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A B S T R A C T

Since malaria is still a major problem for human health, especially in developing countries, the association of the 
most effective antimalarial drugs with complementary adjuvants and their loading in suitable delivery nano
systems seems promising to improve therapy effectiveness and minimize side effects. In this study, nanovesicle- 
doped nanoemulsions were developed and tested for the oral co-delivery of artemisinin and quercetin, using an 
easy, low-cost, and reproducible method along with cheap and naturally occurring components. The same for
mulations loading artemisinin or quercetin alone were prepared and used as comparison. Cryogenic transmission 
electron microscopy confirmed the formation of hybrid dispersions in which nanosized oil droplets coexisted 
with lamellar vesicles; both were sized ~61 nm and had a negative zeta potential (~-47 mV). Formulations were 
stable when diluted at gastrointestinal pHs and high ionic strength and had low in vitro cytotoxicity against Caco- 
2 and human umbilical vein endothelial cell lines (<15 %) when the lower concentrations were used (20, 10, 5, 
and 2.5 μg/mL). Nanovesicle-doped nanoemulsions co-loading artemisinin and quercetin effectively inhibited in 
vitro the growth of the 3D7 strain of Plasmodium falciparum with a half-maximal inhibitory concentration of 9 ng/ 
mL. Following their oral administration in vivo to Plasmodium yoelii yoelii 17XL-infected mice, they improved the 
survival rate with respect to the animals treated with only the artemisinin solution. Results were promising since 
33 % of mice treated with the nanovesicle-doped nanoemulsions co-loading artemisinin and quercetin 
completely recovered after clearing parasitaemia below detectable levels and developed immunity to malaria (no 
parasites were detected in blood upon reinfection without treatment). All in all, this study demonstrates the 
potential of nanovesicle-doped nanoemulsions as an effective oral delivery strategy for artemisinin-based com
bination therapies.

1. Introduction

Notwithstanding significant progress in malaria control over the last 
two decades, which has led to a reduction in case incidence and mor
tality rates, this disease remains a major global threat in developing 
countries, accounting for around 263 million cases and 597,000 esti
mated deaths worldwide in 2023 [1]. Artemisinin, extracted from the 
Chinese herbal plant Artemisia annua L. (Qinghao), has been widely used 

in traditional Chinese medicine. The Nobel Prize-winning scientist 
Youyou Tu first reported its antimalarial activity, leading to its devel
opment as the frontline treatment for uncomplicated malaria caused by 
Plasmodium falciparum (P. falciparum) [2]. Artemisinin and their de
rivatives (i.e., artesunate, artemether) – also known globally as arte
misinins – are sesquiterpene lactones containing an unusual peroxide 
bridge, which is essential for their antimalarial activity [3]. This activity 
is characterized by a reduction in parasitaemia that occurs almost 
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immediately after administration [4]. Following oral, parenteral, or 
rectal administration, these compounds are rapidly transformed into 
dihydroartemisinin, the active metabolite responsible for their thera
peutic effect [5–7]. The current frontline treatments for uncomplicated 
malaria caused by P. falciparum consist of a 3-day oral administration of 
Artemisia annua-derived compounds combined with synergistic anti
malarial drugs possessing a longer half-life [7–12]. These so-called 
artemisinin-based combination therapies are needed since artemisinin 
derivatives reach concentration peaks in 1–2 h after administration and 
are inactivated through hepatic metabolism within 0.5 and 3 h [13,14]. 
Intravenous or intramuscular artesunate remains the treatment of choice 
in case of severe malaria from P. falciparum until the patient can tolerate 
oral treatment and complete the therapy using an artemisinin-based 
combination therapy [4,15]. In the last 20 years, artemisinins have 
been extensively used for the clinical treatment of malaria caused by 
P. falciparum, but some safety concerns appeared due to acute haemo
lytic anaemia reactions [16,17]. Additionally, the last decade has also 
witnessed the spread of some cases of artemisinin-resistant malaria in 
Africa and Southeast Asia [18,19]. Therefore, there is an urgent need for 
safer therapies, especially those less susceptible to resistance. Currently, 
no group of drugs can replace artemisinins due to their unmatched high 
efficacy against malaria [20]. Moreover, if combined with a proper 
partner drug, artemisinin-based combination therapies can retain their 
effectiveness against parasites with reduced susceptibility to artemisi
nins [21]. Therefore, a good strategy to counteract emerging drug 
resistance might be exploring new combination therapies that exploit 
unconventional drug partners that can synergize the activity of arte
misinins. Medicinal plants and edible foods are important sources of 
active ingredients. Recently, particular attention has been directed to 
flavonoids such as morin, quercetin, catechin, and quercitrin as novel 
natural antimalarial candidates [22]. Among them, quercetin, widely 
used in traditional Chinese medicine as an antioxidant, 
anti-inflammatory, and antiviral agent, has shown antiplasmodial ac
tivity both in vitro (in the 3D7/K1 P. falciparum line) and ex vivo (in fresh 
P. falciparum field isolates from Bangladesh) and represents, therefore, a 
valid candidate for new, unconventional combination therapy [23,24]. 
Using easily obtainable and low-cost companion drugs or adjuvants is 
crucial not only to reduce resistance evolution but also for reducing 
treatment expenses and enhancing therapy accessibility to low-income 
populations [25]. However, one of the biggest problems concerning 
natural compounds is often their low water solubility, which in turn can 
compromise their bioavailability and, ultimately, their efficacy once 
administered in vivo [26]. To address this problem, numerous strategies 
can be applied to deliver poorly water-soluble compounds [27]. Among 
them, nanosystems are cutting-edge approaches to improve pharmaco
kinetics and reduce the likelihood of resistance to malaria therapy [28]. 
However, choosing the most suitable nanosystem for a specific drug is 
not always easy, and its structure, physico-chemical properties, and 
administration route must be considered [29,30]. Looking at the current 
literature, the most used nanosystems in malaria therapy include 
nanoemulsions, micelles, lipid nanocarriers (e.g., liposomes), polymeric 
nanocarriers (e.g., PLGA nanoparticles), peptide nanocarriers (e.g., al
bumin nanoparticles), and, lastly, carbon-based, metallic, inorganic and 
magnetic nanoparticles [31–33]. Nanoemulsions and liposomes have 
emerged as successful nanosystems for the delivery of antimicrobials for 
treating infectious diseases, including malaria [34,35]. For example, 
orally administered primaquine-loaded nanoemulsions were more 
effective than a conventional oral dosage form in inhibiting Plasmodium 
berghei infection in Swiss albino mice [36], and 
dihydroartemisinin-loaded surface-modified lipid nanoemulsions were 
found to clear parasitaemia while avoiding haemolysis in in vivo studies 
[37]. Lastly, liposomes were explored by Fulgheri et al. as carriers for 
the oral co-delivery of artemisinin and quercetin, highlighting their 
suitability, especially for quercetin delivery as an adjuvant [38]. On 
these bases, this study led to the development of a hybrid system - a 
nanovesicle-doped nanoemulsion - for oral malaria therapy, which takes 

advantage of the strengths of both systems (nanoemulsions and lipo
somes). Similar hybrid systems have been used against cancer but never 
as malaria therapy. In that case, the emulsion was encapsulated within 
the vesicles [39]. In contrast, in this study, the nanoemulsion coexists 
with vesicles, making it, to date, one of a kind in malaria treatment. 
Artemisinin and quercetin, alone or in combination, were loaded into 
nanovesicle-doped nanoemulsions. They were fully characterized, and 
their biocompatibility was evaluated in human colon adenocarcinoma 
cells (Caco-2) and human umbilical vein endothelial cells (HUVEC) as 
representative of the intestine and the blood vessels, respectively. The 
ability of loaded nanovesicle-doped nanoemulsions to inhibit the growth 
of P. falciparum was evaluated in vitro. Lastly, the in vivo antimalarial 
efficacy was preliminarily assessed on Plasmodium yoelii yoelii 17XL-in
fected mice.

2. Materials and methods

2.1. Materials

Soy lecithin (Lecinova®) was purchased in a local market store 
(Cagliari, Italy). Artemisinin was obtained from Biosynth Ltd. (Comp
ton, UK). Unless otherwise specified, quercetin, castor oil, Kolliphor® 
RH40, sodium chloride, disodium hydrogen phosphate, sodium dihy
drogen phosphate and other analytical-grade reagents were acquired 
from Sigma-Aldrich (Milan, Italy). Dimethyl sulfoxide and 37 % hy
drochloric acid were obtained from Carlo Erba (Milan, Italy). Water was 
purified through a Milli-Q system from Millipore (conductivity: 18.2 
MΩ cm− 1 at 25 ◦C; Milford, MA, USA). Unless otherwise specified, 
plastic labware and reagents for cell culture (e.g., Dulbecco’s Modified 
Eagle Medium, Medium 199, foetal bovine serum, and penicillin/ 
streptomycin) were purchased from Life Technologies Europe (Monza, 
Italy).

2.2. Sample preparation

Artemisinin (5 mg/mL final concentration), quercetin (5 mg/mL 
final concentration), or both (5 mg/mL each, final concentration), castor 
oil (100 mg/mL final concentration), Kolliphor® RH40 (100 mg/mL 
final concentration), and soy lecithin (25 mg/mL final concentration) 
were weighted in a glass vial, heated at 50 ± 0.5 ◦C in a thermostatic 
water bath, and maintained under stirring for 20 min, to obtain a ho
mogeneous phase. Water was heated at 50 ± 0.5 ◦C as well and gently 
poured over the oil phase. Immediately, the obtained milky dispersions 
were sonicated at room temperature without any further temperature 
control (5 s on, 2 s off, 20 cycles, 13 μm of probe amplitude, probe 
frequency max 23 kHz) with a high-intensity ultrasonic disintegrator 
(Soniprep 150, MSE Crowley, London, UK). Sonication settings were 
selected during a preliminary study performed by varying the number 
and duration of cycles, amplitude and probe frequency, with the aim of 
obtaining small and homogeneous droplets and transparent systems. 
Nanovesicle-doped nanoemulsions were stored at 4 ◦C, protected from 
light, until further characterization. At least 6 batches were produced for 
each formulation. The chemical integrity of artemisinin and quercetin 
after preparation (e.g., heating, sonication) and treatment (e.g., high 
ionic strength and pH) was verified elsewhere [40–42]. Finally, for
mulations were not sterilized, but their bioburden was contained by 
manipulating them in a laminar flow biosafety cabinet and using ster
ilized glassware.

2.3. Characterization of nanovesicle-doped nanoemulsion

The morphology of particles contained in dispersions was observed 
using a cryogenic transmission electron microscope (cryo-TEM). A thin 
film of each sample was formed on a holey carbon grid and vitrified by 
plunging (100 % humidity and room temperature) into liquid ethane, 
which was maintained at its melting point using a Vitrobot (FEI 
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Company, Eindhoven, The Netherlands). The vitreous films were 
transferred to a cryo-TEM (Tecnai F20, FEI Company), and samples were 
observed (1 grid per dispersion batch). 5–6 images per grid were ac
quired at − 173 ◦C, using low-dose imaging conditions (200 kV). The 
hydrodynamic mean diameter (nm), polydispersity index, and zeta po
tential (mV) of the studied nanovesicle-doped nanoemulsions were 
measured at 25 ◦C using a Zetasizer Ultra (Malvern Panalytical Ltd., 
Malvern, UK). Mean diameters and polydispersity indexes were acquired 
in sextuplicate (6 batches) using the non-invasive backscattering tech
nology at 173◦ angle (at least 3 repetitions per batch). Zeta potentials 
were measured in sextuplicate using the Mixed Mode Measurement- 
Phase Analysis Light Scattering (at least 3 repetitions per batch). 
Before the analysis, 10 μL of each sample was diluted with 990 μL of 
water. The proportion of nanovesicles and nanodroplets in the samples 
was quantified based on the cryo-TEM images, determining the per
centage of each nanoparticle present in each formulation. Additionally, 
measurements of the diameters of the droplets and vesicles were per
formed using cryo-TEM images, with at least 60 measurements for each 
type of particle within the formulations.

2.4. Behaviour of nanovesicle-doped nanoemulsions at gastrointestinal 
pH

A solution at pH 1.2 and high ionic strength was prepared with so
dium chloride (1.75 g), water (94 mL), and hydrochloric acid (0.1 M, 6 
mL) to reach pH 1.2. A second solution at pH 7.0 and high ionic strength 
was prepared with disodium hydrogen phosphate (0.726 g), sodium 
dihydrogen phosphate (0.356 g), sodium chloride (1.754 g), water, and 
a solution of phosphoric acid to adjust the pH to 7.0 [43]. Each freshly 
prepared formulation (n = 6) was diluted 100-fold with the solution at 
pH 1.2 and incubated under mild stirring at 37 ◦C for 2 h or diluted 
100-fold with the solution at pH 7.0 and incubated for 6 h. At the end of 
the incubation time, the mean diameter and polydispersity index of 
samples were measured at 37 ◦C.

2.5. In vitro cytotoxicity studies

Human colon adenocarcinoma (Caco-2) cells and human umbilical 
vein endothelial cells (HUVEC) were cultured at 37 ◦C, 100 % humidity, 
and 5 % carbon dioxide in, respectively, Dulbecco’s Modified Eagle 
Medium (high glucose) or Medium 199 (M199), both supplemented 
with 10 % fetal bovine serum (FBS), 1 % penicillin (10,000 units), and 
10 mg/mL streptomycin. The medium was refreshed every two days. 
Freshly passaged Caco-2 and HUVEC cells were seeded at respective 
densities of 10,000 and 5000 cells/well in a clear flat-bottom 96-well 
plate and incubated overnight to allow cell adherence. Afterward, the 
medium was removed and replaced with serial dilutions of artemisinin 
and quercetin, as a nanovesicle-doped nanoemulsion (alone or in com
bination) or as a solution in the required cell medium. The final volume 
per well was 100 μL and the dimethyl sulfoxide concentration was al
ways below 0.5 %. The final concentrations of artemisinin or quercetin 
in the wells were 40, 20, 10, 5, 2.5, and 0 μg/mL. Cells were incubated 
for 48 h, the medium was changed, and cell viability was evaluated 
using the resazurin assay, a fast and simple fluorometric test [44]. 
Briefly, 10 μL of resazurin sodium salt solution (0.125 mg/mL) was 
added to each well, and after 4 h, fluorescence was measured (λ ex/em: 
535/590 nm) using a microplate reader (Tecan Infinite M Plex; Tecan 
Group Ltd., Männedorf, Switzerland). Three independent experiments 
were performed at different times, each time in triplicate. The viability 
(%) of treated cells was reported in comparison with the untreated 
control cells (100 % viability).

2.6. In vitro P. falciparum growth inhibition assay

P. falciparum 3D7 culture was maintained at 1 % parasitaemia and 3 
% haematocrit in a hypoxia incubator (ESCO Lifesciences, Singapore) 

with a gas mixture containing 92.5 % nitrogen, 5.5 % carbon dioxide, 
and 2.0 % oxygen. The parasites were cultured in B+ red blood cells in 
Roswell Park Memorial Institute (RPMI) 1640 medium, supplemented 
with 2 mM L-glutamine, 50 μM hypoxanthine, 5 g/L albumax II, 25 mM 
HEPES, pH 7.2 (complete RPMI). Before the assay, parasites were syn
chronized to the ring stage through 5 % (w/v) sorbitol lysis [45]. Serial 
dilutions of artemisinin and quercetin, alone or in combination, solu
bilized in dimethyl sulfoxide (10 mg/mL each) or loaded in 
nanovesicle-doped nanoemulsion (5 mg/mL each bioactive), were pre
pared in complete RPMI. The concentrations of artemisinin solution, 
artemisinin nanovesicle-doped nanoemulsion, and 
artemisinin-quercetin nanovesicle-doped nanoemulsion ranged from 
0.500 to 0.004 μg/mL; that of quercetin solution from 50 to 2.39 μg/mL; 
that of quercetin nanovesicle-doped nanoemulsion from 20 to 0.156 
μg/mL. Each diluted sample (75 μL) was added to at least three wells of 
96-well plates, each one containing 75 μL of P. falciparum 3D7 culture at 
1.5 % parasitaemia and 6 % haematocrit. The final volume per well was 
150 μL and the dimethyl sulfoxide concentration was always below 0.5 
%. Three additional wells containing 75 μL of the complete RPMI and 75 
μL of P. falciparum 3D7 culture were prepared. The wells were incubated 
for 48 h and, diluted to 0.03 % parasitaemia with phosphate-buffered 
saline (PBS) containing 0.1 μM Syto11 (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). Parasitaemia percentage was determined by flow 
cytometry, using a four-laser LSRFortessa cytometer (BD Biosciences, 
San Jose, CA, USA) and recorded using the BD FACSDiva software (BD 
Biosciences). Three independent experiments were performed in tripli
cate. Growth inhibition was calculated as the percentage of parasitaemia 
measured after treatment versus the parasitaemia measured in the un
treated control. The half-maximal inhibitory concentration (IC50) and 
the concentration that kills 90 % of parasites (IC90) were calculated 
using the GraphPad Prism 8 software (GraphPad Software, San Diego, 
CA, USA) from the dose-response curves of the triplicate means for each 
sample.

2.7. In vivo antimalarial effect of nanovesicle-doped nanoemulsions

Dimethyl sulfoxide solutions of artemisinin, quercetin, or their 
combination (10 mg/mL each) were diluted with PBS to reach the IC90, 
which was previously determined in a P. falciparum in vitro growth in
hibition assay. Each nanovesicle-doped nanoemulsion was diluted in 
PBS to obtain the corresponding IC50 and IC90. The in vivo antimalarial 
activity of artemisinin, quercetin, or their combination, using the above- 
mentioned dilutions, was assessed using a 4-day blood suppressive test 
as described elsewhere [46]. Briefly, BALB/c mice (three animals per 
group) were inoculated with 2 × 107 red blood cells (100 μL) from 
Plasmodium yoelii yoelii 17XL-infected mice by intraperitoneal injection. 
At 4 h (day 0), 28 h (day 1), 52 h (day 2), and 76 h (day 3) after the 
inoculation, 100 μL of each sample or 100 μL of PBS were orally 
administered to the mice. Each day for 11 days, Giemsa-stained blood 
smears were used to monitor the parasitaemia. At the end of the 
experiment, animals treated with artemisinin-quercetin nano
vesicle-doped nanoemulsion at IC50 were reinfected with 2 × 107 red 
blood cells (100 μL) from Plasmodium yoelii yoelii 17XL-infected mice by 
intraperitoneal injection and weight, temperature, physical activity, and 
parasitaemia were observed for three weeks.

2.8. Ethical issues

The human blood used in this work was from voluntary donors and 
commercially obtained from the Banc de Sang i Teixits (www.bancsang. 
net). Blood was not collected specifically for this research; the purchased 
units had been discarded for transfusion, usually because of an excess of 
blood relative to the anticoagulant solution. Before their use, blood units 
underwent the analytical checks specified in the current legislation. 
Before being delivered, unit data were anonymized and irreversibly 
dissociated, and any identification tag or label was removed to 
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guarantee the non-identification of the blood donor. No blood data were 
or will be supplied, following the current Spanish Ley Orgánica de 
Protección de Datos and Ley de Investigación Biomédica. The blood 
samples will not be used for studies other than those made explicit in this 
research.

Mice (18–20 g) were maintained under standard environmental 
conditions: 20–24 ◦C and 12/12 h light/dark cycle, with ad libitum 
access to a semi-solid diet and water during the experiments. In the 
presence of toxic effects including, among others, >20 % reduction in 
animal weight, aggressive and unexpected animal behaviour, or the 
presence of blood in faeces, animals were immediately anesthetized 
using a 100 mg/kg Ketolar plus 5 mg/kg Midazolam mixture and 
sacrificed by cervical dislocation. The animal care and use protocols 
adhered to the national and international guidelines specified in the 
Spanish Royal Decree 53/2013, based on the European regulation 2010/ 
63/UE. The studies reported here were performed under protocols 
reviewed and approved by the Ethical Committee on Clinical Research 
from the Hospital Clínic de Barcelona (Reg. HCB/2018/1223, January 
23, 2019).

2.9. Statistical analysis of data

Results are expressed as the means of at least 3 independent exper
iments ± standard deviations. Multiple comparisons of means (ANOVA) 
were used to substantiate statistical differences between groups, while 
paired Student’s t-test was used to compare two samples. Significance 
was tested at the 0.05 level of probability (p < 0.05). Data analysis was 
carried out using the software package XL Statistic for Excel.

3. Results

3.1. Preparation and characterization of nanovesicle-doped 
nanoemulsion

A preformulation study was performed to find the more suitable oil 
phase capable of forming stable and effective nanoemulsions. Different 
oils, surfactants, or cosurfactants in various ratios were tested until the 
more suitable combination could load artemisinin and quercetin and 
create a transparent and homogeneous nanoemulsion (data not shown). 
Castor oil, Kolliphor® RH40, and soy lecithin were selected as the main 
components of the lipid phase and combined in the most appropriate 
ratio (1:1:0.4). This composition was able to load the highest amount of 
artemisinin and quercetin (5 mg/mL) together and prevent hydrody
namic size increase and system phase separation, which occurred above 
this concentration.

The morphology of nanovesicle-doped nanoemulsions was analysed 
by cryo-TEM (Fig. 1), which revealed that the prevalent particles were 
oil droplets, which coexisted with small lamellar vesicles. Particles were 
easily distinguishable since oil droplets appeared as grey spheres. In 
contrast, vesicles were less electron-dense and delimited by a single 
layer, most likely composed of phosphatidylcholine molecules (indi
cated by arrows in Fig. 1). Therefore, the formulation could be described 

as a combined dispersion of oil nanodroplets and nanovesicles or, more 
easily, nanovesicle-doped nanoemulsion. The percentage of nano
vesicles in each sample varied with the loaded molecules, being ~9 %, 
~26 % and ~51 % in artemisinin, quercetin and artemisinin-quercetin 
nanovesicle-doped nanoemulsions, respectively. This suggests that the 
high amount of oil phase used favoured the organization of the disper
sion into oil nanodroplets surrounded by surfactants, rather than the 
incorporation of oil into the lamellar membrane of the vesicles. Images 
were used to randomly measure the diameter and assess the relative 
percentage of oil nanodroplets and nanovesicles (at least 60 of each) 
within formulations (Table 1). Results indicated that the nanovesicles 
prepared without quercetin were smaller than those prepared with 
quercetin alone or in association with artemisinin. This effect is prob
ably related to the intercalation of quercetin in the double layer of 
phospholipid vesicles [47].

The mean hydrodynamic diameter, polydispersity index, and zeta 
potential of nanovesicle-doped nanoemulsions prepared without 
bioactive molecule (empty) or loading artemisinin, quercetin, or their 
combination were measured immediately after sonication (Table 2). The 
hydrodynamic diameter of empty nanovesicle-doped nanoemulsion was 
~65 nm (p < 0.05 versus other values), the polydispersity index was 
~0.189, and the zeta potential was ~-45 mV (p > 0.05 versus the zeta 
potential of artemisinin nanovesicle-doped nanoemulsions; p < 0.05 
versus other values). The addition of artemisinin or quercetin or even 
their combination did not considerably affect the mean hydrodynamic 
diameter and polydispersity index of loaded nanovesicle-doped nano
emulsions (≈60 nm, p > 0.05 among the three values). Zeta potential 
results, together with cryo-TEM images and the low water-solubility of 
artemisinin and quercetin, corroborate the hypothesis of their incorpo
ration in the lipidic core of nanodroplets and, to a minor extent, in the 
lipidic bilayer of nanovesicles.

After 30 days at 4 ◦C (Fig. 2), the hydrodynamic diameter of arte
misinin and artemisinin-quercetin nanovesicle-doped nanoemulsions 
maintained the same average values. However, the systems suffered 
some rearrangements as indicated by the decrease of their polydispersity 
index, and modification of their zeta potential, which became less 
negative in the artemisinin-quercetin nanovesicle-doped nanoemulsion 
(p < 0.05). In contrast, the size and polydispersity of quercetin 
nanovesicle-doped nanoemulsion increased, while zeta potential 
became less negative (p < 0.05).

Overall, differences in measured parameters (Table 2 and Fig. 2) can 
be considered minimal when biological applications, discussed further 
on, are considered.

3.2. Behaviour of nanovesicle-doped nanoemulsions at gastrointestinal 
pHs

To evaluate the stability of nanovesicle-doped nanoemulsions in the 
gastrointestinal fluids, these systems were diluted with solutions having 
high ionic strength and pH of 1.2 or 7.0, and further compared with 
freshly prepared systems for mean diameter and polydispersity index 
(Table 3). The dilution in the solutions mentioned above did not affect 

Fig. 1. Representative cryo-TEM images of freshly prepared nanovesicle-doped nanoemulsions loading artemisinin (A), quercetin (B), or artemisinin-quercetin (C). 
The white arrows indicate the nanovesicles contained in each nanovesicle-doped nanoemulsion.
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the mean diameters of nanovesicle-doped nanoemulsions. The major 
changes were observed in the polydispersity index, indicating some 
structural rearrangement. Nonetheless, formulations were considered 
stable as these little fluctuations in the polydispersity index are not 
indicative of non-homogeneous systems, and upon visual inspection, 
they appeared still transparent and uniform.

3.3. Cell viability assay

The biocompatibility of artemisinin, quercetin or their combination, 
solubilized in dimethyl sulfoxide or loaded in nanovesicle-doped nano
emulsions, was evaluated using Caco-2 and HUVEC cells (Fig. 3). Caco-2 
cells were used to evaluate the potential effect of the formulation on the 
colon, where artemisinin and quercetin are expected to be absorbed. 
HUVECs were selected as model of epithelial cells during blood vessel 
transit. All data and statistics are reported in Fig. 3, where it is possible 
to note that most formulations and doses did not considerably affect the 
viability of both cell lines. However, HUVEC cells appeared more sen
sitive to the hybrid systems than Caco-2 cells. Indeed, when HUVEC cells 
were exposed to loaded nanovesicle-doped nanoemulsions, the resulting 
viability was below 100 % in 9 out of 15 treatments (different per 
formulation and dose). By contrast, with Caco-2 cells, only 2 
nanovesicle-doped nanoemulsion treatments (quercetin and 
artemisinin-quercetin nanovesicle-doped nanoemulsions at 40 μg/mL) 
led to a viability below 100 %. At the highest dose (40 μg/mL), the 
quercetin solution was more toxic than the artemisinin solution for both 
cell lines. When artemisinin was loaded in the nanovesicle-doped 
nanoemulsion, biocompatibility was improved only in Caco-2 cells at 
all concentrations. When quercetin instead was loaded into the 

Table 1 
Mean diameter and relative percentage of nanodroplets and nanovesicles in nanovesicle-doped nanoemulsions loading artemisinin, quercetin, or their combination 
retrieved from cryo-TEM analysis. Mean values ± standard deviations are reported (n = 60).

Sample Oil nanodroplets (nm) Nanovesicles (nm) Oil nanodroplets (%) Nanovesicles (%)

Artemisinin nanovesicle-doped nanoemulsion 54 ± 16 33 ± 11 91 9
Quercetin nanovesicle-doped nanoemulsion 61 ± 22 41 ± 16 74 26
Artemisinin-quercetin nanovesicle-doped nanoemulsion 63 ± 16 46 ± 16 49 51

Table 2 
Mean diameter (MD), polydispersity index (PI), and zeta potential (ZP) of freshly 
prepared nanovesicle-doped nanoemulsions loading artemisinin, quercetin or 
their combination. Mean values ± standard deviations are reported (n = 6). The 
same symbol (◦, *,§,#) indicates values that are not statistically different (p >
0.05).

Sample MD 
(nm)

PI ZP (mV)

Empty nanovesicle-doped 
nanoemulsion

65 ± 1 0.189* ± 0.016 − 45§ ± 1

Artemisinin nanovesicle-doped 
nanoemulsion

62◦ ±

1
0.192* ± 0.007 − 42§ ± 3

Quercetin nanovesicle-doped 
nanoemulsion

58◦ ±

1
0.199* ± 0.009 − 51# ± 3

Artemisinin-quercetin nanovesicle- 
doped nanoemulsion

60◦ ±

3
0.176* ± 0.015 − 49# ± 3

Fig. 2. Mean diameter, polydispersity index, and zeta potential of nanovesicle-doped nanoemulsions loading artemisinin, quercetin, or their combination, stored for 
30 days at 4 ◦C. Mean values (bars) ± standard deviations are reported (n = 3). The same symbol (*, ◦, +, §) indicates values that are not statistically different (p >
0.05), whereas different symbols indicate statistically different values (p < 0.05).
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nanovesicle-doped nanoemulsions, alone or in combination with arte
misinin, the biocompatibility towards the highest dose was improved in 
Caco-2 cells but not in HUVECs, which were more sensitive. At the 
concentrations tested from 20 to 2.5 μg/mL), the co-loading of artemi
sinin and quercetin in nanovesicle-doped nanoemulsions improved the 
biocompatibility with respect to the artemisinin solution in both cell 
types, highlighting the suitability of this novel hybrid system as a safe 
oral treatment for malaria.

3.4. Growth inhibition assay

The growth inhibition of the 3D7 strain of P. falciparum caused by 
artemisinin and/or quercetin in solution or loaded in nanovesicle-doped 
nanoemulsion was assayed, and the IC50 and IC90 were calculated 
(Table 4). The IC50 of the artemisinin solution was ~0.019 μg/mL, and 

its IC90 was ~0.065 μg/mL. Both values did not statistically change 
when they were loaded in nanovesicle-doped nanoemulsions as the IC50 
was ~0.018 μg/mL (p > 0.05 when compared to the solution IC50) and 
the IC90 was ~0.061 μg/mL (p > 0.05 between the two IC90s), sug
gesting that the antimalarial efficacy of artemisinin was not affected by 
its loading into nanovesicle-doped nanoemulsions. With respect to the 
artemisinin solution, the IC50 and IC90 values of the quercetin solution 
were significantly higher: the IC50 was ~4.301 μg/mL (p < 0.05 versus 
all other IC50) and the IC90–17.847 μg/mL (p < 0.05 versus all other 
IC90). This difference is probably due to the different mechanisms of 
action, as underlined in the discussion. Nonetheless, loading quercetin 
in the nanovesicle-doped nanoemulsion boosted its activity, leading to a 
decrease of IC50 of ~77 % (corresponding to ~1.004 μg/mL), which 
was statistically different from the IC50 of artemisinin both in solution 
or loaded into the nanovesicle-doped nanoemulsion (p < 0.05). Simi
larly, the IC90 of the quercetin nanovesicle-doped nanoemulsion 
decreased as well (~75 %) to ~4.545 μg/mL, yet it was still higher than 
those of artemisinin solution or artemisinin-loaded nanovesicle-doped 
nanoemulsion (p < 0.05). The co-loading of quercetin and artemisinin 
slightly modified the values obtained when artemisinin was tested 

Table 3 
Mean diameter (MD) and polydispersity index (PI) of nanovesicle-doped nano
emulsions loading artemisinin, quercetin, or their combination incubated for 2 h 
at pH 1.2 or 6 h at pH 7.0. Mean values ± standard deviations are reported (n =
6). The same symbol (◦,§, *) indicates values that are not statistically different (p 
> 0.05), whereas different symbols indicate statistically different values (p <
0.05).

Sample MD 
(nm)

PI

Artemisinin nanovesicle-doped 
nanoemulsion

Freshly 
prepared

62◦ ±

1
0.192 ± 0.007

2 h at pH 1.2 61◦ ±

2
0.122 ± 0.009

6 h at pH 7.0 63◦ ±

3
0.116 ± 0.007

Quercetin nanovesicle-doped 
nanoemulsion

Freshly 
prepared

58§ ± 1 0.199 ± 0.009

2 h at pH 1.2 57§ ± 1 0.104 ± 0.008
6 h at pH 7.0 59§ ± 1 0.115 ± 0.007

Artemisinin-quercetin nanovesicle- 
doped nanoemulsion

Freshly 
prepared

60*◦

± 3
0.176 ± 0.015

2 h at pH 1.2 53* ±
4

0.109 ± 0.010

6 h at pH 7.0 56*◦

± 3
0.105 ± 0.011

Fig. 3. Viability of Caco-2 (left panel) and HUVEC (right panel) cells, treated with artemisinin, quercetin, or their combination, in solution or loaded in nanovesicle- 
doped nanoemulsions, properly diluted to a concentration of 40, 20, 10, 5, and 2.5 μg/mL. Mean values (bars) ± standard deviations are reported (n = 3). In each 
panel, the same-coloured symbol indicates values that are not statistically different (p > 0.05), whereas different coloured symbols indicate statistically different 
values (p < 0.05).

Table 4 
IC50 and IC90 (μg/mL) of artemisinin, quercetin or their combination, in solu
tion or loaded in nanovesicle-doped nanoemulsions, measured against the 3D7 
strain of P. falciparum. Mean values (bars) ± standard deviations are reported (n 
= 3). The same symbol (◦, *) indicates values that are not statistically different 
(p > 0.05), whereas different symbols indicate statistically different values (p <
0.05).

Sample IC50 (μg/mL) IC90 (μg/mL)

Artemisinin solution 0.019◦ ±

0.002
0.065* ± 0.003

Quercetin solution 4.301 ±
0.078

17.847 ± 1.439

Artemisinin nanovesicle-doped nanoemulsion 0.018◦ ±

0.012
0.061* ± 0.030

Quercetin nanovesicle-doped nanoemulsion 1.004 ±
0.162

4.545 ± 0.136

Artemisinin-quercetin nanovesicle-doped 
nanoemulsion

0.009 ±
0.001

0.041 ± 0.002
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alone, as the IC50 was ~0.009 μg/mL (p < 0.05 versus the IC50 of 
artemisinin solution and artemisinin nanovesicle-doped nanoemulsion). 
The IC90 was ~0.041 μg/mL (p < 0.05 versus the IC50 of artemisinin 
solution and artemisinin nanovesicle-doped nanoemulsion).

3.5. In vivo antimalarial assay

The in vivo antimalarial efficacy of artemisinin and/or quercetin 
loaded in nanovesicle-doped nanoemulsions was assessed by oral 
administration in mice infected with P. yoelii yoelii 17XL (Fig. 4). For this 
preliminary assay, samples were administered at two different concen
trations (IC50 and IC90). The mean survival of the infected and un
treated control animals was 5 days. Treatment with the IC90 of 
artemisinin or quercetin solution enhanced the survival of animals until 
day 9, while their combination in solution achieved reduced survival 
only up to day 6. The treatment with the IC50 and IC90 of artemisinin 
and quercetin nanovesicle-doped nanoemulsion also addressed the 
death of animals on day 6. Differently, the co-loading of artemisinin and 
quercetin in nanoemulsion led to an increased animal survival up to day 
11, with one animal per group alive at the end of the experiment (day 
11), irrespective of the concentration tested. In particular, the animal 
treated with IC50 of artemisinin-quercetin nanoemulsion, at the end of 
the experiment, did not have detectable parasitaemia upon microscopic 
examination, suggesting a complete recovery from the infection. One 
month later, the same animal was reinfected with 2 × 107 red blood cells 
(100 μL) from a Plasmodium yoelii yoelii 17XL-infected mice by intra
peritoneal injection. The mouse did not develop malaria symptoms nor 
change in weight, temperature, or physical activity, and parasitaemia 
remained at 0 % for three weeks, suggesting a possible immunization 
following the treatment.

4. Discussion

The present study explored the potential of a nanovesicle-doped 
nanoemulsion as an innovative delivery system for a new natural drug 
combination rationally designed for oral malaria therapy. To this end, 
artemisinin and quercetin were selected as payloads due to their proven 
efficacy against P. falciparum [2,24]. To effectively load them, alone or 
in combination, at a suitable concentration, a preformulation study was 
carried out combining oils, surfactants, and cosurfactants in different 
ratios until a transparent, stable, homogenous, and nano-sized system 
was obtained [48]. Different vegetable oils were used (e.g., sweet 
almond oil, corn oil, coconut oil, lemon oil), as well as various surfac
tants (e.g., Tween 80, Span 20, Labrasol®, Labrafac®), while main
taining soy lecithin as the co-surfactant at different concentrations. 
Additionally, different preparation methods were tested (i.e., 
Ultra-Turrax alone, sonication alone, and a combination of both) to 
optimize the system for the effective co-loading of artemisinin and 
quercetin. Among the different preparation methods tested, sonication 
proved to be the most promising approach. Thus, various sonication 
parameters, including the number of cycles, pulse duration, and probe 

amplitude, were evaluated to obtain a small and homogeneous disper
sion. From this initial screening, castor oil, Kolliphor® RH40, and soy 
lecithin were selected as oil, surfactant, and co-surfactant, respectively. 
While other tested combinations led to immediate phase separation, 
drug precipitation or highly polydisperse systems, this combination 
ensured small, homogeneous droplet and vesicle size and prolonged 
physical stability and was therefore preferred over other alternatives. 
Essentially, this combination was both innovative and fundamental as 1) 
it led to the development of a new hybrid nanosystem (nano
vesicle-doped nanoemulsion) and 2) it allowed the co-loading of the 
highest amounts of artemisinin and quercetin, ensuring their compati
bility and stability within the system. Castor oil is a vegetable oil with 
emollient and preservative (anti-fungal and anti-yeast) properties, 
extensively used in the food industry [49]. Recently, it has been tested as 
an anti-inflammatory agent and for its ability to interact with the im
mune and lymphatic systems [50]. Additionally, being composed of 
fatty acids, it may act as a penetration enhancer, like other fatty acids 
[51]. Moreover, it was chosen for its good solubilization ability for 
lipophilic drugs [52]. The solubility of artemisinin and quercetin in this 
oil has been reported to be ~1.8 mg/mL and ~1.6 mg/mL, respectively 
[53,54]. Kolliphor® RH40 is the polyethoxylated form of castor oil and 
was used as a non-ionic solubilizer and emulsifier, allowing to increase 
the concentration of both payloads to 5 mg/mL and reducing the risk of 
phase separation. Soy lecithin is a complex mixture of phospholipids 
that spontaneously assemble in bilayered vesicles when added to water. 
It is likely responsible for the formation of the unilamellar vesicles that 
coexist with the oil nanodroplets in the resulting hybrid system (nano
vesicle-doped nanoemulsions) [55], while simultaneously acting as a 
co-surfactant and enhancing the interfacial stability of the nanodroplets. 
Interestingly, the loaded compounds influenced not only the percentage 
of vesicles in the nanovesicle-doped nanoemulsions but also their di
mensions. Overall, the formulations containing quercetin (alone or in 
combination) had nanovesicles with slightly bigger diameters than those 
containing only artemisinin as a probable consequence of its disposition 
in the bilayers [47]. Nonetheless, regardless of the loaded compound, 
nanovesicle-doped nanoemulsions had comparable hydrodynamic di
ameters (~60 nm) due to the fact that the oil droplets, which are larger, 
are present in these systems in higher percentages (50 % or more) than 
the nanovesicles. These dimensions make them suitable for adsorption 
in the gastrointestinal tract via pinocytosis. To confirm their suitability 
for oral administration, the stability of the developed systems (i.e., 
artemisinin, quercetin, and artemisinin-quercetin nanovesicle-doped 
nanoemulsions) was evaluated in solutions that simulate the harsh 
conditions of the gastrointestinal tract. The mean diameter of freshly 
prepared nanovesicle-doped nanoemulsions was not altered upon dilu
tion and incubation for 2 h at pH 1.2 or 6 h at pH 7.0 and high ionic 
strength, suggesting that no aggregation and/or fusion phenomena 
occurred, thus highlighting the potential positive attitude for these 
systems to be administered orally. The good colloidal stability, typically 
described for nanoemulsions, is therefore retained by the 
nanovesicle-doped nanoemulsions despite their hybrid nature [56,57]. 

Fig. 4. Kaplan-Meier plot for the in vivo assay of the effect of artemisinin, quercetin, and their combination, in solution or loaded in nanovesicle-doped nano
emulsions, orally administered to mice infected with P. yoelii yoelii. Mean values ± standard deviations are reported (n = 3).
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In addition to the good stability, all the nanovesicle-doped nano
emulsions were also highly biocompatible in vitro when tested on sig
nificant cell lines such as Caco-2 and HUVEC, with HUVEC being more 
sensitive, probably due to their type (normal human cells) and the ratio 
of dose/number of cells. The in vitro antimalarial activity was assessed 
using the same range of dilutions that led to the highest biocompatibility 
in both cell lines (10, 5, and 2.5 μg/mL). With respect to the solution, 
nanovesicle-doped nanoemulsions strongly boosted the activity of 
quercetin. Among the several activities it has, quercetin can modulate 
the expression of inflammation mediators [58]. In particular, it may 
inhibit glycogen synthase kinase-3β, an enzyme able to modulate the 
inflammatory response activated by pathogenic microorganisms [59]. 
This key activity might help make it possible to control the imbalance of 
cytokine production during malaria infections, making quercetin a po
tential therapeutic for this disease [60]. As for artemisinin, 
nanovesicle-doped nanoemulsions did not mask its activity, allowing it 
to achieve values of IC50 and IC90 comparable to its solution. However, 
it must be underlined that all the solutions were prepared in dimethyl 
sulfoxide. In contrast, the hybrid systems did not require such a solvent 
that might pose toxicological concerns after administration [61]. 
Valissery et al., in their study, were not able to boost the antimalarial 
activity of artemisinin with their nanoformulation but concluded that 
enhancing its solubility was a crucial step [62]. This approach is today 
widely accepted by many authors and might be the key factor that led to 
the high activity registered for the nanovesicle-doped nanoemulsions 
containing artemisinin [63]. When artemisinin and quercetin were 
co-loaded, the antimalarial activity of artemisinin was slightly 
improved, probably due to the synergistic effect provided by this 
flavonoid [64]. This phenomenon appears directly linked to the differ
ences in the mechanisms of action of the two bioactives, which, how
ever, have not yet been fully elucidated. In the case of artemisinin, it is 
believed to be cleaved inside infected erythrocytes, producing highly 
reactive carbon-centered radicals and reactive oxygen species that 
collectively kill the parasites [65]. In contrast, quercetin appears to 
inhibit fatty acid biosynthesis and target functional biomolecules (e.g., 
proteins, DNA), ultimately affecting the survival of the malaria parasite. 
In addition, it has been theorized that its phenolic groups may be con
verted to phenoxy anions under oxidative stress, potentially enhancing 
the irreversible damage inflicted by artemisinin on the cellular compo
nents of the parasites [66]. These promising in vitro results achieved with 
the combination of artemisinin and quercetin loaded in 
nanovesicle-doped nanoemulsions were confirmed in vivo in a pre
liminary study aimed at evaluating the efficacy of these systems for oral 
malaria therapy. While the survival of animals treated with quercetin or 
artemisinin, either in solution or loaded in nanovesicle-doped nano
emulsions led to a survival no longer than 9 days, the co-loading of 
artemisinin and quercetin in nanovesicle-doped nanoemulsions 
increased animal survival up to day 11, ensuring the complete recovery 
of one animal and even preventing its re-infection upon challenge. This 
interesting result requires new studies with a larger number of animals 
in order to confirm the observed effect. Quercetin reinforced the anti
malarial effect of artemisinin only when co-delivered in 
nanovesicle-doped nanoemulsions, probably because 1) the oil nano
droplets (~49 %), acting as penetration enhancer, increased their 
bioavailability and favoured the rapid onset of the antimalarial effect, 
while 2) lamellar vesicles (~51 %), acting as carrier, prolonged the 
bioavailability of both phytochemicals and the interaction with cells and 
parasites.

Compared to existing antimalarial delivery systems, it seems that the 
double nature of nanovesicle-doped nanoemulsions, dual-drug loading, 
and superior stability in the gastrointestinal environment set them apart 
from existing nanosystems and stand out as key elements of their 
promising success. In the current literature, significant efforts have been 
devoted to developing nanosystems to overcome challenges such as poor 
bioavailability, short half-life, and resistance to artemisinins [67,68]. 
Most studies focused on monotherapies comprising artemisinin or its 

derivatives, and only in a few cases the dual-drug loading with a 
flavonoid was investigated, leading to advancements in malaria treat
ment and thus aligning with the encouraging results of this study [38,69,
70]. Due to the demonstrated stability of these hybrid systems under 
simulated gastric conditions, it was possible to test them in vivo in mice 
through the route of choice for artemisinin combination therapy (oral 
administration). Therefore, these findings highlight the potential of this 
system as a next-generation antimalarial therapy, particularly in 
resource-limited settings where oral administration is preferred.

5. Conclusions

Despite being only preliminary data, the results obtained suggest the 
potential of nanovesicle-doped nanoemulsions for the co-delivery of 
artemisinin and quercetin in the oral treatment of malaria. The smart 
combination of castor oil, Kolliphor® RH40, and soy lecithin enabled 
loading effectively high concentrations of both bioactives in an inno
vative hybrid system. In vitro and in vivo results showed that the 
nanovesicle-doped nanoemulsions improved the efficacy of quercetin 
and provided significant antimalarial effects when co-delivered with 
artemisinin, highlighting a synergistic interaction. All in all, this study 
underscores the promise of phytopharmaceuticals, like quercetin, in 
enhancing the therapeutic effects of conventional antimalarial treat
ments and supports the integration of innovative formulations into 
traditional medicine to improve treatment outcomes. These preliminary 
yet promising results will be further investigated in depth, involving a 
bigger group of animals, and proposed in a future article.
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editing, Validation, Methodology. Paolo Gasco: Validation, Methodol
ogy, Investigation. Maria Manconi: Writing – review & editing, Vali
dation, Supervision, Project administration, Methodology. Matteo 
Aroffu: Writing – review & editing, Validation, Methodology. Rita Abi 
Rached: Writing – review & editing, Validation, Methodology. Bian
camaria Baroli: Writing – review & editing, Validation, Methodology. 
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