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A B S T R A C T   

Benznidazole (BNZ) serves as the primary drug for treating Chagas Disease and is listed in the WHO Model List of 
Essential Medicines for Children. Herein, a new child-friendly oral BNZ delivery platform is developed in the 
form of supramolecular eutectogels (EGs). EGs address BNZ’s poor oral bioavailability and provide a flexible 
twice-daily dose in stick-pack format. This green and sustainable formulation strategy relies on the gelation of 
drug-loaded Natural Deep Eutectic Solvents (NaDES) with xanthan gum (XG) and water. Specifically, choline 
chloride-based NaDES form stable and biocompatible 5 mg/mL BNZ-loaded EGs. Rheological and Low-field NMR 
investigations indicate that EGs are viscoelastic materials comprised of two co-existing regions in the XG network 
generated by different crosslink distributions between the biopolymer, NaDES and water. Remarkably, the shear 
modulus and relaxation spectrum of EGs remain unaffected by temperature variations. Upon dilution with 
simulated gastrointestinal fluids, EGs results in BNZ supersaturation, serving as the primary driving force for its 
absorption. Interestingly, after oral administration of EGs to rats, drug bioavailability increases by 2.6-fold, with 
a similar increase detected in their cerebrospinal fluid. The noteworthy correlation between in vivo results and in 
vitro release profiles confirms the efficacy of EGs in enhancing both peripheral and central BNZ oral 
bioavailability.   

1. Introduction 

Benznidazole (BNZ) serves as the first-line treatment for patients 
with Chagas Disease (CD) and is included in the WHO Model List of 
Essential Medicines for Children (8th list, 2021). CD, also known as 
American Trypanosomiasis, is identified by the WHO as one of the pri-
mary Neglected Tropical Diseases (Campolmi et al., 2020). According to 
Pan American Health Organization, in Latin America at least one million 
women have CD, with the risk of transmitting the infection to their new- 
borns, resulting in an estimated 8,000 to 15,000 infected babies born 
each year (“https://unitaid.org/news-blog/unitaid-commemorates- 
world-chagas-day-with-a-new-initiative-to-prevent-mother-to-child- 
transmission-of-the-disease/#en”). While most cases still occur in Latin 
America, the disease is increasingly spreading to other countries, 

including North America and Europe. CD is becoming a global issue with 
an estimated six to seven million people infected worldwide and 10,000 
deaths attributed to the infection annually. After an acute phase char-
acterised by high parasitemia, CD evolves into a chronic phase, corre-
sponding to parasite penetration in the cardiac and digestive tissues, and 
brain. The acute phase induces inflammatory responses that can result in 
the death of 5–10 % of patients, primarily affecting children and 
immunosuppressed individuals (Echeverria and Morillo, 2019). 
Although the chronic phase is often asymptomatic, it can lead to irre-
versible damage to the oesophagus, colon, and heart, with heart-related 
complications being a leading cause of death (Urbina and Docampo, 
2003). The BNZ treatment against CD appears very efficient in the acute 
phase (recovery up to 80 %), congenital cases (recovery higher than 95 
%) and early chronic infections (recovery up to 70 %) (Urbina, 2010). In 
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the acute phase, BNZ appears capable of protecting the cerebral 
microcirculation and reducing brain inflammation (Gonzaga et al., 
2022). However, BNZ has several limitations, including its limited effi-
cacy during the chronic phase, short terminal half-life, and low oral 
bioavailability, necessitating large drug doses and prolonged treatment 
durations, which increase the risk of adverse effects (Arrua et al., 2022; 
Arrúa et al., 2019). Specifically, in paediatric patients, the treatment 
regimen is 5 to 8 mg/kg/day orally administered in 2 divided doses, 
separated by about 12 h for a duration of 60 days (Pérez-Molina and 
Molina, 2018). Another significant problem is BNZ’s poor aqueous sol-
ubility (0.23 mg/mL) and variable permeability, classifying the drug as 
either class II (de Moura Ferraz et al., 2018) or even class IV (Saatkamp 
et al., 2023) of the Biopharmaceutical Classification System (BCS). 
Irregular adsorption and erratic but always limited bioavailability were 
reported after BNZ oral administration (Arrúa et al., 2019). According to 
provisional paediatric BCS (pBCS), which is adapted to three paediatric 
subpopulations, namely neonates, infants and children, BNZ is classified 
as BCS class III and IV depending on the dose with a calculated log P of 
1.64 (del Moral Sanchez et al., 2018). This classification suggests low 
solubility and permeability at high doses, indicating that more frequent 
administration of solubilized drug may improve absorption (del Moral 
Sanchez et al., 2018). 

Over the past 12 years, various approaches have been undertaken to 
tackle BNZ variable bioavailability after oral administration (de Moura 
Ferraz et al., 2018) employing both bottom-up and top-down technol-
ogies. For instance, complexation with cyclodextrins (Leonardi et al., 
2013; Soares-Sobrinho et al., 2012), solid dispersion approaches (Pal-
meiro-Roldán et al., 2014; Simonazzi et al., 2018), micronisation by 
solvent precipitation (Maximiano et al., 2011) and co-crystallization 
(Bezerra et al., 2020) have been studied to enhance BNZ solubility 
and/or dissolution rate. Moreover, solid formulations based on poly-
electrolyte complexes or Eudragit RPO and L110-based microparticles 
have been investigated to reduce the frequency of administration and 
increase efficacy (Arrua et al., 2022; García et al., 2021). Furthermore, 
different lipid-based drug delivery systems, i.e., liposome drugs, SLNs 
and NLCs, have been designed to increase drug solubility and perme-
ability (Scalise et al., 2016). Finally, liquid formulations, such as O/W 
nanoemulsions (Streck et al., 2019) and self-emulsifying delivery sys-
tems (Mazzeti et al., 2020) have been explored. However, these 
formulation strategies are accompanied by certain limitations regarding 
stability, reliance on organic solvents or extensive surfactant usage, and 
intricate manufacturing procedures. Not only do these challenges pose 
economic burdens, but they also diverge from the principles of “green 
chemistry” and sustainability. In this vein, Natural Deep Eutectic Sol-
vents (NaDES), composed of bio-renewable ingredients and primary 
metabolites such as amino acids, sugars or organic alcohols, have 
recently emerged as a new type of solvent (Álvarez and Zhang, 2019; Dai 
et al., 2013; Liu et al., 2018). Often referred to as “the solvents of the 
21st century”, they are considered promising green vehicles capable of 
enhancing drug solubility (Albertini et al., 2023; Bazzo et al., 2020; 
Zainal-Abidin et al., 2019). These solvents are mixtures of two or more 
components that, at specific weight/molar ratios, form a viscous liquid 
system as a result of hydrogen interactions between a hydrogen bond 
donor (HBD) and acceptor (HBA). While applications of NaDES in the 
pharmaceutical field are still in their early stages, particularly for oral 
administration, previous studies have explored various mixtures. These 
studies have found that the mixtures constituted by proline: glutamic 
acid (1:1) and proline, malic acid, lactic acid and water (1:0.2:0.3:0.5) 
mostly increased the adsorption of low water-soluble phytochemicals 
such as rutin (Faggian et al., 2016) and berberine (Sut et al., 2017), 
respectively. Recently, NaDES composed of choline chloride and glyc-
erol (1:3) were found to double the bioavailability of naringin, a poorly 
water-soluble flavonoid, in rats (Dangre et al., 2023). 

To date, the cytotoxicity and pharmacokinetics of drugs integrated 
into eutectic systems have received limited investigation warranting 
further exploration. In this study, NaDES were initially investigated as 

potential solvents to improve BNZ solubility. Subsequently, they were 
utilised as intermediates in the development of xanthan gum-based 
eutectogels (EGs), which could be administered orally in a stick pack. 
This delivery method offers enhanced dose flexibility, ease of handling, 
and swallowing, particularly for children weighing ≤ 15 kg, compared 
to commercial paediatric tablets. NaDES-based EGs have recently 
emerged as a potential delivery platform for sunitinib malate (Mokh-
tarpour et al., 2020), quercetin (Xia et al., 2020) and curcumin (Bianchi 
et al., 2022). However, there is limited information available regarding 
the material properties and their in vivo behaviour. Here, BNZ-loaded 
EGs were investigated regarding rheological properties and in vitro 
release profiles using a paediatric gastrointestinal transit model. The 
cytotoxicity of BNZ-EGs on gingival fibroblast cell culture was assessed. 
Additionally, in vivo pharmacokinetic analysis was conducted in the 
bloodstream of rats following intravenous administration of BNZ and its 
oral administration as either solid raw drug or EGs formulations. 
Furthermore, to assess the capability of EGs in enhancing drug delivery 
to the CNS, the BNZ profile over time in the cerebrospinal fluid of rats of 
rats was assessed. 

2. Materials and methods 

2.1. Materials 

Benznidazole (BNZ), N-benzyl-2-(2-nitroimidazol-1-yl) acetamide, 
was obtained from Sigma Aldrich (Milan, Italy). Choline chloride, So-
dium Chloride (NaCl), L-(− )-malic acid, Glycerol, disodium hydrogen 
phosphate salt, potassium dihydrogen phosphate salt, L-glutamic acid 
monosodium salt hydrate) and DL-Tartaric acid were purchased from 
Sigma-Aldrich (Steinheim, Germany), while citric acid, D- (+)-glucose, 
L-proline, xylitol, sucrose, fructose and NaOH anhydrous pellets were 
obtained from Carlo Erba (Milan, Italy). Lactic acid 80 % (FG) and 90 % 
and Xanthan Gum (XG) were provided by Fagron (Bologna, Italy); while, 
hydroxypropylmethylcellulose (HPMC) (Methocel K200) was kindly 
donated by Colorcon (Dartford, UK). For Karl Fischer titration, Aqua-
gent® Solvent and Aquagent® Titrant 5 (Scharlab, Barcelona, Spain) 
were used. Methyl-ferulate (Fer-Me), used as an internal standard for 
BNZ assay in the blood, was synthesised as previously described (Botti 
et al., 2022). Dimethyl sulfoxide (DMSO) and bovine serum albumin 
(BSA) were obtained from Sigma-Aldrich. Methanol, acetonitrile, ethyl 
acetate and water were of HPLC grade from Carlo Erba Reagents S.A.S. 
(Cedex, France). Dulbecco’s phosphate buffered saline without calcium 
and magnesium (DPBS) was obtained by Thermo-Fisher Scientific 
(Milan, Italy). Male Sprague-Dawley rats were purchased from Charles 
River lab. (Calco, Italy). 

2.2. Preparation and characterisation of unloaded NaDES 

Overall, binary or ternary NaDES were prepared to start from solid 
raw materials, acting as HBA and HBD; when necessary, an accurate 
amount of water was added to allow ternary NaDES formation and/or to 
obtain a manageable consistency. In addition, liquid-based components 
(e.g., lactic acid or glycerol) were used in some NaDES compositions, 
having the characteristics of good solvents for many organic com-
pounds. Their composition is reported in Table 1. 

Physical mixtures of the components in batches of 10 g were placed 
in screw-capped vials with stirring bars and heated within the temper-
ature range of 50–85 ◦C. Finally, the mixture was allowed to cool down 
to room temperature (RT). The pH of NaDES was measured using a pH- 
meter (pH 80, XS Instruments, MO, Italy). The viscosity of eutectic 
mixtures was then assessed at RT using a viscometer (Visco Star-R, 
Fungilab S.A., Barcelona, Spain) with the spindle number TR8. The 
addition of small amounts of water corresponding to 2.5 and 5 wt% was 
also investigated. 
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2.3. HPLC analysis of BNZ 

A reverse-phase HPLC method was developed to quantify BNZ in 
NaDES and EGs, for solubility experiments and in vitro drug release 
studies. Additionally, a separate HPLC method was developed and 
validated for pharmacokinetic analysis of BNZ in the bloodstream and 
cerebrospinal fluid of rats. Detailed descriptions of both HPLC methods 
are provided in the Supplementary Data. 

2.4. Solubility studies 

Solubility measurements of BNZ were conducted using the shake- 
flask method. An excess of BNZ was added to 10 mL of the selected 
medium and allowed to stir for a predetermined period of time. Tests 
were conducted in water at 25 ◦C for 24 and 48 h, while solubility 
measurements in Simulated Gastric Fluid (SGF, pH = 1.2) without 
pepsin and Simulated Intestinal Fluid (SIF, pH 6.8) without pancreatin 
(whose composition is reported in Scheme 1) were carried out at 37 ◦C 
for 48 h. For each sample, two supernatant aliquots of 1.5 mL were 
withdrawn, centrifuged at 10,000 rpm for 12 min, suitably diluted and 
quantified by HPLC. Solubility of BNZ in NaDES was performed at 25 ◦C 
after 24 and 48 h. Samples were centrifuged at 14,000 rpm (Eppendorf, 
Centrifugate 5810R) for 10 min. The supernatant was appropriately 
diluted with the mobile phase and analysed by HPLC. Furthermore, BNZ 
solubility was measured after the addition of 2.5 and 5 wt% of water to 
selected NaDES to evaluate the solubility trend with increasing water 
content. Finally, the solubility of BNZ was assessed in aqueous solutions 
containing different percentages of lactic acid (90 % and 80 %) for 
comparison with NaDES samples containing lactic acid as HBA. Three 
independent analyses were performed for each sample and the results 
were expressed as mean value ± SD. One-way analysis of variance 
(ANOVA) followed by the Bonferroni post hoc test (GraphPad Prism, 
version 7.0) was used to analyse the data; the level of significance was 
set at the probabilities of * p < 0.05, ** p < 0.01 and *** p < 0.001. 

2.5. Preparation of BNZ-loaded eutectogels 

The NaDES samples demonstrating the best solubility improvement 
were then prepared by loading a precise amount of BNZ to achieve about 
5 or 10 mg/mL. The mixture was stirred for 24 h at 25 ◦C to enable the 
complete solubilization of BNZ. The final water content of the studied 
samples was calculated by Karl-Fischer titration (SI Analytics® Titro-
Line® 7500 KF, Scharlab, Barcelona Spain). At least six runs were per-
formed for each sample. Eutectogels (EG@N8, 9 and 12) were prepared 

Table 1 
Composition, preparation conditions and pH of the examined NADES samples. N 
corresponds to NADES and RT indicates room temperature. (ChCl = choline 
chloride, CA = citric acid, Fru = fructose, Gly = glycerol, Glu = glucose, LA = lactic 
acid, MA = malic acid, pro = proline, Su = sucrose, TA = tartaric acid, Xyl =
xylitol).  

NaDES Samples HBA: 
HBD: 
(water) 

HBA:HBD: 
water 
weight ratio 

water 
(%w/ 
w) 

T(◦C) pH 

Choline 
chloride- 
based 

N1 ChCl: 
Gly: H2O 

1:0.85:0.15 7.5 RT 5 

N2 ChCl: 
Glu:H2O 

5:2:0.7 10 80 4 

N3* ChCl: 
Fru: H2O 

5:2:0.35 5 RT 5 

N4 ChCl: 
Xyl: H2O 

5:2:0.35 5 80 5–5.5 

N5* ChCl:Suc 4:1 − 80–85 4 
N6 ChCl: 

Suc: H2O 
1:1:0.15 7.5 80–85 4 

N7 ChCl: 
Pro: H2O 

2:1:1.05 35 80 7 

N8 ChCl: 
CA: H2O 

3:1:0.4 10 80–85 2–2.5 

N9 ChCl: 
CA: H2O 

2:1:0.23 7.5 80 2–2.5 

N10 ChCl: LA 1:2 − 80 2 
N11 ChCl: 

TA: H2O 
2:1:0.23 7.5 80 1.5–2 

N12 ChCl: 
MA 

1:1 − 85 1.5–2 

Amino 
acid- 
based 

N13 Pro: Glu: 
H2O 

1:1:0.8 40 80 6–6.5 

N14 Pro: Xyl: 
H2O 

1:1:0.8 40 80 7 

Organic 
acid- 
based 

N15 LA: Glu 5:1 − 60 1.5–2 
N16 LA: Xyl 5:1 − 50 2–2.5 
N17 CA: Glu: 

H2O 
1:1:0.35 17.5 80 1.5 

N18 CA: Glu: 
H2O 

1:1:1 35 60 1 

N19 LA:CA: 
H2O 

1:0.1:1 45 RT 1 

N20* TA:Glu: 
H2O 

1:1:0.3 15 80 1.5–2  

* Unstable NaDES which crystallised after one or more days. 

Scheme 1. Scheme of in vitro BNZ release experiments performed at 37 ◦C and stirring at 100 rpm. Simulated Salivary Fluid (SSF*): 2.38 g/L of Na2HPO4, 0.19 g/L 
KH2PO4, 8 g/L NaCl, the pH was adjusted to 6.8 using phosphoric acid 29; Simulated Gastric Fluid sine pepsin (SGF^): 2.92 g NaCl/L, the pH was adjusted to 1.2 using a 
solution of HCl 37 %; Modified-Simulated Intestinal Fluid sine pepsin (SIF§): 6.8 g KH2PO4/0.5 L (0.1 M), the prepared basic solution was two-fold concentrated and the 
pH was adjusted to 11.14 to obtain a pH of 6.8 after mixing SGF with SIF. 
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by adding XG (1 % w/v) into the corresponding drug-loaded ChCl-based 
NaDES. These samples were stirred at RT and a suitable amount of water 
was added as reported in Table 2. Then, the mixtures were heated in a 
water bath at 80 ◦C for 15 min. EGs were allowed to cool down to room 
temperature and stirred for 72 h to enable the formation of limpid and 
homogeneous samples. For comparison, drug-free blank EGs were pre-
pared using the same procedures. For LA-based NaDES (N15), a gelation 
process was obtained by adding HPMC at 1 % w/v, sodium glutamate 
(50 mM) and NaOH solution to adjust the pH value around 2.5–3. Their 
compositions and properties are reported in Table 2. The obtained 
samples were stored at RT and protected from light until used for 
characterisation and stability evaluation. 

2.6. Characterization of drug-loaded eutectogels 

2.6.1. Drug loading 
Quantification of BNZ loaded into the gels was determined for each 

formulation prior to dissolution experiments. Aliquots of 25 µL for each 
sample were diluted with mobile phase at 1:400 ratio and BNZ amount 
was measured by the HPLC method. Three replicates were performed for 
each sample and the results were expressed as mean values ± SD. The 
BNZ content in EGs, packed in glass vials sealed with PE caps, was also 
assessed after storage at RT for 6 months 

2.6.2. Fourier Transform-Infrared spectra (FT-IR) 
Samples were mixed with anhydrous KBr, compressed using a hy-

draulic press (Perkin Elmer, Norwalk, CT, USA) and were analysed using 
a jasco FT-IR A-200 spectrophotometer (Pfungstadt, Germany) in the 
scanning range 400––4000 cm -1 at the resolution of 1 cm− 1 

2.6.3. Rheology 
The rheological properties of BNZ-loaded EGs (Table 2) were studied 

by means of three typical rheological tests, i.e., the stress sweep, the 
frequency sweep and the steady value (flow curve) test. For comparison, 
a BNZ-loaded XG-based gel (XG gel) was prepared by dissolving the 
polymer (1 % w/V) in water at RT. Stress sweep, an oscillatory test 
working at a constant frequency (f = 1 Hz) and increasing stress 
amplitude, was used to detect the limit of the linear viscoelastic range 
over which the deformation causes sample micro-nano structure 
damaging. Frequency sweep tests, performed in the linear viscoelastic 
range (stress = 1 Pa), were led in the frequency range of 10–0.01 hz. The 
output of the frequency sweep tests, i.e., the dependence of the elastic 
(G’) and viscous (G’’) moduli on pulsation ω (=2πf), were determined as 
previously described (Lapasin and Pricl, 1995). A steady value (SV) or 

flow curve test was then performed to study the dependence of the 
sample shear viscosity (η) on the shear rate (γ). A detailed description of 
rheological methods is reported in Supplementary data. All rheological 
measurements were performed using a stress controlled rotational 
rheometer (Haake mars Rheometer, 379–0200 Thermo electron GmbH, 
Karlsruhe, Germany) equipped with a knurled plate-plate geometry 
(PP35, diameter = 35 mm). To prevent evaporation problems, sample 
characterization was conducted at 25 ◦C and 37 ◦C using a glass solvent 
trap 

2.6.4. Low field NMR 
The extinction of the x-y component (MXY) of the magnetisation 

vector and the recovery of its z component (Mz) were measured at 37 ◦C 
employing a bruker minispec MQ20 (static magnetic field B0 = 0.47 T, 
20 MHz, Germany). Each sample was poured inside the glass tube (in-
ternal diameter 0.008 m) and sealed with a proper plastic top immedi-
ately after sample insertion. Then, the glass tube was maintained at 
37 ◦C for ten minutes before measurement. Finally, it was rapidly 
inserted in the MQ20 sample holder positioned just above the magnetic 
field. The MXY extinction (transversal relaxation) and mz recovery 
(longitudinal relaxation) detection were performed as reported in the 
literature (Abrami et al., 2023) and are detailed in Supplementary data 

2.7. In vitro drug release studies 

Release tests were performed under non-sink conditions, more 
closely representing the oral administration of the BNZ slurry. Consid-
ering the treatment regimen of 5 mg/kg, a dose of 50 mg of BNZ is 
required for 10 kg infants. Due to the small gastric volumes, standard 
paddle experiments cannot be used; thus, a different setup of dissolution 
equipment was used: a total volume of 50 mL was considered applying a 
scaling factor of 2 of the drug’s dose (Freerks et al., 2020). A detailed 
scheme of the test set-up is given in Scheme 1. Specifically, 25 mg of 
BNZ, as raw powder or gel samples (5 mL of EG@N8-9–12 or 2.5 mL of 
EG@N15, corresponding to 25 mg of BNZ) were first mixed with 
simulated salivary fluid (SSF) and then transferred into a flask con-
taining 25 mL of SGF. Finally, 25 mL of the SIF was added into the flask. 
At predetermined time-points (after 1, 5, 10, 20, 30, 35, 45, 60, 75 and 
90 min.), 500 µL samples were taken out, centrifuged and diluted 1:25 
with the mobile phase and then filtered with nylon filters 0.2 µm into 
HPLC vials. The release profiles were compared by calculating the 
similarity factor (f2). Two dissolution profiles are considered similar if 
the f2 value is between 50 and 100. 

2.8. MTT assay on Human gingival fibroblasts 

MTT viability assay assessed the potential biocompatibility of 
unloaded and BNZ-loaded EGs in Human Gingival Fibroblasts (HGFs). 
HGFs were routinely cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10 % foetal calf serum (FCS) at 37 ◦C and 5 
% CO2 and were not used beyond the fifth passage (Teti et al., 2015). 
HGFs were seeded at 2 × 104 cells/cm2 and exposed to treatments after 
1 day from the seeding. Cells (2 × 104/cm2) were incubated with the 
different unloaded and loaded samples having theoretical BNZ concen-
trations of 5 mg/mL for EG@N8-9–12 or 10 mg/mL for EG@N15, 
respectively, for 24 h at 37 ◦C. The cells were then incubated with 5 mg/ 
mL MTT solution for 4 h at 37 ◦C. Then, the MTT solution was removed 
and DMSO was added to dissolve the purple formazan salt crystals, 
formed during MTT reduction by cell metabolism (NADH). The absor-
bance was measured in a multiwell plate reader (Wallac Victor2, Per-
kinElmer) at 570 nm. Each experiment was performed three times, and 
four technical replicates were analysed in each experiment. The optical 
density obtained from treated cell cultures was expressed as the per-
centage of untreated cells (Control). Analysis of variance (ANOVA) 
followed by the Bonferroni post hoc test (GraphPad Prism, GraphPad 
software Inc., CA) was used to analyse the data (* p < 0.05). 

Table 2 
Composition, pH and BNZ concentration of gelled formulations. A theoretical 
BNZ loading amount of about 5 mg/mL and 10 mg/mL was considered for 
EG@N8-9–12 and EG@N15, respectively.  

EGs Gelling 
agent 

water % (w/w) pH BNZ 
loading 
(mg/mL) 

Xanthan 
Gum (%, w/ 
v) 

EG@N8 1 10 2.5–3 5.571 ±
0.122 

EG@N9 1 10 2–2.5 5.477 ±
0.256 

EG@N12 1 15 1.5–2 4.959 ±
0.027  

Gelling 
agent  

HPMC (% w/ 
v) 

pH adjustment pH BNZ 
loading 
(mg/mL) 

Na 
glutamate 
(mM) 

NaOH 
10 % 
(mL) 

EG@N15 1 50 0.25 2–2.5 10.805 ±
0.105  
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2.9. In vivo administration of BNZ and pharmacokinetic studies 

2.9.1. Intravenous administration of BNZ 
Male Sprague-Dawley rats (about 250 g) were intravenously 

administered with 0.25 mg BNZ (1 mg/kg). In particular, a group of four 
rats, fasted for 24 h and anaesthetised during the experimental period, 
received a femoral IV administration of 0.25 mg/mL BNZ dissolved in a 
medium constituted by 20 % (v/v) DMSO and 80 % (v/v) physiological 
solution with a rate of 0.1 mL/min for 10 min. At the end of infusion and 
at fixed time-points blood samples (100 μL) were collected and cere-
brospinal fluid (CSF) samples (about 30 μL) were withdrawn. For BZN 
quantification in blood and CSF samples, a novel procedure was devel-
oped (see Supplementary data for specific comments concerning liter-
ature). Practically, the blood samples were hemolysed with 500 μL of 
ice-cold water immediately after their collection, then 50 μL of 10 % 
sulfosalicylic acid and 50 μL of internal standard (100 μM Fer-Me dis-
solved in a water-methanol mixture 50:50 v/v) were added. The samples 
were extracted twice with 1 mL of ethyl acetate, and, after centrifuga-
tion at 13,000 x g for 10 min, the organic layer was reduced to dryness 
under a mild nitrogen stream at RT. Then, 150 μL of a water acetonitrile 
mixture (50:50 v/v) was added, and after centrifugation, 10 μL were 
analysed via HPLC for BNZ detection. As a control, each rat had a blood 
sample collected (100 μL) before the drug administration. The control 
samples were treated as above-described in the absence of the internal 
standard, substituted with the same volume of water-methanol mixture 
50:50 (v/v). The CSF samples were withdrawn using the cisternal 
puncture method described by van den berg et al. (van den Berg et al., 
2002), which requires a single needle stick and allows the collection of 
serial (about 30 μL) CSF samples that are virtually blood-free (Dalpiaz 
et al., 2008). A total volume of about a maximum of 120 μL of CSF/rat (i. 
e., four 30 μL samples/rat) was collected during the experimental ses-
sion, choosing the time points (up to five, taking into account a 
maximum of four collections per rat) to allow the restoring of the CSF 
physiological volume. The CSF samples (10 μL) were immediately ana-
lysed via HPLC 

2.9.2. Oral administration of BNZ and eutectogels 
Male Sprague-Dawley rats (about 250 g) were orally fed with 2.5 mg 

BNZ (10 mg/kg), as solid free drug or as the EGs diluted in water. In 
particular, BNZ powder was mixed with palatable food to induce oral 
intake in a group of four rats. The other two groups (four rats/group), 
fasted for 24 h, received 1 mL of EG@N8 or EG@N12, diluted 1:1 in 
water immediately before their administration by gavage. The BNZ 
content in the diluted EGs was about 2.5 mg/mL. After the adminis-
tration, blood (100 μL) and CSF samples (30 μL) were serially collected 
at fixed time points from each rat and treated as described above for the 
BNZ quantification. All in vivo experiments were performed under 
current italian legislation (D.L. 26/2014) that allows experimentation 
on laboratory animals only after approval by the ministry of Health 
(Rome, italy; authorisation n◦ 511/2022-PR), and in strict accordance 
with the european council directives on animal use in research (n. 2010/ 
63/EU). Every effort was made to reduce the number of animals and 
their suffering 

2.9.3. Pharmacokinetic calculations 
The in vivo half-life (t1/2) of BNZ in the bloodstream of rats was 

calculated by nonlinear regression (exponential decay) of concentration 
values obtained after intravenous infusion and confirmed by linear 
regression of the log concentration values versus time (semi-logarithmic 
plot). The area under the concentration–time curve (AUC, μg⋅mL− 1⋅min) 
related to intravenous and oral administration of BNZ in the blood-
stream or CSF of rats was calculated by the trapezoidal method. The 
absolute bioavailability values (F) for the orally administered raw BNZ 
or BNZ formulated in the EGs were obtained as the ratio between the 
oral AUC and intravenous (IV) AUC values obtained for each compound 
and normalised with respect to their doses. The oral relative 

bioavailability values (RB) of the BNZ-loaded EGs formulations were 
calculated as the ratio between the oral AUC values of formulated and 
raw BNZ obtained in the bloodstream (more details are reported in 
Supplementary Data). All the calculations were performed by using 
graph pad Prism software, version 7 (GraphPad software Incorporated, 
LA Jolla, CA, USA) 

3. Results 

3.1. Evaluation of unloaded NaDES 

Twenty combinations of HBA/HBD weight ratios were prepared and 
based on their composition, NADES were classified into three different 
groups, as shown in Table 1. The different weight ratios, the number of 
hydrogen bond donors and acceptors and the structure/position of 
bonds affected the stability of these solvents (Albertini et al., 2023; Dai 
et al., 2013). Specific comments are reported in Supplementary data. 

Among the analysed combinations, only N3, N5 and N20 were un-
stable upon storage. Furthermore, except for N12 and samples con-
taining LA, the addition of water to physical mixtures was necessary to 
reach the eutectic point. NaDES composed of organic acids showed low 
pH values, ranging from 1 to 2.5, while those with proline and sugars 
displayed higher pH values without exceeding neutrality. NaDES sam-
ples also differed in their viscosity, as shown in Fig. S1: N 6, 8, 9, 11, 12 
and 17 showed higher viscosity values (range 1000–12,000 mP*s) in 
comparison to N 1, 2, 4, 10, 13, 15 and 16 (range 50–450 mP*s). 

3.2. Benznidazole solubility in NADES 

The solubility of BNZ in water was 201.95 ± 18.41 µg/mL after 24 h 
at RT and it slightly increased after 48 h at 204.50 ± 21.53 µg/mL in 
agreement with previously reported data (Santos Souza et al., 2017). 
The results of BNZ solubility in NaDES after 24 and 48 h are reported in 
Fig. 1A. Remarkably, most eutectics significantly enhanced BNZ solu-
bility compared to water after 24 h, regardless of their pH. The highest 
solubility values were achieved with ChCl-based mixtures (N1-N12) and 
those containing LA (N10, N15 and N16). Specifically, among the ChCl- 
based NaDES, those with choline/organic acids such as citric acid and 
malic acid (N8, N9 and N12) exhibited the most substantial increment, 
as evidenced in Table 3. 

The lowest solubility was observed with N14 and N13 (neutral pH, 
Table 1) and N18 (very acidic) with concentrations ranging between 
800–1100 µg/mL. Proline-based NaDES and mixtures containing 
sugars/organic acids with a high percentage of water (40 % w/w added 
to the HBA:HBD mixture, as shown in Table 1) were not as effective as 
choline chloride-based ones in enhancing BNZ solubility. After 48 h 
(Fig. 1A), most analysed NaDES did not exhibit significant changes in 
solubilized BNZ. However, sample N17 showed a significant solubility 
enhancement after 48 h (p < 0.001). 

Data suggest that the solubilising capacity of NaDES is primarily 
influenced by water content: N8 and 9 have a lower water amount (10 
%-7.5 % w/w, respectively), while N12, having the most significant 
solubility enhancement (36-fold), did not contain water. Accordingly, 
further addition of water to these samples (Fig. 1B), besides the lowering 
in viscosity (Fig. S1A), decreased drug solubilisation to various extents. 
In particular, the addition of water in N9 had a lower impact on BNZ 
solubility compared to N8 and N12. The addition of 2.5 % water to N8 or 
N12 led to a significant variation in BNZ solubility (p < 0.001) whereas a 
further addition of 2.5 % water caused an additional drop in drug sol-
ubility only for N12. In contrast, N9 was the sample least affected by 
water dilution (p > 0.05). 

Among all the analysed NaDES, BNZ solubility increased by nearly 
100-fold in the case of N10, N15 and N16, as shown in Fig. 1A. All these 
mixtures included lactic acid (90 %) either as HBA (N10) or HBD (N15 
and N16); indicating that lactic acid is a good solvent for BNZ. After 48 
h, the drug solubility increased only for N15. Following dilution with 2.5 

B. Albertini et al.                                                                                                                                                                                                                                



International Journal of Pharmaceutics 661 (2024) 124417

6

and 5 wt% of water, BNZ solubility decreased significantly (Fig. 1C) 
though it still reached high values (>11 mg/mL). Determination of BNZ 
solubility in lactic acid solutions at different concentrations (90 % vs 80 
%) was then carried out and compared with the solubility values of N15 
(Fig. S2). The results confirmed that lactic acid at 90 % is an excellent 
solvent for BNZ; but its solubility substantially dropped when the LA 
amount decreased, as in the case of LA at 80 % and N15. 

3.3. Preparation and characterisation of eutectogels 

Using the solubility results as a guide, four NADES-based eutectogels 
(EG@N) were prepared (Table 2). Initially, the actual amount of water 
in the selected ChCl-based NaDES (N8, N9, and N12) was analysed by 
Karl Fischer titration. The results indicated that the measured water 
contents closely matched the theoretically added water, specifically 12.6 

± 4.4 %, 8.22 ± 3.6 %, and 0.7 ± 0.6 % for N8, N9, and N12, respec-
tively. With these samples, clear EGs formed using xanthan gum at 1 % 
w/v along with an appropriate amount of water (as specified in Table 2). 
This was followed by an annealing treatment at 80 ◦C for 15 min. In 
contrast, EG@N15 was formed by replacing XG with HPMC at a con-
centration of 1 % w/w. Then, a buffer system was then added to adjust 
its pH around 2–2.5. The BNZ concentration in each sample is reported 
in Table 2 demonstrating that the drug loading was very close to the 
theoretical one. 

The appearance of EGs upon storage at RT remained unchanged 
without evidence of drug crystals or phase separation. The results of 
drug loading, reported in Table S1 confirmed that BNZ content did not 
change significantly (p > 0.05). 

3.3.1. In vitro drug release profiles from eutectogels 
Release experiments under non-sink conditions were performed to 

evaluate if NaDES included in the gel formulations may affect the release 
profiles of BNZ. In order to do so, firstly BNZ solubility was analysed in 
both SGF and SIF at 37 ◦C for 48 h: the results were 256.15 ± 3.20 µg/ 
mL and 205.65 ± 1.38 µg/mL, respectively, close to the values obtained 
in water at 25 ◦C. These results are consistent with the BNZ pH 
independent-solubility, as already shown by Maximiano et al., which 
found similar log P values using different aqueous media (Maximiano 
et al., 2010). 

Fig. 2A shows the mean concentration–time profiles over a time in-
terval of 90 min in SSF and the gastro-intestinal simulated fluids (SGF 
and SIF). After the dilution of EGs with the small volume of SSF, BNZ 
remained molecularly dispersed within the supramolecular structure. 
Considering the first 30 min in the SGF, all samples reached a faster and 
higher drug concentration when compared to the raw powder (f2 < 50, 
Table S2), establishing a supersaturated condition. The drug 

Fig. 1. A) Solubility values of BNZ in stable NaDES at 24 ad 48 h; N10, N15 and N16 refer to the right scale; Effect of water addition (0, 2.5 and 5 %) on the solubility 
of BNZ B) in NaDES obtained starting from solid components and with the best solubility enhancement C) in NaDES containing lactic acid. (Bars indicate SD (n = 3); * 
p < 0.05, ** p < 0.01 and *** p < 0.001). 

Table 3 
Solubility values of BNZ in water and in NaDES with 0, 2.5 and 5% w/w extra- 
water.  

Samples BNZ solubility (µg/mL) ± SD (24 h and 25 ◦C) Solubility 
increment 

0 % water 2.5 % water 5 % water 

Water 
25 ◦C 

201.95 ± 18.41 − −

N8 6315.76 ±
192.92 

6276.54 ±
126.59 

4396.39 ±
206.31 

30 

N9 6431.69 ±
57.88 

6183.08 ±
116.72 

5797.78 ±
225.29 

31 

N12 7309.10 ±
224.70 

5254.37 ±
283.49 

3642.65 ±
147.4 

36 

N15 20736.75 ±
947.98 

17737.03 ±
466.11 

14700.00 ±
515.35 

103  
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concentration reached its maximum within 30 min, decreasing after that 
due to dilution with SIF, until it reached constant values. Among the 
different EG@N, a significant improvement in BNZ concentration was 
observed in EG@N8, demonstrating an oversaturated sustained condi-
tion in both gastric and intestinal tracts (Table S2). Its drug release 
profile in SGF was quite similar to that of EG@N9 (f2 = 55.5), being both 
composed of ChCl and CA. In contrast, the EG@N12 release profile 
showed the achievement of a concentration plateau within 30 min, 
which decreased to the values of raw BNZ after the pH shift. EG@N15 
displayed a more rapid increase in drug release within the first 10 min 
than EG@N8 (f2 = 49.1), but the final drug concentration remained 
significantly lower (f2 = 41.8). 

3.3.2. Evaluation of potential cytotoxicity of the formulations 
To evaluate the potential cytotoxicity of the different formulations, 

the MTT assay was performed using HGFs treated with unloaded and 
loaded EG@N for 24 h. As shown in Fig. 2B, none of the tested formu-
lations reduced cell viability except for the LA-containing formulation 
(EG@N15). The loading of EG@N with BNZ generally didn’t affect cell 

viability under the tested experimental conditions. Considering these 
results, LA-based eutectics were discarded, and only EGs formulations 
prepared using N8, N9 and N12 were further characterised and used for 
pharmacokinetic (PK) studies. 

3.3.3. FT-IR assay 
The FT-IR analysis was performed on BNZ loaded and unloaded 

EG@N samples and the spectra (shown in Fig. S3) were compared to 
neat NaDES to evaluate possible specific interactions among compo-
nents after the gelation. Results, discussed in detail in Supplementary 
data and summarised in Table S3, indicate that the NaDES structure 
remained substantially unaltered in the final drug-loaded EG@N. The 
gel formation and BNZ loading mainly affected the C-N stretching of 
ChCl and the H-bonding network between water, polymer and NaDES 
components, especially for EG@N8, supporting the extensive in-
teractions within the supramolecular assembly. 

3.3.4. Rheological behaviour of eutectogels 
Fig. 3A shows the output of the frequency sweep test (the so-called 

Fig. 2. A) Release profiles of eutectogels in comparison to raw BNZ (black line); bars indicate SD (n = 3). The dashed grey line indicates the BNZ equilibrium 
solubility in SGF at 37 ◦C. B) Cell viability of HGFs exposed to different unloaded and loaded oral formulations for 24 h. Values are expressed as mean (n = 3) ± SD of 
the relative percentage compared to control HGFs (Control). *Represents a significant difference compared to HGFs control, *P < 0.05. 

Fig. 3. A) Frequency sweep tests of EGs performed at 37 ◦C and B) at 25 ◦C. Circles represent the elastic modulus G’, while squares indicate the viscous modulus G’’. 
Solid lines indicate eq.(S1) and eq.(S2) best fitting. The statistic Ftest reads: A) FEG@N8 (5, 28, 0.95) < 757; FEG@N9 (6, 26, 0.95) < 1073; FEG@N12 (5, 24, 0.95) <
1331B) FEG@N8 (5, 26, 0.95) < 906; FEG@N9 (5, 26, 0.95) < 1083; FEG@N12 (4, 25, 0.95) < 357. C) Frequency sweep tests performed at 37 ◦C and 25 ◦C regarding the 
XG gel. Filled symbols indicate the elastic modulus G’, and open symbols represent the viscous modulus G’’. Solid lines are eq.(S1) and eq.(S2) best fitting. The 
statistic Ftest reads F37 (4, 25, 0.95) < 126; F25 (5, 26, 0.95) < 922. D) Relaxation spectra referring to EGs and XG gel at 37 ◦C and E) at 25 ◦C. Vertical and horizontal 
bars indicate the standard deviations referring to eq.(S1) – (S2) fitting parameters (λi, gi). Lines are simply guides for the eye. F) Steady value test (flow curve) (37 ◦C) 
referring to the EGs plus the XG gel. η and (γ) are, respectively, shear viscosity and shear rate. Solid lines indicate eq.(S4) best fitting. The statistic Ftest reads FEG@N8 
(3, 23, 0.95) < 240; FEG@N9 (3, 25, 0.95) < 140; FEG@N12 (3, 26, 0.95) < 1059; Fxanthan (3, 12, 0.95) < 1288. 

B. Albertini et al.                                                                                                                                                                                                                                



International Journal of Pharmaceutics 661 (2024) 124417

8

mechanical spectrum) referring to the three considered EG@N. These 
samples can be considered weak gels as the elastic modulus G’ was al-
ways bigger than the viscous one G’’ (G’ ≈ 2–3 times G’’) in the pul-
sation (ω) range considered. In addition, G’ and G’’ trends vs ω were 
parallel and not too dependent on ω. Three mechanical spectra could be 
noticed to be similar even if EG@N9 is the strongest one (highest G’ and 
G’’) while EG@N8 was the weakest one (lowest G’ and G’’). Fig. 3B 
clearly demonstrates that the temperature reduction from 37 ◦C to 25 ◦C 
did not imply important variations in the mechanical spectra of the three 
EG@N samples. On the contrary, Fig. 3C shows that, at 37 ◦C, the XG gel 
represents the typical sol–gel transition condition as G’ and G’’ were 
almost coincident in the whole ω range considered. Conversely, at 25 ◦C 
(Fig. 3C), the mechanical spectrum of XG gel undergoes a considerable 
variation characterised by a prevalent increase of G’ compared to G’’ (G’ 
> G’’, G’ and G’’ parallelism) indicating weak gel behaviour. From these 
experimental data (whose reliability is proven by the statistic Ftest – see 
captions to Fig. 3A, B, and C) the relaxation spectrum (a sort of sample 
rheological identity card – Fig. 3D and E) and the shear modulus 
(stiffness, G – Table 4) of each sample were obtained. Fig. 3D-E and 
Table 4 evidenced that temperature variation did not significantly alter 
either the G values or the relaxation spectrum of EG@N. On the con-
trary, temperature variation modified the XG gel relaxation spectrum 
which changed from the typical liquid solution shape (gi decrease with 
λi) at 37 ◦C to that of a gel (small or negligible gi variation with λi) at 
25 ◦C, while not altering the shear modulus G. 

Interestingly, relaxation spectra values for EG@N are very similar to 
each other and suggested the presence of two structures: a prevailing 
faster relaxing structure (λ1, g1) coexisting with a slower relaxing 
structure identified by the other four spectrum elements (λ2, g2; λ3, g3, 
λ4, g4; λ5, g5). These gi values (g2-g5), which were similar to each other, 
were much smaller than g1, resembling a typical slow relaxation spec-
trum of hydrogels. The obtained values indicated that the former 
structure is abundant (high g1) and characterised by labile crosslinks 
due to weak interactions (small λ1), while the latter showed much more 
intense and stable crosslinks (higher λi), albeit much less abundant as 
indicated by (g2 + g3 + g4 + g5) ≪ g1. 

The steady value test (flow curve), shown in Fig. 3F, demonstrates 
clear non-Newtonian behaviour of EG@N and of XG gel as their shear 
viscosity (η) is almost constant for low shear rates (γ) to subsequently 
decrease for higher shear rates (the typical rheological behaviour of 
polymer melts and polymer solutions). This behaviour implies the ex-
istence of a labile internal structure undergoing a significant variation 
induced by a high shear rate. All the EG@N show similar rheological 
behaviour (Fig. 3F), even if, as in the case of the frequency sweep test, 
EG@N9 is the most viscous sample and EG@N8 the least viscous (see 
also the eq.(S4) fitting parameters reported in Table S4). EG@N12 
showed the greatest contribution to the elastic component (highest G, 
Table 4); however, under flow conditions (Fig. 3F), the viscous char-
acteristics prevailed over the elastic ones and EG@N9 offered the 
greatest flow resistance. Finally, XG gel exhibits a shear viscosity which 
is much lower than that of EG@N, as shown in Table S4. 

The rheological characterisation of the original solutions (N8, N9, 
N12) was undertaken as well. Frequency sweep test revealed that their 
rheological behaviour is that of a liquid system as the elastic modulus 
(G’) is always negligible (about two orders of magnitude lower) to the 
viscous one (G’’) (data not shown). In addition, the flow curve (Fig. S4) 
test conclusion demonstrates that all of them (N8, N9, N12) are 

Newtonian fluids as their viscosity does not change with shear rate 
despite being characterised by different viscosities at 37 ◦C (ηN8(Pa*s) =
(0.100 ± 0.003); ηN9(Pa*s) = (0.650 ± 0.034); ηN12(Pa*s) = (4.50 ±
0.44)). 

3.3.5. Low-field NMR measurements 
Eq.(S5) and eq.(S6) were fit to experimental data as shown in 

Fig. 4A-B, where the magnetic relaxation of EG@N9, N9, and XG gel are 
shown as representative examples, as the magnetic relaxation properties 
of all EGs were similar. Indeed, not only did they have similar average 
longitudinal (T1m) and transversal (T2m) relaxation times, but their 
components also showed similar relaxation times (T1i or T2i) and % 
weight (Ai%) (Table S5). On the contrary, a notable difference in 
relaxation times (both longitudinal and transversal) was detected be-
tween EG@N and NaDES as well as between EG@N and XG gel. Indeed, 
the average relaxation times (T1m, T2m) of XG gel were one order of 
magnitude higher than those of EG@N, while T1m and T2m of NaDES 
were about 1/2–––1/3 to those of EGs. Thus, as seen in the case of the 
rheological characterisation, NaDES jellified by XG (plus 10 % − 15 % 
water) provides systems with very different magnetic relaxation prop-
erties. Finally, it is worth noticing that both T1m and T2m decrease 
moving from N8, N9 to N12, this being reasonably due to the reduction 
of water content. It is well known that water transversal relaxation time 
(longitudinal relaxation time is bigger) is around 4 s at 37 ◦C applying a 
static magnetic field B0 = 0.47 T (Coviello et al., 2013). Eq.(S9) − eq. 
(S10) fitting to relaxation data (Fig. 4A-B) allowed us to get the 
continuous magnetic relaxation spectrum whose shape is depicted in 
Fig. 4C for the representative case of EG@N9. Following the discrete 
relaxation spectrum (Table S5), the continuous spectrum reveals two 
peaks that closely align with the discrete distribution. The statistics Ftest 
proved the reliability of eq.(S9) and (S10) fitting to experimental data, 
as shown by the values of the fitting parameters reported in Table S6. 

The strategy adopted to fit the relaxation data (i.e., eq.(S9) and 
(S10)) allowed us to determine the T1 and T2 distribution separately and 
to obtain the T1-T2 surface. Indeed, provided that T1 and T2 distributions 
are similar (Song et al., 2002)(we found a very significant correlation 
(rsp = 0.192, p < 0.0064) among the continuous T1 and T2 distribution 
intensities), the 2D surface can be represented by the product of eq.(S9) 
and eq.(S10) evaluated at different points on the T1-T2 surface, as 
depicted in Fig. 4D. The plot clearly shows the existence of two peaks, 
the most important of which centred around T2 ≈ 190 ms and T1 ≈ 190 
ms. 

3.4. Pharmacokinetics 

3.4.1. Intravenous administration of BNZ 
BNZ was administered to rats at a dose of 250 μg (1 mg/kg) via 

intravenous infusion completed within 10 min. At the end of infusion, a 
plasmatic concentration of 10.1 ± 0.4 μg/mL was detected. This con-
centration decreased over time (Fig. 5A) following apparent first-order 
kinetics, as confirmed by the linearity of the semilogarithmic plot re-
ported in the inset of Fig. 5A (n = 7, r = 0.997, P < 0.0001). The BNZ 
half-life was 105.5 ± 3.4 min. The AUC value in the bloodstream ob-
tained by the 250 μg BNZ infusion from its starting time to infinity was 
1461 ± 29 μg⋅mL− 1⋅min (Table 5). 

After the intravenous administration of BNZ, its concentration in the 
CSF of rats (Fig. 5B) increased up to 3.63 ± 0.15 μg/mL (Cmax) within 
30 min (Tmax), then decreased to 0.43 ± 0.02 μg/mL within 180 min 
from the end of infusion. The AUC value of the BNZ profile in CSF, from 
the start of infusion to 180 min, was 313.4 ± 8.8 μg⋅mL− 1⋅min (Table 5). 
The concentration ratio values of BNZ between CSF and bloodstream at 
30 and 60 min from the end of infusion were 0.46 ± 0.03 and 0.47 ±
0.04, respectively. These values, very near to 0.5, indicate a marked 
aptitude of BNZ to permeate in the central nervous system from the 
bloodstream, suggesting the ability of this drug to counteract the Chagas 
disease at both peripheral and central levels. 

Table 4 
Shear modulus (G) competes with the EGs and the XG gel at 37 ◦C and 25 ◦C.   

G(Pa) 37 ◦C G(Pa) 25 ◦C 

EG@N8 159 ± 16 187 ± 41 
EG@N9 388 ± 39 332 ± 29 
EG@N12 548 ± 70 600 ± 60 
XG gel 21 ± 2 21 ± 1  
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Fig. 4. A) Magnetic relaxation intensity (Is) referring to N9, EG@N9 and XG gel (transversal relaxation (T2)) (solid line indicates eq.(S5) best fitting). Ftest reads: 
FEG@N9(3, 189, 0.95) < 3*106; FN9 (3, 82, 0.95) < 8.6*104; Fxanthan (1, 201, 0.95) < 2*108. B) Magnetic relaxation intensity (Is) referring to N9, EG@N9 and XG gel 
(longitudinal relaxation (T1)) (solid lines indicate eq.(S6) best fitting). Ftest reads: FEG@N9 (3, 26, 0.95) < 3*104; FN9 (3, 26, 0.95) < 1.1*105; Fxanthan (1, 18, 0.95) <
2.3*104. C) Continuous magnetic relaxation spectrum of sample EG@N9. While the thin line refers to the transversal (T2) spectrum, the thick line refers to the 
longitudinal (T1) spectrum. Dotted vertical lines indicate the position of the “discrete” distribution reported in Table S5. Their lengths are proportional to the in-
tensity A1% and A2% competing to the couples T21-T22 or T11-T12 reported in Table S5. D) Two-dimensional T1- T2 surface referring to EG@N9. For clarity of 
presentation, intensities have been normalised to the maximum value of the eq.(S9) and eq.(S10) products. 

Fig. 5. A) Elimination profile of BNZ after 0.25 mg (1 mg/kg) infusion to rats. The elimination followed an apparent first-order kinetic, confirmed by the semi-
logarithmic plot reported in the inset (n = 7, r = 0.997, P < 0.0001). The half-life of BNZ was calculated to be 105.5 ± 3.4 min. All data are expressed as the mean ±
S.E. of four independent experiments. B) BNZ concentrations (μg/mL) detected in the CSF of rats after the intravenous infusion of 0.25 mg (1 mg/kg). The data are 
expressed as the mean ± S.E. of four independent experiments. C) Blood BNZ concentrations (μg/mL) within 420 min following oral administration of 10 mg/kg 
doses to rats. Data are expressed as the mean ± S.E. of four independent experiments. The oral formulations consisted of raw BNZ mixed with palatable food (Raw 
BNZ), or formulated as EG@N8 or EG@N12 diluted 1:1 in water. D) Cerebrospinal fluid BNZ concentrations (μg/mL) within 180 min following oral administration of 
10 mg/kg doses to rats. Data are expressed as the mean ± S.E. of four independent experiments. The oral formulations consisted of raw BNZ mixed with palatable 
food (Raw BNZ), or formulated as EG@N8 or EG@N12 diluted 1:1 in water. 
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3.4.2. Oral administration of BNZ 
The dose chosen for the oral administration of raw BNZ was related 

to the drug content in the formulations EG@N8 and EG@N12 (Table 3) 
and after their dilution 1:1 in water was about 2.5 mg/mL. Dilution of 
EG@N formulations was required to manage them during oral admin-
istration to rats by gavage. The volume of orally administered EGs was 1 
mL, therefore the BNZ oral dose was about 2.5 mg (10 mg/kg). For the 
oral administration of raw BNZ to rats, 2.5 mg of the drug was mixed 
with palatable food, resulting in the highest concentration in the 
bloodstream at 60 min (Tmax) with a value of 2.85 ± 0.13 μg/mL (Cmax), 
which decreased to 0.323 ± 0.004 μg/mL at 420 min, as reported in 
Fig. 5C. The AUC value of the BNZ profile, here calculated from the time 
0 to infinity, was 615 ± 13 μg⋅mL− 1⋅min which allowed the calculation 
of the absolute bioavailability (F) value of 4.2 ± 0.2 % (Table 5). This 
result indicates a relatively poor aptitude of BNZ to be absorbed in the 
bloodstream of rats after its oral administration in the raw form. Despite 
the relatively low raw BNZ oral F value, the presence of this drug was 
quantifiable in the CSF of rats after the oral administration of 10 mg/kg 
in the raw form. Indeed, as reported in Fig. 5D, the Cmax value of BNZ in 
CSF was 1.82 ± 0.23 μg/mL at 60 min (Tmax), which decreased to 0.26 
± 0.04 μg/mL at 180 min; the CSF concentration profile allowed for the 
calculation of an AUC value, between 0 and 180 min, of 136.6 ± 8.7 
μg⋅mL− 1⋅min (Table 5). This area value, normalised relative to the 
intravenous infusion dose, indicates a BNZ transit in the CSF of rats after 
oral administration, corresponding to the 4.4 % of that obtained after its 
intravenous administration. This aspect confirms the poor oral 
bioavailability of BNZ. However, it also indicates that the high perme-
ation to the central nervous system from the bloodstream is maintained 
after oral administration. The concentration ratio values of BNZ between 
CSF and bloodstream at 30, 60 and 90 min from the end of infusion were 
0.28 ± 0.04, 0.64 ± 0.11 and 0.51 ± 0.07, respectively. The mean ratio 
(0.48 ± 0.11) appears similar to that obtained between 30 and 60 min 
after intravenous drug administration (0.47 ± 0.01). These data suggest 
that the potential ability of BNZ to counteract Chagas Disease at the 
central level (indicated by the drug presence in the CSF of rats after the 
intravenous infusion, Fig. 5B), should not be altered after the oral 
administration of the drug if appropriate doses are used. 

The oral administration to rats of EG@N8 and EG@N12 at the same 
dose of the raw drug (10 mg/kg) induced a significant bioavailability 
increase of BNZ, as evidenced in Fig. 5C. In particular, EG@N8 and 
EG@N12 allowed to obtain Cmax values in the bloodstream at 60 min 
(Tmax) of 7.39 ± 0.30 μg/mL and 6.20 ± 0.52, which decreased at 420 
min to 0.63 ± 0.05 μg/mL and 0.76 ± 0.02 μg/mL, respectively. The 
AUC values of the BNZ profiles, calculated from time 0 to infinity, were 
1619 ± 30 μg⋅mL− 1⋅min for EG@N8 and 1237 ± 41 μg⋅mL− 1⋅min for 
EG@N12, corresponding to absolute bioavailability (F) values of 11.1 ±
0.4 % and 8.5 ± 0.5 %, respectively (Table 5). The relative bioavail-
ability values (obtained by comparison with the oral administration of 
the raw drug, Table 5) of EG@N8 (263 ± 9 %) and EG@N12 (201 ± 9 
%) indicate that these formulations allow for an increase of up to 2.6 
times in the oral absorption of BNZ in the bloodstream, in comparison to 

the raw drug. A similar behaviour was observed in the CSF, after the oral 
administration of the EG@N. In particular, as reported in Fig. 5D, the 
CSF BNZ Cmax values were obtained at 90 and 60 min with values of 3.22 
± 0.18 μg/mL and 2.76 ± 0.06 μg/mL for EG@N8 and EG@N12, 
respectively. These values decreased to 0.60 ± 0.04 μg/mL and 0.31 ±
0.06 μg/mL at 180 min; the overall CSF concentration profile allowed 
for the calculation of AUC values, between 0 and 180 min, of 309.0 ±
8.3 μg⋅mL− 1⋅min and 222.1 ± 7.9 μg⋅mL− 1⋅min for EG@N8 and 
EG@N12, respectively (Table 5), indicating their ability to increase the 
BNZ absorption in the central nervous system up to 2.3 times, in com-
parison to the oral administration of a same dose of the raw drug. 

4. Discussion 

Recently, a child-adapted dose of 12.5 mg of BNZ per tablet has been 
formulated for children of 2 to 12 years to improve dosing accuracy, 
safety and adherence to therapy. For children weighing less than 15 kg, 
the recommended dose is 50 mg, thus corresponding to 4 tablets. 
Preschool-aged children, who are unable to swallow tablets, are gener-
ally treated with 12.5 mg tablet slurry by crushing or directly dispersing 
the tablet in water or orange juice according to the scheme reported in 
the FDA prescribing information (“https://www.accessdata.fda.gov/ 
drugsatfda_docs/label/2017/209570lbl.pdf”). A recent study reported 
the pharmacokinetic of BNZ paediatric tablets in infected children 
ranging from new-borns to 12-year-olds. The study showed that the 
treatment was effective and well-tolerated, although children had lower 
blood levels of BNZ compared to adults receiving similar weight- 
adjusted doses (7.5 mg/kg/day) for 60 days (Altcheh et al., 2023). 
However, tablet manipulation can lead to dosing errors, along with is-
sues such as poor palatability and the risk of administering toxic or sub- 
therapeutic doses. Therefore, it is of great interest to improve BNZ sol-
ubility and its overall bioavailability in order to reduce its dosage, but 
also to develop new age-appropriate paediatric formulations that are 
safe, compliant, and easy to administer (del Moral Sanchez et al., 2018). 

To address these challenges in the treatment of CD, NaDES are pro-
posed as new solvents for boosting the solubility of poorly water-soluble 
BNZ, due to their simplicity of preparation, sustainability and low cost 
(Álvarez and Zhang, 2019). The solubility results confirm the effec-
tiveness of NaDES in enhancing the BNZ solubilisation (Fig. 1A); 
particularly the supramolecular assembly formed by choline chloride 
with either citric acid or malic acid (N8, N9 and N12). The highest 
solubility of NaDES containing LA may be attributed to LA’s inherent 
solubilising effect (as demonstrated by solubility values on BNZ in 
LA90% and 80 %, which behaved as sample N15, Fig. S2), rather than 
solely relying on the formation of a supramolecular bonding network. 

In the context of drug delivery, NaDES have mainly been studied for 
topical application. However, their high viscosity poses a challenge 
when considering their transformation into oral dosage forms. In a 
previous study (Albertini et al., 2023), we proposed capsule filling as a 
possible strategy for delivering drug-loaded NaDES to adults. Never-
theless, capsules may not be the most suitable option for young children. 

Table 5 
Area under Curve (AUC), absolute bioavailability and relative bioavailability values obtained in the bloodstream of rats and area under Curve (AUC) values obtained in 
the CSF of rats after the intravenous or oral administration of BNZ. The data are reported as the mean ± S.E. of four independent experiments.  

Formulation  
Administration 
form  

Dose 
(mg/Kg) 

Bloodstream CSF 

AUC 
(µg•mL¡1 min) 

Absolute bioavailability Relative bioavailability(a) AUC 
(µg•mL¡1 min) 

Free BNZ Iv infusion 1 1461 ± 29 − − 313.4 ± 8.8 
Raw BNZ Oral(b) 10 615 ± 13 4.2 ± 0.2 % − 136.6 ± 8.7 
EG@N8(c) Oral (by gavage) 10 1619 ± 30 11.1 ± 0.4 % 263 ± 9 % 309.0 ± 8.3 
EG@N12(c) Oral (by gavage) 10 1237 ± 41 8.5 ± 0.5 % 201 ± 9 % 222.1 ± 7.9  

(a) concerning raw BNZ. 
(b) mixed with palatable food. 
(c) diluted in water (1:1 v/v). 
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Designing liquid or semisolid dosage forms could enhance swallow-
ability compared to oral tablets or capsules, thereby improving accept-
ability among children. Our results demonstrated that diluting BNZ- 
NaDES systems with water significantly decreased drug solubility 
(Fig. 1B,C). Therefore, incorporating natural-derived polysaccharides 
such as xanthan gum (XG) into EGs with minimal water addition pro-
vides a feasible approach for administering drug-NaDES solutions. EGs 
with 5 mg/mL BNZ can be conveniently administered as oral soft gels 
packed in 5 mL stick-packs twice a day (with each unit providing a BNZ 
dose of 25 mg). This approach offers a practical and viable delivery 
option for the paediatric population. 

Three NaDES (N8, N9 and N12) were transformed in EGs by adding 
1 % w/w of XG and small amount of water (10 or 15 % w/w). The 
rheological study revealed a strong synergistic effect between XG and 
NaDES in determining the viscoelastic behaviour of the final gelled 
systems. The control sample, obtained by gelling water with the same 
XG amount, exhibited weak gel behaviour at 25 ◦C and behaved like a 
solution at physiological temperature, with a sol–gel transition between 
37 and 25 ◦C (see Fig. 4C,D,F). In the XG gel, the presence of the 
polymeric chains implies a T2m reduction from that of free water (≈
4000 ms)(Coviello et al., 2013) to 1321 ms (see Table S5). Indeed, it is 
well known that in hydrogels, the polymeric network reduces the 
relaxation time (both T1m and T2m) of the embedded water molecules, 
and this reduction becomes more pronounced with a tight polymeric 
network. The shear modulus values (Table 4) and the magnetic relaxa-
tion properties (Fig. 4A,B) revealed the distinctive rheological- 
structural properties of EG@N, which differed from both the XG gels 
and from the starting NaDES. The latter are Newtonian viscous liquids at 
37 ◦C (Fig. S4). Overall, the rheological and low field NMR data sug-
gested a bimodal structure of EGs, as schematically represented in 
Scheme 2. 

The two peaks of Fig. 4D correspond to two distinct regions within 
the EG@N structure:  

i. a water-rich region consisting of a supramolecular hydrogen- 
bonded network involving NaDES, XG and a large amount of water 
(main peak in Fig. 4D). Polymer chains are connected to junctions 
(depicted as white small circles in Scheme 2) resulting in a labile 
structure characterised by weak interactions (smaller λ1) and by 

transversal and longitudinal relaxation times T21 and T11. This region 
occupies the largest volume (higher g1) of the EG@N. Notably, the 
water relaxation times of EG@N fall between those of XG gel and 
original NaDES (very low water content). Accordingly, the reduction 
of T2m and T1m values in NaDES (N8, N9, N12 – see Table S5) are 
proportional to water content: the lower the water content, the 
shorter the relaxation time. The higher water content could be the 
reason for polymer junction lability.  

ii. a water-poor region characterised by a denser and more rigid 
polymeric network. This region occupies the lower volume of EG@N 
(smaller peak of Fig. 4D) and exhibits more stable polymer junctions 
(grey circles in Scheme 2) as indicated by higher λi. The smaller 
relaxation times (T12 and T22, Table S5) in this region can be 
attributed to the role of water: as the water content in the NaDES-XG 
network decreases, the crosslinks become stronger and more stable. 

The crucial role of water in forming the hydrogel as well as EGs based 
on XG has been underlined. A recent study investigated semisolid EGs 
formed with up to 10 % XG and a small water amount (10 % w/w). The 
findings revealed that water was essential not only for preparing EGs 
based on ChCl but also for their physical stability (Zeng et al., 2020). 
Results indicated that gelation induced by XG resulted in the crystalli-
zation of NaDES components. This phenomenon was attributed to the 
removal of water molecules from NaDES by the XG polymer chains; 
consequently, supramolecular hydrogen bonding networks rearranged, 
leading to the reappearance of crystals. In the context of this study, BNZ- 
loaded EG@N maintained their structure unchanged over a period of 6 
months, showing no phase modifications or drug crystallization (as 
indicated in Table S1). Furthermore, rheological data demonstrated that 
BNZ-loaded EG@N exhibit viscoelastic properties suitable for their 
intended application as oral soft gels, both at room temperature (25 ◦C) 
and after administration (37 ◦C). 

In addition to suitable rheological properties, evaluating the 
biocompatibility, dissolution performance, and pharmacokinetic pro-
files is crucial to assess the feasibility of EG@N for BNZ delivery. The 
MTT assay conducted on gingival fibroblasts revealed a significant toxic 
effect specifically for EG@N15, regardless of the drug loading. This 
toxicity is likely associated with the high LA amount and the reduced 
extent of intramolecular H-bonds in the HPMC-based EGs compared to 
other EG@N formulations. In fact, EG@N formulations containing either 
citric or malic acid, despite having a similar pH value to N15 (as shown 
in Table 1), exhibited excellent cell viability after incubation. Similar 
positive results were obtained for betaine NaDES with malic acid and 
proline or glucose (1:1:1), indicating high cell tolerance (Radošević 
et al., 2018). In contrast, Popovic et al. observed cytotoxic profiles when 
combining ChCl in a 1:1 M ratio with various organic acids (citric, malic 
and lactic) on normal fibroblast MRC-5 cells (Popović et al., 2023). It is 
worth mentioning that in that study, the dilution of each combination of 
tested HBA: HBD with a substantial amount of water (20 wt%) could 
have partially disrupted the H-bonding network, leading to an increase 
presence of free–COOH moieties. For EG@N8, 9 and 12, the systems 
interact differently with cells as the water added during gelation was 
bound with XG. 

BNZ release studies from EGs were then conducted trying to mimic 
the oral administration of gels to toddlers. Analysing Fig. 2A, it can be 
deduced that the release profiles in SGF are influenced by the viscosity of 
EGs: the more viscous fluid (EG@N12), the better controlled drug 
release. Despite the dilution of EGs into SGF, the supramolecular EGs 
maintained a supersaturated system. Upon further dilution in SIF, the 
EGs structure was disrupted, some level of supersaturation persisted, 
particularly in the case of EG@N8. This condition could potentially 
drive BNZ absorption. Subsequently, in vivo studies compared the per-
formance of two selected EG@N formulations: EG@N8 and EG@N12. 
These formulations differ in viscosity (as shown in Fig. 4A) and 
composition. 

In pharmacokinetic and bioavailability studies, BNZ was 

Scheme 2. Schematic representation of EGs structure. The light blue zone in-
dicates the region characterised by a water-rich NaDES XG network charac-
terised by transversal and longitudinal relaxation times T21 and T11, 
respectively, and by the rheological parameters g1 (elastic modulus) and λ1 
(mechanical relaxation time). The external grey zone indicates the water-poor 
rigid NaDES XG region characterised by transversal and longitudinal relaxa-
tion times T22 and T12, respectively. 
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administered to rats using doses of 1 mg/kg and 10 mg/kg for intrave-
nous and oral routes, respectively. These doses ensured that plasmatic 
concentrations did not exceed 10 μg/mL, a value slightly lower than 
maximum plasmatic BNZ levels observed in previous rat studies 
(approximately 11 μg/mL) (Davanço et al., 2015). Futhermore, the 
recommended oral dose of 10 mg/kg per day aligns with paediatric 
treatment during the acute stage of the disease (Pérez-Molina and 
Molina, 2018) and it results 10 times lower than the BNZ dose causing 
oesophageal toxicity in rats (100 mg/kg) (de Castro et al., 2003). The 
BNZ profile in rat bloodstream after intravenous administration 
(Fig. 5A) exhibited concentration values similar to other known BNZ 
profiles, considering dose normalization (Morilla et al., 2004). The 
calculated half-life, corresponding to approximately two hours (based 
on the intravenous profile, Fig. 5A), aligns with existing BNZ half-life 
values in rodents (Davanço et al., 2015; Morilla et al., 2004; Perin 
Luísa et al., 2017). Moreover, since CD also involves the brain, we 
evaluated the BNZ’s profile over time in the CNS of rats as well. The 
results (Fig. 5B) confirmed BNZ’s ability to penetrate the brain of ro-
dents from the bloodstream (Perin Luísa et al., 2017). The mean value of 
the BNZ concentration ratios (R) between CSF and bloodstream was 
about 0.5, indicating a marked ability of BNZ to penetrate the CNS. 
Notably, upon analysing the profile of raw BNZ in the bloodstream of 
rats following oral administration (Fig. 5C), an oral absolute bioavail-
ability of approximately 4 % was obtained. This confirms the poor ab-
sorption capacity of this drug via the oral route. On the other hand, a 
mean value of the ratio R of about 0.5 (the same calculated after 
intravenous administration) was obtained from the profile of raw BNZ in 
the CSF of rats (Fig. 5D), supporting the ability of BNZ to permeate the 
CNS even after its oral administration. These findings indicate that the 
orally administered BNZ can exhibit therapeutic effects directly in the 
brain against CD, whose acute phase, usually occurring in children, 
causes death in approximately 10 % of patients due to encephalomyelitis 
(Prata, 2001). 

The bloodstream BNZ concentration following the oral administra-
tion of the raw drug mixed with palatable food is comparable in 
magnitude to those obtained by the administration of BNZ formulated as 
a water suspension in the presence of Arabic gum, when doses are 
normalized (Morilla et al., 2004). On the other hand, when rats received 
the neat BNZ water suspension (without excipients), drug concentration 
values were significantly lower than those here detected (approximately 
4 to 14 times lower, considering dose normalisation) (Barrera et al., 
2020; Leonardi et al., 2013). BNZ-cyclodextrin complexes or chitosan 
microparticulate devices were demonstrated to substantially increase 
(up to 10 times) plasmatic drug concentrations after oral administration 
to rats (Barrera et al., 2020; Leonardi et al., 2013). However, these 
increased values appear lower than our results obtained after the oral 
administration of raw BNZ in the presence of palatable food, taking into 
account the dose normalisation (Barrera et al., 2020; Leonardi et al., 
2013). Additionally, interpolyelectrolyte complexes have been proposed 
as another strategy to enhance BNZ oral bioavailability, demonstrating a 
30 % increase in BNZ absorption in dogs (García et al., 2018). 

Interestingly, the oral administration of the BNZ-loaded EGs to rats 
increased the drug bioavailability from 4.2 % (raw drug) to 8.5 % 
(EG@N12) or 11.1 % (EG@N8), emphasizing relative bioavailability 
values of 201 % or 263 %, respectively, with respect to the raw drug 
(Table 5). The correlation between these results and the in vitro release 
profiles is noteworthy, confirming the efficacy of supramolecular EGs in 
promoting drug absorption. 

EGs facilitated comparable increases in BNZ levels in the CSF of rats 
(as indicated by the AUC values in Table 5). These findings highlight the 
capacity of these novel oral formulations to enhance the therapeutic 
efficacy of BNZ against CD, resulting in more than a twofold increase in 
concentration at both peripheral and central levels compared to the raw 
drug. These properties suggest that EGs could be a valuable approach for 
treating CD during its acute phase and may contribute to countering the 
eradication of Trypanosoma cruzi in the CNS. 

5. Conclusions 

We have demonstrated that eutectogels (EGs), derived from NaDES 
gelation by a biocompatible and biodegradable biopolymer (xanthan 
gum), represent a green and sustainable formulation strategy. This 
method proved to be feasible and effective in enhancing the solubility 
and absorption of BNZ, which exhibits variable bioavailability after oral 
administration, particularly in paediatric patients. Rheology and low 
field NMR characterisation showed that EGs exhibit a peculiar supra-
molecular structure that remained unchanged upon storage and tem-
perature change. These polysaccharide-based materials are easy to use 
and prepare, a key point for a successful industrial scale-up. The 
enhancement of BNZ concentrations in the bloodstream and cerebro-
spinal fluid of rats suggests not only the superior bioavailability ach-
ieved by EGs but also the potential to extend the therapeutic efficacy of 
the drug to the chronic phase of the disease, particularly in its early 
stages. EG@N8 and EG@N12 can therefore be proposed for the paedi-
atric CD treatment, owing to their advantageous properties (higher 
bioavailability and ease of administration) compared to traditional 
orally administered dosage forms. 
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