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Abstract 

Miltefosine an alkylphosphocholine analogue, is the only drug taken orally for the treatment of leishmaniasis-a parasitic 

disease caused by sandflies. Although it is believed that Miltefosine exerts its activity by acting at the lipid membrane, 

detailed understanding of the interaction of this drug with eukaryotic membranes is still lacking. Herein, we exploit 

microcavity pore suspended lipid bilayers (MSLBs) as a biomimetic platform in combination with a highly sensitive label-

free electrochemical impedance spectroscopy (EIS) technique to gain biophysical insight into the interaction of Miltefosine 

with host cell membrane as a function of lipid membranes composition. Four membrane compositions with increasing 

complexity were evaluated; DOPC, DOPC:Chol (75:25), domain forming DOPC:SM:Chol (40:40:20) and mammalian 

plasma membrane (MPM) mimetic DOPC:DOPE:Chol:SM:DOPS (32:25:20:15:8) and used to study the interaction of 

Miltefosine in a concentration-dependent manner using EIS. The membrane resistance changes in response to Miltefosine 

were modelled by an empirical Langmuir isotherm binding model to provide estimates of binding saturation and equilibrium 

association constant. Miltefosine was found to have greatest impact on electrochemical properties of the simpler membrane 

systems; DOPC and DOPC:Chol, where these membranes were found to be more susceptible to membrane thinning, 

attributed to strong permeation/penetration of the drug whilst, compositions that included both Chol and SM, expected to 

contain large liquid-ordered domains exhibited weaker changes to membrane resistance but strongest drug association. In 

contrast, at the MPM membrane, Miltefosine exerts weakest association, which is tentatively attributed to electrostatic 

effects from the anionic DOPS but some membrane thinning is observed reflected in change in resistance and capacitance 

values attributed to some weak permeation.  

Keywords: pore-suspended bio-membranes, impedance spectroscopy, lipid-drug interaction, leishmaniasis, Miltefosine, 

drug-permeation  
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1. Introduction 

Leishmaniasis diseases in humans are caused by 

intracellular protozoan parasites of the species 

Leishmania.  They are spread by the bite of sandflies, and 

lead to numerous symptoms including skin ulceration, low 

red blood cells count, and enlarged spleen and liver.[1,2] 

Miltefosine is an alkyl phospholipid analogue used in the 

past for its antitumor[3] and anticancer activity[4], and the 

only oral drug currently approved for the treatment of 

leishmaniasis.[5–7] The drug acts on Leishmania primarily 

by affecting amastigote and promastigote stages of the 

species.[8] It is widely believed that Miltefosine exerts its 

activity through interaction with the parasite cell 

membrane surface[9], inhibiting cytochrome C oxidase and 

causing apoptosis-like cell death through its modification 

of membrane integrity.[10] Although the clinical efficacy of 

Miltefosine is well established along with its 

pharmacology and therapeutic efficiency[11,12], the 

molecular mechanism of its interaction at the lipid bilayer 

membrane, where its action is centred, is not fully 

elucidated. Given it is an alkyl phospholipid, it assembles 

readily into the cell membrane where it accumulates and 

interferes with membrane based signalling. Data from cell 

(macrophages) based studies show Miltefosine affects 

lipid homeostasis, autophagy, and dampening NLRP3 

inflammasome assembly.[13] Furthermore, it is transported 

across the cell membrane, but details of the mechanism i.e. 
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whether by passive or active mode remain unclear. In this 

context, model membrane studies can be a useful platform 

to provide molecular-level insight towards the Miltefosine 

action. 

Two widely applied surrogate technologies for in vitro 

prediction of passive small molecule membrane 

permeability, that have been applied to study of 

Miltefosine are parallel artificial membrane permeability 

assay (PAMPA)[14,15] and the immobilized artificial 

membrane (IAM)[16]. These methods have the advantage 

of being relatively straightforward to implement and are 

advances on LogP/D studies where they provide reliable 

insight into drug physicochemical properties, but are 

limited in that they do not present a true lipid membrane 

for analysis. Langmuir monolayers at the air/water 

interface have been examined and Miltefosine binding to 

individual phospholipids and cholesterol has been reported 

at these monolayer films.[17–19] The mechanism of 

Miltefosine adsorption was investigated in detail by 

Ménez et al.[20,21] using another in vitro permeability 

testing caco-2 cells assay. From these studies, it was 

observed that below 50 ᴍ concentration, membrane 

translocation was found to be mediated mainly by non-

saturable passive paracellular diffusion, while above this 

concentration, the transport mechanism is saturable and is 

likely an active carrier-mediated cellular transport. 

Although the above studies provide important insights into 

Miltefosine transport, possible inhibition due to the 

transporter protein present in caco-2 cell line which could 

result in drug-drug interactions, use of high concentration 

of drug above physiological concentration (typically 20 

ᴍ)[11,22] and importantly, the above method is time-

consuming and individual membrane role towards the drug 

binding, etc limiting its use.   

 True lipid bilayer membranes provide a useful  in vitro 

approach to modelling membrane interactions and include 

microcavity supported lipid bilayers (MSLBs) described 

herein. They offer low cost, but strongly biomimetic 

means to study the interactions of drugs with lipid bilayer 

during the earliest stages of drug development.[23] MSLBs 

are one out of several in vitro platforms that have been 

used to anticipate passive membrane permeability and 

membrane-associated toxicological problems isolated 

from the complexity of the living cell.[24–27]  Other true 

lipid bilayer models such as liposomes and supported lipid 

bilayers (SLB) have been widely applied to interrogate the 

interaction of membrane lipids with small molecules.[28–33]  

For drugs like Miltefosine, their study by surrogate 

methods such as PAMPA, or in biophysical models such 

as liposomes, that use optical detection, is a challenge 

because such drugs do not contain an accessible 

luminophore or chromophore, and their strong structural 

analogy to lipids renders them difficult to distinguish from 

background using vibrational spectroscopic methods. 

Interrogation by electrochemical means then, becomes a 

valuable alternative for evaluating drugs without 

chromophores. Liposomes are difficult to interrogate, 

electrochemically but supported lipid bilayers are 

assembled at interfacial supports that can be readily 

addressed by electrochemistry and indeed surface-

enhanced vibrational spectroscopy[29,34–38].  Though SLBs 

suffer from artefactual effects of pinning on the fluidity 

and functionality of the bilayer and associated proteins that 

can limit biomimicry of SLBs.[39–41] Several modifications 

have been introduced to decouple the proximal leaflet from 

the substrate and promote the mobility of membrane. 

These include tethered lipid bilayer membranes and 

cushioned bilayer membranes[40,42–46] but issues as 

described, over mobility and also over lack of receptor 

volume for drug permeation studies remained an issue.  

Lipid membranes supported over aqueous filled pores 

provide a strongly biomimetic approach to overcome these 

issues whilst maintaining membrane stability. Most 

importantly, in the case of buffer filled pore supported 

bilayers, they offer the advantage of receiver aqueous 

reservoir, that SLBs lack, in contact with proximal leaflet, 

that mimics the cytoplasm.[47–50] We recently reported 

such microcavity array supported lipid bilayers (MSLB) 

formed on the gold substrate and applied as working 

electrodes for electrochemical measurements to study 

drug-membrane and protein-membrane interaction.[36,51–

54]  

Herein, we use the MSLB platform, to study 

electrochemical impedance spectroscopic response of 

biomembrane on Miltefosine drug incubation with four 

different symmetric biomembranes composed of DOPC, 

DOPC:Chol (75:25), DOPC:SM:Chol (40:40:20) and 

mammalian plasma membrane (MPM) mimetic. Of the 

four, the first three mimic the eukaryotic membranes with 

varied complexity, whereas the last one is a mammalian 

mimetic fusogenic composition (MPM) comprised of 32% 

DOPC, 25% DOPE, 20% cholesterol, 15% SM and 8% 

DOPS coined ‘nature’s own’ by Lentz et al[55] is intended 

as a mimic of the gastrointestinal tract. The concentration 

of Miltefosine at each membrane type was varied 

systematically within a physiological concentration 

range[11] in PBS buffer and the impact of Miltefosine on 

the electrical properties of these membranes were 

examined. Changes to the membrane resistance and 

capacitance plotted using an empirical Langmuir isotherm 

binding model provide quantitative insights into relative 

extent of membrane responses towards Miltefosine 

interaction. 

2. Materials and Methods 

2.1. Materials 
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1,2-Dioleyl-sn-glycerophosphocholine (DOPC), 1,2-

Dioleyl-sn-glycerophosphoethanolamine (DOPE), 1,2-

Dioleyl-sn-glycerophosphoserine (DOPS), 1,2-Dioleyl-

sn-glycerophosphoglycerol (DOPG) and Sphingomyelin 

(Brain, Porcine) in powder form were purchased from 

Avanti polar lipids (Instruchemie, The Netherlands). 

Cholesterol, Miltefosine and phosphate buffer saline 

(PBS) tablets were purchased from Sigma-Aldrich 

(Wicklow, Ireland). Ultrapure water with a resistivity  

18.2 Mcm was produced by a Milli-Q (Millipore 

Academic) system and used for monolayer studies and 

buffer preparation. All reagents were of high purity and 

obtained from Sigma-Aldrich.  

2.2. Methods 

2.2.1. Fabrication of microcavity array substrate 

The fabrication of microcavity array on the gold substrate 

was completed with a slight modification of the procedure 

reported previously.[36] A step-by-step method for the 

fabrication of cavity array is shown in Scheme 1. First, in 

step-i, the calculated amount of 1 µm polystyrene (PS) 

sphere (1 wt % v/v in Milli-Q water) was drop cast onto 

the cleaned gold substrate of size 1.51 cm2. The PS 

solutions were left for drying overnight in a closed 

chamber at 4 °C, while keeping the slide at a slanted angle  

to ensure monolayer coverage of the PS spheres across the 

whole area. In step-ii, PS covered gold substrate was 

subjected to gold deposition by submerging the substrate 

into gold electroplating solution.  The controlled gold 

deposition was carried out using chronoamperometry. The 

deposition was monitored from the shape of the I-t curve. 

The growth process was continued until the gold 

deposition reached the equator of the hexagonally packing 

array PS templating spheres and was then stopped. This 

takes approximately 400 s as shown from the I-t curve in 

Scheme 1a, step-ii. Following gold deposition, in step-iii, 

the electrode was washed with Milli-Q water, dried under 

a gentle stream of N2 gas, and immersed in 1 mM ethanolic 

solution of 6-mercapto-1-hexanol for 48 hours, to form 

self assembled monolayer (SAM) at the exposed gold 

surface. After 48 hours, the gold substrate was removed 

and washed in a copious amount of ethanol to remove 

excess unbound thiol. Finally, in step-iv, the substrate was 

soaked in THF for 5 min to remove the PS template and a 

gold microcavity array with thiol SAM localized to the top 

inter-pore gold surface is formed. As described previously, 

retention of the templating PS sphere until the last step 

prevents the SAM forming at the pore interior, limiting 

SAM to the regions at the top surface of the array between 

pores.[52] Using this approach our SAM comprised an 

alkanethiol molecule with terminal hydroxyl group that 

serves to increase surface hydrophilicity promoting stable 

bilayer formation whilst leaving the interior cavity for 

aqueous buffer filling or selective chemical modification 

of other functional groups. The cavities used herein are of 

1 µm radius and 0.5 m pore depth, confirmed by atomic 

force microscopy (Scheme 1b).  

2.2.2. Fabrication of pore suspended lipid bilayer 

The thiol modified gold substrate with terminal -OH group 

promotes the wettability of gold substrate and renders it 

suitable for Y-type Langmuir-Blodgett transfer of 

monolayer. Crucially, immediately prior LB deposition, 

the cavities were filled with aqueous PBS buffer. 

Following filling, the gold substrate was submerged into a 

Langmuir trough (model KN2006 from KSV-Nima 

technology) filled with Milli-Q water for LB deposition at 

the air/water interface.  

 

Scheme 1. (a) Schematic representation of microcavity array 

using polystyrene template method.  (b) Illustrates AFM image 

(Top) and line profile analysis (bottom) of gold microcavity 

array. The scale bar in the image was 2 µm. (c) Represents a 

schematic representation of MSLB (left) along with ECM circuit 

(right). Various components of the ECM are; 𝑅𝑒𝑙  : electrolyte 

resistance, 𝐶𝑠𝑡𝑟𝑎𝑦: stray capacitance, 𝑅𝑀: membrane resistance, 

𝑄𝑀: membrane capacitance, 𝑅𝑎𝑟𝑟𝑎𝑦: cavity array resistance, and 

𝑄𝑎𝑟𝑟𝑎𝑦: array capacitance. (d) Representative stability plot of 

DOPC MSLB showing the relative change in resistance versus 

time. An arrow mark is to show the equilibration time (~2 hr) at 

which Miltefosine is added to the cell. (e) Chemical structure of 

hexadecylphosphocholine, Miltefosine. 
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Next, approximately 50 µL of 1 mg/mL the lipid solution 

(either single component or lipid mixtures with required 

mole ratios) were prepared in chloroform and added to the 

water surface dropwise. Fifteen minutes were allowed for 

the evaporation of chloroform before lipid monolayer 

compression. The rate of compression was set for 9.8 

Å2molecule-1min-1 using software control and, typically 

two compression and two expansion cycles were 

performed before the collapse surface pressure reached. 

The surface pressure of the lipid monolayer due to the 

reduction of surface tension of water was monitored using 

a Pt Wilhelmy plate sensor. Next, the monolayer is 

compressed up to 33 mN/m, and held for 5 mins. The first 

monolayer was transferred by vertically withdrawing the 

substrate from the monolayer at a speed of 5 mm/min (up-

stroke) and the second layer was formed by bringing the 

substrate via down-stroke at a speed of 3 mm/min to the 

monolayer covered aqueous subphase, to form the 

microcavity suspended lipid bilayer (MSLB). A schematic 

representation of the MSLB is shown in Scheme 1c. 

Finally, the substrate was removed from the water 

subphase without exposure to air and transferred to the 

electrochemical cell for measurement. 

2.2.3. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) 

measurement was performed with a CHI760e (CH 

Instrument, USA). A standard 3-electrode cell was 

employed for all measurements, comprised of gold 

microcavity array covered lipid bilayer as a working 

electrode, an Ag/AgCl (1 ᴍ KCl) reference and a coiled 

platinum wire counter electrode. The EIS data were 

recorded across a frequency range of 0.05 to 105 Hz with 

an AC modulation amplitude of 10 mV at a DC potential 

bias of 0 V (vs Ag/AgCl). All measurements were carried 

out in a glass cell (approximate volume of 4 mL of 0.01 ᴍ 

PBS). The EIS of the aqueous filled microcavity array 

coated with the lipid bilayer was measured initially before 

the addition of drugs to ensure signal stability. The non-

Faradaic EIS signal from the MSLBs was evaluated for 

stability, and was found that when initially placed in 

contact with the PBS buffer, an initial fluctuation of 

resistance is seen that stabilizes within an hour and then 

remains unchanged over a prolonged window ~24 hrs 

(Scheme 1d). This 24 hrs window of stability is well 

beyond our experimental time window (3-4 hrs) for 

Miltefosine binding studies.  A time lag of 90-120 mins 

was allowed for each membrane composition to ensure it 

had equilibrated in the electrochemical cell (no fluctuation 

of EIS) before drug solutions were titrated. The EIS 

response of the lipid bilayer was then measured at 

incremental drug concentration over the range 0-20 µM. 

The Miltefosine (see chemical structure in Scheme 1e) was 

initially prepared as a stock solution (10 mg/mL) in PBS 

and this was aliquoted into the cell to achieve the required 

final drug concentration and mixed thoroughly. At no 

point, did the volume added to the cell exceed 20 µL. An 

equilibration time of 20 mins was allowed after each 

aliquot before the data were recorded. Each measurement 

takes approximately 3 min to complete and was carried out 

at room temperature (221 °C). At least, 6-8 runs (20-30 

mins) were performed for each concentration to ensure an 

equilibrated signal of impedance. The impedance of the 

MSLBs at each composition was assessed in triplicate, as 

well as their temporal stability. The measured data were 

analyzed using Z-View software (Scribner Associates, 

v3.4e) with the fitting equivalent circuit model (ECM) 

shown in Scheme 1c. The best fit using the ECM circuit 

was assessed from both from visual inspection of the fit 

residuals and from χ2, typically  0.001. 

3. Results and Discussion 

The fabrication of microcavity pore array across a ~11 

cm2 gold electrode was achieved via controlled gold 

electrodeposition through polystyrene sphere template as 

previously described by us.[36,51–54] Following the 

fabrication of micropore array, the SAM modified 

electrodes were applied to layer by layer transfer of two 

lipid monolayers using the LB method to form the final 

MSLB. A schematic representation of the MSLB is shown 

in Scheme 1c. Non-Faradaic EIS was employed to monitor 

the membrane electrical properties. A representative 

Nyquist trace of the EIS signal for DOPC MSLB is shown 

in Fig. 1a (open square). The Nyquist trace represents the 

sum of real (Z) and imaginary (Z) components of the 

complex impedance, which originate from the resistance 

and capacitance of the cell. The non-Faradaic Nyquist 

trace shifts towards Z (y-axis), indicating an increase in 

impedance of the membrane. Similarly, a shift towards Z 

(x-axis) implies that the impedance is decreased. In 

addition, the capacitive properties can be visualized from 

the angular frequency normalized complex capacitance 

plot as shown in Fig. 1b for DOPC membrane (open 

square). A representative EIS plot of the cavity array 

electrode prior to bilayer fabrication is shown in Fig.1 

(open circle). From both the Z vs, -Z and Y/ vs. Y/ 

plots, it is clear that DOPC successively spanned across 

the cavity array, reflected from an increase in impedance 

and decrease in capacitance behaviour respectively. The 

Bode plot shows the phase angle changes within different 

frequency ranges, 0.05 Hz to105 Hz (Fig. 1a, inset). To 

gain quantitative estimation of membrane resistance and 

capacitance changes, the EIS data was fit to an equivalent 

circuit model (ECM), (solid lines in Fig. 1) using a 

heuristic approach for the MSLB[54] as shown in Scheme 

1c. The circuit applied, consists of three parallel 
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components connected in series; a solution electrolyte 

resistance which is parallel to the stray capacitance (Rel, 

Cstray), in series with a resister and a constant phase 

element (CPE), which are in parallel, and corresponds to 

the electric and dielectric properties of the lipid membrane 

deposited on the electrode surface (𝑅𝑀, 𝑄𝑀), and, which is 

further connected in series with a resistor and CPE, which 

are also parallel and corresponds to the resistance and 

dielectric properties of cavity array (Rarray, Qarray). Note, in 

the ECM, Cstray component accounts for the capacitance 

associated with cable, connector, or electrochemical cell, 

typically in the order of ~nF. From the fit, Rarray and Qarray 

remain largely unchanged with drug titration and were 

found typically in the range of ~50-60 µFsm-1 and ~10 k 

respectively. In a control measurement while titrating the 

drug in our cavity platform prior to bilayer formation, we 

did not observe any change in impedance signal (data not 

shown) suggesting that the Miltefosine did not adsorb to 

the surface of gold. A CPE (𝑄) is used in the ECM instead 

of a pure capacitor (𝐶) as the impedance of our working 

electrodes usually deviates from pure capacitor due to 

microscopic chemical inhomogeneity associated with both 

the porous electrode and the bilayer membrane. The 

complex impedance of a CPE is given by the following 

equation (1); 

𝐶𝑃𝐸 =  1 𝑄(𝑗𝜔)𝑚⁄     (1) 

 

where 𝑄 is analogous to the magnitude of the capacitance, 

 is the angular frequency expressed in rad/s, and 𝑚 is a 

real number between 1 and 0. When 𝑚 approaches 0, the 

CPE behaves like a pure resistor and when 𝑚 = 1, the 

CPE behaves as an ideal capacitor. Typically, in our 

system, we observed and 𝑚 value close to 0.5 for 𝑄𝑎𝑟𝑟𝑎𝑦 

meaning the CPE becomes a series RC circuit or Warburg 

impedance, and was found to be 𝑚  0.93 for membrane. 

Note that for the CPE, 𝑄 has a unit that depends on the 

value of 𝑚 (e.g. µFsm-1) rather than true capacitance units 

of µF. While a true membrane capacitance (𝐶𝑀) can be 

estimated from the 𝑄𝑀 value using the expression  

𝐶𝑀(𝜔) = 𝑄𝑀𝜔𝑚−1, it only holds true for a specific , 

limited to the specific ECM[56] and so is not used in the 

present work. We focus instead on the relative changes to 

membrane capacitance and resistance upon drug 

interaction throughout this work. Furthermore, the 𝑅𝑀 and 

𝑄𝑀 values are not normalized to the surface area. This is 

because the sphere templating method used for fabrication 

leads to some variation in electrode area from the substrate 

to substrate due to variation and discontinuity in PS sphere 

packing during template formation (typically 2-5% of 

11 cm2 gold substrates show such discontinuity). This 

can in turn affect SAM coverage. We, therefore, quote the 

relative change () in resistance and capacitance values 

from the initial values for the pristine bilayer absolute 

resistance for each substrate. The relative changes to 

membrane resistance (𝑅) and capacitance (𝑄) is defined 

as (𝑅𝑀
0 − 𝑅𝑀

𝑑𝑟𝑢𝑔
) and (𝑄𝑀

0 − 𝑄𝑀
𝑑𝑟𝑢𝑔

); where 𝑅𝑀
0  and 𝑄𝑀

0  

represents respectively the membrane resistance and 

capacitance in the absence of drug, and 𝑅𝑀
𝑑𝑟𝑢𝑔

 and 𝑄𝑀
𝑑𝑟𝑢𝑔

 

are the respective values when the drug is present in the 

contact solution. Across replicate platforms, the absolute 

resistance of the membranes are closely replicated and of 

the order of DOPC:SM:Chol  MPM  DOPC:Chol  

DOPC typically in the range ~1-6 M and CPE values are 

at 6-8 Fsm-1 and this trend confirm to our previous 

report.[54]          

  

 

Fig. 1. a) Nyquist plot and b) frequency normalized complex 

capacitance plot obtained during impedance measurement at 

cavity array (open circle, о) and DOPC MSLB (open square, □). 

(inset in a) Represents Bode plot (frequency vs phase angle, 

theta). In each panel, for DOPC MSLB, solid lines represent the 

fit using ECM, shown in Scheme 1c, and for cavity, the parallel 

component (𝑅M and CPEM) was omitted from the circuit. EIS 

measurements were performed in 0.01 ᴍ PBS buffer within the 

frequency ranges between 0.05 Hz to 105 Hz at 0 V DC bias 

potential vs Ag/AgCl (1 ᴍ KCl) with an AC amplitude of 10 mV 

at 221°C. A three-electrode set-up where gold cavity/MSLB, 

Ag/AgCl (1ᴍ KCl) and Pt coiled served as working, reference 

and counter electrode respectively. 

To provide insight into the relative changes in membrane 

resistance and capacitance, a drug concentration-

dependent study was investigated. A range of 

concentrations of Miltefosine e.g. to a final concentration 

of 1, 5, 10, and 20 µᴍ was titrated to each membrane type 

and the EIS measured. Each assay was repeated a 

minimum of 3 times on a fresh substrate. Representative 

drug titration data are shown in Figure 2. In addition, 

representative Bode plots for the drug titration data at 

DOPC membrane is presented in Fig. S1 (SI).  From visual 

inspection of the Nyquist trace, the shift of impedance 

curve towards Z-axis for the DOPC membrane occurs at 

1 µᴍ Miltefosine. While, upon increasing the 

concentration further, the shift reverts back toward 

impedance of the pristine membrane i.e., towards -Z-axis 

(Fig.2a). For DOPC:Chol membrane, a systematic shift of 

Nyquist trace toward Z-axis is observed with increasing 
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drug concentration. The absolute magnitude of the 

changes are greater than DOPC membranes suggesting the 

condensing effect of cholesterol on the DOPC offers some 

protection to the membrane against loss of packing 

integrity (Fig. 2b). 

In contrast, for the domain-forming membranes explored, 

DOPC:SM:Chol (Fig. 2c) and MPM (Fig. 2d), the changes 

to the impedance plots are not as significant as those for 

DOPC and DOPC:Chol membrane, indicating weaker 

extent of change to membrane admittance, which is likely 

consistent with tighter packing of the membranes 

containing both Chol and SM.[52,54].  

To gain quantitive insight, all the EIS data in absence or 

presence of Miltefosine at different concentrations were fit 

to the ECM model shown in Scheme 1 and relative 

resistance and capacitance changes to the membrane 

 

Fig. 2. Representative Nyquist plots (Z vs -Z) obtained from 

titration of Miltefosine into contacting solution at (a) DOPC, (b) 

DOPC:Chol, (c) DOPC:SM:Chol and (d) MPM lipid bilayers 

suspended across gold microcavity array electrodes. The 

experiments were carried out in a three-electrode cell, where 

MSLB array is working electrode, Ag/AgCl (1ᴍ KCl) is 

reference, and Pt coiled is counter electrode. The electrolyte 

solution used was 0.01 ᴍ PBS solution (pH 7.4). EIS was 

recorded over the frequency ranges 0.05 Hz to 105 Hz at a DC 

bias of 0V with an AC amplitude of 10 mV at 221°C. In each 

panel □, ○, ∆, ▽, ◊ symbols represent EIS data for 0, 1, 5, 10 and 

20 µᴍ Miltefosine in the contact solution, and ◁ represent 

measurement at fresh PBS buffer after exchanging the drug-

containing buffer after post-incubation.  

extracted. The relative change in resistance and 

capacitance values are plotted against the concentration of 

Miltefosine and are shown in Fig. 3 a and b respectively. 

The data are tabulated in Table 1 and Table 2 respectively. 

As expected, based on the Nyquist plots, the magnitude of 

the changes in resistance values in response to exposure of 

Miltefosine are greater for the DOPC and DOPC:Chol 

membranes compared with DOPC:SM:Chol and MPM 

compositions (Fig. 3a). Unlike resistance change, the 

change in capacitance values across all concentrations of 

Miltefosine varied differently as reflected in Fig. 3b. The 

increase in capacitance is observed for DOPC, 

DOPC:Chol and MPM compositions, whereas for 

DOPC:SM:Chol membrane, Miltefosine induces a 

decrease in capacitance. Nonetheless, at lower 

concentrations of Miltefosine (1 and 5 M), the contrast of 

capacitance change for DOPC and DOPC:Chol membrane 

is higher than that of MPM and DOPC:SM:Chol 

membrane.  

 

Fig. 3. Relative change in membrane (a) resistance and (b) 

capacitance obtained from designated lipid composition versus 

varied Miltefosine concentration. In each panel ■, ●, ▲ and ▼ 

represent respectively DOPC, DOPC:Chol, DOPC:SM:Chol and 

MPM membrane composition. In panel (a), the solid lines 
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represent the fit using Eq. (2). The dashed line in each panel is a 

guide to the eye. Data shown are means SD and were measured 

for each bilayer type in triplicate. 

Table 1. Resistance data for different lipid compositions as a 

function of concentration of Miltefosine. Results presented 

reflect the relative change () recorded following drug titration, 

relative to bilayer prior to drug interaction. The values represent 

the average value S.D. (n=3). 

 

Drug

(µᴍ) 

R (M) 

DOPC DOPC:Chol DOPC:SM: 

Chol 

MPM 

0 0 0 0 0 

1 -0.390.03 -0.330.02 -0.120.01 -0.050.001 

5 -0.160.02 -0.560.03 -0.140.01 -0.090.004 

10 -0.040.02 -0.590.01 -0.170.01 -0.140.007 

20  0.010.01 -0.640.02 -0.150.02 -0.190.006 

FB[a] -1.170.07 -0.760.08 0.090.05 -0.090.03 

[a] FB refers to membrane where the drug contacting buffer was 

exchanged to fresh buffer. 

At the end of each titration, the drug-containing buffer was 

exchanged with fresh PBS to elucidate any irreversible 

structural impact of Miltefosine on the membranes. In each 

case, the impedance traces were recorded for the MSLBs 

in fresh PBS buffer post-incubation with the highest 

concentration of  (20 µᴍ) of miltefosine drug. These data 

are included in the panel of Fig. 2 (orange symbol), and 

the relative changes of resistance and capacitance 

following fresh buffer exchange are tabulated in Tables 1 

and 2 respectively, labelled FB.  

Table 2. Capacitance from CPE data for different lipid 

compositions as a function of concentration of Miltefosine. 

Results presented reflect the relative change () recorded 

following drug titration, relative to bilayer before drug 

interaction. The values represent the average value S.D. (n=3). 

 

Drug

(µᴍ) 

Q (Fsm-1) 

DOPC DOPC:Chol DOPC:SM 

:Chol 

MPM 

0 0 0 0 0 

1 1.620.12 0.420.06 0.060.03 0.130.03 

5 1.070.09 0.850.09 -0.150.09 0.340.06 

10 0.960.14 1.140.07 -0.820.08 0.980.04 

20 0.920.13 1.470.08 -1.330.05 1.290.06 

FB[a] 0.00 1.650.05 -2.030.12 -1.080.07 

[a] FB refers to membrane where the drug contacting buffer was 

exchanged for fresh buffer.  

On fresh buffer exchange, the capacitance of the DOPC 

returned to the original value, prior to Miltefosine titration 

reflected in the identical semicircle regimes in the 

normalized complex capacitance plot near Y/ axis (Fig. 

S2, SI). However, notably exchanging of 20 µᴍ solution 

of Miltefosine in PBS for blank buffer reduced the 

resistance of the membrane further, reflected in the 

impedance shift towards Z (x-axis) in Nyquist plot (Fig. 

2a). These effects are reflected in the 𝑅 and 𝑄  data in 

Table 1 and Table 2 where (𝑄 = 0 Fsm-1) of DOPC 

membrane, while resistance decreases significantly to 𝑅 

= -1.17 M.  

For DOPC:Chol membrane, after removal of Miltefosine 

from the contacting solution, the membrane capacitance 

increased to 1.65±0.05 Fsm-1 indicating membrane 

thinning, while the resistance decreased (𝑅 = -0.76±0.08 

M) overall these effects indicate an irreversible impact 

on the bilayer integrity. Interestingly for DOPC:SM:Chol 

membrane, buffer exchange resulted in just a small 

increase in resistance (0.09±0.05 M) but elicited a large 

decrease in membrane capacitance (∆𝑄 = -2.03±0.12 

Fsm-1). The same trend in behaviour was observed for the 

MPM bilayer composition, where a minor change to 

resistance (-0.09±0.03 M) was accompanied by a large 

decrease in capacitance (-1.08±0.07 Fsm-1). As 

Miltefosine is amphiphilic, it can aggregate into micellar 

structures above its critical micellar concentration (CMC). 

Obviously, CMC depends on buffer and ionic strength, 

and the values reported for Miltefosine CMC 

correspondingly, vary significantly, e.g. from CMC of 

~2.5 µᴍ[57] in distilled water and in 150 mM NaCl, to CMC 

of 50 µᴍ in PBS buffer.[58] As we focus here on 

physiological ranges, the effective dose reported for is 

Miltefosine 2.5-6.5 µᴍ,[22] so we are working with 

solutions well below the CMC in PBS. Although there is 

evidence that the DOPC and DOPC/Chol membranes are 

compromised by the drug, the minimal effect across the 

range of concentrations on the most biomimetic 

membranes explored in this work indicates that the drug 

does not impact the membrane integrity and supports the 

notion that the mode of action of alkylphospholipid drug 

is not solely a hemolytic pathway as reported 

previously.[22,59,60]   

3.1. Evaluation of Miltefosine binding using Langmuir 

isotherm model 

In order to provide some quantitative insight into the drug 

binding to different membrane compositions, 𝑅 versus 

Miltefosine concentration data (as shown in Fig. 3a, filled 

symbols) fit (solid lines, Fig. 3a) iteratively to the 

empirical Langmuir isotherm model as defined by 

equation (2). This model applies to non-specific 

binding[61,62],  
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∆𝑅 =
∆𝑅𝑠𝑎𝑡(𝐾𝑎𝐶)

1+𝐾𝑎𝐶
  (2) 

where ∆𝑅 is the change in membrane resistance, ∆𝑅𝑠𝑎𝑡 is 

absorption capacity or saturated binding of the drug,  𝐾𝑎 is 

an empirical association constant and 𝐶 is the bulk 

concentration of the drug. The fit parameters to the 

Langmuir isotherm are provided in Table 3. 

As can be seen, as drug concentration increased, a large 

decrease in resistance values is observed on incubation 

with 1 µᴍ Miltefosine for DOPC membrane but resistance 

then recovers again upon addition of further drug. This 

effect and the fact that binding saturation was not observed 

within the concentration range explored here, suggests the 

drug is very permeable toward this simple membrane. Also 

given the large decrease in resistance post removal of the 

drug from contacting solution, the DOPC membrane 

packing seems to be disrupted by the drug.  Consequently, 

the data could not be fit to the Langmuir isotherm model. 

In contrast, in the presence of cholesterol, for the 

DOPC:Chol membrane, ∆𝑅  decreases systematically and 

reaches saturation binding. From the Langmuir fit, ∆𝑅𝑠𝑎𝑡 

and 𝐾𝑎 are estimated and found to be -0.660.006 M and 

0.990.05 Lµᴍ-1 respectively. Note that, the resistance 

change for cholesterol containing DOPC membrane is 

greater than for the DOPC-only membrane (cf. Fig. 3a and 

Table 1) suggesting the mode of interaction of Miltefosine 

is influenced by cholesterol. Based on the relative 

direction and magnitude of changes to ∆𝑅 and ∆𝑄  for the 

DOPC and DOPC/Chol membranes, we speculate that the 

drug permeations efficiently through DOPC membrane 

but is retained more strongly at the cholesterol containing 

membrane, mediated presumably by the cholesterol.  Our 

results agree with previous studies that reported 

cholesterol-induced rapid and strong association of 

Miltefosine with model membrane.[60]  Furthermore, it is 

believed that the content of unsaturated phospholipid is 

lower for Miltefosine resistant Leishmania than that of 

wild type. In this context, our results on DOPC:Chol and 

DOPC-only membrane indicate the latter being 

unsaturated lipid is highly permeable and susceptible to 

damage by the drug, but the former is more resistant and a  

probable target for Miltefosine as previously hypothesized 

by Rakotomanga et al.[63]  

Consistent with this effect, the resistance changes induced 

by incubating saturation levels of Miltefosine with MSLBs 

are much smaller for the membranes that contain both SM 

and Chol. For DOPC:SM:Chol and MPM composition 

bilayers, the respective ∆𝑅𝑠𝑎𝑡 were found to be only -

0.160.008 and -0.150.012 M which are similar within 

the experimental error. Nonetheless, the association 

constants determined for these compositions, however, are 

significantly different; estimated as 𝐾𝑎 of 2.521.01 Lµᴍ-

1 for DOPC:SM:Chol and 0.390.12 Lµᴍ-1 for MPM 

membrane, respectively (Table 3). 

As observed, for raft-like ternary lipid mixtures, a closer 

mimic of eukaryotic membranes, the association is 

significant. The overall decrease in resistance is relatively 

small but significant. It is notable that the capacitance 

values changes on Miltefosine binding and association 

contrast for DOPC:SM:Chol and for MPM membrane. 

Like the other compositions capacitance increases for 

MPM indicating membrane thinning whereas for 

DOPC:SM:Chol, capacitance decreases. This is suggestive 

of more membrane permeation in the former 3 cases but 

primarily interfacial retention of the Miltefosine binding at 

ternary composition. Membrane retention seems to be 

mediated by cholesterol given the association constant 

scales with cholesterol or liquid ordered (Lo) content 

whereas the most permeable membrane was the DOPC-

only. This is consistent with the notion that drug 

permeation is mediated through liquid disordered regions 

in a phase separated[64] membrane. Although the detailed 

mode of action of Miltefosine and related 

alkylphospholipid analogue is still under debate, some 

studies have shown their involvement in membrane 

domain stability, lipid/cholesterol metabolism and 

apoptosis.[4,65–67] Our observations are also in agreement 

with a previous study[63] where the accumulation of drugs 

at the membrane surface is observed to occur at 

membranes containing cholesterol and saturated 

phospholipids, that form more ordered structures like 

SM+Chol phases in Miltefosine resistant Leishmania 

Promastigotes. Furthermore, our results on domain-

containing membranes and membrane fluidization 

properties of Miltefosine are strongly consistent with the 

earlier reports on molecular dynamics simulations,[68] 

where Miltefosine was found to interact with lipid rafts 

and had a higher permeability in loosely organized 

unsaturated bilayers. In addition, a mild increase in 

membrane fluidity without altering the biophysical 

properties of raft domains was observed from 

fluorescence-based studies.[69] 

Finally, given the extensive change to electrical properties 

of DOPC membrane induced by Miltefosine, a 

complementary measurement was performed using 

fluorescence lifetime correlation spectroscopy (FLCS). 

FLCS measurements were performed at micro pore-

suspended membrane at PDMS (Fig. S3, SI) to investigate 

if Miltefosine induces a change in DOPC membrane 

fluidity and to confirm that the membrane remained intact 

on drug incubation. From the FLCS studies, shown in SI, 

our data importantly confirm that the membrane is not lost 

on drug treatment. In addition, we observe in the presence 

of Miltefosine, an increase in lipid diffusivity of 11.80.3 

m2/s from pristine DOPC diffusivity of 9.80.2 m2/s 

(i.e., in the absence of Miltefosine), further suggesting the 

fluidization effect of Miltefosine on the membrane. Our 

FLCS correlate with a recent report by Chiantia et al.[70] 
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where Erufosine, an alkylphospholipid analogue increases 

membrane fluidity at supported lipid model bilayer 

membrane.  

Table 3. Estimated values of 𝑅𝑠𝑎𝑡 and equilibrium association 

constant, 𝐾𝑎 extracted from the Langmuir isotherm model fit 

during Miltefosine binding to designated lipid compositions. The 

values represent the average value S.D. (n=3). 

membrane 

composition 

𝑅𝑠𝑎𝑡(M) 𝐾𝑎(LµM-1) R2 

DOPC - - - 

DOPC:Chol -0.660.006 0.990.05 0.99 

DOPC:SM:Chol -0.160.008 2.521.01 0.98 

MPM -0.150.012 0.390.12 0.98 

 

For the MPM composition, in spite of Chol/SM content, a 

low 𝐾𝑎 indicates that the interaction is relatively weak. 

The MPM membrane is composed of negatively charged 

DOPS (8 mol%) as well as DOPE-a small head group (-

NH3
+) lipid (25 mol%) along with DOPC, SM and 

cholesterol. At neutral pH, although Miltefosine has no net 

charge it is zwitterionic[17], and  in principle, the membrane 

could experience electrostatic repulsion from the DOPS 

head group and Miltefosine.  Furthermore, DOPE can pack 

in higher order than that of DOPC due to its small head 

groups which may reduce the Miltefosine binding. This 

observation is in line with previous X-ray studies that 

Miltefosine induced significant structural perturbations to 

DMPC (phosphatidylcholine head group) multilayers, 

whereas no relevant effects were observed in DMPE 

(phosphatidylethanolmine).[27]  

4. Conclusions 

In summary, we have investigated the impact of 

Miltefosine, an antileishmanial drug on four microcavity 

supported lipid membranes of different compositions; 

single component DOPC, binary DOPC:Chol, ternary raft-

like DOPC:SM:Chol and highly physiological fusogenic 

membrane compositions MPM. In all cases, the drug was 

observed to change the electrical properties of the 

membranes over physiological range of Miltefosine by 

label-free highly sensitive EIS spectroscopy. The extent of 

change varied strongly with membrane composition. 

Comparing the most extreme responses, we observe 

largest decreases and increases of resistance and 

capacitance of the membrane at the simple DOPC 

membrane and weakest interaction at the MPM 

composition. For cholesterol containing membranes, 

particularly phase forming compositions, capacitance 

changes indicate interfacial binding of the drug occurs 

whereas for DOPC-only membrane the drug seems to 

permeate strongly with non-Langmuir concentration 

response and extensive membrane thinning and increased 

admittance. Exchanging 20 M drug for fresh buffer at 

DOPC elicits irreversible decrease to the membrane 

resistance but FCS data confirm the membrane remains in 

place albeit with increased fluidity that is attributed to 

disruption to membrane packing.  Such behaviour is 

attributed to deep penetration of the drug into the 

membrane associated with permeation and some evidence 

of this occurs for all but the ternary domain-forming 

membrane, which shows both increases in resistance and 

in particular decreased capacitance on Miltefosine 

incubation, indicating interfacial binding. Our data offer 

some insight into the relatively poor uptake of Miltefosine 

in complex eukaryotic membranes and may offer clues as 

to how uptake can be improved when the drug is 

administered with combination therapy using another 

agent such as amphotericin B or other drugs[71–74]. Overall, 

the MSLB platform used with EIS is a relatively simple, 

label free approach to gaining new biophysical insights 

into drug-membrane interactions and permeation. 
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Appendix A: Supplementary data 
 
 
List of Scheme, Figure and Table captions 

Scheme 1. (a) Schematic representation of microcavity array 

using polystyrene template method.  (b) Illustrates AFM image 

(Top) and line profile analysis (bottom) of gold microcavity 

array. The scale bar in the image was 2 µm. (c) Represents a 

schematic representation of MSLB (left) along with ECM circuit 

(right). Various components of the ECM are; 𝑅𝑒𝑙  : electrolyte 

resistance, 𝐶𝑠𝑡𝑟𝑎𝑦: stray capacitance, 𝑅𝑀: membrane resistance, 

𝑄𝑀: membrane capacitance, 𝑅𝑎𝑟𝑟𝑎𝑦: cavity array resistance, and 

𝑄𝑎𝑟𝑟𝑎𝑦: array capacitance. (d) Representative stability plot of 

DOPC MSLB showing the relative change in resistance versus 

time. An arrow mark is to show the equilibration time (~2 hr) at 

which Miltefosine is added to the cell. (e) Chemical structure of 

hexadecylphosphocholine, Miltefosine. 

Fig. 1. a) Nyquist plot and b) frequency normalized complex 

capacitance plot obtained during impedance measurement at 

cavity array (open circle, о) and DOPC MSLB (open square, □). 

(inset in a) Represents Bode plot (frequency vs phase angle, 
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theta). In each panel, for DOPC MSLB, solid lines represent the 

fit using ECM, shown in Scheme 1c, and for cavity, the parallel 

component (𝑅M and CPEM) was omitted from the circuit. EIS 

measurements were performed in 0.01 ᴍ PBS buffer within the 

frequency ranges between 0.05 Hz to 105 Hz at 0 V DC bias 

potential vs Ag/AgCl (1 ᴍ KCl) with an AC amplitude of 10 mV 

at 221°C. A three-electrode set-up where gold cavity/MSLB, 

Ag/AgCl (1ᴍ KCl) and Pt coiled served as working, reference 

and counter electrode respectively. 

Fig. 2. Representative Nyquist plots (Z vs -Z) obtained from 

titration of Miltefosine into contacting solution at (a) DOPC, (b) 

DOPC:Chol, (c) DOPC:SM:Chol and (d) MPM lipid bilayers 

suspended across gold microcavity array electrodes. The 

experiments were carried out in a three-electrode cell, where 

MSLB array is working electrode, Ag/AgCl (1ᴍ KCl) is 

reference, and Pt coiled is counter electrode. The electrolyte 

solution used was 0.01 ᴍ PBS solution (pH 7.4). EIS was 

recorded over the frequency ranges 0.05 Hz to 105 Hz at a DC 

bias of 0V with an AC amplitude of 10 mV at 221°C. In each 

panel □, ○, ∆, ▽, ◊ symbols represent EIS data for 0, 1, 5, 10 and 

20 µᴍ Miltefosine in the contact solution, and ◁ represent 

measurement at fresh PBS buffer after exchanging the drug-

containing buffer after post-incubation.  

Fig. 3. Relative change in membrane (a) resistance and (b) 

capacitance obtained from designated lipid composition versus 

varied Miltefosine concentration. In each panel ■, ●, ▲ and ▼ 

represent respectively DOPC, DOPC:Chol, DOPC:SM:Chol and 

MPM membrane composition. In panel (a), the solid lines 

represent the fit using Eq. (2). The dashed line in each panel is a 

guide to the eye. Data shown are means SD and were measured 

for each bilayer type in triplicate. 

Table 1. Resistance data for different lipid compositions as a 

function of concentration of Miltefosine. Results presented 

reflect the relative change () recorded following drug titration, 

relative to bilayer prior to drug interaction. The values represent 

the average value S.D. (n=3). 

Table 2. Capacitance from CPE data for different lipid 

compositions as a function of concentration of Miltefosine. 

Results presented reflect the relative change () recorded 

following drug titration, relative to bilayer before drug 

interaction. The values represent the average value S.D. (n=3). 

Table 3. Estimated values of 𝑅𝑠𝑎𝑡 and equilibrium association 

constant, 𝐾𝑎 extracted from the Langmuir isotherm model fit 

during Miltefosine binding to designated lipid compositions. The 

values represent the average value S.D. (n=3). 

 

Data Availability Statement: The Authors declare 
that there is no shared data in this work. 
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