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Abstract 

Dequalinium (DQ) has been proposed as a mitochondrial targeting ligand for 

nanomedicines, including liposomes, given the implication of these organelles in 

many diseases. This original study focuses on the interactions of DQ with 

phosphatidylcholine bilayers during the formation of liposomes. Firstly, PEGylated 

liposomes suitable for drug delivery were studied and were found to be more stable 

when made in water than in phosphate-buffered saline, emphasizing the role of 

electrostatic interactions between positive charges on DQ and the polar head groups 

of the lipids. To gain more information, differential scanning calorimetry, small- and 

wide-angle X-ray scattering and diffraction, 31P and 2H NMR spectroscopy and 

freeze-fracture electron microscopy were performed on 

dimyristoylphosphatidylcholine (DMPC) model membranes in the presence of DQ. 

This molecule was shown to be located at the level of polar head groups and to 

induce electrostatic repulsions between adjacent lipid bilayers leading to membrane 

budding in water. These findings indicate that DQ is not completely inert towards lipid 

membranes and therefore is not an ideal candidate for encapsulation in liposomes. 

Overall, our work stresses the necessity for thorough physico-chemical 

characterization to better understand the mechanisms underlying the development of 

nanomedicines. 

 

Keywords: liposomes; mitochondria; bilayers; calorimetry; X-ray scattering; NMR 

spectroscopy; drug delivery; dequalinium. 

 

 

 

 

 

 

 

 

 

 

 

 



  

1 Introduction 

Delivering drugs to mitochondria could be a useful strategy in cancer therapy 

because the mitochondrion has been shown to have an important role in metabolism, 

redox status and apoptosis. However, knowledge of mitochondria-related pathologies 

is still very limited, highlighting the need for further studies. Often, these disorders 

have dramatic consequences, because a single mutation in mitochondrial DNA can 

generate many different diseases.1 Over the last two decades, several strategies to 

specifically target mitochondria have been developed, including the use of 

functionalized nanoparticles and the development of prodrugs with targeting moieties 

covalently attached. Among the molecules that can be used to achieve targeting, 

many are positively charged and lipophilic, able to accumulate within mitochondria 

due to a greater potential difference across the mitochondrial membrane compared 

with the plasma membrane; examples are rhodamine 123 chloride (R123), 

stearyltriphenylphosphonium bromide (STPP) and dequalinium chloride (DQ). In 

particular, DQ is a symmetrical molecule with two charged regions separated by an 

alkyl chain (n = 10) and is related to bolaamphiphiles (Figure 1). 

 

 

Figure 1 Chemical representation of the cationic bolaamphiphile dequalinium. 

 

DQ was first used as a topical antimicrobial agent in the 1950’s,2 showing a broad 

fungicidal and bactericidal activity.3 Later, it was shown to have a range of 

pharmacological effects such as selectively blocking K+ channels4 and promising 

anti-cancer activity through its ability to accumulate in mitochondria.5 This can be 

explained by its two positive delocalized charges that can interact with the highly 

negative mitochondrial membrane.6,7 As a result, it has been used as a mitochondrial 

targeting agent in the field of drug delivery and nanomedicine. DQ has been 

demonstrated to self-assemble in aqueous media and form nanoscaled structures 



  

known as “DQasomes” that can be used to transport nucleic acids and drugs to 

mitochondria.8-12 It has also been used to form “mitochondriotropic” liposomes 

carrying chemotherapeutic drugs, either by encapsulation13–16 or by click-chemistry 

grafting onto the end of PEG chains.17 Several papers have described its 

encapsulation in lipid nanocarriers for cancer therapy. Typically, these formuations 

carry 5 – 10 mol% of DQ. Thus, Weissig and co-workers described the formulation of 

micelles carrying DQ18 and, more recently, DQA80, a lipid-based formulation 

(DOTAP/DOPE) has been reported to have anticancer potential, combining DQ 

targeting capacities and anticancer activities.19 It has been clearly demonstrated that 

DQ was able to accumulate in cancer cells. Although DQ has also been shown to 

induce a loss of the mitochondrial transmembrane potential, to activate caspase-3 

dependent pathways and to produce reactive oxygen species in prostate cancer cells 

(PC-3)20 there is no clear information available about the nature of the interaction 

between DQ and the mitochondrial envelope, which is mainly composed of 

phosphatidylcholine ( 44 %), phosphatidylethanolamine ( 34 %), cardiolipin ( 14 

%) and phosphatidylinositol ( 5 %).21 In this study we have adopted a biophysical 

approach to study how DQ interacts with lipid bilayers as a model for its interaction 

with mitochondrial membranes and with lipid-based drug delivery sytems. To this 

end, we have used two different lipid membrane systems. The first is liposomes of a 

composition that is often used for drug delivery22-24 and mitochondrial targeting in-

vivo13–15,17 (egg PC, cholesterol and DSPE-PEG2000 in 65:30:5 molar proportions). 

However, to obtain more detailed physicochemical data, DMPC bilayers were used 

as a simplified model of the outer mitochondrial membrane.21  

 

2 Materials and methods  

2.1 Chemicals 

Chicken egg L-α-phosphatidylcholine (EPC), cholesterol (CH), the ammonium salt of 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-

2000] (DSPE-PEG2000), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 

1,2-dimyristoyl-sn-glycero-3-phosphocholine deuterated on the two methylenes of the 

choline headgroup (DMPC-d4) were all purchased from Avanti Polar Lipids. Stock 

solutions of lipids (25 mg.mL–1 for each) were prepared in chloroform. Dequalinium 

chloride (DQ) and Dulbecco’s Phosphate Buffered Saline (without calcium chloride 

and magnesium chloride) were purchased from Sigma-Aldrich. Deuterium oxide and 



  

water deuterium depleted were acquired from Eurisotop. Organic solvents (HPLC 

grade) were obtained from Carlo-Erba and used without further purification. Ultrapure 

water (γ = 72.2 mN.m–1 at 22°C, resistivity 18.2 MΩ.cm) was produced by a Millipore 

Milli-Q Direct 8 water purification system. 

2.2 pKa determination for DQ. 

In silico pKa values of DQ have been calculated using Marvin Sketch software 

(ChemAxon). UV-spectrum of DQ were recorded at different pH in pure water 

(adjusted with NaOH or HCl 0.1 N) using a Perkin Elmer Lambda 25 

spectrophotometer. 

2.3 Liposome preparation. 

Liposomes were prepared using the thin film rehydration method. Egg PC, 

Cholesterol, DSPE-PEG2000 (in chloroform), 65:30:5 molar proportions respectively, 

together with different proportions of dequalinium (in methanol) were mixed in a 

round-bottomed flask and dried at 25°C using a rotary evaporator (R-215, Büchi, 

Switzerland) for 60 min. The film was then rehydrated with phosphate buffer solution 

(PBS) or water for 20 min to give a final lipid concentration of 25 mM. The 

multilamellar vesicles were then extruded through polycarbonate membranes using 

an extruder (LipexTM, Northern Lipids, Canada); 3 times through 0.2 µm pore size 

and 3 times through 0.1 µm at 25°C. Liposomes were purified from non-associated 

DQ by centrifugation (10 min 12,000 g) to remove visible aggregates and then by-

ultrafiltration using Amicon centrifugal filter unit with a molecular weight cut-off of 100 

kDa (30 min; 4,000 g; 4°C), which retained the liposomes while allowing soluble 

unbound DQ molecules to pass. To study possible electrostatic interactions between 

DQ and the liposomal membrane, DQ (200 µM in pure water) was added to a pre-

formed liposomal suspension (25 mM lipids) at room temperature and the mixture 

was vortexed for 2 min. DQ encapsulation efficiencies were determined by UV 

spectrophotometry (Perkin Elmer Lambda 25) at a wavelength of 326 nm. 

 

2.4 Size and -potential measurements (Dynamic Light Scattering). 

The mean hydrodynamic diameter of the liposomes was determined by Dynamic 

Light Scattering (Zetasizer Nano ZS) (Malvern Instruments Corp., Worcestershire, 

UK). Samples were diluted 30-fold in pure water prior to measurement in a 



  

disposable cuvette and analyzed at a backscatter angle of 173° and a temperature of 

25°C. Polydispersity index (PDI) was used as an indicator of size distribution. ζ-

potential was measured using the same apparatus in a folded capillary cell after 30-

fold dilution in pure water. 

 

2.5 Sample preparation for physico-chemical studies. 

Stock solutions of DMPC and dequalinium chloride were prepared by dissolving 

weighed amounts of dry powder in chloroform and methanol respectively. Binary 

mixtures were obtained by mixing appropriate amounts of the stock solutions and 

additional chloroform or methanol was added to reach a chloroform/methanol ratio of 

2:1 (v/v). The samples were defined in terms of dequalinium content with rDQ (%) = 

100 × nDQ/nDMPC, where nDQ and nDMPC are expressed in moles. The organic 

DMPC/dequalinium chloride solutions were evaporated at room temperature under a 

gentle stream of nitrogen, followed by drying under a vacuum overnight in order to 

completely remove residual organic solvents. The dry lipid films were then hydrated 

by adding an appropriate amount of ultrapure water or phosphate buffer solution to 

reach a final content of 90% by weight and the samples were incubated at 35°C (a 

temperature above the phase transition temperature of the lipid) for 1 h with vigorous 

intermittent vortex mixing every 15 min. For 31P and 2H NMR spectroscopy, a 9:1 

mixture of water and deuterium oxide, and pure deuterium-depleted water 

respectively were used instead of water to hydrate the films. 

 

2.6 Differential scanning calorimetry (DSC). 

DSC experiments were carried out using a Perkin-Elmer DSC Diamond apparatus 

equipped with an Intracooler 2P cooling device and connected to a Pyris Thermal 

Analysis Software System (version 9.1). The calorimeter was calibrated as described 

in IUPAC recommendations.25 The samples (hydrated at 90% w/w with pure water or 

sterile-filtered phosphate buffer solution), in the range of 14–17 mg, were accurately 

weighed and hermetically sealed within 50 μL aluminum pans (pan, part BO143017 

and cover, part BO143003); an empty pan was used as a reference. The samples 

were cooled from 55 to −5°C at a constant rate, |dT/dt| = 5°C.min−1 and heated from 

−5 to 55°C at different rates, dT/dt = 2, 3, 4 and 5°C.min−1. The first scan was 

preceded by a 10-min isotherm at 25°C to allow the samples to reach thermal 



  

equilibrium. All the transitions were found to be reversible and reproducible in the 

repeated scans. 

The transition temperatures were taken at the onset of the transitions (Tonset) i.e., the 

intersection of the tangent to the left side of the endothermic peak with the baseline. 

The end temperature (Tend), corresponding to the completion of transition, was also 

recorded. This temperature was taken at the intercept of the baseline with the 

tangent to the right-hand side of the heating curve. To eliminate the effects of the 

heating rate on the temperature, determinations were carried out at different rates, 

and the temperature was extrapolated to a zero rate. The transition enthalpy was 

determined from the area under the peaks and normalized by the phospholipid 

content. To calculate the area under the peak, a baseline connecting the linear 

segments of the heat capacity curve between the onset and endpoint of the transition 

was subtracted. 

 

2.7 Transmission electron microscopy combined with freeze fracture (FF-TEM). 

Approximately 2 μL of each liposome dispersion were pipetted onto a gold sample 

holder, frozen by plunging immediately into partially solidified Freon (cooled by liquid 

nitrogen) for 20 s and stored in liquid nitrogen. Fracturing was performed at −100°C 

in a Balzers freeze-fracture device (Balzers BAF 400D, Balzers AG, Liechtenstein). 

Replicas of the fractured faces etched at −100°C were made by platinum shadowing 

and carbon coating and then cleaned with an aqueous solution of surfactant and 

washed with distilled water. The replicas were placed on 200 mesh copper grids and 

examined in a Morgagni 268D (FEI, The Netherlands) transmission electron 

microscope 

 

2.8 Small- and wide-angle X-ray scattering measurements 

Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) 

experiments were performed at the BioSAXS/D beamline 4-226 of the Stanford 

Synchrotron Radiation Lightsource (SSRL) using a slit-collimated monochromatic X-

ray beam with an X-ray energy of 12 keV (λ = 1.033 Å). The sample solutions were 

loaded into a temperature controlled capillary flow cell. The capillary was housed 

inside an aluminum block thermally connected to two Peltier modules which provided 

fast temperature change in the 5–40°C range. For every temperature step the 

sample was equilibrated for 5 minutes inside the flow cell before X-ray data were 



  

taken. After each sample the capillary was thoroughly cleaned before injecting the 

next sample to avoid cross contamination. The SAXS data were collected using a 

Dectris Pilatus3 X 1M detector (pixel size, 172 μm) at a sample-to-detector distance 

of 0.25 and 2.5 m (covering the scattering vector range of q = 0.05–2.0 Å−1 and 

0.005–0.39 Å−1, respectively, where q = 4π × sin (θ)/λ with 2θ being the scattering 

angle and λ the X-ray wavelength). Each sample was exposed 5 times to the X-ray 

beam for 0.5 s to record 2D SAXS patterns. To account for background scattering 

from the capillary and dispersion medium, the scattering intensity from the dispersion 

medium was subtracted from the scattering intensity from each sample solution. The 

scattering patterns were processed with the SasTool program (SasTool for Solution 

Data Analysis: http://ssrl.slac.stanford.edu/~saxs/analysis/sastool.htm) to integrate 

the intensity radially, subtract the buffer and sample cell background and generate 

averaged one-dimensional intensity (I(q)) versus scattering vector (q) profiles.  

Fitting of the low q-regions of the SAXS data for extruded vesicles was carried out 

using the Global Analysis Program (GAP).27,28 A symmetric model of a lipid bilayer in 

unilamellar vesicle was used for loaded liposomes in water, while a model of 

multilamellar lipid vesicles with a structure factor described by the paracrystalline 

theory for the gel phase and by the modified Caillé theory for the fluid phase was 

used for other SUVs. The electron density profiles were constructed from the best-fit 

results of the SAXS data and the respective bilayer thickness were calculated as 

described by Pabst et al..29 

 

2.9 31P NMR spectroscopy. 

31P NMR spectra were recorded on a Bruker AMX-400 spectrometer operating at 

161.97 MHz using a dipolar echo sequence (π/2 – t – π – t) with a spectral window of 

64 kHz, a t value of 200 µs, a π/2 pulse of 13 µs, a recycle delay of 2 s and a 

broadband proton decoupling during signal sampling by means of a Waltz-16 

composite pulse sequence. Typically, 512 scans were recorded for phosphorus 

spectra with deuterium lock. A line broadening of 50 Hz was usually applied before 

Fourier transformation. Samples were allowed to equilibrate at least 1 min at a given 

temperature before the NMR signal was acquired; the sample temperature was 

regulated within 1°C by a BVT-1000 unit. Phosphoric acid (85%) was used as 

external reference. 

 



  

2.10 Electron spin resonance spectroscopy. 

Two DOXYL derivatives of stearic acid were added to membranes as spin labels: 5-

DOXYL-stearic acid (5-DSA) and 16-DOXYL-stearic acid (16-DSA). Due to the 

position of the label, the former probes the superficial part of the membrane layer 

while the latter probes its hydrophobic core. Spin-labelled vesicles were prepared 

from the samples used for 31P NMR spectroscopy. Firstly, each sample was diluted 

to reach a DMPC concentration of 10 mM and was then sonicated to obtain SUVs. 

100 μL of each sample was then labelled with 2 μL of a radical nitroxyde-labelled 

probe solution (the concentrations, in DMSO, were equal to 5 mM and 1 mM for 5-

DSA and 16-DSA respectively). After labelling and 30 min incubation at room 

temperature, each sample was transferred by capillarity into a 20 μL Pyrex capillary 

tube and then inserted into the cavity of the spectrometer. Continuous-wave ESR 

spectra were recorded on a Bruker ESP 380 spectrometer at a frequency of 9.71 

GHz at each temperature set by a variable temperature device over the temperature 

range from 20 to 40°C every 2°C. The complete membrane incorporation of the spin 

labels was ascertained by the absence on the spectra of the extremely resolved ESR 

lines corresponding to free rotating markers. Order parameters S were determined 

from the hyperfine splitting constants (2T|| and 2T⊥) measured on 5-DSA spectra, 

using the following relation S = 1.723  
    –    –  

                  
 with C = 1.4 – 0.053 × (T|| – 

T⊥).
30 Rotational correlation times τc were calculated from the peak-to-peak line width 

of the central line ΔW0, the peak height of the central line h0 and the peak height of 

the high-field line h−1 determined on 16-DSA spectra, using the following equation c 

= K  ΔW0    
  

   
    with K = 6.5 × 10–10 s.G–1.31 

 

2.11 2H NMR spectroscopy. 

2H NMR spectra were recorded on a Bruker DMX-300 spectrometer operating at 

46.07 MHz with a probe specifically designed for solid-state deuterium NMR 

experiments (Morris Instruments Inc., Gloucester Ontario, Canada). A quadrupolar 

echo sequence (π/2 – t – π/2 – t) was used with a spectral width of 250 kHz, a t 

value of 40 µs, a π/2 pulse of 3.4 µs and a recycle delay of 50 ms.32 Typically, 

20.000 scans were recorded for deuterium spectra. A zero-order phase correction 

was applied to obtain no signal in the imaginary channel. When necessary, the free 



  

induction decay was shifted by a fraction of the dwell time using an orthogonal 

polynomial interpolation routine so that the Fourier transform could start at the top of 

the echo.33 A line broadening of 10 kHz was then applied before Fourier 

transformation. The sample temperature was regulated to within 1°C by a BVT-2000 

unit and allowed to equilibrate for at least 15 min after the temperature was 

stabilized, before the NMR signal was acquired. Spectrum deconvolution leading to 

oriented 2H NMR spectra (0°) were obtained numerically using the dePake-ing 

procedure.34 

 

3 Results and discussion 

3.1 pKa determination 

It was important to determine the pKa of DQ to ensure that the same molecular 

species were present in electrostatic binding studies performed in PBS and pure 

water (with pH values around 7.4 and 6 respectively). It was observed that the UV 

spectra of dequalinium remained unchanged at pH 2, pH 8 and pH 11, meaning that 

that its molecular state remained the same over this range of pH (data not shown). 

However, pKa determinations of DQ are difficult to perform because of its low 

solubility in water; this explains why no clear value appears in the literature. 

Therefore, to complement our observation, in-silico pKa predictions were performed 

with Marvin Sketch software. These predictions showed a single species (“NH2-NH2”) 

between pH 2 and pH 14, confirming the observations from UV spectrophotometry 

(Figure S1). 

 

3.2 -potential and size measurements 

Empty liposomes and liposomes containing 10% DQ were prepared using either 

water or PBS as the aqueous phase. Their surface charge was then investigated by 

ζ-potential measurements. Under our experimental conditions, we observed a ζ-

potential of around −14 mV for empty liposomes made in PBS and −12 mV for 

liposomes made in water. The ζ-potential for DQ-loaded liposomes was around −8 

mV and 0 mV respectively in PBS and water. After 24 h of storage at 4 °C, no 

change in ζ-potential was observed for liposomes prepared in water, whereas loaded 

liposomes made in PBS reverted to a ζ-potential similar to that of empty liposomes 

(around −14 mV). Since all the samples were diluted by a constant factor of 30 

before measurement, the difference in ionic strength between the preparations made 



  

in water and in PBS was minimalized. More importantly, direct comparisons can be 

made between liposomes prepared under the same conditions with and without DQ 

and before and after storage.  

Loaded liposomes made in water had a diameter of 109 ± 1 nm whereas this was 80 

± 1 nm for liposomes in PBS. Polydispersity indexes were found to be around 0.1 for 

both preparations meaning that the distributions were monodisperse (Figure 2).  

 

 

Figure 2 Encapsulation efficiency of dequalinium in liposomes 

(eggPC/CH/DSPE-PEG2000 65/30/5) made in water or PBS after 24h of storage at 

4°C (a). Liposomes were centrifuged (10 min; 10,000 g) and then ultrafiltrated to 

remove precipitated DQ prior to measurements. -potential variation of empty 

and DQ liposomes (10% of DQ) made in PBS (b) and water (c) immediately after 

preparation and after 24h of storage at 4°C. For these experiments, organic 

solutions of dequalinium and lipid mixture were dried to obtain a film that was 

then rehydrated and extruded to form small unilamellar vesicles. Values are 

mean of three independent experiments (mean ± SD; n = 3). 

 

3.3 Retention of DQ in liposomes as a function of time 

24 hours after formation of liposomes containing 10% DQ by thin film rehydration, 

those made in PBS were observed to have become exhibited a biphasic system, 

indicating their inherent instability. To investigate this further, several formulations 

were made in water and PBS at different DQ ratios. They were centrifuged (10 min; 

10,000 g) 24h after formation to remove aggregates and the DQ remaining 

associated with the liposomes in the supernatant was determined by UV-

spectrophotometry. As shown in Figure 2a, for DQ liposomes made in water, almost 

all the DQ initially incorporated was retained by the liposomes. In contrast, for 

liposomes made in PBS, at all DQ ratios, the proportion of retained DQ was lower 



  

than that for liposomes made in water and decreased as the initial DQ content 

increased. This is evidence of leakage of DQ from liposomes when made in PBS and 

is consistent with the two phases observed in these preparations. 

 

 

3.4 Electrostatic binding studies 

To further investigate the differences between liposomes made in PBS and water, 

the ability of DQ to bind to preformed unloaded liposomes was studied. As shown in 

Figure 3a, when DQ was added to SUVs at different ratios, net increases in ζ-

potential were observed, indicating the association of this positively charged 

molecule at the surface. However, liposomes made in PBS showed smaller 

increases with increasing amounts of added DQ compared with liposomes formed in 

water. To see whether the presence of PEG chains influenced the binding of DQ, ζ-

potential variations on adding 10% DQ were measured in absence or presence of 

two different proportions of DSPE-PEG2000 (the standard proportion of 5% and half 

this proportion) included in the membrane of liposomes prepared in water (Figure 

3b).  

No changes in ζ-potential were observed for these three preparations, indicating that 

DQ preferentially binds to the polar headgroups of phospholipids rather than to the 

PEG chains. Finally, the association of externally added 10% DQ was studied in PBS 

or in water. In PBS, DQ did not remain associated with the liposomes (around 0% 

association) but in water almost 60% of DQ remained associated with the liposomes, 

suggesting a better affinity for the lipid bilayers in water (Figure 3c). 

 

 

Figure 3 Influence of DQ on ζ-potential of after addition to pre-formed 

liposomes (eggPC/CH/DSPE-PEG2000 65/30/5) made in water (white circles) or 

PBS (black circles) (a). Influence of DSPE-PEG2000 on ζ-potential difference 



  

after addition of 10% DQ (molar ratio) to empty liposomes with different 

proportions of DSPE-PEG2000. ΔζP = ζP(liposomes + 10% DQ) - ζP(empty 

liposomes) (b). Association efficiency of 10% (molar ratio) DQ added to 

liposomes (eggPC/CH/DSPE-PEG2000 65/30/5) made in PBS (black) and in pure 

water (white) (c). Values are mean of three independent experiments (mean ± 

SD; n = 3).  

 

3.5 Differential scanning calorimetry 

To further investigate the interactions between DQ and membranes, DMPC model 

bilayers containing different ratios of DQ and rehydrated in either water or PBS were 

studied by DSC. We chose to use a synthetic phospholipid with a sharp phase 

transition for these studies in order to follow the influence of DQ more precisely. In 

pure water (Figure 4a), DSC heating recordings of DMPC vesicles containing DQ 

showed a change in the endotherm with respect to pure DMPC bilayers with a 

decrease in the area under curve of the pre-transition event and a decreased Tonset 

(9.9°C and 7.9°C for 1 and 2 mol% of DQ respectively; Figure 4b). A decrease in the 

transition enthalpy was observed; since it was found to be 4.5 ± 0.2 kJ.mol−1 without 

DQ and 1.3 ± 0.2 kJ.mol−1 and 0.7 ± 0.2 kJ.mol−1 in presence of 1 and 2% DQ 

respectively (Figure 4c). For amounts of DQ above about 3 mol%, the thermal event 

relating to the pre-transition was not detected. In PBS (Figure S2), a disappearance 

of the pre-transition, detected at 13.3 ± 0.7°C for pure DMPC, was observed over the 

whole range of DQ ratios tested in this study.  

The incorporation of DQ into DMPC bilayers also reduced the onset temperature 

(Tonset) of the main transition in water (Figure 4a) and to a less extent in a saline 

environment for high ratios of DQ (Figure S2). In PBS, the main transition 

temperature was unchanged in presence of 5% of DQ (24.0 ± 0.2°C vs. 23.9 ± 0.1°C 

for pure DMPC) and slightly decreased to 23.5 ± 0.1°C with 10% or 15% of DQ but in 

all cases the cooperativity of the transition remained unchanged since 0.6°C were 

needed to complete the transition in presence or in absence of DQ. Moreover, we 

observed no variation of the transition enthalpy since the molar enthalpy varied 

between 25.1 ± 0.8 kJ.mol−1 without DQ and 25.2 ± 1.2 kJ.mol−1 in the presence of 

DQ (whatever the ratio of DQ).  

These variations confirmed the lack of interaction between DMPC chains and DQ. In 

water, for DQ ratios below around 2%, no clear variation of the main transition 



  

temperature was observed without any alteration of the cooperativity. However, a 

small decrease in the enthalpy was found with a shift from 24.8 ± 0.3 kJ.mol−1 without 

DQ to 23.8 ± 0.5 kJ.mol−1 in the presence of DQ whatever the ratio of DQ (Figure 

4c). Between 2 and 4 mol% of DQ, a small decrease in the main transition 

temperature was observed with a small lowering of the cooperativity and no variation 

of the molar enthalpy (about 24.1 ± 0.5 kJ.mol−1). For higher ratios of DQ (above 4 

mol%), a stabilization of the onset temperature of the main transition at 22.7°C 

(versus 23.9°C for pure DMPC) was noticed without any alteration of the 

cooperativity but also of the enthalpy with an enthalpy value of 23.6 ± 0.7 kJ.mol−1 

(vs. 24.8 ± 0.3 kJ.mol−1 for pure DMPC). 

One hypothesis to explain these observations is that DQ may not interact with the 

hydrophobic tails of lipids to any great extent and does not affect chain packing. The 

abolition of the pre-transition peak may be attributed to a preferential interaction with 

DMPC head groups, as already observed in the literature with poly(amidoamine) 

(PAMAM) dendrimers and dipalmitoylphosphatidylcholine (DPPC) bilayers.35 Indeed, 

the pre-transition peak represents the conversion of a lamellar gel phase to a rippled 

gel phase; any modification of the space between polar head groups can prevent the 

transition between these two phases.36  

 

 

 

Figure 4 DSC thermograms of fully hydrated (90% weight) DQ/DMPC mixtures 

in pure water (increasing ratios from bottom to top, the ratio was expressed in 

mol%) obtained at a rate of 2°C.min−1 during heating. The inserts show 

enlargements of the pre-transition (a). Variations as a function of DQ 

proportion of onset () and endset () temperatures (b) and enthalpies (c) of 

the pretransition (dotted line) and of the main transition (full line). Temperature 

uncertainties are obtained from the linear fit of temperatures (see experimental 



  

part 2.6) and enthalpy values are mean of at least three experiments (mean ± 

SD; n ≥ 3). 

 

3.6 Transmission Electron Microscopy combined with Freeze-Fracture (FF-TEM) 

Freeze-fracture TEM is a particularly useful tool for characterizing the morphology of 

lipid structures. FF-TEM of pure lipid systems provides information on lamellar lipid 

phases (e.g. size, shape and lamellarity), but can also reveal the structure of non-

lamellar phases.37 It is an especially appropriate technique for distinguishing 

multilamellar, unilamellar and non-lamellar lipid structures, yielding complementary 

information to other techniques (DSC, SAXS/WAXS). 

DMPC bilayers rehydrated in absence of DQ show typical multilamellar liposomes 

(Figure 5a) with numerous adjacent bilayers. In presence of different ratios of DQ in 

water, a loss of multilamellar structures can be observed with the appearance of 

vesicular structures with only one bilayer (Figures 5b-5d) and clear boundaries 

typical of unilamellar vesicles. It is worth noting that for 1% DQ these objects coexist 

with multilamellar structures. With increasing ratios of DQ (2.5 and 5%) this 

coexistence is less prevalent. In PBS, the addition of 5% DQ did not change the 

aspect of bilayers, no clear difference can be observed between bilayers rehydrated 

in absence or presence of DQ (Figures 5e and 5f). These observations clearly 

reinforce the important role of the rehydration medium in the interaction between DQ 

and bilayers and the morphological changes confirm a stronger interaction in water. 

A probable explanation for the appearance of these unilamellar structures is the 

capacity of DQ to induce electrostatic repulsion between adjacent bilayers leading to 

membrane bending and, finally, to the formation of smaller unilamellar vesicles (with 

a size between 0.5 and 1 µm). 

 



  

 

 

Figure 5 FF-TEM images of DMPC membranes rehydrated in pure water (a, b, c, 

d) or in PBS (e, f) containing 0% (a, e), 1% (b), 2.5% (c) and 5% (d, f) of DQ. 

Scale bar represents 1 µm. 

 

3.7 Small- and wide-angle X-ray scattering 

The influence of DQ on DMPC was further investigated by X-ray diffraction. 

Synchrotron SAXS/D and WAXS/D studies were performed on DMPC alone and 

DMPC containing 2.5, 5 and 10 mol% of DQ at several temperatures (from 5 to 40°C) 

in pure water (Figures 6 and S4). The SAXS pattern of a pure DMPC dispersion 

obtained at 5°C in water showed the presence of 6 broad Bragg peaks (the sixth 

order of diffraction was not observed), characteristic of a lamellar phase with a 

periodicity equal to 59.5 Å, which is in good agreement with the results published by 

Janiak et al. in 197938, while the WAXS pattern displayed a narrow peak at q = 1.49 

Å−1 (d = 4.21 Å) together with a shoulder at q = 1.53 Å−1 (d = 4.11 Å), characteristic of 

the distorted hexagonal chain organization in the phospholipid Lβ’ phase. At 15°C and 

20°C, the WAXS patterns had only one symmetrical diffraction peak at q = 1.50 Å−1 

(d = 4.18 Å) indicating that the lipid chains were packed in a regular hexagonal 

lattice. Moreover, at 15°C and 20°C, the SAXS patterns were characteristic of the Pβ’ 

phase with a ripple length equal to 127.1 Å and 120.1 Å and with a lamellar distance 

of 65.0 Å and 64.9 Å, respectively. The lamellar distance and ripple wavelength 



  

obtained at 20°C are quite similar to those obtained by Janiak et al.38 or, more 

recently, by Wack and Webb.39 The WAXS pattern for the Lα phase, as would be 

expected, consists of a single broad diffuse reflection at q = 1.40 Å−1, corresponding 

to a distance between the hydrocarbon chains close to 4.5 Å, indicative of the liquid 

state. SAXS patterns obtained at 30°C and 40°C showed two Bragg reflections 

characteristic of the Lα phase with an interlamellar distance of 62.3 Å and 61.6 Å, 

respectively. Those values are in good agreement with the ones obtained by Pabst et 

al.29 at lower hydration (75% w/w). 

As can be seen in the SAXS patterns, the addition of 2.5 mol% of DQ to the DMPC 

system significantly changed the scattering patterns; causing a disappearance of the 

strong diffraction peaks and indicating loss of the smectic order of the DMPC 

bilayers, in both the gel phase and the fluid phase. This type of scattering pattern is 

consistent with that of unilamellar vesicles. A similar scattering pattern was observed 

for other systems with phospholipid bilayers in the absence of stacking; for example, 

in studies of mixed systems composed of the AT1 drug antagonist olmesartan and 

DPPC40 or of the acidic form of the anti-cancer drug gemcitabine and DPPC.41 This 

behaviour was observed with different ratios of DQ (from 1 to 15%) and at 

temperatures ranging from 0 to 50°C. This loss of binding may be attributed to 

electrostatic repulsion between adjacent membranes due to the positive charges of 

DQ. The first order diffraction peak is centered at q = 0.0154 Å−1, corresponding to a 

d-spacing of about 410 Å, which is relatively large compared with pure DMPC 

vesicles, showing that the vesicles are highly swollen with water. During heating, in 

the gel phase, this behaviour was not modified but above the transition temperature, 

that is, in the fluid phase regime, a decrease in this distance was observed (d around 

350 Å) and small and wide Bragg peaks, multiples of the low-q peak, were observed. 

The addition of a larger proportion of DQ (5 mol%) did not fundamentally alter the 

phenomena observed with 2.5 mol% of DQ. However, a decrease in the interlamellar 

distance of about 40 Å in the gel phase and 20 Å in the fluid phase was observed. 

Moreover, a new Bragg peak appeared in the scattering pattern of the sample with 5 

mol% of DQ at 0.67 Å−1. When the DQ content was further increased (10 mol%), no 

clear Bragg peak at low q could be observed at 5°C and 15°C and, for temperatures 

above or equal to 20°C, an interlamellar distance of about 300 Å could be 

determined. Furthermore, several Bragg peaks from crystalline DQ were visible at 10 

mol%. Indeed, comparison with the diffraction pattern of the pure molecule (Figure 



  

S3) demonstrated that all of the peaks coincided with those of crystalline DQ, 

showing a saturation of the bilayer with DQ for a content of about 5 mol%.  

Below the phase transition temperature, irrespective of the amount of DQ, WAXS 

patterns showed only one symmetrical diffraction peak at q = 1.50 Å−1 indicating that 

the hydrocarbon chains of DMPC molecules were in a gel-state packing. When the 

samples were heated above the phase transition temperature, the DMPC molecules 

were in the fluid phase with a very broad WAXS peak at q = 1.40 Å−1. 

 

 

Figure 6 SAXS and WAXS patterns of DMPC membranes in pure water 

containing different ratios of DQ (from bottom to top: 0, 2.5, 5 and 10 mol% of 

DQ) at 5°C (a), 20°C (b) and 40°C (c). For clarity, patterns are offset along the y-

axis. 

 

In order to investigate the influence of ionic strength on vesicle behaviour, a SAXS/D 

study was performed on pure DMPC hydrated in presence of PBS (Figures 7 and 

S5). At low temperature (5°C), three broad Bragg peaks were observed with a 

constant periodicity between each peak, showing the presence of a Lβ’ phase with a 

lamellar distance equal to 59.8 Å. At intermediate temperatures (15°C and 20°C), a 

complex profile with many broad peaks was observed, indicating the formation of a 

ripple phase Pβ’. Lamellar distances of 65.6 and 65.0 Å were determined at 15°C and 

20°C respectively.  

 

 



  

 

Figure 7 SAXS patterns of DMPC membranes in PBS containing different ratios 

of DQ (from bottom to top: 0, 5 and 10 mol% of DQ) at 5°C (a), 20°C (b) and 

40°C (c). For clarity, patterns are offset along the y-axis. 

 

The small peak at very low angles showed the ripple length of the Pβ’ phase to be 

127.1 Å at 15°C. At higher temperature (20°C), this peak became more defined and 

the corresponding ripple wavelength decreased to 120.1 Å. At even higher 

temperatures (30°C and 40°C), only two narrower Bragg peaks were observed, 

indicating the formation of a Lα phase with a lamellar distance equal to 63.0 Å and 

61.8 Å respectively. In presence of 5% of DQ and at low temperature (5°C), a 

strange and broad pattern was observed that cannot be attributed to a Lβ’ (or Lβ) 

phase. Taking into account the first intense peak, a repeat distance of 64.4 Å was 

determined (presumably equal to the interlamellar distance). After heating the sample 

to 15°C, an additional Bragg peak at 0.0537 Å−1 was observed, which could be 

attributed to the (0,1) peak of the ripple phase Pβ’. So, as a ripple phase was 

conspicuous at 15°C and since no phase transition was observed on the thermogram 

and because of the SAXS profile obtained at 5°C (especially the presence of a very 

low peak around 0.05 Å−1), we can envisage the formation of a ripple phase in 

presence of DQ at a lower temperature (below 0°C) than for pure DMPC. A similar 

result with a decrease of about 8°C of the temperature of interdigitated Lβ(i) − ripple 

phase Pβ’ transition of ether-linked 1,2-dihexadecylphosphatidylcholine was observed 

in presence of 0.8 M of trehalose by Takahashi et al. in 1997.42 From the first two 

Bragg peaks, a ripple wavelength and a lamellar distance equal to 117.1 Å and to 

65.2 Å were determined respectively at 15°C. At 20°C, this Bragg peak was better 

defined, as for pure DMPC, and a lower ripple wavelength (112.6 Å) and a similar 

lamellar distance (64.8 Å) were observed. At higher temperatures, a Lα phase with a 

lamellar distance equal to 63.5 Å was observed at 30°C but at 40°C a coexistence of 

two phases was detected, which could be attributed to the formation of a DQ-rich 

phase characterized by a higher lamellar distance (75.4 Å), due to the presence of 

dequalinium near the polar headgroup, and a second one with a lower lamellar 

distance (62.4 Å), very close to pure DMPC. Moreover, the same behavior was 

observed, and similar distances obtained, in presence of a higher ratio of DQ (10% of 

DQ). 



  

 

In order to obtain more information about the interaction of dequalinium chloride and 

DMPC in a situation more comparable to liposomes used for drug delivery, small-

angle X-ray scattering profiles were recorded on 100-nm extruded vesicles (Figure 

S6). In the case of pure DMPC membranes in water, one quasi-Bragg peak can be 

observed at 0.108 and 0.105 Å−1 at 6 and 32°C respectively, showing the presence 

of about 7.5% of oligolamellar vesicles, mostly formed of two bilayers, in the sample. 

Similar behaviour was observed in PBS with the presence of a quasi-Bragg peak at 

0.101 and 0.109 Å−1 at 6 and 32°C respectively and an increase in the amount of 

bilamellar vesicles in the sample (about 9.2%). In water, the presence of 4.7 mol% of 

DQ (of the 5 mol% originally added) in the bilayer led to a pure diffuse scattering 

pattern of single and non-interacting bilayers. In PBS, the addition of DQ in the 

bilayer (about 0.8 mol% of the 5 mol% initially introduced) led to a decrease in the 

proportion of oligolamellar vesicles by a factor of two and a quasi-Bragg peak is only 

visible at 0.103 Å−1 at 32°C. So, as a first conclusion, the addition of DQ tended to 

favour the formation of unilamellar structures. To go further with the analysis, 

electron density profiles were obtained from experimental data using the program 

GAP (Global Analysis Program), developed by Georg Pabst27,28 and obtained from 

the author. In PBS, because of the small amount of encapsulated DQ, no clear 

difference in the electron density profiles could be observed and the same membrane 

thickness (taking into account the uncertainty) as for membranes without DQ was 

determined (Figures S8 and 8). In contrast, in pure water, a modification of the 

electron density profile was observed in presence of DQ, only at low temperature 

(Figures S7 and 8). Thus, an increase in the bilayer thickness of 3.2 Å could be 

detected at 6°C. It should be noted that the bilayer thickness of pure DMPC in water 

(46.3 Å at 32°C) is very close to the value found by Pabst et al. (46.8 Å at 30°C).29 

 

 



  

  

Figure 8 Evolution of the bilayer thickness of DMPC membranes with or 

without DQ at 6°C or 32°C in pure water or in PBS. Bilayer thickness 

uncertainties are calculated from the fitting of SAXS profiles (see Figure S6). 

 

3.8 31P NMR, ESR and 2H NMR spectroscopy. 

To verify the effect of DQ on DMPC polar head groups and to obtain some 

information about its location, 31P NMR studies were performed on pure DMPC 

bilayers and DMPC bilayers in presence of 1, 2.5, 5, 7.5 and 10 % of DQ in water. 

Typical static powder-like spectra were obtained, showing that the phospholipids 

were in a bilayer arrangement. Hence, the traces obtained at 6, 18 and 32°C for pure 

DMPC are similar to those obtained in the literature.43 For DQ-containing bilayers at 

either ratio, no extra isotropic peaks were observed, which is in accordance with a 

unique phospholipid environment (Figures 9a-9c). The chemical shift anisotropy 

(CSA), which corresponds to the full width of NMR peaks and can be used to 

investigate polar head group mobility and related membrane fluidity, was determined 

and plotted as a function of temperature (Figures 9d and S9). The CSA values 

obtained for pure DMPC in the fluid phase are in accordance with the literature with a 

value around 49 ± 2 ppm.44,45 For pure DMPC, two CSA jumps were observed 

corresponding to the transition between the solid-ordered phase (Lβ’) and the ripple 

phase (Pβ’) (T = 13°C) and to the transition between the ripple phase and the liquid-

disordered phase (Lα) (T = 24°C). The addition of 1% of DQ led to the disappearance 

of the pre-transition and did not influence the temperature of the main phase 
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transition (T = 24°C, n = 3), indicating that intermolecular interaction between the 

hydrocarbon tails of phospholipid molecules was unmodified by the presence of DQ. 

A decrease in CSA between 0 and 13°C (Figure 9d; at 0°C: 90 ± 1 ppm for 1% DQ 

vs. 98 ± 1 ppm for pure DMPC) and an increase in CSA in the fluid phase (53 ± 2 

ppm at 35°C) were observed in presence of 1% of DQ, indicating a fluidization of the 

solid-ordered phase and a rigidification of the liquid-disordered phase. Furthermore, 

the change in the lineshape of the 31P NMR for this sample, more specifically in the 

liquid-disordered phase, indicates a fragmentation of DMPC/DQ vesicles leading to a 

disparity of the vesicle sizes with coexistence of small unilamellar vesicles and larger 

vesicles, as previously observed by Traïka et al..46 The addition of a higher 

proportion of DQ (between 2.5 and 10 %) to DMPC did not significantly influence 

either the temperature of the main phase transition (T = 23°C for the four samples) or 

the CSA values for the fluid phase (CSA = 52 ± 1 ppm at 35°C) and the gel phase 

(CSA = 88 ± 1 ppm at 0°C). Since the CSA is directly related to reorientation of the 

polar head and the transition temperature to acyl chain packing, those results confirm 

a preferential interaction between DQ and phospholipid head groups. 

 

 

  



  

 

 

Figure 9 31P-NMR spectra of pure DMPC and DMPC containing between 1% and 

10% of DQ in pure water at 6°C (a), 18°C (b) and 32°C (c). Panel d: chemical 

shift anisotropy (CSA) as a function of temperature of pure DMPC and DMPC 

containing 1% and 5% DQ. 

 

In order to make sure that dequalinium was located near the head group of the 

phospholipids, electron spin resonance spectroscopy experiments using spin labels 

were carried out to investigate the membrane fluidity as a function of temperature. 

Two probes were used separately, 5-DOXYL-stearic acid (5-DSA) to give information 

about superficial membrane fluidity and 16-DOXYL-stearic acid (16-DSA) for the 

inner membrane region. With 5-DSA, two types of behaviour could be observed 

depending on the proportion of DQ (Figure S10). For DMPC alone or with a low ratio 

of DQ, similar curves were obtained: a relatively linear decrease of the order 

parameter S was observed when the temperature was increased. On the other hand, 

with a higher DQ content, a decrease of the order parameter S was first noticed at 



  

the beginning of the temperature gradient; then, for high temperatures, the order 

parameter remained relatively constant and higher than that observed for lower 

proportions of DQ, showing a rigidification of the DMPC bilayer at high temperature in 

the presence of a high proportion of DQ. These phenomena were not observed when 

using a marker of the inner compartment of the membrane. Indeed, the results 

obtained with 16-DSA failed to show any difference in the rotational correlation time 

c of the probe as a function of DQ content at any temperature (Figure S11). These 

findings confirm that DQ was preferentially located near the phospholipid polar head. 

 

To investigate the adsorption of DQ into the headgroup region of the membrane 

more closely, 2H NMR spectra of DQ-containing membranes prepared from DMPC 

with choline deuterated on the α and β methylene groups (DMPC-d4) were recorded. 

Analysis of the deuterium NMR spectra of deuterated headgroup 

phosphatidylcholines, allows conformational changes of the phosphocholine segment 

to be monitored, for example, as function of temperature,47 for insertion of 

amphiphiles such as cholesterol,48 membrane hydration,49 or charge density at the 

membrane surface.50 As in the 31P NMR studies, typical axially symmetrical 2H NMR 

spectra typical of phospholipids in a bilayer arrangement were obtained in the 

presence of various DQ concentrations at 37°C (Figure S12). Similarly, there is a 

slight heterogeneous line broadening of the NMR spectra recorded at low DQ 

proportions, reflecting the sample disparity resulting from the partial fragmentation of 

the DMPC multilamellar liposomes into smaller vesicular aggregates, as shown by 

freeze-fracture (Figure 5). Figure 10a shows the deconvoluted (DePaked) traces 

obtained from these powder spectra, allowing a precise measurement of the two-

observed deuterium quadrupolar splittings attributed to the α and β CD2 methylene 

groups of the choline headgroups. In the absence of DQ, the splitting is larger for the 

α deuterons (12.7 kHz) than for the β deuterons (10.4 kHz). The linewidth of the 

former is also larger due to a slight inequivalence of the α deuterons. The assignment 

of the choline α and β quadrupolar splittings were deduced from previous studies 

with DMPC deuterated specifically at the α or β positions,51 and from their 

temperature dependence,47,48 where the β splitting is known to decrease upon 

heating, while the α splitting remains constant (Figure S13). The two splittings 

coalesce upon addition of 1% DQ and are resolved again with 3% DQ. Based on 

their temperature dependence (Figure S13), we can assign the larger splitting at 3% 



  

DQ to the β deuterons, indicating in fine that the DQ binding to the DMPC 

membranes induces an increase and a decrease, respectively, of the β and α 

quadrupolar splittings. Similar, although smaller variations are obtained with 5% DQ, 

a concentration above which the effect induced by DQ on the choline headgroup 

appears to reach a plateau as confirmed by the spectrum recorded with 10% DQ. 

These results are summarized in Figure 10b showing the DQ concentration 

dependence of the choline α and β quadrupolar splittings, revealing a clear saturation 

of the choline perturbation above 5% DQ.  

 

 

 

Figure 10 (a) 2H-NMR DePaked spectra of DMPC-d4 membranes in pure water at 

pH 7 or in PBS recorded at 37°C with 0%, 1%, 3%, 5%, 10% of DQ. (b) 

Dequalinium concentration dependence of the quadrupolar splittings of the 

choline  (, ) and  (, ) methylene deuterons measured on the NMR 

spectra of panel (a), in pure water (, ) or PBS (, ). 

 

The analysis of the two curves indicates that the amplitude of the α decrease is about 

twice that of the β increase. This pattern is typical of a conformational change of the 

choline headgroup induced by the insertion of a cationic layer of charges at the 

membrane surface. This latter effect is due to a well-known property of the 

phosphocholine dipole formed between the negatively charged phosphorus and 

positively charged quaternary ammonium groups, which acts as a “molecular 

electrometer” sensitive to the sign and the density of the membrane smeared surface 

charge50. According to the well-established model developed from 1981 by J. 

Seelig47, M. Bloom52 and P. McDonald50, the α splitting decreases or increases upon 



  

membrane adsorption of cationic or anionic charges respectively, while the β splitting 

varies in the opposite sense to the α splitting. For instance, it has been shown52 that 

the binding of metallic cations such as Ca2+ to phosphatidylcholine membranes 

induces an effect which is similar to that observed here with DQ, while the 

incorporation in the bilayers of negatively charged phosphatidylserine induces the 

opposite effect, that is a decrease and an increase of, respectively, the α and β 

quadrupolar splittings. Thus, the choline response observed in the presence of the 

positively charged cation DQ2+ to our DMPC membranes, is a clear indication of its 

adsorption at the membrane surface, with the cationic aromatic cycle located 

similarly to Ca2+, at the bottom of the headgroup region.51,52 A more comprehensive 

study of the DQ/DMPC system, which will be published elsewhere, suggests that the 

response of the phosphocholine “molecular electrometer” to the layer of DQ charges 

at saturation is actually equivalent to that induced by the cationic layer of membrane 

bound Cd2+ ions on phosphatidylcholine headgroups.47 

Finally, we investigated the choline response to 10% DQ with membranes prepared 

in PBS. As shown on Figures 10a and 10b, the response observed at this 

concentration is smaller in the presence of PBS than in pure water, giving α and β 

splitting values around those observed with 1% DQ in water, confirming that DQ 

binding to DMPC membranes is attenuated in PBS. 

 

3.9 Modelization of possible interactions between DQ and lipid membranes  

Taking all our experimental data together, we have created a tentative model of the 

interactions between DQ and lipid bilayers (Figure 11). Using a variety of techniques, 

we found DQ can interact better with bilayers rehydrated in water than in saline 

medium. Moreover, we also found DQ was able to interact with polar head groups, 

independently of the presence of PEG, in water due to its two delocalized positive 

charges, as indicated by the large variations in ζ-potential that were observed 

(Figures 2c and 3a). In an ionic medium like PBS, we found that DQ did not remain 

associated with the surface of empty liposomes (Figure 3c). Thus, electrostatic 

binding of DQ to negatively charged lipid head groups seems to be the driving force 

for its encapsulation during film formation. Together with DSC studies, NMR 

experiments suggest a strong interaction with polar head groups in water 

(disappearance of the pre-transition), and a low interaction with hydrophobic chains 



  

meaning that chain packing was not strongly disturbed (Figures 4 and 6). We can 

then assume a “U-shape” insertion of dequalinium in the bilayer more than a fully 

extended membrane-spanning insertion, due to a poor incorporation capacity and 

strong electrostatic interactions with polar head groups (Figure 11). 

 

 

 

Figure 11 Sketch of probable insertion of DQ in a lipid bilayer. DQ may induce 

membrane repulsion due to electrostatic interactions with negatively charged 

polar head groups of two adjacent bilayers in water leading to the formation of 

vesicles. 

 

In fact, symmetrical molecules separated by a saturated hydrocarbon chain tend to 

adopt this conformation in lipid environments.54 Moreover, Monte-Carlo simulations of 

DQAsomes showed the coexistence of stretched and horseshoe (U-shape) 

conformations of DQ, the proportion between these two conformations being highly 

temperature-dependent.55 31P and 2H NMR studies confirmed a preferential 

interaction between DQ and polar head groups in the fluid phase but also an effect 

on the pre-transition (Figure 9). In addition, the DSC, WAXS/D and 2H NMR 

experiments confirmed the maximum incorporation of DQ in the bilayer in pure water 

to be around 5 mol%. Moreover, complex SAXS patterns obtained in water revealed 

possible attraction/repulsion phenomena between bilayers containing DQ despite a 

conserved lamellar structure seen with 31P and 2H NMR experiments. Furthermore, 

the 2H NMR experiments demonstrate unequivocally, that DQ2+ is closely bound at 

the surface of the zwitterionic DMPC membranes. All these results suggest that 

encapsulation of DQ in liposomes should be performed in water rather than strong 

ionic media for better stability. The difficulty of incorporating DQ in liposomes in ionic 



  

media could be due to the phenomena of Debye screening or the formation of "salt-

bridges" between DQ and anionic buffer components. This is exemplified in the work 

of Weissig et al. in which they briefly stated they could not incorporate DQ in 

liposomes at “physiological salt concentrations”18. Lower encapsulation efficiencies of 

DQ in PBS compared with pure water together with unchanged main transition 

temperature observed in PBS clearly indicate a weak electrostatic interaction 

between DQ and lipid bilayers. This has also been seen for the interaction of some 

antimicrobial peptides and DMPC model membrane.56 In several other published 

studies, DQ-based liposomes were used to deliver anthracyclines14-16 or topotecan13 

which can be incorporated by remote loading. This technique requires the use of 

ammonium sulfate (250 mM) as a rehydration buffer which may not guarantee an 

optimal encapsulation efficiency of DQ or good stability over time due to high ionic 

strength. It should be borne in mind that using deionized water as the suspension 

medium is not suitable for intravenous injection because of osmotic unbalance with 

physiological osmolality (290 mOsmol.kg-1).57 Therefore, salt-free isotonic solutions 

such as 5% dextrose or 10% sucrose can be suggested as the hydration medium but 

the ionic strength will necessarily rise after mixing with physiological fluids, leading to 

loss of DQ.58 Consequently, alternative approaches for mitochondrial targeting with 

lipid systems can be recommended; for example, the use of other targeting 

molecules such as peptides like mitochondria penetrating peptide (MPP)59 or TPP 

that can be stably inserted in lipid bilayers when conjugated with a stearyl group 

(STPP)60 or using DQ at the end of the PEG chain as previously described with 

liposomes encapsulating resveratrol17. FF-TEM experiments also revealed DQ was 

able to form vesicles from bilayers. A probable explanation for this phenomenon is 

membrane swelling and bending due to electrostatic repulsion. The profound change 

in the SAXS profiles suggests that DQ was inserted into the lipid bilayers. Since 

DMPC is zwitterionic it is likely that DQ interacts with the negative charge on the 

phosphate group, favoring insertion into the bilayer. Indeed, electrostatic interactions 

also occur with zwitterionic membranes, for example, divalent cations such as Ca2+ 

or Cd2+ are able to bind pure phosphatidylcholine membranes without any anionic 

lipids.47,52 The 2H NMR experiments indicate clearly that DQ2+ interacts with DMPC 

bilayers in a similar way. 

Another reason for the observed liposome fragmentation could be the generation of a 

positive curvature in the outer leaflet of the membrane due to the “U-shaped” 



  

insertion of DQ at the interface, as observed upon insertion of non-cylindrical inverted 

cone-shaped amphiphilic molecules into the bilayer. If any, this curvature effect is 

probably not the main driving force for the fragmentation of multilamellar liposomes, 

and electrostatic interaction must be also involved. The adsorption of cationic DQ2+ at 

the membrane surface in pure water is expected to induce electrostatic-driven 

repulsion between the bilayers, loosening the multilamellar structure and also 

allowing its fragmentation into smaller lipid vesicles. 

 

4 Conclusions 

In this paper, we have investigated the feasibility of using DQ-loaded liposomes as a 

mitochondrial targeting agent. Indeed, in the literature, several studies of 

mitochondriotropic liposomes encapsulating chemotherapeutics revealed interesting 

results, suggesting new strategies for cancer therapy. For example, some targets 

involved in the cancer disease such as hsp90 have isoforms localized in the 

mitochondria, leading to growing interest in specific targeting of this organelle.53 

However, the interaction between DQ and lipid bilayers has never been discussed in 

the literature. Our results indicate that this interaction depends strongly on the ionic 

strength and that the association would be unstable in physiological salt condition. 

This work paves the way for further studies to reconsider the formulation of DQ-

based nanomedicines and, more generally, on how positively charged lipophilic 

compounds can accumulate within and interact with mitochondrial membranes. In 

this context, it would be interesting to study mixed membranes of PC with an anionic 

lipid, with which we would anticipate a stronger DQ binding, even in the presence of 

PBS. These results would give further insights into the mechanism occurring at the 

level of the mitochondrial envelope where DQ accumulates and exerts its anticancer 

activity. 
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All figure captions 

Figure 1 Chemical representation of the cationic bolaamphiphile dequalinium. 

 

Figure 2 Encapsulation efficiency of dequalinium in liposomes (eggPC/CH/DSPE-

PEG2000 65/30/5) made in water or PBS after 24h of storage at 4°C (a). Liposomes 

were centrifuged (10 min; 10,000 g) and then ultrafiltrated to remove precipitated DQ 

prior to measurements. -potential variation of empty and DQ liposomes (10% of DQ) 

made in PBS (b) and water (c) immediately after preparation and after 24h of storage 

at 4°C. For these experiments, organic solutions of dequalinium and lipid mixture 

were dried to obtain a film that was then rehydrated and extruded to form small 

unilamellar vesicles. Values are mean of three independent experiments (mean ± 

SD; n = 3). 

 

Figure 3 Influence of DQ on ζ-potential of after addition to pre-formed liposomes 

(eggPC/CH/DSPE-PEG2000 65/30/5) made in water (white circles) or PBS (black 

circles) (a). Influence of DSPE-PEG2000 on ζ-potential difference after addition of 10% 

DQ (molar ratio) to empty liposomes with different proportions of DSPE-PEG2000. ΔζP 

= ζP(liposomes + 10% DQ) - ζP(empty liposomes) (b). Association efficiency of 10% 

(molar ratio) DQ added to liposomes (eggPC/CH/DSPE-PEG2000 65/30/5) made in 

PBS (black) and in pure water (white) c). Values are mean of three independent 

experiments (mean ± SD; n = 3). 

 

Figure 4 DSC thermograms of fully hydrated (90% weight) DQ/DMPC mixtures in 

pure water (increasing ratios from bottom to top, the ratio was expressed in mol%) 

obtained at a rate of 2°C.min−1 during heating. The inserts show enlargements of the 

pre-transition (a). Variations as a function of DQ proportion of onset () and endset 

() temperatures (b) and enthalpies (c) of the pretransition (dotted line) and of the 

main transition (full line). Temperature uncertainties are obtained from the linear fit of 

temperatures (see experimental part 2.6) and enthalpy values are mean of at least 

three experiments (mean ± SD; n ≥ 3). 

 

Figure 5 FF-TEM images of DMPC membranes rehydrated in pure water (a, b, c, d) 

or in PBS (e, f) containing 0% (a, e), 1% (b), 2.5% (c) and 5% (d, f) of DQ. Scale bar 

represents 1 µm. 



  

 

Figure 6 SAXS and WAXS patterns of DMPC membranes in pure water containing 

different ratios of DQ (from bottom to top: 0, 2.5, 5 and 10 mol% of DQ) at 5°C (a), 

20°C (b) and 40°C (c). For clarity, patterns are offset along the y-axis. 

 

Figure 7 SAXS patterns of DMPC membranes in PBS containing different ratios of 

DQ (from bottom to top: 0, 5 and 10 mol% of DQ) at 5°C (a), 20°C (b) and 40°C (c). 

For clarity, patterns are offset along the y-axis. 

 

Figure 8 Evolution of the bilayer thickness of DMPC membranes with or without DQ 

at 6°C or 32°C in pure water or in PBS. Bilayer thickness uncertainties are calculated 

from the fitting of SAXS profiles (see Figure S6).  

 

Figure 9 31P-NMR spectra of pure DMPC and DMPC containing between 1% and 

10% of DQ in pure water at 6°C (a), 18°C (b) and 32°C (c). Panel d: chemical shift 

anisotropy (CSA) as a function of temperature of pure DMPC and DMPC containing 

1% and 5% DQ. 

 

Figure 10 (a) 2H-NMR DePaked spectra of DMPC-d4 membranes in pure water at pH 

7 or in PBS recorded at 37°C with 0%, 1%, 3%, 5%, 10% of DQ. (b) Dequalinium 

concentration dependence of the quadrupolar splittings of the choline  (, ) and  

(, ) methylene deuterons measured on the NMR spectra of panel (a), in pure 

water (, ) or PBS (, ). 

 

Figure 11 Sketch of probable insertion of DQ in a lipid bilayer. DQ may induce 

membrane repulsion due to electrostatic interactions with negatively charged polar 

head groups of two adjacent bilayers in water leading to the formation of vesicles. 

 

 

  



  

Graphical abstract 

 

 


