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In this study, the molecular interactions of the allylamine-type fungicide butenafine and a set of substructures
(“fragments”) with liposomes mimicking biological membranes were studied to gain a better understanding
of the structural factors governing membrane affinity and perturbation. Specifically, drug/fragment-
membrane interactions were investigated using an interdisciplinary approach involving micro differential
scanning calorimetry, open-tubular capillary electrochromatography, nanoplasmonic sensing, and quartz
crystal microbalance. By incubating the drug and the fragment compounds with liposomes with varying lipid
composition or by externally adding the compounds to preformed liposomes, a detailed mechanistic picture
on the underlying drug/fragment-membrane interactions was obtained. The nature and the degree of
ionisation of polar head groups of the lipids had a major influence on the nature of drug-membrane
interactions, and so had the presence and relative concentration of cholesterol within the membranes. The
in-depth understanding of drug/fragment-membranes established by the presented
interdisciplinary fragment-based approach may be useful in guiding the design and early-stage evaluation of

interactions

prospective antifungal drug candidates, and the discovery of agents with improved membrane penetrating

rsc.li/soft-matter-journal characteristics in general.

1 Introduction

The impacts of fungal infections on human health are of
increasing concern, as they can cause diverse diseases ranging
from allergic syndromes to life-threatening invasive fungal dis-
eases. These diseases together affect more than a billion people
worldwide, and resistance of pathogenic fungi to all antifungals
presently in clinical use has been documented.' Therefore, the
development of new, alternative antifungal strategies is urgently
needed. This study will generate information on interactions
between the antifungal agent butenafine and other structurally
similar molecules with bio-imitating membranes. The informa-
tion can possibly be used for developing specific antifungal
agents with desired membrane penetrating characteristics.
Several classes of antifungal agents including imidazoles,
triazoles and allylamines are currently available. Butenafine is
an antifungal agent with a chemical structure and a mode of
action similar to those of other allylamine-type drugs, which act

“ Department of Chemistry, A.L Virtasen aukio 1, POB 55, 00014 University of
Helsinki, Finland. E-mail: susanne.wiedmer@helsinki.fi

b mstitute of Analytical Chemistry, Czech Academy of Sciences, Veveri 97, Brno
60200, Czech Republic

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4sm00648h

5954 | Soft Matter, 2024, 20, 5954-5968

by inhibiting squalene epoxidase, a key enzyme in sterol biosynth-
esis in fungi. Unlike imidazoles and triazoles, allylamine-type
antifungals do not interfere with human cytochrome P450 system,
thus not causing any undesired toxicity.”

Butenafine is a derivative of benzylamine with potent and
broad antimycotic activity. Butenafine have been shown to be
extremely effective in the treatment of superficial mycotic
infections like tinea pedis, tinea cruris and tinea corporis.
However, mycotic infections, especially invasive types (by Cryp-
tococcus neoformans, Pneumocystis or Jirovecii, Mucormycetes) or
resistance to antifungal treatments (by, e.g., Candida auris),
have become a serious healthcare problem as the immunocom-
promised population increases. The limited clinical arsenal of
antifungal agents contributes to the increasing morbidity and
mortality of invasive fungal infections. The main challenge
in the development of effective antifungal drugs lies in the
similarity of mammalian and fungal cells in terms of cellular
structure and metabolic targets, which calls for agents of high
levels of target selectivity for fungi to avoid adverse affecting to
mammalian host cells.

The importance of membrane interaction in fungicidal
activity is not well established. In a study carried on butenafine
and tolnaftate with Candida albicans strains, a dual mech-
anism of the antifungal activity of butenafine was reported,
involving both specific enzyme inhibitory and nonspecific direct

This journal is © The Royal Society of Chemistry 2024
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Table 1 Summary of used lipid formulations and studied compounds
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Liposome Internal® or external”
Method composition addition of drug B F1 F2 F3 C
MicroCal DSC DPPC Internal X X X X X
DPPC:Chol Internal X X X X X
DPPC:DOPE Internal X X X X X
DPPC:DOPE:Chol Internal X X X X X
NPS POPC External — — X X X
POPC:DOPE External — — X X X
POPC:DOPE:Chol External — — X X X
POPC Internal X X — — —
QCM POPC Internal X X — — —
OT-CEC POPC External — — X X X
POPC:DOPE External — — X X X
POPC:DOPE:Chol External — — X X X

“ The compound was mixed with the lipids before liposome preparation. © The compound was allowed to interact with preformed liposomes.

membrane-damaging effects.> Some bactericidal agents act by
causing membrane disruption and/or permeabilization. For
example, some antimicrobial peptides function via rapid physical
disruption of the microbial cell membranes causing cell leakage
and death. Additional complex mechanisms of action of antimi-
crobial agents includes generation of reactive oxygen species,
interaction with specific lipids, or programmed cell death.*

Piscidins, a histidine-enriched antimicrobial peptide, execute
their fungicidal activity by disrupting fungal membrane through
pore formation.” Similarly, an antifungal polyene, amphotericin
B, has also shown fungicidal activity by forming pores through
bilayer insertion and increasing permeability of the membrane.®
However, to the best of our knowledge, direct interaction of
butenafine and the respective fragment molecules with lipid
bilayers has not been investigated through a fragment-based
approach.

An in-depth understanding of how the individual structure
elements of highly effective antifungal agents contribute synergis-
tically to favourable membrane interactions would be invaluable
for guiding the development of new and highly specific agents.
This knowledge may be established by adopting a “fragment-
based” approach for the assessment of the membrane interac-
tions by a systematic study of molecules representing substruc-
tures of clinically successful drugs. Dahal et al reported a
fragment library screening approach to identify selective inhibi-
tors against a fungal enzyme.” Fragment-based drug discovery
has recently gained attraction for developing low molar weight
antimicrobial compounds by ‘optimization and streamline
identification’ of fragments with higher ligand efficiency.®™"
The structure-interaction relationships of incremental contributions
from this effort can be used to optimise both target affinity and
specificity of promising candidates through informed structure-
based fine-tuning of drug-membrane interaction characteristics.

Key to the success of such a fragment-based drug develop-
ment strategy is a toolbox of robust experimental methods
for a comprehensive characterisation of the underlying inter-
actions, such as drug-membrane distribution, localised drug
binding to membrane constituents, drug transport across and
retention within membranes, and drug-induced membrane
perturbation etc.

This journal is © The Royal Society of Chemistry 2024

To enable in-depth investigations of structure-activity rela-
tionships of membrane-antifungal agent interactions, butena-
fine and a set of substructural fragments were synthesised. In
terms of molecular structure, these substructures were designed
to preserve the crucial amino function of the drug, but to differ
from the parent compound in molecular size, basicity and
lipophilicity by systematic deletion of given constituting substi-
tuents. For the investigation of the interaction mechanisms of
butenafine and corresponding fragments with biomimicking
membranes, primarily their interactions with phospholipid lipo-
somes. Were studied. Phospholipids constitute about 55-75% of
fungal membrane lipids with phosphatidylcholine (PC) phos-
phatidylinositol (PI), and phosphatidylethanolamine (PE) as the
main components, in addition to other lipids like phosphatidic
acid (PA), phosphatidylserine (PS), cardiolipin, and phosphati-
dylglycerol (PG).">**

PC and PE, being important fungal (also mammalian) lipid
components, were selected for the current research. The acyl
chains of phospholipids of fungal membranes are mostly
unsaturated.'® Hence, POPC and DOPE as unsaturated phos-
pholipids were considered. In some cases, cholesterol (Chol)
was also included in the liposomes to validate the condensing
effects of Chol on membrane and drug interactions.

The repertoire of instrumental techniques and methods
employed in this work for studying drug-biomimetic membrane
interactions is summarised in Table 1. These were micro differ-
ential scanning calorimetry (MicroCal DSC), nanoplasmonic (NPS)
sensing, quartz crystal microbalance (QCM) and open-tubular
capillary electrochromatography (OT-CEC). The obtained data
shows the complimentary properties of the used methodologies.

2. Experimental

2.1. Materials and methods

2.1.1. Chemicals. Highly pure 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine (DOPE), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), and cholesterol (Chol) were purchased from Avanti Polar
Lipids (Alabaster, AL, USA) and were used without purification.
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The buffer reagents sodium dihydrogen phosphate monohydrate
(NaH,PO,-H,0) and disodium hydrogen phosphate dodecahy-
drate (Na,HPO,-12 H,0) were purchased from Merck (Darmstadt,
Germany) and J.T. Baker (Deventer, the Netherlands), respectively.
Sodium hydroxide was from VWR International (Fontanay-sous-
Bois, France). Thiourea was from BDH Chemicals (Poole, Dorset,
UK). LC-MS grade >99.9% methanol (MeOH) was purchased
from Fisher Chemical (Geel, Belgium). All other inorganic and
organic chemicals used were of the highest purity available. Water
(Milli-Q) was purified by reverse osmosis followed by passage
through a Millipore UF Plus water purification system having final
resistivity of 18.2 MQ cm.

2.1.2. Synthesis of butenafine and fragments. The com-
pounds investigated were synthesised following general proce-
dures reported in the patent literature,'®'” and then converted
into the respective hydrochlorides by treatment with anhydrous
hydrogen chloride in ethanol. For purification, the crude
hydrochlorides were recrystallised from ethanol-diethyl ether
mixtures to yield crystalline solids, facilitating the handling of the
otherwise relatively unstable free amines. The hydrochlorides
were analysed by LC-UV-MS, which confirmed purity levels >
95% for all compounds. High-resolution mass spectra of the
synthesized molecules are provided in the ESIL.f The structures
of these compounds, and their molar masses (M), acidity con-
stants (pK,), and experimentally established and calculated logky,
values are listed in Fig. 1 and Table 2. For clarity reasons,
throughout the paper these compounds will be referred to by
the following abbreviation: B (butenafine, 4-tert-butylphenyl)-N-
methyl-N-(naphthalen-1-ylmethyl)methanamine  hydrochloride,
parent antifungal drug compound; F1 (N-(4-(tert-butyl)benzyl)-1-
(naphthalen-1-yl)methanamine hydrochloride; demethylated ana-
logue of butenafine,), (F2) (1-(4-(tert-butyl)phenyl)-N-methylme-
thanamine hydrochloride); (F3) N- methyl-1-(naphthalen-1-yl)

B F1
N H—Cl NH H—Cl
1-(4 iylpheny 1- N-(4-(tert-butylbenzyl)-1-(naphthalen-1-
ylmethyl)methanamine hydrochloride yDmethanamine hydrochloride
Molecular Weight: 353.9 g/mol Molecular Weight: 339.91 g/mol
-
F2 - F3 y H—ai
“ \
yl)phenyl)-A- V-methyl-1 Lyl
Molecular Weight: 213.75 g/mol Molecular Weight: 207.70 g/mol
" H—Cl

Molecular Weight: 157.64 g/mol

Fig. 1 Chemical structures of butenafine (B), the corresponding substructures
(fragments F1-F3), and the control molecule (C) including their abbreviations.
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methanamine hydrochloride, C (N-methyl-1-phenylmethanamine
hydrochloride, control compound featuring the N-methyl-benzyl
motif). It is worth mentioning that compound F1 has been
demonstrated in vivo and in vitro to be less toxic than compound
B, while exhibiting significant inhibitory activity against filamen-
tous fungi.*

2.1.3. Preparation of stock solutions, buffer solutions and
samples. Stock solutions of lipids were prepared in hexane/
2-propanol (3/2, by vol). Stock solutions of the phospholipids
were stored in the dark at —20 °C. All phospholipid solutions
were taken to ambient temperature before sample prepara-
tions. The stock solutions of F2, F3, and C were prepared in
H,O with concentrations of 10 mM. Due to insolubility of B and
F1 in aqueous solutions, their stock solutions were prepared in
MeOH with concentrations of 10 mM. The 1 mg mL ™" stock
solution of thiourea was prepared in Milli-Q water.

All the solutions were filtered through a 0.45 um membrane
filter before CE analysis.

The phosphate buffer (¢ = 8.5 mM, I = 20 mM, pH 7.4) (PBS)
was prepared by mixing appropriate amounts of Na,HPO,-12
H,0 and NaH,PO,-H,0. The pH of the buffer solutions was
checked with a WIW inoLab pH 7110 pH meter. The standard
pH solutions (4.0, 7.0, and 10.0) used for pH meter calibration
were purchased from Merck. An analytical balance Sartorius
BP301S was used for weighing of the analytes. Purified
water was procured from a water purification system Milli-Q
Direct-Q 3 UV. 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer (pH 7.4, I = 20 mM) was prepared by
dissolving appropriate amount of HEPES in water and adjust-
ing the pH with 1.0 M NaOH. The HEPES buffer containing
3 mM or 5 mM CacCl, (calcium-HEPES) was prepared for OT-
CEC experiments or NPS experiments, respectively, by adding
an appropriate amount of CaCl, to the buffer.

2.1.4. Preparation of vesicles. Lipid vesicles utilised in this
study were prepared to a final lipid concentration of 1 mM for
MicroCal DSC and OT-CEC studies and 0.16 mM for the NPS
studies, respectively. Required amount of the lipids or lipids
with butenafine fragments were mixed and the solvents were
evaporated under a constant flow of N, at 37 °C. For two or
three component lipid systems, the lipids were redissolved in
chloroform to ensure a homogenous mixing of the lipids. The
lipid mixtures were thoroughly mixed, and chloroform solvent
was redried to yield a lipid film. The lipid film was further dried
under the high vacuum (8-100 mbar) for at least 3 h or over-
night at room temperature. The lipid films were hydrated in
PBS buffer for MicroCal DSC and OT-CEC studies or in HEPES
buffer for NPS studies. The temperature of buffers involved in
the studies was kept above the gelliquid-crystalline phase
transition temperature (7,,) of the lipid with the highest melt-
ing temperature before added to the dry lipid film. The lipid
suspension was maintained above T, during the hydration
period of 60 min. Samples were vortexed intermittently to
disperse the lipids in the buffer homogenously.

Vesicles for the DSC studies were prepared by bath sonica-
tion by hydrating in the phosphate buffer for at least 40 min at
Tm + 20 °C to yield multilamellar vesicles. For NPS studies, the

This journal is © The Royal Society of Chemistry 2024
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Table 2 LogKp values by OT-CEC using different liposome compositions and experimentally determined apparent log Dgy7.4 values. [parent drug,
butenafine = B; fragment 1 = F1; fragment 2 = F2; fragment 3 = F3; control compound = C]

Lipid/organic phase B F1 F2 F3 C
Experimental: OT-CEC POPC (100 mol%) a a 1.26 2.50 b
POPC/DOPE (90 : 10 mol%) a @ 2.30 2.64 b
POPC/DOPE/Chol (80:10:10) @ 2.22 2.67 b
Experimental calculated log Dp17.4 Octanol/PHB 1.54 1.56 1.01 0.59 —0.53
log P,y PubChem 6.74 5.67 3.34 2.68 1.51
Calculated log Dpi7.4 Chemdraw 4.72 3.98 1.05 0.50 —0.76

“ Too low solubility in the aqueous phase - no visible peak in the electropherogram. ” Too high solubility in the aqueous phase - did not interact

with the immobilized liposome coating.

vesicles were extruded 11 times through Millipore (Bedford,
MA, USA) 100-nm pore size polycarbonate filters using an
Avanti® MiniExtruder (Avanti Polar Lipids, Alabaster, AL,
USA) to yield unilamellar vesicles. The size distribution was
checked using dynamic light scattering with a Zetasizer Nano
ZS instrument (Malvern Instruments, Malvern, Worcestershire,
UK). The average size (hydrodynamic diameter) was in the
range of 100-130 nm. A back scattering angle of 173° was used.

2.1.5. Determination of apparent distribution constants.
Apparent distribution constants Dpy,4 were experimentally
determined at 23 °C by dissolving about 1.0 mg of the com-
pounds (hydrochlorides) in 5.0 mL of 1-octanol, followed by
gentle heating (60 °C) to accelerate dissolution. An aliquot of
the octanol solution (0.6 mL) was combined with the 20 mM
phosphate buffer at pH 7.4 (0.6 mL) in HPLC vials. The vials
were sealed and then vortexed for 2 minutes, following by
resting for one minute; this equilibration cycle was repeated
3 times, after which HPLC analysis of the individual phases
returned consistent concentration, indicating that equilibrium
had been achieved. Detailed information on the HPLC analysis
can be found in the ESL{

2.1.6. High performance liquid chromatography. HPLC
measurements were performed using an Agilent 1260 Series
instrument, consisting of a G1322A HiP degasser, a G1312B
binary pumping system, a G1329B automated liquid sampler, a
G1316A thermostated column compartment and a G1315A diode
array detector. For LC-UV-MS measurements, the Agilent 1260
Series HPLC instrument was hyphenated via a PEEK transfer line
with a Bruker Esquire 3000plus ion trap mass spectrometer.
Details on the running conditions are listed in the ESL

2.1.7. Micro differential scanning calorimetry. DSC measure-
ments were performed on a MicroCal PEAQ-DSC instrument by
Malvern Panalytical (Worcestershire, UK). The software packages
used for analysis of the DSC data were MicroCal PEAQ-DSC Soft-
ware 1.22 and OriginPro 2022b by OriginLab Corporation (Micro-
cal, Northampton, MA). The lipid compositions of the investigated
liposomes were as follows: pure DPPC; the two-component systems
DPPC:DOPE (90:10, mol%) and DPPC:compound/fragment
(95:05, 90:10, 85:15, mol%); and the three-component systems
DPPC : DOPE: Chol (80:10: 10, mol%) or DPPC: Chol : compound
(different compositions). Details on the experimental conditions
are given in the ESL}

2.1.8. Open-tubular capillary electrochromatography. The
capillary electrophoresis system used was an Agilent Technologies

This journal is © The Royal Society of Chemistry 2024

7100 CE. The capillary used was a 48.5 cm fused coated silica
capillary (polymicro technologies) with 40 cm length to the detector
and inner/outer diameters of 50/360 um. The software used was
Agilent OpenLAB CDS ChemsStation Edition ¢.01.05. Descriptions
on the experimental details and equations for calculating the
distribution constants are given in the ESI{ and in ref. 18-20.

2.1.9. Nanoplasmonic sensing. NPS measurements were
performed on amorphous gold nanodisks coated with silicon
nitride (Si3N,) in optical transmission mode using an Insplor-
ion S2 Flow instrument (Insplorion AB, Sweden). In the
measurement cell, the sensor chip (4 mm?) was irradiated with
white light excited through a quartz glass window. Light
transmission was recorded by a spectrophotometer as a func-
tion of time. The immobilisation of liposomes was done
according to previous research.”’ Descriptions on the experi-
mental details are given in the ESI.}

2.1.10. Quartz crystal microbalance. A polytetrafluorethy-
lene flow cell with a 10 MHz QCM unit (KEVA, Brno, Czech
Republic) was used for analysis. 10 MHz quartz crystals with
50 nm SiO, coated golden electrodes were used (International
crystal manufacturing, Oklahoma City, OK, USA). The flow cell
was thermostated to 25 °C. A REGLO digital peristaltic pump,
interfaced to a PC by RS232 port, was used to control the flow rate.
An in-line microfluidic bubble trap (Elveflow, Paris, France) was
inserted between the peristaltic pump and QCM flow cell to
minimise disturbances from bubbles generated by pumping. A
10-port selector valve (VICI AG International, Schenkon, Switzerland)
was connected at the inlet side of the peristaltic pump tubing and
was operated by a Cole-Parmer Data Acquisition Module 18200-00
(Cole-Parmer, Vernon Hills, IL, USA). The fluidic setup and QCM
data acquisition were automatically controlled by a custom designed
Labview program (National Instruments, Austin, TX, USA). Origi-
nPro 8.5 software (OriginLab, Northampton, MA, USA) was used to
evaluate the acquired data. Savitzky-Golay method (5000 points)
was used to remove subtle interferences from the electric power
grid in the signal. Details on the experimental conditions are given
in the ESLT

3. Results and discussion

3.1. Distribution constants by liquid-liquid extraction and
open-tubular capillary electrochromatography

In pharmaceutical research it is highly important to under-
stand the drug partitioning between an aqueous phase and the

Soft Matter, 2024, 20, 5954-5968 | 5957
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lipid bilayers of cell membranes. The most common method to
determine the lipophilicity of drugs is to calculate the octanol-
water partition coefficient (log P,,). However, this gives only a
rough estimation of the affinity of the drugs for cell membranes
since it does not account for the effect of electrostatic inter-
actions. A slightly better distribution constant is obtained by
calculating the logDyyy4 value from the acid constant
(pK, value) of the compound and its logP,, value, however,
these theoretical approaches are only rough estimates. Other
methods, that are more appropriate for mimicking biological
systems, often utilise liposomes, which are small artificial
vesicles created from natural phospholipids or cholesterol.
The structural similarities of liposomes to natural cell
membranes have led them to be extensively applied in
studies of analyte-membrane interactions using various analy-
tical techniques.

Open-tubular capillary electrochromatography (OT-CEC),
which belong to the class of capillary electromigration techni-
ques (CE), is a highly suitable technique for studying drug-lipid
membrane interactions. In OT-CEC, the capillary wall is dyna-
mically or statically coated with a stationary phase, and the
interactions can be evaluated by monitoring the changes in the
analytes electrophoretic mobilities. This technique was devel-
oped by Yang et al. in 1998,>> who utilised the strong binding
between avidin and biotin, and used biotinylated egg PC lipo-
somes in the presence of low avidin concentration as a capillary
coating material. Since then a number of studies have been
utilizing this technique, with the coating procedure being based
either on electrostatic interactions, physical adsorption,>* or
covalent binding.>

Here, the apparent distribution constants log Dp,y7.4 were first
determined by liquid-liquid extraction using 1-octanol as the
organic phase and 20 mM phosphate buffer at pH 7.4 as the
aqueous phase. The concentration and pH value of the buffer
were selected to be similar to the conditions used in the capillary
electromigration experiments. The log Ky, values by OT-CEC and
the experimentally determined apparent logDpy,.4 values are
shown in Table 2. The parent compound (butenafine) B and its
methylated fragment F1 could not be dissolved in the buffer and
therefore did not give any response in the electropherograms. The
liquid-liquid extraction was done in a reversed mode, starting
from the compound dissolved in the organic phase (1-octanol),
and by this approach experimental apparent log Dy, values
could be estimated for all studied compounds. Comparing the
calculated distribution constants (log Pox, by PubChem and log
Dpii7.4 by Chemdraw), one can see that the experimentally deter-
mined distribution constants were much lower than the calcu-
lated ones for all compounds. The difference in the values for the
most hydrophobic compounds is remarkable. This difference is
due to the improved solubility of the solid compounds as they
were in the form of their hydrochloride salts.

All the distribution coefficients determined by OT-CEC
using a lipid stationary phase were slightly greater for com-
pound F3 than for compound F2, despite the experimentally
determined apparent log Dyy7.4 value being greater for F2. The
100 mol% POPC coating resulted in a much lower KD value for

5958 | Soft Matter, 2024, 20, 5954-5968
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F2 than for F3. Substituting part of the POPC lipids with DOPE
resulting in a much higher distribution constant for F2,
whereas the effect was less pronounced for F3. Further making
the liposome phase slightly more rigid by adding cholesterol
had only a small effect on the distribution constants. No
change in the electrophoretic mobility of control compound
C was observed in the presence of the liposome-coatings, which
was rather expected considering it hydrophilic character
(apparent log Dp,yy7.4 value of —0.52).

From the big variations in the presented values, it is obvious
that (1) for such charged compounds the use of calculated
log Py (PubChem) values gives poor predictions of the hydro-
phobicity; (2) the calculated log Dyy7.4 (Chemdraw) values cor-
respond rather well with the experimentally determined
apparent log Dpy7.4 values for the most polar compounds (F2,
F3 and C), however, for the most hydrophobic (nonpolar)
compounds (B and F1), the correlation is poor; (3) the pure
phosphatidyl choline phase (POPC) is clearly less lipophilic
than the phase with phosphatidyl ethanolamine and/or choles-
terol, as seen in the distribution constants for the studied
compounds F2 and F3 (much lower values using POPC than
the DOPE or DOPE/Chol phases). This data clearly shows the
precautions that should be taken when predicting the lipophi-
licity/hydrophobicity of compounds based on theoretical
(calculated) values.

3.2. Micro differential scanning calorimetry measurements

Differential scanning calorimetry (DSC) is a thermal analysis
technique for measuring physical transformations, such as phase
transitions, of substances. It provides quantitative information
about exothermic, endothermic heat capacity changes as a func-
tion of temperature and time. DSC measures the difference in the
amount of heat required to increase the temperature of a sample
and a reference material. High sensitivity microcalorimetric
(MicroCal) DSC is specifically developed for dilute solutions and
is frequently used in pharmaceutical thermal analysis because of
its ability to provide detailed information about both the physical
and energetic properties of a substance.”® Among other sub-
stances, this technique has been used to study interactions
between analytes and liposomes.>”° MicroCal DSC can be seen
as a standard method for physicochemical characterisation of
biomolecules like proteins and lipids or polymers.

Important thermodynamic parameters like gel to liquid-
crystalline phase transition (7,,,), enthalpy values (AH), and coop-
erativity of pure as well as mixed components can be obtained by
means of MicroCal DSC. Liposomes are excellent candidates for
MicroCal DSC studies in interaction studies between lipid mem-
branes and drug molecules. Ligands like drug molecules, induces
various level of disruptions in the membrane due to van der
Waals, hydrophobic and electrostatic interactions, formation of
hydrogen bonds, and changes in the degree of the hydration. In
this study, MicroCal DSC was used to study the thermotropic
behaviour of liposomes, composed of DPPC, DPPC/DOPE and
DPPC/DOPE/Chol and the effects of B, some of its fragments (F1-
F3), and a control sample (C) (¢f: Fig. 1) on the change in the T, of
liposomes, composed of DPPC, and DPPC/Chol.

This journal is © The Royal Society of Chemistry 2024
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Chol is an essential lipid component of mammalian mem-
branes, which regulates the physical properties and lateral orga-
nization of all classes of lipids in the membrane bilayer. One of
the major effects of Chol is the broadening and elimination of the
cooperative gel-to-liquid crystalline phase transition with a sub-
stantial decrease in enthalpy values.**> Chol is responsible for
increasing the orientational order (also termed as ‘ordering
effect’) in the hydrophobic core of the bilayer with mostly unsa-
turated acyl chains®*™® and shows opposite effect by forming
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liquid-ordered domains when present with saturated phospholi-
pids (like DPPC) and saturated sphingomyelins.*® Chol is also
responsible for a decrease in the cross-sectional area of phospho-
lipids (also termed as ‘condensing effect’) and restrict the mobility
of acyl-chains of phospholipids.*>*” All such effects of Chol
directly impact the permeability properties of the membranes
and therefore it is highly relevant to study interactions of various
drugs in the presence of Chol. The effect of phospholipid acyl-
chain length as well as unsaturation and the presence of sterols in

Table 3 DSC data on liposomes with and without compounds (B, F1, F2, F3 and C)

Lipid or Composition Thermotropic Area AH Peak Entropy
Composition  lipid: compound (mol%) behaviour (keal mol ™) ATy, (°C) value (°C) (J mol ' K1)
1 DPPC 100 Pre-transition 0.67 2.00 35.5 9.1
Main transition 5.29 0.40 41.6 70.3
2 DPPC: DOPE 90:10 Pre-transition 0.41 1.29 33.2 5.6
Main transition 4.10 2.75 38.9 55.0
3 DPPC : DOPE : Chol 80:10:10 Pre-transition Not observed Not observed Not observed 0.0
Main transition 2.61 8.02 37.6 35.2
4 DPPC:B 95:05 Pre-transition 0.12 3.77 32.5 1.6
Main transition 4.94 0.97 41.3 65.8
5 DPPC:B 90:10 Pre-transition 0.16 2.38 29.9 2.2
Main transition 4.38 2.55 40.1 58.5
6 DPPC:B 85:15 Pre-transition 0.23 2.21 29.9 3.2
Main transition 3.55 4.42 37.4 47.8
7 DPPC:F1 95:05 Pre-transition 0.22 4.70 30.8 3.1
Main transition 4.66 1.63 41.0 62.0
8 DPPC: F1 90:10 Pre-transition Not observed Not observed Not observed 0.0
Main transition 4.42 2.74 39.9 59.0
9 DPPC:F1 85:15 Pre-transition Not observed Not observed Not observed 0.0
Main transition 5.34 5.46 39.2 71.5
10 DPPC: F2 95:05 Pre-transition 0.22 2.43 34.9 3.0
Main transition 4.72 0.97 41.6 62.8
11 DPPC:F2 90:10 Pre-transition 0.07 2.51 34.4 1.0
Main transition 4.67 1.72 41.5 62.0
12 DPPC: F2 85:15 Pre-transition 0.02 1.74 33.7 0.3
Main transition 4.33 2.04 41.2 57.6
13 DPPC:F3 95:05 Pre-transition 0.27 2.83 35.0 3.7
Main transition 4.93 0.79 41.6 65.5
14 DPPC:F3 90:10 Pre-transition 0.15 2.82 34.7 2.1
Main transition 4.58 1.25 41.5 60.9
15 DPPC: F3 85:15 Pre-transition Not observed Not observed Not observed 0.0
Main transition 4.36 1.96 41.5 58.0
16 DPPC:C 95:05 Pre-transition 0.58 2.56 35.5 7.9
Main transition 4.75 0.50 41.7 63.1
17 DPPC:C 90:10 Pre-transition 0.17 2.74 35.1 2.3
Main transition 4.55 1.29 41.7 60.5
18 DPPC:C 85:15 Pre-transition 0.08 2.57 35.1 1.1
Main transition 4.17 1.54 41.7 55.4
19 DPPC: Chol: B 85:10:05 Pre-transition Not observed Not observed Not observed 0.0
Main transition 3.35 2.94 39.6 44.8
20 DPPC: Chol: B 80:10:10 Pre-transition Not observed Not observed Not observed 0.0
Main transition 3.06 7.13 37.8 41.2
21 DPPC: Chol: B 75:10:15 Main transition 1.18 3.50 34.1 16.1
Main transition 1.97 6.23 37.5 26.6
22 DPPC: Chol : F1 85:10:05 Main transition 0.87 8.54 41.9 11.5
23 DPPC:Chol:F1 80:10:10 Main transition 1.10 9.35 40.2 14.7
24 DPPC: Chol: F1 75:10:15 Main transition 3.60 9.64 36.7 48.6
25 DPPC: Chol : F2 85:10:05 Main transition 2.95 0.72 40.6 39.3
26 DPPC: Chol : F2 80:10:10 Main transition 2.96 0.74 40.5 39.5
27 DPPC: Chol: F2 75:10:15 Main transition 2.57 0.86 40.5 34.3
28 DPPC:Chol : F3 85:10:05 Main transition 3.14 0.47 40.7 41.9
29 DPPC: Chol: F3 80:10:10 Main transition 2.85 0.74 40.5 38.0
30 DPPC:Chol: F3 75:10:15 Main transition 2.65 1.00 40.5 35.4
31 DPPC: Chol: C 85:10:05 Main transition 1.14 5.63 41.2 15.2
32 DPPC: Chol: C 80:10:10 Main transition 1.14 5.32 41.6 15.2
33 DPPC:Chol:C 75:10:15 Main transition 1.09 4.24 40.6 14.5

FWHM = fixed width at half maximum.
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the membrane bilayer has previously been reported to affect the
membrane properties.**?°

3.2.1. Thermotropic properties of lipid constituents. The
thermogram and the thermodynamic parameters for DPPC vesi-
cles are shown in Table 3 and in ESIf Fig. S6. DPPC is an example
of one of the most essential class of phospholipids, namely the
phosphatidylcholines (PCs). PCs and phosphatidylethanolamines
(PEs) are the most abundant phospholipids present in mamma-
lian cell membrane®® and their phase-transitions have been much
studied using micro-DSC.*"*> DPPC was chosen for the MicroCal
DSC study due to its well-defined and reproducible phase transi-
tion behaviour (T, of 41.4 °C), importance in biological systems,
and drug delivery applications. DPPC plays an important role
in reducing the surface tension in the alveoli of lungs, ensuring
efficient gas exchange. Also, the saturated PCs and cholesterol
are important components of drug (e.g., Doxorubicin and Dau-
norubicin) delivering liposomes.*>** DPPC shows thermotropic
properties which are convenient to interpret, as compared to that
of POPC (T, —3 °C). The heating scans of DPPC showed two
characteristic peaks corresponding to the pre-transition (T, =
35.5 °C) and the main phase transition (7}, = 41.6 °C), respectively.
Both values agree with previous data.*' The small increase of
0.2 °C in Ty, in this work may correspond to the higher purity of
the DPPC vesicles or due to the lamellar structure of the vesicles
(see ref. 45 and references therein). The AH was 5.28 kcal mol ,
which is close to the value obtained earlier.*’

The nature of lipid melting or in general, the miscibility
profile of lipid mixtures (or with analytes) can be inferred by
the cooperativity value. Cooperativity gives an estimate of the
number of molecules simultaneously involved in the gel to
liquid-crystalline phase transition T,,,. Cooperativity values can
be semi-quantitatively evaluated from the full peak width at the
half maximum of T, (ATy.,). The cooperativity value of DPPC
vesicles was 0.40, confirming the purity of DPPC. When DOPE
was mixed with DPPC in a 90 : 10 mol% ratio, the T,, reduced to
38.9 °C (composition 2 in Table 3). The lowering of the gel-
liquid transition temperature is due to the presence of two
mono-unsaturated acyl chains in DOPE. Unsaturated acyl
chains as well as the position of the double bonds interfere
with the molecular packing and locally induce a disorder.*®*”

The thermogram for the DPPC/DOPE mixture can be decon-
voluted to give two components, suggesting some extent of
phase separation and less than ideal miscibility. It is unclear
whether the DOPE induced some domains in the DPPC bilayer
or affected the pre-transition of the DPPC bilayer. For DPPC:
DOPE: Chol (80:10:10 mol%) liposomes, the sterol induced a
decrease in the values of the Ty, (38.8 °C) and the enthalpy
(2.61 keal mol '), as compared to DPPC (41.6 °C; 5.28 kcal mol )
or DPPC/DOPE liposomes (38.9 °C; 4.10 kcal mol ). This agrees
with previous studies showing that Chol diminishes the T}, and
enthalpy of phospholipids.*® The DSC data also indicated a wider
and less cooperative melting behaviour of the complex liposome
in the presence of Chol.

3.2.2. Thermotropic properties of DPPC-compound vesicles.
Fig. 2 shows DSC thermograms on the interactions between DPPC
liposomes and the studied compounds (Fig. 1). The compounds
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Fig. 2 Representative DSC heating thermograms of DPPC: compounds
(B, F1, F2, F3 and C) in 95:5 mol% ratios (1st column), 90 : 10 mol% ratios
(2nd column) and 85:15 mol% ratios (3rd column). The samples were
heated at the rate of 1 °C min~%. The thermograms shown are the first
heating scans.

were mixed with DPPC liposomes in an increasing concentration
of 5, 10 and 15%. The pre- and the main phase transition
temperatures, cooperativity, AH and the entropy values from the
DSC measurements are given in Table 3. The pre-transition of
phospholipid is important considering the interpretation of drug
phospholipid interactions. The pre-transition of the phospholipid
is dependent on the type of head groups well as the lamellarity of
the liposomes. Upon addition of a compound, a decrease in the
pre-transition may indicate molecular interactions of added
molecules with the head group region of the phospholipid, most
likely due to higher mobility of the head-group region.*’

At 5 mol% of B in DPPC liposomes, the T, was reduced
from 35.4 °C to 32.5 °C, while the T, remained almost same,
and the enthalpy value reduced from 5.28 to 4.94 kcal mol .
An additional reduction in the thermotropic parameters was
seen at 10 mol% B in DPPC liposomes; the T, was reduced to
29.9 °C and the enthalpy value reduced to 3.55 kcal mol . At
higher concentrations (15 mol%), the effect on T}, remained the
same but the T}, reduced from 41.6 °C to 37.4 °C, probably due to
the insertion of B into the acyl chain region of the bilayer. At
15 mol% B concentration, the sharp main transition was also
broadened, as represented by AT;,,, which increased from 0.40 for
pure DPPC vesicles to 4.42 for DPPC with 15% B.

This observation indicates that B was localised in the hydro-
phobic region of the bilayer, especially in the region of the C1-C8
carbon atoms of the acyl chain. Such position is expected because

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Representative DSC heating thermograms of DPPC : Chol with incor-
porated compounds (B, F1, F2, F3 and C (control)). The cholesterol fraction is
10% in each of the compositions. Apart from 10% cholesterol, the respective
molar ratios of DPPC and compounds are (a) 85:05 molar ratios, (b) 80:10
molar ratios and (c) 75: 15 molar ratios. The samples were heated at the rate
of 1 °C min~™. The thermograms shown are the first heating scans.

of the high hydrophobicity of B3, due to the presence of two
aromatic rings. Our observations are in line with previous
studies.”>*" Based on polarisation studies, fungicide B has shown
interactions with both the hydrophilic head/interfacial region as
well as the hydrophobic core of the bilayer.”* Molecular simula-
tions or some additional studies are required to confirm the exact
location of the drug in the hydrophobic region of the bilayer.”>>*

3.2.3. Thermotropic properties of DPPC/Cholesterol-
compound vesicles. The effect of Chol on the thermotropic
behaviour of DPPC upon inclusion of the studied compounds is
shown in Fig. 3. Here, 10 mol% of Chol was used to measure
the effect of Chol on the transition temperatures and enthalpy
values of DPPC bilayers in the presence of 5, 10 or 15 mol% of B
and the fragment compounds.

The addition of 10 mol% of Chol eliminated the pre-
transition and substantially reduced the main phase transition
of the DPPC bilayers containing 5% of B (Table 3; composition 19).
Two main peaks were observed at 15 mol% of B in DPPC: Chol
membrane, 34.0 °C and 37.5 °C. The cooperativity values for
DPPC: Chol steadily increased upon inclusion of B from 2.94 (5
mol%) to 6.23 (15 mol%). This clearly indicates that fungicide B
can permeate the membrane and to some extent destabilise the
membrane bilayer.

In the presence of 10 mol% of Chol in the liposome, F1 was
able to destabilise the membrane at the highest tested

This journal is © The Royal Society of Chemistry 2024
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concentration (15 mol%), as indicated by a decrease in the
Tm. However, F2 and F3 showed sharp transition peaks at T, at
all concentrations (5-15 mol%). The T, peak continuously
decreased with increasing concentration of the compounds.
However, the enthalpy values reduced noticeably. The control
sample C did not noticeable penetrate the membrane in the
presence of Chol. The T, peak was almost lost for C at all tested
concentrations.

3.3. Nanoplasmonic sensing

Nanoplasmonic sensing (NPS) is an analytical technique based
on the optical phenomenon of localised surface plasmon
resonance of metallic nanostructures. In NPS experiments,
the plasmonic particles are inert and adjacent to the material
of interest to probe a process occurring either in the material
investigated or on the surface of the material. Changes in the
nanoparticle properties cause a shift in the maximum-
extinction wavelength, which is monitored and recorded in
real-time. Nanoplasmonic sensors have become widely used for
the label-free detection of biomolecules across medical, bio-
technology, and environmental science applications, with
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Fig. 4 NPS interactions between POPC membrane and 10 mM of com-
pounds (A) C, (B) F3 and (C) F2. The ™ denotes the introduction of
liposomes composed of POPC onto the sensors. The arrow mark indicates
the introduction of solvent systems or fragment molecule on the sensor.
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detection capabilities down to single-molecule level.”> Phos-
pholipid characterisation using NP$**>® has been summarised
in some recent review papers.>>>¢°

3.3.1. Interactions between the sensor surface and butena-
fine fragments. Butenafine fragments were first introduced
onto a plain sensor surface coated with silicon nitride (SizN,)
to screen out possible interactions.”® The sensor surface was
rinsed for 5 minutes with Milli-Q water, 150 uL of compound
solution was injected into the measurement cell, followed by a
5 min rinse with Milli-Q water. B was excluded due to insolu-
bility in the aqueous buffer. Three of the compounds, F2, F3
and C, did not interact with the sensors. However, fragment F1
did interact with the surface of the sensor. After flushing with
water, the baseline did not come back directly to its initial A/.
Consequently, compound F1 was excluded from the study. The
sensorgrams showing the effect of the compounds F2, F3 and C
on the sensor surface are inserted in each figure (Fig. 4) as a
reference.

3.3.2. Immobilisation of lipid vesicles on the sensor sur-
face. An increase of the refractive index at the vicinity of the
sensor was observed after the introduction of the vesicles.®® A
small leap in A/ was constantly observed at the beginning of the
immobilisation, prior to fast adsorption kinetics. This leap,
which has been reported in previous works as well,*® may appear
because of the preconditioning steps or the lipid composition of
the liposomes. The initial adsorption of lipid vesicles on Si;N,
coated sensors was proceeded until a critical surface coverage of
vesicles was reached. After the attainment of critical coverage,
vesicles ruptured to form a supported lipid bilayer (SLB). It is
important to note that the nature of the adsorption is very
dependent on the type of dielectric materials (like TiO, and
SiO, or SizN,) used for coating the gold sensors as well as on the
experimental conditions like the nature of buffer used during
preconditioning steps. While performing NPS experiments, it
has been consistently observed that TiO,-coated sensors tend to
support vesicle adsorption but silica-based coatings (like SiO, or
SizN,) always supports the formation of a supported lipid bilayer
after a critical surface coverage of vesicles is attained.®” An
SLB was consistently formed due to the dielectric nature of
the sensor surface (here Siz;N;) and preconditioning steps.>*
SLBs were formed with a good sensor to sensor stability and
a reproducible final average peak shift of ~4 nm was achieved
within 10 min of immobilisation. The NPS sensors were used for
an average of 10 consecutive measurements and a maximum of
up to 12 consecutive measurements.

3.3.3. Interactions between compounds and POPC membrane.
The interaction of compounds F2, F3 and C with liposomes were
first studied with liposomes composed of POPC only. POPC lipo-
somes were immobilised according to the protocol previously
described.®" After immobilisation of the vesicles (which disrupted
into a supported lipid bilayer) and rinsed with the buffer, 150 uL of
compounds were introduced into the measurement cell.

The compounds F2, F3 and C are hydrophilic compounds
with good water solubility, and therefore, a concentration of
10 mM was chosen for the study of their interactions. The
measurement cell was flushed with Milli-Q water at the end of
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the injection until a stable Al response was reached. The
injection of 150 pL of 10 mM of the control compound C
induced a red shift of 0.45 nm (Fig. 4A), indicating a change
in the density on the sensor’s surface. The fragment penetrated
the membrane through hydrophobic interactions, which
increased the density inside the membrane and increased the
mass on the sensor. This effect was expected considering the
structure of compound C.

With its secondary amino group, the molecule can interact
with the hydrophilic head group of the POPC lipids through
hydrogen bonds, although this interaction is quite weak.”" The
hydrophobic interactions between the benzyl group and the
acyl chain regions of the lipid bilayer dominate over the
electrostatic interactions with the hydrophilic head groups,
allowing compound C to penetrate the bilayer. Once the injec-
tion was finished, the sensor was flushed with Milli-Q water
until a stable baseline was reached. The water washed away C
molecules from the membrane, inducing a slow decrease of the
NPS signal. The A4 signal came back to a stable plateau 3 min
after the end of the injection of the compound on average,
which indicates that all the analyte molecules were washed
away from the membrane. The obtained plateau was slightly
lower than the baseline obtained before the injection. When
the membrane was flushed with water after the liposome
immobilisation, the signal slightly decreased due to the high
flow rate (100 pL min").

Interactions between compound F3 and the POPC liposomes
was next investigated (Fig. 4B). The introduction of F3 induced
a significant red shift of 0.50 nm. This change was even more
significant than the shift observed with C, implying that
compound F3 distributes even more easily and in higher
quantity into the membrane. This difference is due to the
greater hydrophobic nature of compound F3 as compared to
C, hence involving stronger hydrophobic interactions. The
naphthalene ring present in F3 possibly distributes over the
wide domain of the membrane from the hydrophobic core to
the hydrophilic region, with the amine group exhibiting a weak
preferential orientation toward the hydrophilic headgroup.®®
The sensor was subsequently rinsed with water and compound
F3 was slowly flushed from the membrane for about 5 minutes
until a stable baseline was reached. The stabilisation time was
longer than for compound C, probably due to a higher volume
of compounds partitioning into the membrane but also due to
favourable interactions between compound F3 and the POPC
membrane.

Finally, interactions between compound F2 and the POPC
liposomes were investigated (Fig. 4C). The introduction of F2
induced a small red shift (0.36 nm) compared to the significant
change in the signal observed with compounds F3 and C. A
limited quantity of molecules of F2 could partition into the
POPC membrane. This behaviour was not expected from com-
pound F2 as this molecule is more hydrophobic than com-
pound F3. It seems that the hydrophobic interactions between
the tert-butyl benzyl group in F2 and the acyl chains of the
phospholipids is weaker, allowing lesser partitioning of F2 into
the POPC bilayer, as compared to F3. After the injection, the

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 NPS interactions between POPC : DOPE membrane and 10 mM of
compounds (A) C (control), (B) fragment F3 and (C) fragment F2. The
asterisk (*) denotes the introduction of liposomes composed of POPC:
DOPE (9:1 molar ratio) onto the sensors. The arrow mark indicates the
introduction of solvent systems or compounds on the sensor.

sensor was washed with water for 4 min on average until the
NPS signal reached a stable baseline, which was similar to the
measurements with control compound C. Since hydrophobic
interactions between F2 and POPC are greater than those
observed with C, stabilisation of the signal (i.e., washing out
the compound) took a longer time.

3.3.4. Interactions between compounds and POPC : DOPE
(90:10 mol%) membrane. A binary lipid mix containing POPC
and DOPE in a 90:10 molar ratio was studied to evaluate the
effect of DOPE on the interactions between the studied com-
pounds and the bilayer. The evaluation of PE interactions is
important as PE is the second most common phospholipid in
the plasma membrane.

First, 150 pL of a 10 mM solution of compound C was
injected into the measurement cell after immobilisation of
the liposomes (Fig. 5A). A significant red shift appeared after
the introduction of the fragment, indicating that a large quan-
tity of the molecules penetrated the membrane. The DOPE
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lipids clearly seem to help the compounds from entering the
bilayer. This result was expected regarding DOPE’s function in
the membrane. DOPE increases the permeability of the
membrane by inducing hexagonal structures within the
membrane which relax the tight packing of the bilayer formed
by PC phospholipids.*>®*** By doing so, DOPE promotes
membrane fusion and fission events and facilitates the integra-
tion of molecules. Once the injection was finished, the sensor
was flushed with water. It took around 5 minutes for the NPS
signal to go back to its original baseline, which was longer than
that observed with the POPC membrane. It appears that DOPE
lipids might also prevent the fragments from exiting the
membrane.

Compound F3 was then tested (Fig. 5B). A significant red
shift, higher than with compound C, was obtained. This
observation confirmed the role of DOPE to enhance the perme-
ability of the membrane. The sensor was then flushed with
water until a stable Al was obtained. The length of time
necessary to wash away the fragments was 7 min on average,
which is similar to the flushing time needed with the POPC
membrane. With fragment F3, the DOPE lipids did not seem to
influence the escape of the analyte out of the membrane.

Next, compound F2 was injected into the measurement cell
after immobilisation with liposomes (Fig. 5C). The introduction
of F2 also induced an important red shift, indicating that F2
was able to enter the membrane in the presence of DOPE. The
new membrane structure created by DOPE facilitated the
interactions between F2 and the hydrophobic region, allowing
the penetration of F2 into the membrane. After the injection,
the sensor was flushed with water and the signal slowly became
stable after 8 min. Since F2 is hydrophobic, the flushing time
needed to wash away the molecules was the longest.

3.3.5. Interactions between compounds and POPC : DOPE :
Chol (80:10:10 mol%) membrane. Chol has a vital function in
the permeability of the membrane. Therefore, a tertiary mix
containing POPC, DOPE and Chol in 80:10:10 mol% was
tested to study the influence of Chol on the interactions
between the compounds and the lipid membrane. Control
compound C was first tested. 150 uL of a 10 mM solution was
injected after immobilisation with liposomes (Fig. 6A). A red
shift (0.61 nm) was induced, indicating an increase in the
density on the sensor’s surface. This shift was smaller than
the previous shift observed with the membrane containing
DOPE but bigger than the shift obtained with a membrane
constituted of POPC only. As previously reported,®® Chol thick-
ens the membrane, which has a stiffening effect and decreases
its permeability, making it more difficult for external molecules
to penetrate. Indeed, one of Chol’s role is to hinder the
penetration of foreign molecules that could be harmful to the
cell to enter.®® DOPE favourited the integration of a higher
quantity of compounds in the bilayer than with the POPC
membrane, but Chol limited this effect by thickening the
membrane. At the end of the injection, C molecules were
washed away from the membrane after flushing for 3 minutes.
The presence of both DOPE and Chol did not seem to influence
the removal of the compounds from the membrane.
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(80:10:10 molar ratios) onto the sensors. The arrow mark indicates the
introduction of solvent systems or fragment molecules on the sensor.

Next, the more hydrophobic compound F3 was injected into
the measurement cell after immobilisation with liposomes
(Fig. 6B). A significant red shift (0.41 nm) was observed, which
was bigger than the shift induced by interaction with POPC but
smaller than the shift induced by interactions with a
membrane enriched with DOPE.

The addition of Chol had the same effect on interactions
with F3 than with C. After the injection, the sensor was flushed
for an average time of 8 min 30 s before reaching a stable A/.
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Additional time was necessary to completely wash away F3
compounds from the membrane in the presence of Chol. It
appears that Chol retain compounds C and F3 in the bilayer.

Finally, interactions between the lipid membrane and com-
pound F2 were studied (Fig. 6C). The introduction of F2 on the
sensor induced a very small red shift (0.18 nm). This shift is
even smaller than the shift observed using the immobilised
POPC bilayer. In some repetition measures, no shift was
observed. It appears that in the presence of Chol, compound
F2 is unable to penetrate the membrane despite the presence
of DOPE.

3.4. Nanoplasmonic and quartz crystal microbalance study of
compound filled POPC liposomes

Due to the insolubility of B and F1 molecules in aqueous
buffers, an alternative approach was considered to investigate
their interactions with POPC liposomes. Using NPS technique,
such an approach has never been reported earlier as per litera-
ture survey during the writing of the article. For this method,
liposomes filled with B and F1 were prepared. 5 and 10% B and
F1 (from 10 mM stock solutions in MeOH) were mixed with
POPC prior to hydration. The remaining liposome preparation
steps remained the same, as stated in the experimental section.

Both B and F1 at 5 mol% were able to penetrate the POPC
bilayers (Fig. 7a and b), as observed by the increase in the A/ in
comparison to unfilled POPC vesicles. When present at 5 mol%,
F1 and B appeared to interact with the POPC membranes.

Comparatively, the A4 value was higher for F1 filled vesicles
than for B filled vesicles. At lower concentrations, both drug
molecules are expected to interact with POPC membranes
electrostatically, where the amine group of both the fungicides
are interacting with the carbonyl group of the phospholipids.
Yet, F1 may slip into POPC bilayers due to lack of a methyl
group in F1, allowing its easy access into POPC membranes.
Lack of a methyl group in F1 may reduce the steric hindrance as
compared to B. Previous studies have also shown that the
presence of a methyl group in the acyl chain region creates
steric hindrance and affect membrane properties.*®

However, at 10 mol%, B was able to penetrate more into the
POPC bilayers (Fig. 7b), as observed by higher AZ value for B
filled liposomes than F1 filled liposomes. At higher concentra-
tions, the electrostatic interactions are superseded by van der
Waals interactions between the naphthalene ring (here of B and
F1 molecules) and the hydrophobic acyl chain region of phos-
pholipids. B is expected to be more hydrophobic than F1 (from
log Dpyi7.4 Chemdraw and log P, PubChem theoretical values).
However, the octanol-water partition experiments in the pre-
sent work showed that the B and F1 have comparable hydro-
phobicity. Hence, B filled POPC bilayers showed comparatively
higher shift in A/ value from 5% to 10% than in case of F1 filled
POPC bilayers. The same observation was also supported by
DSC in the present work.

Quartz crystal microbalance (QCM) is an acoustic sensing
technique which can be used for label-free probing of subtle
changes in mass on the surface of a sensor chip. It has been
used for the analysis of lipid interactions with proteins,

This journal is © The Royal Society of Chemistry 2024
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nanoparticles, peptides, and small compounds such as ionic
liquids.®””7° Changes in mass adsorbed on the surface and
changes in the viscosity in the proximity to the surface can be
monitored by this technique, which renders it suitable for
exploration of effects of small molecules on the adsorbed lipid
layers or whole vesicles.”*”?

The QCM sensor was surface coated with SiO, instead of
with Si;N, as in NPS. This resulted in a different adsorption
dynamic of POPC-based liposomes. When the liposome disper-
sion was applied, a slow adsorption of vesicles was observed
which took about 30 min before the negative frequency change
leveled out, suggesting the attainment of a full coverage of the
sensor surface with vesicles and the formation of a supported
vesicle layer (SVL) (Fig. 8). However, an abrupt increase in
frequency was detected upon rinsing the SVL with H,O starting
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Fig. 8 QCM change in resonance frequency (delta frequency) of lipo-
somes filled with compounds B and F1 in the molar ratios of 5% (A) and
10% (B).
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from the 46th minute. This could be explained by breakage of
the adsorbed vesicles, probably induced by osmotic stress, and
a subsequent formation of a SLB. This is also supported by the
frequency leveling off at the lower frequency value of minus 40
to 50 Hz after 80 minutes (Fig. 8). In the case of 5% of B and F1
in the liposomes, more mass was observed on the surface after
SLB induction compared to the parent POPC SLB. In contrary,
10% of B and F1 in the liposomes showed almost no change
compared to parent POPC SLB. A possible explanation for this
behavior can be found in the DSC results, which indicate that
an increase of the content of B and F1 from 5% to 10% resulted
in a deeper insertion of the compounds into the membrane
(see discussions in the previous sections). It is justified to
assume that this would also force the charge-carrying parts of
the molecules deeper into the lipid bilayer, and the drug-loaded
liposome would then display interactions with the sensor sur-
face more similar to those of unloaded POPC vesicles. With the
5% B, and especially with F1, the positive charge of the
compounds influenced the SLB formation by causing an
uneven layer or remnants of vesicles to be present on the
sensor surface. This was not observed in NPS, probably due
to method-inherent limits in effective sensing depth, which is
with NPS in the range of 10 nm and with QCM approximately
200 nm.”*7

Fragment-based drug discovery is a well-established concept
for the discovery of active-site binders in current pharmacological
research and has delivered a considerable number of promising
candidates for various targets. However, in current fragment-
based drug discovery emphasis is primarily placed on identifying
structural motifs favouring interactions with target binding sites,
while largely neglecting the equally important biophysical char-
acteristics of the studied fragment structures in terms of biophy-
sical properties responsible for distribution to and retention
within target tissues. Clearly, and especially for drugs acting on
membrane-located targets, such as allyl or benzyl amine-type
antifungals, not only functional and spatial active-site comple-
mentarity but also their inherent membrane affinity contributes
to efficacious and sustained drug action. In this context, the
current study is a preliminary effort to expand the fragment-
based drug discovery concept by a comprehensive assessment of
fragment-membrane interactions to provide complementary guid-
ing information concerning early-stage fragment selection and/or
prioritisation of promising fragment structure repertories. Indeed,
the combined finding of the present interdisciplinary fragment-
based membrane-drug interaction study confirms the concept of
a dual activity mechanism for butenafine.

Thus, the most lipophilic compounds B and F1 behaved
similarly and interacted strongly with all studied liposomes
primarily by hydrophobic interactions due to the naphthalene
group in B and F1. These hydrophobic interactions are respon-
sible for the slow release of butenafine and its fragments from
the lipid membranes, explaining the favourable pharmacologi-
cal profile of the parent drug. In the presence of Chol in the
liposome, both B and F1 were able to slightly destabilise the
lipid membrane. However, the interactions between fragments
F2 and F3 and the lipid membranes strongly depended on the
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composition of the liposomes. Compounds F3 and C, contain-
ing a naphthalene and a benzyl group, respectively, could easily
be incorporated in the POPC liposome membranes, while
compound F2 carrying a tert-butyl benzyl group had difficulties
in interacting with the membrane. Compounds F2, F3 and C
interacted with the lipid bilayer without disintegrating the
membrane.

The introduction of DOPE in the liposome composition
enhanced the fluidity of the membrane, which facilitated
the partition of all tested compounds into the membrane.
The presence of DOPE also assisted in retaining the fragments
inside the membrane. The introduction of Chol had a conden-
sing effect on the membrane, which levelled the interaction-
promoting effect of DOPE and thus prevented the fragments
from penetrating the membrane. The fact that the current
study could identify membrane-perturbation for butenafine
and the structurally closely related F1 provides evidence that the
fragment-based approach may have considerable merits in the
development of new antifungal agents. It is also worth mention-
ing that our findings are consistent with those reported for a
comparative pharmacological study carried for butenafine and
tolnaftate with Candida albicans strains, in which a dual mecha-
nism of the antifungal activity of butenafine was reported, invol-
ving both specific enzyme inhibitory and nonspecific membrane-
damaging effects.’

4. Conclusions

In this study, the molecular interactions between the antifungal
agent butenafine and its substructure fragments and biomimetic
membranes were investigated using an interdisciplinary approach.
Specifically, this study characterised the interactions of the parent
compound, three substructure fragments (F1, F2 and F3) and a
control compound (C) with compositional distinct biomimicking
membranes using MicroCal DSC, OT-CEC, NPS and QCM. The
employed liposomes were composed of three natural lipids; PCs,
PEs and Chol. The vesicles were either in free solution (MicroCal)
or immobilised on fused silica capillaries (OT-CEC) or sensors
(NPS, QCM) in the form of a supported lipid bilayer.

In summary, the interdisciplinary approach presented here
using MicroCal DSC, OT-CEC, NPS and QCM for the study of
the molecular interactions of an antifungal drug and its sub-
structure fragments with liposomes provides detailed insights
into the structural requirements for favourable membrane
integration. As an added benefit, the combined use of these
complementary methods provides a better understanding of
individual merits and limitations of these methods when
employed to the study of drug-membrane interactions.

While the current study was carried out on biomimicking
membranes containing Chol, i.e. a model relevant for mamma-
lian cells, future research will focus on liposomes incorporating
ergosterol for generating insights relevant to fungal mem-
branes. In addition, in future research an expanded repertoire
of antifungal drugs/fragments will be probed to test the general
utility of the fragment-based drug discovery concept.
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