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Six novel click-tambjamines (1-6) bearing an alkyl chain of varying length linked to the imine moiety have
been formulated in nanostructured lipid carriers (NLCs) to evaluate their transmembrane anion transport
activity both when free (i.e., not encapsulated) and nanoformulated. Nanostructured lipid carriers (NLCs)
are an example of drug delivery systems (DDSs) that stand out because of their versatility. In this work we
show that NLCs can be used to efficiently formulate highly lipophilic anionophores and experiments con-
ducted in model liposomes reveal that these formulations are adequate to deliver anionophores without
compromising their transport activity. This result paves the way to facilitate the study of highly lipophilic
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Introduction

Facilitated ion transport across phospholipid membranes
attracted the attention of the supramolecular chemistry com-
munity very early. Designing and studying artificial ionophores
was one of the core concepts developed by pioneers in the
field."”* More recently, the development of anion-selective
ionophores, anionophores, has attracted renewed interest.>”
In particular, potential applications of these compounds as
antimicrobial, antiparasitic or anticancer agents have been
reported.®® Applications as transmembrane protein surro-
gates as potential candidates for the treatment of diseases
caused by defective transmembrane anion transport, like cystic
fibrosis, have also been explored.'"*?

Designed to work embedded in the phospholipid bilayer,
anionophores are necessarily highly lipophilic, as this charac-
teristic is a key parameter determining their activity and
potency.”® Consequently, anionophores are usually poorly
soluble in water, making the study of their activity in model
liposomes and in vitro difficult, thus representing a burden for
future clinical applications. Usually, a small quantity of a stock
solution of the compound of interest in DMSO or other
organic solvent is used to deliver the anionophore to a suspen-
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anionophores and their potential use as future drugs.

sion of vesicles or cell culture.'® For highly insoluble aniono-
phores, strategies such as the pre-incorporation of aniono-
phores into phospholipid solutions used to prepare vesicles
have been employed to facilitate their study. On the other
hand, this approach severely limits the applicability of the
compounds.'® Davis and Sheppard have studied the use of
liposomes as delivery vehicles for anionophores.'® More
recently, Gale et al. reported the use of cyclodextrins as adju-
vants to deliver lipophilic adamantyl-appended anionophores
to vesicle suspensions in water.'”

With the aim of exploring a versatile drug delivery system
(DDS) for anionophores, we turned our attention to nano-
structured lipid carriers (NLCs).'® NLCs present a lipid core
composed of a mixture of liquid and solid lipids stabilised by
surfactants. These nanoformulations present good biocompat-
ibility, biodegradable properties, high drug loading, controlled
drug release, long-term stability and scaling-up feasibility;'® in
addition, they possess a well-established safety profile and
toxicological data.?*> The chemical nature of NLCs allows the
incorporation of both hydrophilic and lipophilic drugs, and
these carriers can be tailored according to the drug, the route
to be followed by the drug upon its administration and the
disease to be tackled.>® NLCs have been employed in various
applications, including wound healing enhancement,>
central-nervous-system-related therapies,?® treatments against
multidrug-resistant bacteria,?® and cancer chemotherapy.>”*®

The versatility of NLCs prompted us to investigate their
applicability for the nanoformulation of a series of aniono-
phores and to explore the impact of encapsulation in their
anion transport properties in model vesicles.
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Results and discussion
Synthesis

Our group has recently described click-tambjamines as potent
anionophores displaying biological activities.>® Here, we
selected a family of click-tambjamines (1-6) which differ in
the length of the alkyl chain linked to the imine moiety
(Fig. 1). We anticipated that these compounds would cover a
range of lipophilicities and transmembrane anion transport
potencies, which would be useful to assess and compare the
encapsulation efficiency and performance of the compounds
and their nanoformulated counterparts in transmembrane
anion transport assays carried out in model liposomes (POPC).
The use of these lipid-based formulations allows to keep or
slightly increase (up to one order of magnitude) the potency
(ECsp) of the studied anionophores. This is paramount when it
comes to drug delivery, as encapsulation of these or similar
systems, if developed as drugs, would permit their delivery
without significantly affecting their anion transport ability.

Click-tambjamines 1-6 were synthesised by reaction of the
appropriate amine (hexyl-, octyl-, decyl-, dodecyl-, tetradecyl-
or hexadecylamine) with 5-(1-(4-(tert-butyl)phenyl)-1H-1,2,3-
triazol-4-yl)-3-methoxy-1H-pyrrole-2-carbaldehyde in boiling
chloroform, employing acetic acid as catalyst, in a similar pro-
cedure to that reported previously by our research group.”
Solutions of the raw products in dichloromethane were treated
with a 1 M HCI aqueous solution; this afforded the desired
compounds as their hydrochloric salts (Fig. 1), which were
fully characterised by nuclear magnetic resonance spec-
troscopy (*H, **C and DEPT-135 experiments) and high-resolu-
tion mass spectrometry (see ESIT for details).

'H NMR titration experiments

Interaction of the protonated click-tambjamines with chloride
was investigated by means of 'H NMR spectroscopy, using
serial dilution of a concentrated solution of the corresponding
hydrochloric salt in a 9:1 CDCl;/DMSO-ds mixture. This
method allows the calculation of association constants
without disturbance from potentially interfering counterions.
The signals of the protons of the pyrrole and imine’s N-H frag-
ments and of the triazole’s C-H group undergo a slight shield-
ing upon dilution (Fig. 2). This is in agreement with the inter-
action of the chloride anion with the three hydrogen-bond
donors of the molecules, as observed both in the solid state
and in solution for similar structures.>® The obtained profiles
were fitted satisfactorily to the 1:1 (LH:Cl) binding model,
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Fig. 1 Structures of the studied compounds.
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Fig. 2 Stack plot of partial *H NMR spectra (400 MHz, 298 K) of com-
pound 3 in a 9:1 CDCls: DMSO-dg mixture, obtained by serial dilution
of a 50 mM solution of the compound.

where LH is the protonated receptor and Cl the chloride
anion, with Bindfit software.*>*' The calculated K, values
(Table 1) are similar for all compounds.

Characterisation of NLC formulations

Nanostructured lipid carriers (NLCs) were prepared by the hot-
melt homogenisation method, followed by freeze-drying.
Briefly (for a detailed description of the procedure see ESIf),
the oily phase containing the anion carrier was weighed and
melted 5 °C above its melting point. In a parallel manner, the
aqueous phase containing the surfactants was prepared and
tempered. Both phases were mixed and sonicated for 30
seconds. The resulting emulsion was kept at 5 + 3 °C for
2-3 hours to allow lipid solidification. Subsequently, a cryo-
protecting agent was dissolved and added to the formulation
and, finally, vials were filled and samples lyophilised. In order
to characterise the obtained lipid nanoparticles, their size and
zeta potential were determined (Table 2). Particles loaded with
anionophores show a zeta potential close to 0 mV.
Transmission electron microscopy (TEM) images of the formu-
lations show nearly oval small particles that present a rough
surface (ESI, Fig. S387).

The concentrations of anionophore in the NLCs, as well as
encapsulation efficacies, were determined experimentally by
UV/vis spectroscopy. The relationship between absorbance and
concentration was established for each pure compound, and a
calibration plot obtained. It should be noted that lipid nano-
particles did not absorb in the region where anionophores
show their maximum absorption band (300-400 nm). An
aliquot of each formulation was taken and its absorption spec-
trum recorded; this procedure was performed in triplicate to
check the homogeneity of the samples. Data for both deter-
mining the equations of the calibration plots and the concen-
trations of the compounds in the samples were taken at 1 =
342 nm; the mean spectra of the formulations and the calcu-
lations performed to determine the concentration of the anio-

This journal is © The Royal Society of Chemistry 2023
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Table 1 Association constants K, (M™Y) calculated for the chloride adducts derived from compounds 1-6 (9 : 1 CDCls : DMSO-dg, 298 K), transport
activities (CI"/NOs~ and Cl7/HCOsz~ exchanges) expressed as ECso (nM) for those compounds, both free and formulated, and calculated
lipophilicities

ECs, (CI7/NO;") ECs, (CI/HCO;7)

Compound K, Free Formulated Free Formulated Log P*
1 1235 +£ 162 252 87 +4 201 + 26 640 + 72 5.57
2 1229 + 103 29+3 74+ 4 155 + 16 706 + 78 6.56
3 1258 101 71+5 857 8420 + 536 1041 £ 23 7.18
4 1290 + 88 2795 + 68 183 +12 — b 7.99
5 1480 + 180 — — — —4 8.81
6 1344 £ 127 — -7 — —4 9.60

“These values could not be determined reliably, since 50% chloride efflux was not reached, even at the highest concentration tried (15 pM).
Therefore, in this case ECs, > 15 pM. b This value could not be determined reliably, since 50% chloride efflux was not reached, even at the
highest concentration tried (10 uM). Therefore, in this case ECso > 10 pM. ° This value could not be determined reliably. However, at the highest
concentration tried (5 uM), chloride efflux is close to 50%, so ECso ~ 5 pM. 9 These values could not be determined reliably, since 50% chloride
efflux was not reached. ¢ This value could not be determined reliably. When [6] = 5 pM, chloride efflux is 31%. Higher concentrations were not
tried given the low solubility of the compound in DMSO. /This value could not be determined reliably, since 50% chloride efflux was not
reached, even at the highest concentration tried (10 uM). ¢ Average log P was determined for the deprotonated form of the compound through

Virtual Computational Chemistry Laboratory (VCCLAB).**

Table 2 Size (nm) and zeta potential (mV) of lipid nanoparticles in the
six formulations and of lipid nanoparticles alone, and encapsulation
efficacies (%)

Compound  Size Zeta potential ~ Encapsulation efficacy
1 155.5+£6.4 2.15+0.18 85
2 174.9 £9.8 —=5.93 £0.73 91
3 170.8 £ 13.8 —4.93 £ 0.63 92
4 176.6 £7.5 2.61 +0.27 91
5 162.8 £ 1.9 4.14 +0.22 96
6 158.6 £ 5.2 9.77 £ 0.26 94
Empty 214.0+2.7  -15.53+0.42 —

nophores in the formulations can be found in ESL.{ As shown
in Table 2, the encapsulation efficacies are very high. These
results confirm that the method selected to prepare NLCs
allows encapsulation of compounds displaying very different
lipophilicities (the average log P varies from 5.57 for the hexyl-
derivative to 9.60 for the compound bearing a hexadecyl-
chain;*? see Table 1) with excellent encapsulation efficacy.

Transmembrane anion transport studies

Transmembrane anion transport was explored for both the
free and encapsulated compounds by potentiometric (chlor-
ide-selective electrode) and emission spectroscopy techniques.
In all cases 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocoline
(POPC) liposomes were employed. For those assays involving
the use of the chloride-selective electrode (ISE), liposomes
were loaded with a sodium-chloride-buffered aqueous solution
and suspended in a chloride-free isotonic solution (for the
detailed procedure see ESIT). Chloride efflux induced by anio-
nophores was monitored over time and chloride concen-
trations normalised by referring them to the total chloride
concentration in liposomes, which was determined after lysing
them with a detergent. In order to calculate ECs, values, i.e.,
the concentration of anionophore required to promote 50%

This journal is © The Royal Society of Chemistry 2023

chloride efflux in the timescale of these experiments (300
seconds), the chloride efflux at 300 seconds for different con-
centrations of the anion transporters was plotted against those
concentrations and the resulting data fitted to Hill’s equation.
In order to perform the experiments, anionophores were
added as DMSO solutions, while formulations were suspended
in the extravesicular solution and used as such (for detailed
procedure see ESIT). Since the concentration of compound in
each formulation is known (see ESIY), it is possible to calculate
the concentration of the anion transporters in such suspen-
sions. Importantly, lipid nanoparticles containing no com-
pound were also tested as blanks, eliciting minimal chloride
efflux (ESI, Fig. S52%). The correlation between lipophilicity
and transport activity found here is in line with previous
studies conducted on structurally related molecules."® The
most active compounds are 1-3 derivatives, whereas an
increase in the lipophilicity in 4-6 bearing dodecyl-, tetradecyl-
and hexadecyl alkyl chains, respectively, resulted in a marked
drop in their anionophoric potency. The same trend is
observed for the NLC-formulated derivatives (Table 1, Fig. 3
and ESIT). A small increase in the ECs, values of the most
active derivatives is observed. On the other hand, NLC-formu-
lated carriers display improved activity compared to free
derivatives in the case of the more lipophilic carriers 4 and 5
(Table 1, Fig. 3 and ESI}). Compound 6 displays very limited
transport activity, possibly due to its reduced mobility within
the membrane.*® Internalisation of highly lipophilic com-
pounds in lipid membranes is not straightforward and it
appears that for moderately to highly lipophilic compounds,
their formulation in NCLs eases, up to a point, their internalis-
ation in the lipid bilayer, slightly increasing their transmem-
brane activity. It should also be noted that in a typical chlor-
ide-selective electrode experiment, the amount of lipids con-
tributed by POPC vesicles and nanoparticles is similar. The
fact that transport efficiency is essentially conserved/improved
for the formulated carriers supports a fast and efficient deliv-
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Fig. 3 Chloride efflux promoted by free (filled symbol) and encapsu-
lated (hollow symbol) compounds (5 uM in all cases) (1, black; 2, red; 3,
blue; 4, orange; 5, green; 6, purple) in unilamellar POPC vesicles.
Vesicles were loaded with a 489 mM NacCl solution buffered at pH 7.2
with 5 mM NaH,PO, and dispersed in a 489 mM NaNO3 solution
buffered at pH 7.2 with 5 mM NaH,PO,. Each trace represents the
average of at least three trials, performed with at least three batches of
vesicles.

ery of the formulated anionophores to the vesicles. Overall, the
results show that NLC formulations represent an effective
delivery system for the explored anionophores in these assays.
The results obtained in the CI"/HCO;™ exchange assays follow
the same trends described above (Table 1 and ESIf).
Bicarbonate is more hydrophilic than nitrate, and therefore it
is more difficult to extract into the membrane. This explains
why the calculated ECs, values are higher (usually about one
order of magnitude) for the assays involving the ClI"/HCO;z;~
exchange compared to the CI"/NO;~ exchange assays and are
in agreement with an antiport mechanism accounting for the
transmembrane activity of these anionophores.

Emission spectroscopy experiments were also performed
both with the free and formulated compounds, employing two
fluorescent probes, carboxyfluorescein (CF) and pyranine
(HPTS). In the case of the former, liposomes were loaded with
a sodium-chloride-buffered aqueous solution containing CF
and suspended in an isotonic sodium sulfate solution. The
anion carrier, either free or encapsulated, was added, and
emission changes were recorded for 300 seconds. At the end of
the experiments a surfactant was added, leading to the release
of all the entrapped fluorophore and, consequently, to its
dilution, which provoked a dramatic increase in emission that
was used to normalise the data (see ESI{ for the complete pro-
cedure). The minimal emission changes observed upon
addition of solutions of the free anion carriers and of suspen-
sions of their formulations (0.5% mol carrier to lipid in all
cases) confirm that neither the free click-tambjamines nor the
encapsulated ones create large non-selective pores in the mem-
brane, and therefore they do not act as detergents (see ESIt).

HPTS-based experiments were conducted in order to ascer-
tain whether the free anionophores and their formulations
were able to discharge pH gradients across lipid membranes.**
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Fig. 4 Emission changes induced by free (filled symbol) and encapsu-
lated (hollow symbol) compounds (0.5 pM in all cases) (1, black; 2, red;
3, blue; 4, orange; 5, green; 6, purple; blank, brown) in 7:3
POPC : cholesterol vesicles. Vesicles (loaded with a 126.2 mM NaNOs
solution buffered at pH 7.2 with 10 mM NaH,PO,4 and containing 1 mM
HPTS; 1.S. 150 mM) were suspended in a NaNOs solution (126.2 mM
NaNOs buffered at pH 7.2 with 10 mM NaH,POy; I.S. 150 mM). At t = 30
s an aliquot of NaOH solution (20 pL, 0.5 M) was added, and at t = 60 s
the anion carrier, either free or formulated, was added. The blank is
DMSO (6.25 pL) or lipid nanoparticles containing no compound (38 pL).
Each trace represents the average of at least three trials, performed with
at least three batches of vesicles.

For this purpose, 7 : 3 POPC : cholesterol liposomes were filled
with a sodium-nitrate-buffered aqueous solution containing
HPTS and suspended in an isotonic sodium nitrate solution. A
sodium hydroxide aqueous solution was added to create a pH
gradient, followed by the addition of anionophores, both free
and encapsulated. Emission changes were recorded for five
minutes and, at the end of the assay, a detergent was added;
this value was employed to normalise the data (for the detailed
procedure see ESIT). The results are consistent with the trends
discussed in the ISE-based assays (Fig. 4). In general, NLC for-
mulations of the compounds show activities comparable to or
an improvement on those of free compounds, especially for
the highest concentrations. Moreover, encapsulation did not
seem to slow the transport process.

Conclusions

In this work, we have proved the usefulness of nanostructured
lipid carriers (NLCs) as a suitable drug delivery system for the
encapsulation and study of small-molecule anionophores.
Effective encapsulation in NLCs of six click-tambjamines with
different alkyl chain lengths on the imine moiety and therefore
different lipophilicity was achieved. NLC nanoformulated anio-
nophores efficiently facilitate anion transport in model lipo-
somes, maintaining and even in some cases improving the
potency of the compounds added as DMSO solutions. Use of
NLCs should facilitate the study of highly lipophilic aniono-
phores and ease their development as future drugs.

This journal is © The Royal Society of Chemistry 2023
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