectrum also presents
most of the bands related to the vibration modes of amphotericin B.
However, the absence of the band centered at 1568 cm™! indicated that
the AmB could be bonded to the silicate layer by electrostatic in-
teractions involving the -NH3 groups, thus perturbing their bending
vibration. Fig. 3D shows the morphology of the MMT-AmB hybrid
observed by FESEM, where the aggregation of particles smaller than 1
um with a layered morphology can be seen, which indicates that the
morphology of the layered clay is preserved.

3.2. Synthesis and characterization of the LDH ZnAl-AmB hybrid system

The precipitation of Zn and Al to produce a Zn,Al LDH, with a molar
ratio 2:1, in the presence of AmB, following the procedure detailed in the
Experimental Section, led to the formation of a yellow solid (LDH ZnAl-
AmB). The X-ray diffractogram of the resulting material is shown in
Fig. 4A together with that of a Zn,Al LDH prepared in the absence of
AmB (LDH ZnAl). The diffractogram of LDH ZnAl-AmB shows that the
typical 003 reflection was shifted towards a lower (20) angle of 2.69°
(Fig. S3), confirming the intercalation of AmB. In addition, several or-
ders of reflection corresponding to planes (006), (009),(001 2),(00
15) and (0 0 1 8) are clearly observed in the diffractogram, suggesting a
good order in the stacking of LDH layers in presence of intercalated AmB
molecules. From these values, a basal spacing of 3.56 nm was deter-
mined, which corresponded to an interlayer space of 3.14 nm, taking
into account the thickness of brucite-like layers (0.48 nm). Such a large
distance, larger than that found for MMT-AmB, would suggest the ac-
commodation of the AmB molecules as multilayers or adopting a vertical
conformation, considering the estimated dimensions of this molecule
(Fig. 4B). However, theoretical calculations would be required to
ascertain the real configuration in the interlayer space of both clays,
what is beyond the focus of the current study.

The content of AmB in this material was determined by CHNS
elemental chemical analysis, resulting in 92.2 mmol per 100 g LDH
(49.8 mmol per 100 g of hybrid) (Table S1). This value is around three
times lower than the AEC of this type of solid. This fact could be due to
the large size of AmB, which impedes that many of the positively
charged sites in the solid film could be compensated by anionic AmB
molecules, similarly as mentioned above for the intercalation of AmB in
MMT. As a consequence, part of the cationic sites should remain
compensated by nitrate anions. Nevertheless, the coprecipitation pro-
cedure carried out in the current work led to the adsorption of a
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Fig. 4. (A) XRD patterns of Zn,Al LDH, with molar ratio 2:1, prepared in the absence (LDH ZnAl) or in the presence of AmB (LDH ZnAl-AmB). (B) Suggested
arrangement of AmB molecules intercalated into between the LDH layers (Please note that this schematic representation of the hybrid does not represent the real
conformation of the molecules in the interlayer space). (C) FTIR spectra in the 4000-500 em! region of AmB, LDH ZnAl and the hybrid material LDH ZnAl-AmB. (D)

FESEM image of LDH ZnAl-AmB.

considerable amount of AmB (49.8 % w/w), higher than that obtained in
a previous study that reported the intercalation of AmB in a Mg,Al LDH
by an ion-exchange mechanism (Trikeriotis and Ghanotakis, 2007). In
this last case, despite surfactants were used as coadsorbent to overcome
the low solubility of AmB in aqueous media, the adsorption of AmB
reached lower values in the final hybrids, below 10 % w/w. For com-
parison, in the present study a LDH ZnAl-AmB hybrid was also prepared
in the presence of a non-ionic surfactant as coadsorbent (Triton X-100)
during coprecipitation, resulting also in an intercalation material with a
similar XRD pattern (Fig. S4) but with AmB content around 33 % w/w
due to the presence of coadsorbed surfactant molecules. Based on the
obtained results, the sample prepared by coprecipitation of the LDH in
the presence of AmB without surfactant was selected for further release
studies.

The FTIR spectrum of the hybrid material LDH ZnAl-AmB (Fig. 4C)
shows the characteristic bands due to AmB, detailed in the previous
section, together with those ascribed to the layered hydroxide. Thus, the
broad band appearing at 3426 cm ™! results from the overlapping of
those due to vo_y and vy_g vibration modes from AmB and to the
stretching vibration vo_y of water molecules and OH groups of brucite
layers. The other bands attributed to AmB and detailed in the previous
section, appear in the spectrum of LDH ZnAl-AmB with no appreciable
shift in frequency, being those at 1638 and 1384 em™! overlapped with
those observed at 1620 and 1384 cm™! in the spectrum of pristine LDH
ZnAl, attributed to the 5y_o_p vibration bands and to the vy_¢ stretching
mode of the nitrate anion, respectively. In addition, the band at 1384
em™!in the spectrum of pristine LDH ZnAl may have a contribution from
intercalated carbonate anions (asymmetric v¢_o stretching mode) whose
presence is suggested by XRD from the asymmetry observed in the (0 0
3) reflection. In addition, the spectrum of the hybrid material also shows
bands at 782 and 620 cm ™! ascribed to metal-oxygen stretching vibra-
tion modes, and at 554 cm ! attributed to 80.m-0 Vibration mode in the

brucite layers.

The morphology of the hybrid material LDH ZnAl-AmB was evalu-
ated by FESEM (Fig. 4D). The image shows the presence of small layered
particles agglomerated in a very compact material, which differs from
the typical LDH morphology resembling of agglomerated particles with
a desert rose organization. This feature could be most likely due to a
strong interaction and more compact organization of the inorganic
layers when formed in the presence of the organic AmB molecules.

3.3. Stability of AmB intercalated in MMT and LDH

The use of AmB is limited due to the severe side effects produced
after its parenteral administration, which some authors attribute to the
aggregation of AmB as dimers or tetramers (Gagos et al., 2008; Wasko
et al., 2012; Yu et al., 2022), while others suggest the possibility that
toxicity may be caused by the presence of oxidized forms of AmB (Gagos
and Czernel, 2014; Klimek et al., 2016). When AmB is present in HCl
(0.2 M)/MeOH 50 % solution as monomers (Fig. S5), three absorbance
maxima are clearly observed at around 365, 385 and 408 nm
(Sawangchan et al., 2023), being this last wavelength the one usually
selected to prepare a calibration curve. However, at neutral pH or in
solvents where AmB solubility is low, AmB aggregates are formed,
leading to the decrease of those bands and the increase of the one
centered at 345 nm (Fig. S5), being the aggregation confirmed when the
As4s/A40g ratio is higher than 2 (Yu et al., 2022). In other cases, a new
set of bands appears at wavelengths of around 286, 306, 321, 335 and
353 nm (Fig. S5) in agreement with results reporting the oxidation of
AmB (Gagos and Czernel, 2014). When MMT-AmB or LDH ZnAl-AmB
are dispersed in aqueous media, the released molecules that remain
long time in the aqueous medium can undergo these processes of ag-
gregation and oxidation, as confirmed from their UV-vis spectra (Fig. 5).
The AmB molecules remaining in solution evolve with a progressive
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Fig. 5. UV-vis spectra of (A) AmB released from LDH ZnAl-AmB hybrid in aqueous SDB for 2 days and (B) AmB extracted by dissolving the LDH ZnAl-AmB hybrid
recovered after the release experiment in (A); (C) AmB released from MMT-AmB hybrid in aqueous SDB for 2 days and (D) AmB extracted from the same MMT hybrid
recovered after the release experiment in (C). In these cases, the recovered solid was dissolved or extracted with DMSO/HCI (0.2 M) 80:20 and the spectra of the
obtained AmB were recorded after dilution in HCI (0.2 M)/MeOH 50 %, 1:5 for (A and C) and 1:50 for (B and D).

Table 1

Comparison of AmB degradation peak temperatures in each hybrid material.
Sample 1st peak 2nd peak 3rd peak
AmB 190 °C 326 °C 479 °C
MMT-AmB - 336 °C 626 °C
LDH ZnAl-AmB - 309 °C 489 °C

oxidation as elapsed time increases. In contrast, the inorganic layers can
offer protection to the intercalated molecules preventing them from
decomposition processes. This fact was demonstrated by recovering the
solids from the release medium after long periods and dissolving the
inorganic layers of Zn,Al LDH with DMSO/HCI or by extraction of the
AmB molecules with DMSO/HClI in the case of MMT-AmB. In both cases
the extracted molecules appeared as monomers, with no oxidized form
present (Fig. 5), confirming the protective role of these layered materials
to guarantee the stability of intercalated AmB.

In addition, the intercalation of organic molecules in layered inor-
ganic solid typically contributes to enhance their thermal stability, as
the inorganic layers can delay the decomposition processes, as reported
for many entrapped organic compounds, including drug molecules
(Garcia-Vazquez et al., 2020; Gilman, 1999; Ribeiro et al., 2014). The
TG and DTA curves of AmB and the hybrid materials (Fig. S6) show that
the mass loss appearing between around 200 and 600 °C, attributed to
the decomposition of AmB, is associated with three exothermic pro-
cesses at 190, 326 and 479 °C for pure AmB. In contrast, the DTA curve
for the MMT-AmB hybrid shows only two exothermic peaks, shifted to
higher temperature at 336 and 626 °C, appearing before the endo-
thermic peak around 700 °C attributed to the dehydroxylation process of
MMT (Ge et al., 2024). This delay in the exothermic peaks, together with
the continued weight loss in this temperature range, would confirm the

Table 2

First mass loss and residue percentages of the hybrid and pristine materials
calculated from TG curves and the estimated AmB mass percentage in the hybrid
material.

Sample Water mass loss (%) Residue (%) AmB content (%)
MMT 7.4 87.4 -

MMT-AmB 6.0 58.4 33.2

LDH ZnAl 2.2 68.4 —

LDH ZnAl-AmB 7.3 33.2 51.5

protective effect exerted by the silicate layers, which leads to the
retention of degradation products within the silicate layers. Similarly,
the DTA curve of LDH ZnAl-AmB hybrid shows two exothermic peaks at
309 °C and 489 °C, the last one presenting a slight delay with respect to
pure AmB, which could confirm again the protection of the LDH layers.
Table 1 summarizes the temperatures of the AmB degradation peaks for
each hybrid system. The first degradation peak of AmB is not clearly
distinguishable in any of the hybrid materials. This absence is likely
attributed to strong interactions between AmB and the inorganic host
layers, which may stabilize its more labile functional groups and restrict
molecular mobility. As a result, the initial decomposition pathways are
hindered, leading to the suppression or displacement of the corre-
sponding thermal event and rendering the first degradation step unde-
tectable under the applied conditions. The enhanced thermal stability
conferred by the layered structures is evidenced by the shift of the third
degradation peak to higher temperatures, with the most pronounced
protective effect observed in the MMT-based hybrid.

All TG curves of the hybrid and pristine materials exhibit an initial
mass loss up to approximately 150 °C, which is associated with the
removal of physisorbed water. This water mass loss (Table 2) provides
valuable information about the hydrophilicity and water retention
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Fig. 6. Percentage of AmB released from MMT-AmB and LDH ZnAl-AmB hybrids in SWF (A) and in SDB (C) media, and Peppas-Sahlin fitting to the release

experimental data in SWF (B) and in SDB (D) media.

behavior of the materials. Pristine MMT shows a higher water loss (7.4
%) than the MMT-AmB hybrid (6.0 %), indicating that the incorpoartion
of AmB partially removes interlayer water. In contrast, LDH ZnAl dis-
plays a much lower water loss (2.2 %), which can be attributed to the
fact that water in LDH structures is more strongly coordinated within the
interlayered space, requiring higher temperatures for its release. How-
ever, the LDH ZnAl-AmB hybrid shows a significantly higher water loss
(7.3 %), suggesting again that the incorporation of AmB alters the
interlayer environment and facilitates the loss of water from the LDH at
lower temperature.

Furthermore, considering that both MMT and LDH are inorganic
materials, they exhibit a high residual mass after calcination, whereas
AmB, being an organic compound, is completely decomposed under
these conditions (Fig. S6). From the TG curves, it is possible to calculate
the residual mass of both the pristine and hybrid materials, allowing
estimation of the AmB content in the hybrids using the rule of mixtures.

Rh = Welay ’Rclay + Wams 'RAmB (2)
where wcq, and wamp are the mass fraction in the hybrid of the clay
material (MMT or LDH ZnAl) and the AmB, respectively; and Ry, Rciqy
and Ramp are the residual mass of the hybrid material, the clay material
(MMT or LDH ZnAl) and the AmB, respectively. Given that Ranp is 0 %
(Fig. S6), the Eq. (2) can be simplified and the fraction mass of the clay
component and the AmB content can be calculated:

Ry

3
Rclay

Welay =

4

WamB = 1- Welay

The estimated AmB contents for the hybrid materials are 33.2 % and
51.5 %, which are in good agreement with the values obtained from
elemental chemical analysis. Specifically, the AmB content in the
MMT-AmB hybrid was determined to be 37 g per 100 g of hybrid, while
in the LDH ZnAl-AmB hybrid was 46 g per 100 g of hybrid. The
discrepancy in mass loss values between these two methods can be
attributed to the loss of water molecules hosted within the interlayer
spaces, as well as the possible presence of other species, such as nitrate
or carbonate anions, in the interlayer space of the LDH, or pyrolyzed
species in MMT.

3.4. Invitro release of AmB from MMT-AmB and LDH ZnAl-AmB hybrids

The release of AmB from both hybrid materials was carried out in a
SWF medium consisting of NaCl and CaCly, as well as in SDB medium, in
which the in vitro studies of antifungal activity were further performed,
as detailed in the Experimental Section. The amount of released AmB
from MMT-AmB and LDH ZnAl-AmB hybrid materials was determined
by UV-vis spectrophotometry (Fig. S7). In SWF, a fast release of AmB is
observed in both cases within the first hours, and the release rate is then
reduced in the following days (Fig. 6). MMT-AmB presents a delivered
amount of around 30.7 % of the encapsulated AmB after 15 days. In
contrast, the release kinetics from LDH ZnAl-AmB are slower during the
second week of the experiment, releasing only 8.4 % of AmB after the
same period.

Regarding the experiments carried out in SDB, the release kinetics
were faster during the first two weeks and then the release rate dimin-
ished in the next weeks. The AmB amounts delivered after 15 days
reached values of 40 % and 55 % for MMT-AmB and LDH ZnAl-AmB,
respectively, which are higher than those obtained in the previous
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Fig. 7. Percentage of Zn* released from the LDH ZnAl-AmB hybrid in SWF and
in SDB media.

experiment in SWF after the same period. This difference could be
attributed to components in SDB such as peptone (protein hydrolysates)
with higher affinity for both MMT and LDH than the NaCl and CaCl,
salts present in SWF. A similar behavior has been observed in an
analogue drug release system based on Laponite-itraconazole (Jung
et al.,, 2008), which showed an increase in the delivery rate in the
presence of cationic surfactants or a cationic polymer such as Eudragit®
E-100 in the release medium compared to that in NaCl solution.
Regarding the LDH hybrid material, the release of AmB is much higher
in SDB, overpassing that of MMT-AmB. This fact could be also due to the
slow dissolution of this last solid in aqueous media, showing a gradual
release of Zn?* cations as determined by TXRF, which is faster in the
SDB medium most likely due to the interaction with the SDB compo-
nents (Fig. 7). The release of AmB in SDB was evaluated up to almost 2
months, reaching values of 47 % and 65 % for MMT-AmB and LDH ZnAl-
AmB, respectively, which would guarantee the performance of these
materials as a reservoir of AmB for possible in vivo use where a long-term
treatment is required.

The release profile of AmB from the hybrid materials was evaluated
using four kinetic models: Korsmeyer-Peppas, Peppas-Burst, Pep-
pas-Sahlin, and Weibull (Fig. S8) (Bruschi, 2015; Peppas and Nar-
asimhan, 2014). Among them, the Peppas-Sahlin model provided the
best overall fit across the full experimental time range, as evidenced by
its higher coefficient of determination (Rz), in the range of 0.90 to 0.99,
and lower root mean square error (RMSE), in comparison with other
kinetic models (Table S2).

Although the Korsmeyer-Peppas model also showed in most cases a
good correlation with the experimental data, its application is limited to
the initial 60 % of the release, and does not adequately describe the later
stages (Ritger and Peppas, 1987a, 1987b). The Peppas-Burst model also
provided acceptable fits. However, the very low value of the burst
parameter (B) suggests a negligible initial burst effect, which makes this
model less representative of the system. Based on these results, Peppas-
Burst model was not even applied to the release data in the SDB medium.

Alternatively, Peppas-Sahlin model allows the distinction between
the Fickian diffusion and relaxation (non-Fickian) mechanisms, making
it suitable for describing the entire release profile. This is particularly
relevant in hybrid systems where both diffusion through the matrix and
structural relaxation of the carrier may contribute, especially at later
stages of release (Peppas and Sahlin, 1989). Consequently, the relative
magnitudes of k;, k2, and m in Eq. S3 provide insight into the dominant
mechanisms controlling drug release in a given formulation.
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Table 3
Parameters and statistical metrics of the Peppas-Sahlin fitting model to the AmB
release curve of each hybrid material in the two release media studied.

Sample Release Parameters R? RMSE
media k ks m
[day ™  [day "]

MMT- SWF 0.37 + 0.17 + 0.16 0.9954  0.0228
AmB 6.88 6.87 + 1.55

LDH SWF 0.31 + 0.32 + 0.12 0.9572 0.0762
ZnAl- 3.70 3.71 + 0.46
AmB

MMT- SDB 0.27 + 0.00 + 0.32 0.9535 0.0716
AmB 0.05 0.08 +0.22

LDH SDB 0.20 + 0.00 + 0.43 0.9055  0.1356
ZnAl- 0.05 0.05 + 0.33
AmB

Based on the considerations of the different models, the Peppas-
Sahlin model was selected as the most suitable to describe the AmB
release behavior in the hybrid systems studied. As shown in Table 3, the
best fit was obtained for the MMT-AmB system in SWF, with a high R?
value of 0.9954 and a low RMSE of 0.0228, indicating excellent agree-
ment with the experimental data. For the LDH ZnAl-AmB hybrid in the
same medium, the model continued to show a good fit (R? = 0.9572;
RMSE = 0.0762), although slightly less accurate than for MMT-AmB. In
the SDB medium, the fitting goodness decreased for both materials,
particularly in release using the LDH ZnAl-AmB hybrid (R? = 0.9055;
RMSE = 0.1356), reflecting the different interaction between the hybrid
materials and the components of the release medium, such as metioned
above.

The values of the exponent m in the Peppas-Sahlin model ranged
from 0.12 to 0.43 across the different systems, indicating that the release
mechanism was predominantly Fickian in nature. Additionally, the
higher standard errors associated with m in some cases may reflect
experimental variability or overlapping contributions from diffusion
and matrix relaxation.

Notably, the parameter k», associated with the relaxation contribu-
tion (non-Fickian), was close to zero for both hybrid materials using the
SDB release medium, suggesting a predominantly Fickian release in this
medium. These results further support the suitability of the Peppas-
Sahlin model, especially under SWF conditions, where both diffusion
and matrix relaxation contribute to the release process.

On the other hand, although the Weibull model offers empirical
flexibility, it lacks a mechanistic interpretation of the underlying release
phenomena. Nevertheless, it provided reasonably good fits for all sys-
tems, with R? values ranging from 0.93 to 0.99 (Table S2). In SWF, both
MMT-AmB and LDH ZnAl-AmB exhibited $ values below 0.4, indicative
of an initial burst followed by a decelerated release phase, consistent
with diffusion-controlled mechanisms. In SDB medium, MMT-AmB
maintained a # < 1 (0.54), suggesting a sustained release with moderate
burst, while LDH ZnAl-AmB showed a # > 1 (1.10), implying a different
release profile possibly influenced by stronger drug-matrix interactions.
Additionally, the a values, which are associated with the time scale of
the release process, were higher in SDB, indicating a slower release
compared to SWF.

After the release experiments, the remaining solids were recovered
and observed again by FESEM. The release of AmB increases the porosity
in both hybrid materials (Fig. S9).

3.5. Evaluation of antifungal activity against eumycetoma causative
agents

The performance of MMT-AmB and LDH ZnAl-AmB hybrids was
evaluated in vitro against fungal strains of Aspergillus flavus and Sub-
ramaniula thielavioides, isolated from human eumycetoma cases from
Turkana County in Northwestern Kenya (Colom et al., 2023). Both AmB
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Fig. 8. Control growth of Aspergillus flavus on a plate with solid SDB medium (A), negative growth control in the presence of (B) Na-MMT or (D) LDH ZnAl and
growth inhibition in the areas where (C) MMT-AmB or (E) LDH ZnAl-AmB were deposited. Control growth of Subramaniula thielavioides on a plate with solid SDB
medium (F), negative growth control in the presence of (G) Na-MMT or (I) LDH ZnAl and growth inhibition in the areas where (H) MMT-AmB or (J) LDH ZnAl-AmB
were deposited.
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Fig. 9. Control growth of A. flavus on a plate with semi-solid BHI medium (A), negative growth control in the presence of (B) Na-MMT or (D) LDH ZnAl and growth

inhibition in the areas where (C) MMT-AmB or (E) LDH ZnAl-AmB were deposited.

hybrids showed growth inhibition in both species tested. A sustained
release of the drug over time could be observed for both tested hybrid
materials, as the inhibition halos against the fungus are maintained
seven days after inoculation.

In accordance with the release studies carried out in SDB medium,
which confirmed a gradual release of the drug over 15 days of study,
inhibition tests were carried out in a similar composition medium. On
solid SDA medium, it was observed that in both fungal species tested, the
LDH ZnAl-AmB hybrid (Fig. 8E and J) generates a greater inhibition
than the MMT-AmB hybrid (Fig. 8C and H). Subsequently, aiming at
testing the developed materials in a medium with a texture more similar
to the subcutaneous fungal masses, experiments were carried out on
semi-solid medium with BHI at 1.5 % agar. The most stable results were
obtained with A. flavus, which showed an important inhibition of growth
in the presence of both hybrid formulations, although it was more
evident with LDH ZnAl-AmB than with MMT-AmB (Fig. 9), as observed
in the SDA tests. Since S. thielavioides does not sporulate like A. flavus, in
the semi-solid BHI medium, the lawn form of this fungus is not easily
achieved, which makes it difficult to test the hybrid materials to observe
their inhibitory effect. However, the tests performed suggested an
inhibitory effect slightly more pronounced with MMT-AmB. In general,
S. thielavioides seems to have a minor sensitivity, although with both
species tested the inhibitory effect of the prepared hybrid materials can
be observed. The administration of these AmB release systems, once
formulated in hydrogels, is foreseen for local injection by ultrasound-
guided puncture into the mycetoma lesion. The obtained results show
that the developed hybrid materials are promising for the treatment of
eumycetoma and their performance will be optimized in further studies.

4. Concluding remarks

Montmorillonite (MMT), showing cation exchange capacity, and Zn,
Al layered double hydroxide (LDH), with anion exchange capacity, were

11

evaluated as supports for the intercalation of the antifungal drug
amphotericin B (AmB), taking advantage of its amphoteric character.
The resulting hybrid materials contain large amounts of AmB, 63.5
mmol per 100 g of MMT and 92.2 mmol per 100 g of LDH, respectively,
overpassing those reported in related systems. The inorganic solids
encapsulated AmB protecting it against aggregation and oxidation in
aqueous media, which according to several reports can be responsible
for the toxic effects of AmB. The antifungal release study carried out in a
simulated wound fluid (SWF) and in the Sabouraud Dextrose Broth
(SDB) growth medium confirms a sustained release of AmB from the
different supports, confirming the usefulness of these systems for ap-
plications in long-term antifungal treatments. Furthermore, in vitro tests
of the different hybrid materials were carried out against two causative
agents of eumycetoma, Aspergillus flavus and Subramaniula thielavioides,
confirming their capacity to inhibit the fungus growth. This preliminary
result shows the potential of AmB intercalated in layered clays for the
treatment of eumycetoma. Further studies will be carried out to optimize
these antifungal systems and explore their application to treat other
fungal infections.
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