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A B S T R A C T   

The interaction between chiral drugs and biomimetic membranes is of interest in biophysical research and 
biotechnological applications. There is a belief that the membrane composition, particularly the presence of 
cholesterol, could play a pivotal role in determining enantiospecific effects of pharmaceuticals. Our study ex
plores this topic focusing on the interaction of ibuprofen enantiomers (S- and R-IBP) with cholesterol-containing 
model membranes. The effects of S- and R-IBP at 20 mol% on bilayer mixtures of dipalmitoylphosphatidylcholine 
(DPPC) with 0, 10, 20 and 50 mol% cholesterol were investigated using circular dichroism and spin-label 
electron spin resonance. Morphological changes due to IBP enantiomers were studied with atomic force mi
croscopy on supported cholesterol-containing DPPC monolayers. The results reveal that IBP isoforms signifi
cantly and equally interact with pure DPPC lipid assemblies. Cholesterol content, besides modifying the structure 
and the morphology of the membranes, triggers the drug enantioselectivity at 10 and 20 mol%, with the en
antiomers differently adsorbing on membranes and perturbing them. The spectroscopic and the microscopic data 
indicate that IBP stereospecificity is markedly reduced at equimolar content of Chol mixed with DPPC. This study 
provides new insights into the role of cholesterol in modulating enantiospecific effects of IBP in lipid membranes.   

1. Introduction 

The lipid bilayer component, in addition to the protein component, is 
fundamental in regulating the structure/function relationship in cell 
membranes. The bilayer sector represents a template where key mo
lecular processes take place and, in many circumstances, it is the target 
of many exogenous and endogenous ligands. Over the years, models of 
cell membranes, especially lipid bilayers, and their interactions with 
drugs, have received considerable attention in biomedical and 
biotechnological fields, such as drugs design and delivery, drugs cellular 
uptake, and understanding of their side effects [1–3]. Even more inter
esting is the possibility of chiral recognition of drugs and compounds on 
lipid bilayers [4–9], which paves the way to selective sensing and other 
relevant applications [10,11]. 

A number of studies have indicated the membrane composition as an 
important factor in determining the possibility of enantiomeric 

selectivity of chiral compounds in membranes [5,8,12–16]. In fact, it has 
been evidenced that neutral and anionic lipid bilayers are differently 
sensitive to amino acids chirality [16]. Moreover, the heterogeneity, i.e., 
presence of nano- or meso-domains [14,15], as well as the inclusion of 
cholesterol [5,8] in membranes could induce chiral separations. 

In this study, our aim is to explore the interaction between lipid 
membrane and chiral drugs, with a specific focus on understanding how 
the membrane composition influences the enantiorecognition of 
ibuprofen (IBP), one of the most used non-steroidal anti-inflammatory 
drugs worldwide. IBP exists as a pair of enantiomers: S-IBP and R-IBP. 
The biological effects of the enantiomers differ significantly: S-IBP is the 
active form responsible for the desired therapeutic effects, while R-IBP is 
considered pharmacologically inactive [17]. We varied the membrane 
composition by considering lipid assemblies containing cholesterol. 
Specifically, as membrane model systems, we used both fully hydrated 
bilayers and supported monolayers composed of either 
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dipalmitoylphosphatidylcholine (DPPC) or binary mixtures of DPPC and 
cholesterol (Chol). The zwitterionic DPPC lipids are abundant in cell 
membranes and Chol is a steroid that is a major integral component of 
eukaryotic mammalian cells [18,19]. While the behavior of IBP in model 
membranes (both single lipid species and Chol/lipid mixtures) is dis
cussed in the literature [20–30], not many are the studies about inter
action of IBP enantiomers with cholesterol-containing membranes [15]. 
To get more insight into the interplay between IBP enantiomers and 
cholesterol in lipid membranes, we focused on pure DPPC and on mix
tures of DPPC with 10, 20 or 50 mol% of Chol. For each membrane 
composition, we present results in the absence and in the presence of 20 
mol% of either R- or S-IBP. The binary DPPC/Chol mixtures serve as 
intriguing platforms for probing the interaction of IBP isomers with lipid 
membranes, as they form a variety of structural phases, which include 
the solid-ordered, So, the liquid-disordered, Ld, and the liquid-ordered, 
Lo, phases as well as the (So + Lo) and (Ld + Lo) phase coexistence 
(see, e.g., [31,32] and references therein). The content of 20 mol% of 
IBP was chosen as it alters the molecular properties of lipid membranes 
without changing their phase state [25–27]. The study is carried out by 
using jointly spectroscopic techniques and, for the first time, micro
scopic methods. The absorption of the ibuprofen isoforms on the fully 
hydrated bilayers is assessed by circular dichroism (CD) exploiting the 
characteristic signal of IBP at around 227 nm [33]. The enantio- 
influence of IBP on the lipid order and dynamics as a function of tem
perature is investigated by electron spin resonance (ESR) spectroscopy 
using TEMPO-Stearate as polarhead spin-labelled lipids and phosphati
dylcholine spin-labelled at C4 (4-PCSL) and C14 (14-PCSL) positions 
along the hydrocarbon chains. The morphological changes arising from 
the addition of S- or R-IBP in pure DPPC matrices and in DPPC/Chol 
binary mixtures were studied by atomic force microscopy (AFM) on 
mica supported monolayer lipid films. 

2. Materials and methods 

2.1. Materials 

The synthetic lipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC) was from Avanti Polar Lipids (Birmingham, AL, USA). S- 
ibuprofen (S(+)-4-Isobutyl-α-methylphenylacetic acid) was purchased 
from Sigma-Aldrich (St. Louis, MO, USA), whereas R-ibuprofen (R(− )-4- 
Isobutyl-α-methylphenylacetic acid) was from Cayman Chemical (Ann 
Arbor, MI, USA). The purity of the drugs was ≥98 %. Cholesterol (5- 
colestene-3β-olo, from porcine liver, purity ≥98 %) and the polarhead- 
labelled lipid, 2,2,6,6-tetramethyl-piperidin-1-oxyl-4-yl octadecanoate 
(TEMPO-Stearate) were from Sigma-Aldrich. The chain-labelled phos
phatidylcholine, 1-acyl-2-(n-doxyl) stearoyl-sn-glycero-3-phosphocho
line) with n = 4 (4-PCSL) was synthesized according to [34], whereas 
that with n = 14 (14-PCSL) was obtained from Avanti Polar Lipids. 
Dulbecco’s phosphate-buffered saline solution (10 mM, pH 7.4) was 
from Sigma-Aldrich and Milli-Q grade deionized water from Millipore. 
All the analytical grade chemicals were used as provided, without any 
further purification. 

2.2. Sample preparation 

The model systems of cell membranes used in this study are hand 
shaken multilamellar lipid dispersions for CD and ESR measurements, 
and Langmuir films supported on mica for AFM measurements. Multi
lamellar lipid dispersions, also known as liposomes, and hereafter 
referred to as lipid bilayers, are prepared according to the thin film 
hydration method [35] and as it is reported everywhere [36,37]. Pure 
DPPC or mixtures of DPPC with Chol at 10, 20, and 50 mol%, either in 
the absence or in the presence of S- and R-IBP at 20 mol% of the total 
lipid concentration, were codissolved in chloroform/methanol (2:1 v/v). 
The solvent was first evaporated under a gentle nitrogen gas stream and 
then under vacuum overnight, to ensure proper solvent removal. The 

dry films were dispersed in buffer by heating at 50 ◦C, i.e., above the 
bilayers main phase transition temperature of any composition, and 
occasionally vortexing until an opalescent bilayer suspension was ob
tained. Samples were incubated for 24 h before measuring. 

Langmuir films were prepared in a clean room at room temperature 
by using a 622 NIMA Langmuir-Pockels trough, starting from chloro
form solution of the pure materials and their mixtures, in the same molar 
percentage used for bilayer samples. Freshly cleaved mica was immersed 
in the water subphase (Milli-Q grade deionized water) before spreading 
phospholipid solutions and the monolayer pressure was kept constant at 
20 mN/m during the deposition. This procedure allows to obtain a 
supported monolayer in which the polar groups are in contact with the 
mica surface and the hydrophobic portion is exposed to the air. 

2.3. Circular dichroism 

For CD measurements, cholesterol-containing DPPC bilayers in the 
absence and in the presence of S- or R-IBP were prepared at the final 
lipid concentration of 1.36 mM. CD spectra of S- or R-IBP in aqueous 
solutions or incorporated in cholesterol-containing DPPC bilayers were 
recorded at 25 ◦C with a Jasco J-1700 spectropolarimeter in the range of 
190–260 nm under constant gaseous N2 supply by using a 1 mm path 
length quartz cuvette. The spectra were measured with a scan speed of 
50 nm/min, a bandwidth of 1.0 nm, a resolution of 0.2 nm, and a PMT 
voltage of below 600 V. Each spectrum is an average of at least 5 scans. 
All spectra were background-subtracted. 

CD spectra were used to evaluate the adsorbed concentration of S- or 
R-IBP on lipid membranes (Cads) by using the following equation [15]: 

Cads = Cini − Csup (1)  

where Cini is the initial concentration of S- or R-IBP, i.e., that used in 
sample preparation corresponding to 20 mol% of total lipid concentra
tion, and Csup is the IBP concentration in the supernatant of the aqueous 
lipid bilayer dispersions. Csup was derived by using the CD version of the 
Beer-Lambert law for absorbance [38]: 

CD = ΔA (absorbance units) = AL − AR = (Δε) C l (2) 

Here, CD is the intensity of the circular dichroic signal, AL and AR are 
the absorptions of left- and right-circularly polarized light, l is the op
tical path in cm, C is the IBP concentration in M, and Δε is the differ
ential extinction coefficient in M− 1 cm− 1. To determine Δε, CD spectra 
of IBP were recorded at increasing drug concentration (see Fig. S1a). The 
data were then used to set a calibration curve, i.e., a linear plot of the 
intensity of the CD signal at 227 nm versus IBP concentration (Fig. S1b), 
from which the slope, i.e., Δε, has been deduced. This Δε value was 
finally used to estimate the IBP concentration in the supernatant, Csup, of 
the various cholesterol-containing DPPC bilayers according to Eq. (2). 

The separation parameter, SR/S, which provides a measure of the 
degree of enantiospecificity, was calculated by the following equation 
[15]: 

SR/S =
CR− IBP

ads
CS− IBP

ads
(3)  

where CS− IBP
ads and CR− IBP

ads are the concentration of S- and R- form of IBP 
adsorbed on the lipid bilayers, respectively. 

2.4. Spin-label electron spin resonance 

Samples for ESR measurements were fully hydrated lipid bilayers at 
the final lipid concentration of 50 mM obtained by co-dissolving the 
lipids with 0.5 mol% of spin-labels (either TEMPO-stearate or n- PCSL). 
Hydrated samples were centrifuged at 3000 rpm for 20 min at room 
temperature and the excess aqueous supernatant was removed. The 
pellets were loaded in glass capillaries (ID 1 mm), which were then 
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inserted in a standard 4-mm ESR quartz tube containing silicone oil to 
avoid thermal gradients. ESR spectra were acquired on a ELEXSYS E580 
spectrometer (Bruker, Karlsruhe, Germany) operating at 9 GHz with 
100-kHz field modulation and equipped with a Bruker ER 4111 VT 
temperature controller and a Bruker ER 4201 TE102 rectangular cavity in 
the center of which was accommodated the sample tube. ESR spectra 
were recorded on heating, well below saturation at a microwave power 
of 10 mW with 1–1.5 Gp-p magnetic field modulation amplitude. Mul
tiple scans were accumulated to increase the signal-to-noise ratio. 

In any given CD or ESR experiment, two or three independent 
measurements were executed. Representative spectra are shown in the 
figures, and the data points and parameters are mean ± standard error, 
where the standard error is the semidispersion of the data. 

2.5. Atomic force microscopy 

Topographic images of Langmuir thin films were acquired using a 
Bruker Multimode 8 AFM equipped with a Nanoscope V controller. 
Measurements were carried out in Peak Force mode at room tempera
ture, at least one day after the monolayer deposition, to allow complete 
water evaporation. Silicon cantilevers (model RTESPA-300, Burker) 
with 10 nm tip radius and 42 N/m elastic constant were used to collect 
the topographic images, with a scan rate of 0.7 Hz. To analyze the im
ages and evaluate the topographic features, we used both the freely 
distributed analysis software Gwyddion (GNU General Public License) 
[39] and the Nanoscope Analysis software (Bruker). In any given 
experiment, two independent measurements were executed to test their 
reproducibility. 

3. Results and discussion 

3.1. Circular Dichroism: enantiospecific adsorption of IBP on cholesterol- 
containing lipid bilayers 

Fig. 1a shows the CD signals of IBP chiral forms in aqueous solutions 
and in the different lipid membranes. 

As expected, the CD signals of S- and R-IBP are opposite, nearly 
mirror images, and in the range of 200–260 nm with characteristic 
ellipticity maxima/minima at about 227 nm [33]. Notable changes are 
seen in the intensity of dichroic ibuprofen signal when the drug is 
incubated with the lipid membranes. Particularly, a membrane 
composition-dependent decrease is detected with respect to the IBP 
reference signal obtained at 0.270 mM (i. e., [IBP] = 20 mol% lipid 

concentration). 
The observed changes in the ibuprofen CD intensity in Fig. 1a were 

found to be correlated with the adsorbed drug concentration. Specif
ically, as it can be observed in Fig. 1b, when the percentage of choles
terol in the lipid mixtures increases, there is a significant decrease in 
drug adsorption. Indeed, the percentage of adsorbed IBP decreases from 
about 50 % in pure DPPC to about 40 % and to 15–20 % in mixtures of 
DPPC with 10 or 20 mol% of Chol, respectively. The percentage of Cads 
drops to about 10 % in DPPC with equimolar content of cholesterol. 
These values are comparable to those reported for the adsorption of IBP 
on zwitterionic phosphocholine membranes [15]. Moreover, it can be 
observed that while no enantioselectivity occurs on DPPC, as the 
adsorption percentage is the same for both IBP enantiomers (see, 
Fig. 1b), the interaction becomes more enantiospecific with the presence 
of cholesterol, with the R-form being slightly more adsorbed than S- 
form. This is further supported by the separation parameter SR/S, 
(Fig. 1b, red curve) which increased from 1 for DPPC to about 1.5 for 
DPPC+20 mol% cholesterol to 1.75 for DPPC+50 mol% cholesterol. It is 
worth underlining that the value of Cads of IBP in DPPC+50 mol% Chol is 
very low, around 10 %, thus making its ability to distinguish the two 
chiral forms, although present, negligible. 

The CD results indicate that the presence of cholesterol decreases the 
adsorption of IBP on DPPC bilayers and, at the same time, triggers the 
enantiospecificity of the IBP-membrane interaction. The results align 
with prior studies. In fact, a decreased adsorption of Amphotericin B has 
been reported on vesicles of phosphatidylcholines in the presence of 
cholesterol, and this has been ascribed to changes of the membrane 
characteristics induced by the steroid [40]. Moreover, enantiospecific 
effects of chiral molecules are observed when cholesterol is mixed with 
lipids in membranes [5,8]. Chiral selective adsorption of IBP was found 
to occur on cholesterol-containing ternary lipid membranes [15]. 

3.2. Spin-label ESR 

To investigate the effects of IBP isoforms on cholesterol-containing 
DPPC membranes in different physical states and membrane regions, 
temperature-dependent ESR measurements were performed by using 
TEMPO-Stearate (i.e., a polarhead-labelled lipid), 4-, and 14-PCSL (i.e., 
two chain-labelled lipids that probe, respectively, the first and the ter
minal chain segments of the hydrocarbon zone of the membranes). Re
sults on the effects of IBP isoforms are presented first on pure DPPC 
bilayers and then on mixtures of DPPC with Chol. 

Fig. 1. (a) Circular dichroism spectra of S-Ibuprofen (positive signals) and R-Ibuprofen (negative signals) in aqueous solutions and in cholesterol-containing DPPC 
bilayers. In any sample, the Ibuprofen concentration is 0.270 mM, i.e., 20 mol% of total lipid concentration. (b) (left vertical axis) Percentage of adsorbed con
centration of Ibuprofen isomers, Cads, and (right vertical axis) separation parameter, SR/S, as a function of lipid bilayers composition. 
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3.2.1. Single-component lipid membrane: the IBP chiral forms affect 
similarly DPPC bilayers 

In Fig. 2 are shown the ESR spectra of TEMPO-Stearate (left panel), 
4-PCSL (central panel) and 14-PCSL (right panel) in bilayers of pure 
DPPC and DPPC doped with S-IBP at 20, 35 and 45 ◦C. The spin-label 
spectra for DPPC doped with R-IBP are not shown as they are nearly 
superimposable to those obtained with S-IBP. 

In any sample, the spectral anisotropy decreases on increasing the 
temperature but at different extents. Moreover, compared to pure DPPC, 
for each type of label, the spectral anisotropy is differently affected by 
IBP at the various temperatures. 

For the polarhead-labelled TEMPO-Stearate, the spectra can be 
readily analyzed by evaluating the peak-to-peak linewidth of the low- 
field first resonance line, ΔHL

p− p (see Fig. 2, left panel). The parameter 
reflects the polarhead packing and dynamics of the lipid samples: the 
greater ΔHL

p− p, the more densely packed the polarhead regions and the 
lower the spin-label mobility [41,42]. Some remarkable features can be 
observed from the temperature dependence of ΔHL

p− p in the left panel of 
Fig. 3. In any sample, the linewidth reduces with increasing the tem
perature, as a result of the temperature-induced decrease of the spectral 
anisotropy. Moreover, the IBP molecules, upon interacting with DPPC, 
reduce ΔHL

p− p at 20 and at 35 ◦C, whereas they have no effect at 45 ◦C. In 
addition, the two enantiomeric IBP forms affect at the same extent Δ 
HL

p− p at any temperature. 
The ESR findings of TEMPO-Stearate clearly indicate that the drug 

loosens the molecular DPPC polarhead packing without enantiospeci
ficity for temperatures through the solid-ordered gel phase, S0. 

By comparing the spectra of 4-PCSL in pure DPPC and in DPPC/S-IBP 
reported in the central panel of Fig. 2, it can be seen that the addition of 
the drug reduces the spectral anisotropy, slightly at 20 and 45 ◦C and 
markedly at 35 ◦C. All the ESR spectra of 4-PCSL can be analyzed in 
terms of the outer hyperfine splitting, 2Amax, i.e., the separation be
tween the outermost resonances (see Fig. 2, central panel). This 
parameter is an empirical measure of the lipid chain order and dy
namics: the larger the anisotropy, the greater the 2Amax value and the 
higher the order and the motional restriction of the lipid chain [41,42]. 
Plots of 2Amax versus temperature are also used to detect the lipid phase 
transitions, as discontinuities occur at temperatures corresponding to 
the thermotropic phase transitions of the lipid bilayers [43]. To follow 
the thermal behavior of DPPC, ESR spectra of 4-PCSL were acquired at 
several different temperatures. 

The temperature dependences of 2Amax for 4-PCSL in DPPC and in 
IBP-containing DPPC bilayers are given in the central panel of Fig. 3. The 
plots indicate that, without stereospecificity, both IBP forms leave un
affected the packing and the rotational mobility of the first acyl chain 
segments of DPPC in the gel state, downshift the So → Ld bilayer main 

phase transition temperature, Tm, and slightly increase the segmental 
chain disorder and rotational mobility in the fluid state. 

The spectra of 14-PCSL in any DPPC sample and at any temperature 
(Fig. 2, right panel) display a lower anisotropy compared to the corre
sponding spectra of 4-PCSL. This is expected when the nitroxide moiety 
probes the inner hydrocarbon bilayer regions that is more disorder with 
respect to the first acyl chain segments probed by 4-PCSL. For DPPC/14- 
PCSL sample in Fig. 2, the extent of spectral anisotropy decreases rapidly 
on increasing the temperature from the solid-ordered to the liquid- 
disordered phase. At the highest temperature, the spectra, because of 
the high degree of motional narrowing, resemble almost isotropic trip
lets with differential line broadening, as it normally occurs for a spin- 
labelled lipid close at the terminal methyl end such as 14-PCSL [43]. 
From the spectra of 14-PCSL in right panel of Fig. 2 can be seen that the 
addition of S-IBP in DPPC bilayers reduces the spectral anisotropy at the 
lowest temperature (i.e., 20 ◦C), whereas it leaves almost unaffected the 
spectral lineshape at the other temperatures both in the gel (i.e., 35 ◦C) 
and in the fluid state (i.e., 45 ◦C). Quantitatively, the spectra of 14-PCSL 
in DPPC samples can be compared by evaluating the difference ΔA =
2Amax-2Amin between the outer, 2Amax, and the inner, 2Amin, hyperfine 
separations (see Fig. 2, right panel). ΔA is a spectral parameter useful to 
discuss the bilayer order and dynamics when lipids labelled at the ter
minal chain segments such as 14-PCSL are used: the lower the anisot
ropy, the lower ΔA and the higher chain disorder and mobility [42]. The 
temperature dependences of ΔA for 14-PCSL in pure DPPC and in DPPC 
+ IBP enantiomers in the right panel of Fig. 3 indicate that IBP isoforms 
without stereospecificity influence the deep interior of DPPC bilayers at 
the lowest temperature by loosening the chain packing and increasing 
the segmental chain flexibility. 

On the whole, the spin-label ESR results clearly indicate that the IBP 
enantiomers equally, i.e., without enantiospecificity, reduce the mo
lecular packing of the polarhead as well as the conformational order of 
the hydrocarbon region of DPPC mainly for temperatures through the 
solid-ordered gel phase, and lower the main phase transition tempera
ture. These ESR findings are in agreement with previous literature data 
obtained with racemic-IBP in phosphatidylcholine bilayers. In fact, a 
down-shift of Tm is reported from calorimetric and spectroscopic results 
in DMPC/IBP complexes [20,21,25,27]. Small angle neutron scattering 
and neutron spin echo techniques revealed that IBP makes the mem
brane thinner, more disordered, and softer; these effects were dependent 
on the membrane physical state, being more pronounced in the gel state 
[28]. Enhanced mobility of the lipid headgroups and some degree of 
disordering in the membrane were imposed by the addition of IBP in 
POPC as shown by 2H and 31P NMR data [29]. Moreover, our ESR 
findings, in close accordance with CD analyses, do not evidence any 
differentiation between S- and R-enantiomers in the interaction with 
DPPC bilayers. Various liposomes with different phase transition tem
peratures, such as DOPC (Tm ≈ − 22 ◦C), DLPC (Tm ≈ 0 ◦C), DMPC (Tm ≈

24 ◦C), and DPPC (Tm ≈ 41 ◦C) displayed very low or even null (in the 
case of DPPC) chiral recognition toward IBP [15]. 

3.2.2. DPPC/Chol binary mixtures: cholesterol modulates the 
enantioselective influence of IBP on DPPC bilayers 

Before studying the influence of IBP enantiomers on cholesterol- 
containing DPPC bilayers, we present spin-label ESR results on IBP- 
free DPPC/Chol mixtures, which will then be used as references. 

The spectra of TEMPO-stearate, 4- and 14-PCSL in DPPC with 10, 20, 
and 50 mol% Chol at 20, 35, and 50 ◦C are reported in the Fig. S2, 
whereas the temperature dependences of ΔHL

p− p for TEMPO-Stearate, 
2Amax for 4-PCSL, and ΔA for 14-PCSL in the same samples are re
ported in the Fig. 4. All the cholesterol-induced effects on DPPC can be 
readily discussed from the plots in Fig. 4. 

For TEMPO-stearate, ΔHL
p− p decreases with increasing temperature 

in any sample; the rate of decrease changes in the order: 10 mol% > 20 
mol% ≈ DPPC >50 mol%, which is very limited. Moreover, with respect 

Fig. 2. ESR spectra at 20, 35, and 45 ◦C of TEMPO-stearate (left panel), 4-PCSL 
(central panel), and 14-PCSL (right panel) in DPPC (upper spectra, black lines) 
and DPPC+20 mol% S-IBP (lower spectra, red lines). Total spectral width =
100 G. 
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to pure DPPC, it can be observed that i) the addition of 10 mol% Chol 
notably increases ΔHL

p− p at 20 ◦C and moderately at 35 ◦C; ii) the 
addition of 20 mol% does not produce noticeable effects; iii) the addi
tion of 50 mol% markedly reduces ΔHL

p− p at 20 and 35 ◦C; iv) negligible 
or very slight effects are recorded at 45 ◦C in any lipid mixture. 

The concentration- and temperature-dependent influence of choles
terol on the molecular organization of the DPPC polar region, which is 
reflected in the plots of TEMPO-Stearate in Fig. 4, indicates an 
augmented packing at low Chol content (10 mol%) and low tempera
tures (more at 20 than at 35 ◦C). This effect reverses at 50 mol% Chol: a 
reduced polarhead packing density occurs at the lowest temperatures 
(20 and 35 ◦C) for the cholesterol-induced increase in the area per 
polarhead. 

For 4-PCSL in mixtures of DPPC with 10 or 20 mol% of Chol, the plots 
of 2Amax versus temperature in Fig. 4 display the main phase transitions, 
as expected from the temperature-cholesterol content phase diagrams 
for DPPC/Chol mixtures ([31,32] and references therein). With respect 
to the So → Ld transition in DPPC, they are less cooperative and occur at 
almost the same temperature. Moreover, for DPPC+10 mol% Chol, 
2Amax-values are higher for temperatures T < Tm and are unchanged for 
T > Tm. This indicates a cholesterol-induced augmented chain order and 
mobility restriction in the upper chain zone of DPPC bilayers. Similar 
perturbations are induced by 20 mol% cholesterol in the So + Lo state (i. 
e., at the lowest temperatures, for T < Tm) but a stronger effect of spin- 
label immobilization and chain ordering is seen in the Ld + Lo state (i.e., 
at the highest temperature, for T > Tm). A drastic influence in the 
temperature trend of 2Amax(4-PCSL) is seen in DPPC+50 mol% choles
terol. In these samples in the Lo state, a slow progressive reduction of 
2Amax from about 63 G to about 55 G is observed when the temperature 
passes from 20 ◦C to 50 ◦C without showing any phase transition. 

For 14-PCSL, the rate of continuous reduction with temperature of 
ΔA in Fig. 4 changes in the order: DPPC > DPPC+10 mol% Chol >
DPPC+20 mol% Chol ≫ DPPC+50 mol% Chol. In fact, between 20 ◦C 
and 45 ◦C, ΔA reduces from 32 G to 5 G in DPPC, from 30 G to 7 G in 
presence of 10 mol% Chol, from 29 G to 8 G at 20 mol% Chol, and only 
from 26 G to 21 G in the Lo phase formed at 50 mol% Chol. So that, in the 

deep hydrocarbon region of the bilayers, with respect to what occurs in 
pure DPPC, cholesterol at any content induces disorder at the lowest 
temperature and promotes packing at the highest temperature; the 
biggest effect being observed in the Lo phase. The homogeneous Lo phase 
formed by DPPC +50 mol% Chol is characterized by dense chain 
packing and restricted mobility through the 20–50 ◦C temperature 
range. Such effects are observed in any membrane region, in the 
polarhead, at the polar-apolar interface and at the bilayer midplane 
sampled by TEMPO-stearate, 4-PCSL and 14-PCSL, respectively. This 
dense packing is expected for lipid/cholesterol equimolar mixtures, 
particularly for membrane raft domains [44–46]. 

ESR measurements of polarhead-labelled (i.e., TEMPO-Stearate) and 
chain-labelled lipids (i.e., 4- and 14-PCSL) in cholesterol-containing 
membrane have been recorded as a function of temperature in pres
ence of R- or S-IBP. The spectra recorded at 20 ◦C in the different lipid 
matrices are reported in the Fig. S3, whereas the plots of ΔHL

p− p(Tempo- 
Stearate), 2Amax(4-PCSL) and ΔA (14-PCSL) versus temperature are 
shown in the Fig. 5. 

The ESR results in Fig. S3 and Fig. 5 indicate that the enantiomers 
differently affect the DPPC bilayers containing 10 and 20 mol% of 
cholesterol. In these matrices, S-and R-IBP at different extent i) loosen 
the molecular packing in the polarhead regions through the So + Lo state 
(see the decrease of ΔHL

p− p (TEMPO-Stearate)); ii) change the chain 
order and induce disordering at 20 mol% Chol in the upper segments of 
hydrocarbon chains through the whole temperature range (see the 
reduction of 2Amax(4-PCSL)); iii) slightly disorder the bilayer midplanes 
at the lowest temperature (see data ΔA(14-PCSL)); iv) perturb the 
thermotropic phase behavior by downshifting the temperature of the 
(So + Lo) → (Ld + Lo) transitions and reducing their cooperativity. It is 
worth stressing that IBP isomers induce disorder in cholesterol- 
containing DPPC bilayers, as was seen in pure DPPC (see Figs. 2 and 3). 

The results agree with i) the pronounced fluidizing effect of 10 mol% 
IBP in the presence of 15 mol% Chol in DPPC membranes at 25 ◦C [26], 
and ii) the molecular disordering of 10 mol% IBP in the presence of 20 
mol% Chol in low-Tm POPC membranes [29], and with iii) data obtained 
by molecular dynamics simulations about the influence of chol (0, 25 

Fig. 3. Temperature dependence of ΔHL
p− p of TEMPO-stearate, 2Amax of 4-PCSL, and ΔA of 14-PCSL in DPPC bilayers in the absence (black) and in the presence of 20 

mol% of S-IBP (red) or R-IBP (blue). 

Fig. 4. Temperature dependence of ΔHL
p− p of TEMPO-Stearate (left panel), 2Amax of 4-PCSL (central panel), and ΔA of 14-PCSL (right panel) in DPPC bilayers (black) 

and in mixtures of DPPC+10 mol% Chol (red), DPPC+20 mol% Chol (blue), DPPC+50 mol% Chol (green). 
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and 50 mol%) on interaction of IBP in DPPC bilayers [23]. However, at 
variance with what observed in pure DPPC, our ESR data clearly indicate 
that cholesterol triggers a temperature-modulated enantiospecificity of 
IBP. In fact, from the data of TEMPO-Stearate and 14-PCSL for the 
samples DPPC +10 mol% Chol and DPPC+20 mol% Chol in Fig. 5 is 
evident an isomer-dependent membrane perturbation for temperature in 
the So + Lo phase, i.e., at 20 and 35 ◦C, that is negligible in the liquid 
state, i.e., at 45 ◦C. Notably, in the same samples, the data of 4-PCSL 
indicate that the IBP chiral forms differently and considerably perturb 
the membranes at any temperature. The augmented perturbation of the 
IBP enantiomers at the first acyl chain segments probed by 4-PCSL could 
be due to the fact that this membrane region is close to the carbonyl CO 
groups and to the chiral lipid center, which are fundamental for the 
interaction between ester-linked diacyl-lipids and chiral molecules [16]. 
Another important aspect that can be singled out from Fig. 5 is that any 
temperature-mediated influence of IBP enantiomers is within the 
experimental uncertainty in the liquid-ordered membranes of DPPC and 
50 mol% of cholesterol. In these samples, almost superimposable values 
of ΔHL

p− p, 2Amax and ΔA are reported in the absence and in the presence 
of R- or S-IBP. Although the CD data in Fig. 1 indicate a separation 
parameter >1, it is likely that the low amount of IBP adsorbed on bi
layers makes the membrane perturbation difficult to be detected. 

Our study also sheds light on the positioning of IBP within 
cholesterol-containing PC bilayers, which is another topic widely dis
cussed in literature [22–24,26,29,30]. Our ESR data of site-specific 
labelled lipids suggest that the amphiphilic IBP drug, upon interacting 
with DPPC bilayers, locates at the polar/apolar interface and penetrates 
the hydrocarbon region of the membrane. In the presence of 10 and 20 
mol% Chol, IBP induces more perturbation on the polar-head and at the 
first chain segments than in the deep hydrocarbon interior. It is therefore 
likely that Chol displaces IBP to positions in the upper chain segments 
and close to the DPPC membrane surface. Literature discussions support 

these observations, reporting that in the presence of 20 mol% choles
terol, IBP (5 mol%) tends to be expelled from the membrane core and 
resides solely in the head group region [24]. A concentration-dependent 
distribution of IBP in the hydrocarbon region of phosphocholine mem
brane and a more superficial localization in a region closer to the head 
group of cholesterol-containing bilayers have been recently reported by 
Dzuba and coworkers [30]. Finally, our overall results suggest that the 
drug isoforms do not penetrate the hydrocarbon region and possible 
locate on the polar surface in DPPC bilayers containing 50 mol% of 
cholesterol. 

3.3. Atomic force microscopy: IBP induces enantiospecific morphological 
changes in mixtures of DPPC with 10 and 20 mol% Chol 

To delve deeper into the interaction between IBP isoforms and 
cholesterol-containing model membranes, and to underscore potential 
enantiospecific effects, AFM measurements were conducted on DPPC 
monolayers with varying cholesterol content (0, 10, 20, and 50 mol%) 
both in the absence and presence of S- or R-IBP, at the fixed concen
tration of 20 mol%. The resulting topographies of these films, deposited 
on mica surfaces at a constant pressure of 20 mN/m with dimensions of 
2 × 2 μm2, are illustrated in Fig. 6. 

The AFM image of pure DPPC monolayers (Fig. 6a) is characterized 
by extensive homogeneous regions, the bright ones, interspersed by dark 
regions, as also reported in [47,48], consistent with lipid molecules in 
the liquid condensed state. The addition of both S- and R-IPB to pure 
DPPC matrix does not alter the membrane surface morphology, which 
still exhibits homogeneous regions interspersed by dark ones (Fig. 6d 
and Fig. 6g, respectively). It is noteworthy that in the DPPC/S-IBP 
monolayers, some aggregates (i.e. white spots) are observed, which 
are likely due to an excess of IBP not fully incorporated into the DPPC 
matrix, i.e. preferentially located at the terminal methyl ends. 

Fig. 5. Temperature dependence of ΔHL
p− p of TEMPO-Stearate, 2Amax of 4-PCSL, and ΔA of 14-PCSL in bilayer mixtures of DPPC+10 mol% Chol (upper row), 

DPPC+20 mol% Chol (central row), and DPPC+50 mol% Chol (lower row) in the absence (black) and in the presence of 20 mol% of S-IBP (red) or R-IBP (blue). 
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Comparing the roughness, Rq, and height difference of the regions be
tween pure DPPC and DPPC/S-IBP films, we noted an increased mem
brane roughness for the latter (Rq = 0.17 ± 0.02 nm versus Rq = 0.11 ±
0.01 nm), indicative of the presence of aggregates, and a slightly 
reduced height difference in the two regions (0.35 ± 0.20 nm versus 
0.60 ± 0.30 nm). The DPPC/R-IBP monolayer (Fig. 6g) exhibits a well- 
defined structure compared to the DPPC/S-IBP one (Fig. 6d), owing a 
roughness similar to pure DPPC. 

The observations on the morphology of DPPC monolayers in the 
absence and presence of IBP isomers further support the absence of 
enantiospecific effects of the drug on DPPC, demonstrating that S-IBP 
and its antipode incorporate into DPPC without substantially altering 
the film morphology (i.e., not perturbing the membrane structure), in 
close agreement with the spectroscopic data presented above. 

The addition of 10, 20, and 50 % molar amounts of cholesterol to 
DPPC modifies the monolayer morphology. The surface morphology of 
DPPC+10 mol% Chol monolayer (Fig. 6b) shows holes-like structures, as 
a result of the low Chol amount addition, whereas that of DPPC+20 mol 
% Chol is characterized by condensed domains interspersed with holes 
(Fig. 6c). These features in the morphology are not surprising. In fact, 
they indicate the coexistence of two different phases, likely ascribed to 
the solid-order (cholesterol-poor) and liquid-ordered (cholesterol-rich) 
domains induced at low temperature in DPPC by Chol content in the 
range 10–30 mol% [49,50]. The addition of a equimolar content of Chol 
(i.e. DPPC +50 mol% Chol), produces homogenous monolayers almost 
free of defects (Fig. S 4a) due to the formation of compact layers in the 
liquid-ordered Lo phase. Similar features on membrane morphology 
changes due to the addition of Chol were previously reported on DPPC 
bilayers by [51]. 

The addition of IBP chiral forms into DPPC/Chol matrices reveals 
intriguing distinctions in their impact on film morphologies that are 
dependent on cholesterol content. Indeed, IBP enantiomers differently 
affect the topography at Chol concentration of 10 and 20 mol%. In 
contrast, minimal effects, i.e. the presence of few aggregates, are 
exhibited at 50 mol% Chol (see, Fig. S 4b and S 4c). 

The (DPPC+10 mol% Chol) + S-IBP monolayer (Fig. 6e) showcases a 
morphology characterized by extensive areas of condensed domains 
alongside a few IBP aggregates, starkly different from the DPPC+10 mol 
% Chol surface structure. Consistent with the ESR findings mentioned in 

paragraph 3.2.2, the inclusion of S-IBP in cholesterol-doped DPPC 
membranes amplifies molecular disorder, resulting in distinct molecular 
packing reflected in the monolayer morphology. The introduction of R- 
IBP in DPPC+10 mol% Chol monolayer contributes to a clearer defini
tion of the condensed domain areas observed for S-IBP, increasing the 
height disparity between them (0.75 ± 0.35 nm versus 0.35 ± 0.20 nm), 
showing a membrane surface lacking of aggregates (see Fig. 6h). 

A notable dissimilarity in the interaction of the two IBP isomers is 
evident in the DPPC+20 mol% Chol monolayer. While the monolayer 
containing S-IBP presents a uniform surface interspersed by short in
terstices nearly devoid of aggregates (Fig. 6f), the one containing R-IBP 
is characterized by the presence of large domains surrounded by smaller 
ones, with a measured height difference of (0.53 ± 0.23 nm) and few 
aggregates (Fig. 6i). 

Overall, from the AFM analysis conducted on both pure DPPC and 
DPPC/Chol monolayers exposed to IPB isomers, it can be concluded that 
the presence of 10–20 mol% of cholesterol facilitates the incorporation 
of IBP into the phospholipid matrices and, even more interestingly, in
duces enantioselective perturbations manifested on the membrane 
morphology. 

4. Conclusions 

A synergistic combination of different biophysics techniques, such as 
CD, spin-label ESR, and AFM, was employed to unravel the interaction 
between biomimetic membranes and drug enantiomers. It has been re
ported that enantiospecific effects of drugs on model membranes are 
triggered by a number of membrane properties, such as composition, 
fluidity, and structural heterogeneity. Our study focused on the effects of 
chiral forms of IBP (at the concentration of 20 mol%) on cholesterol- 
containing DPPC membranes (at 0, 10, 20, and 50 mol%). The results 
clearly show that the addition of cholesterol to DPPC is fundamental to 
elicit chiral-specific IBP effects. Moreover, they indicate that the enan
tiospecific effects are modulated by temperature and Chol concentra
tion, i.e., parameters that determine the membrane physical state. The 
results can be summarized as follow. In pure DPPC, S- and R-IBP equally 
adsorb on DPPC bilayers, induce disorder across the bilayers, and 
downshift the main transition temperature. In mixtures of DPPC with 10 
and 20 mol% Chol, S- and R- IBP differently absorb on membranes and 
enantiospecifically affect membrane properties. In particular, the ESR 
data indicate that, compared with the reference matrix, the IBP isomers 
differently loosen the molecular packing, especially in the So + Lo state 
(at 20 and 35 ◦C) and negligibly in the (Ld + Lo) state (at 45 ◦C); this 
effect is more evident in the upper membrane region than at the bilayer 
midplane. Relevant are the unprecedented AFM results on the enantio
specific effects on film morphologies. In fact, in agreement with the 
spectroscopic data, AFM measurements also evidence distinct effects of 
IBP enantiomers in the morphological features of cholesterol-containing 
DPPC monolayers at 10 and, particularly, at 20 mol% Chol. Both the 
spectroscopic and the microscopic results indicate that the enantiose
lective perturbation of IBP within cholesterol-containing DPPC bilayers 
is markedly reduced at equimolar content, in the liquid-order Lo phase. 
The present experimental results on how the presence of cholesterol 
modulates the temperature-dependent enantiospecificity of IBP isomers 
in DPPC membrane model systems extend and complement the previous 
results obtained using only racemic IBP [23,26,29,30]. 

The results of our study contribute to the understanding of the 
intricate interplay between membrane composition and drug effects and 
highlight the importance of cholesterol in determining enantiospeci
ficity of drugs in interaction with membranes. 
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