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A B S T R A C T

Colloidal nanocarriers can play a key role in the efficacious delivery of drugs, including antimalarials. Here, we
investigated the ability of polymeric micelles of the block copolymer F127 to act as nanovehicles for two organic
salts derived from chloroquine and human bile acids, namely, chloroquinium cholate (iCQP1) and chlor-
oquinium glycocholate (iCQP1g). We have previously reported the strong in vitro antiplasmodial activity of these
salts, which displayed IC50 values of 13 and 15 nM against blood forms of Plasmodium falciparum, respectively. By
deriving from amphiphilic lipids, iCQP1 and iCQP1g also enclose the ability to act as surface-active ionic liquids
(SAILs). The micellization properties of neat F127 and of the F127/SAIL mixtures were initially investigated to
gain physicochemical insight into the interaction between polymer and bioactive SAILs, resorting to differential
scanning calorimetry, surface tension measurements and dynamic light scattering. Micelle formation by F127 is
an endothermic process strongly temperature and concentration dependent. Interestingly, this process is
significantly changed when the molar fraction of SAIL (xSAIL) in the F127/SAIL mixture is varied between 0.33
and 0.90. Both SAILs favor the formation of mixed micelles by decreasing the micellization temperature, and
(observed only when for xSAIL = 0.33) by synergistically decreasing the cmc. Concomitantly, the micellar size is
reduced from 18 to 13 nm as xSAIL is increased from 0.33 to 0.90. Crucially, in vitro assays show that when the
SAILs are loaded into F127 polymeric micelles, their antiplasmodial efficacy is substantially enhanced, with a
significant drop in IC50, especially for the iCQP1/F127 system. This opens new possibilities for the nano-
formulations of antimalarial compounds.

1. Introduction

Malaria, a parasitic infection caused by Plasmodium spp. parasites,
has significantly impacted human populations for centuries. Despite the
latest vigorous prevention and treatment efforts, this disease continues
to affect countless lives, particularly in Africa, which accounts for about
94 % of global malaria cases. In 2022 only, Plasmodium infections
resulted in approximately 249 million cases of malaria and an estimated
608,000 deaths [1], with major socio-economic impacts in affected

countries. One contributing factor for such danger is the emergence of
drug resistance resulting from, among other factors, exposure of the
parasite to low drug doses [2–4]. Hence, there is an ongoing need for
novel therapeutic options that are cost-effective and preferentially
target multiple stages of the parasite’s life cycle to improve therapeutic
efficiency and minimize the risk of resistance.

Drug recycling is an approach that explores existing approved or
rejected drugs in an effort to make drug development less costly and
time-consuming than de novo drug development [5–7]. In this context,
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we have recently reported the combination of basic antimalarials like
chloroquine and primaquine with different natural lipids, including
fatty acids [8,9] and bile acids [10], to produce organic salts (ionic
liquids, ILs) with renewed antiplasmodial activity. We have previously
hypothesized that these drug-derived organic salts, by virtue of incor-
porating amphipathic lipids, would behave as surface-active ionic liq-
uids (SAILs) with enhanced delivery in vivo as compared to the parent
antimalarials [8–10]. Most reports on ILs that are able to enhance drug
delivery refer to topical or transdermal administration, whereas the ef-
ficacy of ILs administered via other routes remain much less explored
[11]. Still, there is growing evidence that oral delivery of drugs may be
substantially enhanced by use of ILs [12], including SAILs possibly in
combination with other surfactants [13]. As such, we have now explored
the self-assembling properties of two antimalarial chloroquine-derived
bile salts (Fig. 1), namely, chloroquinium cholate (iCQP1) and chlor-
oquinium glycocholate (iCQP1g) [10], alone and in combination with a
nanocarrier system [14,15].

Colloidal nanocarriers can play a pivotal role in the efficacious de-
livery of drugs, including antimalarials. Such nanocarriers protect the
drug from degradation and enhance targeted drug delivery, reducing the
exposure of healthy cells and mitigating toxicity effects, while ensuring
sufficient local doses enough to quickly eliminate parasites and avoid
the development of resistance [16]. Various antimalarial drugs have
been encapsulated in different types of colloidal nanocarriers, including
liposomes [17,18], polymeric micelles [19] and dendrimers [20,21],
providing positive results that encourage further use of nano-
technological approaches in malaria [22,23]. Among the wide diversity
of drug nanocarriers, polymeric micelles have been gaining traction
given their capacity to solubilize hydrophobic drugs and to enhance
their bioavailability, while offering stability through a robust core–shell
structure [24,25]. These micelles (like all micellar types, irrespective of
composition) are thermodynamically stable aggregates, but unlike sur-
factant micelles, they present slow dynamics (e.g. high micelle lifetime
and high unimer residence time), which is useful in the context of drug
delivery, namely, to improve oral bioavailability [26]. Overall, slow
dynamics results in the preserved integrity of the micelles before getting
to the target sites [27]. Pluronic polymers, also known as poloxamers,
constitute a family of amphiphilic triblock copolymers frequently used
to form polymeric micelles in aqueous media. They are composed of
poly(propylene oxide) (PPO) and poly(ethylene oxide) (PEO) as hy-
drophobic and hydrophilic monomeric units, respectively, and have a
common (PEO)x-(PPO)y-(PEO)x architecture. Due to their amphiphilic
character, in aqueous solutions, at a fixed temperature and at concen-
trations above the critical micellization concentration (cmc), Pluronic
molecules form micelles with the hydrophilic PEO segments facing the
water and the PPO segment facing inwards into the micellar core [28].
Given their high levels of biocompatibility and biodegradability, inter-
facial and self-assembling properties, some of these polymers are
approved by the U.S. Food and Drug Administration (FDA) for use in
pharmaceutical formulations. One such polymer that is widely used is
Pluronic F-127 (F127) (Fig. 1) [29]. F127 has been exploited to improve
the oral bioavailability of several drugs [26,30–33], including in

nanoformulations of the emblematic antimalarial drug artemisinin [34].
In view of all the above, herein, we investigated the interaction of the

chloroquine bile salts iCQP1 and iCQP1g with F127 micelles in aqueous
solution, aimed at the unveiling of an efficient and robust nanocarrier
system. These micelle-based formulations were screened in vitro against
the blood stage of P. falciparum parasites, showing a clear enhancement
of antiplasmodial action as compared to the parent compounds.

2. Experimental section

2.1. Materials and sample preparation

The synthesis of the iCQP1 and iCQP1g SAILs was performed ac-
cording to the neutralization method previously reported by us [10].
Pluronic® F-127 (Poloxamer 407) was purchased from Sigma-Aldrich
and used without further purification. The solutions of polymer,
SAILs, and polymer/SAIL mixtures were prepared by directly weighing
both the solutes and solvent (water) in vials, followed by appropriate
stirring at the desired temperature until complete dissolution of the
compounds. Due to this procedure, the concentration of solute is
expressed in molality (number of moles of solute per mass of solvent in
kg). The stock solutions of polymer were prepared with a fixed con-
centration of 5.0 mmol⋅kg− 1 by dissolution of F127 in ultrapure Milli-
Q® water at room temperature. The F127/SAIL mixtures were prepared
by dissolving solid SAIL in F127 micellar solution, followed by vigorous
stirring for 24 h. The molar fraction of SAIL expresses the relative pro-
portion of the two solutes in the system according to the definition:

xSAIL = nSAIL/(nSAIL + nF127) (1)

where nSAIL and nF127 are the number of moles of the SAIL and F127,
respectively.

For the biological assays, for convenience and comparison with
previous studies, the stock solutions were prepared using volumetric
flasks, and appropriately diluted by volume, and concentrations are thus
expressed in molarity (number of moles of solute per volume of solution
in dm3).

2.2. Differential scanning microcalorimetry (DSC)

DSC experiments were conducted using a properly calibrated
MicroCal VP-DSC microcalorimeter, at a scanning rate of 1.5 ◦C⋅min− 1.
Before sample loading, blank runs (ultrapure Milli-Q® water in both
cells) were done for baseline correction. Various heating–cooling cycles
were carried out, to determine the phase transition parameters of F127
and F127/SAIL mixtures, and to investigate the reversibility of the ag-
gregation process. Analysis of the DSC thermograms allowed to retrieve
the critical micellization temperature (cmt) as well as to determine the
molar enthalpy (ΔmicHm) and entropy (ΔmicSm), of micellization. For the
observed micellization peak, both the onset temperature (Ton) and the
temperature at peak maximum (Tmax) were determined.

Fig. 1. Molecular structures of chloroquinium cholate (iCQP1), chloroquinium glycocholate (iCQP1g), and triblock copolymer Pluronic F-127 (F127), with a poly
(ethylene oxide)/poly(propylene oxide)/poly(ethylene oxide) (PEO-PPO-PEO) structure.
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2.3. Surface tension

A DCAT11 tensiometer from Dataphysics GmbH with a Pt–Y alloy
Wilhelmy plate and a thermostated Julabo F20 circulating bath was used
for determining the cmc of F127 and of the F127/SAIL mixtures. The
assays involved adding aliquots from a stock solution to the solution in
the measuring vessel (starting with only ultrapure Milli-Q® water) and
then conducting the measurements. For the neat surfactants, the cmc,
the surface tension at that point (γcmc), and the minimum surface area
per molecule (as,min), calculated from Eqs. (2) and (3), were determined.
For the F127/SAIL mixtures, it was only possible to determine cmc and
γcmc. The Gibbs isotherm equation applied to a surfactant solution may
be expressed as:

Γs = −
1

nRT

[
∂γ

∂ln(cs/c◦ )

]

p,T
(2)

where Γs is the surface excess concentration of surfactant (for zero
surface excess of the solvent), R is the gas constant, T is the absolute
temperature, n is the number of adsorbed species obtained from the
surfactant at the interface (Gibbs pre-factor) and ∂γ/∂ln(cs/c◦) is the
local slope of the γ vs. ln(cs/c◦) curve, where cs is the surfactant molal
concentration and c◦ = 1 mol⋅kg− 1. The minimum surface area per
surfactant molecule, as,min, is calculated from:

as,min =
1

Γs,max NA
(3)

where NA is Avogadro’s constant and Γs,max is the maximum surface
excess calculated for the biggest slope of the γ vs. ln(cs/co) curve prior to
the cmc inflection point.

2.4. Dynamic light scattering (DLS)

The size (mean diameter, 〈Dh〉) and zeta potential (ζ-potential) were
measured using a Litesizer 500 from Anton Paar, equipped with the
Kalliope software. A laser diode (658 nm) was used as the light source,
with automatic adjustment of the scattering angle. The experiments
were performed in disposable polystyrene cuvettes for size de-
terminations and Ω-shaped ζ-potential cuvettes at 25 ◦C. Either the
cumulant and CONTIN algorithm methods were used to analyze the
intensity auto-correlation function plots obtained, depending on sample
polydispersity [35,36]. The electrophoretic mobility, µ, was measured
using a combination of electrophoresis and laser Doppler velocimetry
techniques, and the zeta potential was calculated from µ by applying
Smoluchowski’s model, with a Henry’s function value f(κα) = 1.5, under
Smoluchowski’s approximation [36].

2.5. In vitro antimalarial activity

A laboratory-adapted P. falciparum 3D7-GFP (MRA-1029, MR4,
ATCC®Manassas, VA, USA), a chloroquine-sensitive strain expressing
the green fluorescent protein, was continuously cultured, as reported
previously [37]. Parasitemia was assessed by light microscopy of
Giemsa-stained thin blood smears. Antiplasmodial activity assessment
was performed using a modification of SYBR Green I assay [38]. Briefly,
unsynchronized cultures with 0.6 % hematocrit and 0.5 % parasitemia
were incubated with the test compounds (iCQP1 and iCQP1g) in 3-fold
serial dilutions ranging from 729 to 1 nM at constant F127 concentration
(10, 20 and 30 μM), in a 96-well flat bottom plate, for 72 h (37 ◦C and 5
% CO2). Parasite growth was assessed by flow cytometry (Beckman
Coulter, Cytoflex) with a 96-well plate reader using Fl-1 (GFP) [39].
Typically, 100,000 erythrocytes were counted for each well and the
samples were analyzed with the FlowJo software (Tree Star Inc.). Half-
maximal inhibitory concentrations (IC50) were determined with
GraphPad Prism 5 (trial version). At least three experiments, each in
duplicate, were performed to obtain the mean IC50 values presented.

2.6. Hemolytic activity

Human blood samples were centrifuged (Centurion scientific Ltd
centrifuge with a BRK1011) for 5 min at 1020 g and at 4 ◦C to remove
the plasma. Erythrocytes were then washed (×3) with phosphate buffer
saline solution (PBS, 0.01 M, pH 7.4), and diluted to a final volume
fraction of 4 % hematocrit in PBS. Then, the red blood cells (100 µL, 4 %)
were plated in a 96-well plate in the presence of 100 µL of the test
compound (at different concentrations) in PBS with ultrapure (Milli-Q®)
water 80/20 v/v. The following controls were used: positive control, 1 %
Triton X-100 in PBS; negative controls, PBS and PBS with ultrapure
(Milli-Q®) water 80/20 v/v. The plate was incubated at 37 ◦C for 1 h,
after which the absorbance of the supernatant at 540 nm was measured
in a multi-mode microplate reader (Multiskan GO-Thermo Scientific).
The hemolytic activity was calculated using the following equation,
where A stands for UV/Vis absorbance:

Hemolysis % =
A(sample) − A(PBS 80/20 v/v)
A(positive control) − A(PBS)

× 100 (4)

Ethics statement: The human blood was provided from Serviço de
Hematologia Clínica do Centro Hospitalar Universitário do Porto
through a collaboration protocol with our group. The blood was sub-
mitted the necessary analytical checks as required by current legislation
before the assay. The data associated with each unit were anonymized
and irreversibly dissociated before delivery. The only information pro-
vided were the donor’s date of birth, blood group, and sex. The blood
was used exclusively in the assays explicit in this research.

3. Results and discussion

3.1. Characterization of F127 micellization

It was relevant to establish the main characteristics of the neat
polymeric F127 micelles before evaluating their use as nanocarriers of
the antimalarial SAILs iCQP1 and iCQP1g. Though the micellization of
F127 has been reported previously [40–45], the exact nature of the
polymer composition, the solution conditions, and the techniques used
vary widely from one report to another. Given that the micellization
process of F127 is a first order phase transition, it was conveniently
quantitatively investigated by DSC, and the results thus obtained are
shown in Fig. 2a-d.

Upon heating, the transition between the unimer and micellar states
of the polymer solution shows as a broad endothermic peak, as observed
in Fig. 2a. Moreover, the temperature of formation of F127 micelles
depends markedly on polymer concentration, as is common for nonionic
amphiphiles. A phase diagram can be drawn as shown in Fig. 2b, where
the temperature/concentration coupling can be more easily seen and
both the cmt and the cmc can be read. At a given polymer concentration,
micelles form above a certain temperature, the cmt, and at a given
temperature, the polymer form micelles only above a certain concen-
tration, the cmc. As the concentration of polymer increases, the micel-
lization process becomes increasingly favorable and the cmt decreases.
The micellization process is characterized by an average ΔmicHm = 301
± 8 kJ⋅mol− 1 and an average ΔmicSm = 1015 ± 24 J⋅K− 1⋅mol− 1.

F127 was also studied regarding its surface activity through surface
tension measurements at varying polymer concentration and at constant
temperature. This temperature was set to 26.5 ± 0.1 ◦C, slightly above
room temperature for technical convenience, and the value obtained for
the cmc is 0.18 ± 0.01 mmol⋅kg− 1, as shown in Fig. 2c. When the DSC
upscan was run (at a heating rate of 1.5 ◦C⋅min− 1) for an aqueous so-
lution of F127 at 0.18 mmol⋅kg− 1, the broad endothermic peak is
characterized by an onset temperature, Ton, of 26.5 ◦C and a peak
temperature, Tmax, of 30.9 ◦C (Fig. 2d). Thus, Ton was henceforth taken
as the characteristic micellization temperature, and the DSC and surface
tension measurements were confirmed as mutually consistent. Table S1
in the supporting information (SI) shows the detailed thermodynamic
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Fig. 2. Micellization process of polymer F127: a, DSC thermograms obtained as a function of polymer concentration, at a scanning rate of 1.5 ◦C⋅min− 1, with
indication of the average molar enthalpy and average molar entropy of micellization obtained; b, temperature vs. concentration phase diagram of F127, where both
the critical micelle temperature (cmt) and the critical micelle concentration (cmc) can be read; c, surface tension curve of F127 at 26.5 ◦C, yielding a cmc of 0.18
mmol⋅kg− 1; d, DSC thermogram of a F127 solution at 0.18 mmol⋅kg− 1, yielding Ton = 26.5 ◦C and Tmax = 30.9 ◦C. Ton is thus considered as the critical micellization
temperature, cmt.

Fig. 3. Effect of increasing molar fraction of SAIL, xSAIL, on the micellization behavior of F127/SAIL mixtures as probed by DSC: a, thermograms of F127/iCQP1
system, with both heating and cooling scans shown; b, DSC thermograms of F127/iCQP1g system, with both heating and cooling scans shown; c, d, and e, calculated
thermodynamic parameters—respectively, temperature, molar enthalpy and molar entropy of micellization—obtained vs. xSAIL.
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data obtained for the DSC studies between 0.050 and 8.0 mmol⋅kg− 1

(0.063–9.1 wt%).

3.2. Formation of mixed micelles of F127 and chloroquine bile salts

3.2.1. DSC studies
In order to evaluate the capacity of the F127 micelles to act as

nanocarriers of the chloroquine bile salt SAILs, the next step was to
investigate the F127/SAIL interactions in solution, resorting to DSC,
DLS, and surface tension measurements. It should be noted first that
both iCQP1 and iCQP1g are not only surface-active molecules, but they
also self-assemble into micellar aggregates, showing cmc values of 0.60
and 0.78 mmol⋅kg− 1, respectively, as determined by surface tension
measurements (results shown further ahead in this section). Therefore,
we investigated whether each SAIL can co-aggregate with the F127
micelles.

One of the most straightforward ways to assess interactions as those
herein under study is to perform DSC analysis of mixtures of F127, at a
constant concentration, with SAIL at increasing molar fraction and
monitor the effect (if any) of the SAIL on the original DSC profile of F127
alone. The mixtures of F127 and SAILs were prepared at fixed value of
cF127 = 5.0 mmol⋅kg− 1 (Ton = cmt = 19.6 ◦C), while varying xSAIL be-
tween 0.33 and 0.90. These conditions were selected to ensure that, at or
above room temperature (T ≥ 25 ◦C), (i) the polymer is in micellar form
(since T > cmt) and (ii) the DSC signal is strong enough to gauge the
effect of even small fractions of added SAIL. It should be also noted that
none of the SAILs (also micelle-forming surfactants) showed any tran-
sition peak in the temperature range investigated (5 – 60 ◦C).

Fig. 3a and b show the thermograms of the F127/iCQP1 and F127/
iCQP1g mixtures, respectively, for varying molar fraction of SAIL. The
values obtained for Tmax, ΔmicHm and ΔmicSm are shown in Fig. 3c, d and
e, respectively. In both systems, it is clear that as increasing amounts of
SAIL are present, the micellization becomes increasingly affected and
this can only be caused by a strong association between the polymer and
the SAIL, i.e. the formation of mixed F127/SAIL micelles.

Several aspects, (i)–(v), of the DSC results can be highlighted. (i) As
the quantity of SAIL increases, the endothermic micellization peak be-
comes broader, which suggests a more gradual micellization process. For
this reason, in Fig. 3c, Tmax (instead of Ton) is plotted vs. xSAIL. (ii) The
reversibility of the aggregation in all mixtures is demonstrated by the
fact that the heating and cooling peaks are nearly mirror images of each
other, with only a very small undercooling of the exothermic (cooling)
peak. (iii) As xSAIL increases, the endothermic peak shifts to lower
temperature, indicating that micellization is thermally favored when
SAIL molecules are incorporated in the micelles. For both mixtures, the
Tmax decreases from 23.5 ◦C (original value for F127) down to about
19 ◦C when an xSAIL = 0.80 is reached. Interestingly, at very high xSAIL,
for iCQP1 at 0.80 and 0.85 and for iCQP1g at 0.90, a satellite peak, at
about 14–15 ◦C, appears. This suggests that more than one type of
micelle is present, likely F127-rich micelles, for the main peak, and SAIL-
rich ones, for the weaker peak. (iv) A similar decreasing trend is
observed both in the molar enthalpy and the molar entropy of micelli-
zation (calculated per mole of F127) as xSAIL increases. For F127/iCQP1,
the behavior is slightly distinct at 0.80 and 0.85, with ΔmicHm and
ΔmicSm undergoing a slight uptrend. This effect is qualitatively consis-
tent with the temperature trend described above, likely assignable to the
SAIL-saturated F127-rich micelles and formation of SAIL-rich micelles.
(v) In any phase transition ΔtrG = 0 and thus Ttr = ΔtrH/ΔtrS. In the
current systems, the fact that Tmax decreases with growing amounts of
incorporated SAIL implies that the decrease in ΔmicSm is stronger than
the decrease in ΔmicHm. How to fathom this trend at molecular level?
The formation of F127 micelles is driven by the hydrophobic effect, an
entropic effect associated with water structure as the nonpolar segments
of the polymer are removed from the contact with bulk water into the
micellar core. Clearly, the SAIL molecules, being much smaller than the
polymer molecules, will make the entropic gain per mole of F127

associated with the polymer micellization less than optimal. This effect
will be more significant as the SAIL molecules become more abundant in
the system.

3.2.2. Surface tension studies
To gain further insight into the F127/SAIL interactions and corrob-

orate the mixed micellization suggested by DSC analysis, surface tension
studies were conducted on the mixtures, affording the results that are
shown in Fig. 4 and Table 1.

First, we analyze the results of the neat F127 and SAILs, as well as of
the bile salts sodium cholate (NaP1) and sodium glycocholate (NaP1g),
for comparisons; data for these single-solute systems are all shown in
Fig. 4a, for T= 26.5 ◦C. The polymer has the smallest cmc of the set, 0.18
mmol⋅kg− 1, by virtue of its extensive hydrophobic group, the PPO
middle block. The SAILs also have comparatively small cmc values, 0.60
and 0.78 mmol⋅kg− 1 for iCQP1 and iCQP1g, respectively, and much
smaller (more than one order of magnitude) than their comparable so-
dium bile salts, NaP1 and NaP1g. Therefore, replacing the sodium cation
in bile salts with the chloroquinium cation in the SAILs results in a
significant decrease of cmc. This is not surprising: the chloroquinium
cation is a big organic amphiphilic ion and thus it co-aggregates with
cholate or glycocholate into virtually uncharged catanionic micelles,
unlike the small inorganic Na+ counterions that are partially dissociated
from the bile salt micelles, making them net anionic micelles. In other
words, while the sodium bile salts behave as anionic surfactants in so-
lution, their corresponding chloroquine-derived SAILs behave as
essentially neutral ones, and thus are expected to have significantly
lower cmc than the former, as the absence of electrostatic repulsions
between charged headgroups makes micellization thermodynamically
much more favorable.

It is also interesting to observe from the data in Table 1 that the SAILs
are much more surface-active than the corresponding sodium bile salts,
as evident from the much lower values of both the minimum interfacial
molecular area, as,min, and the surface tension at the cmc, γcmc. This is
also true with respect to F127, even though in this case the comparison is
less meaningful, because this polymer and SAILs have very different
chemical structure and size. Furthermore, the same relative order of cmc
is seen between similar compounds, that is, cmc (iCQP1) < cmc (iCQP1g)
and cmc (NaP1) < cmc (NaP1g). This trend is also logical, as glyco-
cholate headgroup is more hydrophilic than cholate, on account of the
amide group in the former, capable of H-bonding with water. This will
tend to make glycocholate-derived unimers more water-soluble which,
together with the higher steric hindrance between headgroups at the
micellar surface, delays micellization.

For the F127/SAIL mixtures, shown in Fig. 4b and c, two composi-
tions were analyzed, one richer in F127, xSAIL = 0.33, and another richer
in SAIL, xSAIL = 0.80. The results are rather significant. First, the surface
tension curves of the mixtures, where cs now represents the total con-
centration of F127 + SAIL, confirm the strong interactions between
F127 with each SAIL, already detected by DSC. For xSAIL = 0.33, two
break points in the cmc curve can be seen (signaled by the two arrows),
one at fairly low cs (0.022 and 0.011 mmol⋅kg− 1 for iCQP1 and iCQP1g,
respectively) and the other close to the cmc value of neat F127. The
existence of two inflection points in surface tension curves of surfactant
mixtures has been reported before [46–50], and they are associated to
distinct events of aggregation. Here, the first one (arrow to the left) is
associated to the formation of mixed F127/SAIL micelles, while the
second signals the formation of practically neat F127 micelles (due to
the excess of polymer in the system). The low cs observed for the first
inflection point evidences strong synergism in the mixed aggregation
between polymer and SAILs, since the value is much smaller than the
cmc of both individual components. Therefore, the presence of SAIL
clearly promotes mixed micelle formation. These results are thus
consistent with those obtained by DSC, namely with the lower cmt and
broadening of peaks seen in the F127/SAIL mixtures as compared to
F127 alone. When the SAIL molar fraction increases to 0.80, there is only
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one inflection point corresponding to the mixture cmc. This fact denotes
that only a single type of aggregate is forming, in this case mixed
polymer/SAIL micelles highly enriched in SAIL. Significantly, the cmc
lies between that of neat F127 and that of the corresponding neat SAIL,
indicating that when the polymer is the major component in the
mixture, the tendency for mixed micellization is weaker than when the
SAIL is the major one.

3.2.3. DLS and zeta potential studies
The evolution of size of the mixed F127/SAIL micelles with xSAIL was

investigated by DLS and the results are shown in Fig. 5. Similar to the
DSC studies, the polymer concentration in all compositions was kept
fixed at 5.0 mmol⋅kg− 1, while xSAIL was varied. The plots of the
intensity-weighted scattering vs. hydrodynamic diameter (Dh) show
relatively monodisperse peaks at low sizes consistent with micelles.
F127 individually shows micelles with an average diameter, 〈Dh〉, of 20
nm, consistent with previous reports [51,52]. When the molar fraction
of either SAIL increases between 0.33 and 0.90, the micelle size de-
creases gradually from 18 to 10 nm (Fig. 5), with the micelles remaining
fairly monodisperse. It should be noted that attempts were made to
measure neat iCQP1 and neat iCQP1g micelles also by DLS, but the re-
sults were not physically meaningful, likely due to the small size of the
aggregates (Dh < 5 nm). The trend observed in Fig. 5 can be explained by
the gradual enrichment of the mixed micelles in the small SAIL mole-
cules. In fact, there is a considerable difference in size between F127 and
the SAIL molecules herein studied. This will presumably force the
polymer to pack into smaller aggregates as well, reducing the number of

Fig. 4. Surface tension curves at 26.5 ◦C for: a, the neat compounds—polymer
F127, SAILs iCQP1 and iCQP1g, sodium cholate (NaP1) and sodium glyco-
cholate (NaP1g); b, F127/iCQP1 mixtures; and c, F127/iCQP1g mixtures. In b
and c the arrows denote two critical aggregation concentrations.

Table 1
Interfacial parameters for the neat compounds and for F127/SAIL mixtures, at
26.5 ◦C.1

System xSAIL cmc/mmol⋅kg− 1 as,min/nm2 γcmc/mN⋅m− 1

F127 – 0.18 2.7 35.3
iCQP1 – 0.60 0.51 32.4
iCQP1g – 0.78 0.43 33.9
NaP1 – 9.3 2.7 45.5
NaP1g – 11.3 1.9 49.0
F127/iCQP1 0.33 0.022; 0.13 – 36.7; 35.3

0.80 0.32 – 36.1
F127/iCQP1g 0.33 0.011; 0.16 – 38.0; 35.1

0.80 0.51 – 35.4

1 The cmc values have a typical uncertainty of ±5 %. For F127/SAIL mixtures
at 0.33, the two values shown correspond to the two break points observed in the
cmc curves (Fig. 4).

Fig. 5. Mean hydrodynamic diameter vs. molar fraction of SAIL for F127/SAIL
mixtures, at 25.0 ◦C, for constant cF127 = 5 mmol⋅kg− 1.
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polymer molecules per mixed micelle and thus, concomitantly,
increasing the concentration of micelles. A similar reduction in micelle
size has been reported when the small amphiphile sodium dode-
cylsulfate (SDS) was added to F127 micelles [53,54]. In one of the
studies, the authors concluded that the F127 content of each aggregate
decreased alongside the size of the mixed micelles, which increased in
number [54]. A similar effect seems to take place in the systems herein
investigated. Finally, zeta potential measurements performed for F127
and the F127/SAIL mixtures yield absolute ζ values in the order of 0 – 1
mV (cf. Table S3, S.I.), confirming the electroneutral nature both of the
neat polymer and of the mixed micelles.

Taken together, results from DSC, surface tension and DLS studies
clearly indicate that F127 and the chloroquine bile salt SAILs strongly
interact in solution to form mixed micelles, and that this interaction is
synergistic at low molar fractions of the SAILs. At the physiologically-
relevant temperature of 37 ◦C, F127 has a very low cmc (µM range),
which can be conveniently exploited to encapsulate SAILs in the poly-
meric micelles and test their antiplasmodial effect in concentrations that
are also physiologically relevant (nM to µM). Therefore, the activity of
SAILs-loaded F127 micelles against blood-stage P. falciparum parasites
was evaluated in vitro, as described in the next section.

3.3. In vitro activity of SAIL-loaded F127 micelles against P. falciparum

To evaluate the in vitro activity of the SAIL-loaded in F127 micelles
compared to free SAILs against a CQ-sensitive (3D7-GFP) strain of
P. falciparum (Table 2), special conditions regarding temperature and
range of concentrations of solutes were carefully chosen.

Firstly, the IC50 values, previously reported by us, for free iCQP1 and
iCQP1g against erythrocytic forms of the P. falciparum, respectively, 13
and 15 nM, were considered for the establishment of a suitable SAIL
concentration range to be tested, i.e., 729 – nM [10]. The polymer
concentration was kept constant in each dilution series.

Secondly, the cmc of neat F127 was evaluated at 37.0 ◦C, yielding a
value of 2.9 µM (cf. Fig. S1 in the S.I.). Thus, to ensure that, during the
biological assays (conducted at 37 ◦C), F127 remains fully aggregated
into micelles where SAILs can be loaded (i.e. ensuring that the fraction
of free polymer molecules is very small), three F127 concentrations well
above the cmc of neat F127 were chosen — 10, 20 and 30 µM. Moreover,
the molar fraction of SAIL was, in all cases, lower than 0.07. Therefore,
based on evidence (Section 3.2.2) that in presence of a small molar
fraction of SAIL (0.33), the cmc of F127/SAILs mixtures decreases
compared to the cmc of both F127 and SAIL, it is reasonable to assume
that the cmc of any of the mixtures prepared for in vitro studies is below
2.9 µM. Hence, for any combination of F127/SAIL concentrations tested
(in Table 2), conditions are met to have the SAIL molecules encapsulated
in the polymeric micelles.

Thirdly, three polymer concentrations were tested individually for
their ability to inhibit P. falciparum, yielding values of 2, 41 and 93 %

inhibition, respectively, compared to control. The IC50 value of F127
was next found to be 14.1 µM (Table 2), which is an interesting obser-
vation, as to the best of our knowledge this intrinsic (though modest)
antiplasmodial activity of F127 has never been reported. Hence, the
polymer concentrations used in the biological assays also span a range of
low to high antiplasmodial activity of the polymer per se, and this is also
relevant for control and comparison purposes.

The results for the antiplasmodial activity of the F127/SAIL mixtures
are shown in Table 2 and show a clear improvement in the efficacy of the
micelle-loaded SAILs compared to the free compounds, as the IC50 of any
micelle-loaded SAIL system is consistently lower than that of the
respective free SAIL. This is particularly expressive for iCQP1, which
show IC50 values in the range 1.7 – 5 nM when encapsulated in F127
micelles, compared to the 13.4 nM value determined for the free SAIL.
Encapsulation of iCQP1g in F127 micelles also improve antiplasmodial
activity, though with IC50 values (3.8 – 13 nM) not as low as those
observed for encapsulated iCQP1, but still lower than that of the free
iCQP1g. Thus, overall, the antiplasmodial properties of chloroquinium
bile salts are enhanced when they are encapsulated in the polymeric
micelles. This is a relevant finding not only by itself, but also by the wide
range of advantages recently attributed to F127-based nanomedicines
[45,55,56], including the reported ability of F127 micelles to reduce
drug-induced hemolysis [57].

Relevantly, the polymer concentration does not seem to play any role
in the in vitro antiplasmodial activity, as IC50 values of both F127/SAIL
systems remain virtually unchanged within experimental error,
regardless of the concentration of F127 employed (Table 2). Since higher
polymer concentration means in principle higher number of F127 mi-
celles available for loading SAILs, we can conclude that at least for the
concentration range tested, the antiplasmodial effect is independent of
SAIL payload per micelle.

Finally, one question emerges: are the F127 polymeric micelles
effectively acting as nanocarriers of the SAILs or could they be just
facilitating the interaction of any free SAIL molecules with Plasmodium-
infected red blood cells? Two arguments support the first case. (i) The
F127 concentrations used in the assays ensure the abundance of poly-
meric micelles in the system and since the SAILs are amphiphiles
themselves (with global hydrophobic character, as shown by their low
cmc values), it is reasonable to assume they always prefer to be solubi-
lized in the polymeric micelles than in the aqueous bulk. In fact, as
stated before, the SAILs facilitate the micellization of F127 in a syner-
gistic manner. (ii) Let us assume, for the sake of argument, that in some
of the conditions tested (namely at very low concentrations of SAIL, near
the 1 nM range, there is one of two scenarios: a) existence of neat F127
micelles, SAIL-loaded micelles, and in addition free SAIL and free F127
in the bulk; b) similar to the previous but without free SAIL molecules.
Even in these scenarios, it is highly unlikely that the antiplasmodial
effect is facilitated by the neat F127 micelles or by F127 unimers
through some mechanism that would “open the door” to the SAILs. This
is because the IC50 of F127 alone is 14.1 µM, which is ca. 3 orders of
magnitude higher than the IC50 values obtained for all F127/SAIL
mixtures. Hence, it is reasonable to expect that if the action of neat F127
micelles was the critical factor in promoting the SAIL activity (compared
to free SAIL), the IC50 of F127/SAIL mixtures would necessarily be closer
to that of the neat F127. This is not observed, as they are significantly
lower than the IC50 values for the free SAILs. So, based on arguments (i)
and (ii), the logical conclusion is that the enhanced antiplasmodial ac-
tivity observed for SAILs when in the presence of F127 is due to the role
of F127 polymeric micelles as nanocarriers for the SAIL molecules. Thus,
any mechanism of action must entail the existence of these mixed
aggregates.

4. Conclusion

In this work, the capacity of polymeric micelles of poloxamer F127 to
act as nanocarriers for two antimalarial SAILs, iCQP1 and iCQP1g, has

Table 2
In vitro antiplasmodial activity (IC50) obtained for the F127/SAIL mixtures and
neat compounds against P. falciparum (3D7-GFP).

System cF127/µM IC50/nM

iCQP1
F127/iCQP1

– 13.4 ± 0.3
10.0 3.7 ± 1.3
20.0 1.9 ± 0.2
30.0 3.2 ± 0.5

iCQP1g
F127/iCQP1g

– 11.7 ± 2.1
10.0 5.9 ± 2.1
20.0 7.2 ± 1.7
30.0 9.7 ± 3.3

F127 variable (14.1 ± 0.5) × 103
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been investigated. Our original hypothesis was that the antiplasmodial
activity could be enhanced by encapsulating the SAILs in polymeric
micelles.

The micellization properties of neat F127 and of F127/SAIL mixtures
were first characterized by DSC, DLS, and surface tension measure-
ments. The micellization of F127 is a strongly concentration and
temperature-dependent process characterized by a molar enthalpy and
molar entropy equal to 301 ± 8 kJ⋅mol− 1 and 1015 ± 24 J⋅K− 1⋅mol− 1,
respectively, both independent of polymer concentration. As the tem-
perature is increased, the cmc of F127 is drastically reduced. When the
molar fraction of SAIL (xSAIL) in the F127/SAIL mixture is increased
(between 0.33 and 0.90), at constant polymer concentration, the
micellar properties of F127 are significantly changed. The overall effect
is that either SAIL favors mixed micellization by decreasing both the cmt
(as observed by DSC) and the cmc of the mixture (as observed by surface
tension, when SAIL is the minor component, xSAIL = 0.33). Concomi-
tantly, the micellar size is reduced from 20 to 10 nm as xSAIL is increased,
as observed by DLS, implying the presence of more micelles and a larger
surface area of the system. These features could be conveniently
exploited to load F127 micelles with SAILs, at very low concentrations of
polymer and SAIL (µM and nM, respectively) and at physiological tem-
perature (37 ◦C), aiming at an enhanced efficacy of the SAILs against
intraerythrocytic forms of Plasmodium parasites. As such, three polymer
concentrations, 10, 20 and 30 µM, were tested, and the SAIL concen-
tration was varied for each of them. Remarkably, the biological assays
show that when the SAILs are loaded into the F127 polymeric micelles,
the antiplasmodial efficacy is substantially enhanced, compared to both
to the free SAIL (the most important aspect) and neat F127. This is
clearly demonstrated by the 2.5–6.5-fold decrease in the IC50 value for
encapsulated versus free iCQP1.

In conclusion, using polymeric micelles of F127 as nanocarriers en-
hances the biological activity of two antimalarial SAILs, paving the way
to new promising formulations to combat the disease that allow the
reuse of classical antimalarials like chloroquine.
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