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Trodusquemine is an aminosterol known to prevent the binding of misfolded protein oligomers to cell

membranes and to reduce their toxicity in a wide range of neurodegenerative diseases. Its precise mecha-

nism of action, however, remains unclear. To investigate this mechanism, we performed confocal

microscopy, fluorescence resonance energy transfer (FRET) and nuclear magnetic resonance (NMR)

measurements, which revealed a strong binding of trodusquemine to large unilamellar vesicles (LUVs) and

neuroblastoma cell membranes. Then, by combining quartz crystal microbalance (QCM), fluorescence

quenching and anisotropy, and molecular dynamics (MD) simulations, we found that trodusquemine loca-

lises within, and penetrates, the polar region of lipid bilayer. This binding behaviour causes a decrease of

the negative charge of the bilayer, as observed through ζ potential measurements, an increment in the

mechanical resistance of the bilayer, as revealed by measurements of the breakthrough force applied with

AFM and ζ potential measurements at high temperature, and a rearrangement of the spatial distances

between ganglioside and cholesterol molecules in the LUVs, as determined by FRET measurements.

These physicochemical changes are all known to impair the interaction of misfolded oligomers with cell

membranes, protecting them from their toxicity. Taken together, our results illustrate how the incorpor-

ation in cell membranes of sterol molecules modified by the addition of polyamine tails leads to the

modulation of physicochemical properties of the cell membranes themselves, making them more resist-

ant to protein aggregates associated with neurodegeneration. More generally, they suggest that thera-

peutic strategies can be developed to reinforce cell membranes against protein misfolded assemblies.

Introduction
Neurodegenerative disorders include a wide range of different
pathologies characterized by progressive and irreversible
neuronal loss, such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), amyotrophic lateral sclerosis (ALS), frontotem-
poral dementia (FTD), and spongiform encephalopathies
(SE).1,2 Many or most of the neurodegenerative diseases orig-
inate from the conversion of peptides or proteins from their
native soluble states into fibrillar aggregates, forming various
types of extracellular deposits or intracellular inclusions,
including amyloid plaques, neurofibrillary tangles and Lewy
bodies.2

Aminosterols isolated from the dogfish shark Squalus
acanthias have been shown to act as inhibitors of amyloid for-
mation and of the interaction of monomeric and misfolded
oligomeric species with biological membranes, thus represent-
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ing promising drug candidates.3–5 In this context, the most
studied aminosterols have been squalamine3 and trodusque-
mine (also known as MSI-1436).4,5 Squalamine (as its phos-
phate salt, ENT-01) is undergoing phase-2 and phase-1 clinical
trials for the treatment of PD related constipation (identifier
NCT03781791) and PD related dementia (identifier
NCT03938922), respectively. Trodusquemine is an equally
interesting molecule because it is effective at lower doses than
squalamine,4,5 has been reported to cross the blood–brain
barrier following intraperitoneal administration,6 and can
stimulate regeneration of tissues and organs following injury
with no apparent effects on uninjured tissues, as observed in
zebrafish and mice.7 Recent studies in mouse models of AD
demonstrated that trodusquemine can rescue spatial memory
deficits, reduce plaque size and prevent neuronal loss.8

From a structural viewpoint, trodusquemine and squal-
amine are similar cationic amphipathic aminosterols (Fig. 1)
as they share a sterol group, a sulphate moiety at position 24,
and an alkyl polyamine group on the other side of the sterol,
at position 3, consisting of a spermidine moiety in squalamine
(7 methylene and 3 amino groups) and a spermine moiety in
trodusquemine (10 methylene and 4 amino groups).9,10 The
additional amino group in trodusquemine results into a
higher net positive charge than squalamine (+3 versus +2 at
physiological pH).

Squalamine was first shown to displace from lipid vesicles
monomeric α-synuclein, which is a protein associated with PD,
and to inhibit its lipid-induced aggregation into fibrils.3 It was
also shown to inhibit the association of oligomers with neuro-
nal membranes, when added to the extracellular medium,
resulting in the reduction of their toxicity.3 Finally, a trans-
genic C. elegans model of PD overexpressing human
α-synuclein, and treated with squalamine, was found to be
devoid of α-synuclein inclusions and to possess locomotor
abilities similar to those of control worms.3 A later report

showed that trodusquemine was also effective in inhibiting
lipid-induced aggregation and secondary nucleation, while
having no effect on fibril elongation, of α-synuclein.4 Similar
to squalamine, trodusquemine was also found to inhibit the
association of oligomers with the membranes of cultured
neurons and to prevent α-synuclein deposition and motility
impairment in transgenic nematodes, but with comparable
effects obtained at lower doses than squalamine.4

Trodusquemine was found to accelerate, rather than
inhibit, the aggregation of amyloid β (Aβ), by enhancing sec-
ondary nucleation and, to a lower extent, fibril elongation,
while maintaining the rate of primary nucleation unaffected.5

These observations were also replicated in vivo, as C. elegans
nematodes overexpressing human Aβ were found to form
larger amounts of Aβ deposits when the medium was sup-
plemented with trodusquemine. Given this mechanism of
action in vitro, intriguingly, the molecule was found to rescue
the motility impairment of the worms and increase their life-
span. It was also found to rescue spatial memory deficits and
prevent neuronal loss in transgenic mouse models of AD.8

Furthermore, the interaction of toxic Aβ oligomers with cell
membranes and the resulting toxicity cascade was prevented
by trodusquemine in neuronal cell cultures.5 These data
suggested that trodusquemine depleted the steady state popu-
lation of toxic oligomers by accelerating their conversion into
relatively non-toxic Aβ fibrils.5

However, the mechanism by which aminosterols bind to
cell membranes, how they change their properties and how
this process results in the displacement of misfolded protein
oligomers of α-synuclein and Aβ is not yet clear. It remains in
particular to be established whether trodusquemine binds to
lipid bilayers. In the case of squalamine, membrane binding
has been obtained only indirectly by showing that monomeric
proteins, including the C-terminal domain of Na+/H+ exchan-
ger isoform NHE3, p21-Rac1 and α-synuclein, do not bind to
lipid membranes in the presence of squalamine.3,11,12

In this paper we focus on trodusquemine and report evi-
dence that this aminosterol binds to the lipid bilayer of recon-
stituted liposomes formed by four natural lipids and to
human neuroblastoma cells. Our results reveal that this
binding modulates the phase domains of the lipid mem-
branes, changing their physical properties so that the binding
of misfolded protein oligomers is effectively prevented. The
multidisciplinary approach in this study provides useful indi-
cations not only on the mechanism of action of this specific
compound, but also about how the modulation of the physico-
chemical properties of lipid membranes can make them less
vulnerable to the interaction and deleterious effects of mis-
folded protein aggregates.

Materials and methods
Preparation of large unilamellar vesicles (LUVs)

Liposomes were produced with a lipid mixture composed of
1,2-dioleoyl-sn-glycero-3-phosphocoline (DOPC, Avanti Polar

Fig. 1 Squalamine and trodusquemine structures. Comparison of the
structures of squalamine (MW 628) and trodusquemine (MW 685). The
two aminosterols are formed by a sulfate group (right), a sterol (centre)
and a polyamine tail (left), which is a spermidine and a spermine for
squalamine and trodusquemine, respectively.
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Lipids, Alabaster, AL, USA) and sphingomyelin (SM, Sigma-
Aldrich, Darmstadt, Germany) in a molar ratio of 2 : 1 (mol/
mol), 1% (mol) cholesterol (CHOL, Sigma-Aldrich) and 1%
(mol) monosialotetrahexosylganglioside 1 (GM1, Avanti Polar
Lipids). The lipids were dissolved in chloroform/methanol
(2 : 1) and the organic solvent was removed by evaporation
in vacuo (Univapo 150H, UniEquip, Munich, Germany) for
180 min. The mixture was hydrated at a total lipid concen-
tration of 1 mg ml−1 with distilled water to form multilamellar
vesicles (MLVs), left to swell for 1 h at 60 °C and then extruded
17 times through a polycarbonate membrane with 100 nm
pores using a mini-extruder (Avanti Polar Lipids) at the same
temperature, to form large unilamellar vesicles (LUVs). After
cooling to room temperature, LUVs were stored at 4 °C for a
maximum of 1 week.

Labelling of trodusquemine

Trodusquemine was synthesised as previously described and
stored as a powder.5 It was dissolved in 0.1 M sodium bicar-
bonate buffer, pH 7.0 to obtain a 10 mM stock solution and
stored at 4 °C. BODIPY™ TMR-X NHS Ester and Alexa Fluor®
594 NHS Ester (ThermoFisher Scientific, Waltham, MA, USA)
were both dissolved in anhydrous DMSO to obtain a 15 mM
stock solution and stored at −20 °C. The conditions of the
reaction were the same for both dyes: 5 mM trodusquemine,
0.5 mM the dye, 0.1 M sodium bicarbonate buffer, pH 7.0, in a
final volume of 200 µl, at 25 °C for 1 h under mild orbital
shaking. No unreacted dye was detected with mass spec-
trometry, whereas both unlabelled and labelled trodusque-
mine were detected with the expected molecular weights of
685.60 g mol−1 for trodusquemine alone and 1178.76 g mol−1

or 1308.50 g mol−1 for trodusquemine labelled with BODIPY™
TMR-X and Alexa Fluor® 594, respectively (Fig. S1†).

LUVs analysis by confocal microscopy

LUVs formed by DOPC/SM 2 : 1 (mol/mol) + 1% (mol) CHOL +
1% (mol) BODIPY-FL-GM1 (commercial name BODIPY-FL C5-
Ganglioside GM1, ThermoFisher Scientific) were prepared at a
total lipid concentration of 1.27 mg ml−1 and then diluted to a
final lipid concentration of 0.3 mg ml−1 with distilled water.
100 µl of LUVs were then mixed with 200 µl of low gelling
temperature agarose (Sigma-Aldrich) and mounted on a glass
slide. After 5 min at room temperature the agarose was
polymerised and the LUVs immobilised inside. LUVs were ana-
lysed after excitation at 488 nm using a Nikon C2 laser scan-
ning confocal microscope (Nikon, Japan) equipped with coher-
ent CUBE (diode 405 nm), Melles Griot (argon 488 nm) and
Coherent Sapphire (Sapphire 561 nm) lasers and a Plan Fluor
100× 1.49 NA oil immersion objective. A series of 1 µm thick
optical sections (1024 × 1024 pixels) was taken and analysed
using the ImageJ software (NIH, Bethesda, MD, USA).

In another experiment, LUVs formed by DOPC/SM 2 : 1
(mol/mol) + 0.9375% (mol) CHOL + 0.0625% (mol)
BODIPY-FL-CHOL (commercial name TopFluor® cholesterol,
Avanti Polar Lipids) + 1% (mol) GM1 were made at a total lipid
concentration of 1 mg ml−1. 5 µM of trodusquemine labelled

with Alexa Fluor 594® in a 1 : 10 (dye : trodusquemine) molar
ratio was added in the swelling phase of LUV preparation.
LUVs were then diluted to a final lipid and trodusquemine
concentrations of 0.5 mg ml−1 and 2.5 µM, respectively, with
distilled water. Sample preparation and confocal microscopy
was then performed as described above, except that excitation
was 488 and 561 nm for BODIPY-FL-CHOL and Alexa-trodus-
quemine, respectively.

Semi-equilibrium dialysis and NMR spectroscopy

LUVs were prepared in D2O at a total lipid concentration of
1 mg ml−1 and trodusquemine, dissolved in D2O, was added at
during lipid hydration (swelling phase). 1 ml of LUVs was then
dialyzed using a Float-A-Lyzer® (Sigma-Aldrich) device with a
100 kDa MWCO, in the absence and in the presence of 20 µM
trodusquemine, against 3 ml D2O for 1 h at 4 °C, to let the two
solutions reach the semi-equilibrium. Three different samples
were measured with NMR: the permeate deriving from LUVs
with trodusquemine, the permeate deriving from LUVs
without trodusquemine (negative control), and a sample of
5 µM trodusquemine in D2O (positive control). All NMR
measurements were performed at 25 °C on a Bruker 900 MHz
NMR spectrometer.

Binding of trodusquemine to the cells

Human SH-SY5Y neuroblastoma cells (A.T.C.C. Manassas, VA,
USA) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, ThermoFisher Scientific), F-12 supplemented with
10% fetal bovine serum (FBS), 1 mM glutamine, and 1% peni-
cillin/streptomycin solution. Cell cultures were maintained in
a 5% CO2 humidified atmosphere at 37 °C and grown until
90% confluence. Different concentrations (1, 2, 3, 4, and 5 µM)
of trodusquemine labelled with Alexa Fluor® 594 succinimidyl
ester in a 1 : 10 (dye : trodusquemine) molar ratio were added
to the culture medium of cells seeded on glass coverslips for
15 min. One min before the incubation ending, the Hoechst
33342 dye was added to the culture medium (10 µg ml−1). The
analysis of trodusquemine-derived fluorescence and nuclei-
derived fluorescence were performed after laser excitation at
561 nm and 405 nm, respectively, using the same Nikon C2
laser scanning confocal microscope and analysis method
described above. All settings, including pinhole diameter,
detector gain and laser power, were kept constant for each
analysis.

Quartz crystal microbalance with impedance analysis (QCM-Z)

QCM experiments with impedance monitoring were carried
out with a QCM-Z500 (KSV Instruments Ltd) equipped with a
thermoelectric module (Oven Instruments). The resonant fre-
quency shift (Δf ) and the change in energy dissipation (ΔD) of
a SiO2 coated AT-cut 5 MHz quartz microcrystal were simul-
taneously measured at its resonant frequency and at the 3rd,
5th, 7th, 9th and 11th overtones (Δf and ΔD, Δf3/3 and ΔD3,
etc.). The active sensor surface was 0.785 cm2, the temperature
was kept at 20 °C with a Peltier element connected to the ther-
moelectric module.
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Naked supported lipid bilayers (SLBs) were prepared by
fusion of a diluted LUVs sample (0.1 mg ml−1 of total lipids)
in presence of 2 mM CaCl2 on a SiO2 quartz crystal surface.13

The disruption process was followed monitoring Δf and ΔD
and their overtones, until constant values were reached that
indicated formation of a complete bilayer. Aliquots of trodus-
quemine solutions at 20 nM were sequentially added to the
SLB-coated QCM sensor while monitoring Δf and ΔD and their
overtones. The selected concentration was obtained as a
surface saturation value from preliminary studies. Equilibrium
adsorption on the surface was reached after 3 additions in the
QCM measuring chamber.

The QCM data were analyzed by means of the commercial
QCMBrowse analysis software to estimate the changes in
adsorbed surface mass (Δm), surface mass density (Δm/A) and
bilayer thickness employing a Voigt-based model previously
used for similar systems.14 The average surface molecular area
in nm2 per molecule was computed using

Surfacemolecular area ¼ Δm=A
MW

" NA " 10# 23
! "# 1

ð1Þ

where Δm/A is the surface mass density at adsorption satur-
ation in ng cm−2, MW is the molar mass of the adsorbed
species in g mol−1, NA is the Avogadro number in molecule per
mol and 10−23 is the unit conversion factor.

Fluorescence quenching of DPH and TMA-DPH in LUVs

1,6-Diphenyl-1,3,5-hexatriene (DPH, Sigma Aldrich) and (1-(4-
trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-toluene-
sulfonate) (TMA-DPH, ThermoFisher scientific) were co-dis-
solved with the lipid mixture in chloroform/methanol (2 : 1) to
obtain a probe : lipid molar ratio of 1 : 300, and the LUVs were
then obtained with the same procedure explained above. LUVs
were then diluted with distilled water to 0.5 mg ml−1.
Increasing concentrations of trodusquemine (0 to 3.5 mM)
were incubated at 25 °C for 15 min in the dark. The fluo-
rescence spectra were acquired from 380 to 550 nm using a 3 ×
3 mm black walls quartz cell at 25 °C with excitation at 355 nm
on an Agilent Cary Eclipse spectrofluorimeter (Agilent
Technologies, Santa Clara, CA, USA) equipped with a thermo-
stated cell holder attached to a Agilent PCB 1500 water Peltier
system. The local membrane concentration of trodusquemine
that locates on the LUVs ([Q]m) was calculated with

½Q'm ¼ ½Q't
αm

ð2Þ

where [Q]t is the total trodusquemine concentration, and αm is
the volume fraction of the membrane phase, corresponding to
the ratio between the volume of the membrane and the water
phase. The quenching of DPH and TMA-DPH was then ana-
lysed with the Stern–Volmer equation

F0
F

¼ 1þ ½Q'm " KSV ð3Þ

where F0 and F are the fluorescence intensities in the absence
and presence of trodusquemine, respectively; [Q]m is the local
concentration of trodusquemine on the membrane and KSV is
the Stern–Volmer constant.

Temperature-dependent fluorescence anisotropy of DPH and
TMA-DPH

LUVs labelled with DPH and TMA-DPH without and with 5 µM
trodusquemine were prepared as described above, except that
trodusquemine was added during the swelling phase of LUVs
preparation. The fluorescence anisotropy values (r) were
acquired at 430 nm in a temperature range between 20 and
50 °C with intervals of 2 °C, after excitation at 355 nm using
the Agilent Cary Eclipse spectrofluorimeter described above.

Molecular dynamics simulations

A 400-lipid bilayer with the same composition of experimental
LUVs (262 DOPC, 130 SM, 4 CHOL, 4 GM1 molecules) and the
same bilayer with trodusquemine (2 TRO molecules) were
obtained using the CHARMM-Builder,15,16 with 3 nm of water
thickness and 150 mM NaCl to neutralize the net charge
system. First, 1000 steps energy minimization were conducted
using the steepest descent algorithm. Two 25 ps position
restrained simulations with decreasing force constants (2000
and 1000 kJ mol−1 nm−2) were performed under the canonical
ensemble at 300 K. Then, three position-restrained simulations
of 50 ps (force constants of 1000, 400, 200 kJ mol−1 nm−2)
were performed using Berendsen semi-isotropic pressure coup-
ling scheme (time step = 2 fs; pressure time constant τP =
5.0 ps)17 at a reference pressure of 1 atm. Finally, 1 μs long pro-
duction MD was carried out using the V-rescale thermostat
(T = 300 K; τT = 1.0 ps), together with the semi-isotropic
Parrinello–Rahman barostat (P = 1 atm, τP = 2.0 ps).18 Two
repeats of the simulations were carried out. The simulation
time step was set to 2 fs in conjunction with the LINCS algor-
ithm.19 The particle mesh Ewald (PME) method was employed
to calculate long-range electrostatic interactions.20 The van der
Waals interactions were calculated by applying a cut off dis-
tance of 12 Å and switching the potential from 10 Å. The tro-
dusquemine protonation state was evaluated at pH 7.0 using
Avogadro software.21 The force field topology of trodusque-
mine molecule was taken from the CHARMM general force
field.22 The phospholipid and water topologies were parame-
trized by the CHARMM36m force field23 and TIP3P model,24

respectively. All MD simulations were performed using the
GROMACS 2018 package.25 The visual molecular dynamics
(VMD) software was used to monitor all simulation trajec-
tories.26 The lateral diffusion coefficient (D) was obtained from
the mean square displacement (MSD) of the DOPC and SM
molecules, using the Einstein relation and performing a linear
fitting of the MSD data over the last 300 ns. The bending
modulus for monolayer (ability of the lipid membrane com-
ponents to change their orientation with respect to each
other), was obtained as previously described27–29 in the last
200 ns of each MD replica, considering the DOPC and SM
lipids.
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DLS and ζ potential measurements

LUVs were prepared at a total lipid concentration of 1 mg ml−1

and trodusquemine was added during the swelling phase to
reach final concentrations of 1, 4, 10, 25, 100, 250, and
500 µM. The size distribution profiles of the resulting LUVs
were recorded using a Zetasizer Nano S or APS (Malvern,
Worcestershire, UK) thermostated with a Peltier temperature
controller and using a 10 mm reduced-volume plastic cell. The
refractive index and viscosity were 1.33 and 0.89 cp, respect-
ively. The measurements were acquired with the cell position
4.65, attenuator index 8, at 25 °C. Zeta potential (ζ) measure-
ments were performed with a ZetaPals (Brookhaven
Instruments, Holtsville, New York). About 1.6–2.0 ml of each
LUV sample with and without 5 µM trodusquemine, ranging
from 0.1 to 1.0 mg ml−1 total lipids, in 5 mM phosphate
buffer, 5.57 mM ionic strength, pH 6.5, 20 °C, were added into
a 4-clear faces disposable cuvette (path length 10 × 10 mm,
polystyrene, Kartell™, ThermoFisher Scientific). The ζ poten-
tial values are the average of three independent thermal runs;
for each temperature the ζ potential was determined as the
mean of 5–10 measurements; each measurement was the
average of 10 runs. We estimated the percentage error from the
distribution of the relative error on the total runs for each
temperature value. We found a maximum percentage error
value of 3% and 5% for LUVs and trodusquemine-containing
LUVs, respectively. Preliminary experiments as a function of
LUVs concentration were also performed to exclude multiple
scattering; the measurements were considered reliable in the
0.1–0.3 mg ml−1 LUV range and eventually run at 0.25 mg
ml−1. The electrophoretic mobility measurements were con-
verted into ζ values according to the Smoluchowsky model.30

The temperature was internally controlled and further moni-
tored by means of an external probe Testo 925 AG (Testo,
Lenzkirch, Germany).

Atomic force microscopy (AFM)

Supported lipid bilayers (SLBs) were obtained by depositing
40 μl of each LUV suspension (diluted to 0.1 mg ml−1) and
10 μl of a 10 mM CaCl2 solution onto a 1.0 × 1.0 cm2 freshly
cleaved mica substrate. The samples were stored for 10 min at
room temperature and then incubated for 15 min at 60 °C in a
close chamber at 100% relative humidity. The samples were
cooled down at room temperature for 2 h and finally gently
rinsed with Milli-Q water to remove non deposited vesicles.
Prior to AFM inspection, samples were kept again at room
temperature in a closed chamber at 100% relative humidity.
AFM imaging usually started 1.5 h after rinsing.

Tapping mode AFM images were acquired under liquid
environment using a Dimension 3100 SPM (Bruker, Karlsruhe,
Germany) equipped with “G” scanning head (maximum scan
size 100 μm) and driven by a Nanoscope IIIa controller
(Bruker). Triangular silicon nitride cantilevers (DNP-S10,
Bruker, nominal spring constant 0.06 N m−1) were used. The
drive frequency was 5–6 kHz and the scan rate 0.4 Hz. The
heights of the Lβ domains with respect to the Lα phase were

measured from AFM images cross sections. The values
reported in the text are means ± SEM of 388 and 458 measure-
ments in the absence and presence of trodusquemine,
respectively.

Force spectroscopy measurements were performed under
liquid environment with a Multimode SPM (Bruker) equipped
with “E” scanning head (maximum scan size 15 μm) and
driven by a Nanoscope V controller (Bruker). Triangular silicon
nitride cantilevers (DNP-10, Bruker, nominal spring constant
0.24 N m−1) were used. The actual spring constant of each can-
tilever was determined in situ using the thermal noise
method.31 Force maps consisting of 128 × 128 force distance
curves were acquired point-by-point on scan areas of 5 × 5 µm2

or 2.5 × 2.5 µm2. The maximum force load was 15–18 nN.
Breakthrough forces were evaluated from the force–distance
curves data sets using a home-built software.

Lipid–lipid FRET

LUVs were prepared at a total lipid concentration of 1 mg
ml−1. Trodusquemine, when present, was added during the
swelling phase to a final concentration ranging from 0 to
5 µM. BODIPY-FL C5-ganglioside GM1 (GM1-D), BODIPY-FL-
cholesterol (CHOL-D), BODIPY-FL-sphingomyelin (SM-D, com-
mercial name TopFluor® Sphingomyelin, Avanti Polar Lipids)
and BODIPY-FL-DOPC (DOPC-D, commercial name TopFluor®
PC, Avanti Polar Lipids) were used as donor lipids, cholesteryl
4,4-difluoro-5-(4-methoxyphenyl)-4-bora-3a,4a-diaza-s-indacene-
3-undecanoate (CHOL-A, commercial name CholEsteryl
BODIPY™ 542/563 C11, ThermoFisher Scientific) was used as
acceptor lipid. The molar fraction of each lipid labelled with D
or with A was 0.0625% of total lipids in all cases.

Fluorescence spectra of LUVs containing only lipid-D, only
CHOL-A, and both lipid-D and CHOL-A were acquired on a
Perkin-Elmer LS 55 spectrofluorimeter (Wellesley, MA, USA)
equipped with a thermostated cell-holder attached to a Haake
F8 water-bath (Karlsruhe, Germany), and on a Agilent Cary
Eclipse spectrofluorimeter equipped with a thermostated cell
holder attached to a Agilent PCB 1500 water Peltier system.
The measurements were performed using a 3 × 3 mm black
walls quartz cell at 25 °C with excitation at 450 nm and emis-
sion spectra were acquired from 480 to 640 nm. The FRET
efficiency (E) was calculated as

E ¼ 1 # FDA
FD

! "
ð4Þ

where FDA is the fluorescence intensity of D in the presence of
A, and FD is the fluorescence intensity of D in the absence of
A.32 The Förster distance (R0) was experimentally determined
from the overlap between the D emission and the A absorption
using

R0 ¼ 0:211ðk2n# 4QDJðλÞÞ
1
6 ð5Þ

where k2 is a factor describing the relative orientation in space
of the transition dipoles of D and A, which is assumed to be
equal to 2/3 for dynamic random averaging of D and A; n is the
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refractive index of the medium, which was measured with a
refractometer and it is 1.332; QD is the quantum yield of D in
the absence of A and is 0.9 and J (λ) is the degree of spectral
overlap between the donor emission and the acceptor absorp-
tion.32 Considering a given FRET E value calculated with eqn
(4) and the R0 value determined with eqn (5), the distance
between D and A (r) was then calculated with the following
equation.32

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R6
0 # E " R6

0

E
6

r
ð6Þ

Lipid-trodusquemine FRET

LUVs were prepared at a total lipid concentration of 1 mg ml−1

and with 5 µM trodusquemine. Trodusquemine was added in
a preliminary phase of LUVs preparation, during the swelling
phase. GM1-D, CHOL-D, SM-D and DOPC-D were used as
donors and BODIPY™ TMR-X-trodusquemine (TRO-A) was
used as acceptor. The molar fraction of each lipid labelled
with D was 0.0625% of all lipids in all cases. The ratio of tro-
dusquemine labelled and unlabelled with A was 1 : 10 (mol :
mol). Fluorescence spectra of LUVs containing only lipid-D,
only TRO-A, and both lipid-D and TRO-A were acquired on a
Perkin-Elmer LS 55 spectrofluorimeter equipped with a ther-
mostated cell-holder attached to a Haake F8 water bath, and
on a Agilent Cary Eclipse spectrofluorimeter equipped with a
thermostated cell holder attached to a Agilent PCB 1500 water
Peltier system. The measurements were performed using a 3 ×
3 mm black walls quartz cell at 25 °C with excitation at 450 nm
and emission spectra were acquired from 480 to 640 nm. A
negative control experiment was also carried out using lyso-
zyme labelled with acceptor (LYSO-A) to replace TRO-A, under
the same conditions. The FRET efficiency (E) was calculated
applying eqn (4).

Results
Preparation and characterisation of LUVs and trodusquemine

Liposomes were prepared as large unilamellar vesicles (LUVs)
at a total lipid concentration of 1 mg ml−1, using DOPC and
SM in a molar ratio of 2 : 1 (mol/mol), corresponding to
836 µM DOPC and 418 µM SM, 1% (mol) CHOL and 1% (mol)
GM1, both corresponding to 13 µM each. This composition
was chosen to mimic the external leaflet of neural cell
membranes33–35 and the 1% CHOL concentration, which is
below the physiological level, was chosen to favour well-separ-
ated ordered domains and disordered regions.36 LUVs were
then diluted according to the requirements of the various
experiments: 0.5 mg ml−1 for confocal microscopy, fluo-
rescence quenching and anisotropy experiments; 1 mg ml−1

for NMR and FRET experiments; 0.1 mg ml−1 for QCM and
AFM measurements; 0.25 mg ml−1 for ζ potential experiments.
The reconstituted LUVs were found to have an apparent hydro-
dynamic diameter of 112.9 ± 0.7 nm and a polydispersity index
(PDI) of 0.075 ± 0.004 (means ± SEM), using DLS (Fig. S2A†).

When formed with 1% (mol) GM1 uniformly labelled with
BODIPY-FL, they appear as small dots of ca. 0.2–0.3 µm in dia-
meter using confocal microscopy, as a consequence of the
intrinsic limit of resolution of the confocal microscopy set up
(Fig. S2B†). Using AFM, supported lipid bilayers (SLBs) pre-
pared from these LUVs were found to consist of gel-phase
domains (Lβ or So), with possible contributions of liquid-
ordered domains (Lo), enriched with SM, CHOL and GM1,
floating in a liquid-disordered phase (Lα or Ld, Fig. S2C†)
enriched with DOPC, similarly to SLBs of similar lipid
composition.37–39 The total surface area of the Lβ domains was
found to be 12.2 ± 1.3% of the total bilayer in the AFM images,
corresponding to 15.4 ± 1.7% of its total mass, following the
known differences in height and density between Lβ and Lα
phases.40 SM, GM1 and CHOL contribute, by contrast, to ca.
34% of our LUV mass, indicating that they are not partitioned
completely in the Lβ domains, but also populate the Lα phase,
most likely around the Lβ domains. This phase behaviour is in
agreement with the finding that Lβ domains are located within
larger domains that have an enrichment of the same lipids,
but a height indistinguishable from the uniform Lα matrix.41

Fig. S2D† reports the key parameters of the LUVs prepared
under these conditions obtained using both MD simulations
and experimental measurements obtained in this work (see
below).

5 µM trodusquemine was added during the swelling phase
of LUV preparation. Mass spectrometry indicated that trodus-
quemine maintained its molecular weight and did not
undergo degradation when incubated under the high tempera-
ture conditions required for LUVs preparation (Fig. S1B†).
LUVs were also prepared by adding 5 µM trodusquemine pre-
labelled with either BODIPY™ TMR-X or Alexa Fluor® 594
(probes specific for primary amines) with a molar ratio of
probe : trodusquemine of 1 : 10, to allow its detection in con-
focal microscopy and FRET experiments. These labelling con-
ditions ensured the obtainment of a trodusquemine carrying
only one fluorescent dye on the terminal primary amine group
of the spermine moiety (Fig. S1A†) and the absence of any
unreacted probe. The mass spectrum confirmed the peaks
corresponding to both labelled and unlabelled trodusquemine
and no peak corresponding to the unreacted dye (Fig. S1C†).

Trodusquemine binds strongly to LUVs

LUVs containing 6.25% of CHOL labelled with the dye
BODIPY-FL and 10% of trodusquemine labelled with the dye
Alexa Fluor® 594 were viewed on a confocal microscope. Areas
showing red fluorescence (labelled trodusquemine) also
showed green fluorescence (labelled CHOL), indicating a high
degree of colocalization of trodusquemine and LUVs (Fig. 2A–
C), which is particularly appreciable in magnified images
(Fig. 2D–F). Importantly, all dots with red fluorescence are also
green, whereas red dots devoid of green fluorescence are not
detectable, indicating that the whole pool of labelled trodus-
quemine is associated with LUVs, and that a pool of free ami-
nosterol is absent.
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Fig. 2 Trodusquemine binds LUVs. (A–F) Representative confocal microscopy images (A–C) and corresponding magnifications (D–F), showing
colocalization of trodusquemine and LUVs. Green (A and D) and red (B and E) fluorescence indicate CHOL-BODIPY-FL and trodusquemine-Alexa
Fluor® 594, respectively. LUVs were formed by DOPC/SM 2 : 1 (mol/mol) + 0.9375% (mol) CHOL + 0.0625% (mol) CHOL-BODIPY-FL + 1% (mol)
GM1 in the presence of 5 µM trodusquemine-Alexa Fluor® 594 in a probe : trodusquemine molar ratio of 1 : 10. (G) Fluorescence spectra recorded
for the FRET experiment between LUVs containing donor-labelled CHOL (CHOL-D) and acceptor-labelled trodusquemine (TRO-A). Spectra refer to
LUVs with CHOL-D (green), TRO-A (orange), both TRO-A and LUVs with CHOL-D (blue), and the arithmetic sum of CHOL-D and TRO-A spectra
(violet dashed line). (H) Same as (G) but with acceptor-labelled lysozyme (LYSO-A) replacing TRO-A. The FRET efficiency (E) values obtained with
eqn (4) (see Materials and methods) are also reported (mean ± SEM, n = 3). (I–L) 1D 1H NMR spectra overlay deriving from the permeates of semi-
equilibrium dialysis of LUVs containing trodusquemine (red), only trodusquemine (blue) and only LUVs (green).
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The interaction of trodusquemine with LUVs was also inves-
tigated by fluorescence spectroscopy and FRET, using LUVs
containing CHOL partially labelled (6.25%) with the donor
probe (BODIPY-FL) and 5 µM trodusquemine partially labelled
(10%) with the acceptor probe (BODIPY™ TMR-X). A partial
energy transfer occurs from the donor-labelled CHOL to the
acceptor-labelled trodusquemine (Fig. 2G), suggesting that tro-
dusquemine is able to stably and directly interact with LUVs.
As a negative control, a FRET experiment using LUVs with
donor-labelled CHOL and water-soluble acceptor-labelled lyso-
zyme, under the same conditions and using the same probes,
indicated the absence of any FRET (Fig. 2H), confirming that
the energy transfer observed between CHOL and trodusque-
mine arises from the specific binding of trodusquemine to
LUVs.

In order to test whether the binding of trodusquemine to
LUVs observed in the previous two experiments could depend
on the presence of the fluorescent probe covalently linked to
the molecule, NMR experiments were performed after a semi-
equilibrium dialysis on LUVs prepared in the presence of
unlabelled trodusquemine (Fig. 2I–L). In particular, 1 ml con-
taining 1 mg ml−1 LUVs and 20 µM trodusquemine in D2O
were dialysed against 3 ml of pure D2O. The 1D 1H NMR spec-
trum was acquired on the permeate and compared with those
obtained from 5 µM trodusquemine in the absence of LUVs
(positive control) and with the permeate of a similar semi-
equilibrium dialysis experiment obtained with LUVs in the
absence of trodusquemine (negative control). The permeate
derived from LUVs with trodusquemine did not show any of
the peaks observed for the trodusquemine sample (Fig. 2I–L).

In particular, the peaks of trodusquemine at 0.67, 0.83,
0.89–0.93 (Fig. 2I), 1.69, 1.96–2.00 (Fig. 1J), 2.92–2.95,
2.96–3.00, 3.10–3.12 (Fig. 2K), 3.88 and 4.17 (Fig. 2L) ppm were
not observed. These were <10% in intensity relative to those
observed with 5 µM trodusquemine, leading to a dissociation
constant (KD) value <500 nM. By contrast, many of the peaks
observed in the permeate derived from LUVs with trodusque-
mine, and not assignable to trodusquemine (Fig. 2I–L), were
also observed in the permeates obtained with only LUVs or
only D2O, indicating that they originate from the dialysis mem-
brane (data not shown). These results confirm that nearly all
trodusquemine interacts with the LUVs, therefore remaining
in the retentate rather than transferring to the permeate.

Trodusquemine binds to the membranes of cultured cells

Following the observation of a strong association between tro-
dusquemine and LUVs, we extended our investigation to a cel-
lular system. Different concentrations of trodusquemine (1, 2,
3, 4, and 5 µM) labelled with Alexa Fluor® 594 (labelled :
unlabelled trodusquemine molar ratio was 1 : 10) were added
to the cell culture medium of human neuroblastoma SH-SY5Y
cells, and after 15 min treatment the cells were analysed by
confocal microscopy. The images show the nuclei of cells
stained with the Hoechst dye (Fig. 3, blue fluorescence) and
trodusquemine (Fig. 3, red fluorescence) largely localising on
the plasma membrane. The trodusquemine-derived fluo-
rescence on the cell membranes progressively increases with
trodusquemine concentration. Cells were also treated for the
same time with the Alexa Fluor® 594 dye in the absence of tro-
dusquemine at a concentration of 0.5 µM, corresponding to

Fig. 3 Trodusquemine binds the membranes of SH-SY5Y cells. (A) Representative confocal microscopy images of SH-SY5Y cells incubated for
15 min with 1, 2, 3, 4, and 5 µM of trodusquemine labelled with Alexa Fluor® 594 (probe : trodusquemine molar ratio was 1 : 10), and with Alexa
Fluor® 594 dye only at a concentration of 0.5 µM, corresponding to the dye concentration of the 5 µM trodusquemine condition. Blue and red fluor-
escence indicate Hoechst-labelled nuclei and labelled trodusquemine, respectively. The images were analyzed at median planes parallel to the cov-
erslip. The histogram shows the quantitative values of trodusquemine-Alexa Fluor® 594 fluorescence. Experimental errors are SD (n = 30–35). (B)
Magnified confocal image of a cell treated with 4 µM Alexa Fluor® 594-labelled trodusquemine.
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the dye concentration of the 5 µM trodusquemine condition;
the complete absence of dye fluorescence confirms the
inability of the dye to bind per se to the membrane and con-
firms that the binding observed for the dye-labelled trodusque-
mine was fully attributable to the aminosterol.

Trodusquemine binds largely to the polar region of lipid
bilayers

Following the observation that trodusquemine binds to the
membranes of LUVs and cells, we next investigated which
region of the lipid bilayer harbours the molecule. To this
purpose we prepared quartz crystal microbalance (QCM)
sensors coated with SLBs with the same lipid composition as
the LUVs (DOPC and SM 2 : 1 (mol/mol), 1% CHOL and 1%
GM1). Normalized changes of the third harmonic (Δf3/3) and
dissipation energy (ΔD3) were recorded as a function of time
after trodusquemine addition in the measuring chamber
(Fig. 4A). Additions were repeated until a constant Δf value was
obtained for all the overtones. The Δf value measured in the
absence of trodusquemine was used to determine the changes
in adsorbed surface mass (Δm), surface mass density (Δm/A)
on the active sensor surface, bilayer thickness and mean

surface molecular area per lipid, using standard procedure of
the QCM technique (Fig. 4B). The Δf value measured in the
presence of trodusquemine was used to determine the
changes in surface mass density (Δm/A) and bilayer thickness
upon adsorption of trodusquemine on the bilayer (Fig. 4B).
The surface molecular area occupied by a single trodusque-
mine molecule at the water-bilayer interface, obtained from
the Δm/A value at saturation according to eqn (1), was then
determined, leading to a value of 94.8 ± 0.9 Å2 (Fig. 4B). This
observation suggests that the molecules are tilted on the
surface with a partial insertion in the SLB, as the expected area
for the adsorbed trodusquemine lying flat on the supported
bilayer would be between 116 and 186 Å2, depending on the
orientation of the molecule. The experimental area of 94.8 ±
0.9 Å2 occupied by trodusquemine led to determine an angle
of ca. 55° for the major axis of the molecule with respect to the
normal to the bilayer plane with a corresponding thickness of
14.8 ± 0.2 Å along the normal to the bilayer plane. Comparison
of the observed change of bilayer thickness at the sites of tro-
dusquemine insertion from the QCM data (5.6 ± 0.2 Å) with
the expected thickness value for the tilted orientation along
the normal to the SLB plane (14.8 ± 0.2 Å) suggests a partial

Fig. 4 Trodusquemine binds to the polar region of lipid bilayers. (A) Change in the normalized third harmonic Δf3/3 (blue) and dissipation energy
ΔD3 (red) as a function of time after the addition of trodusquemine to the SLB-covered QCM sensor. (B) Structural and elastic properties of SLBs
without trodusquemine (left) and of trodusquemine added to SLBs (right). Experimental errors are SEM. (C) Stern Volmer plot reporting the ratio of
fluorescence in the absence (F0) and presence (F) of DPH (diamonds) and TMA-DPH (circles) versus the membrane concentration of trodusquemine
that binds to LUVs. The plots were fitted using eqn (2) and (3). (D and E) Temperature dependent fluorescence anisotropy (r) plots for DPH (D) and
TMA-DPH (E), respectively, obtained in the absence (black) and presence (white) of 5 µM trodusquemine. Experimental errors are SEM of 3 different
experiments.
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penetration (62 ± 1.5%) of the molecule in the SLB and a
partial departure (38 ± 1.5%) from the SLB plane into the
solvent (Fig. 4B). The small change of ΔD3 upon trodusque-
mine addition implies that the partial penetration of the mole-
cule in the outer leaflet of the bilayer does not to affect the
overall viscoelastic properties of the lipid bilayer.

The location of trodusquemine within LUVs was also
studied by quenching experiments using the fluorescent
probe, 1,6-diphenylhexatriene (DPH), which incorporates
within the hydrophobic region of the lipid bilayer42 and its tri-
methylammonium derivative, TMA-DPH, which locates near
the polar head group regions of the membrane due to its
charged group.43 The presence of trodusquemine caused a
reduction of the fluorescence emission of TMA-DPH in a con-
centration-dependent manner, whereas it quenched DPH
emission to a much lower extent (Fig. 4C). The KSV constants
were found to be 823 ± 33 mM−1 and 65 ± 6 mM−1, respect-
ively. These results indicate that trodusquemine binds nearby
the polar heads of lipids rather than deeper in the hydro-
phobic region.

We also investigated the influence of trodusquemine on the
rotational diffusion of DPH and TMA-DPH in LUVs by temp-
erature-dependent fluorescence anisotropy. In fact, changes in
the temperature-dependent fluorescence anisotropy upon tro-
dusquemine addition reflect perturbations in the probe

rotational correlation time.44 In the absence of trodusque-
mine, the anisotropy of DPH and TMA-DPH was 0.183 ± 0.002
and 0.267 ± 0.001 (means ± SEM, n = 3) at 20 °C, respectively
(Fig. 4D and E). This difference accounts for the lower degree
of molecular packing of the lipids in the hydrophobic portion
relative to the polar region, with consequent higher rotational
freedom of DPH than TMA-DPH.45 As the temperature
increases, the fluorescence anisotropy decreased for both
probes (Fig. 4D and E), as expected following the fluidity of the
membrane lipids with increases of the rotational freedom of
the two fluorophores.45,46 Trodusquemine induced a signifi-
cant decrease of the fluorescence anisotropy of TMA-DPH at all
temperatures and of the temperature-dependent change of an-
isotropy of the same probe (Fig. 4E), whereas it had no signifi-
cant effects on DPH (Fig. 4D), confirming that trodusquemine
locates within the polar head region of the bilayer.

MD simulations were run to provide atomistic insights into
the interaction of trodusquemine with the membrane bilayer
having the same lipid composition of experimental LUVs and
SLBs (2 simulations, 1 µs aggregated simulation time) and
illustrated the ability of the molecule to penetrate the mem-
brane outer layer after a few hundred ns. The small molecule,
bearing a net charge of +3 (Fig. 5A), positioned at the interface
between the hydrophilic and hydrophobic layers, with a
solvent accessible surface area (SASA) of 40.6 ± 6.4% of the

Fig. 5 Trodusquemine is partially inserted into the lipid bilayers. (A) Trodusquemine protonation state evaluated at pH 7.0 and atom numbering. (B)
Distance between each heavy atom of the trodusquemine and the membrane centre of mass, evaluated during the MD simulation at the equilibrium.
(C) Lipid density profile for the indicated system components along the Z coordinate (membrane centre positioned at 0.0 nm). The partial insertion
of trodusquemine is indicated by red dashed lines. (D) Representative snapshot of trodusquemine within the membrane (N atoms in blue, C in cyan,
H in white, O in red and S in yellow, lipids in transparent violet, water in cyan sticks). (E) Lateral diffusion coefficient (D) for DOPC and SM molecules
for membrane without and with trodusquemine. (F) Monolayer bending modulus for membrane without and with trodusquemine. All experimental
errors are SD.
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total trodusquemine surface (Fig. 5B–D), in agreement with
the experimental value of 38 ± 1.5% obtained with QCM on
SLBs (see above). While the sterol ring (atoms C11 : C30) is
buried into the hydrophobic domain of the membrane, the
SO4

− group and the spermine (atoms N1 : N4, C1 : C10) are in
proximity of the solvent (Fig. 5A and B). However, the sulphate
head is only partially in contact with the hydrophilic region of
the membrane, as shown by analysing the position of trodus-
quemine with respect to the density profile of each system
component (Fig. 5C), and also by the visual inspection of the
molecular system (Fig. 5D and Movie S5†).

The impact of trodusquemine on the mechanical properties
of the membrane bilayer was evaluated by computing the
lateral diffusion coefficient (D) of membrane lipids and the
membrane bending modulus. The D of pure membrane is 4.5
± 0.8 × 10−8 cm2 s−1 and 4.5 ± 0.3 × 10−8 cm2 s−1 for the DOPC
and SM lipids, respectively, in line with similar membrane
composition previously investigated.47,48 Trodusquemine
increases the D value by 33% for DOPC (6.0 ± 0.6 × 10−8 cm2

s−1) and 21% for SM (5.5 ± 0.6 × 10−8 cm2 s−1), as reported in
Fig. 5E. The monolayer bending modulus was found to be 10.0
± 0.3kBT, in accordance with previous similar composition
membrane29 and does not change upon trodusquemine
addition (10.0 ± 0.3kBT ), as reported in Fig. 5F.

Trodusquemine decreases the negative charge and increases
the transition temperature of LUVs

The size distributions of LUVs recorded with DLS with various
concentrations of trodusquemine showed that trodusquemine,
even when present at high concentrations, did not affect the
monodispersity and size of LUVs (Fig. 6A and B). The zeta
potential (ζ) was measured for LUVs with and without 5 µM
trodusquemine. For naked LUVs at 0.25 mg ml−1 and 20 °C, a
negative value of ζ (−23.6 ± 0.7 mV) was found and indicates a
preferred exposure of the PO4

− groups of the choline groups,
as the opposite would happen if the potential were positive
(Fig. 6C). This value is in agreement with literature values for

DOPC- and GM1-containing liposomes.49,50 In the presence of
5 µM trodusquemine, the ζ value was found to be −18.0 ±
0.9 mV at 20 °C, which is less negative by 5.6 ± 1.2 mV relative
to LUVs in its absence (Fig. 6C). These values indicate changes
in the total surface charge or changes in molecular packing of
the lipid head groups induced by the presence of trodusque-
mine at the water-membrane interface.

Measurements of the ζ potential were then used to detect
the transition temperature in the LUV systems.51 Fig. 6C
describes the behaviour of the ζ potential as a function of the
temperature in the heating ramp between 10–60 °C for naked
and trodusquemine-containing LUVs. Although the phase
transition temperature of the present LUV system is not
known, we expect the overall behaviour to be dominated by the
SM component (Tm = 35–40 °C) because the most abundant
DOPC lipid is already in a fluid-like phase (Tm = −17 °C) in the
examined temperature range.52,53 In the naked LUVs, we
observed a sharp change in the ζ potential at ca. 25 °C, sup-
porting the dominant behaviour of SM. The ζ potential
decreases with increasing temperature as usually observed for
DOPC-containing lipids, reflecting a rearrangement of the
surface electric dipoles packing at the interface that leads to
an increase of solvent exposure of the polar groups.54 In the
trodusquemine-containing LUVs the decrease of the ζ poten-
tial starts at larger temperatures, covers a temperature range of
ca. 20 °C, is centred at 46 °C and is not as sharp as for the
naked LUVs. These results indicate that trodusquemine inter-
acts with the polar head groups of the LUVs, inducing a more
stable molecular packing of the lipids in the bilayer.

Trodusquemine modulates the coexistence of the gel (Lβ) and
liquid disordered (Lα) phases

The AFM analysis of SLBs obtained by LUVs deposition on
mica showed that at trodusquemine concentrations in the
range 1–5 µM the coexistence of Lβ and Lα phases was main-
tained (Fig. 7A–C), with a substantially unchanged total
surface area of Lβ domains (Fig. 7D). However, at 5 µM trodus-

Fig. 6 Trodusquemine decreases the negative charge and increases the transition temperature of LUVs. (A) Size distributions of LUVs prepared in
the presence of the indicated concentrations of trodusquemine determined with DLS. (B) Plot reporting the apparent hydrodynamic diameter versus
trodusquemine concentration. Experimental errors are SD. (C) Zeta potential (ζ) as a function of temperature for LUVs (filled squares, ±3%) and tro-
dusquemine-containing LUVs (empty squares, ±5%).
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quemine the domains appeared to be more fragmented and
the mean area per domain decreased significantly (Fig. 7E), as
a consequence of the marked increase in the number of Lβ
domains. From the statistical analysis of the AFM image cross
sections, the Lβ domain height, measured with respect to the
Lα phase, decreased slightly from 1.694 ± 0.005 nm (mean ±
SEM, n = 388) in the absence of trodusquemine, to 1.656 ±
0.004 nm (mean ± SEM, n = 458) with 5 µM trodusquemine
(Fig. 7F).

Trodusquemine induces an increase of the breakthrough force
of the bilayer

AFM was also used to determine the bilayer breakthrough
force, which is the force required to penetrate the bilayer with
the AFM tip with a direction perpendicular to the bilayer
surface. The breakthrough event corresponds to a force jump
in the contact region of the approach force–distance curve and
the breakthrough force is the force registered at the start of
that event (Fig. 8A). We acquired force maps of the SLB
surface, that is a point-by point evaluation of the bilayer break-
through force, with each map consisting of 128 × 128 force dis-
tance curves. The force maps (Fig. 8B and C) exhibited features

which faithfully reproduced the SLB surface topography
(Fig. 8E and F). Lβ domains displayed higher breakthrough
forces as compared with the Lα phase, but absence of break-
through was the prevailing event for the Lβ phase. Therefore,
the majority of the measured breakthrough forces corre-
sponded to Lα regions. The multi-modal distributions of break-
through force in both conditions reflect some variability
between different experiments and Lα areas, probably due to
the complexity of the system under study (Fig. 8D).
Nevertheless, the distribution measured with 5 µM trodusque-
mine is shifted towards higher force values (Fig. 8D), indicat-
ing that in the presence of trodusquemine the mechanical re-
sistance of the bilayer to indentation is increased.

Trodusquemine clusters cholesterol molecules and separates
them from GM1 in LUVs

In order to study whether or not trodusquemine affects the
spatial distances between the different lipids in the LUVs, we
carried out a series of lipid–lipid FRET experiments. A fraction
of a given lipid type was labelled as donor with D and a frac-
tion of CHOL was labelled as acceptor with A (Fig. S3†), so that
the concentrations of D-labelled and A-labelled lipids were

Fig. 7 Trodusquemine modulates the coexistence of the Lβ and Lα phases. (A–C) AFM images (height data) of SLBs obtained from LUVs prepared in
the presence of 1 µM (A), 3 µM (B), 5 µM (C) trodusquemine. The scan size is 15 µm, the color bar corresponds to a Z range of 20 nm. (D and E) Total
area fraction occupied by Lβ domains (D) and mean area of individual Lβ domains (E), plotted as a function of trodusquemine concentration. Each
point results from the analysis of at least 15 different images. Error bars were calculated with Student’s statistics assuming a confidence level of 95%
(2 × SEM). (F) Distributions of Lβ domain height, measured with respect to the Lα phase, in the absence (blue) and presence (red) of 5 µM
trodusquemine.
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both 0.0625% of the total lipid concentration. The four
different combinations of FRET pairs (in each case changing
the D-labelled lipid type and maintaining CHOL-A) were inves-
tigated in the absence (Fig. 9A) and presence (Fig. 9B) of 5 µM
trodusquemine. For each FRET pair and trodusquemine con-
centration, three fluorescence spectra were recorded: LUVs
with both lipid-D and CHOL-A, LUVs with only lipid-D and
LUVs with only CHOL-A (Fig. 9A and B). In all cases, the fluo-
rescence emission of the D-labelled lipid was lower in the pres-
ence of CHOL-A than in its absence, and the fluorescence
emission of CHOL-A was higher in the presence of lipid-D
than in its absence, indicating partial FRET. In the absence of
trodusquemine, the FRET E values were found to be similar
for the four pairs, as expected on the grounds that three of the
four lipids labelled with the donor probe studied here (SM-D,
GM1-D and CHOL-D) partition equally between the Lα and Lβ
phases55 and the fourth lipid that was not studied in the past
(DOPC-D) occupies both the Lα and Lβ even without labelling.
By contrast, in the presence of 5 µM trodusquemine, an

increase of E was observed in the CHOL-D/CHOL-A pair,
whereas a reduction was observed in the GM1-D/CHOL-A pair
(Fig. 9C–E). No significant variations were observed in the
other two FRET pairs (Fig. 9C). The E value of the GM1-D/
CHOL-A pair without trodusquemine was found to remain con-
stant at different LUV concentrations spanning a ten-fold
range, ruling out that the energy transfer occurs between dis-
tinct LUVs (data not shown).

For each FRET pair and trodusquemine concentration the
Förster radius (R0) was also determined and, consequently,
each E value was converted into a spatial distance between D
and A (r), as described in Materials and methods (Fig. 9F–H).
The value of r does not represent the mean spatial
distance between a given lipid and a CHOL molecule, but
between lipid-D and the nearest CHOL-A (only a small
fraction of both are labelled) averaged over all lipid-D mole-
cules in the LUVs. The results show that trodusquemine
induces a gradual spatial departure of GM1 from CHOL
(Fig. 9G), and a progressive spatial approach of CHOL mole-

Fig. 8 Trodusquemine induces an increase of the breakthrough force of the bilayer. (A) Typical force–distance curve recorded on SLBs when the
AFM tip approaches the sample surface. The force is 0 nN when the tip is distant from the bilayer (high Z displacement value, region 1 of the curve).
After tip-bilayer contact, the force increases (region 2). The breakthrough force is the force value at which the tip penetrates the bilayer (point 3).
Immediately after the breakthrough the force falls down, as a consequence of bilayer rupture. The force increases further because of the interaction
between the tip and the solid substrate (region 4). (B, C, E and F) Breakthrough force maps (B and C) of the corresponding SLB topography images (E
and F) in the absence (B and E) and presence (C and F) of 5 µM trodusquemine. The scan size is 5.0 µm and the color bar corresponds to a Z range
of 15 nm (E and F). Force maps were obtained from a point-by-point determination of the breakthrough force Fb. The Lβ domains usually did not
exhibit breakthrough, except on their edge. (D) Bilayer breakthrough force distributions (mainly resulting from the Lα phase) in the absence (blue)
and presence (red) of 5 µM trodusquemine. Distributions were obtained from five independent force maps, both with and without trodusquemine.
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cules in the LUVs (Fig. 9H) and, as a consequence, also
between GM1 molecules.

We also found that, for both FRET pairs, r best correlated
with [TRO]1/2, rather than with [TRO]1 or [TRO]1/3, confirming
that trodusquemine exerts its effects in the two-dimensions of
the lipid bilayer rather than in the three-dimensions of the
bulk solvent or in one-dimension (Fig. S4†).

Trodusquemine preferentially binds to the gel-phase (Lβ)
regions of the LUVs

To assess which lipids of the LUVs form preferential inter-
actions with trodusquemine, a series of FRET experiments
were carried out, where GM1, SM, CHOL, or DOPC were

labelled as donor with D (Fig. S3†) and trodusquemine was
labelled as acceptor with A. The highest E value, and thus the
lowest r, was found for the CHOL-D/TRO-A pair, followed by
the pairs involving GM1-D, SM-D and DOPC-D, for which a
FRET E value of −0.01 ± 0.02 was found (Fig. 10). These FRET
results show that all the lipids typically enriching the Lβ phase
determined a partial energy transfer to trodusquemine,
whereas the DOPC lipid with which the Lα phase is typically
enriched determined a negligible transfer (Fig. 10), suggesting
that the interaction of trodusquemine occurs preferentially
with the lipids populating the Lβ phase of LUVs or
nearby, where the concentrations of CHOL, GM1 and SM are
still high.

Fig. 9 Trodusquemine changes the distances between lipid molecules in the LUVs. (A) Fluorescence spectra of LUVs containing the indicated
D-labelled lipid (green), A-labelled cholesterol (orange), and both (blue). (B) The same as A but in the presence of 5 µM trodusquemine. (C) FRET
efficiencies (E) determined for the various pairs using eqn (4) in the absence (light grey) and presence (dark grey) of trodusquemine. (D and E) FRET
efficiencies (E) of LUVs with GM1-D and CHOL-A (D) and CHOL-D and CHOL-A (E) in the presence of increasing concentrations of trodusquemine.
(F–H) Spatial distances (r) between the indicated lipid-D and CHOL-A in the absence and presence of trodusquemine obtained from FRET E values
reported in C–E, the R0 values determined using eqn (5) and (6) (see Materials and methods). Experimental errors are SEM in all cases (n = 5).

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2020 Nanoscale, 2020, 12, 22596–22614 | 22609

Pu
bl

is
he

d 
on

 2
9 

O
ct

ob
er

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
 S

tu
di

 d
i F

ire
nz

e 
on

 1
1/

20
/2

02
0 

2:
39

:5
6 

PM
. 

View Article Online



Discussion
Squalamine and trodusquemine have been shown to inhibit
the interaction of misfolded protein oligomers with cell
membranes.3–5 The structural similarity with squalamine, its
efficacy at lower doses,4,5 its reported ability to cross the
blood–brain barrier,6 its capability to stimulate regeneration of
tissues and organs,7 and evidence of its efficacy in mouse
models of AD8 make trodusquemine an interesting candidate
therapeutic molecule for neurodegenerative diseases.

In principle, the ability of trodusquemine and squalamine
to prevent the binding of misfolded protein oligomers to cell
membranes and to suppress their toxicity could be due to at
least two non-mutually exclusive mechanisms: (i) the aminos-
terols bind to the oligomers preventing them from binding to
cell membranes, or (ii) the aminosterols bind to cell mem-
branes preventing them from binding the oligomers. It was
recently found that trodusquemine does not affect those struc-
tural and morphological characteristics of misfolded oligo-

mers from three different protein systems that are responsible
for their toxicity, when the molecule was used at a concen-
tration of 5 µM, which is the same used in our experiments.56

These observations do not support the first mechanism out-
lined above. We therefore first searched for evidence of a poss-
ible binding of trodusquemine to lipid membranes, using
LUVs formed by four lipids normally found in neuronal mem-
branes and cultured neuroblastoma cell lines. Fluorescently
labelled trodusquemine was found to colocalise with fluores-
cently labelled LUVs in confocal microscopy and undergo
FRET, as an acceptor, with one of its lipid components acting
as a donor, indicating spatial proximity between trodusque-
mine and the lipids of LUVs. Furthermore, NMR spectra of the
permeate after a semi-equilibrium dialysis on LUVs containing
unlabelled trodusquemine showed a lack of trodusquemine
release from the LUV membranes, indicating tight binding
between trodusquemine and the LUV membranes (KD < 500
nM), having ruled out that the binding is influenced by its co-
valently linked fluorescent probe. Trodusquemine-membrane
binding was also observed in neuroblastoma human cells
treated with labelled trodusquemine, showing a strong associ-
ation of the aminosterol with plasma membranes. A similar
mechanism has been found for human serum albumin, that
was found, among other effects, to bind to the bilayer of LUVs
preventing its interaction with αS oligomers.57

We then identified the regions of the membrane that
harbour trodusquemine. Trodusquemine was found to par-
tially, rather than completely, penetrate the lipid bilayer, as
observed with QCM on SLBs. Moreover, it preferentially bound
nearby the aqueous interface rather than deeper in the hydro-
phobic region, as it was able to quench and increase the
rotational movement of only the fluorescent probe located in
the polar head region of the bilayer. MD simulations also
revealed a localisation at the interface between the hydrophilic
and hydrophobic layers, with the sulphate group in proximity
of the solvent and the spermine group largely exposed to the
aqueous phase.

In terms of physicochemical properties of the bilayer, three
major perturbations were found to occur upon trodusquemine
insertion (Fig. 11). The first was a decrease of the total negative
charge of the bilayer, most probably caused by the net positive
charge of this aminosterol (+3 at neutral pH). Such a partial
neutralisation of the negative charge of the membrane,
observed with ζ potential measurements, has most likely a role
in the impairment of the interaction of misfolded protein oli-
gomers with the membranes, as this is known to be mediated
mainly by GM1, in particular by its negatively charged sialic
acid.58–61

The second major perturbation observed following the
insertion of trodusquemine into the membrane was an incre-
ment of the breakthrough force applied perpendicularly to its
surface, corresponding to an increased mechanical resistance
of the bilayer to indentation (Fig. 11). Furthermore, an
increase of the transition temperature was observed with the ζ
potential measurements in LUVs containing trodusquemine,
reflecting a more stable molecular packing of the lipids in the

Fig. 10 Trodusquemine preferentially binds to cholesterol and GM1
within LUVs. (A–D) Fluorescence spectra of LUVs containing the indi-
cated lipid labelled with D (green), trodusquemine labelled with A
(orange) and both (blue). (E and F) Plot and table reporting the FRET E
values using eqn (4). Experimental errors are S.EM in all cases (n = 3).
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bilayer in the presence of the aminosterol. This higher stability
and mechanical resistance is likely to contribute significantly
to the lower vulnerability of the membranes to the action of
misfolded protein oligomers in the presence of the aminos-
terol, as they need to penetrate into the hydrophobic portion
of the bilayer to exert their toxicity.39,62,63 Importantly, the
observation obtained with AFM that trodusquemine concen-
trations in the range 1–5 µM do not perturb the Lα/Lβ phase
separation suggests that the typical trodusquemine concen-
trations found to be pharmacologically effective do not alter
membrane properties essential for its biological function.
Interestingly, in spite of an increase of the stability and
mechanical resistance to indentation, the fluidity of the mem-
brane was found to be augmented upon the addition of trodus-
quemine, as indicated by significant increases of the lateral
translational diffusion of lipids and rotational diffusion of the
TMA-DPH probe within the bilayer. The lateral diffusion of
lipids is known to correlate negatively with the GM1 content
and in particular with its negative charge.64 Partial neutralis-
ation of this excessive negative charge by the positively
charged trodusquemine is likely to decrease this effect and
increase lipid lateral diffusion, while creating, at the same
time, an overall higher bilayer stability. In addition, the
oblique insertion of trodusquemine in the membrane creates
empty spaces where the lipids and TMA-DPH probe can
diffuse and rotate with greater freedom. These findings indi-

cate a remarkable property of trodusquemine, which is
capable to increase lipid mobility with an overall increase of
the membrane mechanical properties, most probably due to
its neutralising positive charge and rigidity-creating sterol
group.

The third perturbation induced by trodusquemine involved
the spatial distances between lipids, proportionally to its con-
centration, as observed with lipid–lipid FRET experiments
(Fig. 11). In particular, trodusquemine increased the separ-
ation between GM1 and CHOL molecules, while forced CHOL
molecules, and as a consequence also GM1 molecules, closer
to one another in the surface of the lipid bilayer. Along the
same lines, the aminosterol was found to interact more closely
with CHOL and GM1, particularly the former, than the other
two lipids, in lipid-trodusquemine FRET measurements. This
finding underlines its preference for lipids forming the gel Lβ
phase and its ability to reorganise the spatial distribution of
these two lipids that plays per se an important role in mediat-
ing oligomer toxicity.65–67

Conclusions
We have reported that trodusquemine, a natural product
identified as a promising drug candidate for neurodegenera-
tive diseases,3–5 is incorporated into lipid membranes, particu-

Fig. 11 Effect of trodusquemine on physicochemical properties of cell membranes linked with the toxicity of misfolded protein oligomers.
Schematic representation of the three major perturbations induced by the insertion of trodusquemine in a cell membrane and thought to protect it
from the disruptive action of the oligomers.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2020 Nanoscale, 2020, 12, 22596–22614 | 22611

Pu
bl

is
he

d 
on

 2
9 

O
ct

ob
er

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
 S

tu
di

 d
i F

ire
nz

e 
on

 1
1/

20
/2

02
0 

2:
39

:5
6 

PM
. 

View Article Online



larly within its superficial hydrophilic portion. Through this
binding, trodusquemine modulates the physicochemical pro-
perties of the lipid membranes, even at a concentration as low
as 1–5 µM, by reducing the net charge, increasing the mechan-
ical resistance to indentation and remodelling the spatial dis-
tribution of CHOL/GM1 lipids (Fig. 11). These alterations con-
tribute significantly to an increased resistance of the cell mem-
branes to the toxic action of misfolded protein oligomers, thus
revealing, more generally, how natural products that modulate
the properties of cell membranes can protect them against the
toxicity of these deleterious aggregates.
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