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ARTICLE INFO ABSTRACT

Keywords: Alternative therapies are necessary for the treatment of malaria due to emerging drug resistance. However, many
Azacarbazoles promising antimalarial compounds have poor water solubility and suffer from the lack of suitable delivery
Flax oil . systems, which seriously limits their activity. To address this problem, we synthesized a series of azacarbazoles
E:e:snd n-6 polyunsaturated fatty acids ethyl that were evaluated for antimalarial activity against D10 (chloroquine-sensitive) and W2 (chloroquine-resistant)
Nanoemulsion strains of P. falciparum. The most active compound, 9H-3-azacarbazole (3), was encapsulated in a novel o/w
P. falciparum nanoemulsion consisting of ethyl esters of polyunsaturated fatty acids n-3 and n-6 obtained from flax oil as the oil
Malaria phase, Snix (Tween 80 and Transcutol HP) and water. This formulation was further analyzed using transmission
electron microscopy, dynamic light scattering and in vitro and in vivo studies. It was shown that droplets of the 3-
loaded nanosystem were spherical, with satisfactory stability, without cytotoxicity towards fibroblasts and in-
testinal cell lines at concentrations corresponding to twice the ICs for P. falciparum. Moreover, the nanoemulsion
with this type of oil phase was internalized by Caco-2 cells. Additionally, pharmacokinetics demonstrated rapid
absorption of compound 3 (tmax = 5.0 min) after intragastric administration of 3-encapsulated nanoemulsion at a
dose of 0.02 mg/kg in mice, with penetration of compound 3 to deep compartments. The 3-encapsulated
nanoemulsion was found to be 2.8 and 4.2 times more effective in inhibiting the D10 and W2 strains of the
parasite, respectively, compared to non-encapsulated 3. Our findings support a role for novel o/w nanoemulsions

as delivery vehicles for antimalarial drugs.
1. Introduction in 2010 and 231 million cases in 2017, indicating that some progress has
been made in reducing global malaria cases. It is also reported that
Malaria is a mosquito-borne infectious disease affecting mainly nineteen countries in sub-Saharan Africa and India carry almost 85% of
children and pregnant women from tropical countries. According to the the global malaria burden [1]. Unfortunately, a very disturbing fact is
World Health Organization (WHO), an estimated 228 million cases of that current antimalarial drugs are rapidly losing their effectiveness due
malaria occurred worldwide in 2018, compared with 251 million cases to rising parasite resistance [2]. This is exemplified by the emergence of
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chloroquine (CQ)-resistant P. falciparum parasites about a decade
following the widespread introduction of the highly cost-effective
treatment involving CQ [3]. Furthermore, not only CQ-resistant
strains have spread around the world, but they are evolving. Resis-
tance of P. falciparum to the currently used artemisinin-based chemo-
therapeutics is the next urgent problem that needs to be addressed [4,5].
In 2009, P. falciparum strains resistant to artemisinin were first identified
in western Cambodia [6] with later occurrences in other parts of
Southeast Asia [7].

This requires an immediate need for the discovery and development
of next-generation therapeutics and novel compounds characterized by
high selectivity and effectiveness [8,9]. Unfortunately, many of the
newly emerging drug candidates are excluded due to low solubility,
which is a limiting requirement for initial in vitro activity evaluation
against Plasmodium. However, some of these new chemical agents are
active after encapsulation in nanocarriers. Thus, the development of
nanotechnology-based drug delivery systems appears to be a very
attractive strategy to combat malaria. Use of nanomedicine brings many
benefits, such as lowering the progression of resistance, reducing drug
toxicity, controlled release, increased bioavailability and the selectivity
of drugs, contributing to the overall diagnosis, control and treatment of
malaria by targeted delivery [10-12]. Several lipid-based delivery sys-
tems, such as liposomes [13-15], solid lipid nanoparticles [16,17] and
micro- and nanoemulsions, as well as self-emulsifying drug delivery
systems [18-20] have already proved their effectiveness in malaria
therapy.

Oil-in-water (o/w) nanoemulsions are systems composed of oil,
surfactants and co-surfactants dispersed in an aqueous phase. Nano-
emulsion droplet sizes fall typically in the range of 20-200 nm and show
narrow size distributions [21]. The great advantage of this type of car-
rier is the possibility to encapsulate and deliver hydrophobic agents, or
molecules that are significantly more toxic in the free form. Nowadays,
the FDA (U.S. Food and Drug Administration) has approved for clinical
use several nanoemulsion formulations of drugs characterized by poor
water solubility, such as cyclosporin (Neoral®) and ritonavir (Norvir®)
[22]. There are also many successful examples of incorporation of an-
timalarials in nanoemulsion systems. Primaquine encapsulated in an
oral lipid nanoemulsion in the 10-200 nm size range showed effective
antimalarial activity against Plasmodium bergheii infection in mice at a
25% lower dose in comparison to conventional oral dosing [23].
Another interesting approach was presented in a study by Laxmi et al.
which proved that the absorption of artemether from a nanoemulsion
resulted in a 2.6-fold increase in bioavailability, as compared to
administration of the free drug [24]. In turn, research performed by
Borhade at al. revealed that mice treated with 10 mg/kg clotrimazole
nanoemulsion showed the highest suppression of parasitemia, and par-
asitemia was significantly lower than that observed after treatment of
clotrimazole suspension at 10 mg/kg. Moreover, survival of mice treated
with this nanosystem was significantly prolonged in comparison to
treatment of the free drug in suspension at the same doses [25].

This encouraged us to develop a new nanoemulsion system dedicated
for delivery of azacarbazoles, derivatives of carbazole. Carbazole (9H-
carbazole) is a heterocyclic tricyclic molecule, consisting of two six-
membered benzene rings fused on either side of a five-membered
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Fig. 1. Chemical structure of carbazole.
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nitrogen-containing ring (pyrrole)(Fig. 1).

This skeleton is present in many biologically active compounds
[26-28]. One of the most important properties of the carbazole-core
agent is antiplasmodial activity [29-31]. Many recently published re-
ports confirmed also that carbazole-based compounds exert promising
antibacterial [32], antiviral [33], antifungal [34] and antiparasite [35]
activities. Several authors emphasize simultaneously its potential use for
the treatment of neurological disorders [36-39], or cancer [40,41].
More importantly, the carbazole scaffold is also found in marketed
drugs, such as Carvedilol and Carprofen.

Thus, the aim of this study was the development of a novel o/w
nanoemulsion (NE) system for the most active, compound but with
limited solubility in water, namely 3 (9H-3-azacarbazol) among the 12
synthetized azacarbazoles tested against CQ-sensitive (D10) and CQ-
resistant (W2) strains of P. falciparum. For this purpose, we selected a
concentrated form of ethyl esters of n-3 and n-6 polyunsaturated fatty
acids, obtained in the process of flax oil biotransformation, as an oil
phase of the designed nanocarrier. These compounds were isolated from
flax oil and subsequently transesterified from the triacylglycerol to the
ethanol form. Therefore, they meet the definition of a nutraceutical, i.e.
a product which is a concentrate of bioactive ingredients isolated from
plants. The obtained nanoemulsions were further characterized as well
as evaluated in in vitro and in vivo studies. Finally, both unloaded as well
as 3 loaded nanoemulsions (3-NE) were tested to verify the efficacy of
the nanoencapsulation approach against P. falciparum strains. Literature
reviews have so far revealed no studies on the application of an o/w
nanoemulsion as a delivery system for this type of azacarbazol, nor of
the use of ethyl esters of polyunsaturated fatty acids for the preparation
of nanocarriers of antimalarials.

2. Experimental section
2.1. Materials and methods

2.1.1. Materials

Azacarbazoles were synthesized using methods reported previously,
namely 1 (9H-1-azacarbazole) [42], 2 (9H-2-azacarbazole) [43], 3
(9H-3-azacarbazole) [44], 4 (8-methyl-9H-1-azacarbazole) [45], 5
(6-methyl-9H-1-azacarbazole) [46], 6 (1,4-dimethyl-1H-1-azacarba-
zole) [47]1, 7 (9H-1,8-diazacarbazole) and 8 (9H-2,7-diazacarbazole)
[48], 9 (9H-1,5-diazacarbazole) [data not published], 10 (9H-4,5-dia-
zacarbazole) [48], 11 (1-methyl-1H-1,8-diazacarbazole) and 12
(4-methyl-4H-4,5-diazacarbazole) [49]. Diethylene glycol monoethyl
ether (Transcutol HP) was a gift from Gattefosse (Saint Priest, France).
Concentrated forms of the ethyl esters of polyunsaturated fatty acids n-3
and n-6, containing about 67% polyunsaturated fatty acids from the n-3
and n-6 families, was produced by LeenLife Pharma (Krakéw, Poland).
Tween 80, DMSO, fetal bovine serum (FBS), bovine trypsin, hemin
(Ferriprotoporphyrin IX chloride, FP), chloroquine diphosphate, DAPI
(4,6-diamidino-2-phenylindole), Nile Red and MTT (3-[4,5-dime-
thylthiazol-2-yl] —2,5-diphenyltetrazolium bromide) were purchased
from Sigma-Aldrich (Poznan, Poland). GlutaMAX™ (r-glutamine) was
from Life Technologies (Warsaw, Poland) and Antibiotic-Antimycotic
100x from Biowest (Zgierz, Poland). The normal human dermal fibro-
blast cell line (NHDF), Non-Essential Amino Acid Solution (100x) and
Minimum Essential Medium Eagle Alpha Modifications medium were
purchased from Lonza (Warsaw, Poland). The Caco-2 cell line was a kind
gift from Prof. Piotr Dziggiel, Department of Histology and Embryology,
Wroclaw Medical University, Poland. Dako Fluorescent Mounting Me-
dium was from DAKO (Konin, Poland). AlbuMax and RPMI 1640 were
obtained from Invitrogen (Milan, Italy) and EuroClone (Celbio Milan,
Italy), respectively. All chemicals and reagents not specified in the text
were of analytical grade and used without further purification.
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2.2. P. falciparum cultures and drug susceptibility assay

P. falciparum cultures were established according to Trager and
Jensen, with slight modifications [50]. The CQ-susceptible strain D10
and the CQ-resistant strain W2 were maintained at 5% hematocrit in
RPMI medium with the addition of 1.0% AlbuMax, 0.01% hypoxan-
thine, 20 mM HEPES, and 2 mM glutamine. All cultures were maintained
at 37 °Cin a standard gas mixture consisting of 1% O3, 5% CO3, and 94%
Ny. Samples (compounds dissolved in DMSO, unloaded and 3-loaded
(2.0 mg/ml) coarse o/w emulsions) were placed in 96-well
flat-bottomed microplates and serial dilutions were prepared. Asyn-
chronous cultures with parasitaemia of 1.0-1.5% and 1.0% final he-
matocrit were aliquoted into the plates and incubated for 72 h at 37 °C.
Parasite growth was determined spectrophotometrically (ODgsg) by
measuring the activity of parasite lactate dehydrogenase (pLDH), ac-
cording to a modified version of the method of Makler [51]. The anti-
malarial activity was expressed as 50% inhibitory concentrations (ICs);
each ICsg value is the mean and standard deviation of at least three
separate experiments performed in duplicate.

2.3. The cytotoxic activity test

NHDF cells were cultured in alpha-MEM medium supplemented with
10% heat-inactivated FBS, GlutaMAX™ and antibiotics. Caco-2 cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) medium
containing 20% FBS, 1% non-essential amino acids, GlutaMAX™ and
antibiotics. Cell viability was determined as previously described [52]
using the MTT assay [53]. Different doses of 2, 3, 6, 12 dissolved in
DMSO, CQ (in water) as well as unloaded and 3-loaded (2.0 mg/ml)
coarse o/w emulsions were added to each well, mixed and incubated for
24 or 48 h. Results were expressed as ICsq values, or as the percentage of
survival cells with respect to the control (not treated cells).

2.4. Calculation of log D and log P,y

The distribution coefficient (log D) was calculated using the Mar-
vinSketch software (version 19.26.0, ChemAxon Ltd.), whereas the
partition coefficient between n-octanol and water (log P,,,) was calcu-
lated using the SwissADME web tool [54] and was expressed as an
average of iLOGP, XLOGP3, WLOGP, MLOGP and SILICOS-IT
predictions.

2.5. Hemolytic activity

The experiments were carried out according to a procedure described
previously [55]. The hemolytic effect was determined on the basis of
hemoglobin released from human erythrocytes (5% hematocrit) after
incubation in PBS containing 5 mM glucose (2 h, 37 °C) with 2, 3, 6, 12
and CQ (final concentration 50 and 100 pM, respectively) alone, or in
the presence of 10 pM FP. After incubation, samples were centrifuged
and the absorbance of supernatants was measured at 412 nm. Hemolysis
(H) was calculated according to the following formula [56]:

(Axample

(Ap().\'ili\'(' control

- Anegative mnrrul)

H (%) = x 100 )

- Anegarive mnrml)

where Asample, Anegative control, a0d Apositive conerol TEPTEsent the absorbances
of the sample, and negative (mechanical hemolysis, erythrocytes in PBS
buffer) and positive (erythrocytes in distilled water) controls, respec-
tively. The study was approved by the Bioethics Commission at the
Lower Silesian Medical Chamber (1/PNHAB/2018).

2.6. Preparation of o/w emulsion

The first stage involved construction of a pseudoternary phase dia-
gram [57]. Ethyl esters of n-3 and n-6 polyunsaturated fatty acids,
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Tween 80 and Transcutol HP were used as the oil phase, surfactant and
cosurfactant, respectively. Distilled water was selected as an aqueous
phase. Surfactant and cosurfactant (Spix) were mixed in a 1:1 wt ratio.
Oil phase and Sp,ix were combined in different weight ratios in different
glass vials to delineate the boundaries of phases. An aqueous titration
method was used for the construction of the pseudoternary phase dia-
gram, which involved the stepwise addition of water to each vial, and
then mixing the components with the help of a vortex mixer. The o/w
emulsion phase was identified as the region in the phase diagram where
milky, easily flowable formulations were obtained, based on visual
observation.The following composition was selected for further studies:
5% w/w of oil phase, 10% w/w of Spix and 85% w/w of water. To obtain
a 3-loaded o/w emulsion, an appropriate amount of 3 was dissolved in a
mixture of oil phase and Sp,x.

2.7. Preparation of nanoemulsion

To prepare o/w nanoemulsion (NE), a milky o/w emulsion with a
composition of 5% w/w of oil phase, 10% w/w of Spix (1:1 w/w) and
85% w/w of water, was immediately diluted with water (1:100 v/v). To
prepare 3-NE, 3-loaded (2.0 mg/ml) o/w emulsion was diluted in the
same proportion. The Nile Red loaded NE was prepared with a saturated
Nile Red solution in the oil phase and diluted in the same way.

2.8. Particle shape and morphology analyses

Transmission Electron Microscopy (TEM) was used to study the
shape and morphology of the coarse o/w emulsions as well as NE. Each
sample was first diluted, then spotted on a grid and stained with 2%
uranyl acetate. The samples were observed with an FEI Tecnai G2 20
XTWIN transmission electron microscope (FEI, Hillsboro, USA).

2.9. Size and Zeta potential analysis

The mean droplet size and Zeta potential of the NE and 3-NE were
measured using a Zetasizer Nano-ZS (Malvern Instruments Ltd., Mal-
vern, UK). The polydispersity index (PdI) was obtained using the in-
strument’s built-in software.

2.10. Stability of nanoemulsion

The average size and PdI of NE and 3-NE were measured just after
preparation and, additionally, after storage at 4 °C for 7, 14, 21, 28 and
152 days.

2.11. In vitro uptake study

Caco-2 cells were grown in DMEM culture medium containing 20%
FBS, 1% non-essential amino acids, GlutaMAX™ in a humidified 5%
CO2/95% air atmosphere at 37 °C. For experiments, cells were seeded
onto glass cover slides, placed in 24-well culture plates. After 48 h in-
cubation, upon reaching around 90% confluence cells were treated with
Nile Red loaded NE, fixed and stained with DAPI as described earlier
[58]. Slides were analyzed by using a Leica TCS SP8 confocal micro-
scope (Leica-Microsystems, Mannheim, Germany) with HC PL APO CS2
63x/1.40 oil objective. Nile Red and DAPI were excited with an argon
laser at 488 nm and a 405 nm laser, respectively.

2.12. In vivo pharmacokinetic evaluation

2.12.1. Animals

An experimental group of 48 adult male mice (CD-1, 18-21 g) were
used in the study. The animals were purchased from the Animal House at
the Faculty of Pharmacy, Jagiellonian University Medical College, Kra-
kow, Poland. During the habituation period, mice were divided into
groups of 6 individuals and kept in plastic cages (252 mm x 167 cm x
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140 cm) at a controlled room temperature (22 + 2 °C), humidity (55 +
10%), full spectrum cold white light (350-400 1x), on 12 h light/dark
cycles (the lights on at 7:00 a.m., and off at 19:00 p.m.), and had free
access to standard laboratory pellet and tap water. For the pharmaco-
kinetic study, compound 3, in the form of 3-NE (0.02 mg/ml), was
administered by an intragastric (i.g.) gavage at a dose of 0.02 mg/kg.
Blood samples ca. 1 ml were collected at 0 min (predose), 5 min, 15 min,
30 min, 60 min, 120 min, 240 min and 480 min after compound 3
administration. For each time point, 6 mice were sampled. The blood
samples were collected under general anesthesia induced by ip. in-
jections of 50 mg/kg ketamine plus 8 mg/kg xylazine. The blood sam-
ples were taken into heparinized tubes, immediately centrifuged at
3500 rpm for 10 min and plasma was collected. The plasma samples
were immediately frozen at - 80 °C for LC/ESI-MS/MS analysis. All
experimental procedures were carried out in accordance with EU
Directive 2010/63/EU [59] and approved by the 1st Local Ethics
Committee for Experiments on Animals of the Jagiellonian University in
Krakow, Poland.

2.12.2. Pharmacokinetic study

Pharmacokinetic parameters were calculated by a non-
compartmental approach [60] from the average concentration values,
using Phoenix WinNonlin software (Certara, Princeton, NJ 08540 USA).
The first order elimination rate constant (A;) was calculated by linear
regression of time versus log concentration. Next, the area under the
mean serum concentration versus time curve (AUCy_) was estimated
using the log-linear trapezoidal rule (Eq. (2)), where C; is the concen-
tration of the compound, and t; is the time of sampling.

n

AUCy = Z((Ci +Cis1) /2).(tis1 — i)

i=1

(2)

Area under the first-moment curve (AUMCy_) was estimated by
calculation of the total area under the first-moment curve using equation
3):

n

AUMC_, = Z((ti-ci +t41.Cis1) /2).(ti — )

i=1

3

Mean residence time (MRT) was calculated as:

(€3]

()

Volume of distribution (V4) was calculated as:

F - Dy,

Vi= ——=—
T 2 AUC,,

(6)

where D; ¢ is an intragastric dose of compound 3.

2.12.3. Analytical method

Concentration of 3 in plasma was determined by an LC/ESI-MS/MS
technique using a TSQ Quantum mass spectrometer (Thermo Scienti-
fic, Waltham, MA, USA) coupled to a UHPLC UltiMate 3000 (Dionex,
Sunnyvail, CA, USA). Chromatography separation was achieved with an
AquityC18 BEH 3.0 x 100 mm, 1.7 pm analytical column (Waters,
Milford, MA, USA) using acetonitrile and water as a mobile phase, with
addition of 0.1% (v/v) formic acid under isocratic conditions (60:40 v/
v) at a flow rate of 0.4 ml/min. Quantification of compound 3 and 2-(4-
methyl-1-piperazinyl)-4-phenylquinazoline, used as an internal stan-
dard (IS), was performed using a positive ionisation SRM mode, moni-
toring ion transitions m/z 169.1 — 115.1 for compound 3 and m/z 305
— 248 for IS. The working parameters of the mass spectrometer were as
follows: spray voltage: 4000V, vaporiser temperature: 300 °C; sheath
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gas pressure: 20 arb.; auxiliary gas pressure: 15 arb.; capillary temper-
ature: 350 °C, collision pressure: 1.5 mTorr.

2.12.4. Standard solutions preparation

An amount of 1 mg of 3 was accurately weighed and transferred into
a 1 ml volumetric flask using methanol. Further dilutions were per-
formed in the same solvent to prepare working standard solutions of the
analyte at the following concentrations: 0.25, 0.5, 1.0, 5.0, 10, 50, 100,
250, 500 and 1000 ng/mlL, for calibration curve samples. To prepare
samples for the calibration curve, plasma was spiked with 5 pl of IS,
obtaining the final concentration of 50 ng/ml and 5 pl of standards
working solutions at the required concentrations for the calibration
curve. After addition of the standard solutions, samples were mixed and
purified.

2.12.5. Sample preparation

A 50 pl sample volume of plasma was transferred into an Eppendorf
tube and spiked with 5 pl of IS solution (250 ng/ml), giving a final
concentration of 50 ng/ml. After 5 min of mixing (1500 rpm), the
samples were incubated at 4 °C for 10 min. Proteins were precipitated
using 200 pl acetonitrile after 10 min of samples shaking (1500 rpm).
Finally, samples were centrifuged (10 000 rpm, 10 min, 4 °C) and the
supernatant was transferred into a chromatographic vial for LC/ESI-MS/
MS analysis.

2.13. Statistical analysis

All data are expressed as the mean + standard deviation of at least
three measurements. Statistical analyses were performed with GraphPad
Prism software using One-way ANOVA, followed by Dunnett’s multiple
comparisons test. Probability values p < 0.05 were considered statisti-
cally significant. The Dunnett’s test compares two or more experimental
groups against a single control group.

3. Results and discussion

The twelve synthetized azacarbazoles, as well as a well-known
antimalarial drug, CQ, were screened in vitro for inhibitory activity
against the CQ-sensitive D10 and CQ-resistant W2 strains of
P. falciparum. Four compounds (2, 3, 6 and 12) from the group of 12
compounds synthesized displayed a range of ICs values from 1954.6 to
4419.3 ng/ml, whereas the rest showed no effects below 5000 ng/ml
(Table 1). According to the activity criteria, if the ICsg is > 5 pg/ml, the
compound is classified as inactive, whereas, if the ICs¢ is between 0.5
and 5 pg/ml, the compound is classified as moderately active and, if the
ICs0 is < 0.5 pg/ml, the compound is classified as active [61]. Therefore,
on the basis of this ranking, we can conclude that these four derivatives
exhibited moderate activity, whereas the remaining compounds
demonstrated no activity towards the tested strains. It is worth noting
that, although the obtained values are higher than for CQ, the active
chemicals have resistance indexes (RI) < 1.3, suggesting no cross
resistance with CQ.

In the context of our research, we were also interested in evaluating
the degree of selectivity of the synthetized compounds towards the
malaria parasite by conducting cytotoxicity studies on a normal human
dermal fibroblast cell line. Together with antiprotozoal activity, a
promising antimalarial agent should not exert toxicity against host cells
and selectivity, expressed as SI values (See Table 1), should be high. It is
worth mentioning that compounds having an SI < 2.0 generally show
strong antimalarial activity, but are usually accompanied by toxicity and
are, therefore, not suited as antimalarials. Three of the compounds
tested (2, 3 and 12) have both selectivity indexes > 10, indicating low
cytotoxicity and good selectivity for P. falciparum. In other words, the
cytotoxicity of 2 and 3 as well as 12 towards normal human dermal
fibroblast cells occurs at much higher concentrations than in the case of
P. falciparum. Interestingly, 6, which showed the weakest antiplasmodial
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Table 1
Invitro antimalarial activity of azacarbazoles against the D10 (CQ-sensitive) and W2 (CQ-resistant) strains of P. falciparum, cytotoxicity on NHDF cells and log P, and
log D.
Compound Structure log P w log D° P. falciparum 1Csq (ng/ml) RI® Cytotoxicity? ICs (ng/ml) SIHio STy,
pH7.4 pH7.2 pHS55 DI0 w2
1 2.53 2.24 2.24 2.24 >5000 >5000 - - - -
‘ X
—
N
NTOH
2 1.61 1.87 1.87 1.69 3329.7 + 741.9 3669.9 + 707.6 1.1 39950.0 £+ 1105.3 12.0 10.9
| X
N~ N
3 2.22 1.26 117 0.90 1954.6 + 263.0 2221.0 £+ 752.0 1.1 32043.3 + 1429.5 16.4 14.4
N
|
Z N
H
4 2.01 2.75 2.75 2.75 >5000 >5000 - - - -
‘ X
—
N
NT R
5 2.81 2.75 2.75 2.75 >5000 >5000 - - - -
| X
—
N
NTOH
6 2.79 1.27 1.23 0.09 4419.3 + 458.4 4183.1 + 1041.5 0.9 11753.3 + 143.6 2.6 2.8
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H
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-
N
NTOR
10 N= 1.63 1.42 1.42 1.43 >5000 >5000 - - - -
N
DR
=
11 1.92 1.93 1.93 1.93 >5000 >5000 - - - -
12 1.66 2.01 2.01 2.01 3163.6 + 621.4 3993.4 £+ 269.3 1.3 42830.0 + 3312.8 13.5 10.7
CQ* - 0.88 0.64 -0.76 184 +8 262.3 +102.0 14.2 21126.7 £ 1179.8 1148.2 80.5

2 The predictions were performed using the SwissADME tool and MarvinSketch software®, * CQ phosphate, log D; ¢ Ratios between the ICs values of each compound
against W2 and D10 strains of P. falciparum, ¢ The cytotoxic activity assayed in vitro on NHDF cells using the MTT assay, ¢ SIp1o = IC50(NHDF)/IC50(D10), { SIyyy =

ICso(NHDF)/IC50(W2).

activity, was also the least selective, whereas 3 was the most promising
compound, as evidenced by the lowest ICs5y and high SI values. There
was also no direct correlation between the structures of the compounds,
their hydrophobicity (expressed as log P,,) and biological activities.
These observations inspired us to establish the ionic forms present at
pH 7.4 (blood), 7.2 (cytoplasm), and 5.5 (P. falciparum food vacuole
(FV)) of the studied compounds. The distribution coefficient (log D)
values at representative pH values for blood, cytoplasm, and FV were
calculated, in order to explore the role of a possible accumulation of
azacarbazoles in the FV on antimalarial activity (Table 1). The distri-
bution coefficient is an expression of the lipophilicity of compounds
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which reflects the equilibria of ionic forms (unionized and ionized) at a
given pH. Most drugs have ionisable groups. Thus, log D is a better
descriptor than log P that reflects the partitioning of a mixture of drug
species as well as the actual drug lipophilicity at any given pH. More-
over, it is generally accepted that compounds with a log D from 0 to 3
have a good balance between solubility and permeability and exhibit
good chemical characteristics required for cell membrane permeation.
The major function of FV is the degradation of host haemoglobin via a
series of peptidases during the erythrocytic life stages of the parasite.
Plasmodium parasites polymerise ferriprotoporphyrin IX to crystalline
haemozoin that becomes a distinct feature of the FV of trophozoite and
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schizont parasites [62-64]. Several anti-malarial drugs kill the parasite
by interfering with its metabolic pathway and FP polymerisation is the
main target. Chloroquine accumulates in the FV and, once there, inhibits
polymerisation either by binding free FP, or by capping FP polymers,
which results in the accumulation of unpolymerised FP and FP-CQ
complexes which are toxic for the parasites [65,66]. Only a neutral
form of CQ can diffuse across the FV membrane where, in the acidic
environment of the FV, it is protonated and is subsequently unable to
freely diffuse out of the FV again. Thus, according to the data reported in
Table 1, compounds 3 and 6 exhibited the most favourable log D pa-
rameters (compared to CQ), and characteristics that would favor accu-
mulation in the FV of the parasite.

Based on the above results, only compounds manifesting anti-
plasmodial activity were selected for further investigations. Having
proven that azacarbazoles are not toxic for normal human fibroblasts,
we decided to use hemolysis, characterized by erythrocyte rupture, as an
additional method for cytotoxicity evaluation, and follow the release of
hemoglobin. It is well known that the presence of extracellular hemo-
globin accompanies acute and chronic vascular disease, inflammation,
thrombosis, and renal impairment [67]. Unfortunately, some antima-
larials, e.g. artemisinin derivatives, can cause hemolysis and an
increasing number of studies report acute haemolytic anaemia following
their use [68]. The compounds tested in our study (2, 3, 6 and 12) were
evaluated at two concentrations each, namely 50 and 100 pM, corre-
sponding to approximately two-fold and four-fold their respective ICsq
values against P. falciparum (Fig. 2a). None of the examined agents
caused significant lysis of human erythrocytes at the concentrations
tested, which confirms a lack of toxicity towards mammalian cells.

We then extended our experiment and tested the percentage of he-
molysis under conditions mimicking severe malaria. For this purpose,
incubation of 2, 3, 6, 12 and CQ with erythrocytes in the presence of 10
pM of FP was performed, as such levels of heme can be found in the
course of this disease [69]. It is clearly seen that the occurrence of 2, 3, 6
and CQ-FP complexes drastically increased the percentage of hemolysis
(Fig. 2b). On the other hand, the trend observed for CQ showing the
highest degree of hemolysis at 50 pM, is consistent with the results
published by Omodeo-Sale at al. [55], although the measured lysis level
is higher in our study. The effect of azacarbazoles, similar to CQ, man-
ifested by an increase in heme-induced human erythrocyte lysis, could
be associated with the enhanced ability of heme from 2, 3, and 6-FP
complexes to intercalate between phospholipids within the erythrocyte
membrane [70,71]. Additionally, interactions of compounds with the
porphyrin ring of heme to varying degrees, as well as different hydro-
phobicity and the molecular sizes of formed complexes, should be
considered as factors influencing the observed phenomenon. Surpris-
ingly, both 6-FP and 12-FP at 50 pM and 12-FP also at 100 pM, were less
hemolytic than CQ-FP complexes at similar concentrations, confirming
the safety and lack of toxicity associated with these two compounds.
Also, a lack of direct correlation between hemolytic activity and anti-
malarial activity, as described for other groups of compounds [72], is
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observed, suggesting that the mechanism of antiplasmodial action is
complex, and is probably not limited only to the effects at the level of
erythrocyte membranes.

Although the modes of action of the azacarbazoles described in this
study remain to be elucidated, we decided to conduct encapsulation
studies of one of the compounds, namely compound 3, in a nanosystem
to estimate its antimalarial potential in such a delivery form. The choice
to encapsulate 3, despite the promising hemolytic properties of 12, was
driven by the fact that it was the most active and selective agent against
P. falciparum in the series of compounds synthesized.

Since the oral route is usually the first choice for clinically uncom-
plicated malaria, we therefore focused only on components used in oral
administration to develop the nanocarrier. The oil phase consisted of a
concentrated form of ethyl esters of polyunsaturated fatty acids n-3 and
n-6. These are examples of nutraceuticals, as well as dietary supplements
and functional foods exhibiting pro-health properties. Further, Tween
80 was used as a nonionic surfactant, due to its high solubilization
properties as well as biocompatibility and lack of toxicity [73]. Finally,
Transcutol HP, a hydrophilic cosurfactant was applied because of
proven activity as a solubilizer for solubility and bioavailability
enhancement of drug delivery via oral routes, as well as being safe [74].

Through the use of ethyl esters as oil phase and Tween 80 and
Transcutol HP as a surfactant and cosurfactant mixture (Sp;x), at a ratio
of 1:1 (w/w), a pseudoternary phase diagram was constructed using the
water titration method, with the aim of determining the concentration
range of constituents necessary for the production of a milky o/w
emulsion (Fig. 3a). By analyzing the resulting phase diagram, we
concluded that emulsion is formed when the water phase is at least 60%.
This phenomenon is a consequence of a reduction of the interfacial
tension, leading to growing fluidity of the interface and an increase in
the entropy of the system. Additionally, it has been proposed that there
is intensified penetration of the ethyl esters in the hydrophobic region of
the surfactant monomers [75]. Another interesting observation is that
the emulsion was created only at the water-rich apex of the phase dia-
gram, constituting proof that an o/w emulsion has been produced. With
the knowledge that instability is a common problem with o/w emul-
sions, we used a crash dilution method [76] to dilute the milky emul-
sion, in this way, leading to the creation of an opalescent nanoemulsion
(Fig. 3b). Based on the results of the optimization studies conducted for
this process, we selected one model composition of o/w emulsion for
dilution purposes, namely, 5% w/w of oil phase, 10% w/w of Spix and
85% w/w of water, for further characterization. As can be seen in the
TEM images, both o/w emulsion and nanoemulsion formed after dilu-
tion in water in a ratio of 1: 100 v/v have a spherical shape (Fig. 3c and
d).

The potential of 3 to be encapsulated in NE was further evaluated
with respect to size, Zeta potential, stability and toxicity to human cells.
Both unloaded (NE) and 3-loaded nanoemulsion 3-NE (0.02 mg/ml)
have droplets in the nano-range. The presence of encapsulated 3 results
in a slightly smaller size (117.70 nm) compared to the unloaded carrier

Concentration (uM)

02

o3

o6 m12

uCQ

(b)

Fig. 2. Hemolysis of human erythrocytes induced by 2, 3, 6, 12 and CQ without FP (a) and in the presence of 10 pM FP (b). * show the statistical significance (*p <
0.05, **p < 0.01 and ****p < 0.0001) as compared to control (mechanical hemolysis), calculated by using One-way ANOVA.
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Fig. 3. Pseudoternary phase diagram composed of
ethyl esters as the oil phase, Tween 80 and Trans-
cutol HP as a surfactant and cosurfactant mixture
(Smix) at a ratio of 1:1 (w/w) and water; marked area
represents the o/w emulsion (a). Visual appearance
of nanoemulsion formed after dilution of o/w emul-
sion (5% w/w of oil phase, 10% w/w of Sp;x and 85%
w/w of water) in water in a ratio of 1: 100 v/v (b).
TEM images of o/w emulsion (5% w/w of oil phase,
10% w/w of Spix and 85% w/w of water) (c¢) and
nanoemulsion formed after its dilution in a ratio of 1:
100 v/v (d).

(133.27 nm) which may be the result of stronger hydrophobic in-
teractions (Table 2). Polydispersity indicates the uniformity of droplet
size within the tested formulation with value ranges from 0.0 to 1.0. The
higher the polydispersity, the lower the uniformity of the droplet size.
Therefore, by analyzing the PdI values for these nanoformulations we
can conclude that they are homogeneous. Also, the Zeta potential value,
a measure of the electrostatic repulsion of the droplets, is higher in the
case of 3-NE (- 25.33 mV), suggesting good stability during storage.
Next, we evaluated the stability of NE and 3-NE via analysis of
particle size and PdI during storage at 4 °C at intervals of 7 days, for up
to 28 days, and then after 5 months (152 days), as shown in Fig. 4 a and
b. After 7 days, the particle size of NE increased from 133.27 to 149.20
nm, but only small changes were observed subsequent to this. In the case
of 3-NE, after recording a decrease in droplet diameter during the first 7
days of study, there were negligible changes in size subsequent to this
(Fig. 4 a). Pdl, another parameter that was analyzed during the study,
was in the range of approximately 0.2 or below during first 28 days for
all samples and slightly increased as recorded after 152 days (Fig. 4 b),
testifying to the homogeneity of the samples. It is also worth noting that

Table 2
Characterization of unloaded and 3-loaded nanoemulsions.

Code Diameter (nm) PdI Zeta potential (mV)
NE 133.27 + 1.50 0.172 + 0.016 -19.97 + 0.43
3-NE 117.70 + 1.08 0.186 + 0.006 -25.33 +1.59

NE - unloaded nanoemulsion; 3-NE - 3-loaded nanoemulsion (0.02 mg/ml); PdI,
polydispersity index.
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unimodal size distribution for the 3-encapsulated nanoemulsion was
preserved throughout the test period, as shown in Fig. 4 c. Another
interesting observation is the fact that, during this experiment, no pre-
cipitation of the encapsulated 3 was observed, as is sometimes the case
with high dilutions of other formulations with water. Thus, the results
clearly confirm the overall stability of the tested nanoemulsions.

With the physicochemical results in hand, we further investigated
the cytotoxicity effects of the developed nanoemulsions at two different
incubation times, namely 24 and 48 h, using the MTT assay. It is worth
highlighting that this issue is particularly important, because some
aqueous nanoformulations can be potentially hazardous. To monitor the
response of host human cells, we analyzed the effect of NE, 3-NE as well
as free 3 on the viability of NHDF cells. We chose this cell line because it
has already been established as an in vitro model for human cell cyto-
toxicity of antimalarials, or their formulations, by many other authors
[77-81]. The scientific literature also provides examples of the use of
fibroblasts as exemplary control lines representing healthy cells, or to
demonstrate selectivity for various types of compounds or formulations
[82-84]. As we previously demonstrated, free 3, with an IC5p 32043.3 +
1429.5 ng/ml determined for the NHDF cell-line (Table 1), has negli-
gible effect on cell viability at the tested concentration range. Moreover,
these mammalian cells were tolerant to 3 encapsulated in a nano-
emulsion and no significant changes in cell viability were observed, even
at a concentration corresponding to twice the value of the ICsy deter-
mined for P. falciparum (Fig. 5 a and b).

Bearing in mind the fact that this formulation will be administered
orally, we additionally used an in vitro model for intestinal cells, namely
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Fig. 5. Cytotoxicity studies of 3, in free form and encapsulated in 3-NE, on NHDF cells for 24 h (a) or 48 h (b) and on Caco-2 cells for 24 h (c) or 48 h (d). NE was

applied at the same amount as 3-NE. * show the statistical significance calculated with One-way ANOVA (***p < 0.001 and *

(not treated cells).

the Caco-2 cell-line. This particular cell-line is widely used for the
determination of toxicological effects on the gastrointestinal system. As
shown in Fig. 5 ¢ and d, cell viabilities were higher than 80% when
exposed to the same treatments as used for human fibroblasts. This in-
dicates that the applied samples at the concentrations we used were non-
toxic to Caco-2 cells.

Knowing that this particular cell-line is also used for determining
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p < 0.0001), as compared to control

intestinal drug absorption and for assessing the bioavailability of both
drugs and their formulations [85,86], we expanded our research to
include an uptake study using these cells. Efficient cellular uptake
within cells is crucial for the success of nanoformulations, as is the case
for oral drug delivery systems. Therefore, to visualize this process, we
labeled the oil phase of NE with Nile Red, a fluorescent probe frequently
used for labeling lipid dispersions [87]. Confocal microscopic imaging of
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Caco-2 cells after 4 h incubation with Nile Red loaded nanoemulsion at
37 °C is shown in Fig. 6. As can be seen, fluorescent signals (red fluo-
rescence) were observed after such treatment, constituting proof that
internalization of Nile Red-NE occurred, with most cells demonstrating a
cytoplasmic localization of the dye. Cytoplasmic localization was further
confirmed by digital imaging of the fluorescence signal from the dye and
images of the cells observed under transmitted light (data not shown).
This is in accordance with the published work by Fan et al. [88] showing
that corn oil nanoemulsions (with sizes of 170, 265 and 556 nm) with
incorporated Nile Red were absorbed by Caco-2 cells, demonstrating
simultaneously a positive correlation between reduced droplet size and
increased cellular uptake. Also, as established previously for nutraceu-
tical beta-carotene nanoemulsions, smaller droplet size has been shown
to correlate with improved bioaccessibility [89].

The plots of mean plasma concentrations versus time for 3 in the
form of 3-NE after i.g. gavage are depicted in Fig. 7. The pharmacoki-
netic parameters calculated by a non-compartmental approach are given
in Table 3. The compound was eliminated relatively quickly from the
mouse body. After i.g. administration of 3 in the form of 3-NE (0.02 mg/
ml), the terminal half-life was 70 min. The compound has a large
apparent volume of distribution (19.73 L/kg) that indicates the ability
for penetration to the deep compartments. After i.g. administration, 3
quickly reaches a maximum concentration in the blood (Cpax = 4.67 ng/
ml) within 5 min.

One of the purposes of this study was to investigate the pharmaco-
kinetic profile of compound 3 after its i.g. administration in mice at a
dose of 0.02 mg/kg in 3-NE. The concentration of target compound in
plasma was determined by LC/ESI-MS/MS. Concentrations of compound
3 in 3-NE were detectable for at least 8 h after administration. The
pharmacokinetic results demonstrated that the absorption of 3 in the
form of 3-NE was rapid, with the peak concentration occurring 5 min
after i.g. administration.

A critical question to be addressed is whether 3 encapsulated in 3-NE
still possess antimalarial properties and is able to inhibit the growth of
both strains of parasite. Analysis of the data shown in Fig. 8 allowed
several important observations. The first remark is that, after addition of
3-NE, significant reduction of growth of P. falciparum was observed for
both CQ-sensitive and CQ-resistant strains of the parasite. This inhibi-
tion, expressed by the value of ICsg, is 2.8 (D10) and 4.2 (W2) times
smaller, respectively, compared to that of the free form 3. These data are
very encouraging, due to the fact that, in some cases, encapsulation of
the antimalarial compound does not result in a reduction of the ICs.
This phenomenon was described by Melariri et al. after administration
of tafenoquine in a microemulsion formulation [90]. Another important
observation is the fact that the empty NE nanoemulsion carrier also
exhibited significant antimalarial activity, which is a very interesting
phenomenon. This may be a consequence of the specific composition of
the oil phase, because, as established by Carballeira et al. [91], different
fatty acids were proved to act as antimalarial agents. As described by
Kumaratilake at al [92], n-3 and n-6 polyunsaturated fatty acids were
also found to possess antimalarial activities. Moreover, this study also
showed that the methyl ester of the 22:6 (n-3) fatty acid was as active as
the free acid in killing intraerythrocytic forms of the Plasmodium. Thus,

DAPI

Nile Red Merged

Fig. 6. Confocal microscopy images of Caco-2 cells treated with Nile Red
loaded NE for 4 h. Cell nuclei were stained with DAPI (blue), NE uptake was
visualized by Nile Red fluorescence (red).
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Fig. 7. Concentration — time profiles for 3 in plasma after intragastric gavage to
mice at a dose of 0.02 mg/kg in 3-NE (linear plots).

Table 3
Pharmacokinetic parameters for 3 after i.g. administration at a dose of 0.02 mg/
kg in 3-NE to mice.

PK parameters

AUCy_ [ng - min/ml] 60.13
A, [min™'] 0.0099
to.s [min] 70.33
MRT [min] 76.67
Cnax [ng/ml] 4.67
tmax [min] 5.0
Va/F [L/kg] 19.73
CI/F [L/min/kg] 0.194

AUCy_,, - area under the curve from zero to the last sampling time; A, — elimi-
nation rate constant, tos — terminal half life; Cp,x - maximum plasma concen-
tration; tymax.time to reach Cpax; Va/F — apparent volume of distribution; C1/F —
apparent clearance; MRT — mean residence time.
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Fig. 8. Inhibition of growth of P. falciparum D10 and W2 strains in vitro after
treatment with NE and 3-NE. Data for 3 from Table 1. * show the statistical
significance (**p < 0.01 and ****p < 0.0001) as compared to free 3 treated)
calculated with One-way ANOVA.

our results indicate that ethyl esters of polyunsaturated acids may also
exhibit such properties.

It is also evident from others reports that nanoencapsulation of
antimalarial drugs lead to an increase in their bioavailability. For
example, Ghosh et al. described that nanotized curcumin was found to
be ten-fold more effective for growth inhibition of the P. falciparum 3D7
chloroquine sensitive strain in vitro, as compared to native curcumin
[74]. Although the ICs5g reduction obtained by us is not as great as in the
case mentioned above, an interesting observation is the fact that 3-NE is
more active against the CQ resistant strain. This is an extremely
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important observation, especially in view of the common resistance of
parasites to CQ, which is why this issue will be the subject of our further
research.

4. Conclusions

In the present study, a novel o/w nanoemulsion formulation with
ethyl esters of n-3 and n-6 polyunsaturated fatty acids as oil phase was
developed to enhance efficacy of 3, the most active representative of the
series of studied azacarbazoles. The results of this study provide evi-
dence that 3-NE had enhanced in vitro antiplasmodial activities against
both CQ-sensitive and CQ-resistant strains of P. falciparum, but no
cytotoxic effects against mammalian cell lines and demonstrated rapid
absorption after intragastric administration. Therefore, adaptation of
this nanoencapsulation approach could be considered as a promising
delivery system of active agents for treating malaria or other infectious
diseases.
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