Journal Pre-proof

Amphiphilic ionic liquids as sustainable components to formulate promising vesicles
to be used in nanomedicine

R. Dario Falcone, N. Mariano Correa, Juana J. Silber

PIl: S2452-2236(20)30071-7
DOI: https://doi.org/10.1016/j.cogsc.2020.100382
Reference: COGSC 100382

To appearin:  Current Opinion in Green and Sustainable Chemistry

Received Date: 27 March 2020
Revised Date: 18 June 2020
Accepted Date: 29 June 2020

Please cite this article as: R.D. Falcone, N.M. Correa, J.J. Silber, Amphiphilic ionic liquids as sustainable
components to formulate promising vesicles to be used in nanomedicine, Current Opinion in Green and
Sustainable Chemistry, https://doi.org/10.1016/j.cogsc.2020.100382.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.cogsc.2020.100382
https://doi.org/10.1016/j.cogsc.2020.100382

Amphiphilicionic liquids as sustainable components to for mulate promising vesicles

to be used in nanomedicine

R. Dario Falcon®™, N. Mariano Corre&®and Juana J. Sildet

® Departamento de Quimica, Universidad Nacional @e@uarto, Agencia Postal 3, C.P.
X5804BYA, Ruta Nacional 36, km 601, Rio Cuarto, @ava, Argentina.

P Instituto de Desarrollo Agroindustrial y de la @&&(IDAS), Universidad Nacional de Rio
Cuarto, Agencia Postal 3, C.P. X5804BYA, Ruta Naalo36, km 601, Rio Cuarto,

Cérdoba, Argentina.

* Corresponding-Author: Dr. R. D. Falcone. E-maliélcone @exa.unrc.edu.ar




Abstract

lonic Liquids (ILs) are an interesting category @mpounds particularly due to the
possibility to easily synthesize them, with diffiergroperties in the lab. The interest for
ILs with amphiphilic character (IL-like surfactajhtisas been growing up due to versatility
in creating useful supramolecular assemblies.igghort review, it is described the current
state of IL-like surfactants to prepare vesiclesvater. Particularly, the focus was put on
the experiments performed by South American rebeasc using protic and aprotic
surfactants. Finally, it summarizes some prelimin@sults obtained in our lab about the

application in nanomedicine that these novel vesichn offer.



I ntroduction

When amphiphilic molecules are molecularly dispénsewater, the polar part of the
amphiphile tends to expose itself to bulk waterlavithe hydrophobic part shields itself
from the aqueous phase. Depending on the amphigtilecture and concentration,
different types of assembly may form spontaneouSlgme lipid structures such as
phospholipids form bilayer structures.[1] Mostlizetphospholipid-like amphiphiles form
double-layer structures (lipid bilayers) by coniagtthe hydrophobic faces of two leaf-like
monolayer amphiphile assemblies. This lipid bilageucture extends two-dimensionally
and forms the covering of a closed sphere thaahdaternal water environment, similarly
to a cytomembrane in nature, of a closed sphetéhtigaa water pool inside. Thus capsule-
like structure can be considered a simplified moalela cell, usually callediposome
(Figure 1). Several other synthetic amphiphiles fram a liposome-like supramolecular
assembly. Those derived from double-tailed catisnidactants are usually called vesicles,
while the term liposome is related to phospholipggemblies.[1] Vesicles prepared from
cationic surfactants have advantages such as sioptailations and greater stability to
hydrolytic and oxidative degradation. Since the coiery of this self-assembly
phenomenon in the 1960s, lipid-based self-assemindgubstructures have been widely
studied and applied in drug delivery systems.[2]g la variety of vesicular systems can be
designed, either to deliver hydrophilic moleculescapsulated in the water core or

hydrophobic drugs integrated to the lipid bilayer.



Figure 1. Liposome with a single bilayer.

It is worthy to mention here that, upon solubiliaat in water the phospholipid
bilayer first exists as a lamella (a flat plateeliktructure) before getting converted into
spheres. Several lamellae of phospholipids bilagees stacked one on top of the other
during the formation of liposomes to form a muhilkllar structure requiring different
methods to be transformed into unilamellar vesjoldsich is the kind of system suitable
for physicochemical studies and/or usage as a diefivery device for living
organisms.[3,4] Hence, they are not easy to prefpane phospholipids and generally have
limited stability and shelf-life duration.

It is known that ionic liquids (ILs) are a powerfalternative to conventional
materials by the principles of Green Chemistry beeahey have negligible vapor pressure
combined with excellent chemical and thermal siigbiease of recyclability and widely
tunable properties such as polarity, hydrophobjciyd solvent miscibility through
appropriate modification of the cation and anion4&hough with some disadvantages, [6]

these properties make ILs potentially environmdyntiiendly media for many chemical

4



processes. Hence, it is quite interesting to switbkethem [7-10] with amphiphilic
properties.[11,12] These compounds, calledike surfactants, have been used to create
different kinds of organized systems such as dir@celles, Reverse Micelles (RMs), and
vesicles.[8,10,13-18] In the last decade, it haslexplored the use of a particular type of
IL-like surfactant as a possible candidate to fesmsicles in watercatanionic surfactants,
which are a fairly new kind of molecules with vemnotivating properties as
amphiphiles.[10] These compounds are the resultihefmixture of oppositely charged
surfactants. In the literature, two categories afaucionic surfactantsan be found: i)
catanionic mixtures, which are simple mixtures wibaic and cationic surfactants without
the removal of their respective counterions; iaogonic systems, which correspond to the
mixed surfactants where the counterions are remf&d9,20] The usual way to obtain
catanionic systems is by the combination of twoasie charged ionic surfactants, in a 1:1
molar ratio, followed by the removal of the courmas using an appropriate method.[10]
The amphiphiles thus obtained have shown the wbdiform different organized systems,
such as direct and RMs[10,21,22], vesicles[10,28}] liquid crystals.[24] Particularly,
some unilamellar vesicles have been synthesized e@tanionic surfactants and showed
higher stability when compared to liposomes.[2,@B]en the catanionic surfactant, BHD-
AOT (Scheme 1) was synthesized in the lab for ttst fime it was found that met all
properties of an IL. The catanionic surfactant BADT, prepared from an equimolar
mixture of the anionic surfactant [26] sodium 1jd-B-ethylhexylsulfoccinate (Na-AOT)
and the cationic surfactant benzyl-n-hexadecyldiylatnmonium chloride (BHDC), for
instance, showed IL-like properties. Dynamic Li@dattering (DLS) results showed that
the size of the BHD-AOT aggregates about 80 nm [$0tomparable to the size of

vesicles.[27-30] Small Angle X-Ray Scattering (SAX®@sults showed that a vesicle
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model with a single diffuse lamellar shell is theeahat better describes those aggregates,
indicating that unilamellar vesicles of BHD-AOT [1@ere formed in water, without the
addition of energy to the system, as required agitional methods.

Results of emission spectroscopy, using two differprobes (6-propionyl-2-
dimethylaminonaphtalene — PRODAN - and trans-4djfétylamino)-styryl]-1-
methylpyridinium iodide — HC) showed unique propstof BHD-AOT bilayer in
comparison with vesicles formed using the tradaiophospholipid 1,2-di-oleoyl-sn-
glycero-3-phosphatidylchooline (DOPC)[31], like awerful electron donor environment,
Additionally, the BHD-AQOT bilayer offers a less poland slightly more viscous medium
than DOPC, which allows large incorporation of mand nonionic molecules.

Concerning IL-like surfactants long-chained imidarm, ILs are the more
conventional molecules used, including a chargetidphilic head group and one or more
hydrophobic tails.[11,12,40,41,32—-39] Dependingtiom hydrogen bond donor ability of
the components these ILs can be classified ascpnt aprotic.[42]

The aprotic IL 1-butyl-3-methylimidazolium 1,4-bsethylhexylsulfosuccinate
(bmim-AOT, Scheme 1), is an interesting case olike-surfactant which has been used as
surfactant to create RMs.[16] Even the behaviothef surfactant in aqueous media was
previously reported [11,43], although it is notaslevhich kind of aggregates are formed in
water. For example, at low concentrations, wherraudtions between aggregates are
minimized, their behavior was not evaluated.

Recently Garcia et al.[44] reported the spontandousation of vesicles in an
agueous solution of catanionic mixtures composeddifffierent IL-like surfactants,
methylimidazolium- or pyridinium-based, non-functadized or bearing an ester or amide

group in the alkyl chain, and the anionic surfattdla-AOT. They showed that the
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catanionic mixtures studied exhibit high antimigedbactivity against fungi and most
Gram-positive bacteria and low toxicity to Gram-attge microorganisms.These
properties could be of special interest for theppleation in nanotechnology and
pharmaceutical formulations.

In this review, recent studies, performed by ScAmerican researchers, involving

the formation of vesicles using different amphighilLs are described.
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Scheme 1. Chemical structure of different amphiphilic ILs.
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Vaid et al. [40] investigated the effects of a welbwn anti-inflammatory drug
(diclofenac sodium, DS) on the morphology of agemicellar aggregates of two ILs-like
surfactants: 1-hexadecyl-3-vinylimidazoliumbromide and 1-hexadecyl-3-
methylimidazolium bromide, for potential therapeutise as drug delivery systems in
topical applications. They employed several techesgsuch as turbidity, viscosity, DLS,
and transmission electron microscopy (TEM). Thewnfib that the DS-induced
morphological changes of the micellar aggregatge®ni@ on the concentration of DS and
the structure of the surfactant head-group. Theemiesl transitions from spherical
micelles/worm-like micelles/vesicles are consideasddue to the interaction between the
anionic diclofenac and the imidazolium ring. Theagges in morphology agree with the
expected effects of DS on the packing parametéhefiggregates. They also studied that
cholesterol induces the transition to unilamellasigle formed in agueous medium with the
functionalized and nonfunctionalized ILs based attdnts named before and compared
with cetyltrimethylammonium bromide.[41] They expdo the effect of cholesterol
concentration on the surfactant solution and detexnthe optimal concentration which
provides unilamellar vesicles. They show for thestfitime that cholesterol can induce
vesicle formation in the functionalized surfactart;hexadecyl-3-vinylimidazolium
bromide. This surfactant displays micellar trawositiat a lower concentration of the
cholesterol and forms more rigid and hydrophoblayar among the studied amphiphiles.
The vesicles obtained with the three surfactarmsvareat stability with time, temperature,
and dilution with water. Additionally, Vaid et a[39] studied salt-induced vesicle
formation in the same functionalized and vinyl ftiocalized ILs-like surfactants to obtain
insight into which are the factors that influenée tstructure of the formed aggregates.

Electrostatic attraction, hydrophobic interactioation—t and et interactions along with
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H-bonding interaction between the aromatic aniohshe salt and ILs based surfactant
monomers are the major factors, which govern tinedtion of larger aggregates for these
compare to cationic conventional surfactants.

Like previously mentioned, IL bmim-AOT can form RNIS] Recently, the ability
of bmim-AOT to form aggregates in dilute aqueousutson was evaluated, and to
investigate the effect of counterions on the properof the formed aggregates, 1-hexyl-3-
methylimidazolium 1,4-bis-2-ethylhexylsulfosuccieathmim-AOT, Scheme 1) was also
investigated.[45] Both the ILs were very solublewater, and opalescent solutions stable
over time were obtained, suggesting the formatibrlaoge aggregates.[46] By DLS,
diameters ranging from 146 - 164 nm for bmim-AO™affom 93 - 120 nm for hmim-
AOT, with low polydispersity indexes were detectétiese size values were independent
of the surfactant concentration being good evidetheg the aggregates spontaneously
formed are vesicles and not direct micelles.[1%3@7-50] The negative zeta potential
values showed in both vesicles (bmim-AOT: -21 m\d &mim-AOT: -16 mV), suggests
that the anionic part of the amphiphile is exposedhe outer region of the vesicular
bilayer. Moreover, the low polydispersity index was, indicate that they are unilamellar
vesicles.[9,10] These results are very interesbegause the precursor surfactant (Na-
AOT) of both ILs cannot form spontaneously unilalaweVesicles in water at the surfactant
concentrations evaluated.[30,43,47-51] On the dihad, several reports have shown data
about the vesicle formation with Na-AOT but usdeatént methodologies to prepare them
(such as extrusion).[52-57] Therefore, the chenstaicture of the cationic components in
these new surfactants strongly impacts their aggi@y process.[11,43,57] As an
interesting application, both vesicles were coméhimith DNA showing that the length of

the hydrophobic chains of the counterions influsnitee DNA-surfactant interactions.[45]
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Circular dichroism experiments were performed teestigate the interactions between
DNA and the vesicles. The spectra show that thechessinteract with the DNA partially
modifying the polynucleotide conformation. Thessules deserve further investigation
evidence that these vesicles are prone to be usBINA extraction, gene therapy, and
gene transfection.

Taking into account the versatility that the ILsw#hesis offers, a protic IL with
amphiphilic character (1-methylimidazolium bis-({@ydhexyl)phosphate - imim-DEHP,
Scheme 1) was synthesized by the acid-base reactmmiween bis-(2-
ethylhexyl)phosphoric acid (HDEHP) and 1-methyliaidle.[9] Imim-DEHP
demonstrated to form RMs in no polar solvents.[p,b®reover, it forms spherical
aggregates in water with diameters ranging from-120 nm with a low polydispersity
index (0.1-0.3) as measured by DLS and TEM teclesqérurthermore, all the data are
consistent with the spontaneous formation of undlden vesicles. Formation of aggregates
at low concentrations (TOM) and the detection of aggregates larger thanew f
nanometers,[51,59,60] suggest that the formed tsres are probably vesicles and not
direct micelles. Additionally, these vesicles haveeta potential values around -46 mV at
the different surfactant concentrations exploredggesting that anionic moieties are
exposed to the outer face of the vesicle bilayBesg facts are promising since sodium bis-
(2-ethylhexyl) phosphate (Na-DEHP), which is diffic to synthesize, forms in water
multilamellar aggregates with a diameter arounch®0[61,62] Additionally, HDEHP does
not present the ability to form vesicles in watérnoting that the chemical structure of the

cationic component in the new surfactant impaairgly in its aggregation process.[43]
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Thus, the easy method to form imim-DEHP and itdiqpieary properties make it an
interesting candidate for drug delivery applicasion

In comparison with traditional phospholipids such BOPC, the catanionic
surfactant BHD-AOT forms spontaneously unilamellasicles with distinctive properties,
such as polarity and viscosity of the bilayer.[10,Bs a complementary exploration, it has
been evaluated the permeability (P) of the bilafeBHD-AOT vesicles. The coefficient P-
value was measured using a non-traditional teclengpch as the electrochemistry and a
solute model: 1-naphthyl phosphate (1-NP).[63] THUNP was added in the external
agueous phase of the vesicle with the encapsutsiegine (alkaline phosphatase). To react
with the enzyme, 1-NP must cross the vesicle bilayelding 1-naphtholate, which was
detected by a square wave voltammetry. A value of ®.00 + 0.15) x 18 cm s* was
obtained, which is comparable, for example to Rueslof DOPC vesicles.[63] Thus,
electrochemical detection proved to be a goodradtere to measure the permeability of
vesicle solutions, in which the turbidity of thengale makes the use of spectroscopic
methods more difficult.

Taking into account our previous characterizatibBldD-AOT vesicles and, to use
them as drug delivery agents, they were evaluatelgrudifferent pH conditions.[64] The
diameter values of the BHD-AOT vesicles determibgdLS at different times at low pHs
values (pH< 2) to simulate stomach like conditions show thatesicles are stable during
about 90 minutes, after that, the size value dseeaharply to almost half of the original
size. Moreover, during the first 90 minutes of esipon, the polydispersity reminds almost
constant and then increases abruptly. Interestireytgn that the BHD-AOT vesicles turn
unstable under acidic conditions at longer timesictvis one remarkable difference when

compared to the vesicles obtained using traditiphaispholipids, which do not resist the
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low pH values and collapse due to hydrolysis.[6B§ BHD-AOT chemical structure (see
Scheme 1), do not seem to suffer the same lysisepsothat DOPC vesicles in acidic
environments (pH< 2). The results oin vitro (globular resistance, MTT, trypan blu#),
vivo (Dose lethal 50 and toxicity chronic) and stomdidt® pH simulation studies,
demonstrate that they are safe for living systeoestd the low toxicity observed in doses
lower than 0.05 mg/mlin vitro or 118.6 mg/Kgin vivo. This characteristic makes the
BHD-AOT vesicle highly biocompatible and a very abfe candidate for oral drug
delivery. In this sense, very recently [66] it wdsmonstrated that BHD-AOT vesicles
showed appropriate properties to encapsulate astdgbrinsulin. Moreovelin vivo assays
in mice show a significant decrease in glycemiaradtral administration (Scheme 2). The
described results confirm that BHD-AOT vesicles ae potential system to be
administrated in different ways (oral, for examplay an alternative strategy to

conventional therapy.
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Scheme 2. BHD-AOT vesicles used to deliver insulin. Graph @teéd from reference [66].

Conclusions and per spectives

In this short review, it has been shown works tlehonstrate how amphiphilic ILs,
can be used to generate easily unilamellar vesiol@gjueous solutions. They are formed
spontaneously and do not require additives or estrargy. They are stable in neutral
conditions. Their bilayer has been characterized abyariety of methods including
electrochemical method that was developed to meashbeir permeability and an
electrochemical method was developed to measure pleemeability. Moreover, it is
important to emphasize that the amphiphilic ILs moemore expensive than a common IL
or conventional surfactant retaining all the sunstble properties of ILs. These studies are
very promising since vesicles are of technologing&rest for many applications such as

drug delivery, bioseparations, and sensing and mggod substitutes for liposomes.
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1-NP: 1-naphthyl phosphate.

BHD-AQOT: benzyl-n-hexadecyldimethylammonium 1,4-Bigthylhexylsulfoccinate.

BHDC: benzyl-n-hexadecyldimethylammonium chloride.

bmim-AOT: 1-butyl-3-methylimidazolium 1,4-bis-2-gthexylsulfosuccinate.
DLS: Dynamic Light Scattering.

DOPC: 1,2-di-oleoyl-sn- glycero-3-phosphatidylcheli

DS: Diclofenac Sodium.

HC: trans-4-[4-(dimetylamino)-styryl]-1- methylpginium iodide.

HDEHP: bis-(2- ethylhexyl)phosphoric acid.

hmim-AOT: 1-hexyl-3- methylimidazolium 1,4-bis-2kgthexylsulfosuccinate.

ILs: lonic Liquids.

imim-DEHP: 1-methylimidazolium bis-(2-ethylhexyl)pbphate.
MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetzalium bromide.
Na-AOT: Sodium 1,4-bis-2-ethylhexylsulfoccinate.

Na-DEHP: sodium bis-(2-ethylhexyl) phosphate.

P: permeability.

PRODAN: 6-propionyl-2- dimethylaminonaphtalene.

RMs: Reverse Micelles.

SAXS: Small Angle X-Ray Scattering.

TEM: Transmission electron microscopy.
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